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IV - Abstract

This Thesis contains three results chapters. The underlying aim of these project chapters 
is to gain a detailed understanding of reaction mechanisms and to develop new synthetic 
methods based on this knowledge. The three results chapters come under the following titles. 

Organic Super Electron Donors Made Catalytic (Chapter 2)
Neutral organic super electron donors are versatile and powerful reducing agents. So far, 

however, it has not been possible to use such electron donors in a catalytic sense. Also, many 
of these donors show significant limitations when applied in radical cascade reactions. This 
limitation is due to the fact that these donors form relatively long-lived radical cation species 
upon oxidation, which interfere with the desired radical reaction. The reason for this behaviour 
is, that the established classes of neutral organic electron donors are (potential) double elec-
tron donors. To address these shortcomings, this Thesis reports ways to generate and utilise 
neutral organic single electron donors (Scheme IV-I). According to the envisaged scheme, the 
organic single electron donor (i) is generated as an intermediate in a radical chain reaction. 
The hydrogen abstraction from (iii) by the generated radical, •R’, is the chain propagation 
step. It becomes evident that the scheme harbours the possibility to use the single electron 
donor (i) catalytically. The aminal (iii) is regenerated from the benzimidazolium salt (ii) and a 
hydride source. Sodium borohydride was found to be the ideal hydride source. 

The protocol was used to perform a range of 5-exo-trig radical cyclisation reactions and 
its applicability is demonstrated. Based on a combined experimental and computational ap-
proach, a plausible initiation pathway based on oxygen in the air is proposed. 

Scheme IV-I The proposed scheme for catalytic use of an organic single electron donor (i). 

(ii) 

(iii) 

(i) 

Electron Donor  

SET & Fragmentation
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cascade
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The KOtBu-Et3SiH Reagent System (Chapter 3)
The combination of silanes and potassium tert-butoxide allows for various different trans-

formations. Accordingly, several mechanistic pathways and key reactive species have been 
proposed to account for the different reactions in the literature (Figure IV-I). Hydride transfer 
mechanisms have been suggested to involve the silicate (iv), which is in equilibrium with potas-
sium hydride (v) and silyl ether (vi). Plausible radical and single electron transfer mechanisms 
involve (vii) and (viii). Finally, hydrogen atom transfer mechanisms via (ix) cannot be fully 
excluded as alternatives for many of the discussed mechanisms. The formidable challenge is 
to probe these different domains of reactivity separately with suitable substrates. Based on a 
combined approach of experimental and computational investigations, strong indications are 
reported for single electron transfer reactivity (presumably with species (viii) acting as the 
single electron donor) and hydride transfer mechanisms. Additionally, plausible mechanisms 
for the silylation reaction of amines (x) to give the silylated species (xi) are proposed based on 
computational studies (Scheme IV-II). 

Figure IV-I Proposed key species that are responsible for the reactivity of the KOtBu-Et3SiH 
reagent system.  

(iv) (v) (vi) (vii) (viii) (ix) 

KOtBu-R3SiH

Scheme IV-II What is the mechanism of the silylation reaction of simple amines with the  
KOtBu-Et3SiH (or more generally the  KOtBu-Silane) reagent system?

Concerted vs. Stepwise SNAr Mechanism (Chapter 4)
Over the last decades, more and more reports accumulated in the literature that suggested 

certain SNAr reactions follow a concerted pathway. These days, the combined impact of these 
investigations has reached a critical momentum and it seems appropriate to fundamentally 
question the long established mechanistic picture of the SNAr reaction. High level compu-
tational (wave-function based) methods are here employed to benchmark DFT functionals, 
based on whether these correctly predict the mechanism of a SNAr reaction to be stepwise or 
concerted. A reliable functional is then used to establish trends, which show what aspects (nu-
cleophile, counter cation, leaving group, aromatic system) of the reaction at hand influence its 
mechanistic propensity, and in what way. Eventually this allowed estimation of when an SNAr 
reaction follows a concerted and when a stepwise pathway is taken. 

(x) (xi) 
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1. Introduction

This Thesis encompasses three topics, which are the development of a potent single elec-
tron donor that can be used in a catalytic sense (Chapter 2), investigations of the various 
mechanistic pathways accessible to the KOtBu-Et3SiH reagent system (Chapter 3) and theo-
retical studies of the concerted nucleophilic aromatic substitution mechanism (Chapter 4). Ac-
cordingly, the following literature overview is subdivided in three sections to cover the relevant 
literature for the three following chapters. In the first part, neutral organic electron donors are 
reviewed (Section 1.1 to Section 1.4). In the second part an overview of the relevant literature 
examples of the KOtBu-Et3SiH reagent system (Section 1.5) is given and in the last part a 
critical analysis of literature reports on cSNAr reactions is given (Section 1.6). 

1.1. Properties of Organic Electron Donors

1.1.1 Overview
The potential of organic molecules to engage in redox reactions has received more and 

more attention during the last decades. For example, with the dawn of photoredox catalysis, 
it became critical to understand the oxidation and reduction potentials of the species involved 
in the reaction.[1] 

Attempts to find organic molecules with exceptionally negative redox potentials led to the 
fascinating discovery of so-called organic “super electron donors” (SED), which are capable of 
injecting an electron into the π-system of benzene rings. 

In the following, an overview of neutral organic electron donors from simple and weakly 
reducing aliphatic amines up to the most reducing known representatives is given. The em-
phasis lies on the properties of the electron donors under thermal conditions rather than photo-
chemical conditions. Following a discussion of the properties of organic electron donors, their 
applications in bond-forming and bond-breaking reactions are reviewed. Of particular interest, 
in light of this thesis, is the applicability of super electron donors in reductive radical reactions.

In their review on organic electron donors, Broggi et al. classified the relevant species into 
six groups based on key structural motifs (Figure 1-1):[2]

i. Amines (for example DABCO 1)
ii. Tetrathiafulvalenes (for example 2)
iii. Tetraaminoethylenes (for example 3)
iv. Tetraazafulvalenes (for example 4)
v. Bispyridinylidenes (for example 5)
vi. Further Organic Electron Donor Scaffolds
Up to the bispyridinylidenes, this ordering is roughly in line with increasing reducing power. 
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1 

4 5 

2 3 

Figure 1-1 Classes of organic electron donors. 

The amine electron donors are the weakest class of electron donors. They are typically used 
in large excess at elevated temperatures and can only reduce a limited range of substrates. 
Moreover, some structurally privileged amines can play key roles as redox shuttles in photo-
chemical reactions or overall oxidative processes. Tetrathiafulvalenes have one key repre-
sentative, compound 2, which can be used in radical-polar crossover reactions.[3] The class of 
tetraaminoethylenes has one representative as well that stands out - TDAE 3 - and that finds 
application in several interesting reductive bond-forming reactions.[4,5] However, the substrate 
scope is limited to a few classes of electron-poor structures. Tetraazafulvalenes and bispyridi-
nylidenes typically can reduce iodobenzene derivatives and can convert them to the aryl anion 
through the transfer of two electrons. Only in a few cases can evidence of radical intermedi-
ates be found.[6-8]  

When this thesis was written, the record-holding donor in terms of oxidation potential be-
longed to the group of bispyridinylidenes.[9] However, it should be noted that the reduction 
power achieved with compounds belonging to the group of tetraazafulvalenes and bispyridi-
nylidenes can be very similar. 

There are further scaffolds which can give rise to highly reductive organic compounds that 
cannot be grouped together with one of the above-mentioned scaffolds. In the following, rep-
resentatives of the six classes of electron donors are introduced in more detail. 

1.1.2 Electrochemical Properties of Aliphatic Amines

Scheme 1-1 Electrochemical oxidation of aliphatic amines. 

6 7 

11 

8 

Low-overpotential 
oxidation mechanism

High-overpotential oxidation mechansim

Hydrocarbons

9 10 

12 
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Most of the neutral organic electron donors contain nitrogen-based functional groups that 
are key to their reactivity. In these electron donors, the nitrogen atoms are part of a π-system 
in one way or another. The focus of this section, in contrast, lies on fully saturated amines.  
Amines typically react as bases (Lewis or Brønsted) or nucleophiles. Less commonly but in-
triguingly, they can participate in redox reactions. There are very few examples of such amines 
that can give rise to significantly stable radical cations when oxidised. DABCO 1 appears to be 
a particularly privileged structure in this regard. 

The oxidation of aliphatic amines has been studied extensively with electrochemical tech-
niques.[10,11] Typically amines undergo irreversible oxidation at electrodes due to rapid decom-
position of the radical cation species. A high- and a low-overpotential oxidation mechanism 
have been suggested (Scheme 1-1).[10] The initial oxidation of the primary amine 6 gives the 
radical cation 7, which is in equilibrium with the nitrogen-stabilised radical 8. At high overpo-
tential, species 8 is oxidised further to the iminium cation intermediate 9, which, after hydrol-
ysis gives the aldehyde product 10 and an ammonium ion. When less positive potentials are 
applied, the decomposition reaction can show significant branching at the intermediate 7. This 
intermediate can fragment into the carbocation 11 and the aminyl radical 12. Then the carbo-
cationic intermediate 11 can either react with the solvent as an electrophile or lose a proton. 
The aminyl radical 12 is likely subject to further oxidation. Analogous decomposition pathways 
have been proposed to operate with other amines which feature α-hydrogen atoms.[10,11] 

The electrochemical behaviour of DABCO 1 stands in sharp contrast to these general oxida-
tion mechanisms of aliphatic amines. McKinney and Geske were among the first who realised 
the special electrochemical properties of this compound, i.e. the relatively long half-life of sev-
eral seconds of the radical cation species.[12] From the EPR spectrum, McKinney and Geske 
deduced that the cation has the same symmetry as the neutral DABCO molecule (D3h).

[12] 
What makes the DABCO-radical cation so exceptionally stable? Two different aspects of 

the structure of DABCO were pointed out by McKinney and Geske, on the basis of which its 
electrochemical properties can be discussed.[12] In the more simple picture, the remarkable 
stability of the DABCO radical cation arises as a result of the spacial proximity of the two 
nitrogen atoms. Hence, the effect would solely depend on the distance between the nitrogen 
atoms (2.55 Å of DABCO[13,14]). The more elaborate picture considers through-bond interac-
tions of the nitrogen atoms as a key factor in the stabilisation of the radical-cation state.  These 
through-bond stabilising effects would critically depend on the geometry of the motif, i.e. the 
hyperconjugation between the nitrogen lone-pairs and the adjacent carbon-carbon bonds. In 
the case of DABCO, the lone pairs on the nitrogen atoms and the σ*-orbitals of the three 

Figure 1-2 The nitrogen lone-pair orbitals align with the σ*-orbitals of the carbon-carbon 
bonds in DABCO.
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Scheme 1-2 Three decay processes have been discussed for the DABCO-radical cation.

13 14 

15 

16 

 1

 13

 14

 14

 1

 13  13

Pathway 1

Pathway 2a

Pathway 3

 15
Pathway 2b

 13

carbon-carbon bonds are all aligned in the same direction (Figure 1-2).
In the neutral DABCO molecule, the lone-pair orbitals are split into two energy levels. The 

low ionisation potential indicates that the energy of the HOMO is raised compared to other 
amines. Further, the HOMO - HOMO-1 splitting is large compared to other structurally related 
diamines. This underlines that the efficient electronic communication of the nitrogen atoms 
occurs through the ethylene bridges and not through space.[15] 

Calculations have shown that, upon oxidation of DABCO, the carbon-carbon bond distance 
significantly increases, while the carbon-nitrogen bond shortens and the carbon-carbon-ni-
trogen angle decreases.[16] These structural changes show that the interaction of the nitrogen 
lone-pairs and the σ*-orbitals of the carbon-carbon bonds is accentuated in the DABCO rad-
ical cation. While the splitting of the lone-pair orbitals is energy-raising in the neutral form of 
DABCO, it is overall stabilising in the radical cation form.

The decomposition pathways of the DABCO-radical cation 13 have been examined in de-
tail for the electrochemical oxidation (Scheme 1-2).[17] It was found that at least three pro-
cesses run in parallel. These are one first-order decay of the radical cation (Pathway 1) and 
two second-order decay processes (Pathways 2 and 3). The (pseudo) first-order decay pro-
cess is a hydrogen abstraction by the DABCO-radical cation 13 from an abundant hydrogen 
source such as the solvent or the electrolyte (in their study, the authors used acetonitrile 
and tetrabutylammonium chloride, respectively). The two second-order processes involve two 
DABCO-derived species. In Pathway 2, a neutral molecule of DABCO 1 and a DABCO-radical 
cation 13 undergo either a hydrogen transfer (Pathway 2a) or a proton transfer (Pathway 2b). 
The products of both processes are the same, namely protonated DABCO 14 and the DABCO 
α-aminoalkyl radical 15. The third pathway involves two molecules of the DABCO-radical cat-
ion 13. These undergo a hydrogen-transfer disproportionation to give protonated DABCO 14 
and the diradical 16. A computational investigation of the latter species suggests that the two 
spin-carrying orbitals are, indeed, orthogonal to each other.[17]

The remarkable electrochemical properties of DABCO 1 led to its use as a redox shuttle in 
several instances.[18,19]
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1.1.3 Electrochemical Properties of Tetrathiafulvalenes
Tetrathiafulvalenes received considerable attention mainly due to their electronic properties. 

The charge-transfer compound 17, for example, is a milestone in the development of organic 
conductors. Also the salt 18 is remarkable as it shows superconductivity.[20]

The archetype compound of the tetrathiafulvalene (TTF) class is 2 (Figure 1-4). Compound 
2 was first synthesised by Wudl et al. after the intriguing electrochemical properties of other 
tetrathiafulvalene analogues fostered interest in the compound class.[21] Later on the discus-
sion of the reactivity of tetrathiafulvalenes will mainly focus on compound 2. But first it is worth-
while to take a look at a simple series of tetrathiafulvalene species with significantly different 
oxidation potentials.

Based on the four compounds in Figure 1-4, it is possible to illustrate two structural features 
that critically influence their oxidation potential. If the π-system of the molecules is extended 
by fused benzene rings, the oxidation potential becomes more positive. This can be seen from 
comparison of the oxidation potentials of 2[2] with 19[22] and from comparison of 20[23] with 21.[24] 

The other key characteristic is the quinone-derived central ring in 20 and 21. Both compounds 
exhibit a more negative oxidation potential than their analogues, which lack the central qui-
none-derived ring, 2 and 19, respectively. There are two reasons why the quinone-derived 
motif leads to more negative oxidation potentials. First, the accumulated charge in the cationic 
state is spatially more separated and delocalised over a larger π-system. Second, the central 
ring in 20 and 21 gains aromaticity upon oxidation. As will become evident from later discus-
sions, these features outlined here are general and apply also to other classes of neutral 
organic electron donors. 

Figure 1-4 Oxidation potentials are reported vs. SCE in ACN with the exception of 19, which 
was analysed in DMF. The second oxidation potential is shown in brackets.

19 

20 

 2
 0.32 V (0.71 V)

-0.11 V (-0.04 V)

 0.62 V (0.97 V)

 0.06 V (0.33 V)
21 

Figure 1-3 Tetrathiafulvalene structures are building blocks in many organic conductors. 
17 18 



page 6/288

22 23  3
 (excess)

Scheme 1-3 TDAE can be obtained by treating chlorotrifluoroethylene with dimethylamine.

Scheme 1-4 An example of a Wanzlick-carbene 24 and the equilibrium it can participate in.
24 25 

1.1.4 Synthesis and Electrochemical Properties of Tetraaminoethylenes
The synthesis of the parent compound of the tetraaminoethylene class, TDAE 3, was first 

described by Pruett et al. During their studies they found that chlorotrifluoroethylene 22 was 
converted to TDAE 3 when it was treated with an excess of dimethylamine 23 (Scheme 1-3). 
The authors noticed that the compound produces chemiluminescence in contact with air, 
which indicated its interesting reactivity.[25]

A comprehensive study of the compound class became possible when Wanzlick et al. de-
scribed an alternative entry to the tetraaminoethylene core structure (Scheme 1-4).[26-28] The 
thermodynamic and kinetic characteristics of the equilibrium depicted in Scheme 1-4 were 
later reviewed by Alder et al.[29] Despite the fact that a range of tetraaminoethylenes has been 
examined, no compound from this class found as many synthetic applications as a reducing 
agent as the parent compound TDAE.[2]

It was reasoned that, in compounds such as 25, the extended π-system lowers the energy 
of the first antibonding orbital, which happens to be the HOMO.[28] Another reason may be that 
the phenyl group substituents in 25 are inductively less electron-donating than are the methyl 
groups in TDAE 3. Consequently, molecules with aromatic substituents as 25 are generally 
weaker electron donors than TDAE 3. Therefore they never got the importance of TDAE 3 as 
reducing agents. Indeed, it is not their property as reducing agents, that species such as 25 
became famous for but the equilibria they participate in with their monomers 24 and the car-
bene-nature of 24 (Scheme 1-4).[27]

TDAE shows reversible electrochemical behaviour.[2] Depending on the solvent, either two 
one-electron redox events or one two-electron redox event can be observed. In acetonitrile, 
two redox events can be resolved (E1/2 = -0.78 V and -0.61 V vs. SCE).[30,31] These two redox 
waves coalesce in the more polar solvent DMF to one wave at E1/2 = -0.62 V vs. SCE.[30] The 
electrochemical behaviour demonstrates that TDAE can be engaged in single electron trans-
fer reactions.[2]

1.1.5 Synthesis of Tetraazafulvalenes
The tetraazafulvalenes (Scheme 1-5) are the nitrogen analogues of the tetrathiafulvalenes 

(Figure 1-4) and are typically synthesised from the imidazole- or benzimidazole-derived 
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carbenes. In one of his early reports on carbenes, Wanzlick pointed out that imidazole-de-
rived carbenes are significantly more stable than the ones derived from the more saturated 
counterpart imidazoline.[27,29] Consequently, the proton-catalysed equilibrium between imida-
zole-derived carbenes (and their benzimidazole analogues) and the corresponding dimers is 
shifted towards the monomers. Hence, electron donors belonging to the class of tetraazafulva-
lenes typically feature one or two bridging alkyl chains that hold the two subunits together and 
thereby shift the equilibrium towards the dimerised carbenes. The doubly propylene-bridged 
electron donor 27 is accessible from the dication 26 via carbene intermediates and can be 
isolated in solid form (Scheme 1-5 A).[32] Similar to the case of TDAE, one two-electron redox 
wave was observed for the redox couple 27/28 in the polar solvent DMF. The system shows 
good electrochemical reversibility (E1/2 = -1.20 V vs. SCE in DMF).[33] 

In contrast to 27, the electron donors 30 and 33 were found to be accessible only via re-
duction of the dication precursors 29 and 32, which already have a central σ-bond in place 
(Scheme 1-5 B and C). Once formed, 30 and 33 were found to equilibrate quickly to the 
carbene species 31 and 34 with a half-life of hours and minutes, respectively.[35] The fast dis-
sociation to the carbenes 31 and 34 may be the reason why it was not possible to form the 
electron donors 30 and 33 in an electrochemical set-up while this approach was successful 
with compound 27.[36] Clearly, the bottle-neck in the synthesis of 30 and 33 is the final step. In 

Scheme 1-5 The more flexibly the two imidazole units are tethered the more unstable the 
corresponding electron donors are. If a second redox event is observed, the more positive 
value is given in brackets. (ir) means irreversible and the peak potential of the reduction wave 
is given.

26 27 

29 
-1.31 V (Ep

red, ir)
in ACN vs. SCE [33]

32 
-1.48 V (Ep

red, ir)
in ACN vs. SCE[34]

33 34 

30 31 

A

B

C

4
-0.94 V (-0.76 V) 

in ACN vs. SCE[33]

28 
-1.28 V (Ep

red, ir) 
(-1.12 V)

in ACN vs. SCE[34]

NaH

Na/NH3

Na/NH3

H   (cat.)

H   (cat.)

+2e

-2e
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36 
-0.84 V (-0.43 V) in ACN 

37 
-0.91 V in ACN 

40 
-1.70 V in DMF

39 
-1.50 V in DMF

38 
-1.03 V in THF

35 
-0.69 V (-0.58 V)

in THF 

5 
- 1.24 V in DMF[7]

Figure 1-5 Important representatives of the bispyridinylidene electron donor class. Values 
for E1/2 are vs. SCE. If a second redox event is observed, the more positive value is given in 
brackets.  

contrast, the most demanding part in the synthesis of 27 is the formation and purification of 
the macrocyclic precursor 26.[35] 

1.1.6 Synthesis and Electrochemical Properties of Bispyridinylidenes
The bispyridinylidenes are a diverse class of electron donors harbouring structures such 

as 35,[37] 36,[38] 37[39] and 38[40] with intriguing electrochemical properties (Figure 1-5). The re-
cord-holding electron donor 40[9] in terms of its oxidation potential to date belongs to this com-
pound class, too, as do the three previous record holders 38, 5[7] and 39.[41]

The radialene 35 introduced and studied by Rheingold et al. is not as strongly reducing as 
other representatives of this compound class.[37] In fact, it stands out as a redox active organic 
molecule for another reason. The compound shows one reversible four- and one two-electron 
redox wave in cyclic voltammetry experiments. It is the first organic molecule which shows 
a four-electron redox step for a single electrochemically active centre. The four-electron re-
duction happens between the fully oxidised state (charge +6) and the dicationic state. The 
four-electron reduction of the fully oxidised state is accompanied by large structural changes. 
It has been suggested that these structural changes are at the heart of a potential inversion 
that makes the transfer of the last three electrons more favourable than the transfer of the first 
electron.[37]

The viologen 36 has been investigated in detail as well as its radical cationic and its dica-
tionic derivatives. It is one of few examples where a crystal structure was recorded for the 
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radical cation oxidation state (with hexafluorophosphate as the counter anion). Strikingly, the 
compound undergoes partial disproportionation in the crystal as was concluded i. a. from the 
fact that the molecule exists in two different structures in the crystal.[38] It is also noteworthy that 
the first and the second oxidation potential of 36 are relatively far apart on the potential scale 
with a difference of ca. 0.4 V. For comparison, compound 4 with a comparable first oxidation 
potential shows also two redox waves. These are, however, less than half as far apart with a 
separation of 0.18 V.[33] The large separation of the two redox waves of compound 36 is also 
in contrast to the electrochemical behaviour of the analogous, extended viologens 37 and 38. 
Both extended viologens show only one two-electron redox event. Moreover, the extended 
viologens become successively more reducing as the number of rings in the molecule increas-
es. It has been reasoned that the extended viologens 37 and 38 are more reducing than parent 
compound 36 because, upon oxidation, not only two but three and four rings gain aromaticity, 
respectively - i.e. the aromatic driving force behind the oxidation process increases with the 
increasing number of rings. An additional factor is that in the oxidised form of 36, the accumu-
lated positive charge concentrates on a comparatively small structure. The charge is better 
separated in the oxidised forms of 37 and 38.[40] 

Initially developed as an n-dopant for organic semiconductors, 38 was found to be the strong-
est neutral organic reducing agent at the time of its characterisation. The electronic structure 
of 38 posed some questions. There is an indication from 1H-NMR and EPR studies and X-ray 
diffraction experiments that the compound does not only exist in closed shell form - both in 
solution and in the solid state. It has been suggested that open shell singlet or triplet states 
can be populated under ambient conditions (Scheme 1-6).[40] Later the problem was revisited 
by Raman spectroscopy and computational studies.[42] Indeed, it was demonstrated that a 
triplet diradical state is accessible in the solid state and in solution under ambient conditions. 
The reason why an EPR experiment does not give conclusive results for compound 38 while 
Raman spectroscopy does, was thought to be due to the different timescales of the events 
the two techniques probe. The vibrational motion probed by Raman is short compared to the 
lifetime of the singlet or triplet state. In other words, intersystem crossing does not occur on 
the timescale of the Raman experiment. Consequently, singlet and triplet vibrational motions 
can be resolved. On the longer EPR timescale, however, the system undergoes multiple inter-
system crossing events, which lead to a massive broadening of the EPR signals.[42] There are 
a number of compounds that show similarly intriguing electronic structure.[43] 

Further increase of the reducing power was achieved by adding electron-donating substit-
uents to the pyridine core, which leads for example to electron donors consisting of DMAP 

Scheme 1-6 The singlet ground state and excited triplet state of 38 are both populated at 
ambient conditions. 

38 (S0)

38 (T1)
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1,3-Diiodopropane NaH

ACN, reflux NH3, reflux

5
(83 %)

41 42 
(91 %)

43 44 

Scheme 1-7 The short synthesis of electron donors built from two DMAP units was an im-
portant step in the development of bis-pyridine electron donors.

moieties such as 5.[7] Compound 5 marked a milestone in the development of the bispyridi-
nylidene electron donors. One of the key features that make the electron donor 5 so attractive, 
is the short and relatively easy synthesis (Scheme 1-7). The formation of the precursor salt 42 
is achieved in one step from 1,3-diiodopropane and DMAP 41. In the second step the central 
double-bond is formed in an analogous way to how most tetraazafulvalene donors are gen-
erated. Treatment of the precursor salt 42 with a base yielded the target compound. It was 
suggested that a carbene intermediate 43 resulted after the first deprotonation, which nucleop-
hilically attacks the neighbouring pyridinium moiety. A second deprotonation of 44 leads down 
to the product 5.[7] The ready accessibility of the donor certainly fostered its extensive study. 

Several analogues of the DMAP-derived electron donor 5 were examined by Murphy et al. 
based on the successful synthesis of 5 (Scheme 1-7). Modification of the alkyl linker and sim-
ple substitutions of the dimethylamine groups, however, did not bring significant increases of 
donor strength.[44] Modification in the core structure, in turn, proved to be more rewarding. The 
compound 39 was found to be significantly more reducing than 5.[41]  Analogous to the series of 
viologens, 36 - 38, it was reasoned that the more negative oxidation potential of 39 was due to 
the gain of aromaticity in three rings instead of just two rings as in compound 5. Unfortunately, 
it was not possible to record conclusive NMR spectra of the reduced form of 39. The EPR 
spectra were inconclusive as well.[41] This is most likely because open-shell configurations are 
populated, similarly to what was observed with the extended viologen 38 (Scheme 1-6).[41,42]  

Dyker et al. examined the effect of electron donating substituents on the fundamental 
bis-pyridine core in more detail. Eventually, they came up with the rather exotic phosphine 
imine  group, -N=PCy3, which is superior to the dimethylamine group -NMe2 as an electron-do-
nating (+M) substituent.[45] Amongst other interesting compounds, the study culminated in the 
development of 40, which is the strongest ground-state organic reducing agent to date.[9]
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1.1.7 Further Organic Electron Donor Scaffolds
The electron donor 45 (Scheme 1-8) was found to be only moderately reducing, based on its 

redox potential in acetonitrile.[46] While the gain in aromaticity was found to be a critical feature 
of the tetraazafulvalene and bispyridinylidene donors,[47] the compound 45 seems to lose ar-
omaticity upon oxidation.[46] Computational studies suggested, however, that 45 may be more 
reducing than the imidazole donor 27 in apolar solvents with a dielectric constant ε < 3 (for 
example toluene or 1,4-dioxane). In the dication 46, the positive charge is more delocalised 
than it is in 47. As a result the dication 46 depends to a lesser extent on stabilisation by the 
solvent than does the dication 47.[46]

The porphyrin derivative 48[48] is interesting as it shows antiaromatic properties in its reduced 
form and aromatic properties once it is oxidised (Figure 1-6). Apparently, the central ethyl-
ene unit is rather small, such that the porphyrin scaffold cannot adopt a planar conformation 
in either the reduced form or the oxidised form. Hence, although antiaromaticity doubtlessly 
manifests in the 1H-NMR spectrum, the bending of the molecule observed by X-ray diffraction 
experiments is not only due to a Jahn-Teller distortion.[48]

All donors introduced so far, but the simple amines, rely on one or more electron-rich car-
bon-carbon double-bonds. An alternative to that very central motif was made accessible by 

Scheme 1-8 It has been proposed that - in apolar solvents - 45 can compete with the strong-
est electron donors. In the dicationic form 46 the charge is more delocalised than for example 
in 47. 

45 46 

+2e

E1/2 = -0.32 V vs. SCE 
in DMF

-2e

47 

Figure 1-6 A negative redox potential can also be found for molecules which do not be-
long to the above-introduced, typical electron donor structures. The compound 49 shows a 
one-electron redox wave only.

48 49 
E1/2 = -0.14 V (+0.19 V) 

vs. SCE in THF
E1/2 = -1.39 V 

vs. SCE in THF
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Figure 1-7 The effect of different heteroatoms on the electron donor scaffolds such as 50 
has been investigated. If a second redox event is observed, the more positive value is given in 
brackets.  (ir) means irreversible and the peak potential of the oxidation wave is given. 

X E1/2 in DCM vs. SCE
50a O 0.57 V (Ep

ox, ir)[52,56]

50b S 0.71 V (1.14 V)[53]

50c Se 0.78 V (1.17 V)[53]

50d Te 0.71 V (1.05 V)[53]

X E1/2 in ACN vs. SCE
51a NMe -0.91 V[54]

51b O -0.26 V (Ep
ox, ir) (0.11 V)[54]

51c S -0.21 V (-0.04 V)[54]

X E1/2 in ACN vs. SCE
3 NMe2 -0.75 V (-0.61 V)[30,31]

OMe 0.71 V (Ep
ox, ir)[55]

50

51

A

B

C

52

Robinson et al. when they isolated and characterised the first neutral compound with a for-
mal boron-boron double bond.[49] Their research paved the way for the development of highly 
reducing species like 49. It is noteworthy that this compound undergoes a single electron 
oxidation only, and that the unpaired spin in the cationic form is mainly associated with the bo-
ron-boron core.[50] The localisation of the radical on the two boron atoms is in agreement with 
computational studies which show that the HOMO is mainly centred on these atoms.[49] More 
recently, Jiao et al. reported the formation of highly reducing species by treating a diboron 
substrate with a Lewis base.[51]

1.1.8 Factors	Influencing	the	Strength	of	Electron	Donors
In the previous sections, some aspects of the structure-activity relationship of the electron 

donors were touched already. In this section a more comprehensive discussion is given of how 
the molecular architecture determines the reducing power of these compounds. The neutral 
organic electron donors beyond simple amines typically have one key feature in common: an 
electron-rich central carbon-carbon double bond. 

The Effect of the Heteroatoms in the Electron Donor Core
The series of chalcogen derivatives of 50 has been characterised (Figure 1-7 A), however, 

no simple trend emerged.[52,53] Two characteristics of the elements have a contrary effect on 
the oxidation potential of the electron donor molecule. With decreasing electronegativity of the 
element X, the compound 50 should become more reducing. However, as the electronegativity 
decreases the atomic number increases. As a consequence, the orbital overlap between the 
lone-pairs on element X and the carbon-carbon π-bond becomes poorer. This second trend 
of poorer orbital overlap counteracts the first trend of decreased electronegativity. The overlay 
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of these two effects is responsible for the non-linear trend that is observed in the chalcogen 
series.[53] According to the same line of reasoning, it follows that nitrogen is a more suitable 
heteroatom than is oxygen for building highly reducing electron donor molecules (Figure 1-7 
B). Indeed, a large decrease of the oxidation potential is observed if the two oxygen atoms in 
51b are replaced with nitrogen to give 51a.[54] The sulfur analogue 51c is slightly less reducing 
than 51b,[54] which reproduces the trend that was already observed for scaffold 50.[52,53] The 
difference of the reduction potential between TDAE 3 and its methoxy analogue 52 is another 
impressive illustration of the effect of nitrogen vs. oxygen in the electron donor core (Figure 1-7 
C). In fact, the oxidation potential of 3[30,31] seems to be much more negative than the oxidation 
potential of 52 (however, it should be noted that the oxidation potentials of the two compounds 
cannot be directly compared since 52 shows an irreversible electrochemical behaviour).[55] 

The Importance of Gaining Aromaticity
If the heteroatom in the donor core allows for efficient orbital overlap with the adjacent car-

bon-carbon π-system, an additional important effect can become operational that further in-
creases the reducing power of these molecules. The effect is based on the gain of aroma-
ticity upon oxidation in heterocycles adjacent to the central electron-rich double-bond of the 
electron donors (Figure 1-8).[47] It is the reason behind the large difference of reducing power 
between TDAE 3 and electron donor 27. Upon oxidation of 27 to 55, the π-system of the mol-
ecule becomes aromatic, while no gain in aromaticity can occur during the oxidation of 3. In 
the benzimidazole-derived electron donor 4, the π-system is already partially aromatic. Thus, 
the effect of gaining aromaticity upon oxidation to 54, while still noticeable, is less pronounced 
compared to 27.[47] 

The Effect of Substituents on the Electron Donor Core
The effect of decorating the electron donor core with electron-withdrawing or electron-donating 

Figure 1-8 The gain of aromaticity in the heterocyclic cores of organic electron donors (such 
as in 54 and 55) is a key driving force behind the reducing power of these molecules (rings that 
gained aromaticity upon oxidation are drawn in bold).  

+2e

+2e

+2e

E1/2 = -0.62 V vs. SCE 
in DMF[30]

E1/2 = -0.82 V (-0.76) 
vs. SCE in DMF[33]

E1/2 = -1.20 V vs. SCE in 
DMF[33]

-2e

-2e

-2e

3

4

27 55

54

53
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Figure 1-9 Substituents on the heterocyclic core of the electron donors can significantly 
tune their reduction power. If two separate oxidation waves are observed the second oxidation 
potential is given in brackets.

57
E1/2 = -1.50 V (-1.29 V) 

in DMF vs. SCE[45]

 5
E1/2 = -1.24 

in DMF vs. SCE [7]

R E1/2 in ACN vs. SCE
 56a -OMe -1.07 V
 56b -H -0.90 V
 56c -Br -0.73 V (-0.64 V)
 56d -Cl -0.69 V

A

B

56   

substituents is straightforward; conjugative electron-donating substituents (such as -OMe in 
56a) make the electron donor more reducing. This correlation can be nicely illustrated based 
on the electron donor core 56 (Figure 1-9 A).[57]

As mentioned previously, Dyker et al. studied the effect of different substituents on the oxi-
dation potential of bispyridinylidene electron donors systematically. They found a good corre-
lation between the oxidation potential as determined by cyclic voltammetry and the Hammett 
coefficient σp

+ for these substituents. Indeed, this correlation allowed them to suggest a refined 
value for the σp

+ coefficient of the studied tricyclohexylphosphine imide substituents. This sub-
stituent was found to be an exceptionally strong π-electron donor. The corresponding bis-pyri-
dine electron donor 57 has a more negative first oxidation potential than the DMAP-derived 
donor 5 by 0.26 V (Figure 1-9 B).[45] 

The Effect of (Torsional) Flexibility of the Electron Donor Core Subunits
The nature of the linking alkyl chain between the two halves of the electron donor influences 

the geometry and, thereby, its properties. Although the effect of the length of the linker chain 
on the reduction potential is rather small, it can be consistently observed in several instances. 
The more torsional flexibility the two halves of the donor core have, the more negative is the 
first oxidation potential of the electron donor (Figure 1-10). For example, in the series of 58 - 
59 the oxidation potential increases with increasing length of the alkyl linker.[33] An analogous 
trend can be observed for the reduction potential of the oxidised salts of the imidazole-derived 
electron donors 28, 29 and 32 (Scheme 1-5).[2] An extrapolation of this trend leads to the 
structure 60 (Figure 1-10). This open-shell species can be regarded as a model of an imi-
dazole-derived donor which is twisted by 90° such that the two π-systems have no overlap. 
Based on calculated gas-phase ionisation potentials the species 60 is predicted to be a strong-
er reducing agent than 27 by 0.3 eV.[58] Recently, other examples have been published which 
impressively illustrate the effect of torsional flexibility on the redox potential.[59]
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Other	Factors	Influencing	the	Reduction	Reactions	with	Organic	Electron	Donors
The solvent obviously affects the strength of reducing agents. Moreover, the oxidation po-

tential of different organic electron donor molecules depends to a different extent on solvation.
[60] For example, this has been discussed based on electron donor 45 (Scheme 1-8, Chapter 
1.1.7).[46]

Besides the interaction of the electron donor molecule with the solvent, its interaction with 
the substrate is decisive for the overall reaction. Generally, it is assumed that the organic 
electron donors form only a weak complex with their substrates. Consequently, the electron 
transfer is typically regarded as an outer-sphere process where Marcus theory can be applied.
[61] A comparison of the normal potentials of TDAE 3 and the benzimidazole-derived electron 
donor 4 indicates the importance of specific interactions between the electron donor and the 
substrate. The 0.2 V difference between the redox potential of the two compounds appears 
to be too small to fully account for the striking difference of their reactivity (Scheme 1-9). 
Namely, in contrast to TDAE 3, the electron donor 4 is capable of reducing iodoarenes to aryl 
radicals.[47,62] It has been suggested that the difference in reactivity is rooted in the ability of 4 
to be responsive to π-π-stacking interactions with its substrate.[62] However, based on electro-
chemically determined reduction potentials, the benzimidazole-derived donor 4 would not be 
expected to be capable of the reduction of iodoarenes at all (iodoarenes are reduced at ca. 
-2.2 V vs. SCE[63]). Again π-π-stacking interactions are thought to be crucial for the reduction 
to proceed.[62] The importance of π-π-stacking interactions has been accounted for in a refined 
theoretical approach.[64]  

Another key point of the reduction of iodoarenes is that the single electron transfer is fol-
lowed by an irreversible cleavage of the carbon-iodine bond. The importance of such an irre-
versible reaction following a challenging electron transfer can be illustrated by the selective 
reaction of the substrate 63 over the product 65 in the reaction presented in Scheme 1-10. 
Both compounds show similar first reduction potentials in an electrochemical measurement.

Figure 1-10 The more torsional flexibility the two subunits of the electron donors have, the 
more reducing the molecule is in general. 

58
E1/2 = -0.60 V (irr.) 
in DMF vs. SCE[33]

4
E1/2 = -0.82 V (-0.76 V) 

in DMF vs. SCE[33]

59
E1/2 = -0.87 V

in DMF vs. SCE[33]

27 60 
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Scheme 1-10 The donor 27 is capable of reducing iodoarenes such as 63 to the aryl anion.

63  

64  67  

65  
16 %

66  
70 %   27

  27

[32] The radical anion 67 derived from the ketone 65, however, cannot undergo an efficient irre-
versible reaction which would drive the reduction reaction forward. Therefore, the radical anion 
67 has no other option than to transfer an electron back to an oxidised molecule of the electron 
donor or to the substrate 63 or get oxidised upon work-up.[32] Originally, the substrate 63 was 
designed with the aim to demonstrate that the donor 27 is capable of reducing aryl iodides to 
aryl anions. Indeed, the only plausible way to arrive at the cyclised product 65 includes the aryl 
anion intermediate 64.[32] 

As the iodoarenes are reduced in a first SET, the question arises why the donor 27 is capa-
ble of a second reduction while the donor 4 is not.[32,47] The standard potential of an aryl radical 
was estimated from experimental data to be close to 0.0 V vs. SCE.[66] More recently, the re-
duction of aryl radicals has been revisited theoretically. Based on these studies it was suggest-
ed that the experimentally derived value for the reduction potential around 0.0 V vs. SCE might 
be too positive by as much as 0.8 V.[67] The theoretically determined standard potential of aryl 

electron donor
 3 or 4

61  62  
with 3: no reaction
with 4: 80 % yield

DMF, ΔΤ

3
E1/2 = -0.62 V 

in DMF vs. SCE.[30]

4
E1/2 = -0.82 V (-0.76 V) 

in DMF vs. SCE.[33]

Scheme 1-9 The different reactivity of 3 and 4 is thought not only to be based on the differ-
ence in their redox potential but also in the different ability of the two compounds to engage in 
π-π-stacking interactions with its substrate.
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radicals (-0.77 V vs. SCE[67]), however, is still slightly more positive than the standard potential 
of the benzimidazole-derived donor 4 (-0.82 V vs. SCE[33,65]). Hence, even with the modified 
value for the  reduction potential of aryl radicals the different selectivities of the donors 4 and 
27 cannot be fully explained. Calculations on the structure of the radical cation intermediates 
of the two electron donor molecules showed that the radical cation of 4 is already significantly 
twisted about the central carbon-carbon bond (the torsion angle was found equal to 26°), while 
the radical cation of 27 is clearly more planar (the torsion angle was found equal to 12°).[32] It 
was suggested that favourable π-π-stacking interactions between the relatively planar radical 
cation of 27 and the aryl radical are still possible, which facilitates a second single electron 
transfer. With the more twisted radical cation of 4, the π-π-stacking interactions with the sub-
strate are no longer sufficiently developed to allow for a second single electron transfer.[32] 

1.2. Reactions of Organic Electron Donors
This section gives an overview of the chemical transformations that have been achieved 

with some of the above-introduced electron donors. The discussion of synthetic applications 
will be limited to amines, tetraaminoethylenes, tetrathiafulvalenes, tetraazafulvalenes, and 
bispyridinylidenes. For the class of tetraazafulvalenes, it is the parent compound  2, which has 
received the most thorough investigation of its use in synthesis. For the class of tetraaminoeth-
ylenes, it is TDAE 3, which is the most important representative from a synthetic perspective. 
Thus, the examples given for these two classes of electron donors will focus on these two 
species. Among the tetraazafulvalene donors, it is the benzimidazole donor 4, which differs 
significantly from related species in terms of its reactivity. The other tetraazafulvalene donor 
that has been extensively examined is the doubly bridged imidazole-derived electron donor 
27. For the bispyridinylidene electron donors it is the DMAP-derived electron donor 5 that was 
most widely applied in synthesis. 

1.2.1 Reactivity of Amines as Reducing Agents
Although there are several reports on reductive dehalogenation of alkyl halides with amines 

as the reducing agent, examples where this chemistry has been used to achieve reductive 
radical cyclisations are scarce. Ishibashi et al. pioneered the use of piperazine 69 as a solvent 
and reducing agent in radical cyclisations starting from 2,2,2-trichloroacetamides (Scheme 
1-11). Piperazine 69 stands out from a range of primary, secondary and tertiary amines that 
were screened in an initial study.[68] To date, typically 5-exo-trig cyclisations or 6-exo-trig 

68 70  
65 %

71  
14 %

69  

reflux

Scheme 1-11 2,2,2-Trichloroacetamides can be reduced in boiling 69 to give a radical 
intermediate, which engages in a 6-exo-trig cyclisation. After a branching neophyl rearrange-
ment, H-abstraction and elimination of HCl the products are delivered. 
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72  73  74  

75  

Scheme 1-12 The buckminsterfullerene 72 can be reduced with DBU 73 via a transient 
charge-transfer complex 74 to the final product 75.

cyclisations have been performed with this reagent. As can be seen from the given example in 
Scheme 1-11, the termination of the radical cascade by hydrogen abstraction that eventually 
leads to the formation of product 70[69] competes with a neophyl rearrangement, which leads 
to the by-product 71. For comparison, the branching is less favourable (i.e. shows a lower 
efficiency for the formation of either product) with the well-established tributyltin hydride/AIBN 
system. Hence, for some substrate classes, amine reagents may offer advantages over more 
typically used reagents.[69] The reactivity of amines as electron donors is, however, not yet fully 
understood. For example, it has been observed that the performance of 69 critically depends 
on its water content (an optimum was identified around 0.2 equiv. to 5.0 equiv. with respect to 
69). This phenomenon still awaits an explanation.[70]

Ishibashi et al. also published examples where triethylamine and tripropylamine were used 
to reduce diphenyl disulfide to the sulfur-centred radical. These radicals were successfully 
used to form carbon-sulfur bonds by trapping them with alkynes.[71]

Amines can also engage in electron transfer reaction with the buckminsterfullerene C60 72 
(Scheme 1-12).[72] Typically, the radical cations of primary and secondary amines immediate-
ly recombine with the fullerene radical anion after the single electron transfer. Amines that 
give rise to stable radical cations such as TDAE 3 can form charge-transfer complexes with 
fullerene. The base DBU 73 shows an intermediate behaviour insofar as it gives rise to a 
charge-transfer complex 74 with a half-life of ca. 1 h in benzene at room temperature. The 
complex decays via a radical-radical recombination, which leads to the final product 75.[72] 
This example demonstrates that 73 can give rise to a significantly stable radical cation upon 
oxidation.  
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1.2.2 Reactivity of TDAE as a Reducing Agent
TDAE 3 has been employed in an impressive diversity of reductive bond-forming reactions, 

despite it being a rather weak electron donor.[2] As the compound only reacts with fairly elec-
tron-poor substrates, a virtue was made of the necessity and a typical application of TDAE 
became the generation of difluoro-carbanions such as 78 (Scheme 1-13). Typically, in addition 
to the two geminal fluorine atoms, a third stabilising group is required, such as the electron-de-
ficient aromatic system in 76 or a carbonyl group.[4] Under certain conditions it was possible 
to reduce trifluoroiodomethane CF3I to the trifluoromethyl anion[4] or benzylic halogen bonds 
to the benzyl anions[2] and to engage these anions in bond-forming reactions with appropriate 
electrophiles. Most frequently, carbonyl groups are used as electrophiles such as aromatic or 
aliphatic aldehydes, ketones and α-ketoesters. Further, a range of examples is given where 
sulfonyl aldimines and thiocyanates act as electrophiles.[2] In several instances, light activation 
of TDAE has been shown to improve its reactivity.[4]

As becomes clear from these examples, TDAE 3 reduces electron-poor substrates to the an-
ion. But is it also possible to engage this reducing agent in a single electron transfer reaction to 
access radical species? Reactions that can only proceed via radical intermediates are simple 
tests for single electron transfer reactivity. Such a reaction is presented in Scheme 1-14. The 
formation of 81 indicates the generation of a radical intermediate derived from 76.[30, 4]

Nishiyama et al. reported the TDAE-mediated synthesis of 1,2,3,4-tetrahydronaphthalenes 

Scheme 1-13 A typical application of TDAE 3 is the generation of difluoro-carbanions, which 
can be trapped by electrophiles such as aldehydes.

76  77  

   3

   77

DMF, -20 °C to RT

78  

79  

Scheme 1-14 Evidence for the stepwise single electron transfer from TDAE 3 to its sub-
strates comes from reactions where only the radical intermediate can react forward to a stable 
product.

   3

   76 80 81 

DMF, -20 °C to RT
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   3

I2 (cat.), THF, reflux
82 83 84 

Scheme 1-15 A radical mechanism has been proposed for the TDAE-mediated synthesis of 
84 but an ionic reaction cannot be ruled out.

   3    p-TsOH

1) NOBF4, DCM
2)

DMF, -20 °C to RT DCM, RT

85 86 87 

Scheme 1-16 The Murphy indole synthesis relies on a radical cascade that terminates itself 
by expulsion of the unpaired spin in a fragmentation step. The intermediate 86 can readily be 
isomerised to the final product 87.

84 starting from the dibromo-species 82 and the Michael acceptor 83 (Scheme 1-15). Radical 
intermediates were proposed but no rigorous evidence was given.[73] 

Classical radical chemistry with TDAE 3 was performed by Murphy et al. with diazonium 
salts as the electron acceptors (Scheme 1-16, the diazonium salt is synthesised in situ in the 
first step). In this study, it was found that TDAE 3 does not contribute to the termination of the 
radical cascade in any productive way. Thus, it was necessary to design substrates with radi-
cal leaving groups such as the bromine atom in compound 85 in order to achieve productive, 
high-yielding radical cyclisation reactions. As a consequence of the nature of the substrates, 
the radical cascade produced intermediates such as 86, which can readily be isomerised to 
the indole product 87.[5] This synthetic approach to indoles is known as the ”Murphy indole 
synthesis”.[74]

1.2.3 Reactivity of Tetrathiafulvalene 2 and the Radical Polar Crossover Reaction
In contrast to TDAE 3, some organic electron donors are prone to interact with the reactive 

species they generate in a controlled fashion. This characteristic is particularly pronounced in 
the class of tetrathiafulvalene electron donors and it opens doors to interesting transformations 
(Scheme 1-17). Murphy et al. explored reaction sequences where aryl radicals were generat-
ed from diazonium salts with tetrathiafulvalene 2. The diazonium salts were typically formed 
in situ from the aniline (such as 88). After a radical cascade, the product radical is trapped by 
the tetrathiafulvalene-derived radical cation to give the intermediate 89. The tetrathiafulvalene 
moiety is then displaced by a nucleophile in a final SN1-type reaction. In the example shown in 
Scheme 1-17, the hydroxyl group of 90 acts as an internal nucleophile. It was found possible 
to form five- and six-membered rings with internal nucleophiles. Larger rings, however, could 
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not be accessed efficiently.[3] External nucleophiles were also successfully employed in this 
type of reaction. For example, nucleophilic solvents, such as methanol or acetonitrile or traces 
of water in acetone, were used to displace the tetrathiafulvalene moiety.[75] Since the polar 
displacement joins so seamlessly onto the radical cascade the term ”radical-polar crossover 
reaction” has been coined for these sequences.[75] Good reviews on this subject are given by 
Broggi et al.[2] and in more detail by Murphy.[76]

The polar part of the reaction, i.e. the nucleophilic displacement of the tetrathiafulvalene-moi-
ety, turned out to be the crucial step of this transformation. In fact, it imposes some restrictions 
on the substrate scope. In order to better understand the polar step of the reaction and the 
limitations that come with it, a series of experiments was performed.[75] It was demonstrated 
that the assistance of an electron-rich neighbouring group is crucial for the nucleophilic dis-
placement step, especially when it occurs at secondary centres instead of tertiary centres. 
The displacement of the tetrathiafulvalene-moiety from primary centres was not observed.
[77] Because the nucleophilic displacement heavily depends on the assistance of an electron 
donating group, it appears appropriate to draw a delocalised carbocation intermediate like 
90 rather than a localised cation at the carbon atom where the tetrathiafulvalene moiety was 
attached to initially (Scheme 1-17). Since tetrathiafulvalene 2 is not formally consumed in the 
reaction it could be used catalytically. Indeed, it was possible to run reactions with substoichi-
ometric amounts of 2 as was demonstrated on one example.[75,78]

Theoretical studies of the tetrathiafulvalene radical cation showed that the spin-density was 
highest on the sulfur atoms, which helped to rationalise the formation of a sulfonium salt inter-
mediate 89.[75] Indeed, for the majority of examples, the intermediate carbon-centred radicals 
recombined with the tetrathiafulvalene radical cation at the sulfur atom.[2,76] When tetrathiaful-
valene 2 was studied in radical 1,5-hydrogen atom transfer reactions with substrate 92, how-
ever, it was found that the radical-radical recombination occurs at an internal carbon atom of 

Scheme 1-17 The radical-polar crossover reaction requires crucial assistance of an electron 
rich neighbouring group for the SN1-type displacement of the tetrathiafulvalene moiety.

88 

89 90 

91
42 %

   2

1) NOBF4, DCM
2)

acetone
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Figure 1-11 Dithiadiazafulvalenes such as 96 were found to be unable to replicate the reac-
tivity of tetrathiafulvalene 2 in radical polar crossover reactions. 

96

the tetrathiafulvalene radical cation (Scheme 1-18).[79] The formation of 94 rather than 95 was 
explained by the destabilizing effect which the carbonyl group would exert on the α-sulfonium 
group in 95. The fact that the formation of 95 becomes energetically less favourable was as-
sumed to manifest in an increase of the energy barrier towards this product.[79]

Another point worth noting about the reaction in Scheme 1-18 is the by-product 93. It illus-
trates one major drawback of tetrathiafulvalene in radical-polar crossover reactions. The radi-
cal-radical recombination with the tetrathiafulvalene radical cation may prematurely terminate 
the radical cascade. With the aim of circumventing this problem, several dithiadiazafulvalene 
analogues of 2, such as 96, were examined (Figure 1-11).[80] It was expected that, due to steric 
interactions with the protruding side-chains on the nitrogen atoms, the radical-radical recombi-
nation would be slowed down. It was found that the novel compound class not only has more 
negative reduction potentials than tetrathiafulvalene. The compounds also showed slower 
trapping of radicals. Although there is evidence that the novel compounds can terminate a 
radical cascade, it was not possible to engage the corresponding intermediates in nucleophilic 
displacements as was possible for the tetrathiafulvalene-mediated reactions.[80]

Despite its conceptual beauty, the radical-polar crossover reaction suffers from considerable 
limitations of the substrate scope. Moreover, the approach is closely tied to the reactivity of the 
tetrathiafulvalene core. The limited scope of the original reaction with 2 and the difficulties in 
developing this reagent further may be responsible for the fact that the reaction has not found 
wider applications.[2]

1.2.4 Reactivity of the Benzimidazole-Derived Electron Donor 4
The synthetic utility of organic electron donors such as 4 was recognised and expanded 

among others by Murphy et al. The benzimidazole-derived electron donor 4 was the first neu-
tral organic compound found capable of reducing aryl iodides to radicals (Scheme 1-19). For 

Scheme 1-18 The 1,5-hydrogen atom transfer reaction gave an unexpected carbon-carbon 
bond formation between the intermediate radical and the tetrathiafulvalene radical cation.

   2

acetone

92 93
14 %

94
53 %

95
not detected
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example, the substrate 97 was reduced to the radical intermediate 98, which engaged in a 
5-exo-trig cyclisation to give the product 99 in good yield (Scheme 1-19 A). It was also possi-
ble to synthesise indole cores following the same strategy as shown in Scheme 1-16. But with 
the electron donor 4, more convenient to use aryl iodides, such as 100, also become viable 
substrates (in contrast to having to form diazonium salt intermediates). The indoline interme-
diate 101 was isomerised in situ to the indole product 102. Further, it was possible to apply 
the procedure to aliphatic iodides (Scheme 1-19 C). For example, the primary iodide 103 was 
efficiently reduced to the alkyl radical, which gave the product 104 after cyclisation and hydro-
gen abstraction.[6] The last reaction is noteworthy as the substrate 103 is also susceptible to 
nucleophilic substitutions at the iodide, as well as elimination of the iodide to afford an alkene. 
But the compound 103 was only observed to undergo reductive cyclisation under the applied 
conditions.

Initially, it was not clear whether the electron donor 4 is capable of reducing aryl or even alkyl 
radicals to the corresponding anions. In order to firmly establish the proposed radical mecha-
nism, diagnostic substrates were treated with 4 (Scheme 1-20).[6] The two reactions would lead 
to products that are characteristic either of radical intermediates or (alkyl) carbanion interme-
diates. The treatment of substrate 105 with the electron donor 4 (Scheme 1-20 A) may lead 
to the radical intermediate 106. This radical could then abstract a hydrogen from the solvent 
or the electron donor and give the product 107. Alternatively, it could receive an additional 
electron in a second single electron transfer step, which would lead to 108. This intermediate 
would be expected to give the alkene 109 after expulsion of methoxide. The compound 109 
was, however, not detected. Similarly, compound 110 can lead to a radical intermediate that 

Scheme 1-19 The electron donor 4 was successfully employed in typical radical cyclisa-
tions. For the reactions in A and B the electron donor was conveniently formed in situ.

4

4

4 p-TsOH

4
DMF/Toluene, 

reflux, 18 h 

DMF/Toluene, 
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Toluene, reflux, 
15 h 

97
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64 %
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Scheme 1-20 Initially, it was not clear whether the donor 4 is capable of reducing aryl rad-
icals or alkyl radicals to anions. In the reactions A and B, no indication for the conversion of 
alkyl radicals to the carbanion was found.

4

4

DMF/Toluene, 
reflux, 18 h 

Toluene, reflux, 
15 h 

Second single 
electron transfer 

Second 
single 

electron 
transfer 

Hydrogen 
abstraction

Hydrogen 
abstraction

105

110 111 112 113

114 115
not detected

116
18 %

117
33 %

106

107
90 %

108109
not detected

A

B

can undergo neophyl rearrangement, which eventually leads to the two compounds 116 and 
117. If a second single electron transfer to the radical 111 occurred, one would expect the 
formation of 115. Again, the diagnostic product for the carbanionic intermediate 114 could 
not be detected. Instead, the isolation of 116 and 117 gave clear evidence for the neophyl 
rearrangement taking place. Altogether these results strongly indicate the presence of radical 
intermediates only, alkyl radicals are unlikely to be further reduced to alkyl anions with electron 
donor 4.[6]

A second single electron transfer to an aryl radical is expected to be easier than a second 
single electron transfer to an alkyl radical. The high-yielding cyclisations presented in Scheme 
1-19 A and B, and in Scheme 1-20 A strongly suggest that aryl radicals are formed from the 
aryl iodide substrates and not aryl anions. However, as was observed with TDAE 3, the choice 
of the substrate and reaction conditions may affect which intermediates (radicals or anions) 
can react onwards (Chapter 1.2.2). Hence, it was necessary to directly probe for the formation 
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of aryl anion intermediates (Scheme 1-21). When treated with 4 the substrate 63 is converted 
to the dehalogenated product 66 in good yield. The product 65, which is diagnostic for  aryl 
anion intermediates was, however, not detected.[32] With the imidazole-derived electron donor 
27, in contrast, the substrate 63 gave a positive test result (i.e. product 65 was formed) for the 
aryl anion intermediate (Scheme 1-10, Chapter 1.1.8).[32] 

As the radical nature of the cyclisation was supported by strong experimental evidence and 
the formation of aryl anions seems unlikely, the remaining open question about the reactions 
with electron donor 4 was the source of the hydrogen atom in the radical cascade termination 
step. In isotope labelling experiments in DMF-d7 the solvent was ruled out as a hydrogen 
source.[32] Thus it was suggested that the donor molecule itself acts as a hydrogen source 
either in its reduced form or in one of its cationic forms.[62]

After the initial mechanistic studies, the substrate scope of the electron donor 4 was ex-
plored. Soon its limitations became apparent. The donor was able to quantitatively reduce 
9-chloroanthracene 118a (X = Cl, Scheme 1-22). But the reaction of the more challenging 
substrate, 9-cyanoanthracene 118a (X = CN) gave a significantly lower yield of 119.[81] The 
electron donor 4 then clearly reached its limits when it was engaged in the reduction of aryl 
bromides (Scheme 1-23). While aryl iodide substrate 120a gave good yields of product 121, 
the bromide analogue 120b gave significantly lower yields even after extensive optimisation 
of the reaction conditions.[82]

Besides as a reducing agent in classical radical cyclisation cascades, the electron donor 4 
was also examined as an initiator for polymerisation reactions (Scheme 1-24).[83] The com-
pound 4 was found capable of injecting electrons into the π-system of ethyl methacrylate 122. 
The substrate was converted quantitatively, but only relatively short oligomers 123 were ob-
tained. A radical polymerisation mechanism was suggested for the reaction.[83] The monomer 

Scheme 1-21 The electron donor 4 was probed for its ability to form aryl anions from aryl 
iodides. No evidence for these species was found, which would have manifested in the for-
mation of 65.

4
DMF, ΔT

63 65
not detected

66
67 %

Scheme 1-22 9-Chloroanthracene was quantitatively reduced by electron donor 4 and 9-cy-
anoanthracene was reduced in fair yield.

4

118a (X = Cl)
118b (X = CN)

119 
from 118a: 99 %
from 118b: 60 %

DMF, 100 °C, 18 h
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Scheme 1-24 The electron donor 4 was investigated as a possible initiator for the polymer-
isation reaction of 122. Oligomers of low molecular weight were formed. A radical polymerisa-
tion mechanism was suggested for the reaction.

4
DMF, 

120 °C, 2 h
122 123

ethyl methacrylate 122 is the only substrate reported to be reduced by 4 that does not feature 
an aromatic system. 

1.2.5 Reactivity of the Imidazole-Derived Electron Donor 27
The tetraazafulvalene donor 27, featuring two imidazole units, was the first neutral organic 

compound that reduced aryl iodides to aryl anions (Chapter 1.1.1). The donor was further ex-
amined on its capacity to reductively cleave sulfones (Scheme 1-25).[84] Indeed, it was found to 
be an efficient reducing agent for such transformations with interesting and useful selectivities. 
For example, the mildly activated sulfone 124 was reduced to 125 in good yield while, from 
the analogous alkyl sulfone 126, the reduced product 127 was not obtained (Scheme 1-25 
A and B). Computational studies show that the LUMO of compound 124 has a node through 
the carbon-sulfur bond that will be broken. For the compound 126 this is not the case. The 
good chemoselectivity of 27 allowed for the selective reduction of dialkyl disulfones 128 to the 
monosulfone compounds 129 (Scheme 1-25 C).[84]

Based on computational studies, it has been suggested that the fragmentation of the nitro-
gen-sulfur bond occurs concomitantly with the first single electron transfer step and that this 
step is the rate-limiting one. The reactive sulfones 124 and 128 in Scheme 1-25 fragment into 
the alkyl radical and a sulphinate anion in silico. It was suggested that the resulting alkyl radi-
cals are further reduced to the anion.[84]

Tosylamides, where the nitrogen atom is part of a π-system, were reduced as well, but more 
forcing conditions were required. For example, tosylated indole 130 was reduced to the indole 
131 in high yield (Scheme 1-26 A), while no reaction was observed with tosylated piperidine 
132 even after prolonged reaction time (Scheme 1-26 B).[84]

The electron donor 27 was also effective in reducing naphthyl bromide and anthracenyl 
chloride to the corresponding hydrocarbon products.[32] Further, compound 27 was found to be 
remarkably basic. It underwent a proton-deuterium exchange of the imidazole ring  protons in 
acetonitrile-d3 at room temperature.[65] 

Scheme 1-23 The electron donor 4 was significantly less efficient at reducing aryl bromides 
compared to aryl iodides.

4
DMF, 18 h

120a: 110 °C
120b: 130 °C120a (X = I) 

120b (X = Br)
121 

from 120a: 88 %
from 120b: ≤ 30 %
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1.2.6 Reactivity of the DMAP-Derived Electron Donor 5
The DMAP-derived electron donor 5 has been used for the reductive cleavage of a range 

of functional groups. First, it was demonstrated that the compound is capable of reducing aryl 
iodide substrates to aryl anions (Scheme 1-27 A). The same approach was followed as before 
(Scheme 1-10, Scheme 1-21) with a slightly modified probing substrate 134. Indeed, treatment 
of 134 with the electron donor 5 at room temperature furnished the product 135 in good yield. 
The yield gives a lower limit for the conversion of the aryl iodide to the aryl anion because the 
by-product 136 could either arise from anionic intermediates or radical intermediates. Further, 
the electron donor was capable of reducing aryl bromide 137 in good yields to 138 under 
more forcing conditions (Scheme 1-27 B). The carbon-sulfur bond in substrates such as 139 
was also susceptible to reductive cleavage by the electron donor 5 and the product 140 was 
obtained almost quantitatively (Scheme 1-27 C).[7]

Scheme 1-25 The imidazole donor 27 was found to be a mild, effective and selective reduc-
ing agent for alkyl phenyl sulfones.
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Scheme 1-26 Activated tosylamides were viable substrates for the donor 27.
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Scheme 1-27 It was demonstrated that the DMAP-derived electron donor 5 reduces aryl 
iodides to aryl anions in good yield. The donor is also capable of reducing aryl bromides and 
sulfones efficiently.
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82 %
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A

B
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The reductive cleavage of the nitrogen-oxygen bond in Weinreb amides was achieved in 
low to moderate yield with 5 (Scheme 1-28).[85] The study unveiled an interesting dependence 
of the presence of a phenyl ring in the substrate and the proximity of this phenyl group to the 
Weinreb amide function on the reaction yield. The experimental findings were substantiated 
with DFT calculations. It was shown that for the substrates 141a-b the LUMO is at least par-
tially associated with the Weinreb amide. The corresponding reduced products 142a-b were 
obtained in good yield under mild conditions (Scheme 1-28 A). For the substrates 141c-e, 
the LUMO was no longer associated with the Weinreb amide but localised fully on the phenyl 
ring. Fair yields of the reduced products 142c-e could only be achieved when the reaction 
temperature was increased to 100 °C (Scheme 1-28 B). When no phenyl ring was present, 
as is the case in the substrate 143, even at high temperature and with a large excess of the 
electron donor 5, only moderate yields of reduced product 144 were achieved (Scheme 1-28 
C). Two explanations were given for the observed trend. Both are based on the assumption 
that the initial single electron transfer is the rate-limiting step. First, it was proposed that in 
the initial single electron transfer, an electron is transferred into the LUMO and from there on 
into the σ*-orbital that is associated with the nitrogen-oxygen bond. Spacial proximity of these 
two orbitals would certainly facilitate the promotion of the electron. Second, it was pointed out 
that the donor may complex with substrates that have extended π-systems via π-π-stacking 
interactions (see also Chapter 1.1.8). Such interactions are expected to encourage a single 
electron transfer step.[85] 

The oxygen-carbon bond in acyloin condensation products 145 was reductively cleaved 
with electron donor 5 in moderate to high yields to give products 146 (Scheme 1-29 A).[86] A 
good leaving group was a prerequisite for this reaction to be feasible. When the hydroxy group 
is acetylated, an alternative reaction pathway becomes accessible (Scheme 1-29 B). The 
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electron donor 5 can act as a base and convert the substrates 147 into the α,β-unsaturated 
γ-lactones 148. Only aliphatic substituents R1 and R2 were tolerated in the latter, base-cata-
lysed transformation.[86] 

Both triflate esters and triflamides were reductively cleaved with donor 5.[8] On the basis 
of the aliphatic and aromatic triflate esters 149 and 151, respectively, (Scheme 1-30) some 
key reactivity patterns of the electron donor can be highlighted. The selective oxygen-sulfur 
bond cleavage of the aliphatic triflate esters 149 to give the alcohols 150 is unprecedented 
(Scheme 1-30 A). Moreover, the example illustrates that the compound 5 is more reductive 

Scheme 1-28 On the basis of the reductive nitrogen-oxygen bond cleavage with Weinreb 
amides, the assisting effect of a phenyl group in the substrate molecule was demonstrated.
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Scheme 1-29 A The reductive elimination of the hydroxy group in acyloin coupling products 
is possible if the hydroxy group is turned into a good leaving group. B If the hydroxy group is 
acetylated, the electron donor can act as a base and lead to the formation of α,β-unsaturated 
γ-lactones.
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Scheme 1-30 The electron donor shows interesting selectivities towards aliphatic triflate 
esters. The carbon-sulfur bond is selectively cleaved. Aromatic triflate esters may be reduced 
in the same way.

A

B

5
(1.5 equiv.)

5
(1.5 equiv.)

DMF, RT, 3 h

DMF, RT, 3 h

149

151 152
95 %

150

n Yield
150a 2 91 %
150b 3 93 %
150c 4 85 %

than nucleophilic - it reduces a challenging substrate but it does not touch a very good electro-
phile. In the series of substrates 149, the proximity of an aromatic system to the triflate function 
has little effect on the reaction. Indeed, computational investigations showed that the LUMO is 
always associated with the sulfonate function regardless of the length of the alkyl linker. This 
is in contrast to what has been found with the series of Weinreb amides (Scheme 1-28). It in-
dicates that the proximity of aromatic systems to the reactive functional group in the substrate 
molecule can - but does not always - critically assist reduction reactions with neutral organic 
electron donors. The aromatic triflate ester 151 was reduced to the phenol 152 in high yield 
(Scheme 1-30 B). The isomerisation of the double-bond in the side-chain of the compound 152 
is another manifestation of the electron donor’s basicity.[8] 

The question of the hydrogen atom source in the above discussed reactions has been tack-
led in detail for the electron donor 5 and the imidazole donor 27. It was found that in both cases 
the major source is the hydrogen atoms on the heterocycles next to the nitrogen atom.[82] 

1.2.7 Radical Trapping and One-Carbon Extrusion
When primary iodides or bromides were treated with the electron donor 27 under standard 

conditions, it was noted that traces of an aldehyde were formed. When the crude material was 
subjected to an acidic work-up it was possible to isolate the aldehyde 154 and 156 from the 
substrates 153 and 155, respectively (Scheme 1-31). The additional carbon atom could stem 
from the solvent and indicate the formation of an alkyl anion, which would nucleophilically 
attack DMF. However, from the reaction with 155 performed in N,N-dimethylacetamide (DMA) 
the solvent was ruled out as a source of the new carbon atom (Scheme 1-31 B). With DMA 
as the electrophile, one would expect the ketone 157 to be formed. Instead, the formation of 
the aldehyde 156 was observed again, while 157 was not detected. This finding only leaves 
the donor itself as the possible source of the new carbon atom.[87] Hence, the formation of an 
intermediate 158 was proposed (Scheme 1-32 - they reaction pathways that may lead to this 
intermediate will be discussed later, see Scheme 1-35).[87] The structure would be in equilib-
rium with the carbene 159, which may transform into 160 via a proton transfer. Nucleophilic 
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attack of the enamine function onto the iminium function would then lead to 161, which upon 
acidic work-up could liberate 162. The latter compound can undergo decarboxylation, which 
gives the observed aldehyde 163.[87]

The proposed mechanism postulates a disproportionation of oxidation states between the 
two imidazolium units in order to reach the oxidation state of the carbonyl carbon atom. In 
principle, a second molecule of the electron donor 27 could reduce 159 to 164, which upon 
hydrolysis would give the aldehyde as well (Scheme 1-32). To test for this possibility the com-
pound 165 was treated with electron donor 27 (Scheme 1-33). After an acidic work up that 
would hydrolyse 166, no aldehyde 167 was detected. The fact that, from 165, product 167 is 
not obtained, indicates that the electron donor 27 is unlikely to be able to reduce the imidazoli-
um compound 159 to the corresponding 2,3-dihydroimidazoline 164 (Scheme 1-32).[87] 

To better back-up the proposed mechanism, a substrate class was designed, that would 
give an alternative product to the homologated aldehyde compounds. Moreover, this alter-
native product would be characteristic for the adduct 158 or one of the structures that 158 is 

Scheme 1-31 When alkyl iodides or alkyl bromides are treated with the electron donor 27 
one-carbon homologated aldehydes can be isolated. 
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Scheme 1-32 A plausible mechanism leads from the adduct species 158 to the one-carbon 
homologated aldehyde product 163. 
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in equilibrium with (Scheme 1-32). The ether 168 is such a probe substrate (Scheme 1-34).
[88] The structure 169 corresponds to the structure 160 in Scheme 1-32. The intermediate 169 
can eliminate methanolate R1O- (overall this is an E1cB-elimination process). This route is an 
alternative to the intramolecular nucleophilic bond formation, which leads from 160 to 161 in 
Scheme 1-32. In a second E1cB-elimination, the second alcohol R2OH 175 is formed. It seems 
unlikely that the alcohols are liberated via an E2 mechanism where the donor would act as a 
base (it was shown for the DMAP-derived electron donor 5 that an E2 reaction with alcohols 
does not occur).[88] The remaining best explanation is the one shown and it requires the inter-
mediate 169 or 160, respectively.[88]

How are intermediates like 158 (Scheme 1-32) or 169 (Scheme 1-34) formed? Three plau-
sible pathways were discussed (Scheme 1-35). First, the electron donor 27 could act as a 
nucleophile towards the substrate 176 (Path 1). Second, the two radicals 177 and 178 formed 

Scheme 1-33 Reduction and protonation of imidazolium compounds with the electron donor 
27 is not possible under the examined conditions. 
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Scheme 1-34 Evidence for the mechanism as proposed in Scheme 1-32 was obtained with 
1,3-diether substrates and the diagnostic liberation of the alcohol R2OH.
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after the first single electron transfer step could recombine (Path 2). Third, after a second sin-
gle electron transfer the ion pair 55 and a carbanion would form, which could then collapse to 
the neutral species 158 (Path 3). With the probe molecule 168, it was possible to shed some 
light on this question. If 168 was reduced to the anion 171, one would expect the formation of 
172 after the expulsion of an alkoxide anion (Scheme 1-34). This compound, however, was 
not detected.[88] Hence, Path 3 was ruled out as the mechanism behind the formation of 158. 
However, based on the results with probe molecule 168, it was not possible to rule out either 
Path 1 or Path 2. Further evidence, that will be discussed in the next paragraph in a slightly 
different context, suggested that the radical-radical recombination Path 2 is more likely. In 
brief, characteristic products that originated from donor-substrate adducts 158 were observed 
after a radical cyclisation of the substrate. Overall there is strong indication for the presence of 
radical intermediates and, as a consequence, that the adduct 158 can form via radical-radical 
recombination according to Path 2.[87]

The reactivity of electron donor 27 discussed above is unique insofar as a carbon atom is 
transferred from the electron donor to its substrate. But the initial recombination step of the 
donor molecule with its substrate also finds its counterpart in reactions with the benzimida-
zole-derived electron donor 4 and the DMAP-derived electron donor 5. For these two elec-
tron donors the recombination does, however, not lead to a one-carbon homologation of the 
substrate. The two compounds 4 and 5 have been studied[88] with an analogous approach as 
exemplified for 27 above. It is worthwhile to directly compare the results for the three electron 
donor species reacting with the same substrate 179 (Scheme 1-36). When the substrate 179 
is treated with one of the electron donors 4, 5, and 27, three products can form. Compound 
180 arises in a direct reduction either via the aryl radical and hydrogen abstraction or via the 
aryl anion and protonation. For the formation of 181 and 182, a radical cyclisation is required. 
If the product radical abstracts a hydrogen atom, the compound 181 is obtained. However, if 
the product radical recombines with the donor radical cation, the alcohol 182 can be liberated 
according to a similar mechanism to the one shown in Scheme 1-34 and Scheme 1-35.[88] 

One way of looking at the data in Scheme 1-36 is to note that the formation of products 
181 and 182 requires a radical cyclisation. The relative amount of alcohol 182 on the sum of 

Scheme 1-35 Three pathways for the formation of the adduct species 158 were discussed.
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the ‘radical cyclisation products’ 181 + 182 gives an estimate of the fraction of radicals that 
are trapped by the electron donor. It becomes obvious that the electron donors 27 and 5 are 
particularly prone to radical trapping as the relative amount of alcohol 182 on total ‘radical 
cyclisation products’ is particularly high. The benzimidazole donor 4 instead, leads mainly to 
the formation of the cyclised product 181. It should be noted, however, that also this electron 
donor recombines at least with a fraction of the radicals it generates (i.e. with 19 % of the alkyl 
radicals that are formed after the radical cyclisation). Hence, the trapping of alkyl radicals is a 
recurring theme among organic super-electron donors.[88] 

It was difficult to explain the different extents of radical trapping by the different electron 
donor molecules. It was noted that the gain in aromaticity upon radical-radical recombination 
may be different for the three radical cations 183, 184 and 178 (Figure 1-12). The driving force 
from gaining aromaticity would be lowest for the benzimidazole donor for the same reasons 
that make it the least reducing electron donor in this series (Chapter 1.1.8). The less favour-
able thermodynamics of the recombination for this donor could manifest in a higher energy 
barrier for this process.[88] The unpaired spin in the radical cation 183 can be delocalised over 
a larger ring system than in 184 or 178. This may explain the greater kinetic stability of 183 and 
thus its greater reluctance to recombine with alkyl radicals. The radical cations derived from 
the electron donors are likely to accumulate in the reaction mixture. They eventually reach lev-
els where the trapping of the low-abundant alkyl radicals derived form the substrate becomes 
efficient. Hence, the process likely is an example of the persistent radical effect (also referred 
to as Fischer-Ingold effect).[89,90]

With the above electron donors, the radical trapping reaction led to unwanted by-products. 

Scheme 1-36 The formation of the alcohol 182 indicates recombination between the elec-
tron donor and its substrate after the radical cyclisation step.

Product
Electron Donor

180 181 182 182 / (181 + 182) 
x 100 %
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5 14 % not detected 3 % 100 %

27 27 % 8 % 35 % 81 %

4 275

179 180 181 182

Electron Donor
DMF, o/n

Electron Donors
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However, a similar radical trapping event can be desirable in other contexts. By deprotonating 
2-azaalyls 185, Walsh et al. formed highly reducing anion species 187 (Scheme 1-37 A).[91] 
These anions were able to donate an electron to an aryl or alkyl halide substrate 186. Upon 
fragmentation of the carbon-halogen bond, an aryl or alkyl radical 189 was generated, respec-
tively. This radical was trapped with high efficiency by the neutral radical 188, which was de-
rived from the azaallyl substrate. Detailed mechanistic investigations - for example with probe 
substrates such as 192 (Scheme 1-37 B) - allowed the radical nature of the process to be 
established and the proposed radical-radical recombination step to be substantiated.[91] Later a 
similar study was published that employed aryl nitriles as substrates, instead of aryl halides.[92] 

1.3. Comments on Reductive Radical Reactions with Organic Super 

Electron Donors

Figure 1-12 Radical cations derived from the electron donors 4, 5, and 27.

183 184 178

Scheme 1-37 While radical recombination reactions are problematic with neutral organic 
super electron donors, the same effect can be synthetically useful in related systems.
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The classical reagents for hydrogen atom transfer reactions are trialkyltin hydrides and 
tris(trimethylsilyl)silane (TTMSS). Both reagents experienced widespread application in radi-
cal chemistry and have proved to be extremely useful hydrogen atom sources. However, they 
both suffer from significant drawbacks. The tin reagents are highly toxic and their by-products 
are difficult to remove. The silane reagent suffers from its high costs. Thus, much effort was 
made to find alternatives. Murphy et al. pioneered the use of hypophosphites and diethylphos-
phine oxide[93] in radical bond forming reactions.[94] Other developments include catecholbo-
rane, complexes of borane with N-heterocyclic carbenes, complexes of trialkylboranes with 
water and a range of organometallic complexes.[95] Borohydrides, too, have been used as 
hydrogen atom donors. Typical radical reactions with borohydrides require photoactivation by 
UV-irradiation.[96] 

Most of these reagents involve a hydrogen atom abstraction as the chain-propagating step. 
There are very few examples where a single electron transfer lies at the heart of the chain 
propagation step. One example is given by Studer et al. where alcoholates act as hydrogen 
atom donors (their α-hydrogen atom is abstracted in the course of the reaction).[97] Although 
many of the introduced reagents for reductive radical reactions have their particular advan-
tages, no reagent is without drawback or limitations. Thus, the need for alternatives still exists 
and it is worthwhile to take a look at where neutral organic electron donors take their place 
amongst these reagents.

As became clear from the discussion of radical - radical cation recombination reactions 
(Chapter 1.2.7) with the imidazole-derived electron donor 27 and the DMAP-derived electron 
donor 5, it is not possible to profit from their electron donor properties in radical reactions 
when alkyl radicals are involved. The benzimidazole-derived electron donor 4, in contrast, 
shows a much lower tendency to recombine with alkyl radicals. In an attempt to combine the 
superior electron donor strength of 27 or 5 with the favourably slow reactivity towards radicals 
of the benzimidazole donor’s radical cation, hybrid electron donors were synthesised (Scheme 
1-38). Their redox potentials were intermediate between the potentials of the parent electron 
donor compounds. Compound 194 and 195 showed fully reversible electrochemical behaviour 
and two consecutive one-electron waves were resolved. Compound 196 showed partially irre-
versible behaviour and only one redox event was observed.[65]

The hybrid donors were assayed with the aryl iodide 197, which can either be directly re-
duced to compound 198 via a radical or an anionic intermediate. Alternatively, the substrate 
can undergo a reductive radical cyclisation reaction to form 199 (Scheme 1-38). The electron 
donor 195 is clearly superior to the other two examples in terms of the yield of cyclised product 
but also in terms of the total recovery of material. The most likely way of material loss is radical 
- radical cation recombination (Chapter 1.2.7). However, no direct proof is given for the nature 
of the side-reactions that lead to loss of material. Overall, the approach of merging different 
subunits to create ‘hybrid’ electron donors was quite successful. Compared to the benzimida-
zole-derived electron donor 4, the ‘hybrid’ electron donor 196 is 0.27 V more reducing while 
retaining the good performance in radical cyclisation reactions.[65]

Although successful, the mix-and-match approach introduced above does not solve the fun-
damental issue of using organic super electron donors in reductive radical reactions. The vast 
majority of organic electron donors introduced so far are potential double electron donors - 
most of the exceptions belong to the class of simple and only moderately reducing amines. 
What is needed in radical reactions is a potent organic single electron donor. One example 
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(although only studied theoretically) of such a single electron donor was already encountered 
earlier on, namely structure 60 (Figure 1-13). It essentially corresponds to one half of the imi-
dazole-derived electron donor 27. Recently, related radical species such as 201 and 202 have 
been investigated by cyclic voltammetry. Compounds, such as 202, have even been isolated 
and characterised by X-ray diffraction analysis and EPR experiments.[98] It is quite exception-
al that radical species as reactive as 201 and 202 can be obtained in solid form. In general, 
open-shell species like 60 will only transiently exist. The radical species 201 and 202 were 
generated by reducing the precursor salt with potassium naphthalide. An alternative precursor 
may be the aminal species as, for example, aminal 200 for 60. 

Figure 1-13 Aminals are potential precursors of single electron donors. 

200 201 2026027

Scheme 1-38 The redox potentials of the hybrid electron donors were found to be interme-
diate between the parent compounds. If a second redox event is observed the more positive 
value is given in brackets. (ir) means irreversible and the peak potential of the reduction peak 
potential of the corresponding salt is given. The performance of the hybrid electron donors 
194 - 196 in radical cyclisation reactions was analysed.
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In the context of reduction reactions, aminals are typically discussed as hydridic reducing 
agents. In a very recent study, for example, it was demonstrated that the 2,3-dihydroben-
zimidazole derivative 203 is able to reduce CO2 to formate (Scheme 1-39).[99] Based on a 
computational model [the DFT method used was M06/6-31+G(d,p)/PCM(DMSO)] a plausible 
mechanism was put forward, where a hydride from the aminal function is transferred to CO2 
in a single step. In the same study, in a separate reaction step, it was shown that 203 can be 
electrochemically regenerated from 205.[99] 

Chikashita et al. employed 2,3-dihydrobenzimidazole compounds and related structures in 
typical hydride reduction reactions.[100,101] However, the question about the mechanism became 
more challenging when 2,3-dihydrobenzimidazole derivative 207 was used to selectively re-
duce a range of α-halocarbonyl compounds 208 to the corresponding carbonyl compounds 
210 (Scheme 1-40 A). From most of these reactions it was possible to isolate the salt 209. 
Since the compound 207 was found not to reduce carbonyl functional groups, it was hypothe-
sised that it might be an interesting reducing agent to convert acid chlorides to aldehydes. In-
deed,  207 was also found to cleanly reduce acid chlorides to aldehydes (Scheme 1-40 A).[102] 
Based on relative reaction rates of different α-halocarbonyl compounds, it was suggested that 
207 acts as a hydride source.[102] 

Tanner et al. later demonstrated that at least for the reaction of 207 with α-halocarbonyl 
compounds, a radical mechanism is operative (Scheme 1-41).[103] When the reduction reaction 

207
(1.0 equiv.)

207
(1.0 equiv.)

208
(1.0 equiv.)
X = Cl, F

211
(1.0 equiv.)

212
69 % - 90 %
(5 examples)

A

B

209 
72 % - 97 %

210
55 % - 95 %

(26  examples)

THF or 1,4-dioxane, 
reflux, 0.5 h - 48 h

ACN, reflux, 2 h - 8 h
AcOH

Scheme 1-40 The 2,3-dihydrobenzimidazole 207 derivative was effective at reducing α-ha-
locarbonyl compounds 208 to the carbonyl compounds 210 and acid chlorides 211 to alde-
hydes 212. 

203 204 205
quant.
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66 %

KBF4

DMSO, 50 °C, 
1.4 bar CO2, 18 h

Scheme 1-39 The reduction of CO2 to formate by 2,3-dihydrobenzimidazole 203 was pro-
posed to proceed via a hydride transfer. 
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of the substrate 213 with the 2,3-dihydrobenzimidazole reagent 207 was performed in 1-hex-
ene as a solvent, the addition product 214 was formed. The product 214  can only arise from 
radical intermediates. Further experiments with radical initiators and inhibitors substantiated 
the radical nature of this reduction reaction. Based on these findings, a radical chain reaction 
mechanism was proposed (Scheme 1-42).[103] After an initiation step, the radical 216 is formed 
from 207. This open-shell species can act as a single electron donor towards the substrate 
208. Thereby the salt 209 is formed, together with the radical 215. This radical abstracts a 
hydrogen atom from another molecule of 207 in the chain propagation step. This gives the 
product 210 and regenerates the single electron donor species 216.[103] An analogous mecha-
nism has previously been proposed for reduction reactions with NADH model compounds[104] 
and NADH itself (if reacting in solution, but not if bound to the enzyme as a co-factor).[105] The 
reactivity of 207 has been further explored by Tanner et al. since, and the proposed mecha-
nism was additionally substantiated.[106-109]

Another enzymatic co-factor that is generally discussed as a hydridic reducing agent is 
5,10-methylenetetrahydrofolate.[110] Possible model compounds for this co-factor are imida-
zolidines[110] such as 217. Wanzlick et al. demonstrated that this compound can be oxidised 

Scheme 1-42 In the reduction of 208 with 207, the open-shell single electron donor species 
216 was proposed as a key intermediate in the radical chain reaction. 
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Scheme 1-41 When the reduction of 213 by 207 was performed in 1-hexene as a solvent the 
addition product 214 was formed, which can only arise form radical intermediates. 
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with carbon tetrachloride to give 219 and chloroform (Scheme 1-43). A radical mechanism was 
suggested as the main reaction pathway.[111] Later, Denk et al. showed that aminals related to 
217 can act as potent reducing agents.[111,112] For example, it was possible to reduce 1,3,5-tri-
bromobenzene 221 to benzene with the imidazolidine 220 (Scheme 1-44).[110] 

These results suggest that aminals can be interesting reducing agents. Moreover, a radical 
chain mechanism, as suggested by Tanner et al. (Scheme 1-42),[103] may be accessible for a 
wider class of aminals. Hence, this compound class potentially harbours many precursors of 
single electron donors than can be exploited in reductive radical reactions. Although 2,3-dihy-
drobenzimidazole derivatives have been studied in detail[113] and used, for example, in com-
bination with light activation,[114-118] a more general discussion of the application of aminals as 
precursors of ground-state electron donors, such as 216, could not be found in the literature. 

1.4. Upconversion of Reducing Power
The discussion of aminals as precursors of single electron donor species implies that a 

mildly reducing precursor 224 can be converted into a potential single electron donor 225 by 
homolytic fragmentation of a carbon-hydrogen bond (for example by hydrogen abstraction 
by a radical) (Scheme 1-45). Similar reactions recently have been discussed under the title 
‘Upconversion of Reductants’.[119] In typical electron transfer reduction reactions, the reducing 
agent is present in the reaction mixture in stoichiometric amounts from the beginning. In stark 
contrast, upconversion of reducing power requires that the reducing species is formed contin-
uously during the reaction. Typically, this happens in a catalytic cycle that can be conveniently 
described with the notion of the electron as a catalyst.[120] 

A representative example of upconversion of reducing power is shown in Scheme 1-46.[121]  
After an initial single electron transfer to the substrate 226 the labile N-O bond fragments to 
give the anion 228 and the oxygen-centred radical 229. The benzylic hydrogen atoms are par-
ticularly acidic due to the unpaired spin on the oxygen atom. The subsequent proton transfer 

Scheme 1-43 For the mechanism of the oxidation reaction of 217 with carbon tetrachloride 
a radical intermediate 218 was proposed.  

217 218 219
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Scheme 1-44 The imidazolidine 220 is able to reduce 1,3,5-tribromobenzene 221 to ben-
zene.  
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between 228 and 229 is a typical example of a radical enhanced deprotonation.[122,123] The gen-
erated ketyl radical 230 is highly reducing - much more reducing than the radical anion of the 
substrate 227. The radical 230 first transfers the electron onto 231. The radical anion 233 then 
engages in the chain-propagating single electron transfer to another molecule of substrate.[121]  

During the autocatalytic decomposition of 226, a highly reducing species 230 is generated 
from a less reducing species 227. A general scheme to define and measure the extent of the 
upconversion of reducing power over a reaction sequence has been suggested (Figure 1-14).
[119] The scheme is based on the comparison of two analogous reactions - one with n electrons 
in the system (referred to as ‘neutral reaction’ in Figure 1-14) and one with n+1 electrons (re-
ferred to as ‘radical anion reaction’ in Figure 1-14). It follows that, if the n+1 electron reaction 
is less exergonic than the n electron reaction, upconversion of reducing power occurred. The 
extent of the upconversion can be measured as the difference between the Gibbs free energy 
of the two analogous reactions. This difference in the Gibbs free energy is related to the differ-
ence between the redox potential ΔE of the precursor and the product by ΔGUpconversion = -FΔE, 
where F stands for the Faraday constant.[119] As an extension of the scheme, the opposite 

Scheme 1-45 Hydrogen abstraction from 224 turns the compound into a potential single 
electron donor. Overall the system becomes more reducing. 
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case, when the n+1 electron reaction is more exergonic than the n electron reaction, can be 
regarded as upconversion of oxidation power. Also, in principle it is possible to generalise 
the scheme further and to compare an n electron reaction to its n+x electron counterpart. In 
this more general situation, the difference in the ΔGUpconversion is related to ΔE by ΔGUpconversion = 
-xFΔE, where x stands for the number of transferred electrons. For example, if the upconver-
sion of reduction power in the formation reaction of the classical dimeric electron donors 235 is 
to be discussed, x = 2 is required (Scheme 1-47). In this case, the n+2 electron reaction starts 
from the precursor 234 and leads to the neutral electron donor molecule 235. The n electron 
reference reaction starts from the radical cation species and leads to the dication 237, which 
is the oxidised form of the electron donor 235. 

Upconversion of reducing power can be found in very different examples and the impres-
sion may arise that it is a specialised phenomenon. This is not the case. On the contrary, it 
is a widespread phenomenon that is at the heart of the mechanism of some important reac-
tion classes.[119] For example, upconversion of reducing power drives many SRN1 reactions[124] 
and BHAS reactions.[125] The generally accepted reaction mechanism of the BHAS reaction 
is shown in Scheme 1-48 for the formation of biphenyl.[125] In the initiation step, an electron 
is injected into 238. The resulting radical anion 239 undergoes fragmentation. The phenyl 
radical 240 then adds onto a molecule of benzene, which leads to the cyclohexadienyl radical 
241. The methine hydrogen atom shown in 241 is relatively acidic due to the presence of the 
unpaired spin in the molecule. Consequently, it undergoes facile deprotonation to give the 
radical anion 242. Species 242 engages in the chain-propagating single electron transfer step, 
which regenerates the radical anion 239 and forms the product biphenyl 243. Focusing on 
the most elementary step, upconversion of reducing power occurs when the cyclohexadienyl 
radical 241 is deprotonated to give the radical anion 242. One can also choose to analyse the 
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Figure 1-14 A general scheme to define and measure the upconversion of reducing power 
during a reaction has been suggested.[119] 
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whole reaction sequence in terms of upconversion of reducing power. To do so, the reduction 
potentials of 238 and 243 are compared. It was found that 238 with X = I is easier to reduce 
than biphenyl 243. Hence, it is expected that the radical anion 242 can efficiently transfer an 
electron to another molecule of substrate 238. Hence, also for the scope of the whole reaction 
sequence from 239 to 243, upconversion of reducing power occurs. The situation is different, 
however, for the substrate 238 with X = Br. Then the chain-propagating electron transfer from 
242 to another molecule of substrate is uphill, as comparison of the reduction peak potential 
of the corresponding compounds suggests. There is no upconversion of reducing power oc-
curring over the whole reaction sequence, which means that the chain propagating electron 

Scheme 1-47 The scheme to measure upconversion of reducing power can be applied to 
the classical double electron donors. In this case, the difference of the number of electrons be-
tween the two corresponding reactions is two electrons and not one as in the original scheme. 
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transfer is less efficient. Consequently, the yield for the reaction with bromobenzene is lower 
compared to the reaction with iodobenzene. However, the deprotonation step from 241 to 242 
is still the same. Thus, although there is no upconversion of reducing power over the whole 
reaction sequence, there is upconversion of reducing power occurring during this elementary 
step.[119]  In BHAS reactions, upconversion of reducing power also is a key characteristic of the 
initiation step[126,127] and possible radical proliferation mechanisms.[128] 

Studer et al. turned alcoholates into highly reducing ketyl radicals to drive a reductive dehal-
ogenation chain reaction (Scheme 1-49).[97] The mechanism of the reaction is drawn with the 
notion of the electron as a catalyst.[120] The key step is the hydrogen atom abstraction from the 
alcoholate 247 by the aryl radical 246 to give the ketyl radical 249. During this step, the reduc-
tion potential of the system increases. Indeed, the ketyl radical is a strong enough electron 
donor to reduce aryl iodide and aryl bromide substrates efficiently.[97] In a similar study, highly 
reducing radical anion intermediates were generated from the solvent 1,4-dioxane. With this 
reagent system, it was possible to reduce aryl bromides and aryl chlorides.[129]

Examples of upconversion of oxidation power have been reported, for example, by Bauld 
et al.[130] Upconversion of oxidation power also plays a crucial role in the recently reported 
hole-catalysed Newman-Kwart reaction.[131,132]  

1.5. The KOtBu-Et3SiH Reagent System

1.5.1 Synthetic Applications Reported by Grubbs et al.
With the aim to find a reagent system that is able to reductively decompose lignin into its 

building blocks, Grubbs et al. investigated various transition metal complexes, hydrogen 
sources and alkoxide bases.[133] Using the lignin model compound 251, several reagent com-
binations were identified that were able to reduce aryl ethers. They all contained triethylsilane 
and potassium tert-butoxide. Surprisingly, control reactions without transition metal complexes 
showed that these two reagents alone were capable of reductively cleaving the carbon-oxygen 

Scheme 1-49 Upconversion of reducing power was achieved by converting alcoholates into 
ketyl radicals.[97] 
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bond in 251. Hence, the reactivity of combinations of only triethylsilane and potassium tert-bu-
toxide was further investigated (Table 1-1). When 251 was treated with triethylsilane and po-
tassium tert-butoxide in toluene at 100 °C, the reduced product 252 was obtained along with 
other silylated compounds such as 253 (Entry 1). At higher temperatures the distribution of 
products was shifted towards the desired compound 252 at the expense of silylated products 
(Entry 2). Although the mechanism of the reaction was unknown at that time, it was proposed 
that the silylated products arise via a radical mechanism. To shut down these radical path-
ways, 1,4-cyclohexadiene was added to the reaction as a co-solvent. The result was the ex-
clusive formation of the desired product 252 (Entry 3).[133]

A range of aryl and alkyl ethers was found to be susceptible to reductive cleavage by the 
KOtBu-Et3SiH reagent system. In the case of naphthyl ethers, a trace amount of hydrogenated 
naphthalene was detected. Otherwise the reduction of aromatic systems was not observed. 
The silylation at aromatic rings was observed to be reversible under the applied reaction con-
ditions.[133] 

As the formation of 253 in Table 1-1 already suggests, the reagent system KOtBu-Et3SiH 
may be developed further to achieve silylation of aromatic systems. Indeed, that was accom-
plished by Grubbs et al. two years after their initial publication on this reagent system (Scheme 
1-50).[134-136] Using substoichiometric amounts of potassium tert-butoxide and performing the 
reaction at moderate temperature, the silylation of a range of indoles 254 at the C2-position 
was achieved with good regioselectivity and yield (Scheme 1-50 A). But not only indoles were 
viable substrates. A range of other heterocycles was silylated with equally good regioselec-
tivity and yield (Scheme 1-50 B). Also, benzylic positions were found to be viable to silylation 
with this protocol (Scheme 1-50 C).[134] By changing potassium tert-butoxide for either sodium 
hydroxide or potassium hydroxide, the silylation of terminal alkynes became possible (Scheme 
1-51).[137]  

Closely related to their initial publication on the KOtBu-Et3SiH reagent system (Table 1-1), 
Grubbs et al. described the reductive desulfurisation of a range of aryl thioethers (Scheme 
1-52).[138] The two carbon-sulfur bonds in 265 were reductively cleaved. Indeed, sulfur was 
cleanly removed from all the investigated substrates. In the case of the 2-naphthalenethiol, 
266, in addition to the expected product naphthalene 267, a trace amount of hydrogenated 

Table 1-1 Reductive cleavage of aryl ethers with KOtBu-Et3SiH reagent system

252 253 

 silylated 
derivatives of 
252 and 253

Et3SiH, KOtBu

Solvent, ΔT
251 

Entry Et3SiH 
equiv.

KOtBu 
equiv.

Solvent Temp. 252 253 Silylated derivatives 
of 252 and 253

1 5 5 Toluene 100 °C 63 10 24
2 3 3 Mesitylene 165 °C 85 3 7
3 3 3 Mesitylene + 

1,4-cyclohexadiene
165 °C 95 - -



page 46/288

naphthalene 268 was detected. The authors suggested that this protocol might potentially find 
application for the desulfurisation of fuels.[138] 

1.5.2 Proposed Mechanisms
It has become apparent that the reaction outcomes of the KOtBu-Et3SiH reagent system can 

be quite diverse. Either silylation of the substrate is observed or reductive defunctionalisation 

254 255 
C2-silylation

256 
C3-siylation

HSi(R3)3 (3 equiv.) 
KOtBu (0.2 equiv.)

Neat or THF or tBME
RT - 65 °C

24 examples,
45 % - 83 %

C2:C3 = 10:1 to > 20:1

Scheme 1-50 Selective C2-silylation of a range of indoles was achieved with the KOtBu-Et3SiH 
reagent system. Also other heterocycles were silylated with good regioselectivity and yield as 
were benzylic positions in some substrates. 

HSi(R3)3 (3 equiv.) 
KOtBu (0.2 equiv.)

257
87 % 

(C2:C3 > 20:1)

258
80 % 

(mono:bis = 10:1)

259
71 % 

(α:β >20:1)

260
78 % 

(α:β >20:1)

THF, 25 °C

α α
β β

262
53 % (mono:bis >20:1)

261 

HSiEt3 (3 equiv.) 
KOtBu (0.2 equiv.)

THF, 65 °C

A

B

C

Scheme 1-51 The silylation of terminal alkynes was achieved by treating the substrates with 
a hydroxide base and a silane reagent. 

263 264 
25 examples
52 % - 99 %

PhMe2SiH(3 equiv.) 
NaOH (0.1 equiv.)

DME, 23 °C - 65 °C, 24 h - 96 h
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occurs. These diverse outcomes suggest that several mechanistic pathways are accessible 
to the reagent system. Moreover, the desired reactivity can be selected by carefully choosing 
the reaction conditions. Substoichiometric amounts of base and low temperatures favour si-
lylation, while stoichiometric amount of base and high temperatures favour reductive defunc-
tionalisation. 

Tanner et al. described the multifaceted nature of pentavalent silicon species three decades 
ago.[139] For example, when the probe substrate 269 was treated with a silane and a fluoride 
source it was observed that the main reactivity of the system is hydride reduction, which led 
to the formation of 270 (Scheme 1-53). The hydridic nature of hypervalent silane species has 
been well studied and found many synthetic applications.[140] The by-product 271, however, is 
unlikely to be formed via a hydridic reduction pathway. This product is characteristic of single 
electron transfer reduction of the substrate 269. Indeed, the formation of 271 was fully sup-
pressed when the radical quenching agent 1,4-dinitrobenzene  272 was added to the reaction. 
It was also observed by Tanner et al. that oxygen did not inhibit the reactivity but increased 
the concentration of radical species in the system.[139] Hence, oxygen in air may serve as an 
initiator in this and related reactions. Analogous observations were made by Corriu et al. with 
a pentavalent silicon species. These authors successfully isolated potassium tetraethoxyhy-
drosilane (EtO)4SiHK and analogues thereof.[141] It was demonstrated that this reagent typically 
reacts as a hydridic reducing agent but it was also found to be able to engage in single electron 
transfer reactions toward benzylic halides.[142] 

These two aspects, radical and ionic transformations, accessible to hypervalent silicon spe-
cies were discussed in detail by Grubbs et al. for the KOtBu-Et3SiH reagent system based on 

Scheme 1-52 The defunctionalisation of thioaryl substrates was achieved with the KOtBu-
Et3SiH reagent system. 

265 243 
82 %

KOtBu (3 equiv.)
Et3SiH (3 equiv.)

KOtBu (3 equiv.)
Et3SiH (3 equiv.)

Mesitylene, 165 °C, 40 h

Mesitylene, 165 °C, 40 h
266 

Scheme 1-53 Strong indications for single electron transfer reactions of a silane/Lewis base 
system was obtained with well-validated probe substrates such as 269.   

269 270 
89 %

PhMe2SiH (20 equiv.)
n-Bu4NF (500 equiv.)

DMSO, 40 °C, 12 h
271 
3.5 %

272 

267 
91 %

268 
<5%
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the indole silylation reaction.[143,144]  By deuterium labelling experiments, it was shown that the 
hydrogen atom which is replaced by a silyl group, quantitatively ends up as molecular hydro-
gen.[143] Experiment and DFT calculations concordantly showed that, in general, the silylation 
on the more electrophilic site of the heterocycle is kinetically favoured. For the indole silylation 
it was additionally shown that the kinetic product, which is silylated at the 2-position, is not the 
thermodynamic product. Exposure of C2-silylated indoles led to the formation of the C3-silylat-
ed isomer.[143]

Evidence for radical intermediates was obtained from radical clock experiments (Scheme 
1-54). When subjected to the KOtBu-Et3SiH system, the cyclopropyl group in 273 ring-opened 
to give rise to several products. Although, these products are formed in low yields, their pres-
ence clearly demonstrates that radical species are generated in the reaction. Hence, radical 
species may also contribute to the productive silylation reaction.[143] 

Scheme 1-55 In the proposed radical mechanism for the silylation of heterocycles with the 
KOtBu-Et3SiH reagent system, the rate-determining step was found to be the hydrogen ab-
straction from 278.   

276 277 

280 281 

282 

278 

278 279 

ΔG* = 21.0 
kcal/mol

ΔG* = 19.1 
kcal/mol

279 278 

279 

A

B

C

283 

Scheme 1-54 Radical clock experiments suggest that radical intermediates are involved in 
the silylation reactions of heterocycles.   

273 

273
38 %

recovered

KOtBu (0.2 equiv.)
Et2SiH2 (3 equiv.)

THF, 45 °C

274a (R = H) 5 %
274b (R = SiHEt2) 3 %

275 
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The radical mechanism requires the silyl radical 277 to be formed (Scheme 1-55 A). This 
species adds onto the indole substrate 276 at the C2 or C3 position (only the C2 addition is 
shown). The subsequent elimination of hydrogen from the intermediate 278 was found to be 
the rate-determining step (by DFT calculations). One possible step for the hydrogen abstrac-
tion involves the pentavalent silicon species 280 (Scheme 1-55 B). Together with the radical 
278, species 280 can lead to the expulsion of molecular hydrogen and the formation of prod-
uct 279 as well as the radical anion 281. The radical anion 281 is proposed to fragment to 
the triethylsilyl radical 277 and tert-butoxide. Thereby the radical chain would be propagated. 
Alternatively, the potassium tert-butoxide tetramer 282 (it was suggested that the tetrameric 
representation of KOtBu is more appropriate in this context than a monomeric representation) 
was found capable of abstracting the hydrogen atom from 278 as well (Scheme 1-55 C). This 
would lead to the product 279 and the potassium tert-butoxide-derived complex 283. This 
complex was proposed to react with triethylsilane to form molecular hydrogen and to give back 
the silyl radical 277.[143]  

The remaining unknown step of these proposed radical chain mechanisms is the initiation 
mechanism. Two possible initiation processes were discussed.[143] The first mechanism in-
volves a homolytic fragmentation of the silicon-hydrogen bond in 280 (Scheme 1-56 A). By 
DFT calculations this step, however, was found to be very endergonic. A modification of this 
initiation approach, which involves triethylsilane, turned out to be energetically seriously uphill, 
too (Scheme 1-56 B). Finally, a mechanism involving oxygen - which may always be contained 
in the reaction mixture on ppm-levels - was identified. This mechanism showed an accept-
able energy profile for an initiation process (Scheme 1-56 C). In the course of this possible 
mechanism, a tert-butoxyl radical 285 is formed. In separate experiments with typical radical 
initiators, however, it was found that initiators, which give rise to the radical 285 directly cannot 

Scheme 1-56 Different initiation mechanisms have been proposed to trigger radical cas-
cades in the KOtBu-Et3SiH reagent system.   
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Scheme 1-57 Based on experimental and computational mechanistic studies a hydrogen 
atom transfer has been proposed as the key step in the silylation of styrene analogues.     

290 289 

Hydrogen atom transfer

287 288 

289 

290 

291 

292 

293 

294 

replace potassium tert-butoxide. Moreover, such initiators do have a deleterious effect on the 
reaction, even when potassium tert-butoxide is present.[143]  Thus, no fully convincing initiation 
mechanism of possible radical chain reactions with the KOtBu-Et3SiH system could be iden-
tified so far. 

Even though radical reactions accessible to the KOtBu-Et3SiH reagent system are not fully 
understood yet, radical processes have been suggested for the desulfurisation of aryl thioether 
substrates and the reductive cleavage of the carbon-oxygen bond in aryl ethers.[138] 

Very recently, the silylation of alkenes was reported. Based on innovative (and not yet com-
monly accessible) DFT methods, radical-clock experiments, radical trapping studies and EPR 
spectroscopy results, a hydrogen atom transfer mechanism was proposed as the key step 
(Scheme 1-57).[145] The catalytic cycle starts with potassium tert-butoxide 287. This base com-
plexes the silane reagent 288 to give 289. This species can engage in a hydrogen atom 
transfer towards the styrene substrate 290. The benzylic radical 291 then recombines with 
the silyl radical anion 292 to give the adduct 293, which dissociates into the product 294 and 
potassium tert-butoxide 287. From the DFT model it was found that the complexation of the 
aromatic system to the potassium cation is crucial to render the hydrogen atom transfer step 
energetically accessible.[145] 

An ionic process for the silylation of heterocycles has been considered as well as radical pro-
cesses (Scheme 1-58).[144] The key step in the ionic process is the deprotonation of the heter-
ocycle. Monitoring the reaction by mass spectrometry showed that the ion 295 is only formed 
after an initial lag period (hence, it is unlikely to be an artefact of the ionisation method) and 
only in reactions with the KOtBu-Et3SiH reagent system. In particular, KOtBu in the absence of 
Et3SiH was unable to generate this anion. Therefore, it was proposed that a hydride species 
generated from KOtBu and Et3SiH is acting as the base.[144] Indeed, the generation of hydride 
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species from silanes when treated with strong nucleophiles has precedents in the literature.[146] 
Once formed, the anion 295 attacks 296. The collapse of the pentavalent silicon intermediate 
297 leads to the formation of product 279 and generates tert-butoxide. The latter nucleophile is 
proposed to propagate the chain by attacking triethylsilane to give 280, which can regenerate 
the hydride species and 296. Thereby, the catalytic cycle of the hydride-mediated deproto-
nation-silylation of indole is closed. The effect of counter cations was discussed on several 
levels. First, it was pointed out that the complexation of the heterocycle by a potassium cation 
may crucially support the deprotonation. Second, instead of a naked hydride anion, a hydride 
species 298 derived from a potassium tert-butoxide tetramer was considered. In DFT calcula-
tions, this structure was found to be a competent base for the deprotonation of indole 276.[144] 

1.5.3 Analogous Dehydrogenative Silylation Mechanisms to the Ionic Mechanism 
Proposed by Grubbs et al. for the KOtBu-Et3SiH Reagent System 

Analogous to the proposed formation of 298, the formation of highly reactive main group 
metal hydrides with silanes as the hydrogen source is known. For example, calcium hydride 
complexes and strontium hydride complexes have been successfully synthesised and applied 
in the hydrosilylation of conjugated alkenes.[147,148] More closely related to the KOtBu-Et3SiH 
chemistry reported by Grubbs et al. is the silylation of alkynes via a calcium hydride complex 
304 (Scheme 1-59 A).[149] The silane 300 was reacted with the alkyne 301 in the presence of 
the catalyst 299 under mild conditions to give the silylated alkyne product 302 in high yield. 
Based on a previously published mechanism for the corresponding reaction with an ytterbium 
catalyst,[150,151] a mechanism has been proposed for the calcium-catalysed silylation (Scheme 

Scheme 1-58 An ionic mechanism has been proposed for the silylation of various heterocy-
cles. Here the mechanism is shown based on the example of indole 276.    
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1-59 B).[149] The catalyst 299 is activated by the addition to the alkyne 301 to give 303. This 
calcium alkynilide attacks the silane reagent 300, which leads to the formation of product 302 
and the calcium hydride species 304. This calcium hydride corresponds to the hydride inter-
mediate 298 proposed by Grubbs et al. (Scheme 1-58). The calcium hydride intermediate 304 
deprotonates the alkyne substrate 301 to close the catalytic cycle.[149]  

The catalyst 299 was also studied for the dehydrogenative silylation of amines.149] Indeed, 
a range of alkaline earth metal hydride catalysts[152-154] has been investigated for this reaction. 
For their barium hydride catalyst, Sarazin et al. presented a plausible reaction mechanism 
based on kinetic studies, kinetic isotope experiments and DFT calculations (Scheme 1-60).[154]  
The reaction mechanism starts with a ligand exchange from 307 to 308, which is endergonic 
by 12.9 kcal/mol. In the next step, which has a low barrier of activation and is almost thermo-
neutral, the nitrogen-silicon bond is formed to give the intermediate 309. The subsequent hy-
dride transfer from silicon to barium is the rate-limiting step (the transition state energy is +19 
kcal/mol relative to the reference point 307). This step and the following ligand exchange are 
both exergonic and lead to the barium hydride intermediate 311. Expulsion of hydrogen then 
gives back the initial structure 307 and closes the catalytic cycle. Attempts to find a concerted 
mechanism for the formation of the nitrogen-silicon bond and formation of molecular hydrogen 

Scheme 1-59 The silylation of terminal alkynes has been achieved with a calcium catalyst 
and a calcium hydride intermediate has been proposed to play a key role in the deprotonation 
of the alkyne substrate.     
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Scheme 1-61 A very efficient dehydrogenative silylation protocol of amines uses sodium 
hydride in catalytic amounts. 

315
19 examples
66 % - 99 %
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RT to 280 °C
30 min to 8 h

87 % - 99 %

Scheme 1-60 Based on DFT calculations a detailed mechanism for the dehydrogenative 
silylation of amines with the barium catalyst 312 has been suggested. Energies are reported 
in kcal/mol. 
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by DFT methods were unsuccessful. This fruitless search has been interpreted as an indi-
cation that such a concerted mechanism would have an inaccessible, high energy transition 
state.[154] In a related example with a magnesium catalyst, a similar mechanism was proposed. 

The only difference to the barium-hydride system was the rate limiting step. With the magnesi-
um catalyst, this step was unlikely to be the hydride migration but more likely the nucleophilic 
attack of the magnesium amide on the silane.[152,154] 

The alkaline earth catalysts discussed above are generally rather sophisticated compounds 
that are newly designed and typically highly sensitive to air and humidity. Contrasting these 
advanced catalysts, simple alkaline metal hydrides were found to be effective catalysts for the 
dehydrogenative coupling of silanes and amines, too.[155-158] Fink reported the successful de-
hydrogenative silylation mediated by catalytic amounts of sodium hydride (Scheme 1-61).[155] 
Treating amines 313 with silanes 314 in the presence of a catalytic amount of an alkali metal 
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NaH (ca. 1 mol%)

hydride - mainly sodium hydride was used - gave the silylated amines 315 in high yields. Gen-
erally, the reactions were found to give clean products - stoichiometric amounts of hydrogen 
was the only by-product. Monosilylation of primary amines was achieved with high chemose-
lectivity when equimolar amounts of both reagents were used (for example in the synthesis 
of 316). That does not imply that di-silylation was not achievable. For example, a second 
silylation of a silylamine gave 317 and  a four-fold silylation of 1,4-butanediamine gave 318.[155] 

The polysilylation of 1,2-diamines and 1,3-diamines 319 harboured some surprise (Scheme 
1-62 A).[156] Instead of linear products analogous to 318, cyclic compounds 321 were obtained. 
The formation of the ring implies that the silane reagent must lose a second substituent, 

319 320 321 
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47 % - 98 %
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NaH (ca. 1 mol%)

neat, RT to 190 °C, 
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E

332 333 
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240 °C

Scheme 1-62 If 1,2-diamines and 1,3-diamines are treated with three equivalent of silane in 
the presence of sodium hydride, five- and six-membered diazasilolidines are obtained. 
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besides hydride. Indeed, if phenylsilane 320 was used as a reagent, benzene was isolated in 
quantitative yield from the reactions. Also trialkylsilanes, such as 323, were found to undergo 
this type of cyclisation reaction (Scheme 1-62 B). In addition to the isolation of product 324, 
n-butane was detected. Mechanistic investigations showed that mono- and bis-silylated 1,2-di-
amines, 325 and 326, do not undergo cyclisation (Scheme 1-62 C). Only equilibration between 
325 on one side and 326 and 322 on the other side was observed. When the di-silylated 1,2-di-
amine 329 was treated with silane 330 in the presence of sodium hydride at moderate tem-
perature, it readily gave 331 accompanied by the formation of benzene (Scheme 1-62 D). The 
hypothetical intermediate 332 was able to cyclise to 333 under the reaction conditions but only 
at much higher temperatures (Scheme 1-62 C). Moreover, this time not benzene was formed 
as a by-product, but methane. This observation indicates that the reaction with compound 332 
does not exactly mirror the situation when 329 is treated with 330.[156] 

The activation of the silane species in the above reactions occurs by a nucleophilic attack 
on the silane. Hence, it is not surprising that a catalytic amount of a nucleophile instead of a 
hydride can mediate such reactions. For example, a catalytic amount of fluoride was found ca-
pable of inducing an efficient dehydrogenative silylation of amines.[159] The hydrodefluorination 

Scheme 1-63 For the fluoride-catalysed hydrodefluorination of polyfluoroarenes, the pen-
tavalent silicon hydrides 339 and 340 were proposed as key reactive intermediates.
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of polyfluoroarenes follows a similar principle (Scheme 1-63 A).[160] It was found that with a 
catalytic amount of a fluoride source 334 and silane 335 as a reducing agent, regioselective 
hydrodefluorination was achieved for a range of polyfluoroarenes 336. Based on DFT calcu-
lations, a catalytic cycle was proposed (Scheme 1-63 B). Formally, the first step is the attack 
of a fluoride anion on silane 335 to give the pentavalent silicate hydride 339. This species can 
undergo disproportionation to 340 and 341. Difluorosilicate 341 can react with another mol-
ecule of 335 to regenerate 339. Both species, 339 and 340, were found capable to perform 
the following hydrodefluorination reaction (based on the DFT calculations). The displacement 
of fluoride from the aromatic substrate proceeds via the transition state 342. Remarkably, no 
Meisenheimer intermediate was found for this nucleophilic aromatic substitution, i.e. the pro-
posed SNAr pathway is concerted. During the SNAr displacement, compound 337 is formed 
together with the complex 343. The complex 343 dissociates to give the product 338 and to 
(formally) regenerate the fluoride anion.[160] Catalytic dehydrogenative reactions with silanes 
have recently been reviewed.[161] 

1.6. The Concerted SNAr Reaction Mechanism

1.6.1 Background
Some nucleophilic aromatic substitutions have been found to proceed via a concerted path-

way as has been seen in the last example of the previous section, for example (Scheme 1-63). 
This finding stands in contrast to the generally accepted stepwise mechanism[162] of the SNAr 
reaction that proceeds via a Meisenheimer intermediate. In fact, the example of the concerted 
SNAr from Scheme 1-63 is not an isolated case but stands in a long list of examples of SNAr 
reactions that have been claimed to proceed via a concerted pathway. It seems that SNAr 
reactions can either proceed via a Meisenheimer intermediate or via a concerted mechanism 
based on the nature of the aromatic system, the nucleophile and the leaving group (Scheme 
1-64).

An important reason for why the stepwise mechanism of the SNAr reaction has been widely 
accepted, is that for some SNAr reactions, the presence of intermediates (i.e. Meisenheimer 
intermediates) have been convincingly demonstrated (Figure 1-15). The first examples of isol-
able intermediates from SNAr reactions were given by Meisenheimer in his seminal study on 
nitroarenes. There, the compound 344 was documented for the first time among other, similar 
examples.[163] Later, an analogous intermediate, 345, was unambiguously characterised by 
X-ray diffraction analysis.[164] A remarkable number of stable Meisenheimer intermediates such 
as 346, 347 and 348 has been characterised and reported over time. A review of these reports 
has been provided by Beletskaya et al.[165] 

Scheme 1-64 The generally accepted mechanism of the SNAr reaction proceeds via Mei-
senheimer intermediate. However, in many cases a concerted mechanism may be operative. 

Intermediate or transition state?
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1.6.2 Experimental Evidence Indicative of Possible Concerted SNAr Mechanisms
To convincingly demonstrate the absence of a Meisenheimer intermediate in the SNAr reac-

tion pathway is much more difficult. The limit of experimental chemical accuracy is generally 
regarded to be 1-2 kcal/mol.[166] If a Meisenheimer intermediate has a lower barrier for the on-
wards reaction than 2 kcal/mol, it still has a significant life-time in the range of 10-12 s, but may 
evade detection by conventional experimental methods. Thus, it is very hard to convincingly 
demonstrate by experiment that an SNAr reaction follows a concerted pathway. The reaction 
may appear as being concerted while it actually follows a stepwise mechanism. 

Williams et al. demonstrated how far one can go in elucidating the mechanism of the SNAr 
reaction by rigorous kinetic investigations in conjunction with quantitative structure-activity 
relationship analysis. In several of Williams’ studies, it was found that the accumulated data is 
best in agreement with a concerted mechanism.[167-170] For example, the reaction of pyridines 
349 with triazine substrates 350 was found to likely proceed via a concerted SNAr mechanism 
(Scheme 1-65).[169] The electronic nature of 349 and 350 was systematically varied by chang-
ing R1 and R2, respectively. In short, it was observed that the basicity of the nucleophile 349 
as well as the basicity of the leaving group 352 has a significant effect on the reaction rate. It 
was concluded that this observation was best in agreement with a concerted mechanism.[169] 

No other claims of concerted SNAr reactions have been based on comparably rigorous, 
experimental studies as those examples published by Williams above. This is partly because 
many of the commonly encountered SNAr reactions do not lend themselves to analogous 
studies. In most cases either the nucleophile or the leaving group is a simple entity such as a 
halogen atom or a hydride. This makes systematic variation of their electronic properties by 
derivatisation impossible and Bønsted-correlations, as used by Williams, cannot be estab-
lished. Many authors therefore turned to Hammett correlations, where the electronic nature 
of the aromatic system of the electrophile is changed (nucleophile and leaving group are kept 
constant). The slope of the Hammett correlation served as an indication for whether the SNAr 
reaction under scrutiny follows a concerted or stepwise mechanism. According to this line of 
reasoning, a flat slope - little accumulation of negative charge on the aromatic ring during the 
rate-determining step -indicates a concerted mechanism, while a steep slope - significant ac-
cumulation of negative charge on the aromatic ring during the rate-determining step - indicates 

Figure 1-15 Several Meisenheimer intermediates have been characterised. 
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a stepwise mechanism. This approach relies on the intuitive reasoning that, for an SNAr path-
way with a Meisenheimer intermediate, more negative charge accumulates in the π-system 
during the rate-determining step than for a corresponding concerted pathway. Although rea-
sonable, this approach lacks a solid theoretical foundation. It is also problematic for another 
reason. The slope of the Hammett correlation depends on the temperature[171] and possibly 
other factors (as mentioned in the study by Fry and Pienta[172] for example). Thus, it becomes 
difficult to compare the slopes of different Hammett correlations obtained from different exper-
imental conditions (which unfortunately does not prevent many authors from doing it). Also, it 
is important to emphasize in this context, that a change in slope of the Hammett correlation 
indicates the change in the nature of the rate limiting step - the reverse statement, however, 
does not hold. 

For SNAr reactions, typically Hammett ρ-values in the range of +3 < ρ < +9 have been re-
ported (usually a stepwise mechanism has been implied for these examples and no further 
investigations were performed).[162,171,173,174] For an SNAr reaction where a concerted mecha-
nism has been suggested, many of the measured Hammett ρ-values fall in the range from 
0 to 2[169,170, 172,175] but may reach values up to 4.5.[176] It becomes clear that, in addition to not 
being theoretically sound, the judgement of the SNAr mechanism based on ρ-values lacks any 
reliable reference values. 

1.6.3 Computational Investigations of the SNAr Mechanism
It follows from the above discussion that the typical experimental tools available to organic 

chemists to elucidate reaction mechanism are of limited use in order to decide whether a 
particular example of an SNAr reaction follows a concerted or a stepwise mechanism. Com-
putational approaches, in contrast, can give a clear indication of the reaction mechanism of a 
particular example. The main challenge with computational tools, however, is to establish their 
validity.[177] The examples of (proposed) concerted SNAr reactions can be grouped into intermo-
lecular and intramolecular reactions. In both cases a broad range of nucleophiles and leaving 
groups were combined. In the following, a few selected examples are presented to highlight 
key points and to show trends, as far as this is possible. 

Examples of Intermolecular Concerted SNAr Reactions
Jacobsen et al. combined computational investigations and sophisticated NMR experiments 

to pin down the nature of the mechanisms of three examples of SNAr transformations (Scheme 

Scheme 1-65 By systematically varying the electronic nature of R1 and R2, Williams et al. 
found that both, the nature of the nucleophile and the nature of the leaving group, have a sub-
stantial effect on the rate limiting transition state of this class of reactions. 

349 350 351 352 
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1-66) all of which feature either a C-F bond formation or scission.[178] By NMR, the kinetic iso-
tope effect (KIE) of 12C/13C at the ipso-carbon was measured. A remarkable signal enhance-
ment in the NMR experiment was achieved by not measuring the relative signal intensity of 
the ipso-13C-carbon atom directly. Instead, the 19F satellite signal (arising from 2J13C-19F) was 
compared with the 19F singlet (if the ipso-carbon is 12C) to deduce the 12C/13C-ratio in the 
product or remaining starting material. Hence, a fluoride atom attached to the ipso-carbon 
atom either in the substrate (fluoride as a leaving group - Scheme 1-66 A) or in the product 
(fluoride as a nucleophile - Scheme 1-66 B and C) is a prerequisite for this method to work. If 
the 12C/13C-ratio were to be measured directly, impractically long acquisition times and large 
amounts of material would be required. The measured KIE without contextualisation provides 
no insight in relation to the nature of the mechanism (i.e. the two reactions in Scheme 1-66 
A and B have the same experimental KIE of 1.035). The required context is provided by the 
computational method. [The DFT method used for all the geometry optimisations was B3LYP-
D3(BJ)/6-31+G(d)/PCM(solvent). Based on these structures, various methods were evaluated 
for the KIE prediction]. For every reaction, the maximal (for the hypothetical concerted SNAr 
pathway) and minimal (for the hypothetical stepwise SNAr pathway) value of the KIE were cal-
culated. For the reaction of 353 with 354 (Scheme 1-66 A) it was found that the measured KIE 
reached only 47 % of the theoretical maximal value. It was concluded that this reaction follows 
a stepwise mechanism. The reaction of 357 with 358 (Scheme 1-66 B), in contrast, showed 
a KIE that was 87 % of the theoretical value and it was concluded that it follows a concerted 
mechanism. For the reaction of 361 with 358 (Scheme 1-66 C) the experimental KIE reached 
73 % of the theoretical maximum. Thus, the mechanism for the SNAr of 361 lies somewhere 

Scheme 1-66 Three different examples of SNAr reactions have been investigated in detail 
with a combined computational and experimental approach to elucidate the exact nature of the 
mechanism - concerted or stepwise.  

353 354 355 356 
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361 358 

A
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between the mechanism followed by 353 and 357. It was described as a borderline case that 
could not be clearly assigned either to the concerted or the stepwise regime of the SNAr reac-
tion.[178]

The work by Jacobsen et al. was important in raising the general awareness that the SNAr re-
action can proceed via a concerted mechanism.[179] Moreover, based on computational investi-
gations of a range of simple SNAr examples, it was pointed out that probably many SNAr reac-
tions proceed via a concerted pathway.[178] Their study underlines the power of computational 
approaches in answering this question. Indeed, looking at the work by Jacobsen et al. more 
critically, it becomes evident that the experimental study did not add any additional information 
to the computational data. In fact, the interpretation of the experimental data may change if 
a different computation method would produce a different result. Critically, the computational 
method that was used for the all-decisive structure optimisation was not validated in any way 
(in contrast to the methods used to calculate the KIE, which were properly benchmarked, but 
all relied on the initially generated geometries). 

Glukhovtsev et al. computationally investigated the identity reaction of halobenzene with 
the halide series (Scheme 1-67).[180] [The main method was B3LYP/6-31+G(d)/gas phase. As 
a benchmark method MP2/6-31+G(d) was used for geometry optimisation in conjunction with 
frequencies obtained from HF/ 6-31+G(d) or B3LYP/6-31+G(d)]. It was found that the reaction 
of fluorobenzene 364 with fluoride proceeds via a Meisenheimer intermediate. The three other 
halobenzene substrates 366, in contrast, were found to undergo a concerted SNAr identity 
reaction.[180] 

Uggerud et al. expanded the above study by Glukhovtsev et al. to identity reactions of sec-
ond- (NH2

-, OH-, F-), third- (PH2
-, SH-, Cl-) and fourth-row (AsH2

-, SeH-, Br-) nucleophiles 
(Scheme 1-68).[181] Also, a more diverse array of substituents R1 and R2 was included in the 
study. [The DFT method used was OPBE/6-311++G(d,p)/gas phase]. A Meisenheimer inter-
mediate was observed for all three second-row nucleophiles. For both nucleophiles X = NH2

- 
or F- substituents R1 as different as NH2 and NO2 were analysed (R2 = H). For the hydroxide 
nucleophile, X = OH-, two examples were investigated with R1 = H and R1 = NO2 (R

2 = H). For 
the third- and fourth-row nucleophiles, concerted mechanisms were found in several instanc-
es. In general, a concerted mechanism was predicted for more electron-rich aromatic systems. 
A step-wise mechanism with a Meisenheimer intermediate would only become favourable as 
electron-withdrawing groups are attached to the aromatic ring. For example, the reaction with 
X = Cl- with R1 = NO2 and R2 = H was predicted to follow a concerted mechanism while the 
reaction with the same nucleophile and R1 = R2 = NO2 follows a stepwise mechanism.[181] 

To structure their results, Uggerud et al. used the ionisation energy of the 1s orbital at the 

Scheme 1-67 The identity reactions of the halide series with halobenzene was found to pro-
ceed via a concerted SNAr mechanism for X = Cl, Br, I and stepwise for X = F. 

364 365 366 367 

X = Cl, Br, I



page 61/288

Scheme 1-68 A broad range of identity SNAr reactions was investigated by DFT methods to 
establish general trends for nucleophiles and the electronic nature of the aromatic ring. 

X = NH2
-, OH-, F-, 

PH2
-, SH-, Cl-, 

AsH2
-, SeH-, Br -

R1 = NH2, OH, Me, H, F, 
CCH, COH, CN, NO2

R2 = H, NO2368 369 

Transition state or 
intermediate?

ipso-carbon as a descriptor. It was found that this energy (as calculated by DFT) correlates 
well with the relative energy of the Meisenheimer intermediate/Meisenheimer-like transition 
state structure for all investigated identity reactions.[181] The obtained data also suggests that 
there is no break in the correlation when the changeover from a stepwise to a concerted SNAr 
mechanism occurs. However, only a few data points are available that span both mechanistic 
regimes and it is not clear whether this observation is significant. 

Sun and DiMagno report a fluorodechlorination reaction and a fluorodenitration reaction 
of aryl chlorides and nitroaryl compounds, respectively.[182] Computational studies were per-
formed for the fluorodenitration reaction. [The DFT method used was B3LYP/6-311++G(d,p)/
PCM(ACN)]. A range of para-substituted nitroaryl compounds was analysed and grouped ac-
cording to the Hammett parameter. A good linear correlation was obtained. It was observed 
that for substituents with a Hammett constant σp

- ≤ 0 (i.e. H and more electron-donating sub-
stituents) the reaction proceeds via a concerted mechanism (Meisenheimer-like transition 
state).[182] Similar to the study by Uggerud et al., no change in slope of the Hammett correlation 
was observed when the mechanism changed from stepwise to concerted. This observation 
adds to the concerns discussed above for using the Hammett correlation as an indicator of the 
nature of the SNAr mechanism. 

Based on their computational model, Sun and DiMagno observed a dramatic rate-decel-
eration of the fluorination reactions when going from the gas phase to the solution phase. 
This effect has been explained by the large solvation energy of the fluoride anion.[182] A more 
detailed computational investigation of ion pairing, explicit hydration and solvent polarity was 
undertaken by Pliego and Piló-Veloso for the fluorodechlorination reaction of 4-chlorobenzoni-
trile.[183] The computational model predicted the reaction to follow a concerted mechanism for 
all variations that were examined. [The DFT method used was B3LYP/6-31(+)G(d)/PCM(var-
ious solvents)]. By varying the solvent polarity, it was found that for a given fluoride salt there 
is a solvent with ideal polarity, which just allows for the dissociation of the ion pair but does 
not solvate the fluoride ion too strongly.[183] Recently, Silva and Pliego examined the SNAr 
displacement of bromide from substrates such as 370 with various nucleophiles (Table 1-2).
[184] [Geometry optimisations were performed with X3LYP/6-31+G(d)/PCM(solvent). Refined 
electronic energies were obtained from single-point calculations with M08-SO/def2-TZVPP+ 
on the optimised geometries]. In all cases, a Meisenheimer-like transition state 371 was found. 
Interestingly, the electron-donating methoxy substituent had an accelerating effect if placed 
in the meta-position.[184] This indicates that the σ-inductive effects outweigh the π-conjugative 
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effects in this example. 
For the above examples, no change in mechanism was observed when changing the solvent 

or solvent model, or even when going from gas phase to solution phase. These may be due to 
the fact that the investigated examples are very clearly located in the concerted SNAr domain. 
However, it has been suggested that subtle changes in the environment of the SNAr displace-
ment, such as a change in the medium, may affect the nature of the mechanism for borderline 
examples.[185] Such a borderline case has been identified by Tanaka et al. (Scheme 1-69).[186] 
[The DFT method used was B3LYP/6-31G(d)/gas phase]. For their computational model, the 
authors found that the ortho-substituted product 374 is formed via a step-wise mechanism, 
while the para-substituted product 375 is formed in a concerted addition-displacement step. 
It was reasoned that hydrogen bonding interactions from the incoming ammonia nucleophile 
with the nitro group critically add to the stability of the Meisenheimer intermediate such that 
it actually becomes a local minimum on the potential energy surface. These interactions also 
lower the overall energy barrier towards the formation of 374. Hence, this product is formed 
preferentially, which is, indeed, what has been observed experimentally.[186] 

Examples of Intramolecular Concerted SNAr Reactions
 There is a range of SNAr displacement reactions that occur intramolecularly (i.e. the SNAr 

reaction step follows first order kinetic rate laws). These can be further subdivided into those 
reactions that give rise to the formation of a new ring or to those that proceed via a spiro-tran-
sition state. An example of a reaction of the first kind has been reported by Hartley et al. 

Scheme 1-69 Subtle changes in the environment of the SNAr displacement may induce it to 
follow a concerted or a stepwise mechanism. 

373 374 375 

via a concerted 
SNAr

via a step-wise 
SNAr

Table 1-2 Interesting effects on the activation energy of meta- and para-substituents were 
observed in computational models for the SNAr replacement of bromide with methoxide.  

370 371 372 

Entry R1 R2 ΔG* (kcal/mol)
1 H H 27.05
2 H OMe 28.43
3 OMe H 25.75
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(Scheme 1-70).[187] The imines 377 were formed in situ and were smoothly transformed into 
the phenanthridinium salts 378 by heating in a microwave oven. A range of electronically very 
different substituents was tolerated as for example R1 = p-NO2 or R1 = p-OMe. Computation-
al studies suggested that the SNAr proceeds via a concerted mechanism, regardless of the 
nature of R1 (or R2) substituent (other substituents were kept constant in the computational 
study). [The DFT method used was M06-2X/def2-TZVP+/SMD(ACN)].[187] 

Scheme 1-70 The cyclisation of 377 was found to proceed via a concerted SNAr mecha-
nism. 

376 
X = F or Cl)

377 378 
14 examples
47 % - 100 %

1) NH2-R
4 (4.5 - 8 

equiv.), TiCl4, 
toluene, RT

2) THF or ACN, 
100 °C - 110 °C, 
μW, 0.5 h - 10 h

Intermediate after step 1)

CsF (3 equiv.)

Toluene
80 °C - 110 °C

3 h - 20 h
379 380 381

28 examples
50 % - 98 % 

A

B

CsF

CsHF2

382

383384385     

  380379 
(R = H, X = CH) 

381 
(R = H, 
X = CH) 

Scheme 1-71 The key step in the phenol deoxyfluorination reaction with PhenoFluor 380 is 
an intramolecular concerted SNAr displacement. 
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In SNAr reactions that proceed via a spiro-transition state, no new ring is formed in the prod-
uct. One of the most famous examples of this class of transformations certainly is Ritter’s de-
oxyfluorination reaction with PhenoFluor 380 (Scheme 1-71).[188-190] A broad range of phenols 
379 with very different electronic nature (for example, R = p-NO2 or R = p-NH2) was found to 
undergo fluorination efficiently with 380 to give the aryl fluorides 381 in high yields (Scheme 
1-71 A).[188] The proposed mechanism (Scheme 1-71 B) was substantiated by the independent 
synthesis and characterisation of 383. Computational studies showed that the SNAr displace-
ment starting from this intermediate proceeds in a concerted fashion via a single transition 
state 384 to the aryl fluoride product 381 and the urea by-product 385. [The DFT method used 
was B3LYP/6-31G(d)/PCM(toluene)].[189] 

The similarity of the deoxyfluorination reaction to the Newman-Kwart rearrangement and 
similar transformations was pointed out.[189] Indeed, the Newman-Kwart rearrangement was 
suggested to proceed via single-step SNAr mechanism that involves a four-membered cy-
clic transition state (Scheme 1-72 A).[191,192] The Newman-Kart rearrangement is closely re-
lated to the Schönberg rearrangement (Scheme 1-72 B) and the Chapman rearrangement 
(Scheme 1-72 C). Based on comparable Hammett ρ-values it has been suggested that the 
three reactions probably follow a similar, concerted mechanism.[193] Computational studies for 
the Newman-Kart rearrangement[194,195] supported the initial suggestion[191,192] that this reaction 
may follow a concerted pathway. In a computational study it was also found that the scope of 
the Newman-Kwart rearrangement can be expanded to vinylic systems, in principle (Scheme 
1-73).[194] [The computational method used was B3LYP/6-31+G(d,p) for geometry optimisa-
tion. Single point energies were calculated with MP2/6-31+G(d,p). All calculations were per-
formed in the gas phase]. For example, the activation enthalpy of the aromatic substrate 392 
and the vinylic substrates 394 and 396 was found to be equally high (Scheme 1-73 A vs. B 
and C). The aliphatic substrate 398, in contrast, exhibited a much higher activation enthalpy 
(Scheme 1-73 D). Indeed, the geometry of the transition of substrate 398 showed that the 

Scheme 1-72 The Newman-Kwart, Schönberg, and Chapman rearrangement typically re-
quire high temperatures to proceed. 
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carbon-oxygen bond is almost fully dissociated while the carbon-sulfur bond did not yet form 
to a significant extent. Hence, the mechanism for the rearrangement of 398 is reminiscent of 
an SN1 reaction. For all four examples shown in Scheme 1-73, a concerted rearrangement 
pathway was identified.[194] 

An hole-catalysed version of the Newman-Kwart rearrangement was introduced more re-
cently by Nicewicz et al.[196] According to these protocols, the rearrangement of the substrate 
is induced by a single electron oxidation step. The dramatically decreased activation barrier 
allows the hole-catalysed Newman-Kwart rearrangement to proceed under much milder con-
ditions.[196] Based on computational studies, it was shown that this modified Newman-Kwart 
rearrangement proceeds via a concerted pathway akin to the original reaction.[132,197]  

The above reactions with a four-membered spirocyclic transition state have all been sug-
gested to proceed via a concerted mechanism. Indeed, no example was found where evi-
dence for Meisenheimer intermediate was presented for this class of reactions. For the anal-
ogous rearrangement reactions with a five-membered spirocyclic transition state, in contrast, 
a Meisenheimer intermediate was identified in several computational studies.[198-201] Based on 
the Smiles-reaction of 400 it was demonstrated that the choice of the computational method 
can affect the nature of the reaction profile (i.e. stepwise vs. concerted) (Scheme 1-74).[177] [For 
all investigated methods the 6-31+G(d,p) basis set was used. Solvent effects were accounted 
for with the PCM(methanol) solvent model]. With the high-level reference method CCSD(T)//
MP2(SDQ) it was found that the structure 401 is a minimum on the potential energy surface. 
Hence, according to the reference calculation, the Smiles rearrangement of 400 proceeds in 
a stepwise fashion via a Meisenheimer intermediate. It should be noted that the energy profile 
exhibits a shallow minimum, i.e. the intermediate is stabilised by only 0.9 kcal/mol with respect 
to the first transition state. Thus, the reaction of 400 can be regarded as a mechanistic board-
er-line case.[177] 

Different DFT methods were then investigated for their ability to reproduce the energy profile 
obtained with the reference method. The Minnesota functionals M06 and M06-2X, and the 
ωB97X functional were found to predict a stepwise reaction mechanism in accordance with 

392 393
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398 399
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ΔH* = 36 kcal/mol

ΔH* = 36 kcal/mol

ΔH* = 38 kcal/mol

ΔH* = 54 kcal/mol

ΔH = -13 kcal/mol

ΔH = -14 kcal/mol

ΔH = -12 kcal/mol
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Scheme 1-73 In a computational study it was demonstrated that the scope of the New-
man-Kwart rearrangement can in principle be expanded to vinylic systems. 
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the reference method. The very popular B3LYP functional, in contrast, predicted the reaction 
to follow a concerted mechanism. Thus, according to the B3LYP calculation the structure 401 
corresponds to a transition state.[177] The study underlines that the computational model needs 
to be carefully validated if a realistic reaction profile is to be established. This is particularly 
true if a boarder-line case is investigated where the reaction pathway exhibits a shallow mini-
mum for the Meisenheimer intermediate. 

One example where a concerted mechanism has been put forward for the Smiles-rear-
rangement is shown in (Scheme 1-75).[202] In this variant of the Julia-Kocieński  reaction, the 
Smiles-rearrangement is an essential step. The aldehyde 403 reacts with the anion 404 to give 
the alkoxide intermediate 405. This intermediate undergoes the Smiles-rearrangement to 407, 
which decays spontaneously to the alkene 408. The underlying mechanism has been studied 
in detail with computational methods. [The DFT method used was B3LYP/6-311+G(d,p)/PC-
M(solvent)]. The effect of coordinating counter cations and different solvents on the cis/trans 
selectivity was rationalised. It was also found that the Smiles-rearrangement step follows a 
concerted mechanism in all examined cases (different solvents and counter ions). It was noted 
that, in the transition state 406, no significant amount of negative charge is transferred onto the 
tetrazole ring. Instead, the negative charge is directly transferred from the attacking alkoxide 
nucleophile to the sulfur atom of the leaving group.[202]

The multi-component reaction of pyridine 409, benzyne 410 (generated in situ) and N-methyl 
isatin 413 harbours a Smiles-rearrangement as a key step, too (Scheme 1-76).[203] According 
to a plausible mechanism, pyridine 409 attacks benzyne 410, which leads to the zwitterion 
411. After a proton transfer the carbene 412 is formed. This carbene nucleophilically adds on 
to isatin 413 to give the intermediate 414. The intermediate 414 spontaneously undergoes the 
Smiles-rearrangement via the transition state 415 to give the product 416. The computational 
model predicts this rearrangement to follow a concerted pathway. [The DFT method used was 
B3LYP/6-311++G(d,p)/IEFPCM(THF)].[203]  

From above examples it becomes evident that the concerted SNAr reaction mechanism is 
likely to be a widespread phenomenon that occurs in a diverse range of SNAr reactions. Due to 
the diversity of the reported examples, it is not straightforward to extract simple guidelines that 
would allow one to estimate when a SNAr reaction follows a concerted and when a stepwise 

Scheme 1-74 The choice of the DFT functional affects the nature of the reaction profile. 
For all methods the 6-31+G(d,p) basis set was used with PCM(methanol) solvent model. The 
energies obtained with reference method are given (in kcal/mol). 

Transition state or intermediate?

CCSD(T)//MP4(SDQ):  intermediate (reference method)
M06 and M06-2X:  intermediate
ωB97X:   intermediate
B3LYP:   transition state
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Scheme 1-75 The Smiles-rearrangement at the heart of the Julia-Kocieński was found to 
proceed via a concerted mechanism. 

403 404 405

406407408

mechanism. It also became clear that it is challenging to experimentally show that a given set 
of SNAr reactions proceeds via a concerted mechanism. While experimental investigations 
always rely on establishing trends over a range of examples, computational investigations 
can give a well-defined answer for a single SNAr reaction. But the validity of the computation-
al method needs to be carefully established. So far, such a careful validation has only been 
reported for the Smiles-rearrangement[177] but not for a general intermolecular SNAr reaction.  

409

410 411 412

413

414415416

413412

Scheme 1-76 The Smiles-rearrangement in the three-component reaction of pyridine 409, 
a benzyne precursor and N-methyl isatin 413 was found to follow a concerted mechanism 
according to the computational model employed. 
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2. Organic Super Electron Donors Made 
Catalytic

2.1. Background
A major drawback of neutral organic super electron donors is that these molecules suffer 

from significant side-reactions when used in radical transformations. This tendency is linked to 
the fact that most of the electron donors discussed so far can give rise to relatively long-lived 
radical cations. The radical cation species is prone to recombine with reactive alkyl radicals 
when it accumulates in the reaction mixture. This process likely follows the principle of the 
persistent radical effect[89,90] and has been discussed in detail in the introduction (see Chap-
ter 1.2.7). The recombination of the electron donor-derived radical cation with other radical 
species is, in general, undesired. A possible way to avoid such side-reactions is to design 
neutral organic single electron donors such as 417 (Scheme 2-1). Upon oxidation, a closed 
shell species 418 is obtained. Compared to quasi-persistent radical cationic intermediates, 
this closed shell benzimidazolium by-product would have a low tendency to interfere with the 
desired radical cascade. 

Obviously, the required single electron donor species 417 is highly reactive and, due to its 
radical nature, it would no longer be easily accessible as a bulk material. Thus, single electron 
donors such as 417 would need to be generated in situ from a stable precursor. As expound-
ed in Chapter 1.3, aminals are a promising compound class of such precursor molecules. 

Scheme 2-1 The proposed scheme for how to use an organic single electron donor 417 
catalytically. 
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Accordingly, 419 is the simplest, logical precursor of 417.
 According to the envisaged scheme, the organic single electron donor 417 is generated as 

an intermediate in a radical chain reaction. The hydrogen abstraction from 418 by the generat-
ed radical, •R’, is the chain propagation step. The fact that 417 is generated in a radical chain 
is a distinguishing feature of the proposed process to the previously established protocols 
with double electron donors. Although these electron donors are typically formed in situ from 
a stable cationic precursor in the presence of a base[35] or from a zwitterionic carboxylate pre-
cursor,[204] they do not take part in a chain reaction.  

It also becomes evident that the scheme harbours the possibility to use the single electron 
donor 417 catalytically. The aminal 419 can, in principle, be regenerated from the benzimida-
zolium salt 418 and a hydride source. Ideally, the organocatalyst would allow use of a mild, 
cheap and non-toxic hydride species as a terminal reducing agent. Through the action of the 
organocatalyst, a hydride source could be used to drive a radical cascade that would other-
wise not engage in radical reactions. 

When analysing the proposed reaction from the perspective of upconversion of reducing 
power (Chapter 1.4), it becomes apparent that this must happen on two different levels. Clear-
ly, when going from 419 to 417, upconversion of reducing power must be achieved. If not, 
419 would react directly with the substrate via a single electron transfer or would not react at 
all. Further, when comparing the whole sequence from 418 to 417, upconversion of reducing 
power must be achieved for the same reason (i.e. otherwise the hydride source would react 
directly with the substrate via a single electron transfer or would not react at all). Thus, in the 
proposed cycle, the organocatalyst not only converts a hydride equivalent from the terminal 
reducing agent to a single electron reductant. Also the net reducing power of the terminal re-
ducing agent is increased. This overall upconversion of reducing power is possible, because 
the reactions from 418 to 419 and from 419 to 417 are both exergonic. They provide the ener-
getic driving force to “pump up” an electron into an energetically high lying orbital (the principle 
depicted in Figure 1-14 applies).  

This chapter is structured as follows. As became apparent from the introduction (Chapter 
1.3), aminals such as 419 have received limited attention as potential hydrogen sources in 
radical reactions. Consequently, it was necessary to first study the reactivity of 419 separately 
(as will be discussed in Chapter 2.2.1 and Chapter 2.2.2). Once optimal conditions were es-
tablished for this reaction, it was possible to develop the protocol further and to find conditions 
where 417 was used catalytically (Chapter 2.2.4). The scope of reductive radical cyclisation 
reactions with the conditions using stoichiometric amounts of 419 and with catalytic amounts 
of 418 was then investigated (Chapter 2.3). Finally, other heterocycles were explored for their 
ability to act as single electron donor precursors or as catalysts, according to the mechanism 
in Scheme 2-1 (Chapter 2.4). 

2.2. Developing a Catalytic Electron Donor Protocol

2.2.1 Preliminary Experiments - Deiodination
(A detailed description of the following experiments can be found in Chapter 5.3.3).
In order to understand the fundamental reactivity of 1,3-dimethyl-2,3-dihydro-1H-benzo[d]

imidazole 419 in radical reactions, the simple deiodination reaction of 4-iodobiphenyl 420 was 
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Entry 419 
(equiv.)

PRC[a] 
(equiv.)

Initia-
tor[b]

Solvent Temp. Time
(h:min)

Yield of 
421[c]

1 2.0 none LP benzene 70 °C 16:00 22 %[d]

2 2.0 none DBP benzene 80 °C 16:00 20 %[d]

3 2.0 none DTBP benzene 130 °C 16:00 65 %[e,f]

4 2.0 0.05 LP benzene 70  °C 16:00 75 %[e]

5 2.0 0.05 DTBP benzene 130 °C 16:00 81 %[e,g]

6 2.0 none air none RT 38:00 91 %[e,h]

7 1.1 none air none 45 °C 18:00 78 %
8 1.1 none air DMSO 45 °C 18:00 89 %
9 1.1 none air ACN 45 °C 18:00 84 %
10 1.5 none air ACN 45 °C 6:00 90 %
11 2.0 none air ACN 45 °C 6:00 99 %
12 2.0 none air ACN 55 °C 4:00 99 %

(92 %)[e]

13 1.1 none air Acetone 45 °C 18:00 82 %
14 1.1 none air 1,4-dioxane 45 °C 18:00 76 %
15 1.1 none air EtOAc 45 °C 18:00 73 %
16 1.1 none air DMF 45 °C 18:00 66 %
17 1.5 none air DMF 45 °C 6:00 83 %
18 2.0 none air DMF 45 °C 6:00 90 %
19 2.0 none air DMF 55 °C 4:00 95 %
20 1.1 none air DCM 45 °C 18:00 59 %
21 1.1 none air Cyclohexane 45 °C 18:00 55 %
22 1.1 none air THF[i] 45 °C 18:00 28 %

Table 2-1 Optimisation for the Deiodination Reaction

419
(equiv.)

PRC,[a] initiator,[b] 
solvent, temperature, time

420 421 422 418-I 

[a] n-Dodecanethiol was used as a polarity reversal catalyst (PRC). 
[b] LP: lauroyl peroxide; DBP: dibenzoyl peroxide; DTBP: di-tert-butyl peroxide. For all the 

initiators other than air, 0.2 equiv. were used. When air was used as an initiator, the reaction 
was left open to air for the whole reaction period via a needle. 

[c] The yield was determined by HPLC vs. 1-phenylpyrrolidin-2-one as internal standard 
unless mentioned otherwise.

[d] The conversion (product / {product + substrate} x 100 %) was determined by 1H-NMR.
[e] Isolated yield.
[f] Additionally, 20 % of p-terphenyl 422 and 51 % of 418-I were isolated.
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chosen as a model system (Table 2-1). Initially, the reaction was performed in benzene and 
different radical initiators were examined (Entries 1 - 3). The temperatures were chosen such 
that the half-life time t1/2 of the radical initiators was approximately 3 h for each experiment.[205] 
Clearly, di-tert-butyl peroxide (DTBP) gave the best results from these three initiators (Entry 3). 
From the experiment with DTBP, p-terphenyl 422 and the benzimidazolium salt 418-I were also 
isolated. Since the aminal hydrogen atoms are relatively hydridic (2,3-dihydrobenzimidazoles 
have been used as hydride sources, indeed, see Chapter 1.3) it was natural to investigate the 
effect of a polarity reversal catalyst. The underlying principle of polarity reversal catalysis and 
its applications have been studied in detail, mainly by Roberts et al.[206-208] The thiol acts as 
a relay between the radical 424 and the aminal hydrogen atom that is to be abstracted from 
419 (as illustrated in Figure 2-1 following the general principle explained by Roberts[206]). The 
direct hydrogen atom abstraction by the nucleophilic radical 424 from the hydridic aminal 419 
suffers from a high activation barrier because of a polarity mismatch between the two species 
(orange curve). The hydrogen abstraction by 424 from the protic thiol 423 is much faster. The 
generated electrophilic thiyl radical 425 is then competent in abstracting the hydridic hydrogen 
atom from 419 (blue curve). For the study presented here, n-dodecanethiol was selected as 
a polarity reversal catalyst. In two reactions with different initiators, the n-dodecanethiol was 
found to have a pronounced positive impact. In the reaction with lauroyl peroxide, a 75 % yield 
was achieved (Entry 4) compared to 22 % conversion in the analogous reaction without the 
thiol (Entry 1). Similarly, with DTBP, the yield increased from 65 % (Entry 3) to 81 % (Entry 5) 
due to the effect of the  thiol. In the further investigation of the reaction conditions the PRC 
was excluded first. It was assumed that other factors influencing the reaction outcome would 

[g] Additionally 15 % of p-terphenyl 422 and 36 % of 418-I were isolated.
[h] Additionally 49 % of 418-I was isolated.
[i] THF, without stabiliser, was used. 
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Figure 2-1 In the polarity reversal catalysis approach, one slow - because of a polarity mis-
match between the hydrogen atom and the incoming radical - hydrogen atom transfer step is 
replaced by two fast - polarity matched - hydrogen atom transfer steps. 
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manifest more pronouncedly in its absence.  
Through serendipity, it was observed that the reaction proceeds when open to air under 

highly concentrated conditions. Hence, the substrate 420 and reducing agent 419 were re-
acted neat at room temperature open to air (Entry 6) and a high yield of reduced product 
421 was obtained. However, effective mixing was no longer possible under neat conditions, 
since the substrate 420 is solid at room temperature and since the reaction generated 418-I, 
which is a solid too. In order to remove this potential source of variability, a suitable solvent 
was sought for the reaction. The initially used solvent, benzene, was no longer considered as 
an option, because of its toxicity and because it gives rise to the p-terphenyl by-product 422. 
For the initial solvent screen, the amount of 419 was decreased from 2.0 equiv. to 1.1 equiv., 
the time was limited to 18 h and a moderate reaction temperature of 45 °C was chosen. For 
comparison, a neat reaction with these parameters was performed (Entry 7). It was found that 
the reaction in DMSO (Entry 8), ACN (Entry 9) and acetone (Entry 13) gave a slightly higher 
yield of reduced product than the neat reaction. The solvents - listed according to decreasing 
performance - 1,4-dioxane (Entry 14), EtOAc (Entry 15), DMF (Entry 16), DCM (Entry 20), 
cyclohexane (Entry 21) and THF (Entry 22) gave yields that were lower than for the neat ref-
erence reaction. 

Finally, it was investigated how the reactions with a solvent and left open to air respond to 
an increase in temperature and an increase in equivalents of 419. The investigation was per-
formed for the solvents ACN (Entries 9-12) and DMF (Entries 16-19). By increasing the ratio 
of 419 to 2.0 equiv. and the temperature to 55 °C, an almost quantitative yield was achieved 
in ACN after a conveniently short reaction time of 4 h (Entry 12). A comparable result was 
achieved with DMF as the solvent (Entry 19). 

It becomes apparent that the deiodination reaction of 420 with 419 is quite flexible. It works 
well under neat conditions and in a number of solvents. Conveniently short reaction times of 
a few hours can be achieved at moderate temperatures. Also the salt by-product 418-I can 
readily be separated from the desired reaction product. Importantly, the reaction can be ini-
tiated by oxygen in the air. Hence, the protocol can be dramatically simplified, compared to 
reactions with the previously established electron donors (see Chapter 1.2.4 to Chapter 1.2.6 
for examples), which require handling under strictly inert atmosphere and dry conditions. For 
the further development of the protocol, it was decided to retain the initiation by oxygen in air.

2.2.2 Optimisation for Reductive Radical Cyclisation Reactions with 419
(A detailed description of the following experiments can be found in Chapter 5.3.4).
The deiodination reaction discussed above served as a stepping stone towards the car-

bon-carbon bond formation in a reductive radical cyclisation reaction. The cyclisation leading 
from substrate 426 to product 427 was selected as a model system to study this class of re-
actions with reducing agent 419 (Table 2-2). Based on the results of the deiodination reaction 
discussed above, the temperature of 55 °C, the loading of aminal 419 (2.0 equiv.), and the 
mode of initiation (reactions left open to air) were selected as ideal. These parameters would 
give a conveniently fast reaction rate and a simple reaction set-up. The reactions were moni-
tored by GC-FID in order to get a better understanding of their time courses. In Table 2-2, the 
time when the reaction reached full conversion is given. 

A number of solvents were investigated (Entries 1-6). The concentration of 426 was chosen 
as 0.5 M and 0.2 equiv. of polarity reversal catalyst (PRC) were included for this screen. It 
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Table 2-2 Optimisation of the Reductive Cyclisation Reaction of 426

419
(2.0 equiv.)

PRC,[a] solvent (conc.), time, 
55 °C, open to air426 427 

[a] n-Dodecanethiol was used as a polarity reversal catalyst (PRC).
[b] The reaction progress was monitored by GC-FID and the time when the reaction reached 

full conversion is given.
[c] Yield determined by GC-FID vs. 1-phenylpyrrolidin-2-one as internal standard, unless 

mentioned otherwise.
[d] Isolated yield in brackets.
[e] THF without stabiliser was used.
[f] Yield of remaining starting material was 45 % by GC-FID vs. 1-phenylpyrrolidin-2-one as 

internal standard. 
[g] The reaction was degassed by purging with nitrogen and was kept under a nitrogen at-

mosphere. 
[h] 22 % of remaining starting material was measured by GC-FID vs. 1-phenylpyrrolidin-2-one 

as internal standard.  

Entry PRC[a] 
(equiv.)

Solvent Concentration Time[b] 
(h:min)

 Yield of 427[c]

1 0.2 DMF 0.5 M 0:50 87 % (86 %)[d]

2 0.2 ACN 0.5 M 1:15 75 %
3 0.2 Cyclohexane 0.5 M 4:00 65 %
4 0.2 Toluene 0.5 M 4:00 66 %
5 0.2 THF[e] 0.5 M 3:00 69 %
6 0.2 tBuOH 0.5 M >4:00 46 %[f]

7 0.2 DMF 0.1 M 0:15 77 %
8 1.0 DMF 0.1 M 0:05 81 %
9 0.05 DMF 0.5 M 1:00 76 %
10 none DMF 0.5 M 2:00 64 % (65 %)[d]

11 0.05 ACN 0.5 M 1:30 69 %
12 none ACN 0.5 M 2:00 58 %
13[g] 0.2 DMF 0.5 M >6:00 62 %[h]

was expected that the presence of the PRC would be more important for this model substrate 
because after the cyclisation the alkyl radical intermediate is less reactive compared to the aryl 
radical intermediate obtained in the simple dehalogenation reaction. It was found that the re-
action performed best in DMF (Entry 1). With this solvent, the highest final yield was obtained 
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and also the shortest time until the reaction reached full conversion. An only slightly inferior 
result was obtained with ACN (Entry 2). The other solvents gave clearly slower reaction rates 
and lower yields of product.  

 Next, the concentration of the reaction was lowered from 0.5 M (Entry 1) to 0.1 M (Entry 
7). Somewhat surprisingly, the reaction time markedly decreased by ca. a factor of three. The 
yield of product for reaction in Entry 7, however, was significantly lower than in the reference 
reaction (Entry 1). The reason behind these two observations - higher reaction rate and lower 
yield of desired product - is not fully understood at present. An ansatz to an explanation may 
be that at lower concentration, a side-reaction becomes accentuated. That would lead to fast-
er consumption of starting material while giving a decreased yield of product. However, no 
by-product could be isolated and characterised. Hence, the interpretation of this result remains 
speculative. In an attempt to increase the yield of the reaction at 0.1 M concentration, the load-
ing of n-dodecanethiol was increased from 0.2 equiv (Entry 7) to 1.0 equiv. (Entry 8). Indeed, 
the yield of product increased slightly. Moreover, the reaction rate became even faster, giving 
full conversion of substrate in only 5 min. 

Stoichiometric amounts of the thiol polarity reversal catalyst are, however, not desirable. 
Ideally, the amount of thiol should be as small as possible. Therefore, it was investigated 
whether the amount of thiol could be decreased compared to the so far best conditions (Entry 
1). With 0.05 equiv. of thiol (Entry 9), a drop in yield and a slightly increased reaction time was 
observed. A further drop in yield and increase in reaction time occurred when the reaction was 
performed in the absence of the polarity reversal catalyst altogether (Entry 10). An analogous 
trend - although slightly less pronounced - of decreasing yield and increasing reaction time 
with a decrease of thiol loading was observed in ACN as the solvent (Entry 2, 11 and 12). 

Finally, the effect of the presence of air on the reaction was investigated (Entry 13). Under 
a nitrogen atmosphere, the reaction time dramatically increased by more than a factor of six. 
This finding substantiates the hypothesis that oxygen in the air acts as an initiator for the re-
action. 

As observed before for the deiodination of 420, the reaction is quite flexible insofar as it toler-
ates various solvents and conditions. The responses to changes of solvent, the concentration, 
and loading of thiol are significant but not dramatic (the yield of product generally varies by 
less than 30 %). This indicates that the protocol is inherently robust. The conditions in Entry 1 
were selected as ideal for reductive radical cyclisation reactions with aminal 419. 

2.2.3 Computational Studies on the Initiation by Oxygen
(A detailed description of the following DFT calculations can be found in Chapter 5.3.5).
Initiation by oxygen in the air requires that the aminal 419 is oxidised by oxygen. A possible 

mechanism of the initiation has been investigated with computational methods (Figure 2-2). 
The first possibility that was considered is a single electron transfer from the aminal 419 to 
oxygen (Variant A). The energy barrier was calculated according to Nelsen’s four-point meth-
od,[209] which is an implementation of Marcus theory.[61,210]  The energy barrier for the single 
electron transfer was found to be 29.5 kcal/mol. The process was overall endergonic by 28.9 
kcal/mol. The resulting aminal radical cation 428 can transfer a proton to the superoxide anion 
429 to give the benzimidazoyl radical 417 and hydroperoxyl radical 430. This proton trans-
fer is almost thermoneutral. As an alternative, the direct hydrogen abstraction of a hydrogen 
atom from aminal 419 by oxygen has been considered (Variant B). Although a transition state 
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structure was successfully identified, the process is effectively barrier-less - after the thermal 
energy corrections have been made, the transition state energy turns out to be slightly lower 
than the energy of the product complex. Decomplexation of the reaction products leads to the 
same end-point as reached in Variant A. Overall, the two energy profiles are very similar. They 
both show a negligible barrier while being strongly endergonic.

 In light of the pronounced endergonic nature of the oxidation of 419 it becomes critical to 
identify a subsequent reaction step that can drive the initiation process forwards. An efficient 
forward reaction of either of the three products,  417, superoxide or hydroperoxyl radical, could 
fulfill this requirement. 

First, the hydrogen abstraction by the peroxide species 429 or 430 from another molecule of 
aminal 419 was considered (Scheme 2-2). Two sets of values are reported in this scheme. The 
first set of Gibbs free energies refers to the separated aminal 419 and peroxide species. The 
second set of energies is given with respect to the reference from Figure 2-2, i. e. two separate 
molecules 419 and one molecule of oxygen. It becomes clear that the superoxide radical anion 
429 is not able to abstract a hydrogen atom from the aminal 419 efficiently in any case. The 
situation is different with the hydroperoxyl radical 430. This species is sufficiently reactive to 

Variant A) Single electron transfer from 419 to oxygen followed by proton transfer.
Variant B) Hydrogen abstraction from aminal 419 by oxygen. 
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Figure 2-2 Oxidation of 419 by oxygen. Level of theory: UM06-2X/6-311++G(d,p)/
cpcm(DMF). (*) Transition state energies are marked with an asterisk. [a] Calculated by 
Nelsen’s four-point method[209] based on Marcus theory.[61, 210] 
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Scheme 2-2 Hydrogen abstraction from 419 by peroxide species 429 or 430. Level of the-
ory: UM06-2X/6-311++G(d,p)/cpcm(DMF). (*) Transition state energies are marked with an 
asterisk. [a] Calculated relative to the reference point in Figure 2-2. 

419 417

Peroxide Species ΔG*	
(kcal/mol)

ΔG*[a] 

(kcal/mol)
ΔG
(kcal/mol)

ΔG[a] 

(kcal/mol)
429 (X = O-) 31.4 60.8 15.5 44.9
430 (X = OH) 12.5 41.9 -4.37 25.0

Scheme 2-3 Hydrogen abstraction from 419 by peroxide species 429 or 430. Level of the-
ory: UM06-2X/6-311++G(d,p)/cpcm(DMF). (*) Transition state energies are marked with an 
asterisk.These were calculated by Nelsen’s four-point method[209] based on Marcus theory.[61, 

210] [a] Calculated relative to the reference point in Figure 2-2. 

Oxidant ΔG*	
(kcal/mol)

ΔG*[a] 

(kcal/mol)
ΔG
(kcal/mol)

ΔG[a] 

(kcal/mol)
Oxygen 0.43 29.8 -20.6 8.80

Iodobenzene 12.4 41.8 -12.2 17.3

418417

abstract a hydrogen atom from 419 in a mildly exergonic reaction. Measured with respect to 
the beginning of the initiation process the activation energy is, however, high at 41.9 kcal/mol. 
This barrier appears to be too high for an effective initiation process (a detailed computational 
study on organic super electron donors as initiators for base-promoted homolytic aromatic 
substitution reactions gives a set of reference values for initiation processes of radical chain 
reactions that is linked to experiments).[64]  

The most simple onward reaction of peroxide species 429 and 430 did not lead to an obvi-
ous step that would drive the initiation process forward. Hence, the attention was focused on 
the onward reaction of the benzimidazoyl radical 417 (Scheme 2-3). The oxidation of 417 by 
oxygen is almost barrier-less and strongly exergonic. Therefore this is a very likely process to 
drive the initiation reaction forward. The overall barrier at 29.8 kcal/mol is reasonable for an in-
itiation reaction.[64] The strong exothermicity of this single electron transfer step makes the ini-
tiation process less endergonic overall. Importantly, once 417 is removed from the equilibrium, 
the hydroperoxyl radical 430 is free to react as in Scheme 2-2 and thereby adding additional 
driving force to the reaction. The reaction of 417 with iodobenzene has a substantially higher 
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Table 2-3 Development of the Catalytic Electron Donor Protocol

418-I
(0.2 equiv.)

hydride reducing agent (2.0 equiv.), 
PRC,[a] solvent (0.5 M), time, 

55 °C, open to air426 427 

[a]  n-Dodecanethiol was used as a polarity reversal catalyst (PRC).
[b]  Time for which the reaction was heated at 55 °C. 
[c]  Yield determined by GC-FID vs. 1-phenylpyrrolidin-2-one as an internal standard unless 

mentioned otherwise.

Entry Hydride Re-
ducing Agent

Loading of 
418-I (equiv.)

PRC 
(equiv.)[a]

Solvent Time  
(h:min)[b]

 Yield of 
427[c]

1 NaBH4 0.2 0.2 DMF 4:00 84 %  
2 NaBH4 0.2 0.2 DMF 3:40[d] 83 %[e]

3 NaBH4 0.05 0.2 DMF 4:00[f] 61 %[g]

4 NaBH4 0.2 none DMF 4:00 8 %
5 NaBH4 0.2 0.2 ACN 4:00 40 %
6 NaBH4 0.2 none ACN 4:00 3 %
7 NaBH4 0.2 0.2 tBuOH 4:00 20 %
8 NaBH4 0.2 0.2 THF 4:00 18 %
9 NaBH4 0.2 0.2 Toluene/

tBuOH
4:00 35 %

10 NaBH4 0.2 0.2 Toluene/
water

4:00 27 %

11 Na(AcO)3BH 0.2 0.2 DMF 4:00 40 %
12 Na(AcO)3BH 0.2 none DMF 4:00 7 %
13 Na(AcO)3BH 0.2 0.2 ACN 4:00 7 %
14 Na(AcO)3BH 0.2 none ACN 4:00 1 %
15 Na(AcO)3BH 0.2 0.2 tBuOH 4:00 6 %
16 Na(AcO)3BH 0.2 0.2 THF 4:00 5 %
17 Na(AcO)3BH 0.2 0.2 Toluene/

tBuOH
4:00 4 %

18 Na(AcO)3BH 0.2 0.2 Toluene/
water

4:00 0 %

19 Na(AcO)3BH 0.2 0.2 DMF 30:00 35 %[h]

20 Na(AcO)3BH[i] 0.2 0.2 DMF 20:00 8 %[j]

21 NaBH3CN 0.2 0.2 DMF 20:00 2 %[k]

22 NaBH4 none 0.2 DMF 20:00 9 %[l]

23 NaBH4 none 2.0 DMF 5:00 64 %
24 NaBH4 none none DMF 20:00 0 %[m]
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[d]  The reaction reached full conversion after 3 h. 
[e]  Isolated yield. 
[f]  The reaction reached full conversion after 4 h. 
[g]  Yield determined by 1H-NMR vs. 1,3,5-trimethoxybenene as internal standard. No remain-

ing starting material was detected.
[h]  Yield of remaining starting material was 65 % by GC-FID vs. n-dodecane as internal stand-

ard.
[i]  8 equiv. of Na(AcO)3BH were used.
[j]  The reaction was monitored by 1H-NMR. The yield was determined vs. 1,3,5-trimethox-

ybenene as internal standard. The yield of remaining starting material was 43 % vs. the 
same internal standard.

[k]  Yield of remaining starting material was 98 % by GC-FID vs. n-dodecane as internal stand-
ard.

[l]  Yield determined by 1H-NMR vs. 1,3,5-trimethoxybenene as internal standard. Yield of 
remaining starting material was 87 % vs. the same internal standard.

[m] The product was not detected by 1H-NMR. Yield of remaining starting material was quan-
titative vs. 1,3,5-trimethoxybenene as internal standard.

barrier than the reaction with oxygen. Therefore, iodobenzene is not a suitable oxidising agent 
for the initiation process - as a part of the downstream radical chain reaction, however, the 
electron transfer from 417 to iodobenzene is very accessible. 

In conclusion, a simple and plausible initiation pathway based on oxygen and 419 has been 
identified. It was also found that oxygen reacts much faster with the single electron donor 417 
than iodobenzene (and most likely other aryl iodide substrates). Consequently, in the reaction 
vessel, oxygen will be consumed first. After the oxygen levels are low the productive radical 
chain reaction will become dominant. In addition to starting the radical reaction this “self-de-
oxygenation” of the reaction mixture helps to protect the desired radical chain reaction from 
side-reactions with oxygen. 

2.2.4 Optimisation of the Catalytic Electron Donor Protocol 
(A detailed description of the following experiments can be found in Chapter 5.3.6). 
As can be seen from the results above, the reductive radical reactions with 419 are well-be-

haved and high-yielding. Building on this promising basis, it was intended to form 419 in situ 
from a catalytic amount of the salt 418-I. Again the reductive radical cyclisation of substrate 
426 was chosen as a model reaction. The investigation was started, based on the optimal 
conditions identified for the reaction with stoichiometric amounts of 419 (see Table 2-2 Entry 
1). In order to make the protocol catalytic, the 2.0 equiv. of 419 were replaced by a substoichi-
ometric amount of its precursor salt 418-I and a stoichiometric amount of a hydride reducing 
agent (Table 2-3). A series of solvents and solvent mixtures was investigated with both sodium 
borohydride (Entries 1, 5, 7-10) and sodium triacetoxyborohydride (STAB) (Entries 11, 13 and 
15-18) as the hydridic, terminal reducing agents. The experiments in this solvent screen were 
stopped after 4 h of reaction time. For all solvents tested, sodium borohydride clearly gave 
better results than STAB. DMF again stood out as the solvent of choice with both hydride re-
agents (Entries 1 and 11). Indeed, with sodium borohydride in DMF a very comparable yield 
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was achieved (Table 2-3 Entries 1 and 2) to the previously achieved yield with stoichiometric 
amounts of 419 (Table 2-2 Entry 1). In contrast to the previous optimisation studies, where the 
differences between various solvents were moderate, the yields obtained with the catalytic 
conditions fluctuate strongly when going from one solvent to another.

The conditions in Table 2-3 Entry 1 were identified as optimal and were confirmed by repeat-
ing the experiment on slightly larger scale and closely monitoring the reaction progress over 
time (Entry 2). The reaction reached full conversion after 3 h and the cyclised product was 
isolated in 83 % yield. 

Lowering the amount of the polarity reversal catalyst from 0.2 equiv. to 0.05 equiv. led to 
a significant drop in yield (Entry 1 vs. Entry 3). At the same time, the turnover number of the 
catalyst increased to ca. 12 (mol/mol) compared to ca. 4 (mol/mol) in Entry 2. 

The effect of the absence of n-dodecanethiol on the reaction under catalytic conditions was 
investigated in several instances. When no thiol was used (Entries 4, 6, 12 and 14) the yield 
dropped dramatically compared to the analogous reactions with the thiol (Entries 1, 5, 11 and 
13, respectively). 

STAB is a considerably milder reducing agent than sodium borohydride. Hence, a protocol 
based on STAB as the terminal hydridic reducing agent holds the promise of a higher func-
tional group tolerance compared to a sodium borohydride based protocol. Therefore, attempts 
were made to improve the initial results obtained with STAB (Entry 11). However, prolonged 
heating (Entry 19) or increased amounts of STAB (Entry 20) did not lead to higher yields of 
product. On the contrary, opposing the initial expectation of achieving a milder protocol with 
STAB slow decomposition of starting material was observed with the latter conditions (Entry 
20). Sodium cyanoborohydride was investigated as a milder alternative to sodium borohy-
dride, too, (Entry 21) but without success. 

Finally, a series of control reactions was performed (Entries 22 - 24). When no catalyst 418-I 
was added (Entry 22) to the reaction, the yield dropped by almost an order of magnitude com-
pared to the reference reaction (Entry 1). The origin of the formation of the small amount of 
product 427 in reaction of Entry 22 was further investigated. By increasing the amount of thiol 
to 2.0 equiv., the yield of 427 increased to 64 % (Entry 23). The result demonstrates that the 
combination of n-dodecanethiol and sodium borohydride is able to promote the radical cyclisa-
tion reaction. This observation is interesting in its own right but it was not further investigated 
here. Performing the reaction in the absence of both 418-I and the thiol led to no formation of 
427 at all. These observations show that in the catalytic electron donor protocol, potentially 
two different mechanisms may contribute to the formation of product 427. Under the optimal 
conditions  of Entry 1, however, the major reaction pathway critically relies on the presence of 
the catalyst 418-I.  

The catalytic protocol showed stronger dependence on the conditions such as the nature of 
the solvent and the presence of the polarity reversal catalyst than the previously developed 
protocol with stoichiometric amounts of 419. Considering that for the reaction catalysed by 
418-I two processes - the radical chain reaction and the catalytic cycle - must work in concert, 
the higher sensitivity to deviations from optimal conditions is not surprising. Pleasingly, the 
optimal conditions (Entries 1 and 2) gave comparably high yields to the optimal conditions 
identified for the reaction with stoichiometric amounts of 419. 
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Conditions A or B[a]

431 432 433 

A B
431a R1= Me, R2 = Me, Y = NBoc 432a 64 % 77 %
431b R1= H, R2 = OAc, Y = NBoc 432b 22 % -
431c R1= H, R2 = C(O)OMe, Y = NBoc 432c 86 % -
431d R1= H, R2 = H, Y = O 432d 72 %[b] 67 %[c]

Scheme 2-4 The scope of both the stoichiometric protocol with 419 and the catalytic proto-
col with 418-I was studied based on a number of radical cyclisation reactions. [a] Conditions A: 
419 (2.0 equiv.), n-dodecanethiol (0.2 equiv.), DMF (0.5 M), 55 °C, open to air. Conditions B: 
418-I (0.2 equiv.), NaBH4 (2.0 equiv.), n-dodecanethiol (0.2 equiv.), DMF (0.5 M), 55 °C, open 
to air. [b] Yield determined by 1H-NMR vs. 1,3,5-trimethoxybenzene as an internal standard. 
[c] Yield determined by 1H-NMR vs. 1,3,5-trimethoxybenzene as an internal standard. Addi-
tionally, the product was isolated in 60 % yield (volatile!). [d] The directly reduced by-product 
436 was isolated in 11% yield. [e] The directly reduced by-product 439a (R = Me) was isolated 
in 14 % yield.

A B
434 435 87 % 62 %[d]

Conditions A or B

434 435 436 

A (E/Z) B (E/Z)
437a R = Me 438a 84 % (2/8) 62 % (3/7)[e]

437b R = Cy 438b 90 % (3/7) 83 % (2/8)

Conditions A or B

437 438 439 

A B
440a R = CH2OTBDPS 441a 79 % 53 %
440b R = H 441b 36 % 36 %

Conditions A or B

440 441 
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2.3. Investigation of the Substrate Scope 

2.3.1 Reductive Radical Cyclisation Reactions
(A detailed description of the following experiments can be found in Chapter 5.3.7).
The substrate scope for reductive radical cyclisation reactions was examined for both, the 

protocol with stoichiometric amounts of 419 and the protocol with catalytic amounts of 418-I. 
In Scheme 2-4 the results of these protocols are directly compared. 

The 5-exo-trig cyclisation of substrates 431a, 431d and 434 with an electron-neutral alkene 
radical trap worked well according to both protocols. In particular, the products 432a and 432d 
were obtained in very similar yields from the reaction performed either with stoichiometric 
amounts of 419 or catalytic amounts of 418-I. Only in the  case of 434 was the cyclised product 
435 obtained in substantially lower yield from the catalytic protocol B compared to the stoichi-
ometric protocol A. From the catalytic reaction also, the directly reduced by-product 436 was 
isolated in 11 % yield. 

The substrate 431c with an electron-poor alkene gave high yields of cyclised product when 
treated according to the stoichiometric protocol A. An electron-rich alkene, such as the enol 
ester in substrate 431b, however, was not tolerated well, leading to a low yield of cyclised 
product 432b. A likely reason for this poor outcome may be that the electron-rich radical inter-
mediate 433 is not competent in sustaining the radical chain. Unfortunately, it was not possible 
to isolate further products, which could have shed light on side-reactions from the complex 
reaction mixture.  

The 5-exo-dig cyclisation of the substrates 437a and 437b were both high-yielding when 
performed according to the stoichiometric protocol A. Following the catalytic protocol B, the 
reaction of the substrate 437a was accompanied by the formation of the directly reduced 
by-product 439a (R = Me) in 14 % yield. No such by-product was observed in the reaction of 
substrate 437b when subjected to the catalytic protocol and the cyclised product 438b was 
obtained in 83 % yield - close to the result achieved following the stoichiometric protocol. 

The 5-exo-dig reactions with 440a and 440b did not give the indoline products but the indole 
products 441a and 441b as the double-bond isomerised during the isolation of these com-
pounds. According to conditions A, the product 441a was obtained in high yield and according 
to the conditions B a somewhat lower but still synthetically useful yield of 53 % was achieved. 
The substrate 440b, in contrast, gave a low yield of 441b when treated according to either 
protocol, A or B. This indicates that a terminal alkyne radical trap may not be compatible with 
these protocols. 

In general, good yields were obtained with both protocols for the reductive radical cycli-
sation reactions tested here. As a general trend, it can be seen that the catalytic conditions 
give slightly lower yields of cyclised products. In two cases it was possible to isolate a directly 
reduced, non-cyclised by-product. These observations indicated that the catalytic protocol is 
more prone to side-reactions. 

Next, the scope of alkyl halide substrates 442 was investigated for the protocol with stoichi-
ometric amounts of aminal 419 (Scheme 2-5). While the alkyl iodide 442a gave a high yield 
of cyclised product 443, the same product was obtained in slightly lower yield from the alkyl 
bromide substrate 442b. The alkyl chloride compound 442c was found not to be a viable sub-
strate at all, i. e. no product 443 was formed when 442c was treated with aminal 419. From 
this reaction, remaining starting material (70 %) was recovered. 
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Conditions A[a]

442 443 

Yield (d.r.)
442a X = I 443 87 % (4:1)
442b X = Br 443 67 % (4:1)
442c X = Cl 443 0 %[b]

Scheme 2-5 The scope of alkyl halides was tested for the stoichiometric protocol A based 
on substrate 442. [a] Conditions A: 419 (2.0 equiv.), n-dodecanethiol (0.2 equiv.), DMF (0.5 M), 
55 °C, open to air. [b] 70 % of recovered starting material 442c. 

Conditions B[a]

444 445 

Yield (d.r.)
444a Y = NBoc 445a 51 % (7:1)
444b Y = O 445b 62 % (5:2:1:1)

Scheme 2-6 The catalytic protocol B was challenged with two more complex radical cycli-
sation cascades. [a] Conditions B: 418-I (0.2 equiv.), NaBH4 (2.0 equiv.), n-dodecanethiol (0.2 
equiv.), DMF (0.5 M), 55 °C, open to air.  

Finally, the catalytic protocol was challenged with more complex radical cyclisation cas-
cades (Scheme 2-6). The substrates 444 can undergo two consecutive 5-exo-trig cyclisation 
steps leading to the tricyclic products 445. From both substrates, 444, the desired product 
was obtained in satisfactory yield. Moreover, in the case of substrate 444a, the product 445a 
was obtained with good diastereoselectivity. It should be noted that the diastereoselectivity in 
these reactions is under substrate control. Simple guidelines to predict the diastereoselectivity 
of radical cyclisation reactions have been proposed by Beckwith, Schiesser and Houk.[211,212] 
These results demonstrate that the catalytic protocol is also competent when applied to more 
advanced multistep radical cascade reactions.

2.3.2 Reductive Cleavage of the N-O Bond in Weinreb Amides
(A detailed description of the following experiments can be found in Chapter 5.3.9 - Chapter 

5.3.11).
The reductive N-O bond cleavage in Weinreb amides with neutral organic electron donors 

has been reported previously (see Chapter 1.2.6).[85] To investigate the reactivity of these more 
challenging-to-reduce substrates with aminal 419, the standard reaction protocol was adapted 
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(Scheme 2-7). Instead of oxygen in the air, the peroxide 448 was used as initiator and the 
reaction was performed at 100 °C (t1/2 of 448 at this temperature is ca. 10 h)[213] instead of at 

Δ
G

 (k
ca

l/m
ol

)

0.00
0.00

26.8*[a]

12.3*[a]
26.5
9.12

28.0* (1.53*)[b]

11.8* (2.71*)[b]
-0.56
-6.39

product
complex

-10.6
-15.6[c]

n = 1
n = 0

Figure 2-3 Reductive N-O bond cleavage in Weinreb amide substrates 446. Level of 
theory: UM06-2X/6-311++G(d,p)/cpcm(DMF). (*) Transition state energies are marked with 
an asterisk. [a] Calculated by Nelsen’s four-point method[209] based on Marcus theory.[61, 210] [b] 
The value in brackets is measured with respect to the radical anion 449. [c] The alternative 
fragmentation to a aminyl radical and a methoxide anion is energetically less favourable by 
> 16 kcal/mol. 

Single electron transfer N-O bond fragmentation

446

449 

419
(2.0 equiv.)

n-Dodecanethiol (0.2 equiv.), 
448 (0.2 equiv.),

 DMF (0.5 M), 18 h, 100 °C
446 447 448 

Scheme 2-7 Investigation of the reductive N-O bond cleavage in Weinreb amides. [a] Yields 
in brackets have been determined by 1H-NMR vs. 1,3,5-trimethoxybenezene as internal stand-
ard. [b] The product 447b was not detected by either 1H-NMR spectroscopy or GC-MS anal-
ysis. The yield of remaining starting material 446b was 79 % as determined by 1H-NMR vs. 
1,3,5-trimethoxybenezene as internal standard.  

446a n = 0 447a 94 % (93 %)[a]

446b n = 1 447b not detected[b]



page 84/288

55 °C. It was found that the N-O bond in substrate 446a was readily cleaved to give the amine 
447a in high yield. With the benzylic Weinreb amide substrate 446b, however, no cleavage 
of the N-O bond was observed (i.e. the amide 447b was not detected). This striking discrimi-
nation between the two substrates 446 is in principle in line with the trend that was previously 
observed (see Chapter 1.2.6),[85] but it is much more pronounced. For comparison, in the pre-
vious study, the substrate 446b was reduced only slightly less efficiently than the substrate 
446a under identical conditions. A marked decrease in yield was only observed when the alkyl 
linker between the Weinreb amide function and the aromatic system was two methylene units 
in length or longer. 

To better understand the sharp discrimination between substrate 446a and 446b, the energy 
profile for the single electron transfer and subsequent N-O bond fragmentation was calcu-
lated (Figure 2-3). It was found that there is a pronounced difference in the energy profile of 
the reductive N-O bond cleavage for 446a and 446b. While the overall energy barrier for the 
reduction of 446a (n = 0) is achievable, this is no longer the case with substrate 446b (n = 1). 
The difference between the two substrates roots in the initial single electron transfer step. For 
substrate 446b, this step is much more endergonic than for substrate 446a. The subsequent 
fragmentation of the N-O bond is strongly exergonic and shows a low relative energy barrier 
in both cases of ΔG*rel< 3 kcal/mol. 

When looking at the spin density distribution in the two radical anions 449, a fundamental 
difference becomes apparent (Figure 2-4). While the unpaired electron in 449a is distributed 
over the amide function and the aromatic system, the spin is fully localised on the amide func-
tion in 449b. This is only in apparent contradiction to the findings presented in the introduction 
(see Chapter 1.2.6)[85]  In that study the authors analysed and commented on the LUMO of the 
neutral compound. This orbital, however, corresponds to the SOMO in the radical anion only in 
a first approximation. From the visualisation of the LUMOs of the two neutral molecules 446, it 
becomes apparent that in the case of 446b the localisation of the LUMO significantly deviates 
from the localisation of the SOMO of the radical anion. Clearly - and in accordance with what 
has been reported previously - the LUMO is distributed over the amide function and the aro-
matic system. This analysis shows that it is problematic to discuss the electronic structure of 
the radical anion based on the frontier orbitals of the neutral counterpart. It also gives a nice 

Figure 2-4 Visualisation of the SOMOs of the radical anions 449 (left column) and the 
LUMOs of the neutral compounds 446 (right column). 

446a449a

446b449b

SOMO of the 
radical anion

n = 0

n = 1

LUMO of the 
netural molecule
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Figure 2-6 An analogous difference of reduction power, as found with the electron donor 
couple 417 and 4, was identified by Giri et al. for the species 60 and 27.  

60 27

visual explanation for why the reduction of 446a is much easier than the reduction of 446b; in 
the radical anion 449a, the additional electron is delocalised over the amide function and the 
aromatic ring while in 449b the electron is fully located on the amide function.

The Weinreb amides 446 were found not to be suitable substrates for the catalytic conditions 
B, since - not surprisingly - hydride reduction to the corresponding alcohols outran any other 
reaction. Still, in case of substrate 446a, small amounts of amide product 447a were detected 
(see Chapter 5.3.9 for details). 

2.3.3 Benchmark
(A detailed description of the following experiments can be found in Chapter 5.3.12).
From electrochemically determined redox potentials, it can be estimated that the single elec-

tron donor 417 is approximately 1 V more reducing than the parent benzimidazole-derived 
electron donor 4 (Figure 2-5). A computational investigation of the redox potentials based on a 
method used by Nicewicz et al.[214] is in agreement with these experimental findings. This dif-
ference of reduction potential is massive, especially for two structurally so closely related com-
pounds. It is, however, not entirely surprising and can be rationalised following the argument 
in Chapter 1.1.8. An analogous finding was published by Giri et al.[58] From their computational 
study, it follows that the open-shell species 60 has a distinctly lower ionisation potential than 
the related dimeric electron donor 27 (Figure 2-6).[58] 

The key question is how far the decreased redox potential of 417 with respect to 4 translates 

Method E1/2 of 417 (V vs. SCE) E1/2 of 4 (V vs. SCE)
UM06-2X/6-31+G(d,p)/cpcm(DMF) -1.86 -0.762
UB3LYP/6-31+G(d,p)/cpcm(DMF) -1.78 -0.911
CV experiment -1.84[a] -0.82[b] 

Figure 2-5 Based on the redox potential electron donor, electron donor 417 is by 1 V more 
reducing than the parent electron donor 4. [a] Measured in ACN.[113] [b] Measured in DMF.[33]  

417 4
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453 454 

420 421

451 452 

Entry Reducing 
Agent

Reaction 
(substrate)

Initiator Temp. Time Yield of Reduced 
Product[a]

1 419 A (420) air 55 °C 4 h 95 %[b]

2 419 B (451) air 55 °C 4 h 80 %
3 419 C (453) air 55 °C 4 h 40 %
4 419 B (451) 448 100 °C 20 h 94 % (74 %)[c]

5 419 C (453) 448 100 °C 20 h 42 %
6 4 A (420) none 100 °C 20 h 66 %
7 4 B (451) none 100 °C 20 h < 1 %
8 4 C (453) none 100 °C 20 h 4 %
9 450 A (420) air 55 °C 4 h not detected

4

448

417419

450 

[a]  The yield was determined by GC-FID vs. 1,3,5-trimethoxybenezene as internal standard  
unless mentioned otherwise. 

[b]  This entry is copied from Table 2-1 Entry 19. The yield was determined by HPLC vs. 
1-phenylpyrrolidin-2-one as internal standard. 

[c]  Isolated yield is given in brackets. 

Reducing Agents

Reference Reactions
A

B

C

Table 2-4 Comparison of the effective reducing power of three different neutral organ-
ic electron donors

Reducing agent 
(2.0 equiv.)

Reducing agent 
(2.0 equiv.)

Reducing agent 
(2.0 equiv.)

DMF, ΔT

DMF, ΔT

DMF, ΔT
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into higher reactivity. Only comparing the redox potential as measured by cyclic voltammetry 
of the two electron donors neglects the fact that their abundance in the actual reduction re-
action is quite different. Namely, electron donor 4 is present in stoichiometric amounts while 
electron donor 417 is formed only in traces at any time. According to the Nernst equation[215] 
the electrochemical driving force of a reducing agent depends on its standard potential as well 
as on the ratio of the activity of the reduced species and the oxidised species of the redox 
couple. Hence, it is not a priori clear whether the protocol with 417 will be more reducing than 
an analogous protocol with 4. 

To better understand the effective reduction potential of 417 and to compare it to 4, a series 
of benchmarking reactions was performed (Table 2-4). Judged from electrochemical studies, 
the reduction of the aryl iodide 420 is the easiest reaction in the series.[216] The reduction of 
the two aryl bromide substrates 451 and 453 becomes increasingly difficult.[217] As has been 
seen at the very beginning of this section, the electron donor 417 derived from aminal 419 is 
competent in reducing the aryl iodide substrate in almost quantitative yield (Table 2-4 Entry 
1, copied from Table 2-1 Entry 19). It was also possible to reduce the aryl bromide substrate 
451 in good yield (Entry 2). The more challenging-to-reduce electron-rich 4-bromoaniosle sub-
strate 453 was still reduced in respectable yield of 40 % (Entry 3). Only a slight increase in 
yield of the reduced products was observed when the aryl bromide substrates 451 and 453 
were reacted with 419 at higher temperature, for a longer time and with the peroxide initiator 
448 (Entries 4 and 5). 

When the three reactions were repeated with the electron donor 4 only the aryl iodide sub-
strate was reduced (Entry 6), albeit in lower yield than the previously achieved yield with 419 
(Entry 1). The two aryl bromide substrates only gave trace amounts of reduced product when 
treated with electron donor 4 (Entries 7 and 8). Clearly, the newly introduced reduction proto-
col based on aminal 419 is more powerful than the protocol based on the structurally related 
and previously established[6] electron donor 4.  

Scheme 2-8 A) The aminal 419 can give rise to 417 with a radical centre that is in the α-po-
sition to two nitrogen atoms. Upon single electron transfer (SET) the oxidised product 418 
gained aromaticity compared to 417. B) The diamine potentially can give rise to radical 455 
which is, however, not as privileged as is 417. [a] Level of theory: UM06-2X/6-311++G(d,p)/
cpcm(DMF). 

A

Hydrogen 
abstraction SET

450 455 456 

B

visualisation of 
spin-density[a]

Hydrogen 
abstraction SET

419 417 418
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Finally, experimental support was sought to substantiate the hypothesis that 419 does not 
act as an electron donor in its own right in these reactions. To do so, the electronically similar 
diamine 450 was selected to contrast the reactivity of 419. It was found that 450 was incapable 
of reducing the easiest-to-reduce substrate 420 in the series (Entry 9). This implies first that 
the aryl diamine 419 is unlikely to act as a single electron donor towards this substrate directly. 
It is only by turning into the open-shell species 417 that the molecule becomes highly reduc-
ing (Scheme 2-8 A). The radical 417 is electron-rich as the unpaired spin is neighboured by 
two nitrogen atoms. Upon single electron transfer, the oxidised product 418 gains aromaticity 
with respect to 417. Second, the experiment indicates that even if an analogous hypothetical 
reaction pathway for the diamine 450 occurred, it would not lead to a comparably privileged, 
electron-rich radical species that would gain aromaticity upon oxidation (Scheme 2-8 B). The 
radical 455 is only neighboured by one nitrogen atom and the oxidation product 456 did not 
gain aromaticity with respect to 455.  

One can also look at the difference between the aminal 419 and the open-shell species 
417 from the perspective of upconversion of reducing power (see Chapter 1.4). Applying the 
scheme presented in Figure 1-14 to this system (Figure 2-7) indicates that the achieved up-
conversion is ΔGupconversion = 49.6 kcal/mol. This value is derived from computations. It trans-
lates to a difference between the redox potential of 419 and 417 of 2.15 V. This figure is in 
good agreement with the experimentally found difference in redox potentials of 2.07 V.[113] This 
massive increase in reducing power manifests in the fact that 417 shows favourable kinetics 
and thermodynamics for the single electron transfer to iodobenzene, while 419 clearly does 
not (Figure 2-7). 

In light of the results presented in Table 2-4, it was somewhat surprising to find that with 

Figure 2-7 Remarkable upconversion of reducing power is achieved when going from the 
aminal 419 to the open-shell species 417. This upconversion of reducing power manifests 
in the fact that 417 is able to reduce iodobenzene while 419 clearly is not. Level of theory: 
UM06-2X/6-311++G(d,p)/cpcm(DMF). [a] Calculated by Nelsen’s four-point method[209] based 
on Marcus theory.[61,210] 

417

419

428

418

ΔGupconversion = 49.6 kcal/mol 
(which translates to 2.15 V - the value found 

experimentally[113] is 2.07 V)

Reducing agent ΔG*	(kcal/mol)[a] ΔG	(kcal/mol)
419 41.0 37.4
417 12.4 -12.2

Electron transfer to iodobenzene

e

e
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419, it was not possible to reduce 9-chloroanthracene 118a - a substrate that was previously 
reported to be reduced quantitatively by the electron donor 4 in the same solvent, at the same 
temperature and with a slightly shorter reaction time (see Chapter 1.2.4).[81] Electrochemical 
studies indicate that 118a is easier to reduce[218] than the aryl bromide substrates from Table 
2-4 (estimated based on the reduction peak potential).[217]  A distinguishing feature of 118a is 
that it can give rise to a relatively long-lived radical anion species 457 with respect to fragmen-
tation to the aryl radical 458 and a chloride anion (the first order rate-constant for the fragmen-
tation of 457 is k = 1.4 x 102 s-1 at 25 °C, Scheme 2-10).[218] Hence, it appears possible that the 
radical anion 457 is re-oxidised more quickly back to the neutral starting material 118a (e.g. by 
the radical initiator) than it can fragment forward to 458.  

Scheme 2-11 The reduction of 451 can also be achieved according to a modified catalytic 
protocol. [a] In a blank reaction without 418-I, no 452 was detected by 1H-NMR. [b] Isolated as 
an inseparable mixture with 71 % of remaining starting material 451. 

451 452
18 %[b]

418-I
(0.2 equiv.)[a]

NaBH4 (2.0 equiv.)
n-Dodecanethiol (0.2 equiv.), 

open to air, 1,4-dioxane (0.5 M), 
20 h, 100 °C

Scheme 2-10 The radical anion 457 is long-lived with respect to fragmentation. This may 
allow for re-oxidation pathways to outrun the irreversible fragmentation towards 458.

118a 457 458 

SET Fragmentation

k = 1.4 x 102 s-1

(25 °C)

Scheme 2-9 The aryl chloride substrate 118a could not be reduced with 419. [a] The reac-
tion was analysed by 1H-NMR spectroscopy. No product was detected. The yield of remaining 
starting material was quantitative as determined by 1H-NMR spectroscopy vs. 1,3,5-trimethox-
ybenzene as internal standard. 

419
(2.0 equiv.)

n-Dodecanethiol (0.2 equiv.), 
448 (0.2 equiv.),

 DMF (0.5 M), 20 h, 100 °C
118a 119

not detected[a]
448
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459
(2.0 equiv.)

460

n-Dodecanethiol (0.2 equiv.), 
Initiator, DMF (0.5 M), 

20 h, Temp.

22060

448

426 427

Scheme 2-12 The simple aminal 459 is an effective reducing agent for the radical cyclisation 
of 426. [a] Yields were determined by 1H-NMR vs. 1,3,5-trimethoxybenezene as an internal 
standard. [b] Isolated yield. 

Entry Initiator Temp Yield of 427[a] Remaining 426[a]

1 Oxygen in the air 55 °C 12 % 72 %
2 448 100 °C 93 % (94 %)[b] not detected

It becomes apparent that the low abundance of 417 and the requirement for (oxidative) 
initiation comes along with some restrictions. The reduction reaction with 419 depends on an 
efficient, irreversible fragmentation of a bond to drive the reaction forward. If this prerequisite 
is fulfilled, the challenging-to-reduce substrates that did not react when treated with the parent 
electron donor 4 can be reduced now. 

The reduction of aryl bromide 451 was attempted under catalytic conditions (Scheme 2-11). 
For this reaction, 1,4-dioxane was chosen as the solvent instead of DMF. There is a risk of a 
violent runaway reaction with high concentrations of sodium borohydrides in DMF at elevated 
temperatures.[219] Treating 451 with sodium borohydride and the catalyst 418-I at 100 °C for 20 
h only gave a low yield of the reduced product naphthalene 452. In fact, no catalytic turnover 
was achieved. In a blank reaction without the organocatalyst 418-I no reduced product 452 
was detected. This result indicates that with the catalytic conditions, a radical chain reaction 
can no longer be sustained with substrates than are more difficult to reduce than aryl iodide. 

2.4. Expanding the Scope of SET Precursors and Catalysts
The proposed principle of how to use an organic super electron donor in a catalytic sense 

has been demonstrated, based on the dihydrobenzimidazole / benzimidazolium catalytic cy-
cle. Potentially, this concept can be extended to other scaffolds that function in the same way 
as an organocatalyst. Of particular interest was to investigate the possibility to use imidazole 
and dihydropyridine scaffolds as catalysts. The corresponding open-shell species 60 (Scheme 
2-12) and 465 (Table 2-6) are expected to be even more reducing than 417. The required 
dihydro precursors 220 (Scheme 2-12) and 464 (Table 2-6), however, are no longer readily 
accessible due to their high reactivity. Therefore accessing these species as intermediates in 
a catalytic cycle appeared to be a promising approach to utilise the high reducing power of the 
derived single electron donors. This section details the investigations that have been made 
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towards this end. 
Initially it was attempted to synthesise the dihydroimidazole 220. It was possible to form the 

compound in solution but it turned out to be difficult to isolate the material in neat form due 
to its high air and moisture sensitivity.[220-222] Thus, it became quickly clear that this material is 
very unlikely to ever find application as an easy-to-handle reducing agent. As an alternative, 
the fully saturated analogue 459 was investigated. This compound is bench-stable and can 
conveniently be handled open to air. Compound 459 was used as a stoichiometric reducing 
agent in the previously employed model radical cyclisation reaction of substrate 426 (Scheme 
2-12). When the reaction was performed at 55 °C and open to air, only a small yield of cyclised 
product 427 was formed while the major part of starting material 426 remained unreacted 
(Entry 1). Repeating the experiment at 100 °C, with the initiator 448 instead of oxygen, led to 
a massive improvement of the yield (Entry 2).   

A very similar aminal has previously been used by Denk et al. for the dehalogenation of 
various aryl halide substrates.[111,112,110] However, evidence for the nature of the mechanism 
(i. e. a hydride transfer vs. hydrogen abstraction and single electron transfer) was not given. 
The experiment in Scheme 2-12 unequivocally demonstrates the radical nature of the reduc-
tion process. The experiment also shows that a potent single electron donor species can be 
derived from a simple aminal function. But clearly, the electron donor 460 derived from 459 is 
less potent than 417. The reason for the lower reactivity lies in the absence of aromatic driving 

Entry Solvent Temp. 461 
(equiv.)

PRC 
(equiv.)

Initiator Yield of 
452[a]

1 DMF 55 °C 0.2 0.2 air 11 %
2 1,4-Dioxane 100 °C 0.2 0.2 448 7  %
3 1,4-Dioxane 100 °C 0.2 0.2 air 25 %
4 1,4-Dioxane 75 °C 0.2 0.2 air 19 %
5 1,4-Dioxane 55 °C 0.2 0.2 air 21 %
6 1,4-Dioxane 55 °C 1.0 0.2 air 20 %
7 1,4-Dioxane 55 °C 1.0 1.0 air 30 %

8[b] 1,4-Dioxane 55 °C none 0.2 air < 1 %

461
(Equiv.)

NaBH4 (2.0 equiv.)
n-Dodecanethiol (Equiv.), 
Initiator, Solvent (0.5 M), 

20 h, Temp.

451 452

60

417

[a] Yields were determined by GC-FID vs. 1,3,5-trimethoxybenzene as internal standard.  
[b] Blank reaction without 461. 

Table 2-5 Attempts to reduce 1-bromonaphthalene 451 with the imidazolium iodide 
catalyst 461.
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Yield of 454[a]

453 X = Br 30 %
462 X = Cl < 1 %

461
(0.2 equiv.)

NaBH4 (2.0 equiv.)
n-Dodecanethiol (0.2 equiv.), 

open to air, 1,4-dioxane (0.5 M), 
20 h, 100 °C

454453 (X = Br)
462 (X = Cl)

Scheme 2-13 Challenging the catalyst 461 with two aryl halide substrates that are difficult 
to reduce. [a] Yields were determined by GC-FID vs. 1,3,5-trimethoxybenzene as internal 
standard. 

force for the oxidation of 460. Previously, this aromatic driving force was found to be an im-
portant factor in the reducing strength of organic super electron donors (see Chapter 1.1.8).   

Isolation of 220 is challenging and the use of a saturated analogue goes at the expense of 
reducing power. But isolation of 220 may not be necessary if it was possible to form it in situ 
analogous to what has been achieved with the catalytic protocol and the benzimidazolium salt 
418-I. Since 60 is expected to be the stronger single electron donor than 417, the relatively 
challenging-to-reduce aryl bromide substrate 451 was selected for the initial exploration of the 
catalyst 461 (Table 2-5). The reduced product 417 was formed only in low yield in DMF as the 
solvent at 55 °C (Entry 1). By switching to 1,4-dioxane as the solvent it became possible to 
run the reaction at higher temperatures (as mentioned before, high concentrations of NaBH4 
in DMF at elevated temperatures are potentially hazardous).[219] Performing the reaction at 100 
°C with the peroxide radical initiator 448 let to no improvement of the yield (Entry 2). Actually, 
the yield was slightly lower than in the previous reaction. However, when using oxygen in the 
air as the initiator, a substantial increase in yield of the reduced product 452 to 25 % was ob-
served (Entry 3). It was found possible to decrease the temperature to 75 °C or 55 °C without 
a significant decrease in yield (Entries 4 and 5). It was noticed that the yield of reduced product 
was never significantly higher than 20 % - i.e. the yield approximately equalled the amount 
of ‘catalyst’. Therefore, the effect on the reaction of using stoichiometric loading of 461 was 
investigated. However, no increase in yield of 452 was observed with 1.0 equiv. of the imida-
zolium salt 461 (Entry 6). Increasing at the same time also the amount of n-dodecanethiol from 
0.2 equiv. to 1.0 equiv led to a slight increase in yield from 20 % (Entry 6) to 30 % (Entry 7). 
Finally, a blank reaction was performed in the absence of the organocatalyst 461. Only trace 
amounts of product were detected in this experiment (Entry 8). 

It can be seen that, in principle, reduction of aryl bromide 451 with sodium borohydride 
mediated by the imidazolium salt 461 is possible. However, no significant catalytic turnover 
was achieved. Therefore this heterocycle does probably not act as a catalyst is this reaction. 
There are several possible reasons why the reaction does not perform well. First, the dihy-
droimidazole 220 is prone to decomposition,[220-222] which may quickly lead to removal of the 
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organocatalyst from the reaction mixture. Second, the hydride transfer from sodium borohy-
dride to 461 may be too slow. Therefore the amount of 220 in the reaction mixture may not be 
sufficient to sustain the radical chain process.  

Finally, it was attempted to use the pyridinium salt 463 as an organocatalyst (Table 2-6). 
Upon reduction with an appropriate hydride reducing agent, the dihydropyridine 464 would 
be formed, which in turn would serve as a precursor of the single electron donor 465. An in-
itial attempt with sodium borohydride as the hydride source gave only trace amounts of the 
reduced product 452 (Entry 1). By using the much stronger hydride reducing agent, lithium 
aluminium hydride, the reduced product was formed in good yield (Entry 2). However, when 
a blank reaction was performed without the organocatalyst 463 still significant amounts of 
naphthalene 452 were formed (Entry 3). This indicates that the strong hydridic reducing agent 
needed to generate the dihydropyridine 464 can reduce the aryl bromide substrate on its own 
to a significant extent. The ca. 30 % difference in yield between Entry 2 and Entry 3 indicate 
that no significant catalyst turnover is achieved in the reaction with 463. This may be for the 
same reasons as given before for the reactions with the imidazolium salt 461. 

2.5. Summary and Conclusion
The dihydrobenzimidazole 419 has been established as a useful reducing agent for reduc-

tive radical cyclisation reactions of aryl iodide substrates. The reaction conditions are mild 
and the reaction convenient to set up as dry conditions or inert atmosphere are not required. 
In fact, if the reaction is left open to air, no additional radical initiator is required. Oxygen in 
the air is proposed to start the radical chain reaction and a plausible mechanism has been 
established, based on computational studies. The conditions were further developed such 
that 419 was generated in situ from a catalytic amount of the benzimidazolium salt 418-I. For 

Table 2-6 Attempts to use the pyridinium salt 463 as an organocatalyst.

463
(0.2 equiv.)

464 

465 

Hydride reducing agent (2.0 equiv.)
n-Dodecanethiol (0.2 equiv.), open 

to air, Solvent (0.5 M), 
20 h, 55 °C

451 452

Entry Solvent Hydride reducing agent Yield of 452[a]

1 DMF NaBH4 2 %
2 1,4-Dioxane LiAlH4 63 %

3[b] 1,4-Dioxane LiAlH4 29 %

[a] Yields were determined by GC-FID vs. 1,3,5-trimethoxybenzene as internal standard.  
[b] Blank reaction without catalyst 463. 
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these catalytic conditions, sodium borohydride was identified as a suitable terminal and hy-
dridic reducing agent. From this hydridic reagent, a single electron donor is generated through 
the action of the organocatalyst 418-I (see also Scheme 2-1). The reactivity of stoichiometric 
amounts of aminal 419 was directly compared with the reactions where 418-I was used as 
a catalyst over a range of substrates. It was found that both protocols perform well. But the 
catalytic protocol gives slightly lower yields and has a stronger tendency to form by-products. 

It is difficult to quantify the upconversion of reducing power (see Chapter 1.4) that is achieved 
when going from sodium borohydride to the single electron donor 417 due to the difficulty of 
determining a reliable redox potential for sodium borohydride.[223,224] The effect of upconver-
sion of reducing power is evident from the observed reactivity, though. High yielding reduction 
reactions were achieved in the presence of the organocatalyst, but not in its absence. These 
experiments underline that 417 is a potent single electron reducing agent and, indeed, much 
more potent than the corresponding, dimeric electron donor 4. The low abundance of the 
reducing species 417, however, requires the electron transfer itself either to be strongly exer-
gonic or then to be followed by a fast and irreversible reaction. This condition is fulfilled for aryl 
iodide substrates. The catalytic protocol is limited in its applicability towards the reduction of 
aryl bromides. A possible reason is that no efficient chain reaction can be established. 

Finally, first investigations were made to expand the chemistry investigated with 419 and 
418-I on other nitrogen heterocycles. It was found that the simple and fully saturated aminal 
459 was able to act as an efficient reducing agent towards an aryl iodide substrate at elevated 
temperatures. Attempts to use imidazolium salt 461 and pyridinium salt 463 as catalysts were 
only partially successful as no significant conversion could be achieved. The reason for the 
absence of turnover with these compounds may root in their high reactivity, which leads to 
rapid decomposition of the catalyst. Alternatively, hydride delivery to the cationic form may be 
inefficient, such that the corresponding dihydro species is not sufficiently abundant to sustain 
the radical chain reaction.  

2.6. Outlook
From the results presented in this chapter several possible future lines of investigation arise. 

One obvious focus of research is the identification of other simple heterocycles that can act 
as catalysts in the way of 418-I. The main goal of such a study would be to better understand 
what characteristics of a heterocycle make it a good organocatalyst for the upconversion of a 
hydride reagent’s reducing power. The ambition would be to find a catalyst that works with an 
even milder hydridic reducing agent than 418-I and still gives rise to a potent single electron 
donor. It is apparent that two properties of the heterocycle need to be balanced. On the one 
hand, the cationic form needs to be efficiently reduced by the hydride reagent, i.e. it needs 
to be sufficiently electrophilic (i.e. electron-deficient). On the other hand, the corresponding 
radical (analogous to 417) needs to be a strong electron donor and therefore electron-rich. To 
level these conflicting requirements on the catalyst one may play with σ-electron-withdrawing 
substituents (to favour hydride delivery to the cationic form of the catalyst) and π-electron-
donating substituents (to enhance the reduction potential of the derived open-shell electron 
donor). Such substituents may be used to decorate, for example, the benzimidazole scaffold. 

Also exploring scaffolds beyond the benzimidazole, imidazole and pyridine cores may be 
interesting and rewarding. As has been demonstrated in this chapter, simple aminals are po-
tential precursors of single electron donors. These may also turn out to be effective catalysts 
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in the sense of 418-I. The number of potentially interesting structures is huge. Due to the 
simplicity of the chemistry, it seems straightforward to develop a computational model to pre-
dict the suitability of a given structure to act as a catalyst. This would enable an efficient first 
screen of several compounds and potentially allow guidelines to be established for the further 
elaboration of promising candidates. 

One may also move in a slightly different direction and investigate the possibility to make 
the previously established dimeric electron donors catalytic. In addition to a hydride reducing 
agent, such a catalytic cycle would also require a base (Scheme 2-14). The dication 55 may 
be reduced by a suitable hydride agent to the intermediate 466. Deprotonation by a base 
then gives the electron donor 27, which, upon double electron oxidation, returns to the initial 
dication 55. 

Scheme 2-14 A possible scheme to use the previously established dimeric super electron 
donors in a catalytic sense. 

27

55

466
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3. The KOtBu-Et3SiH Reagent System

3.1. Background 
The combination of silanes and potassium tert-butoxide allows for various different transfor-

mations. Accordingly, several mechanistic pathways have been proposed to account for the 
different reactions. Especially from the relevant publications by Grubbs, Stoltz et al.[133-138,143,144] 
and Jeon et al.[145] a number of key species emerge (Figure 3-1, see also Chapter 1.5). Broadly 
speaking, the experiments suggest ionic and radical reaction pathways to be accessible. Ionic 
mechanisms depend on the formation of a hydride species. For example, complexation of po-
tassium tert-butoxide to triethylsilane leads to 280.[144] This species then is in equilibrium with 
potassium hydride 467 and the silyl ether 296. In their computational studies, Grubbs et al. 
either represented the hydride equivalent as a naked hydride anion or as a potassium hydride 
- potassium tert-butoxide composite (see also Scheme 1-58).[144] An obvious middle way in the 
representation of the hydride equivalent is as potassium hydride 467. 

The proposed radical pathways in the KOtBu-Et3SiH system hinge on the presence of the 
silyl radical 277. This species has been proposed to be involved in various pathways, some 
of which lead to the radical anion 281.[143] Finally, and as mainly advocated by Jeon et al.,[145] 
hydrogen atom transfer (HAT) steps may be key in the reaction of certain substrates with the 
KOtBu-Et3SiH system. The hydrogen atom 468 may serve as a model for HAT processes. 

From the species presented in Figure 3-1, the radical anion 281 stands out as a potentially 
very powerful single electron donor. As remarkable as it looks on paper, this species has been 
considered as a by-product only in previous discussions. It follows that the reagent system may 
show three aspects of reactivity: 1) single electron transfer chemistry, 2) radical addition reac-
tion (i.e. hydrogen atom transfer or silyl radical chemistry) and 3) hydride reactions (i.e. depro-
tonation or hydride reduction steps). The formidable challenge is to probe these three domains 
of reactivity separately with suitable substrates. This will help to deepen the understanding of 
the intriguing chemistry accessible to the KOtBu-Et3SiH reagent system. The prime goal of 
this work was to probe for single electron transfer chemistry and hydride-mediated pathways.  

Figure 3-1 Proposed key species that are responsible for the reactivity of the KOtBu-Et3SiH 
reagent system.  

277 281 467 468 280 296 
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3.2. Electron-Transfer and Hydride-Transfer Pathways in the KOtBu-

Et3SiH Reagent System

3.2.1 Reductive Cleavage of Aryl Ethers
 (A detailed description of the following experiments can be found in Chapter 5.4.2).
Aryl ethers were the first substrate class to which Grubbs et al. applied the KOtBu-Et3SiH 

reagent system.[133] The reductive cleavage of aryl ethers via single electron transfer reduction 
with alkali metals is well documented.[225-229] This short literature survey clearly showed that 
single electron transfer chemistry would be consistent with Grubbs’ initially published results 
on the aryl ether cleavage with the KOtBu-Et3SiH reagent system. In order to explore this as-
pect of the reagent system in more detail, a series of aryl ethers was synthesised and exposed 
to the reagent system. 

Initially, it was found that the reaction temperature can be lowered to 130 °C (compared 
to 165 °C as used by Grubbs et al.[133]) if the reaction is performed under neat conditions.[230] 
These conditions were then applied to simple benzylic aryl ethers (Scheme 3-1). Both sub-
strates 469 and 472 were consumed to a high degree, but only small amounts of identifiable 
products were formed. The low boiling point of these products as well as the complex nature 
of the reaction mixture made it impossible to isolate them. It was reasoned that the large num-
ber of benzylic hydrogen atoms in the substrates 469 and 472 may make them susceptible to 
side-reactions. Hence, in the further design of probe substrates, such positions were avoided. 
Also, in order to promote the proposed single electron transfer processes, a larger aromatic 
system was chosen, which would be easier to reduce.  

An interesting class of substrates was identified in the naphthyl ether compounds 474, 479 
and 482 (Scheme 3-2). When subjected to the Et3SiH-KOtBu reagent system, the expected 

Scheme 3-1 Initial model compounds to investigate the aryl ether cleavage gave low yields 
of reduced products only. [a] Yield was determined by 1H-NMR vs. 1,3,5-trimethoxybenzene 
as internal standard. 

469 
9 % remaining substrate[a]

470 
6 %[a]

471 
16 %[a]

Et3SiH (3.0 equiv.), 
KOtBu (3.0 equiv.)

130 °C, 18 h

A

472 
full conversion[a]

473 
12 %[a]

470 
5 %[a]

Et3SiH (3.0 equiv.), 
KOtBu (3.0 equiv.)

130 °C, 18 h

B
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2-naphthol product 475 was formed in approximately equal yield from all of the three sub-
strates. Moreover, a number of products were isolated - albeit in low yields - that suggest the 
presence of 2-naphthyl radicals. For example, it is difficult to think of a mechanism to account 
for the formation of 477 and 478 that does not involve a 2-naphthyl radical. Indeed, it appears 
very likely that a 2-naphthyl radical adds onto naphthalene 452 or 2-naphthol 475, which upon 
oxidation (e.g. during work-up and isolation), gives the products 477 and 478, respectively. 
The formation of a 2-naphthyl radical, in turn, is a tell-tale sign of a single electron transfer 

Et3SiH (3.0 equiv.), 
KOtBu (3.0 equiv.)

130 °C, 18 h

479 
full conversion[a]

475
47 % (56 %)[b]

480
21 % (34 %)[b]

481
13 %

B

Blank (no Et3SiH): quant. recovery of 479
Blank (no KOtBu): 93 % recovery of 479

Et3SiH (3.0 equiv.), 
KOtBu (3.0 equiv.)

130 °C, 18 h

482 
full conversion[a]

475
42 %

C

Blank (no Et3SiH): quant. recovery of 482

Scheme 3-2 Besides the expected naphthol product, a number of intriguing rearranged 
products were isolated from the reactions of naphthyl ethers 474, 479 and 482 with the Et3SiH-
KOtBu reagent system. [a] No remaining substrate was detected by 1H-NMR. [b] Yield was 
determined by 1H-NMR vs. 1,3,5-trimethoxybenzene as internal standard.

474 
full conversion[a]

475
47 % (71 %)[b]

476
6 %

477
1 %

478
5 %

Et3SiH (3.0 equiv.), 
KOtBu (3.0 equiv.)

130 °C, 18 h

A

Blank (no Et3SiH): quant. recovery of 474

452
39 %[b]
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reduction of the substrate. Similarly, the product 481 likely forms via radical intermediates 
(Scheme 3-3). The regioselectivity in the fragmentation of aryl ether radical anions can be 
quite poor.[229] Thus, both radical species 485 and 486 may be formed. Compared to the aryl 
radical 486, the benzylic radical is relatively stable. Although 485 is far from being a persistent 
radical, its abundance relative to 486 may increase in the reaction mixture such that the re-
combination between 485 and 486 becomes efficient (akin to the persistent radical effect).[89,90] 

The aryl ether series was further expanded to the menthol-derivatives 488, 489 and 493 
(Scheme 3-4). The 2-naphthol ether 488 was completely consumed after 18 h of reaction time 
and the 2-naphthol product was isolated in 66 %. No product derived from the aliphatic part 
of the substrate could be isolated. In sharp contrast, the phenol ether 489 only reached 50 
% conversion based on recovered substrate after 18 h. Also the regioselectivity of the ether 
cleavage in 489 was different to 488. From the reaction with the former substrate, the major al-
cohol product was menthol 491, while phenol 490 and its silylated derivative 492 were formed 
in smaller amounts. Finally, the fully aliphatic ether 493 turned out not to be reactive under 
the applied Et3SiH-KOtBu conditions and the substrate was recovered quantitatively from the 
reaction. 

Since the stereochemistry in the aliphatic part of 488 and 489 is not identical, it is not possi-
ble to directly compare the outcome of the reactivity of these substrates. Nevertheless, it can 
be noted that the reactivity decreases pronouncedly as the aromatic system gets smaller. This 
observation is consistent with a single electron transfer as the key step in the cleavage of the 
carbon-oxygen bond. 

The energy profile of the electron transfer and carbon-oxygen bond cleavage was calculated 
for the model compound 495 (Scheme 3-5). (A detailed description of the following computa-
tional results can be found in Chapter 5.4.4). The model 495 was chosen to closely mirror the 

Scheme 3-3 A proposed mechanism for the formation of 481 involves the recombination of 
the highly reactive aryl radical 486 with the more stable benzylic radical 485. 

481

479

486485

SET

Alternative fragmentation of the 
radical anion intermediate. 

483

484 485

486 487
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Et3SiH (3.0 equiv.), 
KOtBu (3.0 equiv.)

130 °C, 18 h

no reaction, quant. re-
covery of substrate 493

493

C

Scheme 3-4 A series of menthol derivatives was subjected to the Et3SiH-KOtBu system. [a] 
No remaining substrate was detected by 1H-NMR. 

Et3SiH (3.0 equiv.), 
KOtBu (3.0 equiv.)

130 °C, 18 h

488 
full conversion[a]

475
66 %

A

Blank (no Et3SiH): qunat. recovery of 488

Et3SiH (3.0 equiv.), 
KOtBu (3.0 equiv.)

130 °C, 18 h

489 
(50 % recovered substrate)

490
detected (trace)

491
11 %

492
4%

B

Blank (no Et3SiH): qunat. recovery of 489

substrate 488. Instead of the triethylsilane species 281, the trimethyl analogue 494 was used 
in the calculation. The single electron transfer from 494 to 495 was found to be strongly exer-
gonic and to have a very accessible energy of activation. The subsequent fragmentation of the 
radical anion 496 showed a higher but still readily accessible barrier of 22.5 kcal/mol. Three 
alternative mechanisms were computationally investigated, too. The displacement of the iso-
propyl residue on 495 with a silyl radical via the transition state 499 showed an inaccessibly 
high barrier of 42.4 kcal/mol. An equally high barrier was found for the ether cleavage via the 
transition state 500. This pathway was investigated as a model system for possible hydrogen 
atom transfer reactivity. In light of the inaccessibly high activation energy of transition state 
500, this process can be safely ruled out as part of the reductive cleavage reaction of 495 and 
analogues. Finally, the attack of potassium hydride on the ether 495 was investigated. This 
hypothetical reaction pathway also exhibits an insurmountably high activation energy of tran-
sition state 501 and can thus be ruled out as a major reaction pathway. 

Overall the gathered information strongly suggests that single electron transfer processes 
are accessible to the KOtBu-Et3SiH reagent system and play a major role in the reductive 
cleavage of aryl ether substrates. Computationally, the energy profile for a single electron 
transfer and subsequent fragmentation of the carbon-oxygen bond was found to be accessi-
ble. Other pathways based on previously proposed reactive species that may be accessible to 
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Scheme 3-5 [a] Calculated according to Nelsen’s four-point method.[209] [b] Barrier height is 
relative to the preceding intermediate 496. 
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the KOtBu-Et3SiH reagent system were considered too. These were, however, found to exhibit 
inaccessibly high energy barriers. These findings are in line with the observations made for the 
reductive cleavage of carbon-nitrogen bonds in N-benzyl indole substrates (experimental work 
by Andrew J. Smith and computational studies by Allan Young).[231]

3.2.2 Arene Reduction
(A detailed description of the following experiments can be found in Chapter 5.4.5).
In two instances, Grubbs et al. reported the formation of small quantities of hydrogenated 

naphthalene products derived from naphthyl substrates when treated with the KOtBu-Et3SiH 
reagent system (see Chapter 1.5.1).[133,138] This is reminiscent of Birch-type reduction process-
es and understanding the processes that lead to these by-products may give further insights 
into the intriguing reactivity of this reagent system. Hence, it was decided to investigate the 
reduction of aromatic systems with the KOtBu-Et3SiH reagent system in detail. 

The reduction of anthracene 119 was chosen as a starting point (Table 3-1). Since the KOt-
Bu-Et3SiH was shown to lead to the silylation of aromatic systems (see Chapter 1.5.1), which 
has also been observed under the conditions applied here (Scheme 3-2 A and Scheme 3-4 
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B), initially an excess of an additive was added to the reaction (Entry 1 - 3). It was reasoned 
that the additive would scavenge silyl radicals and thereby make the analysis of the anthra-
cene-derived products easier. In fact, anthracene would be the easiest-to-reduce component 
in the reaction mixture and therefore mainly engage in reductive processes. The hope was to 
separate silylation pathways and reduction pathways in this way. A 30-fold excess of KOtBu 
and Et3SiH was used with respect to anthracene, which equates to a 3-fold excess with re-
spect to the additive. With benzene as the additive, the reduced product 9,10-dihydroanthra-
cene 502 was obtained in good yield and remaining anthracene 119 was recovered (Entry 1). 
As expected, silylated benzene 503 was also formed and isolated in 31 % yield (calculated 
with respect to the initial amount of benzene). The result with cyclohexene as the additive 
was very similar (Entry 2). The only difference was that no by-product derived from the cy-
clohexene additive could be isolated. To investigate the effect of the additive, the reaction was 
performed with cyclohexane as a less interfering additive (Entry 3) and without an additive at 
all (Entry 4). Somewhat surprisingly, the yield of product 502 increased by ca. 20 % in these 
two reactions (with respect to Entries 1 and 2). No silylated anthracene derivatives could be 
identified in either reaction and only small quantities of remaining substrate were recovered. 
Clearly, an additive is not required to protect the anthracene substrate from side-reactions.

Finally, it was attempted to perform the reaction with three equivalents of KOtBu and Et3SiH 
with respect to anthracene (Entry 5). However, only a small quantity of 9,10-dihydroanthra-
cene 502 was isolated and most of the substrate 119 was recovered from this reaction. This 
shows that a large excess of the KOtBu-Et3SiH reagents is required to drive this reduction 
reaction forward. The reason may be that the negatively charged intermediate anthracene 
species are in equilibrium with the silyl-derived reducing agent. There is no obvious way in 
which the negative charge that builds up on the anthracene core during the reaction could be 

Entry Additive
(10 equiv.)

Equiv. of KOtBu 
and Et3SiH 

Yield of 
502

Yield of 
119

By-Product
(Yield)

1 Benzene 30 62 % 20 % 503 (31 %)[a,b]

2 Cyclohexene 30 59 % 21 % 296 (9 %)[c]

3 Cyclohexane 30 80 % 6 % 296 (21 %)[c]

4 - 30 85 % 5 % 296 (22 %)[c]

5 - 3 26 % 61 % -

[a] The yield of 503 was calculated with respect to the amount of benzene.  
[b] tert-Butoxytriethylsilane 296 was detected by GC-MS analysis of the crude product. 
[c] The yield of 296 was calculated with respect to the amount of Et3SiH. 

Table 3-1 Reduction of Anthracene with the KOtBu-Et3SiH Reagent System

Et3SiH (Equiv.), 
KOtBu (Equiv.), 

Additive (10 equiv.)

130 °C, 18 h

119 296502 503
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Figure 3-2 Possible anionic intermediates in the reduction of anthracene and expected deu-
tero-derivatives arising from quenching the reaction with deuterium oxide.  

504

507

505

502-(9)-d 502-(9,10)-d2

506
D2O D2O D2OQuench

single electron 
transfer

Formed via

hydride 
reduction

hydride reduction and 
deprotonation 

or
two consecutive single 
electron transfer steps

stabilised. Protonation likely occurs only during the work-up. 
Knowing the nature of the negatively charged anthracene intermediates could give valuable 

information about the reduction process. In Figure 3-2, anionic anthracene species are shown 
that are potentially formed in the reaction of anthracene with KOtBu and Et3SiH. Additionally, 
the derivatives of these compounds are shown that are expected to be obtained upon quench-
ing the reaction with deuterium oxide. 

The radical anion 504 is the typical Birch reduction intermediate. It is, however, unlikely 
that this structure is the predominant species in the reaction mixture with the KOtBu-Et3SiH 
reagent system. Upon work-up, 504 is unlikely to give rise to the isolated product 9,10-dihy-
droanthracene 502 but would either give rise to derivatives such as 507 or be oxidised back to 
anthracene. The intermediate 505 may be formed via hydride reduction of anthracene. Upon 
quenching with deuterium oxide the mono-deuterated compound 502-(9)-d would be formed. 
The analogous reduction of anthracene cores with lithium aluminium hydride has previously 
been reported.[232] Also the reduction of anthracene itself with potassium hydride has previ-
ously been observed.[233] Finally, the anthracene dianion 506 may be formed to some extent, 
either by deprotonation of 505 or by a second single electron transfer to 504. Upon quenching 
with deuterium oxide one would expect to obtain the di-deuterated compound 502-(9,10)-d2.

 When the reduction reaction of anthracene with the KOtBu-Et3SiH reagent system was 
quenched with deuterium oxide, the major deuterated product was 502-(9,10)-d2 (Scheme 
3-6). Careful analysis of the mass spectrometry data indicated, however, the presence of more 
highly deuterated analogues such as the tri- and possibly also the tetra-deuterated compound, 
502-(9,9,10)-d3 and  502-(9,9,10,10)-d4, respectively. This observation indicated that multiple 
proton-deuterium exchanges can occur during the work-up. Indeed, when the non-deuterated 
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Scheme 3-6 Quenching the reaction mixture of anthracene and the KOtBu-Et3SiH reagent 
system with deuterium oxide leads to deuterated products. [a] Additionally 7 % of remaining 
starting material was isolated. [b] Analysis of the mixture of deuterated derivatives of 502 sug-
gests the presence of the di-, tri- and potentially tetra-deuterated material.

Et3SiH (30 equiv.), 
KOtBu (30 equiv.) 

130 °C, 18 h

combined yield: 84 %[a,b]

Quenching with D2O
119 502-(9,10)-d2 502-(9,9,10)-d3

502-(9,9,10,10)-d4

A

Et3SiH (30 equiv.), 
KOtBu (30 equiv.) 

130 °C, 18 h

combined yield: 95 %[b]

Quenching with D2O
502-(9,10)-d2502

B

502-(9,9,10)-d3

502-(9,9,10,10)-d4

substrate 502 was subjected to the reaction conditions and quenched with deuterium oxide, 
the same mixture of deuterated analogues was obtained. Thus, it becomes clear that quench-
ing the reaction mixture with deuterium oxide cannot give information about the anionic inter-
mediate of anthracene reduction. 

With DFT methods, two mechanisms for the reduction of anthracene were investigated 
(computational studies by Allan Young).[231] It was found that the single electron transfer from 
the radical anion 494 (as a model of 281) to anthracene was strongly exergonic but suffered 
from an insurmountably high activation barrier. At first, this result was counter-intuitive. Closer 
inspection showed that the reorganisation energy of the system is remarkably small. The com-
bination of the pronounced exothermicity and the small reorganisation energy lets the electron 
transfer fall in the Marcus inverted region. Since the single electron transfer pathway was 
ruled out based on this result, a hydride reduction pathway was investigated and was found 
to exhibit an accessible energy profile. These findings suggest that hydride pathways may 
play a role in the reduction of anthracene and possibly also in the reduction of other aromatic 
systems.[231] But an alternative mechanism involving hydrogen atom transfer cannot be ruled 
out at this stage.[145] 

Next, several aromatic substrates were subjected to the KOtBu-Et3SiH reagent system 
(Scheme 3-7). Phenanthrene 508 and naphthalene 452 gave the hydrogenated products 509 
and 510, respectively, although in much lower yield compared to the reaction of anthracene 
(Table 3-1 Entry 4). In the case of phenanthrene, a significant amount of an intractable mix-
ture of by-products was observed. In the case of the reduction of naphthalene, a substantial 
amount of substrate remained unreacted. This observation is in line with the expectation that 
it is more difficult to reduce naphthalene than it is to reduce anthracene, i.e. the postulated 
anionic intermediate 511 is less stable than the corresponding anthracene derived anion 505. 
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Scheme 3-7 A series of aromatic compounds has been subjected to reduction with the KOtBu-
Et3SiH reagent system. [a] The yield was determined by 1H-NMR vs. 1,3,5-trimethoxybenzene 
as internal standard. Additionally 42 % of remaining naphthalene were measured. [b] 
Additionally 12 % of acridine 515 were recovered. 

Et3SiH (30 equiv.), 
KOtBu (30 equiv.)

130 °C, 18 h
508 509

27 %

A

Et3SiH (30 equiv.), 
KOtBu (30 equiv.)

130 °C, 18 h

510 
31 %[a]

511 452

B

Et3SiH (30 equiv.), 
KOtBu (30 equiv.)

130 °C, 18 h

Et3SiH (30 equiv.), 
KOtBu (30 equiv.)

130 °C, 18 h

512 513 
from 512: 93 %
from 514: 27 %

514 

C

D Et3SiH (30 equiv.), 
KOtBu (30 equiv.)

130 °C, 18 h

515 516 
78 %[b]

E
Et3SiH (30 equiv.), 
KOtBu (30 equiv.)

130 °C, 18 h

517 518 
40 %

519 520 

The reduction of stilbene 512 was high-yielding and gave the reduced product 513 almost 
quantitatively. Interestingly, when starting from diphenylacetylene 514, the same product 513 
was obtained as the major product of the reaction. Even though the yield of 513 is lower 
starting from 514, the reaction is remarkable since two equivalents of hydride are transferred 
to the substrate. Finally, also acridine 515 and quinoline 517 were reduced under the applied 
KOtBu-Et3SiH conditions. The dihydroacridine 516 was obtained in comparable yield to the 
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dihydroanthracene 502 (Table 3-1 Entry 4). The quinoline 517, in contrast, did not give the di-
hydro product analogous to the reduction of naphthalene. Instead, the tetrahydroquinoline 518 
was obtained as the major reaction product. The key question is why the reduction of naph-
thalene stops after one hydride equivalent has been transferred on the substrate while the 
reduction of quinoline can proceed such that, in total, two hydride equivalents are transferred 
on the substrate. A possible explanation may be that the anionic intermediate 519 derived 
from quinoline is sufficiently nucleophilic to get silylated (for examples of analogous silylation 
reactions see Chapter 1.5.3). Thereby the neutral species 520 may be formed, which can po-
tentially be further reduced. The silyl group likely is removed from the substrate upon work-up 
and purification. The anion 511 derived from naphthalene, in contrast, may not be sufficiently 
nucleophilic to get silylated. Consequently the negative charge cannot be stabilised and the 
reduction stalls at the dihydro stage. 

Going further, the reaction of simple anthracene derivatives, exposed to the KOtBu-Et3SiH 
conditions, was investigated (Scheme 3-8). The reduction of 9-cyanoanthracene 521 gave 
the corresponding dihydro compound 522 only in low yield. The major reaction product was 
the methyl analogue 523, which was obtained as an inseparable mixture with small quantities 
of 502 and 524. The reaction of the amide 525 overall gave a similar outcome. With this 
substrate, not even small amounts of product, still containing the amide function, could be 
isolated. Instead, the compound 523 was again the major reaction product and was isolated 
as a mixture with minor quantities of 502 and 524. The three compounds together gave an 
essentially quantitative mass balance. 

There are two noteworthy points about these two reactions. First, the complete reduction of 
either functional group to give 523 requires the cleavage of a (benzylic) carbon-heteroatom 
bond. Such a cleavage likely involves silylated intermediates in order to stabilise the negative 
charge that builds up on the heteroatom during the preceding reduction of the functional group. 
A proposed mechanism is exemplified for the 9-cyanoanthracene substrate 521 (Scheme 
3-9). First, the nitrile group likely is converted to the disilylated amine intermediate 528 via 
the subsequent delivery of two hydride equivalents. Then a hydride adds onto the aromatic 
system to give the anionic intermediate 529. This intermediate may expel the amide 530 to 
form then neutral compound 531, which is further reduced to the anion 532. Upon protonation 
during quenching the reaction, the intermediate 532 gives the observed compound 523.

The second remarkable aspect of the reactions in Scheme 3-8 A and B is the formation 
of the by-products 502 and 524 in roughly equimolar amounts. This requires the cleavage 
of a carbon-carbon bond. In order to obtain information about the reduction stage of the 
functional group at which this bond cleavage occurs, the methyl anthracenes 526 and 527 
were subjected to the KOtBu-Et3SiH reagent system. In neither case were products derived 
via a carbon-carbon bond cleavage detected (by inspection of the crude reaction product by 
1H-NMR spectroscopy). The corresponding dihydroanthracene products 523 and 524 were 
obtained almost quantitatively and only traces of unreacted starting material were recovered. 
This observation suggests that the carbon-carbon bond cleavage in the reactions of 521 and 
525 occurs before the corresponding functional group is fully reduced to a methyl residue. A 
plausible mechanism is outlined for the 9-cyanoanthracene substrate 521 (Scheme 3-10). 
After hydride addition onto the substrate 521 the anion 533 may expel cyanide to give 
anthracene 119. Anthracene is then further reduced to 502 while the cyanide anion adds to 
another molecule of 521. The corresponding adduct 534 can then be further reduced to the 
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Scheme 3-8 Reduction of anthracene derivatives with the KOtBu-Et3SiH reagent system.  
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isolated product 524. 
The proposed mechanism is in line with the observation that no carbon-carbon bond 

cleavage occurs during the reduction of the substrates 526 and 527. This makes good sense 
as, compared to cyanide or the acyl anion (from the amide), the methyl anion is a much worse 
leaving group.  

Scheme 3-10 The proposed mechanism for the formation of products 502 and 524 from 
521.

521 119
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upon work-up

Cyanide 
expulsion

533 

534 

502

524

Scheme 3-9 The proposed mechanism for the reduction of the nitrile group requires a 
double silylation at the nitrogen in order to stabilise the negative charge that builds up on this 
heteroatom.  
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3.3. Silylation of Amines
As became clear from the results above, the KOtBu-Et3SiH reagent system is a powerful 

reductant. Several mechanisms appear to be accessible. These are single electron transfer 
steps and hydride reduction reactions. Depending on the substrate and conditions, hydrogen 
atom-mediated processes may also play a role.[145] In most cases described in Chapter 3.2, the 
reduction process stopped after the first single electron transfer or after one hydride equivalent 
had been transferred onto the substrate. However, a number of examples was identified where 
multiple hydride equivalents were transferred (e.g. the reduction of 514, 517, 521 and 525). In 
these cases, the question arises of how the accumulation of negative charge on the substrate 
is stabilised. In light of the strong basicity of the reaction mixture, a simple protonation step 
does not appear plausible. Instead, silylation of anionic intermediates may play a crucial role 
of stabilising intermediates in the reduction process. In fact, many elegant silylation protocols 
were reported that rely on a silane reagent as the silicon source. In combination with a base 
or a strong nucleophile as a catalyst, clean silylation of very diverse substrates was achieved 
(Chapter 1.5.3). It was thus natural to investigate the ability of the KOtBu-Et3SiH system to 
silylate nucleophilic substrates. Amines were chosen for this investigation as a simple and 
relevant substrate class and as likely intermediates in the reduction process of 517, 521 and 
525 (Scheme 3-11). The proposed mechanism of such silylation reactions was investigated 
by DFT methods. The experimental work mentioned in this section was performed by Fabrizio 
Palumbo.[234]

3.3.1 Silylation of Simple Amines
(A detailed description of the following computational studies can be found in Chapter 5.4.7).
For the initial computational studies, trimethylsilane was used as a model for triethylsilane.  

Based on the ionic silylation mechanism discussed in the introduction (Chapter 1.5.3), it was 
proposed that in the first step the amine is deprotonated. But the direct deprotonation of the 
aliphatic amine 537 with potassium tert-butoxide 287 was found to be strongly endergonic 
and thus not feasible (Figure 3-3). Further, it was not possible to locate a transition state for 
a concerted hydride transfer and deprotonation step involving the pentavalent silicate 540 
and the amine 537 (when a potassium counter cation was included). Corresponding attempts 
resulted in the collapse of the input structure to 541 and potassium hydride 542 upon opti-
misation. Further optimisation led to a transition state where potassium hydride performed 
the deprotonation. Therefore it appears plausible to represent the hydride equivalent, that is 
formed when potassium tert-butoxide attacks silane, as potassium hydride. Indeed, the com-
putational model suggests that the formation of potassium hydride from potassium tert-butox-
ide and trimethylsilane is accessible (Figure 3-4). After the addition of potassium tert-butoxide 

KOtBu-R3SiH

535 536 

Scheme 3-11 Is the KOtBu-Et3SiH (or more generally the  KOtBu-Silane) reagent system 
able to silylate simple amines?
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Figure 3-3 The key deprotonation step of the amine substrate. 
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to the silane, the intermediate 540a is formed, where the potassium cation coordinates to the 
pentavalent silicate species via the oxygen atom. Rearrangement of the potassium cation to 
coordination of this species via the silicon hydride leads to the structure 540b, which is di-
rected towards the elimination of potassium hydride. This elimination is the rate-limiting step 
and is accessible with an energy barrier of 19.4 kcal/mol. Overall, the reaction is moderately 
endergonic. This indicates that only small amounts of potassium hydride are generated at any 
time in the reaction mixture. 

Experimentally, it was found that the silylation of amines is high yielding and clean when the 
amine is treated with an excess of silane and a catalytic amount of potassium tert-butoxide.
[234] The fact that the reaction proceeds with catalytic amounts of base was a key observation 
that helped to identify the proposed, general mechanism (Scheme 3-12). This mechanism is 
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catalytic in potassium hydride 467, which is formed during the initiation process as detailed 
in Figure 3-4. Once formed, potassium hydride 467 can efficiently deprotonate the aliphatic 
amine 537 (Step (I)). In stark contrast to the direct deprotonation of the amine with potassium 
tert-butoxide (Figure 3-3), the deprotonation with potassium hydride is nearly thermoneutral. 
The generated potassium amide 538 is proposed to attack trimethylsilane 543 in Step (II) 
(analogously to the attack of potassium tert-butoxide on trimethylsilane during the initiation 
process - Figure 3-3). This leads to the pentavalent silicate intermediate 544a (Scheme 3-12), 
which rearranges to 544b via a pseudorotation and then expels potassium hydride (Step (III)). 
Thereby the silylated product 545 is formed and the catalytic cycle is closed. The rate limiting 
step for this simple example is the deprotonation of the amine with potassium hydride (Step 
(I)). Overall, this reaction pathway is very accessible (i.e. activation barriers are low) and ex-
ergonic. 

For the Steps (II) and (III) of the catalytic cycle in Scheme 3-12, two additional variations 
were investigated. The detailed energy profiles are shown in Figure 3-5. The lowest energy 
pathway is Path C where the potassium amide 538 attacks the silane 543 equatorially with re-
spect to a methyl group. This attack angle leads to the intermediate 544a and eventually 544b. 
An alternative attack angle (Path B) where the nucleophile adds to the silane equatorially with 
respect to the hydride leads to the intermediates 544c and 544d. These are energetically less 
stable than the corresponding intermediates 544a and 544b. Additionally, Path B also exhibits 
a higher activation energy than Path A. Finally, the attack of the potassium amide 538 on the 
silyl ether 541 instead of the silane 543 was investigated (Figure 3-5, Path A). This pathway, 
too, comes with a higher activation energy than Path C. Importantly, Path A does not directly 

Scheme 3-12 The proposed, general mechanism for the silylation of amines is catalytic in 
potassium hydride (which is generated from potassium tert-butoxide and the silane). 
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Figure 3-5 The energy profile for obvious variants of the steps B and C in the catalytic cycle 
shown in Scheme 3-12. (*) The asterisk indicates transition state energies. 
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regenerate potassium hydride but gives potassium tert-butoxide instead. In order to propagate 
the chain, potassium tert-butoxide is required to react with silane 543 to regenerate potassium 
hydride (Figure 3-4). Therefore, in this case the rate limiting step of the reaction will be the 
elimination of potassium hydride from 540b. 

Experimentally, it was observed that some primary amines were silylated only once although 
in principle double silylation could occur, while others were silylated twice (Scheme 3-13).[234] 
This observed chemoselectivity was intriguing. In order to understand why the silylation of 
primary amines stops after the first silylation in some cases, energy profiles for the second 
silylation step of some aliphatic silyl amines were calculated. First, it was noticed that the de-
protonation of 548 (R1=R2=Me) was actually more favourable than the deprotonation of 537 
(Scheme 3-14) both kinetically and thermodynamically. This observation is in line with the 
lower pKa of silylated amines compared to fully aliphatic amines.[235] Therefore, the decisive 
step of the double silylation must occur further downstream on the reaction pathway (Figure 
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Scheme 3-13 The double silylation of primary amines has never been observed.

KOtBu-R3SiH

547 549 548 

Scheme 3-14 The deprotonation of silyl amines with potassium hydride is favourable and 
exergonic.
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3-6). Indeed, the silylation of the potassium salt 551 exhibits a higher activation barrier (Path 
A and B) than the silylation of the potassium salt 538 (Path C, see also Path C in Figure 3-5). 
This activation barrier is, however, still very accessible. Further, it was found that the second 
silylation step of the substrate 551 is essentially thermoneutral. But that does not rule out 
the reaction from occurring since the generated potassium hydride will be rapidly consumed 
by the reaction with another amine 550 - the deprotonation step will drive the whole reaction 
sequence forward. Clearly, the simplified model where aliphatic residues are all approximat-
ed as methyl groups suggests that double silylation of primary aliphatic amines is in general 
possible. The model cannot explain why, in certain substrates, the process stops after the first 
silylation (vide infra). 

In an attempt to improve the model, the trimethylsilanyl groups were replaced for triethylsi-
lanyl groups. This structural change had little effect on the energy profile of the deprotonation 
step, leading from the amine 554 to the potassium amide 555 (Scheme 3-15). Indeed, it was 
anticipated that the increased steric bulk of the ethyl groups on the silicon residue would 
mainly manifest during the attack of the potassium amide 555 on the silane 284 (or the corre-
sponding tert-butoxytriethylsilanyl ether 296). The energy profiles for these steps are shown 
in Figure 3-7. With triethylsilane as the silicon species, both Path B and C become kinetically 
equally favourable although the nature of the rate limiting step is different. For Path B the rate 
limiting step is the addition of the potassium amide 555 onto the silane reagent 284, while in 
Path C the rate limiting step is the elimination of potassium hydride 467 from the intermedi-
ate 557d. The silylation via the tert-butoxytriethylsilane ether 296 shows the least accessible 
energy profile. An analogous observation was already made previously (see Figure 3-5). For 
comparison, also the energy profile of the double silylation with trimethylsilane (Path B in Fig-
ure 3-6) is shown in Figure 3-7 as Path D. It becomes evident that the second silylation with 
triethylsilane is both kinetically and thermodynamically slightly less favourable than the cor-
responding second silylation with the trimethylsilane reagent. However, the activation energy 
of slightly more than 19 kcal/mol is still accessible. Also, the exergonicity of the deprotonation 
step is sufficient to drive the whole process forward. Consequently, the improved model based 
on the experimentally used[234] silicon reagent triethylsilane 284 still does not give an explana-
tion for why the double silylation is not observed in some cases. 

From close inspection of the transition states leading to the intermediates 557a and 557c, 
it became clear that for larger aliphatic residues on the amine there is a potential steric clash 
with the ethyl groups of the silyl groups. A particularly pronounced clash was anticipated if the 
aliphatic amine residue is branched at the α-carbon atom.  

To better understand the steric effect of the aliphatic residue of the amine on reaction out-
come, the energy profiles for the second silylation of silylated n-propylamine 559 (R = nPr) 
and the analogous i-propylamine 559 (R = iPr) were calculated (Figure 3-8). It was found that, 
for the n-propylamine analogue, the rate-determining step is the elimination of potassium hy-
dride for both investigated pathways (Path A via 560a and 560b or Path B via 560c and 560d). 
Importantly, the rate limiting step in Path B appears still accessible with an activation energy 
of 22.5 kcal/mol. This value is 3.4 kcal/mol higher than the activation barrier for the second si-
lylation with the methylamine analogue 555 (Path E). The energy profiles for the i-propylamine 
559 (R = iPr) analogue, in contrast, are clearly less accessible. The activation energy for the 
rate limiting step in Path C equals 27.6 kcal/mol. This value is 8.5 kcal/mol higher than the rate 
limiting step in the reaction of the methylamine analogue 555 (Path E). Indeed, the activation 
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Scheme 3-15 The deprotonation of silyl amine 554 with potassium hydride is favourable and 
exergonic.
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Figure 3-7 The energy profile for the second silylation of an aliphatic amine with triethylsi-
lane is shown. (*) The asterisk indicates transition state energies. [a] Barrier-less elimination 
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Figure 3-8 The energy profile for obvious variants of the steps B and C in the catalytic cycle 
shown in Scheme 3-12. (*) The asterisk indicates transition state energies. [a] Neither the 
transition state TS 1 nor the structure Int. 1 could be optimised. All attempts to optimise either 
structure resulted in convergence towards the substrate complex. 
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barrier of 27.6 kcal/mol is in agreement with no product formation being observed with a 
closely related amine that is branched at the α-carbon of its aliphatic residue (the reaction 
temperature was 130 °C).[234] Another tell-tale sign that the second silylation of 559 (R = iPr) 
is energetically difficult is the fact that no stable structure for intermediate 561c (on Path C) 
could be found (no local minimum on the hyper energy surface corresponding to 561c could 
be found). Upon optimisation, the initial guess structure fragmented back to triethylsilane 284 
and the potassium amide 559 (R = iPr). 

According to these computational results, the double silylation of primary aliphatic amines in 
principle can occur with the KOtBu-Et3SiH reagent system. This observation is in agreement 
with literature reports on related silylation reactions of primary amines where double silylation 
was achieved (Chapter 1.5.3).[155] It is also in agreement with one class of substrates that were 
exposed to the KOtBu-Et3SiH reagent system (see 3.3.2 below).[234] It becomes also clear 
that steric effects play a crucial role for the second silylation of a primary amine. Steric bulk of 
the aliphatic residue (i.e. branching at the α-carbon) of the substrates that were investigated 
experimentally[234] is the likely reason for the absence of doubly silylated products in these 
reactions. It will be interesting to see whether double silylation of sterically less encumbered 
primary amines is actually possible - as the computational model predicts. Such substrates 
have not yet been exposed to the KOtBu-Et3SiH reagent system but will definitely be an inter-
esting test case for the validity of the computational model employed here. 

In addition to aliphatic amines, a number of anilines were successfully silylated with the 
KOtBu-Et3SiH reagent system.[234] Potassium salts of anilines were expected to be significant-
ly less nucleophilic than their aliphatic counterparts. It was therefore necessary to establish 
whether or not the proposed reaction mechanism for the silylation of aliphatic amines is still 
plausible with aniline substrates. As a model system, the parent compound 563 was chosen 
in combination with trimethylsilane as a silicon source. As expected, the deprotonation of 563 
with potassium hydride shows a very low activation barrier and is strongly exergonic (Scheme 
3-16). With potassium tert-butoxide, the formation of the potassium anilide 564 is almost bar-
rier-less and essentially thermoneutral. Thus, for aniline substrates, the silylation reaction can 
be initiated by direct deprotonation with potassium tert-butoxide. A corresponding pathway 
was found not to be an accessible for aliphatic amine substrates (Figure 3-3).  

Analogous to the investigations of the potassium amide nucleophiles, three obvious path-
ways for the silylation of the potassium anilide 564 were investigated (Figure 3-9). Following 
Path A or Path B, it was found that the addition of 564 onto trimethylsilane 543 has a very 
similar energy barrier for the rate limiting step of (20 - 21) kcal/mol. These activation barriers 
are accessible and are actually very similar to the activation barrier found for the reaction of 
trimethylsilane with potassium tert-butoxide (Figure 3-4). Next the silylation of 564 with tert-bu-
toxytrimethylsilane 541 was simulated and found to be kinetically more favourable than the 
silylation via Me 3SiH 543. This observation marks a difference to the reaction of the aliphatic 
potassium amide species that were investigated previously. The aliphatic potassium amides 
were found to show lower activation energies in the reactions with 543 compared to 541. The 
combination of these findings implies that the silylation reaction of potassium anilides pref-
erentially proceeds via Path C (Figure 3-9) if 541 is available. Alternatively, the reaction can 
proceed via Path A and B. 

It also becomes evident that the silylation of potassium anilides is kinetically more difficult 
than the silylation of aliphatic potassium amides via any mechanism (for comparison, the most 
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Scheme 3-16 The deprotonation of aniline with either potassium hydride or potassium 
tert-butoxide is kinetically favourable.

563 564 
X = H X = OtBu

ΔG* (kcal/mol) 2.71 0.25
ΔG (kcal/mol) -18.2 0.07

Figure 3-9 The energy profile for the silylation of potassium anilide 564 with trimethylsilane 
or tert-butoxytrimethylsilane is shown. (*) The asterisk indicates transition state energies. [a] 
Barrier-less addition of 564 onto trimethylsilane. 
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accessible energy profile for the silylation of potassium dimethylamide from Figure 3-5 is inset 
in Figure 3-9). Experimentally, it was found that aliphatic amines reacted more rapidly than 
aniline substrates in side-by-side reactions. In direct competition experiments where both sub-
strates were contained in the same reaction mixture, however, aniline substrates were found 
to out-compete aliphatic amines.[234] The first observation is in agreement with the finding that 
the maximal activation barrier for the silylation of aniline 563 is higher than the maximal ac-
tivation barrier for the silylation of aliphatic amine 537. The second observation is perfectly 
in line with the fact that anilines are more acidic than aliphatic amines. Thus, the anilide is 
preferentially formed over the amide. Therefore it is the anilide that gets silylated in a direct 
competition experiment. 

Finally, the possibility of a second silylation of the monosilylated aniline 567 was investigat-
ed (Figure 3-10). For the formation of each of the intermediates 568a, 568b or 569, neither 
a stable structure could be identified nor a transition state that would lead to their formation. 
A similar observation has previously been made with structure 561c (Figure 3-8). The finding 
indicates that there is no accessible pathway leading to the formation of 570, which is in agree-
ment with the experimental work. No doubly silylated products were detected when primary 
anilines were exposed to the KOtBu-Et3SiH reagent system.[234] 

3.3.2 Cyclisation and Expulsion of Alkyl Potassium Species
When aliphatic 1,2-diamine species such as 571 were subjected to the KOtBu-Et3SiH rea-

gent system, cyclic products such as 572 were obtained (Scheme 3-17).[234] A similar observa-
tion was previously reported by Fink (Chapter 1.5.3).[156] The result is noteworthy as one silyl 
residue not only suffers loss of a hydride but also an alkyl group. The proposed mechanism 
(Scheme 3-12) can be easily adapted to this situation. The only change is that instead of po-
tassium hydride, the expelled potassium alkyl species now propagates the chain reaction. At 
the moment it is not clear at what stage the ring closure occurs. It may occur at any stage of 
the silylation process - after the first, the second or the third silyl group has been transferred 

Figure 3-10 The addition of potassium anilide 564 to trimethylsilane or tert-butoxytrimethyl-
silane did not lead to a stable intermediate.   
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Scheme 3-17 Treatment of aliphatic 1,2-diamines with the KOtBu-Et3SiH reagent system 
lead to the formation of cyclic products. 
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onto the diamine substrate. The exact sequence that is followed may actually depend on the 
backbone structure of the 1,2-diamine and the nature of the silane reagent. 

To understand the principal feasibility of the process, it was decided to consider the ring clo-
sure step as the last step in the sequence (i.e. after three silyl groups have been attached to 
the diamine substrate). The energy profile of the model reaction between 1,2-diamine 571 and 
trimethylsilane 543 has been calculated. The deprotonation of 571 with methyl potassium 573 
has - not surprisingly - a low barrier and is strongly exergonic (Scheme 3-18). The potassium 
amide 574 then readily forms the cyclic intermediate 575. Two closely related conformations 
of this intermediate were found along the reaction coordinate. The conformation Int. 2 leads on 
to the transition state for the expulsion of methyl potassium 573. This gives the cyclic product 
572. The expulsion of 573 clearly is the most difficult step in the sequence but it is accessible 
with an activation energy of 20.1 kcal/mol. 

Scheme 3-18 The deprotonation of silyl amines with potassium methyl is favourable and 
exergonic.

ΔG* = 4.68 kcal/mol
ΔG = -20.7 kcal/mol

571 573 574 

separated 
products

substrate Int. 1 Int. 2 product 
complex

TS 1 TS 2

ΔG (kcal/mol) 0.00 4.97* 3.92 4.80 20.1* 3.90 -2.96

Figure 3-11 The energy profile for the cyclisation reaction towards 572. The intermediate 
structure 575 exists in two closely related conformers Int. 1 and Int. 2. (*) The asterisk indi-
cates transition state energies. 
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3.4. Summary and Conclusion

Several mechanistically different reaction pathways are accessible to the KOtBu-Et3SiH re-
agent system. With the choice of suitable substrates, these pathways can be addressed and 
probed selectively. Ideally, reaction products are formed that are specific for a certain mecha-
nism. Additionally, computational methods can be used to provide a reference, which indicates 
what reaction pathways are accessible for a certain substrate. Such a combined experimental 
and computational approach gave strong evidence for single electron transfer reactivity to be 
at the heart of the reductive aryl ether cleavage. This study is in close agreement with obser-
vations made for the reductive cleavage of N-benzyl indole substrates (experimental work by 
Andrew J. Smith and computational studies by Allan Young).[231] It provides additional evidence 
that the KOtBu-Et3SiH reagent system can give rise to a potent single electron donor species. 

The examination of the reactivity of aromatic hydrocarbons and aromatic heterocycles in 
conjunction with computational investigations (computational studies by Allan Young)[231] pro-
vided evidence for hydride-mediated reductive pathways. The corresponding results have 
been part of a publication.[231] During the investigation of this substrate class, it became evident 
that, in certain cases, the reduction can proceed beyond the delivery of one hydride equiva-
lent. This observation raised the question of how anionic intermediates are stabilised, since 
no obvious proton source is available in the KOtBu-Et3SiH reagent system (as for example in 
Birch-type reduction systems). 

Inferring from the literature, the KOtBu-Et3SiH reagents system may be able to silylate suf-
ficiently reactive nucleophiles. In more complex reduction processes, such as the reduction 
of functional groups, silylation may play a crucial role in stabilising anionic intermediates and 
thereby allow them to be further reduced. To investigate this possible aspect of the reagent 
system, amines were chosen as a simple yet relevant substrate class. Computationally, en-
ergy profiles for a number of substrates were derived. The knowledge gained from these 
studies helped to guide the experimental studies and to interpret the experimental results 

Scheme 3-19 Can the proposed single electron donor 281 be made catalytic?

 281

 280

 280 296

 467

 467

 296

SET
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Scheme 3-20 Silylated species are likely to be key intermediates in multistep reduction pro-
cesses of the KOtBu-Et3SiH reagent system. Direct evidence of their existence is needed. 

 518577 578 579 

(experimental work by Fabrizio Palumbo).[234] 

3.5. Outlook
A key proposed species is 281. So far, no direct evidence for its existence has been pre-

sented. Therefore, accessing 281 in a different way (other than by treating triethylsilane with 
potassium tert-butoxide at elevated temperature) would provide valuable information about its 
exact nature. One alternative access route to 281 is shown in Scheme 3-19. The silyl ether 
296 and potassium hydride 467 are likely in equilibrium with 280. Hydrogen abstraction from 
280 by a radical species would lead to the proposed single electron donor 281. Upon single 
electron transfer from 281 to a substrate molecule, the silyl ether 296 would be regenerated. 
This outlined sequence shows that 281 can be accessed from 296, in principle. A sufficient-
ly strong hydride reagent is required as well as a source of radicals. Following the outlined 
scheme, it may be possible to use catalytic amounts of 296. Thereby, a very similar system to 
the concept presented in Chapter 2 would be obtained. Using 296 in a catalytic sense would 
provide strong evidence for the intermediate 281. 

A separate line of investigation may aim at identifying silylated intermediates from reduction 
reactions with the KOtBu-Et3SiH reagent system. A candidate is 577 as the likely precursor of 
518 (Scheme 3-20). The study of the interplay of reductive pathways and silylation of anionic 
intermediates may culminate in the reduction of molecular nitrogen. Species such as 578 or 
579 are obvious products of the potential nitrogen reduction reaction. They would give rise to 
ammonia or hydrazine upon work-up. 
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4. Concerted vs. Stepwise SNAr Mechanism

4.1. Background
As detailed in Chapter 1.6, the classical stepwise mechanism of the SNAr reaction appears 

to be not the only possible mechanism. Over the last decades, more and more reports accu-
mulated in the literature that suggested certain SNAr reactions follow a concerted pathway. 
These days, the combined impact of these investigations has reached a critical momentum. It 
seems appropriate to fundamentally question the long established mechanistic picture of the 
SNAr reaction. 

Probing the mechanism of the SNAr reaction is challenging, however. Experimentally, com-
plex structure-activity relationship studies need to be performed. This approach has been 
followed by Williams et al. in several thorough studies.[167-170,236,237] Although the concept behind 
these studies is elegant and intuitive, it becomes apparent that the approach is limited to 
certain suitable model systems. With computational tools, in contrast, it is straightforward to 
determine the energy profile of any imaginable SNAr reaction. However, the question arises 
whether the computational method is reliable.[177] Many claims of concerted SNAr reactions in 
the literature were based on DFT calculations but only rarely was the validity of the method 
established. 

Because of these challenges, the exact nature of the SNAr mechanism has only been inves-
tigated for isolated examples. A coherent picture of when SNAr reactions follow a stepwise or a 
concerted mechanism has not yet been drawn. The aim of the work presented in this chapter 
was two-fold. First, a reasonable computational model was established that allowed the mech-
anism of a given SNAr reaction to be classified as either stepwise or concerted. Based on that 
model, trends were then identified of what types of SNAr reactions follow which mechanistic 
pathway.  

4.2. The Transition from a Stepwise to Concerted SNAr Mechanism

4.2.1 Concept
Computationally, the energy profile of any SNAr reaction can be established. This allows us 

to classify SNAr reactions based on their mechanism - concerted or stepwise. To go further 
and to establish trends, the reactions need to be parametrised. Broadly speaking, one ex-
pects a SNAr reaction to depend on three intrinsic components: the nucleophile, the leaving 
group and the aromatic system. There are numerous parameters that would allow any of these 
three aspects to be described. For the description of  the aromatic system, a particularly intu-
itive and widespread measure exists - the Hammett substituent constants. In fact, Hammett 
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correlations have been applied to SNAr reactions in many instances and, usually, a good 
linear regression was observed (Chapter 1.6). Here, instead of analysing the slope of the 
linear regression, it was examined whether there is a sharp turning point from a stepwise to 
a concerted mechanism as the aromatic systems becomes more electron-rich (i.e. the ring 
substituents become  less electron-withdrawing - this corresponds to a less positive value 
of the σp

- substituent constant). The Hammett σp
- substituent constant was chosen because 

it was demonstrated previously that the activation energies of SNAr reactions show good 
correlation with that parameter.[171, 173] Moreover, a sharp mechanistic turning point on the 
σp

- scale has previously been reported for one single class of SNAr reactions (Chapter 1.6).
[182] The values of the σp

- constants were taken from the landmark review by Hansch et al.[238] 
A selection of para-substituents and their associated σp

- constants can be found in Table S30 
(Chapter 5.5.2).

To establish a proof of concept - and to illustrate the idea - the SNAr displacement of fluoride 
in para-substituted fluorobenzenes 580 with potassium methoxide 581 was investigated (Fig-
ure 4-1). Based on the M06-2X/6-311++G(d,p) level of theory it was observed that a transition 
from a stepwise to a concerted mechanism occurs if the para-substituent becomes less elec-
tron-withdrawing than the carbomethoxy ester group. An intermediate 583 was found after the 
transition state 582 for the examples with -R = -CN, -COMe, and -CO2Me. For the examples 
with -R =  -CF3 and -CCH, instead, the collapse of the transition state 582 led directly to the 
formation of the products 584 and 585. The mechanistic turning point can be conveniently 
described numerically based on the σp

- substituent constants. To do so, one can consider the 
least electron-withdrawing substituent for which the reaction still follows a stepwise energy 
profile and the most electron-withdrawing substituent for which the reaction still follows a con-
certed energy profile. Then the average of the two substituent constants is calculated (Equa-
tion 4.1). In this equation σ-

p,1 is the Hammett parameter of the most electron-withdrawing 
substituent where the SNAr reaction still follows a concerted pathway and σ-

p,2 is the Hammett 
parameter of the least electron-withdrawing substituent for which the reaction still follows a 
stepwise mechanism. This value Dσp

- gives an estimate for how sharply the mechanistic turn-
ing point is projected onto the Hammett  σp

-  scale. 

Mechanims stepwise SNAr concerted SNAr

-R -CN -COMe -CO2Me -CF3 -CCH

σp- 1.00 0.84 0.75 0.65 0.53

Figure 4-1 Illustration of the concept based on a simple SNAr model reaction [M06-2X/6-
311++G(d,p)/cpcm(DMF)]. 

Is there a stable intermediate 
on the reaction pathway?

580 581 582 583 584 585 
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𝛥𝛥𝜎𝜎𝑝𝑝− =
(𝜎𝜎𝑝𝑝,1− − 𝜎𝜎𝑝𝑝,2− )

2  Equation 4.1

The turning point itself can be expressed by introducing the value t (Equation 4.2) where σ-
p,2 

is the substituent constant for the most electron-withdrawing residue where the SNAr reaction 
still proceeds via a concerted mechanism.

Accordingly, the turning point found for the SNAr reaction in

𝜏𝜏𝑝𝑝− ≡ 𝜎𝜎𝑝𝑝,2− + 𝛥𝛥𝜎𝜎𝑝𝑝− Equation 4.2

 Figure 4-1 can be quantified as 
tp

- = 0.70 ± 0.05. 
These preliminary results indicate that for a given combination of nucleophile, leaving group 

and aromatic system, a tp
- value can be identified where the SNAr mechanism changes from 

stepwise to concerted. This allows for a simple and intuitive discussion of the boundary be-
tween the two mechanistic domains. However, before venturing into a broader computational 
survey of SNAr reactions, it is critical to validate the used method. 

4.2.2 Computational Model
The computational model was chosen and validated by comparing the performance of a 

variety of DFT functionals against the results of a high-level wavefunction-based method for 
a test-set of SNAr reactions. A satisfactorily well performing functional was identified for the 
further study of SNAr reaction mechanisms.   

Benchmarking
The SNAr reaction from Figure 4-1 was used as a test case to identify a DFT functional that 

would predict the mechanistic turning point on the Hammett σp
- scale reliably (Figure 4-2). To 

establish a benchmark result the energy profiles of the four model reactions were calculated 
with the second-order Møller-Plesset perturbation theory method MP2. MP2 is a wave-func-
tion based method and was the most reliable method that was affordable in terms of compu-
tational resources (memory requirements and time) for the studied system (number of atoms, 
electrons, and size of the basis set). The method predicted a sharp turning point for the SNAr 
mechanism from stepwise to concerted with tp

- = 0.92 ± 0.08. Importantly, the result was the 
same if either basis set, 6-311++G(d,p) or aug-cc-pVTZ, was used. 

A number of DFT functionals was then applied to the same SNAr model reactions. For all 
DFT calculations the 6-311++G(d,p) basis set was used. In Figure 4-2 the DFT functionals 
were clustered into four groups: hybrid functionals based on Becke’s three parameter and/
or Lee-Yang-Parr functional, members from the Minnesota family, representatives of the Per-
dew-Burke-Ernzerhof functional class, and methods derived from Becke’s B97 functional. 

None of the tested DFT methods was able to reproduce the MP2 result exactly and to predict 
the same mechanistic turning point. Most functionals, however, gave a result that was satis-
factorily close to the MP2 result. Three functionals predicted a mechanistic turning point that 
was two increments or more (Δtp

- ≥ 0.22) away from the MP2 turning point. Importantly, from 
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the investigated functionals, the widely used functional B3LYP with D3-dispersion correction - 
B3LYP-D3(BJ), as used, for example, by Jacobsen et al.[178] - and the M06-2X functionals were 
among the worst-performing ones. 

Four functionals were not able to predict the mechanistic turning point as sharply as the 
MP2 method, i.e. they produced an alternating pattern of concerted and stepwise mechanisms 
as the electronic nature of the para-substituent changes. These were the BHandHLYP, M06, 
PBE0-D3(BJ) and ωB97 functionals. These were consequently ruled out as suitable function-
als for the following study. 

As an additional measure of the performance of the DFT functionals, their ability to correctly 

Figure 4-2 The mechanistic transition point on the Hammett σp
- scale was calculated with 

a number of different methods in order to identify a suitable DFT functional. For all tested 
methods, the 6-311++G(d,p) basis set and cpcm solvent model for DMF was used, unless 
mentioned otherwise. ‘s’ stands for ‘stepwise SNAr mechanism’, ‘c’ stands for ‘concerted SNAr 
mechanism’. [a] The aug-cc-pVTZ basis set was used. 
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Figure 4-3 The activation energy of the rate limiting step of the SNAr reaction from Figure 
4-2 has been calculated by different DFT methods. For all tested methods the 6-311++G(d,p) 
basis set and cpcm solvent model for DMF was used. The deviation of these results from the 
MP2/aug-cc-pVTZ reference calculation is shown. 
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Method STD MSD MAD Absolute Max. Deviation
ωB97XD 0.74 0.64 0.64 1.09
M11 0.96 -0.85 0.85 1.49
ωB97 1.11 1.00 1.00 1.56
MP2[a] 1.17 0.53 1.02 1.89
HSE1PBE 1.31 0.85 0.85 2.55
PBE0-D3(BJ) 1.58 -1.53 1.53 2.04
B3LYP-D3(BJ) 1.59 -1.38 1.38 2.19
B97D 1.67 -1.59 1.59 2.31
PBE0 1.75 1.46 1.46 3.05
ωB97X 1.97 1.87 1.87 2.78
M06-2X 2.03 -1.93 1.93 2.63
M06 2.52 -2.48 2.48 3.01
M06L 3.09 -2.99 2.99 4.13
B3LYP 4.41 4.35 4.35 5.15
CAM-B3LYP 4.53 4.50 4.50 5.29
B3PW91 5.64 5.61 5.61 6.15
BHandHLYP 7.25 7.23 7.23 8.10

Table 4-1 Statistical Evaluation of the Functional Performance 

The table gives a more detailed analysis of the results shown in Figure 4-3. STD: standard 
deviation; MSD: mean signed deviation; MAD: mean absolute deviation. The functionals are 
colour-coded according to their ability to predict the mechanistic turning point t satisfactorily 
(see Figure 4-2). [a] The same basis set - 6-311++G(d,p) - was used as for the DFT methods. 
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reproduce the activation energy of the rate limiting step was investigated. As reference values, 
the MP2/aug-cc-pVTZ results were taken. The results are shown in Figure 4-3 and Table 4-1. 
The MP2 method with the smaller 6-311++G(d,p) basis set still gave a result that is reasona-
bly close to the MP2/aug-cc-pVTZ result. The B3 and LYP-based assembly of functionals in 
general seriously overestimated the activation energy. Only when dispersion correction was 
included [B3LYP-D3(BJ)] was a close reproduction of the MP2 reference results achieved. 
The members of the Minnesota functional family all underestimated the activation energy. The 
M06-2X functional showed a standard deviation close to 2 kcal/mol, while the range-separated 
hybrid functional M11 showed a standard deviation of less than 1 kcal/mol. The functionals in 
the PBE0 and B97 group all showed good to excellent performance. 

In conclusion, from the nine DFT functionals that were found to predict the mechanistic 
turning point t satisfactorily well (see Figure 4-2), four also gave a good prediction of the rate 
limiting energy barrier with a standard deviation of < 2 kcal/mol. Overall, the M11 and ωB97XD 
functionals were the two top-runners and the more modern M11 functional was selected for 
the further study. 

The method to test for the presence of a Meisenheimer intermediate so far was to start an 
optimisation from the transition state geometry that was slightly distorted along the imaginary 
mode. The optimisation can either converge to a Meisenheimer intermediate or directly to the 
product complex. Although experience showed that this method is able to detect very shallow 
local minima on the potential energy surface, it was necessary to establish its validity for the 
situation at hand. The question of particular concern was whether this method might fail to 
detect very fleeting Meisenheimer intermediates. 

The mechanistic classification based on the M11 functional from Figure 4-2 was expanded 
by one example and validated by internal reaction coordinate (IRC) scans (Table 4-2). For the 
three reactions that were found to follow a concerted mechanism, the second transition state 
(elimination of the fluoride leaving group) was identified. IRC scans were performed starting 
from the rate limiting transition states. For the stepwise reaction with -R = -COCF3 the IRC 
scan identified the Meisenheimer intermediate as a local minimum on the potential energy 
surface. This is in accordance with the initial classification of this example as a stepwise SNAr 
reaction. Also, for the three concerted reactions where no intermediate was detected during 
the optimisation of the transition state structure towards the product complex, an IRC scan 
was performed. In the case of the reaction with -R = -CN and  -R = -COMe, the IRC scan 
located an intermediate that apparently corresponds to a Meisenheimer intermediate. A fre-
quency calculation identified the intermediate structure for the -R = -CN example as a true 
minimum. This was not the case for the structure with -R = -COMe (imaginary modes were 
found in the frequency calculation). Any attempt to identify a transition state for the expulsion 
of the fluoride leaving group from these two hypothetical intermediate structures failed. Bond 
scans were performed with a step size of 0.00125 Å to search for a candidate structure for the 
transition state, but no maxima along the expected reaction coordinate were found in either 
case. Hence, the stationary points found by the IRC scan for these two examples are better 
described as inflection points rather than as true local minima on the potential energy surface. 
For the example with -R = -CO2Me, the result from the IRC scan is in agreement with the initial 
classification of the reaction. 

It can be concluded that the approach of optimising a transition state geometry towards the 
product complex is a sufficiently sensitive method for finding Meisenheimer intermediates. The 
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-R σp
- Mechanism[a] Int1[b] IRC[c] TS2[d]

(kcal/mol)
-NO2 1.27 stepwise yes - 1.61
-CHC(CN)2 1.20 stepwise yes - 3.01
-COCF3 1.09 stepwise yes MI 1.37
-CN 1.00 concerted no MI not found[f]

-COMe 0.84 concerted no (MI)[e] not found[f]

-CO2Me 0.75 concerted no PC -

Table 4-2	Validation	of	the	Method	for	the	Classification	of	the	Reaction	Mechanism	

[a] As classified in Figure 4-2.
[b] The result is ‘yes’ if the optimisation from the transition state structure converged to a Mei-

senheimer intermediate and ‘no’ if it converged directly to the product complex. 
[c] An internal reaction coordinate (IRC) scan was performed, starting from the rate limiting 

transition state TS1 in forward and reverse direction, until a stationary point was found. The 
result is ‘MI’ if a stationary point was found that corresponds to a Meisenheimer intermedi-
ate and ‘PC’ if the scan ran in the forward direction directly to the product complex.

[d] The energy barrier of the second transition state is given relative to the Meisenheimer in-
termediate. 

[e] Imaginary modes were found in a frequency calculation for the stationary point structure 
identified by the IRC. 

[f] Bond scans were performed with a step size of 0.00125 Å to search for a candidate structure 
for the transition state, but no maxima along the expected reaction coordinate were found.

method has the advantage over IRC scans that it is computationally more effective and does 
not falsely classify very flat regions on the potential energy surface as intermediates. Indeed, 
the results from the IRC scans demonstrated that the potential energy surface of SNAr reac-
tions close to the mechanistic turning point is - not surprisingly - very flat.

Comparison to Literature Reports
In addition to benchmarking the DFT functionals against the results from high-level ab initio 

calculations (i.e. the MP2 results), their predictions were compared with experimental data. 
First, the activation energy as calculated by the M11/6-311++G(d,p)/cpcm method was com-
pared to the activation energy measured experimentally for one example[239] (Scheme 4-1). 
The predicted activation energy deviated by only 1 kcal/mol from the experimental[239] value. 
This result gives additional confidence in the DFT method. However, it is not the accurate 
determination of barrier heights that is crucial for the study ahead, but the correct prediction of 
the existence or absence of a Meisenheimer intermediate in the reaction pathway. 

There is very limited purely experimental - and at the same time convincing - evidence for 
concerted SNAr mechanisms in the literature for reasons explained in the introduction (Chapter 
1.6). Williams et al. made the most substantial contribution to the field in this respect.[167, 168, 

169, 170] Therefore it was an obvious step to calculate energy profiles for some of the reactions, 
which Williams et al. suggested to proceed via a concerted mechanism. The displacement of 
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Scheme 4-1 Comparison of predicted and measured activation energy. The mechanism 
was found to be stepwise. Level of theory: M11/6-311++G(d,p)/cpcm(DMF). 

586 587 588 589 

Predicted ΔG* = 22.1 kcal/mol
Measured ΔG* = 21.1 kcal/mol[239]

DMF

phenolates 594 from a triazine-derivative 590 with amine nucleophiles 591[169] was chosen as 
a reference case (Table 4-3). In apparent contradiction to the claim of these reactions to be 
concerted,[169] a Meisenheimer intermediate was identified for all examined cases. The energy 
of the Meisenheimer intermediate (MI) is given with respect to the substrate complex formed 
between 590 and 591. The transition state energies are given with respect to the Meisenheim-
er intermediate and are of major concern for the following discussion. 

The reaction was performed in an aqueous solvent system of water-dioxane 9:1.[169] There 
are no parameters available to model this solvent system directly. As a reasonable approxima-
tion, the solvent model for water was chosen in the calculation. 

The displacement of phenolate 594a with DMAP as the nucleophile showed a kinetically 
very short-lived Meisenheimer intermediate 592a (Entry 1). The relative barrier for the expul-
sion of the phenolate leaving group 594a equals 1.15 kcal/mol. To assess the effect of explicit 
solvation, four water molecules were included in the calculation of the energy profile of this re-
action (Entry 2). The effect of these additional molecules on the energy profile was moderate. 
The relative energy of the Meisenheimer intermediate slightly increased. Also, the intermedi-
ate became slightly more stable with an energy barrier for the expulsion of the leaving group 
594a being 2.24 kcal/mol instead of 1.15 kcal/mol. This result shows that explicit solvation 
does not have a critical effect on the energy profile of this reaction. 

Only moderate changes in the energy profile were observed with the two other phenolate 
leaving groups  594b and 594c (Entries 3 and 4). When going from DMAP to the morpholine 
nucleophile, the rate limiting step changed from the addition of the nucleophile (TS1) to the 
expulsion of the leaving group (TS2) (Entries 5 and 6). Still, the kinetic stability of the Meisen-
heimer intermediate was very low. The energy barrier is less than 2 kcal/mol for the decay of 
this intermediate to the substrate complex.

   The computational results stand in apparent contradiction to the interpretation of the ki-
netic studies that were performed by Williams et al. for this class of SNAr reactions.[169] Closer 
inspection of the computational results showed, however, that in the majority of cases the 
relative stability of the Meisenheimer intermediate is lower than 2 kcal/mol - thus below the 
typically accepted threshold of chemical accuracy.[166] In that sense, the computational results 
support the interpretation of Williams’ kinetic data. Following conventional experimental ap-
proaches, these SNAr reactions appear to proceed via a concerted mechanism. With compu-
tational tools, however, it is possible to detect much shallower minima on the potential energy 
surface than with conventional experiments. Thereby, a reaction that appears to be concerted 
in the experiment can correctly be revealed to exhibit fleeting intermediates along its path. 
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4.2.3 Understanding the Mechanistic Transition Point of SNAr Reactions

With a validated and efficient computational approach at hand, it became possible to sys-
tematically investigate when a SNAr reaction follows a concerted and when a stepwise mech-
anism. 

The Mechanistic Transition Point in Cross- and Identity-Displacement Reactions
To gain a broad overview of the two mechanistic domains, three classes of SNAr reactions 

were investigated. These are the halide displacement with potassium methoxide (Figure 4-4), 
halide-halide exchange reactions (Table 4-4) and the analogous chalcogen-chalcogen ex-
change reactions (Table 4-5). 

The displacement of four halides with potassium methoxide 581 from benzene-derived 

Table 4-3	Energy	profiles	for	SNAr reactions where experimental evidence suggests a 
concerted mechanism.[a] 

590 591 592 593 594 

TS1
Meisenheimer 
Intermediate 

(MI)
TS2

Entry Nu Ar TS1 w.r.t. MI 
(kcal/mol)I[b]

MI[c] 
(kcal/mol)

TS2 w.r.t. MI
(kcal/mol)[b]

1 DMAP a 1.90 14.5 1.15
2 DMAP[d] a 2.85 16.6 2.24
3 DMAP b 2.19 15.0 1.89
4 DMAP c 4.06 12.3 0.25
5 Morpholine[e] a 1.31 11.7 6.38
6 Morpholine[e] a 1.95 11.0 5.05

Ar:

[a] Level of theory: M11/6-311++G(d,p)/cpcm(H2O). 
[b] Measured with respect to the Meisenheimer intermediate.
[c] Measured with respect to the substrate complex. 
[d] Four explicit molecules of water were included in the calculation. 
[e] The energy profiles with two different attack angles of the nucleophile were modelled for 

the same reaction.

a b c
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substrates 595 was investigated (Figure 4-4). Only for the fluoride series was the mechanistic 
turning point identified, with tp

- = 1.05. (For the same series of reactions, the M06-2X func-
tional gave tp

- = 0.70 in preliminary studies. Benchmarking the DFT functionals properly then 
showed that the M06-2X functional significantly underestimates the mechanistic turning point 
- see above.) For the displacement of chloride, bromide and iodide the mechanistic turning 
point could not be identified. These reactions all showed a concerted energy profile even with 
the most electron-withdrawing para-nitroso substituent that was included in the σp

- scale. 
A similar picture was obtained for the halide exchange reactions (Table 4-4). Only for the 

fluoride identity reaction was a mechanistic turning point identified (tp
- = 0.59). For all other 

combinations of halides, a concerted energy profile was observed even for the examples with 
the para-nitroso substituent. Obviously the mechanistic turning point for these reaction series 
lies beyond the applied σp

- scale. 
An analogous study to the halide exchange reactions was performed for the chalcogenide 

exchange reactions (Table 4-5). The nucleophilic displacement of the chalcogen residue in 
the substrate 597-X by the potassium chalcogenide nucleophile 598-Y served as a model 
system. In contrast to the halide exchange reaction, the mechanistic turning point for most 
of the chalcogen exchange reactions actually fell onto the applied σp

- scale. Clearly, the 
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σ p
-

-R (σp-)

-NO (1.63)

-NO2 (1.27)

-CHC(CN)2 (1.20)

-COCF3 (1.09)

-CN (1.00)

-COMe (0.84)

-CO2Me (0.75)

-CF3 (0.65)

-CCH (0.53)

-H (0.00)

X F Cl Br I

τp- 1.05 >1.63 >1.63 >1.63

Δσp- 0.05 - - -

Figure 4-4 The mechanistic transition point for the halide displacement by potassium meth-
oxide was investigated. Level of theory: M11/6-311++G(d,p)/cpcm(DMF). 

581

Stepwise or concerted?

595-X 584 596 
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Stepwise or concerted?

595-X 595-Y596-Y 596-X

Table 4-4 Halogen-Halogen Exchange Reactions

-X
KY

-F -Cl -Br -I

KF 0.59[a] >1.63[b] >1.63 >1.63
KCl >1.63 >1.63 >1.63
KBr >1.63 >1.63
KI >1.63

tp
- values for the halogen-halogen exchange reactions

[a] The SNAr reaction mechanism changes from stepwise to concerted when going from the 
para-substituent -CF3 (σp

- = 0.65) to -CCH (σp
- = 0.53). 

[b] The para-nitroso substituent marks the upper limit (σp
- = 1.63) of the applied σp

- scale.  

Table 4-5 Chalcogen Exchange Reactions

Stepwise or concerted?

597-X 598-Y 597-Y 598-X

-XMe
KYMe

-OMe -SMe -SeMe

KOMe <-0.77[a] 0.27 0.64
KSMe 0.31 0.92

KSeMe 0.70

tp
- values for the chalcogen-chalcogen exchange reactions

[a] The full set of the σp
-  values that was used can be found in Table S30 (Chapter 5.5.2). 

chalcogen-chalcogen exchange reactions have a much more pronounced tendency to pro-
ceed via a stepwise mechanism. In fact, the identity reaction of methoxide proceeded via 
a Meisenheimer intermediate even for the most electron-donating para-substituent that was 
investigated. With increasing atomic number of the chalcogens, the identity reaction showed 
a decreased tendency to proceed via a stepwise SNAr reaction (i.e. the value of tp

- increases 
from <-0.77 for methoxide, to 0.31 for methanethiolate, to 0.70 for methaneselenolate). Like-
wise, the tendency of the displacement reaction of a methane chalcogenide by potassium 
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methoxide to follow a stepwise mechanism decreases with increasing atomic number of the 
displaced chalcogenide (i.e. the value of tp

- increases from <-0.77 for methoxide, to 0.27 for 
methanethiolate, to 0.64 for methaneselenolate). 

Clearly, a concerted mechanism is favoured for the chalcogen exchange reaction by the par-
ticipation of larger (i.e. softer) chalcogens. The analogous statement holds true for the halide 
exchange reaction. The halides chloride, bromide and iodide all strongly favour a concerted 
mechanism, either in the halide exchange reaction or in an exchange reaction with potassium 
methoxide. Only for the SNAr reactions involving fluoride was a stepwise energy profile found 
to have significant importance. Because of this finding and because fluoride is the prototype 
leaving group for SNAr reactions, the further discussion will focus mainly on SNAr displace-
ments of fluoride. 

Effect of the Counter Cation and Explicit Solvation
So far, only the potassium cation has been considered as a counter cation in the examined 

model systems. The effect of the  counter cation on the SNAr mechanism was studied, based 
on the displacement of fluoride from 580 with different alkali metal methoxide salts 599 (Figure 
4-5). As a general trend, the stepwise mechanism becomes more dominant with increasing 
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-COCF3 (1.09)

-CN (1.00)

-COMe (0.84)

-CO2Me (0.75)

-CF3 (0.65)

-CCH (0.53)

-H (0.00)

X Li Na K Rb

τp- 1.36 1.05 1.05 0.92

Δσp- 0.27 0.05 0.05 0.17

Cs

0.92

0.17

none

0.59

0.06

τp-

Stepwise or concerted?

 580  584599 600 

Figure 4-5 The mechanistic transition point for the displacement of fluoride by alkali metal 
methoxide salts was investigated. Level of theory: M11/6-311++G(d,p)/cpcm(DMF). 
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size of the counter cation, i.e. the value for tp
- decreases as the counter cation becomes softer. 

This trend culminates in the extreme case where no counter cation is present at all. Closer 
inspection of the data showed that there is no or only a small difference between the reactions 
with the cations sodium, potassium, rubidium and caesium. Only the boundary cases with 
lithium as a counter cation, on the one hand, and without a counter cation at all, on the other 
hand, show a pronounced change of the tp

- value. 
There is an intuitive explanation for the observed trend. The better the counter cation can 

stabilise the negative charge on the fluoride leaving group, the more strongly a concerted 
reaction mechanism will be favoured. This observation is in agreement with the trend of de-
creasing lattice energy of alkali fluoride salts with increasing atomic number of the alkali cation 
(i.e. weaker bonding between the fluoride anion and the alkali metal cation).[240]

The ability of the alkali counter cation to coordinate to the leaving fluoride anion can have 
an effect on the mechanistic turning point as became apparent from the above discussion. 
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-CHC(CN)2 (1.20)

-COCF3 (1.09)

-CN (1.00)

-COMe (0.84)

-CO2Me (0.75)

-CF3 (0.65)

-CCH (0.53)

-H (0.00)

n 0 1 2

τp- 1.05 1.05 0.87

Δσp- 0.05 0.05 0.22

τp-

Stepwise or concerted?

 580  584581 585

Figure 4-6 The effect of including explicit DMF solvent molecules coordinating to potassium 
on the mechanistic turning point was investigated for the displacement of fluoride with potas-
sium methoxide. Level of theory: M11/6-311++G(d,p)/cpcm(DMF). 
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In order to refine the understanding of coordination effects, explicit solvent molecules were 
added to the computational model as ligands of the alkali metal cation (Figure 4-6). It was 
assumed that the ability of the counter cation to coordinate the fluoride leaving group may 
decrease if its coordination sphere gets increasingly saturated with other ligands. It was found 
that the addition of one explicit solvent molecule in the model system did not evoke any shift  
in tp

-. The addition of a second molecule of DMF led to a significant blurring of the mecha-
nistic turning point, which manifests in an increase of Δσp

- from 0.05 to 0.22. Also, the value 
tp

- decreased slightly by 0.18 units. However, since the mechanistic turning point is no longer 
sharp, it is not clear whether this decrease of tp

- is actually significant. 
Overall, including explicit solvent molecules did not produce a dramatically different predic-

tion of the mechanistic turning point. A similar observation has already been made in Chapter 
4.2.2 (Table 4-3). Hence, relatively weakly coordinating ligands of the alkali metal cation do 
not seem to have a significant effect on the mechanistic turning point tp

-. This result also has 
practical implications. It suggests that relying on the implicit solvation model alone is a rea-
sonable - and computationally much more effective - approximation.  

Effect of the Nucleophile and the Aromatic System
 Keeping the fluoride leaving group, the potassium cation and the aromatic core constant, 

the mechanistic turning point was investigated for different nucleophiles (Figure 4-7). It was 
found that potassium methanethiolate 601b, potassium azide 601c and the two carbon nu-
cleophiles 601d and 601f all have the same mechanistic turning point tp

- as potassium meth-
oxide. The only exception is the addition of nucleophile 601e on 580. This series of SNAr re-
actions favours a concerted mechanism more (tp

- = 1.36) than the other investigated reaction 
series (tp

- = 1.05). Closer inspection of the geometries of the rate limiting transition states in-
cluding nucleophile 601e showed that steric repulsion may be at the heart of this pronounced 
tendency to follow a concerted mechanism (Figure 4-8). One of the hydrogen atoms of the 
phenyl group of the nucleophile approaches the plane of the aromatic system of 580 (R = 
NO2) as closely as 2.3 Å in the transition state. This steric clash makes a Meisenheimer inter-
mediate less energetically favourable and pushes the reaction towards a concerted pathway. 
How steric effects can influence the mechanistic pathway of SNAr reactions will be discussed 
in more detail later in this chapter. The average tp

-  over all six nucleophiles was 1.10 ± 0.12 
for the substrate series 580. 

The observation that a number of very different nucleophiles showed the same mechanistic 
turning point was surprising. In order to investigate whether this observation is general, tp

- 
was calculated for two additional aromatic systems - 603 and 604 - and the nucleophiles 601a 
- d (Figure 4-9 and Figure 4-10). For the pyridine series 603, the variation of tp

- among the 
four nucleophiles 601a - d was somewhat larger than in the benzene series. The average was 
slightly lower with a value of 0.93 ± 0.14. For the naphthalene series 604, the three nucleop-
hiles 601a - c showed a similar value of tp

- with an average tp
-  of 0.77 ± 0.10. The nucleophile 

601d, in contrast, massively deviated from this average value. In fact, the SNAr reaction with 
this nucleophile favoured a stepwise SNAr reaction even with electron-donating substituents 
such as para-methyl or para-NHAc residues. Presumably, π-π-stacking interactions or steric 
effects between the nucleophile and the aromatic system lead to this pronounced difference 
to the other nucleophiles. Therefore the reaction series of 601d with 604 was regarded as an 
anomaly and not included in the calculation of tp

- . 
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Figure 4-7 The mechanistic turning point was investigated for the SNAr reaction of sev-
eral different nucleophiles and para-substituted fluorobenzene 580. Level of theory: M11/6-
311++G(d,p)/cpcm(DMF). 
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Figure 4-8 Transition state for the SNAr reaction between 580 (R = NO2) and the nucleophile 
601e. Level of theory: M11/6-311++G(d,p)/cpcm(DMF). 
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Figure 4-9 The mechanistic turning point was investigated for the SNAr reaction of sev-
eral different nucleophiles and 4-substituted 2-fluoropyridine 603. Level of theory: M11/6-
311++G(d,p)/cpcm(DMF). 
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Figure 4-10 The mechanistic turning point was investigated for the SNAr reaction of sever-
al different nucleophiles and 4-substituted 1-fluoronaphthalene 604. Level of theory: M11/6-
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With the exception of the reactions between 601d and 604 it can be noted that there is rel-
atively little variation between different nucleophiles attacking the same aromatic substrate, 
i.e. the observation made for the system 580 was essentially reproduced with 603 and 604. 
The mechanistic turning point does not seem to depend on the nucleophile strongly, i.e. the 
value tp

- is mainly characteristic for the aromatic system (with a fluoride leaving group). Thus, 
in principle, it is sufficient to examine the mechanistic turning point with one nucleophile only 
to characterise the mechanistic preference of a given aromatic system. 

When comparing the average tp
-  values of the aromatic systems 580, 603 and 604 it was 

noticed that introducing a nitrogen atom in the ortho position of the ring (603) or extending the 
aromatic system (604) appeared to render a stepwise mechanism more favourable (i.e. tp

-  
for 603 and 604 was lower than tp

-  for 580). In order to understand whether this is just a 
random fluctuation or actually part of a trend, two additional series of SNAr reactions were 

Figure 4-11 The mechanistic turning point was investigated for the SNAr reaction of several 
different aromatic cores and the potassium methoxide nucleophile. Level of theory: M11/6-
311++G(d,p)/cpcm(DMF). 
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investigated with potassium methoxide as the nucleophile and the aromatic systems 605 and 
606 (Figure 4-11). It can be seen that a stepwise reaction profile became more favoured as 
either the aromatic system was extended (going from 580 to 604 to 606) or nitrogen atoms 
were introduced (going from 580 to 603 to 605). The effect of one additional fused benzene 
ring equalled approximately the effect of one additional nitrogen atom. 

Both, an additional fused ring and a nitrogen atom in the ring, help to stabilise the nega-
tive charge that accumulates on the aromatic system during the addition of the nucleophile. 
The better the aromatic core on its own is able to stabilise this negative charge, the less the 
stabilisation of a (potential) Meisenheimer intermediate depends on the electron-withdrawing 
nature of the para-substituent.    
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Figure 4-12 Steric effects on the SNAr mechanistic turning point were investigated by com-
paring a slim with a bulky nucleophile. Level of theory: M11/6-311++G(d,p)/cpcm(DMF). 
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Steric Effects
For two cases so far, indication was found that, in addition to the electronic characteristics 

of the system, steric effects may influence the mechanistic turning point (see Figure 4-8 and 
Figure 4-10). From the above discussion, it also follows that the electronic nature of nucleo-
philes does not have a significant effect on tp

-. This allows us to investigate steric effects by 
choosing a bulky and a slim nucleophile. Any significant difference in tp

- between these two 
nucleophiles for the attack at the same series of substrates can then be attributed to steric 
effects. 

Such a comparison was made for the nucleophiles 601c and 601d based on the aromatic 
substrates 580, 607 and 608 (Figure 4-12). When going from 580 to 607 to 608, the small 
nucleophile 601c does not show any response to the increasing steric bulk and slightly more 
electron-rich aromatic core. The value tp

- remains constant throughout this series. With the 
sterically more bulky nucleophile 601d, the situation is different. While there is no difference in 
tp

-  between 601c and 601d for the substrates 580 and 607, the value of tp
- sharply decreases 

for the reaction of 601d when a second ortho-methyl group is present as in 608. 
This result shows that steric bulk on the aromatic system can force the SNAr reaction to 

follow a stepwise mechanism even if a concerted reaction profile would be expected based 
on the electronic nature of the substrate. As follows from the combination of the nucleophile 
601d and the aromatic system 608, the steric bias on the mechanism can be massive. The 
introduction of the second methyl group induced a larger change in tp

- than did the expansion 
of the aromatic core from benzene to anthracene, for example (Figure 4-11). While changes 
of the electronic nature of the aromatic system affect the SNAr reaction of various nucleop-
hiles approximately equally, steric changes affect mainly bulky nucleophiles like 601d. 

The Structure Activity Relationship 
The slope of the Hammett correlation for series of SNAr reactions was often used in the lit-

erature as an indicator for the nature of the mechanism. Usually a low value of the slope was 
considered characteristic of a concerted mechanism. As detailed in the introduction (Chapter 
1.6), this line of reasoning is problematic. 

In Figure 4-13, the linear correlation of the activation energy vs. σp
- for three reaction series 

is shown. The slopes of these correlations are directly proportional to the slope of standard 
Hammett correlations. Hence, conclusions based on a relative comparison are the same 
for either correlation - the activation energy vs. σp

- or the standard Hammett correlation. In 
general, the linear regression for the correlations shown in Figure 4-13 was satisfactory with 
a value of R2 ≥ 0.90. It can be seen that the reaction series of potassium methoxide with 
595-F and with 595-Cl have a very similar slope. The mechanistic turning point tp

- for these 
two reaction series, however, is quite different (see also Figure 4-4). The reaction series of 
potassium azide with 595-F, in contrast, has the same value of tp

- as the reaction series of 
potassium methoxide with 595-F but the slopes of these two correlations are different (see 
also Figure 4-7). Obviously, there does not seem to be a connection between the slope of 
these correlations and the mechanistic preference of the SNAr reaction series. 

Next, the changes in the geometry of the rate-limiting transition states of the SNAr displace-
ment for the series 595-X (for X = F, Cl) with potassium methoxide was analysed (Figure 
4-14). It can be seen that the investigated distances and angles change in a very similar way 
between the two series (i.e. the slopes of the correlations of the four investigated parameters 
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Figure 4-13 What information about the SNAr mechanism is contained in the activation ener-
gy of the rate limiting transition state? Level of theory: M11/6-311++G(d,p)/cpcm(DMF). 
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are nearly the same). Further, also the absolute values of d1, a1 and a2 are very similar (as ex-
pected, there is a large difference in the distance d2 between the two series, which reflects the 
length difference {ca. 0.4 Å}[241] between the carbon-fluorine and the carbon-chlorine bond). 
Again, the change of mechanism from stepwise to concerted is not reflected in the change of 
any of the investigated parameters.  

These observations underline the concerns that were raised in the Introduction regarding 
the mechanistic information - stepwise or concerted - that is contained in the slope of the 
Hammett correlation. It becomes evident that in general the rate limiting step does not contain  
information about the nature of the SNAr mechanism. The mechanistic choice depends on the 
features of the kinetically more easily broken (or formed) bond. In light of this conclusion it 
makes perfect sense that the reaction series of different nucleophiles with the same aromatic 
system have roughly the same value of tp

- (see Figure 4-7). In all these apparently different 
reactions, the key step where the nature of the mechanism is decided is the same - the ex-
pulsion of the fluoride leaving group.

4.3. A Complex Case Study
The results of the previous section (Chapter 4.2) allow many SNAr reactions in the litera-

ture to be identified that likely follow a concerted mechanism. A series of such reactions has 
been chosen for further investigations of the mechanism (Scheme 4-2).[242- 244] The choice was 
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made based on three main criteria: 1) the mechanism is unknown, 2) the described trans-
formations are potential examples of concerted SNAr reactions and 3) are mechanistically 
intriguing as other reaction pathways may be accessible. A systematic investigation of the 
mechanisms of these reactions has not yet been published. Various candidate mechanisms 
have been considered possible such as a SNAr pathway, BHAS-type mechanisms, SRN1-type 
mechanisms or a mechanism including benzyne intermediates.[242- 244]

Due to the potentially complex nature of the mechanism of these reactions, it was decided 
to use the versatile M06-2X functional[245] that was also used in previous chapters. As expect-
ed, the SNAr energy profile of all examples did not show a Meisenheimer intermediate, i.e. 
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Figure 4-14 Geometry change of the transition state structure vs. the Hammett substitution 
constant sp

- for the displacement of fluoride and chloride with potassium methoxide in the 
series 595-X. The distances and angles, which are measured, are illustrated based on the 
chloride example 595-Cl with R = H.  Level of theory: M11/6-311++G(d,p)/cpcm(DMF). 

A - Distances d1 and d2 vs. the Hammett Constant sp
-

B - Angles a1 and a2 vs. the Hammett Constant sp
-
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the potential SNAr reaction profiles were all concerted (Table 4-6). However, the activation 
energies that were found are relatively high in some cases. For the substrate 615, the acti-
vation energy appears to be accessible for the fluoride and iodide example and maybe for 
the bromide example. The barrier found for the chloride example of 30.0 kcal/mol appears to 
be too high for an efficient reaction pathway. With substrate 616, all halide derivatives have 
a SNAr barrier that appears to be accessible. For substrate 617, all halide derivatives have 

Scheme 4-2 Three transformations where the mechanism is unknown, intriguing and may 
potentially follow a concerted SNAr pathway (A,[242] B,[243] C[244]). 

A

B

C

KOH (2.0 equiv.)

DMSO, 40 °C, 24 h

609 610 

KOtBu (2.0 equiv.)

DMF, 80 °C, 24 h

611 612 

KOH (2.0 equiv.)

DMSO, 120 °C, 16 h

613 614 

A B C

X ΔG*	
(kcal/mol)

ΔG	
(kcal/mol)

ΔG*	
(kcal/mol)

ΔG	
(kcal/mol)

ΔG*	
(kcal/mol)

ΔG	
(kcal/mol)

F 24.7 -33.8 25.6 -46.4 29.0 -35.6
Cl 30.0 -52.4 26.8 -66.7 33.8 54.0
Br 27.1 -60.3 22.1 -75.9 30.0 -61.4
I 24.1 58.8 21.2 -74.7 32.6 -58.6

615 

 610 KX

616 

 612 KX

617 

 614 KX

Table 4-6 SNAr	Energy	Profiles
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a barrier that suggests that the SNAr pathway cannot be the major route to the product 614. 
Clearly, SNAr reaction pathways cannot be the only mechanistic pathways accessible to these 
substrates. 

Next, energy profiles for pathways leading to the products 610, 612 and 614 via benzyne 
intermediates were investigated (Table 4-7). It should be noted that computationally the for-
mation of the benzyne intermediates is a stepwise process involving a deprotonation followed 
by the elimination of the halide in all cases. Since this detail is not critical for the discussion 
at hand, in Table 4-7 the overall values for ΔG* and  ΔG are given for the formation of the 
benzyne intermediates. All computational details are given in Chapter 5.5.5 to reconstruct the 
full energy profile. Similarly, the cyclisation step is followed by deprotonation and protonation 
steps, which are omitted for clarity. The energy barrier for the actual cyclisation step - which 
is rate limiting - is given together with the overall Gibbs free energy. 

From the data in Table 4-7, it follows that the benzyne pathway can be ruled out for all 
substrates with X = F. The chloride substrates are borderline cases. For substrates 609 and 
613 with X = Cl, the benzyne pathway is slightly more favourable than the SNAr pathway and 
vice versa for the substrate 616 with X = Cl. For the bromide and iodide derivatives of 609 
and 613, the benzyne mechanism is clearly more accessible than the SNAr pathway. For the 

Table 4-7	Benzyne	Pathway	Energy	Profiles

A B C

X ΔG*	
(kcal/mol)

ΔG	
(kcal/mol)

ΔG*	
(kcal/mol)

ΔG	
(kcal/mol)

ΔG*	
(kcal/mol)

ΔG	
(kcal/mol)

be
nz

yn
e 

fo
rm

at
io

n F 41.7 36.5 41.1 -86.5[a] 42.5 26.8
Cl 28.2 16.7 27.8 -71.3[a] 28.8 15.1
Br 20.3 8.76 20.6 -80.0[a] 21.0 7.29
I 23.8 12.3 22.3 -78.5[a] 22.3 10.3

cy
cl

i-
sa

tio
n       

- 8.22 -86.8 barri-
er-less

see 
above[a] 9.44 -88.9

[a] No stable structure for the isolated benzyne intermediate 619 was found. The structures 
spontaneously collapsed to the final product 612. 
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Table 4-8 BHAS and SRN1 Pathways Step 2

Step 5

Step 6

Step 3

Step 4

Step 1

621 
(general 

substrate)

622 623 

624 625 

626 
(general product)

A B C

Step X ΔG*	
(kcal/mol)

ΔG	
(kcal/mol)

ΔG*	
(kcal/mol)

ΔG	
(kcal/mol)

ΔG*	
(kcal/mol)

ΔG	
(kcal/mol)

S
E

T[b
]

1

F 12.3[a] -6.70 8.97[a] 0.11 6.99[a] -20.5
Cl 3.19[a] -30.6 6.07[a] -30.6 3.71[a] -33.3
Br 3.41 -42.5 3.12 -39.0 3.80[a] -42.1
I 2.19 -38.22 2.64 -36.5 4.03[a] -39.0

B
H

A
S

2 - 8.13 -18.1 5.63 -26.1 6.85 -18.4
3 - 22.8 -0.07 18.1 1.88 25.8 3.58
4 - barrier 

-less -16.4 7.69 -9.72 0.30 -24.4

S
R

N
1

5 - barrier 
-less -14.9 barrier 

-less -7.02 barrier 
-less -15.4

6 - 5.85 -22.5 barrier 
-less -36.2 8.12 -23.0

[a] The single electron transfer and the fragmentation of the carbon-halogen bond was found 
to be a stepwise process. The overall energies are given. All computational details are given 
in Chapter 5.5.5 to reconstruct the full energy profile.
[b] The single electron transfer (SET) step is the same for both the BHAS and the SRN1 
pathway. 

su
bs

tra
te

N
Me H

N

O
Ph

X

N
Me

O
Ph

X

Me
N

H
N

Me
Ph

X
 613 611 609

bromide and iodide derivatives of 616, instead, both mechanisms are approximately equally 
favourable. 

Finally, two radical mechanisms were investigated (Table 4-8). These are a BHAS-path-
way[125] and an SRN1[124] mechanism. It can be seen that for all three examples both pathways 
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Table 4-9 Initiation of the BHAS and SRN1 Pathways

A B C

ED[a] X ΔG*	
(kcal/mol)

ΔG	
(kcal/mol)

ΔG*	
(kcal/mol)

ΔG	
(kcal/mol)

ΔG*	
(kcal/mol)

ΔG	
(kcal/mol)

628 
or 

629

F 70.9[b] 63.6 30.3[b] 20.9 49.1 49.0
Cl 51.8[b] 50.7 33.4[b] 23.5 48.4 48.2
Br 30.2[c] 15.2 0.42[c] -19.6 47.9 47.8
I 29.7[c] 19.4 1.80[c] -17.1 48.6 48.4

630 
or 

631 
or 

632

F 126[b] 79.2 53.9 53.0 65.7[c] 62.7
Cl 83.7[b] 66.3 56.9 55.7 72.3[c] 61.9
Br 37.2[c] 30.8 13.4 12.6 70.8[c] 61.6
I 37.9[c] 35.0 16.4 15.1 71.8[c] 62.2

[a] The appropriate electron donor (ED) is chosen for each example A-C: 628 for A and B; 629 
for C; 630 for A; 631 for B; 632 for C. After the single electron transfer either the radical anion 
627 is obtained or spontaneous fragmentation occurred to give 622 and the halide anion. All 
computational details are given in Chapter 5.5.5 to reconstruct the full energy profile.
[b] After the single electron transfer the radical anion 627 is obtained. 
[c] After the single electron transfer a complex between the radical 622 and the halide anion 
is obtained.

N
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N
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Ph

X

N
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N
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 621
(general 

substrate)  622

Electron Donor (ED)

627 
628 

629 

630 

631 

632 

have a very accessible energy profile but clearly the SRN1 pathway is more favourable (the 
activation energies of the rate limiting steps are printed in bold). Somewhat surprisingly, the 
single electron transfer and carbon-halogen bond cleavage step (Step 1) was found to be ac-
cessible also for the fluoride examples. The author is not aware of examples of BHAS or SRN1 
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reactions that successfully employed aryl fluoride substrates. Although the energy profile for 
the reactions of the aryl fluoride substrates appear to be accessible in these cases, a very effi-
cient fragmentation of the corresponding radical anion intermediates may be required in order 
to sustain the chain processes (i.e. to prevent side-reactions of the radical anion). A similar 
case was discussed earlier (Chapter 2.3.3).  

Both the BHAS mechanism and the SRN1 mechanism critically depend on an initiation pro-
cess (which has not been included in Table 4-8). The initiation process would generate the 
first radical species 622. Hence, although for all cases both a BHAS and an SRN1 mechanism 
are accessible, these chain reactions may not be started if there is no accessible initiation 
process. Therefore, several plausible initiation mechanisms were investigated for each exam-
ple (Table 4-9). It can be seen that the anions 630, 631 or 632 are, in general, not sufficiently 
strong electron donors to transfer an electron to a substrate molecule. Only with the substrates 
631 with X = Br or X = I this initiation mechanism is possible. (For simplicity, only the iodide 
derivatives were investigated as potential electron donors. The other halide derivatives are 
expected to show a similar behaviour). 

The dimsyl anion 628 may be able to initiate a BHAS or SRN1 reaction with the substrate 609 
with X = Br and X = I but not in any other case. Previously the dimsyl anion has been demon-
strated to be competent initiator for BHAS or SRN1 reactions but only after activation with blue 
LED irradiation.[245] For the reaction of substrate 611, DMF was used as a solvent. DMF has 
previously been shown to be a competent initiator for BHAS reactions, most likely by forming 
dimers such as 629.[246] Indeed, it was found that this dimer is a sufficiently strong electron 
donor to act as an initiator also in the reactions of substrate 611. 

It should be noted that only the obvious initiation pathways have been considered so far. The 
presence of alternative initiation pathways cannot be ruled out. These may depend on small 
impurities in the substrates or trace amounts of oxygen, for example. 

In Table 4-10, the plausible mechanisms for each substrate class are summarised. When two 
mechanisms have similarly favourable profiles, the alternative (and slightly less accessible) 

Table 4-10 Overview of Plausible Mechanisms

A B C

X

F concerted SNAr
(SRN1 ?)

concerted SNAr
(SRN1 ?)

concerted SNAr
(SRN1 ?)

Cl Benzyne mechanism
(concerted SNAr) SRN1 Benzyne mechanism

(concerted SNAr, SRN1)

Br SRN1 SRN1 Benzyne mechanism
(SRN1)

I SRN1 SRN1 Benzyne mechanism
(SRN1)

N
Me H

N

O
Ph

X

N
Me

O
Ph

X

Me
N

H
N

Me
Ph

X
 613 611 609

su
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mechanism is given in brackets. Also, radical pathways cannot be ruled out even for the re-
actions where no obvious initiation pathway was found. It can be seen that for all fluoride 
substrates a concerted SNAr reaction is the most plausible mechanism. For the other halide 
substrates, it is either a benzyne mechanism or a SRN1 process that is likely to be the predom-
inant reaction pathway. Pleasingly, the reported examples for the substrates 609, 611 and 
613 - and additional derivatives thereof - are generally in agreement with the proposed mech-
anism.[242,243,244] In some instances, the experimental results help clarify which mechanism is 
operating if two pathways appear accessible based on the computational data (Scheme 4-3 
A). For example, substrate 633 cannot give rise to the product 634 via a SRN1 mechanism. 
The hypothetical radical anion intermediate 635 of a SRN1 pathway would fragment at the 
carbon-bromine bond and not at the carbon-fluorine bond - as was required to give rise to the 
product 634. 

Substrate 636 turned out to be a very interesting one (Scheme 4-3 B). The major product of 
the reaction was  638, which must have formed via concerted SNAr reactions for the same rea-
sons as given above. Additionally, small amounts of 637 were formed. The product 637 may 
either form via a benzyne pathway or a SRN1 mechanism. Bolm et al. suggested that a benzyne 
mechanism was unlikely to be accessible for substrates like 636 (Scheme 4-3 C). This conclu-
sion was based on the observation that the substrate 639 did not give rise to the product 640. 
If a benzyne intermediate was formed at least small amounts of 640 should be detectable.[244] 

KOH (2.0 equiv.)

DMSO, 120 °C, 16 h

74 % (637:638 = 4:96)

636 637 638 

KOtBu (2.0 equiv.)

DMF, 80 °C, 24 h

633 635 634 
59 %

A

B

C

Scheme 4-3 Selected literature results published by Bolm et al. (Reaction A;[243] Reactions 
B and C[244]). 

639 640 

KOH (2.0 equiv.)

DMSO, 120 °C, 24 h
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4.4. Summary and Conclusion
The M11 functional, in combination with the 6-311++G(d,p) basis set, was found to be a 

suitable method to investigate the mechanism of SNAr reactions. With this method in hand, a 
number of SNAr reactions were investigated. It was found that SNAr reactions where chloride, 
bromide or iodide are displaced, typically proceed via a concerted mechanism. In the halide 
series, stepwise SNAr reactions are usually only observed with the fluoride leaving group. 
Whether an SNAr reaction displacing fluoride follows a stepwise or a concerted mechanism 
primarily depends on the electron-withdrawing nature of the para-substituents on the aromat-
ic system. Additionally, the size of the aromatic system, the presence of nitrogen heteroatoms 
and steric effects influence the mechanistic choice of the reaction. Also, the nature of the 
counter cation has a moderate effect on the mechanistic preference of the reaction. 

Importantly, for a given aromatic system and fluoride as the leaving group, the mechanistic 
turning point does not vary much for different nucleophiles. In fact, the choice of the SNAr 
mechanism depends on the bond-cleavage which is kinetically easier. In the cases of reac-
tions with fluoride as the leaving group, this step is the expulsion of the fluoride anion. This 
observation clearly shows that it is very difficult to obtain information about the mechanism of 
an SNAr reaction series from Hammett correlations or in general from classical kinetic stud-
ies. The reaction step that is typically observable experimentally is the rate limiting step. The 
critical and kinetically much faster step cannot usually be observed or inferred. Hence, the 
mechanistic nature of SNAr reactions can only readily be assessed by computational means. 

4.5. Outlook
The major parameters influencing the mechanistic choice of SNAr reactions have been dis-

covered and investigated except for one: the effect of steric bulk on the side of the nucleophile. 
The result obtained with the nucleophile 601e (Figure 4-8) indicates that sterically more bulky 
nucleophiles may bias the SNAr mechanism towards a concerted pathway. Therefore, it will be 
interesting to investigate the change of the mechanistic turning point for the series of potassi-
um methoxide, potassium ethoxide, potassium iso-propoxide and potassium tert-butoxide nu-
cleophiles. An alternative series of nucleophiles is shown in Figure 4-15 that would be suitable 
for the same purpose. 

A nice possibility to demonstrate the multifaceted mechanisms that are accessible in the 
reactions reported by Bolm et al.[242, 243, 244] can be found in substrates such as 636. Under 
standard conditions, only small amounts of the SRN1 product are formed. By including an 
organic additive in the reaction mixture (such as a small amount of DMF[246]) the much more 
accessible SRN1 pathway may be initiated. Thereby the product ratio of 637:638 = 4:96 may 

Figure 4-15 A possible series of nucleophiles to assess the effect of steric bulk on the side 
of the nucleophile.  
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be switched completely - even if all other reaction parameters are kept the same. This experi-
ment would give additional support for the proposed mechanisms and it would open doors for 
an elegant control of the chemoselectivity of the reaction.
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5. Supporting Information

5.1. Specifications
All reagents and solvents were obtained from commercial suppliers and were used without 

further purification unless mentioned otherwise. 
Thin Layer Chromatography was performed on silica gel pre-coated aluminium plates (60  

Å, F254 UV indicator) purchased from Merck. The thin layer chromatograms were analysed by 
UV (254 nm, UVP mineralight UVG-11 lamp) and staining either with basic KMnO4 [KMnO4 (6 
g), K2CO3 (40 g), NaOH (5 mL, 10% w/w) in water (600 mL)] or an ethanolic solution of phos-
phomolybdic acid [phosphomolybdic acid hydrate (10 g) in ethanol (100 mL)]. 

Flash Column Chromatography purification was performed with 35-70 μm particle size 
silica gel 60 Å (200-400 mesh) purchased from Prolabo. 

NMR spectra were measured on a Bruker AV400 instrument. Spectra were recorded in 
chloroform-d1, acetonitrile-d3, tetrahydrofuran-d8 or dimethyl sulfoxide-d6. The frequency was 
locked against the deuterated solvent signal and the final spectra were referenced against the 
residual non-deuterated solvent signal (for 1H spectra) or the deuterated solvent signal (for 
13C spectra). Chemical shifts are reported as δ (ppm) with respect to tetramethylsilane. The 
following multiplet abbreviations are used: s = singlet, d = doublet, t = triplet, q = quartet, quint 
= quintet, sext = sextet, sep = septet, m = multiplet, br = broad. The processed spectra can be 
found in the Appendix. In cases where yields were measured by 1H-NMR spectroscopy, the 
internal standard 1,3,5-trimethoxybenezene was used and the T1 delay time was set to 30 s. 

Infrared spectra were recorded on an Agilent Technologies 5500a FTIR with ATR system. 
HPLC analysis was performed on a Waters XBridge C18 column (50 mm x 4.6 mm, 3.5 μm) 

at 30 °C with a flow-rate was 3.0 mL/min. The gradient as stated in Table S1 was used with 
mobile phases A {10 mM (NH4)HCO3 aq at pH 10} and B {acetonitrile}. The injection volume 
was 10 μL. Yields were measured against an internal standard as specified. The response 
factor was determined according to standard procedures. 

 Table S1 HPLC gradient

Time (min:s) % A % B
0.00 99 1
0.10 99 1
4.00 3 97
5.00 3 97
5.01 99 1
7.00 99 1
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LC-MS analysis was performed on an Agilent 6130 dual source LC-MS with 1200 series LC 
and UV at 254 nm. Ionisation was performed with dual ESI and APCI source in positive and 
negative ionisation mode. The LC was equipped with an Agilent Poroshell 120  LC column 
(EC, C18, 2.7 µm, 4.6 mm x 75 mm) at 40 °C with a flow rate of 1.0 mL/min. The gradient as 
stated in Table S2 was used with mobile phases A {5 mM (NH4)HCO3 in water} and B {5 mM 
(NH4)HCO3 in acetonitrile}. The injection volume was 10 μL. 

 Table S2 LC-MS gradient

Time (min:s) % A % B
0.00 95 5
1.48 95 5
8.50 0 100
13.50 0 100
16.50 95 5
18.00 95 5

GC-(EI)MS analysis was performed on an Agilent Technologies 7890A GC system connect-
ed to an Agilent Technologies 5975C inert XL EI/CI MSD triple axis-mass detector. The GC 
was equipped with a Rxi-5Sil MS column (30 m x 0.25 mm x 0.25 μm). Helium was used as 
the carrier gas (1.0 mL/min flow rate). The injector temperature was 320 °C and was operated 
in splitless mode. The oven program as stated in Table S3 was used. 

 Table S3 GC-(EI)MS oven program

Time (min:s) Temperature
0.00 40 °C
4:00 40 °C
18:00 320 °C (20 °C / min)
28:00 320 °C

GC-FID analysis was performed on an Agilent Technologies 7890A GC system. The GC 
was equipped with an Agilent Technologies HP-5 column (30 m x 0.32 mm x 0.25 μm). Helium 
was used as the carrier gas (2.0 mL/min flow rate). Yields were measured against an internal 
standard as specified. The response factor was determined according to standard procedures. 
The injector temperature was 320 °C and was operated in splitless mode. The oven program 
as stated in Table S4 was used.

 Table S4 GC-FID oven program

Time (min:s) Temperature
0.00 40 °C
5:00 40 °C
18:00 320 °C (20 °C / min)
23:00 320 °C

ESI-MS (direct injection) analysis was performed on a Thermo Finnigan LCQ Duo device 
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operating at 4000 kV. The sample was injected as a solution in methanol at a rate of 20 μL/
min - 40 μL/min. 

HRMS was performed at the Swansea University, Wales, in the EPSRC National Mass 
Spectrometry Centre. Accurate mass measurements were obtained using the specified ioni-
sation mode with a LTQ Orbitrap XL mass spectrometer.

Melting points were determined using a Gallenkamp Griffen Melting Point Apparatus.

5.2. General Computational Methods
Software used was Gaussian09[247] (both Revisions A.02 or D.01 were used) in combination 

with GaussView 5.0.9[248] for all calculations. 
DFT Methods employed the functional as specified in combination with Pople triple-ζ basis 

set 6-311++G(d,p)[249-252] for all atoms up to the atomic number Z=18. For larger atoms (these 
mainly applied to counter cations K+, Rb+ and Cs+ and the halogen atoms bromine and iodine) 
the appropriate MWB relativistic pseudo-potential and associated basis set was used.[253] Sol-
vation effects were accounted for by the solvent reaction field method using the conductor-like 
polarisable continuum model (CPCM) unless mentioned otherwise.[254,255]

Nelsen’s four-point method[209] is based on Marcus theory.[61,210] The assumption is made 
that the reorganisation energy of the solvent can be neglected. The Equation 5.1 gives an 
estimate for the energy barrier ΔG* associated with an electron transfer. 

ΔG is the Gibbs free energy associated with the electron transfer. λ stands for the internal 
reorganisation energy and is calculated according to Equation 5.2). 

Here λ(atot) and λ(btot) stand for the reorganisation energy of the electron acceptor and elec-
tron donor, respectively. If these are treated in the same calculation (i.e. if they are modelled 
as a complex) only one term is needed.[64] The reorganisation energy of one species can be 
expressed by Equation 5.3). 

The subscript indicates the state of the structure ‘a’, i.e. either in product state (aP) or sub-
strate state (aS). These individual contributions are given by Equation 5.4 and 5.5, respectively. 

Equation 5.1𝛥𝛥𝐺𝐺∗ = 𝜆𝜆
4(1 +

𝛥𝛥𝐺𝐺
𝜆𝜆 )

2
 

𝜆𝜆 = 𝜆𝜆(𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡) + 𝜆𝜆(𝑏𝑏𝑡𝑡𝑡𝑡𝑡𝑡)
2  

 

Equation 5.2

𝜆𝜆(𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡) = 𝜆𝜆(𝑎𝑎𝑆𝑆) + 𝜆𝜆(𝑎𝑎𝑃𝑃) Equation 5.3

Equation 5.4𝜆𝜆(𝑎𝑎𝑃𝑃) = 𝐸𝐸𝑎𝑎𝑃𝑃(𝑅𝑅𝑎𝑎𝑆𝑆) − 𝐸𝐸𝑎𝑎𝑃𝑃(𝑅𝑅𝑎𝑎𝑃𝑃) 

Equation 5.5𝜆𝜆(𝑎𝑎𝑆𝑆) = 𝐸𝐸𝑎𝑎𝑆𝑆(𝑅𝑅𝑎𝑎𝑃𝑃) − 𝐸𝐸𝑎𝑎𝑆𝑆(𝑅𝑅𝑎𝑎𝑆𝑆) 
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These equations are read as follows. For example, Eap(Ras) stands for the energy of the 
structure in the geometry of ‘aS ’ with the electronic structure of ‘aP’. To calculate this energy, 
the fully optimised geometry of the substrate ‘aS’ is required {in the notion of Equation 5.4 and 
5.5 this would be expressed as Eas(Ras)}. Then a frequency calculation is preformed on this 
geometry (denoted Ras) but with the electronic configuration of the product ‘aP’. Importantly, 
no geometry optimisation is performed in this type of calculation and it is normal to observe 
imaginary frequencies. The results of Equation 5.4 and 5.5 are always positive.     

5.3. Experimental Details for Chapter 2 “Organic Super Electron Do-

nors Made Catalytic”

5.3.1 General Experimental Procedures

General Procedure A - Dihydrobenzimidazole Protocol
The reaction vessel was charged with the substrate (0.600 mmol, 1.0 equiv.). Then 1,3-di-

methyl-2,3-dihydro-1H-benzo[d]imidazole 419 (185 mg, 1.20 mmol, 2.0 equiv.) was added as 
a solution in DMF (1.2 mL) followed by dodecanethiol (29.3 µL, 0.12 mmol, 0.2 equiv.). The 
reaction vessel was left open to air via a needle. The reaction was heated to 55 °C and moni-
tored by an appropriate technique (1H-NMR, GC-MS, TLC) as stated for each example. When 
the reaction was found to have reached full conversion, it was poured onto water/brine (100 
mL, 2:1). The reaction mixture was extracted with ethyl acetate (4 x 20 mL). The combined 
organic phases were washed with brine (1 x 50 mL), dried over MgSO4 and concentrated in 
vacuo. Purification by flash column chromatography gave the pure product. 

General Procedure B - Catalytic Protocol
The reaction vessel was charged with the substrate (0.600 mmol, 1.0 equiv.). Then DMF 

(1.2 mL) was added followed by 1,3-dimethyl-1H-benzo[d]imidazol-3-ium iodide 418-I (32.9 
mg, 0.12 mmol, 0.2 equiv.), dodecanethiol (29.3 µL, 0.12 mmol, 0.2 equiv.) and NaBH4 (45.4 
mg, 1.20 mmol, 2.0 equiv.) in this sequence. The reaction vessel was left open to air via a nee-
dle. The reaction was heated to 55 °C and monitored  by an appropriate technique (1H-NMR, 
GC-MS, TLC) as stated for each example. When the reaction was found to have reached full 
conversion, it was poured onto water/brine (100 mL, 2:1). The reaction mixture was extracted 
with ethyl acetate (4 x 20 mL). The combined organic phases were washed with brine (1 x 50 
mL), dried over MgSO4 and concentrated in vacuo. Purification by flash column chromatogra-
phy gave the pure product.
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5.3.2 Specific	Experimental	Procedures

1,3-Dimethyl-1H-benzo[d]imidazol-3-ium iodide 418-I

418-I

N
H

N K2CO3
acetonitrile,
65 °C, 46 h N

N
Me

Me

I
MeI

645 

The reaction was performed in a controlled laboratory reactor equipped with a condenser. 
The reaction was kept under nitrogen. No precautions were taken to exclude humidity. The 
reaction vessel was charged with 1H-benzo[d]imidazole 645 (35.4 g, 300 mmol, 1.0 equiv.) 
and acetonitrile (350 mL). Then potassium carbonate (41.5 g, 300 mmol, 1.0 equiv.) was 
added followed by the slow addition of iodomethane (74.7 mL, 1.20 mol, 4.0 equiv.) over ca. 
5 min. The suspension was heated to 65 °C (jacket temperature) for 46 h. The reaction was 
monitored by HPLC and was found to have reached full conversion after that time. The reac-
tion was filtered while it was still hot. The filter cake was washed with warm acetonitrile (100 
mL) and warm dichloromethane (200 mL). The crude product was obtained as a wine-red 
solid (87.9 g). The crude product was dissolved in acetonitrile (300 mL) and water (24 mL) at 
65 °C. Upon slow cooling, white crystals formed, which were isolated by filtration. The filter 
cake was washed with acetonitrile (2 x 20 mL) and acetone (2 x 20 mL) until the material was 
white. The product 1,3-dimethyl-1H-benzo[d]imidazol-3-ium iodide 418-I (58.5 g, 214 mmol, 
71 %, crop 1) was obtained as a white crystalline solid. The mother liquor was concentrated 
to give a wine-red solid (31.0 g). Crystallisation of the material from the mother liquor from hot 
acetonitrile (90 mL) and water (6 mL) followed by washing with acetonitrile (2 x 10 mL) and 
acetone (2 x 10 mL) gave the product 1,3-dimethyl-1H-benzo[d]imidazol-3-ium iodide 418-I 
(8.82 g, 32.2 mmol, 11 %, crop 2) as a white crystalline solid. In total 1,3-dimethyl-1H-ben-
zo[d]imidazol-3-ium iodide 418-I (67.4 g, 246 mmol, 82 %)  was obtained. 1H-NMR (400 MHz, 
DMSO-d6) δ 9.67 (s, 1H), 8.05 – 7.98 (m, 2H), 7.73 – 7.67 (m, 2H), 4.09 (d, J = 0.6 Hz, 6H). 
13C-NMR (101 MHz, DMSO-d6) δ 143.1, 131.6, 126.4, 113.4, 33.2. LC-(ESI+)-MS [m/z] (0.630 
min): 147 (imidazolium cation). mp = 190 °C - 193 °C (lit. mp = 190 °C - 192 °C).[256] Ion current 
analysis showed < 0.1 % (w/w) potassium content. The NMR spectra are in agreement with 
the previously reported data.[257]

1,3-Dimethyl-2,3-dihydro-1H-benzo[d]imidazole 419

419418-I

N

N
Me

Me

I NaBH4

N

N
Me

Me

H
H

toluene/aq NaOH,
0 °C, 15 min

The reaction was kept under nitrogen. The solution of sodium borohydride (757 mg, 20.0 
mmol, 1.0 equiv.) in aqueous NaOH (0.01 M, 20 mL) and toluene (20 mL) was cooled to ice 
bath temperature. Then 1,3-dimethyl-1H-benzo[d]imidazol-3-ium iodide 418-I (5.48 g, 20.0 
mmol, 1.0 equiv.) was added in small portions over ca. 2 min. The reaction was stirred at ice 
bath temperature for 15 min before it was diluted with water (120 mL) and tert-butylmethyl 
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ether (100 mL). To the crude reaction was added brine (60 mL) and the phases were separat-
ed. The aqueous phase was extracted with tert-butylmethyl ether (3 x 80 mL). The combined 
organic phases were dried over MgSO4 and Al(OH)3 (for ca. 5 min) and concentrated in vac-
uo first at room temperature then at 45 °C to a volume of ca. 1 mL. Then the crude product 
was passed over Al(OH)3 and concentrated further under a flow of nitrogen to give 1,3-di-
methyl-2,3-dihydro-1H-benzo[d]imidazole 419 (2.53 g, 16.8 mmol, 84 %, average of three 
experiments on the same scale, see Table S5) as a pale yellow oil. No further purification was 
required. For storage over days or longer, the material was kept under nitrogen at 4 °C.1H-
NMR (400 MHz, THF-d8) δ 6.52 (dd, J = 5.5, 3.2 Hz, 2H), 6.32 (dd, J = 5.4, 3.2 Hz, 2H), 4.24 (s, 
2H), 2.66 (s, 6H). 13C-NMR (101 MHz, THF-d8) δ 144.6, 119.7, 106.7, 81.3, 34.7. 1H-NMR (400 
MHz, Chloroform-d) δ 6.71 – 6.65 (m, 2H), 6.43 (dd, J = 5.4, 3.2 Hz, 2H), 4.34 (s, 2H), 2.74 (s, 
6H). 13C-NMR (101 MHz, Chloroform-d) δ 143.3, 119.3, 106.3, 80.4, 34.6. (Chloroform-d was 
passed over Al(OH)3 and MgSO4 before use). 1H-NMR (400 MHz, DMSO-d6) δ 6.58 – 6.51 (m, 
2H), 6.40 (dd, J = 5.4, 3.2 Hz, 2H), 4.24 (s, 2H), 2.65 (s, 6H). 13C-NMR (101 MHz, DMSO-d6) δ 
143.2, 118.6, 105.9, 79.6, 34.1. LC-ESI(+)-MS [m/z] (0.93 min): 148.9 (M+). The NMR spectra 
in THF-d8 are in agreement with the previously reported data.[258]

 Table S5 Individual yields of 1,3-dimethyl-2,3-dihydro-1H-benzo[d]imidazole 419

Experiment Purity (HPLC, 210 nm) Yield of 419
1 94 % 2.47 g, 15.7 mmol, 78 %
2 100 % 2.55 g, 17.2 mmol, 86 %
3 100 % 2.58 g, 17.4 mmol, 87 %
Average 98 % 2.53 g, 16.8 mmol, 84 %

5.3.3 Preliminary Experiments - Reductive Deiodination
(Corresponds to Chapter 2.2.1).

419
(equiv.)

PRC,[a] initiator,[b] 
solvent, temperature, time

420 421 422 418-I

In order to understand the fundamental reactivity of 1,3-dimethyl-2,3-dihydro-1H-benzo[d]
imidazole 419 in radical reactions, the simple deiodination reaction of 4-iodobiphenyl 420  was 
chosen as a model system. The results are summarised in Table S6 (corresponds to Table 2-1 
in the main text).  

Conditions for Entry 1 - 2
A pressure tube was charged with 1,3-dimethyl-2,3-dihydro-1H-benzo[d]imidazole 419 (156 

mg, 1.00 mmol, 2.0 equiv.) and brought inside the glove box. Then benzene (5.0 mL) and 
4-iodo-1,1’-biphenyl 420 (140 mg, 0.500 mmol, 1.0 equiv.) were added. Finally the initiator 
(40.0 mg {for dilauroyl peroxide}, 35.0 mg {for dibezoyl peroxide}, 0.100 mmol,  0.2 equiv.) was 
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added as required and the reaction was heated outside the glove box for 16 h at the specified 
temperature. The reaction was cooled to room temperature, concentrated in vacuo and ana-
lysed by 1H-NMR. 

Conditions for Entry 3
A pressure tube was charged with 1,3-dimethyl-2,3-dihydro-1H-benzo[d]imidazole 419 (156 

mg, 1.00 mmol, 2.0 equiv.) and brought inside the glove box. Then benzene (5.0 mL) and 4-io-
do-1,1’-biphenyl 420 (140 mg, 0.500 mmol, 1.0 equiv.) were added. Finally the initiator di-tert-
butyl peroxide (19 μL, 0.10 mmol, 0.2 equiv.) was added and the reaction was heated outside 
the glove box for 16 h at 130 °C. The reaction was cooled to room temperature, decanted and 
the precipitate was washed with toluene (3 x 0.5 mL). The precipitate was dried in vacuo to 
give pure 1,3-dimethyl-1H-benzo[d]imidazol-3-ium iodide 418-I (141 mg, 0.513 mmol, 51 %) 
as a white solid. The NMR spectra were identical to the spectra recorded for the independently 
synthesised material, vide infra. The organic phase was concentrated in vacuo. Purification by 
flash column chromatography (hexane) gave the pure product biphenyl 421 (50.2 mg, 0.326 
mmol, 65 %) as a white solid. 1H-NMR (400 MHz, Chloroform-d) δ 7.65 – 7.60 (m, 4H), 7.50 – 
7.44 (m, 4H), 7.40 – 7.35 (m, 2H). 13C-NMR (101 MHz, Chloroform-d) δ 141.4, 128.9, 127.4, 
127.3. GC-MS [m/z (%)] (10.841 min): 154 (100, M+), 153 (50), 152 (35), 151 (10), 128 (10), 
126 (5), 115 (10), 102 (10), 89 (5), 87 (5), 77 (15), 76 (25), 75 (10), 74 (10), 64 (5), 63 (15), 62 
(5), 52 (5), 51 (30), 50 (20). mp = 65.5 °C - 66 °C (lit. mp = 65 °C - 66 °C).[259] The NMR spectra 
are in agreement with the previously reported data.[260] 

Additionally, p-terphenyl 422 (23.1 mg, 0.100 mmol. 20 %) was isolated as a white solid. 
1H-NMR (400 MHz, Chloroform-d) δ 7.70 (s, 4H), 7.68 – 7.64 (m, 4H), 7.51 – 7.45 (m, 4H), 
7.40 – 7.33 (m, 2H). 13C-NMR (101 MHz, Chloroform-d) δ 140.9, 140.3, 129.0, 127.6, 127.5, 
127.2. GC-MS [m/z (%)] (15.311 min): 230 (100, M+), 229 (10), 228 (15), 227 (5), 226 (10), 
202 (10), 153 (5), 152 (15), 151 (5), 115 (15), 78 (10), 77 (20), 63 (5), 51 (15). mp = 209 °C - 
210 °C (lit. mp = 209 °C - 210 °C).[261] The NMR spectra are in agreement with the previously 
reported data.[262]

Conditions for Entry 4
A pressure tube was charged with 1,3-dimethyl-2,3-dihydro-1H-benzo[d]imidazole 419 (62 

mg, 0.40 mmol, 2.0 equiv.) and brought inside the glove box. Then 4-iodo-1,1’-biphenyl 420 
(56.0 mg, 0.200 mmol, 1.0 equiv.) was added, followed by a solution of the initiator lauroyl 
peroxide (15.9 mg, 40.0 μmol, 0.2 equiv.) and dodecanethiol (2.4 µL, 10 μmol, 0.05 equiv.) in 
benzene (2.0 mL). The reaction was heated outside the glove box for 16 h at 70 °C. The reac-
tion was cooled to room temperature and concentrated in vacuo. Purification by flash column 
chromatography (hexane) gave the pure product biphenyl 421 (27.0 mg, 0.151 mmol, 75 %) 
as a white solid. The NMR spectra were identical to the previously recorded spectra.

Conditions for Entry 5
A pressure tube was charged with 1,3-dimethyl-2,3-dihydro-1H-benzo[d]imidazole 419 (62.0 

mg, 0.400 mmol, 2.0 equiv.) and brought inside the glove box. Then 4-iodo-1,1’-biphenyl 420 
(56.0 mg, 0.200 mmol, 1.0 equiv.) was added, followed by the initiator di-tert-butyl peroxide 
(DTBP) (7.35 μL, 40.0 μmol, 0.2 equiv.) and dodecanethiol (2.4 µL, 10 μmol, 0.05 equiv.) in 
benzene (2.0 mL). The reaction was heated outside the glove box for 16 h at 130 °C. The reac-
tion was cooled to room temperature, decanted and the precipitate was washed with toluene 
(3 x 0.5 mL). The precipitate was dried in vacuo to give pure 1,3-dimethyl-1H-benzo[d]imida-
zol-3-ium iodide 418-I (39.7 mg, 0.145 mmol, 36 %) as a white solid. The NMR spectra were 
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identical to the independently synthesised material, vide infra. The organic phase was con-
centrated in vacuo. Purification by flash column chromatography (hexane) gave the product 
biphenyl 421 (25.0 mg, 0.162 mmol, 81 %) as a white solid. The NMR spectra were identical 
to the previously recorded spectra. Additionally, p-terphenyl 422 (6.9 mg, 30 μmol, 15 %) was 
isolated as a white solid. The NMR spectra were identical to the previously recorded spectra.

Conditions for Entry 6
A reaction vessel was charged with 1,3-dimethyl-2,3-dihydro-1H-benzo[d]imidazole 419 

(62.0 mg, 0.400 mmol, 2.0 equiv.) and 4-iodo-1,1’-biphenyl 420 (56.0 mg, 0.200 mmol, 1.0 
equiv.). The reaction was stirred at room temperature open to air for 38 h. The reaction was 
washed and decanted with toluene (3 x 0.5 mL). The precipitate was dried in vacuo to give 
pure 1,3-dimethyl-1H-benzo[d]imidazol-3-ium iodide 418-I (54.1 mg, 0.197 mmol, 49 %) as a 
white solid. The NMR spectra were identical to the independently synthesised material, vide 
infra. The organic phase was concentrated in vacuo. Purification by flash column chromatog-
raphy (hexane) gave the product biphenyl 421 (29.4 mg, 0.181 mmol, 91 %) as a white solid. 
The NMR spectra were identical to the previously recorded spectra.

Conditions for Entry 7 - 11 and 13 - 22
The reaction vessel was charged with 1,3-dimethyl-2,3-dihydro-1H-benzo[d]imidazole 419 

as required. Then the solvent was added (0.4 mL) as required followed by 4-iodo-1,1’-biphenyl 
420 (58 mg, 0.20 mmol, 1.0 equiv.). The reaction was heated to the specified temperature for 
the specified time while left open to air via a needle. The reaction mixture was cooled to room 
temperature, diluted to ca. 1 mg/mL of starting material 4-iodobiphenyl 420 and a precisely 
measured amount of 1-phenylpyrrolidin-2-one (ca. 24.2 mg, 0.100 mmol, 0.5 equiv.) was add-
ed as internal standard. An aliquot was analysed by HPLC (biphenyl: 3.209 min). 

Conditions for Entry 12
The reaction vessel was charged with 1,3-dimethyl-2,3-dihydro-1H-benzo[d]imidazole 419 

(178 mg, 1.20 mmol, 2.0 equiv.). Then 4-iodo-1,1’-biphenyl 420 (178 mg, 0.600 mmol. 1.0 
equiv.) was added, followed by acetonitrile (1.2 mL). The reaction was heated to 55 °C for 4 h 
open to air via a needle. The reaction mixture was cooled to room temperature, diluted to ca. 
1 mg/mL of starting material 4-iodobiphenyl 420 and a precisely measured amount of 1-phe-
nylpyrrolidin-2-one (ca. 24.2 mg, 0.100 mmol, 0.5 equiv.) was added (internal standard). An 
aliquot was analysed by HPLC and the yield was found to equal 99 %. From the same reaction 
the product was isolated by flash column chromatography (ethyl acetate in heptane, gradient 
from 0 % to 5 %). Biphenyl 421 (85 mg, 0.55 mmol, 92 %) was obtained as a white solid. The 
NMR spectra were identical to the previously recorded spectra. 

 Table S6 - Optimisation of Biphenyl Reduction

Entry 419 
(equiv.)

PRC[a] 
(equiv.)

Initia-
tor[b]

Solvent Temp. Time
(h:min)

Yield of 
421[c]

1 2.0 none LP benzene 70 °C 16:00 22 %[d]

2 2.0 none DBP benzene 80 °C 16:00 20 %[d]

3 2.0 none DTBP benzene 130 °C 16:00 65 %[e,f]

4 2.0 0.05 LP benzene 70  °C 16:00 75 %[e]

5 2.0 0.05 DTBP benzene 130 °C 16:00 81 %[e,g]

6 2.0 none air none RT 38:00 91 %[e,h]

7 1.1 none air none 45 °C 18:00 78 %
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Entry 419 
(equiv.)

PRC[a] 
(equiv.)

Initia-
tor[b]

Solvent Temp. Time
(h:min)

Yield of 
421[c]

8 1.1 none air DMSO 45 °C 18:00 89 %
9 1.1 none air ACN 45 °C 18:00 84 %
10 1.5 none air ACN 45 °C 6:00 90 %
11 2.0 none air ACN 45 °C 6:00 99 %
12 2.0 none air ACN 55 °C 4:00 99 %

(92 %)[e]

13 1.1 none air Acetone 45 °C 18:00 82 %
14 1.1 none air 1,4-dioxane 45 °C 18:00 76 %
15 1.1 none air EtOAc 45 °C 18:00 73 %
16 1.1 none air DMF 45 °C 18:00 66 %
17 1.5 none air DMF 45 °C 6:00 83 %
18 2.0 none air DMF 45 °C 6:00 90 %
19 2.0 none air DMF 55 °C 4:00 95 %
20 1.1 none air DCM 45 °C 18:00 59 %
21 1.1 none air Cyclohexane 45 °C 18:00 55 %
22 1.1 none air THF[i] 45 °C 18:00 28 %

[a] n-Dodecanethiol was used as a polarity reversal catalyst (PRC). 
[b] LP: lauroyl peroxide; DBP: dibenzoyl peroxide; DTBP: di-tert-butyl peroxide. For all the 

initiators other than air 0.2 equiv. were used. If air was used as an initiator the reaction was left 
open to air for the whole reaction period via a needle. 

[c] The yield was determined by HPLC vs. 1-phenylpyrrolidin-2-one as internal standard 
unless mentioned otherwise.

[d] The conversion (product / {product + substrate} x 100 %) was determined by 1H-NMR.
[e] Isolated yield.
[f] Additionally 20 % of p-terphenyl 422 and 51 % of 418-I were isolated.
[g] Additionally 15 % of p-terphenyl 422 and 36 % of 418-I were isolated.
[h] Additionally 49 % of 418-I was isolated.

[i] THF without stabiliser was used. 
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5.3.4 Optimisation for Reductive Radical Cyclisation Reactions with 419
(Corresponds to Chapter 2.2.2. For the synthesis of 426 see Chapter 5.3.8).

 Optimisation for General Protocol A Based on Synthesis of tert-Butyl-3-methylindo-
line-1-carboxylate 427

426 427 

N
Boc

Me

N
Boc

I

55 °C, open to air

N

N
Me

Me

H
H

Conditions
419

The conditions for 5-exo-trig reactions with 1,3-dimethyl-2,3-dihydro-1H-benzo[d]imidazole 
419 were optimised for the model substrate tert-butyl allyl(2-iodophenyl)carbamate 426. The 
results are summarised in Table S7 (corresponds to Table 2-2 in the main text). 

Conditions for Entry 1
The reaction vessel was charged with 1,3-dimethyl-2,3-dihydro-1H-benzo[d]imidazole 419 

(356 mg, 2.40 mmol, 2.0 equiv.). Then DMF (2.4 mL) was added followed by tert-butyl ally-
l(2-iodophenyl)carbamate 426 (444 mg, 1.20 mmol, 1.0 equiv.) and a precisely measured 
amount of internal standard 1-phenylpyrrolidin-2-one (ca. 29.0 mg, 0.120 mmol, 0.5 equiv.). All 
solids were dissolved at room temperature before the reaction was inserted in the pre-heated 
heat-block. The reaction was heated to 55 °C for 1 h 40 min while left open to air via a needle. 
Reaction preparation time was < 5 min. The reaction was aliquoted ca. every 10 min. The 
aliquots were diluted with methanol to ca. 1 mg/mL of substrate and analysed by GC-FID. 
The reaction was monitored by GC-FID and was found to have reached full conversion after 
50 min (the yield vs. the internal standard was found equal to 87 %). The reaction was parti-
tioned between water (66 mL), brine (33 mL) and ethyl acetate (20 mL). The organic phase 
was extracted with ethyl acetate (3 x 20 mL). The combined organic phases were washed 
with brine (5 x 20 mL), dried over Na2SO4 and concentrated in vacuo. Purification by flash 
column chromatography (ethyl acetate in heptane, gradient form 0 % to 5 %) gave the product 
tert-butyl 3-methylindoline-1-carboxylate 427 (262 mg, 1.03 mmol, 86 %) as a colourless oil. 
1H-NMR (400 MHz, Chloroform-d) δ 7.61 (br m, 1H), 7.20 – 7.14 (m, 1H), 7.14 – 7.11 (m, 1H), 
6.95 (ddd, J = 7.4, 1.1 Hz, 1H), 4.14 (t, J = 10.3 Hz, 1H), 3.57 – 3.46 (m, 1H), 3.45 – 3.31 (m, 
1H), 1.57 (s, 9H), 1.32 (d, J = 6.8 Hz, 3H). 13C-NMR (101 MHz, Chloroform-d) δ 152.7, 142.0 
(br, low intensity), 136.0 (br, low intensity), 127.7, 123.6, 122.4, 114.8, 80.5 (br, low intensity), 
55.8, 34.1, 28.6, 20.4. GC-MS [m/z (%)] (13.312 min): 233 (3, M+), 162 (10), 160 (5), 133 (10), 
132 (15), 130 (35), 118 (45), 117 (25), 103 (15), 91 (15), 78 (10), 77 (25), 57 (100). The NMR 
spectra are in agreement with the previously reported data.[263]

Conditions for Entries 2 - 12
The reaction vessel was charged with 1,3-dimethyl-2,3-dihydro-1H-benzo[d]imidazole 419 

(178 mg, 1.20 mmol, 2.0 equiv.). Solvent (1.2 mL for Entries 2-6 and 9-12 and 6.0 mL for 
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Entries 7 and 8) was added, followed by dodecanethiol, as required. Then tert-butyl allyl(2-io-
dophenyl)carbamate 426 (221 mg, 0.600 mmol, 1.0 equiv.) and a precisely measured amount 
of 1-phenylpyrrolidin-2-one (ca. 48.4 mg, 0.300 mmol, 0.5 equiv.), as an internal standard, 
were added. All solids were dissolved at room temperature before the reaction was inserted in 
the pre-heated heat-block and left open to air for the whole reaction time. Reaction preparation 
time was < 5 min. The reactions were aliquoted ca. every 5 min during the first hour. From then 
on, the reactions were aliquoted ca. every 15 min. The aliquots were diluted with methanol to 
ca. 1 mg/mL of substrate and analysed by GC-FID. For entry 10, the reaction was repeated 
on the same scale in the absence of internal standard and the product was isolated: After 2 
h of reaction time the reaction was cooled to room temperature. The reaction was partitioned 
between water (66 mL), brine (33 mL) and ethyl acetate (20 mL). The organic phase was ex-
tracted with ethyl acetate (3 x 20 mL). The combined organic phases were washed with brine 
(5 x 20 mL), dried over Na2SO4 and concentrated in vacuo. Purification by flash column chro-
matography (ethyl acetate in heptane, gradient form 0 % to 5 %) gave the product tert-butyl 
3-methylindoline-1-carboxylate 427 (91.4 mg, 0.392 mmol, 65 %) as a colourless oil. The NMR 
spectra were identical to the previously recorded spectra.

Conditions for Entry 13 
Preparation of the reagent mixture without reducing agent 419 
 The reaction vessel was charged with a precisely measured amount of 1-phenylpyrroli-

din-2-one (ca. 48.4 mg, 0.300 mmol, 0.5 equiv.) as an internal standard and tert-butyl ally-
l(2-iodophenyl)carbamate 426 (221 mg, 0.600 mmol, 1.0 equiv.). Then DMF (0.6 mL) was 
added followed by dodecanethiol (29.3 µL, 0.120 mmol, 0.2 equiv.). The solution was purged 
with nitrogen for 30 min and pre-heated at 55 °C. 

Preparation of a solution of reducing agent 419 
 A solution of 1,3-dimethyl-2,3-dihydro-1H-benzo[d]imidazole 419 (217 mg, 1.46 mmol, 2.4 

equiv.) in DMF (0.73 mL) was prepared. The solution was purged with nitrogen for 30 min. 
Reaction
From the solution of reducing agent, 0.6 mL were transferred to the pre-heated reaction 

mixture at 55 °C. The reaction was kept under a flow of nitrogen. Aliquots were taken every 30 
min and diluted to ca. 1 mg/mL of substrate with methanol. The diluted aliquots were analysed 
by GC-FID.

 Table S7- Optimisation for General Protocol A

Entry PRC[a] 
(equiv.)

Solvent Concentration Time[b] 
(h:min)

 Yield of 427[c]

1 0.2 DMF 0.5 M 0:50 87 % (86 %)[d]

2 0.2 ACN 0.5 M 1:15 75 %
3 0.2 Cyclohexane 0.5 M 4:00 65 %
4 0.2 Toluene 0.5 M 4:00 66 %
5 0.2 THF[e] 0.5 M 3:00 69 %
6 0.2 tBuOH 0.5 M >4:00 46 %[f]

7 0.2 DMF 0.1 M 0:15 77 %
8 1.0 DMF 0.1 M 0:05 81 %
9 0.05 DMF 0.5 M 1:00 76 %
10 none DMF 0.5 M 2:00 64 % (65 %)[d]
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Entry PRC[a] 
(equiv.)

Solvent Concentration Time[b] 
(h:min)

 Yield of 427[c]

11 0.05 ACN 0.5 M 1:30 69 %
12 none ACN 0.5 M 2:00 58 %
13[g] 0.2 DMF 0.5 M >6:00 62 %[h]

[a] n-Dodecanethiol was used as a polarity reversal catalyst (PRC).
[b] The reaction progress was monitored by GC-FID and the time when the reaction reached 

full conversion is given.
[c] Yield determined by GC-FID vs. 1-phenylpyrrolidin-2-one as internal standard unless 

mentioned otherwise.
[d] Isolated yield in brackets.
[e] THF without stabiliser was used.
[f] Yield of remaining starting material was 45 % by GC-FID vs. 1-phenylpyrrolidin-2-one as 

internal standard. 
[g] The reaction was degassed by purging with nitrogen and was kept under a nitrogen at-

mosphere. 
[h] 22 % of remaining starting material was measured by GC-FID vs. 1-phenylpyrrolidin-2-one 

as internal standard.   

5.3.5 Computational Studies on the Initiation by Oxygen
(Corresponds to Chapter 2.2.3).

All calculations were performed on UM06-2X/6-311++G(d,p)/cpcm(DMF) level of theory. The  
.log files can be found in the following depository: Https://doi.org/10.15129/deef4cea-f279-
4afe-82ca-29b88bd30579 {/Catalytic_Electron_Donor/Initiation}

The structures and corresponding file names for the calculations summarised in Figure 2-2 
are listed below (Table S8). It should be noted that Entries 12 - 14 contain supplementary re-
sults that have not been discussed in the main text. 

 Table S8 - File names for structures in Figure 2-2

Entry Structure File name Comment
1 417 Benzimidazoyl_radical.log

2 419 Aminal.log

3 428 Aminal_neutral_in_cation_geom.log Neutral aminal in aminal cati-
on geometry

4 428 Aminal_cation.log

5 428 Aminal_cation_in_neutral_geom.log Aminal cation in neutral ami-
nal geometry

6 429 Superoxide_anion.log Superoxide anion

7 430 Hydroxyl_peroxide.log Hydroxyl peroxide

8 Oxygen Triplet_oxygen.log Oxygen

9 Oxygen TripletOxygen_in_Superoxide_anion_geom.log Oxygen in superoxide geom-
etry

10 Substrate com-
plex

TS_TripletOxygen_exo_Dihydrobenzimidazole_
DMF_M062X_6-311++Gdp_back.log

419 and oxygen complexed 

11 H-abstr. TS TS_TripletOxygen_exo_Dihydrobenzimidazole_
DMF_M062X_6-311++Gdp.log

Transition state for hydrogen 
abstraction

12 Product complex TS_TripletOxygen_exo_Dihydrobenzimidazole_
DMF_M062X_6-311++Gdp_forward.log

417 and hydroxyl peroxide 
complexed
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Entry Structure File name Comment
13 Substrate com-

plex (2nd variant)
TS_TripletOxygen_Dihydrobenzimidazole_DMF_
M062X_6-311++Gdp_back.log

Analogous to entry 9 with al-
ternative geometry 

14 H-abstr. TS (2nd 
variant)

TS_TripletOxygen_Dihydrobenzimidazole_DMF_
M062X_6-311++Gdp.log

Analogous to entry 10 with al-
ternative geometry

15 Product complex 
(2nd variant)

TS_TripletOxygen_Dihydrobenzimidazole_DMF_
M062X_6-311++Gdp_forward.log

Analogous to entry 11 with al-
ternative geometry

 Table S9 - File names for structures in Scheme 2-2

Entry Structure File name Comment
1 419 and 429 TS_Superoxide_exo_Dihydrobenzimidazole_

DMF_M062X_6-311++Gdp_back.log
Substrate complex for hydro-
gen abstraction by superoxide 
anion

2 H-abstr. TS TS_Superoxide_exo_Dihydrobenzimidazole_
DMF_M062X_6-311++Gdp_trial_2.log

TS for hydrogen abstraction 
by superoxide anion

3 417 and 430 TS_Superoxide_exo_Dihydrobenzimidazole_
DMF_M062X_6-311++Gdp_forward.log

Product complex for hydrogen 
abstraction by superoxide an-
ion

4 419 and 430 TS_Hydroxylperoxide_exo_Dihydrobenzimida-
zole_DMF_M062X_6-311++Gdp_back.log

Substrate complex for hydro-
gen abstraction by hydroxyl 
peroxide

5 H-abstr. TS TS_Hydroxylperoxide_exo_Dihydrobenzimida-
zole_DMF_M062X_6-311++Gdp.log

TS for hydrogen abstraction 
by hydroxyl peroxide

6 417 and peroxide TS_Hydroxylperoxide_exo_Dihydrobenzimida-
zole_DMF_M062X_6-311++Gdp_forward_trial2.
log

Product complex for hydrogen 
abstraction by hydroxyl perox-
ide

7 Peroxide Peroxide.log Hydrogen peroxide

 Table S10 - File names for structures in Scheme 2-3

Entry Structure File name Comment
1 417 Benzimidazoyl_radical.log

2 417 Benzimidazoyl_radical_in_Benzimidazolium_cati-
on_geom.log

417 in the geometry of 418

3 418 Benzimidazolium_cation.log

4 418 Benzimidazoium_cation_in_Benzimidazoyl_radi-
cal_geom.log

418 in the geometry of 417

5 Iodobenzene Iodobenzene.log

6 Iodobenzene Iodobenzene_neutral_in_radical-anion_geom.log Neutral iodobenzene in geom-
etry of radical anion

7 Iodobenzene rad-
ical anion

Iodobenzene_radical-anion_trial2.log Radical anion of iodobenzene 
fragmented to phenyl radical 
and iodide

8 Iodobenzene rad-
ical anion

Iodobenzene_radical_anion_in_neutral_geom.log Radical anion of iodobenzene 
in the geometry of neutral io-
dobenzene
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5.3.6 Optimisation of the Catalytic Electron Donor Protocol 
(Corresponds to Chapter 2.2.4. For the synthesis of 426 see Chapter 5.3.8).

 Optimisation for General Protocol B Based on Synthesis of tert-Butyl-3-methylindo-
line-1-carboxylate 427

N
Boc

Me

N
Boc

I

55 °C, open to air

N

N
Me

Me

H

Conditions

I

426 427 

418-I

The conditions for 5-exo-trig reactions with 1,3-dimethyl-1H-benzo[d]imidazol-3-ium iodide 
418-I as a catalyst were optimised for the model substrate tert-butyl allyl(2-iodophenyl)carba-
mate 426. The results are summarised in Table S11. 

Conditions for Entry 1 and 4 - 18
The reaction vessel was charged with tert-butyl allyl(2-iodophenyl)carbamate 426 (73.7 mg, 

0.200 mmol, 1.0 equiv.) and 1,3-dimethyl-1H-benzo[d]imidazol-3-ium iodide 418-I (11.0 mg, 
40.0 μmol, 0.2 equiv.). Then the solvent (0.4 mL) was added as required followed by dode-
canethiol as required. Finally, the reducing agent (2.0 equiv.) was added as required and the 
reaction mixture was inserted in a reaction block, which was pre-heated at 55 °C and was 
stirred for 4 h. The reaction was left open to air via a needle for the whole reaction time. The 
reaction mixture was diluted with a solution of 1-phenylpyrrolidin-2-one in methanol (precisely 
known concentration of ca. 1 mg / mL of 1-phenylpyrrolidin-2-one - internal standard) to ca. 1 
mg / mL of employed substrate and was analysed by GC-FID. 

Conditions for Entry 2
The reaction vessel was charged with a precisely measured amount of internal standard do-

decane (ca. 38.3 mg, 0.225 mmol, 0.5 equiv.), dodecanethiol (22.0 µL, 90.0 μmol, 0.2 equiv.), 
tert-butyl allyl(2-iodophenyl)carbamate 426 (165 mg, 0.450 mmol, 1.0 equiv.) and the catalyst 
1,3-dimethyl-1H-benzo[d]imidazol-3-ium iodide 418-I (24.7 mg, 90.0 μmol, 0.2 equiv.). Then 
DMF (0.9 mL) was added and all solids were dissolved. Then sodium borohydride (34.7 mg, 
0.900 mmol, 2.0 equiv.) was added and the reaction was inserted in a reaction block, which 
was pre-heated at 55 °C. The reaction was left open to air via a needle for the whole reaction 
time. The reaction was heated at 55 °C for  3 h 40 min. The reaction was monitored by GC-FID 
and was found to have reached full conversion after 3 h. The yield of product was 91 % by GC-
FID. The reaction was partitioned between water (66 mL), brine (33 mL) and ethyl acetate (20 
mL). The organic phase was extracted with ethyl acetate (3 x 20 mL). The combined organic 
phases were washed with brine (5 x 20 mL), dried over Na2SO4 and concentrated in vacuo.  
Purification by flash column chromatography (ethyl acetate in heptane, gradient from 0 % to 5 
% ) gave the product tert-butyl 3-methylindoline-1-carboxylate 427 (90.3 mg, 0.375 mmol, 83 
%) as a colourless oil. The NMR spectra were identical to the previously recorded data. 

Conditions for Entry 3
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The reaction vessel was charged with a precisely measured amount of internal standard 
1,3,5-trimethoxybenene (ca. 50.4 mg, 0.300 mmol, 0.5 equiv.), dodecanethiol (29.3 µL, 0.120 
mmol, 0.2 equiv.), the substrate tert-butyl allyl(2-iodophenyl)carbamate 426 (220 mg, 0.600 
mmol, 1.0 equiv.) and the catalyst 1,3-dimethyl-1H-benzo[d]imidazol-3-ium iodide 418-I (8.2 
mg, 30 µmol, 0.05 equiv.). Then DMF (1.2 mL) was added and all material was dissolved. 
Then the terminal reducing agent sodium borohydride (46.4 mg, 1.2 mmol, 2.0 equiv.) was 
added and the reaction was inserted in a reaction block, which was pre-heated at 55 °C. The 
reaction was left open to air for the whole heating period. An aliquot was taken in regular inter-
vals. The reaction aliquot was partitioned between diethyl ether (1 ml), water (2 mL) and brine 
(1 mL). The organic phase was passed over MgSO4 and concentrated under a flow of air and 
dissolved in chloroform-d. The aliquot was analysed by 1H-NMR.

Conditions for Entry 19 - 21
The reaction vessel was charged with a precisely measured amount of internal standard 

n-dodecane (ca. 51.1 mg, 0.300 mmol, 0.5 equiv.), dodecanethiol (29.3 µL, 0.120 mmol, 0.2 
equiv.), the substrate tert-butyl allyl(2-iodophenyl)carbamate 426 (220 mg, 0.600 mmol, 1.0 
equiv.) and the catalyst 1,3-dimethyl-1H-benzo[d]imidazol-3-ium iodide 418-I (32.9 mg, 0.120 
mmol, 0.2 equiv.). Then DMF (1.2 mL) was added and all material was dissolved. Then the 
terminal reducing agent (Entry 19: Na(AcO)3BH {1.2 mmol, 262 mg, 2.0 equiv.}; Entry 20: 
Na(AcO)3BH {4.8 mmol, 1.05 g, 8.0 equiv.}; Entry 21: NaBH3CN {1.2 mmol, 79.4 mg, 2.0 
equiv.}) was added as required and the reaction was inserted in a reaction block, which was 
pre-heated at 55 °C. The reaction was left open to air via a needle for the whole reaction time. 
Aliquots were taken in regular intervals and diluted with methanol to ca. 1 mg / mL of employed 
substrate. The diluted aliquots were analysed by GC-FID. 

Conditions for Entries 22 and 23
The reaction vessel was charged with tert-butyl allyl(2-iodophenyl)carbamate 426 (111 mg, 

0.300 mmol, 1.0 equiv.). Then DMF (0.6 mL) was added followed by dodecanethiol (Entry 
22: 14.7 µL, 60.0 µmol, 0.2 equiv.; Entry 23: 147 µL, 0.600 mmol, 2.0 equiv.) and a precisely 
measured amount of internal standard 1,3,5-trimethoxybenene (ca. 50.4 mg, 0.300 mmol, 
1.0 equiv.). All reactants were dissolved before the addition of sodium borohydride (23.2 mg, 
0.600 mmol, 2.0 equiv.). The reaction was heated to 55 °C for the specified time while left 
open to air via a needle. At the end of the heating period an aliquot was take. The reaction 
aliquot was partitioned between diethyl ether (1 ml), water (2 mL) and brine (1 mL). The or-
ganic phase was passed over MgSO4, and concentrated under a flow of air and dissolved 
in chloroform-d. The aliquot was analysed by 1H-NMR. It was found that the yield of product 
tert-butyl 3-methylindoline-1-carboxylate 427 was 9 % while 87 % of starting material tert-butyl 
allyl(2-iodophenyl)carbamate 426 remained. 

Conditions for Entry 24
The reaction vessel was charged with tert-butyl allyl(2-iodophenyl)carbamate 426 (111 mg, 

0.300 mmol, 1.0 equiv.). Then DMF (0.6 mL) was added followed by a precisely measured 
amount of internal standard 1,3,5-trimethoxybenene (ca. 50.4 mg, 0.300 mmol, 1.0 equiv.). All 
reactants were dissolved before the addition of sodium borohydride (23.2 mg, 0.600 mmol, 
2.0 equiv.). The reaction was heated to 55 °C for 20 h while left open to air via a needle. A the 
end of the heating period an aliquot was take. The reaction aliquot was partitioned between di-
ethyl ether (1 ml), water (2 mL) and brine (1 mL). The organic phase was passed over MgSO4, 
concentrated under a flow of air and dissolved in chloroform-d. The aliquot was analysed by 
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1H-NMR. 

 Table S11 - Optimisaton for General Protocol A

Entry Hydride Re-
ducing Agent

Loading of 
418-I (equiv.)

PRC 
(equiv.)[a]

Solvent Time  
(h:min)[b]

 Yield of 
427[c]

1 NaBH4 0.2 0.2 DMF 4:00 84 %  
2 NaBH4 0.2 0.2 DMF 3:40[d] 83 %[e]

3 NaBH4 0.05 0.2 DMF 4:00[f] 61 %[g]

4 NaBH4 0.2 none DMF 4:00 8 %
5 NaBH4 0.2 0.2 ACN 4:00 40 %
6 NaBH4 0.2 none ACN 4:00 3 %
7 NaBH4 0.2 0.2 tBuOH 4:00 20 %
8 NaBH4 0.2 0.2 THF 4:00 18 %
9 NaBH4 0.2 0.2 Toluene/

tBuOH
4:00 35 %

10 NaBH4 0.2 0.2 Toluene/
water

4:00 27 %

11 Na(AcO)3BH 0.2 0.2 DMF 4:00 40 %
12 Na(AcO)3BH 0.2 none DMF 4:00 7 %
13 Na(AcO)3BH 0.2 0.2 ACN 4:00 7 %
14 Na(AcO)3BH 0.2 none ACN 4:00 1 %
15 Na(AcO)3BH 0.2 0.2 tBuOH 4:00 6 %
16 Na(AcO)3BH 0.2 0.2 THF 4:00 5 %
17 Na(AcO)3BH 0.2 0.2 Toluene/

tBuOH
4:00 4 %

18 Na(AcO)3BH 0.2 0.2 Toluene/
water

4:00 0 %

19 Na(AcO)3BH 0.2 0.2 DMF 30:00 35 %[h]

20 Na(AcO)3BH[i] 0.2 0.2 DMF 20:00 8 %[j]

21 NaBH3CN 0.2 0.2 DMF 20:00 2 %[k]

22 NaBH4 none 0.2 DMF 20:00 9 %[l]

23 NaBH4 none 2.0 DMF 5:00 64 %
24 NaBH4 none none DMF 20:00 0 %[m]

[a]  n-Dodecanethiol was used as a polarity reversal catalyst (PRC).
[b]  Time for which the reaction was heated at 55 °C. 
[c]  Yield determined by GC-FID vs. 1-phenylpyrrolidin-2-one as an internal standard unless 

mentioned otherwise.
[d]  The reaction reached full conversion after 3 h. 
[e]  Isolated yield. 
[f]  The reaction reached full conversion after 4 h. 
[g]  Yield determined by 1H-NMR vs. 1,3,5-trimethoxybenene as internal standard. No remain-

ing starting material was detected.
[h]  Yield of remaining starting material was 65 % by GC-FID vs. n-dodecane as internal stand-

ard.
[i]  8 equiv. of Na(AcO)3BH were used.
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[j]  The reaction was monitored by 1H-NMR. The yield was determined vs. 1,3,5-trimethox-
ybenene as internal standard. The yield of remaining starting material was 43 % vs. the 
same internal standard.

[k]  Yield of remaining starting material was 98 % by GC-FID vs. n-dodecane as internal stand-
ard.

[l]  Yield determined by 1H-NMR vs. 1,3,5-trimethoxybenene as internal standard. Yield of 
remaining starting material was 87 % vs. the same internal standard.

[m] The product was not detected by 1H-NMR. Yield of remaining starting material was quan-
titative vs. 1,3,5-trimethoxybenene as internal standard.

5.3.7 Reductive Radical Cyclisation Reactions
(Corresponds to Chapter 2.3.1. The synthesis of the substrates used in this section is de-

scribed in Chapter 5.3.8). 

tert-Butyl 3-isopropylindoline-1-carboxylate 432a

General Procedure A
General Procedure B

N
Boc

DMF,
55 °CN

Boc

I
Me

Me

Me
Me

431a 432a

From substrate 431a (0.240 g, 0.600 mmol, 1.0 equiv.), according to General Procedure 
A, the product tert-butyl 3-isopropylindoline-1-carboxylate 432a (105 mg, 0.383 mmol, 64 %) 
was obtained as a colourless oil after 4 h 30 min (the reaction was monitored by TLC and was 
found to have reached full conversion after 4 h). According to General Procedure B, the same 
product tert-butyl 3-isopropylindoline-1-carboxylate 432a (121 mg, 0.464 mmol, 77 %) was 
obtained as a colourless oil after 3 h (the reaction was monitored by GC-FID and was found 
to have reached full conversion after 2 h 30 min). The product was purified by flash column 
chromatography (0 % to 5 % ethyl acetate in heptane). 1H-NMR (400 MHz, DMSO-d6, 80 °C) 
δ 7.59 (d, J = 8.1 Hz, 1H), 7.22 – 7.18 (m, 1H), 7.15 (dddd, J = 8.1, 1.4, 0.7, 0.7 Hz, 1H), 6.94 
(ddd, J = 7.5, 1.1, 1.1 Hz, 1H), 3.89 (dd, J = 11.5, 9.9 Hz, 1H), 3.71 (dd, J = 11.5, 5.2 Hz, 1H), 
3.26 (ddd, J = 9.8, 4.9, 4.9 Hz, 1H), 2.00 (sepd, J = 6.8, 4.5 Hz, 1H), 1.53 (s, 9H), 0.92 (d, J 
= 6.9 Hz, 3H), 0.76 (d, J = 6.8 Hz, 3H). 13C-NMR (101 MHz, DMSO-d6, 80 °C) δ 151.3, 142.3, 
133.3, 126.9, 124.2, 121.5, 113.7, 79.8, 49.4, 44.2, 30.8, 27.7, 19.1, 16.9. IR νmax [cm-1]: 3046, 
2959, 2930, 2895, 1697, 1601, 1485, 1460, 1389, 1366, 1352, 1325, 1290, 1281, 1256, 1225, 
1169, 1130, 1105, 1092, 1042, 1018. GC-MS [m/z (%)] (14.044 min): 261 (10, M+), 205 (35), 
188 (5), 162 (85), 144 (20), 130 (15), 118 (100), 117 (45), 91 (20), 90 (15), 89 (15), 57 (100). 
HRMS (ESI+) [m/z]: cacld. for C16H23NO2Na (M+Na): 284.1621, found: 284.1622.
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tert-Butyl 3-(acetoxymethyl)indoline-1-carboxylate 432b

N
BocN

Boc

I
General Procedure A

DMF,
55 °C

O

Me
O

O

O

Me

432b431b

According to General Procedure A, from substrate 431b (0.258 g, 0.600 mmol, 1.0 equiv.) 
the product tert-butyl 3-(acetoxymethyl)indoline-1-carboxylate 432b (38.0 mg, 0.130 mmol, 
22 %) was obtained as a colourless oil after 7 h (the reaction was monitored by TLC and was 
found to have reached full conversion after 4 h). The product was purified by flash column 
chromatography (20 % ethyl acetate in hexane). 1H-NMR (400 MHz, Chloroform-d) δ 7.72 (br 
m, 1H), 7.24 – 7.17 (m, 2H), 6.95 (ddd, J = 7.5, 1.1, 1.1 Hz, 1H), 4.28 (dd, J = 11.0, 5.8 Hz, 
1H), 4.18 – 4.02 (m, 2H), 3.80 (br s, 1H), 3.63 (tt, J = 9.8, 5.5 Hz, 1H), 2.08 (s, 3H), 1.57 (s, 
9H). 13C-NMR (101 MHz, Chloroform-d) δ 171.1, 152.6, 134.1, 128.7, 127.5, 124.7 (br) , 122.4, 
115.1, 81.0 (br), 66.7, 51.3 (br), 39.2 (br), 28.6, 21.0. GC-MS [m/z (%)] (15.043 min): 291 (2, 
M+), 175 (35), 131 (25), 130 (60), 118 (35), 117 (20), 91 (10), 90 (10), 89 (10), 57 (100). The 
NMR spectra are in agreement with the previously reported data.[264]

tert-Butyl 3-(2-methoxy-2-oxoethyl)indoline-1-carboxylate 432c 

431c 432c
N
Boc

N
Boc

I
General Procedure A

DMF,
55 °C

O Me
O

Me
O

O

According to General Procedure A, from substrate 431c (0.258 g, 0.600 mmol, 1.0 equiv.) 
the product tert-butyl 3-(2-methoxy-2-oxoethyl)indoline-1-carboxylate 432c (150 mg, 0.515 
mmol, 86 %) was obtained as a pale yellow oil after 4 h (the reaction was monitored by TLC 
and was found to have reached full conversion after 3 h 30 min). The product was purified 
by flash column chromatography (10 % ethyl acetate in hexane). 1H-NMR (400 MHz, Chloro-
form-d) δ 7.98 – 7.40 (br m, 1H), 7.18 (ddd, J = 7.8, 1.4, 1.4 Hz, 1H), 7.11 (d, J = 7.4 Hz, 1H), 
6.93 (ddd, J = 7.4, 7.4, 1.0 Hz, 1H), 4.19 (dd, J = 11.3, 9.4 Hz, 1H), 3.75 (dd, J = 10.1, 5.1 Hz, 
1H), 3.72 (s, 3H), 3.70 – 3.61 (m, 1H), 2.76 (dd, J = 16.4, 4.9 Hz, 1H), 2.55 (dd, J = 16.4, 9.4 
Hz, 1H), 1.56 (s, 9H). 13C-NMR (101 MHz, Chloroform-d) δ 172.3, 152.5, 142.5 (br), 133.1 (br), 
128.3, 123.9 (br), 122.4, 114.9, 80.9 (br), 54.0, 51.9, 40.0, 35.9 (br), 28.5. GC-MS [m/z (%)] 
(15.204 min): 291 (4, M+), 235 (10), 191 (10), 176 (5), 162 (5), 161 (5), 158 (5), 131 (10) 130 
(50), 118 (70), 117 (50), 103 (10), 91 (10), 90 (10), 89 (10), 77 (10), 59 (15), 57 (100). The NMR 
spectra are in agreement with the previously reported data.[265]
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3-Methyl-2,3-dihydrobenzofuran 432d

432d431d
O

Me

O

I

DMF, 
55 °C

General Procedure A
General Procedure B

Due to the volatility of the product, the yield was determined by 1H-NMR vs. 1,3,5-trimeth-
oxybenzene as the internal standard. From substrate 431d (0.159 g, 0.600 mmol, 1.0 equiv.), 
according to General Procedure A, the product 3-methyl-2,3-dihydrobenzofuran 432d was 
formed in 72 % yield after 3 h and according to General Procedure B the same product 3-me-
thyl-2,3-dihydrobenzofuran 432d was formed in 67 % yield after 22 h. From the reaction 
performed according to General Procedure B, the product was isolated. Purification by flash 
column chromatography (2.5 % ethyl acetate in hexane) gave the product 3-methyl-2,3-dihyd-
robenzofuran 432d (54 mg, 0.36 mmol, 60 %) as a colourless oil. 1H-NMR (500 MHz, Chloro-
form-d) δ 7.16 (ddd, J = 7.3, 1.3, 1.3 Hz, 1H), 7.12 (ddd, J = 7.6, 7.6, 1.1 Hz, 1H), 6.87 (ddd, 
J = 7.4, 7.4, 1.1 Hz, 1H), 6.79 (d, J = 7.9 Hz, 1H), 4.68 (dd, J = 8.8, 8.8 Hz, 1H), 4.07 (dd, J = 
8.5, 7.4 Hz, 1H), 3.55 (app sext, J = 7.2 Hz, 1H), 1.34 (d, J = 6.9 Hz, 3H). 13C-NMR (101 MHz, 
Chloroform-d) δ 159.9, 132.4, 128.1, 123.9, 120.6, 109.6, 78.6, 36.6, 19.4. GC-MS [m/z (%)] 
(9.015 min): 134 (45, M+), 119 (70), 105 (10), 103 (10),  91 (100), 89 (10), 78 (10), 77 (20), 74 
(5), 65 (15), 63 (20), 62 (10). The NMR spectra are in agreement with the previously reported 
data.[266]

9-(Methylsulfonyl)-2,3,4,4a,9,9a-hexahydro-1H-carbazole 435

435 436 434

N
Ms

N
Ms

I General Procedure A
General Procedure B

DMF,
55 °C

N
Ms

H

From the substrate 434 (0.233 g, 6.00 mmol, 1.0 equiv.), according to General Procedure 
A, 9-(methylsulfonyl)-2,3,4,4a,9,9a-hexahydro-1H-carbazole 435 (138 mg, 0.519 mmol, 87 %) 
was obtained as a white solid after 20 h. According to General Procedure B, the same product 
9-(methylsulfonyl)-2,3,4,4a,9,9a-hexahydro-1H-carbazole 435 (93.7 mg, 0.373 mmol, 62 %) 
was obtained as a white solid after 17 h. From the reaction preformed according to General 
Procedure B, additionally N-(cyclohex-2-en-1-yl)-N-phenylmethanesulfonamide 436 (17 mg, 
66 μmol, 11 %) was isolated as a white solid. The products were purified by flash column chro-
matography (15 % ethyl acetate in hexane).

9-(Methylsulfonyl)-2,3,4,4a,9,9a-hexahydro-1H-carbazole 435: 1H-NMR (400 MHz, Chloro-
form-d) δ 7.37 (ddd, J = 8.0, 0.8, 0.8 Hz, 1H), 7.24 – 7.15 (m, 2H), 7.08 (ddd, J = 7.4, 7.4, 1.1 
Hz, 1H), 4.38 (ddd, J = 10.1, 7.8, 5.9 Hz, 1H), 3.57 – 3.48 (m, 1H), 2.93 (s, 3H), 2.20 (dddd, 
J = 14.4, 5.5, 3.7, 1.6 Hz, 1H), 2.12 – 2.01 (m, 1H), 1.83 (dddd, J = 14.4, 12.2, 5.9, 4.4 Hz, 
1H), 1.68 – 1.51 (m, 2H), 1.51 – 1.40 (m, 1H), 1.33 – 1.17 (m, 2H). 13C-NMR (101 MHz, Chlo-
roform-d) δ 141.4, 134.7, 127.9, 124.2, 123.6, 115.5, 64.0, 40.5, 38.6, 28.6, 24.7, 22.2, 20.8. 
GC-MS [m/z (%)] (15.254 min): 251 (15, M+), 208 (5), 172 (40), 144 (25), 143 (25), 130 (100),  
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117 (25), 116 (25), 115 (20), 103 (15), 91 (15), 89 (20), 79 (55), 77 (25), 65 (10), 63 (15). mp = 
71 °C - 72 °C. The NMR spectra are in agreement with the previously reported data.[94]

N-(Cyclohex-2-en-1-yl)-N-phenylmethanesulfonamide 436: 1H-NMR (400 MHz, Chloro-
form-d) δ 7.39 – 7.35 (m, 3H), 7.32 – 7.28 (m, 2H), 5.80 – 5.76 (m, 2H), 4.96 – 4.87 (m, 1H), 
2.98 (s, 3H), 2.00 (dddd, J = 11.1, 5.4, 4.0, 2.9 Hz, 1H), 1.92 – 1.83 (m, 1H), 1.83 – 1.73 (m, 
1H), 1.67 – 1.45 (m, 3H). 13C-NMR (101 MHz, Chloroform-d) δ 136.5, 131.9, 131.6, 129.2, 
128.8, 128.5, 56.4, 40.9, 29.2, 24.3, 21.4. IR νmax [cm-1]: 3034, 2926, 2860, 1593, 1585, 1491, 
1449, 1395, 1362, 1323, 1234, 1217, 1200, 1175, 1092, 1076, 1049, 1024, 1011, 995, 966, 
893, 826, 766, 733, 700, 658. GC-MS [m/z (%)] (14.813 min): 251 (0.5, M+), 223 (0.5), 207 
(1.5), 171 (60), 143 (30), 130 (15), 117 (25), 104 (15), 92 (50), 81 (55), 79 (90) 77 (100), 65 
(35). HRMS (ASAP) [m/z]: calcd. for C13H18O2NS (M+H): 252.1058, found: 252.1054. mp = 81 
°C - 82 °C. 

 3-Ethylidene-1-(methylsulfonyl)indoline 438a

 

438a  439a437a

N
MsN

Ms

I
General Procedure A
General Procedure B

DMF,
55 °C

Me
Me

N
Ms

H

Me

N
Ms

MeH
H

Characteristic 1H-1H-NO-
ESY cross-peak for the 

438a-Z isomer

From substrate 437a (0.214 g, 0.600 mmol, 1.0 equiv.), according to General Procedure 
A, the desired product 3-ethylidene-1-(methylsulfonyl)indoline 438a (115 mg, 0.504 mmol, 
84 %, E/Z = 2/8) was obtained as a colourless oil after 20 h. Following General Procedure B, 
the same product 3-ethylidene-1-(methylsulfonyl)indoline 438a (83.2 mg, 0.373 mmol, 62 %, 
E/Z = 3/7) was obtained as a colourless oil after 48 h. From the reaction performed following 
General Procedure B, additionally N-(but-2-yn-1-yl)-N-phenylmethanesulfonamide 439a (18.7 
mg, 0.0832 mmol, 14 %) was isolated as a colourless oil. The products were purified by flash 
column chromatography (15 % ethyl acetate in hexane).

3-Ethylidene-1-(methylsulfonyl)indoline 438a: 1H-NMR (400 MHz, Chloroform-d, Z-isomer) δ 
7.49 (ddd, J = 8.2, 0.9, 0.9 Hz, 1H), 7.41 (ddd, J = 7.7, 0.9, 0.9 Hz, 1H), 7.22 (ddd, J = 7.8, 7.8, 
1.4 Hz, 1H), 7.06 (ddd, J = 7.6, 7.6, 1.0 Hz, 1H), 6.03 (qt, J = 7.1, 3.1 Hz, 1H), 4.62 – 4.59 (m, 
2H), 2.89 (s, 3H), 1.81 (dt, J = 7.2, 2.1 Hz, 3H). 13C-NMR (101 MHz, Chloroform-d, Z-isomer) 
δ 143.6, 132.9, 130.3, 129.2, 124.0, 120.4, 114.6, 114.3, 53.7, 35.1, 14.9. GC-MS [m/z (%)] 
(Z-isomer: 14.494 min; E-isomer: 14.555 min): 223 (15, M+), 144 (100), 143 (50), 129 (25), 
117 (30), 115 (90), 102 (15), 92 (20), 89 (25), 79 (85), 77 (10), 65 (15), 63 (25). The E- and 
Z-isomer were distinguished based on the characteristic 1H-1H-NOESY cross-peak for the 
Z-isomer. The NMR spectra are in agreement with the previously reported data.[267]

N-(But-2-yn-1-yl)-N-phenylmethanesulfonamide 439: 1H-NMR (400 MHz, Chloroform-d) δ 
7.60 – 7.56 (m, 2H), 7.42 – 7.37 (m, 2H), 7.36 – 7.30 (m, 1H), 4.39 (q, J = 2.4 Hz, 2H), 3.02 (s, 
3H), 1.88 (t, J = 2.4 Hz, 3H). 13C-NMR (101 MHz, Chloroform-d) δ 140.6, 129.5, 128.1, 127.4, 
82.3, 74.4, 41.8, 38.9, 3.7. IR νmax [cm-1]: 3021, 2922, 2855, 1595, 1491, 1452, 1337, 1215, 
1175, 1080, 1063, 1030, 957, 853, 772, 700. GC-MS [m/z (%)] (13.659 min): 223 (10, M+), 
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144 (50), 143 (60), 142 (30), 128 (10), 116 (25), 115 (60), 104 (25), 92 (35), 91 (45), 79 (75), 
77 (100), 65 (40), 63 (30). HRMS (ESI+) [m/z]: calcd. for C11H17N2O2S (M+NH4): 241.1005, 
found: 241.1005.

3-(Cyclohexylmethylene)-1-(methylsulfonyl)indoline 438b

438b437b

N
MsN

Ms

I
General Procedure A
General Procedure B

DMF,
55 °C

Cy
Cy

N
Ms

CyH
H

Characteristic 1H-1H-NOESY cross-peak 
for the 438b-Z.isomer.

From substrate 437b (0.255 g, 0.600 mmol, 1.0 equiv.), according to General Procedure A, 
the product 3-(cyclohexylmethylene)-1-(methylsulfonyl)indoline 438b (126 mg, 0.432 mmol, 
90 %, E/Z = 3/7) was obtained as a colourless oil after 20 h. According to General Procedure 
B, the same product 3-(cyclohexylmethylene)-1-(methylsulfonyl)indoline 438b (145 mg, 0.496 
mmol, 83 %, E/Z = 2/8) was obtained as a colourless oil after 48 h. The product was purified 
by flash column chromatography (10 % ethyl acetate in hexane). 1H-NMR (400 MHz, Chloro-
form-d, Z-isomer) δ 7.45 (ddd, J = 8.2, 0.9, 0.9 Hz, 1H), 7.40 – 7.37 (m, 1H), 7.19 (ddd, J = 8.2, 
7.4, 1.3 Hz, 1H), 7.03 (ddd, J = 7.5, 7.5, 1.0 Hz, 1H), 5.79 (dt, J = 9.6, 3.1 Hz, 1H), 4.60 (d, J 
= 3.0 Hz, 2H), 2.87 (s, 3H), 2.09 (tdt, J = 11.6, 10.1, 3.6 Hz, 1H), 1.85 – 1.65 (m, 5H), 1.44 – 
1.11 (m, 5H). 13C-NMR (101 MHz, Chloroform-d, Z-isomer) δ 143.6, 130.4, 130.0, 129.2, 
125.9, 123.9, 120.5, 114.2, 53.4, 39.2, 35.1, 32.5, 26.0, 25.9. IR νmax [cm-1]: 3020, 2926, 2851, 
1718, 1676, 1605, 1539, 1464, 1447, 1350, 1298, 1279, 1225, 1159, 1126, 1069, 1018, 976, 
962, 908, 783, 746, 725, 648. GC-MS [m/z (%)] (Z-isomer: 17.080 min; E-isomer: 17.033 min): 
291 (10, M+), 208 (10), 168 (20), 167 (10), 156 (10), 154 (20), 130 (100), 128 (25), 115 (15), 
79 (35), 67 (10). HRMS (ASAP) [m/z]: calcd. for C16H22NO2S (M+H): 292.1371, found: 
292.1367. The E- and Z-isomer were distinguished based the characteristic 1H-1H-NOESY 
cross-peak for the Z-isomer.

tert-Butyl 3-(2-((tert-butyldiphenylsilyl)oxy)ethyl)-1H-indole-1-carboxylate 441a

441a440a

N
Boc

N
Boc

I
General Procedure A
General Procedure B

DMF,
55 °COTBDPS

OTBDPS

From substrate 440a (0.316 g, 0.5 mmol, 1.0 equiv.), according to General Procedure A, 
the product tert-butyl 3-(2-((tert-butyldiphenylsilyl)oxy)ethyl)-1H-indole-1-carboxylate 441a 
(197 mg, 0.395 mmol, 79 %) was obtained as a colourless oil after 3 h 40 min (the reaction 
was monitored by TLC and was found to have reached full conversion after 2 h 50 min). Ac-
cording to General Procedure B, the same product tert-butyl 3-(2-((tert-butyldiphenylsilyl)oxy)
ethyl)-1H-indole-1-carboxylate 441a (133 mg, 0.267 mmol, 53 %) was obtained as a colour-
less oil after 25 h. The product was purified by flash column chromatography (5 % ethyl ace-
tate in hexane). 1H-NMR (400 MHz, Chloroform-d) δ 7.76 – 7.65 (m, 4H), 7.47 – 7.27 (m, 10H), 
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6.96 (td, J = 7.5, 1.0 Hz, 1H), 4.37 – 4.34 (m, 2H), 4.32 (dt, J = 6.1, 2.0 Hz, 2H), 1.55 (s, 9H, 
major rotamer), 1.52 (s, 9H, minor rotamer), 1.07 (s, 9H). 13C-NMR (101 MHz, Chloroform-d, 
major rotamer) δ 151.8, 135.8, 133.8, 133.6, 129.9, 129.6, 129.1, 127.9, 122.4, 120.1, 116.3, 
115.4, 115.2, 81.0, 62.2, 29.9, 28.6, 27.0, 19.3. IR νmax [cm-1]: 3071, 3049, 2957, 2930, 2857, 
1734, 1605, 1589, 1472, 1452, 1427, 1369, 1308, 1254,  1152, 1128, 1105, 1092, 1059, 1016. 
LC-(ESI+)-MS [m/z] (11.917 min): 541 (M+ACN+H). HRMS (ESI+) [m/z]: calcd. for C31H41N23Si 
(M+NH4): 517.2881, found: 517.2873. 

tert-Butyl 3-methyl-1H-indole-1-carboxylate 441b

441b440b

N
Boc

Me

N
Boc

I General Procedure A
General Procedure B

DMF,
55 °C

 From substrate 440b (0.221 g, 0.600 mmol, 1.0 equiv.), according to General Procedure A, 
the product tert-butyl 3-methyl-1H-indole-1-carboxylate 441b (51 mg, 0.21 mmol, 36 %) was 
obtained as a colourless oil after 24 h. According to General Procedure B, the same product 
tert-butyl 3-methyl-1H-indole-1-carboxylate 441b (52 mg, 0.21 mmol, 36 %) was obtained as 
a colourless oil after 3 h (the reaction was monitored by TLC and was found to have reached 
full conversion after 2 h 50 min). The product was purified by flash column chromatography 
(5 % ethyl acetate in hexane). 1H-NMR (400 MHz, Chloroform-d) δ 8.12 (br d, J = 8.2 Hz, 
1H), 7.50 (ddd, J = 7.6, 1.4, 0.7 Hz, 1H), 7.35 (br s, 1H), 7.31 (ddd, J = 8.4, 7.2, 1.4 Hz, 1H), 
7.29 – 7.20 (m, 1H), 2.27 (d, J = 1.3 Hz, 3H), 1.67 (s, 9H). 13C-NMR (101 MHz, Chloroform-d) 
δ 150.0, 135.6, 131.6, 124.3, 122.9, 122.4, 119.0, 116.5, 115.3, 83.3, 28.4, 9.7. GC-MS [m/z 
(%)] (13.794 min): 231 (15, M+), 176 (10), 175 (65), 174 (30), 158 (10), 131 (35), 130 (100), 
129 (20), 128 (15), 103 (35), 102 (25), 77 (45), 57 (95). The NMR spectra are in agreement 
with the previously reported data.[268]

2-(4-Methoxyphenyl)-4-methyltetrahydrofuran 443

443442

General Procedure A
DMF,
55 °CMeO

O

X

MeO

O

Me

The substrates [442a (0.197 g, 0.600 mmol, 1.0 equiv.), 442b (0.168 mg, 0.600 mmol, 1.0 
equiv.), 442c (0.140 g, 0.600 mmol, 1.0 equiv.)] were reacted according to the General Proce-
dure A. The product 2-(4-methoxyphenyl)-4-methyltetrahydrofuran 443 was purified by flash 
column chromatography (10 % ethyl acetate in hexane) and obtained as a colourless oil in a 
diastereomeric ratio of 4:1 in all cases where product was formed. The substrate was treated 
following General Procedure A. The results are summarised in Table S12 below.
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 Table S12 - Alkylhalide Substrate Series

Substrate X Reaction 
Time (h:min)

Time to Full 
Conversion (h:min)

Yield of 443 Recovered
Substrate

442a I 4:30 4:00 100 mg, 
0.520 mmol, 

87 %

none

442b Br 7:45 7:15 76.7 mg, 
0.399 mmol, 

67 %

none

442c Cl 49:00 not applicable none 70 %

2-(4-Methoxyphenyl)-4-methyltetrahydrofuran 443: 1H-NMR (400 MHz, Chloroform-d) δ 
7.31 – 7.20 (m, 2H), 6.90 – 6.84 (m, 2H), 4.97 (dd, J = 6.9, 6.9 Hz, 1H, major), 4.86 (dd, J = 
9.9, 5.7 Hz, 1H, minor), 4.25 – 4.18 (m, 1H, major), 4.10 – 4.04 (m, 1H, minor), 3.80 (s, 3H, 
minor), 3.80 (s, 3H, major), 3.56 (d, J = 7.9 Hz, 1H, minor), 3.44 (dd, J = 8.2, 6.9 Hz, 1H, 
major), 2.55 – 2.36 (m, 1H), 2.05 – 1.85 (m, 2H), 1.10 (d, J = 6.5 Hz, 3 H, minor), 1.09 (d, J = 
6.8 Hz, 3H, major). 13C-NMR (101 MHz, Chloroform-d, major diastereoisomer) δ 158.9, 136.0, 
127.0, 113.8, 79.9, 75.7, 55.4, 42.7, 33.5, 18.0. 13C-NMR (101 MHz, Chloroform-d, minor dias-
tereoisomer) δ 159.0, 135.5, 127.2, 113.9, 81.5, 75.5, 55.4, 44.0, 35.1, 17.7. GC-MS [m/z (%)] 
(12.688 min): 192 (25, M+), 191 (35), 161 (20), 147 (15), 136 (30), 135 (100), 134 (10), 121 
(15), 119 (10), 108 (5), 92 (10), 91 (25), 79 (5), 78 (15), 77 (25), 65 (15), 64 (5), 63 (15). The 
NMR spectra are in agreement with the previously reported data.[6]

tert-Butyl 3-(4-methyltetrahydrofuran-3-yl)indoline-1-carboxylate 445a

445a444a

N
Boc

O
Me
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N
Boc

O
General Procedure B

DMF,
55 °C

The substrate 444a (0.263 g, 0.600 mmol, 1.0 equiv.) was reacted according to General Pro-
cedure B. The product tert-butyl 3-(4-methyltetrahydrofuran-3-yl)indoline-1-carboxylate 445a 
(93.2 mg, 0.307 mmol, 51 %, d.r. = 7:1) was obtained as a colourless oil after 28 h. The product 
was purified by flash column chromatography (20 % ethyl acetate in hexane). 1H-NMR (400 
MHz, Chloroform-d) δ 7.67 (br m, 1H), 7.24 – 7.11 (m, 1H), 6.99 – 6.89 (m, 2H), 4.16 – 3.20 
(m, 7H), 2.62 – 2.02 (m, 2H), 1.57 (br s, 9H), 1.17 (d, J = 6.8 Hz, 3H, isomer A), 1.06 (d, J = 
6.7 Hz, 3H, isomer B). 13C-NMR (101 MHz, Chloroform-d, major isomer) δ 152.7, 142.4 (br), 
133.7 (br), 128.1, 124.6 (br), 122.3, 115.1, 81.4 (br), 75.6, 70.0, 53.1, 48.5, 38.6 (br), 35.4, 
28.6, 14.2. IR νmax [cm-1]: 3049, 2967, 2928, 2855, 1697, 1601, 1574, 1483, 1460, 1389, 1366, 
1354, 1337, 1317, 1286, 1254, 1223, 1169, 1130, 1098, 1043, 1016. LC-(ESI+)-MS [m/z] 
(major isomer: 8.875 min; minor isomer 8.797 min): 304 (M+H). HRMS (ESI+) [m/z]: calcd. for 
C18H26NO3 (M+H): 304.1907, found: 304.1909.
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3-(4-Methyltetrahydrofuran-3-yl)-2,3-dihydrobenzofuran 445b

445b444b
O

O
Me

I

O

O
General Procedure B

DMF,
55 °C

The substrate 444b (0.202 g, 0.600 mmol, 1.0 equiv.) was reacted according to General 
Procedure B. The product 3-(4-methyltetrahydrofuran-3-yl)-2,3-dihydrobenzofuran 445b (75.6 
mg, 0.370 mmol, 62 %, d.r. = 5:2:1:1) was obtained as a colourless oil after 26 h. The product 
was purified by flash column chromatography (20 % ethyl aceate in hexane). 1H-NMR (400 
MHz, Chloroform-d) δ 7.25 – 6.77 (m, 4H), 4.72 – 3.26 (m, 7H), 2.61 – 2.01 (m, 2H), 1.17 (d, 
J = 6.8 Hz, 3H, isomer A), 1.07 (d, J = 6.7 Hz, 3H, isomer B), 1.03 (d, J = 7.1 Hz, 3H, isomer 
C), 0.95 – 0.92 (d, J = 6.4 Hz, 3H, isomer D). 13C-NMR (101 MHz, Chloroform-d, all isomers) 
δ 160.4, 160.0, 129.7, 128.9, 128.7, 128.6, 124.9, 124.8, 124.6, 124.6, 120.7, 120.6, 75.9, 
75.8, 75.7, 75.7, 75.0, 74.8, 74.1, 71.9, 70.7, 70.1, 69.5, 50.9, 50.8, 48.0, 47.3, 44.1, 43.1, 
41.6, 40.9, 37.6, 37.1, 35.3, 35.2, 29.8, 18.2, 17.4, 14.3, 14.3. IR νmax [cm-1]: 3048, 2961, 2928, 
2870, 2857, 1609, 1595, 1481, 1458, 1385, 1321, 1229, 1165, 1149, 1098, 1074, 1049, 1018. 
GC-MS [m/z (%)] (major isomer: §13.642 min): 204 (10, M+), 131 (10), 119 (80), 118 (20), 115 
(10), 91 (100), 89 (10), 77 (10), 65 (20), 63 (10), 55 (30). HRMS (EI) [m/z]: calcd. for C13H16O2 
(M+): 204.1150, found: 204.1144. 

5.3.8 Substrate Synthesis for Reactions of Chapter 5.3.7

tert-Butyl (2-iodophenyl)carbamate 647

NaHMDS

NHBoc

I

THF,
0 °C to rt, 2 hNH2

I
Boc2O

NBoc2

I

646 647 648 

The reaction was kept under nitrogen and anhydrous THF was used. The reaction vessel 
was charged with THF (58 mL). Then 2-iodoaniline 646 (11.2 g, 50.0 mmol, 1.0 equiv.) was 
added and the solution was cooled in the ice bath before the slow addition of NaHMDS (110 
mL, 1.00 M, 110 mmol, 2.2 equiv.) over ca. 15 min. The reaction was stirred at room temper-
ature for 30 min. Then di-tert-butyl dicarbonate (12.9 mL, 55.0 mmol, 1.1 equiv.) was added 
over ca. 5 min. A slightly exothermic reaction occurred and a brown solid started to precipitate. 
The reaction was stirred at room temperature for 1 h 30 min. The reaction was quenched by 
the addition of aqueous HCl (2.0 M, 110 mL, such that pH = 7) and ethyl acetate (40 mL). The 
phases were separated and the aqueous phase was extracted with ethyl acetate (3 x 40 mL). 
The combined organic phases were washed with brine, dried over Na2SO4 and concentrated 
in vacuo to give the crude product as a brown oil. Purification by flash column chromatogra-
phy (ethyl acetate in hexane, gradient from 0 % to 10 %) gave the desired product tert-butyl 
(2-iodophenyl)carbamate 647 (12.8 g, 40.3 mmol, 81 %) as a pale yellow oil. Additionally, 
N,N-di-(tert-butyl-carbamate)-2-iodoaniline 648 (1.13 g, 2.69 mmol, 5.4 %) was isolated as a 
white solid and remaining starting material 2-iodoaniline 646 (1.32 g, 6.02 mmol, 12 %) was 
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recovered.  
tert-Butyl (2-iodophenyl)carbamate 647: 1H-NMR (400 MHz, Chloroform-d) δ 8.05 (dd, J = 

8.3, 1.5 Hz, 1H), 7.75 (dd, J = 7.9, 1.5 Hz, 1H), 7.31 (ddd, J = 8.5, 7.3, 1.5 Hz, 1H), 6.82 (br, 
1H), 6.79  - 6.73 (m, 1H), 1.54 (s, 9H). 13C-NMR (101 MHz, Chloroform-d) δ 152.7, 139.0, 
129.3, 124.8, 120.3, 88.9, 81.2, 28.5.  LC-(ESI+)-MS [m/z] (8.923 min): 181 (M+ACN+2H). 
The NMR spectra are in agreement with the previously reported data.[269]

N,N-di-(tert-Butyl-carbamate)-2-iodoaniline 648: 1H-NMR (400 MHz, Chloroform-d) δ 7.84 
(dd, J = 7.9, 1.4 Hz, 1H), 7.34 (ddd, J = 7.6, 7.6, 1.4 Hz, 1H), 7.20 (dd, J = 7.9, 1.6 Hz, 1H), 
7.00 (ddd, J = 7.6, 7.6, 1.6 Hz, 1H), 1.40 (s, 18H). 13C-NMR (101 MHz, Chloroform-d) δ 150.5, 
142.2, 139.2, 129.1, 129.0, 99.9, 83.0, 28.0. LC-(ESI+)-MS [m/z] (9.200): 442 (M+Na). mp 
= 102 °C - 103 °C. The NMR spectra are in agreement with the previously reported data.[270]

tert-Butyl allyl(2-iodophenyl)carbamate 426

426647

NaH

N
Boc

I

DMF,
0 °C to rt, 1 hNHBoc

I
Br

649 

The reaction was kept under nitrogen and anhydrous DMF was used. The reaction vessel 
was charged with tert-butyl (2-iodophenyl)carbamate 647 (6.72 g, 21.1 mmol, 1.0 equiv.). Then 
DMF (50 mL)  was added and the solution was cooled in the ice bath before the careful addi-
tion of sodium hydride (926 mg, 23.2 mmol, 1.1 equiv., 60 % suspension in mineral oil). The 
reaction was stirred at ice bath temperature for 30 min. Then 3-bromoprop-1-ene 649 (3.29 
mL, 25.3 mmol, 1.2 equiv.) was added and the reaction was stirred at room temperature for 
30 min. The reaction was quenched by the addition of aqueous ammonium chloride (20 mL, 
sat.), water (500 mL) and tert-butylmethyl ether (100 mL). The phases were separated and the 
aqueous phase was extracted with tert-butylmethyl ether (3 x  100 mL). The combined organic 
phases were washed with water (5 x 50 mL) and brine (1 x 50 mL). Then they were dried over 
Na2SO4 and concentrated in vacuo to give the pure product tert-butyl allyl(2-iodophenyl)carba-
mate 426 (7.72 g, 21.1 mmol, quant.) as a pale yellow solid. 1H-NMR (400 MHz, DMSO-d6, 80 
°C) δ 7.90 (dd, J = 7.9, 1.4 Hz, 1H), 7.39 (ddd, J = 7.6, 7.6, 1.5 Hz, 1H), 7.23 (dd, J = 7.8, 1.6 
Hz, 1H), 7.05 (ddd, J = 7.6, 7.6, 1.6 Hz, 1H), 5.90 (ddt, J = 16.8, 10.4, 6.3 Hz, 1H), 5.09 (m, 
2H), 4.35 (dd, J = 15.4, 5.8 Hz, 1H), 3.79 (dd, J = 15.5, 6.7 Hz, 1H), 1.36 (s, 9H). 13C-NMR (101 
MHz, DMSO-d6, 80 °C) δ 152.6, 143.8, 138.7, 133.4, 129.6, 128.5, 128.5, 117.0, 100.2, 79.2, 
51.5, 27.6. 1H-NMR (400 MHz, Chloroform-d) δ 7.86 (d, J = 7.9 Hz, 1H), 7.31 (dd, J = 7.5, 7.5 
Hz, 1H), 7.22 (d, J = 7.5 Hz, 1H, minor rotamer), 7.13 (d, J = 7.8 Hz, 1H, major rotamer), 6.97 
(ddd, J = 7.7, 7.7, 1.6 Hz, 1H), 6.01 – 5.87 (m, 1H), 5.17 – 5.02 (m, 2H), 4.55 – 4.37 (m, 1H), 
3.84 – 3.63 (m, 1H), 1.53 (s, 9H, minor rotamer), 1.35 (s, 9H, major rotamer). 13C-NMR (101 
MHz, Chloroform-d, major rotamer) δ 154.0, 144.4, 139.5, 133.7, 130.1, 128.8, 128.7, 118.0, 
100.7, 80.4, 52.1, 28.4. GC-MS [m/z (%)] (13.660 min): 359 (0.4, M+), 303 (25), 286 (10), 259 
(30), 245 (10), 232 (15), 230 (25), 203 (25), 177 (30), 176 (85), 159 (15), 132 (65), 130 (75), 
117 (30), 104 (20), 90 (20), 77 (40), 76 (30), 57 (100). mp = 52 °C - 54 °C. The NMR spectra 
recorded in chloroform-d are in agreement with the previously reported data.[271]
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tert-Butyl (2-iodophenyl)(3-methylbut-2-en-1-yl)carbamate 431a

431a

NaH

N
Boc

I

DMF,
0 °C to rt, 3 h 20 minNHBoc

I
Br

Me

Me Me

Me

647 650  

The reaction was kept under nitrogen and anhydrous DMF was used. The reaction vessel 
was charged with tert-butyl (2-iodophenyl)carbamate 647 (798 mg, 2.50 mmol, 1.0 equiv.). 
Then DMF (16 mL) was added and the solution was cooled in the ice bath before the careful 
addition of sodium hydride (110 mg, 2.75 mmol, 1.1 equiv., 60 % suspension in mineral oil). 
The reaction was stirred at ice bath temperature for 35 min. Then 1-bromo-3-methylbut-2-ene 
650 (365 µL, 3.00 mmol, 1.2 equiv.) was added and the reaction was stirred at room tempera-
ture for 2 h 45 min. The reaction was monitored by LC-MS and was found to have reached full 
conversion after 1 h 20 min. The reaction was poured onto water (100 mL), brine (50 mL) and 
ethyl acetate (20 mL). The phases were separated and the aqueous phase was extracted with 
ethyl acetate (3 x  20 mL). The combined organic phases were washed with brine (5 x 20 mL), 
dried over Na2SO4 and concentrated in vacuo. Purification by flash column chromatography 
(ethyl acetate in heptane, gradient from 0 % to 5 %) gave tert-butyl (2-iodophenyl)(3-methylb-
ut-2-en-1-yl)carbamate 431a (879 mg, 2.27 mmol, 91 %) as a pale yellow oil. Upon storage 
on the bench for weeks the material crystallised to give a white solid. 1H-NMR (400 MHz, DM-
SO-d6, 80 °C) δ 7.92 – 7.83 (m, 1H), 7.38 (dd, J = 8.4, 6.6 Hz, 1H), 7.24 – 7.13 (m, 1H), 7.03 
(dd, J = 8.5, 6.6 Hz, 1H), 5.26 (dd, J = 6.8, 6.8 Hz, 1H), 4.28 (dd, J = 15.0, 6.8 Hz, 1H), 3.87 
(dd, J = 15.1, 7.5 Hz, 1H), 1.64 (s, 3H), 1.42 (s, 3H), 1.35 (s, 9H). 13C-NMR (101 MHz, DM-
SO-d6, 80 °C, major rotamer) δ 152.7, 143.4, 138.8, 135.2, 129.6, 128.7, 128.6, 119.4, 100.5, 
79.0, 45.8, 27.9, 25.2, 17.2. IR νmax [cm-1]: 3057, 2986, 2968, 2930, 1687, 1578, 1468, 1449, 
1431, 1389, 1366, 1296, 1254, 1160, 1140, 1103, 105, 1032, 1015. GC-MS [m/z (%)] (14.499 
min): 387 (0.1, M+), 331 (15),  263 (15), 245 (5), 230 (5), 219 (10), 204 (15), 203 (5), 162 (15), 
158 (10), 144 (10), 136 (20), 118 (10), 90 (10), 69 (40), 57 (100). HRMS (ESI+) [m/z]: calcd. 
for C16H23INO2 (M+H): 388.0768, found: 388.0768. mp = 40 °C - 41 °C.

tert-Butyl (3,3-dimethoxypropyl)(2-iodophenyl)carbamate 652

651 

NaH

N
Boc

I

DMF,
0 °C to rt, 26 hNHBoc

I
Br OMe

OMe
OMe

OMe

647 652 

The reaction was kept under nitrogen and anhydrous DMF was used. The reaction vessel 
was charged with tert-butyl (2-iodophenyl)carbamate 647 (4.79 g, 15.0 mmol, 1.0 equiv.). 
Then DMF (60 mL) was added and the solution was cooled in the ice bath before the careful 
addition of NaH (660 mg, 16.5 mmol, 1.1 equiv., 60 % emulsion in mineral oil). The reaction 
was stirred at ice bath temperature for 30 min. Then 3-bromo-1,1-dimethoxypropane 651 (2.96 
mL, 19.5 mmol, 1.3 equiv.) was added and the reaction was stirred at room temperature for 26 
h. The reaction was quenched by the addition of water (50 mL). The reaction was partitioned 
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between water (450 mL) and tert-butyl methyl ether (100 mL). The phases were separated 
and the aqueous phase was extracted with tert-butyl methyl ether (3 x  100 mL). The com-
bined organic phases were washed with water (5 x 50 mL) and brine (1 x 50 mL). The organic 
phase was dried over Na2SO4 and concentrated in vacuo. Purification by flash column chro-
matography (ethyl acetate in heptane, gradient from 0 % to 15 %) gave the product tert-butyl 
(3,3-dimethoxypropyl)(2-iodophenyl)carbamate 652 (6.06 g, 14.4 mmol, 96 %) as a colour-
less oil. Upon storage on the bench for weeks, the material crystallised to give a white solid. 
1H-NMR (400 MHz, DMSO-d6, 80 °C) δ 7.91 (dd, J = 7.9, 1.5 Hz, 1H), 7.42 (ddd, J = 7.6, 7.6, 
1.5 Hz, 1H), 7.28 (dd, J = 7.9, 1.6 Hz, 1H), 7.06 (ddd, J = 7.6, 7.6, 1.6 Hz, 1H), 4.38 (t, J = 5.5 
Hz, 1H), 3.72 (ddd, J = 14.0, 9.1, 6.4 Hz, 1H), 3.34 – 3.24 (m, 1H), 3.22 (s, 3H), 3.21 (s, 3H), 
1.89 – 1.74 (m, 2H), 1.36 (s, 9H). 13C-NMR (101 MHz, DMSO-d6, 80 °C) δ 152.7, 144.1, 138.8, 
129.4, 128.6, 128.4, 102.3, 100.0, 79.0, 52.4, 45.0, 31.2, 27.6. IR νmax [cm-1]: 2965, 2932, 2830, 
1687, 1580, 1470, 1445, 1381, 1362, 1314, 1252, 1223, 1159, 1146, 1123, 1096, 1063, 1049, 
1020. LC-(ESI+)-MS [m/z] (8.884 min): 444 (M+Na). HRMS (ESI+) [m/z]: calcd. for C16H25O4NI 
(M+H): 422.0823, found: 422.0821. mp = 34 °C - 35 °C. 

tert-Butyl (2-iodophenyl)(3-oxopropyl)carbamate 653

653 

TsOH

N
Boc

I

acetone/water,
60 °C, 30 min

O

N
Boc

I

OMe

OMe

H

652

The reaction vessel was charged with tert-butyl (3,3-dimethoxypropyl)(2-iodophenyl)carba-
mate 652 (2.11 g, 5.00 mmol, 1.0 equiv.). Then acetone (150 mL) and water (15 mL) were 
added followed by 4-methylbenzenesulfonic acid hydrate (1.24 g, 6.50 mmol, 1.3 equiv.). The 
reaction was stirred at gentle reflux (oil bath at 60 °C) for 30 min. The reaction was monitored 
by TLC and was found to have reached full conversion after 20 min. The reaction was cooled 
to room temperature and most of the acetone was evaporated in vacuo. The reaction was par-
titioned between water (100 mL), saturated aqueous NaHCO3 (50 mL) and ethyl acetate (30 
mL). The phases were separated and the aqueous phase was extracted with ethyl acetate (3 x 
30 mL). The combined organic phases were washed with brine (1 x 30 mL), dried over MgSO 4 
and concentrated in vacuo to give pure tert-butyl (2-iodophenyl)(3-oxopropyl)carbamate 653 
(1.88 g, 5.00 mmol, quant.) as a pale yellow oil. 1H-NMR (400 MHz, Chloroform-d) δ 9.79 (t, J 
= 1.8 Hz, 1H), 7.87 (d, J = 7.9 Hz, 1H), 7.35 (dd, J = 7.7, 7.7 Hz, 1H), 7.25 – 7.10 (m, 1H), 6.99 
(ddd, J = 7.7, 7.7, 1.6 Hz, 1H), 4.13 (dt, J = 14.2, 7.1 Hz, 1H), 3.67 (dt, J = 14.5, 6.6 Hz, 1H), 
2.85 – 2.65 (m, 2H), 1.53 (s, 9H, minor rotamer), 1.34 (s, 9H, major rotamer). 13C-NMR (101 
MHz, Chloroform-d, major rotamer) δ 201.0, 154.1, 144.4, 139.7, 129.8, 129.3, 129.1, 100.4, 
80.8, 43.6, 43.2, 28.3. GC-MS [m/z (%)] (14.767 min): 375 (0.02, M+H), 302 (2), 275 (3), 232 
(10), 219 (15), 192 (25), 148 (2), 136 (4), 118 (6), 104 (5), 91 (8), 77 (8), 57 (100). The NMR 
spectra are in agreement with the previously reported data.[272]
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(E)-3-((tert-Butoxycarbonyl)(2-iodophenyl)amino)prop-1-en-1-yl acetate 431b

653 431b

Et3N, DMAP

N
Boc

I

THF,
75 °C, 3 h ON

Boc

I

H

O
Ac2O

Me

O

To the solution of tert-butyl (2-iodophenyl)(3-oxopropyl)carbamate 653 (1.69 g, 4.50 mmol, 
1.0 equiv.) in THF (25 mL) was added triethylamine (3.2 mL, 23 mmol, 5.0 equiv.) and DMAP 
(64.8 mg, 0.530 mmol, 0.12 equiv.) followed by acetic anhydride (2.24 mL, 22.5 mmol, 5.0 
equiv.). The reaction was gently refluxed (oil bath at 75 °C) for 3 h 25 min. The reaction was 
monitored by TLC and was found to have reached full conversion after 3 h 15 min. The re-
action was cooled to room temperature and most of the solvent was removed in vacuo. The 
residue was poured onto phosphate buffer (50 mL, 1 M, pH = 7.4) and extracted with ethyl 
acetate (4 x 20 mL). The combined organic phases were washed subsequently with saturated 
aqueous sodium carbonate (1 x 40 mL) and brine (1 x 40 mL) and were dried over MgSO4. 
Purification by flash column chromatography (10 % ethyl acetate in hexane) gave the prod-
uct (E)-3-((tert-butoxycarbonyl)(2-iodophenyl)amino)prop-1-en-1-yl acetate 431c (1.48 g, 3.45 
mmol, 77 %) as a colourless oil. 1H-NMR (400 MHz, DMSO-d6, 80 °C) δ 7.90 (dd, J = 7.8, 1.4 
Hz, 1H), 7.45 – 7.34 (m, 1H), 7.26 (d, J = 8.1 Hz, 1H, minor rotamer), 7.22 (d, J = 7.8 Hz, 1H, 
major rotamer), 7.18 – 6.94 (m, 2H), 5.60 – 5.41 (m, 1H, major rotamer), 5.19 – 5.05 (m, 1H, 
minor rotamer), 4.39 (ddd, J = 15.3, 6.6, 1.5 Hz, 1H, minor rotamer), 4.30 (dd, J = 14.9, 7.1 Hz, 
1H, major rotamer), 4.10 – 3.68 (m, 1H), 2.09 (br s, 3H, major rotamer), 2.01 (br s, 3H. minor 
rotamer), 1.47 (s, 9H, minor rotamer), 1.29 (s, 9H. major rotamer). 13C-NMR (101 MHz, DM-
SO-d6, 80 °C, major rotamer) δ 167.1, 152.5, 138.7, 138.0, 135.7, 129.5, 128.6, 128.5, 109.3, 
100.3, 79.3, 46.3, 27.6, 19.7. IR νmax [cm-1]: 3065, 2974, 2930, 1757, 1697, 1676, 1580, 1472, 
1453, 1437, 1366, 1308, 1252, 1204, 1167, 1146, 1101, 1053, 1030, 1018, 1005. GC-MS [m/z 
(%)] (15.561 min): 361 (3, M-C(CH3)2CH2), 318 (1), 317 (2), 274 (1), 263 (3), 257 (5), 245 (5), 
219 (10), 192 (5), 174 (20), 136 (5), 134 (10), 130 (10), 118 (15), 91 (10), 57 (100). HRMS 
(ESI+) [m/z]: calcd. for C16H21INO4 (M+H): 418.0515, found: 418.0505. 

Methyl (E)-4-iodobut-2-enoate 655

acetone,
80 °C, 2 h

NaIOMe

O
Br

OMe

O
I

654 655 

The reaction was kept under nitrogen and shielded from light. Tech. grade methyl (E)-4-bro-
mobut-2-enoate 654 was used. The reaction vessel was charged with sodium iodide (6.00 g, 
40.0 mmol, 2.0 equiv.) and acetone (45 mL). Then methyl (E)-4-bromobut-2-enoate 654 (2.61 
mL, 20.0 mmol, 1.0 equiv.) was added and the solution was heated to reflux (metal heating 
block at 80 °C) for 2 h. The reaction was diluted with tert-butyl methyl ether (450 mL). The 
organic phase was subsequently washed with aqueous sodium thiosulfate (1 M, 50 mL), wa-
ter (50 mL), and brine (50 mL), dried over Na2SO4 and concentrated in vacuo (45 °C, > 200 
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mbar). Purification by flash column chromatography (ethyl acetate in heptane, gradient from 
0 % to 10 %) gave the product methyl (E)-4-iodobut-2-enoate 655 (3.78 g, 15.9 mmol, 79 %) 
as a colourless oil. The material was stored in the fridge and shielded from light. 1H-NMR (400 
MHz, Chloroform-d) δ 7.06 (dt, J = 15.3, 8.3 Hz, 1H), 5.94 (dt, J = 15.3, 1.1 Hz, 1H), 3.93 (dd, 
J = 8.3, 1.1 Hz, 2H), 3.75 (s, 3H). 13C-NMR (101 MHz, Chloroform-d) δ 166.1, 143.9, 122.9, 
51.9, 0.8. GC-MS [m/z (%)] (9.895 min): 226 (10, M+), 195 (10), 167 (5), 141 (5), 128 (5), 127 
(40), 100 (10), 99 (100), 71 (20), 68 (50), 59 (15). The NMR spectra are in agreement with the 
previously reported data.[265]

Methyl (E)-4-((tert-butoxycarbonyl)(2-iodophenyl)amino)but-2-enoate 431c

431c

Cs2CO3

N
Boc

I

DMF,
rt, 18 hNHBoc

I
I

O

OMe OMe

O
647 655

The reaction was kept under nitrogen. The reaction vessel was charged with tert-butyl (2-io-
dophenyl)carbamate 647 (3.19 g, 10.0 mmol, 1.0 equiv.) and DMF (30 mL). Then Cs2CO3 
(6.52 g, 20.0 mmol, 2.0 equiv.) was added, followed by a solution of methyl (E)-4-iodobut-2-
enoate 655 (3.33 g, 14.0 mmol, 1.4 equiv.) in DMF (15 mL). The reaction was stirred at room 
temperature for 18 h. The reaction was partitioned between water (450 mL), brine (50 mL) and 
tert-butyl methyl ether  (50 mL). The aqueous phase was extracted with tert-butyl methyl ether 
(3 x 50 mL). The combined organic phases were washed with brine (3 x 25 mL), dried over Na-

2SO4 and concentrated in vacuo. Purification by flash column chromatography (ethyl acetate 
in heptane, gradient from 0 % to 20 %) gave the product methyl (E)-4-((tert-butoxycarbonyl)
(2-iodophenyl)amino)but-2-enoate 431c (3.37 g, 7.89 mmol, 79 %) as a colourless oil. Upon 
storage on the bench for weeks the compound crystallised as a white solid. 1H-NMR (400 
MHz, DMSO-d6, 80 °C) δ 7.91 (ddd, J = 7.7, 1.8, 1.8 Hz, 1H), 7.46 – 7.35 (m, 1H), 7.29 – 7.21 
(m, 1H), 7.10 – 7.01 (m, 1H), 6.91 (dt, J = 14.3, 6.3 Hz, 1H), 5.95 (dt, J = 15.4, 1.7 Hz, 1H), 
4.55 – 4.37 (m, 1H), 4.02 (dd, J = 16.9, 6.4 Hz, 1H), 3.67 (br s, 3H), 1.37 (s, 9H). 13C-NMR (101 
MHz, DMSO-d6, 80 °C) δ 165.2, 152.6, 143.8, 143.2, 138.8, 129.2, 128.8, 128.7, 121.9, 100.0, 
79.6, 50.8, 50.0, 27.5. 1H-NMR (400 MHz, Chloroform-d) δ 7.86 (d, J = 7.9 Hz, 1H), 7.37 – 7.28 
(m, 1H), 7.19 (br, 1H), 7.05 – 6.95 (m, 2H), 5.89 (d, J = 15.7 Hz, 1H), 4.64 (dt, J = 18.4, 9.2 Hz, 
1H), 3.91 – 3.80 (m, 1H), 3.75 (s, 3H, minor rotamer), 3.73 (s, 3H, major rotamer), 1.53 (s, 9H, 
minor rotamer), 1.35 (s, 9H, major rotamer). 13C-NMR (101 MHz, Chloroform-d, major rotam-
er) δ 166.6, 153.9, 143.5, 139.7, 129.9, 129.2, 129.1 (2C, fortuitous isochrony), 122.9, 100.3, 
81.0, 51.7, 50.4, 28.3. LC-(ESI+)-MS [m/z] (8.813 min): 435 (M+NH4). mp = 63 °C - 65 °C. The 
NMR spectra recorded in chloroform-d are in agreement with the previously reported data.[265]
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1-(Allyloxy)-2-iodobenzene 431d

431d

K2CO3 I

acetone,
reflux (65 °C), 1 hOH

I
Br

O
656  649

The reaction vessel was charged with 2-iodophenol 656 (2.25 g, 10.0 mmol, 1.0 equiv.) and 
potassium carbonate (2.76 g, 20.0 mmol, 2.0 equiv.). Then acetone (2.5 mL) and 3-bromo-
prop-1-ene 649 (1.43 mL, 11.0 mmol, 1.1 equiv.) were added and the reaction was refluxed 
for 1 h 40 min (heat block at 65 °C). The reaction was monitored by LC-MS and was found to 
have reached full conversion after 1 h. The reaction was filtered and concentrated in vacuo. 
Purification by flash column chromatography (ethyl acetate in heptane, gradient from 0 % to 
10 %) gave 1-(allyloxy)-2-iodobenzene 431d (2.09 g, 8.02 mmol, 80 %) as a colourless oil. 
1H-NMR (400 MHz, Chloroform-d) δ 7.78 (dd, J = 7.7, 1.6 Hz, 1H), 7.32 – 7.23 (m, 1H), 6.81 
(dd, J = 8.2, 1.3 Hz, 1H), 6.71 (ddd, J = 7.6, 7.6, 1.4 Hz, 1H), 6.07 (ddt, J = 17.2, 10.4, 4.8 Hz, 
1H), 5.53 (ddt, J = 17.3, 1.7, 1.7 Hz, 1H), 5.32 (ddt, J = 10.6, 1.6, 1.6 Hz, 1H), 4.60 (ddd, J = 
4.9, 1.7, 1.7 Hz, 2H). 13C-NMR (101 MHz, Chloroform-d) δ 157.3, 139.7, 132.7, 129.5, 122.8, 
117.7, 112.7, 86.8, 69.8. GC-MS [m/z (%)] (11.745 min): 260 (40, M+), 220 (10), 219 (10), 191 
(25), 133 (45), 131 (20), 127 (20), 105 (90), 103 (20), 92 (65), 79 (20), 77 (35), 76 (20), 74 
(15), 65 (30), 64 (65), 63 (100), 62 (25). The NMR spectra are in agreement with the previously 
reported data.[266]

N-(cyclohex-2-en-1-yl)-N-(2-iodophenyl)methanesulfonamide 434

NaH I

THF,
0 °C to reflux (70 °C),5 hNHMs

I

Br N
Ms
434657 658    

The reaction was kept under nitrogen. The reaction vessel was charged with N-(2-iodophe-
nyl)methanesulfonamide 657 (891 mg, 3.00 mmol, 1.0 equiv.) and THF (6.0 mL). The solution 
was cooled in the ice bath and then sodium hydride (86.4 mg, 3.60 mmol, 1.2 equiv.) was 
added carefully in several portions. The reaction was stirred at ice bath temperature for 1 h 
before the addition of  3-bromocyclohex-1-ene 658 (0.46 mL, 4.0 mmol, 1.3 equiv.). Then the 
reaction was heated to reflux (oil bath at 70 °C). A white precipitate formed after 15 min at re-
flux temperature. The reaction was monitored by GC-MS and was found to have reached full 
conversion after 5 h. The reaction was quenched by the addition of aqueous NH4Cl (10 mL, 
sat.), water (20 mL) and ethyl acetate (20 mL). The organic phases were separated and the 
aqueous phase was extracted with ethyl acetate (3 x 20 mL). The combined organic phases 
were washed with brine, dried over MgSO4 and concentrated in vacuo. Purification by flash 
column chromatography (4 % ethyl acetate in toluene) gave the product N-(cyclohex-2-en-
1-yl)-N-(2-iodophenyl)methanesulfonamide 434 (1.07 g, 2.85 mmol, 95 %) as a white solid. 
1H-NMR (500 MHz, Chloroform-d) δ 7.95 (dd, J = 8.0, 1.5 Hz, 1H), 7.45 – 7.40 (m, 1H), 7.39 
– 7.33 (m, 1H), 7.05 (ddd, J = 7.6, 7.6, 1.7 Hz, 1H), 6.07 – 6.00 (m, 1H), 5.88 (ddt, J = 10.1, 
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4.9, 2.5 Hz, 1H, major rotamer), 5.73 (ddt, J = 10.2, 3.4 Hz, 1H, minor rotamer), 4.78 – 4.66 (m, 
1H), 3.15 (s, 3H, major rotamer), 3.13 (s, 3H, minor rotamer), 2.33 – 2.20 (m, 1H), 1.94 – 1.73 
(m, 2H), 1.68 – 1.45 (m, 3H). 13C-NMR (101 MHz, Chloroform-d) δ 140.5, 139.8, 133.2, 132.2, 
130.2, 129.0, 128.3, 105.2, 58.8, 42.0, 28.1, 24.4, 21.5. GC-MS [m/z (%)] (16.625 min): 377 
(1.0, M+), 362 (1.0), 349 (1.5), 297 (20), 218 (15), 203 (15), 170 (15), 143 (30), 130 (10), 115 
(10), 91 (10), 81 (60), 79 (100), 77 (30), 76 (20), 65 (20), 63 (20). mp = 85 °C - 87 °C (lit. mp 
= 92 °C - 93 °C).[267] The NMR spectra are in agreement with the previously reported data.[6]

N-(But-2-yn-1-yl)-N-(2-iodophenyl)methanesulfonamide 437a

437a657 659 

DIAD, PPh3 I

THF,
0 °C to rt, 23 hNHMs

I

HO
N
Ms

Me

Me

 
The reaction vessel was charged with N-(2-iodophenyl)methanesulfonamide 657 (891 mg, 

3.00 mmol, 1.0 equiv.) and triphenylphosphine (1.18 g, 4.50 mmol, 1.5 equiv.). Then THF (30 
mL) was added followed by but-2-yn-1-ol 659 (254 µL, 3.30 mmol, 1.1 equiv.). The solution 
was cooled in the ice bath and DIAD (0.92 mL, 4.5 mmol, 1.5 equiv.) was added dropwise over 
ca. 2 min. The reaction was allowed to warm up to room temperature when the addition was 
finished and was stirred at room temperature for 23 h. The reaction was analysed by TLC and 
was found to have reached full conversion after that time. The reaction was concentrated in 
vacuo. Purification by flash column chromatography (5 % ethyl acetate in toluene) gave the 
product N-(but-2-yn-1-yl)-N-(2-iodophenyl)methanesulfonamide 437a (1.04 g, 2.97 mmol, 99 
%) as a pale yellow oil. 1H-NMR (400 MHz, Chloroform-d) δ 7.97 (dd, J = 8.0, 1.5 Hz, 1H), 7.61 
(dd, J = 7.9, 1.6 Hz, 1H), 7.44 (ddd, J = 7.6, 7.6, 1.5 Hz, 1H), 7.12 (ddd, J = 7.9, 7.4, 1.6 Hz, 
1H), 4.74 – 4.61 (m, 1H), 4.08 – 3.99 (m, 1H), 3.17 (s, 3H), 1.85 (t, J = 2.4 Hz, 3H). 13C NMR 
(101 MHz, Chloroform-d) δ 141.3, 140.4, 131.3, 130.6, 129.3, 102.5, 82.4, 73.5, 41.3, 41.2, 
3.6. LC-ESI(+)-MS [m/z] (7.560 min): 367 (M+NH4). The NMR spectra are in agreement with 
the previously reported data.[6]

3-Cyclohexylprop-2-yn-1-ol 661

660 661 

1) n-BuLi
2) (CH2O)n

THF,
-78 °C to rt, 20 h

H

Cy
HO

Cy

 
The reaction vessel was charged with THF (10 mL) and ethynylcyclohexane 660 (1.07 mL, 

8.00 mmol, 1.0 equiv.) and cooled in an acetone/dry ice cooling bath. Then n-butyllithium 
(7.3 mL, 1.2 M, 8.80 mmol, 1.1 equiv.) was added dropwise followed by paraformaldehyde 
(343 mg, 11.2 mmol, 1.4 equiv.). The reaction was allowed to warm up to room temperature 
and was stirred for 20 h. Then the reaction was quenched by the addition of aqueous NH4Cl 
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(10 mL, sat.) and water (20 mL). The phases were separated and the aqueous phase was 
extracted with ethyl acetate (4 x 20 mL). The combined organic phases were washed with 
brine (20 mL), dried over MgSO4 and carefully concentrated in vacuo (100 mbar, 45 °C, 20 
min). Purification by flash column chromatography (20 % ethyl acetate in hexane) gave 3-cy-
clohexylprop-2-yn-1-ol 661 (0.944 g, 6.84 mmol, 85 %) as a colourless oil. 1H-NMR (400 MHz, 
Chloroform-d) δ 4.26 (dd, J = 5.8, 2.0 Hz, 2H), 2.38 (ttt, J = 9.6, 3.9, 2.0 Hz, 1H), 1.85 – 1.76 
(m, 2H), 1.69 (dddd, J = 12.2, 6.5, 4.8, 2.5 Hz, 2H), 1.59 – 1.22 (m, 6H). 13C-NMR (101 MHz, 
Chloroform-d) δ 90.8, 78.3, 51.6, 32.8, 29.2, 26.0, 25.0. GC-MS [m/z (%)] (10.237 min): 138 
(5, M+), 110 (5), 109 (15), 117 (10), 105 (20), 97 (15), 96 (10),  95 (35),  94 (20),  93 (10), 92 
(30), 91 (50), 83 (20), 81 (75), 79 (100), 77 (45), 70 (35), 67 (90), 65 (40). The NMR spectra 
are in agreement with the previously reported data.[273]

N-(3-Cyclohexylprop-2-yn-1-yl)-N-(2-iodophenyl)methanesulfonamide 437b

 
661 437b657

DIAD, PPh3
I

THF,
0 °C to rt, 23 hNHMs

I

HO
Cy

Cy

N
Ms

The reaction vessel was charged with N-(2-iodophenyl)methanesulfonamide 657 (891 mg, 
3.00 mmol, 1.0 equiv.) and triphenylphosphine (1.18 g, 4.50 mmol, 1.5 equiv.). Then THF (30 
mL) was added followed by 3-cyclohexylprop-2-yn-1-ol 661 (539 mg, 3.90 mmol, 1.3 equiv.). 
The solution was cooled in the ice bath and DIAD (0.93 mL, 4.50 mmol, 1.5 equiv.) was added 
dropwise over ca. 2 min. The reaction was allowed to warm up to room temperature when the 
addition was finished and was stirred at room temperature for 15 h. The reaction was ana-
lysed by TLC and was found to have reached full conversion. The reaction was concentrated 
in vacuo. Purification by flash column chromatography (2.5 % ethyl acetate in toluene) gave 
the product N-(3-cyclohexylprop-2-yn-1-yl)-N-(2-iodophenyl)methanesulfonamide 437b (1.22 
g, 2.92 mmol, 97 %) as a colourless oil. 1H-NMR (400 MHz, Chloroform-d) δ 7.94 (dd, J = 8.0, 
1.5 Hz, 1H), 7.57 (dd, J = 7.9, 1.6 Hz, 1H), 7.40 (ddd, J = 7.7, 7.7, 1.5 Hz, 1H), 7.09 (ddd, J = 
7.9, 7.4, 1.6 Hz, 1H), 4.68 (dd, J = 18.0, 2.2 Hz, 1H), 4.05 (dd, J = 18.0, 2.1 Hz, 1H), 3.15 (s, 
3H), 2.42 – 2.30 (m, 1H), 1.80 – 1.71 (m, 2H), 1.70 – 1.60 (m, 2H), 1.57 – 1.45 (m, 1H), 1.44 
– 1.20 (m, 5H). 13C-NMR (101 MHz, Chloroform-d) δ 141.3, 140.3, 131.1, 130.6, 129.1, 102.8, 
91.1, 74.1, 41.2, 41.2, 32.5, 29.1, 25.8, 24.9. IR νmax [cm-1]: 2928, 2853, 2255, 1717, 1576, 
1466, 1449, 1344, 1219, 1152, 1074, 1051, 1020, 1007. LC-ESI(+)-MS [m/z] (9.103 min): 435 
(M+NH4). HRMS (ESI+) [m/z]: calcd. for C16H21INO2S (M+H): 418.0334, found: 418.0332.
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4-((tert-Butyldiphenylsilyl)oxy)but-2-yn-1-ol 663

imidazole

dichloromethane,
rt, 2 h

HO
OH TBDPSCl

HO
OTBDPS

TBDPSO
OTBDPS

662 

663  664 

The reaction vessel was charged with but-2-yne-1,4-diol 662 (2.61 g, 30.0 mmol, 2.0 equiv.) 
and imidazole (1.23 g, 18.0 mmol, 1.2 equiv.) which were suspended in dichloromethane (100 
mL). Then tert-butylchlorodiphenylsilane (4.02 mL, 15.0 mmol, 1.0 equiv.) was added and the 
reaction was stirred at room temperature for 2 h 15 min. The reaction was monitored by TLC 
and was found to have reached full conversion after 1 h 50 min. The reaction was poured 
onto water (100 mL). The phases were separated and the aqueous phase was extracted with 
dichloromethane (3 x 20 mL). The combined organic phases were dried over MgSO4 and 
concentrated in vacuo. Purificaction by flash column chromatography (ethyl acetate in hex-
ane, gradient from 5 % to 20 %) gave 4-((tert-butyldiphenylsilyl)oxy)but-2-yn-1-ol 663 (1.95 g, 
5.72 mmol, 38 %) as a colourless oil. Additionally, 2,2,11,11-tetramethyl-3,3,10,10-tetraphe-
nyl-4,9-dioxa-3,10-disiladodec-6-yne 664 (1.93 g, 3.42 mmol, 46 %) was isolated as a colour-
less oil. 

4-((tert-Butyldiphenylsilyl)oxy)but-2-yn-1-ol 663: 1H-NMR (400 MHz, Chloroform-d) δ 7.77 
– 7.67 (m, 4H), 7.47 – 7.37 (m, 6H), 4.37 (t, J = 1.8 Hz, 2H), 4.20 (t, J = 1.8 Hz, 2H), 1.38 (s, 
1H), 1.07 (s, 9H). 13C-NMR (101 MHz, Chloroform-d) δ 135.8, 133.3, 130.0, 127.8, 84.4, 83.6, 
52.8, 51.3, 26.9, 19.3. LC-(ESI+)-MS [m/z] (9.243 min): 342 (M+NH4). The NMR spectra are 
in agreement with the previously reported data.[274]

2,2,11,11-Tetramethyl-3,3,10,10-tetraphenyl-4,9-dioxa-3,10-disiladodec-6-yne 664: 1H-NMR 
(400 MHz, Chloroform-d) δ 7.77 – 7.70 (m, 8H), 7.47 – 7.36 (m, 12H), 4.35 (s, 4H), 1.10 (s, 
18H). 13C-NMR (101 MHz, Chloroform-d) δ 135.8, 133.3, 129.9, 127.8, 83.5, 52.9, 26.9, 19.3. 
IR νmax [cm-1]: 3071, 3048, 2957, 2930, 2857, 1472, 1462, 1427, 1369, 1261, 1188, 1138, 1107, 
1086, 1057, 1030. LC-(ESI+)-MS [m/z] (12.771 min): 580 (M+NH4). 

((4-Bromobut-2-yn-1-yl)oxy)(tert-butyl)diphenylsilane 665

665 663

PPh3

dichloromethane,
0 °C to rt, 4 h

CBr4HO
OTBDPS

Br
OTBDPS

The reaction was kept under argon and shielded from light. Anhydrous dichloromethane was 
used. To the solution of 4-((tert-butyldiphenylsilyl)oxy)but-2-yn-1-ol 663 (669 mg, 2.00 mmol, 
1.0 equiv.) in dichloromethane (8.0 mL) was added CBr4 (670 mg, 2.00 mmol, 1.0 equiv.) and 
the solution was cooled in the ice bath. Then triphenylphosphine (552 mg, 2.00 mmol, 1.0 
equiv.) was added in portions over ca. 3 min. The reaction was allowed to warm up to room 
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temperature and was stirred at room temperature for 4 h 30 min. The reaction was monitored 
by TLC and was found to have reached a high degree of conversion after 1 h 40 min. The 
reaction was quenched by the addition of methanol (2 mL) and was concentrated in vacuo 
and directly purified by flash column chromatography (4 % ethyl acetate in hexane) to give 
the product ((4-bromobut-2-yn-1-yl)oxy)(tert-butyl)diphenylsilane 665 (667 mg, 1.72 mmol, 86 
%) as a colourless oil. 1H-NMR (400 MHz, Chloroform-d) δ 7.74 – 7.68 (m, 4H), 7.48 – 7.37 
(m, 6H), 4.37 (t, J = 2.0 Hz, 2H), 3.89 (t, J = 2.0 Hz, 2H), 1.07 (s, 9H). 13C-NMR (101 MHz, 
Chloroform-d) δ 135.8, 133.1, 130.0, 127.9, 85.4, 80.3, 52.9, 26.8, 19.3, 14.7. LC-(ESI+)-MS 
[m/z] (10.253 min): 836 (2M+ACN+Na). The NMR spectra are in agreement with the previous-
ly reported data.[275]

tert-Butyl (4-((tert-butyldiphenylsilyl)oxy)but-2-yn-1-yl)(2-iodophenyl)carbamate 440a

440a665

NaH

DMF,
0 °C to rt, 4 h

Br
OTBDPS

I

NHBoc

I

N
Boc OTBDPS

647

The reaction was kept under argon and anhydrous dichloromethane was used. The reaction 
vessel was charged with tert-butyl (2-iodophenyl)carbamate 647 (415 mg, 1.30 mmol, 1.0 
equiv.). Then DMF (4 mL)  was added and the solution was cooled in the ice bath before the 
careful addition of sodium hydride (31.2 mg, 1.30 mmol, 1.1 equiv.). The reaction was stirred 
at ice bath temperature for 45 min. Then ((4-bromobut-2-yn-1-yl)oxy)(tert-butyl)diphenylsilane 
665 (554 mg, 1.43 mmol, 1.1 equiv.) was added and the reaction was stirred at room temper-
ature for 4 h 15 min. The reaction was monitored by TLC and was found to have reached full 
conversion after 1 h 40 min. The reaction was quenched by the addition of saturated aqueous 
ammonium chloride (5 mL) and water (100 mL). The phases were separated and the aque-
ous phase was extracted with ethyl acetate (3 x  20 mL). The combined organic phases were 
washed with water (3 x 20 mL) and brine (1 x 20 mL), dried over MgSO4 and concentrated in 
vacuo. Purification by flash column chromatography (5 % ethyl acetate in hexane) gave the 
product tert-butyl (4-((tert-butyldiphenylsilyl)oxy)but-2-yn-1-yl)(2-iodophenyl)carbamate 440a 
(746 mg, 1.18 mmol, 91 %) as a colourless oil. 1H-NMR (400 MHz, DMSO-d6) δ 7.91 (dd, J = 
7.9, 1.4 Hz, 1H), 7.67 – 7.58 (m, 4H), 7.50 – 7.33 (m, 7H), 7.30 (dd, J = 7.9, 1.7 Hz, 1H), 7.08 
(ddd, J = 7.6, 7.6, 1.8 Hz, 1H), 4.66 – 4.51 (m, 1H), 4.39 – 4.27 (m, 2H), 4.00 – 3.89 (m, 1H), 
1.47 (s, 9H, minor rotamer), 1.29 (s, 9H, major rotamer), 0.97 (s, 9H). 13C-NMR (101 MHz, DM-
SO-d6, major rotamer) δ 152.6, 142.9, 139.0, 135.0, 132.5, 129.9, 129.5, 129.4, 128.9, 127.8, 
100.8, 82.2, 80.8, 80.0, 52.3, 38.1, 27.8, 26.5, 18.7. IR νmax [cm-1]: 3069, 3049, 2959, 2930, 
2857, 1736, 1705, 1580, 1472, 1427, 1368, 1298, 1252, 1229, 1153, 1126, 1111, 1063, 1013. 
LC-(ESI+)-MS [m/z] (11.241 min): 643 (M+NH4). HRMS (ESI+) [m/z]: calcd. for C31H40O3N2ISi 
(M+NH4): 643.1847, found: 643.1830.
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tert-Butyl (2-iodophenyl)(prop-2-yn-1-yl)carbamate 440b

440b

NaH

N
Boc

I

DMF,
0 °C to rt, 2 hNHBoc

I
Br

666 647

The reaction was kept under nitrogen and anhydrous DMF was used. The reaction vessel 
was charged with tert-butyl (2-iodophenyl)carbamate 647 (798 mg, 2.50 mmol, 1.0 equiv.). 
Then DMF (16 mL) was added and the solution was cooled in the ice bath before the careful 
addition of sodium hydride (110 mg, 2.75 mmol, 1.1 equiv., 60 % suspension in mineral oil). 
The reaction was stirred at ice bath temperature for 35 min. Then 3-bromoprop-1-yne 666 (334 
µL, 3.00 mmol, 1.2 equiv.) was added and the reaction was stirred at room temperature for 2 
h 15 min. The reaction was monitored by HPLC and was found to have reached full conversion 
after 1 h 20 min. The reaction was partitioned between water (100 mL), brine (50 mL) and ethyl 
acetate (20 mL). The phases were separated and the aqueous phase was extracted with ethyl 
acetate (3 x  20 mL). The combined organic phases were dried over Na2SO4 and concentrated 
in vacuo. Purification by flash column chromatography (ethyl acetate in heptane, gradient from 
0 % to 5 %) gave the product tert-butyl (2-iodophenyl)(prop-2-yn-1-yl)carbamate 440b (0.825 
g, 2.31 mmol, 92 %) as a pale yellow oil. 1H-NMR (400 MHz, Chloroform-d) δ 7.87 (d, J = 7.9 
Hz, 1H), 7.48 – 7.33 (m, 2H), 7.02 (ddd, J = 8.0, 6.0, 3.1 Hz, 1H), 4.79 (dd, J = 17.6, 2.5 Hz, 
1H, major rotamer), 4.64 (d, J = 17.8 Hz, 1H, minor rotamer), 3.90 (dd, J = 17.6, 2.4 Hz, 1H), 
2.25 – 2.19 (m, 1H), 1.56 (s, 9H, minor rotamer), 1.36 (s, 9H, major rotamer). 13C-NMR (101 
MHz, Chloroform-d, major rotamer) δ 153.6, 143.5, 139.4, 130.3, 129.3, 129.0, 100.2, 81.1, 
79.4, 72.6, 39.7, 28.5. 1H-NMR (400 MHz, DMSO-d6, 80 °C) δ 7.92 (dd, J = 7.9, 1.4 Hz, 1H), 
7.48 – 7.41 (m, 1H), 7.36 (dd, J = 7.8, 1.7 Hz, 1H), 7.09 (ddd, J = 7.6, 7.6, 1.7 Hz, 1H), 4.56 
(dd, J = 18.0, 2.5 Hz, 1H), 3.99 (dd, J = 18.0, 2.5 Hz, 1H), 3.04 (dd, J = 2.5 Hz, 1H), 1.37 (s, 
9H). 13C-NMR (101 MHz, DMSO-d6, 80 °C) δ 152.2, 143.0 (br), 138.7, 129.3, 128.9, 128.6, 
100.0, 79.9, 79.0, 74.4, 38.0 (br), 27.6. GC-MS [m/z (%)] (13.803 min): 357 (0.1, M+), 342 
(0.1),314 (0.1), 300 (2), 298 (3), 284 (5), 257 (15), 245 (5), 203 (5), 174 (65), 157 (5), 130 (55), 
129 (30), 102 (20), 90 (15), 76 (20), 57 (100). The NMR spectra are in agreement with the 
previously reported data.[276]

1-(1-(Allyloxy)-2-iodoethyl)-4-methoxybenzene 442a

442a

dichloromethane,
-78 °C to 0 °C, 45 minMeO

HO NIS O

MeO

I

667 668 

The reaction was kept under nitrogen and shielded from light. The reaction vessel was 
charged with dichloromethane (67 mL), prop-2-en-1-ol 668 (1.36 mL, 20.0 mmol, 2.0 equiv.) 
and 1-methoxy-4-vinylbenzene 667 (1.33 mL, 10.0 mmol, 1.0 equiv.). The solution was cooled 
in a dry-ice/acetone cooling bath. Then N-iodosuccinimide (3.38 g, 15.0 mmol, 1.5 equiv.) was 
added in one portion. The reaction was stirred in the dry-ice/acetone cooling bath for 15 min. 
Then it was transferred into a water-ice cooling bath and stirred for 40 min. The reaction was 
monitored by TLC and was found to have reached full conversion after 30 min. The reaction 
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was quenched by the addition of a aqueous sodium thiosulfate (1.0 M, 20 mL) at ice bath tem-
perature. Stirring was continued for 10 min. Then the phases were separated and the aqueous 
phase was extracted with ethyl acetate (3 x 25 mL). The combined organic phases were 
washed with brine, dried over Na2SO4 and concentrated in vacuo. Purification by flash column 
chromatography (ethyl acetate in heptane, gradient from 0 % to 5 %) gave the product 442a 
(2.43 g, 7.65 mmol, 77 %) as a pale red oil. The product was stored at 4 °C and shielded from 
light. 1H-NMR (400 MHz, Chloroform-d) δ 7.26 – 7.21 (m, 2H), 6.92 – 6.87 (m, 2H), 5.92 (dddd, 
J = 17.2, 10.4, 6.2, 5.1 Hz, 1H), 5.28 (dddd, J = 17.3, 1.7, 1.7, 1.7 Hz, 1H), 5.18 (dddd, J = 
10.3, 1.4, 1.4, 1.4 Hz, 1H), 4.43 (dd, J = 8.2, 4.8 Hz, 1H), 3.98 (dddd, J = 12.8, 5.1, 1.5, 1.5 Hz, 
1H), 3.86 – 3.78 (m, 1H), 3.82 (s, 3H), 3.38 (dd, J = 10.3, 8.3 Hz, 1H), 3.30 (dd, J = 10.3, 4.7 
Hz, 1H). 13C-NMR (101 MHz, Chloroform-d) δ 159.8, 134.6, 132.1, 128.0, 117.5, 114.2, 80.7, 
70.1, 55.4, 11.0. GC-MS [m/z (%)] (13.276 min): 318 (3, M+), 261 (1), 191 (2), 177 (100), 149 
(10), 135 (55), 134 (45), 121 (50), 119 (20), 91 (25), 77 (20), 65 (20). The NMR spectra are in 
agreement with the previously reported data.[6]

1-(1-(Allyloxy)-2-bromoethyl)-4-methoxybenzene 442b

442b

neat,
0 °C to rt, 1 h 30 minMeO

HO NBS O

MeO

Br

667 668

The reaction was kept under nitrogen. To a mixture of 1-methoxy-4-vinylbenzene 667 (1.33 
mL, 10.0 mmol, 1.0 equiv.) and prop-2-en-1-ol 668 (0.680 mL, 10.0 mmol, 1.0 equiv.) was 
added N-bromosuccinimide (1.78 g, 10.0 mmol, 1.0 equiv.) in small portions over ca. 5 min at 
ice bath temperature. The reaction was cooled for additional 15 min before it was allowed to 
warm up to room temperature. The reaction was stirred at room temperature for 1 h 30 min. 
The reaction was monitored by TLC and was found to have reached a high degree of conver-
sion after 10 min. The reaction was diluted with tert-butyl methyl ether (40 mL) and washed 
with aqueous sodium thiosulphate (1 M, 25 mL). The aqueous phase was extracted with 
tert-butyl methyl ether (3 x 25 mL). The combined organic phases were washed with brine, 
dried over Na2SO4 and concentrated in vacuo. Purification by flash column chromatography 
(ethyl acetate in heptane, gradient from 0 % to 5 %) gave the product 1-(1-(allyloxy)-2-bro-
moethyl)-4-methoxybenzene 442b (1.22 g, 4.49 mmol, 45 %) as a colourless oil. 1H-NMR (400 
MHz, Chloroform-d) δ 7.30 – 7.21 (m, 2H), 6.93 – 6.89 (m, 2H), 5.91 (dddd, J = 17.3, 10.4, 
6.2, 5.1 Hz, 1H), 5.27 (dddd, J = 17.2, 1.7, 1.7, 1.7 Hz, 1H), 5.18 (dddd, J = 10.4, 1.4, 1.4, 1.4 
Hz, 1H), 4.51 (dd, J = 8.1, 4.6 Hz, 1H), 4.00 (dddd, J = 12.8, 5.1, 1.5, 1.5 Hz, 1H), 3.89 – 3.78 
(m, 1H), 3.82 (s, 3H), 3.56 (dd, J = 10.5, 8.1 Hz, 1H), 3.44 (dd, J = 10.5, 4.6 Hz, 1H). 13C-NMR 
(101 MHz, Chloroform-d) δ 159.9, 134.6, 131.4, 128.2, 117.5, 114.2, 80.5, 70.0, 55.4, 36.7. IR 
νmax [cm-1]: 3076, 3001, 2959, 2934, 2905, 2860, 2835, 1609, 1585, 1510, 1462, 1441, 1418, 
1337, 1304, 1283, 1242, 1204, 1173, 1009. GC-MS [m/z (%)] (13.366 min): 272 (2, M+), 270 
(2, M+), 215 (5), 213 (5), 177 (100), 149 (10), 135 (90), 134 (65), 121 (60), 119 (30), 91 (45), 77 
(35), 65 (25). HRMS (ASAP) [m/z]: calcd. for C12H14O2

79Br (M-H): 269.0177, found: 269.0171.
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1-(1-(Allyloxy)-2-chloroethyl)-4-methoxybenzene 442c

442c

neat,
0 °C to rt, 1 h 30 minMeO

HO NCS O

MeO

Cl

thiourea

667 668

The reaction was kept under argon. The reaction vessel was charged with 1-methoxy-4-vi-
nylbenzene 667 (0.27 mL, 2.00 mmol, 1.0 equiv.) and prop-2-en-1-ol 668 (2.45 mL, 36.0 mmol, 
18 equiv.). Then N-chlorosuccinimide (1.07 g, 8.00 mmol, 4.0 equiv.) was added followed by 
thiourea (15.2 mg, 0.20 mmol, 0.1 equiv.). The suspension was stirred for 13 h at room tem-
perature. The reaction was monitored by TLC and was found to have reached a high degree 
of conversion after that time. The reaction was partitioned between water (10 mL) and dichlo-
romethane (10 mL). The aqueous phase was extracted with dichloromethane (3x, 10 mL). The 
combined organic phases were dried over MgSO4 and concentrated in vacuo. Purification by 
flash column chromatography (40% dichloromethane in hexane) gave the product 1-(1-(ally-
loxy)-2-chloroethyl)-4-methoxybenzene 442c (0.18 g, 0.79 mmol, 40 %) as a colourless oil. 
1H-NMR (400 MHz, Chloroform-d) δ 7.30 – 7.21 (m, 2H), 6.94 – 6.88 (m, 2H), 5.91 (dddd, J = 
17.2, 10.4, 6.2, 5.1 Hz, 1H), 5.27 (dddd, J = 17.2, 1.7, 1.7, 1.7 Hz, 1H), 5.18 (dddd, J = 10.4, 
1.8, 1.3, 1.3 Hz, 1H), 4.48 (dd, J = 7.9, 4.7 Hz, 1H), 4.00 (dddd, J = 12.8, 5.1, 1.5, 1.5 Hz, 1H), 
3.88 – 3.80 (m, 4H), 3.70 (dd, J = 11.3, 7.9 Hz, 1H), 3.56 (dd, J = 11.3, 4.7 Hz, 1H). 13C-NMR 
(101 MHz, Chloroform-d) δ 159.9, 134.6, 131.0, 128.3, 117.5, 114.2, 80.8, 70.0, 55.4, 48.4. IR 
νmax [cm-1]: 3076, 3001, 2953, 2834, 1647, 1610, 1586, 1512, 1461, 1443, 1422, 1305, 1246, 
1173, 1093, 1032. GC-MS [m/z (%)] (12.875 min): 226 (5, M+), 177 (100), 168 (20), 149 (20), 
135 (90), 121 (60) 119 (15). HRMS (ESI+) [m/z]: calcd. for C12H15O2 (M-Cl): 191.1072, found: 
191.1067.

(Z)-4-(Allyloxy)but-2-en-1-ol 670

669  
THF,

0 °C to reflux, 1 h HO

O

HO

OH
Br NaH

670 649 

The reaction was kept under argon and anhydrous THF was used. The reaction vessel was 
charged with THF (20 mL) and (Z)-but-2-ene-1,4-diol 669 (5.39 g, 60.0 mmol, 3.0 equiv.). The 
solution was cooled in the ice bath and NaH (840 mg, 21.0 mmol, 1.05 equiv.) was added over 
ca. 5 min. The reaction was stirred at room temperature for 1 h. Over this time the reaction 
turned from a slurry into two separate liquid phases. Then 3-bromoprop-1-ene 649 (1.78 mL, 
20.0 mmol, 1.0 equiv.) was added carefully and the reaction was stirred at room temperature 
for 10 min before it was gently refluxed (oil bath at 75 °C) for 1 h. Gradually over the period of 
refluxing, a light brown precipitate formed. The reaction was poured onto aqueous HCl (1 M, 
50 mL) and dichloromethane (20 mL). The phases were separated and the aqueous phase 
was extracted with dichloromethane (3 x 20 mL). The combined organic phases were dried 
over MgSO4 and concentrated in vacuo. Purification by flash column chromatography (30 % 
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ethyl acetate in hexane) gave the product (Z)-4-(allyloxy)but-2-en-1-ol 670 (2.00 g, 15.6 mmol, 
78 %) as a colourless oil. 1H-NMR (400 MHz, Chloroform-d) δ 5.91 (ddt, J = 17.2, 10.4, 5.7 
Hz, 1H), 5.82 (dtt, J = 11.2, 6.3, 1.3 Hz, 1H), 5.71 (dtt, J = 11.3, 6.3, 1.3 Hz, 1H), 5.28 (ddt, J 
= 17.2, 1.6, 1.6 Hz, 1H), 5.20 (ddt, J = 10.4, 1.4, 1.4 Hz, 1H), 4.20 (ddt, J = 6.4, 1.4, 0.7 Hz, 
2H), 4.06 (ddt, J = 6.2, 1.5, 0.8 Hz, 2H), 3.99 (ddd, J = 5.7, 1.4, 1.4 Hz, 2H), 1.90 (s, 1H). 
13C-NMR (101 MHz, Chloroform-d) δ 134.6, 132.4, 128.5, 117.6, 71.5, 65.8, 58.9. GC-MS [m/z 
(%)] (8.914 min): 110 (30, M-18), 97 (30), 95 (5), 81 (15), 80 (10), 79 (10), 71 (25), 70 (100), 
69 (70), 68 (40), 67 (20), 59 (15), 58 (25), 57 (85), 55 (65), 54 (40), 53 (20). The NMR spectra 
are in agreement with the previously reported data.[254]

(Z)-1-(Allyloxy)-4-bromobut-2-ene 671

671 
diethyl ether,
0 °C to rt, 2 h Br

O

HO

O
PBr3

670

The reaction was shielded from light and kept under argon. Anhydrous diethyl ether was 
used. The solution of (Z)-4-(allyloxy)but-2-en-1-ol 670 (513 mg, 4.00 mmol, 1.0 equiv.) in di-
ethyl ether (8 mL) was cooled in the ice bath. Then PBr3 (0.15 mL, 1.60 mmol, 0.4 equiv.) was 
added dropwise over ca. 2 min. The reaction was allowed to warm up to room temperature and 
was stirred at room temperature for 2 h 20 min. The reaction was monitored by TLC and was 
found to have reached full conversion after 2 h. The reaction was cooled in the ice bath, diluted 
with diethyl ether (20 mL) and then quenched by the slow addition of water (10 mL). The re-
action was poured onto aqueous NaHCO3 (10 mL, sat.). The phases were separated and the 
aqueous phase was extracted with diethyl ether (3 x 20 mL). The combined organic phases 
were washed with brine, dried over MgSO4 and carefully concentrated in vacuo (45 °C, >200 
mbar) to give the product (Z)-1-(allyloxy)-4-bromobut-2-ene 671 (0.687 g, 3.56 mmol, 89 %) 
as a colourless oil. The product was stored at 4 °C and shielded from light. 1H-NMR (400 MHz, 
Chloroform-d) δ 5.99 – 5.84 (m, 2H), 5.72 (dtt, J = 10.9, 6.4, 0.8 Hz, 1H), 5.30 (ddt, J = 17.2, 
1.6, 1.6 Hz, 1H), 5.21 (ddt, J = 10.4, 1.3, 1.3 Hz, 1H), 4.12 (dd, J = 6.4, 1.6 Hz, 2H), 4.04 – 3.98 
(m, 4H). 13C-NMR (101 MHz, Chloroform-d) δ 134.6, 131.3, 128.4, 117.6, 71.6, 65.1, 26.6. GC-
MS [m/z (%)] (9.440 min): 191 (0.03, M+), 189 (0.03, M+), 162 (0.3), 160 (0.3), 151 (1.5), 149 
(1.5), 135 (25), 133 (25), 111 (20), 110 (20), 93 (35), 91 (15), 81 (20), 69 (50), 67 (75), 55 (80), 
54 (85), 53 (100). The NMR spectra are in agreement with the previously reported data.[254]

tert-Butyl (Z)-(4-(allyloxy)but-2-en-1-yl)(2-iodophenyl)carbamate 444a

NaH

DMF,
0 °C to rt, 4 h

Br

OI

NHBoc

I

N
Boc

O

444a671647

The reaction was kept under argon and anhydrous DMF was used. The reaction vessel 
was charged with tert-butyl (2-iodophenyl)carbamate 647 (540 mg, 1.69 mmol, 1.0 equiv.). 
Then DMF (4 mL)  was added and the solution was cooled in the ice bath before the careful 
addition of sodium hydride (74.5 mg, 1.86 mmol, 1.1 equiv.). The reaction was stirred at ice 
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bath temperature for 30 min. Then (Z)-1-(allyloxy)-4-bromobut-2-ene 671 (392 mg, 2.03 mmol, 
1.2 equiv.) was added and the reaction was stirred at room temperature for 4 h 20 min. The 
reaction was monitored by TLC and was found to have reached full conversion after 4 h. The 
reaction was quenched by the addition of aqueous ammonium chloride (5 mL, sat.) and wa-
ter (100 mL). The phases were separated and the aqueous phase was extracted with ethyl 
acetate (3 x  20 mL). The combined organic phases were washed with water (3 x 20 mL) and 
brine (1 x 20 mL), dried over MgSO4 and concentrated in vacuo. Purification by flash column 
chromatography (10 % ethyl acetate in hexane) gave the product tert-butyl (Z)-(4-(allyloxy)
but-2-en-1-yl)(2-iodophenyl)carbamate 444a (686 mg, 1.60 mmol, 94 %) as a colourless oil. 
1H-NMR (400 MHz, DMSO-d6) δ 7.90 (dd, J = 8.0, 1.4 Hz, 1H), 7.39 (ddd, J = 7.6, 7.6, 1.5 Hz, 
1H), 7.25 (dd, J = 7.9, 1.6 Hz, 1H), 7.05 (dd, J = 7.7, 7.7 Hz, 1H), 5.83 – 5.71 (m, 1H), 5.71 – 
5.61 (m, 1H), 5.61 – 5.50 (m, 1H), 5.17 – 5.10 (m, 1H), 5.10 – 5.06 (m, 1H), 4.35 (dd, J = 15.5, 
6.5 Hz, 1H), 3.96 (dd, J = 15.5, 7.4 Hz, 1H), 3.86 – 3.78 (m, 2H), 3.76 – 3.67 (m, 2H), 1.47 (s, 
9H, minor isomer), 1.29 (s, 9H, major isomer). 13C-NMR (101 MHz, DMSO-d6) δ 152.9, 143.5, 
139.0, 135.0, 129.8, 129.6, 129.0, 129.0, 127.6, 116.3, 101.0, 79.5, 69.9, 64.7, 45.4, 27.9. IR 
νmax [cm-1]: 3076, 3003, 2974, 2928, 2853, 1689, 1580, 1472, 1454, 1437, 1379, 1366, 1333, 
1298, 1254, 1219, 1167, 1146, 1115, 1082, 1055, 1011. LC-(ESI+)-MS [m/z] (9.399 min): 430 
(M+H). HRMS (ESI+) [m/z]: calcd. for C18H25O3NI (M+H): 430.0874, found: 430.0874.

(Z)-1-((4-(Allyloxy)but-2-en-1-yl)oxy)-2-iodobenzene 444b

444b670656

PPh3, DIAD

THF,
0 °C to rt, 23 h

HO

OI

OH

I

O

O

The reaction was kept under argon and anhydrous THF was used. The reaction vessel was 
charged with 2-iodophenol 656 (1.57 g, 7.00 mmol, 1.0 equiv.) and triphenylphosphine (2.75 g, 
10.5 mmol, 1.5 equiv.). Then THF (45 mL) was added followed by (Z)-4-(allyloxy)but-2-en-1-ol 
670 (1.02 g, 7.77 mmol, 1.11 equiv.). The solution was cooled in the ice bath and diisopropyl 
azodicarboxylate (2.2 mL, 10.5 mmol, 1.5 equiv.) was added dropwise over ca. 2 min. Then 
the reaction was allowed to warm up to room temperature and was stirred for 23 h. The reac-
tion was monitored by TLC and was found to have reached full conversion after that time. The 
reaction was concentrated in vacuo. Purification by flash column chromatography (50 % ethyl 
acetate in toluene) gave the product as a pale yellow oil, contaminated with 2-iodophenol 656. 
The material was dissolved in diethyl ether (30 mL) and extracted with aqueous NaOH (1 M, 
5 x 30 mL). The organic phase was washed with brine, dired over MgSO4 and concentrated 
in vacuo to give the pure product (E)-1-((4-(allyloxy)but-2-en-1-yl)oxy)-2-iodobenzene 444b 
(1.97 g, 5.97 mmol, 85 %) as a pale yellow oil. 1H-NMR (400 MHz, Chloroform-d) δ 7.78 (dd, 
J = 7.8, 1.6 Hz, 1H), 7.28 (ddd, J = 8.2, 7.4, 1.6 Hz, 1H), 6.82 (dd, J = 8.3, 1.4 Hz, 1H), 6.72 
(ddd, J = 7.6, 7.6, 1.4 Hz, 1H), 5.98 – 5.86 (m, 2H), 5.86 – 5.78 (m, 1H), 5.30 (ddt, J = 17.3, 
1.6, 1.6 Hz, 1H), 5.20 (ddt, J = 10.4, 1.3, 1.3 Hz, 1H), 4.69 (ddd, J = 5.8, 1.2, 1.2 Hz, 2H), 
4.16 – 4.12 (m, 2H), 4.01 (ddd, J = 5.6, 1.4, 1.4 Hz, 2H). 13C-NMR (101 MHz, Chloroform-d) 
δ 157.3, 139.7, 134.7, 130.3, 129.5, 127.7, 122.9, 117.5, 112.7, 86.9, 71.5, 66.3, 65.5. IR νmax 

[cm-1]: 3061, 3013, 2978, 2920, 2851, 1645, 1580, 1568, 1470, 1437, 1408, 1331, 1275, 1242, 
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1227, 1161, 1121, 1080, 1047, 1016. GC-MS [m/z (%)] (14.651 min): 330 (3, M+), 273 (1), 272 
(3), 260 (2), 220 (15), 219 (15), 203 (10), 191 (35), 165 (5), 146 (10), 145 (15), 133 (10), 132 
(10), 131 (40), 127 (20), 119 (10), 118  (10), 117 (10), 115 (15), 111 (85), 110 (30), 105 (40), 
103 (10), 93 (25), 92 (80), 91 (20), 79 (15), 77 (25), 76 (20), 69 (50), 67 (50), 65 (30), 64 (65), 
63 (100), 62 (20), 57 (20), 55 (65), 54 (65), 53 (50). HRMS (ASAP) [m/z]: calcd. for C13H16O2I 
(M+H): 331.0195, found: 331.0192.

5.3.9 Reductive Cleavage of the N-O Bond in Weinreb Amides 
(Corresponds to Chapter 2.3.2. The synthesis of the substrates used in this section is de-

scribed in Chapter 5.3.10).

Reduction of Weinreb Amides 446 to Amides 447

419
(2.0 equiv.)

n-Dodecanethiol (0.2 equiv.), 
448 (0.2 equiv.),

 DMF (0.5 M), 18 h, 100 °C 446 447 
 448

The reaction vessel was charged with 1,3-dimethyl-2,3-dihydro-1H-benzo[d]imidazole 419 
(183 mg, 1.20 mmol, 2.0 equiv.). Then N-methoxy-N-methylbenzamide 446a (101 mg, 0.600 
mmol, 1.0 equiv.) or N-methoxy-N-methyl-2-phenylacetamide 446b (110 mg, 0.600 mmol, 1.0 
equiv.) as required was added as a solution in DMF (1.2 mL). Then 1,1-bis(tert-butylperoxy)
cyclohexane 448 (33 µL, 120 µmol, 0.2 equiv.) and n-dodecanethiol (29.3 µL, 120 µmol, 0.2 
equiv.) were added in this sequence. The reaction was purged with argon for 1 h and then 
heated to 100 °C for 20 h. The reaction was kept under a positive pressure of argon for the du-
ration of heating. After the heating period, the reaction was poured onto water/brine (100 mL, 
2:1) and extracted with ethyl acetate (4 x 20 mL). The combined organic phases were washed 
with brine (1 x 50 mL). Then a precisely measured amount of 1,3,5-trimethoxybenzene (ca. 
50.5 mg, 0.300 mmol, 0.5 equiv.) was added as an internal standard. The solution was dried 
over MgSO4 and concentrated in vacuo. 

The reaction of 446a was found to have reached full conversion by inspection of the crude 
product by 1H-NMR spectroscopy. The yield of N-methylbenzamide 447a was calculated to 
be 93 %. Purification by flash column chromatography (50 % ethyl acetate in hexane) gave 
N-methylbenzamide 447a (85.7 mg, 0.563 mmol, 94 %) as an off-white solid. 1H-NMR (400 
MHz, Chloroform-d) δ 7.78 – 7.73 (m, 2H), 7.49 – 7.43 (m, 1H), 7.41 – 7.35 (m, 2H), 6.55 (br s, 
1H), 2.97 (d, J = 4.6 Hz, 3H). 13C-NMR (101 MHz, Chloroform-d) δ 168.4, 134.7, 131.4, 128.6, 
127.0, 26.9.  (D314339) GC-MS [m/z (%)] (11.287 min): 135 (30, M+), 134 (35), 105 (90), 77 
(100), 75 (20), 74 (40). mp = 74 °C (lit. mp = 77 °C).[277] The NMR spectra are in agreement 
with the reported data.[278]  

In the reaction of 446b no product was detected by 1H-NMR spectroscopy. The yield of 
remaining starting material N-methoxy-N-methyl-2-phenylacetamide 446b was calculated to 
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be 79 %. Also by inspection of the crude reaction product by GC-MS no signal that would be 
consistent with the structure of 447b was found. 

The reactions with both substrates 446a and 446b was repeated under catalytic conditions 
(conditions B).  The reaction vessel was charged with N-methoxy-N-methylbenzamide 446a 
(101 mg, 0.600 mmol, 1.0 equiv.) or N-methoxy-N-methyl-2-phenylacetamide 446b (110 mg, 
0.600 mmol, 1.0 equiv.) as required. Then DMF (1.2 mL) was added followed by 1,3-dime-
thyl-1H-benzo[d]imidazol-3-ium iodide 418-I (32.9 mg, 120 µmol, 0.2 equiv.), n-dodecanethiol 
(29.3 µL, 120 µmol, 0.2 equiv.) and sodium borohydride (45.4 mg, 1.20 mmol, 2.0 equiv.). The 
reaction was heated to 55 °C for 48 h and was left open to air via a needle for the whole re-
action period. After the heating period the reaction was poured onto water/brine (100 mL, 2:1) 
and extracted with ethyl acetate (4 x 20 mL). The combined organic phases were washed with 
brine (1 x 50 mL). Then a precisely measured amount of 1,3,5-trimethoxybenzene (ca. 50.5 
mg, 0.300 mmol, 0.5 equiv.) was added as an internal standard. The solution was dried over 
MgSO4 and concentrated in vacuo. 

The reaction of 446a gave N-methylbenzamide 447a (11 %), benzyl alcohol (33 % compared 
against literature data[279] and a commercial sample) and remaining starting material (47 %) as 
measured by 1H-NMR spectroscopy of the crude reaction product. 

The reaction of 446b gave phenethyl alcohol (31 %, compared against literature data[280]) 
and remaining starting material (11 %) as measured by 1H-NMR spectroscopy of the crude 
reaction product. A third, unidentified product was observed by 1H-NMR spectroscopy and 
GC-MS. 

5.3.10 Substrate Synthesis for Reactions in Chapter 5.3.9 

1,1-bis(tert-Butylperoxy)cyclohexane 448

448673  672

H2SO4

toluene,
0 °C to 12 °C, 45 min

O OO OO

HO O(tBu)
tBu tBu

The reaction vessel was charged with toluene (4.5 mL) and cyclohexanone 672 (2.1 mL, 
20 mmol, 1.0 equiv.) and cooled in a water-ice/water cooling bath. Then H2SO4 (1.3 mL, 16 
mmol, 0.8 equiv.) was added dropwise such that the internal temperature of the reaction did 
not exceed 8 °C. When the addition was finished, the reaction was placed in a water-ice/ace-
tone cooling bath and 2-hydroperoxy-2-methylpropane 673 (5.4 mL, 40 mmol, 2.0 equiv.) was 
added over 5 min such that the internal temperature of the reaction remained between -3 °C 
and +3 °C. When the addition was finished the reaction was placed in a +8  °C water bath and 
stirring was continued for 45 min. The reaction was monitored by TLC and was found to have 
reached a high degree of conversion after 30 min. The phases were separated. The aqueous 
phase was extracted with toluene (1 x 5 mL). The combined organic phases were washed 
with aqueous NaOH (1 x 5 mL, 1 M) and brine ( 5 mL), dried over MgSO4 and concentrated 
in vacuo. Purification by flash column chromatography (4 % ethyl acetate in hexane) gave the 
product 1,1-bis(tert-butylperoxy)cyclohexane 448 (3.01 g, 11.6 mmol, 58 %) as a colourless 
oil. The material was stored at 4 °C. 1H-NMR (400 MHz, Chloroform-d) δ 1.81 – 1.76 (m, 4H), 
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1.58 – 1.49 (m, 4H), 1.44 – 1.37 (m, 2H), 1.25 (s, 18H). 13C-NMR (101 MHz, Chloroform-d) δ 
107.1, 79.1, 31.0, 27.0, 25.9, 22.9. Chloroform-d was passed over K2CO3 before use and the 
NMR-spectra were recorded immediately. The compound was found to decompose in chloro-
form-d over several hours. 1H-NMR (400 MHz, DMSO-d6) δ 1.71 (dd, J = 7.4, 4.7 Hz, 4H), 1.51 
– 1.43 (m, 4H), 1.42 – 1.33 (m, 2H), 1.20 (s, 18H). 13C-NMR (101 MHz, DMSO-d6) δ 106.4, 
78.6, 30.4, 26.5, 25.0, 22.2. LC-(ESI-)-MS [m/z] (10.650 min): 259 (M-H). The NMR spectra 
are in agreement with the previously reported data (recorded in chloroform-d).[265]

N-Methoxy-N-methylbenzamide 446a

Cl

O

Me
O

N
H

Me
HCl O

Me
O

N
Me

+
DCM, 

0 °C to rt, 21 h

Et3N

 446a674 675

The reaction was kept under argon and anhydrous dichloromethane was used. The reaction 
vessel was charged with N,O-dimethylhydroxylamine hydrochloride 675 (1.87 g, 18.8 mmol, 
1.25 equiv.) and dichloromethane (45 mL). The solution was cooled in the ice bath before the 
addition of benzoyl chloride 674 (1.83 mL, 15.0 mmol, 1.0 equiv.) and triethylamine (4.2 mL, 
30 mmol, 2.0 equiv.). The reaction was allowed to slowly warm up to room temperature and 
was stirred for 21 h. The reaction was poured onto aqueous hydrochloric acid (1M, 50 mL). 
The phases were separated and the aqueous phase was extracted with dichloromethane (3 
x 20 mL). The combined organic phases were washed with aqueous NaHCO3 (20 mL), dried 
over MgSO4 and concentrated in vacuo. Purification by flash column chromatography (40 % 
ethyl acetate in hexane) gave pure N-methoxy-N-methylbenzamide 446a (2.53 g, 15.3 mmol, 
quant.) as a colourless oil. 1H-NMR (400 MHz, Chloroform-d) δ 7.69 – 7.64 (m, 2H), 7.48 – 
7.36 (m, 3H), 3.55 (s, 3H), 3.35 (s, 3H). 13C-NMR (101 MHz, Chloroform-d) δ 170.1, 134.3, 
130.7, 128.3, 128.1, 61.1, 33.9. GC-MS [m/z (%)] (9.328 min): 165 (2, M+), 105 (100), 77 (90), 
51 (35). The NMR spectra are in agreement with the reported data.[281]

N-Methoxy-N-methyl-2-phenylacetamide 446b

Cl

O

Me
O

N
H

Me
HCl O

Me
O

N
Me

+
DCM, 

0 °C to rt, 23 h

Et3N

675676  446b

The reaction was kept under argon and anhydrous dichloromethane was used. The reaction 
vessel was charged with N,O-dimethylhydroxylamine hydrochloride 675 (1.87 g, 18.8 mmol, 
1.25 equiv.) and dichloromethane (45 mL). The solution was cooled in the ice bath before the 
addition of 2-phenylacetyl chloride 676 (2.04 mL, 15.0 mmol, 1.0 equiv.) and triethylamine (4.2 
mL, 30 mmol, 2.0 equiv.). The reaction was allowed to slowly warm up to room temperature 
and was stirred for 23 h. The reaction was poured onto aqueous hydrochloric acid (1M, 50 
mL). The phases were separated and the aqueous phase was extracted with dichloromethane 
(3 x 20 mL). The combined organic phases were washed with aqueous NaHCO3 (20 mL), dried 
over MgSO4 and concentrated in vacuo. Purification by flash column chromatography (ethyl 
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acetate in hexane, gradient from 20 % - 30 %) gave N-methoxy-N-methyl-2-phenylacetamide 
446b (1.34 g, 7.47 mmol, 50 %) as a pale yellow oil. 1H-NMR (400 MHz, Chloroform-d) δ 7.39 
– 7.20 (m, 5H), 3.78 (s, 2H), 3.60 (s, 3H), 3.19 (s, 3H). 13C-NMR (101 MHz, Chloroform-d) δ 
172.0, 134.5, 128.8, 128.0, 126.3, 60.8, 38.9, 31.8. GC-MS [m/z (%)] (9.993 min): 179 (2, M+), 
148 (0.5), 118 (20), 91 (100), 89 (10), 65 (25), 61 (10). The NMR spectra are in agreement 
with the reported data.[282]

5.3.11 Calculations for the Reductive N-O Bond Cleavage Discussed in Chapter 2.3.2

All calculations were performed on UM06-2X/6-311++G(d,p)/cpcm(DMF) level of theory. The  
.log files can be found in the following depository: Https://doi.org/10.15129/deef4cea-f279-
4afe-82ca-29b88bd30579 {/Catalytic_Electron_Donor/Weinreb_Amides}

The structures and corresponding file names for the calculations summarised in Figure 2-2 
are listed below (Table S13). It should be noted that the required benzimidazole structures for 
the Nelsen-four-point calculation can be found in Table S8. 

 Table S13 - File names for structures in Figure 2-3

Entry Structure File name Comment
1 446a Weinreb_amide_neutral_n-0.log

2 446a Weinreb_amide_neutral_in_radical-anion_ge-
om_n-0.log

In the geometry of 449a

3 449a BS_Weinreb_amide_radical-anion_n-0_N-O_
bond_cleavage_start.log

4 449a Weinreb_amide_radical-anion_in_neutral_ge-
om_n-0.log

In the geometry of 446a

5 446b Weinreb_amide_neutral_n-1.log

6 446a Weinreb_amide_neutral_in_radical-anion_ge-
om_n-1.log

In the geometry of 449b

7 449b BS_Weinreb_amide_radical-anion_n-1_N-O_
bond_cleavage.log

8 449b Weinreb_amide_radical-anion_in_neutral_ge-
om_n-1.log

In the geometry of 446b

9 TS 449a TS_Weinreb_amide_radical-anion_n-0_N-O_
bond_cleavage.log

TS N-O fragmentation 449a

10 TS 449b TS_Weinreb_amide_radical-anion_n-1_N-O_
bond_cleavage.log

TS N-O fragmentation 449b

11 Product Complex 
from 449a

TS_Weinreb_amide_radical-anion_n-0_N-O_
bond_cleavage_forward.log

Amide anion of 447a and 
methoxyl radical complexed

12 Product Complex 
from 449b

TS_Weinreb_amide_radical-anion_n-1_N-O_
bond_cleavage_forward.log

Amide anion of 447b and 
methoxyl radical complexed

13 447a Amide_n-0_product_anion.log Amide anion of 447a
14 447b Amide_n-1_product_anion.log Amide anion of 447b
15 Methoxyl radical Methoxyl_radical_trial2.log Methoxyl radical

16 Methoxide anion Methoxylate_anion.log Alternative, less favourable 
product

17 Aminyl radical Amide_n-0_product_radical_trial2.log Alternative, less favouralbe 
product
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The structures and corresponding .chk file names for the orbital visualisation in Figure 2-4 
are listed below (Table S14).  

 Table S14 - The .chk files required for orbital visualisation in Figure 2-4

Entry Structure File name Comment
1 446a Weinreb_amide_neutral_n-0_trial1.chk HOMO of 446a
2 446b Weinreb_amide_neutral_n-1_trial1.chk HOMO of 446b

3 449a Weinreb_amide_radical-anion_n-0_N-O_bond_
cleavage_start_trial1.chk

SOMO of 449a

4 449b Weinreb_amide_radical-anion_n-1_N-O_bond_
cleavage_start_trial1.chk

SOMO of 449b

5.3.12 Benchmark 
(Corresponds to Chapter 2.3.3. The synthesis of the substrates used in this section is de-

scribed in Chapter 5.3.10 {for 448} and Chapter 5.3.13).

Benchmarking the Electron Donor 417 against 4 and  450
In order to be able to compare the reducing power achieved with the new protocol, a series 

of benchmark reactions was performed (results are summarised in Table S49). The electron 
donor 417, derived from 1,3-dimethyl-2,3-dihydro-1H-benzo[d]imidazole 419, was compared 
with N1,N1,N4,N4-tetramethylbenzene-1,4-diamine 450 and 14,15-dimethyl-7,8,14,15-tetrahy-
dro-6H-benzo[4,5]imidazo[1,2-a]benzo[4,5]imidazo[2,1-c][1,4]diazepine electron donor 4 (Ta-
ble S49). 

Conditions for Entry 1
This experiment has been reported in Entry 19, Table S6 already. For convenience, the 

experimental details are printed here again: The reaction vessel was charged with 1,3-dime-
thyl-2,3-dihydro-1H-benzo[d]imidazole 419 (59.2 mg, 0.400 mmol, 2.0 equiv.). Then DMF (0.4 
mL) was added followed by 4-iodo-1,1’-biphenyl 420 (58 mg, 0.20 mmol, 1.0 equiv.). The reac-
tion was heated to 55 °C for 4 h while open to air via a needle. The reaction mixture was cooled 
to room temperature, diluted to ca. 1 mg/mL of starting material 4-iodobiphenyl 420 and a 
precisely measured amount of 1-phenylpyrrolidin-2-one (ca. 24.2 mg, 0.100 mmol, 0.5 equiv.) 
was added as internal standard. An aliquot was analysed by HPLC (biphenyl: 3.209 min). 

Conditions for Entry 2 - 3
The reaction vessel was charged with 1,3-dimethyl-2,3-dihydro-1H-benzo[d]imidazole 419 

(88.9 mg, 0.600 mmol, 2.0 equiv.). Then DMF (0.6 mL) was added followed by 1-bromonaph-
thalene 451 (64.0 mg, 0.300 mmol, 1.0 equiv.) or 1-bromo-4-methoxybenzene 453 (56.7 mg, 
0.300 mmol, 1.0 equiv.) as required. Then dodecanethiol (14.7 µL, 60.0 μmol, 0.2 equiv.) and 
a precisely measured amount of internal standard 1,3,5-trimethoxybenzene (ca. 25 mg, 0.150 
mmol, 0.5 equiv.) were added in this sequence and the reaction mixture was heated to 55 °C 
for 4 h while left open to air via a needle. An aliquot of the reaction was diluted with methanol 
to ca. 1 mg / mL of employed starting material and analysed by GC-FID (naphthalene: 10.088 
min; anisole: 7.132 min).  

Conditions for Entry 4 - 5
The reaction vessel was charged with 1,3-dimethyl-2,3-dihydro-1H-benzo[d]imidazole 419 

(88.9 mg, 0.600 mmol, 2.0 equiv.). Then DMF (0.6 mL) was added followed by 1-bromonaph-
thalene 451 (64.0 mg, 0.300 mmol, 1.0 equiv.) or 1-bromo-4-methoxybenzene 453 (56.7 mg, 
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0.300 mmol, 1.0 equiv.) as required. Then 1,1-bis(tert-butylperoxy)cyclohexane 448 (16 µL, 
60 µmol, 0.2 equiv.) and n-dodecanethiol (14.7 µL, 60.0 µmol, 0.2 equiv.) were added in this 
sequence and the reaction mixture was degassed by purging with argon for 1 h. Then the 
reaction was heated to 100 °C for 20 h. The reaction was cooled to room temperature and a 
precisely measured amount of internal standard 1,3,5-trimethoxybenzene (ca. 25 mg, 0.150 
mmol, 0.5 equiv.) was added. An aliquot of the reaction was diluted with methanol to ca. 1 mg / 
mL of employed starting material and analysed by GC-FID (naphthalene: 10.088 min; anisole: 
7.132 min). For the reaction with 1-bromonaphthalene 451 (Entry 4) the products were isolat-
ed: The reaction was diluted with toluene (3.6 mL). The precipitate was filtered and washed 
with toluene (2 x 0.5 mL). The filter cake was dried in vacuo to give 1,3-dimethyl-1H-benzo[d]
imidazol-3-ium bromide 418-Br (141 mg, 0.620 mmol, 52 %). The NMR spectra were identical 
to the spectra recorded for the independently synthesised material 418-I, vide infra. The filtrate 
was poured onto water/brine (2:1, 100 mL) and was extracted with ethyl acetate (4 x 20 mL). 
The combined organic phases were washed with brine (1 x 50 mL), dried over Mg2SO4 and 
concentrated in vacuo. Purification by flash column chromatography (hexane) gave naphtha-
lene 452 (65.9 mg, 0.442 mmol, 74 %) as a white solid. 1H-NMR (400 MHz, Chloroform-d) 
δ 7.89 – 7.80 (m, 4H), 7.48 (dd, J = 6.3, 3.2 Hz, 4H). 13C-NMR (101 MHz, Chloroform-d) δ 
133.6, 128.0, 126.0. GC-MS [m/z (%)] (9.940 min): 128 (100, M+), 127 (15), 102 (10), 74 (10), 
64 (20), 63 (20), 62 (10), 51 (20). mp = 73 °C -74  °C (lit. mp =  76 °C - 79 °C).[283] The NMR 
spectra are in agreement with the previously reported data.[284]

Conditions for Entry 6 - 8
The electron donor 4 was used according to standard procedures,[6] i.e. electron donor 4 was 

formed in situ by treating the precursor salt 677 with KHMDS as shown below. 

677  

N

N
Me

N

N
Me

N

N
Me

N

N
Me

II
KHMDS

4 

The reaction vessel was charged with the substrate 4-iodo-1,1’-biphenyl 420 (86.6 mg, 
0.300 mmol, 1.0 equiv.) or 1-bromonaphthalene 451 (43.3 µL, 0.300 mmol, 1.0 equiv.) or 
1-bromo-4-methoxybenzene 453 (37.9 µL, 0.300 mmol, 1.0 equiv.) as required. Then the re-
action vessel was brought inside the glove box. Subsequently 3,3’-(propane-1,3-diyl)bis(1-me-
thyl-1H-benzo[d]imidazol-3-ium) iodide 677 (340 mg, 0.600 mmol, 2.0 equiv.), KHMDS (252 
mg, 1.20 mmol, 4.0 equiv.) and DMF (1.2 mL, dried over 3 Å molecular sieves for 1 day and 
degassed by purging with argon for 30 min) were added. The reaction vessel was sealed and 
heated to 100 °C for 20 h. The reaction was cooled to room temperature and a precisely meas-
ured amount of internal standard 1,3,5-trimethoxybenzene (ca. 25 mg, 0.150 mmol, 0.5 equiv.) 
was added. An aliquot of the reaction was diluted with methanol to ca. 1 mg / mL of employed 
starting material and analysed by GC-FID (4-iodobiphenyl: 14.208 min; naphthalene: 10.088 
min; anisole: 7.132 min).

Conditions for Entry 9
The reaction vessel was charged with 4-iodo-1,1’-biphenyl 420 (85.7 mg, 0.300 mmol, 

1.0 equiv.). Then DMF (0.6 mL) was added, followed by an exactly measured amount of 
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 453  454

420 421

 451  452

Entry Reducing 
Agent

Reaction 
(substrate)

Initiator Temp. Time Yield of Re-
duce Product[a]

1 419 A (420) air 55 °C 4 h 95 %[b]

2 419 B (451) air 55 °C 4 h 80 %
3 419 C (453) air 55 °C 4 h 40 %
4 419 B (451) 448 100 °C 20 h 94 % (74 %)[c]

5 419 C (453) 448 100 °C 20 h 42 %
6 4 A (420) none 100 °C 20 h 66 %
7 4 B (451) none 100 °C 20 h < 1 %
8 4 C (453) none 100 °C 20 h 4 %
9 450 A (420) air 55 °C 4 h not detected

4

448

417419

450 

[a]  The yield was determined by GC-FID vs. 1,3,5-trimethoxybenezene as internal standard  
unless mentioned otherwise. 

[b]  This entry is copied from Table 2-1 Entry 19. The yield was determined by HPLC vs. 
1-phenylpyrrolidin-2-one as internal standard. 

[c]  Isolated yield is given in brackets. 

Reducing Agents

Reference Reactions
A

B

C

 Table S49 - Comparison of the effective reducing power of three different neutral organic 
electron donors

Reducing agent 
(2.0 equiv.)

Reducing agent 
(2.0 equiv.)

Reducing agent 
(2.0 equiv.)

DMF, ΔT

DMF, ΔT

DMF, ΔT
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internal standard 1,3,5-trimethoxybenzene (ca. 25 mg, 0.150 mmol, 0.5 equiv.). Then dode-
canethiol (14.7 µL, 60.0 μmol, 0.2 equiv.) was added, followed by N1,N1,N4,N4-tetramethylb-
enzene-1,4-diamine 450 (98.5 mg, 0.600 mmol, 2.0 equiv.). The reaction was stirred at 55 
°C for 4 h open to air. An aliquot of the reaction was diluted with methanol to ca. 1 mg / mL of 
employed starting material and analysed by GC-FID (4-iodobiphenyl: 14.208 min). 

Attempted reduction of 9-chloroanthracene 118a 

419
(2.0 equiv.)

n-Dodecanethiol (0.2 equiv.), 
448 (0.2 equiv.),

 DMF (0.5 M), 20 h, 100 °C
118a 119

not detected
448

The reaction vessel was charged with 1,3-dimethyl-2,3-dihydro-1H-benzo[d]imidazole 419 
(178 mg, 1.20 mmol, 2.0 equiv.). Then DMF (0.6 mL) was added, followed by 9-chloroanthra-
cene 118a (142 mg, 0.600 mmol, 1.0 equiv.). Another portion of DMF (0.6 mL) was added 
(used for washing the container of the substrate). Then n-dodecanethiol (29.3 µL, 120 µmol, 
0.2 equiv.) and 1,1-bis(tert-butylperoxy)cyclohexane 448 (33 µL, 120 µmol, 0.2 equiv.) were 
added in this sequence and the reaction mixture was degassed by five cycles of freeze-pump-
thaw. Then the reaction was heated to 100 °C for 20 h while it was kept under a positive pres-
sure of argon. A solid started to precipitate when the reaction was cooled to room temperature. 
The reaction was diluted with toluene (3.6 mL). The precipitate was filtered and washed with 
toluene (2 x 0.5 mL). The filter cake was dried in vacuo to give the 1,3-dimethyl-1H-benzo[d]
imidazol-3-ium salt 418-X (29.8 mg, counter cation unknown). The NMR spectra were identical 
to the independently synthesised material, vide infra. The filtrate was poured on water/brine 
(2:1, 100 mL) and was extracted with ethyl acetate (4 x 20 mL). The combined organic phases 
were washed with brine (1 x 50 mL), dried over MgSO4 and concentrated in vacuo. Purification 
by flash column chromatography (hexane) gave 9-chloroanthracene 118a (147.8 mg, 0.616 
mmol, quant.). The NMR spectra were identical to the spectra of the starting material. 
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Reduction of 1-bromonaphthalene 451 according to the catalytic protocol (conditions 
B)

451 452
18 %

418-I
(0.2 equiv.)

NaBH4 (2.0 equiv.)
n-Dodecanethiol (0.2 equiv.), 

open to air, 1,4-dioxane (0.5 M), 
20 h, 100 °C

 
The reaction vessel was charged with 1,3-dimethyl-1H-benzo[d]imidazol-3-ium iodide 418-I 

(32.9 mg, 120 µmol, 0.2 equiv.). Then 1,4-dioxane (0.6 mL) was added followed by 1-bromon-
aphthalene 451 (128 mg, 0.600 mmol, 1.0 equivl). Another portion of 1,4-dioxane (0.6 mL) was 
added (used for washing the container of the substrate). Then n-dodecanethiol (29.3 µL, 120 
µmol, 0.2 equiv.) and NaBH4 (45.4 mg, 1.20 mmol, 2.0 equiv.) were added in this sequence 
and the reaction mixture was heated to 100 °C for 20 h. The reaction was left open to air via a 
needle for the whole reaction time. The reaction was poured on water/brine (2:1, 100 mL) and 
was extracted with ethyl acetate (4 x 20 mL). The combined organic phases were washed with 
brine (1 x 50 mL), dried over MgSO4 and concentrated in vacuo. Purification by flash column 
chromatography (hexane) gave 121.7 mg of an inseparable mixture of starting material 451 
(0.427 mmol, 71 %) and naphthalene 452 (0.106 mmol, 18 %) as a pale yellow oil. 

The reaction was repeated according to the same procedure but without 1,3-dimethyl-1H-ben-
zo[d]imidazol-3-ium iodide 418-I. No naphthalene 452 was detected in the crude product of 
this reaction by 1H-NMR. 

5.3.13 Substrate Synthesis for Reactions in Chapter 5.3.12

3,3’-(Propane-1,3-diyl)bis(1-methyl-1H-benzo[d]imidazol-3-ium) iodide 677

acetonitrile,
90 °C, 3 d

2x
N

N
Me

N

N
Me

N

N
Me

I I

I I

678  679  677 

1-Methyl-1H-benzo[d]imidazole 678 (2.67 g, 20.0 mmol, 4.0 equiv.) was dissolved in ace-
tonitrile and  1,3-diiodopropane 679 (0.580 mL, 5.00 mmol, 1.0 equiv.) was added. The solu-
tion was heated to reflux for three days. The solvent was carefully removed and the crude 
product was washed with diethyl ether (3 x 6 mL) until a white solid was obtained. The material 
was dried in vacuo to give the product 3,3’-(propane-1,3-diyl)bis(1-methyl-1H-benzo[d]imida-
zol-3-ium) iodide 677 (2.38 g, 4.25 mmol, 85 %) as a white solid. 1H-NMR (500 MHz, DM-
SO-d6) δ 9.70 (s, 2H), 8.09 - 8.01 (m,  4H), 7.76 – 7.67 (m, 4H), 4.66 (t, J = 7.2 Hz, 4H), 4.08 (s, 
6H), 2.59 (quint, J = 7.3 Hz, 2H). 13C-NMR (126 MHz, DMSO-d6) δ 142.8, 131.8, 130.8, 126.6, 
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126.5, 113.6, 113.4, 43.8, 33.3, 28.0. LC-(ESI+)-MS [m/z] (0.948 min): 321 (M2++2ACN). mp = 
253 °C - 260 °C (decomposition) (lit. mp = 276 °C - 277 °C, decomposition).[6] The NMR spec-
tra are in agreement with the reported data.[6] 

5.3.14 Computational Results Presented in Chapter 2.3.3 
The .log files can be found in the following depository: Https://doi.org/10.15129/deef4cea-

f279-4afe-82ca-29b88bd30579 {/Catalytic_Electron_Donor/Benchmark}
The structures and corresponding file names for the calculations summarised in Figure 2-5. 

are listed below (Table S15). All calculations were performed on the level of theory as indicat-
ed in Figure 2-5. The basis set 6-31+G(d,p) and cpcm(DMF) solvent model was used for all 
calculations. 

 Table S15 - File names for structures in Figure 2-5

Entry Structure File name Comment
1 417 Benzimidazoyl_Radical_trial1_DMF_6-31+G-dp-.log With UM06-2X

2 418 Benzimidazolium_trial1_DMF_6-31+G-dp-.log With UM06-2X

3 417 Benzimidazoyl_Radical_trial1_DMF_UB3LYP_6-31+G-dp-.log With  B3LYP

4 418 Benzimidazolium_trial1_DMF_UB3LYP_6-31+G-dp-.log With  B3LYP

5 4 Neutral_BenzimidazoleDonor_trial3.log With UM06-2X

6 183 (cation of 4) Cation_BenzimidazoleDonor_trial3.log With UM06-2X

7 4 Neutral_BenzimidazoleDonor_B3LYP_trial2.log With  B3LYP

8 183 (cation of 4) Cation_BenzimidazoleDonor_B3LYP_trial2.log With  B3LYP

Oxidation potentials were estimated according to the method described by Nicewicz et al.[214] 
The ΔGox values were calculated as ΔGox = G298(reduced) - G298(oxidised). 

The structures used to construct Figure 2-7 can be found in Table S8 - Table S10. 

5.3.15 Expanding the Scope of SET Precursors and Catalysts
(Corresponds to Chapter 2.4. The synthesis of the substrates used in this section is de-

scribed in Chapter 5.3.16).

1,3-Dimethyl-2,3-dihydro-1H-imidazole 220

220680  

N N

N

I
Me

Me
N

Me

Me

H
H

THF-d8, rt, 5 min

LiAlH4

The reaction was performed inside the glove box. The reaction vessel was charged with 
1,3-dimethyl-1H-imidazol-3-ium iodide 680 (89.6 mg, 0.4 mmol, 1.0 equiv.) and THF-d8 (1 
mL). Then lithium aluminium hydride (8 mg, 0.2 mmol, 0.5 equiv.) was added and the reaction 
was stirred for 5 min at room temperature. The solution was decanted and analysed by NMR. 
1H-NMR (400 MHz, THF-d8) δ 5.34 (s, 2H), 3.66 (s, 2H), 2.36 (s, 6H). 13C-NMR (101 MHz, 
THF-d8) δ 123.8, 81.7, 40.8. Due to the high reactivity of the material it was not possible to 
obtain further analytical data. The NMR spectra are in agreement with the reported data.[285] 
Attempts to isolate the material by distillation or careful concentration (in the glove box) led to 
decomposition of the compound. 
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Reductive radical cyclisation of 426 with 459

Entry Initiator Temp Yield of 427[a] Remaining 426[a]

1 Oxygen in the air 55 °C 12 % 72 %
2 448 100 °C 93 % (94 %)[b] not detected

[a] Yields were determined by 1H-NMR vs. 1,3,5-trimethoxybenezene as an internal stand-
ard. [b] Isolated yield.

N

N

Me

Me

H
H

I

N
Boc

N
Boc

Me O OO O
tBu tBu459

(2.0 equiv.)
n-Dodecanethiol (0.2 equiv.), 

Initiator, DMF (0.5 M), 
20 h, Temp.

426 427 448

For Entry 1 the reaction was set up on the bench. For Entry 2 the reaction was set up in a 
nitrogen-filled glove box in a pressure tube.

The reaction vessel was charged with 1,3-dimethylimidazolidine 459 (62.0 mg, 600 µmol, 
2.0 equiv.) . Then DMF (0.6 mL) was added followed by tert-butyl allyl(2-iodophenyl)carbamate 
426 (110 mg, 0.300 mmol, 1.0 equiv.). Then n-dodecanethiol (14.7 µL, 60.0 µmol, 0.2 equiv.) 
and 1,1-bis(tert-butylperoxy)cyclohexane 448 (16 µL, 60.0 µmol, 0.2 equiv.) as required were 
added in this sequence. Finally, a precisely measured amount of 1,3,5-trimethoxybenzene (ca. 
50.5 mg, 0.300 mmol, 1.0 equiv.) as internal standard was added. For Entry 1 the reaction was 
heated to 55 °C for 20 h while left open to air via a needle. For Entry 2 the reaction was heated 
to 100 °C for 20 h (under inert atmosphere of N2). The reaction was poured on water/brine (100 
mL, 2:1) and extracted with ethyl acetate (4 x 20 mL). The combined organic phases were 
washed with brine (1 x 50 mL), the solution was dried over MgSO4 and concentrated in vacuo. 
The crude product was analysed by 1H-NMR.  For the reaction of Entry 1 it was found that 12 
% of product 427 were formed while 72 % of substrate 426 remained. For the reaction of Entry 
2 it was found that 93 % of product 427 were formed while all substrate 426 was consumed. 
The material from reaction of Entry 2 was purified by flash column chromatography (5 % ethyl 
acetate in hexane) to give tert-butyl 3-methylindoline-1-carboxylate 427 (70.0 mg, 0.282 mmol, 
94 %) as a colourless oil. The NMR spectra were identical to the previously recorded spectra.

Attempts to reduce 1-bromonaphthalene 451 with the imidazolium iodide 461 catalyst. 

461
(Equiv.)

NaBH4 (2.0 equiv.)
n-dodecanethiol (Equiv.), 
Initiator, Solvent (0.5 M), 

20 h, Temp.

451 452
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The possibility to use 461 as a catalyst for the reductive debromination reaction of 1-bromon-
aphthalene 451 was investigated. The results are summarised in Table S16. 

Conditions for Entries 1 - 8
The reaction vessel was charged with 1,3-dimethyl-1H-imidazol-3-ium iodide 461 (26.9 mg, 

120 µmol, 0.2 equiv.) as required. Then the solvent (1.2 mL) was added as required followed 
by 1-bromonaphthalene 451 (86.5 µL, 0.600 mmol, 1.0 equiv.), a precisely measured amount 
of internal standard 1,3,5-trimethoxybenezene (ca. 50.5 mg, 0.300 mmol, 0.5 equiv.), n-dode-
canethiol as required and the initiator 1,1-bis(tert-butylperoxy)cyclohexane (33 µL, 120 µmol, 
0.2 equiv.) as required. Finally NaBH4 (45.4 mg, 1.20 mmol, 2.0 equiv.) was added. The reac-
tion was heated to the specified temperature for 20 h. The reaction was left open to air for the 
whole reaction time as required. An aliquot (50 µL) was taken from the reaction and diluted in 
ethyl acetate (3 mL). The solution was filtered through silica and analysed by GC-FID. 

 Table S16 - Reactions the imidazolium iodide 461 with 1-bromonaphthalene 451. 
Entry Solvent Temp. 461 

(equiv.)
PRC 
(equiv.)

Initiator Yield of 452

1 DMF 55 °C 0.2 0.2 air 11 %
2 1,4-Dioxane 100 °C 0.2 0.2 448 7  %
3 1,4-Dioxane 100 °C 0.2 0.2 air 25 %
4 1,4-Dioxane 75 °C 0.2 0.2 air 19 %
5 1,4-Dioxane 55 °C 0.2 0.2 air 21 %
6 1,4-Dioxane 55 °C 1.0 0.2 air 20 %
7 1,4-Dioxane 55 °C 1.0 1.0 air 30 %
8 1,4-Dioxane 55 °C none 0.2 air < 1 %

Attempts to reduce 4-haloanisole substrates with the imidazolium iodide 461 catalyst 

[a] The yield was measured by GC-FID vs 1,3,5-trimethoxybenezene 

Yield of 454[a]

453 X = Br 30 %
462 X = Cl < 1 %

461
(0.2 equiv.)

NaBH4 (2.0 equiv.)
n-dodecanethiol (0.2 equiv.), 

open to air, 1,4-dioxane (0.5 M), 
20 h, 100 °C

454453 (X = Br)
681 (X = Cl)

The reaction vessel was charged with 1,3-dimethyl-1H-imidazol-3-ium iodide 461 (26.9 mg, 
120 µmol, 0.2 equiv.). Then 1,4-dioxane (1.2 mL) was added followed by 1-bromo-4-meth-
oxybenzene 453 (75.9 µL, 0.600 mmol, 1.0 equiv.) or 1-chloro-4-methoxybenzene (75.0 
µL, 0.600 mmol, 1.0 equiv.) as required, a precisely measured amount of internal standard 
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1,3,5-trimethoxybenezene (ca. 50.5 mg, 0.300 mmol, 0.5 equiv.) and n-dodecanethiol. Finally 
NaBH4 (45.4 mg, 1.20 mmol, 2.0 equiv.) was added. The reaction was heated to 100 °C for 20 
h. The reaction was left open to air for the whole reaction time. An aliquot (50 µL) was taken 
from the reaction and diluted in ethyl acetate (3 mL). The solution was filtered over silica and 
analysed by GC-FID. 

Attempts to use the pyridinium salt 463 as an organocatalyst

463
(0.2 equiv.)

Hydride reducing agent (2.0 equiv.)
n-dodecanethiol (0.2 equiv.), open 

to air, Solvent (0.5 M), 
20 h, 55 °C

451 452

The possibility to use 463 as a catalyst for the reductive debromination reaction of 1-bromon-
aphthalene 451 was investigated. The results are summarised in Table S17. 

Conditions for Entries 1 - 3
The reaction vessel was charged with  4-(dimethylamino)-1-methylpyridin-1-ium iodide 463 

(31.7 mg, 120 µmol, 0.2 equiv.). Then the solvent (1.2 mL) was added as required followed by 
1-bromonaphthalene 451 (86.5 µL, 0.600 mmol, 1.0 equiv.), a precisely measured amount of 
internal standard 1,3,5-trimethoxybenezene (ca. 50.5 mg, 0.300 mmol, 0.5 equiv.) and n-do-
decanethiol. Finally NaBH4 (45.4 mg, 1.20 mmol, 2.0 equiv.) or LiAlH4 (45.5 mg, 1.20 mmol, 
2.0 equiv.) was added as required. The reaction was heated to the specified temperature for 
20 h. The reaction was left open to air for the whole reaction time as required. An aliquot (50 
µL) was taken from the reaction and diluted in ethyl acetate (3 mL). The solution was filtered 
over silica and analysed by GC-FID. 

 Table S17 - Reactions the pyridinium iodide 463 with 1-bromonaphthalene 451. 

Entry Solvent Hydride reducing agent Yield of 452
1 DMF NaBH4 2 %
2 1,4-Dioxane LiAlH4 63 %

3[a] 1,4-Dioxane LiAlH4 29 %

[a] Blank reaction without catalyst 463. 
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5.3.16 Substrate Synthesis for Reactions in Chapter 5.3.15

1,3-Dimethylimidazolidine 459

NH

NH N

N
Me

Me

Me

Me
O

H H neat, rt, 5 h

459682  683  

The reaction was kept under argon, no special precaution was taken to exclude humidity. 
The reaction vessel was charged with N1,N2-dimethylethane-1,2-diamine (978 µL, 9.00 mmol, 
1.0 equiv.). Then polymeric formaldehyde (270 mg, 9.00 mmol, 1.0 equiv.) was added in small 
portions. The reaction was stirred for 5 h at room temperature until all formaldehyde was dis-
solved and the reaction was a pale green and clear solution. The reaction was diluted with 
diethyl ether (0.9 mL), filtered over MgSO4 and NaOH (powder) and carefully concentrated 
in vacuo (r.t. 200 mbar, 20 min, the product is volatile) to give 1,3-dimethylimidazolidine 459 
(0.473 g, 4.33 mmol, 48 %) as a colourless oil. 1H-NMR (400 MHz, Benzene-d6) δ 3.21 (s, 2H),  
2.57 (s, 4H), 2.22 (s, 6H). 13C-NMR (101 MHz, Benzene-d6) δ 80.6, 55.2, 41.8. MS(ESI+) [m/z] 
= 101 (M+H). The NMR spectra are in agreement with the reported data.[286] 

1,3-Dimethyl-1H-imidazol-3-ium iodide 461

Me I
toluene, 60 °C, 45 hN

N

Me
N

N

Me

Me
I

684  685   461

To the solution of 1-methyl-1H-imidazole 684 (4.78 mL, 60.0 mmol, 1.0 equiv.) in toluene 
(200 mL) was added iodomethane (3.74 mL, 60.0 mmol, 1.0 equiv.) . The reaction was heated 
to 60 °C for 45 h. The reaction was cooled in a water-ice/acetone cooling bath (ca. -15 °C) 
for 15 min. Then the solvent was carefully decanted and the white solid was washed with 
diethyl ether (3x, ca. 5 mL) and dried in vacuo (60 °C, 5 h). The product 1,3-dimethyl-1H-imi-
dazol-3-ium iodide 461 (13.0 g, 58.0 mmol, 97 %) was obtained as an off-white solid. 1H-NMR 
(400 MHz, deuterium oxide) δ 8.76 (s, 1H), 7.52 (d, J = 1.9 Hz, 2H), 3.99 (s, 6H). 13C-NMR 
(101 MHz, deuterium oxide) δ 136.17, 123.03, 35.55. 1H-NMR (400 MHz, Chloroform-d) δ 
10.02 (s, 1H), 7.41 (d, J = 1.7 Hz, 2H), 4.10 (s, 6H). 13C-NMR (101 MHz, Chloroform-d)) δ 
137.81, 123.52, 37.24. MS(ESI+) [m/z] = 97 (M-I), 320 (2M-I). mp = 85 °C - 86 °C (lit. mp = 84 
°C - 86 °C).[287] The NMR spectra are in agreement with the reported data.[288,289]
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4-(Dimethylamino)-1-methylpyridin-1-ium iodide 463

686   463685

N

Me2N

N

Me2N

Me

Me I
I

ACN, reflux, 1 h

The reaction vessel was charged with N,N-dimethylpyridin-4-amine 686 (1.22 g, 10.0 mmol, 
1.0 equiv.). The material was fully dissolved in acetonitrile (12 mL) before the addition of io-
domethane 685 (1.25 mL, 20.0 mmol, 2.0 equiv.). The reaction was stirred at room tempera-
ture for 5 min before it was refluxed at 65 °C - 75 °C for 1 h. During the course of the reaction a 
white precipitate formed. This precipitate was filtered and washed with a small amount of cold 
acetonitrile (3 x ca. 1 mL). The material was dried in high vacuum (3 mbar) at 100 °C for 14 h to 
give 4-(dimethylamino)-1-methylpyridin-1-ium iodide 463 (1.71 g, 6.49 mmol, 65 %) as a white 
solid. The filtrate was concentrated in vacuo and recrystallised from boiling acetonitrile (7 mL). 
The crystals were filtered and washed with a small amount of acetonitrile (2 x ca. 0.5 mL) to 
give additional 4-(dimethylamino)-1-methylpyridin-1-ium iodide 463 (301 mg, 1.14 mmol, 11 
%) as a white solid. In total 4-(dimethylamino)-1-methylpyridin-1-ium iodide 463 (2.02 g, 7.63 
mmol, 76 %) was obtained. 1H-NMR (400 MHz, DMSO-d6) δ 8.26 – 8.20 (m, 2H), 7.05 – 6.99 
(m, 2H), 3.92 (s, 3H), 3.18 (s, 6H). 13C-NMR (101 MHz, DMSO-d6) δ 155.6, 142.7, 107.4, 44.0, 
39.7. MS(ESI+) [m/z] = 137 (M-I), 401 (2M-I). mp = 237 °C (lit. mp = 240 °C - 241 °C).[290] The 
NMR spectra are in agreement with the reported data.[82] 

5.4. Experimental Details for Chapter 3 “The KOtBu-Et3SiH Reagent 

System”

5.4.1 General Experimental Procedures

General Procedure A - Aryl Ether Cleavage
A pressure tube was charged with the substrate (0.500 mmol, 1.0 equiv.). Then the pressure 

tube was brought inside the glovebox and triethylsilane (0.240 mL, 1.50 mmol, 3.0 equiv.) 
and potassium tert-butoxide (168 mg, 1.50 mmol, 3.0 equiv.) were added in this sequence. 
The pressure tube was sealed and the reaction was heated to 130 °C for 18 h. The reaction 
was  quenched by the careful addition of water and partitioned between water (10 mL) and 
dichloromethane (15 mL). The aqueous phase was acidified with aqueous HCl to pH < 3. The 
phases were separated and the aqueous phase was extracted with dichloromethane (3 x 15 
mL). As required, a precisely measured amount of internal standard 1,3,5-trimethoxybenzene 
(ca. 25.2 mg, 0.150 mmol, 0.3 equiv.) was added to the organic phase. The combined organic 
phases were dried over MgSO4 and carefully concentrated in vacuo (45 °C, > 150 mbar, < 15 
min) and analysed by 1H-NMR. The reaction products were purified by flash column chroma-
tography, preparative thin-layer chromatography or re-crystallisation as specified.
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General Procedure B - Arene Reduction
The reaction vessel was charged with the arene substrate (0.5 mmol, 1.0 equiv.). The re-

action vessel was then brought inside the glovebox and triethylsilane (2.40 mL, 15.0 mmol, 
30 equiv.) and potassium tert-butoxide (1.68 g, 15.0 mmol, 30.0 equiv.) were added in this 
sequence. The pressure tube was sealed and the reaction was heated to 130 °C for 18 h. The 
reaction was carefully quenched by the addition of water or deuterium oxide as required until 
all solid material was dissolved and no more gas evolved. The crude reaction product was 
partitioned between water (20 mL) and dichloromethane (20 mL). The phases were separated 
and the aqueous phase was extracted with dichloromethane (3 x 15 mL). The combined or-
ganic phases were washed with water (20 mL), dried over MgSO4 and carefully concentrated 
in vacuo (45 °C, >100 mbar, < 15 min). The reaction products were purified by flash column 
chromatography, preparative thin-layer chromatography or re-crystallisation as specified.

5.4.2 Reductive Cleavage of Aryl Ethers
(Corresponds to Chapter 3.2.1. The synthesis of the substrates used in this section is de-

scribed in Chapter 5.4.3).

Reaction of 1-(Benzyloxy)-3,5-dimethylbenzene 469

469 470 471

Et3SiH (3.0 equiv.), 
KOtBu (3.0 equiv.)

130 °C, 18 h

OMe

Me

OHMe

Me
Me

The substrate 469 (106 mg, 0.500 mmol, 1.0 equiv.) was reacted according to the General 
Procedure A. After the work-up, the internal standard 1,3,5-trimethoxybenzene (ca. 25.2 mg, 
0.150 mmol, 0.3 equiv.) was added. The crude reaction product was analysed by 1H-NMR. The 
signals of the identified products were compared to the signals of a corresponding authentic 
sample. It was found that 469 (9 %) remained unreacted while 470 (6 %) and 471 (16 %) were 
formed.

Reaction of 1-((4-Methoxybenzyl)oxy)-3,5-dimethylbenzene 472

OMe

Me

OMe

OMeOHMe

Me
Me

Et3SiH (3.0 equiv.), 
KOtBu (3.0 equiv.)

130 °C, 18 h

472 470 473

The substrate 472 (121 mg, 0.500 mmol, 1.0 equiv.) was reacted according to the General 
Procedure A. After the work-up, the internal standard 1,3,5-trimethoxybenzene (ca. 25.2mg, 
0.150 mmol, 0.3 equiv.) was added. The crude reaction product was analysed by 1H-NMR. The 
signals of the identified products were compared to the signals of a corresponding authentic 
sample. It was found that 472 was fully converted and 470 (5 %) and 473 (12 %) were formed. 
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Reaction of 2,2’-Oxydinaphthalene 474

O

OH SiEt3

OH

474

475 476 452

477 478

Et3SiH (3.0 equiv.), 
KOtBu (3.0 equiv.)

130 °C, 18 h

The substrate 474 (137 mg, 0.500 mmol, 1.0 equiv.) was reacted according to the General 
Procedure A. After the work-up, the internal standard 1,3,5-trimethoxybenzene (ca. 25.2 mg, 
0.150 mmol, 0.3 equiv.) was added. The crude reaction product was analysed by 1H-NMR. 
The signals of the identified products were compared to the signals of a corresponding au-
thentic sample. It was found that 474 was fully converted and 475 (71 %) and 452 (39 %) 
were formed. Purification by flash column chromatography (ethyl acetate in hexane, gradient 
from 0 % to 10 %) gave the products naphthalen-2-ol 475 (41.4 mg, 0.235 mmol, 47 %) as a 
white solid and triethyl(naphthalen-2-yl)silane 476 (7.7 mg, 0.032 mmol, 6 %) as a colourless 
oil. Additionally, a mixture of compounds was obtained that was further purified by preparative 
TLC (5 % ethyl acetate in hexane). The two compounds 2,2’-binaphthalene 477 (1.4 mg, 5.5 
μmol, 1 %) and [1,2’-binaphthalen]-2-ol 478 (6.4 mg,  0.024 mmol, 5 %) were obtained in pure 
form as white solids. 

Naphthalen-2-ol 475: 1H-NMR (600 MHz, Chloroform-d) δ 7.77 (dd, J = 9.3, 9.3 Hz, 2H), 
7.69 (d, J = 8.3 Hz, 1H), 7.44 (dd, J = 7.8, 7.8 Hz, 1H), 7.34 (dd, J = 7.6, 7.6 Hz, 1H), 7.16 (d, 
J = 3.2 Hz, 1H), 7.11 (dd, J = 8.7, 2.7 Hz, 1H), 4.97 (br s, 1H). 13C-NMR (151 MHz, Chloro-
form-d) δ 153.4, 134.7, 130.0, 129.1, 127.9, 126.7, 126.5, 123.8, 117.9, 109.6. GC-MS [m/z 
(%)] (11.956 min): 144 (100, M+), 115 (95), 89 (15), 87 (5), 75 (5). mp = 119 °C (lit. mp = 118 
°C - 120 °C).[291] The NMR spectra are in agreement with the previously reported data.[292] 

Triethyl(naphthalen-2-yl)silane 476: 1H-NMR (400 MHz, Chloroform-d) δ 7.99 (d, J = 1.0 Hz, 
1H), 7.88 – 7.79 (m, 3H), 7.58 (dd, J = 8.1, 1.2 Hz, 1H), 7.52 – 7.45 (m, 2H), 1.05 – 0.97 (m, 
9H), 0.93 – 0.85 (m, 6H). 13C-NMR (101 MHz, Chloroform-d) δ 135.2, 134.9, 133.8, 133.1, 
130.7, 128.2, 127.8, 126.9, 126.3, 125.9, 7.6, 3.6. GC-MS [m/z (%)] (13.999 min): 242 (35), 
213 (80), 185 (90), 157 (100), 155 (30), 131 (10), 92 (5), 79 (10). The NMR spectra are in 
agreement with the previously reported data.[293]

2,2’-Binaphthalene 477: 1H-NMR (400 MHz, Chloroform-d) δ 8.21 – 8.15 (m, 2H), 8.00 – 
7.92 (m, 4H), 7.89 (dd, J = 8.5, 1.8 Hz, 4H), 7.57 – 7.47 (m, 4H). 13C-NMR (101 MHz, Chloro-
form-d) δ 138.6, 133.9, 132.8, 128.7, 128.4, 127.8, 126.5, 126.3, 126.2, 125.9. GC-MS [m/z 
(%)] (17.514 min): 254 (100), (252 (50), 250 (15), 126 (25). mp = 190 °C (lit. mp = 188 °C).[294] 
The NMR spectra are in agreement with the previously reported data.[295]

[1,2’-Binaphthalen]-2-ol 478: 1H-NMR (400 MHz, Chloroform-d) δ 8.07 (ddd, J = 8.6, 0.7, 0.7 
Hz, 1H), 8.00 – 7.96 (m, 1H), 7.96 – 7.94 (m, 1H), 7.93 – 7.89 (m, 1H), 7.87 – 7.82 (m, 2H), 
7.64 – 7.56 (m, 2H), 7.52 (dd, J = 8.3, 1.7 Hz, 1H), 7.47 – 7.40 (m, 1H), 7.38 – 7.29 (m, 3H), 
5.24 (s, 1H). 13C-NMR (151 MHz, Chloroform-d) δ 150.5, 134.0, 133.5, 133.3, 131.8, 130.3, 
129.8, 129.6, 129.1, 129.0, 128.2, 128.2, 128.1, 126.9, 126.9, 126.7, 124.8, 123.5, 121.0, 
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117.5. IR νmax [cm-1]: 3515, 3053, 2940, 2915, 1686, 1677, 1656, 1619, 1598, 1509, 1502, 
1376, 1271, 1214, 1169, 1147, 907, 861,  820, 749, 734. GC-MS [m/z (%)] (17.497 min): 270 
(100 M+), 269 (55), 268 (15), 253 (20), 252 (15), 251 (10), 250 (10), 241 (10), 240 (15), 239 
(50), 237 (10), 226 (5), 215 (10), 213 (5), 135 (10), 134 (10), 126 (20), 119 (20), 113 (15). 
HRMS (ESI-) [m/z] calcd. for C20H13O (M-H-): 269.0961, found: 269.0953. mp = 132 °C.

A blank reaction was performed in the absence of triethylsilane. The substrate 474 was re-
covered quantitatively from this reaction. 

Reaction of 1-((Naphthalen-2-yloxy)methyl)naphthalene 479

O

OH
Me

Et3SiH (3.0 equiv.), 
KOtBu (3.0 equiv.)

130 °C, 18 h

479

475 480

481

The substrate 479 (150 mg, 0.500 mmol, 1.0 equiv.) was reacted according to the General 
Procedure A. After the work-up, the internal standard 1,3,5-trimethoxybenzene (ca. 25.2 mg, 
0.150 mmol, 0.3 equiv.) was added. The crude reaction product was analysed by 1H-NMR. 
The signals of the identified products were compared to the signals of a corresponding au-
thentic sample. It was found that 479 was fully converted and 475 (56 %) and 480 (34 %) were 
formed. Purification by flash column chromatography (ethyl acetate in hexane, gradient from 0 
% to 10 %) gave the products 1-methylnaphthalene, naphthalene-2-ol and 1-(naphthalen-2-yl-
methyl)naphthalene in impure form. 

The major impurity in the mixed fractions of 1-methylnaphthalene was found to be tert-bu-
toxy triethylsilane 296. The combined fractions were concentrated in vacuo and redissolved 
in THF (3 mL). The mixture was then treated with HCl (3 mL, conc. aq). The mixture was left 
open to air via a needle and stirred at room temperature for 2 days. The reaction was diluted 
with water (20 mL) and extracted with diethyl ether (4 x 15 mL). The combined organic phases 
were washed with brine, dried over MgSO4 and concentrated in vacuo. Purification by flash 
column chromatography (hexane) gave the product 1-methylnaphthalene 480 (15 mg, 0.107 
mmol, 21 %) as a colourless oil. 1H-NMR (600 MHz, Chloroform-d) δ 8.02 (d, J = 8.3 Hz, 1H), 
7.86 (d, J = 7.8 Hz, 1H), 7.72 (d, J = 8.1 Hz, 1H), 7.54 (ddd, J = 8.5, 6.8, 1.6 Hz, 1H), 7.52 – 
7.48 (m, 1H), 7.41 – 7.36 (m, 1H), 7.34 (d, J = 7.0 Hz, 1H), 2.72 (s, 3H). 13C-NMR (101 MHz, 
Chloroform-d) δ 134.4, 133.7, 132.7, 128.7, 126.7, 126.5, 125.8, 125.7, 125.7, 124.2, 19.5. 
GC-MS [m/z (%)] (10.778 min): 142 (100, M+), 141 (75), 139 (10), 115 (40) 63 (5). The NMR 
spectra are identical to the NMR spectra of a commercial sample.

The mixed fractions of naphthalene-2-ol were combined, concentrated in vacuo and redis-
solved in hexane/diethyl ether (20 mL, 1:1). The solution was washed with aqueous sodium 
hydroxide (1 M, 6 x 10 mL). The combined aqueous phases were acidified by the addition of 
aqueous hydrochloric acid (4 M, 20 mL) and extracted with diethyl ether (4 x 30 mL). The com-
bined organic phases were washed with brine, dried over MgSO4 and concentrated in vacuo to 
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give pure naphthalen-2-ol 475 (37 mg, 0.234 mmol, 47 %) as a white solid. The NMR spectra 
were identical to the spectra obtained for the previously isolated material.

The mixed fractions of 1-(naphthalen-2-ylmethyl)naphthalene were combined and concen-
trated in vacuo. Purification by flash column chromatography (toluene in hexane, gradient from 
0 % to 20 %) gave 1-(naphthalen-2-ylmethyl)naphthalene 481 (18 mg, 0.066 mmol, 13 %) as 
a white solid. 1H-NMR (600 MHz, Chloroform-d) δ 7.96 (d, J = 8.2 Hz, 1H), 7.79 (d, J = 8.1 Hz, 
1H), 7.70 (d, J = 8.2 Hz, 2H), 7.68 – 7.65 (m, 1H), 7.62 (d, J = 7.3 Hz, 1H), 7.52 (s, 1H), 7.40 
– 7.31 (m, 5H), 7.28 (d, J = 8.6 Hz, 1H), 7.25 (d, J = 7.2 Hz, 1H), 4.53 (s, 2H). 13C-NMR (151 
MHz, Chloroform-d) δ 138.3, 136.6, 134.1, 133.8, 132.3, 132.3, 128.8, 128.2, 127.7, 127.7, 
127.6, 127.6, 127.4, 127.2, 126.2, 126.1, 125.7, 125.7, 125.5, 124.4, 76.9. GC-MS [m/z (%)] 
(17.559 min): 268 (100), 267 (70), 265 (30), 263 (10), 253 (30), 252 (30), 239 (5), 141 (10), 139 
(10), 133 (5), 127 (5), 126 (10), 115 (15). mp = 105 °C (lit. mp = 89 °C - 91 °C).[296] The NMR 
spectra are in agreement with the previously reported data.[297]

A blank reaction was performed in the absence of triethylsilane. The substrate 479 was 
recovered quantitatively from this reaction. An additional blank reaction was performed in the 
absence of potassium tert-butoxide. The substrate 479 (133 mg, 0.467 mmol, 94 %) was re-
covered  from this reaction. 

Reaction of 2-(3-Phenylpropoxy)naphthalene 482

O OH
Et3SiH (3.0 equiv.), 
KOtBu (3.0 equiv.)

130 °C, 18 h
482 475

The substrate 482 (131 mg, 0.500 mmol, 1.0 equiv.) was reacted according to the General 
Procedure A. The crude reaction product was analysed by 1H-NMR. It was found that 482 was 
fully converted. Purification by flash column chromatography (ethyl acetate in hexane, gradi-
ent from 0 % to 10 %) gave the products naphthalene-2-ol (30.7 mg, 0.209 mmol, 42 %) as a 
white solid.  The NMR spectra were identical to the previously recorded spectra. 

A blank reaction was performed in the absence of triethylsilane. The substrate 482 was re-
covered quantitatively from this reaction. 

Reaction of 2-(((1S,2R,5R)-2-Isopropyl-5-methylcyclohexyl)oxy)naphthalene 488

O

Me

Me Me

OH
Et3SiH (3.0 equiv.), 
KOtBu (3.0 equiv.)

130 °C, 18 h
475488

The substrate 488 was reacted according to the General Procedure A on a slightly lower 
scale. A pressure tube was charged with 2-(((1S,2S,5R)-2-isopropyl-5-methylcyclohexyl)oxy)
naphthalene 488 (113 mg, 0.400 mmol, 1.0 equiv.). Then the pressure tube was brought inside 
the glovebox and triethylsilane (0.192 mL, 1.20 mmol, 3.0 equiv.) and potassium tert-butoxide 
(135 mg, 1.20 mmol, 3.0 equiv.) were added in this sequence. The pressure tube was sealed 
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and the reaction was heated to 130 °C for 18 h. The reaction was  quenched by the careful 
addition of water and partitioned between water (10 mL) and dichloromethane (15 mL). The 
aqueous phase was acidified with aqueous HCl to pH < 3. The phases were separated and 
the aqueous phase was extracted with dichloromethane (3 x 15 mL). The combined organic 
phases were dried over MgSO4 and carefully concentrated in vacuo (45 °C, > 150 mbar, < 15 
min) and analysed by 1H-NMR. Purification by flash column chromatography (ethyl acetate in 
hexane, gradient from 0 % to 20 %) gave the product naphthalene-2-ol 475 (38.1 mg, 0.264 
mmol, 66% yield) as a white solid. The NMR spectra were identical to the spectra obtained for 
the previously isolated material. 

A blank reaction was performed in the absence of triethylsilane. The substrate 488 was re-
covered quantitatively from this reaction. 

Reaction of (((1R,2R,5R)-2-Isopropyl-5-methylcyclohexyl)oxy)benzene 489

O

Me

Me Me

OH HO

Me

Me Me

OHEt3Si

489 490 491 492

Et3SiH (3.0 equiv.), 
KOtBu (3.0 equiv.)

130 °C, 18 h

The substrate 489 was reacted according to the General Procedure A on a slightly lower 
scale. A pressure tube was charged with (((1R,2R,5R)-2-isopropyl-5-methylcyclohexyl)oxy)
benzene 489 (105 mg, 0.450 mmol, 1.0 equiv.). Then the pressure tube was brought inside 
the glovebox and triethylsilane (0.216 mL, 1.35 mmol, 3.0 equiv.) and potassium tert-butoxide 
(151 mg, 1.35 mmol, 3.0 equiv.) were added in this sequence. The pressure tube was sealed 
and the reaction was heated to 130 °C for 18 h. The reaction was  quenched by the careful 
addition of water and partitioned between water (10 mL) and dichloromethane (15 mL). The 
aqueous phase was acidified with aqueous HCl to pH < 3. The phases were separated and 
the aqueous phase was extracted with dichloromethane (3 x 15 mL). The combined organic 
phases were dried over MgSO4 and carefully concentrated in vacuo (45 °C, > 150 mbar, < 
15 min) and analysed by 1H-NMR. Purification by flash column chromatography (ethyl ace-
tate in hexane, gradient from 0 % to 10 %) gave the products phenol 490 (trace amounts), 
(1S,2S,5R)-2-isopropyl-5-methylcyclohexan-1-ol 491 (9.0 mg, 0.048 mmol, 11 %) as a white 
solid, 3-(triethylsilyl)phenol 492 (3.3 mg, 0.016 mmol, 4 %) as a colourless oil and recovered 
starting material (((1R,2R,5R)-2-isopropyl-5-methylcyclohexyl)oxy)benzene 489 (51.7 mg, 
0.223 mmol, 50 %) as a white solid. 

A blank reaction was performed in the absence of triethylsilane. The substrate 489 was re-
covered quantitatively from this reaction.

(1S,2S,5R)-2-Isopropyl-5-methylcyclohexan-1-ol 491: 1H-NMR (400 MHz, Chloroform-d) δ 
3.46 – 3.36 (m, 1H), 2.16 (hd, J = 7.0, 2.8 Hz, 1H), 1.96 (dddd, J = 11.9, 4.2, 3.4, 2.0 Hz, 1H), 
1.71 – 1.56 (m, 1H), 1.50 – 1.34 (m, 2H), 1.25 (s, 1H), 1.15 – 1.06 (m, 1H), 1.04 – 0.77 (m, 
12H). 13C-NMR (101 MHz, Chloroform-d) δ 71.7, 50.3, 45.2, 34.7, 31.8, 26.0, 23.3, 22.4, 21.2, 
16.3. GC-MS [m/z (%)] (9.449 min): 156 (0.05, M+), 155 (0.3), 154 (0.05), 138 (25), 123 (45), 
110 (10), 109 (15), 96 (35), 95 (90), 83 (15), 82 (45), 82 (100), 80 (15), 77 (5), 71 (100), 70 (15) 
69 (40), 68 (15), 67 (45), 65 (5), 57 (40), 56 (20), 55 (60), 54 (10), 53 (15). The NMR spectra 
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are in agreement with the previously reported data.[298] 
3-(Triethylsilyl)phenol 492: 1H-NMR (400 MHz, Chloroform-d) δ 7.26 – 7.20 (m, 1H), 7.05 

(ddd, J = 7.3, 1.0 Hz, 1H), 6.94 (dd, J = 2.8, 0.9 Hz, 1H), 6.81 (ddd, J = 8.0, 2.7, 1.0 Hz, 1H), 
4.60 (s, 1H), 1.00 – 0.93 (m, 9H), 0.81 – 0.74 (m, 6H). 13C-NMR (101 MHz, Chloroform-d) δ 
155.0, 139.8, 129.2, 126.8, 120.8, 115.8, 7.5, 3.5. GC-MS [m/z (%)] (12.375 min): 208 (20), 
179 (70), 151 (100), 123 (90), 121(10), 78 (10), 77 (15). The NMR spectra are in agreement 
with the previously reported data.[299]

Reaction of  (1R,2R,4R)-2-(Cyclohexylmethoxy)-1-isopropyl-4-methylcyclohexane 493

O

Me

Me Me

493

Et3SiH (3.0 equiv.), 
KOtBu (3.0 equiv.)

130 °C, 18 h

The substrate 493 was reacted according to the General Procedure A on a slightly low-
er scale. A pressure tube was charged with (1R,2R,4R)-2-(cyclohexylmethoxy)-1-isopro-
pyl-4-methylcyclohexane 493 (63 mg, 0.25 mmol, 1.0 equiv.). Then the pressure tube was 
brought inside the glovebox and triethylsilane (0.12 mL, 0.75 mmol, 3.0 equiv.) and potassium 
tert-butoxide (84 mg, 0.75 mmol, 3.0 equiv.) were added in this sequence. The pressure tube 
was sealed and the reaction was heated to 130 °C for 18 h. The reaction was  quenched by the 
careful addition of water and partitioned between water (10 mL) and dichloromethane (15 mL). 
The aqueous phase was acidified with aqueous HCl to pH < 3. The phases were separated 
and the aqueous phase was extracted with dichloromethane (3 x 15 mL). The combined or-
ganic phases were dried over MgSO4 and concentrated in vacuo (45 °C, > 20 mbar, < 15 min) 
to give back the starting material (1R,2R,4R)-2-(cyclohexylmethoxy)-1-isopropyl-4-methylcy-
clohexane 493 quantitatively in pure form. 

5.4.3 Substrate Synthesis for the Reactions of Chapter 5.4.2

1-(Benzyloxy)-3,5-dimethylbenzene 469

470 687 469

K2CO3

DMF, 60 °C, 3 h

OHMe

Me

OMe

Me

Br

 To a solution of  3,5-dimethylphenol 470 (611 mg, 5.00 mmol, 1.0 equiv.) in  DMF (9.3 mL) 
was added potassium carbonate (819 mg, 5.93 mmol, 1.2 equiv.) followed by (bromomethyl)
benzene 687 (617 µL, 5.19 mmol, 1.0 equiv.) and the resulting suspension was heated to 60°C 
for 3 h {15:20 - 18:20}. The reaction was monitored by TLC and was found to have reached 
a high degree of conversion after 2 h 20 min. The reaction was diluted with diethyl ether (30 
mL). The organic phase was washed with water (3 x 30 mL) and brine (1 x 30 mL), dried over 
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MgSO4 and concentrated in vacuo. Purification by flash column chromatography (ethyl acetate 
in hexane, gradient from 0 % to 5 %) gave the product 1-(benzyloxy)-3,5-dimethylbenzene 
469 (846 mg, 3.99 mmol, 80 %) as a colourless oil. 1H-NMR (400 MHz, Chloroform-d) δ 7.46 
– 7.42 (m, 2H), 7.39 (ddd, J = 7.9, 6.8, 1.0 Hz, 2H), 7.36 – 7.29 (m, 1H), 6.65 – 6.61 (m, 3H), 
5.04 (s, 2H), 2.30 (s, 6H). 13C-NMR (101 MHz, Chloroform-d) δ 159.1, 139.4, 137.5, 128.7, 
128.0, 127.6, 122.9, 112.7, 70.0, 21.6. GC-MS [m/z (%)] (13.544 min): 212 (50, M+), 197 (5), 
91 (100), 77 (10), 65 (20). The NMR spectra are in agreement with the previously reported 
data.[300] 

1-((4-Methoxybenzyl)oxy)-3,5-dimethylbenzene 472

470 688 472

THF, 0 °C - rt, 18 h, 

DIAD, PPh3OHMe

Me

OMe

Me

HO

OMe

OMe

The reaction was kept under a positive pressure of argon. The reaction vessel was charged 
with triphenylphosphine (1.18 g, 4.50 mmol, 1.5 equiv.) and 3,5-dimethylphenol 470 (367 mg, 
3.00 mmol, 1.0 equiv.) which were then dissolved in THF (10 mL). Then (4-methoxyphenyl)
methanol 688 (0.42 mL, 3.30 mmol, 1.1 equiv.) was added and the  solution was cooled to 
ice-bath temperature and diisopropyl azodicarboxylate (DIAD) 0.93 mL, 4.50 mmol, 1.5 equiv.) 
was added dropwise over 20 min. The reaction was stirred at ice bath temperature for 2 h; then 
the cooing bath was removed and the reaction was allowed to warm up to room temperature 
over 18 h. Then the reaction was concentrated in vacuo in the presence of silica. Purification 
by flash column chromatography (33% toluene in hexane) gave the product 1-((4-methoxy-
benzyl)oxy)-3,5-dimethylbenzene 472 (327 mg, 1.35 mmol, 45 %) as a colourless oil, which 
crystallised to a white solid after ca. two weeks of storage on the bench. 1H-NMR (400 MHz, 
Chloroform-d) δ 7.39 – 7.32 (m, 2H), 6.97 – 6.88 (m, 2H), 6.64 – 6.59 (m, 3H), 4.96 (s, 2H), 
3.83 (s, 3H), 2.30 (d, J = 0.7 Hz, 6H). 13C-NMR (101 MHz, Chloroform-d) δ 159.5, 159.1, 
139.3, 129.5, 129.3, 122.8, 114.1, 112.7, 69.8, 55.4, 21.6. IR νmax [cm-1]: 3035, 2996, 2949, 
2914, 2864, 2834, 1612, 1592, 1514, 1463, 1443, 1376, 1322, 1294, 1246, 1168, 1151, 1112, 
1058, 1034, 993, 956, 825, 771, 690. GC-MS [m/z (%)] (14.882 min): 242 (4, M+), 121 (100), 
91 (10), 77 (12). HRMS (ESI+) [m/z]: calcd. for C16H19O2 (M+H): 243.1380, found: 243.1382. 
mp = 50 °C - 51 °C.
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2,2’-Oxydinaphthalene 474

OH

O

Br
474689 475

90 °C, 1,4-diox-
ane, 19 h

CuI, N,N-dimethylgly-
cine, Cs2CO3

The reaction was kept under a positive pressure of argon. The reaction vessel was charged 
with 2-bromonaphthalene (1.04 g, 5.00 mmol, 1.0 equiv.), naphthalen-2-ol (1.08 g, 7.50 mmol, 
1.5 equiv.) , Cs2CO3 (3.26 g, 10.0 mmol, 2.0 equiv.) , copper(I) iodide (95.2 mg, 0.500 mmol, 
0.1 equiv.), dimethylglycine (155 mg, 1.50 mmol, 0.3 equiv.) and 1,4-dioxane (12.5 mL) in 
this sequence. The reaction was heated to 90 °C for 19 h and was monitored by TLC. The 
reaction was found to have reached a high degree of conversion after that time. 1H-NMR (400 
MHz, Chloroform-d) δ 7.91 – 7.82 (m, 4H), 7.75 – 7.69 (m, 2H), 7.51 – 7.40 (m, 4H), 7.39 (d, 
J = 2.4 Hz, 2H), 7.34 (dd, J = 8.9, 2.4 Hz, 2H). 13C-NMR (101 MHz, Chloroform-d) δ 155.2, 
134.5, 130.4, 130.1, 127.9, 127.3, 126.7, 124.9, 120.3, 114.6. GC-MS [m/z (%)] (17.541 min): 
270 (100), 241 (55), 215 (10), 135 (5), 127 (15), 115 (20). IR νmax [cm-1]: 3052, 3027, 2951, 
2918, 2849, 1627, 1594, 1579, 1504, 1467, 1441, 1348, 1264, 1251, 1227, 1175, 1140, 1127, 
1112, 1017, 959, 879, 851, 822, 807, 738, 718. HRMS (ESI+) [m/z]: calcd. for C20H15O (M+H) 
271.1123, found: 271.1123. mp = 101 °C - 103 °C

1-((Naphthalen-2-yloxy)methyl)naphthalene 479

O

OH

Cl
DMF, 0 °C to rt, 18 h

NaH

475 479690 
The reaction was kept under a positive pressure of argon. The starting material naphtha-

len-2-ol 475 (721 mg, 5.00 mmol, 1.0 equiv.) was added slowly as a solid to a suspension of 
sodium hydride (0.24 g, 6.00 mmol, 1.2 equiv.) in DMF (15 mL) at ice bath temperature. The 
reaction was stirred for 15 min before 1-(chloromethyl)naphthalene 690 (0.91 mL, 5.50 mmol, 
1.1 equiv., 90 %) was added. The reaction was allowed to slowly warm-up to room temperature 
over 18 h. The reaction was partitioned between water (150 mL) and diethyl ether (50 mL). 
The organic phase was washed with water (3 x 100 mL) and brine (1 x 50 mL) and dried over 
MgSO4. The crude material was obtained as a white solid. Recrystallisation from hot hexane/
ethyl acetate gave the pure product 479 1-((naphthalen-2-yloxy)methyl)naphthalene (0.995 g, 
3.50 mmol, 70.0 %) as a white solid. A second batch of product 479 1-((naphthalen-2-yloxy)
methyl)naphthalene (131 mg, 0.461 mmol, 9 %) was obtained from the mother liquor of the  
first crystallisation. In total 1-((naphthalen-2-yloxy)methyl)naphthalene (1.13 g, 3.96 mmol, 
79%) was obtained. 1H-NMR (400 MHz, Chloroform-d) δ 8.14 – 8.08 (m, 1H), 7.97 – 7.91 (m, 
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1H), 7.90 – 7.86 (m, 1H), 7.83 – 7.76 (m, 3H), 7.67 (dd, J = 6.9, 1.1 Hz, 1H), 7.60 – 7.52 (m, 
2H), 7.52 – 7.44 (m, 2H), 7.40 – 7.33 (m, 2H), 7.29 – 7.24 (m, 1H), 5.63 (s, 2H). 13C-NMR (101 
MHz, Chloroform-d) δ 157.0, 134.7, 134.0, 132.4, 131.8, 129.7, 129.3, 129.2, 128.9, 127.8, 
127.0, 126.8, 126.6, 126.6, 126.1, 125.5, 123.9, 123.9, 119.2, 107.3, 68.8. IR νmax [cm-1]: 3054, 
2928, 2876, 1625, 1599, 1509, 1463, 1441, 1383, 1355, 1255, 1214, 1180, 1119, 1063, 1002, 
981, 948, 920, 862, 840, 805, 795, 782, 745. GC-MS [m/z (%)] (18.121 min): 289 (5, M+), 207 
(5), 141 (100), 139 (10), 128 (5), 115 (75), 89 (10). HRMS (ESI+) [m/z]: calcd. for C21H17O 
(M+H): 285.1274, found: 285.1277. mp = 97 °C - 98 °C. 

2-(3-Phenylpropoxy)naphthalene 482

OOH

HO

475 691 482
THF, 0 °C - rt, 18 h, 

DIAD, PPh3

The reaction vessel was charged with triphenylphosphine (1.97 g, 7.50 mmol, 1.5 equiv.) 
and naphthalen-2-ol 475 (721 mg, 5.00 mmol, 1.0 equiv.), which were then dissolved in THF 
(20 mL) . Then 3-phenylpropan-1-ol 686 (0.68 mL, 5.00 mmol, 1.0 equiv.) was added and the  
solution was cooled to ice bath temperature. Diisopropyl azodicarboxylate (DIAD) (1.6 mL, 
7.50 mmol, 1.5 equiv.) was added dropwise over 5 min. The reaction was stirred at ice bath 
temperature for an additional 15 min; then the cooing bath was removed and the reaction was 
allowed to warm up to room temperature over 18 h. After this period, the reaction was concen-
trated in vacuo in the presence of silica. Purification by flash column chromatography (25% tol-
uene in hexane) gave the product 2-(3-phenylpropoxy)naphthalene 482 (221 mg, 0.843 mmol, 
17 %) as a white solid. 1H-NMR (400 MHz, Chloroform-d) δ 7.80 – 7.73 (m, 2H), 7.71 (dd, J 
= 8.2, 1.0 Hz, 1H), 7.44 (ddd, J = 8.2, 6.9, 1.3 Hz, 1H), 7.36 – 7.28 (m, 3H), 7.27 – 7.20 (m, 
3H), 7.18 (dd, J = 8.9, 2.5 Hz, 1H), 7.11 (d, J = 2.5 Hz, 1H), 4.10 (t, J = 6.3 Hz, 2H), 2.92-2.82 
(m, 2H), 2.25 – 2.13 (m, 2H). 13C-NMR (101 MHz, Chloroform-d) δ 157.1, 141.7, 134.7, 129.5, 
129.1, 128.7, 128.6, 127.8, 126.8, 126.4, 126.1, 123.7, 119.1, 106.8, 67.0, 32.4, 30.9. IR νmax 

[cm-1]: 3080, 3056, 3023, 2937, 2868, 1628, 1600, 1511, 1496, 1465, 1390, 1258, 1217, 1182, 
1121, 1035, 972, 838, 812, 749, 701. GC-MS [m/z (%)] (16.426 min): 262 (70), 144 (60), 127 
(10), 118 (30), 115 (50), 91 (100), 65 (10). HRMS (EI) [m/z]: calcd. for C19H18O (M+): 262.1352, 
found: 262.1345. mp = 65 °C. 

2-(((1S,2R,5R)-2-Isopropyl-5-methylcyclohexyl)oxy)naphthalene 488

O

Me

Me Me

HO

Me

Me Me

OH

THF, 0 °C - rt, 16 h, 

DIAD, PPh3

475 488692 

 The reaction was kept under a positive pressure of argon. The reaction vessel was charged 
with triphenylphosphine (1.31 g, 5.00 mmol, 1.0 equiv.) and 2-isopropyl-5-methylcyclohexan-1-ol 
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692 (781 mg, 5.00 mmol, 1.0 equiv.) , which were then dissolved in THF (25 mL). Then naph-
thalen-2-ol 475 (721 mg, 5.00 mmol, 1.0 equiv.) was added and the solution was cooled to ice 
bath temperature and diisopropyl azodicarboxylate (DIAD) (1.0 mL, 5.00 mmol, 1.0 equiv.) was 
added dropwise over 5 min. The reaction was stirred at ice bath temperature for an additional 
10 min. Then the cooing bath was removed and the reaction was allowed to warm up to room 
temperature over 16 h. The reaction was concentrated in vacuo in the presence of silica. Puri-
fication by flash column chromatography (hexane) gave the product 2-((2-isopropyl-5-methyl-
cyclohexyl)oxy)naphthalene 475 (197 mg, 0.691 mmol, 14 %) as a white solid. 1H-NMR (400 
MHz, Chloroform-d) δ 7.74 (ddd, J = 8.4, 0.9 Hz, 2H), 7.70 (dd, J = 8.2, 8.2, 0.9 Hz, 1H), 7.41 
(ddd, J = 8.2, 6.9, 1.3 Hz, 1H), 7.30 (ddd, J = 8.1, 6.8, 1.2 Hz, 1H), 7.19 – 7.10 (m, 2H), 4.85 
– 4.70 (m, 1H), 2.23 (ddd, J = 13.9, 3.5, 2.3 Hz, 1H), 1.85 – 1.57 (m, 5H), 1.14 – 0.97 (m, 3H), 
0.95 (d, J = 6.7 Hz, 3H), 0.88 (d, J = 6.7 Hz, 3H), 0.82 (d, J = 6.6 Hz, 3H). 13C-NMR (101 MHz, 
Chloroform-d) δ 156.3, 134.9, 129.5, 128.9, 127.7, 126.7, 126.3, 123.4, 119.9, 108.0, 73.4, 
48.0, 37.6, 35.2, 29.5, 26.4, 25.1, 22.4, 21.3, 21.0. IR νmax [cm-1]: 3054, 3025, 2943, 2921, 
2865, 2841, 1628, 1600, 1578, 1509, 1467, 1390, 1368, 1357, 1258, 1216, 1177, 1152, 1119, 
1030, 972, 940, 836, 810, 745. GC-MS [m/z (%)] (15.641 min): 282 (15), 144 (100), 115 (20). 
HRMS (EI) [m/z]: calcd. for C20H26O (M+): 282.1978, found: 282.1975. mp = 81 °C.

(((1R,2R,5R)-2-Isopropyl-5-methylcyclohexyl)oxy)benzene 489

O

Me

Me Me

HO

Me

Me Me

O

693 692 489

CuCl2

toluene, 80 °C, 
20 h

A pressure tube was charged with  copper(II) chloride dihydrate (1.28 g, 7.50 mmol, 2.5 
equiv.) and (1R,2S,5R)-2-isopropyl-5-methylcyclohexan-1-ol 692 (469 mg, 3.00 mmol, 1.0 
equiv.), which were suspended in toluene (6.0 mL) . Then cyclohex-2-en-1-one 693 (0.61 mL, 
6.00 mmol, 2.0 equiv.) was added. The pressure tube was sealed and heated to 80 °C for 20 
h. The reaction mixture was filtered through a short column of silica with dichloromethane and 
the crude reaction product was concentrated in vacuo in the presence of silica. Purification by 
flash column chromatography (hexane) gave the product (((1R,2S,5R)-2-isopropyl-5-methyl-
cyclohexyl)oxy)benzene 489 (162 mg, 0.695 mmol, 23 %) as a white solid. 1H-NMR (400 MHz, 
Chloroform-d) δ 7.31 – 7.22 (m, 2H), 6.95 – 6.86 (m, 3H), 4.03 (ddd, J = 10.6, 10.6, 4.2 Hz, 
1H), 2.23 (qd, J = 7.0, 2.8 Hz, 1H), 2.16 (dtd, J = 12.5, 3.9, 1.9 Hz, 1H), 1.77 – 1.68 (m, 2H), 
1.57 – 1.38 (m, 2H), 1.17 – 0.87 (m, 9H), 0.78 (d, J = 7.0 Hz, 3H). 13C-NMR (101 MHz, Chloro-
form-d) δ 158.5, 129.6, 120.5, 116.0, 77.6, 48.2, 40.5, 34.7, 31.6, 26.2, 23.9, 22.3, 20.9, 16.7. 
GC-MS [m/z (%)] (12.688 min): 232 (15), 138 (60), 123 (25), 109 (5), 95 (65), 94 (100), 83 (50), 
81 (55), 77(20), 69 (25), 67 (20), 65 (15), 55 (50). mp = 48 °C - 49 °C. The NMR spectra are 
in agreement with the previously reported data.[301]
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(1R,2R,4R)-2-(Cyclohexylmethoxy)-1-isopropyl-4-methylcyclohexane 493

O

Me

Me Me

HO

Me

Me Me

Br

692 493694 

NaH, KI

1,4-dioxane, 
115 °C, 22 h

The reaction vessel was charged with (1R,2S,5R)-2-isopropyl-5-methylcyclohexan-1-ol 692 
(0.344 g, 2.20 mmol, 1.0 equiv.), which was dissolved in 1,4-dioxane (16.0 mL). Then (bro-
momethyl)cyclohexane (0.31 mL, 2.20 mmol, 2.2 equiv.) and NaH (98 mg, 2.64 mmol, 1.2 
equiv.) were added in this sequence. The reaction was stirred for 25 min at room temperature 
before it was heated to 115 °C for 16 h. The reaction was monitored by TLC and GC-MS and 
was found to have not reached full conversion after this time. Therefore potassium iodide (13.0 
mg, 0.078 mmol, 0.036 equiv.) was added and heating was continued for 6 h. The reaction 
was carefully quenched by the addition of water and partitioned between water (100 mL) and 
diethyl ether (50 mL). The aqueous phase was extracted with diethyl ether (3 x 30 mL). The 
combined organic phases were washed with brine, dried over MgSO4 and concentrated in vac-
uo. Purification by flash column chromatography (ethyl acetate in hexane, gradient from 0% 
to 3%) gave the product (1S,2R,4R)-2-(cyclohexylmethoxy)-1-isopropyl-4-methylcyclohexane 
493 (99.0 mg, 0.396 mmol, 17 %) as a colourless oil. 1H-NMR (500 MHz, Chloroform-d) δ 3.42 
(dd, J = 8.9, 5.9 Hz, 1H), 3.03 (dd, J = 8.9, 7.1 Hz, 1H), 2.96 (ddd, J = 10.6, 4.1 Hz, 1H), 2.29 
– 2.18 (m, 1H), 2.13 – 2.05 (m, 1H), 1.87 – 1.76 (m, 1H), 1.76 – 1.47 (m, 8H), 1.41 – 1.10 (m, 
4H), 1.03 – 0.71 (m, 14H). 13C-NMR (126 MHz, Chloroform-d) δ 79.4, 74.9, 48.5, 40.6, 38.7, 
34.8, 31.8, 30.6, 30.4, 26.9, 26.1, 26.1, 25.7, 23.5, 22.5, 21.1, 16.3. GC-MS [m/z (%)] (12.982 
min): 252 (2, M+), 237 (1), 167 (65), 138 (65), 123 (20), 97 (70), 95 (30), 83 (35), 81 (50), 71 
(85), 55(100). IR νmax [cm-1]: 2947, 2917, 2848, 1448, 1385, 1370, 1344, 1320, 1290, 1271, 
1240, 1223, 1180, 1151, 1117, 1091, 1071, 1056, 1011, 994, 976, 963, 922, 890, 846. HRMS 
(EI) [m/z]: calcd. for C17H32O (M+): 252.2453, found: 252.2454.

5.4.4 Computational Results Presented in Scheme 3-5 
The .log files can be found in the following depository: Https://doi.org/10.15129/deef4cea-

f279-4afe-82ca-29b88bd30579 {./Aryl_Ether_Cleavage}. All calculations were performed on 
M06-2X[245]/6-311++G(d,p)/cpcm(triethylamine) level of theory. The silylation reactions were all 
performed in neat form, i.e. triethylsilane acted as a solvent. Since triethylsilane was not avail-
able as a parametrised solvent model triethylamine was chosen as solvent model because its 
properties match the parameters of triethylsilane best from all the solvents that are included in 
the Gaussian library.[231] 

 Table S18 - File names for structures shown in Figure 3-3 for the SET and Fragmentation 
Pathway (./SET_and_Fragmentation)

Entry Structure File name Comment
1 494 Me3SiOtBu_rad.log -
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Entry Structure File name Comment
2 494 in neutral ge-

ometry
Me3SiOtBu_rad-an_in_cat_geom.log A single point energy cal-

culation was performed on 
the structure of the neutral 
counter part of 494 but with 
the electronic configuration 
of the radical anion 494

3 - Me3SiOtBu_cat.log Neutral counter part of 494
4 - Me3SiOtBu_neutral_in_rad-an_geom.log A single point energy calcu-

lation was performed on the 
structure of 494 but with the 
electronic configuration of 
the neutral counterpart

5 495 Two-iPrNp_neutral_M062X_6-311++Gdp.log -

6 495 in geometry of 
496

Two- iPrNp_neutra l_ in_rad-an ion_geom_
M062X_6-311++Gdp.log

A single point energy calcu-
lation was performed on the 
structure 496 with the elec-
tronic configuration of 495

7 496 Two-iPrNp_rad-anion_M062X_6-311++Gdp.log -

8 496 in geometry of 
495

Two- iPrNp_rad-anion_in_neutra l_geom_
M062X_6-311++Gdp.log

A single point energy calcu-
lation was performed on the 
structure 495 with the elec-
tronic configuration of 496

9 TS fragmentation T S _ 2 - i P r N p _ r a d - a n _ f r a g m e n t a t i o n _
M062X_6-311++Gdp.log

Transition state for the car-
bon-oxygen bond fragmen-
tation in  496

10 497 and 498 T S _ 2 - i P r N p _ r a d - a n _ f r a g m e n t a t i o n _
M062X_6-311++Gdp_forward.log

Product complex between 
497 and 498 

11 497 Two-NpO-anion.log -

12 498 n-prop-2-yl_radical.log -

 Table S19 - File names for structures shown in Figure 3-3 for the Alternative Mechanisms 
(./Alternative_Mechanisms)

Entry Structure File name Comment
1 495 Two-iPrNp_neutral_M062X_6-311++Gdp.log -

2 Me3Si-radical Me3Si-radical.log -

3 495 and Me3Si-rad-
ical

Starting_Point_2-iPrNp_Me3Si-radical_attack_
M062X_6-311++Gdp_trial2.log

Substrate complex between  
495 and Me3Si-radical

4 TS 499 T S _ 2 - i P r N p _ M e 3 S i - r a d i c a l _ a t t a c k _
M062X_6-311++Gdp.log

-

5 2-Naphthoxyl radi-
cal and iPrSiMe3

T S _ 2 - i P r N p _ M e 3 S i - r a d i c a l _ a t t a c k _
M062X_6-311++Gdp_forward.log

Product complex between 
2-naphthoxyl radical and 
iPrSiMe3

6 2-Naphthoxyl rad-
ical

Two-NpO-radical.log -

7 iPrSiMe3 iPrSiMe3.log -

8 Hydrogen atom H-atom.log -

9 495 and hydrogen 
atom

TS_2-iPrNp_H-atom_attack_M062X_6-311++G-
dp_back_trial4.log

Substrate complex between  
495 and hydrogen atom

10 TS 500 TS_2-iPrNp_H-atom_attack_M062X_6-311++G-
dp.log

-

11 2-Naphthoxyl radi-
cal and propane

TS_2-iPrNp_H-atom_attack_M062X_6-311++G-
dp_forward.log

Product complex between 
2-naphthoxyl radical and 
propane

12 KH KH.log Potassium hydride
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Entry Structure File name Comment
13 495 and potassium 

hydride
Start ing_Point_2-iPrNp_KH_attack_var2_
M062X_6-311++Gdp_trial2.log

Substrate complex between  
495 and potassium hydride

14 TS 501 TS_2-iPrNp_KH_attack_var2_M062X_6-311++G-
dp_trial2.log

-

15 Potassium 2-naph-
thoxylate and pro-
pane

TS_2-iPrNp_KH_attack_var2_M062X_6-311++G-
dp_forward.log

Product complex between 
potassium 2-naphthoxylate 
and propane

16 Potassium 2-naph-
thoxylate

Two-NpOK.log

5.4.5 Arene Reduction
(Corresponds to Chapter 3.2.2. The synthesis of the substrates used in this section is de-

scribed in Chapter 5.4.6).

Reduction of Anthracene 119

Et3SiH (Equiv.), 
KOtBu (Equiv.), 

Additive (10 equiv.)

130 °C, 18 h

119 502 503 296

H

H

H

H

SiEt3
Et3SiOtBu

The conditions for the reduction of anthracene 119 to 9,10-dihydroanthracene 502 are inves-
tigated. The results of this section are summarised in Table S20 (which corresponds to Table 
3-1 in the main text).  

Conditions for Entry 1
The reaction vessel was charged with the anthracene 119 (89.1 mg, 0.500 mmol, 1.0 equiv.). 

The reaction vessel was then brought inside the glovebox and benzene (0.45 mL, 5.00 mmol, 
10 equiv.), triethylsilane (2.40 mL, 15.0 mmol, 30 equiv.) and potassium tert-butoxide (1.68 
g, 15.0 mmol, 30.0 equiv.) were added in this sequence. The pressure tube was sealed and 
the reaction was heated to 130 °C for 18 h. [Appearance: The colour of the reaction changed 
from white to deep blue within 6 min at 130 °C (Figure 5-1). The colour stayed deep blue for 
the rest of the reaction time. When the pressure tube was opened after the heating period, 
the deep blue colour changed to green within 30 s. A similar evolution of the reaction colour 
was observed for all other arene reduction reactions]. The reaction was carefully quenched 
by the addition of water until all solid material was dissolved and no more gas evolved. The 
crude reaction product was partitioned between water (20 mL) and dichloromethane (20 mL). 
The phases were separated and the aqueous phase was extracted with dichloromethane (3 
x 15 mL). The combined organic phases were washed with water (20 mL), dried over MgSO4 
and carefully concentrated in vacuo (45 °C, >100 mbar, < 15 min). In the analysis of the 
crude reaction product by GC-MS phenyltriethylsilane 503 and tert-butoxytriethylsilane 296 
were detected as the major reaction components. Purification by flash column chromatogra-
phy (hexane) gave 9,10-dihydroanthracene 502 (57.2 mg, 0.311 mmol, 62 %) as a white solid, 
phenyltriethylsilane 503 (342 mg, 1.53 mmol, 31 %, w.r.t. the amount of added benzene) as 
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Figure 5-1 Appearance of the reduction reaction of anthracene with the KOtBu-Et3SiH rea-
gent system. 

View down along the pressure tube when inserted in 
the oil bath (pre-heated at 130 °C). 

Side-view on the pressure tube

Time

Temp.

0 min

rt

< 5 min 18 h5 min - 6 min

130 °C 130 °C 130 °C rt rt

30 s 
open to 

air

a colourless oil and recovered anthracene 119 (21.0 mg, 0.101 mmol, 20 %) as a white solid.
 A blank reaction was performed in the absence of triethylsilane. The substrate anthracene 

119 was recovered quantitatively from this reaction.
9,10-Dihydroanthracene 502: 1H-NMR (400 MHz, Chloroform-d) δ 7.31 (dd, J = 5.5, 3.4 Hz, 

4H), 7.21 (dd, J = 5.6, 3.3 Hz, 4H), 3.96 (s, 4H). 13C-NMR (101 MHz, Chloroform-d) δ 136.8, 
127.5, 126.2, 36.3. GC-MS [m/z (%)] (13.009 min): 180 (100, M+), 179 (95), 178 (55), 176 
(10), 165 (25), 152 (10), 89 (10), 76 (5). mp = 116 °C - 118 °C (lit. mp = 108 °C - 111 °C).[302] 
The NMR spectra are in agreement with the previously reported data.[303]

Phenyltriethylsilane 503: 1H-NMR (400 MHz, Chloroform-d) δ 7.54 – 7.45 (m, 2H), 7.38 – 
7.33 (m, 3H), 1.01 – 0.95 (m, 9H), 0.86 – 0.77 (m, 6H). 13C-NMR (101 MHz, Chloroform-d) 
δ 137.6, 134.3, 128.8, 127.8, 7.5, 3.5. GC-MS [m/z (%)] (10.636 min): 192180 (10, M+), 163 
(95), 135 (100), 107 (80), 105 (25). The NMR spectra are in agreement with the previously 
reported data.[304]

Conditions for Entries 2 - 4
The reaction vessel was charged with the anthracene 119 (89.1 mg, 0.500 mmol, 1.0 equiv.). 

The reaction vessel was then brought inside the glovebox and the additive was added as re-
quired [cyclohexene (0.51 mL, 5.00 mmol, 10 equiv.), cyclohexane (0.54 mL, 5.00 mmol, 10 
equiv.)] followed by triethylsilane (2.40 mL, 15.0 mmol, 30 equiv.) and potassium tert-butoxide 
(1.68 g, 15.0 mmol, 30.0 equiv.) in this sequence. The pressure tube was sealed and the 
reaction was heated to 130 °C for 18 h. The reaction was carefully quenched by the addition 
of water until all solid material was dissolved and no more gas evolved. The crude reaction 
product was partitioned between water (20 mL) and dichloromethane (20 mL). The phases 
were separated and the aqueous phase was extracted with dichloromethane (3 x 15 mL). The 
combined organic phases were washed with water (20 mL), dried over MgSO4 and carefully 
concentrated in vacuo (45 °C, >100 mbar, < 15 min). Purification by flash column chromatog-
raphy (hexane) gave 9,10-dihydroanthracene 502 as a white solid and recovered anthracene 
502 as a white solid. The NMR spectra of 9,10-dihydroanthracene 502 were identical to the 
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spectra recorded for the previously isolated material. Additionally, in all three cases tert-butox-
ytriethylsilane 296 was isolated as a colourless oil.  

tert-Butoxytriethylsilane 296: 1H-NMR (400 MHz, Chloroform-d) δ 1.24 (s, 9H), 0.95 (t, J = 
7.9 Hz, 9H), 0.57 (q, J = 8.0 Hz, 6H). 13C-NMR (101 MHz, Chloroform-d) δ 71.6, 32.2, 7.2, 6.8. 
GC-MS [m/z (%)] (7.977 min): 188 (0.3, M+), 173 (5), 159 (35), 115 (15), 103 (100), 87 (10), 
75 (50). The NMR spectra are in agreement with the previously reported data.[305]

Conditions for Entry 5
The reaction vessel was charged with the anthracene 119 (89.1 mg, 0.500 mmol, 1.0 equiv.). 

The reaction vessel was then brought inside the glovebox and triethylsilane (0.24 mL, 1.5 
mmol, 3.0 equiv.) and potassium tert-butoxide (0.168 g, 1.50 mmol, 3.0 equiv.) were added in 
this sequence. The pressure tube was sealed and the reaction was heated to 130 °C for 18 h. 
The reaction was carefully quenched by the addition of water until all solid material was dis-
solved and no more gas evolved. The crude reaction product was partitioned between water 
(20 mL) and dichloromethane (20 mL). The phases were separated and the aqueous phase 
was extracted with dichloromethane (3 x 15 mL). The combined organic phases were washed 
with water (20 mL), dried over MgSO4 and carefully concentrated in vacuo (45 °C, >100 mbar, 
< 15 min). Purification by flash column chromatography (hexane) gave 9,10-dihydroanthra-
cene 502 (23.3 mg 0.129 mmol, 26 %) as a white solid and recovered anthracene 502 (62.0 
mg, 0.306 mmol, 61 %) as a white solid. The NMR spectra of 9,10-dihydroanthracene 502 
were identical to the spectra recorded for the previously isolated material.

 Table S20 - Reduction of Anthracene with the KOtBu-Et3SiH Reagent System

Entry Additive
(10 equiv.)

Equiv. of KOtBu 
and Et3SiH 

Yield of 
502

Yield of 
119

By-Product
(Yield)

1 Benzene 30 62 % 20 % 503 (31 %)[a,b]

2 Cyclohexene 30 59 % 21 % 296 (9 %)[c]

3 Cyclohexane 30 80 % 6 % 296 (21 %)[c]

4 - 30 85 % 5 % 296 (22 %)[c]

5 - 3 26 % 61 % -
[a] The yield of 503 was calculated with respect to the amount of benzene.  
[b] tert-Butoxytriethylsilane 296 was detected by GC-MS analysis of the crude reaction mixture 

as a major reaction component. 
[c] The yield of 296 was calculated with respect to the amount of used Et3SiH.
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Deuterium Oxide Quenching Experiments and i. a. Formation of 502-(9,10)-d2

The experiments described in this section correspond to the results presented in Scheme 
3-6 in the main text).

H

H

D

D

X

X

D

D
119 502-(9,10)-d2 502-(9,9,10)-d3

502-(9,9,10,10)-d4

Et3SiH (30 equiv.), 
KOtBu (30 equiv.) 

130 °C, 18 h
Quenching with D2O

The substrate anthracene 119 (89.1 mg, 0.500 mmol, 1.0 equiv.) was reacted according 
to the General Procedure B and quenched by the addition of deuterium oxide. A mixture of 
deuterated compounds 502 (77.9 mg, 0.422 mmol, 85 %) was obtained as a white solid. 
2H-NMR (61 MHz, Chloroform) δ 3.96, 3.92. 1H-NMR (400 MHz, Chloroform-d) δ 7.30 (dd, J = 
5.4, 3.4 Hz, 4H), 7.23 – 7.17 (m, 4H), 3.95 (s, 4H, non-deuterated compound, ca. 4 %), 3.93 
(t, J = 2.3 Hz, 2H, di-deuterated compound, ca. 76 %). 13C-NMR (101 MHz, Chloroform-d) δ 
136.8, 127.5, 126.2, 36.3 (non-deuterated compound), 35.9 (t, J = 19.4 Hz). GC-MS [m/z (%)] 
(12.928 min): 184 (15), 183 (50), 182 (100), 181 (85), 180 (55), 179 (25), 178 (15), 167 (20), 
166 (10), 153 (10), 90 (20), 77 (10).

The 2H-NMR indicates that deuteration only occurred at the benzylic position and not at the 
aromatic system. The 2H-NMR also indicates that there are at least two different chemical en-
vironments for the deuterium atoms. The 1H-NMR indicates that ca. 4 % of non-deuterated 502 
were formed (comparison of the benzylic signal for the non-deuterated compound to the total 
of aromatic signals). The benzylic proton signal for the di-deuterated compound 502-d2 indi-
cates that this compound is formed in ca. 76 % relative abundance. Hence, the combination of 
non-deuterated 502 and di-deuterated 502-d2 can only account for ca. 80 % of the composition 
of the obtained mixture of deuterated compounds. The GC-MS fragment ion pattern and the 
HRMS (ASAP) analysis both indicate that higher deuterated analogues such as 502-(9,9,10)-
d3 and 502-(9,9,10,10)-d4 may be contained in the mixture (Figure 5-2). 

Figure 5-2 LRMS (EI) analysis of the mixture of deuterated analogues obtained from the 
reaction shown in Scheme 3-6 A. Calculated masses are 180.09 Da for 502, 182.11 Da for 
502-(9,10)-d2, 183.11 Da for 502-(9,9,10)-d3, and 184.12 Da for 502-(9,9,10,10)-d4. 
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Control Reaction for the Deuterium Oxide Quenching Experiments

H

H

D

D

X

X

D

D

H

H

H

H
502-(9,10)-d2502 502-(9,9,10)-d3

502-(9,9,10,10)-d4

Et3SiH (30 equiv.), 
KOtBu (30 equiv.) 

130 °C, 18 h
Quenching with D2O

The reaction vessel was charged with 9,10-dihydroanthracene 502 (40.0 mg, 0.222 mmol, 
1.0 equiv.). The vessel was then brought inside the glovebox and triethylsilane (1.06 mL, 6.66 
mmol, 30 equiv.) and potassium tert-butoxide (747 mg, 6.66 mmol. 30 equiv.) were added in 
this sequence. The pressure tube was sealed and heated to 130 °C for 18 h. The reaction was 
quenched by the careful addition of deuterium oxide. The reaction mixture was partitioned be-
tween water (20 mL) and dichloromethane (20 mL). The phases were separated and the aque-
ous phase was washed with dichloromethane (3 x 15 mL). The combined organic phases were 
washed with water (1 x 20 mL), dried over MgSO4 and carefully concentrated in vacuo (45 °C, 
> 100 mbar, < 10 min). From the crude reaction mixture deuterated 502 (21.5 mg, 0.118 mmol, 
53 %) crystallised spontaneously at room temperature as a colourless and transparent materi-
al. Further concentration of the mother liquor (70 °C,  20 mbar, 2 h) gave additional deuterated 
502 (17.3 mg, 0.093 mmol, 42 %) as an off-white solid. Overall deuterated 502 (38.8 mg, 0.213 
mmol, 95 % yield) was obtained.  The NMR spectra and GC-MS data of the deuterated 502 
were identical to the spectra and GC-MS data recorded for the previously isolated material 
from the reduction of anthracene 119 and quenching with deuterium oxide.

Reduction of Phenanthrene 508

H
HH

H
Et3SiH (30 equiv.), 
KOtBu (30 equiv.)

130 °C, 18 h
508 509

The substrate phenanthrene 508 (89.1 mg, 0.500 mmol, 1.0 equiv.) was reacted according 
to the General Procedure B and quenched by the addition of water. Inspection of the crude 
reaction product by 1H-NMR indicated full conversion of the substrate. Purification by flash col-
umn chromatography (hexane) gave 9,10-dihydrophenanthrene 509 (24.6 mg, 0.136 mmol, 
27 %) as a colourless oil. 1H-NMR (400 MHz, Chloroform-d) δ 7.77 (ddd, J = 7.6, 0.9, 0.9 Hz, 
2H), 7.32 (ddd, J = 7.7, 5.4, 3.5 Hz, 2H), 7.28 – 7.21 (m, 4H), 2.89 (s, 4H). 13C-NMR (101 MHz, 
Chloroform-d) δ 137.5, 134.6, 128.3, 127.5, 127.1, 123.8, 29.2. GC-MS [m/z (%)] (13.018): 
180 (100, M+), 179 (75), 178 (50), 176 (15), 165 (40), 152 (15), 151 (10), 89 (20), 88 (5), 76 
(10). The NMR spectra are in agreement with the previously reported data.[306]
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Reduction of Naphthalene 452

Et3SiH (30 equiv.), 
KOtBu (30 equiv.)

130 °C, 18 h

H H

H H
510452

The reaction vessel was charged with naphthalene 452 (64.1 mg, 0.500 mmol, 1.0 equiv.). 
The vessel was then brought inside the glovebox and triethylsilane (2.40 mL, 15.0 mmol, 30 
equiv.) and potassium tert-butoxide (1.68 g, 15.0 mmol, 30 equiv.) were added in this se-
quence. The pressure tube was sealed and heated to 130 °C for 18 h outside the glovebox. 
The reaction was quenched by the careful addition of water. Then a precisely measure amount 
of internal standard 1,3,5-trimethoxybenzene (ca. 47 mg, 0.28 mmol, 0.56 equiv.) was added. 
The reaction mixture was partitioned between water (20 mL) and dichloromethane (20 mL). 
The phases were separated and the aqueous phase was extracted with dichloromethane (3 x 
15 mL). The combined organic phases were washed with water (1 x 20 mL), dried over MgSO4 
and carefully concentrated in vacuo (45 °C, > 100 mbar, < 10 min). The crude reaction product 
was analysed by 1H-NMR. The signals of the identified products were compared to the signals 
of a corresponding authentic sample. It was found that naphthalene 452 (42 %) remained  un-
reacted while 1,4-dihydronaphthalene 510 (31 %) was formed (the material was synthesised 
independently, see Chapter 5.4.6).

Reduction of Stilbene 512

H
H

H
H

Et3SiH (30 equiv.), 
KOtBu (30 equiv.)

130 °C, 18 h

512 513

The substrate stilbene 512 (90.1 mg, 0.500 mmol, 1.0 equiv.) was reacted according to the 
General Procedure B and quenched by the addition of water. Inspection of the crude reaction 
product by 1H-NMR indicated full conversion of the substrate. Purification by flash column 
chromatography (hexane) gave 1,2-diphenylethane 513 (83.4 mg, 0.458 mmol, 92 %) as a 
white solid. 1H-NMR (400 MHz, Chloroform-d) δ 7.32 – 7.26 (m, 4H), 7.23 – 7.17 (m, 6H), 2.93 
(s, 4H). 13C-NMR (101 MHz, Chloroform-d) δ 141.9, 128.6, 128.5, 126.1, 38.1. GC-MS [m/z 
(%)] (11.885 min): 182 (30, M+), 91 (100), 65 (25), 63 (5), 51 (5). mp = 46 °C - 47 °C (lit. mp = 
50.5 °C - 51.0 °C).[307] The NMR spectra are in agreement with the previously reported data.[307]
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Reduction of Diphenylacetylene 512

H
H

H
H

Et3SiH (30 equiv.), 
KOtBu (30 equiv.)

130 °C, 18 h

514 513

The substrate diphenylacetylene 514 (89.1 mg, 0.500 mmol, 1.0 equiv.) was reacted accord-
ing to the General Procedure B and quenched by the addition of water. Inspection of the crude 
reaction product by 1H-NMR indicated full conversion of the substrate. Purification by flash 
column chromatography (hexane) gave 1,2-diphenylethane 513 (25.1 mg, 0.134 mmol, 27 %) 
as a white solid. The NMR spectra were identical to the spectra recorded for the previously 
isolated material.

Reduction of Acridine 515

N N
H

H HEt3SiH (30 equiv.), 
KOtBu (30 equiv.)

130 °C, 18 h

515 516

The substrate acridine 515 (89.6 mg, 0.500 mmol, 1.0 equiv.) was reacted according to the 
General Procedure B and quenched by the addition of water. Inspection of the crude showed 
that the ratio of acridine 515 to 9,10-dihydroacridine 516 equals 1:13 (which corresponds to 93 
% conversion). Purification by flash column chromatography (hexane) gave 9,10-dihydroacri-
dine 516 (70.6 mg, 0.390 mmol, 78 %) as a pale yellow solid. Additionally unreacted acridine 
515 (10.9 mg, 57.5 µmol, 12 %) was recovered as a yellow solid. 

9,10-Dihydroacridine 516: 1H-NMR (400 MHz, Chloroform-d) δ 7.14 – 7.06 (m, 4H), 6.86 
(ddd, J = 7.4, 7.4, 1.2 Hz, 2H), 6.67 (dd, J = 7.8, 1.1 Hz, 2H), 5.94 (s, 1H), 4.06 (s, 2H). 
13C-NMR (151 MHz, Chloroform-d) δ 140.3, 128.7, 127.1, 120.8, 120.2, 113.6, 31.5. GC-MS 
[m/z (%)] (13.516 min): 179 (100, M-2), 178 (25), 177 (10), 152 (10), 151 (10), 150 (5), 126 (5), 
89 (10), 75 (10). mp = 168 °C - 169 °C (lit. mp = 169 °C - 170 °C).[308] The NMR spectra are in 
agreement with the previously reported data.[309]
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Reduction of Quinoline 517

N N
H

H H

H

H
H

H

517 518

Et3SiH (30 equiv.), 
KOtBu (30 equiv.)

130 °C, 18 h

The substrate quinoline 517 (64.6 mg, 0.500 mmol, 1.0 equiv.) was reacted according to the 
General Procedure B and quenched by the addition of water. Inspection of the crude reaction 
product by 1H-NMR indicated full conversion of the substrate. Purification by flash column 
chromatography (ethyl acetate in hexane, gradient from 0 % to 100 %) gave 1,2,3,4-tetrahy-
droquinoline 518 in impure form. Acidic extraction gave pure 1,2,3,4-tetrahydroquinoline 518 
(27.9 mg, 0.199 mmol, 40 %) as a pale yellow oil. 1H-NMR (400 MHz, Chloroform-d) δ 7.02 
– 6.93 (m, 2H), 6.64 (ddd, J = 7.4, 7.4, 1.2 Hz, 1H), 6.53 (dd, J = 7.8, 1.1 Hz, 1H), 3.87 (s, 
1H), 3.36 – 3.27 (m, 2H), 2.78 (t, J = 6.4 Hz, 2H), 2.00 – 1.92 (m, 2H). 13C-NMR (151 MHz, 
Chloroform-d) δ 144.4, 129.7, 126.9, 121.9, 117.5, 114.7, 42.1, 27.0, 22.2. GC-MS [m/z (%)] 
(10.502 min): 133 (80, M+), 132 (100), 130 (15), 118 (25), 117 (25), 104 (15), 91 (15), 77 (15), 
65 (10). The NMR spectra are in agreement with the previously reported data.[310] 

Reduction of 9-Cyanoanthracene 521

Et3SiH (30 equiv.), 
KOtBu (30 equiv.)

130 °C, 18 h

CN

Me H

H H

NC H

H H

Me H

H Me

H H

H H

521

522

502

523

524

The substrate 9-cyanoanthracene 521 (102 mg, 0.500 mmol, 1.0 equiv.) was reacted accord-
ing to the General Procedure B and quenched by the addition of water. Inspection of the crude 
reaction product by 1H-NMR indicated that a small amount of substrate remained unreacted. 
Purification by flash column chromatography (ethyl acetate in hexane, gradient from 0 % to 
100 %) gave impure 9,10-dihydroanthracene-9-carbonitrile 522 and 9-methyl-9,10-dihydroan-
thracene 523 (35.6 mg, 0.184 mmol, 37 %) as an inseparable mixture with 9,10-dihydroanthra-
cene 502 (3.1 mg, 0.017 mmol, 3.4 %) and 9,10-dihydro-9,10-dimethylanthracene 524 (2.4 
mg, 0.011 mmol, 2.3 %) as a white solid. Additionally, starting material 9-cyanoanthracene 521 
(12.0 mg, 57.8 μmol, 12 %) was recovered. A second purification of impure 9,10-dihydroan-
thracene-9-carbonitrile 522 by flash column chromatography (toluene in hexane, gradient from 
50 % to 66 %) gave pure 9,10-dihydroanthracene-9-carbonitrile 522 (23 mg, 0.113 mmol, 23 
%) as a yellow solid. 
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The 1H-NMR signals and GC-MS analysis of 523, 502 and 524 were in agreement with the 
corresponding data of authentic reference samples: 

- For data of 502 see “Reduction of Anthracene 119” above 
- For data of 523 see “Reduction of 9-Methylanthracene 526” below and 
- For data of 524 see “Reduction of 9,10-Dimethylanthracene 527” below). 
9,10-Dihydroanthracene-9-carbonitrile 522: 1H-NMR (400 MHz, Chloroform-d) δ 7.66 – 7.60 

(m, 2H), 7.42 – 7.29 (m, 6H), 5.05 (dd, J = 2.4, 1.0 Hz, 1H), 4.10 (d, J = 17.8 Hz, 1H), 3.94 (dd, 
J = 17.9, 2.4 Hz, 1H). 13C-NMR (101 MHz, Chloroform-d) δ 136.2, 130.9, 128.4, 128.1, 127.2, 
126.7, 118.4, 37.2, 35.7. GC-MS [m/z (%)] (14.142 min): 205 (100, M+), 204 (85), 203 (35), 
190 (40), 179 (10), 178 (50), 177 (20), 176 (25), 175 (10), 152 (10), 151 (10), 150 (10), 102 
(5), 89 (15), 88 (15), 76 (10), 75 (5), 63 (5). mp = 48 °C. The NMR spectra are in agreement 
with the previously reported data.[311]

Reduction of Anthracen-9-yl(pyrrolidin-1-yl)methanone 525

Me

H H

H H H

H H

Me H

H Me

NO
Et3SiH (30 equiv.), 
KOtBu (30 equiv.)

130 °C, 18 h

525 502523 524

The substrate 9-cyanoanthracene 521 (138 mg, 0.500 mmol, 1.0 equiv.) was reacted ac-
cording to the General Procedure B and quenched by the addition of water. Inspection of the 
crude reaction product by 1H-NMR indicated full conversion of the substrate. Purification by 
flash column chromatography (ethyl acetate in hexane, gradient from 0 % to 100 %) gave 
9-methyl-9,10-dihydroanthracene 523 (82.7 mg, 0.426 mmol, 86 %) as an inseparable mixture 
with 9,10-dihydroanthracene 502 (6.2 mg, 0.0322 mmol, 6.5 %) and 9,10-dihydro-9,10-di-
methylanthracene 524 (6.8 mg, 0.0327 mmol, 6.6 %) as a white solid. The 1H-NMR signals 
and GC-MS analysis of 523, 502 and 524 were in agreement with the corresponding data of 
authentic reference samples: 

- For data of 502 see “Reduction of Anthracene 119” above 
- For data of 523 see “Reduction of 9-Methylanthracene 526” below and 
- For data of 524 see “Reduction of 9,10-Dimethylanthracene 527” below).

Reduction of 9-Methylanthracene 526

Me Me H

H H

Et3SiH (30 equiv.), 
KOtBu (30 equiv.)

130 °C, 18 h

523526

The substrate 9-methylanthracene 526 (96.1 mg, 0.500 mmol, 1.0 equiv.) was reacted ac-
cording to the General Procedure B and quenched by the addition of water. Inspection of the 
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crude reaction product by 1H-NMR indicated that the ration of 526 to 523 was equal to 1:99. 
Importantly, no other reaction products derived from the substrate 526 could be identified. 
Purification by flash column chromatography (hexane) gave 9-methyl-9,10-dihydroanthracene 
523 (94 mg, 0.484 mmol, 97 %) as a white solid. Additionally, 9-methylanthracene 526 (2 mg, 
8 µmol, 2 %) was recovered. 

9-Methyl-9,10-dihydroanthracene 523: 1H-NMR (400 MHz, Chloroform-d) δ 7.40 – 7.32 (m, 
4H), 7.31 – 7.21 (m, 4H), 4.19 (d, J = 18.3 Hz, 1H), 4.10 (q, J = 7.3 Hz, 1H), 3.95 (d, J = 18.2 
Hz, 1H), 1.50 (d, J = 7.2 Hz, 3H). 13C-NMR (101 MHz, Chloroform-d) δ 141.9, 135.9, 127.8, 
127.0, 126.5, 126.1, 41.2, 35.3, 23.6. GC-MS [m/z (%)] (12.960 min): 194 (10, M+), 180 (15), 
179 (100), 178 (45), 177 (5), 176 (10), 165 (5), 152 (10), 139 (5), 115 (5), 89 (10), 76 (5). mp 
=  118 °C (lit. mp = 62 °C).[312] The NMR spectra are in agreement with the previously reported 
data.[313]

Reduction of 9,10-Dimethylanthracene 527

Me Me H

H MeMe

Et3SiH (30 equiv.), 
KOtBu (30 equiv.)

130 °C, 18 h

524527

The substrate 9,10-dimethylanthracene 527 (103 mg, 0.500 mmol, 1.0 equiv.) was reacted 
according to the General Procedure B and quenched by the addition of water. Inspection of 
the crude reaction product by 1H-NMR indicated that the ratio of 527 to 524 was equal to 4:96. 
Importantly, no other reaction products derived from the substrate 527 could be identified. 
Purification by flash column chromatography (hexane) gave 9,10-dimethyl-9,10-dihydroan-
thracene 524 (68 mg, 0.29 mmol, 59 %, d.r. (trans:cis) = 2:8) as a mixture with 9,10-dime-
thyl-9,10-dihydroanthracene 527 (2 mg, 0.01 mmol, 2 %) as a pale yellow solid. Additionally, 
pure 9,10-dimethyl-9,10-dihydroanthracene 524 (43 mg, 0.20 mmol, 39 %, d.r. (trans:cis) = 
7:3) was isolated as a white solid. In total 9,10-dimethyl-9,10-dihydroanthracene 524 (102 
mg, 0.490 mmol, 98 %, d.r. (trans:cis) = 3:7) was obtained. 1H-NMR (400 MHz, Chloroform-d) 
δ 7.43 (dd, J = 5.6, 3.4 Hz, 2H), 7.34 (dd, J = 5.6, 3.4 Hz, 1H), 7.28 (ddd, J = 5.3, 3.3 Hz, 
4H), 4.19 – 4.09 (m, 2H), 1.68 (d, J = 7.2 Hz, 6H, trans-isomer), 1.62 (d, J = 7.3 Hz, 6H, 
cis-isomer). 13C-NMR (101 MHz, Chloroform-d, cis-isomer) δ 140.6, 127.9, 126.3, 40.1, 28.6. 
13C-NMR (101 MHz, Chloroform-d, trans-isomer) δ 141.4, 126.3, 125.9, 38.6, 18.9. GC-MS 
[m/z (%)] (13.136 min, cis-isomer): 208 (10, M+), 193 (100), 191 (10), 189 (10), 178 (90), 
165 (10), 152 (10), 115 (5), 96 (5), 89 (15), 76 (5). mp = 156 °C (lit. mp = 132 °C).[314] The 
1H-NMR[315] and 13C-NMR[316] spectra are in agreement with the previously reported data.  
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5.4.6 Substrate Synthesis for the Reactions of Chapter 5.4.5

1,4-Dihydronaphthalene 510

H H

H H

Na, tBuOH

THF, rt, 2 h

510452

Synthesis of 1,4-dihydronaphthalene 510 as a reference material via a Birch-type reduction.  
The reaction was kept under a positive pressure of argon. To a solution of naphthalene 452 
(1.28 g, 10.0 mmol, 1.0 equiv.) in  THF (21 mL) was added sodium metal (575 mg, 25.0 mmol, 
2.5 equiv.) in small portions over ca. 2 min. 10 min after the addition was finished, tert-butanol 
(2.4 mL, 25.0 mmol, 2.5 equiv.) was added slowly and the reaction was stirred at room tem-
perature for additional 2 h. Remaining sodium was removed from the reaction by filtration. The 
crude reaction product was partitioned between water (30 mL) and diethyl ether (30 mL). The 
phases were separated and the aqueous phase was extracted with diethyl ether (3 x 20 mL). 
The combined organic phases were washed with brine, dried over MgSO4 and carefully con-
centrated in vacuo (45 °C, > 100 mbar, < 15 min) to give the crude product as a pale yellow oil. 
Purification by distillation (69 °C ± 1 °C, 8.5 mbar) gave 1,4-dihydronaphthalene 510 (0.679 g, 
5.21 mmol, 52 %) as a colourless oil. 1H-NMR (400 MHz, Chloroform-d) δ 7.19 – 7.11 (m, 4H), 
5.96-5.92 (m, 2H), 3.41 (d, J = 1.4 Hz, 4H). 13C-NMR (101 MHz, Chloroform-d) δ 134.4, 128.6, 
126.0, 124.9, 29.9. GC-MS [m/z (%)] (9.467 min): 130 (100), 129 (95), 128 (60), 127 (25), 126 
(10), 115 (65), 103 (5), 102 (20), 89 (10), 87 (5), 78 (10), 77 (15), 76 (10), 75 (15), 74 (15), 64 
(10), 63 (30), 62 (15), 52 (10), 51 (35), 50 (15). The NMR spectra are in agreement with the 
previously reported data.[317]

Diphenylacetylene 512

H

I
PdCl2, 

CuI, PPh3

DMF, rt, 5 h

514695 696 

The reaction was kept under a positive pressure of argon. The reaction vessel was charged 
with bis(triphenylphosphine)palladium(II) dichloride (175 mg, 0.250 mmol, 0.05 equiv.) , cop-
per(I) iodide (95.2 mg, 0.500 mmol, 0.1 equiv.) , potassium carbonate (2.07 g, 15.0 mmol, 3.0 
equiv.) and DMF (17 mL) . Then iodobenzene (0.56 mL, 5.00 mmol, 1.0 equiv.) and ethynylb-
enzene (0.55 mL, 5.00 mmol, 0.1 equiv.) were added and the reaction was stirred at room 
temperature for 5 h. The reaction was monitored by TLC and was found to have reached a 
high degree of conversion after 4 h. The reaction was partitioned between water (80 mL) and 
diethyl ether (20 mL). The aqueous phase was extracted with diethyl ether (3 x 20 mL). The 
combined organic phases were washed with water (50 mL) and brine, dried over MgSO4 and 
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concentrated in vacuo in the presence of silica. Purification by flash column chromatography 
(hexane,) gave 1,2-diphenylethyne (0.535 g, 3.00 mmol, 60 %) as a white solid. 1H-NMR (400 
MHz, Chloroform-d) δ 7.60 – 7.52 (m, 4H), 7.42 – 7.31 (m, 6H). 13C-NMR (101 MHz, Chloro-
form-d) δ 131.7, 128.5, 128.4, 123.4, 89.5. GC-MS [m/z (%)] (12.723 min): 178 (100, M+), 177 
(10), 176 (20), 152 (15), 151 (10), 150 (10), 139 (5), 126 (10), 98 (5), 89 (5), 88 (5), 76 (10), 
75 (5), 63 (5), 51 (5), 50 (5). mp = 57 °C - 58 °C (lit. mp = 57 °C - 58 °C).[318] The NMR spectra 
are in agreement with the previously reported data.[319]

Anthracen-9-yl(pyrrolidin-1-yl)methanone 525

NOOHO

HN

697 698 525

1) SOCl2 , DMF (cat.), 
60 °C, 14 h

2) 698, Et3N, 
DCM, 0 °C to rt, 2 h

Step 1 The reaction vessel was charged with anthracene-9-carboxylic acid 697 (0.333 g, 
1.50 mmol, 1.1 equiv.), thionyl chloride (4.10 mL, 56.2 mmol, 40 equiv.) and a few drops of 
DMF (cat.). The reaction was heated to 60 °C for 14 h. The reaction was concentrated in vacuo 
(at 60 °C under a flow of argon). The residue was dissolved in toluene, transferred to a new 
flask and concentrated further in vacuo (45 °C, 20 mbar). The crude anthracene-9-carbonyl 
chloride was obtained as a yellow solid and used in the next step without further purification.

Step 2 The reaction vessel was charged with anthracene-9-carbonyl chloride (338 mg, 1.40 
mmol, 1.0 equiv.) from Step 1, which was dissolved in DCM (7 mL). The solution was cooled 
to ice bath temperature and triethylamine (254 µL, 1.83 mmol, 1.3 equiv.) and pyrrolidine 698 
(129 µL, 1.54 mmol, 1.1 equiv.) were added sequentially. The reaction was stirred at room tem-
perature for 2 h. The reaction mixture was diluted with dichloromethane (15 mL) and washed 
with aqueous HCl (3 x 10 mL, 4 M). The organic phase was dried over MgSO4 and concen-
trated in vacuo (45 °C). The crude product was recrystallised from hot ethyl acetate / hexane 
to give anthracen-9-yl(pyrrolidin-1-yl)methanone 525 (180 mg, 0.654 mmol, 47 %) as a brown 
solid. The mother liquor was concentrated and a second recrystallised from hot ethyl acetate / 
hexane gave additional anthracen-9-yl(pyrrolidin-1-yl)methanone 525 (58.4 mg, 0.212 mmol, 
15 %). In total anthracen-9-yl(pyrrolidin-1-yl)methanone 525 (238 mg, 0.866 mmol, 62 %) was 
isolated. 1H-NMR (400 MHz, Chloroform-d) δ 8.46 (s, 1H), 8.06 – 7.99 (m, 2H), 7.96 – 7.90 
(m, 2H), 7.55 – 7.44 (m, 4H), 3.98 (t, J = 7.1 Hz, 2H), 2.93 (t, J = 6.9 Hz, 2H), 2.05 (tt, J = 6.9, 
6.9 Hz, 2H), 1.81 (tt, J = 6.8, 6.8 Hz, 2H). 13C-NMR (101 MHz, Chloroform-d) δ 168.9, 132.5, 
131.4, 128.8, 127.7, 127.4, 126.9, 125.6, 125.0, 47.8, 45.8, 26.1, 24.9. GC-MS [m/z (%)] 
(17.532 min): 275 (45, M+), 205 (100), 178 (25), 177 (65), 176 (55), 151 (15), 150 (10), 70 (5). 
mp = 148 °C - 149 °C (lit. mp = 150 °C - 152 °C).[320] The NMR spectra are in agreement with 
the previously reported data.[320]
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5.4.7 Computational Results for Chapter 3.3.1 
The .log files can be found in the following depository: Https://doi.org/10.15129/deef4cea-

f279-4afe-82ca-29b88bd30579 {/ Silylation_of_Amines/Silylation_of_Amines}. All calculations 
were performed on M06-2X[245]/6-311++G(d,p)/cpcm(triethylamine) level of theory. The silyl-
ation reactions were all performed in neat form, i.e. triethyl silane acted as a solvent. Since 
triethylsilane was not available as a parametrised solvent model triethylamine was chosen as 
solvent model because its properties match the parameters of triethylsilane best from all the 
solvents that are included in the Gaussian library.[231]  

 Table S21 - File names for structures shown in Figure 3-3 (./Inital_Deprotonation_Aliphat-
ic_Amine)

Entry Structure File name Comment
1 537 Me2NH.log Dimethylamine

2 287 tBuOK.log Potassium tert-butoxide

3 538 Me2NK.log Potassium dimethylamide

4 539 tBuOH.log tert-Butanol

 Table S22 - File names for structures shown in Figure 3-4 (./Formation_of_KH)

Entry Structure File name Comment
1 543 Me3SiH.log Me3SiH

2 287 tBuOK.log KOtBu

3 Substrate complex TS_tBuOMe3SiHK_back.log Substrate complex

4 TS1 TS_tBuOMe3SiHK_trial2.log TS 1 - addition of KOtBu to 
Me3SiH

5 Int. 1 TS_tBuOMe3SiHK_forward.log Intermediate 1 - K+ coordi-
nating via oxygen

6 Int. 2 TS_KH_formation_Me3SiHOtBuK_back_tri-
al8_freq.log

Intermediate 2 - K+ coordi-
nating via hydridic hydrogen

7 TS 2 TS_KH_formation_Me3SiHOtBuK_trial2.log TS 2 - elimination of KH

8 Product complex TS_KH_formation_Me3SiHOtBuK_forward.log Product complex

9 541 Me3SiOtBu_cat.log Me3SiOtBu

10 467 KH.log Potassium hydride

 Table S23 - File names for structures shown in Scheme 3-12 and Figure 3-5 (./Silylation_
of_Me2NH_with_Me3SiH)

Entry Structure File name Comment
1 537 Me2NH.log Dimethylamine

2 467 KH.log Potassium hydride

3 not shown TS_H2_Expulsion_KH_back.log Substrate complex of dimethyl-
amine and potassium hydride

4 not shown TS_H2_Expulsion_KH.log TS for deprotonation of dimethyl-
amine with potassium hydride

5 not shown TS_H2_Expulsion_KH_forward.log Product complex of potassium 
dimethylamide and molecular 
hydrogen

6 H2 H2.log Molecular hydrogen

7 538 Me2NK.log Potassium dimethylamide
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Entry Structure File name Comment
8 543 Me3SiH.log Trimethylsilane

9 538 and 543 to-
wards 544a

TS_Me2NK_Eq_Attack_on_Me3SiH_back.
log

Substrate complex of 538 and 
543 towards the formation of 
544a

10 TS towards 544a TS_Me2NK_Eq_Attack_on_Me3SiH.log TS for formation of 544a
11 544a TS_Me2NK_Eq_Attack_on_Me3SiH_for-

ward.log
544a

12 544b TS_KH_dissociation_form_Eq_Attack_prod-
uct_Me2NK_Me3SiH_back.log

544b

13 TS KH elimination 
from 544b

TS_KH_dissociation_form_Eq_Attack_prod-
uct_Me2NK_Me3SiH.log

TS for potassium hydride elimi-
nation from 544a

14 467 and 545 TS_KH_dissociation_form_Eq_Attack_prod-
uct_Me2NK_Me3SiH_forward.log

Product complex of potassium 
hydride and silylated amine 545

15 538 and 543 to-
wards 544c

TS_Me3SiHNMe2K_back.log Substrate complex of 538 and 
543 towards the formation of 
544c

16 TS towards 544a TS_Me3SiHNMe2K_trial2.log TS for formation of 544c
17 544c TS_Me3SiHNMe2K_forward.log 544c
18 544d TS_KH_formation_Me3SiHNMe2K_back.log 544d
19 TS KH elimination 

from 544d
TS_KH_formation_Me3SiHNMe2K_trial2.log TS for potassium hydride elimi-

nation from 544c
20 467 and 545 from 

544d
TS_KH_formation_Me3SiHNMe2K_for-
ward_trial2.log

Product complex of potassium 
hydride and Me3SiOtBu derived 
from 544d

21 541 Me3SiOtBu.log Me3SiOtBu

22 541 and 537 TS_Me2NK_attacking_Me3SiOtBu_back.log Substrate complex of 541 and 
537

23 TS towards 546a TS_Me2NK_attacking_Me3SiOtBu.log TS for formation of 546a
24 546a TS_Me2NK_attacking_Me3SiOtBu_forward.

log
546a

25 546a TS2_Me2NK_attacking_Me3SiOtBu_back.
log

546b

26 TS KOtBu elimina-
tion from 546a

TS2_Me2NK_attacking_Me3SiOtBu.log TS for potassium tert-butoxide 
elimination from 546a

27 KOtBu and 545 TS2_Me2NK_attacking_Me3SiOtBu_for-
ward.log

Product complex of potassium 
tert-butoxide 287 and Me2N-
SiMe3 545

28 KOtBu 287 tBuOK.log Potassium tert-butoxide

29 545 Me2NSiMe3.log Product Me2NSiMe3 545

 Table S24 - File names for structures shown in Scheme 3-14 and Figure 3-6 (./Double_Si-
lylation_with_Me3SiH)

Entry Structure File name Comment
1 467 KH.log Potassium hydride

2 550 HNMeSiMe3.log Silylated amine HN(SiMe3)Me 
550

3 467 and 550 TS_H2_expulsion_HNMeSiMe3_KH_back.
log

Substrate complex  of potassium 
hydride 467 and amine 550 

4 TS TS_H2_expulsion_HNMeSiMe3_KH.log TS for the deprotonation of 550 
with potassium hydride 467
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Entry Structure File name Comment
5 551 and H2 TS_H2_expulsion_HNMeSiMe3_KH_for-

ward.log
Product complex  of potassium 
aminde 551 and molecular 
hydrogen

6 551 KNMeSiMe3.log Potassium amide KN(SiMe3)
Me 551

7 H2 H2.log Molecular hydrogen

8 543 Me3SiH.log Trimethylsilane Me3SiH 543
9 543 and 551 react-

ing towards 552a
TS_KNMeSiMe3_attack_on_Me3SiH_back.
log

Substrate complex  of trimethyl-
silane 543 and potassium amide 
551 leading towards 552a

10 TS towards 552a TS_KNMeSiMe3_attack_on_Me3SiH.log Attack of potassium amide 551 
on trimethyl silane 543 to form 
552a

11 552a TS_KNMeSiMe3_attack_on_Me3SiH_for-
ward.log

-

12 552b TS_KH_expulsion_Me3SiNMeMe3SiHK_
back.log

-

13 TS KH expulsion 
from 552b

TS_KH_expulsion_Me3SiNMeMe3SiHK.log -

14 KH and 553 emerg-
ing from 552c

TS_KH_expulsion_Me3SiNMeMe3SiHK_for-
ward.log

Product complex of potassium 
hydride 467 and silylated amine 
553 emerging from intermediate 
552c

15 543 and 551 react-
ing towards 552c

TS_MeMe3SiNK_Eq_Attack_on_Me3SiH_
back.log

Substrate complex  of trimethyl-
silane 543 and potassium amide 
551 leading towards 552c

16 TS towards 552c TS_MeMe3SiNK_Eq_Attack_on_Me3SiH_
trial2.log

Attack of potassium amide 551 
on trimethyl silane 543 to form 
552c

17 552c TS_MeMe3SiNK_Eq_Attack_on_Me3SiH_
forward.log

-

18 552d TS_KH_elimination_from_Me3SiMeNSiMe-
3HK_back.log

-

19 TS KH expulsion 
from 552d

TS_KH_elimination_from_Me3SiMeNSiMe-
3HK.log

-

20 KH and 553 emerg-
ing from 552d

TS_KH_elimination_from_Me3SiMeNSiMe-
3HK_forward.log

Product complex of potassium 
hydride 467 and silylated amine 
553 emerging from intermediate 
552d

21 553 MeNSi2Me6.log Doubly silylated amine product 
553

 Table S25  - File names for structures shown in Scheme 3-15 and Figure 3-7 (./Double_Si-
lylation_with_Et3SiH)

Entry Structure File name Comment
1 467 KH.log Potassium hydride

2 554 Substrate_Et3SiNHMe_trial2.log Silylated amine 554

3 467 and 554 TS_H2_expulsion_HNMeSiEt3_KH_back.
log

Substrate complex of potassium 
hydride and amine 554

4 TS deprotonation TS_H2_expulsion_HNMeSiEt3_KH.log Transition state for the deproto-
nation of 554 by 467

5 555 and H2 TS_H2_expulsion_HNMeSiEt3_KH_forward.
log

Product complex between hydro-
gen and potassium amide 555

6 555 KNMeSiEt3.log Potassium amide 555
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Entry Structure File name Comment
7 H2 H2.log Molecular hydrogen 

8 296 tBuOK.log tert-Butoxytriethylsilane

9 284 Et3SiH.log Triethylsilane

10 555 and 284 to-
wards 557a

TS_KNMeSiEt3_attack_on_Et3SiH_back.log Substrate complex of 555 and 
284 towards the formation of 
557a

11 TS addition towards 
557a

TS_KNMeSiEt3_attack_on_Et3SiH.log Transition state for the addition 
of 555 on 284 to form 557a

12 557a TS_KNMeSiEt3_attack_on_Et3SiH_forward.
log

-

13 557b TS_KH_expulsion_Et3SiNMeEt3SiHK_back.
log

-

14 TS KH elimination 
from 557b

TS_KH_expulsion_Et3SiNMeEt3SiHK.log Transition state for the elimina-
tion of potassium hydride from 
557b

15 558 and KH from 
557b

TS_KH_expulsion_Et3SiNMeEt3SiHK_for-
ward.log

Product complex of potassium 
hydride and 558 derived from 
557b

16 558 Product_MeNSi2Et6.log Doubly silylated amine 558
17 555 and 284

towards 557c
TS_MeEt3SiNK_Eq_Attack_on_Et3SiH_
back.log

Substrate complex of 555 and 
284 towards the formation of 
557c

18 TS addition towards 
557c

TS_MeEt3SiNK_Eq_Attack_on_Et3SiH.log Transition state for the addition 
of 555 on 284 to form 557c

19 557c TS_MeEt3SiNK_Eq_Attack_on_Et3SiH_for-
ward.log

-

20 557d TS_KH_elimination_Et3SiNMeEt3SiHK_
back.log

-

21 TS KH elimination 
from 557d

TS_KH_elimination_Et3SiNMeEt3SiHK.log Transition state for the elimina-
tion of potassium hydride from 
557d

22 558 and KH from 
557d

TS_KH_elimination_Et3SiNMeEt3SiHK_for-
ward.log

Product complex of potassium 
hydride and 558 derived from 
557d

23 555 and 296 TS1_MeEt3SiNK_attacking_Et3SiOtBu_
back_trial3.log

Substrate complex of 555 and 
296 towards the formation of 
556a

24 TS addition towards 
556a

TS1_MeEt3SiNK_attacking_Et3SiOtBu.log Transition state for the addition 
of 555 on 296 to form 556a

25 556a TS1_MeEt3SiNK_attacking_Et3SiOtBu_for-
ward.log

-

26 556b TS2_MeEt3SiNK_attacking_Et3SiOtBu_
back.log

-

27 TS elimination of 
287 from 556b

TS2_MeEt3SiNK_attacking_Et3SiOtBu.log Transition state for the elimina-
tion of potassium tert-butoxide 
from 556b

28 558 and 287 from 
556b

TS2_MeEt3SiNK_attacking_Et3SiOtBu_for-
ward_trial3.log

Product complex of potassium 
tert-butoxide and 558 derived 
from 556b
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 Table S26 - File names for structures shown in Figure 3-8 (./Double_Silylation_with_Bulky_
Amines_and_Et3SiH)

Entry Structure File name Comment
1 284 Et3SiH.log Triethylsilane

2 559 (R = nPr) nPrEt3SiNK_Substrate.log Potassium amide with R = nPr

3 559 (R = nPr) and 
284 towards 560a

TS_KNnPrSiEt3_attack_on_Et3SiH_back_
trial2.log

Substrate complex of 559 and 
284 towards the formation of 
560a

4 TS towards 560a TS_KNnPrSiEt3_attack_on_Et3SiH.log Transition state for the addition 
of 555 on 284 to form 560b

5 560a TS_KNnPrSiEt3_attack_on_Et3SiH_for-
ward.log

-

6 560b TS2_KNnPrSiEt3_attack_on_Et3SiH_back_
start.log

-

7 TS elimination of 
KH from 560b

TS2_KNnPrSiEt3_attack_on_Et3SiH.log Transition state for the elimina-
tion of potassium hydride from 
560b

8 562 (R = nPr) and 
467

TS2_KNnPrSiEt3_attack_on_Et3SiH_for-
ward.log

Product complex of potassium 
hydride and 562 (R = nPr) de-
rived from 560b

9 467 KH.log Potassium hydride 

10 562 (R = nPr) nPrNSi2Et6_Product.log Doubly silylated amine 562 (R 
= nPr)

11 559 (R = nPr) and 
284 towards 560c

TS_nPrEt3SiNK_Eq_Attack_on_Et3SiH_
back.log

Substrate complex of 559 and 
284 towards the formation of 
560c

12 TS towards 560c TS_nPrEt3SiNK_Eq_Attack_on_Et3SiH.log Transition state for the addition 
of 555 on 284 to form 560c

13 560c TS_nPrEt3SiNK_Eq_Attack_on_Et3SiH_for-
ward.log

-

14 560d TS_KH-Expulsion_nPrEt3SiNK_Eq_Attack_
on_Et3SiH_back.log

-

15 TS elimination of 
KH from 560d

TS_KH-Expulsion_nPrEt3SiNK_Eq_Attack_
on_Et3SiH.log

Transition state for the elimina-
tion of potassium hydride from 
560d

16 562 (R = nPr) and 
467

TS_KH-Expulsion_nPrEt3SiNK_Eq_Attack_
on_Et3SiH_forward.log

Product complex of potassium 
hydride and 562 (R = nPr) de-
rived from 560d

17 559 (R = iPr) iPrEt3SiNK_Substrate.log Potassium amide with R = iPr

18 559 (R = iPr) and 
284 towards 561a

TS_KNiPrSiEt3_attack_on_Et3SiH_back_tri-
al2.log

Substrate complex of 559 and 
284 towards the formation of 
561a

19 TS towards 561a TS_KNiPrSiEt3_attack_on_Et3SiH.log Transition state for the addition 
of 555 on 284 to form 561a

20 561a TS_KNiPrSiEt3_attack_on_Et3SiH_forward.
log

-

21 561b TS2_KNiPrSiEt3_attack_on_Et3SiH_back_
start.log

-

22 TS elimination of 
KH from 561b

TS2_KNiPrSiEt3_attack_on_Et3SiH.log Transition state for the elimina-
tion of potassium hydride from 
561b

23 562 (R = iPr) and 
467

TS2_KNiPrSiEt3_attack_on_Et3SiH_for-
ward.log

Product complex of potassium 
hydride and 562 (R = iPr) de-
rived from 561b
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Entry Structure File name Comment
24 562 (R = iPr) iPrNSi2Et6_Product.log Doubly silylated amine 562 (R 

= iPr)
25 559 (R = iPr) and 

284 towards 561c
TS_iPrEt3SiNK_Eq_Attack_on_Et3SiH_
back.log

Substrate complex of 559 and 
284 towards the formation of 
561c

26 (561c) BS_iPrEt3SiNK_Eq_Attack_on_Et3SiH.log Bond scan for the addition of 
559 (R = iPr) on 284 towards 
561c

27 (561c) TS_iPrEt3SiNK_Eq_Attack_on_Et3SiH_for-
ward.log

Attempted optimisation of 561c

 Table S27 - File names for structures shown in Scheme 3-16 and Figure 3-9 (./Silylation_
of_Aniline)

Entry Structure File name Comment
1 542 KH.log Potassium hydride

2 563 H2NPh.log Aniline

3 467 and 563 TS_H2_Expulsion_H2NPh_KH_back_trial2.
log

Substrate complex between 
potassium hydride and aniline

4 TS deprotonation of 
563 with KH

TS_H2_Expulsion_H2NPh_KH.log Transition state for the deproto-
nation of aniline with potassium 
hydride

5 564 and H2 TS_H2_Expulsion_H2NPh_KH_forward.log Product complex between 
potassium anilide and molecular 
hydrogen

6 564 HKNPh.log Potassium anilide 

7 H2 H2.log Molecular hydrogen 

8 287 tBuOK.log Potassium tert-butoxide

9 287 and 563 TS_PhNH2_deprot_with_KOtBu_back.log Substrate complex between po-
tassium tert-butoxide and aniline

10 TS deprotonation of 
563 with KOtBu

TS_PhNH2_deprot_with_KOtBu.log Transition state for the deproto-
nation of aniline with potassium 
tert-butoxide

11 564 and HOtBu TS_PhNH2_deprot_with_KOtBu_forward.log Product complex between potas-
sium anilide and tert-butanol

12 539 tBuOH.log tert-Butanol

13 541 Me3SiOtBu.log tert-Butoxytrimethylsilane

14 543 Me3SiH.log Trimethylsilane

15 564 and 543 TS_Me3SiHNHPhK_back.log Substrate complex between 564 
and 543 leading to intermediate 
565a 

16 TS to 565a TS_Me3SiHNHPhK_trial2.log Transition state of the addition of 
564 onto 543 leading to 565a

17 565a TS_Me3SiHNHPhK_forward.log - 

18 565b TS_KH_formation_Me3SiHNHPhK_sub-
strate_complex.log

- 

19 TS elimination of 
KH from 565b

TS_KH_formation_Me3SiHNHPhK_trial2.log Transition state for the elimina-
tion of potassium hydride from 
565b

20 567 and KH from 
565b

TS_KH_formation_Me3SiHNHPhK_for-
ward_trial2.log

Product complex of potassium 
hydride and 567 derived from 
565b

21 567 HNPhSiMe3.log Silylated aniline product 567
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Entry Structure File name Comment
22 564 and 543 to-

wards 565c
TS_PhHNK_Eq_Attack_on_Me3SiH_back.
log

Substrate complex between 564 
and 543 leading to intermediate 
565c

23 TS to 565c BS_PhHNK_Eq_Attack_on_Me3SiH_trial2.
log

The bond scan for the addition 
of 564 onto 543 leading to 565c 
does not show a local maximum

24 565c TS_PhHNK_Eq_Attack_on_Me3SiH_for-
ward.log

- 

25 565d TS_KH_elimination_from_PhHNMe3Si-
HK_back.log

- 

26 TS elimination of 
KH from 565b

TS_KH_elimination_from_PhHNMe3SiHK.
log

Transition state for the elimina-
tion of potassium hydride from 
565d

27 567 and KH from 
565d

TS_KH_elimination_from_PhHNMe3Si-
HK_forward.log

Product complex of potassium 
hydride and 567 derived from 
565d

28 564 and 541 to-
wards 566a

TS1_PhHNK_attacking_Me3SiOtBu_back.
log

Substrate complex between 564 
and 541 leading to intermediate 
566a

29 TS to 566a TS1_PhHNK_attacking_Me3SiOtBu.log Transition state of the addition 
of 564 onto 541 leading to 566a 
does not show a local maximum

30 566a TS1_PhHNK_attacking_Me3SiOtBu_for-
ward.log

- 

31 566b TS2_PhHNK_attacking_Me3SiOtBu_back.
log

- 

32 TS elimination of 
KOtBu from 566b

TS2_PhHNK_attacking_Me3SiOtBu_trial2.
log

Transition state for the elimina-
tion of potassium tert-butoxide 
from 566b

33 567 and KOtBu 
from 566a

TS2_PhHNK_attacking_Me3SiOtBu_for-
ward.log

Product complex of potassium 
tert-butoxide and 567 derived 
from 566b

 Table S28 - File names for structures shown in Figure 3-10 (./Double_Silyation_of_Aniline)

Entry Structure File name Comment
1 568a BS_KNMe3SiPh_attack_on_Me3SiH.log Bond scan towards the formation 

of 568a - no local minimum found

2 568b BS_PhMe3SiNK_Eq_Attack_on_Me3SiH_
trial2.log

Bond scan towards the formation 
of 568b - no local minimum found

3 569 BS1_PhMe3SiNK_attacking_Me3SiOtBu_tri-
al2.log

Bond scan towards the formation 
of 569 - no local minimum found

 Table S29- File names for structures shown in Scheme 3-18 and Figure 3-11 (./Cyclisa-
tion_and_KMe_Expulsion)

Entry Structure File name Comment
1 571 Substrate_Me3Si.log Three-fold silylated 1,2-diamine

2 573 KMe.log Methyl potassium

3 571 and 573 TS_Deprotonation_with_KMe_back.log Substrate complex between 571 
and 573 

4 TS deprotonation of 
571 by 573

TS_Deprotonation_with_KMe.log Transition state for the deproto-
nation of 571 by 573

5 574 and methane TS_Deprotonation_with_KMe_forward.log Product complex between 574 
and methane
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Entry Structure File name Comment
6 574 TS_cyclisation_tri-Me3Si-diaminoethaneK_

back.log
Potassium salt of 571

7 Methane Methane.log Methane

8 TS cyclisation TS_cyclisation_tri-Me3Si-diaminoethaneK.
log

Transition state for the cyclisa-
tion of 574

9 575 (Int. 1) TS_cyclisation_tri-Me3Si-diaminoethaneK_
forward.log

Optimised starting from the 
transition state for the cyclisation 
of 574

10 575 (Int. 2) TS_cyclisation_elimination_of_KMe_back_
trial2.log

Optimised starting from the tran-
sition state for the elimination of 
methyl potassium

11 TS elimination of 
KMe

TS_cyclisation_elimination_of_KMe.log Transition state for the elimina-
tion of methyl potassium

12 576 and 573 TS_cyclisation_elimination_of_KMe_for-
ward.log

Product complex between 576 
and methyl potassium 573

13 576 Cylclised_Product_Me3Si.log Cyclised product

5.5. Experimental Details for Chapter 4 “Concerted vs. Stepwise SNAr 

Mechanism”
The .log files can be found in the following depository: Https://doi.org/10.15129/deef4cea-

f279-4afe-82ca-29b88bd30579 {./Concerted_vs_Stepwise_SNAr_Mechanism}.

5.5.1 General Procedure
For all SNAr reactions reported in this chapter the rate limiting transition state (‘TS1’) was 

optimised. The transition state geometry was then displaced by 0.05 units along the imaginary 
vibration mode in both directions. The geometries obtained in this way served as input struc-
ture for the optimisation (keyword: opt=calcfc) towards the substrate complex (‘SC’) and the 
product complex (‘PC’) or Meisenheimer intermediate (‘MI’), respectively. Based on whether 
the optimisation converged directly to the product complex or to a Meisenheimer intermediate 
the example was classified as concerted or as stepwise, respectively. This procedure was 
validated as detailed in the main text (see Section 4.2.2). If a Meisenheimer intermediate was 
found, the second transition state (‘TS2’) leading to the final product was identified for repre-
sentative examples as specified. 
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5.5.2 The Applied σp
- Scale

The σp
- values were taken form the landmark review by Hansch et al.[238] A selection of pa-

ra-substituents and their associated σp
-  constants that are used in this chapter are listed in 

Table S30 below. The less commonly encountered structures are drawn out next to the table. 

 Table S30 - σp
- Values

Entry para-Substituent -R σp
-

1 -NO 1.63

2 -NO2 1.27

3 -CHC(CN)2 1.20

4 -COCF3 1.09

5 -CN 1.00

6 -COMe 0.84

7 -CO2Me 0.75

8 -CF3 0.65

9 -CCH 0.53

10 -NCS 0.34

11 -Cl 0.19

12 -H 0.00

13 -Me -0.17

14 -OMe -0.26

15 -NHAc -0.46

16 -NP(Ph)3 -0.77

Computational Results for Chapter 4.2.1 
The .log files can be found in the following depository: Https://doi.org/10.15129/deef4cea-

f279-4afe-82ca-29b88bd30579 {./Mechanistic_Transition/Concept}. The calculations for this 
section were performed on M06-2X[245]/6-311++G(d,p)/cpcm(DMF) level of theory. The names 
of the .log files are systematically listed in Table S31 below. For each example the substrate 
complex (‘SC’), transition state (‘TS’), and product complex (‘PC’) was calculated.   

 Table S31 - File names for structures shown in Figure 4-1 (./Mechanistic_Transition/Con-
cept)

Entry -R (folder name) Reaction 
Coordinate[a]

File name

1 -CN SC TS_CN_M062X-6311++Gdp_back.log

2 -CN TS1 TS_CN_M062X-6311++Gdp_trial3.log

3 -CN MI TS_CN_M062X-6311++Gdp_forward_trial2.log

4 -CN TS2 TS2_CN_M062X-6311++Gdp_trial2.log

5 -CN PC TS2_CN_M062X-6311++Gdp_forward.log

6 -COMe SC TS_COMe_M062X-6311++Gdp_back_trial3.log

7 -COMe TS TS_COMe_M062X-6311++Gdp_trial2.log

8 -COMe MI TS_COMe_M062X-6311++Gdp_forward.log

9 -COMe TS2 TS2_COMe_M062X-6311++Gdp_trial2.log

10 -COMe PC TS2_COMe_M062X-6311++Gdp_forward_trial2.log

11 -CO2Me SC TS_CO2Me_M062X-6311++Gdp_back.log

12 -CO2Me TS TS_CO2Me_M062X-6311++Gdp.log

CN

CN

-CHC(CN)2

O

CF3
-COCF3

C CH
-CCH

N C S
-NCS

O

MeN
H

-NHAc

N
P
Ph

Ph
Ph

-NP(Ph)3
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Entry -R (folder name) Reaction 
Coordinate[a]

File name

13 -CO2Me MI TS_CO2Me_M062X-6311++Gdp_forward.log

14 -CO2Me TS2 TS2_CO2Me_M062X-6311++Gdp_trial4.log

15 -CO2Me PC TS2_CO2Me_M062X-6311++Gdp_forward.log

16 -CF3 SC TS_CF3_M062X-6311++Gdp_back_trial14.log

17 -CF3 TS TS_CF3_M062X-6311++Gdp_trial2.log

18 -CF3 PC TS_CF3_M062X-6311++Gdp_forward_trial3.log

19 -CCH SC TS_CCH_F_MeO_M062X-6311++Gdp_back.log

20 -CCH TS TS_CCH_F_MeO_M062X-6311++Gdp.log

21 -CCH PC TS_CCH_F_MeO_M062X-6311++Gdp_forward.log

[a] SC: substrate complex; TS1: first transition state; MI: Meisenheimer intermediate; TS2: 
second transition state; PC: product complex. 

5.5.3 Computational Results for Chapter 4.2.2 
The calculations of this section were calculated on the level of theory as specified. For all 

calculations the cpcm solvent model for DMF was used. For each example the substrate com-
plex (‘SC’), transition state (‘TS’), and product complex (‘PC’) was calculated.  

Benchmarking
The .log files can be found in the following depository: Https://doi.org/10.15129/deef4cea-

f279-4afe-82ca-29b88bd30579 {./Mechanistic_Transition/Computational_Model}. The names 
of the .log files of the calculations used to compile Figure 4-2, Figure 4-3, Table 4-1 and Table 
4-2 are systematically listed in Table S32 below.  

 Table S32- File names for structures shown in Figure 4-2, Figure 4-3, Table 4-1 and Table 
4-2 (./Benchmarking)

Entry Method[a] (fold-
er name)

-R (sub folder 
name)

Reaction 
Coordinate[b]

File name

1 MP2_
aug-cc-pVTZ

-COCF3 SC TS_COCF3_MP2_aug-cc-pVTZ_back_trial3.log

2 “ -COCF3 TS1 TS_COCF3_MP2_aug-cc-pVTZ_trial3_freq.log

3 “ -COCF3 MI TS_COCF3_MP2_aug-cc-pVTZ_forward_freq.log

4 “ -CN SC TS_CN_MP2-aug-cc-pVTZ_back_trial2.log

5 “ -CN TS TS_CN_MP2-aug-cc-pVTZ

6 “ -CN MI TS_CN_MP2-aug-cc-pVTZ_forward_trial5.log

7 “ -COMe SC TS_COMe_MP2-aug-cc-pVTZ_back.log

8 “ -COMe TS TS_COMe_MP2-aug-cc-pVTZ_trial5_step13_freq.
log

9 “ -COMe PC TS_COMe_MP2-aug-cc-pVTZ_forward_trial7_freq.
log

10 “ -CO2Me SC TS_CO2Me_MP2-aug-cc-pVTZ_back.log

11 “ -CO2Me TS TS_CO2Me_MP2_aug-cc-pVTZ.log

12 “ -CO2Me PC TS_CO2Me_MP2-aug-cc-pVTZ_forward_trial2.log

13 MP2 -COCF3 SC TS_COCF3_MP2_6311++Gdp_back_trial2.log

14 “ -COCF3 TS1 TS_COCF3_MP2_6311++Gdp_trial4.log

15 “ -COCF3 MI TS_COCF3_MP2_6311++Gdp_forward.log

16 “ -CN SC TS_CN_MP2-6311++Gdp_back.log
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Entry Method[a] (fold-
er name)

-R (sub folder 
name)

Reaction 
Coordinate[b]

File name

17 “ -CN TS TS_CN_MP2-6311++Gdp_trial3.log

18 “ -CN MI TS_CN_MP2-6311++Gdp_forward.log

19 “ -COMe SC TS_COMe_MP2-6311++Gdp_back_trial10_freq.log

20 “ -COMe TS TS_COMe_MP2-6311++Gdp_trial4_freq.log

21 “ -COMe PC TS_COMe_MP2-6311++Gdp_forward_trial2.log

22 “ -CO2Me SC TS_CO2Me_MP2_6311++Gdp_back.log

23 “ -CO2Me TS TS_CO2Me_MP2_6311++Gdp_trial3.log

24 “ -CO2Me PC TS_CO2Me_MP2_6311++Gdp_forward_trial3.log

25 B3PW91 -COCF3 SC TS_COCF3_B3PW91_6-311++Gdp_back_trial3.log

26 “ -COCF3 TS1 TS_COCF3_B3PW91_6-311++Gdp.log

27 “ -COCF3 MI TS_COCF3_B3PW91_6-311++Gdp_forward.log

28 “ -CN SC TS_CN_B3PW91_6-311++Gdp_back_trial3_freq.
log

29 “ -CN TS TS_CN_B3PW91_6-311++Gdp.log

30 “ -CN PC TS_CN_B3PW91_6-311++Gdp_forward_trial2.log

31 “ -COMe SC TS_COMe_B3PW91_6-311++Gdp_back_trial5.log

32 “ -COMe TS TS_COMe_B3PW91_6-311++Gdp.log

33 “ -COMe PC TS_COMe_B3PW91_6-311++Gdp_forward_trial3.
log

34 “ -CO2Me SC TS_CO2Me_B3PW91_6-311++Gdp_back_trial4.log

35 “ -CO2Me TS TS_CO2Me_B3PW91_6-311++Gdp.log

36 “ -CO2Me PC TS_CO2Me_B3PW91_6-311++Gdp_forward_tri-
al2_freq.log

37 B3LYP -NO2 SC TS_NO2_F_MeO_B3LYP_back_trial4.log

38 “ -NO2 TS1 TS_NO2_F_MeO_B3LYP_trail2.log

39 “ -NO2 MI TS_NO2_F_MeO_B3LYP_forward.log

40 “ -COCF3 SC TS_COCF3_B3LYP-6311++Gdp_back_trial4.log

41 “ -COCF3 TS1 TS_COCF3_B3LYP-6311++Gdp.log

42 “ -COCF3 MI TS_COCF3_B3LYP-6311++Gdp_forward.log

43 “ -CN SC TS_CN_B3LYP-6311++Gdp_back_trial3.log

44 “ -CN TS TS_CN_B3LYP-6311++Gdp.log

45 “ -CN PC TS_CN_B3LYP-6311++Gdp_forward_trial2.log

46 “ -COMe SC TS_COMe_B3LYP-6311++Gdp_back_trial4.log

47 “ -COMe TS TS_COMe_B3LYP-6311++Gdp_trial2_freq.log

48 “ -COMe PC TS_COMe_B3LYP-6311++Gdp_forward_trial2.log

49 “ -CO2Me SC TS_CO2Me_B3LYP_6-311++Gdp_back_trial5.log

50 “ -CO2Me TS TS_CO2Me_B3LYP_6-311++Gdp.log

51 “ -CO2Me PC TS_CO2Me_B3LYP_6-311++Gdp_forward_trial3.
log

52 B3LYP_D3-BJ -NO2 SC TS_NO2_F_MeO_B3LYP-D3BJ_back_trial5.log

53 “ -NO2 TS1 TS_NO2_F_MeO_B3LYP-D3BJ.log

54 “ -NO2 MI TS_NO2_F_MeO_B3LYP-D3BJ_forward.log

55 “ -COCF3 SC TS_COCF3_B3LYP-D3BJ-6311++Gdp_back_trial4.
log

56 “ -COCF3 TS1 TS_COCF3_B3LYP-D3BJ-6311++Gdp_trial4.log

57 “ -COCF3 PC TS_COCF3_B3LYP-D3BJ-6311++Gdp_forward_tri-
al2.log

58 “ -CN SC TS_CN_B3LYP-D3BJ-6311++Gdp_back_trial3.log

59 “ -CN TS TS_CN_B3LYP-D3BJ-6311++Gdp.log
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Entry Method[a] (fold-
er name)

-R (sub folder 
name)

Reaction 
Coordinate[b]

File name

60 “ -CN MI TS_CN_B3LYP-D3BJ-6311++Gdp_forward_trial3.
log

61 “ -COMe SC TS_COMe_B3LYP-D3BJ-6311++Gdp_back_trial2.
log

62 “ -COMe TS TS_COMe_B3LYP-D3BJ-6311++Gdp_trial5.log

63 “ -COMe PC TS_COMe_B3LYP-D3BJ-6311++Gdp_forward_tri-
al2.log

64 “ -CO2Me SC TS_CO2Me_B3LYP-D3BJ-6311++Gdp_back_trial5.
log

65 “ -CO2Me TS TS_CO2Me_B3LYP-D3BJ-6311++Gdp.log

66 “ -CO2Me PC TS_CO2Me_B3LYP-D3BJ-6311++Gdp_forward_tri-
al2_freq.log

67 CAM-B3LYP -COCF3 SC TS_COCF3_CAM-B3LYP-6311++Gdp_back_trial2.
log

68 “ -COCF3 TS1 TS_COCF3_CAM-B3LYP-6311++Gdp

69 “ -COCF3 MI TS_COCF3_CAM-B3LYP-6311++Gdp_forward.log

70 “ -CN SC TS_CN_CAM-B3LYP-6311++Gdp_back_trial4.log

71 “ -CN TS TS_CN_CAM-B3LYP-6311++Gdp.log

72 “ -CN PC TS_CN_CAM-B3LYP-6311++Gdp_forward_trial2.
log

73 “ -COMe SC TS_COMe_CAM-B3LYP-6311++Gdp_back_trail4.
log

74 “ -COMe TS TS_COMe_CAM-B3LYP-6311++Gdp_trial2.log

75 “ -COMe PC TS_COMe_CAM-B3LYP-6311++Gdp_forward_tri-
al2.log

76 “ -CO2Me SC TS_CO2Me_CAM-B3LYP_6-311++Gdp_back.log

77 “ -CO2Me TS TS_CO2Me_CAM-B3LYP_6-311++Gdp.log

78 “ -CO2Me PC TS_CO2Me_CAM-B3LYP_6-311++Gdp_forward_
trial2.log

79 BHandHLYP -COCF3 SC TS_COCF3_BHandHLYP_6-311++Gdp_back_tri-
al2_freq.log

80 “ -COCF3 TS1 TS_COCF3_BHandHLYP-6-311++Gdp.log

81 “ -COCF3 MI TS_COCF3_BHandHLYP-6-311++Gdp_forward.log

82 “ -CN SC TS_CN_BHandHLYP_6-311++Gdp_back_trial3_
freq.log

83 “ -CN TS TS_CN_BHandHLYP-6-311++Gdp.log

84 “ -CN PC TS_CN_BHandHLYP-6-311++Gdp_forward_trial3.
log

85 “ -COMe SC TS_COMe_BHandHLYP_6-311++Gdp_back_tri-
al2_freq.log

86 “ -COMe TS TS_COMe_BHandHLYP_6-311++Gdp_trial2_freq.
log

87 “ -COMe MI TS_COMe_BHandHLYP_6-311++Gdp_forward.log

88 “ -CO2Me SC TS_CO2Me_BHandHLYP_6-311++Gdp_back_tri-
al3_freq.log

89 “ -CO2Me TS TS_CO2Me_BHandHLYP_6-311++Gdp.log

90 “ -CO2Me PC TS_CO2Me_BHandHLYP_6-311++Gdp_forward_
trial2.log

91 M06L -COCF3 SC TS_COCF3_M06L-6311++Gdp_back_trial2.log

92 “ -COCF3 TS1 TS_COCF3_M06L-6311++Gdp.log

93 “ -COCF3 MI TS_COCF3_M06L-6311++Gdp_forward.log

94 “ -CN SC TS_CN_M06L-6311++Gdp_back_trial2.log

95 “ -CN TS TS_CN_M06L-6311++Gdp.log

96 “ -CN PC TS_CN_M06L-6311++Gdp_forward_trial2.log
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Entry Method[a] (fold-
er name)

-R (sub folder 
name)

Reaction 
Coordinate[b]

File name

97 “ -COMe SC TS_COMe_M06L-6311++Gdp_back_trial4.log

98 “ -COMe TS TS_COMe_M06L-6311++Gdp.log

99 “ -COMe PC TS_COMe_M06L-6311++Gdp_forward.log

100 “ -CO2Me SC TS_CO2Me_M06L_6-311++Gdp_back_trial3.log

101 “ -CO2Me TS TS_CO2Me_M06L_6-311++Gdp.log

102 “ -CO2Me PC TS_CO2Me_M06L_6-311++Gdp_forward.log

103 M06 -COCF3 SC TS_COCF3_M06-6311++Gdp_back.log

104 “ -COCF3 TS1 TS_COCF3_M06-6311++Gdp_trial2.log

105 “ -COCF3 MI TS_COCF3_M06-6311++Gdp_forward.log

106 “ -CN SC TS_CN_M06-6311++Gdp_back_trial2.log

107 “ -CN TS TS_CN_M06-6311++Gdp.log

108 “ -CN PC TS_CN_M06-6311++Gdp_forward_trial2.log

109 “ -COMe SC TS_COMe_M06-6311++Gdp_back_trial4.log

110 “ -COMe TS TS_COMe_M06-6311++Gdp_trial2_freq.log

111 “ -COMe MI TS_COMe_M06-6311++Gdp_forward.log

112 “ -CO2Me SC TS_CO2Me_M06_6-311++Gdp_back_trial3.log

113 “ -CO2Me TS TS_CO2Me_M06_6-311++Gdp.log

114 “ -CO2Me PC TS_CO2Me_M06_6-311++Gdp_forward_trial3.log

115 M06 -COCF3 SC TS_COCF3_M062X-6311++Gdp_back_trial5.log

116 “ -COCF3 TS1 TS_COCF3_M062X-6311++Gdp.log

117 “ -COCF3 MI TS_COCF3_M062X-6311++Gdp_forward.log

118 “ -CN SC TS_CN_M062X-6311++Gdp_back.log

119 “ -CN TS TS_CN_M062X-6311++Gdp_trial3.log

120 “ -CN MI TS_CN_M062X-6311++Gdp_forward_trial2.log

121 “ -COMe SC TS_COMe_M062X-6311++Gdp_back_trial3.log

122 “ -COMe TS TS_COMe_M062X-6311++Gdp_trial2.log

123 “ -COMe MI TS_COMe_M062X-6311++Gdp_forward.log

124 “ -CO2Me SC TS_CO2Me_M062X-6311++Gdp_back.log

125 “ -CO2Me TS TS_CO2Me_M062X-6311++Gdp.log

126 “ -CO2Me MI TS_CO2Me_M062X-6311++Gdp_forward.log

127 “ -CF3 SC TS_CF3_M062X-6311++Gdp_back_trial14.log

128 “ -CF3 TS TS_CF3_M062X-6311++Gdp_trial2.log

129 “ -CF3 PC TS_CF3_M062X-6311++Gdp_forward_trial3.log

130 “ -CCH SC TS_CCH_F_MeO_M062X-6311++Gdp_back.log

131 “ -CCH TS TS_CCH_F_MeO_M062X-6311++Gdp.log

132 “ -CCH PC TS_CCH_F_MeO_M062X-6311++Gdp_forward.log

133 M11 -NO2 SC TS_KOMe_NO2_F_M11_6-311++Gdp_back_trial2.
log

134 “ -NO2 TS1 TS_KOMe_NO2_F_M11_6-311++Gdp.log

135 “ -NO2 MI TS_KOMe_NO2_F_M11_6-311++Gdp_forward_tri-
al2.log

136 “ -NO2 TS2 TS2_KOMe_NO2_F_M11_6-311++Gdp_trial8.log

137 “ -NO2 PC TS2_KOMe_NO2_F_M11_6-311++Gdp_trial2.log

138 “ -CHC(CN)2 SC TS_KOMe_CHCCN2_F_M11_6-311++Gdp_back_
trial4.log

139 “ -CHC(CN)2 TS1 TS_KOMe_CHCCN2_F_M11_6-311++Gdp.log

140 “ -CHC(CN)2 MI TS_KOMe_CHCCN2_F_M11_6-311++Gdp_for-
ward.log
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Entry Method[a] (fold-
er name)

-R (sub folder 
name)

Reaction 
Coordinate[b]

File name

141 “ -CHC(CN)2 TS2 TS2_KOMe_CHCCN2_F_M11_6-311++Gdp.log

142 “ -CHC(CN)2 PC TS2_KOMe_CHCCN2_F_M11_6-311++Gdp_for-
ward.log

143 “ -COCF3 SC TS_COCF3_M11_6-311++Gdp_back_trial2_freq.log

144 “ -COCF3 TS1 TS_COCF3_M11_6-311++Gdp.log

145 “ -COCF3 MI TS_COCF3_M11_6-311++Gdp_forward.log

146 “ -COCF3 TS2 TS2_COCF3_M11_6-311++Gdp.log

147 “ -COCF3 PC TS2_COCF3_M11_6-311++Gdp_forward_trial3.log

148 “ -COCF3 IRC+ IRC_TS1_reverse_COCF3_M11_6-311++Gdp.log 
IRC_TS1_reverse_COCF3_M11_6-311++Gdp_tri-
al2.log
IRC_TS1_reverse_COCF3_M11_6-311++Gdp_tri-
al3.log
IRC_TS1_reverse_COCF3_M11_6-311++Gdp_tri-
al4.log
IRC_TS1_reverse_COCF3_M11_6-311++Gdp_tri-
al5.log
IRC_TS1_reverse_COCF3_M11_6-311++Gdp_tri-
al6.log

149 “ -COCF3 IRC- IRC_TS1_forward_COCF3_M11_6-311++Gdp.log 
IRC_TS1_forward_COCF3_M11_6-311++Gdp_tri-
al2.log 
IRC_TS1_forward_COCF3_M11_6-311++Gdp_tri-
al3.log

150 “ -CN SC TS_CN_M11_6-311++Gdp_back_trial2.log

151 “ -CN TS TS_CN_M11_6-311++Gdp.log

152 “ -CN PC TS_CN_M11_6-311++Gdp_forward.log

153 “ -CN IRC+ IRC_CN_M11_6-311++Gdp_reverse.log 
IRC_CN_M11_6-311++Gdp_reverse_trial2.log
IRC_CN_M11_6-311++Gdp_reverse_trial3.log
IRC_CN_M11_6-311++Gdp_reverse_trial4.log

154 “ -CN IRC- IRC_CN_M11_6-311++Gdp_forward.log

155 “ -CN Freq Intermediate_by_IRC_reverse_CN_M11_6-311++G-
dp.log

156 “ -CN BS BS2_CN_M11_6-311++Gdp.log 
BS2_CN_M11_6-311++Gdp_high_res.log

157 “ -COMe SC TS_COMe_M11_6-311++Gdp_back_trial2_freq.log

158 “ -COMe TS TS_COMe_M11_6-311++Gdp_trial3.log

159 “ -COMe PC TS_COMe_M11_6-311++Gdp_forward_trial2.log

160 “ -COMe IRC+ IRC_COMe_M11_6-311++Gdp_reverse.log 
IRC_COMe_M11_6-311++Gdp_reverse_trial2.log

161 “ -COMe IRC- IRC_COMe_M11_6-311++Gdp_forward.log 
IRC_COMe_M11_6-311++Gdp_forward_trial2.log

162 “ -COMe Freq Intermediate_by_IRC_reverse_COMe_
M11_6-311++Gdp.log

163 “ -COMe BS BS2_COMe_M11_6-311++Gdp.log 
BS2_COMe_M11_6-311++Gdp_high_res.log

164 “ -CO2Me SC TS_CO2Me_M11_6-311++Gdp_back_trial2.log

165 “ -CO2Me TS TS_CO2Me_M11_6-311++Gdp.log

166 “ -CO2Me PC TS_CO2Me_M11_6-311++Gdp_forward_trial2.log

167 “ -CO2Me IRC+ IRC_CO2Me_M11_6-311++Gdp_reverse.log 
IRC_CO2Me_M11_6-311++Gdp_reverse_trial2.log

168 “ -CO2Me IRC- IRC_CO2Me_M11_6-311++Gdp_forward.log

169 PBE0 -COCF3 SC TS_COCF3_PBE0-6311++Gdp_back_trial4.log

170 “ -COCF3 TS1 TS_COCF3_PBE0-6311++Gdp.log

171 “ -COCF3 MI TS_COCF3_PBE0-6311++Gdp_forward.log

172 “ -CN SC TS_CN_PBE0-6311++Gdp_back_trial3.log
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er name)

-R (sub folder 
name)

Reaction 
Coordinate[b]

File name

173 “ -CN TS TS_CN_PBE0-6311++Gdp_trial2.log

174 “ -CN PC TS_CN_PBE0-6311++Gdp_forward_trial3.log

175 “ -COMe SC TS_COMe_PBE0-6311++Gdp_back_trial4.log

176 “ -COMe TS TS_COMe_PBE0-6311++Gdp_trial2_freq.log

177 “ -COMe PC TS_COMe_PBE0-6311++Gdp_forward_trial2.log

178 “ -CO2Me SC TS_CO2Me_PBE0_6-311++Gdp_back_trial2.log

179 “ -CO2Me TS TS_CO2Me_PBE0_6-311++Gdp_trial4.log

180 “ -CO2Me PC TS_CO2Me_PBE0_6-311++Gdp_forward_trial3.log

181 PBE0_D3-BJ -COCF3 SC TS_COCF3_PBE0-D3BJ_6311++Gdp_back_trial3.
log

182 “ -COCF3 TS1 TS_COCF3_PBE0-D3BJ_6311++Gdp.log

183 “ -COCF3 MI TS_COCF3_PBE0-D3BJ_6311++Gdp_forward.log

184 “ -CN SC TS_CN_PBE0-D3BJ_6311++Gdp_back_trial2.log

185 “ -CN TS TS_CN_PBE0-D3BJ_6311++Gdp.log

186 “ -CN PC TS_CN_PBE0-D3BJ_6311++Gdp_forward_trial2.
log

187 “ -COMe SC TS_COMe_PBE0-D3BJ_6311++Gdp_back_trial4.
log

188 “ -COMe TS TS_COMe_PBE0-D3BJ_6311++Gdp_trial2.log

189 “ -COMe PC TS_COMe_PBE0-D3BJ_6311++Gdp_back_trial4.
log

190 “ -CO2Me SC TS_CO2Me_PBE0-D3BJ_6-311++Gdp_back_trial4.
log

191 “ -CO2Me TS TS_CO2Me_PBE0-D3BJ_6-311++Gdp.log

192 “ -CO2Me PC TS_CO2Me_PBE0-D3BJ_6-311++Gdp_forward_tri-
al3.log

193 HSE1PBE -COCF3 SC TS_COCF3_HSEH1PBE_6-311++Gdp_back_trial4.
log

194 “ -COCF3 TS1 TS_COCF3_HSEH1PBE_6-311++Gdp.log

195 “ -COCF3 MI TS_COCF3_HSEH1PBE_6-311++Gdp_forward.log

196 “ -CN SC TS_HSEH1PBE_6-311++Gdp_back_trial2.log

197 “ -CN TS TS_HSEH1PBE_6-311++Gdp.log

198 “ -CN PC TS_HSEH1PBE_6-311++Gdp_forward_trial3.log

199 “ -COMe SC TS_COMe_HSEH1PBE_6-311++Gdp_back_trial2.
log

200 “ -COMe TS TS_COMe_HSEH1PBE_6-311++Gdp.log

201 “ -COMe PC TS_COMe_HSEH1PBE_6-311++Gdp_forward_tri-
al2.log

202 “ -CO2Me SC TS_CO2Me_HSEH1PBE_6-311++Gdp_back_trial2.
log

203 “ -CO2Me TS TS_CO2Me_HSEH1PBE_6-311++Gdp.log

204 “ -CO2Me PC TS_CO2Me_HSEH1PBE_6-311++Gdp_forward_tri-
al2.log

205 B97D -COCF3 SC TS_COCF3_B97D_6-311++Gdp_back_trial5.log

206 “ -COCF3 TS1 TS_COCF3_B97D_6-311++Gdp_trial2_freq.log

207 “ -COCF3 PC TS_COCF3_B97D-6-311++Gdp_forward_trial2.log

208 “ -CN SC TS_CN_B97D_6-311++Gdp_back_trial2.log

209 “ -CN TS TS_CN_B97D_6-311++Gdp.log

210 “ -CN PC TS_CN_B97D_6-311++Gdp_forward_trial2.log

211 “ -COMe SC TS_COMe_B97D_6-311++Gdp_back_trial2.log

212 “ -COMe TS TS_COMe_B97D_6-311++Gdp.log
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213 “ -COMe PC TS_COMe_B97D_6-311++Gdp_forward_trial2.log

214 “ -CO2Me SC TS_CO2Me_B97D_6-311++Gdp_back_trial2.log

215 “ -CO2Me TS TS_CO2Me_B97D_6-311++Gdp.log

216 “ -CO2Me PC TS_CO2Me_B97D_6-311++Gdp_forward_trial2.log

217 wB97 -COCF3 SC TS_COCF3_wB97-6-311++Gdp_back.log

218 “ -COCF3 TS1 TS_COCF3_wB97-6-311++Gdp.log

219 “ -COCF3 MI TS_COCF3_wB97-6-311++Gdp_forward.log

220 “ -CN SC TS_CN_wB97_6-311++Gdp_back_trial2_freq.log

221 “ -CN TS TS_CN_wB97_6-311++Gdp.log

222 “ -CN PC TS_CN_wB97_6-311++Gdp_forward_trial2.log

223 “ -COMe SC TS_COMe_wB97_6-311++Gdp_back_trial7.log

224 “ -COMe TS TS_COMe_wB97_6-311++Gdp.log

225 “ -COMe MI TS_COMe_wB97_6-311++Gdp_forward.log

226 “ -CO2Me SC TS_CO2Me_wB97_6-311++Gdp_back_trial4.log

227 “ -CO2Me TS TS_CO2Me_wB97_6-311++Gdp.log

228 “ -CO2Me PC TS_CO2Me_wB97_6-311++Gdp_forward_trial2.log

229 wB97X -COCF3 SC TS_COCF3_wB97X-6-311++Gdp_back_trial4.log

230 “ -COCF3 TS1 TS_COCF3_wB97X-6-311++Gdp.log

231 “ -COCF3 MI TS_COCF3_wB97X-6-311++Gdp_forward.log

232 “ -CN SC TS_CN_wB97X_6-311++Gdp_back_trial2.log

233 “ -CN TS TS_CN_wB97X_6-311++Gdp.log

234 “ -CN PC TS_CN_wB97X_6-311++Gdp_forward_trial2.log

235 “ -COMe SC TS_COMe_wB97X_6-311++Gdp_back_trial2.log

236 “ -COMe TS TS_COMe_wB97X_6-311++Gdp.log

237 “ -COMe PC TS_COMe_wB97X_6-311++Gdp_forward_trial3.log

238 “ -CO2Me SC TS_CO2Me_wB97X_6-311++Gdp_back_trial2.log

239 “ -CO2Me TS TS_CO2Me_wB97X_6-311++Gdp.log

240 “ -CO2Me PC TS_CO2Me_wB97X_6-311++Gdp_forward.log

241 wB97XD -COCF3 SC TS_COCF3_wB97XD-6-311++Gdp_back_trial4.log

242 “ -COCF3 TS1 TS_COCF3_wB97XD-6-311++Gdp.log

243 “ -COCF3 MI TS_COCF3_wB97XD-6-311++Gdp_forward.log

244 “ -CN SC TS_CN_wB97XD-6-311++Gdp_back_trial2.log

245 “ -CN TS TS_CN_wB97XD-6-311++Gdp.log

246 “ -CN PC TS_CN_wB97XD-6-311++Gdp_forward.log

247 “ -COMe SC TS_COMe_wB97XD_6-311++Gdp_back_trial4.log

248 “ -COMe TS TS_COMe_wB97XD_6-311++Gdp.log

249 “ -COMe PC TS_COMe_wB97XD_6-311++Gdp_forward_trial2.
log

250 “ -CO2Me SC TS_CO2Me_wB97XD_6-311++Gdp_back_trial3_
freq.log

251 “ -CO2Me TS TS_CO2Me_wB97XD_6-311++Gdp.log

252 “ -CO2Me PC TS_CO2Me_wB97XD_6-311++Gdp_forward_trial2.
log

[a] The 6-311++G(d,p) basis set was used unless mentioned otherwise. [b] The reaction 
coordinate is indicated by the following abbreviations. SC: substrate complex; TS1: first tran-
sition state; MI: Meisenheimer intermediate; TS2: second transition state; PC: product com-
plex.  Alternatively the type of calculation is stated using the following abbreviation. IRC+: 
internal reaction coordinate scan towards the products; IRC-: internal reaction coordinate scan 
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towards the substrates; BS: bond scan; Freq: single point frequency calculation.  

Comparison to Literature Reports
The .log files can be found in the following depository: Https://doi.org/10.15129/deef4cea-

f279-4afe-82ca-29b88bd30579 {./Mechanistic_Transition/Computational_Model/Compari-
son_to_Literature_Reports}. The calculations were preformed on M11/6-311++G(d,p)/cpc-
m(DMF) level of theory. 

All files for the calculation shown in Scheme 4-1 are listed in Table S33 below. The activation 
energy of the SNAr reaction shown in Scheme 4-1 was calculated with respect to the separated 
substrates. The counter cation was not included in the computational model. A minor confor-
mational change of the Meisenheimer intermediate was detected along the SNAr reaction co-
ordinated. The structure ‘TS2’ in table Table S33 corresponds to the transition state associated 
with this conformational change. 

All files for the calculation shown in Table 4-3 are listed in Table S34 below. If two files are 
given for the Meisenheimer intermediate (MI) it means that once the MI has been optimised 
starting form the first transition state (TS1) and once starting from the second transition state 
(TS2). 

 Table S33 - File names for structures shown in Scheme 4-1 (./Parker)

Entry Structure and 
Comment

Reaction 
Coordinate[a]

File name

1 Azide anion - azide.log

2 586 - Substrate.log

3 Azide anion and 
586

SC TS_NO2_Azide_back.log

4 Addition of azide 
on 586

TS1 TS_NO2_Azide.log

5 - MI1 TS_NO2_Azide_forward.log

6 Conformational 
change of MI

TS2 TS2_NO2_Azide_conformation.log

7 - MI2 TS3_NO2_Azide_back.log

8 Expulsion of 
fluoride leaving 
group. 

TS3 TS3_NO2_Azide.log

9 Fluoride anion 
and 588

PC TS3_NO2_Azide_forward.log

10 588 - Product.log

11 Fluoride anion - fluoride.log

[b] The reaction coordinate is indicated by the following abbreviations. SC: substrate com-
plex; TSx: xth transition state; MIy: Meisenheimer intermediate in conformation y; PC: product 
complex.  

 Table S34 - File names for structures shown in Table 4-3 (./Williams)

Entry Entry in Table 4-3 
(Sub Folder)

Reaction 
Coordinate[a]

File name

1 1 (DMAP-a) PC TS_DMAP_4-NO2-PhO_back_trial3.log

2 “ TS1 TS_DMAP_4-NO2-PhO_trial2.log



page 247/288

Entry Entry in Table 4-3 
(Sub Folder)

Reaction 
Coordinate[a]

File name

3 “ MI TS_DMAP_4-NO2-PhO_forward.log 
TS2_DMAP_4-NO2-PhO_back.log

4 “ TS2 TS2_DMAP_4-NO2-PhO_forward.log

5 “ SC TS2_DMAP_4-NO2-PhO_forward_trial2.log

6 2 (DMAP-a_water) PC TS_DMAP_4-NO2-PhO_4_water_back_trial2.log

7 “ TS1 TS_DMAP_4-NO2-PhO_4_water_trial4.log

8 “ MI TS_DMAP_4-NO2-PhO_4_water_forward_trial2.log 
TS2_DMAP_4-NO2-PhO_4_water_back.log

9 “ TS2 TS2_DMAP_4-NO2-PhO_4_water_trial2.log

10 “ SC TS2_DMAP_4-NO2-PhO_4_water_forward.log

11 3 (DMAP-b) PC TS_DMAP_4-COH-PhO_back.log

11 “ TS1 TS_DMAP_4-COH-PhO.log

12 “ MI TS_DMAP_4-COH-PhO_forward.log 
TS2_DMAP_4-COH-PhO_back.log

13 “ TS2 TS2_DMAP_4-COH-PhO.log

14 “ SC TS2_DMAP_4-COH-PhO_forward_trial2.log

15 4 (DMAP-c) PC TS_DMAP_3-5-di-NO2-PhO_back.log

16 “ TS1 TS_DMAP_3-5-di-NO2-PhO_trial2.log

17 “ MI TS_DMAP_3-5-di-NO2-PhO_forward.log 
TS2_DMAP_3-5-di-NO2-PhO_back.log

18 “ TS2 TS2_DMAP_3-5-di-NO2-PhO.log

19 “ SC TS2_DMAP_3-5-di-NO2-PhO_forward.log

20 5 (Morpholien-a_1) PC TS_Morpholine_4-NO2-PhO_back.log

21 “ TS1 TS_Morpholine_4-NO2-PhO.log

22 “ MI TS_Morpholine_4-NO2-PhO_forward.log 
TS2_Morpholine_4-NO2-PhO_back.log

23 “ TS2 TS2_Morpholine_4-NO2-PhO.log

24 “ SC TS2_Morpholine_4-NO2-PhO_forward.log

25 5 (Morpholien-a_1) PC TS_Morpholine_4-NO2-PhO_var2_back_trial3.log

26 “ TS1 TS_Morpholine_4-NO2-PhO_var2.log

27 “ MI TS_Morpholine_4-NO2-PhO_var2_forward.log 
TS2_Morpholine_4-NO2-PhO_var2_back.log

28 “ TS2 TS2_Morpholine_4-NO2-PhO_var2.log

29 “ SC TS2_Morpholine_4-NO2-PhO_var2_forward_trial2.log

[a] The reaction coordinate is indicated by the following abbreviations. SC: substrate com-
plex; TS1: first transition state; MI: Meisenheimer intermediate; TS2: second transition state; 
PC: product complex.  

5.5.4 Computational Results for Chapter 4.2.3 
The .log files can be found in the following repository: Https://doi.org/10.15129/deef4cea-

f279-4afe-82ca-29b88bd30579 {./Mechanistic_Transition/Understanding_the_Mech_Trans}. 
The calculations of this section were calculated on M11/6-311++G(d,p)/cpcm(DMF) level of 
theory. For each example the substrate complex (‘SC’), rate limiting transition state (‘TS1’), 
and product complex (‘PC’) or Meisenheimer intermediate (‘MI’) as appropriate, was calculat-
ed. For selected examples also the second transition (‘TS2’) state was calculated.  
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The Mechanistic Transition Point in Cross- and Identity-Displacement Reactions

The .log files for the calculations shown in Figure 4-4 for the displacement of the halides 
fluoride, chloride, bromide and iodide by potassium methoxide from 595 are listed in below in 
Table S35 and can be found in the sub directory ./Displacements/KOMe-X. 

 Table S35- File names for structures shown in Figure 4-4 (./Displacements/KOMe-X)

Entry X -R (sub 
folder)

Reaction 
Coordinate[a]

File name

1 F -NO SC TS_KOMe_NO_F_M11_6-311++Gdp_back_trial2.log

2 “ “ TS1 TS_KOMe_NO_F_M11_6-311++Gdp.log

3 “ “ MI TS_KOMe_NO_F_M11_6-311++Gdp_forward.log

4 “ “ TS2 TS2_KOMe_NO_F_M11_6-311++Gdp.log

5 “ “ PC TS2_KOMe_NO_F_M11_6-311++Gdp_forward.log

6 “ -NO2 SC TS_KOMe_NO2_F_M11_6-311++Gdp_back_trial2.log

7 “ “ TS1 TS_KOMe_NO2_F_M11_6-311++Gdp.log

8 “ “ MI TS_KOMe_NO2_F_M11_6-311++Gdp_forward_trial2.log

9 “ “ TS2 TS2_KOMe_NO2_F_M11_6-311++Gdp_trial8.log

10 “ “ PC TS2_KOMe_NO2_F_M11_6-311++Gdp_trial2.log

11 “ -CHCCN2 SC TS_KOMe_CHCCN2_F_M11_6-311++Gdp_back_trial4.log

11 “ “ TS1 TS_KOMe_CHCCN2_F_M11_6-311++Gdp.log

12 “ “ MI TS_KOMe_CHCCN2_F_M11_6-311++Gdp_forward.log

13 “ “ TS2 TS2_KOMe_CHCCN2_F_M11_6-311++Gdp.log

14 “ “ PC TS2_KOMe_CHCCN2_F_M11_6-311++Gdp_forward.log

15 “ -COCF3 SC TS_COCF3_M11_6-311++Gdp_back_trial2_freq.log

16 “ “ TS1 TS_COCF3_M11_6-311++Gdp.log

17 “ “ MI TS_COCF3_M11_6-311++Gdp_forward.log

18 “ “ TS2 TS2_KOMe_NO2_F_M11_6-311++Gdp_trial8.log

19 “ “ PC TS2_COCF3_M11_6-311++Gdp_forward_trial3.log

20 “ -CN SC TS_CN_M11_6-311++Gdp_back_trial2.log

21 “ “ TS1 TS_CN_M11_6-311++Gdp.log

22 “ “ PC TS_CN_M11_6-311++Gdp_forward.log

23 “ -COMe SC TS_COMe_M11_6-311++Gdp_back_trial2_freq.log

24 “ “ TS1 TS_COMe_M11_6-311++Gdp_trial3.log

25 “ “ PC TS_COMe_M11_6-311++Gdp_forward_trial2.log

26 “ -CO2Me SC TS_CO2Me_M11_6-311++Gdp_back_trial2.log

27 “ “ TS1 TS_CO2Me_M11_6-311++Gdp.log

28 “ “ PC TS_CO2Me_M11_6-311++Gdp_forward_trial2.log

29 “ -CF3 SC TS_KOMe_CF3_F_M11_6-311++Gdp_back_trial2.log

30 “ “ TS1 TS_KOMe_CF3_F_M11_6-311++Gdp.log

31 “ “ PC TS_KOMe_CF3_F_M11_6-311++Gdp_forward_trial2.log

32 “ -CCH SC TS_KOMe_CCH_F_M11_6-311++Gdp_back_trial2.log

33 “ “ TS1 TS_KOMe_CCH_F_M11_6-311++Gdp.log

34 “ “ PC TS_KOMe_CCH_F_M11_6-311++Gdp_forward_trial2.log

35 “ -H SC TS_KOMe_H_F_M11_6-311++Gdp_back_trial2.log

36 “ “ TS1 TS_KOMe_H_F_M11_6-311++Gdp.log

37 “ “ PC TS_KOMe_H_F_M11_6-311++Gdp_forward_trial2.log

38 Cl -NO SC TS_KOMe-Cl_NO_M11_6-311++Gdp_back_trial3.log
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Entry X -R (sub 
folder)

Reaction 
Coordinate[a]

File name

39 “ “ TS1 TS_KOMe-Cl_NO_M11_6-311++Gdp.log

40 “ “ PC TS_KOMe-Cl_NO_M11_6-311++Gdp_forward_trial2.log

41 “ -NO2 SC TS_KOMe-Cl_NO2_M11_6-311++Gdp_back_trial2.log

42 “ “ TS1 TS_KOMe-Cl_NO2_M11_6-311++Gdp.log

43 “ “ PC TS_KOMe-Cl_NO2_M11_6-311++Gdp_forward_trial2.log

44 “ -CHCCN2 SC TS_KOMe-Cl_CHCCN2_M11_6-311++Gdp_back_trial3.log

45 “ “ TS1 TS_KOMe-Cl_CHCCN2_M11_6-311++Gdp.log

46 “ “ PC TS_KOMe-Cl_CHCCN2_M11_6-311++Gdp_forward_trial2.log

47 “ -COCF3 SC TS_KOMe-Cl_COCF3_M11_6-311++Gdp_back_trial4_freq.log

48 “ “ TS1 TS_KOMe-Cl_COCF3_M11_6-311++Gdp_trial4.log

49 “ “ PC TS_KOMe-Cl_COCF3_M11_6-311++Gdp_forward_trial2.log

50 “ -CN SC TS_KOMe-Cl_CN_M11_6-311++Gdp_back_trial2_freq.log

51 “ “ TS1 TS_KOMe-Cl_CN_M11_6-311++Gdp.log

52 “ “ PC TS_KOMe-Cl_CN_M11_6-311++Gdp_forward_trial3.log

53 “ -COMe SC TS_KOMe-Cl_COMe_M11_6-311++Gdp_back_trial2.log

54 “ “ TS1 TS_KOMe-Cl_COMe_M11_6-311++Gdp_trial2.log

55 “ “ PC TS_KOMe-Cl_COMe_M11_6-311++Gdp_forward_trial4.log

56 “ -CO2Me SC TS_KOMe-Cl_CO2Me_M11_6-311++Gdp_back_trial2_freq.log

57 “ “ TS1 TS_KOMe-Cl_CO2Me_M11_6-311++Gdp.log

58 “ “ PC TS_KOMe-Cl_CO2Me_M11_6-311++Gdp_forward_trial2.log

59 “ -CF3 SC TS_KOMe-Cl_CF3_M11_6-311++Gdp_back_trail2.log

60 “ “ TS1 TS_KOMe-Cl_CF3_M11_6-311++Gdp.log

61 “ “ PC TS_KOMe-Cl_CF3_M11_6-311++Gdp_forward_trial2.log

62 “ -CCH SC TS_KOMe-Cl_CCH_M11_6-311++Gdp_back_trial2.log

63 “ “ TS1 TS_KOMe-Cl_CCH_M11_6-311++Gdp.log

64 “ “ PC TS_KOMe-Cl_CCH_M11_6-311++Gdp_forward_trial3.log

65 “ -H SC TS_KOMe-Cl_H_M11_6-311++Gdp_back_trial2.log

66 “ “ TS1 TS_KOMe-Cl_H_M11_6-311++Gdp.log

67 “ “ PC TS_KOMe-Cl_H_M11_6-311++Gdp_forward_trial2.log

68 Br -NO SC TS_KOMe-Br_NO_M11_6-311++Gdp_back.log

69 “ “ TS1 TS_KOMe-Br_NO_M11_6-311++Gdp.log

70 “ “ PC TS_KOMe-Br_NO_M11_6-311++Gdp_forward.log

71 “ -NO2 SC TS_KOMe-Br_NO2_M11_6-311++Gdp_back.log

72 “ “ TS1 TS_KOMe-Br_NO2_M11_6-311++Gdp.log

73 “ “ PC TS_KOMe-Br_NO2_M11_6-311++Gdp_forward.log

74 I -NO SC TS_KOMe-I_NO_M11_6-311++Gdp_back.log

75 “ “ TS1 TS_KOMe-I_NO_M11_6-311++Gdp_trial2.log

76 “ “ PC TS_KOMe-I_NO_M11_6-311++Gdp_forward.log

77 “ -NO2 SC TS_KOMe-I_NO2_M11_6-311++Gdp_back.log

78 “ “ TS1 TS_KOMe-I_NO2_M11_6-311++Gdp_trial2.log

79 “ “ PC TS_KOMe-I_NO2_M11_6-311++Gdp_forward.log

[a] The reaction coordinate is indicated by the following abbreviations. SC: substrate com-
plex; TS1: first transition state; MI: Meisenheimer intermediate; TS2: second transition state; 
PC: product complex.
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The .log files for the calculations shown in Table 4-4 for the halide exchange reactions are 
listed in below in Table S36 and can be found in the sub directory ./Displacements/Halide-Hal-
ide. 

 Table S36- File names for structures shown in Table 4-4 (./Displacements/Halide-Halide)

Entry KY-X -R (sub 
folder)

Reaction 
Coordinate[a]

File name

1 KF-F -CO2Me SC TS_KF-F_CO2Me_M11_6-311++Gdp_back_trial2.log

2 “ “ TS1 TS_KF-F_CO2Me_M11_6-311++Gdp.log

3 “ “ MI TS_KF-F_CO2Me_M11_6-311++Gdp_forward.log

4 “ -CF3 SC TS_KF-F_CF3_M11_6-311++Gdp_back_trial2.log

5 “ “ TS1 TS_KF-F_CF3_M11_6-311++Gdp.log

6 “ “ MI TS_KF-F_CF3_M11_6-311++Gdp_forward.log

7 “ -CCH SC TS_KF-F_CCH_M11_6-311++Gdp_back.log

8 “ “ TS1 TS_KF-F_CCH_M11_6-311++Gdp.log

9 “ “ PC TS_KF-F_CCH_M11_6-311++Gdp_forward_trial2.log

10 “ -NCS SC TS_KF-F_NCS_M11_6-311++Gdp_back.log

11 “ “ TS1 TS_KF-F_NCS_M11_6-311++Gdp.log

11 “ “ PC TS_KF-F_NCS_M11_6-311++Gdp_forward_trial2.log

12 KF-Cl -NO SC TS_KF-Cl_NO_M11_6-311++Gdp_back.log

13 “ “ TS1 TS_KF-Cl_NO_M11_6-311++Gdp.log

14 “ “ PC TS_KF-Cl_NO_M11_6-311++Gdp_forward.log

15 “ -NO2 SC TS_KF-Cl_NO2_M11_6-311++Gdp_back.log

16 “ “ TS1 TS_KF-Cl_NO2_M11_6-311++Gdp.log

17 “ “ PC TS_KF-Cl_NO2_M11_6-311++Gdp_forward.log

18 KF-Br -NO SC TS_KF-Br_NO_M11_6-311++Gdp_back_trial2.log

19 “ “ TS1 TS_KF-Br_NO_M11_6-311++Gdp.log

20 “ “ PC TS_KF-Br_NO_M11_6-311++Gdp_forward_trial2.log

21 “ -NO2 SC TS_KF-Br_NO2_M11_6-311++Gdp_back_trial2.log

22 “ “ TS1 TS_KF-Br_NO2_M11_6-311++Gdp.log

23 “ “ PC TS_KF-Br_NO2_M11_6-311++Gdp_forward.log

24 KF-I -NO SC TS_KF-I_NO_M11_6-311++Gdp_back_trial2.log

25 “ “ TS1 TS_KF-I_NO_M11_6-311++Gdp.log

26 “ “ PC TS_KF-I_NO_M11_6-311++Gdp_forward.log

27 “ -NO2 SC TS_KF-I_NO2_M11_6-311++Gdp_back.log

28 “ “ TS1 TS_KF-I_NO2_M11_6-311++Gdp.log

29 “ “ PC TS_KF-I_NO2_M11_6-311++Gdp_forward.log

30 KCl-Cl -NO SC TS_KCl-Cl_NO_M11_6-311++Gdp_back.log

31 “ “ TS1 TS_KCl-Cl_NO_M11_6-311++Gdp.log

32 “ “ PC TS_KCl-Cl_NO_M11_6-311++Gdp_forward_trial2.log

33 “ -NO2 SC TS_KCl-Cl_NO2_M11_6-311++Gdp_back.log

34 “ “ TS1 TS_KCl-Cl_NO2_M11_6-311++Gdp.log

35 “ “ PC TS_KCl-Cl_NO2_M11_6-311++Gdp_forward.log

36 KCl-Br -NO SC TS_KCl-Br_NO_M11_6-311++Gdp_back.log

37 “ “ TS1 TS_KCl-Br_NO_M11_6-311++Gdp.log

38 “ “ PC TS_KCl-Br_NO_M11_6-311++Gdp_forward.log

39 “ -NO2 SC TS_KCl-Br_NO2_M11_6-311++Gdp_back.log

40 “ “ TS1 TS_KCl-Br_NO2_M11_6-311++Gdp.log
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Entry KY-X -R (sub 
folder)

Reaction 
Coordinate[a]

File name

41 “ “ PC TS_KCl-Br_NO2_M11_6-311++Gdp_forward_trial2.log

42 KCl-I -NO SC TS_KCl-I_NO_M11_6-311++Gdp_back_trial2.log

43 “ “ TS1 TS_KCl-I_NO_M11_6-311++Gdp.log

44 “ “ PC TS_KCl-I_NO_M11_6-311++Gdp_forward_trial2.log

45 “ -NO2 SC TS_KCl-I_NO2_M11_6-311++Gdp_back.log

46 “ “ TS1 TS_KCl-I_NO2_M11_6-311++Gdp.log

47 “ “ PC TS_KCl-I_NO2_M11_6-311++Gdp_forward_trial2.log

48 KBr-Br -NO SC TS_KBr-Br_NO_M11_6-311++Gdp_back_trial3.log

49 “ “ TS1 TS_KBr-Br_NO_M11_6-311++Gdp.log

50 “ “ PC TS_KBr-Br_NO_M11_6-311++Gdp_forward_trial2.log

51 “ -NO2 SC TS_KBr-Br_NO2_M11_6-311++Gdp_back_trial3.log

52 “ “ TS1 TS_KBr-Br_NO2_M11_6-311++Gdp.log

53 “ “ PC TS_KBr-Br_NO2_M11_6-311++Gdp_forward.log

54 KBr-I -NO SC TS_KBr-I_NO_M11_6-311++Gdp_back_trial2.log

55 “ “ TS1 TS_KBr-I_NO_M11_6-311++Gdp.log

56 “ “ PC TS_KBr-I_NO_M11_6-311++Gdp_forward.log

57 “ -NO2 SC TS_KBr-I_NO2_M11_6-311++Gdp_back.log

58 “ “ TS1 TS_KBr-I_NO2_M11_6-311++Gdp.log

59 “ “ PC TS_KBr-I_NO2_M11_6-311++Gdp_forward.log

60 KI-I -NO SC TS_KI-I_NO2_M11_6-311++Gdp_back.log

61 “ “ TS1 TS_KI-I_NO2_M11_6-311++Gdp.log

62 “ “ PC TS_KI-I_NO2_M11_6-311++Gdp_forward_trial2.log

63 “ -NO2 SC TS_KI-I_NO2_M11_6-311++Gdp_back.log

64 “ “ TS1 TS_KI-I_NO2_M11_6-311++Gdp_forward.log

65 “ “ PC TS_KI-I_NO2_M11_6-311++Gdp.log

[a] The reaction coordinate is indicated by the following abbreviations. SC: substrate com-
plex; TS1: first transition state; MI: Meisenheimer intermediate; TS2: second transition state; 
PC: product complex.

The .log files for the calculations shown in Table 4-5 for the halide exchange reactions are 
listed in below in Table S37 and can be found in the sub directory ./Displacements/Chalco-
gens. 

 Table S37- File names for structures shown in Table 4-5 (./Displacements/Chalcogens)

Entry KYMe-
XMe

-R (sub 
folder)

Reaction 
Coordi-
nate[a]

File name

1 KOMe-
OMe

-NHAc SC TS_KOMe-OMe_NHCOMe_M11_6-311++Gdp_back

2 “ “ TS1 TS_KOMe-OMe_NHCOMe_M11_6-311++Gdp.log

3 “ “ MI TS_KOMe-OMe_NHCOMe_M11_6-311++Gdp_forward.log

4 “ -NPPh3 SC TS_KOMe-OMe_NPPh3_M11_6-311++Gdp_back_trial3.log

5 “ “ TS1 TS_KOMe-OMe_NPPh3_M11_6-311++Gdp_trial2.log

6 “ “ MI TS_KOMe-OMe_NPPh3_M11_6-311++Gdp_forward.log

7 KOMe-
SMe

-CCH SC TS_KOMe-SMe_CCH_M11_6-311++Gdp_back.log
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Entry KYMe-
XMe

-R (sub 
folder)

Reaction 
Coordi-
nate[a]

File name

8 “ “ TS1 TS_KOMe-SMe_CCH_M11_6-311++Gdp.log

9 “ “ MI TS_KOMe-SMe_CCH_M11_6-311++Gdp_forward.log 
TS2_KOMe-SMe_CCH_M11_6-311++Gdp_back.log

10 “ “ TS2 TS2_KOMe-SMe_CCH_M11_6-311++Gdp.log

11 “ “ PC TS2_KOMe-SMe_CCH_M11_6-311++Gdp_forward.log

11 “ -NCS SC TS_KOMe-SMe_NCS_M11_6-311++Gdp_back.log

12 “ “ TS1 TS_KOMe-SMe_NCS_M11_6-311++Gdp.log

13 “ “ MI TS_KOMe-SMe_NCS_M11_6-311++Gdp_forward.log

14 “ -Cl SC TS_KOMe-SMe_Cl_M11_6-311++Gdp_back.log

15 “ “ TS1 TS_KOMe-SMe_Cl_M11_6-311++Gdp.log

16 “ “ PC TS_KOMe-SMe_Cl_M11_6-311++Gdp_forward.log

17 “ -H SC TS_KOMe-SMe_H_M11_6-311++Gdp_back_trial2.log

18 “ “ TS1 TS_KOMe-SMe_H_M11_6-311++Gdp.log

19 “ “ PC TS_KOMe-SMe_H_M11_6-311++Gdp_forward_trial3.log

20 KOMe-
SeMe

-NO2 SC TS_KOMe-SeMe_NO2_M11_6-311++Gdp_back.log

21 “ “ TS1 TS_KOMe-SeMe_NO2_M11_6-311++Gdp.log

22 “ “ MI TS_KOMe-SeMe_NO2_M11_6-311++Gdp_forward.log

23 “ -CN SC TS_KOMe-SeMe_CN_M11_6-311++Gdp_back.log

24 “ “ TS1 TS_KOMe-SeMe_CN_M11_6-311++Gdp.log

25 “ “ MI TS_KOMe-SeMe_CN_M11_6-311++Gdp_forward.log

26 “ -COMe SC TS_KOMe-SeMe_COMe_M11_6-311++Gdp_back.log

27 “ “ TS1 TS_KOMe-SeMe_COMe_M11_6-311++Gdp.log

28 “ “ MI TS_KOMe-SeMe_COMe_M11_6-311++Gdp_forward.log

29 “ -CO2Me SC TS_KOMe-SeMe_CO2Me_M11_6-311++Gdp_back.log

30 “ “ TS1 TS_KOMe-SeMe_CO2Me_M11_6-311++Gdp_trial2.log

31 “ “ MI TS_KOMe-SeMe_CO2Me_M11_6-311++Gdp_forward.log

32 “ -CCH SC TS_KOMe-SeMe_CCH_M11_6-311++Gdp_back_trial2.log

33 “ “ TS1 TS_KOMe-SeMe_CCH_M11_6-311++Gdp.log

34 “ “ PC TS_KOMe-SeMe_CCH_M11_6-311++Gdp_forward_trial2.log

35 “ -Cl SC TS_KOMe-SeMe_Cl_M11_6-311++Gdp_back.log

36 “ “ TS1 TS_KOMe-SeMe_Cl_M11_6-311++Gdp.log

37 “ “ PC TS_KOMe-SeMe_Cl_M11_6-311++Gdp_forward.log

38 KSMe-
SMe

-C6F5 SC TS_KSMe-SMe_C6F5_M11_6-311++Gdp_back.log

39 “ “ TS1 TS_KSMe-SMe_C6F5_M11_6-311++Gdp_trial2.log

40 “ “ MI TS_KSMe-SMe_C6F5_M11_6-311++Gdp_forward.log

41 “ -NCS SC TS_KSMe-SMe_NCS_M11_6-311++Gdp_back.log

42 “ “ TS1 TS_KSMe-SMe_NCS_M11_6-311++Gdp.log

43 “ “ MI TS_KSMe-SMe_NCS_M11_6-311++Gdp_forward.log

44 “ -I SC TS_KSMe-SMe_I_M11_6-311++Gdp_back.log

45 “ “ TS1 TS_KSMe-SMe_I_M11_6-311++Gdp.log

46 “ “ PC TS_KSMe-SMe_I_M11_6-311++Gdp_forward.log

47 “ -Cl SC TS_KSMe-SMe_Cl_M11_6-311++Gdp_back.sh

48 “ “ TS1 TS_KSMe-SMe_Cl_M11_6-311++Gdp.log

49 “ “ PC TS_KSMe-SMe_Cl_M11_6-311++Gdp_forward.log
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Entry KYMe-
XMe

-R (sub 
folder)

Reaction 
Coordi-
nate[a]

File name

50 KSMe-
SeMe

-CHCCN2 SC TS_KSMe-SeMe_CHCCN2_M11_6-311++Gdp_back.log

51 “ “ TS1 TS_KSMe-SeMe_CHCCN2_M11_6-311++Gdp.log

52 “ “ MI TS_KSMe-SeMe_CHCCN2_M11_6-311++Gdp_forward.log

53 “ -COCF3 SC TS_KSMe-SeMe_COCF3_M11_6-311++Gdp_back.log

54 “ “ TS1 TS_KSMe-SeMe_COCF3_M11_6-311++Gdp.log

55 “ “ MI TS_KSMe-SeMe_COCF3_M11_6-311++Gdp_forward.log

56 “ -CN SC TS_KSMe-SeMe_CN_M11_6-311++Gdp_back.log

57 “ “ TS1 TS_KSMe-SeMe_CN_M11_6-311++Gdp_forward.log

58 “ “ PC TS_KSMe-SeMe_CN_M11_6-311++Gdp_forward.log

59 “ -COMe SC TS_KSMe-SeMe_COMe_M11_6-311++Gdp_back_trial2.log

60 “ “ TS1 TS_KSMe-SeMe_COMe_M11_6-311++Gdp.log

61 “ “ PC TS_KSMe-SeMe_COMe_M11_6-311++Gdp_forward.log

62 KSeMe-
SeMe

-COMe SC TS_KSeMe-SeMe_COMe_M11_6-311++Gdp_back.log

63 “ “ TS1 TS_KSeMe-SeMe_COMe_M11_6-311++Gdp.log

64 “ “ MI TS_KSeMe-SeMe_COMe_M11_6-311++Gdp_forward.log

65 “ -CO2Me SC TS_KSeMe-SeMe_CO2Me_M11_6-311++Gdp_back.log

66 “ “ TS1 TS_KSeMe-SeMe_CO2Me_M11_6-311++Gdp.log

67 “ “ MI TS_KSeMe-SeMe_CO2Me_M11_6-311++Gdp_forward.log

68 “ -CF3 SC TS_KSeMe-SeMe_CF3_M11_6-311++Gdp_back.sh

69 “ “ TS1 TS_KSeMe-SeMe_CF3_M11_6-311++Gdp.log

70 “ “ PC TS_KSeMe-SeMe_CF3_M11_6-311++Gdp_forward_trial2.
log

71 “ -CCH SC TS_KSeMe-SeMe_CCH_M11_6-311++Gdp_back_trial2.log

72 “ “ TS1 TS_KSeMe-SeMe_CCH_M11_6-311++Gdp.log

73 “ “ PC TS_KSeMe-SeMe_CCH_M11_6-311++Gdp_forward_trial2.
log

[a] The reaction coordinate is indicated by the following abbreviations. SC: substrate com-
plex; TS1: first transition state; MI: Meisenheimer intermediate; TS2: second transition state; 
PC: product complex.

Effect of the Counter Cation and Explicit Solvation

The .log files for the calculations shown in Figure 4-5 for the halide exchange reactions are 
listed in below in Table S38 and can be found in the sub directory ./Counter_Cat_and_Expl_
Solvent/Counter_Cat. 

 Table S38- File names for structures shown in Figure 4-5 (./Counter_Cat_and_Expl_Sol-
vent/Counter_Cat)

Entry Metal 
M (sub 
folder)

-R (sub 
folder)

Reaction 
Coordinate[a]

File name

1 Li -NO SC TS_LiOMe_NO_F_M11_6-311++Gdp_back_trial2.log

2 “ “ TS1 TS_LiOMe_NO_F_M11_6-311++Gdp.log

3 “ “ MI TS_LiOMe_NO_F_M11_6-311++Gdp_forward.log
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Entry Metal 
M (sub 
folder)

-R (sub 
folder)

Reaction 
Coordinate[a]

File name

4 “ -NO2 SC TS_LiOMe_NO2_F_M11_6-311++Gdp_back_trial2.log

5 “ “ TS1 TS_LiOMe_NO2_F_M11_6-311++Gdp_trial2_freq.log

6 “ “ PC TS_LiOMe_NO2_F_M11_6-311++Gdp_forward.log

7 “ -CHCCN2 SC TS_LiOMe_CHCCN2_F_M11_6-311++Gdp_back_trial2.log

8 “ “ TS1 TS_LiOMe_CHCCN2_F_M11_6-311++Gdp.log

9 “ “ MI TS_LiOMe_CHCCN2_F_M11_6-311++Gdp_forward_trial3.
log

10 “ -COCF3 SC TS_LiOMe_COCF3_M11_6-311++Gdp_back_trial2.log

11 “ “ TS1 TS_LiOMe_COCF3_M11_6-311++Gdp.log

11 “ “ PC TS_LiOMe_COCF3_M11_6-311++Gdp_forward_trial2.log

12 “ -CN SC TS_LiOMe_CN_M11_6-311++Gdp_back_trial2.log

13 “ “ TS1 TS_LiOMe_CN_M11_6-311++Gdp.log

14 “ “ PC TS_LiOMe_CN_M11_6-311++Gdp_forward_trial2.log

15 “ -COMe SC TS_LiOMe_COMe_M11_6-311++Gdp_back_trial2_freq.log

16 “ “ TS1 TS_LiOMe_COMe_M11_6-311++Gdp_trail2.log

17 “ “ PC TS_LiOMe_COMe_M11_6-311++Gdp_forward.log

18 “ -CO2Me SC TS_LiOMe_CO2Me_M11_6-311++Gdp_back_trial3.log

19 “ “ TS1 TS_LiOMe_CO2Me_M11_6-311++Gdp_trial2_freq.log

20 “ “ PC TS_LiOMe_CO2Me_M11_6-311++Gdp_forward_trial2.log

21 Na -NO2 SC TS_NaOMe_NO2_F_M11_6-311++Gdp_back_trial2.log

22 “ “ TS1 TS_NaOMe_NO2_F_M11_6-311++Gdp_trial2_freq.log

23 “ “ MI TS_NaOMe_NO2_F_M11_6-311++Gdp_forward.log

24 “ -CHCCN2 SC TS_NaOMe_CHCCN2_F_M11_6-311++Gdp_back_trial3_
freq.log

25 “ “ TS1 TS_NaOMe_CHCCN2_F_M11_6-311++Gdp.log

26 “ “ MI TS_NaOMe_CHCCN2_F_M11_6-311++Gdp_forward.log

27 “ -COCF3 SC TS_NaOMe_COCF3_M11_6-311++Gdp_back_trial4.log

28 “ “ TS1 TS_NaOMe_COCF3_M11_6-311++Gdp.log

29 “ “ MI TS_NaOMe_COCF3_M11_6-311++Gdp_forward.log

30 “ -CN SC TS_NaOMe_CN_M11_6-311++Gdp_back_trial3.log

31 “ “ TS1 TS_NaOMe_CN_M11_6-311++Gdp.log

32 “ “ PC TS_NaOMe_CN_M11_6-311++Gdp_forward.log

33 “ -COMe SC TS_NaOMe_COMe_M11_6-311++Gdp_back_trial3_freq.log

34 “ “ TS1 TS_NaOMe_COMe_M11_6-311++Gdp_trial3_freq.log

35 “ “ PC TS_NaOMe_COMe_M11_6-311++Gdp_forward.log

36 “ -CO2Me SC TS_NaOMe_CO2Me_M11_6-311++Gdp_back.log

37 “ “ TS1 TS_NaOMe_CO2Me_M11_6-311++Gdp.log

38 “ “ PC TS_NaOMe_CO2Me_M11_6-311++Gdp_forward.log

39 K -NO SC TS_KOMe_NO_F_M11_6-311++Gdp_back_trial2.log

40 “ “ TS1 TS_KOMe_NO_F_M11_6-311++Gdp.log

41 “ “ MI TS_KOMe_NO_F_M11_6-311++Gdp_forward.log

42 “ “ TS2 TS2_KOMe_NO_F_M11_6-311++Gdp.log

43 “ “ PC TS2_KOMe_NO_F_M11_6-311++Gdp_forward.log

44 “ -NO2 SC TS_KOMe_NO2_F_M11_6-311++Gdp_back_trial2.log

45 “ “ TS1 TS_KOMe_NO2_F_M11_6-311++Gdp.log

46 “ “ MI TS_KOMe_NO2_F_M11_6-311++Gdp_forward_trial2.log
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Entry Metal 
M (sub 
folder)

-R (sub 
folder)

Reaction 
Coordinate[a]

File name

47 “ “ TS2 TS2_KOMe_NO2_F_M11_6-311++Gdp_trial8.log

48 “ “ PC TS2_KOMe_NO2_F_M11_6-311++Gdp_trial2.log

49 “ -CHCCN2 SC TS_KOMe_CHCCN2_F_M11_6-311++Gdp_back_trial4.log

50 “ “ TS1 TS_KOMe_CHCCN2_F_M11_6-311++Gdp.log

51 “ “ MI TS_KOMe_CHCCN2_F_M11_6-311++Gdp_forward.log

52 “ “ TS2 TS2_KOMe_CHCCN2_F_M11_6-311++Gdp.log

53 “ “ PC TS2_KOMe_CHCCN2_F_M11_6-311++Gdp_forward.log

54 “ -COCF3 SC TS_COCF3_M11_6-311++Gdp_back_trial2_freq.log

55 “ “ TS1 TS_COCF3_M11_6-311++Gdp.log

56 “ “ MI TS_COCF3_M11_6-311++Gdp_forward.log

57 “ “ TS2 TS2_KOMe_NO2_F_M11_6-311++Gdp_trial8.log

58 “ “ PC TS2_COCF3_M11_6-311++Gdp_forward_trial3.log

59 “ -CN SC TS_CN_M11_6-311++Gdp_back_trial2.log

60 “ “ TS1 TS_CN_M11_6-311++Gdp.log

61 “ “ PC TS_CN_M11_6-311++Gdp_forward.log

62 “ -COMe SC TS_COMe_M11_6-311++Gdp_back_trial2_freq.log

63 “ “ TS1 TS_COMe_M11_6-311++Gdp_trial3.log

64 “ “ PC TS_COMe_M11_6-311++Gdp_forward_trial2.log

65 “ -CO2Me SC TS_CO2Me_M11_6-311++Gdp_back_trial2.log

66 “ “ TS1 TS_CO2Me_M11_6-311++Gdp.log

67 “ “ PC TS_CO2Me_M11_6-311++Gdp_forward_trial2.log

68 “ -CF3 SC TS_KOMe_CF3_F_M11_6-311++Gdp_back_trial2.log

69 “ “ TS1 TS_KOMe_CF3_F_M11_6-311++Gdp.log

70 “ “ PC TS_KOMe_CF3_F_M11_6-311++Gdp_forward_trial2.log

71 “ -CCH SC TS_KOMe_CCH_F_M11_6-311++Gdp_back_trial2.log

72 “ “ TS1 TS_KOMe_CCH_F_M11_6-311++Gdp.log

73 “ “ PC TS_KOMe_CCH_F_M11_6-311++Gdp_forward_trial2.log

74 “ -H SC TS_KOMe_H_F_M11_6-311++Gdp_back_trial2.log

75 “ “ TS1 TS_KOMe_H_F_M11_6-311++Gdp.log

76 “ “ PC TS_KOMe_H_F_M11_6-311++Gdp_forward_trial2.log

77 Rb -NO SC TS_RbOMe_NO_F_M11_6-311++Gdp_back.log

78 “ “ TS1 TS_RbOMe_NO_F_M11_6-311++Gdp.log

79 “ “ MI TS_RbOMe_NO_F_M11_6-311++Gdp_forward.log

80 “ -NO2 SC TS_RbOMe_NO2_F_M11_6-311++Gdp_back_trial5.log

81 “ “ TS1 TS_RbOMe_NO2_F_M11_6-311++Gdp.log

82 “ “ MI TS_RbOMe_NO2_F_M11_6-311++Gdp_forward.log

83 “ -CHCCN2 SC TS_RbOMe_CHCCN2_F_M11_6-311++Gdp_back_trial8_
freq_on_step23.log

84 “ “ TS1 TS_RbOMe_CHCCN2_F_M11_6-311++Gdp.log

85 “ “ MI TS_RbOMe_CHCCN2_F_M11_6-311++Gdp_forward.log

86 “ -COCF3 SC TS_RbOMe_COCF3_M11_6-311++Gdp_back_trial3.log

87 “ “ TS1 TS_RbOMe_COCF3_M11_6-311++Gdp.log

88 “ “ MI TS_RbOMe_COCF3_M11_6-311++Gdp_forward.log

89 “ -CN SC TS_RbOMe_CN_M11_6-311++Gdp_back_trial2.log

90 “ “ TS1 TS_RbOMe_CN_M11_6-311++Gdp.log

91 “ “ PC TS_RbOMe_CN_M11_6-311++Gdp_forward.log
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Entry Metal 
M (sub 
folder)

-R (sub 
folder)

Reaction 
Coordinate[a]

File name

92 “ -COMe SC TS_RbOMe_COMe_M11_6-311++Gdp_back_trial5.log

93 “ “ TS1 TS_RbOMe_COMe_M11_6-311++Gdp_forward_trial2.log

94 “ “ MI TS_RbOMe_COMe_M11_6-311++Gdp_forward_trial2.log

95 “ -CO2Me SC TS_RbOMe_CO2Me_M11_6-311++Gdp_back.log

96 “ “ TS1 TS_RbOMe_CO2Me_M11_6-311++Gdp.log

97 “ “ PC TS_RbOMe_CO2Me_M11_6-311++Gdp_forward.log

98 “ -CF3 SC TS_RbOMe_CF3_F_M11_6-311++Gdp_back.log

99 “ “ TS1 TS_RbOMe_CF3_F_M11_6-311++Gdp.log

100 “ “ PC TS_RbOMe_CF3_F_M11_6-311++Gdp_forward_trial2.log

101 “ -CCH SC TS_RbOMe_CCH_F_M11_6-311++Gdp_back.log

102 “ “ TS1 TS_RbOMe_CCH_F_M11_6-311++Gdp.log

103 “ “ PC TS_RbOMe_CCH_F_M11_6-311++Gdp_forward_trial2.log

104 “ -H SC TS_RbOMe_H_F_M11_6-311++Gdp_back_trial2.log

105 “ “ TS1 TS_RbOMe_H_F_M11_6-311++Gdp.log

106 “ “ PC TS_RbOMe_H_F_M11_6-311++Gdp_forward_trial2.log

107 Cs -NO SC TS_CsOMe_NO_F_M11_6-311++Gdp_back.log

108 “ “ TS1 TS_CsOMe_NO_F_M11_6-311++Gdp_forward.log

109 “ “ MI TS_CsOMe_NO_F_M11_6-311++Gdp_forward.log

110 “ -NO2 SC TS_CsOMe_NO2_F_M11_6-311++Gdp_back_trial2.log

111 “ “ TS1 TS_CsOMe_NO2_F_M11_6-311++Gdp.log

112 “ “ MI TS_CsOMe_NO2_F_M11_6-311++Gdp_forward.log

113 “ -CHCCN2 SC TS_CsOMe_CHCCN2_F_M11_6-311++Gdp_back_trial2.log

114 “ “ TS1 TS_CsOMe_CHCCN2_F_M11_6-311++Gdp.log

115 “ “ MI TS_CsOMe_CHCCN2_F_M11_6-311++Gdp_forward.log

116 “ -COCF3 SC TS_CsOMe_COCF3_M11_6-311++Gdp_back_trial3.log

117 “ “ TS1 TS_CsOMe_COCF3_M11_6-311++Gdp.log

118 “ “ MI TS_CsOMe_COCF3_M11_6-311++Gdp_forward.log

119 “ -CN SC TS_CsOMe_CN_M11_6-311++Gdp_back_trial2.log

120 “ “ TS1 TS_CsOMe_CN_M11_6-311++Gdp_forward_trial3.log

121 “ “ PC TS_CsOMe_CN_M11_6-311++Gdp_forward_trial3.log

122 “ -COMe SC TS_CsOMe_COMe_M11_6-311++Gdp_back.log

123 “ “ TS1 TS_CsOMe_COMe_M11_6-311++Gdp_trial3_freq.log

124 “ “ Mi TS_CsOMe_COMe_M11_6-311++Gdp_forward.log

125 “ -CO2Me SC TS_CsOMe_CO2Me_M11_6-311++Gdp_back.log

126 “ “ TS1 TS_CsOMe_CO2Me_M11_6-311++Gdp.log

127 “ “ PC TS_CsOMe_CO2Me_M11_6-311++Gdp_forward.log

128 “ -CF3 SC TS_CsOMe_CF3_F_M11_6-311++Gdp_back.log

129 “ “ TS1 TS_CsOMe_CF3_F_M11_6-311++Gdp.log

130 “ “ PC TS_CsOMe_CF3_F_M11_6-311++Gdp_forward.log

131 “ -CCH SC TS_CsOMe_CCH_F_M11_6-311++Gdp_back.log

132 “ “ TS1 TS_CsOMe_CCH_F_M11_6-311++Gdp.log

133 “ “ PC TS_CsOMe_CCH_F_M11_6-311++Gdp_forward.log

134 “ -H SC TS_CsOMe_H_F_M11_6-311++Gdp_back.log

135 “ “ TS1 TS_CsOMe_H_F_M11_6-311++Gdp.log

136 “ “ PC TS_CsOMe_H_F_M11_6-311++Gdp_forward_trial2.log

137 none -COCF3 SC TS_OMe_COCF3_M11_6-311++Gdp_back_trial2.log
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Entry Metal 
M (sub 
folder)

-R (sub 
folder)

Reaction 
Coordinate[a]

File name

138 “ “ TS1 TS_OMe_COCF3_M11_6-311++Gdp.log

139 “ “ MI TS_OMe_COCF3_M11_6-311++Gdp_forward.log

140 “ -CN SC TS_OMe_CN_M11_6-311++Gdp_back_trial2.log

141 “ “ TS1 TS_OMe_CN_M11_6-311++Gdp.log

142 “ “ MI TS_OMe_CN_M11_6-311++Gdp_forward.log

143 “ -COMe SC TS_OMe_COMe_M11_6-311++Gdp_back_trial2.log

144 “ “ TS1 TS_OMe_COMe_M11_6-311++Gdp_forward.log

145 “ “ MI TS_OMe_COMe_M11_6-311++Gdp_forward.log

146 “ -CO2Me SC TS_OMe_CO2Me_M11_6-311++Gdp_back_trial4.log

147 “ “ TS1 TS_OMe_CO2Me_M11_6-311++Gdp.log

148 “ “ MI TS_OMe_CO2Me_M11_6-311++Gdp_forward.log

149 “ -CF3 SC TS_OMe_CF3_F_M11_6-311++Gdp_back_trial2.log

150 “ “ TS1 TS_OMe_CF3_F_M11_6-311++Gdp.log

151 “ “ MI TS_OMe_CF3_F_M11_6-311++Gdp_forward_trial2.log

152 “ -CCH SC TS_OMe_CCH_F_M11_6-311++Gdp_back.log

153 “ “ TS1 TS_OMe_CCH_F_M11_6-311++Gdp.log

154 “ “ PC TS_OMe_CCH_F_M11_6-311++Gdp_forward_trial3.log

155 “ -H SC TS_OMe_H_F_M11_6-311++Gdp_back.log

156 “ “ TS1 TS_OMe_H_F_M11_6-311++Gdp.log

157 “ “ PC TS_OMe_H_F_M11_6-311++Gdp_forward_trial2.log

[a] The reaction coordinate is indicated by the following abbreviations. SC: substrate com-
plex; TS1: first transition state; MI: Meisenheimer intermediate; TS2: second transition state; 
PC: product complex.

The .log files for the calculations with explicit solvent molecules shown in Figure 4-6 are list-
ed in below in Table S39 and can be found in the sub directory ./Counter_Cat_and_Expl_Sol-
vent/Expl_Solvent. For the example without explicit solvation see Table S38. 

 Table S39 - File names for structures shown in Figure 4-6 (./Counter_Cat_and_Expl_Sol-
vent/Expl_Solvent)

Entry n (sub 
folder)

-R (sub 
folder)

Reaction 
Coordinate[a]

File name

1 1 -CHCCN2 SC TS_KOMe-F_CHCCN2_1_DMF_M11_6-311++Gdp_back.log

2 “ “ TS1 TS_KOMe-F_CHCCN2_1_DMF_M11_6-311++Gdp.log

3 “ “ MI TS_KOMe-F_CHCCN2_1_DMF_M11_6-311++Gdp_forward.
log

4 “ -COCF3 SC TS_KOMe-F_COCF3_1_DMF_M11_6-311++Gdp_back.log

5 “ “ TS1 TS_KOMe-F_COCF3_1_DMF_M11_6-311++Gdp.log

6 “ “ MI TS_KOMe-F_COCF3_1_DMF_M11_6-311++Gdp_forward.
log

7 “ -CN SC TS_KOMe-F_CN_1_DMF_M11_6-311++Gdp_back_trial2.log

8 “ “ TS1 TS_KOMe-F_CN_1_DMF_M11_6-311++Gdp_trail2.log

9 “ “ PC TS_KOMe-F_CN_1_DMF_M11_6-311++Gdp_forward_trial2.
log

10 “ -COMe SC TS_KOMe-F_COMe_1_DMF_M11_6-311++Gdp_back.log

11 “ “ TS1 TS_KOMe-F_COMe_1_DMF_M11_6-311++Gdp.log
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Entry n (sub 
folder)

-R (sub 
folder)

Reaction 
Coordinate[a]

File name

11 “ “ PC TS_KOMe-F_COMe_1_DMF_M11_6-311++Gdp_forward_
trial2.log

12 2 -CHCCN2 SC TS_KOMe-F_CHCCN2_2_DMF_M11_6-311++Gdp_back.log

13 “ “ TS1 TS_KOMe-F_CHCCN2_2_DMF_M11_6-311++Gdp_trial2.log

14 “ “ MI TS_KOMe-F_CHCCN2_2_DMF_M11_6-311++Gdp_forward.
log

15 “ -COCF3 SC TS_KOMe-F_COCF3_2_DMF_M11_6-311++Gdp_back.log

16 “ “ TS1 TS_KOMe-F_COCF3_2_DMF_M11_6-311++Gdp_trial2.log

17 “ “ MI TS_KOMe-F_COCF3_2_DMF_M11_6-311++Gdp_forward.
log

18 “ -CN SC TS_KOMe-F_CN_2_DMF_M11_6-311++Gdp_back.log

19 “ “ TS1 TS_KOMe-F_CN_2_DMF_M11_6-311++Gdp_trial4.log

20 “ “ PC TS_KOMe-F_CN_2_DMF_M11_6-311++Gdp_forward_trial2.
log

21 “ -COMe SC TS_KOMe-F_COMe_2_DMF_M11_6-311++Gdp_back_tri-
al2.log

22 “ “ TS1 TS_KOMe-F_COMe_2_DMF_M11_6-311++Gdp_trial2.log

23 “ “ MI TS_KOMe-F_COMe_2_DMF_M11_6-311++Gdp_forward.log

24 “ -CO2Me SC TS_KOMe-F_CO2Me_2_DMF_M11_6-311++Gdp_back_tri-
al2.log

25 “ “ TS1 TS_KOMe-F_CO2Me_2_DMF_M11_6-311++Gdp.log

26 “ “ MI TS_KOMe-F_CO2Me_2_DMF_M11_6-311++Gdp_forward.
log

27 “ -CF3 SC TS_KOMe-F_CF3_2_DMF_M11_6-311++Gdp_back.log

28 “ “ TS1 TS_KOMe-F_CF3_2_DMF_M11_6-311++Gdp.log

29 “ “ PC TS_KOMe-F_CF3_2_DMF_M11_6-311++Gdp_forward.log

30 “ -CCH SC TS_KOMe-F_CCH_2_DMF_M11_6-311++Gdp_back.log

31 “ “ TS1 TS_KOMe-F_CCH_2_DMF_M11_6-311++Gdp.log

32 “ “ PC TS_KOMe-F_CCH_2_DMF_M11_6-311++Gdp_forward.log

[a] The reaction coordinate is indicated by the following abbreviations. SC: substrate com-
plex; TS1: first transition state; MI: Meisenheimer intermediate; TS2: second transition state; 
PC: product complex.

Effect of the Nucleophile and the Aromatic System

The .log files for the calculations of different nucleophiles shown in Figure 4-7 are listed in 
below in Table S40 and can be found in the sub directory ./Nucleophiles/Benzene. For the 
examples with potassium methoxide as the nucleophile see Table S38. 

 Table S40 - File names for structures shown in Figure 4-7 (./Nucleophiles/Benzene)

Entry KNu (sub 
folder)

-R (sub 
folder)

Reaction 
Coordinate[a]

File name

1 KSMe -NO SC TS_KSMe-F_NO_M11-6-311++Gdp_back_trial3.log

2 “ “ TS1 TS_KSMe-F_NO_M11-6-311++Gdp.log

3 “ “ MI TS_KSMe-F_NO_M11-6-311++Gdp_forward_trial2.log

4 “ -NO2 SC TS_KSMe-F_NO2_M11-6-311++Gdp_back_trial2.log

5 “ “ TS1 TS_KSMe-F_NO2_M11-6-311++Gdp.log

6 “ “ MI TS_KSMe-F_NO2_M11-6-311++Gdp_forward_trial2.log
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Entry KNu (sub 
folder)

-R (sub 
folder)

Reaction 
Coordinate[a]

File name

7 “ -CHCCN2 SC TS_KSMe-F_CHCCN2_M11-6-311++Gdp_back_trial6.log

8 “ “ TS1 TS_KSMe-F_CHCCN2_M11-6-311++Gdp.log

9 “ “ MI TS_KSMe-F_CHCCN2_M11-6-311++Gdp_forward_trial2.
log

10 “ -COCF3 SC TS_KSMe-F_COCF3_M11-6-311++Gdp_back_trial2.log

11 “ “ TS1 TS_KSMe-F_COCF3_M11-6-311++Gdp.log

11 “ “ MI TS_KSMe-F_COCF3_M11-6-311++Gdp_forward_trial2.
log

12 “ “ TS2 TS2_KSMe-F_COCF3_M11-6-311++Gdp.log

13 “ “ PC TS2_KSMe-F_COCF3_M11-6-311++Gdp_forward_trial2.
log

14 “ -CN SC TS_KSMe-F_CN_M11-6-311++Gdp_back_trial3.log

15 “ “ TS1 TS_KSMe-F_CN_M11-6-311++Gdp.log

16 “ “ PC TS_KSMe-F_CN_M11-6-311++Gdp_forward_tria2.log

17 “ -COMe SC TS_KSMe-F_COMe_M11-6-311++Gdp_back_trial2.log

18 “ “ TS1 TS_KSMe-F_COMe_M11-6-311++Gdp.log

19 “ “ PC TS_KSMe-F_COMe_M11-6-311++Gdp.log

20 “ -CO2Me SC TS_KSMe-F_CO2Me_M11-6-311++Gdp_back_trial2.log

21 “ “ TS1 TS_KSMe-F_CO2Me_M11-6-311++Gdp.log

22 “ “ PC TS_KSMe-F_CO2Me_M11-6-311++Gdp_forward_trial2.
log

23 “ -CF3 SC TS_KSMe-F_CF3_M11-6-311++Gdp_back_trial3.log

24 “ “ TS1 TS_KSMe-F_CF3_M11-6-311++Gdp.log

25 “ “ PC TS_KSMe-F_CF3_M11-6-311++Gdp_forward_trial2_freq.
log
TS_KSMe-F_CF3_M11-6-311++Gdp_forward_trial2.log

26 “ -CCH SC TS_KSMe-F_CCH_M11-6-311++Gdp_back_trial2_freq.log
TS_KSMe-F_CCH_M11-6-311++Gdp_back_trial2.log

27 “ “ TS1 TS_KSMe-F_CCH_M11-6-311++Gdp.log

28 “ “ PC TS_KSMe-F_CCH_M11-6-311++Gdp_forward_trial2.log

29 “ -H SC TS_NaSMe-F_H_M11-6-311++Gdp_back_trial3.log

30 “ “ TS1 TS_NaSMe-F_H_M11-6-311++Gdp.log

31 “ “ PC TS_NaSMe-F_H_M11-6-311++Gdp_forward_trial3.log

32 KN3 -CHCCN2 SC TS_KN3-F_CHCCN2_M11_6-311++Gdp_back_trial4.log

33 “ “ TS1 TS_KN3-F_CHCCN2_M11_6-311++Gdp.log

34 “ “ MI TS_KN3-F_CHCCN2_M11_6-311++Gdp_forward.log

35 “ -COCF3 SC TS_KN3-F_COCF3_M11-6311++Gdp_back.log

36 “ “ TS1 TS_KN3-F_COCF3_M11-6311++Gdp.log

37 “ “ MI TS_KN3-F_COCF3_M11-6311++Gdp_forward.log

38 “ “ TS2 TS2_KN3-F_COCF3_M11-6311++Gdp.log

39 “ “ PC TS2_KN3-F_COCF3_M11-6311++Gdp_forward.log

40 “ -CN SC TS_KN3-F_CN_M11-6311++Gdp_back.log

41 “ “ TS1 TS_KN3-F_CN_M11-6311++Gdp.log

42 “ “ PC TS_KN3-F_CN_M11-6311++Gdp_forward_trial2.log

43 “ -COMe SC TS_KN3-F_COMe_M11-6311++Gdp_back_trial2.log

44 “ “ TS1 TS_KN3-F_COMe_M11-6311++Gdp.log

45 “ “ PC TS_KN3-F_COMe_M11-6311++Gdp_forward_trial2.log

46 “ -CO2Me SC TS_KN3-F_CO2Me_M11-6311++Gdp_back_trial3.log
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Entry KNu (sub 
folder)

-R (sub 
folder)

Reaction 
Coordinate[a]

File name

47 “ “ TS1 TS_KN3-F_CO2Me_M11-6311++Gdp.log

48 “ “ PC TS_KN3-F_CO2Me_M11-6311++Gdp_forward.log

49 601d 
(Kacac)

-CHCCN2 SC TS_Kacac-F_CHCCN2_M11_6-311++Gdp_back.log

50 “ “ TS1 TS_Kacac-F_CHCCN2_M11_6-311++Gdp.log

51 “ “ MI TS_Kacac-F_CHCCN2_M11_6-311++Gdp_forward.log

52 “ -COCF3 SC TS_Kacac-F_COCF3_M11_6-311++Gdp_back.log

53 “ “ TS1 TS_Kacac-F_COCF3_M11_6-311++Gdp.log

54 “ “ MI TS_Kacac-F_COCF3_M11_6-311++Gdp_forward.log

55 “ “ TS2 TS2_Kacac-F_COCF3_M11_6-311++Gdp.log

56 “ “ PC TS2_Kacac-F_COCF3_M11_6-311++Gdp_forward.log

57 “ -CN SC TS_Kacac-F_CN_M11_6-311++Gdp_back.log

58 “ “ TS1 TS_Kacac-F_CN_M11_6-311++Gdp.log

59 “ “ PC TS_Kacac-F_CN_M11_6-311++Gdp_forward.log

60 “ -COMe SC TS_Kacac-F_COMe_M11_6-311++Gdp_back.log

61 “ “ TS1 TS_Kacac-F_COMe_M11_6-311++Gdp.log

62 “ “ PC TS_Kacac-F_COMe_M11_6-311++Gdp_forward_trial2.log

63 “ -CO2Me SC TS_Kacac-F_CO2Me_M11_6-311++Gdp_back_trial2.log

64 “ “ TS1 TS_Kacac-F_CO2Me_M11_6-311++Gdp.log

65 “ “ PC TS_Kacac-F_CO2Me_M11_6-311++Gdp_forward_trial2.
log

66 601e 
(KMel-
drum)

-NO SC TS_KMeldrum-F_NO2_M11_6-311++Gdp_back.log

67 “ “ TS1 TS_KMeldrum-F_NO2_M11_6-311++Gdp.log

68 “ “ MI TS_KMeldrum-F_NO2_M11_6-311++Gdp_forward.log

69 “ -NO2 SC TS_KMeldrum-F_NO2_M11_6-311++Gdp_back.log

70 “ “ TS1 TS_KMeldrum-F_NO2_M11_6-311++Gdp.log

71 “ “ MI TS_KMeldrum-F_NO2_M11_6-311++Gdp_forward_trial3.
log

72 “ -CHCCN2 SC TS_KMeldrum-F_CHCCN2_M11_6-311++Gdp_back.log

73 “ “ TS1 TS_KMeldrum-F_CHCCN2_M11_6-311++Gdp.log

74 “ “ MI TS_KMeldrum-F_CHCCN2_M11_6-311++Gdp_forward.
log

75 “ “ TS2 TS2_KMeldrum-F_CHCCN2_M11_6-311++Gdp.log

76 “ “ PC TS2_KMeldrum-F_CHCCN2_M11_6-311++Gdp_forward_
trial2.log

77 “ -COCF3 SC TS_KMeldrum-F_COCF3_M11_6-311++Gdp_back_trial2.
log

78 “ “ TS1 TS_KMeldrum-F_COCF3_M11_6-311++Gdp.log

79 “ “ MI TS_KMeldrum-F_COCF3_M11_6-311++Gdp_forward_tri-
al3.log

80 “ -CN SC TS_KMeldrum-F_CN_M11_6-311++Gdp_back.log

81 “ “ TS1 TS_KMeldrum-F_CN_M11_6-311++Gdp.log

82 “ “ PC TS_KMeldrum-F_CN_M11_6-311++Gdp_forward.log

83 “ -COMe SC TS_KMeldrum-F_COMe_M11_6-311++Gdp_back.log

84 “ “ TS1 TS_KMeldrum-F_COMe_M11_6-311++Gdp.log

85 “ “ PC TS_KMeldrum-F_COMe_M11_6-311++Gdp_forward.log

[a] The reaction coordinate is indicated by the following abbreviations. SC: substrate 
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complex; TS1: first transition state; MI: Meisenheimer intermediate; TS2: second transition 
state; PC: product complex.

The .log files for the calculations of different nucleophiles with 2-fluoropyridines shown in 
Figure 4-9 are listed in below in Table S41 and can be found in the sub directory ./Nucleop-
hiles/2-Pyridine.  

 Table S41 - File names for structures shown in Figure 4-9 (./Nucleophiles/2-Pyridine)

Entry KNu (sub 
folder)

-R (sub 
folder)

Reaction 
Coordinate[a]

File name

1 KOMe -CHCCN2 SC TS_KOMe-F_CHCCN2_2Pyr_M11-6311++Gdp_back_tri-
al4.log

2 “ “ TS1 TS_KOMe-F_CHCCN2_2Pyr_M11-6311++Gdp.log

3 “ “ MI TS_KOMe-F_CHCCN2_2Pyr_M11-6311++Gdp_forward.
log

4 “ -COCF3 SC TS_KOMe-F_COCF3_2Pyr_M11-6311++Gdp_back.log

5 “ “ TS1 TS_KOMe-F_COCF3_2Pyr_M11-6311++Gdp.log

6 “ “ MI TS_KOMe-F_COCF3_2Pyr_M11-6311++Gdp_forward_tri-
al2.log

7 “ -CN SC TS_KOMe-F_COCF3_2Pyr_M11-6311++Gdp_forward_tri-
al2.log

8 “ “ TS1 TS_KOMe-F_CN_2Pyr_M11-6311++Gdp.log

9 “ “ MI TS_KOMe-F_CN_2Pyr_M11-6311++Gdp_forward.log

10 “ -COMe SC TS_KOMe-F_COMe_2Pyr_M11-6311++Gdp_back.log

11 “ “ TS1 TS_KOMe-F_COMe_2Pyr_M11-6311++Gdp_trial2.log

11 “ “ MI TS_KOMe-F_COMe_2Pyr_M11-6311++Gdp_forward_tri-
al5.log

12 “ -CO2Me SC TS_KOMe-F_CO2Me_2Pyr_M11-6311++Gdp_back_trial2.
log

13 “ “ TS1 TS_KOMe-F_CO2Me_2Pyr_M11-6311++Gdp.log

14 “ “ MI TS_KOMe-F_CO2Me_2Pyr_M11-6311++Gdp_forward.log

15 “ -CF3 SC TS_KOMe-F_CF3_2Pyr_M11-6311++Gdp_back.log

16 “ “ TS1 TS_KOMe-F_CF3_2Pyr_M11-6311++Gdp.log

17 “ “ PC TS_KOMe-F_CF3_2Pyr_M11-6311++Gdp_forward.log

18 “ -CCH SC TS_KOMe-F_CCH_2Pyr_M11-6311++Gdp_back_trial2.log

19 “ “ TS1 TS_KOMe-F_CCH_2Pyr_M11-6311++Gdp.log

20 “ “ PC TS_KOMe-F_CCH_2Pyr_M11-6311++Gdp_forward.log

21 KSMe -CHCCN2 SC TS_KSMe-F_CHCCN2_2Pyr_M11-6311++Gdp_back.log

22 “ “ TS1 TS_KSMe-F_CHCCN2_2Pyr_M11-6311++Gdp.log

23 “ “ MI TS_KSMe-F_CHCCN2_2Pyr_M11-6311++Gdp_forward.
log

24 “ -COCF3 SC TS_KSMe-F_COCF3_2Pyr_M11-6311++Gdp_back.log

25 “ “ TS1 TS_KSMe-F_COCF3_2Pyr_M11-6311++Gdp_trial3.log

26 “ “ MI TS_KSMe-F_COCF3_2Pyr_M11-6311++Gdp_forward_tri-
al5.log

27 “ -CN SC TS_KSMe-F_CN_2Pyr_M11-6311++Gdp_back.log

28 “ “ TS1 TS_KSMe-F_CN_2Pyr_M11-6311++Gdp.log

29 “ “ PC TS_KSMe-F_CN_2Pyr_M11-6311++Gdp_forward_trial2.
log

30 “ -COMe SC TS_KSMe-F_COMe_2Pyr_M11-6311++Gdp_back.log
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Entry KNu (sub 
folder)

-R (sub 
folder)

Reaction 
Coordinate[a]

File name

31 “ “ TS1 TS_KSMe-F_COMe_2Pyr_M11-6311++Gdp.log

32 “ “ PC TS_KSMe-F_COMe_2Pyr_M11-6311++Gdp_forward_tri-
al2.log

33 KN3 -CHCCN2 SC TS_KN3-F_CHCCN2_2Pyr_M11-6311++Gdp_back.log

34 “ “ TS1 TS_KN3-F_CHCCN2_2Pyr_M11-6311++Gdp_trial2.log

35 “ “ MI TS_KN3-F_CHCCN2_2Pyr_M11-6311++Gdp_forward.log

36 “ -COCF3 SC TS_KN3-F_COCF3_2Pyr_M11-6311++Gdp_back.log

37 “ “ TS1 TS_KN3-F_COCF3_2Pyr_M11-6311++Gdp.log

38 “ “ MI TS_KN3-F_COCF3_2Pyr_M11-6311++Gdp_forward.log

39 “ -CN SC TS_KN3-F_CN_2Pyr_M11-6311++Gdp_back_trial2.log

40 “ “ TS1 TS_KN3-F_CN_2Pyr_M11-6311++Gdp.log

41 “ “ PC TS_KN3-F_CN_2Pyr_M11-6311++Gdp_forward_trial2.log

42 “ -COMe SC TS_KN3-F_COMe_2Pyr_M11-6311++Gdp_back_trial2.log

43 “ “ TS1 TS_KN3-F_COMe_2Pyr_M11-6311++Gdp.log

44 “ “ PC TS_KN3-F_COMe_2Pyr_M11-6311++Gdp_forward_trial3.
log

45 “ -CO2Me SC TS_KN3-F_CO2Me_2Pyr_M11-6311++Gdp_back.log

46 “ “ TS1 TS_KN3-F_CO2Me_2Pyr_M11-6311++Gdp.log

47 “ “ PC TS_KN3-F_CO2Me_2Pyr_M11-6311++Gdp_forward.log

48 601d 
(Kacac)

-CHCCN2 SC TS_Kacac-F_CHCCN2_2Pyr_M11-6311++Gdp_back.log

49 “ “ TS1 TS_Kacac-F_CHCCN2_2Pyr_M11-6311++Gdp.log

50 “ “ MI TS_Kacac-F_CHCCN2_2Pyr_M11-6311++Gdp_forward.
log

51 “ -COCF3 SC TS_Kacac-F_COCF3_2Pyr_M11-6311++Gdp_back.log

52 “ “ TS1 TS_Kacac-F_COCF3_2Pyr_M11-6311++Gdp.log

53 “ “ MI TS_Kacac-F_COCF3_2Pyr_M11-6311++Gdp_forward.log

54 “ -CN SC TS_Kacac-F_CN_2Pyr_M11-6311++Gdp_back.log

55 “ “ TS1 TS_Kacac-F_CN_2Pyr_M11-6311++Gdp.log

56 “ “ MI TS_Kacac-F_CN_2Pyr_M11-6311++Gdp_forward.log

57 “ -COMe SC TS_Kacac-F_COMe_2Pyr_M11-6311++Gdp_back.log

58 “ “ TS1 TS_Kacac-F_COMe_2Pyr_M11-6311++Gdp.log

59 “ “ PC TS_Kacac-F_COMe_2Pyr_M11-6311++Gdp_forward_tri-
al2.log

60 “ -CO2Me SC TS_Kacac-F_CO2Me_2Pyr_M11-6311++Gdp_back.log

61 “ “ TS1 TS_Kacac-F_CO2Me_2Pyr_M11-6311++Gdp.log

62 “ “ PC TS_Kacac-F_CO2Me_2Pyr_M11-6311++Gdp_forward.log

[a] The reaction coordinate is indicated by the following abbreviations. SC: substrate com-
plex; TS1: first transition state; MI: Meisenheimer intermediate; TS2: second transition state; 
PC: product complex.

The .log files for the calculations of different nucleophiles with naphthalene shown in Figure 
4-10 are listed in below in Table S42 and can be found in the sub directory ./Nucleophiles/
Naphthalene.  
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 Table S42 - File names for structures shown in Figure 4-10 (./Nucleophiles/Naphthalene)

Entry KNu (sub 
folder)

-R (sub 
folder)

Reaction 
Coordinate[a]

File name

1 KOMe -CHCCN2 SC TS_KOMe-F_CHCCN2_Np_M11_6-311++Gdp_back.log

2 “ “ TS1 TS_KOMe-F_CHCCN2_Np_M11_6-311++Gdp.log

3 “ “ MI TS_KOMe-F_CHCCN2_Np_M11_6-311++Gdp_forward.
log

4 “ -COCF3 SC TS_KOMe-F_COCF3_Np_M11_6-311++Gdp_back.log

5 “ “ TS1 TS_KOMe-F_COCF3_Np_M11_6-311++Gdp.log

6 “ “ MI TS_KOMe-F_COCF3_Np_M11_6-311++Gdp_back.log

7 “ -CN SC TS_KOMe-F_CN_Np_M11_6-311++Gdp_back_trial2.log

8 “ “ TS1 TS_KOMe-F_CN_Np_M11_6-311++Gdp.log

9 “ “ MI TS_KOMe-F_CN_Np_M11_6-311++Gdp_forward.log

10 “ -COMe SC TS_KOMe-F_COMe_Np_M11_6-311++Gdp_back.log

11 “ “ TS1 TS_KOMe-F_COMe_Np_M11_6-311++Gdp.log

11 “ “ MI TS_KOMe-F_COMe_Np_M11_6-311++Gdp_forward.log

12 “ -CO2Me SC TS_KOMe-F_CO2Me_Np_M11_6-311++Gdp_back.log

13 “ “ TS1 TS_KOMe-F_CO2Me_Np_M11_6-311++Gdp.log

14 “ “ MI TS_KOMe-F_CO2Me_Np_M11_6-311++Gdp_forward.sh

15 “ -CF3 SC TS_KOMe-F_CF3_Np_M11_6-311++Gdp_back_trial2.log

16 “ “ TS1 TS_KOMe-F_CF3_Np_M11_6-311++Gdp_trial2.log

17 “ “ PC TS_KOMe-F_CF3_Np_M11_6-311++Gdp_forward_trial2.
log

18 “ -CCH SC TS_KOMe-F_CCH_Np_M11_6-311++Gdp_back.log

19 “ “ TS1 TS_KOMe-F_CCH_Np_M11_6-311++Gdp.log

20 “ “ PC TS_KOMe-F_CCH_Np_M11_6-311++Gdp_forward.log

21 KSMe -CHCCN2 SC TS_KSMe-F_CHCCN2_Np_M11-6-311++Gdp_back.log

22 “ “ TS1 TS_KSMe-F_CHCCN2_Np_M11-6-311++Gdp.log

23 “ “ MI TS_KSMe-F_CHCCN2_Np_M11-6-311++Gdp_forward.log

24 “ -COCF3 SC TS_KSMe-F_COCF3_Np_M11-6-311++Gdp_back_trail3.
log

25 “ “ TS1 TS_KSMe-F_COCF3_Np_M11-6-311++Gdp.log

26 “ “ MI TS_KSMe-F_COCF3_Np_M11-6-311++Gdp_forward_tri-
al2.log

27 “ -CN SC TS_KSMe-F_CN_Np_M11-6-311++Gdp_back.log

28 “ “ TS1 TS_KSMe-F_CN_Np_M11-6-311++Gdp.log

29 “ “ PC TS_KSMe-F_CN_Np_M11-6-311++Gdp_forward_trial3.log

30 “ -COMe SC TS_KSMe-F_COMe_Np_M11-6-311++Gdp_back.log

31 “ “ TS1 TS_KSMe-F_COMe_Np_M11-6-311++Gdp.log

32 “ “ MI TS_KSMe-F_COMe_Np_M11-6-311++Gdp_forward.log

33 “ -CO2Me SC TS_KSMe-F_CO2Me_Np_M11-6-311++Gdp_back.log

34 “ “ TS1 TS_KSMe-F_CO2Me_Np_M11-6-311++Gdp_forward.log

35 “ “ PC TS_KSMe-F_CO2Me_Np_M11-6-311++Gdp_forward.log

36 “ -CF3 SC TS_KSMe-F_CF3_Np_M11-6-311++Gdp_back.log

37 “ “ TS1 TS_KSMe-F_CF3_Np_M11-6-311++Gdp.log

38 “ “ PC TS_KSMe-F_CF3_Np_M11-6-311++Gdp_back.log

39 “ -CCH SC TS_KSMe-F_CCH_Np_M11-6-311++Gdp_back.log

40 “ “ TS1 TS_KSMe-F_CCH_Np_M11-6-311++Gdp.log

41 “ “ PC TS_KSMe-F_CCH_Np_M11-6-311++Gdp_forward_trial2.
log
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Entry KNu (sub 
folder)

-R (sub 
folder)

Reaction 
Coordinate[a]

File name

42 KN3 -COMe SC TS_KN3-F_COMe_Np_M11-6311++Gdp_back.log

43 “ “ TS1 TS_KN3-F_COMe_Np_M11-6311++Gdp_trial2.log

44 “ “ MI TS_KN3-F_COMe_Np_M11-6311++Gdp_forward.log

45 “ -CO2Me SC TS_KN3-F_CO2Me_Np_M11-6311++Gdp_back.log

46 “ “ TS1 TS_KN3-F_CO2Me_Np_M11-6311++Gdp.log

47 “ “ PC TS_KN3-F_CO2Me_Np_M11-6311++Gdp_forward.log

48 “ -CF3 SC TS_KN3-F_CF3_Np_M11-6311++Gdp_back.log

49 “ “ TS1 TS_KN3-F_CF3_Np_M11-6311++Gdp.log

50 “ “ PC TS_KN3-F_CF3_Np_M11-6311++Gdp_forward.log

51 “ -CCH SC TS_KN3-F_CCH_Np_M11-6311++Gdp_back.log

52 “ “ TS1 TS_KN3-F_CCH_Np_M11-6311++Gdp.log

53 “ “ PC TS_KN3-F_CCH_Np_M11-6311++Gdp_forward.log

54 601d 
(Kacac)

-COMe SC TS_Kacac-F_COMe_Np_M11_6-311++Gdp_back_trial3.
log

55 “ “ TS1 TS_Kacac-F_COMe_Np_M11_6-311++Gdp.log

56 “ “ MI TS_Kacac-F_COMe_Np_M11_6-311++Gdp_forward.log

57 “ -CO2Me SC TS_Kacac-F_CO2Me_Np_M11_6-311++Gdp_back.log

58 “ “ TS1 TS_Kacac-F_CO2Me_Np_M11_6-311++Gdp.log

59 “ “ MI TS_Kacac-F_CO2Me_Np_M11_6-311++Gdp_forward.log

60 “ -CF3 SC TS_Kacac-F_CF3_Np_M11_6-311++Gdp_back.log

61 “ “ TS1 TS_Kacac-F_CF3_Np_M11_6-311++Gdp.log

62 “ “ MI TS_Kacac-F_CF3_Np_M11_6-311++Gdp_forward.log

63 “ -CCH SC TS_Kacac-F_CCH_Np_M11_6-311++Gdp_back.log

64 “ “ TS1 TS_Kacac-F_CCH_Np_M11_6-311++Gdp.log

65 “ “ MI TS_Kacac-F_CCH_Np_M11_6-311++Gdp_forward.log

66 “ -NCS SC TS_Kacac-F_NCS_Np_M11_6-311++Gdp_back.log

67 “ “ TS1 TS_Kacac-F_NCS_Np_M11_6-311++Gdp.log

68 “ “ MI TS_Kacac-F_NCS_Np_M11_6-311++Gdp_forward.log

69 “ -Cl SC TS_Kacac-F_Cl_Np_M11_6-311++Gdp_back.log

70 “ “ TS1 TS_Kacac-F_Cl_Np_M11_6-311++Gdp.log

71 “ “ MI TS_Kacac-F_Cl_Np_M11_6-311++Gdp_forward.log

72 “ -H SC TS_Kacac-F_H_Np_M11_6-311++Gdp_back.log

73 “ “ TS1 TS_Kacac-F_H_Np_M11_6-311++Gdp_trial2.log

74 “ “ PC TS_Kacac-F_H_Np_M11_6-311++Gdp_forward.log

75 “ -Me SC TS_Kacac-F_Me_Np_M11_6-311++Gdp_back.log

76 “ “ TS1 TS_Kacac-F_Me_Np_M11_6-311++Gdp.log

77 “ “ MI TS_Kacac-F_Me_Np_M11_6-311++Gdp_forward.log

78 “ -OMe SC TS_Kacac-F_OMe_Np_M11_6-311++Gdp_back.log

79 “ “ TS1 TS_Kacac-F_OMe_Np_M11_6-311++Gdp.log

80 “ “ PC TS_Kacac-F_OMe_Np_M11_6-311++Gdp_forward.log

81 “ -NHAc SC TS_Kacac-F_NHAc_Np_M11_6-311++Gdp_back.log

82 “ “ TS1 TS_Kacac-F_NHAc_Np_M11_6-311++Gdp.log

83 “ “ MI TS_Kacac-F_NHAc_Np_M11_6-311++Gdp_forward.log

[a] The reaction coordinate is indicated by the following abbreviations. SC: substrate com-
plex; TS1: first transition state; MI: Meisenheimer intermediate; TS2: second transition state; 
PC: product complex.
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The .log files for the calculations of different aromatic systems with the potassium methoxide 
nucleophile shown in Figure 4-11 are listed in below in Table S43 and can be found in the sub 
directory ./Nucleophiles. For the examples with the aromatic systems 580, 603 and 604 see  
Table S40, Table S41 and Table S42, respectively. 

 Table S43 - File names for structures shown in Figure 4-11 (./Nucleophiles/)

Entry Aromatic 
system 
(sub 
folder)

-R (sub 
folder)

Reaction 
Coordinate[a]

File name

1 605 (Py-
rimidine)

-COMe SC TS_KOMe-F_COMe_Pyrm_M11-6311++Gdp_back.log

2 “ “ TS1 TS_KOMe-F_COMe_Pyrm_M11-6311++Gdp.log

3 “ “ MI TS_KOMe-F_COMe_Pyrm_M11-6311++Gdp_forward.log

4 “ -CO2Me SC TS_KOMe-F_CO2Me_Pyrm_M11-6311++Gdp_back.log

5 “ “ TS1 TS_KOMe-F_CO2Me_Pyrm_M11-6311++Gdp.log

6 “ “ MI TS_KOMe-F_CO2Me_Pyrm_M11-6311++Gdp_forward.
log

7 “ -CF3 SC TS_KOMe-F_CF3_Pyrm_M11-6311++Gdp_back.log

8 “ “ TS1 TS_KOMe-F_CF3_Pyrm_M11-6311++Gdp.log

9 “ “ MI TS_KOMe-F_CF3_Pyrm_M11-6311++Gdp_back.log

10 “ -CCH SC TS_KOMe-F_CCH_Pyrm_M11-6311++Gdp_back.log

11 “ “ TS1 TS_KOMe-F_CCH_Pyrm_M11-6311++Gdp.log

11 “ “ MI TS_KOMe-F_CCH_Pyrm_M11-6311++Gdp_forward.log

12 “ -NCS SC TS_KOMe-F_NCS_Pyrm_M11-6311++Gdp_back.log

13 “ “ TS1 TS_KOMe-F_NCS_Pyrm_M11-6311++Gdp.log

14 “ “ MI TS_KOMe-F_NCS_Pyrm_M11-6311++Gdp_forward.log

15 “ -H SC TS_KOMe-F_H_Pyrm_M11-6311++Gdp_back_trial2.log

16 “ “ TS1 TS_KOMe-F_H_Pyrm_M11-6311++Gdp.log

17 “ “ PC TS_KOMe-F_H_Pyrm_M11-6311++Gdp_forward_trial2.
log

18 “ -Me SC TS_KOMe-F_Me_Pyrm_M11-6311++Gdp_back.log

19 “ “ TS1 TS_KOMe-F_Me_Pyrm_M11-6311++Gdp_trial2.log

20 “ “ PC TS_KOMe-F_Me_Pyrm_M11-6311++Gdp_forward.log

21 606 (An-
thracene)

-CO2Me SC TS_KOMe-F_CO2Me_Ant_M11_6-311++Gdp_back.log

22 “ “ TS1 TS_KOMe-F_CO2Me_Ant_M11_6-311++Gdp.log

23 “ “ MI TS_KOMe-F_CO2Me_Ant_M11_6-311++Gdp_back.log

24 “ -CF3 SC TS_KOMe-F_CF3_Ant_M11_6-311++Gdp_back.log

25 “ “ TS1 TS_KOMe-F_CF3_Ant_M11_6-311++Gdp_trial4.log

26 “ “ MI TS_KOMe-F_CF3_Ant_M11_6-311++Gdp_forward.log

27 “ -CCH SC TS_KOMe-F_CCH_Ant_M11_6-311++Gdp_back.log

28 “ “ TS1 TS_KOMe-F_CCH_Ant_M11_6-311++Gdp.log

29 “ “ MI TS_KOMe-F_CCH_Ant_M11_6-311++Gdp_forward.log

30 “ -NCS SC TS_KOMe-F_NCS_Ant_M11_6-311++Gdp_back.log

31 “ “ TS1 TS_KOMe-F_NCS_Ant_M11_6-311++Gdp.log

32 “ “ MI TS_KOMe-F_NCS_Ant_M11_6-311++Gdp_forward.log

33 “ -H SC TS_KOMe-F_H_Ant_M11_6-311++Gdp_back.log

34 “ “ TS1 TS_KOMe-F_H_Ant_M11_6-311++Gdp.log
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Entry Aromatic 
system 
(sub 
folder)

-R (sub 
folder)

Reaction 
Coordinate[a]

File name

35 “ “ PC TS_KOMe-F_H_Ant_M11_6-311++Gdp_forward_trial2.log

36 “ -Me SC TS_KOMe-F_Me_Ant_M11_6-311++Gdp_back.log

37 “ “ TS1 TS_KOMe-F_Me_Ant_M11_6-311++Gdp.log

38 “ “ PC TS_KOMe-F_Me_Ant_M11_6-311++Gdp_forward.log

[a] The reaction coordinate is indicated by the following abbreviations. SC: substrate com-
plex; TS1: first transition state; MI: Meisenheimer intermediate; TS2: second transition state; 
PC: product complex.

Steric Effects

The .log files for the calculations shown in Figure 4-12 are listed in below in Table S44 and 
can be found in the sub directory ./Sterics. For the examples with the aromatic system 580 
see Table S40.

 Table S44 - File names for structures shown in Figure 4-12 (./Sterics)

Entry KNu/Ar (sub 
folder)

-R (sub 
folder)

Reaction 
Coordinate[a]

File name

1 KN3/607 
(Me)

-NO2 SC TS_KN3-F_NO2_ortho-Me_M11-6311++Gdp_back_tri-
al2.log

2 “ “ TS1 TS_KN3-F_NO2_ortho-Me_M11-6311++Gdp.log

3 “ “ MI TS_KN3-F_NO2_ortho-Me_M11-6311++Gdp_forward_
trial3.log

4 “ -CHCCN2 SC TS_KN3-F_CHCCN2_ortho-Me_M11_6-311++Gdp_
back_trial2.log

5 “ “ TS1 TS_KN3-F_CHCCN2_ortho-Me_M11_6-311++Gdp.log

6 “ “ MI TS_KN3-F_CHCCN2_ortho-Me_M11_6-311++Gdp_for-
ward.log

7 “ -COCF3 SC TS_KN3-F_COCF3_ortho_Me_M11-6311++Gdp_back_
trial2.log

8 “ “ TS1 TS_KN3-F_COCF3_ortho_Me_M11-6311++Gdp.log

9 “ “ MI TS_KN3-F_COCF3_ortho_Me_M11-6311++Gdp_for-
ward.log

10 “ -CN SC TS_KN3-F_CN_ortho-Me_M11-6311++Gdp_back_tri-
al7.log

11 “ “ TS1 TS_KN3-F_CN_ortho-Me_M11-6311++Gdp.log

11 “ “ PC TS_KN3-F_CN_ortho-Me_M11-6311++Gdp_forward.log

12 -COMe SC TS_KN3-F_COMe_ortho-Me_M11-6311++Gdp_back_
trial3.log

13 “ TS1 TS_KN3-F_COMe_ortho-Me_M11-6311++Gdp.log

14 “ PC TS_KN3-F_COMe_ortho-Me_M11-6311++Gdp_for-
ward.log

15 KN3/ 608 
(di-Me)

-NO2 SC TS_KN3-F_NO2_ortho-di-Me_M11-6311++Gdp_back.
log

16 “ “ TS1 TS_KN3-F_NO2_ortho-di-Me_M11-6311++Gdp.log

17 “ “ MI TS_KN3-F_NO2_ortho-di-Me_M11-6311++Gdp_for-
ward.log

18 “ -CHCCN2 SC TS_KN3-F_CHCCN2_ortho-di-Me_M11_6-311++Gdp_
back.log
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Entry KNu/Ar (sub 
folder)

-R (sub 
folder)

Reaction 
Coordinate[a]

File name

19 “ “ TS1 TS_KN3-F_CHCCN2_ortho-di-Me_M11_6-311++Gdp.
log

20 “ “ MI TS_KN3-F_CHCCN2_ortho-di-Me_M11_6-311++Gdp_
forward_trial2.log

21 “ -COCF3 SC TS_KN3-F_COCF3_ortho_di-Me_M11-6311++Gdp_
back.log

22 “ “ TS1 TS_KN3-F_COCF3_ortho_di-Me_M11-6311++Gdp.log

23 “ “ MI TS_KN3-F_COCF3_ortho_di-Me_M11-6311++Gdp_for-
ward_trial2.log

24 “ -CN SC TS_KN3-F_CN_ortho-di-Me_M11-6311++Gdp_back.log

25 “ “ TS1 TS_KN3-F_CN_ortho-di-Me_M11-6311++Gdp.log

26 “ “ PC TS_KN3-F_CN_ortho-di-Me_M11-6311++Gdp_forward.
log

27 “ -COMe SC TS_KN3-F_COMe_ortho-di-Me_M11-6311++Gdp_
back_trial2.log

28 “ “ TS1 TS_KN3-F_COMe_ortho-di-Me_M11-6311++Gdp.log

29 “ “ PC TS_KN3-F_COMe_ortho-di-Me_M11-6311++Gdp_for-
ward.log

30 601d (Ka-
cac)/ 607 

(Me)

-CHCCN2 SC TS_Kacac-F_CHCCN2_ortho-Me_M11_6-311++Gdp_
back.log

31 “ “ TS1 TS_Kacac-F_CHCCN2_ortho-Me_M11_6-311++Gdp.
log

32 “ “ MI TS_Kacac-F_CHCCN2_ortho-Me_M11_6-311++Gdp_
forward.log

33 “ -COCF3 SC TS_Kacac-F_COCF3_ortho-Me_M11_6-311++Gdp_
back.log

34 “ “ TS1 TS_Kacac-F_COCF3_ortho-Me_M11_6-311++Gdp.log

35 “ “ MI TS_Kacac-F_COCF3_ortho-Me_M11_6-311++Gdp_for-
ward.log

36 “ -CN SC TS_Kacac-F_ortho-Me_CN_M11_6-311++Gdp_back.
log

37 “ “ TS1 TS_Kacac-F_ortho-Me_CN_M11_6-311++Gdp.log

38 “ “ PC TS_Kacac-F_ortho-Me_CN_M11_6-311++Gdp_forward.
log

39 “ -COMe SC TS_Kacac-F_COMe_ortho-Me_M11_6-311++Gdp_
back.log

40 “ “ TS1 TS_Kacac-F_COMe_ortho-Me_M11_6-311++Gdp.log

41 “ “ PC TS_Kacac-F_COMe_ortho-Me_M11_6-311++Gdp_for-
ward_trial2.log

42 601d (Ka-
cac)/ 607 
(di-Me)

-COCF3 SC TS_Kacac-F_COCF3_ortho-di-Me_M11_6-311++Gdp_
back.log

43 “ “ TS1 TS_Kacac-F_COCF3_ortho-di-Me_M11_6-311++Gdp_
forward.log

44 “ “ MI TS_Kacac-F_COCF3_ortho-di-Me_M11_6-311++Gdp_
forward.log

45 “ -CN SC TS_Kacac-F_ortho-di-Me_CN_M11_6-311++Gdp_back.
log

46 “ “ TS1 TS_Kacac-F_ortho-di-Me_CN_M11_6-311++Gdp.log

47 “ “ MI TS_Kacac-F_ortho-di-Me_CN_M11_6-311++Gdp_for-
ward.log
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Entry KNu/Ar (sub 
folder)

-R (sub 
folder)

Reaction 
Coordinate[a]

File name

48 “ -COMe SC TS_Kacac-F_COMe_ortho-di-Me_M11_6-311++Gdp_
back.log

49 “ “ TS1 TS_Kacac-F_COMe_ortho-di-Me_M11_6-311++Gdp.log

50 “ “ Mi TS_Kacac-F_COMe_ortho-di-Me_M11_6-311++Gdp_
forward.log

51 “ -CO2Me SC TS_Kacac-F_CO2Me_ortho-di-Me_M11_6-311++Gdp_
back.log

52 “ “ TS1 TS_Kacac-F_CO2Me_ortho-di-Me_M11_6-311++Gdp.
log

53 “ “ MI TS_Kacac-F_CO2Me_ortho-di-Me_M11_6-311++Gdp_
forward.log

54 “ -CF3 SC TS_Kacac-F_CF3_ortho-di-Me_M11_6-311++Gdp_
back.log

55 “ “ TS1 TS_Kacac-F_CF3_ortho-di-Me_M11_6-311++Gdp.log

56 “ “ MI TS_Kacac-F_CF3_ortho-di-Me_M11_6-311++Gdp_for-
ward.log

57 “ -CCH SC TS_Kacac-F_CCH_ortho-di-Me_M11_6-311++Gdp_
back.log

58 “ “ TS1 TS_Kacac-F_CCH_ortho-di-Me_M11_6-311++Gdp.log

59 “ “ MI TS_Kacac-F_CCH_ortho-di-Me_M11_6-311++Gdp_for-
ward.log

60 “ -NCS SC TS_Kacac-F_NCS_ortho-di-Me_M11_6-311++Gdp_
back.log

61 “ “ TS1 TS_Kacac-F_NCS_ortho-di-Me_M11_6-311++Gdp.log

62 “ “ MI TS_Kacac-F_NCS_ortho-di-Me_M11_6-311++Gdp_for-
ward.log

63 “ -Cl SC TS_Kacac-F_Cl_ortho-di-Me_M11_6-311++Gdp_back.
log

64 “ “ TS1 TS_Kacac-F_Cl_ortho-di-Me_M11_6-311++Gdp.log

65 “ “ MI TS_Kacac-F_Cl_ortho-di-Me_M11_6-311++Gdp_for-
ward.log

66 “ -H SC TS_Kacac-F_H_ortho-di-Me_M11_6-311++Gdp_back.
log

67 “ “ TS1 TS_Kacac-F_H_ortho-di-Me_M11_6-311++Gdp.log

68 “ “ MI TS_Kacac-F_H_ortho-di-Me_M11_6-311++Gdp_for-
ward.log

69 “ -Me SC TS_Kacac-F_Me_ortho-di-Me_M11_6-311++Gdp_back.
log

70 “ “ TS1 TS_Kacac-F_Me_ortho-di-Me_M11_6-311++Gdp.log

71 “ “ PC TS_Kacac-F_Me_ortho-di-Me_M11_6-311++Gdp_for-
ward.log

72 “ -OMe SC TS_Kacac-F_OMe_ortho-di-Me_M11_6-311++Gdp_
back.log

73 “ “ TS1 TS_Kacac-F_OMe_ortho-di-Me_M11_6-311++Gdp.log

74 “ “ PC TS_Kacac-F_OMe_ortho-di-Me_M11_6-311++Gdp_for-
ward_trial2.log

[a] The reaction coordinate is indicated by the following abbreviations. SC: substrate com-
plex; TS1: first transition state; MI: Meisenheimer intermediate; TS2: second transition state; 
PC: product complex.

The .log files for the calculations shown in Figure 4-13 and Figure 4-14 can be found in Table 
S36 and Table S40. 
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5.5.5 Computational Results for Chapter 4.3

All calculations were performed on M06-2X/6-311++G(d,p) level of theory with the cpcm sol-
vent model for the appropriate solvent. The .log files can be found in the following depository: 
Https://doi.org/10.15129/deef4cea-f279-4afe-82ca-29b88bd30579 {./Complex_Case_Study}. 

The .log files for the calculations shown in Table 4-6 are listed in below in Table S45 and can 
be found in the sub directory ./SNAr.  

 Table S45 - File names for structures shown in Table 4-6 (./SNAr/)

Entry Example X Reaction 
Coordinate[a]

File name

1 A F SC TS_F_back.log

2 “ “ TS1 TS_F.log

3 “ “ PC TS_F_forward.log

4 “ Cl SC TS_Cl_back.log

5 “ “ TS1 TS_Cl.log

6 “ “ PC TS_Cl_forward.log

7 “ Br SC TS_Br_back_trial2.log

8 “ “ TS1 TS_Br.log

9 “ “ PC TS_Br_forward.log

10 “ I SC TS_I_back.log

11 “ “ TS1 TS_I.log

11 “ “ PC TS_I_forward.log

12 B F SC TS_cSnAr_F_K_back.log

13 “ “ TS1 TS_cSnAr_F_K.log

14 “ “ PC TS_cSnAr_F_K_forward.log

15 “ Cl SC TS_cSnAr_Cl_K_back.log

16 “ “ TS1 TS_cSnAr_Cl_K.log

17 “ “ PC TS_cSnAr_Cl_K_forward.log

18 “ Br SC TS_cSnAr_Br_K_back.log

19 “ “ TS1 TS_cSnAr_Br_K.log

20 “ “ PC TS_cSnAr_Br_K_forward.log

21 “ I SC TS_cSnAr_I_K_back.log

22 “ “ TS1 TS_cSnAr_I_K.log

23 “ “ PC TS_cSnAr_I_K_forward.log

24 C F SC TS_F_back.log

25 “ “ TS1 TS_F.log

26 “ “ PC TS_F_forward_trail2.log

27 “ Cl SC TS_Cl_back.log

28 “ “ TS1 TS_Cl.log

29 “ “ PC TS_Cl_forward.log

30 “ Br SC TS_Br_back.log

31 “ “ TS1 TS_Br.log

32 “ “ PC TS_Br_forward.log

33 “ I SC TS_I_back.log

34 “ “ TS1 TS_I.log

35 “ “ PC TS_I_forward.log
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[a] The reaction coordinate is indicated by the following abbreviations. SC: substrate com-
plex; TS1: first transition state; PC: product complex.

The .log files for the calculations shown in Table 4-7 are listed in below in Table S46 and can 
be found in the sub directory ./Benzyne.  

 Table S46 - File names for structures shown in Table 4-7 (./Benzyne/)

Entry Example X Comment[a] File name
1 A F KOH KOH.log

2 “ “ SC TS_F_benzyneformation_K_back.log

3 “ “ TS1 TS_F_benzyneformation_K_trial6.log

4 “ “ I TS_F_benzyneformation_K_forward.log

5 “ “ TS2 TS2_F_benzyneformation_K_trial2.log

6 “ “ PC TS2_F_benzyneformation_K_forward.log

7 “ “ KF KF.log

8 “ Cl SC TS_Cl_benzyneformation_K_back.log

9 “ “ TS1 TS_Cl_benzyneformation_K_trial3.log

10 “ “ I TS_Cl_benzyneformation_K_forward.log

11 “ “ TS2 TS2_Cl_benzyneformation_K.log

11 “ “ PC TS2_Cl_benzyneformation_K_forward.log

12 “ “ KCl KCl.log

13 “ Br SC TS_Br_benzyneformation_K_back_trial2.log

14 “ “ TS1 TS_Br_benzyneformation_K.log

15 “ “ I TS_Br_benzyneformation_K_forward.log

16 “ “ TS2 TS2_Br_benzyneformation_K.log

17 “ “ PC TS2_Br_benzyneformation_K_forward_trial2.log

18 “ “ KBr KBr.log

19 “ I SC TS_I_benzyneformation_K_back.log

20 “ “ TS1 TS_I_benzyneformation_K_trial2.log

21 “ “ I TS_I_benzyneformation_K_forward.log

22 “ “ TS2 TS2_I_benzyneformation_K_trial4.log

23 “ “ PC TS2_I_benzyneformation_K_forward.log

24 “ “ KI KI.log

25 “ Cyclisation Substrate TS_cyclisation_benzyne_Bolm2011_back.log

26 “ “ TS1 TS_cyclisation_benzyne_Bolm2011.log

27 “ “ Product TS_cyclisation_benzyne_Bolm2011_forward.log

28 A F SC TS_F_K_benzynefromation_of_enolate_back_trial8.log

29 “ “ TS1 TS_F_K_benzynefromation_of_enolate_trail2.log

30 “ “ I TS_F_K_benzynefromation_of_enolate_forward.log

31 “ “ TS2 TS2_F_K_benzynefromation_of_enolate_trial2.log

32 “ “ PC TS2_F_K_benzynefromation_of_enolate_forward_trial3.log

33 “ Cl SC TS_Cl_K_benzynefromation_of_enolate_back.log

34 “ “ TS1 TS_Cl_K_benzynefromation_of_enolate_trial3.log

35 “ “ I TS_Cl_K_benzynefromation_of_enolate_forward.log

36 “ “ TS2 TS2_Cl_K_benzynefromation_of_enolate.log

37 “ “ PC TS2_Cl_K_benzynefromation_of_enolate_forward.log

38 “ Br SC TS_Br_K_benzynefromation_of_enolate_back.log

39 “ “ TS1 TS_Br_K_benzynefromation_of_enolate_trial2.log
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Entry Example X Comment[a] File name
40 “ “ I TS_Br_K_benzynefromation_of_enolate_forward.log

41 “ “ TS2 TS2_Br_K_benzynefromation_of_enolate.log

42 “ “ PC TS2_Br_K_benzynefromation_of_enolate_forward.log

43 “ I SC TS_I_K_benzynefromation_of_enolate_back.log

44 “ “ TS1 TS_I_K_benzynefromation_of_enolate_trial2.log

45 “ “ I TS_I_K_benzynefromation_of_enolate_forward.log

46 “ “ TS2 TS2_I_K_benzynefromation_of_enolate.log

47 “ “ PC TS2_I_K_benzynefromation_of_enolate_forward_trial2.log
TS2_I_K_benzynefromation_of_enolate_proton_shift_trial3.
log

48 A F SC TS_F_Benzyne_formationK_back.log

49 “ “ TS1 TS_F_Benzyne_formationK_trial4.log

50 “ “ I TS_F_Benzyne_formation_forward.log

51 “ “ TS2 TS2_F_Benzyne_formationK.log

52 “ “ PC TS2_F_Benzyne_formationK_forward.log

53 “ Cl SC TS_Cl_Benzyne_formationK_back.log

54 “ “ TS1 TS_Cl_Benzyne_formationK_trial11.log

55 “ “ I TS_Cl_Benzyne_formationK_forward_trial5.log

56 “ “ TS2 TS2_Cl_Benzyne_formationK.log

57 “ “ PC TS2_Cl_Benzyne_formationK_forward_trial2.log

58 “ Br SC TS_Br_Benzyne_formationK_back.log

59 “ “ TS1 TS_Br_Benzyne_formationK_trial4.log

60 “ “ I TS_Br_Benzyne_formationK_forward.log

61 “ “ TS2 TS2_Br_Benzyne_formationK.log

62 “ “ PC TS2_Br_Benzyne_formationK_forward_trial3.log

63 “ I SC TS_I_Benzyne_formationK_back.log

64 “ “ TS1 TS_I_Benzyne_formationK.log

65 “ “ I TS_I_Benzyne_formationK_forward.log

66 “ “ TS2 TS2_I_Benzyne_formationK.log

67 “ “ PC TS2_I_Benzyne_formationK_forward_trial3_freq.log
TS2_I_Benzyne_formationK_forward_trial3_freq.log

68 “ Cyclisation Substrate TS_NH_addition_on_benzyne_back.log

69 “ “ TS1 TS_NH_addition_on_benzyne.log

70 “ “ Product TS_NH_addition_on_benzyne_forward.log

[a] The reaction coordinate is indicated by the following abbreviations. SC: substrate com-
plex; TS1: first transition state; I: Intermediate; TS2: second transition state; PC: product com-
plex.

The .log files for the calculations shown in Table 4-8 are listed in below in Table S47 and can 
be found in the sub directory ./BHAS_and_SRN1.  

 Table S47 - File names for structures shown in Table 4-7 (./BHAS_and_SRN1/)

Entry Example Step (X) Comment[a] File name
1 A 1 (F) SET Sbstrt_X-F_neutral.log

2 “ “ SET Sbstrt_X-F_rad-anion.log

3 “ “ SET Sbstrt_X-F_neutral_in_rad-anion_geom.log

4 “ “ SET Sbstrt_X-F_rad-anion_in_neutral_geom.log
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Entry Example Step (X) Comment[a] File name
5 “ “ TS1 TS_F_rad-anion_conformation.log

6 “ “ I TS_F_rad-anion_conformation_forward.log
TS_F_rad-anion_fragmentation_back.log

7 “ “ TS2 TS_F_rad-anion_fragmentation.log

8 “ “ PC TS_F_rad-anion_fragmentation_forward.log

9 “ 1 (Cl) SET Sbstrt_X-Cl_neutral.log

10 “ “ SET Sbstrt_X-Cl_rad-anion_trial4.log

11 “ “ SET Sbstrt_X-Cl_rad-anion_in_neutral_geom.log

11 “ “ SET Sbstrt_X-Cl_neutral_in_rad-anion_geom.log

12 “ “ TS1 TS_Cl_rad-anion_fragmentation.log

13 “ “ PC TS_Cl_rad-anion_fragmentation_forward_trial3.log

14 “ 1 (Br) SET Sbstrt_X-Br_neutral.log

15 “ “ SET Sbstrt_X-Br_rad-anion.log

16 “ “ SET Sbstrt_X-Br_rad-anion_in_neutral_geom.log

17 “ “ SET Sbstrt_X-Br_neutral_in_rad-anion_geom.log

18 “ 1 (I) SET Sbstrt_X-I_neutral.log

19 “ “ SET Sbstrt_X-I_rad-anion_trial3.log

20 “ “ SET Sbstrt_X-I_rad-anion_in_neutral_geom.log

21 “ “ SET Sbstrt_X-I_neutral_in_rad-anion_geom.log

22 “ 1 (Product) SET Product_neutral.log

23 “ “ SET Product_rad-anion.log

24 “ “ SET Product_rad-anion_in_neutral_geom.log

25 “ “ SET Product_neutral_in_rad-anion_geom.log

26 “ 2 Substrate TS_H-abstr_back.log

27 “ “ TS1 TS_H-abstr.log

28 “ “ Product TS_H-abstr_forward.log

29 “ 3 Substrate TS_Ndot_on_Ph_back.log

30 “ “ TS1 TS_Ndot_on_Ph_trial2.log

31 “ “ Product TS_Ndot_on_Ph_forward.log

32 “ 4 Substrate TS_deprot_KOH_back.log

33 “ “ TS1 TS_deprot_KOH.log

34 “ “ Product TS_deprot_KOH_forward.log

35 “ 5 (TS1-barri-
er less)

BS_Deprotonation_Bolm11_trial2.log

36 “ “ PC TS_Deprotonation_Bolm11_back.log

37 “ 6 Substrate TS_Ar-radical_adding_on_anion_back.log

38 “ “ TS1 TS_Ar-radical_adding_on_anion.log

39 “ “ Product TS_Ar-radical_adding_on_anion_forward.log

40 B 1 (F) SET F_neutral.log

41 “ “ SET F_rad-anion.log

42 “ “ SET F_rad-anion.log

43 “ “ SET F_rad-anion_in_neutral_geom.log

44 “ “ TS1 TS_F_rad-anion_conformation.log

45 “ “ I TS_F_rad-anion_conformation_forward.log
TS_F_rad-anion_fragmentation_back.log

46 “ “ TS2 TS_F_rad-anion_fragmentation.log

47 “ “ PC TS_F_rad-anion_fragmentation_forward.log

48 “ 1 (Cl) SET Cl_neutral.log
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Entry Example Step (X) Comment[a] File name
49 “ “ SET Cl_rad-anion.log

50 “ “ SET Cl_neutral_in_rad-anion_geom.log

51 “ “ SET Cl_rad-anion_in_neutral_geom.log

52 “ “ TS1 no TS could be located

53 “ “ PC TS_Cl_rad-anion_fragmentation_trial3_forward.log

54 “ 1 (Br) SET Br_neutral.log

55 “ “ SET Br_rad-anion.log

56 “ “ SET Br_rad-anion_in_neutral_geom.log

57 “ “ SET Br_neutral_in_rad-anion_geom.log

58 “ 1 (I) SET I_neutral.log

59 “ “ SET I_rad-anion.log

60 “ “ SET I_rad-anion_in_neutral_geom.log

61 “ “ SET I_neutral_in_rad-anion_geom.log

62 “ 1 (Product) SET Product_neutral.log

63 “ “ SET Product_rad-anion.log

64 “ “ SET Product_rad-anion_in_neutral_geom.log

65 “ “ SET Product_neutral_in_rad-anion_geom.log

66 “ 2 Substrate TS_H-abstr_back.log

67 “ “ TS1 TS_H-abstr.log

68 “ “ Product TS_H-abstr_forward.log

69 “ 3 Substrate TS_Cdot_on_Ph_back.log

70 “ “ TS1 TS_Cdot_on_Ph.log

71 “ “ Product TS_Cdot_on_Ph_forward.log

72 “ 4 Substrate TS_deprot_KOtBu_back.log

73 “ “ TS1 TS_deprot_KOtBu.log

74 “ “ Product TS_deprot_KOtBu_forward.log

75 “ 5 SC TS_Deprotonation_SRN1_Bolm12_back.log

76 “ “ TS1

77 “ “ PC TS_Deprotonation_SRN1_Bolm12_forward.log

78 “ 6 Substrate TS_Ar-radical_adding_onto_enolate_back.log

79 “ “ (TS1 - barri-
er-less)

BS_Ar-radical_adding_onto_enolate_trial2.log

80 “ “ Product TS_Ar-radical_adding_onto_enolate_forward.log

81 C 1 (F) SET Sbstrt_X-F_neutral.log

82 “ “ SET Sbstrt_X-F_rad-anion.log

83 “ “ SET Sbstrt_X-F_rad-an_in_neutral_geom.log

84 “ “ SET Sbstrt_X-F_neutral_in_rad-anion_geom.log

85 “ “ TS1 TS_F_rad-anion_conformation.log

86 “ “ I TS_F_rad-anion_conformation_forward.log
TS_F_rad-anion_fragmentation_back.log

87 “ “ TS2 TS_F_rad-anion_fragmentation_trial3.log

88 “ “ PC TS_F_rad-anion_fragmentation_forward.log

89 “ 1 (Cl) SET Sbstrt_X-Cl_neutral.log

90 “ “ SET Sbstrt_X-Cl_rad-anion.log

91 “ “ SET Sbstrt_X-Cl_rad-an_in_neutral_geom.log

92 “ “ SET Sbstrt_X-Cl_neutral_in_rad-anion_geom.log

93 “ “ TS1 TS_Cl_rad-anion_fragmentation_trial3.log

94 “ “ PC TS_Cl_rad-anion_fragmentation_forward_trial10.log
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Entry Example Step (X) Comment[a] File name
95 “ 1 (Br) SET Sbstrt_X-Br_neutral.log

96 “ “ SET Sbstrt_X-Br_rad-anion.log

97 “ “ SET Sbstrt_X-Br_rad-an_in_neutral_geom.log

98 “ “ SET Sbstrt_X-Br_neutral_in_rad-anion_geom.log

99 “ “ TS1 TS_Br_rad-anion_fragmentation.log

100 “ “ PC TS_Br_rad-anion_fragmentation_forward.log

101 “ 1 (I) SET Sbstrt_X-I_neutral.log

102 “ “ SET Sbstrt_X-I_rad-anion.log

103 “ “ SET Sbstrt_X-I_rad-anion.log

104 “ “ SET Sbstrt_X-I_neutral_in_rad-anion_geom.log

105 “ “ TS1 TS_I_rad-anion_fragmentation.log

106 “ “ PC TS_I_rad-anion_fragmentation_forward_trial2.log

107 “ 1 (Product) SET Product_neutral.log

108 “ “ SET Product_rad-anion.log

109 “ “ SET Product_rad-an_in_neutral_geom.log

110 “ “ SET Product_neutral_in_rad-anion_geom.log

111 “ 2 Substrate TS_H-abstr_back.log

112 “ “ TS1 TS_H-abstr.log

113 “ “ Product TS_H-abstr_forward.log

114 “ 3 Substrate TS_Ndot_on_Ph_back.log

115 “ “ TS1 TS_Ndot_on_Ph.log

116 “ “ Product TS_Ndot_on_Ph_forward.log

117 “ 4 Substrate TS_deprot_KOH_back.log

118 “ “ TS1 TS_deprot_KOH.log

119 “ “ Product TS_deprot_KOH_forward_trial2.log

120 “ 5 (TS1 - barri-
er less)

BS_SRN1_Deprotonation_Bolm14_trial2.log

121 “ “ PC TS_SRN1_Deprotonation_Bolm14_back.log

122 6 Substrate TS_Ar-radical_adding_onto_anion_back.log

123 “ (TS1 - barri-
er-less)

TS_Ar-radical_adding_onto_anion.log

124 “ Product TS_Ar-radical_adding_onto_anion_forward.log

[a] The reaction coordinate is indicated by the following abbreviations. SC: substrate com-
plex; TS1: first transition state; I: Intermediate; TS2: second transition state; PC: product com-
plex.

The .log files for the calculations of the electron donor structures presented in Table 4-9 are 
listed below in Table S48 and can be found in the sub directory ./Initiation. For the relevant .log 
files of the electron acceptor structures see Table S47.

 Table S48 - File names for structures shown in Table 4-9 (./Initiation/)

Entry Electron Donor 
(sub folder)

File name

1 628 (Dimsyl) DMSO_anion.log

2 “ DMSO_radical.log

3 “ DMSO_rad_in_anion_geom.log

4 “ DMSO_anion_in_radical_geom.log
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Entry Electron Donor 
(sub folder)

File name

5 629 (DMF) DMF_dimer_2K.log

6 “ DMF_dimer_2K_radical_cation_trial2.log

7 “ DMF_dimer_2K_rad-cat_in_neutral_geom.log

8 “ DMF_dimer_2K_neutral_in_radical_cation_geom.log

9 630 (A) Sbstrat_X-I_anion.log

10 “ Sbstrt_X-I_radical.log

11 “ Sbstrat_X-I_radical_in_anion_geom.log

11 “ Sbstrt_X-I_anion_in_radical_geom.log

12 631 (B) TS_cSnAr_I_K_back_anion.log

13 “ TS_cSnAr_I_K_back_radical_trial2.log

14 “ TS_cSnAr_I_K_back_radical_in_anion_geom.log

15 “ TS_cSnAr_I_K_back_anion_in_neutral_radical_geom.log

16 632 (C) Sbstrt_X-I_anion.log

17 “ Sbstrt_X-I_radical_trial2.log

18 “ Sbstrt_X-I_radical_in_anion_geom.log

19 “ Sbstrt_X-I_anion_in_radical_geom.log
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Was kann ich für die Heimat tun 
Bevor ich geh’ im Grabe ruhn? 
Was geb ich, das dem Tod enflieht? 
Vielleicht ein Wort, vielleicht ein Lied,
Ein kleines stilles Leuchten!
  Conrad Ferdinand Meyer, Firnelicht
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6.26.36.46.56.66.76.86.9
f1	(ppm)

A	(m)
6.68

B	(dd)
6.43

J(5.42,	3.18)

2.002.00

6
.4
1

6
.4
1

6
.4
2

6
.4
3

6
.4
4

6
.4
4

6
.4
5

6
.4
6

6
.4
6

6
.4
66
.6
6

6
.6
6

6
.6
6

6
.6
7

6
.6
8

6
.6
8

6
.6
9

6
.7
0

6
.7
0

6
.7
0

6
.7
1

6
.7
1

N

N
H

H

1H	NMR	(400	MHz,	Chloroform-d)	δ	6.71	–	6.65	(m,	2H),	6.43	(dd,	J	=	5.4,	3.2	Hz,	2H),	4.34	(s,	2H),	2.74	(s,	6H).

1,3-Dimethyl-2,3-dihydro-1H-benzo[d]imidazole 419
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0102030405060708090100110120130140150160170180
f1	(ppm)

1
2
7
.3
1

1
2
7
.3
9

1
2
8
.8
9

1
4
1
.3
9

13C	NMR	(101	MHz,	CDCl3)	δ	141.39,	128.89,	127.39,	127.31.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(m)
7.63

B	(m)
7.47

C	(m)
7.38

2.004.243.95

1
.2
9

1
.5
6

7
.3
5

7
.3
5

7
.3
6

7
.3
6

7
.3
7

7
.3
7

7
.3
8

7
.3
9

7
.3
9

7
.3
9

7
.4
4

7
.4
5

7
.4
5

7
.4
5

7
.4
6

7
.4
6

7
.4
7

7
.4
7

7
.4
7

7
.4
7

7
.4
8

7
.4
8

7
.4
9

7
.4
9

7
.4
9

7
.6
1

7
.6
1

7
.6
2

7
.6
2

7
.6
2

7
.6
3

7
.6
3

7
.6
3

7
.6
4

7
.6
4

1H	NMR	(400	MHz,	Chloroform-d)	δ	7.65	–	7.60	(m,	4H),	7.50	–	7.44	(m,	4H),	7.40	–	7.35	(m,	2H).

7.207.257.307.357.407.457.507.557.607.657.707.75
f1	(ppm)

A	(m)
7.63

B	(m)
7.47

C	(m)
7.38

2.004.243.95

7
.3
5

7
.3
5

7
.3
6

7
.3
6

7
.3
7

7
.3
7

7
.3
8

7
.3
9

7
.3
9

7
.3
9

7
.4
4

7
.4
5

7
.4
5

7
.4
5

7
.4
6

7
.4
6

7
.4
7

7
.4
7

7
.4
7

7
.4
7

7
.4
8

7
.4
8

7
.4
9

7
.4
9

7
.4
9

7
.6
1

7
.6
1

7
.6
2

7
.6
2

7
.6
2

7
.6
3

7
.6
3

7
.6
3

7
.6
4

7
.6
4

Biphenyl 421
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0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(m)
7.38

B	(m)
7.48

C	(m)
7.66

D	(s)
7.70

2.004.144.094.04

1
.5
4

7
.3
6

7
.3
6

7
.3
6

7
.3
7

7
.3
8

7
.3
8

7
.3
9

7
.4
0

7
.4
0

7
.4
5

7
.4
6

7
.4
6

7
.4
6

7
.4
6

7
.4
7

7
.4
7

7
.4
8

7
.4
8

7
.4
8

7
.4
8

7
.4
9

7
.5
0

7
.5
0

7
.5
0

7
.6
5

7
.6
5

7
.6
5

7
.6
6

7
.6
6

7
.6
6

7
.6
7

7
.6
7

7
.6
7

7
.6
8

7
.6
8

7
.6
9

7
.6
9

7
.7
0

7
.7
0

1H	NMR	(400	MHz,	Chloroform-d)	δ	7.70	(s,	4H),	7.68	–	7.64	(m,	4H),	7.51	–	7.45	(m,	4H),	7.40	–	7.33	(m,	2H).

0102030405060708090100110120130140150160170180
f1	(ppm)

1
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7
.2
0

1
2
7
.4
9

1
2
7
.6
4

1
2
8
.9
6

1
4
0
.2
7

1
4
0
.8
6

13C	NMR	(101	MHz,	CDCl3)	δ	140.86,	140.27,	128.96,	127.64,	127.49,	127.20.

127.0127.5128.0128.5129.0
f1	(ppm)

1
2
7
.2
0

1
2
7
.4
9

1
2
7
.6
4

1
2
8
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6

140.0140.4140.8141.2
f1	(ppm)

1
4
0
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7

1
4
0
.8
6

 p-Terphenyl 422
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0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(d)
1.32

J(6.84)

B	(t)
4.14

J(10.27)

C	(m)
3.50

D	(m)
3.39

E	(ddd)
6.95

J(7.42,	1.07)

F	(m)
7.13

H	(br	m)
7.61

I	(s)
1.57

G	(m)
7.18

3.149.961.111.121.091.000.930.771.30

1
.3
1

1
.3
3

1
.5
7

3
.3
4

3
.3
6

3
.3
8

3
.3
8

3
.3
9

3
.4
0

3
.4
2

3
.4
4

3
.4
8

3
.5
0

3
.5
2

4
.1
2

4
.1
4

4
.1
7

4
.1
9

6
.9
3

6
.9
3

6
.9
5

6
.9
5

6
.9
7

6
.9
7

7
.1
2

7
.1
2

7
.1
4

7
.1
4

7
.1
5

7
.1
7

7
.1
8

7
.1
8

7
.1
9

7
.3
6

7
.4
8

7
.5
1

7
.5
2

7
.8
3

6.97.07.17.27.37.47.57.67.77.87.98.0
f1	(ppm)

E	(ddd)
6.95

J(7.42,	1.07)

F	(m)
7.13

H	(br	m)
7.61

G	(m)
7.18

1.000.930.771.30

6
.9
3

6
.9
3

6
.9
5

6
.9
5

6
.9
7

6
.9
7

7
.1
2

7
.1
2

7
.1
4

7
.1
4

7
.1
5

7
.1
7

7
.1
8

7
.1
8

7
.1
9

7
.3
6

7
.4
8

7
.5
1

7
.5
2

7
.8
3

1H	NMR	(400	MHz,	Chloroform-d)	δ	7.61	(br	m,	1H),	7.20	–	7.14	(m,	1H),	7.14	–	7.11

(m,	1H),	6.95	(ddd,	J	=	7.4,	1.1	Hz,	1H),	4.14	(t,	J	=	10.3	Hz,	1H),	3.57	–	3.46	(m,	1H),

3.45	–	3.31	(m,	1H),	1.57	(s,	9H),	1.32	(d,	J	=	6.8	Hz,	3H).

3.33.43.53.63.73.83.94.04.14.2
f1	(ppm)

B	(t)
4.14

J(10.27)

C	(m)
3.50

D	(m)
3.39

1.111.121.09
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.3
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3
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3
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3
.4
2

3
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4

3
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8

3
.5
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3
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2

4
.1
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4
.1
4

4
.1
7

4
.1
9

N

O O

0102030405060708090100110120130140150160170180
f1	(ppm)
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3
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8
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.7
9
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1
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1
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1
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1
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2
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N

O O

20253035404550556065707580
f1	(ppm)
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4
.0
8

5
5
.7
9

8
0
.5
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c

115120125130135140145150155
f1	(ppm)

1
2
3
.6
5

1
3
6
.0
0

1
4
1
.9
61
5
2
.7
3

13C	NMR	(101	MHz,	Chloroform-d)	δ	152.7,	142.0,	136.0,	127.7,	123.6,	122.4,	114.8,	80.5,	55.8,	34.1,	28.6,	20.4.

tert-Butyl-3-methylindoline-1-carboxylate 427
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0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(d)
7.59

J(8.12)

B	(m)
7.20

C	(dddd)
7.15

J(8.11,	1.44,	0.71)

D	(ddd)
6.94

J(7.46,	1.10)

E	(dd)
3.89

J(11.50,	9.91)

F	(dd)
3.71

J(11.52,	5.17)

G	(ddd)
3.26

J(9.78,	4.85)

H	(hd)
2.00

J(6.82,	4.46)

I	(d)
0.92

J(6.89)

J	(d)
0.76

J(6.83)

K	(s)
1.53

2.962.949.100.991.011.041.010.961.000.941.00
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2
.5
0
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3
.2
3

3
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5

3
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6

3
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7

3
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3
.6
9

3
.7
0

3
.7
2

3
.7
3

3
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6

3
.8
8

3
.8
9

3
.9
1

6
.9
2

6
.9
2

6
.9
4

6
.9
4

6
.9
5

6
.9
6

7
.1
3

7
.1
3

7
.1
5

7
.1
5

7
.1
5

7
.1
5

7
.1
7

7
.1
9

7
.1
9

7
.2
0

7
.2
0

7
.5
8

7
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1

6.76.86.97.07.17.27.37.47.57.67.7
f1	(ppm)

A	(d)
7.59

J(8.12)

B	(m)
7.20

C	(dddd)
7.15

J(8.11,	1.44,	0.71)

D	(ddd)
6.94

J(7.46,	1.10)

0.961.000.941.00

6
.9
2

6
.9
2

6
.9
4

6
.9
4

6
.9
5

6
.9
6

7
.1
3

7
.1
3

7
.1
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7
.1
3

7
.1
4

7
.1
5

7
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5

7
.1
5

7
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5

7
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5

7
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7

7
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7

7
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7

7
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7

7
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9

7
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9

7
.2
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7
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7
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1

7
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8

7
.6
1

N

O
O

1.82.02.22.42.62.83.03.23.43.63.84.04.24.4
f1	(ppm)

E	(dd)
3.89

J(11.50,	9.91)

F	(dd)
3.71

J(11.52,	5.17)

G	(ddd)
3.26

J(9.78,	4.85)

H	(hd)
2.00

J(6.82,	4.46)

0.991.011.041.01

1
.9
7

1
.9
8

1
.9
8

1
.9
9

2
.0
0

2
.0
1

2
.0
2

2
.0
3

2
.0
3

2
.0
43
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7

3
.2
3

3
.2
5

3
.2
6

3
.2
7

3
.2
8

3
.6
9

3
.7
0

3
.7
2

3
.7
3

3
.8
6

3
.8
8

3
.8
9

3
.9
1

1H	NMR	(400	MHz,	DMSO-d6)	δ	7.59	(d,	J	=	8.1	Hz,	1H),	7.22	–	7.18	(m,	1H),	7.15	(dddd,	J	=	8.1,	1.4,	0.7	Hz,	1H),	6.94	(ddd,	J	=	7.5,

1.1	Hz,	1H),	3.89	(dd,	J	=	11.5,	9.9	Hz,	1H),	3.71	(dd,	J	=	11.5,	5.2	Hz,	1H),	3.26	(ddd,	J	=	9.8,	4.9	Hz,	1H),	2.00	(hd,	J	=	6.8,	4.5	Hz,	1H),

1.53	(s,	9H),	0.92	(d,	J	=	6.9	Hz,	3H),	0.76	(d,	J	=	6.8	Hz,	3H).

0102030405060708090100110120130140150160170180
f1	(ppm)
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1
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2

N

O
O

13C	NMR	(101	MHz,	DMSO-d6)	δ	151.3,	142.3,	133.3,	126.9,	124.2,	121.5,	113.7,	79.8,

49.4,	44.2,	30.8,	27.7,	19.1,	16.9.

tert-Butyl 3-isopropylindoline-1-carboxylate 432a
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0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(ddd)
6.95

J(7.47,	1.08)

B	(m)
7.20

C	(br	m)
7.72

D	(dd)
4.28

J(10.95,	5.75)

E	(m)
4.08

F	(br	s)
3.80

G	(tt)
3.63

J(9.76,	5.52)

H	(s)
1.57

I	(s)
2.08

9.963.091.091.152.261.061.002.131.21
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N

O
O

O

O
1H	NMR	(400	MHz,	Chloroform-d)	δ	7.72	(br	m,	1H),	7.24	–	7.17	(m,	2H),	6.95	(ddd,	J	=	7.5,	1.1	Hz,	1H),	4.28	(dd,	J	=	11.0,	5.8	Hz,	1H),	4.18	–

4.02	(m,	2H),	3.80	(br	s,	1H),	3.63	(tt,	J	=	9.8,	5.5	Hz,	1H),	2.08	(s,	3H),	1.57	(s,	9H).

0102030405060708090100110120130140150160170180
f1	(ppm)
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f1	(ppm)
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f1	(ppm)
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f1	(ppm)

1
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13C	NMR	(101	MHz,	Chloroform-d)	δ	171.1,	152.6,

134.1,	128.7,	127.5,	124.7	(br)	,	122.4,	115.1,	81.0	(br),

66.7,	51.3	(br),	39.2	(br),	28.6,	21.0.

tert-Butyl 3-(acetoxymethyl)indoline-1-carboxylate 432b
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0.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(ddd)
6.94

J(7.47,	1.08)

B	(d)
7.12
J(7.40)

C	(m)
7.18

D	(br	m)
7.65

E	(dd)
4.20

J(11.37,	9.41)

G	(m)
2.78

H	(dd)
2.56

J(16.40,	9.41)

I	(s)
1.56

F	(dd)
3.77

J(9.89,	5.39)

J	(m)
3.67

K	(s)
3.73

9.391.041.090.953.180.621.061.000.951.020.61

1
.5
6

2
.5
2

2
.5
5

2
.5
6

2
.5
8

2
.5
9

2
.7
4

2
.7
6

2
.7
8

2
.7
8

2
.7
8

2
.7
9

2
.7
9

2
.8
0

2
.8
0

3
.6
7

3
.7
0

3
.7
1

3
.7
4

3
.7
5

3
.7
6

4
.1
7

4
.2
0

4
.2
0

4
.2
36
.9
2

6
.9
2

6
.9
4

6
.9
4

6
.9
6

6
.9
6

7
.1
0

7
.1
1

7
.1
2

7
.1
3

7
.1
7

7
.1
7

7
.1
7

7
.1
9

7
.1
9

7
.2
0

7
.2
1

7
.2
1

7
.2
1

7
.4
5

7
.8
4

O

N

O O

O

1H	NMR	(400	MHz,	Chloroform-d)	δ	7.65	(br	m,	1H),	7.23	–	7.16	(m,	1H),	7.12	(d,	J	=	7.4	Hz,	1H),	6.94	(ddd,	J	=	7.5,	1.1	Hz,	1H),	4.20	(dd,	J	=

11.4,	9.4	Hz,	1H),	3.77	(dd,	J	=	9.9,	5.4	Hz,	1H),	3.73	(s,	3H),	3.72	–	3.62	(m,	1H),	2.84	–	2.74	(m,	1H),	2.56	(dd,	J	=	16.4,	9.4	Hz,	1H),	1.56	(s,

9H).
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f1	(ppm)
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13C	NMR	(101	MHz,	Chloroform-d)	δ	172.3,	152.5,	142.5,	133.1,	128.3,	123.9,	122.4,	114.9,	80.9,	54.0,	51.9,	40.0,	35.9,	28.5.

tert-Butyl 3-(2-methoxy-2-oxoethyl)indoline-1-carboxylate 432c
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-20-100102030405060708090100110120130140150160170180190200210220
f1	(ppm)
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13C	NMR	(101	MHz,	Chloroform-d)	δ	159.9,	132.4,	128.1,	123.9,	120.6,	109.6,	78.6,	36.6,	19.4.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(d)
6.79
J(7.95)

B	(ddd)
6.87

J(7.39,	1.07)

C	(ddd)
7.12

J(7.57,	1.12)

D	(ddd)
7.16

J(7.26,	1.31)

E	(dd)
4.07

J(8.54,	7.36)

F	(dd)
4.68
J(8.77)

G	(app	h)
3.55
J(7.21)

H	(d)
1.34
J(6.87)

3.311.081.111.091.001.041.131.06
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1H	NMR	(500	MHz,	Chloroform-d)	δ	7.16	(ddd,	J	=	7.3,	1.3	Hz,	1H),	7.12	(ddd,	J	=	7.6,	1.1	Hz,	1H),	6.87	(ddd,	J	=	7.4,	1.1	Hz,	1H),	6.79	(d,	J	=	7.9	Hz,

1H),	4.68	(dd,	J	=	8.8	Hz,	1H),	4.07	(dd,	J	=	8.5,	7.4	Hz,	1H),	3.55	(app	h,	J	=	7.2	Hz,	1H),	1.34	(d,	J	=	6.9	Hz,	3H).

O

3-Methyl-2,3-dihydrobenzofuran 432d
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0102030405060708090100110120130140150160170180
f1	(ppm)
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13C	NMR	(101	MHz,	Chloroform-d)	δ	141.4,	134.7,	127.9,	124.2,	123.6,	115.5,	64.0,	40.5,	38.6,	28.6,	24.7,	22.2,	20.8.

N

S OO

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(ddd)
7.08

J(7.40,	1.08)

B	(ddd)
7.37

J(7.97,	0.79)

C	(m)
7.19

D	(ddd)
4.38

J(10.11,	7.76,	5.95)

E	(m)
3.52

F	(s)
2.93

G	(dddd)
2.20

J(14.41,	5.53,	3.70,	1.61)

H	(m)
2.07

I	(dddd)
1.83

J(14.40,	12.16,	5.90,	4.43)

J	(m)
1.59

K	(m)
1.45

L	(m)
1.26
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1H	NMR	(400	MHz,	Chloroform-d)	δ	7.37	(ddd,	J	=	8.0,	0.8	Hz,	1H),	7.24	–	7.15	(m,

2H),	7.08	(ddd,	J	=	7.4,	1.1	Hz,	1H),	4.38	(ddd,	J	=	10.1,	7.8,	5.9	Hz,	1H),	3.57	–	3.48

(m,	1H),	2.93	(s,	3H),	2.20	(dddd,	J	=	14.4,	5.5,	3.7,	1.6	Hz,	1H),	2.12	–	2.01	(m,	1H),

1.83	(dddd,	J	=	14.4,	12.2,	5.9,	4.4	Hz,	1H),	1.68	–	1.51	(m,	2H),	1.51	–	1.40	(m,	1H),

1.33	–	1.17	(m,	2H).

9-(methylsulfonyl)-2,3,4,4a,9,9a-hexahydro-1H-carbazole 435
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13C	NMR	(101	MHz,	Chloroform-d)	δ	136.5,	131.9,	131.6,	129.2,	128.8,	128.5,	56.4,	40.9,	29.2,	24.3,	21.4.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(m)
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1H	NMR	(400	MHz,	Chloroform-d)	δ	7.39	–	7.35	(m,	3H),	7.32	–	7.28	(m,	2H),	5.80	–

5.76	(m,	2H),	4.96	–	4.87	(m,	1H),	2.98	(s,	3H),	2.00	(dddd,	J	=	11.1,	5.4,	4.0,	2.9	Hz,

1H),	1.92	–	1.83	(m,	1H),	1.83	–	1.73	(m,	1H),	1.67	–	1.45	(m,	3H).

N-(Cyclohex-2-en-1-yl)-N-phenylmethanesulfonamide 436
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N-(Cyclohex-2-en-1-yl)-N-phenylmethanesulfonamide 436
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Major	Isomer:	13C	NMR	(101	MHz,	Chloroform-d)	δ	143.6,	132.9,	130.3,	129.2,	124.0,	120.4,	114.6,	114.3,	53.7,	35.1,

14.9.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(ddd)
7.06

J(7.56,	1.01)

B	(ddd)
7.41

J(7.65,	0.87)

C	(ddd)
7.49

J(8.17,	0.86)

D	(ddd)
7.22

J(7.80,	1.38)

E	(qt)
6.03

J(7.15,	3.14)

F	(m)
4.61

H	(dt)
1.81

J(7.15,	2.13)

I	(s)
2.89

J	(m)
7.61

K	(ddd)
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J(8.14,	0.86)

L	(qt)
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J(2.50)

N	(s)
2.87

O	(dt)
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J(7.40,	2.51)

P	(ddd)
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J(7.62,	1.12)
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Major	Isomer:	1H	NMR	(400	MHz,	Chloroform-d)	δ	7.49	(ddd,	J	=	8.2,	0.9	Hz,	1H),

7.41	(ddd,	J	=	7.7,	0.9	Hz,	1H),	7.22	(ddd,	J	=	7.8,	1.4	Hz,	1H),	7.06	(ddd,	J	=	7.6,	1.0

Hz,	1H),	2.92	–	2.87	(m,	4H),	6.03	(qt,	J	=	7.1,	3.1	Hz,	1H),	4.62	–	4.59	(m,	2H),	2.89	(s,

3H),	1.81	(dt,	J	=	7.2,	2.1	Hz,	3H).

Minor	Isomer

N

S OO

3-Ethylidene-1-(methylsulfonyl)indoline 438a
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5.15.25.35.45.55.65.75.85.96.06.16.26.36.46.56.66.76.86.97.07.17.27.37.47.57.67.77.87.98.0
f2	(ppm)
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3-Ethylidene-1-(methylsulfonyl)indoline 438a
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13C	NMR	(101	MHz,	Chloroform-d)	δ	140.6,	129.5,	128.1,	127.4,	82.3,	74.4,	41.8,	38.9,

3.7.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(m)
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D	(q)
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J(2.40)

E	(s)
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1H	NMR	(400	MHz,	Chloroform-d)	δ	7.60	–	7.56	(m,	2H),	7.42	–	7.37	(m,	2H),	7.36	–	7.30	(m,	1H),	4.39	(q,	J	=	2.4	Hz,	2H),	3.02	(s,	3H),	1.88	(t,	J	=

2.4	Hz,	3H).

N-(But-2-yn-1-yl)-N-phenylmethanesulfonamide 439a
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Major	Isomer:	13C	NMR	(101	MHz,	CDCl3)	δ	143.6,	130.4,	130.0,	129.2,	125.9,	123.9,	120.5,	114.2,	53.4,	39.2,	35.1,	32.5,	26.0,

25.9.

Minor	Isomer:	13C	NMR	(101	MHz,	Chloroform-d)	δ	145.3,	130.2,	129.4,	129.3,	124.9,	124.0,	120.5,	114.4,	56.3,	37.2,	34.8,	32.8,

26.1,	25.9.	

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(ddd)
7.03

J(7.52,	0.99)

B	(ddd)
7.19

J(8.21,	7.42,	1.29)

C	(m)
7.38

D	(ddd)
7.45

J(8.15,	0.85)

E	(dt)
5.79

J(9.62,	3.09)

F	(d)
4.60

J(3.02)

G	(s)
2.87

I	(m)
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J	(m)
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K	(m)
7.48

L	(m)
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M	(m)
7.08

N	(m)
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O	(dt)
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P	(dd)
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J(2.47,	1.05)
Q	(s)
2.84

H	(tdt)
2.09

J(11.60,	10.10,	3.60)
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Major	Isomer:	1H	NMR	(400	MHz,	Chloroform-d)	δ	7.45	(ddd,	J	=	8.2,	0.9	Hz,	1H),

7.40	–	7.37	(m,	1H),	7.19	(ddd,	J	=	8.2,	7.4,	1.3	Hz,	1H),	7.03	(ddd,	J	=	7.5,	1.0	Hz,	1H),

5.79	(dt,	J	=	9.6,	3.1	Hz,	1H),	4.60	(d,	J	=	3.0	Hz,	2H),	2.87	(s,	3H),	2.09	(tdt,	J	=	11.6,

10.1,	3.6	Hz,	1H),	1.85	–	1.65	(m,	6H),	1.44	–	1.11	(m,	6H).

Minor	Isomer

N

S OO

3-(Cyclohexylmethylene)-1-(methylsulfonyl)indoline 438b
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3-(Cyclohexylmethylene)-1-(methylsulfonyl)indoline 438
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f1	(ppm)
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13C	NMR	(101	MHz,	Chloroform-d)	δ	151.8,	135.8,

133.8,	133.6,	129.9,	129.6,	129.1,	127.9,	122.4,

120.1,	116.3,	115.4,	115.2,	62.2,	61.3,	29.9,	28.6,

27.0,	19.3.
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1H	NMR	(400	MHz,	Chloroform-d)	δ	7.76	–	7.65	(m,	4H),	7.47	–	7.27	(m,	10H),	6.96	(td,	J	=	7.5,	1.0	Hz,	1H),	4.37	–	4.34	(m,	2H),	4.32	(dt,	J	=

6.1,	2.0	Hz,	2H),	1.55	(s,	9H,	major	rotamer),	1.52	(s,	9H,	minor	rotamer),	1.07	(s,	9H).

tert-Butyl 3-(2-((tert-butyldiphenylsilyl)oxy)ethyl)-1H-indole-1-carboxylate 441a
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1H	NMR	(400	MHz,	Chloroform-d)	δ	8.12	(br	d,	J	=	8.2	Hz,	1H),	7.50	(ddd,	J	=	7.6,	1.4,

0.7	Hz,	1H),	7.35	(br	s,	1H),	7.31	(ddd,	J	=	8.4,	7.2,	1.4	Hz,	1H),	7.29	–	7.20	(m,	1H),

2.27	(d,	J	=	1.3	Hz,	3H),	1.67	(s,	9H).
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13C	NMR	(101	MHz,	Chloroform-d)	δ	150.0,	135.6,	131.6,	124.3,	122.9,	122.4,	119.0,	116.5,	115.3,	83.3,	28.4,	9.7.
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tert-Butyl 3-methyl-1H-indole-1-carboxylate 441b
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1H	NMR	(400	MHz,	Chloroform-d)	δ	7.31	–	7.20	(m,	2H),	6.90	–	6.84	(m,	2H),	4.97	(dd,	J	=	6.9	Hz,	1H,	major),	4.86	(dd,	J	=	9.9,	5.7	Hz,	1H,

minor),	4.25	–	4.18	(m,	1H,	major),	4.10	–	4.04	(m,	1H,	minor),	3.80	(s,	3H,	minor),	3.80	(s,	3H,	major),	3.56	(d,	J	=	7.9	Hz,	1H,	minor),	3.44	(dd,

J	=	8.2,	6.9	Hz,	1H,	major),	2.55	–	2.36	(m,	1H),	2.05	–	1.85	(m,	2H),	1.10	(d,	J	=	6.5	Hz,	3	H,	minor),	1.09	(d,	J	=	6.8	Hz,	3H,	major).
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13C	NMR	(101	MHz,	Chloroform-d,	major)	δ	158.9,	136.0,	127.0,	113.8,	79.9,	75.7,

55.4,	42.7,	33.5,	18.0.
13C	NMR	(101	MHz,	Chloroform-d,	minor)	δ	159.00,	135.45,	127.15,	113.87,	81.53,

75.46,	55.43,	43.95,	35.06,	17.67.
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O

2-(4-Methoxyphenyl)-4-methyltetrahydrofuran 443
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1H	NMR	(400	MHz,	Chloroform-d)	δ	7.67	(br	m,	J	=	147.3	Hz,	1H),	7.24	–	7.11	(m,	1H),	6.99	–	6.89	(m,	2H),	4.16	–	3.20	(m,	7H),	2.62	–	2.02	(m,	2H),

1.57	(br	s,	9H),	1.17	(d,	J	=	6.8	Hz,	3H,	isomer	A),	1.06	(d,	J	=	6.7	Hz,	3H,	isomer	B).
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13C	NMR	(101	MHz,	Chloroform-d)	δ	152.7,	142.4,	133.7,	128.1,	124.6,	122.3,	115.1,	81.4,	75.6,	70.0,	53.1,	48.5,	38.6,	35.4,	28.6,	14.2.

tert-Butyl 3-(4-methyltetrahydrofuran-3-yl)indoline-1-carboxylate 445a
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tert-Butyl 3-(4-methyltetrahydrofuran-3-yl)indoline-1-carboxylate 445a
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1H	NMR	(400	MHz,	Chloroform-d)	δ	7.25	–	6.77	(m,	4H),	4.72	–	3.26	(m,	7H),	2.61	–	2.01	(m,	2H),	1.17	(d,	J	=	6.8	Hz,	3H,	isomer	A),	1.07	(d,	J	=

6.7	Hz,	3H,	isomer	B),	1.03	(d,	J	=	7.1	Hz,	3H,	isomer	C),	0.95	–	0.92	(m,	3H,	isomer	D).
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13C	NMR	(101	MHz,	Chloroform-d)	δ	160.4,	160.0,	129.7,	128.9,	128.7,	128.6,	124.9,	124.8,	124.6,	124.6,	120.7,	120.6,	75.9,	75.8,	75.7,	75.7,	75.0,

74.8,	74.1,	71.9,	70.7,	70.1,	69.5,	50.9,	50.8,	48.0,	47.3,	44.1,	43.1,	41.6,	40.9,	37.6,	37.1,	35.3,	35.2,	29.8,	18.2,	17.4,	14.3,	14.3.

3-(4-Methyltetrahydrofuran-3-yl)-2,3-dihydrobenzofuran 445b
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3-(4-Methyltetrahydrofuran-3-yl)-2,3-dihydrobenzofuran 445b
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0102030405060708090100110120130140150160170180
f1	(ppm)
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13C	NMR	(101	MHz,	Chloroform-d)	δ	152.7,	139.0,	129.3,	124.8,	120.3,	88.9,	81.2,	28.5.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(dd)
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J(8.37,	1.54)

B	(dd)
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J(7.97,	1.47)

C	(m)
7.31

D	(ddd)
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J(7.90,	7.31,	1.57)

E	(br	s)
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F	(s)
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O 1H	NMR	(400	MHz,	Chloroform-d)	δ	8.05	(dd,	J	=	8.4,	1.5	Hz,	1H),	7.74	(dd,	J	=	8.0,

1.5	Hz,	1H),	7.35	–	7.29	(m,	1H),	6.82	(br	s,	1H),	6.76	(ddd,	J	=	7.9,	7.3,	1.6	Hz,	1H),

1.54	(s,	9H).
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tert-Butyl (2-iodophenyl)carbamate 647
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f1	(ppm)
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13C	NMR	(101	MHz,	Chloroform-d)	δ	150.5,	142.2,	139.2,	129.1,	129.0,	99.9,	83.0,	28.0.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(dd)
7.84

J(7.95,	1.41)

B	(ddd)
7.34

J(7.62,	1.40)

C	(dd)
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J(7.87,	1.60)

D	(ddd)
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J(7.65,	1.63)

E	(s)
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1H	NMR	(400	MHz,	Chloroform-d)	δ	7.84	(dd,	J	=	7.9,	1.4	Hz,	1H),	7.34	(ddd,	J	=	7.6,	1.4	Hz,	1H),

7.20	(dd,	J	=	7.9,	1.6	Hz,	1H),	7.00	(ddd,	J	=	7.6,	1.6	Hz,	1H),	1.40	(s,	18H).

6.76.86.97.07.17.27.37.47.57.67.77.87.98.0
f1	(ppm)
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N,N-di-(tert-Butyl-carbamate)-2-iodoaniline 648
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0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)
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D	(ddd)
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E	(ddt)
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1H	NMR	(400	MHz,	DMSO-d6)	δ	7.90	(dd,	J	=	7.9,	1.4	Hz,	1H),	7.39	(ddd,	J	=	7.6,	7.6,	1.5	Hz,	1H),	7.23	(dd,	J	=	7.8,	1.6

Hz,	1H),	7.05	(ddd,	J	=	7.7,	7.6,	1.6	Hz,	1H),	5.90	(ddt,	J	=	16.8,	10.4,	6.3,	6.3	Hz,	1H),	5.09	(m,	2H),	4.35	(dd,	J	=	15.4,	5.8

Hz,	1H),	3.79	(dd,	J	=	15.5,	6.7	Hz,	1H),	1.36	(s,	9H).

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(dd)
7.90

J(7.89,	1.44)

B	(ddd)
7.39

J(7.59,	1.46)

C	(dd)
7.23

J(7.78,	1.64)

D	(ddd)
7.05

J(7.65,	1.64)

E	(ddt)
5.90

J(16.78,	10.44,	6.26)

F	(dd)
4.35

J(15.44,	5.81)

G	(dd)
3.79

J(15.46,	6.68)

H	(ddt)
5.10

J(7.46,	1.54)

I	(dd)
5.07
J(1.46)

J	(s)
1.36
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1H	NMR	(400	MHz,	DMSO-d6)	δ	7.90	(dd,	J	=	7.9,	1.4	Hz,	1H),	7.39	(ddd,	J	=	7.6,	7.6,	1.5	Hz,	1H),	7.23	(dd,	J	=	7.8,	1.6	Hz,	1H),	7.05	(ddd,

J	=	7.7,	7.6,	1.6	Hz,	1H),	5.90	(ddt,	J	=	16.8,	10.4,	6.3,	6.3	Hz,	1H),	5.10	(ddt,	J	=	7.5,	1.5,	1.5,	1.5	Hz,	1H),	5.07	(dd,	J	=	1.5	Hz,	1H),	4.35

(dd,	J	=	15.4,	5.8	Hz,	1H),	3.79	(dd,	J	=	15.5,	6.7	Hz,	1H),	1.36	(s,	9H).

tert-Butyl allyl(2-iodophenyl)carbamate 426
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0102030405060708090100110120130140150160170180
f1	(ppm)
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13C	NMR	(101	MHz,	Chloroform-d,	major	rotamer)	δ	154.0,	144.4,	139.5,	133.7,	130.1,	128.8,	128.7,	118.0,	100.7,	80.4,	52.1,	28.4.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(d)
7.86
J(7.87)

B	(dd)
7.31
J(7.51)

D	(ddd)
6.97

J(7.67,	1.61)

E	(m)
5.94

F	(m)
5.09

G	(m)
4.49

H	(m)
3.71

I	(s)
1.35

J	(s)
1.53

C	(d)
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J(7.45)

K	(d)
7.13
J(7.80)
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1H	NMR	(400	MHz,	Chloroform-d)	δ	7.86	(d,	J	=	7.9	Hz,	1H),	7.31	(dd,	J	=	7.5	Hz,	1H),	7.22	(d,	J	=	7.5	Hz,	1H,

minor	rotamer),	7.13	(d,	J	=	7.8	Hz,	1H,	major	rotamer),	6.97	(ddd,	J	=	7.7,	1.6	Hz,	1H),	6.01	–	5.87	(m,	1H),	5.17	–

5.02	(m,	2H),	4.55	–	4.37	(m,	1H),	3.84	–	3.63	(m,	1H),	1.53	(s,	9H,	minor	rotamer),	1.35	(s,	9H,	major	rotamer).

3.63.84.04.24.44.64.85.05.25.45.65.86.06.26.46.66.87.07.27.47.67.88.0
f1	(ppm)

A	(d)
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J(7.87)
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J(7.51)

D	(ddd)
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J(7.67,	1.61)

E	(m)
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F	(m)
5.09

G	(m)
4.49

H	(m)
3.71

C	(d)
7.22
J(7.45)
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tert-Butyl allyl(2-iodophenyl)carbamate 426
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13C	NMR	(101	MHz,	DMSO-d6)	δ	152.7,	143.4,	138.8,	135.2,	129.6,	128.7,	128.6,

119.4,	100.5,	79.0,	45.8,	27.9,	25.2,	17.2.
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0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(m)
7.89

B	(dd)
7.38

J(8.40,	6.63)

C	(m)
7.19

D	(dd)
7.03

J(8.54,	6.62)

E	(t)
5.26
J(6.79)

F	(dd)
4.28

J(14.99,	6.81)

G	(dd)
3.87

J(15.14,	7.53)

H	(s)
1.64

I	(s)
1.42

J	(s)
1.35

8.883.093.101.081.081.021.041.051.061.00
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1H	NMR	(400	MHz,	DMSO-d6)	δ	7.92	–	7.83	(m,	1H),	7.38	(dd,	J	=	8.4,	6.6	Hz,	1H),	7.24	–

7.13	(m,	1H),	7.03	(dd,	J	=	8.5,	6.6	Hz,	1H),	5.26	(t,	J	=	6.8	Hz,	1H),	4.28	(dd,	J	=	15.0,	6.8

Hz,	1H),	3.87	(dd,	J	=	15.1,	7.5	Hz,	1H),	1.64	(s,	3H),	1.42	(s,	3H),	1.35	(s,	9H).

tert-Butyl (2-iodophenyl)(3-methylbut-2-en-1-yl)carbamate 431a
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13C	NMR	(101	MHz,	DMSO-d6)	δ	152.7,	144.1,	138.8,	129.4,	128.6,	128.4,	102.3,	100.0,	79.0,	52.4,	45.0,	31.2,	27.6.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(dd)
7.91

J(7.89,	1.44)

B	(ddd)
7.42

J(7.44,	1.46)

C	(dd)
7.28

J(7.83,	1.61)

D	(ddd)
7.06

J(7.85,	7.42,	1.63)

E	(t)
4.38
J(5.49)

F	(ddd)
3.73

J(13.96,	9.10,	6.44)

G	(ddd)
3.30

J(14.42,	8.98,	6.16)

I	(s)
1.36

H	(s)
3.23

K	(s)
3.22

J	(m)
1.81

8.722.192.662.761.411.041.011.071.001.061.00
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1H	NMR	(400	MHz,	DMSO-d6,	80	°C)	δ	7.91	(dd,	J	=	7.9,	1.4	Hz,	1H),	7.42	(ddd,	J	=	7.4,	1.5	Hz,	1H),	7.28	(dd,	J	=

7.8,	1.6	Hz,	1H),	7.06	(ddd,	J	=	7.9,	7.4,	1.6	Hz,	1H),	4.38	(t,	J	=	5.5	Hz,	1H),	3.73	(ddd,	J	=	14.0,	9.1,	6.4	Hz,	1H),

3.30	(ddd,	J	=	14.4,	9.0,	6.2	Hz,	1H),	3.23	(s,	3H),	3.22	(s,	3H),	1.89	–	1.74	(m,	2H),	1.36	(s,	9H).

tert-Butyl (2-iodophenyl)(3-oxopropyl)carbamate 652
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13C	NMR	(101	MHz,	Chloroform-d)	δ	201.0,	154.1,	144.4,

139.7,	129.8,	129.3,	129.1,	100.4,	80.8,	43.6,	43.2,	28.3.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.012.513.0
f1	(ppm)

A	(ddd)
6.99

J(7.68,	1.61)

B	(m)
7.17

C	(dd)
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J(7.68)

D	(d)
7.87
J(7.94)

E	(t)
9.79
J(1.79)

F	(dt)
4.13

J(14.25,	7.13)

G	(dt)
3.67

J(14.50,	6.58)

H	(m)
2.76

I	(s)
1.53

J	(s)
1.34
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1H	NMR	(400	MHz,	Chloroform-d)	δ	9.79	(t,	J	=	1.8	Hz,	1H),	7.87	(d,	J	=	7.9	Hz,	1H),	7.35	(dd,	J	=	7.7	Hz,	1H),	7.25	–	7.10	(m,	1H),	6.99

(ddd,	J	=	7.7,	1.6	Hz,	1H),	4.13	(dt,	J	=	14.2,	7.1	Hz,	1H),	3.67	(dt,	J	=	14.5,	6.6	Hz,	1H),	2.85	–	2.65	(m,	2H),	1.53	(s,	9H,	minor	rotamer),

1.34	(s,	9H,	major	rotamer).

tert-Butyl (2-iodophenyl)(3-oxopropyl)carbamate 653
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13C	NMR	(101	MHz,	DMSO-d6,	80	°C)	δ	167.1	(major),	166.7	(minor),	152.5,	138.7	(major),	138.6	(minor),	138.0,	135.7,	129.5	(major),

129.4	(minor),	128.6,	128.5,	109.3	(major),	108.8	(minor),	100.3	(major),	100.0	(minor),	79.3,	46.3,	27.6,	19.7	(major),	19.6	(minor).

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(m)
7.40

D	(m)
7.02

H	(br	s)
2.09

J	(br	s)
2.01

I	(s)
1.47

K	(s)
1.29

E	(m)
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L	(m)
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G	(ddd)
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J(15.31,	6.59,	1.51)

M	(dd)
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J(14.90,	7.13)

F	(m)
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N	(d)
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J(7.77)

C	(d)
7.26
J(8.13)

B	(dd)
7.90

J(7.76,	1.40)

6.032.720.752.171.000.740.250.230.732.010.650.301.010.91
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1H	NMR	(400	MHz,	DMSO-d6,	80	°C)	δ	7.90	(dd,	J	=	7.8,	1.4,	1H),	7.45	–	7.34	(m,	1H),	7.26	(d,	J	=	8.1	Hz,	1H,	minor),	7.22	(d,	J	=	7.8	Hz,

1H,	major),	7.18	–	6.94	(m,	2H),	5.60	–	5.41	(m,	1H,	major),	5.19	–	5.05	(m,	1H,	minor),	4.39	(ddd,	J	=	15.3,	6.6,	1.5	Hz,	1H,	minor),	4.30	(dd,

J	=	14.9,	7.1	Hz,	1H,	major),	4.10	–	3.68	(m,	1H),	2.09	(br	s,	3H,	major),	2.01	(br	s,	3H.	minor),	1.47	(s,	9H,	minor),	1.29	(s,	9H.	major).

(E)-3-((tert-Butoxycarbonyl)(2-iodophenyl)amino)prop-1-en-1-yl acetate 431c
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13C	NMR	(101	MHz,	Chloroform-d)	δ	166.1,	143.9,	122.9,	51.9,	0.8.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)
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1H	NMR	(400	MHz,	Chloroform-d)	δ	7.06	(dt,	J	=	15.3,	8.3	Hz,

1H),	5.94	(dt,	J	=	15.3,	1.1	Hz,	1H),	3.93	(dd,	J	=	8.3,	1.1	Hz,

2H),	3.75	(s,	3H).

Methyl (E)-4-iodobut-2-enoate 655
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13C	NMR	(101	MHz,	DMSO-d6)	δ	165.2,	152.6,	143.8,	143.2,	138.8,	129.2,	128.8,	128.7,	121.9,	100.0,	79.6,	50.8,	50.0,	27.5.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(ddd)
7.91

J(7.71,	1.76)

B	(m)
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D	(m)
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I	(br	s)
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1H	NMR	(400	MHz,	DMSO-d6)	δ	7.91	(ddd,	J	=	7.7,	1.8	Hz,	1H),	7.46	–	7.35	(m,	1H),	7.29	–	7.21	(m,	1H),	7.10	–	7.01	(m,	1H),	6.91	(dt,	J	=

14.3,	6.3	Hz,	1H),	5.95	(dt,	J	=	15.4,	1.7	Hz,	1H),	4.55	–	4.37	(m,	1H),	4.02	(dd,	J	=	16.9,	6.4	Hz,	1H),	3.67	(br	s,	J	=	1.8	Hz,	3H),	1.37	(s,	9H).

Methyl (E)-4-((tert-butoxycarbonyl)(2-iodophenyl)amino)but-2-enoate 431c
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0102030405060708090100110120130140150160170180
f1	(ppm)
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13C	NMR	(101	MHz,	Chloroform-d)	δ	166.6,	153.9,

143.5,	139.7,	129.9,	129.2,	129.1	(2C,	accidential

isochrony),	122.9,	100.3,	81.0,	51.7,	50.4,	28.3.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(d)
5.89

J(15.71)

C	(d)
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J(7.86)

D	(m)
7.33

E	(dd)
7.19

J(35.44,	7.68)

F	(m)
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G	(dt)
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J(18.36,	9.17)

H	(m)
3.86

I	(s)
3.73

J	(s)
3.75

K	(s)
1.53

L	(s)
1.35
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1H	NMR	(400	MHz,	Chloroform-d)	δ	7.86	(d,	J	=	7.9	Hz,	1H),	7.37	–	7.28	(m,	1H),	7.19	(dd,	J	=	35.4,	7.7	Hz,	1H),	7.05	–	6.95	(m,	2H),

5.89	(d,	J	=	15.7	Hz,	1H),	4.64	(dt,	J	=	18.4,	9.2	Hz,	1H),	3.91	–	3.80	(m,	1H),	3.75	(s,	3H,	minor	rotamer),	3.73	(s,	3H,	major	rotamer),

1.53	(s,	9H,	minor	rotamer),	1.35	(s,	9H,	major	rotamer).

Methyl (E)-4-((tert-butoxycarbonyl)(2-iodophenyl)amino)but-2-enoate 431c
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13C	NMR	(101	MHz,	Chloroform-d)	δ	157.3,	139.7,	132.7,	129.5,	122.8,	117.7,	112.7,

86.8,	69.8.
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0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)
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H	(dt)
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1H	NMR	(400	MHz,	Chloroform-d)	δ	7.78	(dd,	J	=	7.7,	1.6	Hz,	1H),	7.32	–	7.23	(m,

1H),	6.81	(dd,	J	=	8.2,	1.3	Hz,	1H),	6.71	(ddd,	J	=	7.6,	1.4	Hz,	1H),	6.07	(ddt,	J	=	17.2,

10.4,	4.8	Hz,	1H),	5.53	(ddt,	J	=	17.3,	1.7	Hz,	1H),	5.32	(ddt,	J	=	10.6,	1.6	Hz,	1H),	4.60

(dt,	J	=	4.9,	1.7	Hz,	2H).
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1-(Allyloxy)-2-iodobenzene 431d
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N-(cyclohex-2-en-1-yl)-N-(2-iodophenyl)methanesulfonamide 434

0102030405060708090100110120130140150160170180
f1	(ppm)
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13C	NMR	(101	MHz,	Chloroform-d)	δ	140.5,	139.8,	133.2,	132.2,	130.2,	129.0,	128.3,	105.2,	58.8,	42.0,	28.1,	24.4,	21.5.

126127128129130131132133134135136137138139140141142
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1H	NMR	(500	MHz,	Chloroform-d)	δ	7.95	(dd,	J	=	8.0,	1.5	Hz,	1H),	7.45	–	7.40

(m,	1H),	7.39	–	7.33	(m,	1H),	7.05	(ddd,	J	=	7.6,	1.7	Hz,	1H),	6.07	–	6.00	(m,	1H),

5.88	(ddt,	J	=	10.1,	4.9,	2.5	Hz,	1H,	major	conformer),	5.73	(ddt,	J	=	10.2,	3.4	Hz,

1H,	minor	conformer),	4.78	–	4.66	(m,	1H),	3.15	(s,	2H),	3.13	(s,	1H),	2.33	–	2.20

(m,	1H),	1.94	–	1.73	(m,	2H),	1.68	–	1.45	(m,	3H).
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13C	NMR	(101	MHz,	Chloroform-d)	δ	141.3,	140.4,	131.3,	130.6,	129.3,	102.5,	82.4,	73.5,	41.3,	41.2,	3.6.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(dd)
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J(7.92,	1.59)
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1H	NMR	(400	MHz,	Chloroform-d)	δ	7.97	(dd,	J	=	8.0,	1.5	Hz,	1H),	7.61	(dd,	J	=	7.9,	1.6	Hz,	1H),	7.44	(ddd,	J	=	7.6,	1.5	Hz,	1H),	7.12	(ddd,	J

=	7.9,	7.4,	1.6	Hz,	1H),	4.74	–	4.61	(m,	1H),	4.08	–	3.99	(m,	1H),	3.17	(s,	3H),	1.85	(t,	J	=	2.4	Hz,	3H).
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N-(But-2-yn-1-yl)-N-(2-iodophenyl)methanesulfonamide 437a
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13C	NMR	(101	MHz,	Chloroform-d)	δ	90.8,	78.3,	51.6,	32.8,	29.2,	26.0,	25.0.
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1H	NMR	(400	MHz,	Chloroform-d)	δ	4.26	(dd,	J	=	5.8,	2.0	Hz,	2H),	2.38	(ttt,	J	=	9.6,	3.9,	2.0	Hz,	1H),	1.85	–	1.76	(m,	2H),	1.69	(dddd,	J	=	12.2,

6.5,	4.8,	2.5	Hz,	2H),	1.59	–	1.22	(m,	6H).

3-Cyclohexylprop-2-yn-1-ol 661
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13C	NMR	(101	MHz,	Chloroform-d)	δ	141.3,	140.3,	131.1,	130.6,	129.1,	102.8,	91.1,	74.1,	41.2,	41.2,	32.5,	29.1,	25.8,	24.9.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(dd)
7.94

J(7.97,	1.48)

B	(dd)
7.57

J(7.91,	1.59)

C	(ddd)
7.40

J(7.69,	1.50)

D	(ddd)
7.09

J(7.93,	7.41,	1.61)

E	(dd)
4.68

J(18.00,	2.19)
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G	(s)
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1.33

5.571.051.962.340.893.011.031.041.001.011.001.00
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1H	NMR	(400	MHz,	Chloroform-d)	δ	7.94	(dd,	J	=	8.0,	1.5	Hz,	1H),	7.57	(dd,	J	=	7.9,

1.6	Hz,	1H),	7.40	(ddd,	J	=	7.7,	1.5	Hz,	1H),	7.09	(ddd,	J	=	7.9,	7.4,	1.6	Hz,	1H),	4.68

(dd,	J	=	18.0,	2.2	Hz,	1H),	4.05	(dd,	J	=	18.0,	2.1	Hz,	1H),	3.15	(s,	3H),	2.42	–	2.30	(m,

1H),	1.80	–	1.71	(m,	2H),	1.70	–	1.60	(m,	2H),	1.57	–	1.45	(m,	1H),	1.44	–	1.20	(m,	5H).

N-(3-Cyclohexylprop-2-yn-1-yl)-N-(2-iodophenyl)methanesulfonamide 437b
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13C	NMR	(101	MHz,	Chloroform-d)	δ	135.8,	133.3,	130.0,	127.8,	84.4,	83.6,	52.8,	51.3,	26.9,	19.3.
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1H	NMR	(400	MHz,	Chloroform-d)	δ	7.77	–	7.67	(m,	4H),	7.47	–	7.37	(m,	6H),	4.37	(t,	J	=	1.8	Hz,	2H),	4.20	(t,	J	=	1.8	Hz,	2H),

1.38	(s,	1H),	1.07	(s,	9H).
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4-((tert-Butyldiphenylsilyl)oxy)but-2-yn-1-ol 663



 

Appendix page 46/102

0102030405060708090100110120130140150160170180
f1	(ppm)

1
9
.3
3

2
6
.8
7

5
2
.9
2

8
3
.5
2

1
2
7
.8
4

1
2
9
.9
0

1
3
3
.3
1

1
3
5
.7
5

O
Si

O
Si

13C	NMR	(101	MHz,	Chloroform-d)	δ	135.8,	133.3,	129.9,	127.8,	83.5,	52.9,	26.9,	19.3.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)
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1H	NMR	(400	MHz,	Chloroform-d)	δ	7.77	–	7.70	(m,	8H),	7.47	–	7.36	(m,	12H),	4.35	(s,	4H),	1.10	(s,	18H).

O
Si

O
Si

2,2,11,11-Tetramethyl-3,3,10,10-tetraphenyl-4,9-dioxa-3,10-disiladodec-6-yne 664
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13C	NMR	(101	MHz,	Chloroform-d)	δ	135.8,	133.1,	130.0,	127.9,	85.4,	80.3,	52.9,	26.8,	19.3,	14.7.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
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1H	NMR	(400	MHz,	Chloroform-d)	δ	7.74	–	7.68	(m,	4H),	7.48	–	7.37	(m,	6H),

4.37	(t,	J	=	2.0	Hz,	2H),	3.89	(t,	J	=	2.0	Hz,	2H),	1.07	(s,	9H).

Br
O

Si

((4-Bromobut-2-yn-1-yl)oxy)(tert-butyl)diphenylsilane 665
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13C	NMR	(101	MHz,	DMSO-d6)	δ	152.6,	142.9,	139.0,	135.0,	132.5,	129.9,	129.5	(minor),	129.5	(major),	129.4,

128.9,	127.8,	100.8,	82.2,	80.8,	80.0,	52.3,	38.1,	27.8,	26.5,	18.7.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)
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1H	NMR	(400	MHz,	DMSO-d6)	δ	7.91	(dd,	J	=	7.9,	1.4	Hz,	1H),	7.67	–	7.58	(m,	4H),

7.50	–	7.33	(m,	7H),	7.30	(dd,	J	=	7.9,	1.7	Hz,	1H),	7.08	(ddd,	J	=	7.6,	1.8	Hz,	1H),	4.66

–	4.51	(m,	1H),	4.39	–	4.27	(m,	2H),	4.00	–	3.89	(m,	1H),	1.47	(s,	9H,	minor),	1.29	(s,

9H,	major),	0.97	(s,	9H).

tert-Butyl (4-((tert-butyldiphenylsilyl)oxy)but-2-yn-1-yl)(2-iodophenyl)carbamate 440a
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13C	NMR	(101	MHz,	Chloroform-d)	δ	153.6,	143.5,	139.7	(minor),	139.4	(major),

130.5	(minor),	130.3	(major),	129.6	(minor),	129.4	(minor),	129.3	(major),	129.0

(major),	100.2,	81.1,	79.4,	72.6	(major),	72.2	(minor),	39.7	(major),	38.3	(minor),

28.5	(major),	28.3	(minor).
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1H	NMR	(400	MHz,	Chloroform-d)	δ	7.87	(d,	J	=	7.9	Hz,	1H),	7.48	–	7.33	(m,	2H),	7.02	(ddd,	J	=	8.0,	6.0,

3.1	Hz,	1H),	4.79	(dd,	J	=	17.6,	2.5	Hz,	1H,	major),	4.64	(d,	J	=	17.8	Hz,	1H,	minor),	3.90	(dd,	J	=	17.6,	2.4

Hz,	1H),	2.25	–	2.19	(m,	1H),	1.56	(s,	9H,	minor),	1.36	(s,	9H,	major).

tert-Butyl (2-iodophenyl)(prop-2-yn-1-yl)carbamate 440b
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tert-Butyl (2-iodophenyl)(prop-2-yn-1-yl)carbamate 440a
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13C	NMR	(101	MHz,	DMSO-d6,	80	°C)	δ	152.2,	143.0	(br),	138.7,

129.3,	128.9,	128.6,	100.0,	79.9,	79.0,	74.4,	38.0	(br),	27.6.
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1H	NMR	(400	MHz,	DMSO-d6,	80	°C)	δ	7.92	(dd,	J	=	7.9,	1.4	Hz,	1H),	7.48	–	7.41	(m,

1H),	7.36	(dd,	J	=	7.8,	1.7	Hz,	1H),	7.09	(ddd,	J	=	7.6,	1.7	Hz,	1H),	4.56	(dd,	J	=	18.0,

2.5	Hz,	1H),	3.99	(dd,	J	=	18.0,	2.5	Hz,	1H),	3.04	(dd,	J	=	2.5	Hz,	1H),	1.37	(s,	9H).
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13C	NMR	(101	MHz,	Chloroform-d)	δ	159.8,	134.6,	132.1,	128.0,	117.5,	114.2,	80.7,	70.1,	55.4,	11.0.
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1H	NMR	(400	MHz,	Chloroform-d)	δ	7.26	–	7.21	(m,	2H),	6.92	–	6.87	(m,	2H),	5.92	(dddd,	J	=	17.2,	10.4,	6.2,	5.1	Hz,	1H),	5.28	(dq,	J	=

17.3,	1.7	Hz,	1H),	5.18	(dq,	J	=	10.3,	1.4	Hz,	1H),	4.43	(dd,	J	=	8.2,	4.8	Hz,	1H),	3.98	(dddd,	J	=	12.8,	5.1,	1.5	Hz,	1H),	3.86	–	3.78	(m,	1H),

3.82	(s,	3H),	3.38	(dd,	J	=	10.3,	8.3	Hz,	1H),	3.30	(dd,	J	=	10.3,	4.7	Hz,	1H).
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1-(1-(Allyloxy)-2-iodoethyl)-4-methoxybenzene 442a
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f1	(ppm)
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13C	NMR	(101	MHz,	Chloroform-d)	δ	159.9,	134.6,	131.4,	128.2,	117.5,	114.2,	80.5,	70.0,	55.4,	36.7.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(m)
6.91

B	(m)
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C	(dddd)
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J(17.26,	10.38,	6.16,	5.07)

D	(dddd)
5.27

J(17.25,	1.65)

E	(dddd)
5.18

J(10.37,	1.38)
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J(8.13,	4.56)

G	(dddd)
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J(12.79,	5.12,	1.54)

H	(dd)
3.56

J(10.54,	8.14)

I	(dd)
3.44

J(10.52,	4.57)

J	(m)
3.84

K	(s)
3.82
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1H	NMR	(400	MHz,	Chloroform-d)	δ	7.30	–	7.21	(m,	2H),	6.93	–	6.89	(m,	2H),	5.91	(dddd,	J	=	17.3,

10.4,	6.2,	5.1	Hz,	1H),	5.27	(ddt,	J	=	17.2,	1.7	Hz,	1H),	5.18	(ddt,	J	=	10.4,	1.4	Hz,	1H),	4.51	(dd,	J	=

8.1,	4.6	Hz,	1H),	4.00	(dddd,	J	=	12.8,	5.1,	1.5	Hz,	1H),	3.89	–	3.78	(m,	1H),	3.82	(s,	3H),	3.56	(dd,	J

=	10.5,	8.1	Hz,	1H),	3.44	(dd,	J	=	10.5,	4.6	Hz,	1H).
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 1-(1-(Allyloxy)-2-bromoethyl)-4-methoxybenzene 442b
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f1	(ppm)
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13C	NMR	(101	MHz,	Chloroform-d)	δ	159.9,	134.6,	131.0,	128.3,	117.5,	114.2,	80.8,	70.0,	55.4,	48.4.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(m)
6.91

B	(m)
7.26

C	(dddd)
5.91

J(17.21,	10.40,	6.18,	5.08)

D	(dq)
5.27

J(17.22,	1.68)

F	(dd)
4.48

J(7.90,	4.67)

G	(dd)
3.70

J(11.32,	7.91)

H	(dd)
3.56

J(11.31,	4.65)

I	(ddt)
4.00

J(12.80,	5.10,	1.55)

J	(m)
3.84

E	(ddt)
5.18

J(10.40,	1.80,	1.30)

1.071.054.101.000.971.010.960.962.001.98
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1H	NMR	(400	MHz,	Chloroform-d)	δ	7.30	–	7.21	(m,	2H),	6.94	–	6.88	(m,	2H),	5.91	(dddd,	J	=	17.2,	10.4,	6.2,	5.1	Hz,	1H),	5.27	(dq,	J

=	17.2,	1.7	Hz,	1H),	5.18	(ddt,	J	=	10.4,	1.8,	1.3	Hz,	1H),	4.48	(dd,	J	=	7.9,	4.7	Hz,	1H),	4.00	(ddt,	J	=	12.8,	5.1,	1.5	Hz,	1H),	3.88	–

3.80	(m,	4H),	3.70	(dd,	J	=	11.3,	7.9	Hz,	1H),	3.56	(dd,	J	=	11.3,	4.7	Hz,	1H).

1-(1-(Allyloxy)-2-chloroethyl)-4-methoxybenzene 442c
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(Z)-4-(Allyloxy)but-2-en-1-ol 670

0102030405060708090100110120130140150160170180
f1	(ppm)
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13C	NMR	(101	MHz,	Chloroform-d)	δ	134.6,	132.4,	128.5,	117.6,	71.5,	65.8,	58.9.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(ddt)
5.20

J(10.38,	1.39)

B	(ddt)
5.28

J(17.21,	1.61)

C	(ddt)
5.91

J(17.23,	10.42,	5.70)

D	(dtt)
5.82

J(11.24,	6.26,	1.33)

E	(dtt)
5.71

J(11.26,	6.26,	1.28)

F	(ddd)
3.99

J(5.67,	1.40)

G	(ddt)
4.06

J(6.19,	1.45,	0.77)

H	(ddt)
4.20

J(6.37,	1.39,	0.73)

I	(s)
1.90

1.122.162.042.011.001.040.991.001.03
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3.83.94.04.14.24.34.44.54.64.74.84.95.05.15.25.35.45.55.65.75.85.96.0
f1	(ppm)

A	(ddt)
5.20

J(10.38,	1.39)

B	(ddt)
5.28

J(17.21,	1.61)

C	(ddt)
5.91

J(17.23,	10.42,	5.70)

D	(dtt)
5.82

J(11.24,	6.26,	1.33)

E	(dtt)
5.71

J(11.26,	6.26,	1.28)

F	(ddd)
3.99

J(5.67,	1.40)

G	(ddt)
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J(6.19,	1.45,	0.77)
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J(6.37,	1.39,	0.73)
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1H	NMR	(400	MHz,	Chloroform-d)	δ	5.91	(ddt,	J	=	17.2,	10.4,	5.7	Hz,	1H),	5.82	(dtt,	J	=	11.2,	6.3,	1.3	Hz,	1H),	5.71	(dtt,	J	=	11.3,	6.3,

1.3	Hz,	1H),	5.28	(ddt,	J	=	17.2,	1.6	Hz,	1H),	5.20	(ddt,	J	=	10.4,	1.4	Hz,	1H),	4.20	(ddt,	J	=	6.4,	1.4,	0.7	Hz,	2H),	4.06	(ddt,	J	=	6.2,	1.5,

0.8	Hz,	2H),	3.99	(ddd,	J	=	5.7,	1.4	Hz,	2H),	1.90	(s,	1H).
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13C	NMR	(101	MHz,	Chloroform-d)	δ	134.6,	131.3,	128.4,	117.6,	71.6,	65.1,	26.6.
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0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)
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J(17.26,	1.64)
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3.903.954.004.054.104.154.204.25
f1	(ppm)
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1H	NMR	(400	MHz,	Chloroform-d)	δ	5.99	–	5.83	(m,	2H),	5.72	(dtt,	J	=	10.9,	6.4,	0.8

Hz,	1H),	5.30	(ddt,	J	=	17.3,	1.6	Hz,	1H),	5.21	(ddt,	J	=	10.4,	1.4	Hz,	1H),	4.12	(dd,	J	=

6.3,	1.6	Hz,	2H),	4.03	–	3.98	(m,	4H).

(Z)-1-(Allyloxy)-4-bromobut-2-ene 671
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13C	NMR	(101	MHz,	DMSO-d6)	δ	152.9,	143.5,	139.0,	135.0,	129.8,	129.6,	129.0,

129.0,	127.6,	116.3,	101.0,	79.5,	69.9,	64.7,	45.4,	27.9.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(dd)
7.90

J(7.97,	1.44)

B	(ddd)
7.39

J(7.60,	1.45)

C	(dd)
7.25

J(7.85,	1.62)

D	(dd)
7.05
J(7.66)

E	(m)
5.77

F	(m)
5.65

G	(m)
5.55

H	(m)
5.14

I	(m)
5.08

J	(dd)
4.35

J(15.47,	6.54)

K	(dd)
3.96

J(15.47,	7.36)

L	(m)
3.81

M	(m)
3.70

N	(s)
1.47

O	(s)
1.29

6.132.581.902.010.951.020.950.931.000.951.001.031.011.031.00
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1H	NMR	(400	MHz,	DMSO-d6)	δ	7.90	(dd,	J	=	8.0,	1.4	Hz,	1H),	7.39	(ddd,	J	=	7.6,	1.5

Hz,	1H),	7.25	(dd,	J	=	7.9,	1.6	Hz,	1H),	7.05	(dd,	J	=	7.7	Hz,	1H),	5.83	–	5.71	(m,	1H),

5.71	–	5.61	(m,	1H),	5.61	–	5.50	(m,	1H),	5.17	–	5.10	(m,	1H),	5.10	–	5.06	(m,	1H),	4.35

(dd,	J	=	15.5,	6.5	Hz,	1H),	3.96	(dd,	J	=	15.5,	7.4	Hz,	1H),	3.86	–	3.78	(m,	2H),	3.76	–

3.67	(m,	2H),	1.47	(s,	9H,	minor	isomer),	1.29	(s,	9H,	major	isomer).

tert-Butyl (Z)-(4-(allyloxy)but-2-en-1-yl)(2-iodophenyl)carbamate 444a
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0102030405060708090100110120130140150160170180
f1	(ppm)
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13C	NMR	(101	MHz,	Chloroform-d)	δ	157.3,	139.7,	134.7,	130.3,	129.5,	127.7,	122.9,	117.5,	112.7,	86.9,	71.5,	66.3,	65.5.
I O

O

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(dd)
7.78

J(7.78,	1.61)

B	(dd)
6.82

J(8.27,	1.35)

C	(ddd)
6.72

J(7.59,	1.36)

D	(ddd)
7.28

J(8.21,	7.37,	1.63)

E	(ddt)
5.30

J(17.26,	1.63)

F	(ddt)
5.20

J(10.39,	1.33)

G	(m)
5.83

H	(m)
5.91

I	(ddd)
4.69

J(5.81,	1.21)

J	(m)
4.14

K	(ddd)
4.01

J(5.65,	1.43)

2.092.222.220.991.041.192.171.021.120.981.00

1
.5
6

4
.0
0

4
.0
0

4
.0
1

4
.0
1

4
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2

4
.0
2

4
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3

4
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3

4
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4

4
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4

4
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4
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5

4
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5

4
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6

4
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4
.6
8

4
.6
8

4
.6
8

4
.6
9

4
.6
9

4
.7
0

5
.1
8

5
.1
9

5
.1
9

5
.1
9

5
.2
1

5
.2
1

5
.2
2

5
.2
2

5
.2
7

5
.2
7

5
.2
8

5
.2
8

5
.3
1

5
.3
2

5
.3
2

5
.3
2

5
.8
3

5
.8
9

5
.8
9

5
.9
0

5
.9
2

5
.9
3

5
.9
6

6
.7
1

6
.7
2

6
.8
1

6
.8
1

6
.8
3

6
.8
3

7
.2
6

7
.2
6

7
.2
8

7
.2
8

7
.7
7

7
.7
7

7
.7
8

7
.7
9

I O

O

1H	NMR	(400	MHz,	Chloroform-d)	δ	7.78	(dd,	J	=	7.8,	1.6	Hz,	1H),	7.28	(ddd,	J	=	8.2,	7.4,	1.6	Hz,	1H),	6.82	(dd,	J	=	8.3,	1.4	Hz,

1H),	6.72	(ddd,	J	=	7.6,	1.4	Hz,	1H),	5.98	–	5.86	(m,	2H),	5.86	–	5.78	(m,	1H),	5.30	(ddt,	J	=	17.3,	1.6	Hz,	1H),	5.20	(ddt,	J	=	10.4,

1.3	Hz,	1H),	4.69	(ddd,	J	=	5.8,	1.2	Hz,	2H),	4.16	–	4.12	(m,	2H),	4.01	(ddd,	J	=	5.6,	1.4	Hz,	2H).

(Z)-1-((4-(Allyloxy)but-2-en-1-yl)oxy)-2-iodobenzene 444b
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N-methylbenzamide 447a

0102030405060708090100110120130140150160170180
f1	(ppm)
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13C	NMR	(101	MHz,	Chloroform-d)	δ	168.4,	134.7,	131.4,	128.6,	127.0,	26.9.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(m)
7.45

B	(m)
7.38

C	(m)
7.76

D	(s)
6.55

F	(d)
2.97
J(4.63)

3.170.982.011.012.00
2
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7
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7
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7

7
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7
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1H	NMR	(400	MHz,	Chloroform-d)	δ	7.78	–	7.73	(m,	2H),	7.49	–	7.43	(m,	1H),	7.41	–	7.35	(m,

2H),	6.55	(br	s,	1H),	2.97	(d,	J	=	4.6	Hz,	3H).

O

NH
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1,1-Bis(tert-butylperoxy)cyclohexane 448

0102030405060708090100110120130140150160170180
f1	(ppm)
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O O OO

13C	NMR	(101	MHz,	Chloroform-d)	δ	107.1,	79.1,	31.0,	27.0,	25.9,	22.9.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(m)
1.78

B	(m)
1.53

C	(m)
1.41

D	(s)
1.25

18.282.133.334.00
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O O OO

1H	NMR	(400	MHz,	Chloroform-d)	δ	1.81	–	1.76	(m,	4H),	1.58	–	1.49	(m,	4H),	1.44	–	1.37	(m,	2H),	1.25	(s,	18H).

1.11.21.31.41.51.61.71.81.92.0
f1	(ppm)

A	(m)
1.78

B	(m)
1.53

C	(m)
1.41

D	(s)
1.25

18.282.133.334.00
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0102030405060708090100110120130140150160170180
f1	(ppm)
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O O OO

13C	NMR	(101	MHz,	DMSO-d6)	δ	106.4,	78.6,	30.4,	26.5,	25.0,	22.2.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(dd)
1.71

J(7.38,	4.66)

B	(m)
1.47

C	(m)
1.38

D	(s)
1.20

17.191.994.044.00
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O O OO

1H	NMR	(400	MHz,	DMSO-d6)	δ	1.71	(dd,	J	=	7.4,	4.7	Hz,	4H),	1.51	–	1.43	(m,	4H),

1.42	–	1.33	(m,	2H),	1.20	(s,	18H).

1.101.151.201.251.301.351.401.451.501.551.601.651.701.751.801.85
f1	(ppm)

A	(dd)
1.71

J(7.38,	4.66)

B	(m)
1.47

C	(m)
1.38

D	(s)
1.20

17.191.994.044.00
1
.1
9

1
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9
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1,1-Bis(tert-butylperoxy)cyclohexane 38
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N-Methoxy-N-methylbenzamide 446a

-20-100102030405060708090100110120130140150160170180190200210220
f1	(ppm)
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13C	NMR	(101	MHz,	Chloroform-d)	δ	170.1,	134.3,	130.7,	128.3,	128.1,	61.1,	33.9.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(m)
7.67

B	(m)
7.41

C	(s)
3.55

D	(s)
3.35

3.143.073.192.00
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1H	NMR	(400	MHz,	Chloroform-d)	δ	7.69	–	7.64	(m,	2H),	7.48	–

7.36	(m,	3H),	3.55	(s,	3H),	3.35	(s,	3H).

7.307.357.407.457.507.557.607.657.707.757.80
f1	(ppm)

A	(m)
7.67

B	(m)
7.41

3.192.00
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N-Methoxy-N-methyl-2-phenylacetamide 446b

-20-100102030405060708090100110120130140150160170180190200210220
f1	(ppm)
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f1	(ppm)
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13C	NMR	(101	MHz,	Chloroform-d)	δ	172.0,	134.5,	128.8,	128.0,	126.3,	60.8,	38.9,	31.8.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(m)
7.30

B	(s)
3.78

C	(s)
3.60

D	(s)
3.19

2.662.782.065.00
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1H	NMR	(400	MHz,	Chloroform-d)	δ	7.39	–	7.20	(m,	5H),	3.78	(s,	2H),	3.60	(s,	3H),	3.19	(s,	3H).
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0102030405060708090100110120130140150160170180
f1	(ppm)
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13C	NMR	(101	MHz,	Chloroform-d)	δ	133.6,	128.0,	126.0.
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0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(m)
7.85

B	(dd)
7.48

J(6.28,	3.25)
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H 1H	NMR	(400	MHz,	Chloroform-d)	δ	7.89	–	7.80	(m,	4H),	7.48	(dd,	J	=	6.3,	3.2	Hz,	4H).

Naphthalene 39
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0102030405060708090100110120130140150160170180
f1	(ppm)
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I
- 13C	NMR	(126	MHz,	DMSO)	δ	142.80,	131.80,	130.82,	126.56,	126.50,	113.62,	113.41,

43.82,	33.33,	28.04.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.0
f1	(ppm)

A	(ddd)
8.05

J(6.99,	3.04)

B	(m)
7.72

C	(s)
9.70

D	(t)
4.66

J(7.19)

E	(s)
4.08

F	(p)
2.59

J(7.26)

1.996.034.144.374.002.02
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I
- 1H	NMR	(500	MHz,	DMSO-d6)	δ	9.70	(s,	2H),	8.05	(ddd,	J	=

7.0,	3.0	Hz,	4H),	7.76	–	7.67	(m,	4H),	4.66	(t,	J	=	7.2	Hz,	4H),

4.08	(s,	6H),	2.59	(p,	J	=	7.3	Hz,	2H).

3,3’-(Propane-1,3-diyl)bis(1-methyl-1H-benzo[d]imidazol-3-ium) iodide 41
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1,3-Dimethyl-2,3-dihydro-1H-imidazole 220
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f1	(ppm)
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13C	NMR	(101	MHz,	THF)	δ	123.82,	81.73,	40.84.

N

N

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(s)
5.34

B	(s)
3.66

C	(s)
2.36

6.942.201.62
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1H	NMR	(400	MHz,	THF-d8)	δ	5.34	(s,	2H),	3.66	(s,	2H),	2.36	(s,	6H).

N

N
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1,3-Dimethylimidazolidine 459

0102030405060708090100110120130140150160170180
f1	(ppm)

4
1
.8
3

5
5
.1
8

8
0
.5
6

N

N

13C	NMR	(101	MHz,	Benzene-d6)	δ	80.6,	55.2,	41.8.

0102030405060708090100110120130140150160170180
f1	(ppm)

4
1
.8
3

5
5
.1
8

8
0
.5
6

N

N

13C	NMR	(101	MHz,	Benzene-d6)	δ	80.6,	55.2,	41.8.
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1,3-Dimethyl-1H-imidazol-3-ium iodide 461

0102030405060708090100110120130140150160170180
f1	(ppm)

3
5
.5
5

1
2
3
.0
3

1
3
6
.1
7

N
+

N

13C	NMR	(101	MHz,	D2O)	δ	136.17,	123.03,	35.55.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.012.513.0
f1	(ppm)

A	(d)
7.52
J(1.88)

B	(s)
8.76

C	(s)
3.99

6.822.000.67

3
.9
9

7
.5
2

7
.5
2

8
.7
6

1H	NMR	(400	MHz,	Deuterium	Oxide)	δ	8.76	(s,	1H),	7.52	(d,	J	=	1.9	Hz,	2H),	3.99	(s,

7H).N
+

N
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1,3-Dimethyl-1H-imidazol-3-ium iodide 461

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.012.513.0
f1	(ppm)

A	(s)
10.02

B	(d)
7.41
J(1.68)

C	(s)
4.10

6.392.071.00

1
.6
7

4
.1
0

7
.4
0

7
.4
1

1
0
.0
2

N
+

N

7.357.407.457.50
f1	(ppm)

7
.4
0

7
.4
1

1H	NMR	(400	MHz,	Chloroform-d)	δ	10.02	(s,	1H),	7.41	(d,	J	=	1.7	Hz,	2H),	4.10	(s,	6H).

0102030405060708090100110120130140150160170180
f1	(ppm)

3
7
.2
4

1
2
3
.5
2

1
3
7
.8
1

13C	NMR	(101	MHz,	CDCl3)	δ	137.81,	123.52,	37.24.

N
+

N
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4-(Dimethylamino)-1-methylpyridin-1-ium iodide 463

0102030405060708090100110120130140150160170180
f1	(ppm)

3
9
.7
2

4
3
.9
7

1
0
7
.4
2

1
4
2
.7
4

1
5
5
.5
7

N
+

N

I
-

3738394041
f1	(ppm)

3
9
.7
2

13C	NMR	(101	MHz,	DMSO-d6)	δ	155.6,	142.7,	107.4,	44.0,	39.7.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(m)
8.23

B	(m)
7.02

C	(s)
3.92

D	(s)
3.18

5.672.682.001.80
3
.1
6

3
.1
6

3
.1
6

3
.1
8

3
.1
9

3
.2
0

3
.3
1

3
.9
2

7
.0
1

7
.0
1

7
.0
2

7
.0
2

7
.0
3

7
.0
3

7
.0
3

7
.0
4

8
.2
1

8
.2
2

8
.2
2

8
.2
3

8
.2
4

8
.2
5

1H	NMR	(400	MHz,	DMSO-d6)	δ	8.26	–	8.20	(m,	2H),	7.05	–	6.99	(m,	2H),	3.92	(s,	3H),	3.18	(s,	6H).

N
+

N

I
-
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Naphthalen-2-ol 475

0102030405060708090100110120130140150160170180
f1	(ppm)

1
0
9
.6
4

1
1
7
.8
5

1
2
3
.7
8

1
2
6
.5
0

1
2
6
.6
8

1
2
7
.9
1

1
2
9
.1
1

1
3
0
.0
0

1
3
4
.7
2

1
5
3
.4
3

120121122123124125126127128129130131
f1	(ppm)

1
2
3
.7
8

1
2
6
.5
0

1
2
6
.6
8

1
2
7
.9
1

1
2
9
.1
1

1
3
0
.0
0

OH 13C	NMR	(151	MHz,	Chloroform-d)	δ	153.4,	134.7,	130.0,	129.1,	127.9,	126.7,	126.5,	123.8,	117.9,	109.6.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(dd)
7.77
J(9.29)

B	(d)
7.69
J(8.26)

C	(dd)
7.44
J(7.76)

D	(dd)
7.34
J(7.61)

E	(d)
7.16
J(3.16)

F	(dd)
7.11

J(8.71,	2.70)

G	(s)
4.97

0.981.060.941.011.040.972.00

1
.6
4

4
.9
7

7
.1
0

7
.1
0

7
.1
2

7
.1
2

7
.1
5

7
.1
6

7
.3
2

7
.3
4

7
.3
5

7
.4
2

7
.4
4

7
.4
57
.6
8

7
.6
9

7
.7
5

7
.7
7

7
.7
8

1H	NMR	(600	MHz,	Chloroform-d)	δ	7.77	(dd,	J	=	9.3	Hz,	2H),	7.69	(d,	J	=	8.3	Hz,	1H),	7.44	(dd,	J	=	7.8	Hz,	1H),	7.34	(dd,	J	=

7.6	Hz,	1H),	7.16	(d,	J	=	3.2	Hz,	1H),	7.11	(dd,	J	=	8.7,	2.7	Hz,	1H),	4.97	(s,	1H).

7.07.17.27.37.47.57.67.77.8
f1	(ppm)

A	(dd)
7.77
J(9.29)

B	(d)
7.69
J(8.26)

C	(dd)
7.44
J(7.76)

D	(dd)
7.34
J(7.61)

E	(d)
7.16
J(3.16)

F	(dd)
7.11

J(8.71,	2.70)

1.060.941.011.040.972.00
7
.1
0

7
.1
0

7
.1
2

7
.1
2

7
.1
5

7
.1
6

7
.3
2

7
.3
4

7
.3
5

7
.4
2

7
.4
4

7
.4
5

7
.6
8

7
.6
9

7
.7
5

7
.7
7

7
.7
8

OH
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Triethyl(naphthalen-2-yl)silane 476

0102030405060708090100110120130140150160170180
f1	(ppm)

3
.5
7

7
.6
1

1
2
5
.8
8

1
2
6
.2
7

1
2
6
.8
8

1
2
7
.8
3

1
2
8
.1
5

1
3
0
.7
4

1
3
3
.1
1

1
3
3
.7
7

1
3
4
.9
4

1
3
5
.1
5

125126127128129130131132133134135136
f1	(ppm)

1
2
5
.8
8

1
2
6
.2
7

1
2
6
.8
8

1
2
7
.8
3

1
2
8
.1
5

1
3
0
.7
4

1
3
3
.1
1

1
3
3
.7
7

1
3
4
.9
4

1
3
5
.1
5

Si

13C	NMR	(101	MHz,	Chloroform-d)	δ	135.2,	134.9,	133.8,	133.1,	130.7,	128.2,	127.8,	126.9,	126.3,	125.9,	7.6,	3.6.

-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(d)
7.99
J(0.96)

B	(dd)
7.58

J(8.14,	1.21)

C	(m)
7.48

D	(m)
7.83

E	(m)
1.01

F	(m)
0.89

6.4710.812.191.003.171.00

0
.8
6

0
.8
6

0
.8
7

0
.8
8

0
.8
8

0
.8
9

0
.8
9

0
.8
9

0
.9
0

0
.9
0

0
.9
1

0
.9
2

0
.9
8

0
.9
8

0
.9
8

0
.9
9

0
.9
9

0
.9
9

1
.0
0

1
.0
0

1
.0
1

1
.0
1

1
.0
1

1
.0
2

1
.0
2

1
.0
2

1
.0
3

1
.0
3

1
.0
3

1
.5
3

6
.2
8

7
.4
6

7
.4
7

7
.4
8

7
.4
8

7
.4
9

7
.5
0

7
.5
7

7
.5
7

7
.5
9

7
.5
9

7
.8
1

7
.8
1

7
.8
1

7
.8
2

7
.8
2

7
.8
3

7
.8
3

7
.8
3

7
.8
3

7
.8
4

7
.8
4

7
.8
4

7
.8
4

7
.8
5

7
.8
5

7
.8
6

7
.8
6

7
.8
7

7
.9
8

7
.9
9

7
.9
9

Si

7.47.57.67.77.87.98.0
f1	(ppm)

A	(d)
7.99
J(0.96)

B	(dd)
7.58

J(8.14,	1.21)

C	(m)
7.48

D	(m)
7.83

2.211.003.171.00

7
.4
6

7
.4
7

7
.4
8

7
.4
8

7
.4
9

7
.4
9

7
.5
0

7
.5
7

7
.5
7

7
.5
9

7
.5
9

7
.8
1

7
.8
1

7
.8
1

7
.8
3

7
.8
3

7
.8
3

7
.8
3

7
.8
4

7
.8
4

7
.9
8

7
.9
9

7
.9
9

1H	NMR	(400	MHz,	Chloroform-d)	δ	7.99	(d,	J	=	1.0	Hz,	1H),	7.88	–	7.79	(m,	3H),	7.58

(dd,	J	=	8.1,	1.2	Hz,	1H),	7.52	–	7.45	(m,	2H),	1.05	–	0.97	(m,	9H),	0.93	–	0.85	(m,	6H).
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2,2’-Binaphthalene 477

0102030405060708090100110120130140150160170180
f1	(ppm)

1
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1
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6
.2
7

1
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1
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1
3
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125126127128129130131132133134135136137138139140141
f1	(ppm)
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2
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2
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2
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1
3
3
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1

1
3
8
.5
9

13C	NMR	(101	MHz,	Chloroform-d)	δ	138.6,

133.9,	132.8,	128.7,	128.4,	127.8,	126.5,	126.3,

126.2,	125.9.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(m)
8.18

B	(m)
7.95

C	(dd)
7.89

J(8.49,	1.82)

D	(m)
7.52

4.234.414.162.00

1
.5
3

7
.4
8

7
.4
9

7
.5
0

7
.5
0

7
.5
1

7
.5
1

7
.5
2

7
.5
2

7
.5
2

7
.5
3

7
.5
3

7
.5
4

7
.5
5

7
.5
57
.8
8

7
.8
8

7
.8
9

7
.9
0

7
.9
0

7
.9
3

7
.9
5

7
.9
6

7
.9
6

7
.9
8

8
.1
7

8
.1
8

8
.1
8

7.47.57.67.77.87.98.08.18.28.3
f1	(ppm)

A	(q)
8.18
J(0.90)

B	(m)
7.95

C	(dd)
7.89

J(8.49,	1.82)

D	(m)
7.52

4.234.414.162.00

7
.4
8

7
.4
9

7
.5
0

7
.5
0

7
.5
1

7
.5
1

7
.5
2

7
.5
2

7
.5
2

7
.5
3

7
.5
3

7
.5
4

7
.5
5

7
.5
5

7
.8
8

7
.8
8

7
.8
9

7
.8
9

7
.9
0

7
.9
0

7
.9
3

7
.9
3

7
.9
3

7
.9
4

7
.9
5

7
.9
6

7
.9
6

7
.9
8

8
.1
7

8
.1
8

8
.1
8

8
.1
8

1H	NMR	(400	MHz,	Chloroform-d)	δ	8.21	–	8.15	(m,	2H),	8.00	–	7.92	(m,	4H),	7.89

(dd,	J	=	8.5,	1.8	Hz,	4H),	7.57	–	7.47	(m,	4H).
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[1,2’-Binaphthalen]-2-ol 478

0102030405060708090100110120130140150160170180
f1	(ppm)
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f1	(ppm)
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2

1
2
9
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1

1
2
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1
3
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.3
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1
3
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2

1
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1
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1
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4
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0

126.5127.0127.5128.0128.5129.0
f1	(ppm)

1
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1

1
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6

1
2
6
.8
9

1
2
8
.0
7

1
2
8
.1
9

1
2
8
.2
3

1
2
9
.0
2

1
2
9
.1
1

OH

13C	NMR	(151	MHz,	Chloroform-d)	δ	150.5,	134.0,	133.5,	133.3,

131.8,	130.3,	129.8,	129.6,	129.1,	129.0,	128.2,	128.2,	128.1,	126.9,

126.9,	126.7,	124.8,	123.5,	121.0,	117.5.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(dd)
7.52

J(8.35,	1.69)

B	(m)
7.59

C	(m)
7.44

D	(m)
7.85

E	(m)
7.91

F	(m)
7.97

G	(m)
7.95

H	(ddd)
8.07

J(8.58,	0.73)

I	(m)
7.33

J	(s)
5.24

0.882.951.071.001.971.950.990.980.980.99

1
.5
4

5
.2
4

7
.3
0

7
.3
2

7
.3
3

7
.3
3

7
.3
4

7
.3
5

7
.3
5

7
.5
1

7
.5
1

7
.5
3

7
.5
3

7
.5
9

7
.5
9

7
.6
0

7
.6
0

7
.6
1

7
.8
4

7
.8
4

7
.8
6

7
.8
6

7
.9
5

7
.9
5

7
.9
5

8
.0
6

8
.0
6

8
.0
8

OH

1H	NMR	(400	MHz,	Chloroform-d)	δ	8.07	(ddd,	J	=	8.6,	0.7	Hz,	1H),	8.00	–	7.96	(m,

1H),	7.96	–	7.94	(m,	1H),	7.93	–	7.89	(m,	1H),	7.87	–	7.82	(m,	2H),	7.64	–	7.56	(m,	2H),

7.52	(dd,	J	=	8.3,	1.7	Hz,	1H),	7.47	–	7.40	(m,	1H),	7.38	–	7.29	(m,	3H),	5.24	(s,	1H).

7.27.37.47.57.67.77.87.98.08.18.2
f1	(ppm)

A	(dd)
7.52

J(8.35,	1.69)

B	(m)
7.59

C	(m)
7.44

D	(m)
7.85

E	(m)
7.91

F	(m)
7.97

G	(m)
7.95

H	(ddd)
8.07

J(8.58,	0.73)

I	(m)
7.33

2.951.071.001.971.950.990.980.980.99
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7
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7
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7
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8
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[1,2’-Binaphthalen]-2-ol 478

1H-1H-COSY

1H-1H-NOE

7.207.257.307.357.407.457.507.557.607.657.707.757.807.857.907.958.008.058.108.15
f2	(ppm)

7.1

7.2

7.3

7.4

7.5

7.6

7.7

7.8

7.9

8.0

8.1

8.2

f1
	(
p
p
m
)

OH

5.05.56.06.57.07.58.08.59.09.5
f1	(ppm)

7
.3
1

7
.3
3

7
.9
6

NOE: OH irradiated

OH
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1-Methylnaphthalene 480

0102030405060708090100110120130140150160170180
f1	(ppm)
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1
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9

13C	NMR	(101	MHz,	Chloroform-d)	δ	134.4,	133.7,	132.7,	128.6,	126.7,	125.9,	125.8,	125.7,	125.7,	124.2,	19.5.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)
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1H	NMR	(600	MHz,	Chloroform-d)	δ	8.02	(d,	J	=	8.3	Hz,	1H),	7.86	(d,	J	=	7.8	Hz,	1H),

7.72	(d,	J	=	8.1	Hz,	1H),	7.54	(ddd,	J	=	8.5,	6.8,	1.6	Hz,	1H),	7.52	–	7.48	(m,	1H),	7.41	–

7.36	(m,	1H),	7.34	(d,	J	=	7.0	Hz,	1H),	2.72	(s,	3H).
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1-(Naphthalen-2-ylmethyl)naphthalene 481
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6
8
.8
3

1
0
7
.3
4

1
1
9
.2
41
2
3
.8
7

1
2
3
.9
3

1
2
5
.5
1

1
2
6
.0
9

1
2
6
.5
8

1
2
6
.6
4

1
2
6
.8
3

1
2
6
.9
7

1
2
7
.8
3

1
2
8
.8
7

1
2
9
.2
3

1
2
9
.3
1

1
2
9
.6
8

1
3
1
.7
5

1
3
2
.3
6

1
3
3
.9
7

1
3
4
.6
9

1
5
7
.0
0

O

123124125126127128129130
f1	(ppm)

1
2
3
.8
7

1
2
3
.9
3

1
2
5
.5
1

1
2
6
.0
9

1
2
6
.5
8

1
2
6
.6
4

1
2
6
.8
3

1
2
6
.9
7

1
2
7
.8
3

1
2
8
.8
7

1
2
9
.2
3

1
2
9
.3
1

1
2
9
.6
8

131.0132.0133.0134.0135.0
f1	(ppm)

1
3
1
.7
5

1
3
2
.3
6

1
3
3
.9
7

1
3
4
.6
9

13C	NMR	(101	MHz,	Chloroform-d)	δ	157.0,	134.7,	134.0,	132.4,	131.8,	129.7,	129.3,	129.2,	128.9,	127.8,

127.0,	126.8,	126.6,	126.6,	126.1,	125.5,	123.9,	123.9,	119.2,	107.3,	68.8.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
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1H	NMR	(400	MHz,	Chloroform-d)	δ	8.14	–	8.08	(m,	1H),	7.97	–	7.91	(m,	1H),	7.90	–	7.86	(m,	1H),	7.83	–	7.76	(m,

3H),	7.67	(dd,	J	=	6.9,	1.1	Hz,	1H),	7.60	–	7.52	(m,	2H),	7.52	–	7.44	(m,	2H),	7.40	–	7.33	(m,	2H),	7.29	–	7.24	(m,

1H),	5.63	(s,	2H).
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(1S,2S,5R)-2-Isopropyl-5-methylcyclohexan-1-ol 491
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f1	(ppm)
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13C	NMR	(126	MHz,	Chloroform-d)	δ	79.4,	74.9,	48.5,	40.6,	38.7,	34.8,	31.8,	30.6,	30.4,	26.9,	26.1,	26.1,	25.7,	23.5,	22.5,	21.1,	16.3.
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1H	NMR	(500	MHz,	Chloroform-d)	δ	3.42	(dd,	J	=	8.9,	5.9	Hz,	1H),	3.03	(dd,	J	=	8.9,	7.1	Hz,	1H),	2.96	(ddd,	J	=	10.6,	4.1	Hz,	1H),	2.29	–

2.18	(m,	1H),	2.13	–	2.05	(m,	1H),	1.87	–	1.76	(m,	1H),	1.76	–	1.47	(m,	8H),	1.41	–	1.10	(m,	5H),	1.03	–	0.71	(m,	15H).
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3-(Triethylsilyl)phenol 492
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13C	NMR	(101	MHz,	Chloroform-d)	δ	155.0,	139.8,	129.2,	126.8,	120.8,	115.8,	7.5,	3.5.
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f1	(ppm)
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1H	NMR	(400	MHz,	Chloroform-d)	δ	7.26	–	7.20	(m,	1H),	7.05	(ddd,	J	=	7.3,	1.0	Hz,	1H),	6.94	(dd,	J	=	2.8,	0.9	Hz,	1H),	6.81	(ddd,	J	=	8.0,	2.7,	1.0	Hz,

1H),	4.60	(s,	1H),	1.00	–	0.93	(m,	9H),	0.81	–	0.74	(m,	6H).
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1-(Benzyloxy)-3,5-dimethylbenzene 469
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13C	NMR	(101	MHz,	Chloroform-d)	δ	159.1,	139.4,	137.5,	128.7,	128.0,	127.6,	122.9,	112.7,	70.0,	21.6.
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1H	NMR	(400	MHz,	Chloroform-d)	δ	7.46	–	7.42	(m,	2H),	7.39	(ddd,	J	=	7.9,	6.8,	1.0	Hz,	2H),	7.36	–	7.29	(m,	1H),	6.65	–	6.61	(m,	3H),

5.04	(s,	2H),	2.30	(q,	J	=	0.6	Hz,	6H).
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1-((4-Methoxybenzyl)oxy)-3,5-dimethylbenzene 472
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13C	NMR	(101	MHz,	Chloroform-d)	δ	159.5,	159.1,	139.3,	129.5,	129.3,	122.8,	114.1,	112.7,	69.8,	55.4,	21.6.
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1H	NMR	(400	MHz,	Chloroform-d)	δ	7.39	–	7.32	(m,	2H),	6.97	–	6.88	(m,	2H),	6.64	–	6.59	(m,	3H),	4.96	(s,	2H),	3.83	(s,

3H),	2.30	(d,	J	=	0.7	Hz,	6H).
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2,2’-Oxydinaphthalene 474

0102030405060708090100110120130140150160170180
f1	(ppm)

1
1
4
.6
0

1
2
0
.2
6

1
2
4
.9
4

1
2
6
.7
0

1
2
7
.3
2

1
2
7
.9
1

1
3
0
.1
0

1
3
0
.4
3

1
3
4
.5
0

1
5
5
.1
9

O

124125126127128129130131
f1	(ppm)

1
2
4
.9
4

1
2
6
.7
0

1
2
7
.3
2

1
2
7
.9
1

1
3
0
.1
0

1
3
0
.4
3

13C	NMR	(101	MHz,	Chloroform-d)	δ	155.2,	134.5,	130.4,	130.1,	127.9,	127.3,	126.7,	124.9,	120.3,	114.6.
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1H	NMR	(400	MHz,	Chloroform-d)	δ	7.91	–	7.82	(m,	4H),	7.75	–	7.69	(m,	2H),	7.51	–

7.40	(m,	4H),	7.39	(d,	J	=	2.4	Hz,	2H),	7.34	(dd,	J	=	8.9,	2.4	Hz,	2H).

O
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1-((Naphthalen-2-yloxy)methyl)naphthalene 479

0102030405060708090100110120130140150160170180190
f1	(ppm)
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13C	NMR	(101	MHz,	Chloroform-d)	δ	157.0,	134.7,	134.0,	132.4,	131.8,	129.7,	129.3,	129.2,	128.9,	127.8,

127.0,	126.8,	126.6,	126.6,	126.1,	125.5,	123.9,	123.9,	119.2,	107.3,	68.8.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)
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7.17.27.37.47.57.67.77.87.98.08.18.28.3
f1	(ppm)

B	(m)
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J(6.94,	1.13)

D	(m)
7.79

E	(m)
7.88

F	(m)
7.93

G	(m)
7.26

H	(m)
7.37

I	(m)
7.56

J	(m)
7.48
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1H	NMR	(400	MHz,	Chloroform-d)	δ	8.14	–	8.08	(m,	1H),	7.97	–	7.91	(m,	1H),	7.90	–	7.86	(m,	1H),	7.83	–	7.76	(m,

3H),	7.67	(dd,	J	=	6.9,	1.1	Hz,	1H),	7.60	–	7.52	(m,	2H),	7.52	–	7.44	(m,	2H),	7.40	–	7.33	(m,	2H),	7.29	–	7.24	(m,

1H),	5.63	(s,	2H).
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2-(3-Phenylpropoxy)naphthalene 482

0102030405060708090100110120130140150160170180
f1	(ppm)
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13C	NMR	(101	MHz,	Chloroform-d)	δ	157.1,	141.7,	134.7,	129.5,	129.1,	128.7,	128.6,

127.8,	126.8,	126.4,	126.1,	123.7,	119.1,	106.8,	67.0,	32.4,	30.9.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(m)
2.19

B	(dd)
2.88

J(8.29,	6.84)

C	(t)
4.10
J(6.27)

D	(dd)
7.71

J(8.20,	1.05)

E	(m)
7.77

F	(ddd)
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J(8.22,	6.87,	1.30)

G	(d)
7.11
J(2.49)

H	(dd)
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J(8.91,	2.53)
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J	(m)
7.32
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f1	(ppm)
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1H	NMR	(400	MHz,	Chloroform-d)	δ	7.80	–	7.73	(m,	2H),	7.71	(dd,	J	=	8.2,	1.0	Hz,	1H),	7.44	(ddd,	J	=	8.2,	6.9,	1.3	Hz,	1H),

7.36	–	7.28	(m,	3H),	7.27	–	7.20	(m,	3H),	7.18	(dd,	J	=	8.9,	2.5	Hz,	1H),	7.11	(d,	J	=	2.5	Hz,	1H),	4.10	(t,	J	=	6.3	Hz,	2H),

2.88	(dd,	J	=	8.3,	6.8	Hz,	2H),	2.25	–	2.13	(m,	2H).
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2-(((1S,2R,5R)-2-Isopropyl-5-methylcyclohexyl)oxy)naphthalene 488
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13C	NMR	(101	MHz,	Chloroform-d)	δ	156.3,	134.9,	129.5,

128.9,	127.7,	126.7,	126.3,	123.4,	119.9,	108.0,	73.4,	48.0,

37.6,	35.2,	29.5,	26.4,	25.1,	22.4,	21.3,	21.0.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(ddd)
7.30

J(8.15,	6.85,	1.25)

B	(ddd)
7.41

J(8.21,	6.86,	1.30)

C	(m)
7.14

D	(ddd)
7.74

J(8.41,	0.93)

E	(dd)
7.70

J(8.22,	0.92)

F	(m)
4.79

G	(ddd)
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J(13.93,	3.55,	2.26)
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J(6.73)
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J(6.70)
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1H	NMR	(400	MHz,	Chloroform-d)	δ	7.74	(ddd,	J	=	8.4,	0.9	Hz,	2H),	7.70

(dd,	J	=	8.2,	0.9	Hz,	1H),	7.41	(ddd,	J	=	8.2,	6.9,	1.3	Hz,	1H),	7.30	(ddd,	J	=

8.1,	6.8,	1.2	Hz,	1H),	7.19	–	7.10	(m,	2H),	4.85	–	4.70	(m,	1H),	2.23	(ddd,	J

=	13.9,	3.5,	2.3	Hz,	1H),	1.85	–	1.57	(m,	5H),	1.14	–	0.97	(m,	3H),	0.95	(d,

J	=	6.7	Hz,	3H),	0.88	(d,	J	=	6.7	Hz,	3H),	0.82	(d,	J	=	6.6	Hz,	3H).
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(((1R,2R,5R)-2-Isopropyl-5-methylcyclohexyl)oxy)benzene 489

0102030405060708090100110120130140150160170180190
f1	(ppm)
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13C	NMR	(101	MHz,	Chloroform-d)	δ	158.5,	129.6,	120.5,	116.0,	77.6,	48.2,	40.5,	34.7,	31.6,	26.2,	23.9,	22.3,	20.9,	16.7.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(m)
7.26

B	(m)
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C	(ddd)
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J(10.56,	4.17)
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1H	NMR	(400	MHz,	Chloroform-d)	δ	7.31	–	7.22	(m,	2H),	6.95	–	6.86	(m,	3H),	4.03	(ddd,	J	=	10.6,	4.2	Hz,	1H),	2.23	(qd,	J	=	7.0,	2.8	Hz,	1H),	2.16

(dtd,	J	=	12.5,	3.9,	1.9	Hz,	1H),	1.77	–	1.68	(m,	2H),	1.57	–	1.38	(m,	2H),	1.17	–	0.87	(m,	9H),	0.78	(d,	J	=	7.0	Hz,	3H).
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(1R,2R,4R)-2-(Cyclohexylmethoxy)-1-isopropyl-4-methylcyclohexane 493

0102030405060708090100110120130140150160170180
f1	(ppm)
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13C	NMR	(126	MHz,	Chloroform-d)	δ	79.4,	74.9,	48.5,	40.6,	38.7,	34.8,	31.8,	30.6,	30.4,	26.9,	26.1,	26.1,	25.7,	23.5,	22.5,	21.1,	16.3.
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1H	NMR	(500	MHz,	Chloroform-d)	δ	3.42	(dd,	J	=	8.9,	5.9	Hz,	1H),	3.03	(dd,	J	=	8.9,	7.1	Hz,	1H),	2.96	(ddd,	J	=	10.6,	4.1	Hz,	1H),	2.29	–

2.18	(m,	1H),	2.13	–	2.05	(m,	1H),	1.87	–	1.76	(m,	1H),	1.76	–	1.47	(m,	8H),	1.41	–	1.10	(m,	5H),	1.03	–	0.71	(m,	15H).
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9,10-Dihydroanthracene 502

102030405060708090100110120130140150160170
f1	(ppm)
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13C	NMR	(101	MHz,	Chloroform-d)	δ	136.8,	127.5,	126.2,	36.3.
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1H	NMR	(400	MHz,	Chloroform-d)	δ	7.31	(dd,	J	=	5.5,	3.4	Hz,	4H),	7.21	(dd,	J	=	5.6,	3.3	Hz,	4H),	3.96	(s,	4H).
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Phenyltriethylsilane 503

0102030405060708090100110120130140150160170180
f1	(ppm)
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13C	NMR	(101	MHz,	Chloroform-d)	δ	137.6,	134.3,	128.8,	127.8,	7.5,	3.5.
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1H	NMR	(400	MHz,	Chloroform-d)	δ	7.54	–	7.45	(m,	2H),	7.38	–	7.33	(m,	3H),	1.01	–	0.95	(m,	9H),	0.86	–	0.77	(m,	6H).
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tert-Butoxytriethylsilane 296
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13C	NMR	(101	MHz,	Chloroform-d)	δ	71.6,	32.2,	7.2,	6.8.
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1H	NMR	(400	MHz,	Chloroform-d)	δ	1.24	(s,	9H),	0.95	(t,	J	=	7.9	Hz,	9H),	0.57	(q,	J	=	8.0	Hz,	6H).
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9,10-Dihydroanthracene-(9,10)-d2 502-(9,10)-d2
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13C	NMR	(101	MHz,	CDCl3)	δ	136.78,	127.51,	126.21,	36.29	(non-deuterated	compound),	35.9	(t,	J	=	19.4	Hz).
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1H	NMR	(400	MHz,	Chloroform-d)	δ	7.30	(dd,	J	=	5.4,	3.4	Hz,	4H),	7.23	–	7.17	(m,	4H),	3.95	(s,	0.16H),	3.93	(t,	J	=	2.3	Hz,	1.51H).
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DH
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9,10-Dihydroanthracene-(9,10)-d2 502-(9,10)-d2
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DH 2H	NMR	(61	MHz,	)	δ	3.96,	3.92.
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9,10-Dihydrophenanthrene 509
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13C	NMR	(101	MHz,	Chloroform-d)	δ	137.5,	134.6,	128.3,	127.5,	127.1,	123.8,	29.2.
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1H	NMR	(400	MHz,	Chloroform-d)	δ	7.77	(ddd,	J	=	7.6,	0.9	Hz,	2H),	7.32	(ddd,	J	=	7.7,	5.4,	3.5	Hz,	2H),	7.28	–	7.21	(m,	4H),	2.89	(s,	4H).
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1,2-Diphenylethane 513
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f1	(ppm)
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13C	NMR	(101	MHz,	Chloroform-d)	δ	141.9,	128.6,	128.5,	126.1,	38.1.
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1H	NMR	(400	MHz,	Chloroform-d)	δ	7.32	–	7.26	(m,	4H),	7.23	–	7.17	(m,	6H),	2.93	(s,	4H).
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9,10-Dihydroacridine 516

0102030405060708090100110120130140150160170180
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13C	NMR	(151	MHz,	Chloroform-d)	δ	140.3,	128.7,	127.1,	120.8,	120.2,	113.6,	31.5.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

D	(s)
4.06

E	(s)
5.94

2.021.07

1
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4

4
.0
6

5
.3
0

5
.9
4

NH

1H	NMR	(400	MHz,	Chloroform-d)	δ	7.14	–	7.06	(m,	4H),	6.86	(ddd,	J	=	7.4,	7.4,	1.2	Hz,

2H),	6.67	(dd,	J	=	7.8,	1.1	Hz,	2H),	5.94	(s,	1H),	4.06	(s,	2H).

6.606.656.706.756.806.856.906.957.007.057.107.15
f1	(ppm)

A	(dd)
6.67

J(7.81,	1.15)

B	(td)
6.86

J(7.41,	1.17)

C	(m)
7.09

2.002.044.15
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1,2,3,4-Tetrahydroquinoline 518

0102030405060708090100110120130140150160170180
f1	(ppm)
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13C	NMR	(151	MHz,	Chloroform-d)	δ	144.4,	129.7,	126.9,	121.9,	117.5,	114.7,	42.1,	27.0,	22.2.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(m)
6.97

B	(ddd)
6.64

J(7.37,	1.20)

C	(dd)
6.53

J(7.84,	1.12)

D	(m)
3.32

E	(t)
2.78
J(6.42)

F	(m)
1.97

G	(s)
3.87

2.141.992.061.440.890.962.00
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1H	NMR	(400	MHz,	Chloroform-d)	δ	7.02	–	6.93	(m,	2H),	6.64	(ddd,	J	=	7.4,	7.4,	1.2	Hz,	1H),	6.53	(dd,	J	=	7.8,	1.1	Hz,	1H),

3.87	(s,	1H),	3.36	–	3.27	(m,	2H),	2.78	(t,	J	=	6.4	Hz,	2H),	2.00	–	1.92	(m,	2H).

6.456.506.556.606.656.706.756.806.856.906.957.007.05
f1	(ppm)

A	(m)
6.97

B	(ddd)
6.64

J(7.37,	1.20)

C	(dd)
6.53

J(7.84,	1.12)

0.890.962.00
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9,10-Dihydroanthracene-9-carbonitrile 522

0102030405060708090100110120130140150160170180
f1	(ppm)

/Users/Simon1/Documents/Documents/1_PhD/Strathclyde/Research/1_Analysis/_NMR/2/2237-D285010/2/fid
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N 13C	NMR	(101	MHz,	Chloroform-d)	δ	136.2,	130.9,	128.4,	128.1,	127.2,	126.7,	118.4,	37.2,	35.7.
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0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

/Users/Simon1/Documents/Documents/1_PhD/Strathclyde/Research/1_Analysis/_NMR/2/2237-D285010/1/fid

A	(m)
7.63

B	(m)
7.34

C	(dd)
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J(2.37,	1.03)

D	(d)
4.10

J(17.84)

E	(dd)
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J(17.87,	2.41)
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1H	NMR	(400	MHz,	Chloroform-d)	δ	7.66	–	7.60	(m,	2H),	7.42	–	7.29	(m,	6H),	5.05	(dd,	J	=	2.4,	1.0	Hz,	1H),	4.10	(d,	J	=	17.8	Hz,	1H),	3.94	(dd,	J	=	17.9,	2.4

Hz,	1H).
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f1	(ppm)
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3.94.04.14.24.34.44.54.64.74.84.95.05.15.2
f1	(ppm)
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9-Methyl-9,10-dihydroanthracene 523

0102030405060708090100110120130140150160170180
f1	(ppm)
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13C	NMR	(101	MHz,	Chloroform-d)	δ	141.9,	135.9,	127.8,	127.0,	126.5,	126.1,	41.2,	35.3,	23.6.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(m)
7.35

B	(m)
7.26

C	(q)
4.10
J(7.24)

D	(d)
4.19

J(18.26)

E	(d)
3.95

J(18.22)

F	(d)
1.50
J(7.23)
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7.057.107.157.207.257.307.357.407.457.50
f1	(ppm)
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1H	NMR	(400	MHz,	Chloroform-d)	δ	7.40	–	7.31	(m,	4H),	7.31	–	7.21	(m,	4H),	4.19	(d,	J	=	18.3

Hz,	1H),	4.10	(q,	J	=	7.2	Hz,	1H),	3.95	(d,	J	=	18.2	Hz,	1H),	1.50	(d,	J	=	7.2	Hz,	3H).
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9,10-Dimethyl-9,10-dihydroanthracene 524

0102030405060708090100110120130140150160170180
f1	(ppm)
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13C	NMR	(101	MHz,	Chloroform-d)	δ	141.4,	140.6,	127.9,	126.3,	126.3,	125.9,	40.1,	38.6,	28.6,	18.9.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(dd)
7.43

J(5.59,	3.39)

B	(dd)
7.34

J(5.58,	3.42)

C	(ddd)
7.28

J(5.32,	3.30)

D	(m)
4.14

E	(d)
1.62
J(7.30)

F	(d)
1.68
J(7.16)

2.133.722.003.721.392.32
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7.157.207.257.307.357.407.457.50
f1	(ppm)

A	(dd)
7.43

J(5.59,	3.39)

B	(dd)
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C	(ddd)
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J(5.32,	3.30)

3.721.392.32

7
.2
5

7
.2
6

7
.2
7

7
.2
7

7
.2
8

7
.2
9

7
.3
0

7
.3
1

7
.3
2

7
.3
3

7
.3
4

7
.3
5

7
.3
6

7
.3
6

7
.3
7

7
.4
1

7
.4
2

7
.4
3

7
.4
3

7
.4
4

7
.4
5

4.04.14.24.3
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1H	NMR	(400	MHz,	Chloroform-d)	δ	7.43	(dd,	J	=	5.6,	3.4	Hz,	2H),	7.34	(dd,	J	=	5.6,	3.4	Hz,	1H),	7.28	(ddd,	J	=	5.3,	3.3

Hz,	4H),	4.19	–	4.09	(m,	2H),	1.68	(d,	J	=	7.2	Hz,	6H,	trans-isomer),	1.62	(d,	J	=	7.3	Hz,	6H,	cis-isomer).
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1,4-Dihydronaphthalene 510

0102030405060708090100110120130140150160170
f1	(ppm)
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13C	NMR	(101	MHz,	Chloroform-d)	δ	134.4,	128.6,	126.0,	124.9,	29.9.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

3
.4
1

3
.4
1

5
.9
4

7
.1
4

7
.1
5

7.107.15
f1	(ppm)
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1H	NMR	(400	MHz,	Chloroform-d)	δ	7.19	–	7.11	(m,	4H),	5.94	(q,	J	=	1.5	Hz,	2H),	3.41	(d,	J	=	1.4	Hz,	4H).
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Diphenylacetylene 512

0102030405060708090100110120130140150160170180
f1	(ppm)
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13C	NMR	(101	MHz,	Chloroform-d)	δ	131.7,	128.5,	128.4,	123.4,	89.5.

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1	(ppm)

A	(m)
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B	(m)
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1H	NMR	(400	MHz,	Chloroform-d)	δ	7.60	–	7.52	(m,	4H),	7.42	–	7.31	(m,	6H).
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f1	(ppm)
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Anthracen-9-yl(pyrrolidin-1-yl)methanone 525

0102030405060708090100110120130140150160170180190200210
f1	(ppm)
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13C	NMR	(101	MHz,	Chloroform-d)	δ	168.9,	132.5,	131.4,	128.8,	127.7,	127.4,	126.9,	125.6,	125.0,	47.8,	45.8,	26.1,	24.9.
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f1	(ppm)
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8.46

B	(m)
8.02

C	(m)
7.93

D	(m)
7.49

E	(t)
3.98
J(7.08)
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J(6.81)

1.972.081.991.984.001.931.780.80
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1H	NMR	(400	MHz,	Chloroform-d)	δ	8.46	(s,	1H),	8.06	–	7.99	(m,	2H),	7.96	–	7.90	(m,	2H),	7.55	–	7.44	(m,	4H),	3.98	(t,	J	=	7.1	Hz,	2H),	2.93	(t,

J	=	6.9	Hz,	2H),	2.05	(tt,	J	=	6.9,	6.9	Hz,	2H),	1.81	(tt,	J	=	6.8,	6.8	Hz,	2H).
ON
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Da steh’ ich nun, ich armer Tor! Und bin so klug als wie zuvor.
      Johann Wofgang von Goethe, Faust: Der Tragödie Erster Teil
       


