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Abstract

Abstract

The transition metal-free reaction conditions that couple haloarenes to benzene
using a combination of KO'Bu and an organic additive is proposed to be initiated by
asingle electron transfer (SET) into the haloarene. It was initially believed that KO'Bu
was the electron donor, however mounting experimental evidence suggests that
electron donors are formed in situ. Within this thesis, both of these potential initiation

pathways are investigated.

Experimental evidence is presented to support the proposal that the electron-rich
enolate anion 6 (formed by deprotonation of the additive N,N-dipropylketopiperazine
5) acts as an electron donor (Scheme 1). When the additive 7 was used in the
transition metal-free reactions, the cyclised product 10 was isolated, which arose by
SET from the enolate anion 8.

Computational analysis has shown that when DMF is used as the additive in these
transition metal-free reaction conditions, the electron donors, 13 or 14, can form from
the dimerisation of the carbamoyl anion of DMF. This work lead towards the

development of new additives for these transition metal-free reaction conditions.

Computational analysis and experimental evidence is presented that puts into
question the previously proposed mechanism that KO'Bu can donate a single
electron to CBrs4 in the bromination of adamantane (Scheme 2). It is proposed that
alkoxides, like 16, form hypobromite intermediates when reacted with CBra 15 (rather
than undergoing SET) and these hypohalites have been shown to successfully

achieve this transformation.

These transition metal-free reaction conditions have been used to achieve Srn1
reactions to couple aryl halides with enolate anions (Scheme 3). A thorough study
of the reaction mechanism and possible selectivity of reaction pathways, between

SrN1 and aryl-aryl bond formations, was performed. The conclusion is that neither
1



Abstract

photoactivation nor transition metal-induced activation is needed, and solvent is
shown to influence the product selectivity.

S &= t:
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Electron donor

o Fr
T OtBu O _N OBu
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Scheme 1 The proposal of the formation electron donors from N,N’-dipropylketoplperazine

5 and DMF 11 that can donate a single electron to haloarenes, such as 1, in the transition
metal-free coupling reactions.

Mechanism proposed in this thesis Previously proposed mechanism
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© /_\ o)
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Scheme 2 The formation of radical species from the reaction of alkoxides, like 16, with

tetrabromomethane occurs through the formation of hypobromites like 17, as opposed to
SET from alkoxide 16, as previously proposed.
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Scheme 3 Transition metal-free reaction conditions used to activate haloarenes to form aryl
radicals in Srn1 cyclisation of substrate 22 and analogues.
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Chapter 1. Literature review

In the approach towards greener chemical syntheses, chemists are driven towards
finding alternative reaction conditions to achieve the conventional palladium cross-
coupling reactions. Efforts are made to use more abundant transition metals, such
as nickel, copper and iron,>2 to replace palladium or other heavy metals. Recent
discoveries have shown that transition metal-free reaction conditions can be
employed to achieve aryl-aryl bond formations or Heck-type couplings of aryl halides
to either unactivated arenes or alkenes respectively. Due to the predominance of
biaryl motifs in pharmaceutical molecules and biologically active compounds, it is
desirable to focus on aryl-aryl bond formations. This chapter provides an introduction
to the discovery and development of the transition metal-free approaches to aryl-aryl
bond formations, which are otherwise commonly achieved using expensive
transition metals, such as gold or palladium. Section 1.1 briefly describes the more
conventional reaction conditions to achieve aryl-aryl bond formations, which involve
transition metals, in particular palladium. Section 1.2 summarises the early work
performed in the area of transition metal-free aryl-aryl bond formations, such as 1)
through benzyne intermediates, 2) using the base-promoted homolytic aromatic
substitution (BHAS) mechanism and 3) light irradiation (hv). Section 1.3 describes
the small progression that has been made into using these transition metal-free
reaction conditions to achieve alternative bond formations, such as coupling aryl
halides to alkenes. Section 1.4 describes the recent debate within the literature as
to the nature of the electron donor inthe initiation step in the BHAS pathway. These
reviews have instigated experimental and computational studies reported in this

thesis.

1.1 Aryl-aryl bond formations using transition metals

There is a large and diverse appearance of biaryl motifs in commercial applications,
such as pharmaceutical drugs, herbicides and within the materials science domain.
The first reported successful symmetrical biaryl synthesis was published by Ullmann
at the start of the last century, who observed the coupling between two identical aryl
halides via a copper-mediated aryl-aryl bond formation.3 Over the last century, the

use of transition metals as catalysts for biaryl synthesis has expanded; catalytic
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amounts of nickel*> successfully couple aryl halides to form biaryl structures using
zinc dust as a reductant in the system, but the most popular transition metal used
for these transformations is palladium, which efficiently performs cross-coupling
reactions between an aryl halide and an organometallic reagent. The organometallic
reagents employed range from aryl-magnesium bromides® or aryl-zinc halides’® as
the nucleophile, to aryl-tin® or aryl-boron® reagents. The latter organometallic
reagent for the palladium-catalysed cross-coupling reactions, used in the Suzuki
reaction,10 is nowadays applied as a general synthetic tool for all organic chemists
(Scheme 1.1). The importance of these palladium-catalysed cross-coupling
reactions was even recognised with the Nobel prize in chemistry in 2010, which was

awarded to Heck, Negishi and Suzuki for their contributions to this field.1!

OH Pd(PPhg), (0.03 eq.), Na,COj3 (2 eq.) O
Br B\OH benzene, reflux, 6 h
R + R

1.1aR = o-Me 1.2(1.1eq.) 1.3a 94%
1.1b R = p-Me 1.3b 88%
1.1¢c R = 0-OMe 1.3¢ 99%
1.1d R = p-OMe 1.3d 66%
1.1e R = p-Cl 1.3e 89%
1.1f R = p-CO,Me 1.3f 94%
1.1g R = o,m,p-Me (17 h) 1.39 80%
1.1h R = p-Br (12 h) 1.3i 40% (R = Ph)

Scheme 1.1 The reaction of aryl bromides 1.1a-h with phenylboronic acid 1.2 in a Suzuki
reaction.

An alternative approach to the formation of these biaryl motifs is the application of
C-H activation reactions. Heavy transition metals, such as ruthenium,1214 rhodium,>
17 jridium!® and palladium,'®-?! are capable of coupling one activated aryl substrate,
such as an aryl halide or arylboronate, through C-H activation with a non-activated

aromatic substrate (Scheme 1.2).
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A) Me
o o/jLMe RuH,(CO)(PPha)s (0.02 eq.) R O

|
B toluene, reflux, 1 h
R + R
Ph

1.4aR'=H; R2=Me (2 eq.) 1.5(1eq) 1.6a R'=H; R? = Me; R® = Ph; 60%
1.4bR'=H; R2='Pr(2eq.) 1.6b R' = H; R? = Pr; R® = Ph; 76%
1.4cR'=H; R? = Bu (2 eq. 1.6c R'=H; R2=1Byu;R3=H; 95%

)
1.4d R' = p-OMe; R% = Bu (2 eq.) 1.6d R'=p-OMe; R?=Bu;R®*=H; 78%
14eR'=p-F; R%?='Bu(2eq.)(2h) 1.6e R'=p-F; R?=Bu;R®*=H; 88%
1.4f R' = 0-CF5;; R2=Me (2eq.) 1.6f R'=0-CF; R?=Me;R®="Ph; 90%

B) [Cp*IrHCI], (0.05 - 0.1 eq.)
I KO'BuU (3.3 eq.), 80 °C, 30 h
SO >

1.7a R = o-Me 1.8 (40 eq.) 1.3a 43%
1.7b R = p-Me 1.3b 56%
1.7¢ R = 0-OMe 1.3c 32%
1.7d R = p-OMe 1.3d 66%
1.7j R = 3,5-dimethyl 1.3] 51%
1.7kR=H 1.3k 72%

Scheme 1.2 Examples of aryl-aryl bond formations through C-H activation: A) Ruthenium-
catalysed cross-coupling of phenylboronate 1.5 with unactivated aryl ketones 1.4a-f.** B)
Iridium-catalysed cross-coupling of iodoarenes 1.7a-d,j-k with unactivated benzene 1.8.18

In the drive towards greener chemistry, researchers have focused efforts on
attempting to eliminate heavy transition metals from synthesis, with the aim of using
more sustainable and non-toxic reagents. The current methods to synthesise these
scaffolds using heavy transition metal-mediated coupling reactions are very efficient,
well known and well studied, and can provide stereo- and regioselectivity. However,
these methods have their drawbacks, one drawback is that the metals used are very
expensive. Hence, alternatives have been investigated to achieve the aryl-aryl bond
formations using cheaper and abundant metals such as nickel?? and copper.?®
Recent success was reported that used inexpensive first row transition metals, such
asiron and cobalt, in combination with NaO'Bu, to achieve a range of reactions, such
as hydroboration, hydrosilylation, hydrovinylation, hydrogenation and [2+2] alkene
cycloaddition.? The second drawback is that the purification of these metals from
final products, such as drug-like molecules, can be a laborious and costly process.
Trace metal impurities within the final compounds can be hazardous to the
consumers’ health and thus there is a drive towards the elimination of transition

metals from biaryl synthesis.
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In 2003, Leadbeater et al. reported the first supposed transition metal-free Suzuki-
type coupling reaction of various aryl halides with electron-poor or electron-neutral
arylboronic acids in water under microwave (UW) conditions. In the initial
investigations they were wusing palladium acetate as the catalyst and
tetrabutylammonium bromide (TBAB) as an additive.?* Whilst investigating the role
of TBAB in the Suzuki coupling of 4-bromoacetophenone 1.1l to phenylboronic acid
1.2 they observed that, under appropriate conditions, high yields of 1-([biphenyl]-4-
yl)ethan-1-one 1.3l were achieved in the absence of palladium (Scheme 1.3).2°
Pd(OAc), (0.4 mol%)

TBAB (1 eq.), Na,CO3 (3 eq.)
H,0, 150 °C, 5 min, pW
@ o wo LD

o)
12 (1.0 eq) 1.3191%

TBAB (1 eq.), Na;COj (3.8 eq.) O
H,0, 150 °C, 5 min, uW
@ wo L)

o
1.11 (1.3 eq.) 1.3198%

Scheme 1.3 Leadbeater et al.?42° reported a supposed transition metal-free Suzuki reaction.

Within another publication, Leadbeater et al. reported the measures they had taken
to assess the absence of transition metals in this coupling.?® The measures taken
involved using new glassware and apparatus, as well as new reagents provided by
different suppliers. With all these precautions, they achieved reproducible yields of
coupling for all reactions performed. Finally, the crude mixture of the reaction, both
the organic and the aqueous phases, was analysed by inductively coupled plasma
atomic emission spectrometry (ICP-AES) to determine the content of palladium and
other metals. No palladium content was found within the limit of detection (LOD) of
the instrument (LOD quoted at < 0.1 ppm), and other metals that are known to
activate aryl halides were found in very low quantities: nickel, platinum and copper
were present at levels of < 0.5 ppm, and ruthenium was present at levels of < 1.0
ppm. This method was therefore reported as the first transition metal-free Suzuki

reaction. These publications, however, received a lot of scrutiny because they

8
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boasted the first transition metal-free biaryl synthesis, and in 2005, Leadbeater et al.
chose to reassess the paper after publications by de Vries et al. stated that Heck
reactions could be performed with ligand-free palladium in low amounts (0.01
mol%).2” Upon revisiting the paper, Leadbeater et al. reported that the commercially
supplied Na2COs3 contained trace palladium contaminants (< 50 ppb), that they

suggested was capable of promoting the coupling.28

1.2 Transition metal-free aryl-aryl bond formations

With the increasing cost of transition metal catalysts, and the requirement for costly
separation and recovery of heavy metals from waste-streams, the attractions of the
transition metal-free couplings are clear. There are three types of transition metal-
free aryl-aryl bond formations that can take place with aryl halides under basic
conditions: 1) nucleophilic aromatic substitution, 2) benzyne coupling reactions and,
more recently, 3) the base-promoted homolytic aromatic substitution (BHAS)
reaction. In reactions like the latter, where electron transfer is involved, light

irradiation can also be used to achieve these aryl-aryl bond formations.

1.2.1 Benzyne pathway

In 2008, Daugulis et al. reported a transition metal-free intramolecular aryl-aryl bond
formation of 3-(2-halobenzyloxy)phenols 1.9a-i (Scheme 1.4).2° In the presence of

KO'Bu, intramolecular aryl-aryl bond formation of 3-(2-halobenzyloxy)phenols 1.9a-
i was observed to afford regioisomeric coupled products. The regioisomers 1.10b
and 1.11b were identified as products arising from the reaction of 1.9b. The
proposed mechanism involves the formation of the benzyne intermediate 1.12, from
the reaction of 1.9b and a strong base, such as KO'Bu (the benzyne intermediate
was confirmed by deuteration studies). The phenol undergoes cyclisation onto the
benzyne in the ortho position to yield 1.15, and ultimately 1.10b upon protonation
(alternatively, cyclisation may occur in the para position to form 1.11b). This
approach to use benzyne intermediates for the formation of aryl-aryl bonds has also
been applied intermolecularly by Daugulis et al. to couple heterocycles to aryl

halides,2® and anilines to aryl halides, at the ortho position to the nitrogen.3!
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A) oH KO'Bu (2.5 eq.) OH O R? O R2
X dioxane, 140 °C, 16 h +
R! R O R1
O/\<>>R2 HO

o O

1.9aR'=H; R?=H; X=1 110a:1.11a  77% (1.4:1)
1.9bR'=H; R2 = H; X =Br 1.10b:1.11b  96% (3.2: 1)
1.9cR'=H; RZ = H; X=Cl 110c:1.11c  69% (3.6:1)
1.9d R' = m-OMe; R?=H; X =Br 1.10d : 1.11d 97% (5.5:1)
1.9e R'=m-Me; R2=H; X =Br 1.10e:1.11e  96% (1.1:1)
1.9f R"=0-Me; R2=H; X =Br 1.10f : 1.11f  64% (0.0: 1)
1.9g R" = 0,p-di'Bu; R? = H; X =Br 1.10g : 1.11g 93% (1.0:0)
1.9h R" = H; R2=p-CF;; X=Br 1.10h:1.11h  85% (1.2:1)
1.9i R'=H; R2 = p-OMe; X = Br 1.10i : 1.11i 80% (2.8:1)
B) o

OH 0

o [E—~ | [ 0503
B hoat H HO'Bu
@ et o o
o -HO®BuU O/\© -0'Bu

- KBr 0

1.9b 1.12 1.13 1.14

OH HO'Bu 8
= L
S
O -OBu O
o}

1.10b 1.15

Scheme 1.4A) Daugulis reported intramolecular cyclisation B) and proposed a benzyne
pathway.?®

1.2.2 Base-promoted homolytic aromatic substitution pathway

1.2.2.1 Intermolecular couplings

The first reported transition metal-free aryl-aryl bond formation between haloarenes
and unactivated aromatic coupling partners was reported in 2008 by ltami et al.3?
During the optimisation of an iridium-catalysed cross-coupling reaction between
iodobenzene 1.7k and pyridine 1.16, in the presence of KO'Bu, they reported that
phenylpyridine 1.17 was still formed as a mixture of isomers (2-phenylpyridine, 3-
phenylpyridine and 4-phenylpyridine), even when the iridium catalyst was omitted
(Scheme 1.5A). To further investigate the reaction conditions and the substrate

scope, ltami et al. coupled various iodoarenes 1.7 to pyrazine 1.18 with moderate to

10
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high yields (64 - 98%) (Scheme 1.5B). The reaction was carried out under thermal
conditions (120 °C, 13 h) instead of microwave irradiation, giving a higher yield of
1.19k (79%).

A)

Ir complex (5 mol%)
KOBu (3.3 eq.)

: . Ir complex Yield 1.17
| X 80 °C, 30 min, uW A
©/ o _ [Cp*ItHCI], 30%
N N [Cp*IrCly], 32%
[IrCl(cod)], 17%
1.7k 1.16 1.17
(solvent) Ir(acac)(cod) 18%
IrtH(CO)(PPhg)s 29%
IrCI(CO)(PPhg)s 41%
none 39%
B)
KOBu (1.5 eq.) N
N o i =
| N 50 °C, 5 min, uW \ j
SN ® v
N R
1.7d R = p-OMe 1.18 1.19d 83%
1.7m R =m-OMe (40eq) 1.19m 64%
1.7k R=H 1.19k 98% (79%)*

®Reaction performed under thermal conditions at 120 °C for 13 h (no pW irradiation)

Scheme 1.5A) ltami et al.*? reported the first transition metal-free coupling of iodobenzene
with pyridine in the presence of KO'Bu alone. B) Itami et al.*> coupled pyrazine with
haloarenes in the absence of transition metals.

Due to Leadbeater’s research,?® which showed that even 50 ppb of palladium
present in Na2COs was capable of catalysing the Suzuki reaction, Itami et al.3? took
precautions and did numerous experiments to ensure that their reactions were
indeed transition metal-free. The mechanism proposed involves the generation of an
aryl radical from the iodoarene because when radical scavengers, such as
galvinoxyl, TEMPO and acrylonitrile, were added to the reaction, only trace yields of
product (< 1%) were observed, thus indicating that the mechanism involves radical
intermediates. It should be noted at this point that the addition of new additives, such
as TEMPO, to the reaction mixture may also divert the reactions towards other
mechanisms that are not present in their absence. Therefore, caution should be
made when deducing concrete conclusions from the addition of new additives, such
as radical scavengers, into the reaction mixture.
This research reported by ltami et al. initiated a large effort to identify alternative
conditions to achieve transition metal-free aryl-aryl bond formations, and to
11
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investigate the mechanism involved. In 2010, several research groups reported
similar reactions to that reported by ltami et al., however they observed transition
metal-free coupling between haloarenes and benzene, inthe presence of KO'Bu and
an organic additive. Kwong and Lei et al.33 showed that, in the presence of KO'Bu
and several simple organic molecules as additives, 4-iodotoluene 1.7b can couple
to benzene via radical intermediates, in the absence of transition metals (Scheme
1.6). The correct precautions were taken to ensure that the reaction was not

promoted by trace metal catalysts in the reaction mixture.

Additive | Yield 1.3b

additive (20 mol%)
| KO'Bu (3 eq.), 80 °C O L-proline 1.20 34%
+ N,N'-dimethylethylenediamine 1.21 84%
Me O N,N*tetramethylethylenediamine 1.22 0%
Me
1.7b 1.8

ethane-1,2-diamine 1.23 81%

. 1.3b 2-aminoethane-1-ol 1.24 67%
(solvent) cis-cyclohexane-1,2-diol 1.25 81%
trans-cyclohexane-1,2-diol 1.26 22%

pyridine 1.16 trace

pyrazine 1.18 trace

Scheme 1.6 Kwong and Lei et al. reported aryl-aryl bond formation promoted by KO'Bu and
various organic additives.

During the optimisation of the reaction conditions, the most efficient additive
identified was N,N'-dimethylethylenediamine (DMEDA) 1.21. They suggested that
DMEDA, and the other additives, were acting as “organocatalysts”. However, they
never reported recovery of DMEDA, nor did they demonstrate catalysis, and
therefore it is more appropriate to describe the role of the DMEDA as an organic
reagent used in sub-stoichiometric quantities. Interestingly, under these reaction
conditions, pyridine 1.16 and pyrazine 1.18 were not effective at promoting coupling
inthis reaction. These results compare to those of ltami et al. who used pyridine and
pyrazine to achieve these couplings, albeit the additives in the case of tami et al.
were used in much larger quantities (as the solvent). Kwong and Lei et al.3 also
performed various experiments to gain more of an understanding about the
mechanism involved in this transformation. They repeated the coupling of 4-
iodotoluene 1.7b with benzene to analyse the product distribution of 1.3b throughout
the reaction, and they found that the coupling proceeds with an induction period. It
was determined that the only base successful for this transformation was KO'Bu,

and both the butoxide anion and the potassium counter-ion were vital for efficient
12
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yields, because other bases generated low yields or no product [LIHMDS (10%),
NaH (0%), KOH (0%), Na2COs (0%), KOAc (0%), LiO'Bu (0%) and NaO'Bu (0%)].
To support the requirement for the potassium cation, 18-crown-6 ether was added
to the reaction mixture, which led to a much lower yield of product 1.3b (15%).
However, alternative explanations for the role of the 18-crown-6 ether in the reaction
were not considered.

Kwong and Lei et al.®3 suggested that radical intermediates were mechanistically
involved because radical trapping reactions, wusing TEMPO and 1,1-
diphenylethylene, shut down the aryl-aryl bond formation, which agreed with the
results reported by ttami et al.32 They reported further studies that suggested the
involvement of aryl radical anionic intermediates, such as 1.28 (Scheme 1.7). Under
the optimised reaction conditions, only iodobenzene 1.7k underwent coupling with
benzene, whereas bromobenzene 1.1k and chlorobenzene 1.27k did not. In
contrast, when 1-halo-4-iodobenzenes 1.7n,h,e were reacted under the same
reaction conditions, the terphenyl product 1.3i was formed in high yields (68 — 74%),
regardless of the halogen present (Scheme 1.7). It is proposed that the coupling
reaction proceeds through the formation of an aryl radical from the haloarene, and
this aryl radical couples to benzene to form the aryl-aryl bond (this will be discussed
in more detail later, Scheme 1.11). The aryl radical is formed from iodobenzene 1.7k,
however chlorobenzene 1.27k is not activated under these reaction conditions.
Therefore, the observation that 1-chloro-4-iodobenzene 1.7e efficiently coupled to
benzene to give the terphenyl product 1.3i suggests the involvement of a radical
anionic intermediate 1.28 in the reaction pathway. The radical anionic intermediate
1.28e undergoes the loss of a chloride anion, to form a second aryl radical that

couples to benzene to form the observed product 1.3i.

13
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A) DMEDA 1.21 (20 mol%)
©/X © KO'Bu (3 eq.), 80 °C O
+ ®

1.7k X=1 1.8 1.3k 81%

1.1k X=Br (solvent) 1.3k <5%
1.27k X =Cl 1.3k 0%
Reaction intermediate
©)
B) DMEDA 1.21 (20 mol%) ¢
/@/' . © KO'Bu (3 eq.), 80 °C
» (J (J
Ph X

1.7n X =1 1.8 1.3i 74% 1.28n X = |

1.7h X = Br (solvent) 1.3i 68% 1.28h X = Br

1.7e X =Cl 13i 71% 1.28e X =ClI

Scheme 1.7 A comparison of the reactivity of different halobenzenes and halo-4-
iodobenzenes in the coupling reactions.*

Almost simultaneously, two research groups, Shi et al.3* and Shirakawa and Hayashi
et al.%® described the coupling of haloarenes with benzene using 1,10-
phenanthroline 1.29 as the additive. Shi et al.3* reported the coupling of various
iodoarenes 1.7 (and bromoarenes) with benzene 1.8, using a combination of KO'Bu
and 1,10-phenanthroline 1.29 (Scheme 1.8). Extensive control experiments were
performed to confirm whether transition metals were involved in this coupling,
including ICP-AES and inductively coupled plasma mass spectrometry (ICP-MS)
analysis, which determined that metal species capable of performing C-H arylation
were present in very low quantities (Pd, Fe, Cu: 10 ppb — 10 ppm). Studies were
performed to increase the amount of metal by 10 — 1000 fold, and since the rate and
yields remained unaffected, and sometimes decreased, it was concluded that aryl-
aryl bond formations occurred in the absence of transition metal catalysts. Shi et al.
suggested that the KO'Bu initiates the formation of an aryl radical from the haloarene
molecule, and they proposed that the formation of the radical species is facilitated
by 1,10-phenanthroline 1.29. They proceeded to propose that an additional role of
1,10-phenanthroline 1.29 is that it forms the complex 1.30, via 1r-stacking and Tr-ion
interactions with both the potassium cation and benzene, and in doing so it activates
benzene towards the C-H arylation (Figure 1.1). However, no evidence for this

proposal was produced.
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IS

1.7a R=o0-Me

1.7b R = p-Me

1.7c R=0-OMe

1.7d R = p-OMe

1.7e R =p-Cl

1.7h R = p-Br

1.7n R =p-l

1.7j R =3,5-dimethyl
1.70 R=p-CN

1.7p R=m-CF3

O .

1.8
(solvent)

4

=N N=

1.29
(20 mol%)

KO'Bu (2 eq.), 100 °C, 24 h
=)

1.3a 52%
1.3b 69%
1.3c 73%
1.3d 83%
1.3e 82%
1.3i 35% (R = Ph)
1.3i 46% (R = Ph)
1.3] 52%
1.30 36%
1.3p 42%

Scheme 1.8 Shi et al.** reported C-H arylation using KO'Bu and 1,10-phenanthroline 1.29.

D

H

Figure 1.1 Shi et al.** proposed that the complex 1.30 forms by chelation of 1,10-
phenanthroline 1.29 with the KO'Bu, to activate the C-H in benzene towards coupling.

Shirakawa and Hayashi et al.3® also used 1,10-phenanthroline 1.29, and its

derivatives, as the additive in the coupling between iodoarenes and benzene.

However, they reported the reaction was just as efficient when they used NaO'Bu,

as opposed to KO'Bu, and therefore they used the sodium base throughout their

publication (Scheme 1.9). However, the reaction temperatures they used are much
higher (155 °C) than when KO'Bu was used by both Shi et al. 34 (100 °C) and Kwong
and Lei et al. (80 °C).33

YO D ememmen,

1.7b R = p-Me
1.7d R = p-OMe
1.7e R =p-Cl
1.7h R = p-Br
1.7n R = p-l
1.7k R=H

1.7m R = m-OMe
1.70 R =p-CN
1.7q R = p-CF;3

1.8
(solvent)

1.29
(10 mol%)

1.3b 76%
1.3d 82%
1.3e 80%
1.3i 73% (R = Ph)
1.3i 77% (R = Ph)
1.3k 65%
1.3m 76%
1.30 71%
1.3q 80%

Scheme 1.9 Shirakawa and Hayashi et al. reported C-H activation promoted by NaO'Bu and
1,10-phenanthroline 1.29.
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Interestingly, when Shirakawa and Hayashi et al.3> used KO'Bu they found the
reaction proceeded at a faster rate. However they report lower product yields due to
a side-reaction, which is the attack of a molecule of tert-butoxide onto a benzyne
intermediate (Scheme 1.10). This is similar to the work reported by Daugulis et al.2%
31 and it highlights that caution should be taken when reporting the reaction of KO'Bu
with haloarenes that are capable of forming benzyne intermediates, because it
suggests that the benzyne formation competes with the proposed radical pathway

involved in the aryl-aryl bond formation.

A)
/©/Br © \ NaOBu (2 eq.), 155 °C, 48 h O
" [

Me'

+

1.1b 1.31 1.3b 80%
(solvent (10 mol%)
B)
Br \ NaO'Bu (2 eq.), 155 °C, 6 h
+
Me
Me’
1.1b 1.31 1.3b 13%*
(solvent) (10 mol%)
C)
Br KO®BuU (2 eq.), 155 °C, 6 h O X
+ + \ /*OfBu
Me Me
Me'
1.1b 1.31 1.3b 50% 1.32 18%
(solvent) (10 mol%)

#18% conversion of 1.1b
Scheme 1.10 Comparison of the effect of the counter-ion of the butoxide base.®®

Despite this result, Shirakawa and Hayashi et al. reported that the reaction
proceeded through a radical mechanism that involves a radical initiation step,
whereby a single electron is donated to the 4-iodotoluene 1.7b to form an aryl radical
intermediate. They proposed an aryl radical intermediate because they observed
complete regioselectivity in the products; the benzene added at the site where the
halogen was in the starting haloarene. They further demonstrated that an aryl radical
is formed in the reaction by performing the reaction of 4-iodotoluene 1.7b, with 1,10-
phenanthroline 1.29 and NaO'Bu, in d8-THF, which yielded 4-deuterotoluene (79%).
This results from the aryl radical abstracting a deuterium atom from the solvent.

(Interestingly 2% yield of the 4-deuteroiodotoluene was achieved in a background

16



Chapter 1. Literature review

reaction in the absence of base). They proposed that the aryl radical arises from
SET from the butoxide anion, and they reported literature precedent for SET from
alkoxides.36-37 1,10-Phenanthroline 1.29 was proposed to complex to the sodium
cation of NaO'Bu, and this complex containing the butoxide anion was proposed to
be the electron donor in this reaction.

The currently accepted mechanism for these transition metal-free couplings was
proposed by Studer and Curran3® a year later, and it is named the base-promoted
homolytic aromatic substitution (BHAS) mechanism (Scheme 1.11). The BHAS
mechanism involves a single electron being donated into the aryl halide, such as
1.7b, to form the radical anion 1.33. The formation of a radical anion 1.33 is
supported within the literature by the studies reported by Kwong and Lei et al.33
(discussed previously in Scheme 1.7). The radical anion 1.33 will undergo cleavage
of the C-l bond to lose the iodide anion, and form the aryl radical 1.34. The aryl
radical 1.34 undergoes homolytic attack on benzene to generate the
phenylcyclohexadienyl radical 1.35, which undergoes deprotonation by the base,
commonly KO®Bu, to form the biphenyl radical anion 1.36. This intermediate 1.36 is
a powerful reducing agent, which propagates the BHAS mechanism by donating an
electron to the starting substrate, the aryl halide 1.7b, to yield the observed product
1.3b and a new aryl radical 1.34. Although Studer and Curran proposed that the
formation of the aryl radical might occur via electron transfer to the haloarene, they
did not further elaborate on this initiation step. It should be noted that the formation
of 1.34 from 1.7b is proposed to proceed through the transient radical anion 1.33.
However, depending on the driving force for the single electron transfer in the
initiation step, the SET and C-l bond cleavage may occur through a concerted
mechanism instead.3? tami et al., Kwong and Lei et al., Shi et al. and Shirakawa and
Hayashi et al. have suggested that the electron donor may be KO'Bu, however more
recently, new evidence has been reported that suggests KO'Bu is not the electron
donor, but rather an electron donor is formed in situ*%-4% in the basic reaction mixture

(a more detailed discussion of this initiation is reported in Section 1.4.2).
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1.7b 1.33 1.34 1.35
KOBu
-KI - HOBu
@ .
Me Me O
1.3b 1.36

Scheme 1.11 The BHAS mechanism to achieve coupling of aryl halides, such as 4-
iodotoluene 1.7b, with benzene as reported by Studer and Curran.®

Since these initial reports, there has been an explosion of interest in this field of
transition metal-free aryl-aryl bond formations through the BHAS mechanism. In
particular, there have been numerous reports of many different additives that are
capable of promoting these coupling reactions. The common feature of many of the
additives reported is the presence of heteroatoms, which are capable of binding to
or chelating to the metal cation of the butoxide base (either KO'Bu or NaO'Bu). This
was observed by Jiang et al.*®¢ who proposed that a bidentate chelation to the
potassium ion on KO'Bu is important to achieve the cross-coupling reaction. To find
a new additive for these reactions that would perform the reaction at lower
temperatures, they investigated several N-oxide or N-amino functionalised pyridines
and related “ligands” for the reaction (Scheme 1.12). All succeeded in promoting
aryl-aryl bond formation between aryl halides and benzene with low to high yields
(34 — 88%). The most efficient ligand was quinoline-1-amino-2-carboxylate 1.40,
which was capable of promoting coupling with aryl bromides when the reaction
temperature was increased to 120 °C [4-bromotoluene vyielded 1.3b (81%)]. The
decreased reactivity of 4-bromotoluene, compared to 4-iodotoluene, is
understandable based upon the BHAS mechanism proposed; the initiation step
requires breakage of the C-X bond, and C-I bonds are weaker and hence easier to
break, than C-Br bonds. Thus 4-bromotoluene requires higher temperatures for the

reaction to occur. Jiang et al. proposed that strong interactions between the
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potassium cation and the chelating additive (or ligand) can aid in the formation of the

aryl radical in the initiation of the BHAS mechanism.

"Ligand" ‘ Yield 1.3b
| "ligand" (20 mol%), KO'Bu (3 eq.)
80°C, 24 h 1.37 34%
+ 1.38 47%
Me 1.39 64%
Me 1.40 88%
1.7b 1.8 1.3b 1.41 60%
(solvent) 1.20 67%
X X X
X X
o}
@ ® ® OH S \ ©
OH O OH NH 0O O \ \ H
3 S 3 NH, O NH, O
1.37 1.38 1.39 1.40 1.41 1.20

Scheme 1.12 Jiang et al. reported aryl-aryl bond formation using designed chelating
“ligands” 1.37-1.41 and 1.20.4¢

In an attempt to identify a heterogeneous system for these transition metal-free direct
arylation between aryl halides and benzene, Jiang and Li et al.*” assembled 2,2’-
bipyridine-5,5’-dicarboxylate (bpydc), 1.42, within an aluminium metal-organic
framework (MOF) (Scheme 1.13A). The system worked well for iodoarenes, but also
worked for bromoarenes if they were reacted at elevated temperatures (120 °C) with
prolonged reaction times (60 h). Additionally, the system could be used to couple
haloarenes to alternative unactivated arenes, 1.43a-b, instead of benzene, with the

expected regioselectivity observed for this radical addition (Scheme 1.13B).48-49

A) | MOF 1.42 (30 mol%), KO'Bu (3 eq.) O MOF = (AI(OH)(bpydc))
R@/ © 100 °C, 36 h R O
N
o) — o)
7 N )
HO =N N OH
1.7aR = 0-Me 1.8 1.3a 80%
17rR=mMe  (solven) 1.3r 97% bpydc 1.42
1.7b R = p-Me 1.3b 97%
1.7¢ R = 0-OMe 1.3c 94%
1.7d R = p-OMe 1.3d 96%
17kR=H 1.3k 97%
1.71 R = p-COMe? 1.31 83%
1.7sR=p-F 1.3s 81%
B) | MOF 1.42 (30 mol%), KO'Bu (3 eq.) O R
/@/ /@ 130°C, 72 h O
N
MeO R MeO
1.7d 1.43aR = Me 1.44a 56% (o/m/p = 83/11/6)
1.43b R = OMe 1.44b 70% (o/m/p = 90/7/3)

(solvent)

aReaction performed at 120 °C for 60 h.
Scheme 1.13 Jiang and Li et al.*” constructed an aluminium MOF containing bpydc 1.42 to
achieve transition metal-free aryl-aryl bond formation.
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Chen et al.? used N-heterocyclic carbene (NHC), 1.45, as the organic additive, in
combination with KO'Bu, to couple iodoarenes with benzene 1.8 (and pyridine 1.16),
in the absence of transition metals (Scheme 1.14). They proposed that the coupling
is initiated by the formation of a KO'Bu-amino-NHC adduct 1.46, which donates a
single electron to the iodoarenes to form the aryl radical involved in the coupling.
They reported electron paramagnetic resonance (EPR) studies to confirm that the
reaction proceeds viaradical intermediates, however they did not identify the radical
species observed. They assumed that this radical species was the radical cation of
the KO'Bu-amino-NHC adduct 1.46, although efforts to identify the exact nature of
the radical should be made. An NMR study identified that the role of the NHC 1.45
was acting as a “catalyst” because it was observed after the reaction. To my
knowledge this is the first reported reaction of this nature where the additive was
observed after the reaction was complete. However, no attempt was made to recover
the NHC 1.45 and possibly what they observed at the end of the reaction was
residual unreacted NHC 1.45 and, as such, the additive would not act catalytically.
They also coupled 4-iodotoluene 1.7b to pyridine 1.16 in the presence of the NHC
“catalyst” 1.45 (80%, o/m/p : 2.5/1.9/1), which can be compared to the work of ltami
et al. who performed the same coupling reaction but they did it without an additive,

albeit using a stronger base, KO'Bu, and microwave irradiation.

1Bu
NHGC 1.45 (20 mol%), KO'Bu (3 eq.) N//\NJBu f\/u
80°C, 4 h O [ . H  KOBu
91 . R 4
N “0'Bu

\
Mes Mes

1.7a R = o-Me (24 h 1.3a 39%
1.7r R=m- Me( ) (solvent) 1.3r 54% 1.45 1.46
1.7b R = p-Me 1.3b 73%
1.7¢ R = 0-OMe (24 h) 1.3¢ 50%
1.7m R = m-OMe (3 h) 1.3m 62%
1.7d R = p-OMe (3 h) 1.3d 75%
1.70 R = p-CN 1.30 59%

Scheme 1.14 Chen et al.*° reported that NHC 1.45, in the presence of KO'Bu achieves
coupling of haloarenes with benzene.

Throughout the literature many additives have been reported that, when used in
combination with alkoxide bases (mainly KO'Bu), are capable of promoting transition

metal-free cross-coupling upon thermal activation. Zeng et al.>! synthesised a
macrocycle 1.47 (Scheme 1.15) made up from five pyridone molecules, which they
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proposed is capable of binding to the potassium cation to form a macrocycle-KO'Bu
complex. The mechanism proposed involves a SET from the macrocycle-KO'Bu to
the haloarene to initiate the BHAS mechanism. Many groups have tried the reaction
with alternative bases during the optimisation investigations and discovered that
KO'Bu is often the most successful, whilst NaO'Bu often gives a lower yields or lower
rate of formation of products. It is believed that the KO'Bu is more electron-rich at
the alkoxide moiety due to the highly ionic bond to the potassium counter-ion, and
therefore some authors propose that the tert-butoxide is a better electron donor
when potassium is the counterion. It was proposed that removal of the potassium
counterion, using the macrocycle 1.47, would make the tert-butoxide anion more
basic and hence more electron-rich for SET. Interestingly, this contradicts previous
reports in the literature by Kwong and Lei et al.,3® whereby the addition of 18-crown-
6 ether to the KO'Bu reactions resulted in lower yields of product. However, it must
be stated that the addition of the macrocyle 1.47 or 18-crown-6 ether could play

alternative roles in the reaction than has been proposed.

CgH17
N
]
| macrocyle 1.47 (2 mol%), KO'Bu (3 eq.) O %O
120°C,24 h N N
+ NG 0 . No
Meo/©/ © O CgHi7~N H H N-CsHi7
MeO = 0 o =
1.7d 1.8 1.3d 99% O™ -H Hey O
(solvent) O o
74 }," N
N 7N N N
CaH17’ o) “CgH
8M17
1.47

Scheme 1.15 The macrocycle 1.47 used by Zeng et al.! to promote transition metal-free
biaryl synthesis.

The initial reports of transition metal-free aryl activations employed simple organic
molecules, such as DMEDA 1.21 and 1,10-phenanthroline 1.29, that are
commercially available and cheap. The additives used by Jiang et al., Jiang and Li
et al., Chen et al. and Zeng et al. are more complex molecules than those initially

reported to the point where Jiang and Li et al.required pre-assembly of the additive,
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bpydc 1.42, in a MOF prior to the aryl-aryl bond formation reaction (discussed
previously Scheme 1.13).

More recently, Tanimoro et al.>?and Liu et al. °3 have returned to investigating the
ability of simple organic molecules to achieve this BHAS mechanism in the presence
of KO'Bu. Tanimoro et al.>2 demonstrated that amino acids and their derivatives were
often efficient additives for the coupling of 4-iodoanisole 1.7d with benzene via the
BHAS mechanism (Scheme 1.16). In particular, L-proline 1.20 and sarcosine 1.48
gave high yields of the coupled product 1.3d (87% and 80% respectively). This
observation can be compared to other reports within the literature that use L-proline
1.20 and KO'Bu to achieve the coupling between 4-iodotoluene and benzene
(discussed previously Scheme 1.6 and 1.12); Kwong and Lei et al.33 and Jiang et
al.*¢ achieved formation of 4-methylbiphenyl at 80 °C in 34% and 67% respectively.
The method Tanimoro et al. reported was applicable to a gram scale coupling of 4-
iodopentylbenzene and benzene to yield 1-pentyl-4-phenylbenzene (76%), a
building block in materials chemistry for liquid crystals. The mechanism they propose
is initiated by an electron donation from a complex of KO'Bu and L-proline 1.20. It
must be noted, however, that, in the absence of any additive, the coupling of 4-
iodoanisole 1.7d with benzene still yielded 1.3d (35%). This result suggests that at
these high temperatures (150 °C) the iodoarenes undergo an additional pathway to
form these products; however they did not propose any explanation. Relating these
results to those previously reported by Shirakawa and Hayashi et al. (performed at
155 °C, Scheme 1.10B) highlights the need to question whether the haloarene, such
as 1.7d, involved in the coupling could, in the presence of KO'Bu, form benzyne

intermediates, which can couple to benzene to form the observed product.3544
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Additive Yield 1.3d
| additive (20 mol%), KOBu (3 eq.) 1.20 87%
. 150 °C, 24 h 1.48 80%
O 1.49 62%
MeO 1.50 38%
MeO 1.51 63%
1.7d 1.8 1.3d 1.52 6%
(solvent) 1.53 61%
1.54 43%
o)
O—/(O 7 i HaN i HN OH
y HzN W)k 2 OH
N OH Me/N\)kOH OH Me
H Ph Ph
Me
1.20 1.48 1.49 1.50 1.51
S O
HaN 0 \ 0
Me” “Me NH = 7\
N N
\ _

1.52 1.53 1.54
Scheme 1.16 Tanimoro et al. reported coupling 4-iodoanisole with benzene in the presence
of amino acids and their derivatives.

Liu et al.>3 investigated the efficiency of simple alcohols at promoting the transition
metal-free coupling of iodoarenes and benzene in the presence of KO'Bu. Various
alcohols were successful at promoting this reaction to produce biaryl products in
moderate to high yields depending on the structure of the alcohol employed (Scheme
1.17). So far within the literature the proposed initiation step when 1,10-
phenanthroline 1.29 or bidentate heteroaromatic compounds are employed as
additives in the BHAS reactions, is that these additives act as “ligands” to bind to the
metal cation of the base and form a complex, which is capable of donating electrons.
However, Liu et al. used alcohols incapable of chelation and thus the initiation
process may proceed via a mechanism different to that which many have postulated,
or the mechanism may be different depending on the additives used. Instead, they
postulated that the combination of the alcohols and KO'Bu generated in situ alkoxide
bases that promote the generation of the aryl radical and hence initiate the BHAS
mechanism. The structure of the alcohol, and hence the alkoxide base, was believed

to be influential in the initiation of the reaction, i.e. the SET step.
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Additive Yield 1.3k
CH30H 1.55 58%
| additive (40 mol%), KO'Bu (3 eq.) CH3CH,0H 1.56 80%
©/ . © 80°C,12h O CH3(CH,),0H 1.57 80%
CH3(CH,);0H 1.58 86%
O CH3(CH,)4,OH 1.59 89%
1.7k 1.8 1.3k (CH3)3COH 1.60 2%
(solvent) PhOH 1.61 6%
PhCH,OH 1.62 46%
CH3CH,CH(OH)CH3 1.63 60%
CF3CH,0H 1.64 0%

Scheme 1.17 Liu et al.>®* showed that simple alcohols are successful at promoting biaryl
synthesis.

Within the reports described thus far in this chapter, very few examples achieved
efficient coupling of bromoarenes to benzene unless high temperatures were
employed. In 2014, Kwong et al.>* reported that a combination of KO'Bu and 2-pyridyl
carbinol 1.65 is capable of promoting the coupling of bromoarenes to benzene even
occur at room temperature (RT), albeit with lower yields and after prolonged reaction
time (Scheme 1.18).

A)
Additive 1.65 (10 mol%), KO'Bu (2 eq.) O N NoH
Br © 80°C, 24 h \
: N
SR ® :
Me Me
1.1b 1.8 1.3b 95% 1.65

(solvent)

B
) Additive 1.65 (40 mol%), KO'Bu (2 eq.) O
Br RT, 24-72h
.
Me Me
1.1b 1.8

1.3b 35% (24 h)
(solvent) 1.3b 68% (72 h)

Scheme 1.18 Kwong et al.>* showed that 2-pyridyl carbinol 1.65 efficiently couples
bromoarenes with benzene under transition metal-free reaction conditions.

Finally, some of these reactions have also been reported to occur in alternative
solvents to benzene, such as DMF, whereby the solvent is no longer acting as the
coupling partner. Gryko et al.>® reported the coupling of iodoarenes with N-
methylpyrrole 1.66 in the presence of LiO'Bu and DMF as the solvent, without the
need for any additional additives (Scheme 1.19). Interestingly they found that the

reaction did not occur if DMF was not present as the solvent, and when the reaction
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was performed in neat N-methylpyrrole 1.66 no product was formed, suggesting that

DMF was crucial for the reaction (this will be elaborated on in Section 1.3 and 4.4).

| L .
R@/ . @ LiO'Bu (2 eq.), DMF, 145°C, 17 h @_@
N N R
Me

Me

1.7d R = p-OMe 1.66 1.67d 52%
1.70 R =p-CN (15eq.) 1.670 90%
1.7t R=m-CN 1.67t 70%
1.7u R =0-CN 1.67u 55%
1.7v R = p-NO, 1.67v 92%
1.7w R = m-NO, 1.67w 83%
1.7x R = 0-NO, 1.67x 61%

Scheme 1.19 Gryko et al.>® reported coupling between iodoarenes and N-methylpyrrole
1.66 in DMF.

1.2.2.2 Intramolecular cyclisations
The majority of publications within this field of chemistry have focused on

intermolecular aryl-aryl bond formations but a few intramolecular reactions have also
been reported. Fused aryl ring moieties are common substructures within drug-like
molecules and natural products, and are currently synthesised by transition metal-
mediated processes within industry, so a transition metal-free option is desirable,
especially within pharmaceutical industries.

As already mentioned, Shi et al.®* reported an intermolecular coupling reaction
between a broad scope of haloarenes and unactivated benzene using KO'Bu and
sub-stoichiometric quantities of 1,10-phenanthroline 1.29 under thermal reaction
conditions. Within the same publication, they reported an intramolecular cyclisation
of 1.68 under similar reaction conditions (Scheme 1.20A). Due to the applications of
fused ring systems within commercial products, Shi et al.%® further investigated these

intramolecular cyclisations. In 2011, they published an intramolecular BHAS
synthesis of 6H-benzo[c]chromene 1.69 using 1,10-phenanthroline derivatives, of

which neocuproine 1.71 was the most efficient (Scheme 1.20B). Shi et al.5¢ reported

that the reaction was performed in various solvents, and they found that changing
the solvent affected the product distribution; the BHAS cyclised product 1.69 was the
major product in benzene or toluene, but by-products such as the reduced substrate

1.72 or the benzene-coupled product 1.73 also formed within the reaction. They also

explored other substrates that contained alternative heteroatoms in the tether
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between the haloarene moiety and the unactivated arene moiety. They found that
the cyclisation was possible if the linker contained a tertiary amine, a thioether or if

it was simply a carbon chain.

KO'Bu (3 eq.), mesitylene (o}
1.68

1.29 1.69 73%
(40 mol%)

KOBu (2.5 eq.), solvent
©:\ ; < >: 100°C, 24 h ‘/\‘ @/\ /© @/\ /©
1.70 1.7 1.69
(0.5eq.)

solvent ‘ Yield 1.69 ‘ Yield 1.72 ‘ Yield 1.73
mesitylene 30% 62% 0%
toluene 47% 40% 0%
dioxane 25% 72% 0%
DMF 21% 74% 0%
benzene 75% 11% 13%

Scheme 1.20 The intramolecular reaction of 1.68 and 1.70, promoted by KO'Bu and either
1,10-phenanthroline 1.29 or neocuproine 1.71.

Charette et al.>” reported the intramolecular cyclisation of similar tethered species to
those reported by Shi et al.56, however they used pyridine as the solvent and
microwave conditions (UW) to achieve the BHAS cyclisation of the bromine-
containing substrates 1.68, 1.74 and 1.75, in the presence of 1,10-phenanthroline
1.29 and KO'Bu (Scheme 1.21A). They observed that 1,10-phenanthroline 1.29 was
not required in the cyclisation of the iodine-containing substrates 1.78, 1.79 and 1.80
(Scheme 1.21B). A comparison of the reaction conditions reported in this work, for
the cyclisation of the iodine-containing substrates, to those reported by ltami et al.,3?
shows that they are both common in that no external additives were required if the
reaction was performed in pyridine as the solvent. ltami et al. coupled iodobenzene
to pyridine using KO'Bu alone, however his conclusion at the time was that both
KO'Bu and an additive, pyridine in this case, form a complex in situ, which is capable

of promoting the radical chain reaction. As such, a possible explanation for the
cyclisation in the absence of 1,10-phenanthroline 1.29, is that pyridine is capable of
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performing a similar role to 1,10-phenanthroline 1.29 in the initiation of the BHAS

radical chain pathway.

A) KO'Bu (2 eq.), pyridine X
160 °C, 10 min, uW
©:X\/© + (Q}
g _
Br N N O

1.68X=0 1.29 1.69 75%
1.74 X = CH, (10 mol%) 1.76 71%
1.75 X = N-Me 1.77 64%
KOBu (2 eq.), pyridine X
\/@ 160 °C, 10 min, yW

1.78 R = CH, 1.76 89%

1.79 R = N-Me 1.77 82%

1.80 R = N-Bn 1.81 65%

KOBu (2 eq.), pyndme

o B oy oo X

1.29 1.69 77% 1.72 4%
(10 mol%)

Scheme 1.21 Charette et al.>’ reported intramolecular cyclisation through aryl-aryl bond
formation.

The yield of the major product 1.69 obtained under these conditions (Scheme 1.21A)
was similar to that reported by Shi et al.% (Scheme 1.20A). However, for the iodine
analogue 1.70vs. 1.82 the two groups reported different yields of by-products, which
provides a contrast between the two methods (Scheme 1.20B and 1.21). Charette
et al. reported only a minor yield (4%) of the reduced product 1.72 and any possible
products that may arise from the coupling of the aryl radical and the solvent were

not reported.

The unsaturated analogue to product 1.77 resembles a phenanthridine core, which
is a relevant pharmaceutical structure found in natural products.>8-5° Kwong et al.®®
demonstrated that these structures could be synthesised using the transition metal-
free approach by subjecting substrates 1.83a-d to KO'Bu and 1,2-ethanediol 1.84 as
the additive (Scheme 1.22). They reported that using the 1,2-ethanediol 1.84 as the

additive in the reaction was applicable to chloroarenes, unlike the 1,10-
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phenanthroline 1.29 (7%) or DMEDA 1.21 (0%) which were only applicable to initiate

the reaction of iodo- or bromoarene analogues.

Cl
"1 )
OH KOBuU (2 eq.), toluene, 120 °C, 18 h
‘N + HO > (2eq) = ‘N
OA® ®

1.83aR=H 1.84 1.85a 98%
1.83b R = 0-OMe (10 mol%) 1.85b 94%
1.83c R=m-CN 1.85¢c 88%
1.83d R = m-Ph 1.85d 90%

Scheme 1.22 Kwong et al.®° reported the formation of phenanthridine-core molecules 1.85
using KO'Bu and 1,2-ethanediol 1.84.

In reactions that require a C-X bond cleavage, C-Cl bonds are harder to react
compared to C-Br and C-I, because the C-Cl bond has the highest bond dissociation
energy (BDE). Kwong et al.®% suggested that the mechanism involves complexation
between the potassium cation of KO'Bu and 1,2-ethanediol 1.84, and in the presence
of this complex, a single electron is transferred into the haloarene moiety in
substrates 1.83a-d to initiate the radical BHAS cycle. It was proposed that good
complexation between the 1,2-ethanediol and the potassium cation is crucial for the
initiation step of the reaction to occur, because diols that contained a longer carbon
chain between the terminal alcohols, such as 1,3-propanediol and 1,4-butanediol
generated low yields of cyclised product 1.85a (48% and 34% respectively) in the
optimisation studies, supposedly due to weaker complexation of the potassium
cation. This work presented by Kwong et al.?% is comparable to previous work by
Kwong and Lei et al.33 who reported using DMEDA 1.21 and diols, such as cis-1,2-
cyclohexanediol 1.25, for intermolecular coupling of haloarenes with benzene.
However, this work by Kwong et al.® describes efficient activation of C-Cl bonds,
which has not been reported previously. Another interesting result from this paper is
that during the optimisation steps performed by Kwong et al.,% they attempted using
tert-butanol to see the effect of using a simple alcohol at promoting these couplings.
A low yield of cyclised product 1.85a (26%) was achieved; however, this result
demonstrates that the proposed mechanism, which involves chelation of the

potassium cation, may not be the mode of initiation because alcohols, such as tert-
28



Chapter 1. Literature review

butanol, are not capable of chelating with KO'Bu, and therefore an alternative
mechanism is likely for the initiation step. In agreement with this result, Liu et al.®
more recently reported that simple alcohols can perform the BHAS reaction. When
they employed tert-butanol, only trace yields (2%) of product were isolated, however
other simple alcohols such as butanol gave high yields of coupled product. This
suggests that chelation is not required for the initiation step of the BHAS mechanism

and further work is required to shed light on the initiation step of this mechanism.

The phenanthridinone motif 1.87 is another relevant building block in pharmaceutical

chemistry due to the biological activity of the moiety. In 2012, Kumar et al.%! reported
the successful synthesis of phenanthridinones 1.87 and 7-membered lactams 1.90

via C-H arylation of the amides 1.86 or 1.89 respectively, using KO'Bu and 1,10-
phenanthroline 1.29 under thermal conditions (Scheme 1.23A and 1.23C). It must
be noted that they also employed azobisisobutyronitrile (AIBN) 1.88 to achieve these

transformations, and in that case the product yield was improved and all the starting
material was consumed to form product 1.87 (96%) (Scheme 1.23B).

(0}
KO'Bu (5 eq.), benzene NH o
110 °C, 16 h O + N
g o

1.29 1.87 90% 1.86 3%
(0.25 eq.)
(0]
/© KO'Bu (5 eq.), benzene O NH
110°C,7h
al \FM O
1.29 1.88 1.87 96%
(0.25 eq.) (0.2 eq.)
(o]
KOBu (6 eq.), mesitylene
CQ} 110 °C, 24 h NH
.8 1.29 1.90 84%
(0.25 eq.)

Scheme 1.23 Cyclisation of substrates 1.86 and 1.89 to form A)-B) phenanthridone 1.87
and C) 7-membered lactams 1.90 as reported by Kumar et al.®*
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It was suggested that the ligand 1,10-phenanthroline 1.29 or AIBN 1.88 were not
crucial in the reaction, as the KO'Bu alone produced cyclised product 1.87 (35%,
and 60% recovered starting material 1.86) in an overnight reaction. It was therefore
proposed that the KO'Bu was responsible for generating the aryl radical, and the role
of 1,10-phenanthroline 1.29 was to make the SET more efficient. Protection of the
nitrogen in the amide tether with a methyl group lowered the yield of cyclisation to
form the N-methyl analogue of 1.87 (28%). This agrees with the work of Charette et
al.5” who also reported a low vyield of the N-methyl analogue of 1.87 (43%) when
cyclising the N-methyl protected analogue of 1.86 under their reaction conditions
[1,10-phenanthroline 1.29 (10 mol%), KOBu, pyridine, 160 °C, 10 min, uW]. The
reaction mechanism Kumar et al.6*proposed, based on the results presented in their
paper, proceeds by an initial deprotonation of the amide nitrogen, followed by a SET
from KO'Bu to the haloarene moiety of the substrates 1.86 or 1.89, to form their
respective aryl radicals by cleavage of the C-I bond. In comparison with this work,
Charette et al.>’ reported that the cyclisation of a similar substrate, containing a
tertiary amine tether instead of the amide tether, was achieved in high yields (64% -
82%) (previously discussed in Scheme 1.21). This suggests that under their
conditions they did not require the deprotonation of the nitrogen in the tether to
achieve successful synthesis of phenanthridine-type core structures, unlike Kumar
et al.b?

In contrast to this last statement, a paper published by Bisai et al.52 also reported
that the cyclisation of substrates 1.91 and 1.92, which both contain a tertiary amide
tether, was efficient under their reaction conditions (Scheme 1.24). They used this
protocol to synthesise pyrrolo- and dihydrophenanthridine core structures, which are

structures found in several alkaloids in nature.

o

o
_ KO'Bu (3 eq.), mesitylene, 100 °C, 5-7 h N
©\)LN + \ / / \ )n=1'2
X )n=1-2 N N= O

191an=1,X=1 1.29 1.93 56%
1.91bn=1,X=Br (0.4 eq.) 1.93 60%
1.92an=2X=| 1.94 56%
1.92bn=2,X =Br 1.94 61%

Scheme 1.24 Bisai et al.®? reported cyclisation of substrates 1.91 — 1.92 to form products
1.93-1.94.
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An interesting application of these intramolecular transition metal-free cyclisations
was reported by Masters and Brase.%® They reacted two substrates, 1.95 and 1.98,

that contained an acetal tether between a haloarene moiety and an unactivated
arene, in contrast to the amide linkers previously reported by Kumar et al.?! and Bisai
et al.%? After the cyclisation, the acetal group was hydrolysed to afford the diphenol
products 1.97 and 1.100 (Scheme 1.25).

KO'Bu (3 eq.), pyridine aq. HCI/EtOH (1 : 5) OH
©: \@ CQ} 120 °C, 120 min, pW 50°C,4-36h
Br O
HO

1.29 1.96 49% 1.97 92%
(0.4 eq.)
KOBu (3 eq.), pyridine O aq. HCI/EtOH (1 : 5) O
CQ} 120 °C, 240 min, uW 50 °C,3h
1.98 1.29 1.99 31% 1.100 68%
(0.4 eq.)

Scheme 1.25 Masters and Brase® used acetal linkers in the synthesis of ortho,ortho-
diphenols 1.97 and 1.100.

The transition metal-free reactions described so far have been proposed to proceed
viathe BHAS pathway,3 which is a mechanism that is now generally accepted within
the research community; however the initiation step of this mechanism has been
under some debate over the last few years. Many papers reported within this section
propose that both the additive and base are vital for the BHAS reaction. They
propose that the organic additives chelate to the KO'Bu, and either this complex, or
KO'Bu alone, can donate an electron to haloarenes to initiate the BHAS mechanism.
However, there are some inconsistencies within the literature that do not support this
reaction pathway, such as the success of simple mono-alcohols at promoting these
reactions, even though they cannot chelate to the potassium counterion of the tert-
butoxide base. Additionally, some reactions proceed even without an additive under
some reaction conditions (commonly when pyridine is the solvent), whilst others

require an additive to get any reaction at all. Recent reports by Murphy et al.#244
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have proposed an alternative mode of initiation in these reaction conditions

(discussed in Section 1.4.2).

1.2.3 Light irradiation

The transition metal-free reaction conditions have been studied in great detail
recently because the reaction conditions could potentially be developed in order to
identify alternative reaction conditions that are efficient enough to compete with the
well-known palladium-catalysed cross-coupling reactions. In addition to the
transition metal-free reaction conditions recently discovered, which use high
temperatures and benzene as the common solvent for the reactions, light irradiation
can be used to activate haloarenes towards coupling with an unactivated arene, to
form biaryl structures in the absence of transition metals.

Rossi et al.?* recently described the photoinduced coupling of iodoarenes 1.7 with
benzene in the presence of KO'Bu at room temperature using light irradiation (HP!I-
T 400 W lightbulbs), without the need for any organic additives (Scheme 1.26). The
mechanism proceeds via the BHAS mechanism described by Studer and Curran
(previously discussed in Section 1.2.2, Scheme 1.11).38 The initiation step is a photo-
induced SET to the haloarene, which leads to the cleavage of the C-I and the
formation of the aryl radical, however Rossi et al. did not indicate what species or

complex is capable of performing this initiation step.

I KOBu (3 eq.), DMSO, hv, 1-5h O
+
7 - O (S

1.7a R=o0-Me 1.8 1.3a 61%
1.7r R=m-Me (solvent) 1.3r 83%
1.7b R =p-Me 1.3b 91%
1.7¢ R =0-OMe 1.3c 84%
1.7d R =p-OMe 1.3d 97%
1.7i R=p-Ph 1.3i 74%
1.7k R=H 1.3k 90%
1.70 R=p-CN 1.30 85%
1.7q R=p-CF, 1.3q 61%
1.7y R=p-NH, 1.3y 44%
1.7z R =p-CO,Bu 1.3z 67%
1.7aa R = p-CONH, 1.3aa 76%

Scheme 1.26 Rossiet al.% reported photoinduced “C-H activation” to couple aryl halide with
benzene.
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A paper reported by Zheng and Guo et al.%® use light irradiation (A = 254 nm) to
achieve the coupling of haloarenes with benzene at room temperature, using N,N-
tetramethylethylenediamine (TMEDA) 1.22 as an additive (Scheme 1.27). When
compared with the initial publication by Kwong and Lei et al.,3® they reported that
TMEDA 1.22 was unsuccessful for these transformations under thermal reaction
conditions (80 °C) (previously shown in Scheme 1.6). This highlights the ability of
light irradiation to access these reactions under milder conditions.

A)
| hy, RT, 25 h O
- Q 9
MeO (A =254 nm) MeO
1.7d 1.8

1.3d 69%

(solvent)

B)
| © TMEDA 1.22 (20 mol%), hv, RT, 7 h
[ j +
A =254 O
MeO ( 54 nm) MeO
1.7d 1.8

1.3d 95%

(solvent)

Scheme 1.27 Zheng et al.®* reported light irradiation in the presence of TMEDA 1.22
successfully yielded coupled product under mild reaction conditions.

1.3 Transition metal-free alternative bond formations

There are many examples in the literature of various additives that, in the presence
of a strong base like KO'Bu, are capable of performing transition metal-free biaryl
synthesis through a BHAS mechanism. However, within this field of research, little
is reported on the successful applications of these conditions to achieve alternative
transformations, away from aryl-aryl bond formations.

ftami et al.32:%6 reported on two different occasions the coupling between aryl halides
and either alkenes or alkanes (Scheme 1.28); in 2008, ltami et al.32 successfully
coupled iodostyrene 1.101 and pyrazine 1.18 to generate product 1.102 in low yields
(33%), and in 2009,% they reported successful coupling between pyrazine 1.18 and

cyclohexane 1.103 in the presence of iodobenzene 1.7k.

33



Chapter 1. Literature review

A) _N
N KO'Bu (2 eq.), 80 °C, 30 min, uW ]
o ) o
—
N

1.101 1.18 1.102 33%
(40 eq.)
B) | N KO'Bu (2 eq.), 80 °C, 30 min, yW
o >
~
N NG
1.7k 1.18 1.103 1.104 46%
(40 eq.) (40 eq.)

Scheme 1.28 Iltami et al.3>® reported the coupling of A) iodostyrene 1.101 with pyrazine
1.18, and B) pyrazine 1.18 with cyclohexane 1.103 in the presence of iodobenzene 1.7k.

Several groups have also investigated the coupling of haloarenes to alkenes, which
shows similar reactivity to the Mizoroki-Heck reaction. Shi et al.5” demonstrated that
haloarenes could couple to substituted styrenes 1.106a-g, in the presence of KO'Bu
and bathophenanthroline 1.105 (Scheme 1.29A). The bathophenanthroline additive
1.105 was vital for the reaction to proceed and a broad substrate scope
demonstrated that the synthesis tolerated various substituents on the haloarenes,
however, aliphatic alkenes were not tolerated as reaction partners. They also

reported an intramolecular example of this reaction (Scheme 1.29B).

KO'Bu (3 eq.) Me
Ph

1.105 1.106a R = Ph 1.107a 90%
(30 mol%) 1.106b R = p-CICqH, 1.107b 80%
1.106¢ R = p-FCgH, 1.107c 60%
1.106d R = 0-MeCgH, 1.107d 68%
1.106e R = m-MeCgH, 1.107e 75%
1.106f R = p-MeCgH, 1.107f 78%
1.106g R = H 1.107g 60%
o Ph Ph Ph KO'Bu (3 eq.) 0
\/\/ + 7\ \ benzene, 80 °C, 15 h Y/
Ph —_—
X =N N= Ph
Ph
1.108a X = | 1.105 1.109 74%
1.108b X = Br (30 mol%) 1.109 55%

Scheme 1.29 Shi et al.’” reported coupling between haloarene and substituted styrene
either A) intermolecularly or B) intramolecularly.

Similar results were published by Rueping et al.%8 who performed the intramolecular
Heck-type reactions in the formation of various analogues of benzofuran 1.109. The
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reaction proceeded by SET to the haloarene, followed by loss of the iodide anion
and the resulting aryl radical underwent 5-exo-cyclisation onto the alkene moiety to
eventually afford the product 1.109 in moderate yield (63%). Compared to the
reaction conditions of Shi et al., Rueping et al. used much higher temperatures, 160
°C, for 2 hours and 1,10-phenanthroline 1.29 as the additive; however, they
expanded the scope of aryl substituents that can be present on the alkene moiety.
Additionally, other intermolecular examples of coupling of haloarene to styrene were
reported by Murphy et al.** who used N,N-dipropyldiketopiperazine (DKP) 1.110 as
the additive to achieve the coupling (Scheme 1.30).

A) Pr KOBu (10 eq.)
| JL OTNL benzene, 110 °C, 36 h o Ph Ph
+ + +
|
Pr
1.7b R = p-Me 1.106a (5eq.) 1.110 (0.05 eq.) 1.111b 56% 1.112b 18%
1.7¢ R = 0-OMe 1.111¢ 31% 1.112¢ 12%
1.7d R = p-OMe 1.111d 54% 1.112d 10%
1.7e R = p-ClI 1.111e 43% 1.112e 11%
1.7i R = p-Ph 1.111i 53% 1.112i 19%
B) o Er KO'Bu (1.5 eq.)
| JL T L benzene, 110 °C, 36 h ~Ph Ph
+ + +
R©/ Ph” > Ph N"So Rm Rm
Pr
1.7b R = p-Me 1.106a (5eq.) 1.110 (0.3 eq.) 1.111b 14% 1.112b 66%
1.7¢ R = 0-OMe 1.111¢ 15% 1.112¢ 37%
1.7d R = p-OMe 1.111d 12% 1.112d 38%
1.7e R = p-Cl 1.111e 23% 1.112e 19%
1.7i R =p-Ph 11110 22% 1.112i 54%

Scheme 1.30 Murphy et al. reported Mizoroki-Heck-type coupling using a DKP additive
1.110 with KO'Bu.

A photoactivated initiation of the Mizoroki-Heck-type coupling of haloarenes with
styrene was later reported by Rossi et al.?? (Scheme 1.31A). They reported that the
reaction could also be performed in the absence of solvent when 18-crown-6 ether
was used to aid solubility of the KO'Bu (Scheme 1.31B).

A
) . Ph
KO'Bu (3 eq.), DMSO, hv, RT, 2 h /©/\/
MeO

MeO
1.106g (5 eq.) 1.113 61%
B) KO'Bu (3 eq.), 18-crown-6 ether (3 eq.) . _Ph
hv, RT, 15 min /©/\/
MeO MeO
1.7d 1.106g (10 eq.) 1.113 87%

Scheme 1.31 Rossi et al.®® reported light irradiation procedure to achieve transition metal-
free Mizoroki-Heck coupling of haloarenes to styrene 1.106g.
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Lei et al.”® showed that alkoxycarbonylation of 4-iodotoluene 1.7b was possible
under a pressure of carbon monoxide, using KO'Bu and 1,10-phenanthroline 1.29,
to form tert-butyl 4-methylbenzoate 1.114 (Scheme 1.32A). The mechanism
proposed (Scheme 1.32B) involves an initiation step, which is a SET into the C-I o*
of 1.7b, to form the aryl radical 1.34. The aryl radical then attacks a molecule of
carbon monoxide to form an acyl radical intermediate 1.115, which is attacked by a
tert-butoxide anion to form the electron-rich radical anionic intermediate 1.116. This
intermediate can propagate the chain mechanism by donating an electron to a new
molecule of 4-iodotoluene 1.7b, to form tert-butyl 4-methylbenzoate 1.114 as the
product, and a new aryl radical intermediate 1.34.
KO'Bu (4 eq.), CO (60 atm) o

A)
l benzene, 90 °C, 24 h Bu
v \ o’
Me =N N= Me
1.7b

1.29 1.114 75%
(40 mol%)

B) 0o 0 S) ee o

o -
| &) SEE) \ 4 *
= « OBu to 1.7b

/©/ +—;> . C=0 i ﬁofsu (te1.70) ﬁofsu

Me - Me Me Me Me
1.7b 1.34 1.115 1.116 1.114
T ©
-

Scheme 1.32 Lei et al.”® reported the first transition metal-free alkoxycarbonylation.

It was shown that the position of the substituents on the haloarene had little effect
on the yield. The solvent, however, did affect the yields because a by-product
formed, which occurred through aryl-aryl bond formation when the aryl radical 1.34
reacts with benzene instead of carbon monoxide. The competitive arylation reaction
was avoided when benzotrifluoride was employed as the solvent.

A light-initiated example of a transition metal-free aminocarbonylation of aryl halides
was reported by Ryu et al.”* (Scheme 1.33), which is similar to that reported by Lei
et al. (previously discussed in Scheme 1.32). However Ryu et al. used light
irradiation to achieve the initiation step of the mechanism, instead of the combination
of 1,10-phenanthroline 1.29 and KO'Bu. They reported that the aryl radical formed
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in the mechanism could couple to primary and secondary amines to achieve

aminocarbonylation (Scheme 1.33).

HNR'R? | Yield 1.118

! ., CO(70atm), MeCN, hv, 14 h 'R'  morpholine 1.117a | 1.118a 81%
Me * HNRR N2 piperidine 1.117b | 1.118b 74%
Me R  giethylamine 1.117¢ | 1.118¢ 72%

0 o Tbutylamine 1.117d | 1.118d 68%
1.71 1.117a-f 1.118a-f fhutylamine 1.117e 1.118e 82%
(2eq) aniline 1.117f | 1.118f 38%

0o L

Me
1.118a 1.118b 1.118¢c 1.118d 1.118e 1.118f

Scheme 1.33 Ryu et al.”* achieved aminocarbonylation of haloarenes using light irradiation.

0] o 0] 0] 0 MeMe o
Ar)kN/\ Ar)LI\O Ar)kN/\Me Ar)L”/C“H9 Ar)LHkMe Ar)LH/Ph

The ability to generate alternative bonds between a haloarene and other substrates
using transition metal-free procedures is highly desirable. One transition metal-free
approach to activate haloarenes towards coupling, is to react the haloarene in the
presence of a strong base, such as KNHz, to convert the haloarene into an aryne
intermediate that can couple with nucleophiles.”? However, the formation of arynes
can lead to an equal product distribution of regioisomers, whereby the nucleophile
can attack at either carbon on the aryne with equal probability. However, Kim and
Bunnett’>73 observed that when 5-iodo-pseudo-cumene 1.7bb reacted with KNH2
and liquid ammonia, the reaction preferentially yielded 5-amino-pseudo-cumene
1.119. 6-lodo-pseudo-cumene 1.7cc formed 6-amino-pseudo-cumene 1.120 as the

major product) (Scheme 1.34).

A) Me Me Me Me
Me KNHQ, NH3(/) Me HoN Me Me
—_— + +
| HoN
Me Me Me Me
1.7bb 1.119 1.120 1.121
(major, 51%) (minor, 32%) (6%)
B) Me Me Me Me
| Me KNH,, NHs(/) Me H,N Me Me
- s + +
HoN
Me Me Me Me
1.7cc 1.119 1.120 1.121
(minor, 11%) (major, 65%) (10%)

Scheme 1.34 The unusual product distribution achieved when iodo-pseudo-cumene 1.7bb-
cc reacted with KNHz in liquid ammonia observed by Kim and Bunnett.”
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They proposed that aryne intermediates are formed in the reaction, agreeing with
the previous reports on these substrates. However, the product distribution observed
was unusual because it did not give the expected 1:1 ratio of products that is
indicative that a benzyne intermediate is formed in the reaction. Therefore they
proposed that an additional radical mechanism occurs as the major pathway. They
proposed that an electron transfer step occurs to the iodoarene, which forms an aryl
radical that couples to the NH2 anion in a radical nucleophilic substitution reaction
(Srn1). They went on to propose that the SET step occurs due to solvated electrons
in the ammonia, and indeed, when potassium metal was added to the reaction, the
5-iodo-pseudo-cumene 1.7bb yielded only two products: 5-amino-pseudo-cumene
1.119 (50%) and pseudo-cumene 1.121 (40%) formed, and no 6-amino-pseudo-
cumene 1.120 was observed.’?

This is one of the first reported examples of transition metal-free Srn1 reactions of
haloarenes and a nucleophile, to my knowledge. Over the following years, several
authors reported other nucleophiles that could couple to aryl radicals, which formed
from haloarenes, either by reacting with solvated electrons or by photoactivation.
The nucleophiles reported were: an enolate anion of acetone,’* enolate anions of
pinacolone and other ketones,’>’’ carbanions of hydrocarbons, such as 1,3-
pentadiene and fluorene and indene,’® thiophenoxide,’”® potassium diethyl
phosphite,” potassium diphenylphosphide® and cyanomethyl anion.8!

Interestingly, when Scamehorn and Bunnett’> and Scamehorn et al.82 performed
the coupling of halobenzenes to several enolate anions, the reaction proceeded in
DMSO at room temperature in the dark (Scheme 1.35A). Therefore a new initiation
step was proposed for these dark reactions, as opposed to the light irradiation
previously discussed. It was proposed that the enolate anion, such as 1.124, is
capable of donating an electron to the haloarene in the initiation step of the radical
chain mechanism (Scheme 1.35B). The authors reported that the reaction was
stimulated by light and inhibited by radical scavengers, but also the benzyne
mechanism was observed as a possible competing reaction (this competition will be
shown in chapter 6). A radical chain mechanism was proposed that involves a SET

step, from the enolate anion 1.124 to iodobenzene 1.7k, to give the aryl radical 1.126
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upon loss of KI. The aryl radical 1.126 undergoes a Srn1 step, coupling onto an
enolate anion 1.124 to form the radical anion 1.127. SET from this radical anion, to
a new molecule of iodobenzene 1.7k yields the coupled product 1.123 and a new
aryl radical 1.126, in a radical chain mechanism. It should be noted that the aryl

radical 1.126 could directly couple to the a—carbonyl radical 1.125 to form the final

product in a linear reaction pathway.

Ketone 1.122a-f | Yield 1.123a-f
A) | o KOBu (4 eq.) R
R DMSO, 25°C, 1 h R2 acetone 1.122a 50%
©/ * \)LRZ pinacolone 1.122b 60%
0 cyclohexanone 1.122¢ 75%%
2-butanone 1.122d 70%"”
1.7k 1.22a-f 1.123a-f 3-pentanone 1.122e 70%
(4 eq.) phenylacetone 1.122f <1%
c®
OK
B)
SC)
OK | o )\Me M
0 e
}\ + ©/ — 1.124 s
Me -Ki . Me o]
©
1.124 1.7k 1.125 1.126 1.127
- Kl i e@
Me orMe (to 1.7k)
o (0]
e
1.123a 1.128

225% benzene also observed. PIsomers of 3-phenyl and 1-phenyl ratio 2.8 : 1 were observed.

Scheme 1.35A) Dark reactions to couple enolate anions of several ketones with
haloarenes.”# B) Proposed Srn1 mechanism in the dark in DMSO.

More recently, similar reactions have been reported in the literature by Taillefer et
al.8 whereby a-arylation of propiophenone 1.129 with various haloarenes, such as
1.7k, was achieved in the presence of KO'Bu (5 eq.) in DMF at 60 °C (Scheme 1.36).
It was found that the reaction also proceeded using DMF as 5 equivalents, albeit
with lower yields of product. Interestingly, when they did the reaction in DMSO it was
found to be an unsuitable solvent for the reaction, giving a trace yield of coupled
product. This contrasts with the work reported by Scamehorn and Bunnett
(previously shown in Scheme 1.35). Comparing propiophenone 1.129 in this
reaction, with phenylacetone 1.122f reported by Scamehorn et al., shows that they

have similar structures and reactivity in DMSO, since phenylacetone 1.122f was not
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reactive in DMSO, under the conditions Scamehorn et al. used. Taillefer et al.
proposed that the reaction proceeds through the Srnl mechanism; however, they
proposed that the electron donor is the carbamoyl anion 1.131, formed by
deprotonation of DMF, and not the enolate anion of 1.129. Therefore the mechanism
proposed contrasts with the initiation pathway proposed by Scamehorn and

Bunnett.84

o)
| Me Q
©/ . KOBuU (5 eq.), DMF, 60 °C, 13 h Me ?K
Ph ©>NMe,
1.7k

1.129 1.130 99% (85%)* 1.131
(2eq.)

aYield obtained when DMF (5 eq.) was used.
Scheme 1.36 Taillefer et al.2 reported the coupling of propiophenone with iodobenzene in

DMF.

Rossi et al.? reported an analogous intramolecular a-arylation reaction using light
irradiation and KO'Bu (Scheme 1.37). The substrates used in the study (1.132, 1.134
and 1.136a-c) consisted of a haloarene moiety tethered to an enolisable aryl ketone.
Light irradiation of these substrates predominantly led to a-arylation cyclisation,
however aryl-aryl bond formation was competing as an alternative mechanism, and
for some substrates this pathway was seen to dominate (Scheme 1.37C). Successful
intramolecular a-arylation or aryl-aryl bond formation of most substrates, such as
1.136a-c, was achieved in liquid ammonia using light irradiation. However, light
irradiation of substrate 1.134 yielded the a-arylation product 1.135 in low yields
(38%) (Scheme 1.37B), and an alternative procedure to achieve more efficient
cyclisation of substrate 1.134; a combination of pinacolone, KO'Bu and FeClz gave
high yields of 1.135 (84%) (Scheme 1.37D). Interestingly, Scamehorn and Bunnett’>
showed that the pinacolone 1.122b could be used to couple to haloarenes without
the need of iron salts, and therefore, it would be interesting to investigate the product

yields in the absence of FeClawith just pinacolone as an additive.
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KOBu (3-7eq.)

i
O pinacolone (0 - 2.6 eq. ) :OZBE risq/) o
hv, 2 - 5 h, NH3(/) 5 v, 3(
fj iz
1.132 1.133 99% 1.134 1.135 38%

KO'Bu (3 - 7 eq.), pinacolone (0 - 2.6 eq.)

© Me.__O
e
cl y F hv, 2 - 5 h, NH3()) ‘ \/\/j ‘/\‘:

1.136a X =S 1.137 85%
1.136b X = N-Me 1.137 73%
1.136¢c X = NH 1.138 86%
Me FeCl, (0.5 eq.), pinacolone (3 eq.) fo) J
5 KO'Bu (4 eq.), DMSO, dark, 4 h Q:(/j\”/
— + N Me
©/\ AN o
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Scheme 1.37A) Rossiet al.® used light irradiation to achieved intramolecular cyclisations
of substrate 1.132, B) of substrate 1.134 and C) substrates 1.136a-c. D) Substrate 1.134
underwent intramolecular a-arylation or aryl-aryl bond formation from using FeCl> and
pinacolone.

The experiments reported in this section show a variety of alternative bond
formations that can be achieved through transition metal-free synthesis, which
expand the reaction scope away from just aryl-aryl bond formation. By expanding
the reaction scope of these transition metal-free reactions, it could drive synthesis
away from the conventional methods commonly employed today that use transition
metals, and towards greener alternatives. Within the literature, it was shown that the
light-initiated coupling of aryl halides and enolate anions could be performed in the
dark. This raises the question as to whether other light-initiated reactions that
proceed via the Srnv1 mechanism could be successfully performed using KO'Bu and
an additive, to further expand the scope of the transition metal-free reactions. The
reports by Scamehorn et al.”>8 and Taillefer et al.83 that propose either enolate
anions or carbamoyl anions are possibly electron donors to haloarenes, raises the
question as to what other species could be initiating these transition metal-free

BHAS or Srn1 reactions.

41



Chapter 1. Literature review

Although the field of transition metal-free reaction synthesis is expanding and being
developed, there is a long way to go before it is capable of competing with, or
replacing, the traditional palladium-catalysed cross-coupling reactions. The future
challenges in the transition metal-free reaction conditions are to address the limited
reaction scope that is reported, as well as to understand and develop systems that
will efficiently react chlorobenzenes in these reactions. Finally, it is important to
develop conditions to achieve regioselective transition metal-free coupling reactions.
Currently the transition metal-free reactions occur with a limited regioselectivity on
the coupling partner, which is no issue if the aryl radical couples to benzene;
however when other reaction partners are employed there is little control of the

regioisomeric products formed.

1.4 Theinitiation step of the base-promoted homolytic aromatic
substitution mechanism

1.4.1 KO'Bu acting as the electron donor?

Ashby et al.36-37 proposed that alkoxides, such as KO'Bu, can act as electron donors
because they observed an EPR-active species in the reaction of metal alkoxides
(KO'Bu and LiO'Bu) with triphenylmethyl bromide 1.140 (or chloride) in THF. The
radical species was identified as the triphenylmethyl radical 1.141 when the EPR
spectrum was compared with that of a reference spectrum. They proposed that the
radical 1.141 forms when a single electron is donated from KO'Bu to triphenylmethyl
bromide 1.140, followed by the loss of a bromide anion (Scheme 1.38A). The major
product reported was (tert-butoxymethanetriyl)tribenzene 1.142, and [{4-(tert-
butoxy)cyclohexa-2,5-dien-1-ylidene}methylene]dibenzene 1.143 formed as a minor

product.
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Scheme 1.38A) Ashby et al.®® reported the formation of an EPR active species,
triphenylmethyl radical 1.141, when KO'Bu reacts with triphenylmethyl bromide 1.140 B)-C)
and they reported alkoxides were capable of reducing benzophenone.®” D) Proposed

mechanism to form ketyl radical from benzophenone.&

Another substrate that is reported to be a probe for SET from alkoxides, such as
LiO'Bu, is benzophenone 1.144. Ashby et al.3” reported that when benzophenone

1.144 reacts with lithium alkoxides (LiO"Bu, LiO'Bu), the lithium benzophenone ketyl
radical 1.145 forms, and they characterised the formation of the ketyl radical by
comparing an EPR spectrum with a reference sample (Scheme 1.38B). When
alkoxides LiO"Bu and LiO'Pr were used, the product benzhydrol 1.146 (the reduced
form of benzophenone 1.144) was observed, in addition to the benzophenone ketyl
radical 1.145 (Scheme 1.38B). The proposed mechanism is that the alkoxide
donates an electron to the benzophenone 1.144 to form the benzophenone ketyl
radical 1.145. This radical could abstract a hydrogen atom to form the benzhydrol
product 1.146. Interestingly, when AI(O'Pr)s was used as the alkoxide in the reaction,
only the reduction of the benzophenone to form benzhydrol 1.146 was observed.
They proposed that this is because the AI(O'Pr)s is a worse electron donor than
LiO'Pr. However, it should be noted that these alkoxide bases, LiO"Bu and LiO'Pr,
can form the lithium benzhydrol intermediate via hydride transfer by the Meerwein-

Ponndorf-Verley reduction. In fact, Newcomb et al.®¢ warned against proposing that
SET to benzophenone 1.144 was occurring based only on the observation of lithium
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benzophenone ketyl radicals formed in the reaction.8¢6 They were discussing the
proposed SET mechanism from lithium dialkylamides to benzophenone 1.144 to
form the lithium benzophenone ketyl radicals 1.145 and they proposed that the
lithium benzophenone ketyl radicals 1.145 did not form through SET but could form
via secondary processes (Scheme 1.38D).86 They showed that the lithium
dialkylamides 1.147 perform a Meerwein-Ponndorf-Verley reduction of
benzophenone 1.144 to give product 1.149. A second deprotonation of the lithium
benzhydrol intermediate 1.149 generates low amounts of the dianion 1.150, and itis
proposed that this species 1.150 acts as the electron donor to benzophenone,
instead of the lithium dialkylamides 1.147 previously proposed (Scheme 1.38D). In
relation to this method, comparison of the reduction of benzophenone 1.144
obtained using either LiO"Bu or LiO'Bu show that when LiO'Bu was used, no
formation of benzhydrol was observed (Scheme 1.38C), unlike the reaction of
LiO"Bu (Scheme 1.38B), but the lithium benzophenone ketyl radical 1.145 was
observed by EPR to form in 3% yield relative to the ketone. This suggests that the
B—hydride reduction by the alkoxide base is required for the formation of benzhydrol
1.146, and within the paper they propose that the presence of the lithium
benzophenone ketyl radical 1.145 is evidence that LiO'Bu performs SET to
benzophenone. However, based on the warning by Newcomb et al., in reactions
whereby alkoxides are proposed to perform SET to the substrates, care should be
taken to identify if an electron donor could be an alternative species formed through
secondary processes, proposed by Newcomb et al.

A recent paper by Wilden et al.8” claimed to contain experimental evidence to
support the hypothesis that KO'Bu is indeed an electron donor. They realised that
the additives, such as 1,10-phenanthroline 1.29, were not essential in these
transition metal-free reactions, but they did make the reactions proceed more
efficiently and at a higher rate (Scheme 1.39A). These observations agree with
others within the literature who observed that the coupled products could be formed
in the absence of additives, albeitin much lower yield.5262 Wilden et al. found that if
they increased the reaction time to 6 h, efficient yields of the coupled product 1.3b

could be achieved without an additive, such as 1.29 (66%). It must be noted that
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although a broad range of haloarenes successfully coupled to benzene in the
presence of KO'Bu and the absence of any additive, all the substrates tested
contained protons ortho to the halogen, therefore not ruling out a benzyne
mechanism. Wilden et al.8” claimed that metal alkoxides 1.151, such as KO'Bu, exist
in equilibrium with their charge-separated ion pair 1.152, which is essentially the
“dissociated” anion (Scheme 1.39B). The choice of metal counterion of the alkoxide,
or the addition of additives to the reaction mixture, are proposed to alter this
equilibrium to drive the reaction towards the charge-separated ion pair 1.152. They
reported that the species 1.152 is in equilibrium with species 1.153, whereby the
alkoxide exists as an alkoxyl radical, with its electron loosely bound to it, however no
evidence for the existence of this species was presented. They proposed that the
loosely bound electron in species 1.153 at high temperatures can be donated to an
aryl halide in the BHAS mechanism, to ultimately form an alkoxyl radical, like tert-
butoxyl radical 1.154. The tert-butoxyl radical 1.154 can react by two pathways; 1)
the first pathway is hydrogen atom abstraction to form tert-butanol, and 2) the second
possibility is B-scission to form acetone 1.122a with the loss of the methyl radical.
Wilden et al. provide experimental data that they claim is evidence for the formation

of these alkoxyl radicals and their B—scission.

A) | additive, KO'Bu (4 eq.) Additive | Yield 1.3b
160 °C, 3 h
+ None 38%
Me 1,10-phenanthroline 1.29 65%
Me
1.7b 1.8

DMEDA 1.21 67%

1.3b
(solvent)

@

B) oo oM . O1.9 S o
dove = Fye = el eye ——— I
Me Me )< e e Me Me - CH Me Me

Me Me M Me 3
1.151 1.152 1.153 1.154 1.122a

Scheme 1.39 Wilden et al. reported transition metal-free reactions could occur in the
absence of the additives, such as 1,10-phenanthroline 1.29, by the proposed SET from
alkoxides, MO'Bu (M =K, Na or Li).

The proposal that the additives drive the equilibrium towards the charge-separated
species 1.152 is in agreement with the previous mechanisms postulated in the

literature, whereby it was proposed that only the complex of KO'Bu and the additive
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is capable of donating the electron to initiate the BHAS pathway. However, in
contrast to this proposal, Liu et al.>® reported that simple alcohols that are not
capable of chelating to KO'Bu, were capable of promoting the transition metal-free
aryl-aryl bond formations.

Jutand and Lei et al.® have recently used EPR analysis and cyclic voltammetry (CV)
to gain more insight into the interactions involved between 1,10-phenanthroline 1.29
and KO'Bu in these transition metal-free reaction conditions. The mechanism they
propose still involves the formation of a complex between KO'Bu and 1,10-
phenanthroline 1.29, however they propose that the KO'Bu first donates its electron
to the 1,10-phenanthroline 1.29 through an inner-sphere electron transfer, and not
directly to the haloarene as previously proposed. This SET forms the radical anion
of 1,10-phenanthroline, which they propose is the electron donor that initiates the
BHAS pathway by donating an electron to the haloarene.

Although several mechanisms are proposed for this SET step, there is very little
reported evidence to support them. Several research groups have turned to using
computational chemistry to analyse the SET step for these reactions. Tuttle and
Murphy et al.** used computational methods, density functional theory (DFT), to
determine the thermodynamics for the electron transfer from the KO'Bu complex to
iodobenzene, in benzene as the solvent. Alarmingly, the free energy change for this
SET was calculated to be impossibly high, AGixn = 59.5 kcal/mol. Taillefer et al.83
also calculated the energy profile for the electron transfer from a free molecule of
KO'Bu (without chelation to any additive) to a molecule of iodobenzene in DMF
(without additives because the reaction successfully occurred without additives) and
found that the proposed initiation step was energetically unfavourable (AGrxn = 50.5
kcal/mol). Patil recently investigated the reaction pathway in more detail using
DFT.89 He computationally investigated the energy profiles for three proposed
mechanisms of SET from KO'Bu to initiate the transition metal-free BHAS pathways:
(1) SET from KO'Bu directly to iodobenzene in benzene, AGrxn = 114.5 kcal/mol; (2)
a SET from the 1,10-phenanthroline-KO'Bu complex to iodobenzene in benzene,
AGrxn = 109.6 kcal/mol; (3) the consecutive SET pathway: the first SET is from KO'Bu
to 1,10-phenanthroline, AGrxn=42.0 kcal/mol, followed by SET from the radical anion
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of 1,10-phenanthroline to iodobenzene, AGrn = 61.2 kcal/mol. All of these barriers
calculated suggest that KO'Bu is not capable of donating an electron to haloarenes
under the reported reaction conditions, and therefore an alternative mechanism must
be occurring for the initiation step of the transition metal-free reaction conditions.

Throughout the literature of the transition metal-free reaction conditions, KO'Bu is
often crucial for the reaction to occur, but in some cases other bases work well, such
as KHMDS or NaO'Bu, can be employed if harsher reaction conditions are used.3550
It is also reported that the organic additive is vital for the reaction, unless the solvent
is pyridine, or very high temperatures (> 150 °C) are used. Various researchers have
all proposed similar reaction pathways for these aryl-aryl bond formations (Section
1.2.2). Shirakawa and Hayashi et al.®® report that a complex forms between MO'Bu
(M =K, Na or Li) and 1,10-phenanthroline 1.29, and the complex donates a single
electron to the haloarene to form an aryl radical, which reacts with benzene as
described in the BHAS chain mechanism. Shi et al.34 believed that a bidentate
complex forms between the 1,10-phenanthroline 1.29 and MO'Bu (M = K, Na or Li),
and this complex is capable of interacting with benzene through Tr-stacking and -
ion interactions to activate the C-H of the unactivated benzene towards coupling with
the aryl radical. Other researchers believe that the BHAS mechanism is initiated by
a SET step to the haloarene, and many propose that the electron donor is the KO'Bu,
which is supported by the work reported by Ashby et al.36-37, However, in the
reactions reported by Ashby et al.36-37 the alkoxide base used is LiO'Bu and the
reaction conditions are very different to the transition metal-free reactions, and
therefore this does not necessarily provide evidence for SET from KO®Bu under
transition metal-free reaction conditions. In some recent papers, the reactions are
performed inthe presence of alternative bases; Chen et al.*° performed the coupling
of a 1-naphthyl iodide with benzene using the NHC additive 1.45 (previously shown
in Scheme 1.14) and achieved comparable yields when KHMDS (45%) was used
instead of KO'Bu (41%). Kappe et al.® replicated the conditions of Shi et al.3®> and
showed that it was possible to form biaryl structures in the presence of 1,10-
phenanthroline 1.29 using LIHMDS as the base, with higher yields than when KO'Bu

was used. They noted that the reaction using LIHMDS yielded cleaner products,
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albeit the reaction had to be monitored to deduce the duration for completion of the
reaction, which is longer than when KO'Bu is used. All these inconsistencies suggest
an alternative mechanism could be occurring, and recently Murphy et al.40:4244
proposed that the combination of a strong base with an organic additive forms an
electron donor in situ, and this is the species responsible for the initiation of the
BHAS pathway (Section 1.4.2).

1.4.2 Organic molecules as precursors for electron donors

There are many examples of organic molecules that can form electron donors.
Examples of this are reducing sugars, such as glucose 1.155, which is believed to
be the electron donor that reduces Ag(l) and Cu(ll) in the Tollens’ and Benedict's
test respectively. The ability of various simple molecules, such as aldehydes and a-
hydroxy ketones, to reduce Ag(l) in the Tollens’ test will be discussed within the
results of this thesis in Chapter 7. Recently, glucose 1.155 has also been applied to
the transition metal-free coupling of haloarenes to benzene; however only 8%
coupled product was achieved when the reaction was performed in benzene
(Scheme 1.40).°1

A) | glucose 1.155 (0.5 eq.), KO'Bu (4 eq.)
o T
+
e (J
Me
1.7b 1.8

(solvent)
OH OH OH
B ——
HO o OH OH

1.155 1.156 1.157
Scheme 1.40 Kumar et al.®* attempted to use glucose 1.155 to achieve transition metal-free
aryl-aryl bond formation.

The Murphy group has been involved in the development of “super-electron-donors”,
which are defined as organic molecules that are capable of reducing iodobenzene
(E®= - 2.2 V vs. SCE).*® This was achieved by assessing the reducing ability of
tetrathiafulvalene  (TTF) 1158 (E° = 03 V vs. SCE)*? and
tetrakis(dimethylamino)ethene (TDAE) 1.159 (E° = - 0.78 V vs. SCE)% (Scheme

1.41A). On analysis of the reducing ability of various TTF-based structures and
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TDAE 1.159, it was determined that to design a good reducing agent, firstly the
extent of aromatisation driving force is important, and secondly, the presence of
heteroatoms make better electron donors. In particular it was found that the replacing
sulfur atoms with nitrogen atoms improved the strength of the electron donor. The
four nitrogen atoms in TDAE 1.159 donate electron density into the double-bond
making it more electron-rich, hence more able to donate electrons. The four nitrogen
atoms also stabilise the radical that forms after electron donation, thus making loss
of an electron possible. Design of a stronger electron donor was performed by
Murphy et al.% and in 2005 they reported the formation of the first organic “super-
electron-donor” 1.160 (Scheme 1.41A). Formation of these “super-electron-donors”
is performed by deprotonation. For example, deprotonation of 1.161 forms the
carbene 1.162, which intramolecularly attacks the iminium on the tethered
imidazolium salt (Scheme 1.41C). Further deprotonation of 1.163 forms the electron
donor 1.160. These reported “super-electron-donors” bear resemblances to the NHC
molecule 1.45 used by Chen etal.> to initiate the coupling of haloarenes to benzene,

under transition metal-free reaction conditions (Scheme 1.41B).
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1.161 1.162 1.163 1.160
Scheme 1.41A) The evolution of organic electron donors into “super-electron-donors.” B)
The NHC additive 1.45 used by Chen et al. to initiate the coupling of haloarenes to benzene.
C) The formation of the electron donor 1.160 from salt 1.161.

The proposal that organic molecules form electron donors in situ has already been
discussed briefly in Section 1.3. Scamehorn and Bunnett’> proposed that the
potassium enolate anions of several ketones donated electrons to the haloarenes to
initiate Srn1 reactions. The concept that organic molecules can act as electron
donors could be applied to these transition metal-free reaction conditions. Murphy et

al.#244 proposed that the numerous simple organic molecules that have been
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reported to be successful in promoting the BHAS mechanism in the presence of a
strong base, such as KO'Bu, form organic electron donors in situ (Scheme 1.42).
Over the last few years they have reported evidence of the formation of electron
donors from various organic additives that are used to achieve transition metal-free
coupling of haloarenes to benzene. The most common additive used for the
transition metal-free coupling reactions is 1,10-phenanthroline 1.29 (Scheme 1.42A).
They proposed that in the reaction mixture the 1,10-phenanthroline 1.29 complexes
with KO'Bu, in agreement with the other researchers within this field of chemistry.
However, they proposed that complexation of KO'Bu and 1,10-phenanthroline 1.29
aided the deprotonation of 1,10-phenanthroline 1.29 by KO'Bu, to form 1.165. This
anionic intermediate attacks another molecule of 1,10-phenanthroline 1.29 to form a
dimeric species 1.166, which is deprotonated a second time by KO'Bu to form 1.167.
It is the formation of this species 1.167 in situ that is believed to be the crucial step
to initiate the transition metal-free coupling reactions, because Murphy et al.**
proposed that this species 1.167 is an electron-donor. To support their proposal they
went so far as to isolate the oxidised form 1.16444 of the organic electron donor 1.167
formed in the reaction mixture (Scheme 1.42A). They propose that pyridine acts
similarly to 1,10-phenanthroline 1.29 to form similar electron donors, such as 1.172
(Scheme 1.42B).
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Scheme 1.42 The formation of electron donors in situ from 1,10-phenanthroline 1.29 and
pyridine 1.16.%4

Since their initial paper within this field, Murphy et al. have proposed possible
electron donors formed from other additives within these transition metal-free
reactions, such as 2-pyridyl carbinol 1.65 and DMF 1.175 (Scheme 1.43A and B).40:43
Based on their current insights made into these potential electron donors, Murphy et
al.2? have also published their views on the possible electron donors formed from
other additives that are successful at coupling haloarenes with benzene under these
reaction conditions, such as 1,2-diamines like DMEDA 1.21 and diols such as cis-
1,2-cyclohexane-1,2-diol 1.25 (Scheme 1.43C and D respectively). Work is
continuing with the Murphy lab (and will be discussed in parts in this thesis) as to
these possible electron donors formed in situ from the action of KO'Bu on simple,

cheap and bench-stable organic additives.
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Scheme 1.43 The formation of electron donors in situ from 2-pyridyl carbinols 1.65% and
DMF 1.175, and proposed electron donors formed from DMEDA 1.21 and cis-
cyclohexane-1,2-diol 1.25.4
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2.1 Motivation for the thesis and aims

Upon starting my PhD, Professor John A. Murphy and his group were interested in
the recently reported transition metal-free reaction conditions that were most
commonly used to achieve aryl-aryl bond formations between a haloarene and
benzene, which was used as the solvent (described in Chapter 1). The work
discussed within this thesis is a continuation of the efforts that the Murphy group
make to this field of radical chemistry. The research was focussed on two objectives.
The first was to identify the electron donor species responsible for the single electron
transfer step in the initiation of these coupling reactions (described in Chapter 4).
Due to the benefits associated with transition metal-free reaction conditions, it was
considered desirable that these transition metal-free reaction conditions could be
used for alternative transformations as well. Therefore, the second objective was to
expand the scope of these reaction conditions in order to move away from solely
aryl-aryl bond formations, and to find possible applications of these transition metal-
free reaction conditions at achieving Srn1 reactions (as described in Chapter 6). In
order to achieve these aims, organic experimental work was performed, in addition
to computational analysis, implementing qguantum mechanics to investigate reaction

pathways.

2.2 Layoutofthe thesis

The thesis begins by providing a brief description of density functional theory (DFT)
and the computational methods that will be used within the thesis to give support
and deeper understanding to the conclusions drawn from experimental results
(Chapter 3).

The main results are reported in four chapters. Chapter 4 investigates the possible
electron donors formed from both the N,N’-dipropyldiketopiperazine (DKP) additive
and DMF using both experimental and computational techniques. Chapter 5
describes the initial attempts made to find evidence as to whether the butoxide anion
is capable of donating an electron, either to iodoarenes or to tetrahalomethanes

under various reaction conditions; the evidence reported suggests that KO'Bu is not
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an electron donor to either substrate. Chapter 6 explores the possibility of using
these transition metal-free reaction conditions to achieve Srnl cyclisation of
substrates, using computational and experimental techniques to understand the
reaction mechanisms, and the observed role of solvent in the product formation.
Finally, Chapter 7 is used to investigate whether glucose could act as an additive in
the transition metal-free reaction conditions, similar to the proposal and report of
Kumar etal.,®! and effort was made to gain mechanistic understanding of the Tollens’
reaction, and the possible electron donors that form from the many possible classes

of substrates that can be used to reduce ammoniacal silver nitrate.

Chapter 8 is used to summarise the key conclusions of this thesis and propose
possible work for the future. Chapter 9 gives complete characterisation and

information on the experimental work performed within this thesis.
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Quantum mechanics is a sub-section of computational chemistry that is applied to
systems on the atomic level, with the aim to determine the exact wavefunction of a
particular system. If the wavefunction is known for any system, then the physical
properties, including the energy of the system, can be deduced on the application of
a specific operator to the wavefunction, such as the Hamiltonian operator (H). One
approach to extracting the energy of a system in quantum mechanics is to solve the
N-electron wavefunction, such as the Hartree-Fock (HF) approximation. However,
an alternative approach is to determine the electron density of a system, because
physical properties of the system are dependent on the electron density.%> This

method is known as density functional theory (DFT).9-98

3.1 Density functional theory

The electron density (p(%)) is the probability of finding any one of the N electrons
with any spin function within the volume dr,, where all N-1 electrons are represented
by W (Equation 3.1). This is achieved by determining the probability of finding one
electron within volume dr, and then multiplying this by N because all electrons are

indistinguishable.
p() = N f---f|qj(£1;fz,---,f1v)|2d51 X1,X2,., Xy Equation 3.1

The electron density has several important properties: (1) itis a function of only three
spatial variables; (2) at infinite distance from the nucleus the electron density should
go to zero, p(f —» ) =0; (3) if p(¥) is integrated over all space, this gives the total
number of electrons, [ p(r)dr, = N; and (4) unlike the wavefunction, the electron
density can be physically measured, for example, by X-ray diffraction. Additionally,
the p(¥) reaches a maxima at the position of the nuclei (Ra) and hence Ra can be
determined from electron density, and this density at Ra contains information about
the nuclear charge (Za). Hence, electron density provides information of Ra, Za and
N, which is all the information required to approximate the Hamiltonian operator for

any particular system.
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3.1.1 Hohenberg-Kohn theorem

The Hohenberg-Kohn theory describes how electron density could be used to
determine the Hamiltonian operator, and hence it can be used to extract the physical
properties of the particular system.®> Each molecular system is uniquely described
by three factors that are required to study the system; the number of electrons (N),
the position of the nuclei (Ra) and the charges of the nuclei (Za). The electron density
p(r) contains all this information and can be shown to directly relate to the

Hamiltonian operator, and hence the ground state energies (Eo) (Equation 3.2).
p() = {N,Zs,Rp} =2 H =2 ¥, = E, Equation 3.2

The ground state energy (Eo) and its energy components are all functionals of the
ground state electron density (Equation 3.3). The Ene component is system
dependent, i.e., it depends on the Ra, Za and N, and thus can be described using
the electron density and an external potential (Equation 3.4). The last two terms,
Tlp,] and E,.[p,], are independent of the system variables, and together they form
the Hohenberg-Kohn functional, Frk (Equation 3.5). This equation suggests that the
ground state energy can be determined if the Frk functional was known. The Fhk
functional contains the functional for both the kinetic energy (T[p]) and the
interelectronic repulsion (E,.[p]), however these functionals are not known and
hence the ground state energy cannot be determined (Equation 3.5 — 3.7). The
E..[p]functional can be further broken down because this functional consists of the
Coulomb interaction potential (J[p]) which can be calculated, and the non-classical
contribution to the electron-electron interaction (E, . [p]) such as self-interactions and
the exchange and correlation of the electrons (Equation 3.7). The major challenge

of DFT is finding expressions for the unknown functionals, T[p]and E, [p].

Eolpo] = Enelpol + Tlpol + Eeelpol Equation 3.3
Eolpol = | poVied? + Tlool + Eeeloo] Equation 3.4
Eol[po] :fpo(F)VNed?+ Frk [pol Equation 3.5

Fuklp]l = Tlpl + Eeelpl = (Wo|T + Veo| o) Equation 3.6
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1 EDp(2) 1o 1o .
Eee [P] =3 ff%drl dr; + Enalp] = ][p] + Enalp] Equation 3.7

The second Hohenberg-Kohn principle involves using the variational principle to
determine the ground state density (Equation 3.8). This states that when the F,;[p]
functional is applied to a reasonable trial density, p(T), the energy calculated will be
either greater than or equal to, the ground state energy. It will only be equal to the

ground state energy if the trial density matches the exact density, i.e. p(t) = p, (7).
Eg < E[p] = Fuxlp]l + Enelp] Equation 3.8

This theory proves that density can be used as a replacement to the wavefunction
when solving the Schrodinger equation. In order to practically apply this theory

however, an approximation of the functional must be developed.

3.2 Functionals
3.2.1 Kohn-Sham approach

The Hohenberg-Kohn theory introduced the Fy.[p] functional that contains
contributions from the kinetic energy (T), the coulombic interaction potential (J) and
the non-classical electron-electron interactions (E,.;). The Kohn-Sham approach
builds upon the Hohenberg-Kohn theory and has provided a practical
implementation of the electron density within DFT methods, by finding an accurate
way to describe the kinetic energy functional (T). In the Kohn-Sham approach, the
Slater determinant @, is constructed (Equation 3.9), which gives the wavefunction
for the reference orbital-based system of non-interacting electrons, which move
within an effective potential Vs, and is described by the Hamiltonian (H;) (Equation
3.10). The ground state wavefunction is therefore represented by the Slater
determinant (@), that is made up of Kohn-Sham spin orbitals (¢), where the %S is

the one-electron Kohn-Sham (KS) operator (Equation 3.11 — 3.12).
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01 (X1)  @2(X1) on(X1)
0. = i @1 (X2)  @2(xX3)
S JUNI| : :
01 (Xn)  @2(Xy) P(xN)

1 N N
Hs = —EZV? + ZVS(Fi).
i i

fKS(Pi: & ©i, l:1,2,,N

R 1
o= —2 Vi + Vs ()

on(x2) ~ ¥,

Equation 3.9

Equation 3.10

Equation 3.11

Equation 3.12

The Hamiltonian (H,) is a sum of the one electron KS operators, %S, The kinetic

energy of the system is thus determined by using the fictitious system of non-

interacting electrons that is given an effective potential (Vs) to match the resulting

density with that of the actual system (Equation 3.13). The kinetic energy of the non-

interacting system is determined (Equation 3.14) and a functional (F[p]) was

introduced (Equation 3.15 —3.16). This equation essentially sums up all the unknown

parameters within the system and combines them into the Exc, which is defined as

the exchange-correlation energy, which includes the residual kinetic energy that was

not accounted for by the non-interacting system, as well as the non-classical

interactions such as the electron-electron correlation and exchange and the

correction for the self-interaction of the electrons.

N

ps@ = D) loiE DI = po(@)

N
N
1 2
To= =5 ) (@ilve)
i

Flp(®] = Ts[p@] +J[p(D] + Exclp(®]

Exclp(®] = (Tlp]=Ts[p]) + (Ecelp] = JIpD

Equation 3.13

Equation 3.14

Equation 3.15

Tclp]l + Enalp] Equation 3.16

So, for the interacting real system the energy can be expressed (Equation 3.17).

E[p(®] = Ts[p] +]J[p] + Exclp] + Enelp]

Equation 3.17
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e
Elo®) = Tilpl +5 | [EE 2,0, + Exclpl + | Viep()a

N N N
o1 =—3 Y (@ivlon+ 32 > | [loi@r eyl
i i

N M
- - — Z -
dr; di, + Exc[p(®)] +Zf2i|%@1)|2dr1
7 2 !

Hence, the Kohn-Sham approach focuses on determining the unknown Ey.

functional and many methods have been designed to approximate this functional.

3.2.2 The exchange-correlation functional

The quality of DFT depends on the accuracy of the approximated exchange-
correlation functional (Exc). This is achieved by finding the bestfunctional to describe
the system. Hartree-Fock is a wave function based method, meaning that the exact
wavefunction is, in principle, known, and hence improvements involve systematically
progressing towards the exact form. However, DFT is not a wavefunction based
method, and therefore the major drawback is that, when trying to improve the method,
the form of the exact functional is completely unknown. In DFT, to find an improved
method, it is largely trial and error. The Exc functional is an approximation, and the
quality of this approximation depends on each system and on how well the kinetic

energy, exchange energy and electron correlation are described for that system.

3.2.2 Local density approximations

The early model systems used to approximate exchange correlation functionals were
based upon the uniform (or homogeneous) electron gas model. It states that the
interacting electrons are evenly distributed within a uniform, positively charged
background, so that a constant value for the electron density is uniformly distributed
throughout the model. Although this is not a realistic model of a molecular system,
which usually contains rapidly varying densities, this model is used because the form

of the exchange and correlation functionals are accurately known (Equation 3.18).
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SXC(p(f‘)) is the exchange-correlation energy per particle of a uniform electron gas

of density p(¥), i.e., the energy density per particle density. The energy per patrticle
is weighted by the probability p(¥) that there is an electron at this position. This is the

definition of the local density (LD) approximation. ey (p(fr)) is the sum of the
energies for the exchange, &x(p(¥)), and correlation, e;(p(¥)), parts (Equation 3.19

—3.20).

Exclp]l = f p(® exc(p(®)dr Equation 3.18

Exclp]l = ex(p®) + ec(p®) Equation 3.19

33(3p(F .
&= "3 ’ pﬂ(r) ec(p®) Equation 3.20

The LD approximation can be written as the unrestricted version, where the

functional is divided into two functionals for the different spin densities, which are
po () + pg (F) (Equation 3.21). This allows greater accuracy for open-shell systems
whereby the spin densities are different due to differences in the population of
electron spins a« and . This unrestricted form of the LD approximation is called the

local spin-density (LS) approximation.
B lowos] = [ 0 exc (pa(®,0p ) aF Equation 3.21

The spin densities at any position are expressed by the normalised spin polarisation
parameter (§) (Equation 3.22) where p, () # p;(¥). £ ranges from O (where the
spins are matched equally) to 1 when itis fully spin polarised (where all electrons
are one specific spin) (Equation 3.22). This means that for an open-shell system at
the coordinate ¥, there are both a and B spin densities to be used in the LS
approximation. Therefore, the spin densities, p,(f) and p,(¥), are associated with
the exchange correlation energies, Ey.(T), of the homogeneous electron gas
(Equation 3.21). This is done at each point in space and integrated over the density.

Since the LS approximation assumes that the electron spin density is homogenous
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at each coordinate throughout the system, the exchange correlation potentials
depend only on local spin densities.

 pa®— pp(®

§ = NG Equation 3.22

This approximation is far from what is observed within real molecular systems
however, surprisingly, it can deliver superior results, relative to Hartree-Fock.
However, due to the low accuracy of the energetic details, improvements are

required.

3.2.3 The generalised gradient approximation

One improvement is to incorporate a gradient of the charge density, Vp(¥), at each
point ¥, in addition to the information about the density p(¥). This means that the non-
homogeneity of the electron density in a true molecular system is incorporated. This
inclusion of a gradient forms the generalised gradient approximation (GGA)
(Equation 3.23 — 3.24). This means that the function, f, (Equation 3.23) depends on
both the densities (p(¥)) and density gradients (Vp()). To solve the ESS4, itis split
into the individual E¢%4 and ES%4 contributions and each is approximated individually.
The EZS4 (Equation 3.24) contains the functional F, that is the reduced density
gradient for the spin (o), and s, that is the local inhomogeneity parameter (Equation
3.25).

Ege®papp] = ff(Pa, g, VPa Vpg)dr Equation 3.23
EGGA — ELDA _ Zf F(s) p¥/3 (®) d Equation 3.24
o
V@I .
so(f) = —4/(;, —— (D) dr Equation 3.25
Py ()

The inhomogeneity parameter (s, (t)) assumes large values for large gradients Vp,,

and also for regions with small densities, because of the denominator p§/3(f)‘). From
this equation, it is also deduced that small values of s, are achieved in regions of

high electron density or small gradients of density, such as in the regions of bonding
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interactions. This is one of the main differences of GGA compared to LD

approximations whereby s; equals zero over all of the space.

The GGA has led to the development of several functionals, F, such as the Becke
exchange functional (B). This isthe most commonly used GGA exchange functional
and it isused in combination with several gradient-corrected correlation functionals.
The most popular correlation functional today was derived by Lee, Yang and Parr
(LYP). The LYP correlation functional is not based on the uniform electron gas but

is derived from an expression for the correlation energy of the helium atom.

3.2.4 Hybrid functionals

The aim of DFT development is to get the most accurate exchange-correlation
energy, and one way to perform this is to use hybrid functionals, to combine (with
different weightings) the approximate DFT exchange functional with the exact HF
exchange functional, which is calculated from the Slater determinant, with a
correlation functional (Equation 3.26). X is optimised for these hybrid functionals to
find the most appropriate value. Within this thesis the M06-2X functional is used,
which is a generally applicable functional for various systems, however it is suited
for main group thermochemistry or for the kinetics of such systems.% The M06 suite
contains a series of hybrid functionals, some that contain HF exchange at various

weightings, and meta-GGA functionals.

) X X
hybrid ,
EpyPrid = Z_pHF 4 (1 - _) ERXFT + EDFT Equation 3.26

~ 100 100

3.3 Basis sets

In order to accurately determine the energy of the system, an accurate wavefunction
must be constructed. In computational chemistry a basis set is used to describe the
molecular orbitals by using a combination of functions. The two main types of basis
functions used are Gaussian-type orbitals (GTO) and Slater-type orbitals (STO).
Cartesian GTO, of the form in Equation 3.27, construct the set of basis functions that

are used in wave function-based methods such as HF. N is the normalisation factor,
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a is the orbital component that determines how diffuse (small a) or compact (large
a) the functional is, and |, m, and n sum up to determine the nature of the orbitals,
whether s, p, d. etc. The STO basis functions differ from GTO functions because
they contain spherical and angular parts to the function, and the orbitals take on an
appearance of hydrogen atomic orbitals (Equation 3.28). Where, n is the principle
quantum number, ¢ is the orbital exponent and Yim are the spherical harmonics that

describe the angular part of the function.

nGTO = N x! ym zn g—ar? Equation 3.27

nST0 = N1 e ¥y, (0,¢) Equation 3.28

The STO basis function has a large dependence on r, which means that the orbitals
exhibit a cusp as r — 0, which mimics the behavior of hydrogen atomic orbitals, as
well as giving the exponential decay observed at tail regions of the orbitals (r — ).
Although STO basis sets are the more accurate way to describe the orbitals, the
computational cost means that GTO basis sets are often used instead. As a method
to achieve a similar accuracy as that which is achieved with STO basis sets,
contracted GTO basis sets are used.'%° These basis sets consist of several primitive
Gaussian functions that are linearly combined to give one contracted Gaussian
function (CGF) (Equation 3.29). d,, is the contraction coefficient which can be
chosen to get the CGF to resemble the STO function as closely as possible. A is the

number of functions in the contraction.

A
ngeF = Z dar n§TO Equation 3.29
a

The CGF generates an approximation of the STO, but at lower computational cost.
This strategy yields the STO-nG basis sets, where n is the number of primitive

Gaussian functions contracted to form the CGF.

There are several categories of basis sets, from the simplest and least accurate
minimal basis sets, to double or triple-zeta basis sets, however increasing the

number of functions, although it increases the accuracy, does come at a higher
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computational cost. Minimal basis sets are the least accurate, this expansion of the
molecular orbitals uses one basis function for each atomic orbital, both core and
valence. This basis function may be a contracted function of primitive Gaussian
functions to form a single CGF set, e.g. STO-nG basis sets. The accuracy of the
calculations is improved by using double-zeta basis sets, whereby two functions are
used to describe each atomic orbital. However, this larger basis set is only required
on the valence orbitals, since these are the electron wavefunctions that undergo the
most changes during chemical processes. Therefore, a reasonable accuracy can
still be achieved if the valence orbitals are treated with a double-zeta basis sets,
whilst the inert core orbitals are treated with a minimal basis set. This basis set,
where the valence and core electrons are treated differently is called a split-valence
type set, such asthe 6-31G Gaussian basis set. It is clear to see how these schemes
can be extended to triple-zeta and quadruple-zeta, etc, to achieve more accurate
results. For example, the 6-311G is a triplet-zeta, split-valence basis set that
describes Gaussian-type orbitals. The 6 in the basis set means that 6 primitive
Gaussian functions generate a single contracted Gaussian function, and this single
CGF is applied to each of the core orbitals of the molecule. The -311 in this basis
set, means that three basis functions are used to describe the valence orbitals. Of
these three basis functions, the 3, is a CGF consisting of three primitive Gaussian

functions, whilst the 1’s are all a single primitive Gaussian function

Additionally, polarisation functions (d,p), can also be added to the basis set. These
functions are of higher angular momentum than is required for the atom, to give the
orbital more flexibility. The d is added for polarisation of the non-hydrogen atoms,
and the p is for polarisation of the hydrogen atoms. The addition of these functions
distort the atomic orbitals form their original symmetry into more realistic molecular
orbitals. Diffuse functions can also be added to basis sets to extend the CGFs further
from the nucleus. These are useful when modelling species such as anions. These
are also important for larger elements, such as d-block, where the orbitals are further
from the nucleus. These functions are denoted with a ‘+’, for diffuse functions on the
non-hydrogen atoms, or ‘++’ where the latter is for both hydrogen and non-hydrogen

atoms.
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Systems that contain heavy elements (Z > 36), should be modelled with additional
functions.®” Heavy elements contain a larger number of electrons, which are mostly
located within the core of the atom. Therefore, an effective core potential, or pseudo
potential, should be incorporated into the calculation to accurately model the
chemically “inert” core electrons. An effective core potential (ECP) replaces the core
basis functions (of the core electrons) with functions that represent a combined
nuclear-electron core and the interactions with the valence electrons. A main reason
to incorporate these ECPs is because of the relativistic effect of heavy atoms.
Electrons at the core of heavy elements can reach velocities close to the speed of
light, because the increase in the nuclear charge leads to a contraction of the
innermost core orbitals. Due to this increase in contraction of the orbital, the speed
of the electrons is increased. Therefore, the usual non-relativistic Hamiltonian does
not account for the relativistic effects and as such many chemical properties do not
accurately represent the true value. There are two models of the ECPsthat vary by
the number of electrons that are included in the core. A “large-core” ECP includes
all the electrons as core electrons, except for the valence electrons, whereas “small-
core” ECPs include less electrons in the core. “Small core” ECPs view the electrons
in the valence shell (principal quantum number, n = x) and the electrons of the sub-
valence shell (n = x-1) as the “valence electrons” and all others as the core electrons.
The benefit of a small-core ECP is that in heavy elements the polarisation of the sub-
valence shell can be significant and thus it can be worth the additional computational

cost to include them as “valence” electrons in the calculation.

As has been demonstrated basis sets can be tailored to any system that is to be
studied. The accuracy of the calculations depends on the system used and whether
additional functions were included, if needed. Once the appropriate functional and
basis set has been selected for the molecular system to be modelled, then the
required properties of that system can be determined using a software package such
as Gaussian. However, to assure that an efficient basis set is being used, which
obtains accurate results with a minimal computational cost, it can be beneficial to

compare basis sets to ensure the correct functions are present.
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3.4 Computational methods
3.4.1 Single electron transfer

To model an electron transfer step computationally, the Marcus-Hush theory0!
should be employed. The Franck-Condon principle states that the electronic
transitions occur instantaneously and are followed by the structural relaxation of the
molecule. Therefore, the electron transfer can be visualised using two energetic
parabolas (Figure 3.1). The intersection of the two parabolas is where electron
transfer can occur, and thus the energy for electron transfer is the activation energy,
AG* (Equation 3.30). Upon the transfer of the electron significant structural change
and solvent reorganisation is required to account for the changes of the electronic

environment. The energy of the reorganisation is labelled as A.

AG (kcal/mol)

€]

Donor Donor]

°0
T~

S)
Acceptor ce ptor] °

| | Reaction coordinate
Reactants Products

Figure 3.1 A representation of the thermodynamics of the electron transfer step.

_ 1A+ AGxn)? Equation 3.30

AG!
4 A

The reorganisation energy (i) is determined computationally by splitting the
reorganisational energy into its internal and external components, and because
studies showed that the external reorganisation effect is minimal, only the internal
reorganisation energy is used (Equation 3.31). The reorganisational energy (1) is
calculated computationally by optimising the geometries’ of both the acceptor and

donor species, before and after the electron transfer.
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- A (D) + A (A) Equation 3.31
B 2

To calculate the energetic profile for SET it is commonly performed using Nelson’s
four-point method, employing Marcus theory.101.192 The electron donor and the
electron acceptor species are optimised individually, both before and after SET.
When the optimised geometry was obtained for the electron donor species, before
SET, then a single point energy (SPE) calculation is performed using a different
charge and multiplicity of the system to reciprocate that of the electron donor species
after SET. This is repeated for all the optimised geometries (both of the electron
acceptor and donor).

A more modern method to model the SET was recently reported.*® Instead of
optimising the donor and acceptor molecules individually, the new method optimised
the donor and acceptor species as a complex, both before and after SET. A SPE
calculation is performed using a different charge and multiplicity of the system to
reciprocate that of the complex after SET. This is repeated for the optimised
geometries of the complex after SET, using the charge and multiplicity of the system

to reciprocate that of the complex before SET.
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4.1 Introduction

Over the past couple of years, the Murphy group has investigated the roles of various
organic additives in the transition metal-free coupling reactions of haloarenes with
benzene. Expanding on their efforts to identify the electron donor species in these
BHAS reaction pathways within this chapter, attempts were made to identify the
electron donor formed in situ from the action of KO®Bu and N,N:
dipropyldiketopiperazine (DKP). In this chapter, evidence is provided that other
simple organic molecules can form electron-rich species in the presence of KO'Bu,

and can donate to haloarenes in the transition metal-free reaction conditions.

4.2 Computational methods

The calculations were run using the M06-2X functionall®3-104 with the 6-311++G(d,p)
basis setl05-109 gn all atoms, except for the iodine. lodine was modelled with the
MWBA46 relativistic pseudo potential and associated basis set.}? All calculations
were carried out using the C-PCM implicit solvent model.111-112 A|l calculations were

performed in Gaussian09.113

4.3 Design of a new N,N’-dipropyldiketopiperazine additive

There has been a lot of interest in the transition metal-free coupling of a haloarene
with benzene, through the reported BHAS mechanism (that was introduced in
Section 1.2.2, Scheme 1.11).38 The initiation step is a SET to the haloarene to form
the aryl radical 4.2, and this aryl radical attacks a molecule of benzene to form
4.3.38 This radical 4.3 undergoes a deprotonation to yield the radical anion 4.4, which
Is electron-rich and thus will donate an electron to the starting material 4.1 to form
the product 4.5 and propagate the radical chain.3® Although it is accepted that the
Initiation step is a SET process, the species responsible for this electron donation to
4.1 has been debated. Recent findings point to the formation of an organic electron
donor formed by the reaction between KO'Bu and an organic additive.*%-4244 Within
the Murphy lab, one of the most successful additives is the DKP additive 4.6 which
was shown to be very good at promoting both the transition metal-free aryl-aryl bond

formation and Srnl bond formation (described in Chapter 6).42114 |t has been
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proposed that the DKP additive 4.6, in the presence of KO'Bu, forms an electron-
rich enolate anion 4.7, which is capable of donating a single electron to the haloarene
4.1 in the initiation step of the BHAS reaction pathway (Scheme 4.1A).4? The aim of
this project was to find evidence that the enolate anion of DKP 4.7 donates an
electron to the haloarene, such as 4.1, under the transition metal-free reaction
conditions. The enolate anion of DKP 4.7 contains an electron-rich double-bond
which bears three heteroatom substituents that donate electron density into it. ASET
from the enolate anion moiety of 4.7 will form the captodatively stabilised radical 4.8
(Scheme 4.1B).
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H
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Scheme 4.1A) The BHAS mechanism.*® B) The proposed electron donor 4.7 formed in situ
from DKP 4.6.

According to the literature the radical 4.8 can be intramolecularly trapped by the
design of an appropriate tether onthe DKP scaffold.11®> Jahn et al. synthesised many
diketopiperazines that contained various “tethers” attached to the DKP scaffold,
using a different method to that used in this chapter (Scheme 4.2). They synthesised
a DKP molecule 4.9 that contained an alkene tether attached to the DKP core
structure. In the presence of base, 4.9 is converted into its enolate anion, and this
enolate anion is oxidised and subsequently coupled to TEMPO to form 4.11. Bond
thermolysis of the alkoxyamine 4.11 generates the captodatively stabilised radical
4.14 and a molecule of TEMPO 4.10.115 Upon the formation of 4.14, the radical can

cyclise onto the alkene to form the radical 4.15, which affords 4.12 from radical
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combination with TEMPO 4.10. Based upon this literature precedent, a DKP
analogue was designed that would be used as an additive in the transition metal-
free reaction conditions, to find evidence that the DKP additive is responsible for
initiating the BHAS reaction pathway by performing SET to haloarenes, such as 4.1.

A
) LIHMDS . oTMP OTMP %
Bn ~  [CpyFe]*PFg Bn BuOH fo)
o) N TEMPO4 10 130°C 2h Bn, Me N Me
O
T I Me{jMe
N O TMPO
|
4.9 4. 11 4.1279% 4.13 10% TMPO
B)
H OTMP
7 Bn =
. | Bn B
Thermolysis O _N N o 410 n\N o
o i 0O N o N
T™MPO Me N Me ’\“ o Bn Bn
Bn
4.11 TEMPO 4.10 4.14 4.15 4.12

Scheme 4.2 Literature synthesis of bridged diketopiperazines using radical cyclisation and
the proposed mechanism.%®

The additive designed for the study was 4.19, which contains a tether attached to
the a-carbon on the DKP core that contains both a cis-alkene and a SPh moiety
(Scheme 4.3). This additive 4.19 has two radical probes to indicate that the
captodatively stabilised radical was formed in the reaction: (1) In the presence of
KO'Bu, the DKP additive 4.19 will exist as its enolate anion; either the kinetic 4.20 or
the thermodynamic enolate anion 4.21 will form from 4.19 in the presence of KO'Bu.
If the kinetic enolate anion 4.20 donates an electron, the stabilised radical 4.22 will
form; however, a similar species 4.26 can also form by SET from the thermodynamic
enolate anion 4.21. The radical 4.22 will cyclise onto the cis-alkene moiety in the
tether to form the intermediate radical 4.23, and alternatively the radical 4.26 will
cyclise to produce 4.27. In both cases, if the radical cyclisation is reversible, the
principal product of SET from the DKP additive 4.19 may be the corresponding
alkene trans-stereoisomer. (2) Cyclisation of the radical 4.22 onto the cis-alkene may
lead to a C-S bond cleavage of radical 4.23 to eliminate a thiyl (SPh) radical 4.25
and form the cyclised product 4.24.116 The loss of the thiyl radical, SPh, would be
evidence for the cyclisation of the captodatively stabilised radical, and hence
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evidence for SET from the enolate anion of DKP. The thiyl group, SPh, was chosen
because it is a good radical leaving group and the SPh radical, or products derived
from it, can easily be isolated, e.g. as diphenyl disulfide. Thiyl radicals can also add
to alkenes in areversible addition/elimination.117-118 |solation of any of these products

will be indicative that SET has occurred from the enolate anion moiety of DKP
additive 4.19.
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Scheme 4.3A) Formation of the additive 4.19 from 4.6. B) The mechanism of cyclisation of

either 4.22 or 4.26, both of which form through SET from an enolate anion of DKP additive
4.19.

The initial investigations were to determine whether the enolate anion of the additive,
either 4.20 or 4.21, was capable of donating an electron, and, if so, whether the
radical formed would cyclise onto the cis-alkene within the tether. The substrate
chosen as the electron acceptor in this initial study was 1,2-diiodoethane 4.29, which
is a good electron acceptor substrate (reduction potential 0.115 V vs. SCE).119-12

The additive 4.19 was reacted with KO'Bu and 1,2-diiodoethane 4.29, in benzene as
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a solvent under the reaction conditions most commonly used for the transition metal-

free reaction conditions (Table 4.1).

Table 4.1 Reduction of 1,2-diiodoethane 4.29 using stoichiometric amounts of additive 4.19,

in the presence of KO'Bu.

ﬁ’r

OQT:N =
N (@)
Pr

SPh |/\/4.29

KO'Bu, benzene

_SPh

SPh

I?r
(@) N = SPh
o T I\/\/
"
N (6]
Pr

130°C, 3h, dark ~ PhS AN
o Pr
4.19 4.30 4.31 4.32
Entry 429 (eq) | KOBU (€q.) 7.30 (%) .31 (%) .32 (%)
1 1 2 18% < 272b.
2 3 2 17¢ 132
3 2 1.4 14¢ 28%
4 0 2 2¢ 11b

a|solated yield. P-Could not be isolated pure.c-Yield calculated using 1,3,5-trimethoxybenzene as
the internal standard in 1H-NMR of the crude mixture.

Using 1,2-diiodoethane 4.29 as the electron acceptor, in the presence of KO'Bu the
additive 4.19 yielded diphenyl disulfide 4.30 as well as product 4.32, which is the
trans-isomer of the starting DKP additive 4.19, which was identified from the Jvalues
of the alkene protons in the H-NMR (for the substrate 4.19: Jcis = 10.8 Hz; for the
product 4.32: Jwans = 15.2 Hz) (Table 4.1, entries 1 - 3). Interestingly, inthe absence
of 1,2-diiodoethane 4.29, diphenyl disulfide 4.30 was still observed, albeit in very low
yields (2%), as well as product 4.31 (Table 4.1, entry 4). The diphenyl disulfide 4.30
can only be formed through a radical C-S cleavage to eliminate a thiyl radical 4.25
from the tether of the additive 4.19 (Scheme 4.4).122 The formation of these products
4.30 — 4.32 are proposed to occur by SET from either of these enolate anions. That
will lead to the formation of a captodatively stabilised radical, such as 4.22 or 4.26
respectively. Both of these radicals can cyclise onto the cis-alkene in the tether, and
thus the radical intermediates 4.23 or 4.27 will be formed. These two intermediates
may eliminate the thiyl radical 4.25 to form either 4.24 or 4.28 as potential products.
The thiyl radical 4.25 can dimerise to form diphenyl disulfide 4.30. The rates for the
addition and elimination of thiyl radicals to alkene moieties have been widely studied,
and an equilibrium is often established.?® For example, the rate constant for the
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addition of tert-butylthiyl radical onto 1-octene was reported at 1.9 x 106 M1 s, and
the reverse fragmentation was 3.5 x 10° s'1, and the addition of the thiyl radical 4.25
onto methyl methacrylate was reported at 3.2 x 106 M1 s1, with the equilibrium
constant of 7.8 favouring the addition step.123 It is proposed that upon reversible C-
S bond cleavage the eliminated thiyl radical 4.25 will attack the alkene of 4.24 or
4.28 to regenerate the intermediate radicals 4.23 or 4.27. These radicals undergo a
C-C bond cleavage to generate the most stable radical species 4.33, which contains
the captodatively stabilised radical in addition to principally the trans-isomer of the
double-bond in the tether. The radical 4.33 will form the trans-isomer product 4.32
upon quenching of the stable radical through a hydrogen atom abstraction. Another
possibility is that the radicals 4.23 or 4.27 could undergo hydrogen atom abstraction
to form their analogues, for example 4.31 from the radical 4.23 (Table 4.1). It must
be noted that the intermediates 4.23 and 4.27 could form 4.33 directly, without

eliminating 4.25 if the cyclisation pathway was reversible.
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Scheme 4.4 Proposed mechanism in the formation of products 4.30 — 4.32.
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As mentioned above, when the reaction was performed without the 1,2-diiodoethane
4.29 (Table 4.1, entry 4) the additive 4.19, in the presence of KO'Bu, formed both

diphenyl disulfide 4.30 and product 4.31. This suggests that, in the absence of any
external electron acceptors, the additive 4.19 is capable of forming the captodatively
stabilised radical 4.22 (or 4.26). Computational analysis of the HOMO and LUMO of
the enolate anion 4.20 suggests that it could act as an electron donor, from the
corresponding enolate anionic moiety, as well as an electron acceptor, at the allylic
sulfide moiety (Scheme 4.5). If an electron is donated into the allylic sulfide moiety,
an intermediate such as 4.34 will be formed.?? This species will undergo a loss of
the thiyl radical to form intermediates such as 4.35 (Scheme 4.5), which may react
further to form unidentified products. The low yields of product formed in the absence
of an external electron acceptor, such as 1,2-diiodoethane, suggest that, as
expected, this intermolecular SET to 4.20 is more difficult than SET to 1,2-
diiodoethane.

SPh SPh SPh
o I o i R o Fr
(@) N Z (o) N = SET (o] N 7 o) N _—
T - 1 — I R
N 0] N 0 N 9] N ¢}
Pr Pr Pr Pr
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i SN S ke o
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PrN N N~ o products
|
o Pr Pr
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Scheme 4.5 Proposed mechanism for intermolecular SET between two enolate anions of
the DKP additive 4.20 that occurs inthe absence of external electron acceptor.

The energy profile for the SET from a molecule of 4.20 to another molecule of itself,
or to the neutral additive 4.19, was modelled and the results show that the barriers
for the SET were very high; SET to 4.20 AG* = 74.9 kcal/mol and AGmn = 62.2
kcal/mol, and SET to 4.19 AG* = 50.1 kcal/mol and AGmn = 45.5 kcal/mol. These
results suggest that this SET is not possible. However, more recently, Tuttle et al.?®

described a new method to describe SET within these reactions that they claim
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results in more accurate values. When the reaction was modelled for SET from 4.20
to another molecule of itself using the new method, lower barriers were calculated,
however they were still unachievable, AG* =49.0 kcal/mol and AGrxn = 49.0 kcal/mol.
Unfortunately, the SET calculation from 4.20 to 4.19 could not be modelled, but from
the trends observed it is expected that this SET would be more favourable in these

reactions. However, due to the inability to calculate this SET, additional experiments
were performed to deduce whether the radical 4.22 is formed and can cyclise to form
the intermediate 4.23; 1) the ionic cyclisation pathway was computationally modelled
and 2) an intermolecular system, analogous to the additive 4.19, was studied.

An alternative mechanism to form 4.31 involves an ionic pathway rather than the
radical pathway, and so computational analysis of the two possibilities was
performed (Scheme 4.6). In silico, the cyclisation of 4.20 formed 4.24 in a concerted
mechanism involving C-S bond cleavage via the intermediate 4.36. Therefore, under
these reaction conditions the intermediate 4.36 would not be stable, and hence this
ionic cyclisation mechanism would not lead to the isolated product 4.31. However,
the cyclisation via the radical pathway shows that the intermediate 4.23 will be the
most stable species in the reaction pathway. The equilibrium for the thiyl radical
elimination from 4.23 was computationally modelled and the C-S fragmentation to
form 4.24 and 4.25 was calculated to be endergonic: AG* = 6.6 kcal/mol and AGrxn
= 1.9 kcal/mol. This agrees with previously reported rates of elimination of thiyl
radicals from alkenes, as was previously discussed.'?> Hence, based on the
computational analysis the radical cyclisation will lead to the formation of 4.31, unlike

the ionic pathway, which supports the proposal that the mechanistic pathway
involved in the formation of 4.31 is the radical cyclisation of 4.22.
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Scheme 4.6 lonic (blackline) vs.radical cyclisation (blue line) and cleavage of the C-S bond
in benzene.

The ionic cyclisation of the enolate anion onto the allylic thioether within 4.20 was
suggested to be possible from the computational studies to form 4.24 and a thiyl
anion 4.37 (Scheme 4.6). To experimentally probe the possibility of the ionic attack
of an enolate anion onto an allylic thioethers, the substrate 4.41, which is analogous
to the tether on the additive 4.19, was synthesised and reacted under several
reaction conditions to find evidence as to whether diphenyl disulfide is formed (Table
4.2). When the substrate 4.41 was reacted in the presence of KO'Bu, no diphenyl
disulfide 4.30 was observed in the crude reaction mixture (Table 4.2, entry 1). When
either the DKP additive 4.6 (Table 4.2, entry 2) or pinacolone 4.42 (Table 4.2, entry
3) were used in the presence of KO'Bu, low yields of diphenyl disulfide 4.30 were
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formed (6% and 4% respectively). In the presence of 1,2-diiodoethane, the substrate
4.41 yielded 4.30 (19%).

Table 4.2 The synthesis of allylic thioether 4.41 and its reactions with KO'Bu, in the presence
of various additives.

OH 4 NaH, THF OMe PBr, OMe ;:Hgg’hTHF OMe 13(:(2)2‘3;,:?;:\/;”9 _SPh
HOJ 2. CHal HOJ :zC: LFA/( 7 Phs&/r ————— Phs
4.38 4.39 86% 4.40 86% 4.4123% 4.30
Entry Additive (eq.) KO'Bu (eq.) 4.302 (%)
1 -- 1 0b-:
2 DKP 4.6 (1) 2 6"
3 pinacolone 4.42 (1) 2 4b.
4 1,2-diiodoethane 4.29 (1) 0 19

aYield calculated using 1,3,5-trimethoxybenzene as the internal standard in IH-NMR of the crude
mixture. °-Other products were identified as components in the reaction mixture but they could not
be identified.

Diphenyl disulfide 4.30 was not observed when substrate 4.41 was reacted in the
presence of KOBu alone, without any additives (Table 4.2, entry 1); however when
the additives DKP 4.6 and pinacolone 4.42 were added to the reaction mixture (Table
4.2, entry 2 and 3 respectively), low yields of diphenyl disulfide 4.30 were observed
in both reactions. Both DKP 4.6 and pinacolone 4.42 are capable of forming their
respective enolate anions, and pinacolone 4.42 has previously been reported to be
capable of donating an electron to haloarenes to initiate Srn1 reactions in DMSO.”
It is therefore possible that the diphenyl disulfide 4.30 in these two reactions forms
from SET to the substrate 4.41. However, future work should be performed to
confirm this. When substrate 4.41 was exposed to the reaction conditions in the
presence of 1,2-diiodoethane 4.29, a larger amount of diphenyl disulfide 4.30 (19%)
was formed than when the reaction was performed with other additives in this study.
This result suggests that under these reaction conditions, 1,2-diiodoethane 4.29 in
the presence of 4.41 leads to the formation of the product diphenyl disulfide 4.30.
This suggests that the previous reactions performed using additive 4.19 in the
presence of 1,2-diiodoethane 4.29, and the products arising from it, are not evidence
for SET from the enolate anion of additive 4.20. However, in the absence of 1,2-

diiodoethane 4.29, the DKP additive 4.19 formed product 4.31 through the proposed
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mechanism that involves a SET from the enolate anion of additive 4.20. Therefore,
it was of great interest to apply the additive 4.19 to the transition metal-free reaction
conditions used in the coupling of iodoarenes to benzene. The iodo-m-xylene 4.43

substrate was used to assess whether an electron donor is formed from the DKP
additive, because in the transition metal-free coupling reactions the substrate 4.43

is activated towards coupling exclusively through a SET initiation step (Table 4.3).42

Table 4.3 Aryl-aryl bond formation between iodo-m-xylene 4.43 and benzene using various
additives.>

Additives:
Pr o SPh
OTNl OTN P
N o N o
Pr Pr
4.6 4.19
SPh
| additive (0 or 0.2 eq.)
Me Me KOBu (2 eq.) Me Me Me Me
benzene (5 mL) \©/ * F’hS * PrN o
130°C, 18 h N
4.43 4.43 4.44 4.45 4.30 4.31
Entry | Additive (eq.) | 4.43 (%) | 4.44 (%) | 4.45 (%) | 4.5 (%) 430 (%) | 4.31 (%)
1 - 98 - - - - -
2 4.6 (0.2) 16 6 3 26 - -
3 4.19 (0.2) 53 4 10 13 28 27)> | 20 (14)

aYield calculated using 1,3,5-trimethoxybenzene as the internal standard in TH-NMR of the crude
mixture (isolated yield).P-Yield calculated using the DKP additive 4.19 as the limiting reagent.

Three reactions were performed, under inert atmosphere, for a direct comparison to
determine how efficiently the additive 4.19 can promote the coupling between the
iodo-m-xylene 4.43 and benzene. The first reaction exposed iodo-m-xylene 4.43 to
KO'Bu in the absence of any organic additive (Table 4.3, entry 1) and after 3 h at
130 °C, 98% of the starting material 4.43 remained unreacted. Next, the iodo-m-
xylene 4.43 was treated with KO'Bu and sub-stoichiometric amounts of additive 4.6
under the same reaction conditions. This reaction gave much higher conversion of
the iodo-m-xylene 4.43 (only 16% remaining), and the rest of the products formed

were 4.44 (6%), xylene 4.45 (3%) and biphenyl 4.5 (26%) (Table 4.3, entry 2). The
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ratio of yields of 4.44 to 4.5 (approximately 1 : 4) was characteristic of previous
experiments performed in these transition metal-free reaction conditions.4%:42-44 The
final reaction was to expose 4.43 to KO'Bu and sub-stoichiometric amounts of
additive 4.19 (Table 4.3, entry 3). Using 4.19 as the additive, the compounds
obtained were: unreacted starting material 4.43 (53%), in addition to products 4.44
(4%), 4.45 (10%), 4.5 (13%), 4.30 (28%) and 4.31 (20%).

To couple iodo-m-xylene 4.43 with benzene, through the BHAS reaction pathway,
an additive, either 4.6 or 4.19, is required in the reaction because the reaction of
4.43 with KO'Bu and no additive returned only starting material (Table 4.3, entry 1).
lodo-m-xylene 4.43 in the presence of KO'Bu and either 4.6 or 4.19 (Table 4.3,
entries 2 — 3) formed products 4.44, 4.45 and 4.5, which are known products for the
reaction of iodo-m-xylene 4.43 via the BHAS pathway, thus providing evidence that
the additive 4.19 is capable of promoting the transition metal-free aryl-aryl bond
formation, similarly to DKP 4.6. (Scheme 4.7).42 SET to 4.43 leads to cleavage of
the C-I bond and the formation of the aryl radical 4.46 and loss of an iodide anion.
The aryl radical 4.46 can react in two ways: 1) it attacks a molecule of benzene to
ultimately form product 4.44 through the BHAS pathway (previously shown in
Scheme 4.1A). 2) The aryl radical 4.46 abstracts a hydrogen atom from a molecule
of benzene to form xylene 4.45 and the aryl radical 4.2. The aryl radical 4.2 will
undergo the BHAS mechanism and ultimately lead to biphenyl product 4.5
(previously described in Scheme 4.1A). The formation of the product 4.31 suggests
that the captodatively stabilised radical 4.22 forms in the reaction conditions. The
formation of the radical 4.22 occurs through a SET from the enolate anion of the
additive 4.20, which provides evidence that the enolate anion is capable of donating
a single electron to iodo-m-xylene 4.43 to initiate the transition metal-free aryl-aryl
bond formation. Comparison of the reactions performed using the two possible
additives, 4.6 and 4.19, suggests they both react through similar reaction pathways.
This is supported with the computational analysis; SET from the enolate anion 4.7
(Scheme 4.7) to iodo-m-xylene 4.43 is possible under the reaction conditions, AG*
= 23.0 kcal/mol and AGrxn = 10.3 kcal/mol, and SET from the enolate anion 4.20 to
iodo-m-xylene 4.43 has the energy profile, AG* = 25.0 kcal/mol and AGrxn = 13.3
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kcal/mol. Both these energy profiles for SET are accessible at 130 °C, however the
enolate anion of the DKP additive 4.7 has a more favourable overall energy profile
for SET, which suggests that the conversion of 4.43 into products would be more
efficient using the DKP additive 4.6 rather than additive 4.19, which was seen

experimentally.
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Scheme 4.7 A modification of the BHAS pathway for the reaction of substrateiodo-m-xylene
4.43.42

This section has provided evidence that the additive 4.19 behaves analogously to

4.6 in these reaction conditions, and that the enolate anion of additive 4.19 will

donate an electron to haloarenes under these transition metal-free reaction
conditions. Therefore, it can be assumed that the role of the additive 4.6 in these

transition metal-free reaction conditions, is to form the enolate anion in situ and this
enolate anion 4.7 is the electron donor species that initiates the BHAS mechanism
(Scheme 4.7). This supports the growing body of evidence relating to the role of

organic electron donors in these reactions
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4.4 Theroleof DMFin the transition metal-free couplingreactions

Taillefer et al.®® reported the arylation of enolisable aryl ketones, such as
propiophenone 4.50, with iodobenzene 4.1 in DMF as the solvent (Scheme 4.8A).

They proposed that the reaction proceeds by the deprotonation of DMF 4.52 to form
the carbamoyl anion 4.53, which acts as the electron donor to iodoarenes, such as
iodobenzene 4.1, to produce the aryl radical 4.2 in the initiation step of the Srnl
pathway (Scheme 4.8B). The aryl radical 4.2 attacks the enolate anion of
propiophenone 4.56, to form the radical anionic species 4.57, which can donate an
electron to the haloarene 4.1 to propagate the radical chain mechanism and form
the product 4.51.
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Scheme 4.8A) Taillefer et al.®® reported the coupling of propiophenone 4.50 with
iodobenzene using DMF 4.52 and KO'Bu. B) The proposed Srn1l mechanism for the
formation of product 4.51.

They reported their computational studies of the reaction pathway, and the rate

determining step was determined to be the SET from the carbamoyl anion 4.53 to
iodobenzene 4.1, AE = 15.9 kcal/mol (Scheme 4.9). However, on analysis of their

reported results, the “energy barrier” that they reported was actually the relative
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energy differences between the starting materials (4.53 and 4.1) and the products
after SET (4.60 and 4.2), and the transition state energy profile therefore needed to
be computed to provide a more accurate description for the energy profile of the SET
step. Therefore, computational analysis for this SET step was performed using
Marcus-Hush theory (Scheme 4.9, Method A).101-102 The result was compared to the
energy profile calculated using the method Taillefer et al.83 had used (Scheme 4.9,

Method B: comparison of relative energies of the starting materials and the products).
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Scheme 4.9 The computationally determined energy profile for SET from the carbamoyl
anion of DMF 4.53 to iodobenzene 4.1 using either Marcus-Hush theory (Method A) or
comparing relative energies of the reaction starting materials and products (Method B).
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The energetic barrier for SET from the carbamoyl anion 4.53 to iodobenzene 4.1
using Marcus-Hush theory (Method A) was AG* = 30.0 kcal/mol, and the relative
energy was AGrxn = 18.0 kcal/mol, which can be compared to the relative energy
AGrxn=14.0 kcal/mol, calculated using the method Taillefer et al.83reported (Method
B). There are several comments that should be made regarding these results. Firstly,
a direct comparison between the results obtained using the method Taillefer et al.83
used (Method B), and the results Taillefer et al.3 published (AE = 15.9 kcal/mol),
shows a difference in the results. This is because the computational method used
by Taillefer et al. (M06-2X/6-311+G(d,p) level of theory and the PCM solvent model)
is at a different level of theory than used in this study. In this study the M06-2X/6-
311++G(d,p) level of theory and the C-PCM implicit solvent model was chosen
because the studies involve negatively charged species, so additional diffuse
functions should be included inthe calculation to increase the accuracy of the results.
The second comment is that the method Taillefer et al.83 used to computationally
describe the SET step (Method B) only involved calculating the relative energy
between the starting material before SET, and the compounds after SET, and no
barrier for SET was calculated, unlike the Marcus-Hush method (Method A) used
within this work. Importantly, when the barrier for the SET from the carbamoyl anion
4.53 to iodobenzene 4.1 was modelled, the results suggest that the SET step would
not be accessible at 60 °C, which is the temperature at which the reactions were
performed and therefore disagrees with the mechanism Taillefer et al.83 proposed.
Finally, the two methods produced different relative energies (Method A: AGrxn =18.0
kcal/mol and Method B: AGrxn = 14.0 kcal/mol). The reason for this is that the
structures modelled to represent the species after SET are different depending on
the method used; Method A gives products 4.58 and 4.59, whereas Method B forms
products 4.60 and 4.2, and therefore there is some small variation in the values of

the relative energies calculated, depending on the method that is used.

Since the computational results suggest that the carbamoyl anion 4.53 could not
donate an electron to iodobenzene 4.1 at the reaction temperatures used, it was

proposed that in the presence of KO'Bu, the DMF anion would form an electron
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donor in situ, possibly through the dimerisation of DMF. There is precedent for this
proposal; Nudelman and Garcia Lifiares?4 discovered that lithium carbamoyl
species undergo dimerisation. They provided experimental evidence that lithium
carbamoyl molecules will form dimeric species by reacting either with another
molecule of lithium carbamoyl, or with a neutral analogue. Therefore, computational
studies were performed to probe the mechanism in more detail. Within the Murphy
lab, the transition metal-free reaction conditions are performed in benzene as a
solvent, and iodo-m-xylene 4.43 is used as the substrate because it is indicative of
SET.

The initial studies were to return to the carbamoyl anion of DMF and model the initial
deprotonation and SET to iodo-m-xylene 4.43, this time using benzene as a solvent

(Scheme 4.10).%°> The overall energetic barrier calculated for both the deprotonation
of DMF 4.52 and the SET from carbamoyl anion 4.61 to iodo-m-xylene 4.43 was

calculated to be endergonic, AG* = 32.2 kcal/mol and AGmxn = 22.0 kcal/mol. This
energetic barrier is accessible at 130 °C to form the aryl radical 4.46 and thus initiate

the radical mechanism (Scheme 4.8).

AG' = 32.2 keal/mol
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Scheme 4.10 Deprotonation of DMF and SET to iodo-m-xylene in benzene solvent.

It was proposed that if the carbamoyl anion 4.61 forms, then it could dimerise with
another molecule of DMF to form 4.63 (Scheme 4.11). The species 4.63 could

undergo several pathways: (1) a second deprotonation would form two possible
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electron donors, either the cisisomer 4.64 or in the trans isomer 4.66 (Scheme 4.11).
(2) Alternatively, the intermediate 4.63 could tautomerise to produce the enolate

anion 4.68, which could undergo a second deprotonation to form the dianion 4.64.

(3) Finally the intermediate 4.63 acts as an electron donor to iodo-m-xylene 4.43.
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Scheme 4.11 The energy profile for the formation of DMF dimers and SET to iodo-m-

xylene 4.43.
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The energetic profile for the formation of the two dimeric electron donor species,
4.64 (cis) and 4.66 (trans), and their subsequent SET to iodo-m-xylene 4.43 were

calculated. The energetic barrier for the SET from either the cis 4.64 or the trans
4.66 dimers, AG* = 15.4 kcal/mol and AG* = 5.9 kcal/mol respectively, were more
favourable than the reaction with the carbamoyl anion 4.61 in benzene, AG* = 19.1
kcal/mol (Scheme 4.10), suggesting that ifthese dimers formed then the SET is more
favourable from the dimer species than the carbamoyl anion 4.61. However, the
formation of the dimers 4.64 and 4.66 had a higher energetic barrier (AG¥otal-cis =
41.8 kcal/mol and AG*wtal-trans = 42.5 kcal/mol) than the formation of the carbamoyl
anion 4.61 (AG*wotal = 32.2 kcal/mol). The formation of the dimer 4.64 was calculated
viaintermediate 4.63, however, according to the observations reported by Nudelman
and Garcia Lifiares,’** 4.64 could form directly from the dimerization of two
molecules of the carbamoyl anion 4.61. Unfortunately, the attempts to
computationally model this dimerisation were unsuccessful. At this point it must be
stated that the reaction was modelled in benzene; however the reaction actually
occurs with a low quantity of DMF present, which could change the local dielectric
constant of the system and therefore lower the energies. The single electron
transfers from both 4.63 and 4.68 were also calculated, however the energy profile
for SET from these species (including the formation of 4.68 from 4.63) are higher
than the formation and subsequent SET from 4.64 and 4.66. Deprotonation of 4.68
would form the dianionic species 4.64 and so this energy profile was modelled. The
relative energies were first modelled and it showed that the formation of 4.64 through
tautomerisation of 4.63, followed by subsequent deprotonation, was less
energetically favourable than direct deprotonation of 4.63. Therefore, no further
computational analysis was performed regarding this pathway. The analysis of these
results suggest that if speciesanalogous to 4.64, 4.66 and 4.68 could be encouraged
to form in situ, by overcoming this barrier of formation, then these specieswould be
very good at initiating the transition metal-free coupling reactions of aryl halides to

benzene.
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In the Murphy lab, Graeme Coulthard and Giuseppe Nocera synthesised two
additives, 4.71 and 4.72, to be used in the transition metal-free coupling reactions

and they used them to achieve aryl-aryl bond formation with iodo-m-xylene 4.43 and
benzene (Table 4.4). The additive 4.71 is analogous to two tethered DMF molecules,
whilst the additive 4.72 was designed to be a conformationally restricted analogue
of 4.71. It is proposed that if the reaction occurs through a deprotonation followed by
a dimerisation of DMF 4.52 to form the dimer species 4.63, or the doubly
deprotonated species, 4.64, then the additives 4.71 and 4.72 should improve the
yields of the coupling reaction because they will cyclise more easily, and the
dimerization will favour the cis configuration. The results obtained from the coupling
reactions show that 4.72 is the better additive, as was predicted due to added
conformational constraint, and this provides an alternative proposal for the electron
donor that is formed in this reaction, compared to the carbamoyl anion of DMF

proposed by Taillefer et al.*3

Table 4.4 Comparing the effect of DMF and diformamides 4.71 and 4.72.

Additives:

| additive (eq.) | Ph Ph o M;o N;o

Me Me KOBu (2eq.) Me Me Me Me [ O/
benzene (5 mL) * * H NMe, ,\Nﬂfo /"\NA?O

130°C, 18 h
4.43 4.43 4.44 4.5 4.52 4.71 4.72
Entry Additive (eq.) 4.44 (%) 4.5 (%)?

1 - 0.1 0.4

2 452 (0.2) 0.1 0.5

3 452 (1.3) 0.6 2.0

7 471 (0.0) 1.3 6.7

5 4.72 (0.1) 3.3 12.8

aYields calculated using 1,3,5-trimethoxybenzene as the internal standard in H-NMR of the
crude mixture. Work performed by Graeme Coulthard and Giuseppe Nocera.
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4.5 Futurework

if more time was given to continue this research, the top priority would be to return
to the design of the DKP additive. It is important to designan analogous DKP additive
that would not be capable of accepting an electron. An approach to achieving this
goal would be to perform a computational screening of various radical leaving groups
to replace thiophenyl ether moiety, to identify a possible replacement for the tether.
Additionally, a new additive could be designed that is incapable of undergoing the

proposed ionic cyclisation.
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Investigating alkoxides as
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5.1 Introduction

In the literature review (Chapter 1) and in the previous chapter (Chapter 4),
experimental evidence was described to support the proposal of the formation of
single electron donors in situ in these transition metal-free reaction conditions. 40:42.44
However, within the literature, it was proposed that KO'Bu itself is capable of
donating an electron to certain substrates, such as benzophenone and
triphenylmethyl bromide.36-37,40.4244.87-88 This chapter describes the efforts made to
investigate the role of KO'Bu as a single electron donor, under various reaction
conditions, such as the coupling of a haloarene with benzene, orin the halogenation

of alkanes using CBra.

5.2 Computational methods

The calculations were run using the M06-2X functionall93-104 with the 6-311++G(d,p)
basis set105-109 gn all atoms except bromine and iodine. Bromine was modelled with
the MWB28 relativistic pseudo potential and associated basis set.11? All calculations
were carried out using the C-PCM implicit solvent model.111.112 Al calculations were

performed in Gaussian09.113

5.3 Attempts to detectthe B-scission products of alkoxylradicals

The transition metal-free reaction conditions for coupling haloarenes to arenes are
most commonly performed using KO'Bu 5.1 in combination with sub-stoichiometric
amounts of an organic additive, such as 1,10-phenanthroline 5.2. As previously
discussed, it was proposed that 1,10-phenanthroline 5.2 chelates to the potassium
cation of the KO'Bu to form complex 5.3 (Scheme 5.1A). This chelation was
suggested to activate the butoxide anion 5.4 towards donating a single electron to
the haloarene to form the alkoxyl radical 5.5 (Scheme 5.1B) in the initiation step of
the BHAS mechanism (as was described in Section 1.2.2, Scheme 1.11 and Section
4.3, Scheme 4.7). The alkoxyl radical 5.5 can undergo [(-scission to form acetone
5.6 and a methyl radical or it can abstract a hydrogen atom to form the tert-butanol
5.7.125 The initial experiments planned were to determine whether the B-scission

product 5.6 was formed within these transition metal-free reactions. To detect the B-
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scission product formed, upon completion of the reaction, 2,4-dinitrophenylhydrazine
(2,4-DNPH) 5.11 was added (Table 5.1).

B) @ 3
</ \; 2 \> Q _@e o B-scission o
</7 ; 2 _\> =N, o N /QM(_? Mekl\l)l/lg — Me)LMe
N52 N K

Me

(toa -Me
5.4 haloarene) 5.5 5.6
Me Mee Me (59
H atom abstraction
Me Me
5.1 5.3

OH
/QMe
Me Me

5.7

Scheme 5.1A) The proposed activation of tert-butoxide anion towards SET, and B) the
expected B-scission product formation from tert-butoxyl radicals 5.5.

Table 5.1 Aryl-aryl bond formation between 4-iodotoluene 5.8 and benzene, in the presence
of KO'Bu at 160 °C.

1) KO'Bu (0 or 4 eq.) NO,
| benzene (5.3 mL), 160 °C, 6 h H
i (j e po
Me 2) 5.11 (0.4 eq.), CH,Cl, (10 mL) O,N
58 hydrochloric acid (2 M, 1 mL) 5.10 5.11
RT, O/N (not quantmed) (not quantified)
Entry KO'Bu (eq.) Yield 5.9 (umol)

12 4 0.87
22 0 0.43

aAll equipment was oven-dried to remove adventitious acetone. The adduct 5.9 was identified
using H-NMR (a reference sample of 5.9 was overlaid onto the crude mixture to identify if 5.9
was present in the crude mixture).

The reaction conditions employed were those initially reported by Wilden et al.,8”
(KO'Bu, 160 °C, 6 h, using benzene as the solvent) who coupled 4-iodotoluene 5.8
to benzene to form 4-methylbiphenyl 5.10 in the absence of any additives.8” When
4-iodotoluene 5.8 was subjected to these reaction conditions, followed by the
addition of 2,4-dinitrophenylhydrazine (2,4-DNPH) 5.11, the adduct 5.9 was
observed, which suggested that acetone was formed in the reaction (Table 5.1, entry
1). However, when the reaction was performed in the absence of KO'Bu, the adduct
5.9 was also observed (Table 5.1, entry 2). This suggested that adventitious acetone
was present in the reaction to form adduct 5.9. Therefore, many precautions were

taken to remove the adventitious acetone; new solvents were used, all equipment
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was oven-dried or flame-dried, the reaction was performed in the glove box (Scheme
5.2). Unfortunately, even with all these precautions, adventitious acetone was still
trapped in the reaction mixture. Therefore, the formation of acetone as a 3-scission
product from an alkoxyl radical could not be determined, and hence this method to
determine whether SET occurs from KO'Bu is not appropriate. It was proposed that
a new alkoxide, potassium 2-phenylpropan-2-olate 5.12, be synthesised and used

as the base instead of KO'Bu in this study.

NO; |, hydrochloric acid (2 M, 1 mL) NOz \,  Me
N. benzene (10 mL), RT, O/N N. /)\
NH, N~ “Me
O,N O,N
511 5.9

(observed by "H-NMR)
Scheme 5.2 Reaction of 2,4-DNPH 5.11 in anhydrous benzene in the glovebox, with extra
precautions taken to remove adventitious acetone.

The potassium 2-phenylpropan-2-olate 5.12 was chosen because if SET occurs from
this alkoxide then the alkoxyl radical 5.13 will form (Scheme 5.3). The radical 5.13
can undergo B-scission to form acetophenone 5.14, which will be easily identifiable
and isolatable if it is formed in the reaction conditions.87.126-128 The potassium 2-
phenylpropan-2-olate 5.12 was synthesised by reacting 2-phenylpropanol 5.15 with
potassium hydride in anhydrous solvent, and upon formation of the alkoxide 5.12, it
was subjected to the reaction conditions similar to those reported by Wilden et al .8’
(160 °C, 3 h, using benzene as the solvent) (Table 5.2).

% @ b L]
OK -e o - Me )OL
Me —— Me >
PhkMe K@ PhkMe Ph” “Me
5.12 513 5.14

H atom
abstraction OH
/]<Me
Ph Me
5.15

Scheme 5.3 The potassium 2-phenylpropan-2-olate 5.12 and the predicted alkoxyl
intermediate 5.13 that would form if SET occurs from the alkoxide. The predicted products
5.14 and 5.15 of fragmentation of 5.13.
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Table 5.2 Aryl-aryl bond formation between 4-iodotoluene 5.8 and benzene in the presence
of 1,10-phenanthroline 5.2 and potassium 2-phenylpropan-2-olate 5.12 at 160 °C.

1)5.12 (4 eq.), 5.2 (0.2 eq.) NOZH

| benzene 160 °C, 3 h OH
o .
Me 2) hydrochloric acid (2 M) Me Ph Me

5.11, RT, O/N

5.8 5.15
)<Me /©/N‘NH
O,N
511
Entry 5.8 Benzene Yield Yield Yield Yield
(mmol) (mL) 5.8 (%) 5.10 (%) 5.16 (%) 5.15 (%)
1 1 10 39 16 trace® 77
2 0.5 5 43 25 trace® 70

atrace = the product is observed through comparison with a reference 'H-NMR of the
product, however yields cannot be quantified accurately (< 1%).

The coupling reactions between 4-iodotoluene 5.8 and benzene under the transition
metal-free reaction conditions were performed on 1.0 mmol and 0.5 mmol scale
(Table 5.2, entry 1 and 2 respectively). In both reactions, both the coupled product,
4-methylbiphenyl 5.10, and the adduct 5.16 were observed. The formation of 4-
methylbiphenyl 5.10 occurs through the BHAS reaction pathway (described
previously in Chapter 1 and 4). The adduct 5.16 is the product of a condensation
reaction between acetophenone 5.14 and 2,4-DNPH 5.11, so therefore the formation
of the adduct 5.16 means that acetophenone 5.14 is present in the reaction mixture.
There are two possible sources of the acetophenone 5.14: 1) the potassium 2-
phenylpropan-2-olate 5.12 donates an electron to 4-iodotoluene 5.8 and the
resulting alkoxyl radical 5.13 fragments to form acetophenone 5.14 (as previously
shown in Scheme 5.3), or 2) the acetophenone 5.14 is an impurity from the
commercially available starting material. Both these possibilities must be addressed
before drawing conclusions on the mechanism occurring. It is important to note here
that within these reactions the acetone adduct 5.9 was seen. The product 5.9 may

have formed from adventitious acetone in the reaction mixture, as has been
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previously described, however there is another possible source of acetone in this
reaction. Within the literature there are reports that alkoxides, analogous to 5.12,
have been shown to undergo heterolytic fragmentation to eliminate a phenyl
anion.12%-130 Unfortunately, based on the previously studies, it was shown that the
adduct 5.9 is formed by a background reaction, and therefore the yields of possible

heterolytic fragmentation from 5.12 could not be quantified accurately.

First, the commercially available 2-phenylpropanol 5.15 was analysed for trace
amounts of acetophenone 5.14 by reacting it with 2,4-DNPH 5.11 (Scheme 5.4A). In
the presence of acid, the adduct 5.16 was observed as a product in trace amounts
(< 1%) suggesting that the commercially available starting material contains trace
amounts of acetophenone 5.14 (Scheme 5.4A). Therefore, the commercially
available 2-phenylpropanol 5.15 was purified before being used to make a pure
sample of potassium 2-phenylpropan-2-olate 5.12*. Unfortunately, when this pure
sample of potassium 2-phenylpropan-2-olate 5.12* was tested with 2,4-DNPH 5.11
the adduct 5.16 was still observed (Scheme 5.4B). As a result, this study was
inconclusive because it showed that acetophenone is present in trace amounts in
the potassium 2-phenylpropan-2-olate 5.12 and therefore the source of

acetophenone in the reaction mixture cannot be determined.

OH purification OH [ 8%
Phk&"e JcMe  kH(1eq.), E,O (25mL) . _I<Me
€ Ph Me -78°C - RT. OIN Ph Me
5.15 5.15% ’ 5.12*
5.11 (1eq.) 5.11 (0.1 eq.) 5.11 (0.1 eq.)
A hydrochloric acid (2 M) B hydrochloric acid (2 M) D hydrochloric acid (2 M)
AcOEt (10 mL), RT, O/N AcOEt (10 mL), RT, O/N AcOEt (10 mL), RT, O/N
N M
< N -z
/@/ N~ “Ph /@/ N~ “Ph /@/ N~ ~Ph
O,N O,N O2N
516 <1% 5.16 516 < 1%

(Not observed by "H-NMR
but observed by LCMS)

Scheme 5.4 Analysis of trace amounts of acetophenone in the starting materials (* = purified
material).
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Within the literature, KO'Bu 5.1 is the most common base used for these transition
metal-free aryl-aryl bond formations, however NaO'Bu has sometimes been used for
the transformations, albeit at higher reaction temperatures. Throughout this study it
was interesting to observe that the potassium 2-phenylpropan-2-olate 5.12 was less
efficient than KO'Bu at promoting the transition metal-free coupling of 4-iodotoluene
5.8 and benzene (Table 5.3). The cation remains the same, however changing a
methyl substituent on the alkoxide base to a phenyl has lowered the reactivity of the
alkoxide towards promoting the arylation of 4-iodotoluene 5.8.

Table 5.3 The reaction of potassium 2-phenylpropan-2-olate 5.12 or KO'Bu to couple 4-
iodotoluene 5.8 with benzene under transition metal-free reaction conditions.

Additive
o® Additive (0 or 0.2 eq.)

| OH
I OK benzene, temp, 3 h + Ph + )<Me
+ L -Me M Ph” "Me
Me R™ "Me e Me \

N
N N=
5.8 51 R=Me 5.8 5.10 5.15 5.2
512R =Ph 1
Entry Additive Base Solvent Temp. | Time 5.8 5.10 | 5.15
(eq.) (eq.) (mL) (°C) (h) %) | (%) | (%)
1 5.2 (0.2) 5.12 (2) | benzene (5) 130 3 192 742 932
2 5.2 (0.2) 5.1(2) benzene (5) 130 3 0 952 -
Lit42 - 5.1(2) benzene (5) 130 3 - 4 -
3 5.2 (0.2) 5.12 (4) | benzene (5) 160 3 0 76 73
4 - 5.12 (4) | benzene (5) 160 3 932 42 80
Lit87 - 5.1 (4) benzene (5) 160 3 - 38 -

aYijeld calculated using 1,3,5-trimethoxybenzene as the internal standard in *H-NMR of the
crude mixture.

The first reaction conditions used to couple 4-iodotoluene 5.8 to benzene in the
absence of transition metals were reported by Murphy et al.#? [1,10-phenanthroline
5.2 (0.2 eq.), 130 °C, 3 h, using benzene as the solvent, in the presence of KOBU].
Under the reaction conditions, 4-iodotoluene 5.8 was converted to the coupled
product 5.10 (74%) when the alkoxide 5.12 was used as the base in the reaction
(Table 5.3, entry 1). However, when KO'Bu 5.1 was used, the conversion of the
starting material was higher, all starting material was reacted and 5.10 was formed
in very high yields (95%) (Table 5.3, entry 2). When the reaction temperature was

increased to 160 °C, similar to the reaction conditions reported by Wilden et al.,8” the
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coupling product 4-methylbiphenyl 5.10 was formed in high yields (76%) (Table 5.3,
entry 3). When the reaction was performed in the absence of 1,10-phenanthroline
5.2, only trace amounts of 4-methylbiphenyl 5.10 were observed and the starting
material 4-iodotoluene 5.8 was recovered in high yields (93%) (Table 5.3, entry 4).
This demonstrates that the alkoxide base chosen for these couplings influences the
efficiency of the reaction. Murphy et al.** showed that 1,10-phenanthroline 5.2 forms
an electron donor in situ by an initial deprotonation, followed by subsequent coupling
of 1,10-phenanthroline 5.2 to another molecule of itself. If this is the mode for the
initiation of the radical chain process, it would be expected that alkoxide 5.12 would
be a weaker base for the initial deprotonation, due to the presence of the electron-
withdrawing phenyl adjacent to the alkoxyl moiety, and hence would lead to less

activity as an electron donor and give lower yields of conversion.

The conclusions to be drawn from this short study are that, at 130 °C, the presence
of a phenyl group at a-C to the alkoxide moiety, instead of a methyl group, leads to
a decrease in the yields of coupled product. More recently, Murphy et al.*®
demonstrated that at the high temperatures of 160 °C using KO'Bu and no additive,
4-iodotoluene 5.8 reacts to form 4-methylbiphenyl 5.10, as well as the regioisomeric
products 5.18 and 5.19 (Scheme 5.5). The formation of 5.18 and 5.19 in this reaction
suggests that, at 160 °C, KO'Bu reacts with 4-iodotoluene 5.8 to form the benzyne
intermediate 5.17, which is attacked by the tert-butoxide anion to form the two
regioisomeric products. In contrast, when potassium 2-phenylpropan-2-olate 5.12
was reacted under the same conditions (Table 5.3, entry 4) the major compound in
the crude mixture was the recovered starting material and no alkoxide adducts,
analogous to 5.18 and 5.19, were observed. This demonstrates that potassium 2-
phenylpropan-2-olate 5.12 is a weaker base than KO'Bu and is not capable of
efficiently forming benzyne intermediate 5.17 from 4-iodotoluene 5.8 under the
reaction conditions employed at 160 °C. However, because benzyne intermediates
have been formed from 4-iodotoluene 5.8 by KO'Bu at 160 °C, iodo-m-xylene 5.20
was used in a coupling reaction, with potassium 2-phenylpropan-2-olate 5.12 and
1,10-phenanthroline 5.2, to confirm that the reaction was proceeding through a SET

mechanism and not benzyne intermediates (Scheme 5.6).43
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KO'BU (4 eq.), benzene (10 mL)

OBu
o SRS oy O, 0
+ +
Me O'Bu
Me via: Me Me
‘ 5.10 30% 5.18 20% 5.19 20%
Me

5.17

5.8

Scheme 5.5 The formation of the regioisomeric products 5.18 and 5.19, which provides
evidence of a benzyne intermediate 5.17 in the reaction of KO'Bu with 4-iodotoluene 5.8 at
160 °C.%3

Proposed Electron Donor

<; 2/ \>
\_ /" =

| 06 5.2 (0.2 eq.), Me Me on
OK benzene (5 mL), 160 °C, 24 h Loy Pho, Pho, Me
@i ' Phkl{\/l/l: ©/ PhkMe
Me Me Me
5.20 5.12 5.20 26% 5.211% 5.227% 5.15 73%
(4eq)

Scheme 5.6 The reaction of alkoxide 5.12 with iodo-m-xylene 5.20 in combination with 1,10-
phenanthroline 5.2.

When iodo-m-xylene 5.20 was reacted with a combination of 1,10-phenanthroline
5.2 and potassium 2-phenylpropan-2-olate 5.12 in benzene at 160 °C, two products
formed containing new aryl-aryl bonds, 2,6-dimethylbiphenyl 5.21 (1%) and biphenyl
5.22 (27%). The formation of 2,6-dimethylbiphenyl 5.21 and biphenyl 5.22 occurs
through the BHAS mechanism (as previously shown Section 4.3, Scheme 4.7). From
the previous work reported by Murphy et al.** it is proposed that the electron donor
is the dimeric species of 1,10-phenanthroline 5.23, that is formed in situ in these

reactions by the action of a strong base on 1,10-phenanthroline 5.2.

Due to the inconclusive evidence obtained using potassium 2-phenylpropan-2-olate
5.12 thus far, it was proposed that an appropriate alkoxide base could be designed
to act as a radical probe. If SET occurred from potassium 1,1a,2,3-tetrahydro-7bH-
cyclopropala]naphthalen-7b-olate 5.26, then the resulting alkoxyl radical 5.27 would
undergo C-C bond cleavage to open the cyclopropane ring and form either 5.28 or
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5.29 following hydrogen atom transfer (Scheme 5.7). Unfortunately, the formation of
the alkoxide base, potassium 1,1a,2,3-tetrahydro-7bH-cyclopropala]naphthalen-7b-
olate 5.26, as a stable species was unsuccessful. Upon exposing 1,1a,2,3-
tetrahydro-7bH-cyclopropala]naphthalen-7b-ol 5.25 to potassium hydride,
potassium 2-methyl-3,4-dihydronaphthalen-1-olate 5.30 was formed, which was
confirmed by performing a work-up procedure on 5.30 to give 2-methyl-3,4-
dihydronaphthalen-1(2H)-one 5.29 (100%). Research in the literature has shown
that cyclopropanols can convert to the ketone by acid or base induced ring opening
of the cyclopropane.3! This work supports the findings that this ring-opening is a

rapid process.

KH, THF, o0® 6
-78°C,2h oK o]
0 steps 1-3 OH © Q
: e f then RT, O/N -e : % Me
—_— XY Y - - EEREE = e +
5.24 5.25 5.26 5.27 5.28 5.29
KH, THF Step 1: EtzN, TMSOTf, 0 °C - RT, O/N, 98%;
-78°C,2h Step 2: diiodomethane, diethyl zinc, 0 °C - RT, O/N, 95%;
then RT, O/N Step 3: MeOH, K,CO3, 67%.
o®
oK o)
“/Me work-up Me
O T O
5.30 73% 5.29 100%

Scheme 5.7 Attempted synthesis of alkoxide 5.26 and the expected products that would
form from fragmentation of alkoxyl radical 5.27 if it forms by SET from 5.26.

5.4 Can alkoxides donatean electron to tetrahalomethanes?

So far within this chapter, despite numerous efforts, no experimental evidence has
been found to either support or disprove the theory that KO'Bu can act as a single
electron donor. In a final attempt to identify whether SET can occur from KO'Bu,
tetrahalomethanes were used as an alternative electron acceptor molecule to the
haloarenes that have been used thus far in this chapter. Within the literature,
Schreiner and Fokin et al.132 used sodium hydroxide and tetrahalomethanes, in the
presence of a phase transfer catalyst, to halogenate adamantane through a radical
chain mechanism (Scheme 5.8). They proposed that SET occurs from hydroxide

anion to CBrato form a bromide anion and tribromomethyl radical 5.34 (Scheme
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5.8A). This radical 5.34 undergoes a chain reaction (Scheme 5.8B); 5.34 abstracts
a hydrogen atom from a hydrocarbon 5.36 to form the alkyl radical 5.38 and
bromoform 5.37. The alkyl radical 5.38 abstracts a bromine atom from CBras, forming
the alkyl bromide 5.39 and regenerating the CBrs radical 5.34. The oxidation
potential of KO'Bu in DMF (0.10 V vs. SCE) is not too different from the reduction
potential of CBr4 in DMF (-0.31 V vs. SCE)!2 and it was therefore proposed that
KO'Bu might reduce CBr4 through a similar mechanism.

A) B)
o . . o .
OH + CBrg OH + CBr3 + Br CBr3
5.31 5.32 5.33 534  5.35 R-Br 5.34 R—H
5.39 5.36
CBry CHBrs
5.32 . 537

R
5.38

Scheme 5.8 Schreiner et al.**? proposed a radical chain mechanism for the halogenation of
adamantane using hydroxide and tetrahalomethanes.

5.4.1 Reactions of alkoxides and CBrs at high temperatures

The initial studies in this investigation were to use potassium 2-phenylpropan-2-olate
5.12 and react it in the presence of CBr4 under the transition metal-free coupling

reaction conditions [potassium 2-phenylpropan-2-olate 5.12 (4.0 eq.), CBrs (0.5
mmol), benzene and high temperatures of 160 °C for 6 h] (Table 5.4).87

Table 5.4 The reaction of the alkoxide potassium 2-phenylpropan-2-olate 5.12 in benzene
at 160 °C.

®® CBr, (0 or1eq.) Me Minor component
s o R S, L e
r
5.12 5.40 5.15 5.41 5.42 5.432
Entry CBra (eq.) 5.40 (%) 5.15 (%) 5.41 (%) 5.42 (%)
1 1 18 0 3 46
2b. 0 0 76 0 <05

The yields were calculated using 1,3,5-trimethoxybenzene as the internal standard in TH-NMR
of the crude mixture. @The compound 5.43 was tentatively proposed based on H-NMR
spectra. b-Performed in the dark.

The reaction of the potassium 2-phenylpropan-2-olate 5.12 with CBr4 in benzene
under these reaction conditions gave several products (Table 5.4, entry 1); (4,4,4-
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tribromobut-1-en-2-yl)benzene 5.40 (18%), (2,2-dibromo-1-
methylcyclopropyl)benzene 5.41 (3%) and methylstyrene 5.42 (46%). In a blank
reaction (i.e. in the absence of CBrs), 2-phenylpropanol 5.15 (76%) was formed
along with trace amounts of methylstyrene 5.42 as the only products of the reaction
(Table 5.4, entry 2). The formation of methylstyrene 5.42 is proposed to occur via a
hypobromite intermediate 5.44 (Scheme 5.9A). Potassium 2-phenylpropan-2-olate
5.12 nucleophilically attacks a molecule of CBr4to form tert-butyl hypobromite 5.44
and eliminate a CBr3 anion. The tert-butyl hypobromite 5.44 can then undergo an
elimination to form methyistyrene 5.42. The CBr3 anion will undergo decomposition
(a-elimination of bromide) and lead to the formation of a CBr2 carbene 5.45 (Scheme
5.9A); the formation of (2,2-dibromo-1-methyicyclopropyl)benzene 5.41 occurs by
CBr2 carbene 5.45 attack onto methylstyrene 5.42. To support this mechanism,
KO'Bu 5.1 was used instead of potassium 2-phenylpropan-2-olate 5.12 as the base
for the reaction, and it was exposed to either CBra or HCBr3 in the presence of
methylstyrene 5.42 under the same reaction conditions (Scheme 59B - C
respectively). The products from the reaction of KO'Bu 5.1 with methyistyrene 5.42
and CBrs were (4,4,4-tribromobut-1-en-2-yl)benzene 5.40 and (2,2-dibromo-1-
methylcyclopropyl)benzene 5.41. When the additive was changed to HCBrs3, the
major product of the reaction was the predicted (2,2-dibromo-1-
methylcyclopropyl)benzene 5.41.

o®
A) OK CBry OBr Me Me
- > e
Ph/glwg €] Ph e ph/& — Fh Br
- CBrg - HOBr Br
5.12 5.44 5.42 5.41
O
“ Br
:CBQ
5.45
OK CBry4 (1 eq.), benzene, 160 °C, 6 h Me
)<Me + CBry + Br
Me”™ Me Ph Me Ph Ph
Br
5.1 5.42 5.40 36% 5.41 22%

(1eq)

c) o Me
HCBr3 (1 eq.), benzene, 160 °C, 6 h JL "
Me 4 P Me T phT NCBr
Me Me Ph Me

Br
51 5.42 5.42 6% 5.41 55%
(1eq)
Scheme 5.9A) Proposed mechanism in the formation of products 5.41 and 5.42 and B) - C)

experimental proof of concept.
103



Chapter 5. Investigating alkoxides as single electron donors

The product (4,4,4-tribromobut-1-en-2-yl)benzene 5.40 formed only when CBra was
the additive, and not HCBr3. The proposed mechanism in the formation of 5.40
involves CBrs radicals, which could react with methylstyrene 5.42 through either a
radical addition onto the alkene moiety, or a hydrogen atom abstraction at the allylic
position (Scheme 5.10). The radical addition of a CBr3 radical onto methylistyre ne
5.42 would form the radical 5.46. Radical 5.46 could abstract a bromine atom from
CBra to form the brominated intermediate 5.47, which upon loss of HBr would give
(4,4,4-tribromobut-1-en-2-yl)benzene 5.40. Alternatively, the radical 5.46 could
abstract a hydrogen atom to form 5.43. The second possibility is a CBr3 radical
abstracts a hydrogen atom from methyistyrene 5.42 to form the stabilised allylic
radical 5.48, which could react with another molecule of CBr4 to yield the allylic
bromide 5.49. The addition of either a CBr3 radical or CBr3 anion onto the alkene

moiety would ultimately yield product 5.40 upon the elimination of either a bromine

radical or a bromide anion.

= CBI‘4
€10 |
S o® B L Heat
g OK Iy OBr Me . Me Me
= CBr.
_———— M R 3
9 P ME ST P Me =~ Ph/& 0, Ph).\/CBra Joom Ph)\/CBrg
-CBry - HOBr
0 5.12 5.44 5.42 5.46 5.43
-10.7 lCEirf“ CBry |
or Br ¥
Br-
10 5.48 k 3 k CBry /& e
T CBry <---- A <
B
Ph gt Ph “cBry| PP ph)ﬁxc r3
5.40 5.49 5.48 5.47
o . 0O i
24 .4 ' + HCBr3 -
20 CBry | - Br or HBr ; HBr
\l
_\5.46 JL/ JL/
CBr; CBrg
benzene solvent Ph ° Ph
5.40 5.40

Reaction coordinates

Scheme 5.10 Computational analysis of the two proposed mechanisms to form 5.40.

Computational analysis was used to differentiate the possible reaction pathways in
the formation of (4,4,4-tribromobut-1-en-2-yl)benzene 5.40. The calculated energy

difference between CBrsradical attack onto the alkene 5.42 (AG* = 3.9 kcal/mol and
AGrxn = -24.4 kcal/mol) vs. hydrogen atom abstraction pathway (AG* = 9.8 kcal/mol

and AGmn = -10.7 kcal/mol) suggests that the pathway is more likely to occur via
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CBrsradical attack to give intermediate 5.46 (Scheme 5.10). Further analysis of the
impurities present in the formation of 5.40 shows evidence that the intermediate 5.46
is formed, since the saturated analogue 5.43 was proposed, by 'H-NMR analysis, to
be present as an impurity (previously shown in Table 5.4).

Within the literature it was suggested that, at high reaction temperatures (160 °C),
CBra may decompose into Brradicals and CBrs radicals.13* To test this hypothesis,
CBra was reacted with adamantane 5.50 under these reaction conditions (Scheme
5.11A). When adamantane 5.50 was reacted with CBrs at 160 °C, bromination of
adamantane occurred to form 5.51 (41%), 5.52 (6%) and 5.53 (8%). The bromination
of adamantane occurs from hydrogen atom abstraction (Scheme 5.11B), which can
occur either at the bridgehead, C-1, or at C-2 to yield the two isomers 5.51 and 5.52
respectively (Scheme 5.11B shows only the major isomer, resulting from a hydrogen
atom abstraction from C-1).135136 The high yields of brominated adamantane in the
absence of any alkoxide base suggests that the initiation of the bromination pathway
at 160 °C is a C-Br bond homolysis of CBr4 (and not requiring SET from alkoxide).
The resulting CBrs radical 5.34 abstracts a hydrogen atom from adamantane 5.50 to
form adamantyl radical 5.54 (Scheme 5.11B). This radical 5.54 abstracts a bromine
from CBra to propagate the chain mechanism, and form product 5.51 (or 5.52
depending on the site of the hydrogen atom abstraction). With the knowledge that
CBr4 is decomposed to radical intermediates at high temperatures, these reaction
conditions (160 °C) are not viable for testing the ability of alkoxides as single electron
donors to CBra.

A)
CHBr
CBry(1eq) @ @ @ @ ‘5;0 5.37
benzene, 160 °C ’
5.50

6h.dakk  55016% 55141%  5.526% 5.53 8%
Heat

CBry, = Br. + CBrs
5.32 5.34

Br

CBry
5.32
5.51

Scheme 5.11A) The reaction of CBrs and adamantane 5.50 at 160 °C. B) A proposed
mechanism in the bromination of adamantane 5.50 at 160 °C.
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5.4.2 Alkoxides and CBr4 at 40 °C

Since CBraunderwent C-Br bond homolysis at high temperatures, the reaction was
repeated using conditions similar to those used by Schreiner et al.*3? (40 °C in
dichloromethane for 90 h). To ensure that CBrs did not decompose to its radical
species under these new reaction conditions, CBrs was reacted with adamantane
5.50 in the absence of any alkoxide (Scheme 5.12).137 After 90 h at 40 °C the only
compound observed in the TH-NMR and 3C{'H}-NMR of the reaction mixture was
the unreacted adamantane 5.50, which meant that CBrs was stable under these
reaction conditions, and therefore low temperature studies could be used to probe

the role of alkoxides in the halogenation of adamantane.

@ CBr4 (1 eq.), CH,CI5 (3.13 mL), 40 °C, 90 h, dark @

5.50 5.50 93%

Scheme 5.12 Reaction of adamantane 5.50 and CBr4 at 40 °C.

Murphy et al.*3 reported that when KO'Bu was reacted with CBrs4 and adamantane
5.50, at 40 °C in dichloromethane, bromination of adamantane 5.50 was observed,
and the conclusion drawn was that KO'Bu is capable of donating an electron to CBra
to yield the CBrs radicals.*® Therefore, it was proposed that potassium 2-
phenylpropan-2-olate 5.12 would also be capable of brominating adamantane 5.50

under these reaction conditions (Table 5.5).

Table 5.5 Reaction of potassium 2-phenylpropan-2-olate 5.12 in dichloromethane at 40 °C.*

adamantane 5.50
OK CX4(0or1eq.)
kMe CH,Cl,, 40 °C, 90 h, dark H
Ph Me

Ph
M
o} Me Me A~ )< ©
/l<Me + + JL + + + 0" 0" Me

X=Br. Cl Ph” “Me Ph Br  pp > Me Ph c _<Me

(4eq) Ph” “Me

Br Cl
5.41 5.42

5.12 5.15

5.50 5.55 5.56

Entry | Additive (eq.) | 5.15 (%) | 5.41 (%) | 5.42 (%) | 5.50 (%) | 5.55 (%) | 5.56 (%)
1v- CBr (1) 66 33 18 91 17 0
2 none 39 0 1 84 0 52 (26%) o
3 CCla (1) 67 0 3 76 50 3

2Yields calculated using 1,3,5-trimethoxybenzene as the internal standard in TH-NMR of the crude
mixture.”Not performed in the dark.c-Yields based on potassium 2-phenylpropan-2-olate 5.12.
d|solated yields.
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When potassium 2-phenylpropan-2-olate 5.12 was exposed to CBrs in
dichloromethane, at 40 °C, no bromination of adamantane was observed (Table 5.5,
entry 1). The products 2-phenylpropanol 5.15, (2,2-dibromo-1-
methylcyclopropyl)benzene  5.41, methylstyrene 5.42 and (2,2-dichloro-1-
methylcyclopropyl)benzene 5.55 were observed, as well as unreacted adamantane
5.50 (Table 5.5, entry 1). A blank reaction performed in the absence of CBra resulted
in the formation of a new product, bis((2-phenylpropan-2-yl)oxy)methane 5.56 (Table
5.5, entry 2, see discussion below).138 To avoid the complexity of having compounds
bearing different halogens within the reaction mixture, the reaction was repeated
using CCls as the reagent, instead of CBr4, in dichloromethane (Table 5.5, entry 3)
which yielded (2,2-dichloro-1-methylcyclopropyl)benzene 5.55 as a major product.

Analogous to (2,2-dibromo-1-methylcyclopropyl)benzene 5.41, the formation of (2,2-
dichloro-1-methyicyclopropyl)benzene 5.55 means that CCl2 carbenes 5.61 are
formed under the reaction conditions (Scheme 5.13). The CClzcarbene 5.61 forms
when potassium 2-phenylpropan-2-olate 5.12 acts as a base and deprotonates
dichloromethane, CH2Cl2. The resulting CHCIl2 anion 5.57 undergoes halogen
exchange with CBr4 to form bromodichloromethane 5.58. A second deprotonation
would lead to the bromodichloromethyl anion 5.60 and decomposition of this anion

would give the CClzcarbene 5.61.

o®
CH,Cl, OH

oK
PhkMg - Ph/g'wg ooRc

512 5.15 5.57
© ©
CHCl, + CBr, ——= CHBICl, + CBry
5.57 5.32 5.58 5.59
o
OK OH o -8
k + CHBrCl, —> + CBrCly =—= o«
Ph” ~MS 2 Ph N z $CCl
512 5.58 515 5.60 5.61

Scheme 5.13 Proposed mechanism to form carbene 5.61.

The formation of bis((2-phenylpropan-2-yl)oxy)methane 5.56 was observed in the
blank reaction (without CBr4) and a proposed mechanism for its formation involved

the nucleophilic displacement of chloride from dichloromethane by two molecules of
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potassium 2-phenylpropan-2-olate 5.12 (Scheme 5.14A). As a proof of concept,
following literature precedent,13%-140 benzyl alcohol 5.63 was reacted in the presence
of KO'Bu and dichloromethane, and the product 5.64 was formed (Scheme 5.14B).
Next, the formation of 5.56 was proven to be successful when potassium 2-
phenylpropan-2-olate 5.12 was heated to 40 °C in dichloromethane (Scheme 5.14C).
The fact that 5.56 is only observed in the absence of CBr4 suggests that the reaction
of potassium 2-phenylpropan-2-olate 5.12 with dichloromethane is slower than the

reaction with CBra.

e Me_ Me
OKM o el y Cl 542 oo ph
/% e _ 0 5 e E——
Ph Ph QM
¢ Me Ph” Mo
5.12 5.62 5.56
Experimental proof of concept:
B
) OH  KO'Bu (1 eq.), CH,Cly, 90 h, 40 °C 00" Ph
Ph Ph
5.63 5.64 67%
C)
Me_ Me

/OéMe CH,Cl,, 90 h, 40 °C oo ph
Ph” “Me e
Ph Me
5.12 5.56 47%
Scheme 5.14 Proposed mechanism and proof of concept to form 5.56.

Next, the reaction was repeated with KO'Bu as the base instead of potassium 2-
phenylpropan-2-olate 5.12 (Scheme 5.15A). Interestingly, when KO'Bu was used,
the bromination of adamantane 5.50 was observed unlike when the reaction is
performed using potassium 2-phenylpropan-2-olate 5.12.43 This suggests that either
the two alkoxide bases do not react with CBr4 through the same mechanisms, or the
methylstyrene 5.42 formed in the reaction from potassium 2-phenylpropan-2-olate
5.12 shuts down the radical chain pathway (precedent for this is that 1,1-
diphenylethylene is a radical trap that is known to shut down radical pathways).3® To
probe the possibility that methyistyrene 5.42 may shut down the radical pathway, the
reaction of KO'Bu with CBr4 and adamantane 5.50 was repeated in the presence of
methylstyrene 5.42 (Scheme 5.15B). The addition of methylstyrene 5.42 stopped the
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bromination of adamantane, which suggests that it can shut down the radical
mechanism, maybe by acting as a source of hydrogen atoms for the CBrs radical in

preference to adamantane 5.50. Indeed, computational analysis shows that
hydrogen atom abstraction by the CBrs radical from methylistyrene 5.42 (AG* =10.7
kcal/mol and AGrxn = -7.7 kcal/mol) is thermodynamically more favourable than from
adamantane 5.50 (AG* = 13.9 kcal/mol and AGrxn = 1.1 kcal/mol) (Scheme 5.15C).
Hence, methylstyrene 5.42 is acting as a radical sink in the reaction mixture, thus
preventing the formation of the adamantyl radical 5.54, and hence the bromination
of adamantane.

[CC)
OK CBr4 (1 eq.), CH,Cly, 40 °C, 90 h
)<Me +

Me Me

A)

5.1 5.50 5.50 5 51
(4eq) Ratio 39 :
B) gilz) 5.50, CBry (1 eq.), CHyCly Me
0,
Lo + JL 90 h, 40 °C, dark Ph)Q(Br N JL .
Me Me Ph Me Ph Me
Br
5.1 5.42 5.41 59% 5.42 3% 5.50 75% 5.55 40%
(4 eq.) (1eq.)
C) ~
S
£ .
g CBrs
£ N
9 Ph™ "Me-HCBr; pp . Ph
0 5.42 5.48 5.40
. 5.50 Br
. CBra
.
-10 | dichloromethane - HCBr3
Reaction coordinates  Reaction coordinates 5.54 5.51

Scheme 5.15A) Reaction of KO'Buwith CBr4 and adamantane. B) Using methylstyrene 5.42
to block the bromination of adamantane. C) Computational analysis of hydrogen atom
abstraction by CBrs radical from methylstyrene 5.42 vs. adamantane 5.50.

With the knowledge that methylstyrene 5.42 is capable of preventing bromination of
adamantane, the mechanism of product formation from potassium 2-phenylpropan-
2-olate 5.12 was revisited and applied to KO'Bu. In Section 5.4.1, it was proposed
that potassium 2-phenylpropan-2-olate 5.12 reacts with CBr4to form a hypobromite

intermediate, which then formally eliminates hypobromous acid to form
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methylstyrene 5.42 at high temperatures (160 °C) (Section 5.4.1, Scheme 5.9).
However, methylstyrene 5.42 was formed from potassium 2-phenylpropan-2-olate
5.12 at the lower temperatures (40 °C) used within this section, which suggests
hypobromite intermediates are also formed in these lower temperature reactions. If
KO'Bu reacted with CBra by the same mechanism as potassium 2-phenylpropan-2-
olate 5.12, the elimination of hypobromous acid from tert-butyl hypobromite would
form isobutylene. Under the reaction conditions, if isobutylene (b.p. -6.9 °C) did form
from the elimination of tert-butyl hypobromite it may not be present in solution to
efficiently trap the radicals formed in the reaction mixture, due to its volatility, and
therefore halogenation of adamantane 5.50 can occur. Therefore the reason KO'Bu
leads to the formation of bromoadamantane but potassium 2-phenylpropan-2-olate
5.12 does not, could be because the alkene formed in the reaction from KO'Bu does
not efficiently trap the radical intermediates, unlike the alkene from potassium 2-
phenylpropan-2-olate 5.12. This would explain the difference in the bromination of
adamantane between the alkoxides; however so far in this discussion the mode of

generation of the radical intermediates at 40 °C remains unknown.

Due to the proposed involvement of hypobromite intermediates, there are two
possible mechanisms for the generation of radical intermediates in the bromination
pathway of adamantane 5.50 from CBra. The first possibility is SET from the alkoxide
to a molecule of CBrs to give a bromide anion and CBr3 radicals as described
previously. However a second possibilityis that the hypobromite intermediate formed
in the reaction undergoes O-Br bond homolysis to generate a bromine radical and
an alkoxyl radical, which will abstract a hydrogen atom from adamantane to initiate
the bromination chain mechanism. There is precedent within the literature for the
bromination of alkanes by hypobromites; Wirth et al.14! used tert-butyl hypobromites
to achieve the bromination of alkanes, and they also proposed that the mechanism
proceeded via thermolysis of tert-butyl hypobromites. The propagation step in the
mechanism for this bromination of alkanes could proceed analogously to the report
of Schreiner et al.132 whereby the adamantyl radical abstracts a bromine from CBra,
to generate a CBrs radical as the radical chain carrier, or alternatively, the

hypobromite itself could act as radical chain carrier, as proposed by Wirth et al.141
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So far within this study, the experimental evidence cannot distinguish between the
two proposed radical pathways. In an attempt to deduce the ability of alkoxides to
donate a single electron, computational modelling was implemented to calculate the
energy profile for the SET from both KO'Bu and potassium 2-phenylpropan-2-olate
5.12 to CBrain dichloromethane (Figure 5.1). The energy barriers for SET from either
KO'Bu or potassium 2-phenylpropan-2-olate 5.12 to a molecule of CBra were
calculated to be AG* = 35.4 kcal/mol and 36.1 kcal/mol respectively (SET from
KO'Bu to CCls in dichloromethane: AG* = 38.8 kcal/mol and AGrxn = 16.0 kcal/mol),
and these barriers are not accessible for a reaction performed at 40 °C. When the
reaction was performed in CCls a similar energy profile was obtained for the SET
from either of the two alkoxides to a molecule of CCls (Figure 5.1B). The energy
barriers calculated were AG* = 42.5 kcal/mol and 44.5 kcal/mol for SET to CClafrom
KO'Bu and potassium 2-phenylpropan-2-olate 5.12 respectively. From these
computationally derived energy profiles for the SET step, it suggests that the
initiation for this halogenation of adamantane 5.50 is not via SET from the alkoxide,
and therefore the only possible mechanism in the formation of the radical

intermediates is through homolysis of the hypohalite intermediate.*®
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Figure 5.1 Energetic profile for SET from potassium 2-phenylpropan-2-olate 5.12 (black
line) or KO'Bu 5.1 (blue line) to A) CBrain dichloromethane (left) and B) CClain CCla (right).
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Previously in this chapter, potassium 2-phenylpropan-2-olate 5.12 was reacted with
CCls as the additive, instead of CBrs4, in an attempt to achieve chlorination of
adamantane, however this was unsuccessful in dichloromethane. From the analysis
with CBras, it is proposed that the chlorination of adamantane 5.50 was inhibited by
the formation of methylstyrene 5.42, which traps radical species formed in the
reaction. Therefore, it was proposed that if KO'Bu was used as the alkoxide in the
reaction with CClathen chlorination of adamantane should occur. Since CCls can be
used as a solvent, the reaction was performed in CCls instead of dichloromethane,
and 1-chloroadamantane 5.69 (5%) was observed (Scheme 5.16A). To provide a
direct comparison between the two alkoxides, potassium 2-phenylpropan-2-olate
5.12 was also reacted in the presence of adamantane 5.50, with CCls as both the
solvent and the additive (Scheme 5.16B). Interestingly, the reaction also yielded 1-
chloroadamantane 5.69 (4%), as well as 2-phenylpropanol 5.15, methylstyrene 5.42,
unreacted adamantane 5.50 and (2,2-dichloro-1-methyicyclopropyl)benzene 5.55.
The chlorination of adamantane was unexpected because it was proposed that the
methylstyrene 5.42 formed in the reaction mixture would trap the radical
intermediates like it did with CBr4 and CCls in dichloromethane. One explanation for
this chlorination in CCls, but not dichloromethane, is that the chain mechanism for
the halogenation of adamantane is more efficient in CCls because there is more CCl4
present to propagate the chain mechanism. Another explanation may be that there
is a lower concentration of methylstyrene 5.42 formed in the reaction in CCls
compared to dichloromethane, which means there may not be enough

methylstyrene 5.42 in CCla to shut down the radical chlorination pathway.

cl
A) 8% CCl, (3.13 mL), 40 °C, 90 h, dark
)<Me + +
Me Me
5.1 5.50 5.50 64% 5.69 5%
(4 eq.)
B cl
) o® 5.50, CCl, (3.13 mL) Me OH
oK 40°C, 90 h, dark )Q{ JL Me
Me , s + + Ph Cl + + )<
ph/j<Me ol Ph Me Ph Me
5.12 5.50 74% 5.69 4% 5.55 < 9% 5.42 2% 515 77%

(4eq.)
Scheme 5.16 The reaction of the alkoxides with adamantane and CCls as the additive and
solvent.
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Potassium 2-phenylpropan-2-olate 5.12 was exposed to these reaction conditions
with tetrahalomethanes and adamantane in an attempt to find evidence for SET from
KO'Bu, such as the formation of acetophenone from B-scission of the alkoxyl radical.
However, throughout this study it has been determined that potassium 2-
phenylpropan-2-olate 5.12 is capable of forming hypohalite intermediates that
eliminate hypohalous acidto form methylstyrene 5.42 and its derivatives. The use of
the alkoxide as a probe in this reaction has thus far provided useful information, but
it would be interesting to see what would occur if elimination to form alkenes, like
isobutylene or methylstyrene 5.42, were not possible. Therefore, to simplify the
reaction a new alkoxide, potassium triphenylmethanolate 5.70, was synthesised and
subjected to the reaction conditions with CBr4 and adamantane 5.50 (Table 5.6).
Potassium triphenylmethanolate 5.70 was designed because the three phenyl
groups will prevent elimination of hypobromous acid from the hypobromite
intermediate.

Table 5.6 The reaction of the potassium triphenylmethanolate 5.70 in dichloromethane at
40 °C.

OH

%% CBry (0 or1eq.) o
+ Ph +
Phkppr:‘ CH,Cl,, 40 °C, 90 h, dark k )kph +

5.70 5.50 5.72 5.73
(4eq.)

Entry | Additive (eg.) | 5.50 (%) | 5.51 (%) | 5.71* (%) | 5.72 (%) 5.73 (%)
1 CBra (1) 49 7 88 5 (4%)b- 12 (7%)P:
2 none 87 0 81 1 0
aYields based on potassium triphenylmethanolate 5.70. Plsolated yields.

When potassium triphenylmethanolate 5.70 was exposed to the reaction conditions
in the presence of CBr4, several products were observed: 1-bromoadamantane 5.51,
triphenylmethanol 5.71 and unreacted adamantane 5.50, as well as two new
products, benzophenone 5.72 and 4-benzhydrylphenol 5.73 (Table 5.6, entry 1).
When the CBrawas not present in the reaction mixture similar products were formed,
except that no 1-bromoadamantane 5.51 or 4-benzhydrylphenol 5.73 were observed

(Table 5.6, entry 2). Interestingly, benzophenone 5.72 was formed both with and
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without the CBrs, however further analysis of the starting material showed trace
amounts of 5.72 present in the commercially supplied triphenylmethanol 5.71.
Background formation of benzophenone 5.72 in trace amounts from heterolytic

fragmentation of similar tertiary alkoxides is precedented.129-130

The important difference between the reaction in the presence of CBrs and in its
absence (Table 5.6, entry 1 and 2 respectively) is the formation of 4-
benzhydrylphenol 5.73. It is proposed that 4-benzhydrylphenol 5.73 can form
through the hypobromite 5.74 (Scheme 5.17A). The alkoxide 5.70 reacts with CBr4
to generate the hypobromite 5.74. This hypobromite can react by three pathways (1)
the OBr anion may leave through an E1 elimination to form the stabilised-cation 5.75
and (2) the O-Br bond may fragment ionically upon migration of a phenyl moiety, to
form 5.77, or (3) the O-Br bond undergoes homolysis to form alkoxyl and bromine
radicals, for which there is literature precedent.'*! i pathway (1) is followed, the
carbocation 5.75 is attacked by another molecule of alkoxide 5.70, and due to steric
effects, the alkoxide will attack at the para position of one of the benzene rings, in
doing so, the species 5.76 is formed, which ultimately gives 5.73. Pathway (2) and
(3) ultimately lead to the formation of benzophenone 5.72; pathway (2) involves the
formation of intermediate 5.77, which reacts with water to form 5.78, and ultimately
benzophenone 5.72. Pathway (3) involves formation of the alkoxyl radical 5.79,
which could form via O-Br homolysis of 5.74, or alternatively by SET from alkoxide
5.70 to a molecule of CBra. This alkoxyl radical was initially believed to undergo (-
scission to form benzophenone 5.72, however alternatively the radical 5.79 could
undergo a neophyl-like rearrangement to form radical 5.80 (Scheme 5.17B).142 The
product 5.82 forms when the radical 5.81 abstracts a bromine atom from either CBra
(or the hypobromite 5.74), and 5.82 in turn undergoes a rearrangement to form
benzophenone 5.72. Previous fragmentations of related alkoxyl radicals have been
studied.143-147 The enhanced formation of 5.72 in the presence of CBrsis proposed
to occur through either 3-scission of the alkoxyl radical 5.79, (Scheme 5.17B), or the

ionic mechanism (Scheme 5.17A), although this cannot be said for certain.
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OCPh,
A) @® CBr Bre, o8 5.70
4, Ph @ —>Ph _
kPh kPh

Ph -CBrs Ph
5.70 5.74 5.75 5.76
©
-Br o-Ph o-Ph )CL
@
)\ ph/jVPgH T Ph” ph
o®
B) 5.77 5.78 5.72
oK SET
_Ph
Ph” Ph

CBry .
0 oFh oPh
5.70 kph
5.80

CBr,
. Ph )\ ~= /kBr — )k
~N
/(LPh/ 5.79

Ph CBr, ph
Ph ph O-Brbond
homolysis
5.74

Scheme 5.17 Proposed reaction pathways for the formation of 5.72 and 5.73, from 5.70.

Thus far it has been proposed that adamantane 5.50 is halogenated through one of
two possible pathways: (1) an alkoxide reacts with the tetrahalomethanes to form a
hypobromite (or hypochlorite) intermediate, which could either undergo an
elimination of hypobromous (or hypochlorous) acid to form the respective alkene, or
O-Br (or O-CIl) bond homolysis to form the corresponding alkoxyl radical and a
bromine (or chlorine) radical. (2) SET from the alkoxide to the tetrahalomethanes
would form the radical anion of CBr4 (or CCls) which fragments to give bromide anion
and CBrs radicals that initiate the radical chain mechanism to halogenate
adamantane 5.50. It was vital to determine which of these two pathways was
occurring to identify what mechanism was responsible for the halogenation of
adamantane 5.50 and whether KO'Bu is able to donate a single electron in these

reactions.

5.4.3 The halogenation of adamantane with hypohalites

In the previous section, the computational results reported suggest that it is not
possible to halogenate adamantane via SET from an alkoxide. Therefore it is
proposed that the KO'Bu forms the tert-butyl hypohalites, which undergoes

decomposition to form radical species that initiate the halogenation of adamantane
5.50. However, there is no concrete evidence that the halogenation of adamantane

5.50 occurs through the formation of a hypochlorite intermediate. To determine if this
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pathway is occurring, tert-butyl hypochlorite 5.83 was prepared (Scheme 5.18) and
immediately subjected to the reaction conditions (Table 5.7). The tert-butyl
hypochlorite 5.83 chlorinated adamantane in both dichloromethane and CCls as the
solvents, to give 1-chloroadamantane 5.69 (25% and 11% respectively) and 1,3-
dichloroadamantane 5.84 (16% and 26% respectively) (Table 5.7, entry 1 and 2).
When the reaction was performed in dichloromethane, a third product was formed
as the minor product, 2-chloroadamantane 5.85 (13%). Next, KO'Bu 5.1 was reacted
with CCls in an analogous reaction to compare the yields of products (Table 5.7,
entry 3). To compare the efficiency of KO'Bu vs. tert-butyl hypochlorite 5.83 at the
chlorination of adamantane 5.50, KO'Bu 5.1 was reacted with adamantane 5.50 in
CCls and only low yields of 1-chloroadamantane 5.69 (5%) were formed and

recovery of unreacted adamantane 5.50 (64%) was achieved.

Cl<

OH o
)<Me NaOCI (1.4 eq.), acetic acid (1.11 eq.), 10 min, 0 °C )<Me
Me Me Me Me
5.7 5.83 34%

Scheme 5.18 The formation of tert-butyl hypochlorite 5.83.

Table 5.7 The reaction of either tert-butyl hypochlorite 5.83 or KO'Bu 5.1 in dichloromethane
or CClas at 40 °C.

90 h, 40 °C Cl cl
o X @ CHZCIzorCCI4@ @ @\ @/m
)<Me + - = + + . +
Me Me
5.50 5.50 5.69 5.84 5.85

5.83 X=Cl
51 X=K
(4eq)
Entry 5.50 (mmol) Substrate (eq.) | Solvent (mL) 5.50 5.69 5.84 5.85
(%) (%0) (%0) (%)
1 (0.5) 5.83 (4) CH2Cl2 (3.13) 10 25 16 13
22 (0.5) 5.83 (4) CCls (3.13) 2 11 26 0
3 (0.5) 5.1 (4) CCls (3.13) 64 5 0 0

a.Other products of chlorination of adamantane may have formed but they could not be identified.

The halogenation of adamantane 5.50 was observed in significantly higher yields
from the tert-butyl hypochlorite 5.83 compared to the combination of KO'Bu and CCla,

which suggests that the chlorination of adamantane by KO'Bu may occur, at least
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partially, through a hypochlorite intermediate. The formation of the 1,3-
dichloroadamantane 5.84 occurs through a second chlorination of 1-
chloroadamantane 5.69. A comparison of the yields of products 5.69 and 5.84 in
dichloromethane and CCls show that the chlorination mechanism is more efficient in
CCla because more of the di-chlorinated product 5.84 observed, as well as a higher
conversion of adamantane 5.50. Comparison of the yields of products achieved
when tert-butyl hypochlorite 5.83 was used (Table 5.7, entry 1-2) instead of KO'Bu
(Table 5.7, entry 3) suggest that the tert-butyl hypochlorite 5.83 is more efficient at
the chlorination of adamantane 5.50. It is proposed that, because the alkoxides give
lower yields of halogenation than the direct use of the hypohalites, then the rate
determining step is likely to be the formation of the hypohalite. The combination of
the experimental results presented here and the computational results (previously
discussed in Figure 5.1) all suggest that the halogenation of the adamantane 5.50
occurs by hypohalite formation, and not via SET from the alkoxide as previously
proposed. It must be noted that within the literature there are reports of the

halogenation of alkanes using sodium hypohalites or alkyl hypohalites.141.148

Finally, the tert-butyl hypobromite 5.86 was synthesised and subjected to similar
reaction conditions (Scheme 5.19). When a sub-stoichiometric amount of tert-butyl
hypobromite 5.86 was used, bromination of adamantane was observed to yield 1-
bromoadamantane 5.51 (16%) and 2-bromoadamantane 5.52 (4%). However when
an excess of KO'Bu 5.1 was reacted with adamantane 5.50 in the presence of CBra,
the major product was the unreacted adamantane 5.50 (84%), with 1-
bromoadamantane 5.51 as the minor product (4%). This demonstrates that even
using substoichiometric amounts of the tert-butyl hypobromite 5.86 (0.4 eq.), higher
yields of brominated adamantane, 5.51 and 5.52, are achieved compared to when

KO'Bu and CBra were used.
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A)

OH NaOCI (1.4 eq.), NaBr (1.1 eq.) o Br  5.50, CH,Cl,
kMe acetic acid (1.11 eq.), 0°C, 1 h kMe 90 h, 40 °C
Me Me

5.7 5.86 5.5070% 5.51 16% 5.52 4% 5.53<1%
(4eq.) (0.4 eq.)

(Yields based on adamantane 5.50 as the limiting reagent)

B)

%GK) + CBr4 (1eq.)
)<Me
Me™ "Me 90 h, 40 °C, CH,Cl,

5.1 5.50 5.50 84% 5.51 4%
(4eq)
Scheme 5.19 The mechanism for halogenation of adamantane 5.50.

This study has led to a revision of earlier thoughts on the mechanism for the
halogenation of adamantane 5.50, by using a combination of KO'Bu and CBra. It is
now proposed that the mechanism does not occur through SET as was previously
believed, but it actually proceeds through hypobromite intermediates (Scheme 5.20)
(only the bromination is described here; however itis proposed that the chlorination
occurs through an analogous mechanism). The alkoxide in the reaction mixture,
such as 5.12, forms a hypobromite in the presence of CBrs. The hypobromite 5.44
can undergo two pathways. The first option is an elimination reaction to form
methylstyrene 5.42, which reacts with carbenes formed in the reaction to afford final
product 5.41. The second pathway is the O-Br bond homolysis of the hypobromite
5.44. This forms the alkoxyl radical 5.13 and a bromine radical. These radical
intermediates perform a hydrogen atom abstraction from adamantane 5.50 to form
adamantyl radical 5.54 (alternatively the hydrogen atom abstraction may occur at
the C-2 position to ultimately give the 2-Br isomer). The radical 5.54 will abstract a
bromine from a hypobromite molecule 5.44, or CBras,to form 5.51 and a CBrsradical,
or alkoxyl radical 5.13. The CBrs radical, or alkoxyl radical 5.13, will propagate the
chain pathway by hydrogen atom abstraction from adamantane 5.50 thus creating a

radical chain mechanism.
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Initiation

° o Br
Br- °
o CBry, "0 0 5.50 CBr,
)<Me o )<Me—> )<Me — -~
Ph” “Me _Cgr, Ph” Me _* Ph7 Me -CBrs
5.51

5.87 5.44 5.13 5.54

5.50

$CBr; Me Propagation

e
Ph” “Me Ph Br

Br
5.42 5.41

Scheme 5.20 The modified mechanism for halogenation of adamantane.

This section has provided evidence that hypohalites can form in the reactions,
through the isolation of methyistyrene, and its related molecules. It has also provided
proof that hypohalites are capable of halogenating adamantane, which is supported
by previous work reported in the literature by Wirth et al.14! Finally, computational
analysis suggests that SET from KO'Bu to CBr4 is not accessible at temperatures,
such as 40 °C, used throughout the latter parts of this study, but rather that
hypohalites formed could undergo fragmentation to radical intermediates. If KO'Bu
is not capable of donating an electron to CBr4, which has a much less negative
reduction potential than iodobenzene (-0.31 V in DMF vs. SCE and -2.2 V vs. SCE
respectively), it is therefore not likely that KO'Bu is able to donate an electron to

haloarenes to initiate the transition metal-free BHAS mechanism.

5.5 Futurework

The mechanism for the formation of hypohalites, by the reaction of alkoxides with
CBrs4, and subsequent bromination of adamantane was reported in this chapter. This
mechanism is different to the mechanism Schreiner et al. reported for the
halogenation of adamantane using the combination of sodium hydroxide and CBra.
They proposed SET occurs from the hydroxide anion to CBrs, and they rule out a
hypobromite intermediate because they reported that hypobromous acid did not
achieve the halogenation. However, it would still be interesting to readdress this
reaction, using sodium hydroxide, to further investigate the hypobromite formation

as a possibility.
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Within this section, it has been proposed that KO'Bu may not be a single electron
donor, as was previously believed. In this chapter, the role of KO'Bu was addressed
for both its involvement in the transition metal-free reaction conditions and in the
halogenation of adamantane. Evidence is mounting that supports the proposal that
the role of KO'Bu in these reactions is the formation of electron donors or radical
precursors in situ, and not to perform SET. To continue this work, it would be
interesting to address the proposal that KO'Bu is capable of donating an electron to
both benzophenone and tritylbromide, as Ashby et al.36-37 proposed (previously

described in detail in Section 1.4.1) and this is ongoing in our research group.
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6.1 Introduction

For transition metal-free coupling chemistry to advance and progress to compete
with palladium-catalysed cross-coupling reactions, more complex substrates need
to be studied, including those where different types of coupling reactions are in
competition. The possibility of Srn1 coupling of aryl halides to an anionic nucleophile
has previously been introduced inthe coupling of aryl halides to enolate anions.”>82-
83 Rossi has been a pioneer of much of the recent development of the Srnl
reaction.®5149-151 One of his recent studies generated aryl radicals from haloarenes
either (i) under transition metal-free photoactivation conditions, or (ii) without
photoactivation but in the presence of iron (ll) salts and pinacolone.14%-151 The aryl
radical formed could undergo either Srn1 cyclisation or BHAS coupling, which meant
that the substrates used in his study were ideal candidates for probing alternative
reaction pathways that can be accessed through transition metal-free reaction

conditions.

This chapter focusses on a series of competing reactions, based on examples from
the literature by Rossi et al.®>, for a selection of substrates that are carried out under
thermal reaction conditions using the DKP additive and KO'Bu, to generate the
enolate anion of DKP as the electron donor in these reaction conditions.
Computational chemistry has been applied to the study to gain deeper mechanistic

insight into the reactions.

6.2 Computational methods

The calculations were run using the M06-2X functionall93-104 with the 6-311++G(d,p)
basis set!05-109 on all atoms, except for the iodine. lodine was modelled with the
MWBA46 relativistic pseudo potential and associated basis set.119 All calculations
were carried out using the C-PCM implicit solvent model.111-112 All calculations were

performed in Gaussian09.113
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6.3 Transition metal-free ground stateaccess to Srnvl pathways

Within this thesis it has been shown that the enolate anion, 6.5, of the N,N’-
dipropyldiketopiperazine (DKP) 6.2 (Table 6.1) donates an electron to aryl halides,
such as iodo-m-xylene, in the initiation step of the BHAS mechanism (previously
discussed in Chapter 4, Section 4.3). Therefore, DKP 6.2 was used as an additive,
in the presence of KO'Bu, in an attempt to achieve Srnl cyclisations of substrate
6.1. Most reactions reported in the literature that proceed via the BHAS mechanism
are performed using benzene as the solvent, since benzene is the coupling partner
in these reactions. In the few examples where aryl radicals couple to enolate anions
via the Srn1 pathway the solvents used are DMSO, liquid ammonia or DMF.149.152
Given that the polarity of the medium is expected to play an important role in
facilitating electron transfer reactions, the reaction outcomes in both benzene and
DMSO were investigated and the results are compared throughout this study. The

initial studies exposed substrate 6.1 to these transition metal-free reaction conditions
(Table 6.1).

Table 6.1 Thermally activated electron transfer reaction of substrates 6.1.

‘M

Me }?r If’r
X OsN O N
O .20. 1 eq.) KO'Bu
. ©5¥ b T
g KO'Bu (3 eq.) N" 70 oy N 9K
solvent, temperature Pr Pr
6.1aX=1 time 6.2 6.5
6.1b X = Br
6.1c X =ClI
Entry Substrate Time (h) Temperature (°C) Solvent (mL) 6.3 6.4
(%) (%)
1 6.1a 1 120 benzene (5) 55 7
2 6.1a 1 120 DMSO (2) 79 10
3 6.1b 1 120 DMSO (2) 25 0
43.b. 6.1b 16 160 benzene (5) 30 0
5 6.1c 1 120 DMSO (2) 20 0
6 6.1c 16 160 benzene (2) 24 0

a.At 120 °C, only starting material was observed in the crude mixture.b-KO'Bu used in 5
equivalents.
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These initial investigations were performed using substrate 6.1 and several
conclusions can be drawn. When 6.1a (X =) was stirred at 120 °C for 1 h in the
presence of KO'Bu and DKP 6.2, and in either anhydrous benzene or anhydrous
DMSO, two products were isolated. The major product in both solvents was 5H-
benzo[e]-pyrrolo[1,2-alazepin-11(10H)-one 6.3, which was isolated in moderate
yields in benzene (55%) and high yields in DMSO (79%), and the minor product
isolated was 3-acetyl-5H-pyrrolo[2,1-a]isoindole 6.4, which was isolated in low yields
in both benzene and DMSO (7% and 10% vyields respectively) (Table 6.1, entries 1
and 2). Comparison of the product yields with those reported in the literature shows
that these transition metal-free conditions used in this study are capable of
competing with both the light irradiation procedure and a procedure that used iron(ll)
salts for the transformation.8> [Within the literature light irradiation of 6.1a in the
presence of KOBu afforded 6.3 (38%) in low yields, but using FeClz catalyst and
pinacolone in the presence of KO'Bu, higher yields of 6.3 were achieved (84%).85
The reaction of 6.1a with FeClz also formed the minor product 6.4 in low yields (11%)].
The effect of the halogen on these reactions was investigated in the two solvents. It
is demonstrated that changing the halogen largely affects the reactivity of the
substrate, and hence the yields of products. When the reaction was performed in
benzene, the bromo substrate 6.1b required harsher reaction conditions to achieve
product formation (Table 6.1, entry 4). Finally, the reaction of 6.1a-c appears to have
a strong solvent dependence; in DMSO, yields of the cyclised products from 6.1a
were higher than in benzene, and the reaction of 6.1b-c could be performed ata 120
°C in DMSO, rather than 160 °C in benzene (Table 6.1, entries 3-6). It has been
reported that the dimsyl anion could act as an electron donor in transition metal-free
reaction conditions,'53 and hence this may contribute to the higher yields observed
in DMSO. If the activation of 6.1a-c occurs through a SET initiation step, then the
possibility that the dimsyl anion is contributing to the formation of products should be

considered.

The cyclisation of substrate 6.1a-c to form 6.3 in the presence of a strong base,
KO'Bu, under the ground-state conditions could occur through several pathways

(Scheme 6.1):
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1. The benzyne formation pathway.?® KO'Bu would deprotonate substrate 6.6, at the
proton ortho to the iodine, to eliminate HI and form a benzyne intermediate 6.7.

Cyclisation of the enolate anion onto the benzyne would form 6.3 upon protonation

during work-up.

2. Intermolecular SET to the haloaryl moiety of 6.6 would yield the aryl radical 6.8
upon loss of the iodide anion (initiation). The aryl radical would cyclise onto the
enolate anion via an Srnl mechanism to yield 6.3 upon the loss of an electron

(propagation).8®

3. Another possibility is intramolecular SET from the enolate anion to the haloaryl
moiety, which will form intermediate 6.9. Radical recombination would lead to the

product 6.3.

1. Benzyne formation

S)
C! ° /\ © ® 0
f o H
KOQ/J—{ Yy N\ _Z N7\ _
— - Kl = (work-up) N>
6.6 6.7 6.3

-HOBuU

2. Intermolecular single electron transfer

S )
| O O o
o
SET (+e) Seal - &
O T oD = Ok
~ -1 ~ N
6.6 6.8 6.3

3. Intramolecular single electron transfer

o N
| (e] (0]
SET (\ o
oo F oo \
— _| — N

=

Scheme 6.1 Possible initiation bathways for the enolate anion 6.6 (from déprotonation of
substrate 6.1a).

Using computational analysis, the reaction pathways could be modelled to provide
an estimation of the feasibility of each possibility. However, in order to begin studying
the systems, itwas important to identify what reactive specieswill form in the reaction
mixture from both the substrate 6.1a and the DKP additive 6.2, in the presence of
KO'Bu. KO'Bu is known to exist as a cubic tetramer 6.15, which has been observed
in the solid state using X-ray crystallography.1°4-155 The initial attempts to model the
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deprotonation of substrate 6.1a with the cubic tetramer of KO'Bu 6.15 was
computationally expensive, therefore the substrate 6.1a was truncated to 2-acetyl-
1-methylpyrrole 6.10. Furthermore, an appropriate approximation of the KO'Bu cubic
structure 6.15 was required (Table 6.2). The possible structures of KO'Bu analysed
were the dimeric species 6.14, the monomeric species 6.13 and the free tert-
butoxide anion 6.12. The energy profile for the deprotonation of substrates, like 6.1a,
with the various structures of tert-butoxide, 6.12 — 6.15, were calculated to identify
the best structure to approximate the activity of the KO'®Bu cubic structure 6.15.

Table 6.2 Comparison of the stability of the possible forms of KO'Bu as well as their energy
profile for the deprotonation of 2-acetyl-1-methylpyrrole 6.10.

Me )
Me. o tert-butoxide structures Me 0
NN NN
= SN

6.10 6.1
Bu
4 D Me K Me /TLYESU
Cral s A et W
6.12 6.13 6.14 6.15
tert-butoxide structure Relative stability | Ag* deprotonation | AGrxn deprotonation
(kcal/mol) (kcal/mol) (kcal/mol)
O'Bu anion 6.12 - 0.39 -12.11
KO'Bu 6.13 0.00 4.84 -4.06
KO'Bu dimer 6.14 -30.9 7.84 -3.00
KO'Bu tetramer 6.15 -54.8 3.94 -14.48

Comparison of the relative stability of the various forms of potassium tert-butoxide
shows that its most stable form in benzene was the cubic tetramer 6.15, which is
expected because the cubic structure has been identified as the most stable
structure, in both the solid and gas phase, in the literature.> The energy profile for
the deprotonation of 2-acetyl-1-methylpyrrole 6.10 using the various possible forms
of tert-butoxide were all accessible at room temperature, and all showed that the
equilibrium for the deprotonation of 6.10 lies to the right, to the formation of the
enolate anion 6.11. At the start of this project, itwas important to determine the most

likely species that were present in the reaction mixture, and therefore the
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investigation primarily focussed on the relative energies, AGmn, to deduce the
possible equilibrium present in the reaction mixture. It was observed that the O'Bu
anion 6.12 was the structure that most closely replicated relative energies of the
KO'Bu tetramer 6.15, AGrxn = -12.11 vs. -14.48 kcal/mol, for this system. Therefore
throughout the chapter, the butoxide anion 6.12 will be representative of potassium

tert-butoxide in the reaction mixture.

Using the tert-butoxide anion 6.12, the equilibria for the deprotonation of both the
DKP additive 6.2 and the substrate 6.1a were calculated to identify the likely reactive
species that will be present in the basic reaction mixture (Table 6.3). Under the basic
conditions, 6.1a will exist as its enolate anion 6.6, and similarly the DKP additive 6.2
will be converted to its enolate anion 6.16 (Table 6.3). The energy profile was
determined in both benzene and DMSO as the solvent, and in both solvents the

Additionally, the
deprotonation of substrate 6.1a was performed using KO'Bu to provide a comparison

equilibrium favours the formation of the enolate anion.

of the results of the substrate 6.1a and the truncated 2-acetyl-1-methylpyrrole 6.10
(Table 6.2). Interestingly, the results for 6.1a suggest that the O'Bu anion and KO'Bu
gave similar results for the equilibrium, AGrn, which is a contrast to the trend
observed using truncated 2-acetyl-1-methylpyrrole 6.10.

Table 6.3 The deprotonation energy profile for DKP 6.2 and substrate 6.1 in both DMSO

and benzene (AG* for the deprotonation is in blue above the reaction arrows, and AGmn is in
blue beneath the deprotonated product).
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Chapter 6. Expanding the scope of transition metal-free coupling reactions

Knowing what reactive species are present in the reaction mixture, the first proposed
pathway for the cyclisation of 6.1a could be modelled. The benzyne formation

pathway was modelled using DMSO as the reaction solvent (Scheme 6.2).
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Scheme 6 2 The energy profile for benzyne formatlon in DMSO from 6. ia and 6.17.

The formation of neutral benzyne 6.19 has a relative energy of formation: AGrmxn =
14.1 kcal/mol. (it is important to note that in order to model the benzyne formation
pathway, the computational optimisation was performed stepwise, finding the local
minimum of 6.18, however it is presumed from the energy profile obtained for the
benzyne formation that the reaction does proceed in a concerted pathway). The
cyclisation to form 6.20 has an overall AG* = 28.2 kcal/mol and AGrxn = 18.2 kcal/mol.
This is very unfavourable and the product 6.4 is unlikely to form if the reaction

proceeded through the benzyne mechanism (Scheme 6.2). However, it was
previously determined that in the basic reaction mixture the substrate 6.1a will exist
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Chapter 6. Expanding the scope of transition metal-free coupling reactions

predominantly as an enolate anion 6.6 (Table 6.3), hence the formation of the
benzyne species 6.7 was calculated and it was found to be endergonic by AGrxn =
18.4 kcal/mol. The cyclisation of intermediate 6.7 to form 6.22 is barrierless and very
exothermic, AGmn =-53.9 kcal/mol, suggesting that if any benzyne forms, then the
cyclisation to form 6.22 (and ultimately the major product 6.3) will occur. Therefore,
it is possible that the cyclisation of 6.1a to form the major product 6.3 could occur
through a benzyne intermediate. To deduce whether the reaction proceeds through
benzyne intermediates, the substrate 6.23 was used under these reaction conditions
(Scheme 6.3A). This substrate contains a methoxy group ortho to the iodine on the
haloarene moiety, which blocks any benzyne formation. When 6.23 was treated with
KO'Bu and the DKP additive 6.2, in either DMSO or benzene at 120 °C for 1 h, the
products 6.24 and 6.25 formed (Scheme 6.3A-B), albeit with lower product yields
than the cyclisation of the analogous substrate 6.1a.1'* These results suggest that
SET is the initiation step in the Srnl reaction of 6.23 (and therefore 6.1a) and a

mechanism can be proposed (Scheme 6.3C).
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Scheme 6.3A)-B) Comparing the reaction of 6.23 and 6.1a under the transition metal-free
coupling reactions C) A mechanism for the cyclisation of 6.27 to form 6.24.
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The substrate 6.23 is in equilibrium with its enolate anion 6.27 in the presence of
KO'Bu. A SET into the molecule 6.27 will form the radical dianion 6.28, which will
undergo C-I bond cleavage, either in a concerted or step-wise mechanism, to lose
an iodide anion and form the aryl radical intermediate 6.29. This aryl radical 6.29 can
cyclise onto the enolate anion through a Srn1 cyclisation to ulimately form the
cyclised product 6.24. The lower product yields from cyclisation of substrate 6.23
compared to substrate 6.1a, in both DMSO and benzene, may be because itis more
difficult to donate an electron into the haloarene moiety in 6.23. The haloarene
moiety of 6.23 is more electron-rich due to the presence of the methoxy substituents
on the ring, and therefore the electron donation may be more difficult. An alternative
proposal is that the low yields observed arise from the difficulty in the cyclisation of
the aryl radical 6.29, due to the methoxy substituents. This explains why low yields
of product are seen, yet full conversion of the starting substrate was achieved.
Therefore, it is expected that the non-halogenated product, such as 6.26, would be
formed, however attempts to purify the reaction mixture to identify this species were
not successful. A final possibility to account for the lower yield from the substrate
6.23, is that the benzyne pathway, previously described, may contribute to the
formation of the major cyclised product, such as 6.3, as a minor pathway, and hence
lower yields of products, such as 6.24, are achieved when the benzyne pathway is
blocked.

Since substrate 6.23 cyclised to form both 6.24 and 6.25 under these reaction
conditions (Scheme 6.3A-B), the working hypothesis for the initiation step of these
reactions is that a SET occurs to the two substrates, 6.1 and 6.23. Therefore, it was
important to identify whether the reaction occurs through inter- orintramolecular SET.
If the reaction occurs through the intermolecular SET, then the possible electron
acceptors in the reaction mixture are the neutral substrate 6.1a and its enolate anion
6.6 (Table 6.4). Indeed analysis of the HOMO and LUMO for these molecules shows
that the LUMO of both these species, 6.1a and 6.6, resides on the C-I ¢* orbital,
albeit for 6.1a the LUMO is delocalised over the acetylpyrrole moiety too. If SET
occurs into these two molecules, especially into the enolate anion 6.6, it will lead to

a cleavage of the C-lI bond and formation of the aryl radical, analogous to 6.29
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(Scheme 6.3C). The possible electron donors are either the enolate anion of DKP
6.16 (as discussed previously in Section 4.3) or alternatively, because it is known
that electron-rich double-bonds can donate an electron, the enolate anion 6.6 of the
substrate itself could act as an electron donor.#276 Also, when the reaction is
performed in DMSO, the dimsyl anion 6.30 should be considered as a possible
electron donor.153 For these three potential electron donor species, the HOMO lies

on the electron-rich double-bond, as was to be expected (Table 6.4).

Table 6.4 The HOMO and LUMO of the electron acceptors and electron donors in the
reaction mixture, in both benzene and DMSO.

Possible Electron Acceptors Possible Electron Donors
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aThe energy profile for deprotonation by tert-butoxide anion (AG* = 2.5 kcal/mol; AGrxn = 1.9
kcal/mol).

From the calculations of the deprotonation of 6.1a (Table 6.3) it was determined that

within the reaction mixture the enolate anion 6.6 will be the major species present,

and therefore it was investigated firstly as a possible electron acceptor (Table 6.5).
In benzene, SET to the enolate anion 6.6 may occur from either another molecule of

the enolate anion 6.6 or from the enolate anion of DKP 6.16. SET from 6.16 to 6.6
(Table 6.5, entry 1) has an energy barrier of AG* = 34.3 kcal/mol in benzene,

whereas intermolecular SET from another molecule of 6.6 has a much higher barrier
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AG* = 45.8 kcal/mol. This suggests that in benzene the initiation of the Srnl
cyclisation of 6.1a can only occur in the presence of the DKP 6.2 additive and at high
temperatures, such as 120 °C. The energy profile for SET to 6.6, from 6.16 or 6.6,
in DMSO shows a similar trend, AG* = 22.7 and 33.0 kcal/mol for SET respectively;
SET from the enolate anion of DKP 6.16 is more favoured, with a lower activation
barrier. The energy profile for SET in DMSO compared to benzene involves lower
energy barriers, AG* = 22.7 and 34.3 kcal/mol for SET from 6.16 to 6.6 respectively.
Additionally, the deprotonation and subsequent SET from the dimsyl anion was
calculated to be AG* = 31.4 kcal/mol [AGmxn = 1.9 kcal/mol for deprotonation (Table
6.4) and AG* = 29.5 kcal/mol for SET (Table 6.5)]. These results mean that the
enolate additive of DKP 6.16 is a better electron donor than the enolate anion 6.6 or
dimsyl anion 6.30. However, the reactions are performed at temperatures of 120 °C,
and therefore all three species could form and donate an electron to the C-I ¢* orbital

of the haloarene moiety to initiate the Srnl cyclisation.

Table 6.5 The AG* and AGn for SET to the neutral substrate 6.1a or its enolate anion 6.6
from various electron donors, in both benzene and DMSO.

Entry Electron acceptor Electron donor | Benzene AG*/ AGixn | DMSO AG*/ AGrxn
(kcal/mal) (kcal/mol)
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The computational results also suggest that in DMSO the DKP additive 6.2 is not
required to achieve cyclisation at high temperatures, because either the substrate
itself or the solvent, DMSO, could form the electron donor and subsequently initiate
the reaction. These computational results collectively suggest that by changing the
solvent from benzene (which is the more traditional solvent used in the transition
metal-free reaction conditions) to DMSO, the reaction should proceed efficiently both
in the absence of DKP 6.2 as well as at lower temperatures. In non-polar solvents
like benzene, where electron transfer from neutral species to form charged species
is not facilitated, a stronger donor, like the enolate anion DKP 6.16, can play a
powerful role in assisting the initiation of the chains. Polar solvents, like DMSO,
favour SET reactions in which charged species are formed from neutral starting
materials, and so, donor precursors like 6.2 are not needed to initiate the reaction.
Considering that the equilibrium for the deprotonation of substrate 6.1a favours the
formation of 6.6, it can be assumed that the major SET pathway is to the enolate
anion 6.6 (Table 6.5, entry 4-5). However, the neutral substrate 6.1a was still
analysed for SET as an electron acceptor. Upon the initial optimisation of the
substrate 6.1a, the radical anion formed after SET to 6.1a did not lead to
spontaneous C-l bond cleavage. Analysis of substrate 6.1a showed that the LUMO
was delocalised over the molecule (previously shown in Table 6.4), therefore

suggesting that SET into the LUMO may not lead to spontaneous C-I bond cleavage
as was the case with the enolate anion 6.6. In benzene, although the energy barrier

for SET from 6.16 to the neutral substrate 6.1a was calculated to be more favourable
than SET into the enolate anion 6.6 (AG* = 31.9 kcal/mol vs. 34.3 kcal/mol
respectively). However, within the basic reaction mixture there will be a small amount
of neutral substrate 6.1a present. Therefore the major reaction pathway in benzene
will be the SET into the enolate anion. However, this may explain the lower yields in
benzene than in DMSO. In DMSO, the SET to the neutral substrate 6.1a had a higher
barrier than SET into the enolate anion 6.6, and therefore in DMSO the initiation will
be SET into the enolate anion 6.6, and SET to the neutral species from any of the

electron donors in the initiation step will not play a significant role.
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From the computational study, there are two predictions that could be made based
on the influence the solvent has on the SET initiation step: 1) the cyclisation of 6.1a
will occur in DMSO without the additive 6.2, however it will not in benzene; and 2)
the reaction could be performed in DMSO at room temperature, however in benzene
the reaction will only occur at high temperatures. To test these theories several
experiments were performed. Blank reactions were performed without the DKP
additive 6.2, to observe how the additive influences the yields of the reaction. A blank
reaction in benzene, without the DKP additive 6.2 returned mainly starting material
from the reaction (6.1a, 73%) with 6.3 formed in low yields (23%). This result gave
lower yield of conversion and product formation than when DKP was present (6.1a,
0%; 6.3, 55%) (Scheme 6.4B). However, a blank reaction in DMSO showed the
opposite trend, and 6.3 was achieved with higher yields (90%) when the DKP
additive 6.2 was omitted from the reaction (Scheme 6.4A). These results gave
experimental support to the computational predictions that 6.1a will cyclise in DMSO
without DKP 6.2 (Table 6.4A). However, it was predicted that, in benzene, the
additive 6.2 would be needed for cyclisations, yet experimentally this is not true.
Although very low conversion of 6.1a was achieved without DKP additive in benzene,
this still shows that cyclisation can happen at high temperatures in benzene. Only
the major product 6.3 (23%) formed in benzene, and based on the results gathered
so far in this study, it is proposed that the formation of low yields of 6.3 in benzene

occurs through benzyne intermediates as a minor pathway.

A)
KO'Bu (3 eq.), DMSO (2 mL) ©:(/j\"/
120°C 1h N >

6.3 90% 6.4 8%

KO'Bu (3 eq.), benzene (5 mL)
120°C,1h

6.1a 73% 6.3 23%

Scheme 6.4 The reactions of substrate 6.1a without the DKP additive 6.2.
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Next, the prediction that the reaction could occur in DMSO at room temperature, but
not in benzene, was investigated. When substrate 6.1a was exposed to additive 6.2
and KO'Bu in benzene at room temperature, no conversion of the starting material
was seen, as was predicted from computational studies (Table 6.6, entry 1). When
the reaction was performed at room temperature in DMSO, moderate to high yields
of cyclised products were isolated both with and without the DKP 6.2 additive
respectively (Table 6.6, entries 2 - 3). A reaction that was conducted in the dark
provided confirmation that these reactions proceed via a thermal SET pathway, with
yields matching those carried out in the presence of ambient light and so, even at
room temperature, photochemical assistance is not needed for these Srnl reactions
(Table 6.6, entry 4).

Table 6.6 The reaction of 6 1a at room temperature.

Tl

Me R

' o
R:ij/\,\g 62(Oor01eq) %( @/\5
R = KOBu (3 eq.)

solvent, RT, 24 h

523 R = OWe 2:24§;SM9 625 R - Oe 625 R - Oe
Entry Substrate | 6.2 (eq.) | Solvent(mL) | 6.3/6.24 6.4/6.25 6.1a/6.23

(%) (%) (%)

1 6.1a 0.1 benzene (5) No reaction

2 6.1a 0.1 DMSO (2) 76 10 3

3 6.1a 0 DMSO (2) 60 12 19

V.S 6.1a 0 DMSO (2) 70 10 13

5b.c. 6.23 0 DMSO (2) 46 17 2

aReaction was performed in the dark. Yield calculated using 1,3,5-trimethoxybenzene as the
internal standard in *H-NMR of the crude mixture.®Work done by Estelle Dalichampt (placement
student).¢-22% of non-halogenated product was observed by *H-NMR.

The experimental results agree with the computational results that the reaction can
be initiated in DMSO at room temperature using the DKP 6.2. However, the reaction

also worked efficiently at room temperature without the DKP additive 6.2. To ensure
the benzyne pathway was not responsible for the cyclisation, substrate 6.23 was
reacted under the same conditions and the cyclised products 6.24 and 6.25 were
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observed, which suggests that SET is occurring in these reactions (Table 6.6, entry
5). High conversion of the starting material was observed, however only low yields
of 6.24 (46%) and 6.25 (17%) were formed in the reaction. It was observed that, at
room temperature, a large amount of the non-halogenated analogue of the starting
material (22%) was observed. This agrees with the previous explanation that the
methoxy substituents provide a steric hindrance to the aryl halide, to hinder the

formation of cyclised products.

Alternatively the formation of the products 6.3 and 6.4 could arise through an
intramolecular SET from the enolate anion moiety to the haloarene moiety in
substrate 6.1a. If the enolate anion moiety in 6.6 donated an electron
intramolecularly to the LUMO in the haloaryl moiety the diradical 6.9 (Scheme 6.5)
would form upon the loss of an iodide anion. The diradical 6.9 would undergo radical
coupling in the cyclisation to form product 6.3. It is expected that intramolecular SET
would be easierthan intermolecular SET. Time-dependent DFT (TD-DFT) was firstly
used to calculate the UV-vis spectrum for substrate 6.1a to determine the energy
required for an electronic excitation from the HOMO to the LUMO (i.e. from the
enolate anion moiety to the C-lI o* orbital) (Scheme 6.5). The UV-vis spectrum
suggested that the irradiation energy required to induce an electronic transition from
the HOMO of 6.6 into its LUMO had a very high value, AG* = 94.3 kcal/mol, that is
too high to be performed under the thermal reaction conditions employed in this

study.

Scheme 6.5 TD-DFT calculations of enolate anion 6.6 in DMSO and the predicted UV-vis
trace (black) and the HOMO-LUMO transition (vertical red line).
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Another method was performed in an attempt to calculate the intramolecular SET

process; the Franck-Condon principle was applied to the enolate anion 6.6. The
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Franck-Condon principle states that the electron transfer step is very fast and will
occur prior to reorganisation of both the molecule and the solvent. Therefore the
energy profile for intramolecular SET were computationally modelled. The first step
was the optimisation of the enolate anion 6.6 (prior to SET). With the optimised
geometry, a single point energy (SPE) calculation was performed, however the SPE

was performed with the charge and multiplicity of the substrate after SET (analogous
to 6.31 i.e. an SPE as a triplet anion). This process was repeated for the species

after SET, in this example 6.31. The results calculated using the Franck-Condon
method, AG* = 66.6 kcal/mol (DMSO) and 73.3 kcal/mol (benzene), suggest that the
intramolecular SET of 6.6 is unlikely to occur in either of the two solvents. These
results showed a remarkable difference in the calculated energy profile for the

intramolecular SET when compared to the TD-DFT method.
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Scheme 6.6 Franck-Condon study of intramolecular SET from 6.6 (black curves are
performed using DMSO as the solvent and the blue curves using benzene as the solvent).

From the inconsistent results obtained using either TD-DFT or Franck-Condon
method, it suggests that the intramolecular SET for this system cannot be modelled
accurately. Since the intramolecular modelling cannot be accurately depicted, then
intermolecular SET is the proposed mode of initiation for the rest of the study. It

should be noted that future work should be done to attempt to model intramolecular
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SET step, and also the intermolecular SET could be modelled using the more
accurate method recently developed by Tuttle et al. in the attempt to more accurately

similar systems.*®

Through the combination of computational and experimental studies performed on
substrate 6.1 it is seen that the cyclisation of substrate 6.1a occurs through a Srn1
mechanism and the mechanism proposed is a revision of a previously proposed
mechanism (Scheme 6.7).85114 |t has been determined that for these cyclisations,
the solvent influences the equilibrium for the deprotonation of the substrates, as well
as the energetic reaction profile for the SET step. The substrate 6.1la is
predominantly present as the enolate anionic species 6.6 in the presence of KO'Bu.
SET to 6.6 from 6.16 (or from another molecule of 6.6) leads to the formation of the
aryl radical 6.8 upon the loss of iodide anion (Scheme 6.7). The radical intermediate
6.8 is capable of either undergoing an Srn1 cyclisation of the aryl radical onto the
enolate anion, or an aryl-aryl bond formation of the aryl radical onto the pyrrole ring.
If the aryl radical 6.8 underwent an intramolecular cyclisation onto its enolate anion
via an Srnl pathway, the ketyl radical 6.32 would be generated. The Srnl cyclisation
of intermediate 6.8, in both benzene and DMSO, gave comparable Gibbs free energy
profiles, with a barrierless cyclisation and exergonic overall relative energies in the
formation of 6.32: AGrxn = -42.4 and -41.3 kcal/mol respectively. The aryl-aryl bond
formation of the radical 6.8, whereby the radical attacks the pyrrole ring (which would
lead to the formation of 6.4) instead of the enolate anion, had a greater barrier for
cyclisation compared to the barrierless Srnl cyclisation: AG* = 8.9 kcal/mol and
AGmxn = -22.3 kcal/mol in DMSO and AG* = 6.4 kcal/mol in benzene and AGrxn = -
24.2 kcal/mol. Therefore, in both solvents the cyclisation of 6.8 will proceed via the
SrN1 pathway to form 6.32. This electron-rich intermediate 6.32 will donate an
electron to propagate the cyclisation mechanism, and in doing so the major product
6.3 is formed. Due to the equilibrium for deprotonation of 6.1a the propagation step
is most likely to be a SET to 6.6, since there is a greater proportion of this species
present in the reaction mixture. This was also determined to be the most

thermodynamically favoured propagation pathway. However, an electron could be

donated to 6.1a in the propagation step, and this SET has a lower activation barrier
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than SET to 6.6. If the electron is donated to 6.1a the radical anion 6.33 is formed

and aryl radical 6.34 forms on loss of iodide anion. Since there is no enolate anion

in 6.34, the aryl radical will attack the pyrrole ring in the formation of an aryl-aryl bond

through the BHAS mechanism to yield 6.4 upon deprotonation and propagation.

Therefore, the major pathway leads to product 6.3 and the product 6.4 will form as

a minor product, only when propagation occurs to the neutral starting material 6.1a.
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Scheme 6.7 The energy profile for the radical mechanism in the cyclisation of 6.1a.
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6.4 Srnl cyclisation vs. BHAS selectivity

To test the ability of substrates to selectively undergo Srnl vs. BHAS, the substrate
6.37a-b were synthesised and subjected to the reaction conditions. The products
formed were affected by both the solvent and temperature (Table 6.7). Under the
thermal activation conditions in benzene, 6.37a afforded three products in low yields:
1-(phenanthridin-4-yl)ethan-1-one, 6.38 (10%), 1-(phenanthridin-4-yl)ethan-1-ol
6.40 (21%) and the dehalogenated product 6.41 (8%) (Table 6.7, entry 1). This
differed markedly from the photoactivated conditions, which afforded solely 6.38 in
moderate yields (51%).8> Surprisingly, when 6.37a was exposed to the thermal
electron transfer conditions in DMSO a completely different product, 6.42, was
isolated in moderate yield (52%) (Table 6.7, entry 2). The product structure was
confirmed by X-ray crystallography (Figure 6.1). The formation of 6.42 also occurs
in similar yields in the absence of the additive 6.2 (49%) (Table 6.7, entry 3). When
6.37b was subjected to similar reaction conditions, product 6.42 was isolated in
lower yields, showing that changing the halogen to bromine adversely affects the
yield (31%) (Table 6.7, entry 4).

Table 6.7 Thermally activated electron transfer reactions of 6.37a-b.

OTNi

o} 0 o}
X M 62§Oor01eq ‘i\\‘/g ‘i\\‘/k Me)ﬁij . m
B s ey
6.37aX =1 temperature, time 6.38 6.40 6.41 6.42
6.37b X = Br
NH Me
o
6.39%
Entry | Substrate 6.2 Solvent Temp | Time | 6.38 | 6.40 6.41 6.42
(eq.) (mL) ©C) () | @) | o) | ) | (%)
1 6.37a 0.1 benzene (5) 120 1.5 102 21 8 0
2 6.37a 0.1 DMSO (2) 120 1 0 < 1% 0 52
3 6.37a 0 DMSO (2) 120 1 0 0 0 49
4 6.37b 0 DMSO (2) 120 16 0 0 0 31
aThe dihydro-analogue 6.39 was observed as an inseparable minor componentin 6.38 butcould notbe

isolated pure (oxidised in air to 6.38).
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Figure 6.1 The X-ray crystal structure of 2-phenylquinolin-4(1H)-one 6.42 (X-ray
crystallographic data in Appendix).

Forthe deprotonation of substrate 6.37a by tert-butoxide anion, the solvent is playing
a key role in differentiating the major species present in the reaction mixture
(Scheme 6.8). That is, 6.37a can potentially form three deprotonated species that
may all be present in equilibrium; 1) the enolate anion 6.43, 2) the N-deprotonated
species 6.44 and 3) the doubly deprotonated enolate anionic species 6.45. In
benzene, the major species present in the reaction mixture will be the N-
deprotonated species 6.44, whereas in DMSO the major species will be doubly

deprotonated enolate anionic species 6.45 (Scheme 6.8).

enolate formation N-deprotonation 2nd deprotonation

AG (kcal/mol)

DMSO solvent
benzene solvent

6.45

Reaction coordinate

0]

S5 o
0 0] o
© I'M o
@/\H - ©/\N @/\N ©/\N
6.44 6.45

HO'BuU H HOBu HOBu

6.43 6.37a

Scheme 6.8 The energy profile for the deprotonation of 6.37a.
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The HOMO and LUMO diagrams of the deprotonated species 6.44 and 6.45 (that
will be present in the reactions of 6.37a) were modelled, and the energy profiles for
the SET reactions were determined (Table 6.8). It was observed that the HOMO of
the doubly deprotonated species 6.45 (major species in DMSO) resides on the
electron rich enolate anion, and based on the results provided so far in this study, it
was proposed that 6.45 could itself act as an electron donor. Therefore, the possible
electron acceptors present in the reaction could be 6.44 or 6.45, and the possible
electron donors modelled were either the enolate anion of DKP 6.16 or the species
6.45. The energy profiles for SET follows the same trend as shown for substrate
6.1a; the SET in benzene has a higher barrier for SET compared to the results in
DMSO, and the low barrier for SET in DMSO suggests that the reaction could occur
at room temperature. However, interestingly the SET from 6.45 in DMSO was
calculated to be easier than SET from the enolate anion of DKP 6.16, and this

suggests that the DKP additive 6.2 is not necessary in the reaction.

Table 6.8 Thermally activated electron transfer reactions of 6.37a-b.

Electron acceptor | Electron donor | Benzene AG*/ AGixn | DMSO AG* / AGixn
(LUMO) (HOMO) (kcal/mol) (kcal/mol)
6.44 6.16
., @ ...
L <, "y 38.7 / 34.3 23.3/11.4
.c,“t.j“'f . 200,
P T » @
6.45 6.16
@ ...
2 o asaﬁ; - 22.3/13.1
P 3
Bl 2" e
6.44 6.45
e o #. 18.4/ 6.2 20.7/10.1
4“‘
g: J.‘ ; l‘f’“,“
6.45 6.45
b4 <, R - 19.8/11.8
J;z;z"d g :J:ﬂ’
7 ] 4 - ‘ o
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It was determined that activation of 6.44 by SET, from the enolate anion 6.16 of DKP
(or 6.45 in DMSO) forms the radical anion 6.46 upon loss of an iodide anion, and
this aryl radical cyclises onto the aromatic system to give 6.48 (Scheme 6.9). Upon
deprotonation of 6.48, 6.49 is produced, which is capable of donating an electron to
6.44 (or 6.45), to propagate the radical cycle. The pathway for this aryl-aryl bond
formation has been calculated in both benzene and DMSO, and it has been
determined that both pathways have similar energy profiles for the cyclisation
(Scheme 6.9). Upon formation, 6.50 could undergo a hydride elimination to a
molecule of tert-butanol to form 6.38, which is driven by a gain in aromatic
stabilisation. If 6.38 is already present in the reaction mixture upon the formation of
6.50, 6.38 and 6.50 will form a complex through 1r-stacking. Elimination of a hydride
anion from 6.50 to 6.38 would yield a new molecule of 6.38 and the alcohol product
6.40 will form upon work-up of intermediate 6.51. In benzene, the hydride transfer
step from 6.50 to 6.38 is endergonic, AGrmxn = 5.0 kcal/mol, and it has an overall
barrier of AG* = 25.1 kcal/mol. In DMSO, the barrier for the reduction of 6.38 by 6.50
is similar to that in benzene, AG* = 25.1 kcal/mol and AGrxn = -1.0 kcal/mol, so if the
reaction is performed at room temperature, the reduction of the ketone in 6.38 is
unlikely to occur (Scheme 6.10).114 Indeed, when substrate 6.37a was subjected to
the reaction conditions at room temperature in DMSO the reduction of product 6.38
(to form 6.40) was prevented. Although the overall Gibbs free energy profile is similar
in both solvents, the relative energies are different. In DMSO, the reduction is
exergonic whereas in benzene the reduction is endergonic. Therefore, in benzene,
an incomplete conversion of 6.38 to 6.40 may occur, and this was observed

previously (Table 6.7, entry 1).
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HOBu

6.37a 6.46

B) AGT = 3.9/2.9 keal/mol AGH

AG,y, =-35.8/-36.6 kcal/mol AG
0}

Me’ .
©
©/\N

6.46

1.8/ 0.4 kcal/mol AGi = 4.5/3.4 kcal/mol
-16.8/-16.7 kcal/mol  AG,,, = -29.6 /-33.3 kcal/mol

H atom
abstraction

= 25.1/25.1 kcal/mol
AGy, =-1.0/ 5.0 kcal/mol

6.47 6.40 6.51 6.38 6.50

aPropagation to 6.45 was also modelled in DMSO (AG* = 3.4 kcal/mol and 4G =-27.9 kcal/mol)
Scheme 6.9 Proposed mechanism and the associated Gibbs free energies for the

cyclisation of 6.44, deprotonated species of substrate 6.37a-b) in DMSO (black) and in
benzene (blue).

OTNi

o) o)
6.2 ( 01eq XN Me
KOBu ( KO'Bu(3eq) \ O O
+ +
N N
DMSO, 24 h, RT O H O H

6.37a 6.38 14% 6.41 16% 6.42 23% 6.52 42%
Scheme 6.10 The reaction of 6.37a at room temperature in DMSO.

The reaction of 6.37ain DMSO at room temperature generated a mixture of products
in low yields, 6.38, 6.41 and 6.42, in addition to a new product that formed in
moderate yields and was identified as 6.52 (42%). Product 6.52 was only seen at

room temperature but its desaturation product, 6.42, was seen at higher
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temperature, 120 °C (as previously shown in Table 6.7, entry 3). The isolation of the
product 6.42 at room temperature suggests that 6.52 could be an intermediate in the
formation of 6.42. The major reactive species present in the reaction mixture in
DMSO is dianion 6.45, which was calculated to be capable of donating an electron
to 6.44, with a lower energy barrier than SET from the enolate anion of DKP 6.16, in

the initiation step (Scheme 6.11).

N
o

AG (kcal/mol)

-20

-30 | DMSO solvent 6.57

Reactant coordinate

HOBu HOBu
6.37a 6.54

(Scheme 6.9)
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N
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Scheme 6.11 The energy profile to form 6.42 through Srn1 cyclisation of 6.53.
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SET from 6.45 gives the intermediate 6.53 which could intramolecularly abstract a
hydrogen atom from the benzylic position to yield the more stable radical anionic
intermediate 6.54. The energy change for this hydrogen atom abstraction was
exergonic, AG* = 9.2 kcal/mol and AGmn = - 24.3 kcal/mol. In the basic reaction
mixture, an equilibrium will be established between 6.54 and the enolate anion 6.55.
In DMSO, this equilibrium largely favours the enolate anion 6.55: AG* = 3.1 kcal/mol
and AGmn = - 5.9 kcal/mol. If the enolate anion 6.55 forms, the benzylic radical will
undergo an Srnl cyclisation onto the enolate anion to form the cyclised radical
dianion 6.56. This pathway in DMSO has a barrier for cyclisation of AG* = 19.8
kcal/mol and a relative energy of AGrxn = - 0.9 kcal/mol. This means that, in DMSO,
the formation of the cyclised product 6.56 is thermodynamically favourable. It was
proposed that in DMSO 6.56 could undergo an intramolecular SET in the formation
of the intermediate 6.58 but computational studies shows that the intermolecular
SET was more energetically favourable. SET from 6.56 (to 6.44) will yield an anionic
intermediate 6.57. This intermediate can receive an electron (from 6.56) into the C-I
o™ orbital, to cleave the C-1 bond and form an aryl radical intermediate 6.58. The aryl
radical within 6.58 is very reactive and will be quenched in the reaction mixture to
form 6.59.

The intermediate 6.59 could either be protonated in a work-up to form product 6.52,
or it could react further to form 6.42. Several possible mechanisms to form 6.42 from
6.59 were modelled to determine the most favourable pathway (Scheme 6.12).
Computational modelling determined that the formation of 6.42 from 6.59 occurs in
two steps (i) a tert-butoxide anion will react will 6.59 to form its enolate anion 6.63
and (ii) this enolate anion will undergo a hydride elimination to a molecule of tert-
butanol, to form 6.42 and hydrogen, and regenerate the tert-butoxide anion (Scheme
6.12). Alternatively, this hydride transfer could occur to a molecule of product 6.38
to form 6.40 (as described previously Scheme 6.9). The energy profile for the enolate
anion formation and subsequent hydride elimination in the formation of 6.64 from
6.59 is exergonic, AGmxn = - 9.7 kcal/mol, with a barrier of AG* = 21.6 kcal/mol. This
energy barrier is the RDS in the reaction pathway, as opposed to the SET step, and

it suggests that by lowering the reaction temperature to room temperature this
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energetic barrier for the hydride elimination step is harder to overcome. Indeed,
when the reaction was performed at room temperature, 6.52 was isolated from the

reaction (as previously shown in Scheme 6.10).

AG (kcal/mol)
N
=}

-
o

DMSO solvent 6.64 6.65

AG = 41.5 kcal/mol w
AGkp = 37.8 kcal/mol

E——— —_—
H (work-up) O
) f H% H2 ©
H-O'Bu H-0'Bu OBu
6.59 6.63 6.64 6.65 6.42

AG* =624 kealmol | ©
AG,y, = 20.2 kcal/mol ~

6.60
Scheme 6.12 The possible mechanisms to form 6.42 from 6.59.

Recently, Long et al. published an alternative synthesis of analogues of 6.42, using
TEMPO and KO'Bu in DMSO, but our route must occur by a different mechanism.156
The influence of solvent in the cyclisation of 6.37ais to control which reactive species
(6.44 and 6.45) is present in the reaction mixture, and because these reactive
intermediates react by different pathways, the selectivity of the reaction can be
controlled by changing the solvents. In DMSO the reaction will preferentially form
6.42 as the major product, favouring the Srn1 cyclisations via the doubly
deprotonated species 6.45. However, in benzene, the reaction will selectively favour

the BHAS mechanism. In DMSO, because the SET energy barrier can be performed
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at room temperature, it has also been shown that the temperature can be altered to
dictate product formation: 1) at low temperatures 6.38 will be the major product
formed via the BHAS mechanism, however increasing that temperature will lead to
the formation of 6.40, 2) by lowering the reaction temperature the intermediate 6.52
was isolated, but increasing the temperature will lead to conversion of 6.52 to give
6.42.

The formation of 6.42 from intermediate 6.59 (previously shown in Scheme 6.11) is
proposed to occur from a hydride elimination to a molecule of tert-butanol (Scheme
6.12). Therefore, itwas proposed that the formation of 6.59 could also occur through
a hydride elimination from the doubly deprotonated species of the substrate 6.37a
to form an imine, analogous to 6.67 (Scheme 6.13A). Therefore, to differentiate
whether the reaction was occurring through radical intermediates or an ionic
mechanism, the de-halogenated analogue of 6.41 was modelled. The computational
energy profile (Scheme 6.13A) shows that the ionic mechanism can occur at high
temperatures. The energy profile for the hydride elimination from 6.66 to form 6.68
in DMSO was endergonic, AG* = 29.0 kcal/mol and AGmn = 23.3 kcal/mol, which
would be achievable at the temperatures the reaction is performed at (120 °C).

However, if the reaction was performed at room temperature this ionic pathway to
form 6.42 was predicted to be inaccessible. In DMSO at room temperature, only

starting material 6.41 was recovered (Scheme 6.13B, condition B), which suggests
that at the low temperatures the ionic pathway described is not accessible, as was
predicted computationally. A comparison of the results of the reaction of 6.37a vs.
6.41 in DMSO at room temperature shows that the role of the halogen of 6.37a-b
was vital, and without the halogen then the formation of 6.42 does not occur. This
suggests that the substrates 6.37a-b undergoes the SET pathway in DMSO at room
temperature. However, if the DMSO reaction mixture is heated, then the ionic
pathway could compete in the formation of product 6.42. The reaction was also
performed in benzene at 120 °C, which showed that the ionic pathway described to
form 6.42 through hydride elimination from 6.41 was not possible in benzene
(Scheme 6.13C, condition C), and therefore the halogen inthe reactions in benzene
is vital for the reactivity. The reason the halogen is required for the formation of 6.42
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is because the haloarene moiety of 6.37a, or its deprotonated forms, is capable of
acting as an electron acceptor in the reaction mixture. The doubly deprotonated
species of 6.37, analogous to 6.66, is capable of donating an electron from the
enolate anion moiety into the haloarene C-l o* orbital, hence this leads to the radical

pathways (as previously described Scheme 6.11).
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Scheme 6.13A) The proposed ionic mechanism to form intermediate 6.59. B) Experimental
evidence of the need for the halogen in the formation of 6.42.

The aim of the project was to identify whether Srnl pathways could be selectively
achieved in preference to the BHAS mechanism, and it is clear that to achieve Srn1

cyclisations then the enolate anion of the substrates must be present prior to SET.
Based on the results presented for substrate 6.37a it was proposed that if the

nitrogen of the tether is protected, in order to prevent the initial nitrogen
deprotonation, then deprotonation will selectively form the enolate anion 6.70, and

hence the reaction conditions should favour the Srnl pathways in preference to the
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BHAS mechanism (Scheme 6.14A). Computational analysis was performed to
determine the energy profile for deprotonation of 6.69 to form the required enolate

anion 6.70 for SrN1 reactivity (Scheme 6.14B-C). The results were that the enolate

anion will preferentially exist in the reaction mixture in both DMSO and benzene.

A) o ]
CHgl f
I Me)K/@ Rl l Me)ﬁ@ OBy ----» Access Sgy1 pathways
N N HO™BU predominantly
H
6.37a 6.69 6.70
o] C) e
B) oty CoBu ?
I Me)ﬁ© + 1.2 kcal/mol + 1 0 kcal/mol I )j©
N
6.69 6.70 6.70
- 9.5 kcal/mol - 10.0 kcal/mol
DMSO benzene

Scheme 6.14A) Proposal to access Srnl pathways B)-C) Energy profile for enolate anion
formation 6.70 in both DMSO and benzene (AG* for the deprotonation is in blue above the
reaction arrows, and AGmn is in blue beneath the deprotonated product).

Prior to experimental studies, the energy profile for SET to either 6.69 or 6.70 were
modelled (Table 6.9). In both solvents, SET to 6.69 from 6.16 did not achieve C-I
cleavage and analysis of the LUMO of 6.69 showed that it resides on the acetyl
benzene moiety of 6.69. Thus SET into 6.69 will form the radical anion 6.71 instead
of achieving cleavage of the C-Ito form the aryl radical, which is required for Srn1
cyclisations. Due to this result, and the low amounts of 6.69 that will be present in
the basic reaction, the energy profile for SET to 6.70 was calculated from the two
possible electron donors, the enolate anion of DKP 6.16 or 6.70. The SET results
followed the same trend as was observed for substrate 6.1a, whereby SET in DMSO
has a lower barrier than in benzene, and the barrier is accessible at room

temperature in DMSO, but not benzene.
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Table 6.9 The energy profile for SET to 6.69 or 6.70.

go=k] R

Y Potential electron donors:
1 <+ FY
° o’ F* ©
e J | - & s 4
P Sy Q q& »
¥ t # PI\N)\ ’ bl aﬁ'

LUMO 6.69

z

e

)
6.16

Me
6.70

éﬁi@

LUMO 6.70

Electron acceptor | Electron donor | Benzene AG¥/ AGixn | DMSO AG¥ / AGrxn
(kcal/mol) (kcal/mol)
6.69 6.16 27.8127.6 32.3/31.1
6.70 6.16 31.7/23.1 22.3/10.8
6.70 6.70 43.3740.1 31.0/26.5

With the knowledge accumulated thus far, the final substrate tested was substrate
6.69 (Scheme 6.15). When 6.69 was treated with KO'Bu and 6.2 in benzene at 120

°C, the two products formed were the tetracycle 6.73 (52%) which was isolated as a
novel compound (Figure 6.2), and 6.74, which was isolated in low yield (9%)
(Scheme 6.15, reaction A). When the reaction was performed in DMSO, which was
done at room temperature based on SET analysis (Table 6.9), the tetracycle 6.73
was not observed (Scheme 6.15, reaction B). Instead, the products isolated were
6.74, similar to when the reaction was performed in benzene, 6.75 (which was the
only product observed (78%) when the reaction was performed using UV
irradiation)'0 and 6.76.
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OH
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[ j N

Me
6.69

O

Reaction B

6.2 (0.1 equiv)

KofBu DMSO

RT, 24 h MeHN

6.75 27% 6.74 21% 6.76 13%

Scheme 6.15 The reaction conditions and products arising from SET to substrate 6.69.
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Figure 6.2 The X-ray crystal structure of the (4bR,9bS)-5-methyl-4b,10-dihydro-indeno[1,2-
blindol-9b(5H)-ol 6.73 (X-ray crystallographic data in the Appendix).

The mechanism proposed inthe formation of the products 6.73 — 6.75 involves Srnl
steps. Firstly, deprotonation of 6.69, followed by SET to the enolate anion 6.70 will
form the aryl radical intermediate 6.77 that could undergo either an Srn1 cyclisation
onto its enolate anion to form 6.78, or it could abstract a hydrogen atom from the
methyl group on the nitrogen to form radical 6.81 (Scheme 6.16A). The Srnl
cyclisation of 6.77 onto the enolate anion will form the electron-rich intermediate 6.78,
which can donate an electron in a propagation step, to either 6.69 or 6.70, to form
the product 6.75. The energy profile for this cyclisation is favourable in both solvents
(Scheme 6.16B). The product 6.75, in the presence of a base, could be
deprotonated either to form the enolate anion 6.79 orto form the benzylic anion 6.80.
In both solvents the favoured deprotonation is the enolate formation to form 6.79
(Scheme 6.16C); in DMSO the benzylic deprotonation to form 6.80 was endergonic,
AG* = 8.1 kcal/mol and AGrmn = 4.9 kcal/mol, however the enolate anion formation to

give 6.79 was exergonic, AG* = 5.0 kcal/mol and AGrxn = -1.1 kcal/mol. In benzene,
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the deprotonation of the benzylic position to form 6.80 is exergonic, AG* = 2.2
kcal/mol and AGrxn = -2.3 kcal/mol, and has a similar energy profile to the formation
of the enolate anion 6.79, AG* = 2.2 kcal/mol and AGixn = -3.6 kcal/mol, which
demonstrates that in benzene the two species 6.79 and 6.80 will be in equilibrium,
and when intermediate 6.80 forms. The benzylic anion can ionically attack the
carbonyl group, AG* = 1.1 kcal/mol and AGrn = - 18.2 kcal/mol, to form 6.73 upon

work-up (Scheme 6.16C). Therefore, if the reaction is performed in DMSO, the
product 6.75 is formed, but in benzene the product formed will be 6.73.

A S S S
) o 0Bu 0 0 0
0 St Sy iy
o
N . N
e e
6.77

-HO'Bu
6.69 6.78 6.75

5 +Coty
6.16 (+e") Intramolecular - HO'BuU
H atom g
(0] Q 0 abstraction
DMSO Q

1
I Me Me + oBu
> - HOBu
[j "N

N
Me MeHN Me

6.71 6.76 6.79

o) g o
(D2 2 Ot
P SO
@9 | e 5

6.74 6.81 6.73 6.80

benzene

B) C)
gm 510
= 2.7 £
5 ey
2 6.77 -36.3 2
10 -46.4 0
-30 -10
DMSO
benzene
-50 -20
6.75
Reaction coordinate Reaction coordinate Reaction coordinate

Scheme 6.16A) The proposed mechanisms in the cyclisation of 6.69. B) The computational
energy profile for the possible mechanisms of 6.77 and the C) deprotonation of 6.75
(benzene solvent — blue line; DMSO - black line).
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The reaction in DMSO can occur at room temperature due to the low energetic
barrier associated with the SET initiation step for 6.70, but in benzene it requires
high temperatures to achieve SET. The high temperatures employed when benzene
is the solvent will establish the thermodynamically more stable product 6.73, which
was experimentally proven when a sample of 6.75 was heated in base in benzene,
and the product 6.73 (31%) was formed (Scheme 6.17). It should be noted that this
low yield of product 6.73 is likely a concentration effect because the sample was
diluted due to the small amount of available material 6.75 (diluted from 0.21 M to
0.042 M). In both solvents the minor pathway from 6.77 is a hydrogen atom
abstraction from the methyl protecting group on the nitrogen to form the more stable
methyl radical 6.81, and ultimately 6.74 upon intramolecular Srn1 cyclisation of the

radical onto the enolate anion and the subsequent propagation step (Scheme 6.16).

0] 0]

OH
N H N N
Me

Me Me

6.75 6.73 31% 6.75 29%

Scheme 6.17 The formation of 6.73 from 6.75.

An interesting observation during this study is that in the propagation step, SET from
6.78 can occur either to the enolate anion 6.70 or to the neutral species 6.69. The

LUMO for the neutral species 6.69 resides on the acetophenone moiety so if SET
occurs to the neutral species the radical anion 6.71 forms, which can undergo C-N
fragmentation to form the radical 6.83 and the anionic species 6.84, which forms
6.76 upon work-up (Scheme 6.18). This pathway will be a minor pathway due to the
low population of 6.69 that will be present in the basic reaction mixture. The energy
profile for SET into substrate 6.69 from 6.16 in the initiation step of this reaction are
too high, AG* = 27.8 kcal/mol and AGrxn= 27.6 kcal/mol in benzene, and AG* =32.3
kcal/mol and AGrxn = 31.1 kcal/mol in DMSO (Table 6.9). But, if an electron is
donated to 6.69 in the chain propagation step, from the electron-rich intermediate
6.78, the energy profile for SET is much more accessible, AG* = 6.2 kcal/mol and
AGrxn = 2.6 kcal/mol in benzene and AG* = 6.3 kcal/mol and AGrxn= 0.9 kcal/mol in

DMSO (Scheme 6.18). However, in both solvents, the intermediate 6.78 is more
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thermodynamically favourable to donate an electron to the enolate anion 6.70,
instead of 6.69 because the SET step would be exergonic, as opposedto endergonic
with 6.69 (Scheme 6.18). The isolation of 6.76 in DMSO and not in benzene cannot
be explained from these calculations and more work is required to understand this
step to allow it to be used for future applications. Similar C-N cleavage reactions
have recently been observed using powerful organic electron donors,'?2 but this is
the first observation of such reactions under KO'Bu-facilitated coupling conditions.
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Scheme 6.18 The energy profile for the SET to 6.69 of the initiation vs. propagation steps
to form 6.76 (the protonated product of 6.84) (benzene solvent — blue; DMSO - black).

The study presented in this chapter has highlighted the opportunities that the
transition metal-free reaction conditions have in expanding their application towards
alternative bond transformations that occur through the activation of a C-X bond (X
= halogen). Although Srn1 reactions are commonly reported using light irradiation,
it has been shown that they can efficiently occur in the ground state, and sometimes
the products formed are different than the products of photoactivation. Using a
combination of computational and experimental studies, the mechanisms for the
reactions have been thoroughly investigated to gain a deeper understanding of the
pathways involved. This knowledge will hopefully be applicable in the future to

identify new bond formations that could be achieved using the ground state transition
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metal-free reaction conditions, which until recently have been predominantly used

for aryl-aryl bond formations.

6.5 Futurework

Within this chapter the transition metal-free reaction conditions have been employed
to achieve Srn1 cyclisations, in addition to the BHAS cyclisations for which these
conditions are best recognised. It has been shown that the product distribution of
some of these reactions can be changed by choosing a different solvent (replacing
benzene with DMSO), or by changing reaction temperatures. With all this generated
mechanistic detail on these possible reaction pathways, it would be interesting to
use this knowledge to further expand the utility of these reactions. For example, Srnl
cyclisations were targeted by protecting a secondary amine on a tether in substrate
6.69 to favour the enolate anion formation. This knowledge can be used to identify
an appropriate protecting group, to replace the methyl protection, so that analogues
of the 8-membered cyclised product 6.75 or the fused cyclic system 6.73, can be
made, with alternative functionalities incorporated onto the nitrogen. If there was
more time dedicated to this project, it would also be desirable to use experiments to

further provide proof of the mechanisms proposed.

A very interesting part of this study was the observation of C-N bond cleavage with
these reaction conditions. However, mechanistic studies showed the limitation of C-
N bond cleavage isthe SET to the neutral species, which is only achievable in the
propagation step. However, if a similar electron donor to 6.78 could be generated in
situ then it would be interesting to investigate the C-N bond cleavages, either as a
proof of concept, or in the hope to find stronger electron donors that could potentially

be applied to activation of more difficult substrates, such as aryl chlorides.
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7.1 Introduction

In Chapter 4 it was observed that the enolate anion of the DKP additive was capable
of donating electrons to haloarenes under the transition metal-free reaction
conditions. Glucose was introduced in Section 1.4.2 when Kumar et al.% showed
that it could even be used as an additive to couple aryl halides to arenes using
transition metal-free reaction conditions, albeitin low yields (8%). This suggests that
glucose can form an electron donor species under the transition metal-free reaction
conditions, similar to DKP (Chapter 4). Therefore, it was interesting to further
investigate the role of glucose as an electron donor. One application where glucose
is known to be capable of donating an electron is in the reduction of silver(l) cations
in the Tollens’ test. The Tollens’ test is used to qualitatively identify the presence of
reducing sugars, such as glucose, or to distinguish between aldehydes and ketones.
The Tollens’ reagent is a basicreaction mixture containing ammoniacal silver nitrate,
which forms the diamminesilver cation, [Ag(NH3)2]*, in the presence of ammonia.
This silver complex can be reduced by aldehydes and reducing sugars in the basic
reaction mixture, and in doing so silver mirror forms, thus giving a positive result for

Tollens’ test.157-159

7.2 Glucose as an additive for transition metal-free aryl-arylbond
formations

Using the knowledge reported for the formation of electron donors in situ, from the
combination of organic additives and KO'Bu, the role of glucose as an electron donor
in the transition metal-free reaction conditions was investigated, and analogies were
made between glucose and the DKP additive (Chapter 4). In water, glucose 7.1
exists in equilibrium with the ene-diol 7.2 (Scheme 7.1), and this ene-diol contains
an electron-rich double-bond that bears resemblance to the electron donor that
forms in situ from the DKP additive (described in Section 4.3). Therefore, it was
proposed that glucose could be used as an additive to couple 4-iodotoluene 7.6 with

benzene, in the presence of KO'Bu (Table 7.1).
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Scheme 7.1 A proposal for the role of glucose 7.1 as an electron donor.

Table 7.1 The coupling of 4-iodotoluene 7.6 with benzene, using a combination of glucose
7.1 and KO'Bu.

| glucose 7.1 (0 or 0.2 eq.), KO'Bu (3 eq.)

[ Ph
/©/ benzene, 130 °C, 3 h /©/ /©/
Me Me * Me

7.6 7.6 1.7
Entry glucose 7.1 (eq.) 7.6 (%) 7.7 (%)
1 0 79 3
2 0.2 52 34

2 Yield calculated using 1,3,5-trimethoxybenzene as the internal standard in 'H-NMR of the
crude mixture.

When 4-iodotoluene 7.6 was reacted in the presence of KO'Bu and glucose 7.1, at
130 °C, coupling between 4-iodotoluene and benzene was observed, affording 34%
yield of 7.7 (Table 7.1, entry 2). In the absence of glucose, only 3% product 7.7 was
observed (Table 7.1, entry 1). This suggests that under these reaction conditions,
glucose forms some electron donor species that is capable of donating an electron
to 4-iodotoluene 7.6 to initiate the transition metal-free coupling reaction. Based on
the knowledge currently within this thesis (Chapter 4) and the literature,*042-44 it is

proposed that inthe presence of KO'Bu, the ring-opened structure of glucose will be
deprotonated to form its enolate anion, 7.5. The electron-rich double-bond within 7.5

could donate an electron to 4-iodotoluene 7.6, to initiate the transition metal-free

aryl-aryl bond formation (Scheme 7.1).

159



Chapter 7. Studying the Tollens’ test

7.3 Tollens’ test
7.3.1 Qualitative study

The Tollens’ reagent, diamminesilver cation [Ag(NH3)2]*, has been historically used
to identify the presence of reducing sugars, such as glucose 7.1, or to differentiate
between aldehydes and ketones. Prasad et al.1%° proposed that the mechanism for
the reduction of the Tollens’ reagent by aldehydes involves a hydrate formation from
the aldehyde. They proposed that the hydrate 7.9 reduces silver ions to give
elemental silver, Ag(0), and ultimately the carboxylic acid 7.12 (Scheme 7.2A).
Hughes et al.1>8 observed that the rate of silver mirror formation is increased in alkali
solutions (pH > 10), and they therefore modified the mechanism for the reduction of
the Tollens’ reagent (Scheme 7.2B). They proposed that the hydrate 7.9 is
deprotonated in the basic reaction mixture to form 7.13, which then interacts with
silver ions to form the silver complex 7.14. Upon the reduction of Ag(l) to elemental
silver, the carboxylic acid 7.12 is formed. More recently, the “silver mirror” test was
modified into a catalytic method, and the mechanism reported by Li et al.161 contains
key features that resemble the two mechanisms previously described (Scheme
7.2C). Firstly, the silver catalyst employed interacts with the aldehyde to form the
complex 7.16, and a hydroxide anion is transferred from the catalyst to the aldehyde
to form the complex 7.17, which resembles the hydrate species 7.9 and 7.14. An
elimination of IPr-Ag-H forms the carboxylic acid 7.12, and the IPr-Ag-H is oxidised
in air to regenerate the active silver catalyst, IPr-Ag-OH. It is not just aldehydes that
can reduce silver ions, to form a silver mirror as a positive in the Tollens’ test.
Ketoses, such as fructose, are also capable of reducing the Tollens’ reagent, even
though they do not possess an aldehyde moiety (Scheme 7.2D). It is proposed that
in the reaction mixture, ketoses and related substrates, 7.19, could undergo
tautomerism to form the ene-diol, such as 7.20, which can rearrange to form 7.21
and the resulting aldehyde is capable of reducing the Tollens’ reagent as previously
proposed (Scheme 7.2A-B).157 At this point, based on the accumulated knowledge
of electron donors that can be formed in situ from within this thesis and within the
literature, it should be noted that the ene-diol 7.20 contains an electron-rich double-

bond, and thus may be capable of reducing the Tollens’ reagent directly.163
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Scheme 7.2 The initial mechanisms proposed for the reduction of Tollens’ reagent by
aldehydes 7.8 and acetol 7.19.1%8.160-162

Interestingly, it is reported that other substrates such as phenols,63 anilines%* and
some ketones, are capable of reducing silver cations in the preparation of silver
nanoparticles, therefore it was proposed that these species may also give a positive
Tollens’ test. To investigate more about what compounds could form electron donors
in situ that will reduce Tollens’ reagent, the initial study undertaken was to expose a
broad range of substrates to the Tollens’ reagent and report the observed results.
The idea was to try and identify common functionalities amongst the substrates
tested that may hint to the possible electron donors that will form in situ (Scheme
7.3). However, at this point it is important to clarify what constitutes a positive Tollens’

test before progressing.

The Tollens’ test is often referred to as the “silver mirror” test, because reducing the
Tollens’ reagent, diamminesilver cation [Ag(NH3)2]*, leads to the formation of

elemental silver, Ag(0), which can depositon the side of the test tube to give a silver
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reflective surface, i.e. a silver mirror.15® However, the reduction of Tollens’ reagent
may not always lead to the formation of a silver mirror. In the preparation of silver
nanoparticles, silver ions, such as Tollens’ reagent, are reduced to elemental silver
in the presence of stabilising additives, such as oleic acid.1%®> As Ag(0) forms it
agglomerates in solution to form silver aggregates, and the action of oleic acid is to
stabilise the silver aggregate to make silver nanopatrticles, of varying sizes, instead
of a silver mirror (while, without oleic acid, a silver mirror is observed).18> A positive
Tollens’ test, which is the reduction of the diamminesilver cation [Ag(NH3)2]* to
elemental silver, must therefore take into account both substrates that produce silver
mirrors, but also substrates that are capable of forming silver colloidal particles, like
nanoparticles. Therefore, within this study, if either a silver mirror or a partial silver
mirror was observed, it was recorded as a positive Tollens’ test. The partial silver
mirror consists of the formation of a small bit of a silver mirror; however, the majority
of the silver was in the form of a black precipitate (Scheme 7.3). The black precipitate
is colloidal silver metal, which suggests that the silver(0) deposits formed rapidly and
agglomerated or the silver(0) aggregates formed from reduction of Tollens’ reagent
are stabilised by the reducing agent in the reaction mixture. Upon observing the
possible molecules that gave positive Tollens’ tests, a few proposals can be made
as to how the substrates form electron donors in the basic reaction mixture. From
the qualitative study (Scheme 7.3) it became clear early on that there are many
simple, commercially available, organic molecules that are capable of reducing
Tollens’ reagent. The results of the study were classified into three categories: (1)
the formation of a silver mirror, (2) the formation of a partial mirror and (3) no colour

change.
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Scheme 7.3 A qualitative study of the compounds capable of reducing Tollens’ reagent.

Aldehydes, such as 7.44, could form hydrates, 7.52 or 7.53, in the reaction mixture

as proposed in the literature (Scheme 7.4A, and previously shown in Scheme 7.2A-
B).158.160 Alternatively, if the aldehyde can form its enolate anion, such as 7.57, then

this could act as an electron donor, which is analogous to the DKP additive

(previously described in Chapter 4). Ketones could also form the enolate anions, or
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the hydrate in competition. Interestingly, some of the compounds reported to give
positive silver mirrors, such as 2-pyridyl carbinol 7.27 and N,N:
dipropyldiketopiperazine 7.42 are compounds that are additives used to promote
aryl-aryl bond formation in the transition metal-free reaction conditions. The diamine
7.49 and diols, such as 7.45, 7.48 and 7.51, could form structures as reported by
Murphy et al. (Scheme 7.4B-D). The DKP additive has also been discussed
extensively inthis thesis to form enolate anion in basic mixtures, which can perform
SET. An interesting observation was that all the a-hydroxy ketones tested gave a
positive Tollens’ test, including tertiary a-hydroxy ketones, such as 7.38, 7.41 and
7.50 (when heated). This was an important observation since the mechanism
proposed in the literature for reduction of Tollens’ reagent by a-hydroxy ketones
involved the formation of an “ene-diol” species 7.20 (previously shown in Scheme
7.2D),163 which is not possible for these substrates. Since these tertiary a-hydroxy
ketones are capable of reducing Tollens’ reagent, it was interesting to gain more
mechanistic insight into the reaction pathway because as of yet no mechanism is

reported that explains this observation.
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Scheme 7.4 The possible electron donors formed from A) aldehydes, B) 2-pyridyl carbinol,
C) diols and D) diamines as proposed by Murphy et al.4%42

7.3.2 Mechanistic investigation into reaction of aldehydes in Tollens’ test

It is commonly reported that the products arising from Tollens’ test are carboxylic
acids resulting from the oxidation of aldehydes.158161.166 Therefore, the first

substrates to be analysed in this quantitative study were aldehydes (Scheme 7.5).

1. AQNO3, NH,OH,

i H,0, NaOH, RT i . i
R™H R™H R” OH
78 270°C,5min 7.8 7.12

o o
Ph/\)LH Ph/\)kH ' Ph/\)kOH

7.44 7.44 15% 7.56 11% (6%)?
o) o] o
. +
ph)LH Ph)LH Ph)kOH
723 7.23 76% 7.67 16% (5%)°
0 0 Q
> + /\/\)’L
Mew H Mew H Me™ N—""0oH

7.37 7.37 3% 7.68 6% (5%)°

aYields determined using 1,3,5-trimethoxybenzene as an internal standard in the TH-NMR
spectrum. Isolated yields are in brackets.

Scheme 7.5 Isolation of carboxylic acids from exposing aldehydes to Tollens’ reagent.

When the aldehydes 7.44, 7.23 and 7.37 were exposed to Tollens’ reagent, low
yields of their respective acids, 7.56 (11%), 7.67 (16%) and 7.68 (6%) were formed.
Although the yields of products are very low, it must be remembered that the Tollens’
test is only a qualitative study and high yields of oxidised product are not required
for the formation of the silver mirror or particles in the reaction. The mechanism for
the oxidation of aldehydes using Tollens’ reagent, proposed within the literature,
involves the initial formation of a hydrate (as previously shown in Scheme 7.2 and
7.4).158.160 The hydroxide anion is capable of increasing the rate of the oxidation of

aldehydes,8 and therefore, to confirm the proposed reaction mechanism within the
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literature, 3-phenylpropanal 7.44 was exposed to various reaction conditions (Table
7.2).

Table 7.2 The oxidation of 3-phenylpropanal 7.44 with Tollens’ reagent.
0}

Conditions o 0

Ph/\)LH Ph/\)LH Ph/\)kOH
7.44 7.44 7.56

Entry2 | AgNOs3 Reagents Temperature Silver Recovered | Product
(eq.) (°C) Mirror? 7.44 (%) 7.56 (%)
1 1 NH4OH, NaOH 25 Yes 15 11 (6)™

2 0 NH4OH, NaOH 25 No 20 2

3 1 NH4OH, NaOH 70 Yes 6 12

4 - work-up of 7.44 - No 92 0

a-Reactions were performed simultaneously using 1.5 mmol substrate. P-The yield in
parentheses is the isolated yield.

The 3-phenylpropanal 7.44 was exposed to Tollens’ reagent at RT, and the oxidation
of the aldehyde occurred to yield phenylpropanoic acid 7.56 (11%) (Table 7.2, entry
1). Simultaneously, an analogous reaction was performed in the absence of the
AgNOs, and a lower yield of 7.56 (2%) was achieved (Table 7.2, entry 2). When a
reaction was performed analogous to entry 1, but with heating (at 70 °C for 5
minutes), a similar yield of 7.56 (12%) was observed (Table 7.2, entry 3). Finally, the
3-phenylpropanal 7.44 was left in water at room temperature for the same reaction
time as entries 1-2, and upon work-up the 3-phenylpropanal 7.44 (92%) was
observed as the only product (Table 7.2, entry 4). These results show that the
oxidation of 3-phenylpropanal 7.44 by Tollens’ reagent occurs as efficiently at room
temperature, as it does at 70 °C. It also shows that, in the absence of the silver in
solution, a little formation of 7.56 occurs in the presence of the basic reaction
medium; however, in the absence of silver, a neutral solution returned the starting
material 7.44, and no oxidation of the aldehyde was observed. The formation of 7.56
inthe absence of silver cations, may occur because in the basic reaction mixture the
aldehyde 7.44 could form its hydrate, and atmospheric oxygen could abstract the

hydrogen atom to yield the carboxylic acid product. Deducing the possible
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mechanism or electron donors for these reactions is very complex because the
aldehydes could undergo alternative reactions, such as aldol reaction between two
molecules of 7.44 to form other species capable of being electron donors in the
reaction mixture. Therefore, the study changed to focus on the interesting

observations of the a-hydroxy ketones.

7.3.3 Mechanistic insight into reaction of a-hydroxy ketones in Tollens’ test

The substrates of interest in this study were the a-hydroxy ketones. Fructose 7.69 is
an aldehyde, however it gives a positive Tollens’ test. The mechanism proposed for
the reduction of Ag(l) by fructose is that fructose 7.69 will ring-open to form the
straight-chain isomer 7.70, which, in the presence of base, will form the ene-diol 7.72,

and ultimately glucose 7.73, which reduces Tollens’ reagent (Scheme 7.6).157.162

H

o o OH o
HOH,C.__0 0 . OH OH
HO oH
o HO——H o HO——H o HO——H HO——H
o — H——OH H——OH H——OH H——OH
OH H——OH H——OH H——OH H——OH
OH CH,0H CH,0H CH,OH CH,0H
7.69 7.70 7.7 7.72 7.73

Scheme 7.6 The Lobry de Bruyn-van Ekenstein transformation of fructose to glucose 7.1.163

This mechanism (Scheme 7.6) is used to explain why a-hydroxy ketones produce
the positive Tollens test. However, in the qualitative tests previously performed in
Section 7.3.1, the tertiary a-hydroxy ketones, such as 7.38, 7.41 and 7.50, which are
not capable of undergoing the Lobry de Bruyn-van Ekenstein transformation, also
gave a positive result for the Tollens’ test (Scheme 7.7). Since there are no reports
of experimental investigations into the mechanism for the reaction of these a-
hydroxy ketones and Tollens’ reagent, it would be interesting to investigate the
possible products formed in this reaction and hopefully this will give insight into the

mechanism involved.
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Scheme 7.7 Isolation of products from exposing a-hydroxy ketones or a-diketones to
Tollens’ reagent.

Benzil 7.39 and several a-hydroxy ketones were exposed to Tollens’ reagent, and
all of the substrates tested gave a partial silver mirror when heated at 70 °C for 5
min (Scheme 7.7). For the substrates that contain the ketone adjacent to the phenyl
group 7.50, 7.40, 7.39, 7.38 and 7.76, the oxidised product isolated from the reaction
was always benzoic acid 7.67, albeit in low yields. When substrate 7.77 was exposed
to Tollens’ reagent, no oxidised products were detected. The formation of benzoic
acid from 7.50, 7.40, 7.39, 7.38 and 7.76 suggests that Tollens’ reagent is capable
of performing oxidative C-C bond cleavage on these substrates. The lack of the
formation of benzoic acid 7.67, or any oxidised products, from 7.77 suggests either
that the products formed in very low amounts to be undetectable, or that the oxidised
products were not isolatable. Due to the lack of evidence, a conclusive decision
about the possible mechanism for the reaction of substrate 7.77 could not be
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proposed. However, a mechanism has been proposed for the a-cleavage of the other
substrates, using 7.38 and 7.76 as representative substrates (Scheme 7.8).

o Cagh) .
S Ie) Q (o}
i OH  HO Agn) MO q OH HO 3) o OH
OH OH . o OH
Ph — Ph — Ph Ph — o+ el
R Me R Me R Me  -Ag(0) R Me Ph” ~OH R” “Me
7.38R = Me 7.78 7.79 7.80 7.67 7.81
7.76 R = Ph
S}
OH
Ag(l)
o — 3
R)LMG - Ag(0) RA\Me
7.83 7.82

Scheme 7.8 Isolation of products from exposing a-hydroxy ketones to Tollens’ reagent.

In the basic reaction mixture of Tollens’ reagent, the hydroxide will react with the
substrate 7.38 to form 7.78. This mechanism is similar to that which is proposed for
the oxidation of aldehydes by Tollens’ reagent (previously shown in Scheme 7.2A-
B).158.160 The intermediate 7.78 donates an electron to Ag(l) in the reaction mixture,
to form elemental silver, Ag(0), and the radical intermediate 7.80. This radical
intermediate may undergo C-C cleavage to form benzoic acid 7.67 and the radical
intermediate 7.81. In the basic reaction mixture, deprotonation of 7.81 forms the
radical anion 7.82. The radical anion is electron-rich and could donate an electron to
another free silver cation to form the ketone 7.83. Unfortunately, due to the low yields

of the oxidative C-C cleavage none of the ketone products were detected.

Within the literature it is proposed that the concentration of NaOH affects the rate of
the oxidation of the aldehyde.1%® When substrate 7.38 was first exposed to Tollens’

reagent, diamminesilver cation [Ag(NH3)2]*, 14% of benzoic acid 7.67 was formed
(previously shown in Scheme 7.7). It was therefore interesting to investigate the
effect of NaOH on the oxidation of the a-hydroxy ketones and the formation of
benzoic acid 7.67 (Scheme 7.9). To prepare Tollens’ reagent, AgNO3 in dissolved in
ultrapure water, and to this solution, aqueous NH4OH is added dropwise until a
brown suspension (silver(l) oxide, Agz20) is observed. Further addition of aqueous
NH4O0H to the solution gives the diamminesilver cation [Ag(NH3)2]* as a colourless

solution. Then aqueous NaOH is added to the solution, followed by more aqueous
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NH4OH to reform the diamminesilver cation and give Tollens’ reagent. This last step
is not necessary however, because the active silver complex in Tollens’ reagent is
the diamminesilver cation, which is formed prior to aqueous NaOH addition, and

therefore aqueous NaOH can be omitted from the reaction (Scheme 7.9A).

A) RT 70°C
o 1. H,0, RT, 15 min o e
°C, 5 min 0 | |
oH _2-AgNOg, NH,OH, 70 °C, Pl . oH
Ph Ph"” “OH Ph ;
Me Me Me Me |
7.38 7.67 1% 7.38 83% |
B) TH
o 1. NaOH, H,0, RT, 15 min o |
on 2 AGNOs, NH,OH, 70 °C, 5 min o oH
Ph)S( Ph)kOH * Ph)S( ‘
Me Me Me Me
7.38 7.67 20% 7.38 62%
c) 1. NaOH, H,0, RT, 15 min
2. Tollens test f ’
o (AgNO3, NH,OH, NaOH, NH,OH) o o i
70 °C, 5 min
OH ' OH
e won TP T
Me Me Me Me ‘
7.38 7.67 20% 7.38 54%

Scheme 7.9 Effect of NaOH on the oxidation of 7.38 by Ag(l).

In the absence of NaOH only 1% of the benzoic acid 7.67 was formed, and the silver
mirror was only seen upon heating of the reaction mixture. The yield of benzoic acid
formed is significantly higher when NaOH is added to Tollens’ reagent (previously
shown in Scheme 7.7, 14%). The next reaction performed used the same solution
of diamminesilver cation (without NaOH added), however prior to the addition of the
substrate to this solution, substrate 7.38 was stirred at RT for 15 min in the presence
of NaOH (Scheme 7.9B). The yield of benzoic acid achieved (20%) was higher than
seen in both reactions without NaOH (1%), and the reaction with the normal Tollens’
reagent (14%). The final test was to expose 7.38 to aqueous NaOH for 15 min before
adding the solution to Tollens’ reagent (Scheme 7.9C). The yield of benzoic acid in
this latter reaction was also 20%. These results suggest that reduction of the
diamminesilver cation by substrate 7.38 is facilitated by the presence of NaOH (in

Scheme 7.9A, the hydroxide is present in the aqueous NH4OH solution). The
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assumption that the rate of oxidation of the substrate 7.38 isincreased by increasing

the concentration of hydroxide is supported within the literature.158

The mechanism proposed within this study for the reduction of Tollens’ reagent by
tertiary a-hydroxy ketones (as previously shown in Scheme 7.8) involves the
formation of the hydrate of the ketone, by hydroxide attack. The hydrate reduces
Ag(l) and the corresponding radical formed undergoes radical C-C bond cleavage to
form the carboxylic acid and a radical species of the hydroxyl moiety, which will
ultimately form a ketone. However, there was no evidence for the formation of the
ketone to support this mechanism. Therefore, a new tertiary a-hydroxy ketone was
designed and synthesised, with the aim that, upon oxidative C-C bond cleavage, the
products formed will be easily isolated and identified. The substrate 7.86 was
synthesised and, when exposed to the Tollens’ test, the oxidised product 7.87 was
isolated (Scheme 7.10). The formation of product 7.87 supports the mechanism
proposed that the oxidative C-C cleavage results in the formation of both the
carboxylic acid, by oxidation of the ketone moiety, and the corresponding ketone, by

the oxidation of the a-hydroxy functionality.

c:s,co3 (02 eq.) Q 0
1. LDA, THF, -78 °C P(OEt); 2eq He Tollens' test OH . e
©© 2. CHgl, RT, O/N @ij/ DMSO, O,, 2 days ©iﬁ/ Me @iﬁ/
O
7.84 7.85 35% 7.86 42% 7.87 2% 7.86 77%

Scheme 7.10 The formation of substrate 7.84 and its product formed in the Tollens’ test.

Recently, a homogenous catalyst was reported for the aerobic oxidation of
aldehydes to carboxylic acids in water. Many aldehydes were efficiently converted
to their respective acids through this more efficient “silver mirror” reaction under the
conditions reported.18* The reaction conditions involve an Ag(l)/bipy catalyst and
molecular oxygen, in the absence of hydroxide anions. It is therefore interesting to
apply these reaction conditions to investigate whether they are capable of performing

oxidative C-C cleavage of a-hydroxy ketones, like in Tollens’ reaction (Scheme 7.11).
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1. NaF (5 mol%) 1. NaF (5 mol%)
Ag/bipy catalyst (5 mol%) Ag/bipy catalyst (5 mol%)
A) DIPEA (5 mol%) B) o DIPEA (5 mol%)
6 H,0, O,, 50 °C % oH __H20.0,,50°C 0
Ph)kH 2. Add 7.23, 50 °C, O/N Ph)kOH PhjeS(Me 2. Add 7.38, 50 °C, O/N Ph)kOH
7.23 7.67 83% 7.38 7.67 3%

Scheme 7. 11 The reaction of benzaldehyde 7.13 and a-hydroxy ketones 7.38 with Ag/bipy
catalyst.6!

Indeed, when benzaldehyde 7.23 was exposed to these reaction conditions, it was
efficiently oxidised to benzoic acid 7.67 (83%). However, when a-hydroxy ketone
7.38 was treated under the same reaction conditions, the C-C cleavage to form 7.67
was very low yielding. This suggests that even in the presence of oxygen overnight,
the oxidation of the a-hydroxy ketones is not efficient in these conditions and it is
lacking a strong base, NaOH, for higher yields (Tollens’ conditions afforded 14%
yield of benzoic acid, Scheme 7.7). However, the formation of benzoic acid 7.67
suggests that other mechanisms are possible in the C-C cleavage. One possibility
is that the molecular oxygen abstracts the hydrogen from the hydroxyl moiety in 7.38,
which may be favoured if silver is complexed to the carbonyl oxygen, such as 7.88
(Scheme 7.12) and the resulting alkoxyl radical 7.89 would fragment. However, this
is just a proposed mechanistic pathway and no evidence has been sought to probe
it. The complexity of these mechanisms is shown in the studies by Li et al.161 This
study has highlighted the possibility of multiple reaction pathways that form electron
donors, which can reduce Tollens’ reagent, and these mechanisms are substrate-

dependent.

) 1. NaF, Ag/bipy catalyst, DIPEA, H,0, O,, 50 °C 0
OH
Ph)S( PN

Md Me 2. Add 7.38,50°C, ON

7.38 7.67 3%
o‘/—f}lg(') 0o q,--A.g<l> © o
Ph)}(O‘H - 0-OH Ph)>(o - Ag(0) W " Me)LMe

Me Me Me Me Ph
7.88 7.89 7.90 7.91

Scheme 7.12 The possible mechanism to achieve C-C bond cleavage of 7.38 in the
presence of Ag/bipy and O-.
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Therefore, it can be concluded that one of the possible mechanisms for the Tollens’
reaction of a-hydroxy ketones that are not capable of forming enolate anions
(Scheme 7.8) proceeds similarly to the mechanism reported for the oxidation of

aldehydes by Tollens’ reagent.158:160

7.4 Futurework

A broad range of possible substrates have been identified that are capable of
donating electrons to Tollens’ reagent, and clues to the mechanism have been found.
It would be interesting to synthesise a molecule that is analogous to an aldose, such
as glucose, to identify what products are generated. Many substrates are capable of
reducing silver in these reaction conditions, and this knowledge could be applied to
the synthesis of silver nanoparticle, either alone or with the addition of a stabilising

agent.

It has been shown that glucose can be used to promote these transition metal-free
reaction conditions, and therefore this opens the possibility of using simple sugars
to achieve similar transformations, such as the Srn1 cyclisations reported in Chapter
6. In the Tollens’ test, the SET occurs in water; therefore it would be interesting to
investigate whether these substrates, such as sugars, could be used to achieve
agueous transition metal-free coupling reactions. However, much more work is

required to achieve this.
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The description of the experimental work in this thesis began in Chapter 4 with an
investigation into the possible electron donor formed from the combination of N,N*
dipropyldiketopiperazine (DKP) and KO'Bu. Recent publications proposed that an
electron donor is formed in situ from the reaction between the base and the organic
additive used in the transition metal-free reaction conditions. Continuing the work
that Murphy et al. have made in the identification of the possible electron donors,
Chapter 4 described the design and synthesis of an analogue of the DKP additive
8.1 that contained a tether on the core framework of the DKP, with the sole aim to
act as a radical probe (Scheme 8.1). It was proposed that if the enolate anion 8.2
donated an electron then the resulting radical 8.3 could be trapped to provide
evidence for the existence of single electron transfer, and the formation and isolation
of product 8.4 was observed to this end. The role of DMF 8.5 in transition metal-free
reactions to activate aryl halides was also investigated, and more efficient additives,
8.9 and 8.10, were designed for the transition metal-free coupling reactions (Scheme
8.1).

Additive Electron Donor SPh
SPh SPh SPh
ﬁ’r e o I‘Dr o I?r
O N % oBu O_N ~ -e O N Z
T ¢ \[ T PrN o
N" o HOBu N” 0 *>N" o N
|
Pr Pr Pr o . l:r
8.1 8.2 8.3 -
New additives for transition
Additive Potential Electron Donors metal-free couplings
© OH © Cg Me Me
o O'Bu 0 DMF (8.5) S) OBu S) N0 N_O
A Jog — 0 — e Y
Me,N H . Me,N Me,N Ho'B e, R R
HOBu NMe, u NMe, N0 N0
Me Me
8.5 8.6 8.7 8.8
8.9 8.10

Scheme 8.1 Evidence for SET from the enolate anion of DKP additive 8.1, and the proposed
electron donors formed in situ from DMF 8.5.

Chapter 5 described the efforts made to identify evidence of SET from KO'Bu.
Unfortunately the initial experiments to trap the possible products of fragmentation

of alkoxyl radicals were fruitless. However, these initial studies led to a study
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performed using KO'Bu and CBra. It was proposed that KO'Bu could donate an
electron to a species where the reduction potential was close to the oxidation
potential of KO'Bu, and therefore CBrs was chosen as the electron acceptor. The
preliminary results showed that KO'Bu and CBr4 led to bromination of adamantane,
and hence gave initial thoughts that SET from KO'Bu was occurring. However,
further experiments and computational analysis provided evidence that SET from
KO'Bu to CBra was not possible but that another mechanism was leading to
bromination. KO'Bu reacts with CBra to form the hypobromite, and this undergoes a
homolysis to form two reactive radical species capable of initiating the bromination
of adamantane (Scheme 8.2).

o® Bre @
OK CBry (o] 8.14 CBr4
)<Me - )<Me4> kMe —_—

Ph™ Me -CBr -Br “car

8.11 8.12 8.13 \J
l N 8.14
«CBr, Me
P—
)Q(Br

Me Ph

Br
8.17 8.18

Scheme 8.2 The modified mechanism for the halogenation of adamantane 8.14 from the
combination of KO'Bu and CBr4, via hypobromite intermediates.

The results presented in Chapter 6 expand the reaction scope for these transition
metal-free reaction conditions and show that Srnl reactions of substrates such as
8.19 are possible (Scheme 8.3). Through computational analysis and experimental
work, the mechanisms for the formation of various, sometimes unexpected, products
could be deduced. Computational analysis provided information that drove the
experimental work to occur at room temperature in DMSO and also provided a
deeper understanding of how solvents were affecting the product distributions
observed. Finally, through these detailed studies, a substrate 8.24 was designed

that would solely undergo Srn1 reaction pathways.

176



Chapter 8. Conclusions

Me
OMe

' ) o OMe
MeO Transition metal-free reaction conditions MeO
N , MeO a
~ ° = N Me
MeO . 0 N~
MeO o
8.19 :@AN N 8.21 8.22

=
MeO

intermediate 8.20

(0]

o
Transition metal-free reaction conditions OH @
I Me)ﬁ@ Protection | Me)ﬁ@ (additive, KO'Bu, benzene, 120°C, 1 h ’ O +
R e N (N | B E
(R =Me) N
o : -

N I
H R
8.23 8.24 8.25 52% 8.26 9%

Scheme 8.3 Accessing transition metal-free Srn1 cyclisations in the ground-state.

The results presented in Chapter 7 expand on the ability of a base to form possible
electron donors. The early studies in Chapter 7 propose that the ene-diol of glucose
can act as an electron donor, which led to studies of the Tollens’ test.162 A qualitative
study of the Tollens’ reactions highlighted the numerous additives that were capable
of reducing the Ag(l) in the Tollens’ test and, based upon the increased knowledge
of electron donors from the literature and within this thesis, several proposals of
various possible electron donors were made to explain the observed results from the
qualitative study. Of particular interest was the ability of tertiary a-hydroxy ketones
to achieve the positive Tollens’ test and this led to a more detailed study, and showed

that oxidative C-C bond cleavage was occurring in these reactions.

The research performed within this study has highlighted the benefits of using both
experimental research and computational studies to develop a deeper
understanding of the reaction pathways. The combination of methods led to the
discovery of new mechanisms to explain product formation and provided support to

mechanisms previously proposed.
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9.1 General experimental information

All reagents were bought from commercial suppliers and used without further
purification unless stated otherwise. All the reactions were carried out under argon
atmosphere. Diethyl ether, tetrahydrofuran, dichloromethane and hexane were
dried with a Pure-Solv 400 solvent purification system by Innovative Technology
Inc., U.S.A. Organic extracts were, in general, dried over anhydrous sodium sulfate
(Na2S0a4). A Buchi rotary evaporator was used to concentrate the reaction mixtures.
Thin layer chromatography (TLC) was performed using aluminium-backed sheets
of silica gel and visualised under a UV lamp (254 nm). The plates were developed
using phosphomolybdic acid or KMnOa4 solution. Column chromatography was
performed to purify compounds by using silica gel 60 (200-400 mesh).

The electron transfer reactions were carried out within a glove box (Innovative
Technology Inc., U.S.A.) under nitrogen atmosphere, and performed in oven-dried
or flame-dried apparatus using anhydrous solvents, which were degassed under
reduced pressure, then purged with argon and dried over activated molecular sieves
(3 A), prior to being sealed and transferred to the glovebox. All solvent or samples
placed into the glovebox were transferred in through the port, which was evacuated
and purged with nitrogen ten times before entry. When the reaction mixtures were
prepared, the reaction vessel was removed from the glove box and the rest of the

reaction was performed in the fumehood.

Proton (*H) NMR spectra were recorded at 400, 400 and 500 MHz on Bruker AV3,
AV400 and AV500 spectrometers, respectively. Carbon (133C{1H}) NMR spectra were
recorded using broadband decoupled mode at 101, 101 and 126 MHz on Bruker
AV3, AV400 and AV500 spectrometers, respectively. Spectra were recorded in
either deuterated chloroform (CDCIs) or deuterated dimethyl sulfoxide (d®-DMSO),
depending on the solubility of the compounds. The chemical shifts are reported in
parts per million (ppm) calibrated on the residual non-deuterated solvent signal, and
the coupling constants, J, are reported in Hertz (Hz). The peak multiplicities are

denoted using the following abbreviations: s, singlet; d, doublet; t, triplet; g, quartet;
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sx, sextet; m, multiplet; br s, broad singlet; dd, doublet of doublets; dt, doublet of
triplets; td, triplet of doublets.

Infra-Red spectra were recorded on an ATR-IR spectrometer.
Melting points were determined on a Gallenkamp Melting point apparatus.

The mass spectra were recorded by either gas-phase chromatography (GCMS) or
liquid-phase chromatography (LCMS), using various ionisation techniques, as
stated for each compound: atmospheric pressure chemical ionisation (APCI),
electron ionisation (EIl), electrospray ionisation (ESI). GCMS data were recorded
using an Agilent Technologies 7890A GC system coupled to a 5975C inert XL EIVCI
MSD detector. Separation was performed using the DB5MS-UI column (30 m x 0.25
mm x 0.25 ym) at a temperature of 320 °C, using helium as the carrier gas. LCMS
data were recorded using an Agilent 6130 Dual source mass spectrometer with
Agilent 1200, Agilent Poroshell 120 EC-C18 4.6mm Xx 75mm x 2.7um column.

High-resolution mass spectrometry (HRMS) was performed at the University of
Wales, Swansea, in the EPSRC National Mass Spectrometry Centre. Accurate
mass was obtained using atmospheric pressure chemical ionisation (APCI),
chemical ionisation (CI), electron ionisation (EIl), electrospray ionisation (ESI) or

nanospray ionisation (NSI) with a LTQ Orbitrap XL mass spectrometer.
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9.2 Experimental details for Chapter 4
9.2.1 Synthesis of additive 4.19

Synthesis of 2-chloro-N-propylacetamide 9.4.3167

H
cl CH,Cly, 0 °C, 15 min
TN N Me 22 CI/YN\/\Me
o) o)

9.4.1 9.4.2 9.4.3 99%
(2.1 eq.)

Anhydrous dichloromethane (30 mL) was added to a round-bottomed flask. Under
an argon atmosphere, at 0 °C, chloroacetyl chloride 9.4.1 (4 mL, 50 mmol) and
propylamine 9.4.2 (8.6 mL, 105 mmol, 2.1 eq.) were simultaneously added dropwise.
The reaction mixture was stirred at 0 °C for 15 min and then diluted with diethyl ether
(200 mL) and a solid precipitated. The reaction mixture was filtered and the solid
was washed with diethyl ether. The filtered solution was concentrated in vacuo and
diluted with diethyl ether (200 mL) and filtered a second time. The filtered solution
was concentrated in vacuo to give 2-chloro-N-propylacetamide 9.4.3%7 (6.72 g,
99%) as a pale yellow oil [Found: (HRMS-ESI) 136.0521. CsH11CINO* (M+H)*
requires 136.0524]; vmax(film) / cmt 3292, 3084, 2965, 2936, 2876, 1651, 1539,
1460, 1439, 1258, 1240, 1155; H-NMR (500 MHz, CDCI3)50.91 (3H, t, J=7.2 Hz,
CHs),1.50 (2 H, sx, J = 7.2 Hz, CH2), 3.18 — 3.23 (2 H, m, CH2), 4.01 (2 H, s, CH2),
6.67 (1 H, br s, NH); 13C{*H}-NMR (100 MHz, CDCI3) 5 11.4 (CHs), 22.7 (CH2), 41.6
(CH2), 42.8 (CH2), 165.9 (C).
Synthesis of 1,4-dipropylpiperazine-2,5-dione 4.64*

I?r
H NaH (60%,1.1 eq.), THF, 0°C - RT, 3.5 h o N
~ o,1. s ) - , 3. T
oY Me
(e] N (6]
Pr

9.4.3 4.6 54%

2-Chloro-N-propylacetamide 9.4.3 (6.78 g, 50 mmol) and anhydrous tetrahydrofuran
(30 mL) were added to a flame-dried round-bottomed flask. At 0 °C, a suspension of
sodium hydride (60% in mineral oil, 2.20 g, 55 mmol, 1.1 eq.) in anhydrous
tetrahydrofuran (20 mL) was added dropwise via cannula and the reaction mixture
was stirred at RT for 3.5 h. The reaction mixture was quenched by dropwise addition
of water and diluted with diethyl ether (150 mL). The organic phase was dried over
Na2SO0s, filtered and concentrated in vacuo. The crude material was purified by
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column chromatography (0 - 100% ethyl acetate in hexane) to give 14-
dipropylpiperazine-2,5-dione 4.6%! (2.66 g, 54%) as pale yellow crystals m.p. 54 —
59 °C (lit*1 40 — 42 °C); [Found: (HRMS-ESI) 199.1438. CioH19N202* (M+H)*
requires 199.1438]; vmax(film) / cm™t 2964, 2932, 2872, 1647, 1483, 1335, 1308,
1277, 1204, 1055; *H-NMR (500 MHz, CDCI3) 5 0.92 —0.95 (6 H, m, 2 x CH3), 1.59
(4 H, sx, J =75 Hz, 2 x CH2), 3.37 (4 H, m, 2 x CH2), 3.96 (4 H, s, CH2); 13C{1H}-
NMR (125 MHz, CDCIs)d 11.2 (2 x CHs), 20.0 (2 x CH2), 47.7 (2 x CHz2), 50.0 (2 x
CHz2), 163.6 (2 x C).
Synthesis of cis-4-hydroxybut-2-en-1-yl pivalate 9.4.5168

1
/\/(OH . )OL NaH (60%, 1 eq.), THF, 0 °C - RT, O/N /\/(OTBU
cl” “Bu
HO N Ho N~ ©

4.38 9.4.4 9.4.599%
(1eq.)

Sodium hydride (60% in mineral oil, 1.1 g, 27.4 mmol, 1.0 eq.) and anhydrous
tetrahydrofuran (120 mL) were added to a flame-dried round-bottomed flask. Under
an argon atmosphere, at 0 °C, cis-2-butene-1,4-diol 4.38 (2.3 mL, 27.4 mmol) was
added slowly and the reaction mixture was stirred at 0 °C for 10 min, then at RT for
45 min. Trimethylacetyl chloride 9.4.4 (3.4 mL, 27.4 mmol, 1.0 eq.) was added
dropwise via syringe pump over a period of 30 min and the reaction mixture was
stired at RT overnight and then quenched with saturated agueous ammonium
chloride solution (100 mL) and extracted with ethyl acetate (3 x 100 mL). The organic
phases were combined, washed with brine, dried over Na2SOs, filtered and
concentrated in vacuo. The crude material was purified by column chromatography
(0 —20% ethyl acetate in hexane) to give cis-4-hydroxybut-2-en-1-yl pivalate 9.4.5168
(4.70 g, 99%) as a pale yellow oil [Found: (HRMS-ESI) 173.1169. CoH1703* (M+H)*
requires 173.1172]; vmax(film) / cmt 3412, 2972, 2872, 1726, 1479, 1280, 1146,
1030, 983, 939, 858, 772; 'H-NMR (400 MHz, CDCI3) 5 1.19 (9 H, s, 3 x CHs), 4.26
(2H,d,J=6.4Hz CH2),467 (2H,d,J=7.2Hz, CH2),5.61 (1 H,dt,J=11.2,7.2
Hz, cis-CH), 5.85 (1 H, dt, J=11.2, 6.4 Hz, cis-CH); 23C{tH}-NMR (125 MHz, CDCls)
0 27.3 (3 x CHg), 38.9 (C), 58.6 (CH2), 60.2 (CH2), 126.0 (CH), 133.3 (CH), 178.9
(C).
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Synthesis of cis-4-(3,6-dioxo-1,4-dipro pylpiperazin-2-yl)but-2-en-1-y| pivalate

417
pr 0._Bu
O<_N
T4 °
PBr, (0.4 eq.), Et,0 . N0 pr
“eq.). o._'Bu
/\/(OTtBu 0°C - RT, O/N /\/( T Pr 4.6 OTN Pz
A o -
Ho N © Br KHMDS (1.1 eq.), THF N"So

-78°C - RT, OIN Pr

9.4.5 4.16 96% 417 53%

Cis-4-hydroxybut-2-en-1-yl pivalate 9.4.5 (3.05 g, 17.7 mmol) and anhydrous diethyl
ether (10 mL) were added to a round-bottomed flask. Under an argon atmosphere,
at0°C, PBr3 (0. 7 mL, 7.1 mmol, 0.4 eq.) was added slowly and the reaction mixture
was stirred at 0 °C for 45 min, then at RT overnight. The reaction mixture was
guenched with water (20 mL) and extracted with diethyl ether (3 x 20 mL). The
organic phases were combined, dried over Na2SOs, filtered and concentrated in
vacuo to give cis-4-bromobut-2-en-1-yl pivalate 4.16 (4.01 g, 96%) as a colourless
oil [Found: (HRMS-APCI) 235.0330. CoH16°BrO2* (M+H)* requires 235.0334];
vimax(film) / cm™1 2972, 1724, 1479, 1396, 1279, 1140, 1032, 966, 939, 769, 725; 1H-
NMR (400 MHz, CDCI3)51.21 (9 H, s, 3 x CH3),4.03 (2 H, d, J = 8.4 Hz, CH2), 4.68
(2H,d,J=6.8Hz, CH2),5.68 (1 H,dt J=10.8, 6.8 Hz, cis-CH),5.93 (1 H, dt, J =
10.8, 8.4 Hz, cis-CH); 13C{*H}-NMR (125 MHz, CDCl3) 8 26.0 (CH2), 27.3 (3 x CHs3),
38.9 (C), 59.3 (CH2), 128.6 (CH), 129.8 (CH), 178.4 (C); m/z (APCI) 237.0310
[((M+H)*, &Br, 98%], 235.0330 [(M+H)*, "°Br, 100].

1,4-Dipropylpiperazine-2,5-dione 4.6 (2,57 g, 13.0 mmol) and anhydrous
tetrahydrofuran (110 mL) were added to a flame-dried round-bottomed flask. Under
an argon atmosphere, at -10 °C, a solution of KHMDS (2.91 g, 14.5 mmol, 1.1 eq.)
in anhydrous tetrahydrofuran (40 mL) was added slowly and the reaction mixture
was stirred at -10 °C for 20 min, then at RT for 15 min. At -78 °C, cis-4-bromobut-2-
en-1-yl pivalate 4.16 (3.67 g, 15.6 mmol, 1.2 eq.) was added slowly and the reaction
mixture was stirred at -78 °C for 30 min, then at RT overnight. The reaction mixture
was guenched with saturated aqueous ammonium chloride solution (a few drops)
and the crude mixture was concentrated in vacuo. The crude mixture was diluted
with saturated aqueous ammonium chloride solution (50 mL) and extracted with ethyl

acetate (3 x 60 mL). The organic phases were combined, washed with brine, dried
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over Na2SO4, filtered and concentrated invacuo. The crude material was purified by
column chromatography (0 - 20% ethyl acetate in hexane) to give cis-4-(3,6-dioxo-
1,4-dipropylpiperazin-2-yl)but-2-en-1-yl pivalate 4.17 (2.40 g, 53%) as a yellow oil
[Found: (HRMS-ESI) 375.2252. Ci19H32N20sNa* (M+Na)* requires 375.2254];
vmax(film) / cmt 2965, 2874, 1724, 1655, 1464, 1329, 1148, 1065, 1032, 953; 'H-
NMR (400 MHz, CDClI3); 5 0.91 (6 H, t, J=7.6 Hz, 2 x CH3), 1.18 (9 H, s, 3 x CH?3),
1.50 - 1.67 (4 H, m, 2 x CH2), 2.65 (1 H, dt, J = 14.8, 7.2 Hz, CH?2), 2.77 — 2.84 (2 H,
m, 2 x CH2),3.15-3.22 (1 H, m, CH2),3.47 -=352 (1 H, m,CH2),3.78 (1 H,d, J =
17.6 Hz, CH2), 3.89 — 4.09 (3 H, m, CH2and CH), 456 (2 H, d, J = 7.2 Hz, CH2),
5.58 (1 H, dt, J = 11.2, 7.6 Hz, cis-CH), 5.70 (1 H, dt, J = 11.2, 6.8 Hz, cis-CH);
BC{'H}-NMR (125 MHz, CDCI3) d 11.3 (CHs), 11.4 (CHs), 20.1 (CH2), 20.6 (CH2),
27.3 (3 x CH3), 30.4 (CH2), 38.9 (C), 46.2 (CH2), 48.0 (CHz2), 50.0 (CH2), 59.8 (CH2),
60.1 (CH), 126.8 (CH), 129.3 (CH), 164.2 (C), 165.9 (C), 178.4 (C).

Synthesis of cis-3-(4-hydroxybut-2-en-1-yl)-1,4-dipropylpiperazine-2,5-dione

OYtBu
OH
Pr © I?r
l K,CO3 (1.7 eq.), MeOH, 0 °C - RT, 5 h
OTNI\J 2C03 ( q.) OTN P
N o N 0]
Pr Pr
417 4.18 73%

Cis-4-(3,6-dioxo-1,4-dipropylpiperazin-2-yl)but-2-en-1-yl pivalate 4.17 (2.37 g, 6.7
mmol) and methanol (40 mL) were added to a round-bottomed flask. Under an argon
atmosphere, at 0 °C, K2COs3 (1.11 g, 8.0 mmol, 1.2 eq.) was added and the reaction
mixture was stirred at RT for 3 h. The reaction was incomplete by TLC analysis. At
0°C, K2COs3 (463 mg, 3.35 mmol, 0.5 eq.) was added and the reaction mixture was
stirred at RT for 2 h. The reaction mixture was quenched with water (a few drops)
and the crude mixture was concentrated in vacuo. The crude mixture was diluted
with water (40 mL) and extracted with dichloromethane (4 x 40 mL). The organic
phases were combined, washed with brine, dried over Na2SOas, filtered and
concentrated in vacuo. The crude material was purified by column chromatography
(0O - 100% ethyl acetate in hexane) to give cis-3-(4-hydroxybut-2-en-1-yl)-1,4-
dipropylpiperazine-2,5-dione 4.18 (1.33 g, 73%) as a pale yellow oil [Found: (HRMS-
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ESI) 291.1676. C14H24N20sNa* (M+Na)* requires 291.1679]; vmax(film) / cmt 3410,
2963, 2932, 2874, 1643, 1468, 1331, 1200, 1032, 718; H-NMR (400 MHz, CDCls)
6089 (6H,tJ=76Hz 2xCHs),152-1.63(4 H, m,2xCH2),254-2.75(2H,
m, CH2and OH), 2.75 - 2.84 (2 H, m, CH2), 3.15 - 3.22 (1 H, m, CH2), 3.40 — 3.47
(1 H, m, CH2),3.78 (1 H, d, J = 17.6 Hz, CH?2), 3.87 —3.94 (1 H, m, CH2),4.01 - 4.10
(4 H, m, 3 x CH2 and the CH), 5.46 (1 H, dt, J =10.8, 7.6 Hz, cis-CH), 5.81 (1 H, dt,
J=10.8, 6.8 Hz, cis-CH); 23*C{*H}-NMR (125 MHz, CDCI3) d 11.3 (CH3), 11.3 (CHsa),
20.0 (CH2), 20.5 (CH2), 29.9 (CH2), 46.2 (CH2), 48.0 (CH2), 49.9 (CH2), 58.1 (CH2),
60.2 (CH), 124.2 (CH), 134.6 (CH), 164.4 (C), 166.2 (C).

Synthesis of cis-3-(4-(phenylthio)but-2-en-1-yl)-1,4-dipropylpiperazine-2,5-

dione 4.19
OH Br | NaH (60%, 1.2 eq.) SPh
Pr PBrs (0.4 eq.), Et,0 Pr PhSH (1.2 eq.) pr
OTN = 0°C-RT, 1.25h OTN — THF, RT, O/N OTN =
- _—
N"So N N"So
Pr Pr Pr
4.18 9.4.6 86% 4.19 90%

Cis-3-(4-hydroxybut-2-en-1-yl)-1,4-dipropylpiperazine-2,5-dione 4.18 (1.13 g, 4.2
mmol) and anhydrous diethyl ether (2 mL) were added to a round-bottomed flask.
Under an argon atmosphere, at 0 °C, PBr3 (0.16 mL, 1.7 mmol, 0.4 eq.) was added
slowly and the reaction mixture was stirred at RT for 1 h 15 min. The reaction mixture
was quenched with water (10 mL) and extracted with diethyl ether (4 x 10 mL). The
organic phases were combined, dried over Na2SOs, filtered and concentrated in
vacuo to give cis-3-(4-bromobut-2-en-1-yl)-1,4-dipropylpiperazine-2,5-dione 9.4.6
(1.20 g, 86%) as a pale yellow oil [Found: (HRMS-ESI) 331.1018. C14H24"°BrN202*
(M+H)* requires 331.1016]; vmex(film) / cmt 2963, 2932, 2874, 1655, 1466, 1327,
1202, 1155, 1063, 893, 743; 'H-NMR (400 MHz, CDCIs)50.92 (6 H, t, J=7.6 Hz, 2
X CH3), 1.54 — 1.66 (4 H, m, 2 x CH2), 2.63 (1 H, dt, J = 14.4, 7.2 Hz, CH2), 2.79 —
2.86 (2 H, m, 2 x CH2), 3.20-3.28 (1 H, m, CH2), 3.41 —3.49 (1 H, m, CH2), 3.80 (1
H,d,J=17.2Hz, CH2),3.85-3.98 (3H, m, 3x CH2),4.02 —4.08 (2 H, m, CH2 and
CH),5.55 (1 H, dt, J=10.8, 7.6 Hz, cis-CH),5.92 (1 H, dt, J =10.8, 8.4 Hz, cis-CH);
BC{*H}-NMR (125 MHz, CDClz) 8 11.3 (CHs), 11.4 (CHs), 20.1 (CH2), 20.6 (CH2),
25.9 (CH2), 29.7 (CH2), 46.3 (CH2), 48.1 (CH2), 50.0 (CH2), 60.0 (CH), 127.3 (CH),
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130.5 (CH), 164.1 (C), 165.7 (C); m/z (ESI) 333.0997 [(M+H)*, 81Br, 98%)], 331.1018
[(M+H)*, 79Br, 100].

Sodium hydride (60% in mineral oil, 167 mg, 4.2 mmol, 1.2 eq.) and anhydrous
tetrahydrofuran (40 mL) were added to a flame-dried round-bottomed flask. Under
an argon atmosphere, at 0 °C, thiophenol (0.39 mL, 3.8 mmol, 1.1 eq.) was added
slowly and the reaction mixture was stirred at RT for 1 h. A solution of cis-3-(4-
bromobut-2-en-1-yl)-1,4-dipropylpiperazine-2,5-dione 9.4.6 (1.15 g, 3.5 mmol) in
anhydrous tetrahydrofuran (40 mL) was added dropwise and the reaction mixture
was stirred at RT overnight. The reaction mixture was quenched with water (a few
drops) and the crude mixture was concentrated in vacuo. The crude mixture was
diluted with water (30 mL) and extracted with ethyl acetate (4 x 30 mL). The organic
phases were combined, washed with brine, dried over Na2SOas, filtered and
concentrated in vacuo. The crude material was purified by column chromatography
(0O - 50% ethyl acetate in hexane) to give cis-3-(4-(phenylthio)but-2-en-1-yl)-1,4-
dipropylpiperazine-2,5-dione 4.19 (1.12 g, 90%) as a pale yellow oil [Found: (HRMS-
NSI) 361.1945. C20H20N202S* (M+H)* requires 361.1944]; vmax(film) / cm't 2963,
2932, 2872, 2361, 1655, 1468, 1437, 1327, 1271, 1120, 1065, 893, 739; 1H-NMR
(400 MHz, CDCI3) 6 0.88 —0.92 (6 H, m, 2 x CH3), 1.52 — 1.60 (4 H, m, 2 x CH2),
242 (1 H, dt,J=14.4,8.0 Hz, CH2),2.59 —2.62 (1 H, m, CH2),2.73-2.76 (1 H, m,
CH2),3.18 =3.21 (1 H, m, CH2),3.41 -3.56 (3H, m, 3xCHz2),3.75 (L H,d, J=17.2
Hz, CH2),3.86 —3.89 (L H, m, CH2), 3.95 (1 H,t,J =4.8 Hz, CH),4.02(1 H, d, J =
17.2 Hz, CH2), 5.47 (1 H, dt, J = 10.8, 8.4 Hz, cis-CH), 5.72 (1 H, dt, J = 10.8, 8.0
Hz, cis-CH), 7.23 (1 H,t, J=7.2 Hz, ArH), 7.26 — 7.30 (2 H, m, ArH), 7.35 (2 H, d, J
= 7.2 Hz, ArH); 3C{*H}-NMR (125 MHz, CDCIs)d 11.3 (CHs), 11.4 (CHzs), 20.1 (CH2),
20.6 (CH2), 29.8 (CH2), 31.5 (CHz2), 46.3 (CHz), 48.0 (CH2), 50.0 (CH2), 60.2 (CH),
125.3 (CH), 126.9 (CH), 129.1 (CH), 130.1 (CH), 130.9 (CH), 135.7 (C), 164.2 (C),
165.9 (C); HSQC H/A3C & (0.88 — 0.92)/11.3, (0.88 —0.92)/11.4, (1.52 — 1.60)/20.1,
(1.52 — 1.60)/20.6, 2.42/29.8, (2.59 — 2.62)/29.8, (2.73 — 2.76)/46.3, (3.18 —
3.21)/48.0, (3.41 — 3.56)/31.5, (3.41 - 3.56)/31.5, (3.41 —3.56)/48.0, 3.75/50.0, (3.86
— 3.89)/46.3, 3.95/60.2, 4.02/50.0, 5.47/125.3, 5.72/130.1, 7.23/126.9, (7.26 —
7.30)/129.1, 7.35/130.9.
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9.2.2 Reduction of diiodoethane using the additive 4.19 (Table 4.1)

Table 4.1, entry 1

SPh "N
ﬁ’r 4.29 (1 eq.) Pr
|
Ox-N Z KO'Bu (2 eq.) <ph O<_N _~__SPh
—_— -
TN o benzene PhS + T I\/\/
\ 130°C, 3 h, dark N" 0
Pr Pr
4.19 4.30 18% 4.32<27%

Cis-3-(4-(phenyithio)but-2-en-1-yI)-1,4-dipropylpiperazine-2,5-dione 4.19 (72 mg,
0.2 mmol) and 1,2-diiodoethane (56 mg, 0.2 mmol, 1.0 eq.) were added to an oven-
dried pressure tube. In the glove box, KO'Bu (45 mg, 0.4 mmol, 2.0 eq.) and
anhydrous benzene (2 mL) were added and the reaction mixture was stirred at 130
°C for 3 h in the dark. The reaction mixture was cooled to RT, quenched with water
(6 mL) and extracted with diethyl ether (3 x 10 mL). The organic phases were
combined, dried over Na2SOs, filtered and concentrated in vacuo. The crude material
was purified by column chromatography (0 - 50% ethyl acetate in hexane) to give
diphenyl disulfide 4.3016% (4 mg, 18%) as white crystals m.p. 54 — 56 °C (lit:17° 57
°C); [Found: (GCMS-EI) Ci12H10S2 (M)** 218.0]; vmax(film) / cm1 1574, 1474, 1437,
1070, 1020, 995, 733; 1H-NMR (400 MHz, CDClI3) 6 7.21 — 7.25 (2 H, m, ArH), 7.28
—7.33 (4 H, m, ArH), 7.48 — 7.51 (4 H, m, ArH); C{*H}-NMR (100 MHz, CDCls) &
127.3 (2 x CH), 127.7 (4 x CH), 129.2 (4 x CH), 137.2 (2 x C) and impure (E)-3-(4-
(phenylthio)but-2-en-1-yl)-1,4-dipropylpiperazine-2,5-dione 4.32 (40.5 mg) as a
brown oil. The product (E)-3-(4-(phenyithio)but-2-en-1-yl)-1,4-dipropylpiperazine-
2,5-dione 4.32 is present with an unidentified product (ratio 1 : 1), giving (E)-3-(4-
(phenyithio)but-2-en-1-yl)-1,4-dipropylpiperazine-2,5-dione 4.32 (< 27%) based on
IH-NMR (Section 9.2.2 on page 188).

Table 4.1, entry 2

SPh l/\/l
ﬁ’r 4.29 (3 eq.) Pr
|
Ox-N % KO'Bu (2 eq.) - Os_N _~__SPh
—T -
TN ] - s + T I\/\/
\ 130°C, 3 h, dark No
Pr Pr
419 4.30 17% 4.32 13%

Cis-3-(4-(phenylthio)but-2-en-1-yI)-1,4-dipropylpiperazine-2,5-dione 4.19 (72 mg,
0.2 mmol) and 1,2-diiodoethane (169 mg, 0.6 mmol, 3.0 eq.) were added to an oven-
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dried pressure tube. In the glove box, KO'Bu (45 mg, 0.4 mmol, 2.0 eq.) and
anhydrous benzene (2 mL) were added and the reaction mixture was stirred at 130
°C for 3 h in the dark. The reaction mixture was cooled to RT, quenched with water
(6 mL) and extracted with diethyl ether (3 x 10 mL). The organic phases were
combined, dried over Na2SOa, filtered and concentrated in vacuo. The yield of
diphenyl disulfide 4.3016° (17%) was determined by adding 1,3,5-trimethoxybenze ne
to the crude mixture as an internal standard for 1H-NMR. The product was identified
by the following characteristic signals; *H-NMR (400 MHz, CDClIs) & 7.48 — 7.50 (4
H, m) for diphenyl disulfide 4.30. These signals are consistent with the literature
values and reference samples (Section 9.2.2, Table 4.1, entry 1 on page 187). The
crude material was purified by column chromatography (0 - 100% ethyl acetate in
hexane) to give (E)-3-(4-(phenylthio)but-2-en-1-yl)-1,4-dipropylpiperazine-2,5-dione
4.32 (9.6 mg, 13%) as a yellow oil [Found: (HRMS-APCI) 361.1950. C20H29N202S*
(M+H)* requires 361.1951]; vmax(film) / cmt 2961, 2930, 2872, 1655, 1466, 1437,
1331, 1200, 1059, 970, 739; 'H-NMR (400 MHz, CDCIs)50.89 (6 H, t, J=7.2 Hz, 2
X CH3), 1.48 —1.65 (4 H, m, 2 x CH2), 2.54 (1 H, dt, J = 13.2, 6.0 Hz, CH2), 2.61 —
2.65 (1 H, m, CH2),2.73-2.76 (1L H, m, CH2), 3.12-3.17 (1 H, m, CH2), 3.41 - 3.51
(3H, m, CH2),3.70 (1 H, d, J = 17.2 Hz, CH2), 3.81 - 3.87 (1 H, m, CH2),3.93 - 4.00
(2 H, m, CHand CH2),5.50 (1 H, dt, J = 15.2, 7.2 Hz, trans-CH), 5.67 (1 H, dt, J =
15.2, 6.8 Hz, trans-CH), 7.16 —7.20 (1 H, m, ArH), 7.25 — 7.36 (4 H, m, ArH); 3C{tH}-
NMR (100 MHz, CDCI3)& 11.3 (CHs), 11.4 (CHs), 20.1 (CHz), 20.6 (CH2), 35.2 (CH2),
36.0 (CH2), 46.3 (CHz2), 47.9 (CHz2), 50.0 (CHz2), 60.5 (CH), 126.1 (CH), 126.4 (CH),
129.1 (2 x CH), 129.6 (2 x CH), 131.2 (CH), 135.9 (C), 164.3 (C), 165.9 (C); HSQC
(*H/*3C) & 0.89/11.3, 0.89/11.4, (1.48 — 1.65)/20.1, (1.48 — 1.65)/20.6, 2.54/35.2,
(2.61 — 2.65)/36.0, (2.73- 2.76)/46.3, 3.14/47.9, (3.41 - 3.51)/36.0, (3.41 -
3.51)/47.9, 3.70/50.0, 3.83/46.3, (3.93 — 4.00)/50.0, (3.93 — 4.00)/60.5, 5.50/126.1,
5.67/131.2, (7.16 — 7.20)/126.4, (7.25 — 7.36)/129.1, (7.25 — 7.36)/129.6.
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Table 4.1, entry 3

SPh | :

I?r 4.29 (2 eq.) Pr
|
OTN = KO'Bu (1.4 eq.) sph 0<__N _~__SPh
—_—
— s ) T I\/\/
w 130°C, 3 h, dark N0
Pr Pr

4.19 4.30 14% 4.32 28%
Cis-3-(4-(phenylthio)but-2-en-1-yI)-1,4-dipropylpiperazine-2,5-dione 4.19 (56 mg,
0.15 mmol) and 1,2-diiodoethane (85 mg, 0.3 mmol, 2.0 eq.) were added to an oven-
dried pressure tube. In the glove box, KO'Bu (25 mg, 0.2 mmol, 1.4 eq.) and
anhydrous benzene (2 mL) were added and the reaction mixture was stirred at 130
°C for 3 h in the dark. The reaction mixture was cooled to RT, quenched with water
(10 mL) and extracted with diethyl ether (3 x 10 mL). The organic phases were
combined, dried over Na2SOs, filtered and concentrated in vacuo. The yield of
diphenyl disulfide 4.301%° (14%) was determined by adding 1,3,5-trimethoxybenze ne
to the crude mixture as an internal standard for 1H-NMR. The product was identified
by the following characteristic signals; 'H-NMR (400 MHz, CDCI3) 3 7.48 — 7.50 (4
H, m) for diphenyl disulfide 4.30. These signals are consistent with the literature
values and reference samples (Section 9.2.2, Table 4.1, entry 1 on page 187). The
crude material was purified by column chromatography (0 - 50% ethyl acetate in
hexane) to yield (E)-3-(4-(phenylthio)but-2-en-1-yl)-1,4-dipropylpiperazine-2,5-dione
4.32 (20.1 mg, 28%) as a yellow oil (Section 9.2.2 on page 188).

Table 4.1, entry 4

o SPh SPh
|
O N Z KOBuU (2 eq.) sPh
%[ benzene Phs” N o
N- o 130 °C, 3 h, dark AN
Pr fo) Pr
419 4.30 2% 431 1%

Cis-3-(4-(phenylthio)but-2-en-1-yI)-1,4-dipropylpiperazine-2,5-dione 4.19 (72 mg,
0.2 mmol) was added to an oven-dried pressure tube. In the glove box, KO'Bu (45
mg, 0.4 mmol, 2.0 eq.) and anhydrous benzene (2 mL) were added and the reaction
mixture was stirred at 130 °C for 3 h in the dark. The reaction mixture was cooled to
RT, quenched with water (10 mL) and extracted with diethyl ether (3 x 10 mL). The

organic phases were combined, dried over Na2SOs, filtered and concentrated in
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vacuo. The yields of diphenyl disulfide 4.30%° (2%) and 7-(2-(phenylthio)ethyl)-2,5-
dipropyl-2,5-diazabicyclo[2.2.2]octane-3,6-dione 4.31 (11%) were determined by
adding 1,3,5-trimethoxybenzene to the crude mixture as an internal standard for *H-
NMR. The products were identified by the following characteristic signals; *H-NMR
(400 MHz, CDClz) 6 7.48 — 7.50 (4 H, m, ArH) for diphenyl disulfide 4.30; & 3.87 (1
H,d,J=4.0Hz CH),401 (1 H,s,CH),7.19-7.23 (1 H, m, ArH), 7.28 — 7.36 (4 H,
m, ArH) for 7-(2-(phenyithio)ethyl)-2,5-dipropyl-2,5-diazabicyclo[2.2.2]octane-3,6-
dione 4.31. These signals are consistent with the literature values and reference
samples (4.30: Section 9.2.2, Table 4.1, entry 1 on page 187; 4.31: Section 9.2.5,
Table 4.3, entry 3 on page 196).

9.2.3 Synthesis of cis-(4-methoxybut-2-en-1-yl)(phenyl)sulfane 4.41 (Table
4.2)

Synthesis of cis-4-methoxybut-2-en-1-ol 4.3917%
/\/(OH 1.NaH (1 eq.), THF OMe
HO N 2. CHyl (1 eq.), RT, ON HOJ
4.38 4.39 86%

Sodium hydride (60% in mineral oil, 1.0 g, 25 mmol, 1.0 eq.) and anhydrous

tetrahydrofuran (20 mL) were added to a flame-dried round-bottomed flask. Under
an argon atmosphere, at 0 °C, cis-2-butene-1,4-diol 4.38 (6.2 mL, 75 mmol) was
added slowly and the reaction mixture was stirred at 0 °C for 15 min, then at RT for
1 h. Methyl iodide (1.6 mL, 25 mmol, 1.0 eq.) was added dropwise and the reaction
mixture was stirred at RT overnight and then quenched with saturated aqueous
ammonium chloride solution (100 mL) and concentrated in vacuo. The crude mixture
was diluted with saturated aqueous ammonium chloride solution (20 mL) extracted
with ethyl acetate (4 x 20 mL). The organic phases were combined, dried over
Na2SO0s, filtered and concentrated in vacuo. The crude material was purified by
column chromatography (0 — 100% ethyl acetate in hexane) to give cis-4-
methoxybut-2-en-1-ol 4.39171 (2.20 g, 86%) as a yellow oil [Found: (GCMS-EI)
CsHoOz" (M-H)- 100.7]; vmax(film) / cm? 3364, 2873, 2817, 1450, 1411, 1190, 1084,
1024, 985, 948; 'H-NMR (400 MHz, CDCI3)d 1.90 (1 H, t, J = 6.0 Hz, OH), 3.35 (3
H, s, CH3), 4.01 (2 H, d, J=6.0 Hz, CH2),4.21 (2 H, t, J = 6.0 Hz, CH2),5.70 (1 H,

dtt, J = 11.2, 6.4, 1.2 Hz, cis-CH), 5.83 (1 H, dtt, J = 11.2, 6.4, 1.2 Hz, cis-CH);
190



Chapter 9. Experimental details

BC{IH}-NMR (100 MHz, CDCls) & 58.3 (CHs), 56.0 (CH2), 68.3 (CH2), 128.5 (CH),
132.4 (CH).

Synthesis of cis-(4-methoxybut-2-en-1-yl)(phenyl)sulfane 4.41

OMe 1. NaH (1.2 eq.), THF
J PBr; (0.4 eq.)
e
HO

2. HSPh (1.2 eq.), 0 °C - RT, O/N A/(
Et,0, 0 °C - RT, Phs™ N

4.39 O/N 4.41 23%

OMe

Br/\/(

4.40 86%

Cis-4-methoxybut-2-en-1-ol 4.39 (2.0 g, 19.6 mmol) and anhydrous diethyl ether (10

OMe

mL) were added to a round-bottomed flask. Under an argon atmosphere, at 0 °C,
PBr3 (0.73 mL, 7.8 mmol, 0.4 eq.) was added slowly and the reaction mixture was
stirred at RT overnight. The reaction mixture was quenched with water (10 mL) and
extracted with diethyl ether (4 x 10 mL). The organic phases were combined, dried
over Na2S04, filtered and concentrated in vacuo to give cis-1-bromo-4-methoxybut-
2-ene 440 (2.77 g, 86%) as an orange oil [Found: (HRMS-APCI) 162.9756.
CsHsBrO- (M-H) requires 162.9759]; vmax(film) / cm1 2923, 2814, 1450, 1207, 1099,
959, 911, 736; 'H-NMR (400 MHz, CDCl3) 5 3.36 (3 H, s, CHs),4.01 (2H, d,J =84
Hz, CH2),4.06 (2 H, d,J=6.4 Hz, CH2),5.70 (1 H, dt, J =10.8, 6.4 Hz, cis-CH),5.89
(1 H, dtt, J =10.8, 8.4, 1.6 Hz, cis-CH); 3C{*H}-NMR (100 MHz, CDCIl3) 5 26.5 (CH2),
58.5 (CH3), 67.6 (CH2), 128.5 (CH), 131.3 (CH); m/z (APCI) 164.9741 [(M-H)", &Br,
100%], 162.9756 [(M-H)-, "°Br, 87].

Sodium hydride (60% in mineral oil, 728 mg, 18.2 mmol, 1.2 eq.) and anhydrous
tetrahydrofuran (20 mL) were added to a flame-dried round-bottomed flask. Under
an argon atmosphere, at 0 °C, thiophenol (1.87 mL, 18.2 mmol, 1.2 eq.) was added
slowly and the reaction mixture was stirred at RT for 1 h. A solution of cis-1-bromo-
4-methoxybut-2-ene 4.40 (1.15 g, 3.5 mmol) in anhydrous tetrahydrofuran (5 mL)
was added dropwise and the reaction mixture was stirred at RT overnight. The
reaction mixture was quenched with water (a few drops) and the crude mixture was
concentrated in vacuo. The crude mixture was diluted with water (30 mL) and
extracted with ethyl acetate (4 x 30 mL). The organic phases were combined,
washed with brine, dried over Na2S0Os, filtered and concentrated in vacuo. The crude
material was purified by column chromatography (0 - 5% ethyl acetate in hexane) to

give cis-(4-methoxybut-2-en-1-yl)(phenyl)sulfane 4.41 (682.5 g, 23%) as a pale
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yellow oil [Found: (HRMS-APCI) 193.0687. C11H130S" (M-H) requires 193.0683];
vmax(film) / cm™1 2920, 2812, 1582, 1480, 1439, 1192, 1103, 1026, 738, 692; 1H-NMR
(400 MHz, CDCI3) 8 3.26 (3 H, s, CH3),3.58 (2 H,d, J =7.2 Hz, CH2), 3.85 (2 H, d,
J=6.4 Hz, CH2),5.60 —5.74 (2 H, m, 2 x cis-CH), 7.19 — 7.23 (1 H, m, ArH), 7.26 —
7.31 (2 H, m, ArH), 7.36 — 7.39 (2 H, m, ArH); 13C{H}-NMR (100 MHz, CDCl3) 531.9
(CH2), 58.2 (CHs3), 68.8 (CH2), 126.8 (CH), 128.2 (CH), 129.0 (2 x CH), 129.5 (CH),
130.8 (2 x CH), 135.8 (C).

9.2.4 Reactions of cis-(4-methoxybut-2-en-1-yl)(phenyl)sulfane 4.41 (Table
4.2)

Table 4.2, entry 1

OMe  KO™Bu (1 eq.), benzene, 130 °C, 3 h
/\/( unidentified products
Phs™ N

4.41

Cis-(4-methoxybut-2-en-1-yl)(phenyl)sulfane 4.41 (97 mg, 0.5 mmol) was added to

an oven-dried pressure tube. In the glove box, KO'Bu (56 mg, 0.5 mmol, 1.0 eq.) and
anhydrous benzene (5 mL) were added and the reaction mixture was stirred at 130
°C for 3 h in the dark. The reaction mixture was cooled to RT, quenched with
aqueous hydrochloric acid (1 M, 10 mL) and extracted with dichloromethane (3 x 10
mL). The organic phases were combined, dried over Na2SOs, filtered and
concentrated in vacuo. Analysis of the TH-NMR did not identify diphenyl disulfide.

(Other products formed in the reaction but could not be identified).

Table 4.2, entry 2

Pr
|
OMe OxN KO'Bu (2 eq.), benzene, 130 °C, 3 h
/\/( * PhS/SPh +  unidentified products
> N o
PhS ‘
Pr

4.41 4.6 4.30 6%
(1eq.)

Cis-(4-methoxybut-2-en-1-yl)(phenyl)sulfane 4.41 (97 mg, 0.5 mmol) and 1,4-
dipropylpiperazine-2,5-dione 4.6 (99 mg, 0.5 mmol, 1.0 eq.) were added to an oven-
dried pressure tube. In the glove box, KO'Bu (112 mg, 1.0 mmol, 2.0 eq.) and
anhydrous benzene (5 mL) were added and the reaction mixture was stirred at 130

°C for 3 h in the dark. The reaction mixture was cooled to RT, quenched with
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agqueous hydrochloric acid (1 M, 10 mL) and extracted with dichloromethane (3 x 10
mL). The organic phases were combined, dried over Na2SOs, filtered and
concentrated in vacuo. The yield of diphenyl disulfide 4.30° (6%) was determined
by adding 1,3,5-trimethoxybenzene to the crude mixture as an internal standard for
1H-NMR. The product was identified by the following characteristic signals; 1H-NMR
(400 MHz, CDCIs3) 6 7.48 — 7.50 (4 H, m) for diphenyl disulfide 4.30. These signals
are consistent with the literature values and reference samples (Section 9.2.2, Table
4.1, entry 1 on page 187). (Other products formed in the reaction but could not be
identified).

Table 4.2, entry 3

OMe o] KO'Bu (2 eq.), benzene, 130 °C, 3 h

+ _SPh i ifi
/\J Me)LtBu PhS + unidentified products
PhS

4.41 4.42 (1eq.) 4.30 4%
Cis-(4-methoxybut-2-en-1-yl)(phenyl)sulfane 4.41 (97 mg, 0.5 mmol) and pinacolone

4.42 (0.04 mL, 0.5 mmol, 1.0 eq.) were added to an oven-dried pressure tube. In the

glove box, KO'Bu (112 mg, 1.0 mmol, 2.0 eq.) and anhydrous benzene (5 mL) were
added and the reaction mixture was stirred at 130 °C for 3 hiin the dark. The reaction
mixture was cooled to RT, quenched with aqueous hydrochloric acid (1 M, 10 mL)
and extracted with dichloromethane (3 x 10 mL). The organic phases were
combined, dried over Na2SOs, filtered and concentrated in vacuo. The yield of
diphenyl disulfide 4.301%° (4%) was determined by adding 1,3,5-trimethoxybenze ne
to the crude mixture as an internal standard for 1H-NMR. The product was identified
by the following characteristic signals; 'H-NMR (400 MHz, CDCIs) 5 7.48 — 7.50 (4
H, m) for diphenyl disulfide 4.30. These signals are consistent with the literature
values and reference samples (Section9.2.2, Table 4.1, entry 1 on page 187). (Other

products formed in the reaction but could not be identified).

Table 4.2, entry 4

OMe . | _benzene, 130 °C,3h SPh
&/( 1~ Phs”
PhS

4.41 4.29 (1eq) 4.30 19%

Cis-(4-methoxybut-2-en-1-yl)(phenyl)sulfane 4.41 (97 mg, 0.5 mmol) and 1,2-

diiodethane (0.07 mL, 0.5 mmol, 1.0 eq.) were added to an oven-dried pressure tube.
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In the glove box, anhydrous benzene (5 mL) was added and the reaction mixture
was stirred at 130 °C for 3 h in the dark. The reaction mixture was cooled to RT,
quenched with aqueous hydrochloric acid (1 M, 10 mL) and extracted with
dichloromethane (3 x 10 mL). The organic phases were combined, dried over
Na2SO0s4, filtered and concentrated in vacuo. The yield of diphenyl disulfide 4.306°
(19%) was determined by adding 1,3,5-trimethoxybenzene to the crude mixture as
an internal standard for *H-NMR. The product was identified by the following
characteristic signals; *H-NMR (400 MHz, CDCI3) 6 7.48 — 7.50 (4 H, m) for diphenyl
disulfide 4.30. These signals are consistent with the literature values and reference

samples (Section 9.2.2, Table 4.1, entry 1 on page 187).

9.2.5 Reactions of iodo-m-xylene 4.43 with 4.19 (Table 4.3)

Table 4.3, entry 1

| KO'BuU (2 eq.), benzene (5 mL)

|
Me\©/Me 130 °C, 18 h, dark Me\@Me

4.43 4.43 98%

lodo-m-xylene 4.43 (0.07 mL, 0.5 mmol) was added to an oven-dried pressure tube.
In the glove box, KO'Bu (112 mg, 1.0 mmol, 2.0 eq.) and anhydrous benzene (5 mL)
were added and the reaction was stirred at 130 °C for 18 h in the dark. The reaction
mixture was cooled to RT, quenched with water (10 mL) and extracted with diethyl
ether (3 x 10 mL). The organic phases were combined, dried over Na2SOa, filtered
and concentrated in vacuo to give iodo-m-xylene 4.43 1H-NMR (400 MHz, CDCl3) 5
248 (6 H, s,2x CHgs), 7.05 (2 H, d, J =8.0 Hz, ArH), 7.13 (1 H, t, J = 8.0 Hz, ArH);
BC{*H}-NMR (100 MHz, CDCIs) & 29.9 (2 x CHs), 108.6 (2 x C), 127.1 (2 x CH),
127.7 (CH), 142.2 (C). The yield of iodo-m-xylene 4.43 (98%) was determined by
adding 1,3,5-trimethoxybenzene to the crude mixture as an internal standard for H-

NMR. These signals are consistent a commercial sample.
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Table 4.3, entry 2

KOBu (2 eq Me Me Me
T l benzene ( 5mL) \©/
130 °C, 18 h, dark

4.43 4 6 4.43 16% 4.44 6% 4.45 3% 4.5 26%
(0.2 eq.)

lodo-m-xylene 4.43 (0.07 mL, 0.5 mmol) and 1,4-dipropylpiperazine-2,5-dione 4.6
(194 mg, 0.1 mmol, 0.2 eqg.) were added to an oven-dried pressure tube. In the glove
box, KO'Bu (112 mg, 1.0 mmol, 2.0 eq.) and anhydrous benzene (5 mL) were added
and the reaction was stirred at 130 °C for 18 h in the dark. The reaction mixture was
cooled to RT, quenched with water (10 mL) and extracted with diethyl ether (3 x 10
mL). The organic phases were combined, dried over Na2SOs, filtered and
concentrated in vacuo. The vyields of iodo-m-xylene 4.43 (16%), 2,6-
dimethylbiphenyl 4.44172 (6%), xylene 4.45173 (3%) and biphenyl 4.5174 (26%) were
determined by adding 1,3,5-trimethoxybenzene to the crude mixture as an internal
standard for 'H-NMR. The products were identified by the following characteristic
signals; 'H-NMR (400 MHz, CDCI3)5 248 (6 H, s), 7.05(2H, d,J=8.0Hz), 7.11 (1
H, t, J = 8.0 Hz) for iodo-m-xylene 4.43; 6 2.03 (6 H, s), 7.14 —7.20 (5 H, m), 7.40 —
7.49 (3 H, m) (partly obscured by biphenyl peaks) for 2,6-dimethylbiphenyl 4.44; &
2.32 (6 H, s) for xylene 4.45;67.36 2 H,t,J=8.0Hz), 7.45(4 H, t,J=8.0 Hz), 7.60
(4 H, d, J = 8.0 Hz) for biphenyl 4.5. These signals are consistent with the literature
values and reference samples (4.43: Section 9.2.2, Table 4.3, entry 1 on page 194).

Table 4.3, entry 3

SPh
I?r
OTN ¥
N 0]

SPh
I 4.19 ( 02eq

Me\©/Me KOBu (2eq.) Me Me Me
_SPh
benzene ( 5mL) \©/ + PhS * PN o

130 °C, 18 h, dark N
o Pr

443 4.43 53% 4.444% 44510%  4513%  43028% (27%) 4.3120% (14%)
lodo-m-xylene 4.43 (0.07 mL, 0.5 mmol) and cis-3-(4-(phenyithio)but-2-en-1-yi)-1,4-
dipropylpiperazine-2,5-dione 4.19 (36 mg, 0.1 mmol, 0.2 eq.) were added to an oven-
dried pressure tube was added. In the glove box, KO'Bu (112 mg, 1.0 mmol, 2.0 eq.)

and anhydrous benzene (5 mL) were added and the reaction was stirred at 130 °C
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for 18 h in the dark. The reaction mixture was cooled to RT, quenched with water
(10 mL) and extracted with diethyl ether (3 x 10 mL). The organic phases were
combined, dried over Na2SO4, filtered and concentrated in vacuo. The yields of iodo-
m-xylene 4.43 (53%), 2,6-dimethylbiphenyl 4.44172 (4%), xylene 4.45173 (10%),
biphenyl 4.5174 (13%), diphenyl disulfide 4.30 (28%) and 7-(2-(phenyithio)ethyl)-2,5-
dipropyl-2,5-diazabicyclo[2.2.2]octane-3,6-dione 4.31 (20%) were determined by
adding 1,3,5-trimethoxybenzene to the crude mixture as an internal standard for H-
NMR. The products were identified by the following characteristic signals; *H-NMR
(400 MHz, CDClI3) 6 248 (6 H, s),7.05(2H,d,J=8.0Hz), 7.11 (1 H, t, J =8.0 H2)
for iodo-m-xylene 4.43; 6 2.03 (6 H, s), 7.14 — 7.20 (5 H, m), 7.40 — 7.49 (3 H, m)
(partly obscured by biphenyl peaks) for 2,6-dimethylbiphenyl 4.44; & 2.32 (6 H, s) for
xylene 4.45;67.36 (2H,t,J=8.0Hz), 745(4H, t, J=8.0Hz), 7.60 (4 H,d,J =8.0
Hz) for biphenyl 4.5;174 5 7.21 — 7.26 (2 H, m), 7.48 — 7.50 (4 H, m) for diphenyl
disulfide 4.30; 0.84 (3 H,t, J=7.2 Hz), 0.91 (3H,t,J=7.2 Hz), 1.38-1.74 (5 H,
m), 1.75-1.84 (1 H, m), 1.88 — 1.96 (1 H, m), 2.85-2.95 (3H, m), 3.87 (1 H, d, J
=4.0Hz), 401 (1 H,s), 7.19-7.23 (1 H, m) for 7-(2-(phenylthio)ethyl)-2,5-dipropyl-
2,5-diazabicyclo[2.2.2]octane-3,6-dione 4.31. These signals are consistent with the
literature values and reference samples (4.30: Section 9.2.2, Table 4.1, entry 1 on
page 187; 4.43: Section 9.2.5, Table 4.3, entry 1 on page 194). The crude material
was purified by column chromatography (0 - 100% ethyl acetate in hexane) to yield
both diphenyl disulfide 4.301%° (3 mg, 27%) as white crystals and 7-(2-
(phenyithio)ethyl)-2,5-dipropyl-2,5-diazabicyclo[2.2.2]octane-3,6-dione 4.31 (4.9 mg,
14%) as a brown oil [Found: (HRMS-EI) 360.1870. C20H2sN202S (M)*" requires
360.1871]; vmax(film) / cm1 2961, 2926, 2872, 1668, 1456, 1429 1290, 1258, 1120,
1070, 1024, 739; 'H-NMR (400 MHz, CDCI3)5 0.84 (3 H, t, J = 7.2 Hz, CH3), 0.91
(3H,t,J=7.2 Hz, CH3),1.38 -1.46 (1 H, m, CH2), 1.47 —1.63 (4 H, m, CH2), 1.64
—1.72 (1 H, m, CH), 1.75 - 1.84 (1 H, m, CH2), 1.88 — 1.96 (1 H, m, CHz2), 1.99 —
2.10 (1 H, m, CH2),2.85-2.95 (3H, m, 2x CH2and CH2), 3.16 —3.20 (1 H, m, CH2),
3.46-354 (2H, m, CH2),3.87 (1 H,d,J=4.0Hz CH),401 (1H,s,CH), 7.19 -
7.23 (1 H, m, ArH), 7.28 — 7.36 (4 H, m, ArH); 13C{*H}-NMR (100 MHz, CDCls)511.2
(CH3), 11.4 (CHs), 21.0 (CH2), 21.6 (CH2), 25.2 (CHz), 27.4 (CH2), 37.2 (CH2), 37.7
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(CH), 46.4 (CHz), 47.1 (CHz2), 59.9 (CH), 62.6 (CH), 126.7 (CH), 129.3 (2 x CH),
129.7 (2 x CH), 135.4 (C), 167.3 (C), 170.4 (C); HSQC (IH/3C) & 0.84/11.2,
0.91/11.4, (1.38 — 1.46)/27.4, (147 — 1.63))21.0, (1.47 — 1.63)21.6, (1.64
1.72)/37.7, (1.75 — 1.84)/25.2, (1.88 — 1.96)/27.4, (1.99 — 2.10)/25.2, (2.85
2.95)137.2, (2.85 — 2.95)/46.4, (3.16 — 3.20)/47.1, (3.46 — 3.54)/46.4, (3.46
3.54)/147.1, 3.87/59.9, 4.01/62.6, (7.19 — 7.23)/126.7, (7.28 — 7.36)/129.3, (7.28 —

7.36)/129.7. (The yields of 4.30 and 4.31 were determined based on 0.1 mmol of
DKP as the limiting reagent).

Example yield calculation using 1,3,5-trimethoxybenzene as the internal
standard 'H-NMR of the crude mixture:

1,3,5-Trimethoxybenzene (16.8 mg, 0.10 mmol) was added to the crude mixture.
The integral for the aromatic protons (6 6.09) is set to 3 units representing 3 protons.
For the coupled product, 2,6-dimethylbiphenyl 4.44, the integral of the dimethyl

signal (& 2.03 has 6 H) was measured and the following calculation gave the yield of
coupled product:

(1.08/6) x 0.1 mmol =0.018 mmol
(0.018 mmol/0.5 mmol) x 100 = 3.6% =4%

KES55Cr.001.001.1r.esp
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2
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NMR of novel compoundsin Chapter 4
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1H-NMR and BC{H}-NMR 4.17
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IH-NMR and 3C{H}-NMR 4.18
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IH-NMR and BC{!H}-NMR 9.4.6
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1H-NMR and 3C{H}-NMR 4.19
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HSQC 4.19
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HSQC 4.32

- 100

- 110

- 120

I

- 160

I

- 170

180

- 190

- 200

i

6.0 55 5.0 a5 40 35 3.0 25 20 15 1.0 05 ppm

HMBC 4.32

P
rEoam0

LT . ‘J.nﬁ._uln_,wu_,_mn__.,/_ﬂhulk_, — _ ppm =

LI I S ®  h 6 10
Pr @ W o& ] 20

[¢] N = SPh tl,‘ a0
T ow

40
r\\l 0 "mow % é 50

a “n E 60
70
80
80
100
110
120
'%‘ o ! 4 ! : 130
. 140
' 150

M s v Y

160

170

10.0 95 8.0 85 8.0 75 7.0 65 6.0 55 5.0 4.5 4.0 35 3.0 25 2.0 15 1.0 0.5 ppm

205



Chapter 9. Experimental details

1H-NMR and 3C{H}-NMR 4.31
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1H-NMR and 3C{H}-NMR 4.40
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1H-NMR and 3C{H}-NMR 4.41
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9.3 Experimental details for Chapter 5

9.3.1 Synthesis of areference sample of 5.917°
NOz hydrochloric acid (2 M, 1 mL) NOy |, Me

0 N. AcOEt (10 mL), RT, O/N N. =
U NH, (10 mL) N e
Me Me
O,N O2N
5.6 5.1 5.9 39%
(1eq.) (1eq.)

Ethyl acetate (10 mL) and aqueous hydrochloric acid (2 M, 1 mL) were added to a
round-bottomed flask, and the reaction mixture was stirred at RT for 5 min. Acetone
5.6 (0.04 mL, 0.5 mmol) and 2,4-dinitrophenylhydrazine 5.11 (99 mg, 0.5 mmol, 1.0
eq.) were added and the reaction mixture was stirred at RT for 24 h. The reaction
mixture was washed with brine and the organic phase was dried over Na2SOa,
filtered and concentrated in vacuo. The crude material was purified by column
chromatography (10% ethyl acetate in hexane) to give 1-(2,4-dinitrophenyl)-2-
(propan-2-ylidene)hydrazine 5.917° (46.7 mg, 39%) as pale orange crystals m.p. 122
- 123 °C (lit:176 121 - 122 °C); [Found: (HRMS-NSI) 239.0777. C9oH11N4O4* (M+H)*
requires 239.0775]; vmax(film) / cm? 3310, 3103, 1612, 1589, 1517, 1495, 1422,
1329, 1306, 1277, 1248, 1132, 1099, 1061, 922, 839, 743; H-NMR (400 MHz,
CDClI3) 6 2.09 (3H, s, CH3),2.18 (3 H, s, CH3),7.96 (1 H, d, J =9.6 Hz, ArH), 8.30
(1 H,dd, J=9.6, 2.4 Hz, ArH), 9.13 (1 H, d, J= 2.4 Hz, ArH), 11.03 (1 H, br s, NH);
BC{'H}-NMR (100 MHz, CDClIs) d 17.2 (CHs), 25.6 (CHs), 116.5 (CH), 123.7 (CH),
129.1 (C), 130.2 (CH), 137.8 (C), 145.3 (C), 155.3 (C).

9.3.2 Detecting acetone in transition metal-free reactions (Table 5.1)

Table 5.1, entry 1

1) KO'Bu (4 eq.)
benzene (5.3 mL)
,  160°C,6h NOz \,  Me | o NO, |,
0, .
N Me + + ‘NHZ
Ve 2)5.11 (0.4 eq.) on e e
5.8 CHaCl, (10 ML) " 5.90.87 umol 5.8 5.10 OzN
: hydrochloric acid (2 M) -90.87 pmo : ' 5.11
RT, O/N (not quantified)

All the equipment used in this experiment was oven-dried. 4-lodotoluene 5.8 (109
mg, 0.5 mmol) was added to an oven-dried pressure tube. In the glove box, KO'Bu
(224 mg, 2 mmol, 4.0 eq.) and anhydrous benzene (5.3 mL) were added. The

reaction mixture was stirred at 160 °C for 6 h and then cooled to 0 °C. Aqueous
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hydrochloric acid (2 M, 1 mL) and anhydrous dichloromethane (10 mL) were added
and the reaction mixture was stirred at RT for 5 min. 2,4-Dinitrophenylhydrazine 5.11
(40 mg, 0.2 mmol, 0.4 eqg.) was added and the reaction mixture was stirred at RT
overnight. The reaction mixture was phase-separated and the organic phase was
dried over Na2SOs, filtered and concentrated in vacuo. The crude material was
purified by column chromatography (0 — 5% ethyl acetate in hexane) to give a crude
mixture as a Yyellow solid. The vyield of 1-(2,4-dinitrophenyl)-2-(propan-2-
ylidene)hydrazine 5.9 (0.87 pmol) was determined by adding 1,3,5-
trimethoxybenzene to the crude mixture as an internal standard for 'H-NMR. The
product 1-(2,4-dinitrophenyl)-2-(propan-2-ylidene)hydrazine 5.9 was identified by
the following characteristic signals; *H-NMR (400 MHz, CDCI3) 5 2.09 (3 H, s), 2.18
(83H,s), 796 (1 H,d,J=9.6 Hz), 830 (1 H, dd, J=9.6,24 Hz), 913 (1 H,d,J =
2.4 Hz), 11.03 (1 H, br s). These signals are consistent with the reference sample
(Section 9.3.1 on page 210).

Table 5.1, entry 2

1) benzene (5.3 mL)
0 NO Me NO
| 160°C,6 h 2 H /)\ | Ph 2 H
> N
/©/ N” "Me + /©/ + /©/ “NH,
Me 2)5.11 (0.4 eq.) on Ve Mo
CH,Cl, (10 mL) 2 . ) O,N
5.8 hydrochloric acid (2 M) 5.9 0.43 umol 5. 5. 5.11
RT, O/N (not quantified)

All the equipment used in this experiment was oven-dried. 4-lodotoluene 5.8 (109
mg, 0.5 mmol) was added to an oven-dried pressure tube. In the glove box,
anhydrous benzene (5.3 mL) was added. The reaction mixture was stirred at 160 °C
for 6 h. The reaction mixture was cooled to 0 °C. Aqueous hydrochloric acid (2 M, 1
mL) and anhydrous dichloromethane (10 mL) were added and the reaction mixture
was stirred at RT for 5 min. 2,4-Dinitrophenylhydrazine 5.11 (40 mg, 0.2 mmol, 0.4
eg.) was added and the reaction mixture was stirred at RT overnight. The reaction
mixture was phase-separated and the organic phase was dried over Na2SOx, filtered
and concentrated in vacuo. The crude material was purified by column
chromatography (0 —5% ethyl acetate in hexane) to give a crude mixture as a brown
oil. The yield of 1-(2,4-dinitrophenyl)-2-(propan-2-ylidene)hydrazine 5.9 (0.43 pmol)
was determined by adding 1,3,5-trimethoxybenzene to the crude mixture as an
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internal standard for 'H-NMR. The product 1-(2,4-dinitrophenyl)-2-(propan-2-
ylidene)hydrazine 5.9 was identified by the following characteristic signals; *H-NMR
(400 MHz, CDClI3) 6 2.09 (3 H, s), 2.18 (3 H, s), 7.96 (1 H, d, J = 9.6 Hz), 8.30 (1 H,
dd,J =9.6, 24 Hz), 9.13 (1 H, d, J = 2.4 Hz), 11.03 (1 H, br s). These signals are
consistent with the reference sample (Section 9.3.1 on page 210).

9.3.3 Reaction of 5.11in benzene,in an attempt to remove adventitious
acetone (Scheme 5.2)

benzene (10 mL) NO Me NO
NO 2 2
> hydrochloric acid (2 M, 1 mL) R N
/©/ “NH, RT, O/N N"“Me “NH,
O,N O2N O,N
5.1 5.9 (minor) 5.11 (major)

All  the equipment wused in this experiment was oven-dried. 2,4-
Dinitrophenylhydrazine 5.11 (40 mg, 0.2 mmol, 0.4 eq.) was added to an oven-dried
pressure tube. In the glove box, anhydrous benzene (5.3 mL) and aqueous
hydrochloric acid (2 M, 1 mL) were added and the reaction mixture was stirred at RT
overnight. In the glove box, the reaction mixture was quenched by dropwise addition
of NaOH (2 M) until pH was neutral. The reaction mixture was phase-separated and
the solvent was removed by vacuum in the glove box to give a crude mixture as an
orange solid (3 mg). The product 1-(2,4-dinitrophenyl)-2-(propan-2-
ylidene)hydrazine 5.9 was identified as a minor component in the crude mixture by
the following characteristic signals; *H-NMR (400 MHz, CDCI3) 5 2.09 (3 H, s), 2.18
(3H,s), 796 (1 H,d,J=9.6 Hz), 830 (1L H, dd, J=9.6,2.4 Hz), 9.13 (1 H,d, J =
2.4 Hz), 11.03 (1 H, br s). These signals are consistent with the reference sample
(Section 9.3.1 on page 210).

9.3.4 Synthesis of alkoxide, potassium 2-phenylpropan-2-olate 5.12
o®
QM e KH (1eq.), Et,O (25 mL), -78 °C - RT, ON OK
Phkh'\/lﬂe Phkl\'\/lll:

5.15 512 93%
Potassium hydride (586 mg, 15 mmol, 1.0 eq.) was added to a flame-dried three-
necked flask, equipped with a vacuum tap. Under an argon atmosphere, at -78 °C,
a solution of 2-phenylpropanol 5.15 (2.04 g, 15 mmol) in anhydrous diethyl ether (20
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mL) as added and the reaction mixture was stirred at -78 °C for 1 h, then at RT
overnight. The solvent was removed on the house vacuum line and the crude
material was dried for 1 h to obtain potassium 2-phenylpropan-2-olate 5.12 (2.46 g,
14.1 mmol, 93%) as an off-white solid m.p. 128 — 132 °C; [Found: (GCMS-EI)
CoH110" (M-K) 135.08]; vmax(film) / cm13503, 2972, 1663, 1444, 1433, 1236, 1161,
1067, 1029, 955, 881, 861, 764; *H-NMR (400 MHz, d5-DMS0O) 6 1.41 (6 H, s, 2 x
CHz3), 7.15-7.19 (1 H, m, ArH), 7.26 — 7.30 (2 H, m, ArH), 7.45 — 7.47 (2 H, m, ArH);
13C{IH}-NMR (100 MHz, d6-DMSOQ)d 31.9 (2 x CHs), 70.5 (C), 124.4 (2 x CH), 125.8
(CH), 127.7 (2 x CH), 150.5 (C). The product was put under an argon atmosphere,
and transported into the glove box immediately.

9.3.5 Synthesis of areference sample of 5.1617/

NO hydrochloric acid (2 M, 3 mL) NO Me

o 2 H AcOEt (30 mL), RT, O/N 2 H By
P + N‘NH2 N7 “Ph
Ph” “Me
O,N O,N

2
5.14 5.11 5.16 59%
(1eq.)

Acetophenone 5.14 (60 mg, 0.5 mmol), ethyl acetate (10 mL) and hydrochloric acid
(2 M, 3 mL) were added to a round-bottomed flask and the reaction mixture was
stirred at RT for 5 min. 2,4-Dinitrophenylhydrazine 5.11 (99 mg, 0.5 mmol, 1.0 eq.)
and ethyl acetate (20 mL) were added and the reaction mixture was stirred at RT for
24 h. The reaction mixture was filtered to yield 1-(2,4-dinitrophenyl)-2-(1-
phenylethylidene)hydrazine 5.16'77 (88.1 mg, 59%) as red crystals m.p. 236 - 238
°C (lit:1® 238 °C); [Found: (GCMS-CI) C14H11N4O4 (M-H)- 298.9]; vmax(film) / cm™
3302, 1615, 1583, 1513, 1506, 1492, 1416, 1328, 1311, 1298, 1258, 1219, 1111,
923, 839, 832, 759, 743, 719; 'H-NMR (400 MHz, CDCl3)52.48 (3 H, s, CH3), 7.46
—7.47 (3 H, m, ArH), 7.85 - 7.87 (2 H, m, ArH),8.14 (1 H, d, J = 9.6 Hz, ArH), 8.37
(1 H,dd, J=9.6, 28 Hz, ArH),9.17 (1 H, d, J=2.8 Hz, ArH), 11.36 (1 H, br s, NH);
BC{'H}-NMR (100 MHz, CDCI3) 5 13.9 (CHs), 116.9 (CH), 123.7 (CH), 126.7 (2 x
CH), 128.9 (2 x CH), 129.9 (C), 130.3 (CH), 130.3 (CH), 137.4 (C), 138.4 (C), 145.2
(C), 152.5 (C).
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9.3.6 Detecting acetophenonein transition metal-free reactions (Table 5.2)

Table 5.2, entry 1

1)
</ \g ?/ \> NOz
N - N,
NH
5.2 (0.2 eq.) NO, |, Me /©/ i
O,N

OH
5.12 (4 eq.), benzene
(ea) NN _me
* Ph Me

|
| Ph
/©/ 1% 0CY3h /©/ ’ /©/ '
Me OoN

5.11

Me 2) hydrochloric acid (2 M) Me 2 "
5.8 5.11, RT, O/N 5.8 39% 5.10 16% 5.16 trace 5.1577% ji(M

e

Ph” “Me

5.12

4-lodotoluene 5.8 (218 mg, 1.0 mmol) and 1,10-phenanthroline 5.2 (36 mg, 0.2 mmol,
0.2 eq.) were added to an oven-dried pressure tube. In the glove box, potassium 2-
phenylpropan-2-olate 5.12 (697 mg, 4 mmol, 4.0 eq.) and anhydrous benzene (10
mL) were added. The reaction was stirred at 160 °C for 3 h, and then cooled to RT.
Aqueous hydrochloric acid (2 M, 2 mL) and ethyl acetate (10 mL) were added and
the reaction mixture was stirred at RT for 5 min. 2,4-Dinitrophenylhydrazine 5.11 (80
mg, 0.4 mmol, 0.4 eq.) was added and the reaction mixture was stirred at RT
overnight. The reaction mixture was phase-separated and the organic phase was
dried over Na2SOs4, filtered and concentrated in vacuo. The crude material was
purified by column chromatography (0 —20% ethyl acetate in hexane) to give several
products: 4-iodotoluene 5.8 (86 mg, 39%) as colourless crystals, 4-methylbiphenyl
5.10 (26.3 mg, 16%) as pale pink crystals m.p. 39 —41 °C (lit:1’® 41 — 43 °C); [Found:
(LCMS-APCI) 168.1. CisHi2 (M) *"requires 168.1]; vmax (film)/cm™ 3055, 3032,
2915, 2859, 1485, 1403, 1377, 1201, 1129, 140, 1006, 823, 752, 736, 689; 1H-
NMR (400 MHz, CDCI3) 6 2.40 (3 H, s, CH3), 7.24 — 7.26 (2 H, m, ArH), 7.30 — 7.34
(L H, m, ArH), 7.43 (2 H, d, J = 8.0 Hz, ArH), 7.49 (2 H, d, J = 8.0 Hz, ArH), 7.57 (2
H, d, J = 8.0 Hz, ArH); 13C{tH}-NMR (100 MHz, CDCl3) 3 21.2 (CHz), 127.1 (5 x CH),
128.9 (2 x CH), 129.6 (2 x CH), 137.2 (C), 138.5 (C), 141.3 (C), 2-phenylpropanol
5.15 (189.9 mg, 77%) as an orange solid and a crude mixture containing 1-(2,4-
dinitrophenyl)-2-(1-phenylethylidene)hydrazine 5.16 (trace) as an orange oil. The
product 5.16 was identified by the following characteristic signals; 1H-NMR (400 MHz,
CDCls) 6248 (3H,s), 746 —7.47 (3H, m), 785-7.87 (2H,m), 814 (1 H,d,J=

9.6 Hz), 8.37 (1 H, dd, J=9.6, 2.8 Hz), 9.17 (L H, d, J = 2.8 Hz), 11.36 (1 H, br s)
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for 1-(2,4-dinitrophenyl)-2-(1-phenylethylidene)hydrazine 5.16. These signals are
consistent with the reference sample (Section 9.3.5 on page 213).

4-lodotoluene 5.8 (86 mg, 39%) as colourless crystals 'H-NMR (400 MHz, CDCl3) &
2.30 3 H, s, CH3),6.92 (2 H, d, J=8.4 Hz, ArH), 7.57 (2 H, d, J = 8.4 Hz, ArH);
B3C{*H}-NMR (100 MHz, CDCI3) 8 21.2 (CHs), 90.3 (C), 131.3 (2 x CH), 137.4 (2 x
CH), 137.6 (C). These signals are consistent with a commercial sample used as a
reference.

2-Phenylpropanol 5.158° (189.9 mg, 77%) as an orange solid 'H-NMR (400 MHz,
CDCI3)61.60 (6 H, s,2x CH3),1.71 (1 H, brs, OH), 7.23 -7.27 (1 H, m, ArH), 7.35
(2 H, t, J = 8.0 Hz, ArH), 7.50 (2 H, d, J = 8.0 Hz, ArH). 3C{H}-NMR (100 MHz,
CDClI3)631.9 (2 x CHa), 72.7 (C), 124.5 (2 x CH), 126.8 (CH), 128.4 (2 x CH), 149.1

(C). These signals are consistent with a commercial sample used as a reference.

Table 5.2, entry 2

1)
7 N\_/ N\ NO2
=N N= /©/N\
O,N

NH,

5.2 (0.2 eq.
(0.2eq.) NO; |, )M\e on
5.12 (4 eq.), benzene | N. —
| Ph ~ Me
/©/ 160 °C, 3 h /@/ + /©/ . N~ “Ph, PhkMe 5.11
Me 2) hydrochloric acid (2 M) ™€ Me O2N )
5.11, RT, O/N OK
5.8 5.8 43% 5.10 25% 5.16 trace 5.15 70% me
Ph” “Me

5.12

4-lodotoluene 5.8 (109 mg, 0.5 mmol) and 1,10-phenanthroline 5.2 (18 mg, 0.1 mmol,
0.2 eq.) were added to an oven-dried pressure tube. In the glove box, potassium 2-
phenylpropan-2-olate 5.12 (349 mg, 2 mmol, 4.0 eq.) and anhydrous benzene (5
mL) were added. The reaction was stirred at 160 °C for 3 h. The reaction mixture
was cooled to RT. Aqueous hydrochloric acid (2 M, 2 mL) and ethyl acetate (10 mL)
were added and the reaction mixture was stired at RT for 5 min. 24-
Dinitrophenylhydrazine 5.11 (40 mg, 0.2 mmol, 0.4 eq.) was added and the reaction
mixture was stirred at RT overnight. The reaction mixture was phase-separated and
the organic phase was dried over Na2SOa, filtered and concentrated in vacuo. The
crude material was purified by column chromatography (0 - 20% ethyl acetate in
hexane) to give 4-iodotoluene 5.8 (46 mg, 43%) as pale yellow crystal, 4-

methylbiphenyl 5.10 (21 mg, 25%) as pale yellow crystals, 2-phenylpropanol 5.15
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(189.9 mg, 70%) as an orange solid and a crude mixture containing 1-(2,4-
dinitrophenyl)-2-(1-phenylethylidene)hydrazine 5.16 (trace). The product 5.16 was
identified by the following characteristic signals; H-NMR (400 MHz, CDCl3) 5 2.48
(3H,s),7.46—-7.47 (3H,m),7.85-7.87(2H,m), 814 (1 H,d, J=9.6Hz), 837(1
H, dd, J = 9.6, 2.8 Hz), 9.17 (1 H, d, J = 2.8 Hz), 11.36 (1 H, br s) for 1-(2,4-
dinitrophenyl)-2-(1-phenylethylidene)hydrazine 5.16. These signals are consistent
with reference samples (5.8, 5.10, 5.15: Section 9.3.6 on page 214-5, Table 5.2,
entry 1; 5.16: Section 9.3.5 on page 213).

9.3.7 Identifying the source of acetophenone (Scheme 5.4)
Scheme 5.4A

NO hydrochloric acid (2 M) NOz |, Me

2
H
OH N. AcOEt (10 mL), RT, O/N N.
LMe + NH, -ACOEL(10mL) N%Ph
Ph" “Me
O,N O,N

5.15 5.11 5.16 trace
(1eq)

2-Phenylpropanol 5.15 (68 mg, 0.5 mmol), ethyl acetate (10 mL) and aqueous
hydrochloric acid (2 M, 1 mL) were added to a round-bottomed flask and the reaction
mixture was stirred at RT for 5 min. 2,4-Dinitrophenylhydrazine 5.11 (99 mg, 0.5
mmol, 1.0 eq.) was added and the reaction mixture was stirred at RT for 24 h. The
reaction mixture was phase-separated and the organic layer was washed with brine,
dried over Na2SOs, filtered and concentrated in vacuo. The crude material was
purified by column chromatography (5% ethyl acetate in hexane) to give a crude
mixture (1.7 mg) as a Yyellow oil containing 1-(2,4-dinitrophenyl)-2-(1-
phenylethylidene)hydrazine 5.16. The product 5.16 was identified by the following
characteristic signals; 'H-NMR (400 MHz, CDCI3)5 2.48 (3 H, s), 7.46 —7.47 (3 H,
m), 7.85 — 7.87 (2 H, m), 8.14 (1 H, d, J = 9.6 Hz), 8.37 (1 H, dd, J = 9.6, 2.8 Hz),
917 1 H, d, J = 28 Hz), 11.36 (1 H, br s) for 1-(2,4-dinitrophenyl)-2-(1-
phenylethylidene)hydrazine 5.16. These signals are consistent with the reference

sample (Section 9.3.5 on page 213).
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Scheme 5.4B

I NO, hydrochloric acid (2 M) NO Me

OH purification OH N AcOEt (10 mL), RT, O/N *H By
_lMe me NH, /@/ N7 >Ph

Ph” “Me Ph” “Me
O2N O,N
5.15 5.15* 5.11 5.16

(0.1 eq.) (Observed by LCMS)

The commercially available 2-phenylpropanol 5.15 was purified by column
chromatography (0 - 15% ethyl acetate in hexane) to provide pure 2-phenylpropanol
5.15* (1.77 g) as a colourless oil. The purified 2-phenylpropanol 5.15* (272 mg, 2.0
mmol), ethyl acetate (10 mL) and aqueous hydrochloric acid (2 M, 1 mL) were added
to an oven-dried round-bottomed flask was added and the reaction mixture was
stirred at RT for 5 min. 2,4-Dinitrophenylhydrazine 5.11 (40 mg, 0.2 mmol, 0.1 eq.)
was added and the reaction mixture was stirred at RT for 24 h. The reaction mixture
was phase-separated and the organic layer was washed with brine, dried over
Na2SO0s4, filtered and concentrated in vacuo. The crude material was purified by
column chromatography (0 - 5% ethyl acetate in hexane) to give a crude mixture (8.9
mg) as a yellow oil. The product 1-(2,4-dinitrophenyl)-2-(1-
phenylethylidene)hydrazine 5.16 was not observed by *H-NMR, but it was observed
by LCMS [Found: (LCMS-CI) 299.0, time = 9.006 min. Reference sample 5.16
requires 299.1, time = 9.014 min].

Scheme 5.4C
oH KH (1 eq.), Et,O (25 mL), -78 °C - RT, O/N 8&?
Me
Phkl\,\/f: PhkMe

5.15* 5.12* 72%
Potassium hydride (401 mg, 10 mmol, 1.0 eq.) was added to a flame-dried three-
necked flask, equipped with a vacuum tap. Under an argon atmosphere, at -78 °C,
a solution of the purified 2-phenylpropanol 5.15* (1.36 g, 10 mmol) in anhydrous
diethyl ether (15 mL) was added and the reaction mixture was stirred at -78 °C for 1
h, then at RT overnight. The solvent was removed on the house vacuum line and
the crude material was dried for 1 h to give potassium 2-phenylpropan-2-olate 5.12*
(1.25 g, 72%) as an off-white solid, which was put under an argon atmosphere and

transported into the glove box immediately.
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Scheme 5.4D
o0® NOz hydrochloric acid (2 M) NO; |, Me
OK N. AcOEt (10 mL), RT, O/N N. A
Me 4 NH; N™ “Ph
Ph” “Me
O2N O,N

5.12* 5.11 5.16
(0.1 eq.)

Potassium 2-phenylpropan-2-olate 5.12* (349 mg, 2.0 mmol), ethyl acetate (10 mL)
and aqueous hydrochloric acid (2 M, 1 mL) were added to an oven-dried round-
bottomed flask and the reaction mixture was stirred at RT for 5 min. 2,4-
Dinitrophenylhydrazine 5.11 (40 mg, 0.2 mmol, 0.1 eq.) was added and the reaction
mixture was stirred at RT overnight. The reaction mixture was phase-separated and
the organic phase was washed with brine, dried over Na2SOas, filtered and
concentrated in vacuo. The crude material was purified by column chromatography
(2% ethyl acetate in hexane) to give a crude mixture (0.6 mg) as a yellow oil
containing 1-(2,4-dinitrophenyl)-2-(1-phenylethylidene)hydrazine 5.16. The product
1-(2,4-dinitrophenyl)-2-(1-phenylethylidene)hydrazine 5.16 was identified by the
following characteristic signals; *H-NMR (400 MHz, CDClIs) 5 2.48 (3 H, s), 7.46 —
7.47 (3H, m), 7.85-7.87 (2H, m),8.14 (1L H, d,J = 9.6 Hz), 8.37 (1 H, dd, J = 9.6,
2.8Hz), 9.17 (1 H,d, J=2.8Hz), 11.38 (1 H, brs). These signals are consistent with

the reference sample (Section 9.3.5 on page 213).

9.3.7 Reactions of 4-iodotoluene with different alkoxide bases (Table 5.3)

Table 5.3, entry 1

TN N
/
\ N -
a® 5.2(0.2eq.)

I o I Ph OH
. j)<KMe benzene, 130 °C, 3 h + . )<Me
Ph Me
Me Ph” “Me Me Me

5.8 5.12 5.8 19% 5.10 74% 5.15 93%
(2eq)

4-lodotoluene 5.8 (109 mg, 0.5 mmol) and 1,10-phenanthroline 5.2 (18 mg, 0.1 mmol,

0.2 eq.) were added to an oven-dried pressure tube. In the glove box, potassium
phenylpropan-2-olate 5.12 (174 mg, 1 mmol, 2.0 eq.) and anhydrous benzene (5

mL) were added and the reaction was stirred at 130 °C for 3 h. The reaction mixture

was cooled to RT and quenched with aqueous hydrochloric acid (1 M, 10 mL) and
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extracted with diethyl ether (3 x 10 mL). The organic phases were dried over Na2SOa4,
filtered and concentrated in vacuo. The yields of 4-iodotoluene 5.8 (19%), 4-
methylbiphenyl 5.10 (74%) and 2-phenylpropanol 5.15 (93%) were determined by
adding 1,3,5-trimethoxybenzene to the crude mixture as an internal standard for H-
NMR. The products were identified by the following characteristic signals; *H-NMR
(400 MHz, CDClI3) 6 2.30 (3 H, s), 6.92 (2 H, d, J = 8.4 Hz) for 4-iodotoluene 5.8; &
240 3H, s), 743 (2 H, d, J = 7.6 Hz) for 4-methylbiphenyl 5.10; & 1.60 (6 H, s),
171 (1 H, brs), 723-727 (1 H, m), 735 (2H,t, J=8.0Hz), 750 (2 H,d,J=8.0
Hz) for 2-phenylpropanol 5.15. These signals are consistent with the literature values
and reference samples (5.8, 5.10, 5.15: Section 9.3.6, Table 5.2, entry 1 on page

214-5).

Table 5.3, entry 2

W 7\
N  N=
o® 52 (0.2 eq.)
/@/' oK benzene, 130 °C, 3 h /@/Ph
+ Me
Me MekMe Me
5.8 5.1 5.10 95%

(2eq)
4-lodotoluene 5.8 (109 mg, 0.5 mmol) and 1,10-phenanthroline 5.2 (18 mg, 0.1 mmol,
0.2 eq.) were added to an oven-dried pressure tube. In the glove box, KO'Bu 5.1
(112 mg, 1 mmol, 2.0 eq.) and anhydrous benzene (5 mL) were added and the
reaction was stirred at 130 °C for 3 h. The reaction mixture was cooled to RT and
quenched with saturated aqueous hydrochloric acid (1 M, 10 mL) and extracted with
diethyl ether (3 x 10 mL). The organic phases were combined, dried over Na2SOa,
filtered and concentrated in vacuo. The yield of 4-methylbiphenyl 5.10 (95%) was
determined by adding 1,3,5-trimethoxybenzene to the crude mixture as an internal
standard for 'H-NMR. The product was identified by the following characteristic
signals; 'H-NMR (400 MHz, CDCIs) 6 2.40 (3 H, s), 743 (2 H, d, J = 7.6 Hz) for 4-
methylbiphenyl 5.10. These signals are consistent with the literature values and

reference samples (Section 9.3.6, Table 5.2, entry 1).
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Table 5.3, entry 3

® 7 N\
N N=—
o6 5.2 (0.2 eq.) o
o, OH
| OK benzene, 160 °C, 3 h kMe
* o LMe + Ph” Me
Me Ph Me Me
5.8 5.12 5.10 76% 5.1573%

(4eq)

4-lodotoluene 5.8 (109 mg, 0.5 mmol) and 1,10-phenanthroline 5.2 (18 mg, 0.1 mmol,
0.2 eq.) were added to an oven-dried pressure tube. In the glove box, potassium
phenylpropan-2-olate 5.12 (349 mg, 2 mmol, 4.0 eq.) and anhydrous benzene (5
mL) were added and the reaction was stirred at 160 °C for 3 h. The reaction mixture
was cooled to RT and quenched with aqueous hydrochloric acid (1 M, 10 mL) and
extracted with diethyl ether (3 x 20 mL). The organic phases were combined and
dried over Na2SOs, filtered and concentrated in vacuo. The crude material was
purified by column chromatography (0 - 20% ethyl acetate in petroleum ether) to give
4-methylbiphenyl 5.10 (64.5 mg, 76%) as pink crystals and 2-phenylpropanol 5.15
(205.4 mg, 73%) as a yellow oil. The spectra are consistent with the reference

samples (Section 9.3.6, Table 5.2, entry 1 on page 214-5).

Table 5.3, entry 4

| CS) | Ph OH
OK benzene, 160 °C, 3 h /©/ /©/ IMe
+ +
_Me Vo * Me Ph™ "Me

5.8 5.12 5.8 93% 5.10 4% 5.15 80%

4-lodotoluene 5.8 (109 mg, 0.5 mmol) was added to an oven-dried pressure tube. In
the glove box, potassium phenylpropan-2-olate 5.12 (349 mg, 2 mmol, 4.0 eq.) and
anhydrous benzene (5 mL) were added and the reaction was stirred at 160 °C for 3
h. The reaction mixture was cooled to RT, and quenched with aqueous hydrochloric
acid (1 M, 10 mL) and extracted with diethyl ether (3 x 20 mL). The organic phases
were combined and dried over Na2SOs, filtered and concentrated in vacuo. The
crude material was purified by column chromatography (0 - 20% ethyl acetate in
petroleum ether) to give 2-phenylpropanol 5.15 (217.4 mg, 80%) as a colourless oil
and a crude mixture containing 4-methylbiphenyl 5.10 and 4-iodotoluene 5.8 (105.2

mg) as a colourless oil [Based on the integration of signals in the 1H-NMR, the ratio
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of 5.10 and 5.8 was calculated to be 1 : 16 respectively. Using this ratio, and the
mass of the crude material obtained, yields of products were calculated: 5.10 (4%)
and 5.8 (93%)]. The spectra are consistent with the reference samples (Section 9.3.6,
Table 5.2, entry 1 on page 214-5).

9.3.8 Reaction of iodo-m-xylene 5.20 with alkoxide 5.12 (Scheme 5.6)

\ 7 N\
N N=
oO® 5.2 (0.2 eq.), Me Me on
! oK benzene (5 mL), 160 °C, 24 h ! Ph Ph M
+ Me ’ ’ + + )< e
ph/j<M Ph Me
Me e
Me Me

5.20 5.12
(4 eq.) 5.20 26% 5.21 1% 5.22 7% 5.1573%

lodo-m-xylene 5.20 (116 mg, 0.5 mmol) and 1,10-phenanthroline 5.2 (18 mg, 0.1
mmol, 0.2 eq.) were added to an oven-dried pressure tube. In the glove box,
potassium phenylpropan-2-olate 5.12 (349 mg, 2 mmol, 4.0 eq.) and anhydrous
benzene (5 mL) were added and the reaction was stirred at 160 °C for 24 h. The
reaction mixture was cooled to RT and quenched with aqueous hydrochloric acid (1
M, 10 mL) and extracted with ethyl acetate (4 x 10 mL). The organic phases were
combined, dried over Na2SO4, filtered and concentrated in vacuo. The crude material
was purified by column chromatography (0 - 20% ethyl acetate in petroleum ether)
to give 2-phenylpropanol 5.15 (199.3 mg, 73%) as a pale brown oil, iodo-m-xylene
5.20 (29.7 mg, 26%) as a colourless oil, and an inseparable mixture of 2,6-
dimethylbiphenyl 5.21 and biphenyl 5.22 (4.6 mg) as colourless crystals. The yields
of 2,6-dimethylbiphenyl 5.21172 (1%), biphenyl 5.22174 (7%) were determined by
adding 1,3,5-trimethoxybenzene to the crude mixture as an internal standard for *H-
NMR. The products were identified by the following characteristic signals; *H-NMR
(400 MHz, CDCI3)82.03 (6 H, s), 7.14 — 7.20 (5 H, m), 7.40 — 7.49 (3 H, m) (partly
obscured by biphenyl peaks) for 2,6-dimethylbiphenyl 5.21;17257.36 (2H, d, J=8.0
Hz), 7.45 (4 H, t, J = 8.0 Hz), 7.60 (4 H, d, J = 8.0 Hz) for biphenyl 5.22.174 These
signals are consistent with the literature values and reference samples (5.15 Section
9.3.6, Table 5.2, entry 1 on page 5; 5.20: Section 9.2.5, Table 4.3, entry 1 on page
194).
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9.3.9 Attempted synthesis of alkoxide 5.26 (Scheme 5.7)

Synthesis of trimethyl((1,1a,2,3-tetrahydro-7bH-cyclopropalalnaphthalen-7b-
yl)oxy)silane 9.5.2

M

MeMe éi'eMe
_Si. -

(o] Et3N (1.5 eq.), CH,Cly, 0 °C 0" "Me CH,l, (1.5 €q.), CH,Cl,, 0 °C 0" Me
@5 TMSOTf (1.2 eq.), RT, O/N diethyl zinc (1.5 eq.), RT, O/N C@

5.24 9.5.1 98% 9.5.2 95%

a-Tetralone 5.24 (5.3 mL, 40 mmol) and anhydrous dichloromethane (240 mL) were
added to a flame-dried round-bottomed flask. Under an argon atmosphere, at 0 °C,
freshly distilled triethylamine (8.4 mL, 60 mmol, 1.5 eq.) was added followed by the
dropwise addition of TMSOTf (8.7 mL, 48 mmol, 1.2 eq.) over a period of 15 min.
The reaction mixture was stirred at 0 °C for 5 min, then RT overnight. The reaction
mixture was quenched with saturated aqueous NaHCO3 solution (150 mL) and the
phases were separated. The aqueous phase was extracted with dichloromethane (2
x 100 mL). The organic phases were combined and washed with water (4 x 100 mL),
dried over Na2SOs4, filtered, and concentrated in vacuo to give ((3,4-
dihydronaphthalen-1-yl)oxy)trimethylsilane 9.5.181 (8.6 g, 98%) as an orange oil *H-
NMR (400 MHz, CDCIz) 6 0.27 (9 H, s, Si(CH3)3),2.33 (2 H, td, J = 8.0, 4.0 Hz, CH2),
2.77 (2H,t,J=8.0Hz, CH2),5.20 (1 H, t, J= 4.0 Hz, CH), 7.10 —7.22 (3 H, m, ArH),
742 (1 H, d, J =7.2 Hz, ArH); 3C{tH}-NMR (100 MHz, CDCIs) 5 0.4 (3 x CH3), 22.3
(CH2), 28.3 (CH2), 105.4 (CH), 122.0 (CH), 126.3 (CH), 127.1 (CH), 127.4 (CH),
133.7 (C), 137.2 (C), 148.2 (C).

((3,4-Dihydronaphthalen-1-yl)oxy)trimethylsilane 9.5.1 (5.0 g, 25 mmol) and
anhydrous dichloromethane (250 mL) were added to a flame-dried round-bottomed
flask. Under an argon atmosphere, at 0 °C, diiodomethane (3.0 mL, 37.5 mmol, 1.5
eg.) was added followed by the dropwise addition of diethyl zinc (1 M in hexane, 37
mL, 37.5 mmol, 1.5 eq.). The reaction mixture was stirred at RT overnight. The
reaction mixture was quenched with a saturated aqueous ammonium chloride
solution (100 mL) and the phases were separated. The aqueous phase was
extracted with dichloromethane (2 x 100 mL). The organic phases were combined

and dried over Na2SOs4, filtered, and concentrated in vacuo to give

222



Chapter 9. Experimental details

trimethyl((1,1a,2,3-tetrahydro-7bH-cyclopropala]naphthale n-7b-yl)oxy)silane

9.5.2182 (554 g, 95%) as an pale yellow oil [Found: (GCMS-EI) C14H200Si (M)**
232.1]; vmax (film)/cm™ 3018, 2953, 2918, 2854, 1489, 1324, 1251, 1227, 1209,
1104, 1078, 980, 896, 837, 753, 738; 'H-NMR (400 MHz, CDCI3) 5 0.13 (9 H, s,
Si(CH3)3), 1.00 (1 H, t, J = 6.0 Hz, CH2), 1.16 (1 H, dd, J = 10.0, 6.0 Hz, CH2), 1.74
—1.81(2 H, m, CH and CH2), 1.99 — 2.04 (1 H, m, CH2), 2.34 — 2.41 (1 H, m, CH2),
262 (1H,dd,J=16.4,5.2 Hz, CH2),7.02 (1H,d,J=7.6 Hz, ArH), 7.08 (1 H, t, J =
7.6 Hz, ArH), 7.22 (1 H, t, J = 7.6 Hz, ArH), 7.63 (1 H, d, J = 7.6 Hz, ArH); 3C{*H}-
NMR (100 MHz, CDCI3) 8 1.3 (CHs), 16.4 (CH2), 18.5 (CHz), 23.8 (CH), 26.2 (CH2),
56.1 (C), 125.1 (CH), 125.4 (CH), 126.2 (CH), 128.2 (CH), 132.5 (C), 141.2 (C).

'YleMe
Si’

0> "Me OH
K,COs (0.1 eq.), MeOH, RT, 1 h Qﬁ
9.5.2 5.25 67%

Trimethyl((1,1a,2,3-tetrahydro-7bH-cyclopropala]naphthalen-7b-yl)oxy)silane 9.5.2
(5.1 g, 22 mmol) and methanol (60 mL) were added to a flame-dried round-bottomed
flask was added. Under an argon atmosphere, K2COz3 (304 mg, 2.2 mmol, 0.1 eq.)
was added and the reaction mixture was stirred at RT for 1 h. The reaction mixture
was quenched with saturated aqueous ammonium chloride solution (few drops) and
concentrated in vacuo. The crude mixture was diluted with saturated aqueous
ammonium chloride solution (40 mL) and extracted with ethyl acetate (3 x 50 mL).
The organic phases were combined and dried over Na2SOas, filtered, and
concentrated in vacuo. The crude material was purified by column chromatography
(2 - 10% ethyl acetate in hexane) to give 1,1a,2,3-tetrahydro-7bH-
cyclopropala]naphthalen-7b-ol 5.25183-184 (235 g, 67%) as a white solid m.p. 99 -
102 °C (lit:'85 100 - 104 °C); [Found: (GCMS-EIl) C11H120 (M)** 160.1]; vmax(film) /
cm13254,3011, 2920, 2854, 1681,1601, 1488, 1447,1272, 1222,1205, 1063, 1021,
924, 753, 738 ; 'H-NMR (400 MHz, CDClIs)5 1.08 (1 H, t, J = 8.0 Hz, CH2),1.24 (1
H, dd, J=8.0,4.0Hz, CH2),1.72-1.81 (2 H, m, CH and CH2),1.97 -2.03 (1 H, m,
CH2),2.33 -2.42 (2 H, m, CH2 and OH), 2.63 (1 H, dd, J = 14.0, 8.0 Hz, CH2), 7.06
(L H,d, J=8.0Hz ArH), 7.13 (1 H, t, J =8.0 Hz, ArH), 7.25 —7.29 (1 H, m, ArH),

7.72 (1 H, d, J = 8.0 Hz, ArH); 13C{fH}-NMR (100 MHz, CDCls) 5 16.6 (CH2), 18.5
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(CH2), 24.7 (CH), 26.2 (CH2), 54.8 (C), 124.2 (CH), 125.7 (CH), 126.5 (CH), 128.3
(CH), 133.0 (C), 140.7 (C).

o0 oo
OH oK oK
KH (1 eq.), THF, -78 °C, 2 h, then RT O/N @ﬁ Me
' ' O‘
5.25 5.26 0% 5.30 73%

Potassium hydride (551 mg, 13.7 mmol, 1.0 eq.) was added to a flame-dried three-
necked flask, equipped with a vacuum tap. Under an argon atmosphere, at -78 °C,
a solution of 1,1a,2,3-tetrahydro-7bH-cyclopropalajnaphthalen-7b-ol 5.25 (2.2 g,
13.7 mmol) in anhydrous tetrahydrofuran (17 mL) was added and the reaction
mixture was stirred at -78 °C for 1 h, then at RT overnight. The solvent was removed
on the house vacuum line and the crude material was dried for 3 h to obtain
potassium 2-methyl-3,4-dihydronaphthalen-1-olate 5.30 (1.97 g, 73%) as a pale
brown solid m.p. 197 °C; [Found: (GCMS-APCI) 160.1 C11H120 (M)** (under the MS
analysis 5.30 is protonated to 5.29)]; vmax (film)/cm~1 3057, 2916, 2869, 1681, 1582,
1558, 1393, 1374, 1292, 1212, 1086, 970, 771, 738; *H-NMR (400 MHz, d®-DMSQ)
0167 (3H, s,CHs),2.13 (2 H,t J=7.6 Hz, CH2),2.56 (2 H, t, J = 7.6 Hz, CH2),
6.76 —6.82 (2 H, m, ArH), 6.94 (1 H, t, J = 7.2 Hz, ArH), 753 (1 H, d, J = 7.2 Hz,
ArH); 13C{*H}-NMR (100 MHz, d5-DMSO) 6 18.6 (CHs), 29.8 (CHz2), 30.8 (CH2), 90.0
(C), 122.1 (CH), 122.7 (CH), 124.8 (2 x CH), 136.7 (C), 142.4 (C), 155.1 (C). The

product was put under an argon atmosphere, and transported into the glove box

immediately.
o8
OK o
Me H,0/Et,0, work-up J Me
5.30 5.29 100%

Potassium 2-methyl-3,4-dihydronaphthalen-1-olate 5.30 (10 mg, 0.05 mmol) and
water (2 mL) and diethyl ether (2 mL) were added to a round-bottomed flask and the
reaction mixture was stirred at RT for 1 min. The reaction mixture was phase-
separated and the organic phase was dried over Na2SO4, filtered, and concentrated
in vacuo to give 2-methyl-3,4-dihydronaphthalen-1(2H)-one 5.29186 (8 mg, 100%) as
a yellow oil [Found: (GCMS-EI) C11H120 (M)** 160.1]; vmax (film)/cm=1 2960, 2930,
2859, 1679, 1601, 1465, 1269, 1225, 969, 738; 'H-NMR (400 MHz, CDCls) 6 1.27
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(3 H, d, J=8.0Hz, CHs),1.83 —1.94 (1 H, m, CH2), 2.17 — 2.23 (1 H, m, CH2), 2.55
—2.64 (1 H, m, CH2), 2.94 — 3.07 (2 H, m, CHzand CH), 7.23 (1 H, d, J = 8.0 Hz,
ArH), 7.29 (L H, t, J = 8.0 Hz, ArH), 7.45 (1 H, t, J = 8.0 Hz, ArH), 8.03 (1 H, d, J =
8.0 Hz, ArH); 3C{tH}-NMR (100 MHz, CDCl3) & 15.6 (CHs), 29.0 (CH2), 31.5 (CH2),
42.8 (CH), 126.7 (CH), 127.5 (CH), 128.8 (CH), 132.5 (C), 133.2 (CH), 144.3 (C),
200.9 (C).

9.3.10 Reactions of potassium 2-phenylpropan-2-olate 5.12 at 160 °C (Table
5.4)

Table 54, entry 1

o®
o CBr, (1 eq.), b 160 °C, 6 h Ve Me
Me r4 (1 eq.), benzene, °C, k JL
PhkMe Ph CBrjz + Ph)<kBr + Ph Me +Ph)\/CBr3
Br
5.12 5.40 18% 5.413% 5.42 46% 5.43

(tentative structure
proposed)

Potassium 2-phenylpropan-2-olate 5.12 (87 mg, 0.5 mmol) and CBr4 (166 mg, 0.5
mmol, 1.0 eq.) were added to an oven-dried pressure tube. In the glove box,
anhydrous benzene (1.33 mL) was added and the reaction was stirred at 160 °C for
6 h. The reaction mixture was cooled to RT and quenched with aqueous hydrochloric
acid (1 M, 5 mL) and extracted with diethyl ether (4 x 10 mL). The organic phases
were combined, dried over Na2SOa, filtered and concentrated in vacuo. The yield of
(4,4,4-tribromobut-1-en-2-yl)benzene 5.40 (18%), (2,2-dibromo-1-
methylcyclopropyl)benzene 5.41 (3%) and methylstyrene 5.42 (46%) were
determined by adding 1,3,5-trimethoxybenzene to the crude mixture as an internal
standard for IH-NMR. The products were identified by the following characteristic
signals; 'H-NMR (400 MHz, CDCI3)  4.26 (2 H, s), 5.58 (1 H, s), 5.68 (1 H, s) for
(4,4,4-tribromobut-1-en-2-yl)benzene 5.40; 8 1.72(3 H, s),1.78 (1 H,d, J=7.6 H2)
for (2,2-dibromo-1-methyicyclopropyl)benzene 5.41; 6 2.17 (3 H, s), 5.09 (1 H, s),
5.37 (1 H, s) for methylstyrene 5.42.187 The crude material was purified by column
chromatography (100% hexane) to give an inseparable mixture of (4,4,4-
tribromobut-1-en-2-yl)benzene  5.40, (2,2-dibromo-1-methylcyclopropyl)benze ne
5.41 and (4,4,4-tribromobutan-2-yl)benzene 5.43 (54 mg) as a yellow oil. (The

purification of compound 5.40 is performed by derivatisation, shown in Section
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9.3.11 on page 227. A pure sample of 5.41 is prepared as a reference in Section
9.3.11 on page 229. The structure of 5.43 is a tentatively proposed based on 1H-

NMR, Section 9.3.11 on page 227).

Methylstyrene 5.42187 1H-NMR (400 MHz, CDCI3) 8 2.16 (3 H, m, CH3s), 5.09 (1 H,
m, alkene-CH), 5.37 (1 H, m, alkene-CH), 7.29 — 7.25 (1 H, m, ArH), 7.29 —7.25 (1
H, m, ArH), 7.49 — 7.46 (2 H, m, ArH); 13C{*H}-NMR (100 MHz, CDClIs)5 21.9 (CHa),
112.53 (CH2), 125.6 (2 x CH), 127.5 (CH), 128.3 (2 x CH), 141.4 (C), 143.4 (C). (A

commercial sample was recorded and is reported here to use as a reference)

Table 5.4, entry 2

o®
)0<KM benzene, 160 °C, 6 h OH JL
€ Me
Ph” “Me phkMe * Ph” “Me
5.12 5.15 76% 5.42 < 0.5%

Potassium 2-phenylpropan-2-olate 5.12 (87 mg, 0.5 mmol) were added to an oven-
dried pressure tube. In the glove box, anhydrous benzene (1.33 mL) was added and
the reaction was stirred at 160 °C for 6 h. The reaction mixture was cooled to RT and
quenched with aqueous hydrochloric acid (1 M, 5 mL) and extracted with diethyl
ether (4 x 10 mL). The organic phases were combined, dried over Na2SOa, filtered
and concentrated in vacuo. The vyield of 2-phenylpropanol 5.15 (76%) and
methylstyrene 5.42 (< 0.5%) were determined by adding 1,3,5-trimethoxybenze ne
to the crude mixture as an internal standard for 'H-NMR. The products were
identified by the following characteristic signals; H-NMR (400 MHz, CDCl3) 3 1.60
(6 H, s) for 2-phenylpropanol 5.15; 6 2.17 (3 H, s), 5.09 (1 H, s), 5.37 (1 H, s) for
methylstyrene 5.42. These signals are consistent with the literature values and
reference samples (5.15: Section 9.3.6, Table 5.2, entry 1 on page 215; 5.42:
Section 9.3.10, Table 5.4, entry 1 on page 226).

9.3.11 Synthesis and characterisation of (4,4,4-tribromobut-1-en-2-yl)benzene
5.40 and (2,2-dibromo-1-methylcyclopropyl)benzene 5.41

Synthesis and characterisation of (4,4,4-tribromobut-1-en-2-yl)benzene 5.40

O®
oK CBr4 (1 ), b 160 °C, 6 h, dark Me
Me r4 (1 eq.), benzene, , 6 h, darl JL/
F’h/j<Me Ph CBr; + Ph)\/CBrg
5.12 5.40 < 31% 5.43
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In the glove box, potassium 2-phenylpropan-2-olate 5.12 (87 mg, 0.5 mmol) and
CBr4 (166 mg, 0.5 mmol, 1.0 eq.) were added to an oven-dried pressure tube,
followed by anhydrous benzene (1.33 mL). This was repeated exactly in two other
pressure tubes. The three reaction mixtures were stirred at 160 °C for 6 h. After the
mixtures had cooled, aqueous hydrochloric acid (1 M, 5 mL) was added and the
mixtures was diluted with diethyl ether (5 mL). All three reaction mixtures were
combined and the phases were separated. The aqueous phase was extracted using
diethyl ether (3 x 30 mL) and organic phases were combined, dried over Na2SOa4,
filtered, and concentrated in vacuo. The crude material was purified by column
chromatography (100% hexane) to give impure (4,4,4-tribromobut-1-en-2-
yl)benzene 5.401818 (169.7 mg, < 31%) as a Yyellow oil [Found: (GCMS-EI)
C10HoBrs (M)** 365.8]; 1H-NMR (400 MHz, CDCls) d 4.26 (2 H, s, CH2), 5.58 (1 H,
s, CH),5.68 (1 H, s, CH),7.29 —7.31 (1 H, m, ArH), 7.33 - 7.37 (2 H, m, ArH), 7.41
— 7.43 (2 H, m, ArH); 33C{*H}-NMR (100 MHz, CDCI3)d 39.5 (C), 62.9 (CH2), 122.5
(CH2), 127.2 (2 x CH), 127.9 (CH), 128.5 (2 x CH), 141.2 (C), 144.2 (C); m/z (EI)
371.8 (M+6, 81Br®iBr®iBr, 31%), 369.8 (M+4, °Br®Bré'Br, 97), 367.8 (M+2,
9Br’°Br81Br, 100), 365.8 (M, "°Br’°Br’°Br, 33); containing (4,4,4-tribromobutan-2-
yl)benzene 5.43 [tentative structure proposed based on 'H-NMR (400 MHz, CDCls)
0119 (3H,d, J=8.0Hz CHs),3.17-3.25 (1 H, m, CH), 3.35 (1 H, dd, J = 12.0,
4.0 Hz, CH2), 3.55 (L H, 1 H, dd, J = 12.0, 4.0 Hz, CH2); 13C{*H}-NMR (100 MHz,
CDClI3) 6 24.2,40.2,41.6,66.7, 126.7, 127.6, 128.8, 146.2)].

mCPBA (2.2 eq.), CH,Cl,

Me
0°C -RT, OIN o
Ph)&c% + Ph)\/csra J;/CBQ

Ph
5.40 5.43 9.5.3 23%

The impure (4,4,4-tribromobut-1-en-2-yl)benzene 5.40 (77 mg, 0.21 mmol) was
diluted in dichloromethane (1 mL). This solution was added to a solution of mMCPBA
(113 mg, 0.46 mmol, 70%, 2.2 eq.) in dichloromethane (1 mL) atO °C. The reaction
mixture was stirred at RT overnight. The mixtures was diluted with dichloromethane
(5 mL) and washed with saturated aqueous sodium sulfite (5 mL) and aqueous
sodium hydroxide (10% by weight, 3 x 5 mL). The organic phases were combined,
dried over Na2SOs, filtered, and concentrated in vacuo. The crude material was

purified by column chromatography (50% dichloromethane in hexane) to give 2-
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phenyl-2-(2,2,2-tribromoethyl)oxirane 9.5.3 (33.9 mg, 23%) as a colourless oil
[Found: (HRMS-APCI) 381.8204. CioHoBr3 (M) ** requires 381.8202]; vmax (thin
film)/cm™ 3057, 3026, 2916, 1448, 1214, 1024, 991, 863, 764, 734, 699, 673; H-
NMR (400 MHz, CDCIs) & 3.04 (1 H, dd, J = 4.8, 0.8 Hz), 3.31 (1 H, d, J = 4.8 Hz,
CH2), 3.68 (1 H, d, J = 15.6 Hz, CH2), 3.87 (1 H, dd, J = 15.6, 0.8 Hz, CH2), 7.32 —
7.39 (3 H, m, ArH), 7.50 — 7.53 (2 H, m, ArH); 13C{*H}-NMR (100 MHz, CDCl3) 533.2
(C), 54.1 (CH2), 60.6 (C), 64.3 (CH2), 128.1 (2 x CH), 128.4 (2 x CH), 128.7 (CH),
137.7 (C); m/z (APCI) 387.8147 [(M)**, 8Bré1Br®iBr, 35%)], 385.8163 [(M) **,
°Br8Bré1Br, 100], 383.8183 [(M) °*" , 7°Br’°Br®iBr, 100], 381.8202 [(M) °** ,
OBr’°Br’°Br, 32], 302.9016 [[(M)°**- 7°Br] and impure (4,4,4-tribromobut-1-en-2-
yl)benzene 5.40 (169.7 mg, < 31%) as a yellow oil containing (2,2-dibromo-1-
methylcyclopropyl)benzene 5.41 and (4,4,4-tribromobutan-2-yl)benzene 5.43. The
crude material was purified again by column chromatography (0 - 50%
dichloromethane in hexane) to an impure mixture of 2-phenyl-2-(2,2,2-
tribromoethyl)oxirane 9.5.3 and (4,4,4-tribromobutan-2-yl)benzene 5.43. (13.2 mQ)
as a colourless oil. (The *H-NMR and *3C{*H}-NMR are shown below to support the
tentatively proposed structure of 5.43).

1H-NMR and 3C{!H]-NMR 5.40, containing the proposed impurity 5.43

D272084.001.001.1r.esp

(4,4 4-tribromobut-1-en-2-yl)benzene, (4.4 ,4-tribromobutane)benzene

(4,4,4-tribromobut-1-en-2-y)benzene o

154

(4,4 ,4-tribromobutane)benzene

o
S
o

7.26

1.50
1.48

T

(4,4,4-tribromobutane)benzene

Normalized Intensity

5.67

Chenrical Shift (ppm)
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ID272084.002.001.1r.esp 5 < 3
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Synthesis and characterisation of (2,2-dibromo-1-methylcyclopropyl)benzene

541
e®
OK o Me
JL Py HCBr3 (1 eq.), CH,Cly, 40 °C, 90 h
+ e
Ph” “Me = Me” “Me Ph Br
Br
5.42 5.1 5.41 57%
(4 eq.)

KO'Bu 5.1 (224 mg, 2 mmol, 4.0 eq.), HCBrs (0.04 mL, 0.5 mmol, 1.0 eq.) and
methylstyrene 5.42 (0.07 mL, 0.5 mmol) were added to an oven-dried pressure tube.
Dichloromethane (3.13 mL) was added and the reaction mixture was stirred at 40 °C
for 90 h. The reaction mixture was cooled to RT and quenched with agueous
hydrochloric acid (1 M, 5 mL) and extracted with diethyl ether (4 x 10 mL). The
organic phases were combined, dried over Na2SOs, filtered and concentrated in
vacuo. The crude material was purified by column chromatography (100% hexane)
to give (2,2-dibromo-1-methylcyclopropyl)benzene 5.4119 (82.4 mg, 57%) as a
colourless oil [Found: (GCMS-CI) CioH11Br2* (M+H)* 288.7]; vmax (film)/cm™ 1496,
1445, 1426, 1060, 1019, 763, 691; 'H-NMR (400 MHz, CDCI3)3 1.72 (3 H, s, CH3),
178(1H,d,J=7.6 Hz, CH2),2.17 (1 H,d,J=7.6 Hz, CH2), 7.29 - 7.38 (5 H, m,
ArH); 1B3C{*H}-NMR (100 MHz, CDClI3) 5 27.9 (CHs), 33.8 (CH?2), 35.9 (C), 36.9 (C),
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127.4 (CH), 128.5 (2 x CH), 128.6 (2 x CH), 142.5 (C); m/z (Cl) 292.6 [(M+H)",
81Br81Br, 61%), 290.6 [(M+H)*, 7°Br81Br, 100), 288.7 [(M+H)*, 7°Br’®Br, 70)].

9.3.12 Reaction of KO'Bu with CBrsand methylstyrene 5.42 at 160 °C (Scheme

5.9B)
oD

ok CBr, (0.5 mmol), benzene, 160 °C, 6 h Me JL/
)<Me " PhJL Ph)<kBr + Ph CBT3
Me Me

Me Br

5.1 5.42 5.41 22% 5.40 36%
(1eq.)

KO'Bu 5.1 (56 mg, 0.5 mmol), CBr4 (166 mg, 0.5 mmol, 1.0 eq.) and methyistyre ne

5.42 (0.07 mL, 0.5 mmol, 1.0 eq.) were added to an oven-dried pressure tube. In the

glove box, anhydrous benzene (1.33 mL) was added and the reaction mixture was
stirred at 160 °C for 6 h. The reaction mixture was cooled to RT and quenched with
aqueous hydrochloric acid (1 M, 5 mL) and extracted with diethyl ether (4 x 10 mL).
The organic phases were combined, dried over Na2SOs4, filtered and concentrated
in vacuo. The yield of (4,4,4-tribromobut-1-en-2-yl)benzene 5.40 (36%) and (2,2-
dibromo-1-methyicyclopropyl)benzene 5.41 (22%) were determined by adding 1,3,5-
trimethoxybenzene to the crude mixture as an internal standard for *H-NMR. The
products were identified by the following characteristic signals; *H-NMR (400 MHz,
CDCI3) 6 4.26 (2 H, s), 558 (1 H, s), 5.68 (1 H, s) for (4,4,4-tribromobut-1-en-2-
yhbenzene 5.40; & 1.72 (3 H, s), 1.78 (1 H, d, J = 7.6 Hz) for (2,2-dibromo-1-
methylcyclopropyl)benzene 5.41. These signals are consistent with the literature

values and reference samples (Section 9.3.11 on pages 227 and 229).

9.3.13 Reaction of KO'Bu with HCBrzand methylstyrene 5.42 at 160 °C
(Scheme 5.9C)

©C)

OKMe JL HCBr; (1 eq.), benzene, 160 °C, 6 h )L Me
MekMe * Ph™ "Me Ph” “Me ph)Q(Br
Br
5.1 5.42 5.42 6% 5.41 55%

(1eq.)
KO'Bu (56 mg, 0.5 mmol), HCBrs (0.04 mL, 0.5 mmol, 1.0 eq.) and methylistyre ne
5.42 (0.07 mL, 0.5 mmol, 1.0 eq.) were added to an oven-dried pressure tube. In the
glove box, anhydrous benzene (1.33 mL) was added and the reaction mixture was
stirred at 160 °C for 6 h. The reaction mixture was cooled to RT and quenched with

agueous hydrochloric acid (1 M, 5 mL) and extracted with diethyl ether (4 x 10 mL).
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The organic phases were combined, dried over Na2SOs4, filtered and concentrated
in vacuo. The yield of (2,2-dibromo-1-methylcyclopropyl)benzene 5.41 (55%) and

methylstyrene 5.42 (6%) were determined by adding 1,3,5-trimethoxybenzene to the
crude mixture as an internal standard for 'H-NMR. The products were identified by
the following characteristic signals; *H-NMR (400 MHz, CDClIs) 5 1.72 (3 H, s), 1.78
(1 H, d, J=7.6 Hz) for (2,2-dibromo-1-methylcyclopropyl)benzene 5.41; 6 2.17 (3 H,
s), 5.09 (1 H, s), 5.37 (1 H, s) for methylstyrene 5.42. These signals are consistent
with the literature values and reference samples (5.41: Section 9.3.11 on page 229;
5.42: Section 9.3.10, Table 5.4, entry 1 on page 226).

9.3.14 Reactions of CBrs and adamantane 5.50 (Scheme 5.11A)

Reaction at 160 °C

Br Br
CBry4 (1 eq.), benzene Br
160 °C, 6 h, dark . . .
Br

5.50 5.50 16% 5.51 41% 5.52 6% 5.53 8%

Adamantane 5.50 (68 mg, 0.5 mmol) and CBr4 (166 mg, 0.5 mmol, 1.0 eq.) were
added to an oven-dried pressure tube. In the glove box, anhydrous benzene (1.33
mL) was added and the reaction mixture was stirred at 160 °C for 6 h in the dark.
The reaction mixture was cooled to RT and quenched with aqueous hydrochloric
acid (1 M, 5 mL) and extracted with diethyl ether (4 x 10 mL). The organic phases
were combined, dried over Na2SOg, filtered and concentrated in vacuo. The yield of
adamantane 5.50 (16%), 1-bromoadamantane 5.51 (41%), 2-bromoadamantane
5.52 (6%) and 1,3-dibromoadamantane 5.53 (8%) were determined by adding 1,3,5-
trimethoxybenzene to the crude mixture as an internal standard for 'H-NMR. The
products were identified by the following characteristic signals; *H-NMR (400 MHz,
CDCI3) 61.74 —1.76 (12 H, m), 1.88 (4 H, br s) for adamantane 5.50; & 1.72 (6 H,
m), 2.10 (3 H, br s), 2.36 (6 H, m) for 1-bromoadamantane 5.51;1°1 5 1.97 — 2.00 (2
H, m), 2.15 (2 H, br s), 2.33 (2 H, br s), 4.68 (1 H, br s) for 2-bromoadamantane
5.52;192 5 170 2 H, m), 225 — 2.30 (10 H, m), 2.87 (2 H, br s) for 1,3-
dibromoadamantane 5.53;1°1 13C{IH}-NMR (100 MHz, CDCls) & 28.5, 37.9
adamantane 5.50; & 32.8, 35.7, 49.5 for 1-bromoadamantane 5.51;1%1 § 27.0, 27.7,
31.8, 36.5, 38.9, 64.1 for 2-bromoadamantane 5.52;1°2 5 33.7, 35.2, 47.2, 59.2, 62.3
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for 1,3-dibromoadamantane 5.53;°1 (GCMS-EI) 8.27 min = m/z 136.1 [(M)**] for
adamantane 5.50; 10.7 min = m/z 216.0 [(M)**, 81Br, 90%)], m/z 214.0 [(M)**, "°Br,
100), m/z 135.1 [(M)**- 7°Br] for 1-bromoadamantane 5.51; 11.0 min = m/z 216.0
[(M)°**, 81Br, 90%], m/z 214.0 [(M)°**, "Br, 100], m/z 135.1 [(M)**- 7°Br] for 2-
bromoadamantane 5.52; 12.3 min = m/z 295.1 [(M)**, 81Br®1Br, 39%], m/z 292.9
[(M)**, 81Br’Br, 100], m/z 290.9 [(M)°**, "®Br’®Br, 53] for 1,3-dibromoadamantane
5.53. These signals are consistent with literature and reference values (Section
9.3.14, Scheme 5.12 on page 234). Analysis of the crude material showed that the
products were inseparable, hence the analysis of the product mixture was performed
using experimental 'H-NMR and 13C{*H}-NMR values reported within the literature
as a reference.

1-Bromoadamantane 5.511911H-NMR (200 MHz, CDCl3) & 1.72 (6 H, m, CH2), 2.09
(3 H, m, CH), 2.38 (6 H, m, CH2); 3C{*H}-NMR (50 MHz, CDCls) d 35.6, 36.7, 49.4.
2-Bromoadamantane 5.521%21H-NMR (500 MHz, CDCl3)5 1.61 —1.64 (2 H, m, CH2),
1.77 (2 H, brs, CH), 1.85-1.88 (4 H, m, CH2), 1.96 — 1.99 (2 H, m, CH2), 2.15 (2 H,
br s, CH), 2.33 — 2.36 (2 H, m, CHz2), 4.68 (1 H, s, CH); 3C{H}-NMR (125 MHz,
CDClIs) 6 27.1, 27.7, 31.9, 36.6, 38.1, 38.9, 64.2.

1,3-Dibromoadamantane 5.53'°1 'H-NMR (200 MHz, CDCI3) 6 1.70 (2 H, m, CH2),
2.26 (10 H, m, CH2), 2.87 (2 H, m, CH); 3C{*H}-NMR (50 MHz, CDCls)  33.6, 35.1,
47.0, 59.0, 62.3.
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The compounds 5.50, 5.51, 5.52 and 5.53 are inseparable: H-NMR
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Reaction at 40 °C (Scheme 5.12)
CBr4 (1 eq.), CH,CI, (3.13 mL), 40 °C, 90 h, dark
5.50 5.50 93%
(1eq.)

Adamantane 5.50 (68 mg, 0.5 mmol), CBrs (166 mg, 0.5 mmol, 1.0 eq.) and

dichloromethane (3.13 mL) were added to an oven-dried pressure tube and the
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reaction mixture was stirred at 40 °C for 90 h in the dark. The reaction mixture was
cooled to RT and quenched with aqueous hydrochloric acid (1 M, 5 mL) and
extracted with diethyl ether (4 x 10 mL). The organic phases were combined, dried
over Naz2SO0s, filtered and concentrated invacuo. *H-NMR (400 MHz, CDClI3) & 1.76
—1.75 (12 H, m, CHz2), 1.88 (4 H, br s, CH); 13C{*H}-NMR (100 MHz, CDCls) 5 28.5
(6 x CH2), 37.9 (4 x CH). The vyield of adamantane 5.501% (93%) was determined by
adding 1,3,5-trimethoxybenzene to the crude mixture as an internal standard for H-

NMR. These signals are consistent with the literature values and reference samples.

9.3.15 Reactions of 5.12 in dichloromethane (Table 5.5)

Table 5.5, entry 1

[€O] OH Me Me
OK 5.50, CBr, (1 eq. JL
kMe & Ph/j<|\'\/fe * Ph Br * ph Me T + Ph Cl
Ph” “Me . € Br cl
CH,Cly, 40 °C
5.12 90 h 5.15 66% 5.41 33% 5.4218%  5.50 91% 5.5517%

Potassium 2-phenylpropan-2-olate 5.12 (349 mg, 2 mmol, 4.0 eq.), adamantane
5.50 (68 mg, 0.5 mmol), CBr4 (166 mg, 0.5 mmol, 1.0 eqg.) and dichloromethane
(3.13 mL) were added to an oven-dried pressure tube and the reaction mixture was
stirred at 40 °C for 90 h. The reaction mixture was cooled to RT and quenched with
agueous hydrochloric acid (1 M, 5 mL) and extracted with diethyl ether (4 x 10 mL).
The organic phases were combined, dried over Na2SOs4, filtered and concentrated
in vacuo. The vyield of 2-phenylpropanol 5.15 (66%), (2,2-dibromo-1-
methylcyclopropyl)benzene 5.41 (33%), methyistyrene 5.42 (18%), adamantane
550 (91%) and (2,2-dichloro-1-methylcyclopropyl)benzene 5.55 (17%) were
determined by adding 1,3,5-trimethoxybenzene to the crude mixture as an internal
standard for IH-NMR. The products were identified by the following characteristic
signals; 'H-NMR (400 MHz, CDCI3)d 1.60 (6 H, s) for 2-phenylpropanol 5.15;8 1.72
(3H,s), 178 (1 H,d, J=7.6 Hz, 217 (1 H, d, J = 7.6 Hz) for (2,2-dibromo-1-
methylcyclopropyl)benzene 5.41; 6 2.16 (3 H, s), 5.09 (1 H, s), 5.37 (1 H, s) for
methylstyrene 5.42;6 1.75 - 1.77 (12 H, m), 1.88 (4 H, br s) foradamantane 5.50;
1.68 (3 H,s), 1.96 (1 H,d, J=7.2 Hz) for (2,2-dichloro-1-methylcyclopropyl)benze ne
5.55. These signals are consistent with the literature values and reference samples

(5.15: Section 9.3.6, Table 5.2, entry 1 on page 215; 5.41: Section 9.3.11 on page
234



Chapter 9. Experimental details

229; 5.42: Section 9.3.10, Table 5.4, entry 1 on page 226; 5.50: Section 9.3.14,
Scheme 5.12 on page 234). (The compounds 5.41 and 5.55 were inseparable so a

pure sample of 5.55 is prepared as a reference in Section 9.3.16 on pages 236-237).

Table 5.5, entry 2

Me
oD Me
OK 5.50, CH,Cl,, 40 °C PSS

OH 0707 Ph

)<Me 90 h, dark o e ¥ kMe

- JERYR e

Ph™ Me P s Ph Me

5.12 5.15 39% 5.42 1% 5.50 84% 5.56 52% (26%)

(4eq)

Potassium 2-phenylpropan-2-olate 5.12 (349 mg, 2 mmol, 4.0 eq.), adamantane
5.50 (68 mg, 0.5 mmol) and dichloromethane (3.13 mL) were added to an oven-dried
pressure tube and the reaction mixture was stirred at 40 °C for 90 h inthe dark. The
reaction mixture was cooled to RT and quenched with aqueous hydrochloric acid (1
M, 5 mL) and extracted with diethyl ether (4 x 10 mL). The organic phases were
combined, dried over Na2SOs, filtered and concentrated in vacuo. The yield of 2-
phenylpropanol 5.15 (39%), methylstyrene 5.42 (1%), adamantane 5.50 (84%) and
bis((2-phenylpropan-2-yl)oxy)methane 5.56 (52%) were determined by adding 1,3,5-
trimethoxybenzene to the crude mixture as an internal standard for *H-NMR. The
products were identified by the following characteristic signals; *H-NMR (400 MHz,
CDCI3) & 1.60 (6 H, s) for 2-phenylpropanol 5.15; 6 2.16 (3 H, s), 5.09 (1 H, s), 5.37
(1 H, s) for methylstyrene 5.42; 6 1.75 — 1.77 (12 H, m), 1.88 (4 H, br s) for
adamantane 5.50; 6 4.51 (2 H, s), 7.20 — 7.24 (2 H, m) for bis((2-phenylpropan-2-
yl)oxy)methane 5.56. These signals are consistent with the literature values and
reference samples (5.15: Section 9.3.6, Table 5.2, entry 1 on page 215; 5.42:
Section 9.3.10, Table 5.4, entry 1 on page 226; 5.50: Section 9.3.14, Scheme 5.12
on page 234). This crude material was purified by column chromatography (0 - 5%
ethyl acetate in hexane) to give bis((2-phenylpropan-2-yl)oxy)methane 5.56 (44.7
mg, 26%) as a colourless oil [Found: (HRMS-ESI) 302.2118. C19H2802N (M+NHa4)*
requires 302.2115]; vmax(film) / cm1 2978, 2934, 1493, 1447,1381, 1364, 1258, 1153,
1072, 1018, 991, 818, 762; H-NMR (400 MHz, CDCl3) 3 1.59 (12 H, s, 4 x CH3),
450 (2H, s,CH2), 7.20—-7.23 (2 H, m, ArH), 7.27 — 7.31 (4 H, m, ArH), 7.38 — 7.40
(4 H, m, ArH); 13C{*H}-NMR (100 MHz, CDCI3)  29.5 (4 x CHs), 77.7 (2 x C), 86.8

(CHz), 125.9 (4 x CH), 126.9 (2 x CH), 128.2 (4 x CH), 146.9 (2 x C).
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Table 5.5, entry 3

o®
OK Me Me
_I-Me 550,CCl (1 eq) " )L )va . )< Ph
—_ k e Ph
Ph™ Me ™ ch,cl, 40 °C )<'V'e
h, dark
512 90 h, dar 5.15 67% 5.42 3% 5.50 76% 5.55 50% 5. 56 3%

(4eq)
Potassium 2-phenylpropan-2-olate 5.12 (349 mg, 2 mmol, 4.0 eq.), adamantane
5.50 (68 mg, 0.5 mmol), CCls (0.05 mL, 0.5 mmol, 1.0 eq.) and dichloromethane
(3.13 mL) were added to an oven-dried pressure tube and the reaction mixture was
stirred at 40 °C for 90 h in the dark. The reaction mixture was cooled to RT and
quenched with aqueous hydrochloric acid (1 M, 5 mL) and extracted with diethyl
ether (4 x 10 mL). The organic phases were combined, dried over Na2SOa, filtered
and concentrated in vacuo. The yield of 2-phenylpropanol 5.15 (67%), methyistyre ne
542 (3%), adamantane 5.50 (76%), (2,2-dichloro-1-methylcyclopropyl)benzene
5.55 (50%) and bis((2-phenylpropan-2-yl)oxy)methane 5.56 (3%) were determined
by adding 1,3,5-trimethoxybenzene to the crude mixture as an internal standard for
IH-NMR. The products were identified by the following characteristic signals; ‘H-
NMR (400 MHz, CDCI3) 6 1.60 (6 H, s) for 2-phenylpropanol 5.15; 6 2.17 (3 H, s),
5.10 (1 H, s), 5.38 (1 H, s) for methylstyrene 5.42;05 1.76 — 1.78 (12 H, m), 1.89 (4
H, br s) for adamantane 5.50; & 1.68 (3 H, s), 1.97 (1 H, d, J = 7.2 Hz) for (2,2-
dichloro-1-methyicyclopropyl)benzene 5.55; 8 4.51 (2 H, s), 7.20 — 7.24 (2 H, m) for
bis((2-phenylpropan-2-yl)oxy)methane 5.56. These signals are consistent with the
literature values and reference samples (5.15: Section 9.3.6, Table 5.2, entry 1 on
page 215; 5.42: Section 9.3.10, Table 5.4, entry 1 on page 226; 5.50: Section 9.3.14,
Scheme 5.12 on page 234; 5.55: Section 9.3.16 on page 237; 5.56: Section 9.3.15,
Table 5.5, entry 2 on page 235).

9.3.16 Synthesis of (2,2-dichloro-1-methylcyclopropyl)benzene 5.55

SO R Me
JL OK HCCI3 (1 eq.), CH,ClI,, 40 °C, 90 h
" Lo
e Me Me Cl

5.42 5.1 5.55 63%
(4eq.)

Ph

KO'Bu 5.1 (224 mg, 2 mmol, 4.0 eq.), HCClz (0.04 mL, 0.5 mmol, 1.0 eqg.) and
methylstyrene 5.42 (0.07 mL, 0.5 mmol) were added to an oven-dried pressure tube
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was added. Dichloromethane (3.13 mL) was added and the reaction mixture was
stirred at 40 °C for 90 h. The reaction mixture was cooled to RT and quenched with
aqueous hydrochloric acid (1 M, 5 mL) and extracted with diethyl ether (4 x 10 mL).
The organic phases were combined, dried over Na2S0Os4, filtered and concentrated
in vacuo. The crude material was purified by column chromatography (100%
hexane) to give (2,2-dichloro-1-methylcyclopropyl)benzene 5.5519 (63.7 mg, 63%)
as a colourless oil [Found: (HRMS-EI) 200.0157. CioHioCkz (M) °** requires
200.0160]; vmax(film) /cmt 1497, 1446, 1425, 1075, 1033, 1026, 936, 868, 772, 754,
697, 595; 'H-NMR (400 MHz, CDClIs)51.60 (1 H, d, J=7.2 Hz, CH2), 1.68 (3 H, s,
CHs), 1.96 (1 H, d, J = 7.2 Hz, CH2), 7.27 — 7.38 (5 H, m, ArH); 13C{H}-NMR (100
MHz, CDCI3) & 25.7 (CHs), 32.0 (CHz2), 36.6 (C), 66.0 (C), 127.4 (CH), 128.6 (2 x
CH), 128.7 (2 x CH), 141.4 (C); m/z (Cl) 203.9 [(M)**, 3’CP’Cl, 12%)], 201.9 [(M)*",
35CI’CI, 70], 199.9 [(M)**, 35CI®5Cl, 100].

9.3.17 Reaction of phenylmethanol 5.63 with KO'Bu in dichloromethane
(Scheme 5.14B)

)OH KO'Bu (1 eq.), CH,Cly, 40 °C, 90 h o o Ph
Ph Ph)
5.63 5.64 67%

KO'Bu (224 mg, 2 mmol, 1.0 eq.), phenyimethanol 5.63 (0.21 mL, 2 mmol) and
dichloromethane (3.13 mL) were added to an oven-dried pressure tube and the
reaction mixture was stirred at 40 °C for 90 h. The reaction mixture was cooled to
RT and quenched with aqueous hydrochloric acid (1 M, 5 mL) and extracted with
diethyl ether (4 x 10 mL). The organic phases were combined, dried over Na2SOa,
filtered and concentrated in vacuo. This crude material was purified by column
chromatography (5% ethyl acetate in hexane) to give bis(benzyloxy)methane 5.64138
(153.3 mg, 67%) as a colourless oil [Found: (GCMS-El) CisH1602 (M)** 228.0];
vmax(film) / cmt 3030, 2936, 2882, 1497, 1452, 1377, 1165, 1103, 1040, 1024, 959,
733; 'H-NMR (400 MHz, CDCI3)54.66 (4 H, s, 2 x CH2), 4.86 (2 H, s, CH2), 7.38 —
7.28 (10 H, m, ArH); 13C{*H}-NMR (100 MHz, CDCl3) & 69.7 (2 x CH2), 94.1 (CH2),
127.9 (CH), 128.1 (2 x CH), 128.6 (2 x CH), 138.0 (C).
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9.3.18 Reaction of potassium 2-phenylpropan-2-olate 5.12 in
dichloromethane (Scheme 5.14C)

e Me Me
0
OK  CH,Cly, 90 h, 40 °C ~opn

o
LeMe ————— "
Ph” “Me PhkMe

e
5.12 5.56 47%

Potassium 2-phenylpropan-2-olate 5.12 (349 mg, 2 mmol) and dichloromethane
(3.13 mL) were added to an oven-dried pressure tube and the reaction mixture was
stirred at 40 °C for 90 h. The reaction mixture was cooled to RT and quenched with
agueous hydrochloric acid (1 M, 5 mL) and extracted with diethyl ether (4 x 10 mL).
The organic phases were combined, dried over Na2SOs, filtered and concentrated
in vacuo. This crude material was purified by column chromatography (1% ethyl
acetate in hexane) to give bis((2-phenylpropan-2-yl)oxy)methane 5.56 (134 mg,
47%) as a colourless oil [Found: (HRMS-ESI) 302.2118. Ci19H2802N (M+NH4)*
requires 302.2115]; vmax(film) / cm1 2978, 2934, 1493, 1447,1381, 1364, 1258, 1153,
1072, 1018, 991, 818, 762; 'H-NMR (400 MHz, CDCI3) 6 1.59 (12 H, s, 4 x CH3),
450 (2H, s,CH2), 7.20—-7.23 (2 H, m, ArH), 7.27 — 7.31 (4 H, m, ArH), 7.38 — 7.40
(4 H, m, ArH); 13C{*H}-NMR (100 MHz, CDCI3)  29.5 (4 x CHs), 77.7 (2 x C), 86.8
(CH2), 125.9 (4 x CH), 126.9 (2 x CH), 128.2 (4 x CH), 146.9 (2 x C).

9.3.19 The reaction of KO'Bu with CBrs and adamantane (Scheme 5.15)

Scheme 5.15A

o® Br
OK Br
Mekm: CBry (1 eq.), 5.50 @ . . @
CH,Cl,, 40 °C, 90 h
5.1 5.50 5.51 5.52
(4eq) Ratio 39 33 1
KO'Bu 5.1 (224 mg, 2 mmol, 4.0 eq.), CBr4 (166 mg, 0.5 mmol, 1.0 eq.), adamantane
5.50 (68 mg, 0.5 mmol) and dichloromethane (3.13 mL) were added to an oven-dried
pressure tube and the reaction mixture was stirred at 40 °C for 90 h in the dark. The
reaction mixture was cooled to RT and quenched with aqueous hydrochloric acid (1
M, 5 mL) and extracted with diethyl ether (4 x 10 mL). The organic phases were
combined, dried over Na2SOs, filtered and concentrated in vacuo. The ratio of

adamantane 5.50 : 1-bromoadamantane 5.51 : 2-bromoadamantane 5.52 was
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determined to be 39 : 3.3 : 1 respectively from the 'H-NMR spectrum of the crude
mixture. The products were identified by the following characteristic signals; *H-NMR
(400 MHz, CDCI3) 8 1.74 — 1.76 (12 H, m, CH2x 6), 1.88 (4 H, br s, CH x 4) for
adamantane 5.50; 6 1.73 (6 H, m, CH2x 3), 2.10 (3 H, brs, CH x 3), 2.36 (6 H, m,
CH2x 3) for 1-bromoadamantane 5.51;1°1 % 1.96 — 2.00 (2 H, m, CH2), 2.15 (2 H, br

s,CHx?2), 233 (2 H, brs, CHx 2), 468 (1 H, brs, CH) for 2-bromoadamantane
5.52.192 These signals are consistent with the literature values and reference

samples (Section 9.3.14 on page 232).

Scheme 5.15B

@ y K
Me + JL CBry4 (1 eq.), CH,CI, JL +
k Ph Br * pn’ “Me * Ph cl

40 °C, 90 h, dark Br Cl

5.1 5.42 5.41 59% 5.42 3% 5.50 75% 5.55 40%
(1eq) (1ea)

KO'Bu5.1 (224 mg, 2 mmol, 4.0 eq.), CBra (166 mg, 0.5 mmol, 1.0 eq.), adamantane
5.50 (68 mg, 0.5 mmol), methylstyrene 5.42 (0.07 mL, 0.5 mmol, 1.0 eq.) and
dichloromethane (3.13 mL) were added to an oven-dried pressure tube and the
reaction mixture was stirred at 40 °C for 90 h in the dark. The reaction mixture was
cooled to RT and quenched with aqueous hydrochloric acid (1 M, 5 mL) and
extracted with diethyl ether (4 x 10 mL). The organic phases were combined, dried
over Na2SOas, filtered and concentrated in vacuo. The yield of (2,2-dibromo-1-
methylcyclopropyl)benzene 5.41 (59%), methylstyrene 5.42 (3%), adamantane 5.50
(75%) and (2,2-dichloro-1-methylcyclopropyl)benzene 5.55 (40%) were determined
by adding 1,3,5-trimethoxybenzene to the crude mixture as an internal standard for
IH-NMR. The products were identified by the following characteristic signals; H-
NMR (400 MHz, CDCI3) 6 1.72 (3 H, s), 1.78 (1 H, d, J = 7.6 Hz) for (2,2-dibromo-1-
methylcyclopropyl)benzene 5.41; & 5.09 (1 H, s), 5.37 (1 H, s) for methylstyre ne
542;01.75-1.78 (12 H, m), 1.88 (4 H, br s) for adamantane 5.50; & 1.60 (1 H, d,
J =172 Hz), 169 3 H, s), 197 1 H, d, J = 7.2 Hz) for (2,2-dichloro-1-
methylcyclopropyl)benzene 5.55. These signals are consistent with the literature
values and reference samples (5.41: Section 9.3.11 on page 229; 5.42: Section
9.3.10, Table 5.4, entry 1 on page 226; 5.50: Section 9.3.14, Scheme 5.12 on page

234; 5.55: Section 9.3.16 on page 237).
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9.3.20 Reaction of adamantane with alkoxides in CCl4 (Scheme 5.16)

Scheme 5.16A

CCl4 (3.13 mL)
%% 40 °C, 90 h, dark
)<Me +
Me Me
5.1 5.50 5.50 64% 5.69 5%

(4eq)

KO'Bu 5.1 (224 mg, 2 mmol, 4.0 eq.), adamantane 5.50 (68 mg, 0.5 mmol) and CCl4
(3.13 mL) were added to an oven-dried pressure tube and the reaction mixture was
stirred at 40 °C for 90 h in the dark. The reaction mixture was cooled to RT and
quenched with aqueous hydrochloric acid (1 M, 5 mL) and extracted with diethyl
ether (4 x 10 mL). The organic phases were combined, dried over Na2SOs4, filtered
and concentrated in vacuo. The vyield of adamantane 5.50 (64%) and 1-
chloroadamantane 5.69 (5%) were determined by adding 1,3,5-trimethoxybenze ne
to the crude mixture as an internal standard for 'H-NMR. The products were
identified by the following characteristic signals; H-NMR (400 MHz, CDCl3)d 1.75
—1.78 (12 H, m), 1.88 (4 H, br s) for adamantane 5.50; 6 1.68 — 1.69 (6 H, s), 2.14
(9 H, s) for 1-chloroadamantane 5.69.1% These signals are consistent with the
literature values and reference samples (5.50: Section 9.3.14 on page 234; 5.69:

Section 9.3.24 on page 245).

Scheme 5. 168

oD Me
40 °C, 90 h, dark )Q(CI JL /QMe
M + +
Ph Mg + @ @ + Ph . Ph Me Ph Me
5.12 5.50 5.50 74% 5.69 4% 5.55<9% 5.42 2% 51577%

(4 eq.)
Potassium 2-phenylpropan-2-olate 5.12 (349 mg, 2 mmol, 4.0 eq.), adamantane
5.50 (68 mg, 0.5 mmol) and CCla (3.13 mL) were added to an oven-dried pressure
tube and the reaction mixture was stirred at 40 °C for 90 h in the dark. The reaction
mixture was cooled to RT and quenched with aqueous hydrochloric acid (1 M, 5 mL)
and extracted with diethyl ether (4 x 10 mL). The organic phases were combined,
dried over Na2SOs4, filtered and concentrated in vacuo. The yields of adamantane
550 (74%), 1-chloroadamantane 569 (4%) and (2,2-dichloro-1-
methylcyclopropyl)benzene 5.55 (< 9% peaks overlapping with 5.69) methylstyre ne

542 (2%), 2-phenylpropanol 5.15 (77%) were determined by adding 1,3,5-
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trimethoxybenzene to the crude mixture as an internal standard for *H-NMR. The
products were identified by the following characteristic signals; *H-NMR (400 MHz,
CDClz3) 61.75 - 1.78 (12 H, m), 1.88 (4 H, br s) for adamantane 5.50; & 1.68 (3 H,
s), 1.97 (1 H, d, J = 7.2 Hz) for (2,2-dichloro-1-methylcyclopropyl)lbenzene 5.55; &
2.16 (3H, s), 5.09 (1 H, s),5.37 (1 H, s) for methylstyrene 5.42; & 1.60 (6 H, s) for
2-phenylpropanol 5.15; 6 1.68 —1.69 (6 H, s), 2.14 (9 H, s) for 1-chloroadamantane
5.69.194 These signals are consistent with the literature values and reference
samples (5.50: Section 9.3.14, Scheme 5.12 on page 234; 5.55: Section 9.3.16 on
page 237;5.42: Section 9.3.10, Table 5.4, entry 1 on page 226; 5.15: Section 9.3.6,
Table 5.2, entry 1 on page 215; 5.69: Section 9.3.24 on page 245).

9.3.21 Synthesis of potassium triphenylmethanolate 5.70

o®
)O<th KH (1 eq.), THF, -78 °C the RT, O/N /CQ(Ph
Ph” “Ph Ph™ “Ph

5.71 5.70 85%

Potassium hydride (802 mg, 20 mmol, 1.0 eq.) was added to a flame-dried three-
necked flask, equipped with a vacuum tap. Under an argon atmosphere, at -78 °C,
a solution of triphenylmethanol 5.71 (5.21 g, 20 mmol) in anhydrous tetrahydrofuran
(25 mL) was added and the reaction mixture was stirred at -78 °C for 1 h, then at RT
overnight. The solvent was removed on the house vacuum line and the crude
material was dried for 1 h to give potassium triphenylmethanolate 5.70 (5.07 g, 17
mmol, 85%) as an off-white solid m.p. 238 °C (dec.); [Found: (GCMS-EI) C19H160
(M)** 260.1 (under the MS analysis 5.70 is protonated to 5.71)]; vmax(film) / cm1
3057, 3022, 1595, 1487, 1443, 1414, 1329, 1155, 1053, 1009, 891, 756; 1H-NMR
(400 MHz, d5-DMSO) & 6.93 —6.98 (3 H, m, ArH), 7.04 —7.08 (6 H, m, ArH), 7.34 —
7.37 (6 H, m, ArH); 13C{*H}-NMR (100 MHz, d5-DMSOQ) & 84.7 (C), 123.6 (3 x CH),
126.0 (6 x CH), 128.2 (6 x CH), 157.6 (3 x C). The product was put under an argon
atmosphere, and transported into the glove box immediately.
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9.3.22 Reaction of potassium triphenylmethanolate 5.70 (Table 5.6)

Table 5.6, entry 1

@@
OH 0
kph 5.50 (1 eq.), CBr4 (1 eq.) /l<Ph )k
Ph P Ph  *  Ph” PRt
CH,Cly, 40 °C, 90 h, dark
Ph” “Ph

5.70 5.50 49% 5.51 7% 5.71 88% 5.725% (4%)  5.73 12% (7%)
(4eq.)

Potassium triphenylmethanolate 5.70 (597 mg, 2 mmol, 4.0 eq.), CBr4 (166 mg, 0.5
mmol, 1.0 eq.), adamantane 5.50 (68 mg, 0.5 mmol) and dichloromethane (3.13 mL)

were added to an oven-dried pressure tube and the reaction mixture was stirred at
40 °C for 90 h inthe dark. The reaction mixture was cooled to RT and quenched with
agqueous hydrochloric acid (1 M, 5 mL) and extracted with diethyl ether (4 x 10 mL).
The organic phases were combined, dried over Na2SOs4, filtered and concentrated
in vacuo. The yield of adamantane 5.50 (49%) 1-bromoadamantane 5.51 (7%)
triphenylmethanol 5.71 (88%), benzophenone 5.72 (5%) and 4-benzhydrylphe nol
5.73 (12%) were determined by adding 1,3,5-trimethoxybenzene to the crude
mixture as an internal standard for 1H-NMR. The products were identified by the
following characteristic signals; TH-NMR (400 MHz, CDCI3)d 1.75 - 1.78 (12 H, m),
1.88 (4 H, br s) for adamantane 5.50; 6 1.74 (6 H, m), 2.12 (3 H, brs), 2.38 (6 H, m)
for 1-bromoadamantane 5.51;191 5 7.27 — 7.34 (15 H, m) for triphenylmethanol 5.71;
0749 (4 H,d,J=8.0H2z), 760 (2 H,d, J=8.0Hz), 782 (4 H, d, J=8.0 Hz) for
benzophenone 5.72;1% 5549 (1H, s), 6.73 —6.77 (2 H, m), 6.97 — 7.00 (2 H, m) for
4-benzhydrylphenol 5.73.1% These signals are consistent with the literature values
and reference samples (5.50: Section 9.3.14, Scheme 5.12 on page 234; 5.51:
Section 9.3.14, Scheme 5.11A on page 232). This crude material was purified by
column chromatography (0 - 10% ethyl acetate in hexane) to give both
benzophenone 5.721% (7 mg, 4%) as a yellow oil [Found: (GCMS-EI) C13sH100 (M)
** 182.0]; vmax(film) / cm 1 3057, 1655, 1597, 1445, 1275, 1175, 939, 918, 808 762;
'H-NMR (400 MHz, CDClI3)d 7.49 (4 H, t, J = 8.0 Hz, ArH), 7.60 (2 H, t, J = 8.0 Hz,
ArH), 7.82 (4 H, d, J = 8.0 Hz, ArH); 33C{tH}-NMR (100 MHz, CDCls) 5 128.2 (4 x
CH), 130.2 (4x CH), 132.6 (2 xCH), 137.5 (2 xC), 196.7 (C) and 4-benzhydrylphe nol
5.731% (18.9 mg, 7%) as a yellow oil [Found: (GCMS-EIl) Ci19H160 (M)** 260.1];
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vmax(film) / cm 3366, 2361, 2336, 1595, 1508, 1491, 1449, 1238, 1173, 1103,
1030, 816, 800, 750, 735; 1H-NMR (400 MHz, CDCIs) 5 4.82 (1 H, br s, OH), 5.49
(1 H,s, CH), 6.73—6.77 (2 H, m, ArH), 6.97 — 7.00 (2 H, m, ArH), 7.11 — 7.13 (4 H,
m, ArH), 7.19 — 7.32 (6 H, m, ArH); 13C{1H}-NMR (100 MHz, CDClIs) & 56.1 (CH),
115.3 (2 x CH), 126.4 (2 x CH), 128.4 (4 x CH), 129.5 (4 x CH), 130.7 (2 x CH),
136.4 (C), 144.3 (2 x C), 154.1 (C).

Triphenylmethanol 5.71 *H-NMR (400 MHz, CDClI3) 6 2.79 (1 H, s, OH), 7.26 — 7.34
(15 H, m, ArH), 7.57 (2 H, d, J = 8.4 Hz, ArH); 13C{*H}-NMR (100 MHz, CDCIs) &
82.2 (C), 127.4 (9 x CH), 128.1 (6 x CH), 147.0 (3 x C). These signals are consistent

with a commercial sample used as a reference.

Table 5.6, entry 2

o®

OK . OH o)
_Lpn 550, CH;Cly, 40 °C, 90 h, dark o Ien o+ Pt
Ph” “Ph Ph” Ph Ph” Ph

5.70 5.50 87% 5.7181% 5.721%
(4eq.)

Potassium triphenylmethanolate 5.70 (597 mg, 2 mmol, 4.0 eq.), adamantane 5.50

(68 mg, 0.5 mmol) and dichloromethane (3.13 mL) were added to an oven-dried
pressure tube was added and the reaction mixture was stirred at 40 °C for 90 h in
the dark. The reaction mixture was cooled to RT and quenched with agueous
hydrochloric acid (1 M, 5 mL) and extracted with diethyl ether (4 x 10 mL). The
organic phases were combined, dried over Na2SOs4, filtered and concentrated in
vacuo. The yield of adamantane 5.50 (87%), triphenylmethanol 5.71 (81%) and
benzophenone 5.72 (1%) were determined by adding 1,3,5-trimethoxybenzene to
the crude mixture as an internal standard for 'H-NMR. The products were identified
by the following characteristic signals; *H-NMR (400 MHz, CDClIs) 5 1.75 - 1.78 (12
H, m), 1.88 (4 H, br s) for adamantane 5.50; & 7.27 — 7.34 (15 H, m) for
triphenylmethanol 5.71, 6 7.49 (4 H, d, J = 8.0 Hz, ArH), 7.60 (2 H, d, J = 8.0 Hz,
ArH), 7.82 (4 H, d, J = 8.0 Hz, ArH) for benzophenone 5.72; 13C{*H}-NMR (100 MHz,
CDCI3s) & 28.3, 37.7 for adamantane 5.50; & 82.2, 1274, 128.0, 147.0
triphenylmethanol 5.71.19 These signals are consistent with the literature values and
reference samples (5.71 and 5.72: Section 9.3.22, Table 5.6, entry 1 on pages 242-
243; 5.50: Section 9.3.14, Scheme 5.12 on page 234).
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9.3.23 Formation of tert-butyl hypochlorite 5.83 (Scheme 5.18)

Cl<

OH
)<Me NaOCI (1.4 eq.), acetic acid (1.11 eq.), 10 min, 0 °C /CLMe
Me Me Me Me
5.7 5.83 34%

Throughout the experiment, all the equipment was covered in aluminium foil and the
reaction mixture was always kept in the dark. A solution of NaOCI (0.6 M, 200 mL,
1.4 eq.) was added to a round-bottomed flask and the reaction mixture was stirred
at 0 °C for 10 min. A mixture of tert-butanol 5.7 (8 mL, 84 mmol) and acetic acid (5.3
mL, 92 mmol, 1.11 eq.) was added, in one batch under vigorous stirring, and the
reaction mixture was stirred at0 °C for 10 min. The reaction mixture phase-separated.
The top yellow phase was separated from the reaction mixture, washed with
saturated aqueous NaHCOs solution (50 mL) and water (50 mL), dried over Na2SOa
to give tert-butyl hypochlorite 5.83197-19%(0.82 mL, d =1.128 g mL1, 34%) as a yellow
oil tH-NMR (400 MHz, CDCIs) & 1.32 (9 H, s, 3 x CH3); 2C{*H}-NMR (100 MHz,
CDCI3) & 26.9 (3 x CHg), 84.0 (C). These signals are consistent with the literature
values. The hypochlorite 5.83 was used immediately.

9.3.24 Reactions of tert-butyl hypochlorite 5.83 or KO!Bu with adamantane
5.50 (Table 5.7)

Table 5.7, entry 1

cl cl o
o 90 h, 40 °C, CH,Cly, dark
kMe + + + +
Me Me cl

5.83 5.50 5.50 10% 5.69 25% 5.84 16% 5.8513%
(4eq.)

Tert-butyl hypochlorite 5.83 (0.19 mL, freshly prepared, 2 mmol, 4.0 eq.),

adamantane 5.50 (68 mg, 0.5 mmol) and dichloromethane (3.13 mL) were added to
an oven-dried pressure tube and the reaction mixture was stirred at 40 °C for 90 h
in the dark. The reaction mixture was cooled to RT and quenched with aqueous
hydrochloric acid (1 M, 5 mL) and extracted with dichloromethane (4 x 10 mL). The
organic phases were combined, dried over Na2SOs, filtered and concentrated in
vacuo. The yield of adamantane 5.50 (10%), 1-chloroadamantane 5.69 (25%), 1,3-
dichloroadamantane 5.84 (16%) and 2-chloroadamantane 5.85 (13%) were
determined by adding 1,3,5-trimethoxybenzene to the crude mixture as an internal

standard for IH-NMR. The products were identified by the following characteristic
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signals; *H-NMR (400 MHz, CDClIs) & 1.75 — 1.78 (12 H, m), 1.88 (4 H, br s) for
adamantane 5.50; & 1.68 (6 H, s), 2.14 (9 H, s) for 1-chloroadamantane 5.69;1%4 %
2.06 (8 H, d, J=4 Hz), 2.47 (2 H, s) for 1,3-chloroadamantane 5.84;1°° 54.40 (1 H,
s) 2-chloroadamantane 5.85;1°2 13C{IH}-NMR (100 MHz, CDCls) & 28.5, 37.9 for
adamantane 5.50; & 31.9, 35.7, 47.9 for 1-chloroadamantane 5.69;*°4 & 33.5, 33.8,
45.9, 56.6, 66.9 for 1,3-dichloroadamantane 5.84;1% 5 26.9, 27.5, 31.1, 35.9, 37.8,
38.3, 68.4 2-chloroadamantane 5.85. Analysis of the crude material showed that the
products were inseparable, hence the analysis of the product mixture was performed
using experimental IH-NMR and 2C{'H}-NMR values reported within the literature
as a reference.

1-Chloroadamantane 5.691% 1H-NMR (400 MHz, CDCI3) 5 1.68 — 1.69 (6 H, m, 6 x
CHz2), 2.14 (9 H, s, 3 x CH and 3 x CHz2); 33C{*H}-NMR (100 MHz, CDCls) & 31.9,
35.7,47.9, 69.1.

1,3-Dichloroadamantane 5.84199-200 IH-NMR (400 MHz, CDClI3) d 1.63 (2 H, br's,
CH2), 2.06 (8 H, d, 4 X CH2), 2.30 (2 H, brs, 2 x CH), 2.46 (2 H, s, CH2); 13C{*H}-
NMR (100 MHz, CDClz) & 33.4 (CHz), 33.7, (2 x CH), 45.7 (4 x CH2), 56.5 (CH2),
66.7 (2 x C).

2-Chloroadamantane 5.851%21H-NMR (500 MHz, CDCl3)3 1.56 — 1.59 (2 H, m, CH2),
1.76 —1.87 (6 H, m, 2 x CHand 2 x CH2), 1.93 — 1.96 (2 H, m, CH2), 2.08 (2 H, br s,
2x CH),2.26 —2.29 (2 H, m, CH2), 4.40 (1 H, s, CH); 3C{*H}-NMR (125 MHz, CDCls)
027.0, 27.6, 31.2, 36.0, 37.9, 38.3, 68.5.
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Representative H-NMR
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Table 5.7, entry 2

. Cl Cl
o~ 90 h, 40 °C, CCly, dark
kMe + + +
Me Me cl

5.83 5.50 5.50 2% 5.69 1% 5.84 26%
(4eq)

Tert-butyl hypochlorite 5.83 (0.19 mL, freshly prepared, 2 mmol, 4.0 eq.),

adamantane 5.50 (68 mg, 0.5 mmol) and CCls (3.13 mL) were added to an oven-
dried pressure tube and the reaction mixture was stirred at 40 °C for 90 h in the dark.
The reaction mixture was cooled to RT and quenched with aqueous hydrochloric
acid (1 M, 5 mL) and extracted with dichloromethane (4 x 10 mL). The organic
phases were combined, dried over Na2SOs4, filtered and concentrated invacuo. The
yield of adamantane 5.50 (2%), 1-chloroadamantane 5.69 (11%) and 1,3-
dichloroadamantane 5.84 (26%) were determined by adding 1,3,5-
trimethoxybenzene to the crude mixture as an internal standard for 'H-NMR. The
products were identified by the following characteristic signals; *H-NMR (400 MHz,
CDCI3) 61.75 -1.78 (12 H, m), 1.88 (4 H, br s) for adamantane 5.50; & 1.68 (6 H,
s), 2.14 (9 H, s) for 1-chloroadamantane 5.69;1°43 2.06 (8 H, d, J = 4.0 Hz), 2.47 (2

H, s) for 1,3-chloroadamantane 5.84.1°° These signals are consistent with the
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literature values and reference samples (5.50: Section 9.3.14, Scheme 5.12 on page
234; 5.69 and 5.84: Section 9.3.24, Table 5.7, entry 1 on page 245).

Table 5.7, entry 3

c® ¢l
oK 90 h, 40 °C, CCl,, dark .
)<Me
Me Me

5.1 5.50 5.50 64% 5.69 5%
(4eq)

KO'Bu 5.1 (224 mg, 2 mmol, 4.0 eq.), adamantane 5.50 (68 mg, 0.5 mmol) and CCls

(3.13 mL) were added to an oven-dried pressure tube and the reaction mixture was
stirred at 40 °C for 90 h in the dark. The reaction mixture was cooled to RT and
guenched with aqueous hydrochloric acid (1 M, 5 mL) and extracted with
dichloromethane (4 x 10 mL). The organic phases were combined, dried over
Na2SO0s, filtered and concentrated in vacuo. The yield of adamantane 5.50 (64%)
and 1-chloroadamantane 5.691%* (5%) were determined by adding 1,3,5-
trimethoxybenzene to the crude mixture as an internal standard for *H-NMR. The
products were identified by the following characteristic signals; *H-NMR (400 MHz,
CDCIz3) 61.75 —1.78 (12 H, m), 1.88 (4 H, br s) for adamantane 5.50; 6 1.68 (6 H,
s), 2.14 (9 H, s) for 1-chloroadamantane 5.69.1°4 These signals are consistent with
the literature values and reference samples (5.50: Section 9.3.14, Scheme 5.12 on
page 234; 5.69: Section 9.3.24, Table 5.7, entry 1 on page 245).

9.3.25 Synthesis of tert-butyl hypobromite 5.86

Br<

/(ﬂ-IM NaOCI (1.4 eq.), NaBr (1.1 eq.), acetic acid (1.11 eq.), 0°C, 1 h 0

e Me

Me Me Me Me
5.7 5.86

(4eq)
Throughout the experiment all the equipment was covered in aluminium foil and the
reaction mixture was always kept in the dark. A solution of NaOCI (0.6 M, 200 mL,
1.4 eq.) was added to a round-bottomed flask and the reaction mixture was stirred
at 0 °C for 10 min. NaBr (9.26 g, 90 mmol, 1.1 eq.) was added and the reaction
mixture was stirred at 0 °C for 2 min. A mixture of tert-butanol 5.7 (8 mL, 84 mmol)
and acetic acid (5.3 mL, 92 mmol, 1.11 eq.) was added in one batch under vigorous
stirring and the reaction mixture was stirred at 0 °C for 1 h. The reaction mixture was

extracted with dichloromethane (10 mL), washed with water (100 mL), dried over
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Na2SOs4 to give tert-butyl hypobromite 5.86163201 as a dark red solution in
dichloromethane 'H-NMR (400 MHz, CDCI3)d 1.27 (9 H, s, 3 x CH3); 13C{*H}-NMR
(100 MHz, CDCIs) 6 27.5 (3 x CHs), 82.9 (C). The hypobromite 5.86 was used
immediately.

To quantify the amount of tert-butyl hypobromite 5.86 formed, 0.2 mL of the tert-butyl
hypobromite/dichloromethane solution was transferred to a small vial and a solution
of 1,2-dibromoethane (internal standard) in dichloromethane (1 mL, 0.5 M, 0.5 mmol)
was added. The concentration was determined from 1H-NMR: In 0.2 mL of the tert-
butyl hypobromite / dichloromethane solution, there is 0.052 mmol of tert-butyl
hypobromite 5.86. The compound was used immediately in reactions. To ensure the
tert-butyl hypobromite 5.86 had not decomposed prior to being used in the reactions,
the tert-butyl hypobromite / dichloromethane solution was analysed in the same way
immediately after being used, to determine the amount of tert-butyl hypobromite 5.86
present in the tert-butyl hypobromite/dichloromethane solution: the amount was
determined from 'H-NMR: In 0.2 mL of the tert-butyl hypobromite/dichloromethane
solution, there was 0.052 mmol of tert-butyl hypobromite 5.86.

9.3.26 Reactions of tert-butyl hypobromite 5.86 (Scheme 5.19A)

Br Br Br
o Br 90 h, 40 °C, CH,Cl,, dark
)<Me + + + +
Me Me Br

5.86 5.50 5.50 70% 5.51 16% 5.52 4% 5.53<1%
(0.4 eq.)

Tert-butyl hypobromite 5.86 (0.87 mL, freshly prepared and used immediately, 0.22

mmol, 0.4 eq.), adamantane 5.50 (68 mg, 0.5 mmol) and dichloromethane (3.13 mL)
were added to an oven-dried pressure tube and the reaction mixture was stirred at
40 °C for 90 h inthe dark. The reaction mixture was cooled to RT and quenched with
aqueous hydrochloric acid (1 M, 5 mL) and extracted with dichloromethane (4 x 10
mL). The organic phases were combined, dried over Na2SOs, filtered and
concentrated in vacuo. The yield of adamantane 5.50 (70%), 1-bromoadamantane
5.51 (16%), 2-bromoadamantane 5.52 (4%) and 1,3-bromoadamantane 5.53 (< 1%)
were determined by adding 1,3,5-trimethoxybenzene to the crude mixture as an

internal standard for 'H-NMR. The products were identified by the following
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characteristic signals; tH-NMR (400 MHz, CDCI3)0 1.74 - 1.76 (12 H, m), 1.88 (4 H,
br s) for adamantane 5.50; 6 1.72 (6 H, m), 2.10 (3 H, br s), 2.36 (6 H, m) for 1-
bromoadamantane 5.51;1°1 5 1.97 —2.00 (2 H, m), 2.15 (2 H, br s), 2.33 (2 H, br s),
4.68 (1 H, br s) for 2-bromoadamantane 5.52;192% 1.70 (2 H, m), 2.25 —2.30 (10 H,
m), 2.87 (2 H, br s) for 1,3-dibromoadamantane 5.53.1°! These signals are consistent
with the literature values and reference samples (5.50: Section 9.3.14, Scheme 5.12
on page 234; 5.51-5.53: Section 9.3.14, Section 5.11A on page 232).

9.3.27 Reactions of KO!Bu with adamantane and CBr4 (Scheme 5.19B)

Br
cgc&) @ CBr, (1 €q.), 90 h, 40 °C, CH,Cl, @
+ +
kMe
Me Me

5.1 5.50 5.50 84% 5.514%
(4eq.)

KO'Bu 5.1 (224 mg, 2 mmol, 4.0 eq.), adamantane 5.50 (68 mg, 0.5 mmol), CBra4
(166 mg, 0.5 mmol, 1.0 eq.) and dichloromethane (3.13 mL) were added to an oven-
dried pressure tube and the reaction mixture was stirred at 40 °C for 90 h in the dark.
The reaction mixture was cooled to RT and quenched with aqueous hydrochloric
acid (1 M, 5 mL) and extracted with dichloromethane (4 x 10 mL). The organic
phases were combined and dried over Na2SOs4, filtered and concentrated in vacuo.
The yield of adamantane 5.50 (84%) and 1-bromoadamantane 5.51 (4%) were
determined by adding 1,3,5-trimethoxybenzene to the crude mixture as an internal
standard for 'H-NMR. The products were identified by the following characteristic
signals; H-NMR (400 MHz, CDClIs) & 1.74 — 1.76 (12 H, m), 1.88 (4 H, br s) for
adamantane 5.50; & 1.72 (6 H, m), 210 (3 H, br s), 236 (6 H, m) for 1-
bromoadamantane 5.51.191 These signals are consistent with the literature values

and reference samples (5.50: Section 9.3.14, Scheme 5.12 on page 234; 5.51:
Section 9.3.14, Section 5.11A on page 232).
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NMR of novel compounds in Chapter5

1H-NMR and 3C{1H}-NMR 5.12
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1H-NMR and 3C{*H}-NMR 5.30
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1H-NMR and 3C{H}-NMR 5.55
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1H-NMR and 3C{H}-NMR 5.56
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1H-NMR and 3C{H}-NMR 5.70
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1H-NMR and 3C{'H}-NMR 5.83

CI\O
Me
Me Me
W
i
1 10.00 us
Fia 20000800 ¥
T T r T T T r T T T r T T T r T T T r T
95 9.0 85 80 75 70 65 6.0 55 50 40 35 30 25 20 15 10 s ppm

rcﬁ

g

o

-

5

Cl<
(0]
Me
Me Me
, T T T T T T " T r T T T T T T T . T T )
200 180 180 170 160 150 140 130 120 110 100 80 80 70 60 50 40 30 20 10 ppm

256



Chapter 9. Experimental details

1H-NMR and 3C{H}-NMR 5.86
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9.4 Experimental details for Chapter 6
9.4.1 Synthesis of 1-(1-(2-halobenzyl)-1H-pyrrol-2-yl)ethan-1-one 6.1a-c

Synthesis of 1-(1-(2-iodobenzyl)-1H-pyrrol-2-yl)ethan-1-one, 6.1a%

Me,

(0]
HN \
963 @/\5
NaH(GO/o 1.2eq.)

0,
DMF, 0 - 60 °C, O/N 6.1a 80%

| PBr; (0.4 eq.), CH,Cl,

|
0°C -RT, OIN
OH ——— Br

9.6.1 9.6.2a 90%

(2-lodophenylymethanol 9.6.1 (8.2 g, 35 mmol) and anhydrous dichloromethane (60
mL) were added to an oven-dried round-bottomed flask. At0 °C, PBr3 (1.32 mL, 14
mmol, 0.4 eq.) was added slowly and the reaction mixture was stirred at 0 °C for 30
min, then at RT overnight. The reaction mixture was quenched with water (20 mL)
and extracted with dichloromethane (3 x 20 mL). The organic phases were
combined, washed with water then brine, dried over Na2SOas, filtered and
concentrated in vacuo to give 1-(boromomethyl)-2-iodobenzene 9.6.2a2%2 (9.37 g,
90%) as white crystals m.p. 62 — 64 °C (it.2%%: 56 — 60 °C); [Found: (GCMS-EI)
C7Hs™Brl (M)** 295.9]; 'H-NMR (400 MHz, CDCI3) 5 4.61 (2 H, s, CH2),6.99 (1 H,
t, J=8.0Hz, ArH), 7.35 (1 H, t, J =8.0 Hz, ArH), 7.49 (1 H, d, J = 8.0 Hz, ArH), 7.87
(1 H, d, J =8.0 Hz, ArH); 13C{*H}-NMR (100 MHz, CDCIs3) & 38.9 (CH2), 100.2 (C),
129.0 (CH), 130.2 (CH), 130.6 (CH), 140.2 (CH), 140.3 (C).

Sodium hydride (60% in mineral oil, 720 mg, 18 mmol, 1.2 eq.) and anhydrous
dimethyiformamide (5 mL) were added to an oven-dried three-necked flask,
equipped with condenser. At 0 °C, a solution of 1-(1H-pyrrol-2-yl)ethan-1-one 9.6.3
(1.64 g, 15 mmol) in anhydrous dimethylformamide (10 mL) was added slowly and
the reaction mixture was stirred at 0 °C for 5 min, then at RT for 1 h. A solution of 1-
(bromomethyl)-2-iodobenzene 9.6.2a (5.12 g, 17.25 mmol, 1.15 eq.) in anhydrous
dimethylformamide (10 mL) was added dropwise and the reaction mixture was
stired at 60 °C overnight. The reaction mixture was cooled to RT, quenched
dropwise with water (80 mL) and extracted with ethyl acetate (3 x 50 mL). The
organic phases were combined, washed with water then brine, dried over Na2SO4,

filtered and concentrated in vacuo. The crude material was purified by column
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chromatography (0 - 10% diethyl ether in petroleum ether) to give 1-(1-(2-
iodobenzyl)-1H-pyrrol-2-yl)ethan-1-one 6.1a'%0 (3.90 g, 80%) as off-white crystals
m.p. 99 — 100 °C (lit.8>1%0: 100.3 — 101.5 °C); [Found: (HRMS-ESI) 326.0034.
Ci3H13INO* (M+H)* requires 326.0042]; vmax(film) / cm 3109, 2359, 2342, 1634,
1533, 1468, 1433, 1397, 1331, 1252, 1094, 1011, 947, 752, 743, 720; H-NMR (400
MHz, CDCI3)52.43 (3H, s, CHs),5.57 (2 H, s, CH2), 6.22 — 6.24 (1 H, m, ArH), 6.47
(1 H, d,J =8.0 Hz, ArH), 6.84 — 6.85 (1 H, m, ArH), 6.92 — 6.96 (1 H, m, ArH), 7.05
(1H, dd,J=4.0,1.6 Hz, ArH), 7.21 (1 H,t, J =8.0 Hz, ArH), 7.84 (1 H, d, J=8.0
Hz, ArH); 33C{*H}-NMR (100 MHz, CDCIs3) & 27.3 (CHs), 57.9 (CH2), 97.6 (C), 109.0
(CH), 120.4 (CH), 127.3 (CH), 128.7 (CH), 129.1 (CH), 130.5 (CH), 130.7 (C), 139.5
(CH), 140.9 (C), 188.5 (C).

Synthesis of 1-(1-(2-bromobenzyl)—lH-pyrroI-2-y|)ethan-1-one, 6.1b%

NaH (60%, 1.2 eq.) Br
©/\ 50 DMF, 0-60°C, OIN_ ©/\
9.6.2b 6.1b 86%
(1.15eq.)

Sodium hydride (60% in mineral oil, 240 mg, 6 mmol, 1.2 eq.) and anhydrous
dimethylformamide (5 mL) were added to an oven-dried three-necked flask,
equipped with condenser. At 0 °C, a solution of 1-(1H-pyrrol-2-yl)ethan-1-one 9.6.3
(546 mg, 5 mmol) in anhydrous dimethylfformamide (5 mL) was added slowly and
the reaction mixture was stirred at 0 °C for 5 min, then at RT for 1 h. A solution of 1-
(bromomethyl)-2-bromobenzene 9.6.2b (1.44 g, 5.75 mmol, 1.15 eq.) in anhydrous
dimethyiformamide (5 mL) was added dropwise and the reaction mixture was stirred
at 60 °C overnight. The reaction mixture was cooled to RT, quenched dropwise with
water (60 mL) and extracted with ethyl acetate (3 x40 mL). The organic phases were
combined, washed with water then brine, dried over Na2SOas, filtered and
concentrated in vacuo. The crude material was purified by column chromatography
(0 - 5% diethyl ether in petroleum ether) to give 1-(1-(2-bromobenzyl)-1H-pyrrol-2-
yl)ethan-1-one 6.1b1%0 (1.20 g, 86%) as pale-yellow crystals m.p. 90 — 91 °C (it.150:
80 — 81 °C); [Found: (HRMS-ESI) 278.0176. Ci3H13’°BrNO* (M+H)* requires
278.0175]; vmax(film) / cm! 1651, 1528, 1470, 1439, 1422, 1398, 1356, 1325, 1244,
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1086, 1024, 943, 758, 741, 677; 'H-NMR (400 MHz, CDCls) & 2.43 (3 H, s, CHa),
5.65 (2 H, s, CH2), 6.22 — 6.24 (1 H, m, ArH), 6.52 — 6.54 (1 H, m, ArH), 6.88 — 6.89
(1 H, m, ArH), 7.04 — 7.06 (1 H, m, ArH), 7.09 — 7.13 (1 H, m, ArH), 7.15 — 7.19 (1
H, m, ArH), 7.56 (1 H, dd, J = 7.6, 1.2 Hz, ArH); 23C{fH}-NMR (125 MHz, CDCls) &
27.4 (CHs), 53.0 (CHz), 108.9 (CH), 120.4 (CH), 122.5 (C), 127.9 (2 x CH), 128.9
(CH), 130.6 (CH), 130.7 (C), 132.8 (CH), 138.0 (C), 188.5 (C); m/z (ESI) 280.0153
([M+H)*, 81Br, 100%], 278.0176 [(M+H)*, 79Br, 100].

Synthesis of 1-(1-(2-chlorobenzyl)-1H-pyrrol-2-yl)ethan-1-one, 6.1¢8°

Me,

¢ Me NaH (60%, 1.2 eq)  Cl o
0
B . O DMF, 0-60°C, ON N
HNTN —
=
9.6.2c 9.6.3 6.1c 61%

(115 eq.)
Sodium hydride (60% in mineral oil, 240 mg, 6 mmol, 1.2 eq.) and anhydrous
dimethylformamide (5 mL) were added to an oven-dried three-necked flask,
equipped with condenser. At 0 °C, a solution of 1-(1H-pyrrol-2-yl)ethan-1-one 9.6.3
(546 mg, 5 mmol) in anhydrous dimethylformamide (5 mL) was added slowly and
the reaction mixture was stirred at 0 °C for 10 min, then at RT for 1 h. A solution of
1-(bromomethyl)-2-chorobenzene 9.6.2c (0.75 mL, 5.75 mmol, 1.15 eq.) in
anhydrous dimethylformamide (5 mL) was added dropwise and the reaction mixture
was stirred at 60 °C overnight. The reaction mixture was cooled to RT, quenched
dropwise with water (40 mL) and extracted with ethyl acetate (3 x 30 mL). The
organic phases were combined, washed with water then brine, dried over Na2SOa,
fitered and concentrated in vacuo. The crude material was purified by column
chromatography (0 - 2% ethyl acetate in petroleum ether) to give 1-(1-(2-
chlorobenzyl)-1H-pyrrol-2-yl)ethan-1-one 6.1¢c1%° (717 mg, 61%) as pale yellow
crystals m.p. 77 — 80 °C (lit.15°: 69 — 70 °C); [Found: (GC-CI) C13H133>CINO* (M+H)*
234.1]; vimex(film) / cm1 2980, 1647, 1468, 1397, 1331, 1244, 1086, 1038, 945, 745,
694, 633, 615; *H-NMR (400 MHz, CDClI3) 5 2.43 (3 H, s, CH3s), 5.68 (2 H, s, CH?2),
6.22 (1 H, d, J =4.0 Hz, ArH), 6.61 (1 H, d, J = 7.6 Hz, ArH), 6.89 —6.90 (1 H, m,
ArH), 7.04 —7.05 (1 H, m, ArH), 7.11 —-7.21 (2 H, m, ArH), 7.37 (1 H,dd, J=8.0, 1.2
Hz, ArH); 13C{{H}-NMR (125 MHz, CDCIs) & 27.4 (CHs), 50.5 (CH2), 108.9 (CH),
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120.5 (CH), 127.2 (CH), 127.8 (CH), 128.7 (CH), 129.5 (CH), 130.6 (C), 130.7 (CH),
132.6 (C), 136.4 (C), 188.5 (C); m/z (ESI) 236.1 [(M+H)*, 37Cl, 32%], 234.1 [(M+H)*,
35C|, 100].

9.4.2 Synthesis of 1,4-dipropylpiperazine-2,5-dione 6.2

Synthesis of 2-chloro-N-propylacetamide 9.6.6167
H
mﬁ(c' N Me CI/YN\/\Me
(0] O

9.6.4 9.6.5 9.6.6 99%
(2.1eq)

Anhydrous dichloromethane (30 mL) was added to a round-bottomed flask was

CH,Cl,, 0 °C, 15 min

added. Under an argon atmosphere, at 0 °C, chloroacetyl chloride 9.6.4 (4 mL, 50
mmol) and propylamine 9.6.5 (8.6 mL, 105 mmol, 2.1 eq.) were simultaneously
added dropwise. The reaction mixture was stirred at 0 °C for 15 min and then diluted
with diethyl ether (200 mL) and a solid precipitated. The reaction mixture was filtered
and the solid was washed with diethyl ether. The filtered solution was concentrated
in vacuo and diluted with diethyl ether (200 mL) and filtered a second time. The
filtered solution was concentrated in vacuo to give 2-chloro-N-propylacetamide
9.6.61%7 (6.72 g, 99%) as a pale yellow oil [Found: (HRMS-ESI) 136.0521.
CsH11CINO* (M+H)* requires 136.0524]; vmax(film) / cm 3292, 3084, 2965, 2936,
2876, 1651, 1539, 1460, 1439, 1258, 1240, 1155; *H-NMR (500 MHz, CDCI3) 5 0.91
(83H,t, J=75Hz CHs),1.48 - 154 (2 H, m, CH2), 3.24 (2 H, q, J = 6.5 Hz, CH2),
4.01 (2H, s,CH2),6.67 (1 H, brs, NH); 13C{*H}-NMR (100 MHz, CDCI3)d 11.4 (CHs3),
22.7 (CH2), 41.6 (CH2), 42.8 (CH2), 165.9 (C).
Synthesis of 4-dipropylpiperazine-2,5-dione 6.2%

Pr
NaH (60%,1.1eq.) o N
H\/\ THF, 0°C-RT, 3.5 h T l
Cl/j)( Me NS0
Pr
9.6.6 6.2 54%

2-Chloro-N-propylacetamide 9.6.6 (6.78 g, 50 mmol) and anhydrous tetrahydrofuran

(30 mL) were added to a flame-dried round-bottomed flask. At 0 °C, a suspension of
sodium hydride (60% in mineral oil, 2.20 g, 55 mmol, 1.1 eq.) in anhydrous
tetrahydrofuran (20 mL) was added dropwise via cannula and the reaction mixture
was stirred at RT for 3.5 h. The reaction mixture was quenched by dropwise addition

of water and diluted with diethyl ether (150 mL) and the organic phase was dried
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over Na2SO4, filtered and concentrated invacuo. The crude material was purified by
column chromatography (0 - 100% ethyl acetate in hexane) to give 1,4-
dipropylpiperazine-2,5-dione 6.24! (2.66 g, 54%) as pale yellow crystals m.p. 54 —
59 °C (lit*1 40 — 42 °C); [Found: (HRMS-ESI) 199.1438. C10H19N202* (M+H)*
requires 199.1438]; vmax(film) / cmt 2964, 2932, 2872, 1647, 1483, 1335, 1308,
1277, 1204, 1055; *H-NMR (500 MHz, CDCI3) 5 0.92 — 0.95 (6 H, m, 2 x CH3), 1.59
(4 H, sx,J =75 Hz, 2 x CH2),3.37 (4 H, m, 2 x CH2), 3.96 (4 H, s, CH2); 13C{H}-
NMR (125 MHz, CDCI3) & 11.2 (2 x CH3), 20.0 (2 x CH2), 47.7 (2 x CHz2), 50.0 (2 x
CHz2), 163.6 (2 x C).

9.4.3 Electron transfer reactions on 1-(1-(2-halobenzyl)-1H-pyrrol-2-yl)ethan-
1l-one (Table 6.1)

Table 6.1, entry 1

5 Tl

I o
S e te
KO'Bu (3 eq.)
o1a benzene, 120 °C, 1 h 63 5504 647%

1-(1-(2-lodobenzyl)-1H-pyrrol-2-yl)ethan-1-one 6.1a (163 mg, 0.5 mmol) and 1,4-
dipropylpiperazine-2,5-dione 6.2 (10 mg, 0.05 mmol, 0.1 eq.) were added to an oven-
dried pressure tube. In the glove box, KO'Bu (168 mg, 1.5 mmol, 3.0 eq.) and
anhydrous benzene (5 mL) were added and the reaction mixture was stirred at 120
°C for 1 h. The reaction mixture was quenched with water (20 mL) and extracted with
diethyl ether (3 x 20 mL). The organic phases were combined, washed with brine,
dried over Na2SOs4, filtered and concentrated in vacuo. The crude material was
purified by column chromatography (10 - 20% ethyl acetate in petroleum ether) to
give both 5,10-dihydro-11H-benzo[e]pyrrolo[1,2-a]azepin-11-one 6.31509204 (54 mg,
55%) as a pale green solid m.p. 176 — 177 °C (lit.2%4: 174 — 176 °C); [Found: (HRMS-
ESI) 198.0911. CisH12NO* (M+H)* requires 198.0913]; vmax(film) / cm 2963, 2359,
2342, 1636, 1520, 1489, 1466, 1398, 1337, 739, 677; 1H-NMR (400 MHz, CDCl3) &
4.09 (2 H, s, CH2), 5.26 (2 H, s, CH2), 6.15 — 6.17 (1 H, m, ArH), 6.94 — 6.95 (1 H,
m, ArH), 7.10 — 7.12 (1 H, m, ArH), 7.25 — 7.35 (4 H, m, ArH); B3C{*H}-NMR (125
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MHz, CDCI3)d 49.1 (CH2), 53.7 (CH2), 109.2 (CH), 118.6 (CH), 127.5 (CH), 127.9
(CH), 128.3 (CH), 129.3 (CH), 129.9 (CH), 132.4 (C), 134.3 (C), 135.2 (C), 184.4
(C), and 1-(5H-pyrrolo[2,1-ajisoindol-3-yl)ethan-1-one 6.41%0 (7.2 mg, 7%) as a
yellow solid m.p. 128 — 129 °C; [Found: (HRMS-ESI) 198.0913. C13H12NO* (M+H)*
requires 198.0913]; vmax(film) / cm 2922, 2359, 2342, 1626, 1614, 1476, 1439,
1395, 1306, 1262, 1192, 1138, 1098, 1067, 1026, 1017, 963, 924, 747, 718, 696,
655; 1H-NMR (400 MHz, CDClIs)52.48 (3 H, s, CH3), 5.22 (2 H, s, CH2), 6.41 (1 H,
d, J= 4.0 Hz, ArH), 7.07 (L H, d, J = 4.0 Hz, ArH), 7.30 — 7.34 (1 H, m, ArH), 7.38 —
7.42 (1 H, m, ArH), 7.49 —7.51 (1 H, m, ArH), 7.63 (1 H, d, J = 7.6 Hz, ArH); 3C{*H}-
NMR (100 MHz, CDClIs) 8 26.0 (CHs), 53.2 (CHz2), 100.2 (CH), 120.2 (CH), 121.7
(CH), 123.5 (CH), 127.1 (CH), 128.1 (CH), 129.2 (C), 131.9 (C), 142.1 (C), 144.8
(C), 187.4 (C).
Table 6.1, entry 2

I?r
O%[Nl
Me

! o
©/\N 4 6.2 (O 1 eq.) ©:(/lr
= KO‘Bu (3eq.)
DMSO, 120°C, 1 h
6.1a 6.3 79% 6.4 10%

1-(1-(2-lodobenzyl)-1H-pyrrol-2-yl)ethan-1-one 6.1a (163 mg, 0.5 mmol) and 1,4-
dipropylpiperazine-2,5-dione 6.2 (10 mg, 0.05 mmol, 0.1 eq.) were added to an oven-
dried pressure tube. In the glove box, KO'Bu (168 mg, 1.5 mmol, 3.0 eq.) and
anhydrous DMSO (2 mL) were added and the reaction mixture was stirred at 120 °C
for 1 h. The reaction mixture was quenched with saturated aqueous ammonium
chloride solution (20 mL) and extracted with dichloromethane (3 x 20 mL). The
organic phases were combined, washed with brine, dried over Na2SO4, filtered and
concentrated in vacuo. The crude material was purified by column chromatography
(5 - 25% ethyl acetate in hexane) to give 5,10-dihydro-11H-benzo[e]pyrrolo[1,2-
aJazepin-11-one 6.3 (77.8 mg, 79%) as a pale-brown solid and 1-(5H-pyrrolo[2,1-
ajisoindol-3-yl)ethan-1-one 6.4 (9.6 mg, 10%) as pale brown crystals. The spectra
are consistent with the reference samples (Section 9.4.3, Table 6.1, entry 1 on pages
262-263).

263



Chapter 9. Experimental details

Table 6.1, entry 3
T L
O

@ﬁf e
KO’Bu (3eq.) N__
DMSO, 120°C, 1 h 6.3 255
1-(1-(2-Bromobenzyl)-1H-pyrrol-2-yl)ethan-1-one 6.1b (139 mg, 0.5 mmol) and 1,4-
dipropylpiperazine-2,5-dione 6.2 (10 mg, 0.05 mmol, 0.1 eq.) were added to an oven-
dried pressure tube. In the glove box, KO'Bu (168 mg, 1.5 mmol, 3.0 eq.) and
anhydrous DMSO (2 mL) were added and the reaction mixture was stirred at 120 °C
for 1 h. The reaction mixture was quenched with saturated aqueous ammonium
chloride solution (20 mL) and extracted with dichloromethane (3 x 20 mL). The
organic phases were combined, washed with brine, dried over Na2SOs, filtered and
concentrated in vacuo. The crude material was purified by column chromatography
(2 - 25% ethyl acetate in hexane) to give 5,10-dihydro-11H-benzo[e]pyrrolo[1,2-
alazepin-11-one 6.3 (24.2 mg, 25%) as dark green crystals. The spectra are
consistent with the reference samples (Section 9.4.3, Table 6.1, entry 1 on page

262).

Table 6.1, entry 4

I?r Pr
L R
N" 0 M N" 0

Pr Br o Pr o]
6.2 (0.1 eq.) @/\'\5 6.2 (0.1 eq.)
6.1b (no reaction) =—— N —
KO'Bu (3 eq.) = KO'Bu (5 eq.) N _
benzene, 120 °C, 1 h benzene, 160 °C, 16 h
6.1b 6.3 30%

1-(1-(2-Bromobenzyl)-1H-pyrrol-2-yl)ethan-1-one 6.1b (139 mg, 0.5 mmol) and 1,4-
dipropylipiperazine-2,5-dione 6.2 (10 mg, 0.05 mmol, 0.1 eq.) were added to an oven-
dried pressure tube. In the glove box, KO'Bu (168 mg, 1.5 mmol, 3.0 eq.) and
anhydrous benzene (5 mL) were added and the reaction mixture was stirred at 120
°C for 1 h. The reaction mixture was quenched with water (20 mL) and extracted with

diethyl ether (3 x 20 mL). The organic phases were combined, washed with brine,
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dried over Na2SOs, filtered and concentrated in vacuo. Only the starting material
6.1b was observed in the crude mixture by IH-NMR and TLC.

1-(1-(2-Bromobenzyl)-1H-pyrrol-2-yl)ethan-1-one 6.1b (139 mg, 0.5 mmol) and 1,4-
dipropylpiperazine-2,5-dione 6.2 (10 mg, 0.05 mmol, 0.1 eq.) were added to an oven-
dried pressure tube. In the glove box, KO'Bu (281 mg, 2.5 mmol, 5 eq.) and
anhydrous benzene (5 mL) were added and the reaction mixture was stirred at 160
°C for 16 h. The reaction mixture was quenched with water (20 mL) and extracted
with diethyl ether (3 x 20 mL). The organic phases were combined, washed with
brine, dried over Na2SOs4, filtered and concentrated in vacuo. The crude material was
purified by column chromatography (10 - 20% ethyl acetate in petroleum ether) to
give 5,10-dihydro-11H-benzo[e]pyrrolo[1,2-alazepin-11-one 6.3 (29.3 mg, 30%) as
a brown solid. The spectra are consistent with the reference samples (Section 9.4.3,

Table 6.1, entry 1 on page 262).

Table 6.1, entry 5

F"r
T

N 0

O Pr O
@/\N \ 6.2 (0.1 eq.)
= KOBu (3 eq.) N__

DMSO, 120°C, 1 h
6.1c 6.3 20%

1-(1-(2-Chlorobenzyl)-1H-pyrrol-2-yl)ethan-1-one 6.1c (117 mg, 0.5 mmol) and 1,4-
dipropylpiperazine-2,5-dione 6.2 (10 mg, 0.05 mmol, 0.1 eq.) were added to an oven-
dried pressure tube. In the glove box, KO'Bu (168 mg, 1.5 mmol, 3.0 eq.) and
anhydrous DMSO (2 mL) were added and the reaction mixture was stirred at 120 °C
for 1 h. The reaction mixture was quenched with saturated aqueous ammonium
chloride solution (20 mL) and extracted with dichloromethane (3 x 20 mL). The
organic phases were combined, washed with brine, dried over Na2SOs, filtered and
concentrated in vacuo. The crude material was purified by column chromatography
(2 - 40% ethyl acetate in hexane) to give 5,10-dihydro-11H-benzo[e]pyrrolo[1,2-
alazepin-11-one 6.3 (19.8 mg, 20%) as a brown solid. The spectra are consistent

with the reference samples (Section 9.4.3, Table 6.1, entry 1 on page 262).
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Table 6.1, entry 6
T l
(o]

@/\ 5 6.2 (O 1eq.)
KO‘Bu (3eq.) N _
benzene, 160 °C, 16 h
6.3 24%

1-(1-(2-Chlorobenzyl)-1H-pyrrol-2-yl)ethan-1-one 6.1c (117 mg, 0.5 mmol) and 1,4-
dipropylpiperazine-2,5-dione 6.2 (10 mg, 0.05 mmol, 0.1 eq.) were added to an oven-
dried pressure tube. In the glove box, KO'Bu (168 mg, 1.5 mmol, 3.0 eq.) and
anhydrous benzene (2 mL) were added and the reaction mixture was stirred at 160
°C for 16 h. The reaction mixture was quenched with water (20 mL) and extracted
with diethyl ether (3 x 20 mL). The organic phases were combined, washed with
brine, dried over Na2SOs4, filtered and concentrated in vacuo. The crude material was
purified by column chromatography (5 - 100% ethyl acetate in petroleum ether) to
give 5,10-dihydro-11H-benzo[e]pyrrolo[1,2-alazepin-11-one 6.3 (23.5 mg, 24%) as
a brown solid. The spectra are consistent with the reference samples (Section 9.4.3,
Table 6.1, entry 1 on page 262).

9.4.4 Synthesis of 1-(1-(2-iodo-3,4-dimethoxybenzyl)-1H-pyrrol-2-yl)ethan-1-
one, 6.23

Me,

| PBrj (0.4 eq.), CH,Cl, | H'\Eéi
M oG - M =/ 9.6.3
eO oH 0°C-RT, ON eO Br
NaH (60%, 1.2 eq.)
MeO MeO

DMF, 0 - 60 °C, O/N
9.6.7 9.6.8 90% 6.23 62%

(2-lodo-3,4-dimethoxyphenyl)methanol 9.6.7 (2.94 g, 10 mmol) and anhydrous
dichloromethane (20 mL) were added to an oven-dried round-bottomed flask. At O
°C, PBr3 (0.4 mL, 4 mmol, 0.4 eq.) was added slowly and the reaction mixture was
stirred at 0 °C for 30 min, then at RT overnight. The reaction mixture was quenched
with water (20 mL) and extracted with dichloromethane (3 x 15 mL). The organic
phases were combined, washed with water then brine, dried over Na2SOs4, filtered
and concentrated in vacuo to give 1-(boromomethyl)-2-iodo-3,4-dimethoxybenzene
9.6.8 (357 g, 90%) as off-white crystals [Found: (HRMS-NSI) 373.9249.
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CoH14BriNO2 (M+NHa)* requires 373.9247]; 'H-NMR (400 MHz, CDCls) & 3.84 (3
H, s, CH3), 3.87 (3 H, s, CH3), 4.66 (2 H, s, CH2), 6.86 (1 H, d, J = 8.0 Hz, ArH), 7.23
(1 H, d, J = 8.0 Hz, ArH); 3C{IH}-NMR (100 MHz, CDCl3) & 39.8 (CH2), 56.2 (CHs),
60.4 (CHs), 99.4 (C), 112.5 (CH), 126.3 (CH), 133.2 (C), 149.6 (C), 152.6 (C), m/z
(NSI) 375.9228 [(M+NHa)*, 81Br, 98%], 373.9249 [(M+NHa4)*, 7°Br, 100].

Sodium hydride (60% in mineral oil, 352 mg, 8.81 mmol, 1.2 eq.) and anhydrous
dimethylformamide (5 mL) were added to an oven-dried round-bottomed flask,
equipped with condenser. At 0 °C, a solution of 1-(1H-pyrrol-2-yl)ethan-1-one 9.6.3
(800 mg, 7.34 mmol) in anhydrous dimethylformamide (5 mL)was added slowly and
the reaction mixture was stirred at 0 °C for 5 min, then at RT for 1 h. A solution of 1-
(bromomethyl)-2-iodo-3,4-dimethoxybenzene 9.6.8 (3.01 g, 8.44 mmol, 1.15 eq.) in
anhydrous dimethylformamide (10 mL) was added dropwise and the reaction mixture
was stirred at 60 °C overnight. The reaction mixture was cooled to RT, quenched
dropwise with water (40 mL) and extracted with ethyl acetate (3 x 30 mL). The
organic phases were combined, washed with water then brine, dried over Na2SOa,
filtered and concentrated in vacuo. The crude material was purified by column
chromatography (0 - 20% ethyl acetate in petroleum ether) to give 1-(1-(2-iodo-3,4-
dimethoxybenzyl)-1H-pyrrol-2-yl)ethan-1-one 6.23 (1.75 g, 62%) as off-white
crystals m.p. 89 — 90 °C; [Found: (HRMS-ESI) 386.0250. C15H17INO3* (M+H)*
requires 386.0248]; vmax(film) / cmt 1641, 1479, 1460, 1397, 1290, 1265, 1225,
1144, 1086, 1022, 947, 743, 631; *H-NMR (400 MHz, CDCIs) 8 2.44 (3 H, s, CH3),
3.82 (3H, s, CH3),3.85 (3 H, s, CH3),5.54 (2 H, s, CH2), 6.20 - 6.21 (1 H, m, ArH),
6.28 (1L H, d, J =8.4 Hz, ArH), 6.76 (1 H, d, J = 8.4 Hz, ArH), 6.82 —6.83 (1 H, m,
ArH), 7.04 — 7.05 (1 H, m, ArH); 3C{*H}-NMR (100 MHz, CDCI3) & 27.4 (CHs), 56.2
(CHB3), 57.6 (CHs3), 60.4 (CH2), 96.8 (C), 108.8 (CH), 112.7 (CH), 120.4 (CH), 123.2
(CH), 130.3 (C), 130.7 (C), 133.7 (CH), 149.0 (C), 151.8 (C), 188.5 (C).
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9.4.5 Electron transfer reactions on 1-(1-(2-iodo-3,4-dimethoxybenzyl)-1H-
pyrrol-2-yl)ethan-1-one, 6.23 (Scheme 6.3)

Scheme 6.3A
T l

ifg
KO’Bu DMSO

120°C,1h
6.24 33% 6.25 29%

1-(1-(2-Iodo-3,4-dimethoxybenzyI)-l H-pyrrol-2-yl)ethan-1-one 6.23 (193 mg, 0.5
mmol) and 1,4-dipropylpiperazine-2,5-dione 6.2 (10 mg, 0.05 mmol, 0.1 eq.) were
added to an oven-dried pressure tube. In the glove box, KO'Bu (168 mg, 1.5 mmol,
3.0 eq.) and anhydrous DMSO (2 mL) were added and the reaction mixture was
stirred at 120 °C for 1 h. The reaction mixture was quenched with water (20 mL) and
extracted with diethyl ether (3 x 20 mL). The organic phases were combined, washed
with water then brine, dried over Na2SOs4, filtered and concentrated in vacuo. The
crude material was purified by column chromatography (10 - 30% ethyl acetate in
petroleum ether) to give both 8,9-dimethoxy-5,10-dihydro-11H-benzo[e]pyrrolo[1,2-
alazepin-11-one 6.24 (42.9 mg, 33%) as yellow crystals m.p. 184 — 187 °C; [Found:
(HRMS-ESI) 258.1124. CisH16NOs* (M+H)* requires 258.1125]; vmax(film) / cm?
2924, 1638, 1491, 1398, 1341, 1279, 1267, 1076, 976, 812, 747, 689; TH-NMR (400
MHz, CDCI3) & 3.81 (3 H, s, CH3),3.85 (3 H, s, CH3),4.15 (2 H, s, CH2), 5.19 (2 H,
s, CH2), 6.14 —6.16 (1 H, m, ArH), 6.75 (1 H, d, J = 8.4 Hz, ArH), 6.92 - 6.93 (1 H,
m, ArH), 7.05 (1 H, d, J =8.4 Hz, ArH), 7.09 — 7.11 (1 H, m, ArH); 13C{*H}-NMR (100
MHz, CDCI3) 8 41.1 (CH2), 53.5 (CH2), 56.0 (CHs), 61.8 (CHs), 109.0 (CH), 110.5
(CH), 118.4 (CH), 123.8 (CH), 127.6 (CH), 128.5 (C), 128.7 (C), 132.7 (C), 147.5
(C), 153.5 (C), 184.5(C), and 1-(8,9-dimethoxy-5H-pyrrolo[2,1-a]isoindol-3-yl)ethan-
1-one 6.25 (37.3 mg, 29%) as green crystals m.p. 136 — 144 °C; [Found: (HRMS-
ESI) 258.1126. CisH16NOs* (M+H)* requires 258.1125]; vmax(film) / cm™t 2938, 1636,
1495, 1397, 1252, 1223, 1921, 1105, 1057, 1042, 1022, 934, 806, 774, 750, 694,
625; 'H-NMR (400 MHz, CDClI3) 5 2.47 (3 H, s, CH3), 3.91 (3 H, s, CH3), 3.99 (3 H,
s, CH3), 5.16 (2 H, s, CH2), 6.50 (1 H, d, J = 4.0 Hz, ArH), 6.87 (1L H, d, J =8.0 Hz,
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ArH), 7.07 (1 H, d, J = 4.0 Hz, ArH), 7.14 (1L H, d, J = 8.0 Hz, ArH); 3C{{H}-NMR
(100 MHz, CDCls) & 26.0 (CHa), 52.8 (CH2), 56.5 (CHs), 60.8 (CH3), 102.6 (CH),
112.0 (CH), 118.8 (CH), 121.7 (CH), 126.2 (C), 129.2 (C), 135.3 (C), 142.6 (C), 143.2
(C), 152.6 (C), 187.4 (C).

Scheme 6.3B
T L
Me,

' 0
Meo:©/\ 6.2 (0 1 eq.)
® ﬁ
MeO = KO’Bu benzene
120°C,1h
6.23 6.24 27% 6.25 < 4% 6.26 < 2%

1-(1-(2-lodo-3,4-dimethoxybenzyl)-1H-pyrrol-2-yl)ethan-1-one 6.23 (193 mg, 0.5
mmol) and 1,4-dipropylpiperazine-2,5-dione 6.2 (10 mg, 0.05 mmol, 0.1 eq.) were
added to an oven-dried pressure tube. In the glove box, KO'Bu (168 mg, 1.5 mmol,
3.0 eq.) and anhydrous benzene (3 mL) were added and the reaction mixture was
stirred at 120 °C for 1 h. The reaction mixture was quenched with water (20 mL) and
extracted with diethyl ether (3 x 20 mL). The organic phases were combined, washed
with water then brine, dried over Na2SOs4, filtered and concentrated in vacuo. The
crude material was purified by column chromatography (5 - 50% ethyl acetate in
petroleum ether) to give 8,9-dimethoxy-5,10-dihydro-11H-benzo[e]pyrrolo[1,2-
alazepin-11-one 6.24 (34.5 mg, 27%) as pale brown crystals and impure 1-(8,9-
dimethoxy-5H-pyrrolo[2,1-a]isoindol-3-yl)ethan-1-one 6.25 (8.1 mg) as green
crystals. The spectra are consistent with the reference samples (Section 9.4.5,
Scheme 6.3A on page 268). The proposed impurity in 6.25 is 1-(1-(3,4-
dimethoxybenzyl)-1H-pyrrol-2-yl)ethan-1-one 6.26 (ratio 2 : 1 respectively), giving 1-
(8,9-dimethoxy-5H-pyrrolo[2,1-ajisoindol-3-yl)ethan-1-one 6.25 (< 4%) and 1-(1-
(3,4-dimethoxybenzyl)-1H-pyrrol-2-yl)ethan-1-one 6.26 (< 2%) [tentative structure
proposed based on H-NMR (400 MHz, CDCI3) 8 2.43 (3 H, s, CH3), 3.82 (3 H, s,
CHs), 3.84 (3 H, s, CH3),5.50 (2 H, s, CH2), 6.16 — 6.18 (1 H, m, ArH), 6.68 — 6.70
(L H, m, ArH), 6.73 (L H, d, J= 2 Hz, ArH),6.78 (1 H, d, J = 8.4 Hz, ArH), 6.88 (1 H,
S, ArH), 6.99 — 7.01 (1 H, m, ArH)].
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9.4.6 Reactions 1-(1-(2-iodobenzyl)-1H-pyrrol-2-yl)ethan-1-one, 6.1a without
additive (Scheme 6.4)

KOBu (3 eq.), DMSO (2 mL), 120°C, 1 h ©:(/j\”/
@A =

6.3 90% 6.4 8%
1-(1-(2-lodobenzyl)-1H-pyrrol-2-yl)ethan-1-one 6.1a (163 mg, 0.5 mmol) were added

to an oven-dried pressure tube. In the glove box, KO'Bu (168 mg, 1.5 mmol, 3.0 eq.)

and anhydrous DMSO (2 mL) were added and the reaction mixture was stirred at
120 °C for 1 h. The reaction mixture was quenched with water (20 mL) and extracted
with diethyl ether (3 x 20 mL). The organic phases were combined, washed with
brine, dried over Na2SOs4, filtered and concentrated in vacuo. The crude material was
purified by column chromatography (5 - 20% ethyl acetate in petroleum ether) to give
5,10-dihydro-11H-benzo[e]pyrrolo[1,2-a]azepin-11-one 6.3 (88.6 mg, 90%) as pale
brown crystals and 1-(5H-pyrrolo[2,1-alisoindol-3-yl)ethan-1-one 6.4 (7.6 mg, 8%)
as brown crystals. The spectra are consistent with the reference samples (Section
9.4.3, Table 6.1, entry 1 on pages 262-3).

5 KOBu (3 eq.), benzene (5 mL), 120°C, 1 h 5 QC%

6.1a 73% 6.3 23%

1-(1-(2-lodobenzyl)-1H-pyrrol-2-yl)ethan-1-one 6.1a (163 mg, 0.5 mmol) was added
to an oven-dried pressure tube. In the glove box, KO'Bu (168 mg, 1.5 mmol, 3.0 eq.)
and anhydrous benzene (5 mL) were added and the reaction mixture was stirred at
120 °C for 1 h. The reaction mixture was quenched with saturated aqueous
ammonium chloride solution (20 mL) and extracted with dichloromethane (3 x 20
mL). The organic phases were combined, washed with brine, dried over Na2SOa4,
filtered and concentrated in vacuo. The crude mixture was purified by column
chromatography (5 - 20% ethyl acetate in hexane) to give 5,10-dihydro-11H-
benzo[e]pyrrolo[1,2-a]azepin-11-one 6.3 (22.9 mg, 23%) as pale yellow crystals and
the starting material 6.1a (118.9 mg, 73%) as yellow crystals. The spectra are
consistent with the reference samples (6.1a: Section 9.4.1 on page 259 ; 6.3: Section
9.4.3, Table 6.1, entry 1 on page 262).
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9.4.7 Reactions 1-(1-(2-iodobenzyl)-1H-pyrrol-2-yl)ethan-1-one, 6.1a at room
temperature (Table 6.6)

Table 6.6, entry 1

@/\ 5 Pr 6.2 (0.1 eq.) @/\ g
KOBu (3 eq.)
benzene, RT, 24 h

1-(1-(2-lodobenzyl)-1H-pyrrol-2-yl)ethan-1-one 6.1a (163 mg, 0.5 mmol) and 1,4-
dipropylpiperazine-2,5-dione 6.2 (10 mg, 0.05 mmol, 0.1 eq.) were added to an oven-

dried pressure tube. In the glove box, KO'Bu (168 mg, 1.5 mmol, 3.0 eqg.) and
anhydrous benzene (5 mL) were added and the reaction mixture was stirred at RT
for 24 h. The reaction mixture was quenched with saturated aqueous ammonium
chloride solution (20 mL) and extracted with dichloromethane (3 x 20 mL). The
organic phases were combined, washed with brine, dried over Na2SOs, filtered and

concentrated in vacuo. Only the starting material 6.1a was observed in the crude

mixture by 'H-NMR and TLC.

Table 6.6, entry 2
Pr
0N
T

6.2 ( 01eq ©:(/j\"/
& By Oh O g
DMSO, RT, 24h
6.3 76% 6.4 10% 6.1a 3%

1-(1-(2-lodobenzyl)-1H-pyrrol-2-yl)ethan-1-one 6.1a (163 mg, 0.5 mmol) and 1,4-
dipropylipiperazine-2,5-dione 6.2 (10 mg, 0.05 mmol, 0.1 eq.) were added to an oven-
dried pressure tube. In the glove box, KO'Bu (168 mg, 1.5 mmol, 3.0 eq.) and
anhydrous DMSO (2 mL) were added and the reaction mixture was stirred at RT for
24 h. The reaction mixture was quenched with saturated aqueous ammonium
chloride solution (20 mL) and extracted with dichloromethane (3 x 20 mL). The
organic phases were combined, washed with brine, dried over Na2SO4, filtered and
concentrated in vacuo. The crude material was purified by column chromatography

(5 - 25% ethyl acetate in hexane) to give 5,10-dihydro-11H-benzo[e]pyrrolo[1,2-
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alazepin-11-one 6.3 (74.9 mg, 76%) as off-white crystals, 1-(5H-pyrrolo[2,1-
ajisoindol-3-yl)ethan-1-one 6.4 (9.5 mg, 10%) as off-white crystals and the starting
material 6.1a (4.7 mg, 3%) as a pale brown solid. The spectra are consistent with
the reference samples (6.1a: Section 9.4.1 on page 259; 6.3 and 6.4: Section 9.4.3,
Table 6.1, entry 1 on pages 262-263).

Table 6.6, entry 3

KO'Bu (3 eq.)
©/\ DMSO, RT, 24 h. QC% 5
6.3 60% 6.4 12% 6.1a 19%

1-(1-(2-lodobenzyl)-1H-pyrrol-2-yl)ethan-1-one 6.1a (163 mg, 0.5 mmol) was added
to an oven-dried pressure tube. In the glove box, KO'Bu (168 mg, 1.5 mmol, 3.0 eq.)
and anhydrous DMSO (2 mL) were added and the reaction mixture was stirred at
RT for 24 h. The reaction mixture was quenched with saturated aqueous ammonium
chloride solution (20 mL) and extracted with dichloromethane (3 x 20 mL). The
organic phases were combined, washed with brine, dried over Na2SOs, filtered and
concentrated in vacuo. The crude material was purified by column chromatography
(5 - 25% ethyl acetate in hexane) to give 5,10-dihydro-11H-benzo[e]pyrrolo[1,2-
alazepin-11-one 6.3 (58.8 mg, 60%) as off-white crystals, 1-(5H-pyrrolo[2,1-
ajisoindol-3-yl)ethan-1-one 6.4 (12.1 mg, 12%) as off-white crystals and the starting
material 6.1a (30.9 mg, 19%) as pale brown crystals. The spectra are consistent with
the reference samples (6.1a: Section 9.4.1 on page 259; 6.3 and 6.4: Section 9.4.3,
Table 6.1, entry 1 on pages 262-263).

Table 6.6, entry 4

KOBu (3 eq.), DMSO

o 7 | Me

RT, 24 h, dark | o
4 N Me + N
N _— (0] =~

6.3 70% 6.4 10% 6.1a 13%

1-(1-(2-lodobenzyl)-1H-pyrrol-2-yl)ethan-1-one 6.1a (163 mg, 0.5 mmol) was added
to an oven-dried pressure tube. In the glove box, KO'Bu (168 mg, 1.5 mmol, 3.0 eq.)

and anhydrous DMSO (2 mL) were added and the reaction mixture was stirred at
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RT for 24 h in the dark. The reaction mixture was quenched with saturated aqueous
ammonium chloride solution (20 mL) and extracted with dichloromethane (3 x 20
mL). The organic phases were combined, washed with brine, dried over Na2SOas,
fitered and concentrated in vacuo. The vyields of 5,10-dihydro-11H-
benzo[e]pyrrolo[1,2-alazepin-11-one 6.3 (70%), 1-(5H-pyrrolo[2,1-a]isoindol-3-
ylethan-1-one 6.4 (10%) and starting material 6.1a (13%) were determined by
adding 1,3,5-trimethoxybenzene to the crude mixture as an internal standard for H-
NMR. The products were identified by the following characteristic signals; *H-NMR
(400 MHz, CDCI3) 6 2.43 (3 H, s), 5.57 (2 H, s), 6.22 — 6.24 (1 H, m) for 1-(1-(2-
iodobenzyl)-1H-pyrrol-2-yl)ethan-1-one 6.1a; & 4.09 (2 H, s), 5.26 (2 H, s), 6.15 —
6.17 (1 H, m), 6.94 —6.95 (1 H, m), 7.10 — 7.12 (1 H, m) for 5,10-dihydro-11H-
benzo[e]pyrrolo[1,2-alazepin-11-one 6.3; 6248 (3H, s), 522 (2 H,s),6.41 (1 H, d,
J = 4.0 Hz) for 1-(5H-pyrrolo[2,1-a]isoindol-3-yl)ethan-1-one 6.4. These signals are
consistent with the literature values and reference samples (6.1a: Section 9.4.1 on
page 259; 6.3 and 6.4: Section 9.4.3, Table 6.1, entry 1 on pages 262-263).

9.4.8 Synthesis of 1-(2-((2-halobenzyl)amino)phenyl)ethan-1-one

1-(2-((2-iodobenzyl)amino)phenyl)ethan-1-one 6.37a 8

K,CO3 (3 eq.)
| acetonitrile
85°C, 3 days
Br 4
HyN
9.6.2a 9.6.9 6.37a 67%

(2eq.)

1-(Bromomethyl)-2-iodobenzene 9.6.2a (1.48 g, 5 mmol), 1-(2-aminophenyl)ethan-
1-one 9.6.6 (1.22 mL, 10 mmol, 2.0 eq.), K2COs3 (2.07 g, 15 mmol, 3.0 eq.) and
acetonitrile (5 mL) were added to an oven-dried pressure tube and the reaction
mixture was stirred at 85 °C for 3 days. The reaction mixture was cooled to RT,
diluted with water (20 mL) and extracted with dichloromethane (3 x 20 mL). The
organic phases were combined, washed with brine, dried over Na2SOs, filtered and
concentrated in vacuo. The crude material was purified by column chromatography
(5% ethyl acetate in petroleum ether) to give 1-(2-((2-

iodobenzyl)amino)phenyl)ethan-1-one 6.37a% (1.18 g, 67%) as a yellow solid m.p.
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137 — 138 °C (lit.8°: 128.3 — 129.3 °C); [Found: (HRMS-ESI) 352.0188. C15HisINO*
(M+H)* requires 352.0193]; vmax(film) / cm 3296, 2359, 2342, 1626, 1570, 1516,
1435, 1418, 1356, 1331, 1248, 1229, 1173, 1150, 1013, 955, 743, 667; 'H-NMR
(400 MHz, CDClI3) 6 2.62 (3 H, s, CH3),4.43 (2 H, d, J =6.0 Hz, CH2), 6.53 (1 H, d,
J = 8.4 Hz, ArH), 6.63 (1 H, m, ArH), 6.96 (1 H, m, ArH), 7.27 — 7.32 (3 H, m, ArH),
7.79 (1 H, dd, J=8.0, 1.6 Hz, ArH), 7.86 (L H, d, J = 7.6 Hz, ArH), 9.39 (1 H, brs,
NH); 133C{1H}-NMR (100 MHz, CDCI3)d 28.1 (CHs), 52.1 (CH2), 98.4 (C), 112.4 (CH),
114.9 (CH), 118.2 (C), 128.2 (CH), 128.6 (CH), 129.0 (CH), 132.9 (CH), 135.2 (CH),
139.6 (CH), 140.3 (C), 150.7 (C), 201.2 (C).
1-(2-((2-Bromobenzyl)amino)phenyl)ethan-1-one 6.37b

[0}

Br o Br Me
K,CO3 (3 eq.), acetonitrile, 85 °C, 22 h
Br , Me N
H
H,N
(

9.6.2b 9.6.9 6.37b 75%

2eq.)

1-(Bromomethyl)-2-bromobenzene 96.2b (125 g, 5 mmol), 1-(2-
aminophenyl)ethan-1-one 9.6.6 (1.22 mL, 10 mmol, 2.0 eq.), K2CO3 (2.07 g, 15
mmol, 3.0 eq.) and acetonitrile (10 mL) were added to an oven-dried three-necked
flask, equipped with condenser and the reaction mixture was stirred at 85 °C for 22
h. The reaction mixture was cooled to RT, quenched dropwise with water (30 mL)
and extracted with ethyl acetate (3 x 30 mL). The organic phases were combined,
washed with water then brine, dried over Na2SOs, filtered and concentrated in vacuo.
The crude material was purified by column chromatography (2 - 4% diethyl ether in
petroleum ether) to give 1-(2-((2-bromobenzyl)amino)phenyl)ethan-1-one 6.37b
(1.14 g, 75%) as yellow crystals m.p. 141 — 143 °C; [Found: (HRMS-ESI) 304.0328.
Ci1sH15"°BrNO* (M+H)* requires 304.0332]; vmax(film) / cm1 3291, 2924, 2359, 1634,
1572, 1516, 1437, 1418, 1356, 1250, 1229, 1152, 1024, 955, 745, 677; 'H-NMR
(400 MHz, CDClI3) 5 2.63 (3H, s, CH3),4.53 (2 H, s, CH2), 6.56 — 6.58 (1 H, m, ArH),
6.61 — 6.66 (1 H, m, ArH), 7.10 —7.15 (1 H, m, ArH), 7.23 (1 H, td, J = 7.6, 1.2 Hz,
ArH), 7.28 — 7.33 (2 H, m, ArH), 7.57 (1 H, dd, J = 8.0, 1.2 Hz, ArH), 7.79 (1 H, dd,
J=8.0, 1.6 Hz, ArH), 9.39 (1 H, br's, NH); 33C{fH}-NMR (100 MHz, CDCl3) 5 28.1
(CHg), 47.1 (CH2), 112.4 (CH), 114.9 (CH), 118.2 (C), 123.2 (C), 127.7 (CH), 128.6
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(CH), 128.8 (CH), 132.9 (CH), 132.9 (CH), 135.2 (CH), 137.5 (C), 150.7 (C), 201.2
(C): m/z (ESI) 306.0304 [(M+H)*, 81Br, 96%], 304.0328 [(M+H)*, 79Br, 100].

9.4.9 Reactions of 1-(2-((2-halobenzyl)amino)phenyl)ethan-1-one (Table 6.7 &
Scheme 6.10)

Table 6.7, entry 1
Pr
OTN
NLO

(0]
| Me 6.2 ( 01eq XN XN NH Me
KOBu ( 3eq Me
N * 0
H benzene, 120°C, 1.5 h N

6.37a 6.38 10% 6.40 21% 6.41 8% 6.39
[proposed impurity in
6.38, 3%)

1-(2-((2-lodobenzyl)amino)phenyl)ethan-1-one 6.37a (176 mg, 0.5 mmol) and 1,4-
dipropylpiperazine-2,5-dione 6.2 (10 mg, 0.05 mmol, 0.1 eq.) were added to an oven-
dried pressure tube. In the glove box, KO'Bu (168 mg, 1.5 mmol, 3.0 eq.) and
anhydrous benzene (5 mL) were added and the reaction mixture was stirred at 120
°C for 1.5 h. The reaction mixture was quenched with saturated aqueous ammonium
chloride solution (20 mL) and extracted with dichloromethane (3 x 20 mL). The
organic phases were combined, washed with brine, dried over Na2S0Os, filtered and
concentrated in vacuo. The crude mixture was purified by column chromatography
(5 - 100% ethyl acetate in petroleum ether, then 0 - 2% methanol in ethyl acetate) to
give several products: impure 1-(phenanthridin-4-yl)ethan-1-one 6.38 (30.8 mg) and
1-(phenanthridin-4-yl)ethanol 6.40 (22.9 mg, 21%) as an orange oil (HRMS-ESI)
246.0888. CisH1sNONa* (M+Na)* requires 246.0889]; vmax(film) / cm 3320, 2967,
2922, 1614,1587, 1516, 1445,1261, 1231, 1159, 1098, 1069, 1053, 1007, 889, 752;
H-NMR (400 MHz, CDCI3)51.77 (3H, d,J= 6.8 Hz, CHs),5.51 (1 H, q, J = 6.8 Hz,
CH), 7.62 - 7.67 (2H, m, ArH), 7.72 - 7.76 (1 H, m, ArH), 7.87 — 7.92 (1 H, m, ArH),
8.09(1H,d,J=7.6Hz ArH),851 (1 H,dd,J=7.2, 2.4 Hz, ArH), 8.64 (1 H, d, J=
8.4 Hz, ArH), 9.26 (1 H, s, ArH); 23C{*H}-NMR (100 MHz, CDClIs) 6 24.8 (CHs), 70.8
(CH), 121.5 (CH), 122.3 (CH), 124.7 (C), 126.1 (C), 126.1 (CH), 127.1 (CH), 127.8
(CH), 129.1 (CH), 131.4 (CH), 133.1 (C), 142.5 (C), 142.8 (C), 151.7 (CH); 1-(2-
(benzylamino)phenyl)ethan-1-one 6.41 (9.4 mg, 8%) as a yellow solid m.p. 83 — 85
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°C (lit.2%%; 79 — 81 °C); [Found: (HRMS-ESI) 226.1227. C1sHisNO* (M+H)* requires
226.1226]; vmax(film) / cm™* 3323, 1638, 1566, 1514, 1493, 1418, 1362, 1244, 1225,
1165, 1024, 953, 747, 729, 706, 692, 667; *H-NMR (400 MHz, CDCI3)d 2.61 (3 H,
s, CH3),4.47 (2 H, d, J =5.6 Hz, CH2), 6.59 —6.63 (L H, m, ArH),6.65 (1 H,d, J =
8.0 Hz, ArH), 7.24 - 7.36 (5 H, m, ArH), 7.77 (1 H, dd, J = 8.0, 1.6 Hz, ArH), 9.31 (1
H, brs, NH); 13C{*H}-NMR (100 MHz, CDCls) & 28.1 (CHs), 46.8 (CH2), 112.3 (CH),
1145 (CH), 117.9 (C),127.1 (2 xCH), 127.3 (CH), 128.8 (2 xCH), 132.8 (CH), 135.2
(CH), 138.8 (C), 151.0 (C), 201.1 (C). The impure mixture of 6.38 was purified again
by column chromatography (10 - 100% dichloromethane in hexane) to give both 1-
(phenanthridin-4-yl)ethan-1-one 6.388% (7.4 mg, 7%) as yellow crystals m.p. 91 — 94
°C (lit.8%: 93.7 — 95.5 °C); [Found: (GC-CI) C1sH12NO* (M+H)* 222.2]; vmax(film) / cm
12922, 2359, 2342, 1684, 1580, 1346, 1275, 1184, 1165, 1111, 889, 768, 747, 731,
720, 637; 'H-NMR (400 MHz, CDClIs)5 2.95 (3H, s, CH3),7.69 — 7.78 (2 H, m, ArH),
7.86 —7.92 (2 H, m, ArH), 8.08 (1 H, d, J = 8.0 Hz, ArH), 8.62 (1 H, d, J = 8.0 Hz,
ArH), 8.69 (1 H, d, J = 8.0 Hz, ArH), 9.32 (1 H, s, ArH); 13C{*H}-NMR (100 MHz,
CDCI3) 8 33.0 (CHg), 122.2 (CH), 124.3 (C), 125.2 (CH), 126.3 (C), 126.8 (CH), 127.8
(CH), 128.1 (CH), 129.0 (CH), 131.5 (CH), 132.4 (C), 141.1 (C), 141.9 (C), 153.6
(CH), 205.2 (C), and impure 1-(phenanthridin-4-yl)ethan-1-one 6.38 (6.2 mg). The
proposed impurity in 6.38 is 1-(5,6-dihydrophenanthridin-4-yl)ethan-1-one 6.39 (ratio
1 : 1), giving 1-(phenanthridin-4-yl)ethan-1-one 6.38 (3%) and 1-(5,6-
dihydrophenanthridin-4-yl)ethan-1-one 6.39 (3%) [tentative structure proposed
based on [Found: (GC-Cl) CisH14aNO* (M+H)* 224.1]; *H-NMR (400 MHz, CDClz) 6
2.60 (3 H, s,CHs),459 (2 H,s, CH2),6.68 (L H,t J=8.0Hz ArH), 7.10 (1 H, d, J
=7.2 Hz, ArH), 7.22 - 7.32 (2 H, m, ArH), 7.66 —7.68 (2 H, m, ArH),7.82 (1 H, d,J
= 7.6 Hz, ArH), 9.00 (1 H, br s, NH).
Table 6.7, entry 2

o N
o)
SN
| Me)ﬁg 6.2 (o 1eq.)
@/\H KOBu (3 eq
DMSO, 120°C, 1 h
6.37a 6.40 < 1% 6.42 52%
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1-(2-((2-lodobenzyl)amino)phenyl)ethan-1-one 6.37a (176 mg, 0.5 mmol) and 1,4-
dipropylipiperazine-2,5-dione 6.2 (10 mg, 0.05 mmol, 0.1 eq.) were added to an oven-
dried pressure tube. In the glove box, KO'Bu (168 mg, 1.5 mmol, 3.0 eqg.) and
anhydrous DMSO (2 mL) were added and the reaction mixture was stirred at 120 °C
for 1 h. The reaction mixture was quenched with saturated aqueous ammonium
chloride solution (20 mL) and extracted with dichloromethane (3 x 20 mL). The
organic phases were combined, washed with brine, dried over Na2SOs, filtered and
concentrated in vacuo. The crude mixture was purified by column chromatography
(1 - 100% ethyl acetate in hexane, then 0 - 2% methanol in ethyl acetate) to give
impure 1-(phenanthridin-4-yl)ethanol 6.40 (2.7 mg, < 1% by analysis of 'H-NMR) as
an orange oil and 2-phenylquinolin-4(1H)-one 6.422% (57.1 mg, 52%) as pale-yellow
solid m.p. 252 — 255 °C (lit.2%7: 251 — 253 °C); [Found: (HRMS-ESI) 222.0915.
C1sH12NO* (M+H)* requires 222.0913]; vmax(film) / cmt 2955, 2922, 2853, 1632,
1580, 1543, 1497, 1470, 1449, 1431, 1356, 1254, 1138, 839, 790, 754, 689, 662;
H-NMR (400 MHz, d®-DMSO) 5 6.33 (1 H, s, CH), 7.32 — 7.36 (1 H, m, ArH), 7.58
—7.60 (3H, m, ArH), 7.65 — 7.69 (1 H, m, ArH), 7.76 (1 H, d, J = 8.0 Hz, ArH), 7.83
- 7.84 (2 H, m, ArH), 8.10 (1 H, dd, J = 8.0, 1.2 Hz, ArH), 11.68 (1 H, br s, NH);
BBC{*H}-NMR (100 MHz, d®-DMSO) & 107.3 (CH), 118.7 (CH), 123.2 (CH), 124.7
(CH), 124.9 (C), 127.4 (2 x CH), 128.9 (2 x CH), 130.4 (CH), 131.7 (CH), 134.2 (C),
140.5 (C), 150.0 (C), 176.9 (C); HSQC (*H/*3C) & 6.33/107.3, (7.32 — 7.36)/123.2,
(7.58 — 7.60)/130.4, (7.58 — 7.60)/128.9, (7.65 — 7.69)/131.7, 7.76/118.7, (7.83 —
7.84)/127.4, 8.10/124.7; 6.42 was recrystallised (acetone) to give crystals for X-ray
analysis (X-ray crystallographic data in Appendix).
Table 6.7, entry 3

o o)

| Me)K/@ KOBu (3 eq.)
it et LN
‘ O
DM 120°C,1h
H

6.37a 6.42 49%

1-(2-((2-lodobenzyl)amino)phenyl)ethan-1-one 6.37a (176 mg, 0.5 mmol) was
added to an oven-dried pressure tube. In the glove box, KO'Bu (168 mg, 1.5 mmol,
3.0 eqg.) and anhydrous DMSO (2 mL) were added and the reaction mixture was

stirred at 120 °C for 1 h. The reaction mixture was quenched with water (20 mL) and
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extracted with ethyl acetate (3 x 20 mL). The organic phases were combined,
washed with brine, dried over Na2SOs, filtered and concentrated in vacuo. The crude
mixture was purified by column chromatography (5 — 100% ethyl acetate in
petroleum ether) to give 2-phenylquinolin-4(1H)-one 6.42 (54.7 mg, 49%) as off-
white crystals. The spectra are consistent with the reference samples (Section 9.4.9,
Table 6.7, entry 2 on page 277). (Trace amounts of other products were identified
by thin layer chromatography although these weren't isolated).

Table 6.7, entry 4

o o)

Br Me)K/@ KOBuU (3 eq.) | O
_rPBubea)
@AH DMSO, 120°C, 16 h O N
H

6.37b 6.42 31%

1-(2-((2-Bromobenzyl)amino)phenyl)ethan-1-one 6.38b (152 mg, 0.5 mmol) was
added to an oven-dried pressure tube. In the glove box, KO'Bu (168 mg, 1.5 mmol,
3.0 eq.) and anhydrous DMSO (2 mL) were added and the reaction mixture was
stirred at 120 °C for 16 h. The reaction mixture was quenched with water (20 mL)
and extracted with ethyl acetate (3 x 20 mL). The organic phases were combined,
washed with brine, dried over Na2SOs, filtered and concentrated in vacuo. The crude
mixture was purified by column chromatography (5 — 100% ethyl acetate in
petroleum ether) to give 2-phenylquinolin-4(1H)-one 6.42 (33.8 mg, 31%) as a pale
brown solid. The spectra are consistent with the reference samples (Section 9.4.9,
Table 6.7, entry 2 on page 277). (Trace amounts of other products were identified

by thin layer chromatography although these weren't isolated).

Scheme 6.10
(o]
PI’\NJ‘S
N

o ©/\
| Me)K/@ 62(01 eq.) O
H KO’BU (3eq) 6.38 14% 6.41 16%
DMSO 24 h, RT

6.37a | O O
.
N N
H H

6.42 23% 6.52 42%
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1-(2-((2-lodobenzyl)amino)phenyl)ethan-1-one 6.37a (176 mg, 0.5 mmol) and 1,4-
dipropylipiperazine-2,5-dione 6.2 (10 mg, 0.05 mmol, 0.1 eq.) were added to an oven-
dried pressure tube. In the glove box, KO'Bu (168 mg, 1.5 mmol, 3.0 eqg.) and
anhydrous DMSO (2 mL) were added and the reaction mixture was stirred at RT for
24 h. The reaction mixture was quenched with saturated aqueous ammonium
chloride solution (20 mL) and extracted with dichloromethane (3 x 20 mL). The
organic phases were combined, washed with brine, dried over Na2SOs, filtered and
concentrated in vacuo. The crude mixture was purified by column chromatography
(2 - 100% dichloromethane in hexane then 0 - 2% methanol in ethyl acetate) to give
1-(phenanthridin-4-yl)ethan-1-one 6.38 (15 mg, 14%) as yellow crystals, 1-(2-
(benzylamino)phenyl)ethan-1-one 6.41 (17.5 mg, 16%) as yellow crystals, 2-
phenylquinolin-4(1H)-one 6.42 (25.6 mg, 23%) as pale yellow solid and 2-phenyl-
2,3-dihydroquinolin-4(1H)-one 6.522%8 (46.4 mg, 42%) as yellow crystals m.p. 144 —
146 °C (lit.2%8; 148 — 149 °C); [Found: (GC-CI) C1sH14aNO* (M+H)* 223.9.]; vmax(film) /
cmt 3331, 1653, 1603, 1479, 1330, 1302, 1153, 764, 698; H-NMR (400 MHz,
CDCl)52.77 — 2.95 (2 H, m, CHz2), 4.49 (1 H, brs, NH), 4.76 (1 H, dd, J = 13.6, 4.0
Hz, CHPh), 6.71 (1 H, d, J = 8.4 Hz, ArH), 6.78 —6.82 (1L H, m, ArH), 7.32 — 7.48 (6
H, m, ArH), 7.88 (1 H, dd, J = 8.0, 1.6 Hz, ArH); 13C{H}-NMR (100 MHz, CDCIl3) &
46.6 (CH), 58.7 (CHz), 116.1 (CH), 118.6 (CH), 119.2 (C), 126.8 (2 x CH), 127.8
(CH), 128.6 (CH), 129.2 (2 x CH), 135.6 (CH), 141.2 (C), 151.7 (C), 193.4 (C). The
spectra are consistent with the reference samples (6.38, 6.40 and 6.41: Section
9.4.9, Table 6.7, entry 1 on pages 275-276; 6.42: Section 9.4.9, Table 6.7, entry 2
on page 277).

9.4.10 Synthesis of 1-(2-(benzylamino)phenyl)ethan-1-one, 6.4184

O
K,COs3 (2 eq.), acetonitrile, 85 °C, 3 days Me
H,N H

9.6.10 9.6.9 6.41 43%
(1.1 eq.)

(Bromomethyl)benzene 9.6.10 (855 mg, 5 mmol), 1-(2-(aminomethyl)phenyl)ethan-
1-one 9.6.6 (0.73 mL, 6 mmol, 1.1 eq.), K2COs (1.38 g, 10 mmol, 2.0 eq.) and

acetonitrile (5 mL) were added to an oven-dried pressure tube. The reaction mixture
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was stirred at 85 °C for 3 days. The reaction mixture was cooled to RT, diluted with
water (20 mL) and extracted with dichloromethane (3 x 20 mL). The organic phases
were combined, washed with brine, dried over Na2SOs4, filtered and concentrated in
vacuo. The crude material was purified by column chromatography (20 — 40%
toluene in hexane) to give 1-(2-(benzylamino)phenyl)ethan-1-one 6.412% (482 mg,
43%) as yellow crystals m.p. 83 — 85 °C (lit.2%: 79 — 81 °C); [Found: (HRMS-ESI)
226.1227. C15sH16NO* (M+H)* requires 226.1226]; vmax(film) / cm1 3323, 1638, 1566,
1514, 1493, 1418, 1362, 1244, 1225, 1165, 1024, 953, 747, 729, 706, 692, 667; ‘H-
NMR (400 MHz, CDCI3) 6 2.61 (3 H, s, CH3), 4.47 (2 H, d, J =5.6 Hz, CH2), 6.59 —
6.63 (1 H, m, ArH), 6.65 (1 H, d,J =8.0 Hz, ArH), 7.24 — 7.36 (6 H, m, ArH), 7.77 (1
H, dd, J = 8.0, 1.6 Hz, ArH), 9.31 (1 H, br s, NH); 13C{*H}-NMR (100 MHz, CDCl3) 5
28.1 (CH3), 46.8 (CH2), 112.3 (CH), 114.5 (CH), 117.9 (C), 127.1 (2 x CH), 127.3
(CH), 128.8 (2 x CH), 132.8 (CH), 135.2 (CH), 138.8 (C), 151.0 (C), 201.1 (C).

9.4.11 Reactions of 1-(2-(benzylamino)phenyl)ethan-1-one, 6.38c (Scheme
6.13B)

Conditions A (For comparison with the reaction of 6.37a refer to Table 6.7, entry
3, Section 9.4.9)

e} (0]

Me)ﬁi) KOBu (3 eq.) \ O
N N
N DMSO, 120 °C, 1 h H

6.41 6.42 36%
1-(2-(Benzylamino)phenyl)ethan-1-one 6.41 (99.6 mg, 0.5 mmol) was added to an
oven-dried pressure tube. In the glove box, KO'Bu (168 mg, 1.5 mmol, 3.0 eq.) and
anhydrous DMSO (2 mL) were added and the reaction mixture was stirred at 120 °C
for 1 h. The reaction mixture was quenched with saturated aqueous ammonium
chloride solution (15 mL) and extracted with dichloromethane (4 x 20 mL). The
organic phases were combined, washed with brine, dried over Na2SOu, filtered and
concentrated in vacuo. The crude mixture was purified by column chromatography
(2 - 100% ethyl acetate in hexane) to give 2-phenyl-2,3-dihydroquinolin-4(1H)-one
6.42 (39.7 mg, 36%) as a pale brown solid. The spectra are consistent with the

reference samples (Section 9.4.9, Table 6.7, entry 2 on page 277).
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Conditions B (For comparison with the reaction of 6.37a refer to Section 9.49,
Scheme 6.10)

F"r
OTNL
(0] ’\\l o) (o]
Pr Me
Me)ﬁi) 6.2 (0.1 eq.), KO'Bu (3 eq.) )K/©
N
©/\H DMSO, RT, 24 h ©/\H

6.41 6.41

1-(2-(Benzylamino)phenyl)ethan-1-one 6.41 (99.6 mg, 0.5 mmol) and 1,4-

dipropylpiperazine-2,5-dione 6.2 (10 mg, 0.05 mmol, 0.1 eq.) were added to an oven-
dried pressure tube. In the glove box, KO'Bu (168 mg, 1.5 mmol, 3.0 eq.) and
anhydrous DMSO (2 mL) were added and the reaction mixture was stirred at RT for
24 h. The reaction mixture was quenched with saturated aqueous ammonium
chloride solution (15 mL) and extracted with dichloromethane (4 x 20 mL). The
organic phases were combined, washed with brine, dried over Na2SOs, filtered and
concentrated in vacuo. Only the starting material 6.41 was observed in the crude

mixture by 'H-NMR and TLC.

Conditions C
(0] (0]

Me
Me)K/© KOIBU (3 eQ) )%©
v .
N
©/\H benzene, 120 °C, 1 h ©/\H

6.41 6.41
1-(2-(Benzylamino)phenyl)ethan-1-one 6.41 (99.6 mg, 0.5 mmol) was added to an
oven-dried pressure tube. In the glove box, KO'Bu (168 mg, 1.5 mmol, 3.0 eq.) and
anhydrous benzene (5 mL) were added and the reaction mixture was stirred at 120
°C for 1 h. The reaction mixture was quenched with saturated aqueous ammonium
chloride solution (15 mL) and extracted with dichloromethane (4 x 20 mL). The
organic phases were combined, washed with brine, dried over Na2SOs, filtered and
concentrated in vacuo. Only the starting material 6.41 was observed in the crude
mixture by H-NMR and TLC.
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9.4.12 Synthesis of 1-(2-((2-iodobenzyl)(methyl)amino)phenyl)ethan-1-one,
6.69

(e}
o] Br
o K,CO3 (1 eq.), CH3l (1 eq.) @/\ e
MS)D DMF, RT, 3 days Me 9.6.2a N
HoN

Me
MeHN K,CO3 (2 eq.), acetonitrile

9.6.9 6.76 53% 85 °C, 4 days 6.69 79%

K2COs (3.46 g, 25 mmol, 1.0 eq.) and anhydrous dimethylformamide (15 mL) were
added to an oven-dried round-bottomed flask. Under an argon atmosphere, 1-(2-
aminophenyl)ethan-1-one 9.6.9 (3.04 mL, 25 mmol) was added and the reaction
mixture was stirred at RT for 15 min. A solution of methyl iodide (1.56 mL, 25 mmol,
1.0 eq.) in anhydrous dimethyiformamide, was added dropwise to the reaction
mixture. The reaction mixture was stirred at RT for 3 days. The reaction mixture was
diluted with water (60 mL) and extracted with ethyl acetate (3 x 40 mL). The organic
phases were combined, washed with water, then brine, dried over Na2SOs4, filtered
and concentrated in vacuo. The crude material was purified by column
chromatography (3 — 5% ethyl acetate in petroleum ether) to give 1-(2-
(methylamino)phenyl)ethan-1-one 6.762%° (1.98 g, 53%) as yellow crystals m.p. 45
— 47 °C (lit.2%%: 37 — 39 °C); [Found: (HRMS-ESI) 150.0910. C9oH12NO* (M+H)*
requires 150.0913]; vmax(film) / cm 3321, 1632, 1562, 1516, 1410, 1234, 1165, 951,
743,652, 613; 'H-NMR (400 MHz, CDClI3) 5 2.57 (3H, s, CH3),2.91 (3H, d,J =4.8
Hz, CHs), 6.57 — 6.61 (1 H, m, ArH), 6.68 (1 H, d, J=8.4 Hz, ArH), 7.36 —7.40 (1 H,
m, ArH), 7.73 — 7.75 (1 H, m, ArH), 8.78 (1 H, br s, NH); 13C{*H}-NMR (100 MHz,
CDCls) & 27.9 (CHs), 29.3 (CHs), 111.3 (CH), 113.9 (CH), 117.6 (C), 132.7 (CH),
135.1 (CH), 152.0 (C), 200.8 (C).

1-(Bromomethyl)-2-iodobenzene 9.6.2a (1.48 g, 5 mmol), 1-(2-
(methylamino)phenyl)ethan-1-one 6.76 (895 mg, 6 mmol, 1.1 eq.), K2COs (1.38 g,
10 mmol, 2.0 eq.) and acetonitrile (5 mL) were added to an oven-dried pressure tube
and the reaction mixture was stirred at 85 °C for 4 days. The reaction mixture was
cooled to RT, diluted with water (20 mL) and extracted with dichloromethane (3 x 15
mL). The organic phases were combined, dried over Na2SOs, filtered and
concentrated in vacuo. The crude material was purified by column chromatography

(5% ethyl acetate in petroleum ether) to give 1-(2-((2-
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iodobenzyl)(methyl)amino)phenyl)ethan-1-one 6.69% (1.45 g, 79%) as orange
crystals m.p. 66 — 68 °C; [Found: (GCMS-ESI) C16H17INO* (M+H)* 366.1]; vmax(film)
/ cm1 1668, 1503, 1221, 1211, 1119, 1015, 953, 750; 'H-NMR (400 MHz, CDCls) &
2.63 (3H, s, CH3),2.78 (3H, s, CH3), 431 (2 H, s, CH2), 6.95 - 6.99 (2 H, m, ArH),
7.02 (1 H,d, J=8.4Hz ArH), 7.25 - 7.32 (2 H, m, ArH), 7.33 — 7.38 (1 H, m, ArH),
7.46 (1 H,d,J=7.6 Hz, ArH), 7.85 (1 H, d, J = 8.0 Hz, ArH); 13C{*H}-NMR (100 MHz,
CDCI3) 8 29.7 (CHs), 42.8 (CHs), 64.4 (CH2), 99.6 (C), 118.9 (CH), 120.8 (CH), 128.4
(CH), 129.1 (CH), 129.4 (CH), 129.6 (CH), 131.9 (CH), 132.9 (C), 139.5 (C), 139.8
(CH), 151.0 (C), 203.3 (C).

9.4.13 Reactions of 1-(2-((2-iodobenzyl)(methyl)amino)phenyl)ethan-1-one
(Scheme 6.15)

Reaction A
T l o
(0]

| Me)K/@ 6.2 (0. 1 equlv) OH
N KOBu (3 eq.), benzene
Me 120°C,1h

6.69 6.73 52% 6.74 9%

1-(2-((2-lodobenzyl)(methyl)amino)phenyl)ethan-1-one 6.69 (183 mg, 0.5 mmol)

and 1,4-dipropylpiperazine-2,5-dione 6.2 (10 mg, 0.05 mmol, 0.1 eq.) were added to
an oven-dried pressure tube. In the glove box, KO'Bu (168 mg, 1.5 mmol, 3.0 eq.)
and anhydrous benzene (5 mL) were added and the reaction mixture was stirred at
120 °C for 1 h. The reaction mixture was quenched with saturated aqueous
ammonium chloride solution (15 mL) and extracted with dichloromethane (3 x 20
mL). The organic phases were combined, washed with brine, dried over Na2SOs,
filtered and concentrated in vacuo. The crude mixture was purified by column
chromatography (25 - 100% dichloromethane in hexane) to give both 5-methyl-4,10-
dihydroindeno[1,2]indol-9(5H)-0l 6.73 (61.6 mg, 52%) as a yellow solid m.p. 102 —
106 °C; [Found: (HRMS-NSI) 238.1222. CisHisNO* (M+H)* requires 238.1226];
vmax(film) / cm1 3304, 1668, 1609, 1489, 1373, 1314, 1263, 1219, 1123, 1057, 1040,
982, 745, 727,654, 631; 'H-NMR (400 MHz, CDCI3) 5 2.18 (1 H, br s, OH), 3.08 (3

H, s, CH3), 3.48 — 3.49 (2 H, m, CH2), 4.74 (L H, s, CH), 6.47 (L H, d, J = 8.0 Hz,
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ArH), 6.74 (1 H, td, J = 7.6, 0.8 Hz, ArH), 7.17 — 7.28 (4 H, m, ArH), 7.37 (1 H, dd, J
= 7.2, 0.8 Hz, ArH), 7.44 — 7.46 (1 H, m, ArH); 13C{*H}-NMR (100 MHz, CDCls) &
33.8 (CH3), 46.1 (CH2), 82.8 (CH), 88.3 (C), 107.4 (CH), 117.8 (CH), 123.4 (CH),
125.4 (CH), 125.5 (CH), 127.1 (CH), 128.6 (CH), 130.1 (CH), 132.6 (C), 140.6 (C),
142.8 (C), 151.2 (C); 6.73 was recrystallised (dichloromethane/hexane) to give
crystals for X-ray analysis (X-ray crystallographic data in Appendix), and 1-benzyl-
2,3-dihydroquinolin-4(1H)-one 6.74210 (11.3 mg, 9%) as yellow crystals m.p. 114 —
117 °C (lit.21%; 111 — 114 °C); [Found: (GC-CI) C1sH1sNO* (M+H)* 238.2]; vmax(film) /
cm12918, 2907, 1661, 1603, 1497, 1449, 1346, 1289, 1229,1198, 1180, 1121, 999,
856, 752, 731, 698; 'H-NMR (400 MHz, CDClI3) 5 2.74 —2.78 (2 H, m, CH2), 3.58 —
3.62 (2 H, m, CH2), 457 (2 H, s, CH2), 6.69 —6.75 (2 H, m, ArH), 7.29 — 7.37 (6 H,
m, ArH), 7.93 (1 H, dd, J = 7.6, 1.6 Hz, ArH); 33C{*H}-NMR (100 MHz, CDCl3)d 38.2
(CH2), 49.6 (CH2), 55.4 (CH2), 113.6 (CH), 117.1 (CH), 119.9 (C), 126.9 (2 x CH),
127.6 (CH), 128.4 (CH), 129.0 (2 x CH), 135.6 (CH), 137.4 (C), 151.9 (C), 193.7 (C).
Reaction B

0 TL

[ Me)K/@ Pr 6.2(0.1equiv) 0 ﬁﬁij )D
1§
©/\N KO'Bu (3 eq.), DMSO MeHN

Me RT, 24 h

6.69 6.75 27% 6 74 21% 6.76 13%

1-(2-((2-lodobenzyl) (methyl)amino)phenyl)ethan-1-one 6.69 (183 mg, 0.5 mmol)
and 1,4-dipropylpiperazine-2,5-dione 6.2 (10 mg, 0.05 mmol, 0.1 eq.) were added to
an oven-dried pressure tube. In the glove box, KO'Bu (168 mg, 1.5 mmol, 3.0 eq.)
and anhydrous DMSO (2 mL) were added and the reaction mixture was stirred at
RT for 24 h. The reaction mixture was quenched with saturated aqueous ammonium
chloride solution (15 mL) and extracted with dichloromethane (4 x 20 mL). The
organic phases were combined, washed with brine, dried over Na2SOs, filtered and
concentrated in vacuo. The crude mixture was purified by column chromatography
(2 - 25% ethyl acetate in hexane) to give several products: 5-methyl-6,11-
dihydrodibenzolb,flazocin-12(5H)-one 6.75% (32.4 mg, 27%) as yellow solid m.p.
102 — 106 °C (lit.85 108 — 109 °C); [Found: (GC-CI) CisHisNO* (M+H)* 238.1];
vmax(film) /cmt 1661, 1591, 1487, 1350, 1285, 1163, 1088, 1009, 756, 735, 623; 1H-
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NMR (400 MHz, CDCIz) 6 3.01 (3 H, s, CH3), 4.08 (2 H, s, CH2),4.22 (2 H, s, CH2),
6.91 (1 H,td,J=7.6, 0.8 Hz, ArH), 7.05 (1 H,d, J= 8.4 Hz, ArH), 711 (1 H,d,J =
7.6 Hz, ArH), 7.21 — 7.29 (3 H, m, ArH), 7.40 — 7.45 (1 H, m, ArH), 7.61 (1 H, dd, J
= 7.6, 1.6 Hz, ArH); 13C{*H}-NMR (100 MHz, CDClIs) 5 37.8 (CHs), 48.1 (CH2), 64.4
(CH2), 115.2 (CH), 119.0 (CH), 127.2 (CH), 128.4 (CH), 128.8 (CH), 129.5 (CH),
130.9 (CH), 131.2 (C), 132.7 (CH), 135.3 (C), 135.8 (C) 153.0 (C), 210.9 (C); 1-
benzyl-2,3-dihydroquinolin-4(1H)-one 6.74 (25.2 mg, 21%) as yellow crystals and 1-
(2-(methylamino)phenyl)ethan-1-one 6.76 (9.5 mg, 13%) as a yellow oil [Found:
(HRMS-ESI) 150.0910. C9H12NO* (M+H)* requires 150.0913]; vmax(film) / cm™ 3321,
1632, 1562,1516, 1410, 1234, 1165, 951, 743, 652, 613; 'H-NMR (400 MHz, CDCls)
0257 (3H,s,CHs),2.91 (3H, d, J =4.8 Hz, CH3), 6.57 —6.61 (1 H, m, ArH), 6.68
(1 H,d,J=8.4Hz ArH), 7.36 — 7.40 (1 H, m, ArH), 7.73 - 7.75 (1 H, m, ArH), 8.78
(1 H, br s, NH); 3C{{H}-NMR (100 MHz, CDClI3) & 27.9 (CHs), 29.3 (CHs), 111.3
(CH), 113.9 (CH), 117.6 (C), 132.7 (CH), 135.1 (CH), 152.0 (C), 200.8 (C). The
spectra are consistent with the reference samples (Section 9.4.13, Scheme 6.15,

Reaction A on page 284).

9.4.14 Formation of 6.73 from 6.75 (Scheme 6.17)

(0]
KO'Bu (3 eq.), benzene OH
Qe iwlise TN Qe
N N N

Me Me Me
6.75 6.73 31% 6.75 29%

5-Methyl-6,11-dihydrodibenzolb,flazocin-12(5H)-one 6.75 (10 mg, 0.042 mmol) was

added to an oven-dried pressure tube. In the glove box, KO'Bu (14 mg, 0.126 mmol,
3.0 eq.) and anhydrous benzene (1 mL) were added and the reaction mixture was
stirred at 120 °C for 1 h. The reaction mixture was quenched with water (2 mL) and
extracted with ethyl acetate (3 x 2 mL). The organic phases were combined, washed
with brine, dried over Na2SOs4, filtered and concentrated in vacuo. The yields of 5-
methyl-4,10-dihydroindenol[1,2]indol-9(5H)-ol 6.73 (31%) and starting material 6.75
(29%) were determined by adding 1,3,5-trimethoxybenzene to the crude mixture as
an internal standard for 'H-NMR. The products were identified by the following
characteristic signals; TH-NMR (400 MHz, CDCI3) 8 3.08 (3 H, s, CH3), 3.50 (2 H, d,
J=24Hz, CH2),4.74 (1 H, s, CH) for 5-methyl-4,10-dihydroindeno[1,2]indol-9(5H)-
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ol,6.73; 6 3.01 (3H, s, CH3),4.08 (2 H, s, CH2), 4.22 (2 H, s, CH2), for 5-methyl-
6,11-dihydrodibenzo[b,flazocin-12(5H)-one 6.75. These signals are consistent with
the literature values and reference samples (Section 9.4.13, Scheme 6.15 on pages
283-285).
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NMR of novel compoundsin Chapter 6
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1H-NMR and 3C{H}-NMR 6.23
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1H-NMR and BC{!H}-NMR 6.24
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1H-NMR and 3C{H}-NMR 6.25
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IH-NMR and 3C{'H}-NMR 6.37b
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1H-NMR and 3C{H}-NMR 6.40
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1H-NMR and 3C{H}-NMR 6.73
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9.5 Experimental details for Chapter 7

9.5.1 Electron transfer reactions using glucose as the additive (Table 7.1)

Table 7.1, entry 1

I KO'Bu (3 eq.), benzene I Ph
130 °C, 3 h +
Me Me Me

7.6 7.6 79% 7.7 3%
4-lodotoluene 7.6 (109 mg, 0.5 mmol) was added an oven-dried pressure tube. In

the glove box, KO'Bu (168 mg, 1.5 mmol, 3.0 eq.) and anhydrous benzene (5 mL)
were added and the reaction mixture was stirred at 130 °C for 3 h. The reaction
mixture was cooled to RT, quenched with aqueous hydrochloric acid (1 M, 10 mL)
and extracted with ethyl acetate (3 x 10 mL). The organic phases were combined,
dried over Na2SO4, filtered and concentrated in vacuo. The yields of 4-iodotoluene
7.6 (79%) and 4-methylbiphenyl 7.7 (3%) were determined by adding 1,3,5-
trimethoxybenzene to the crude mixture as an internal standard for 'H-NMR. The
products were identified by the following characteristic signals; *H-NMR (400 MHz,
CDCI3) 62.30 (3H, s), 6.92 (2 H, d, J = 8.4 Hz) for 4-iodotoluene 7.6; & 2.40 (3 H,
s), 743 (2 H, t, J = 7.6 Hz) for 4-methylbiphenyl 7.7. These signals are consistent
with the literature values and reference samples (Section 9.3.6, Table 5.2, entry 1
on pages 214-215).
Table 7.1, entry 2

I glucose 7.1 (0.2 eq.), KOBu (3 eq.)
/©/ benzene, 130 °C, 3 h /©/
Me

7.6 7.6 52% 7.7 34%

4-lodotoluene 7.6 (109 mg, 0.5 mmol) and glucose 7.1 (18 mg, 0.1 mmol, 0.2 eq.)

were added to an oven-dried pressure tube. In the glove box, KO'Bu (168 mg, 1.5
mmol, 3.0 eq.) and anhydrous benzene (5 mL) were added and the reaction mixture
was stirred at 130 °C for 3 h. The reaction mixture was cooled to RT, quenched with
agueous hydrochloric acid (1 M, 10 mL) and extracted with ethyl acetate (3 x 10 mL).
The organic phases were combined, dried over Na2SOs, filtered and concentrated
in vacuo. The yields of 4-iodotoluene 7.6 (52%) and 4-methylbiphenyl 7.7 (34%)
were determined by adding 1,3,5-trimethoxybenzene to the crude mixture as an
internal standard for 'H-NMR. The products were identified by the following
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characteristic signals; *H-NMR (400 MHz, CDCI3) 6 2.30 (3 H, s),6.92 (2 H, d, J=
8.4 Hz) for 4-iodotoluene 7.6; & 240 (3 H, s), 743 (2 H, t, J = 7.6 Hz) for 4-
methylbiphenyl 7.7. These signals are consistent with the literature values and

reference samples (Section 9.3.6, Table 5.2, entry 1 on pages 214-215).

9.5.2 Preparation of Tollens’ reagent

AgNOs3 (250 mg, 1.5 mmol) and water (2.5 mL) were added to a test tube. Aqueous
NH4OH (28% NH3) was added dropwise until the reaction mixture became a brown
suspension, followed by further dropwise addition of agqueous NH4OH (28% NH3)
until the reaction mixture became a colourless solution. Aqueous NaOH (2 M) was
added dropwise until the reaction mixture became a black suspension. Aqueous
NH4OH (28% NHs) was added dropwise until the reaction mixture became a

colourless solution of Tollens’ reagent, which was used immediately.

9.5.3 Qualitative testing of the reduction of Tollens’ reagent (Scheme 7.3)

The general procedure for the Tollens’ test was applied to various substrates and

the observations are reported in Table 9.5.1. No work-up procedure was performed.

Table 9.5.1 The compounds used in the qualitative Tollens’ test (Scheme 7.3)

Compound  Observation Observation | Compound Observation Observation
at 25 °C at 70 °C at 25°C at 70 °C

None No change No change 7.37 Partial Mirror Silver Mirror
7.1 Silver Mirror Silver Mirror 7.38 Partial Mirror Silver Mirror
7.23 Silver Mirror Silver Mirror 7.39 Partial Mirror Silver Mirror
7.24 Silver Mirror Silver Mirror 7.40 Partial Mirror Silver Mirror
7.25 Silver Mirror Silver Mirror 7.41 Partial Mirror Silver Mirror
7.26 Silver Mirror Silver Mirror 7.42 Partial Mirror Silver Mirror
7.27 Silver Mirror Silver Mirror 7.43 Partial Mirror Silver Mirror
7.28 Silver Mirror Silver Mirror 7.44 Partial Mirror Silver Mirror
7.29 Silver Mirror Silver Mirror 7.45 No change Partial Mirror
7.30 Silver Mirror Silver Mirror 7.46 No change Partial Mirror
7.31 Silver Mirror Silver Mirror 7.47 No change Partial Mirror
7.32 Partial Mirror Silver Mirror 7.48 No change Partial Mirror
7.33 Partial Mirror Silver Mirror 7.49 No change Partial Mirror
7.34 Partial Mirror Silver Mirror 7.50 No change Partial Mirror
7.35 Partial Mirror Silver Mirror 7.51 No change Partial Mirror
7.36 Partial Mirror Silver Mirror
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RT 70 °C

Silver mirror at room temperature

OH Q Me O
Hoﬁ& i 2 )S(H N o
OH
HO H N |
oH Ph)kH WS o e S _N
7.4 723 7.4 7.25 7.26 7.2

o 0 0
OH M
Me)K/OH MG)S( MG)HT °
© °© OH

7.28 7.29 7.30 7.31

Partial silver mirror at room temperature; silver mirror at 70 °C

% JemlociliealoPER Y

7.38

br
|
)kfo )S/Ph & O N ve §
e 0
Ph Ph T L Me\))k
Me H
Ph [NN©) Ph/\)LH
Pr Me

7.39 7.40 7.41 7.42 7.43 7.44

No change at room temperature; partial silver mirror at 70 °C
Me OH

o)
OH o} Ph
HO)\( L Ph)\/
M
Me Me)k/ © Me”™ "Me OH
7.45 7.46 7.47 7.48
s _Ph
Ph” \/\
7.49 7.5 7.51

9.5.4 General procedure for the Tollens’ test

Forevery substrate subjected to the Tollens’ test, a blank reaction (with no substrate)
and a reference reaction (using glucose as the substrate) were performed
simultaneously. The Tollens’ reagent for all three reactions (blank, glucose and
substrate) were prepared identically and simultaneously.

Blank reaction:

Water (2 mL) was added to the test tube containing Tollens’ reagent. Observations
were reported at RT. The reaction mixture was heated to 70 °C for 5 min using a

water bath, and once the reaction had cooled to RT, observations were reported.
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Glucose/substrate reaction:

A solution or suspension of the substrate (1.5 mmol, 1.0 eq.) in water (2 mL) was
added to the test tube containing Tollens’ reagent. Observations were reported at
RT. The reaction mixture was heated to 70 °C for 5 min using a water bath, and once
the reaction had cooled to RT, observations were reported.

Work-up procedure:

Upon completion, the reaction mixture was extracted with ethyl acetate (3 x 5 mL).
The organic phases were combined, dried over Na2S0Os4, filtered and concentrated
in vacuo to give the “Basic Fraction”. The aqueous phase was acidified with dropwise
addition of aqueous hydrochloric acid (2 M). The aqueous phase was extracted with
ethyl acetate (3 x5 mL) and the organic phases were combined, dried over Na2SOa,

filtered and concentrated in vacuo to give the “Acidic Fraction”.

9.5.5 Tollens’ test on various aldehydes (Scheme 7.5)

Tollens’ test on 3-phenylpropanal 7.44

(0] (0] 0 l

Tollens' test, RT e
Ph/\)LH % Ph/\)LH + Ph/\)kOH '

7.44 7.44 15% 7.56 1% (6%)

The general procedure for the Tollens’ test was applied to 3-phenylpropanal 7.44
(201 mg, 1.5 mmol). At RT a partial mirror was observed. The reaction was not
heated to 70 °C. The work-up procedure was performed.

The Basic Fraction: The vyield of 3-phenylpropanal 7.44211 (15%) was determined by

adding 1,3,5-trimethoxybenzene to the crude mixture as an internal standard for H-
NMR. 'H-NMR (400 MHz, CDCI3)5 2.79 (2 H, t, J =8.0 Hz, CH2), 297 2 H, t, J =
8.0 Hz, CH2), 7.19 - 7.23 (3H, m, ArH), 7.30 (2 H, t, J = 8.0 Hz, ArH), 9.83 (1 H, t, J
= 1.6 Hz, CHO); 13C{*H}-NMR (100 MHz, CDCIs) d 28.3 (CH2), 45.4 (CH2), 126.5
(CH), 128.4 (2 x CH), 128.8 (2 x CH), 140.5 (C), 201.7 (C). These signals are
consistent with a commercial sample. (Many unidentified products were present in

the fraction).
The Acidic Fraction: The vyield of 3-phenylpropanoic acid 7.56%12 (11%) was

determined by adding 1,3,5-trimethoxybenzene to the crude mixture as an internal
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standard for 'H-NMR. The product was identified by the following characteristic
signals; 'H-NMR (400 MHz, CDClIs)5 2.70 (2 H, t, J =8.0 Hz), 298 (2 H, t, J=8.0
Hz) for 3-phenylpropanoic acid 7.56. The crude material was purified by column
chromatography (50 - 100% dichloromethane in hexane) to give 3-phenylpropanoic
acid 7.56%'2 (12.6 mg, 6%) as colourless crystals m.p. 44 - 45 °C (lit.?12: 44 - 45 °C);
[Found: (GCMS-EI) CoH1002 (M)** 149.9]; vmax (film)/cm™ 3028, 2931, 2622, 1694,
1408, 1302, 1220, 931, 757, 703; *H-NMR (400 MHz, CDCI3)52.70 (2 H, t, J=8.0
Hz, CH2), 2.97 (2 H, t, J =8.0 Hz, CH2), 7.21 - 7.24 (3 H, m, ArH), 7.29 -7.32 (2 H,
m, ArH), 10.00 (1 H, br s, COOH); 13C{*H}-NMR (100 MHz, CDClIs) d 30.7 (CH2),
35.7 (CH2), 126.5 (CH), 128.4 (2 x CH), 128.7 (2 x CH), 140.3 (C), 179.1 (C).

M
i Tollens' test, RT j—l . i "
_— >
Ph H Ph H Ph OH
7.23 7.23 76% 7.67 16% (5%) .

The general procedure for the Tollens’ test was applied to benzaldehyde 7.23 (159

Tollens’ test on benzaldehyde 7.23

mg, 1.5 mmol). At RT a partial mirror was observed. The reaction was not heated to
70 °C. The work-up procedure was performed.
The Basic Fraction: The yield of benzaldehyde 7.23%'2 (76%) was determined by

adding 1,3,5-trimethoxybenzene to the crude mixture as an internal standard for *H-
NMR. 1H-NMR (400 MHz, CDCI3)d7.54 (2 H, t, J=8.0 Hz, ArH), 764 (1 H, t, J =
8.0 Hz, ArH), 7.89 (2 H, d, J = 8.0 Hz, ArH), 10.03 (1 H, br s, CHO); 13C{*H}-NMR
(100 MHz, CDCI3) & 129.2 (2 x CH), 129.9 (2 x CH), 134.6 (CH), 136.6 (C), 192.5
(C). These signals are consistent with a commercial sample.

The Acidic Fraction: The vyield of benzoic acid 7.67%14 (16%) was determined by

adding 1,3,5-trimethoxybenzene to the crude mixture as an internal standard for *H-
NMR. The product was identified by the following characteristic signals; H-NMR
(400 MHz, CDCI3)5 749 (2H,t, J=8.0 Hz), 7.62 (1 H, t, J =8.0 Hz), 8.13 (2 H, d,
J = 8.0 Hz) for benzoic acid 7.67. The crude material was purified by column
chromatography (50 - 100% dichloromethane in hexane) to give benzoic acid 7.67
(10 mg, 5%) as a white crystals m.p. 119 - 120 °C (lit.21>: 118 — 120.4 °C); [Found:
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(GCMS-EI) C7HeO2 (M)** 122.0]; vmax (film)icm™ 3068, 2825, 2661, 2551, 1679,
1601, 1582, 1464, 1419, 1324, 1290, 1181, 933, 807, 706, 669; 'H-NMR (400 MHz,
CDCl) & 7.49 (2 H, t, J = 8.0 Hz, ArH), 7.62 (1 H, t, J = 8.0 Hz, ArH), 8.13 (2 H, dd,
J=17.6,1.2 Hz, ArH); 3C{tH}-NMR (100 MHz, CDClz) 128.6 (CH), 129.4 (C), 130.4
(CH), 134.0 (CH), 172.3 (C).

Tollens’ test on (2E,4E)-hexa-2,4-dienal 7.37%16

0 Tollens' test, RT - 70 °C, 5 min 0
MeWH MBWH W

7.37 7.37 3% 7.68 6% (5%)

The general procedure for the Tollens’ test was applied to (2E,4E)-hexa- 2,4 dienal
7.37 (144 mg, 1.5 mmol). At RT a partial mirror was observed. After heating at 70 °C
a silver mirror was observed. The work-up procedure was performed.

The Basic Fraction: The vyield of (2E,4E)-hexa-2,4-dienal 7.37%17 (3%) was

determined by adding 1,3,5-trimethoxybenzene to the crude mixture as an internal
standard for IH-NMR. 'H-NMR (400 MHz, CDCI3)d 1.90 (3 H, d, J = 4.0 Hz, CH3),
6.06 (1 H, dd, J = 16.0, 8.0 Hz, CH), 6.25 — 6.37 (2 H, m, 2 x CH), 7.07 (1 H, dd, J =
16.0, 8.0 Hz, CH), 9.53 (1 H, d, J = 8.0 Hz, CHO); 3C{*H}-NMR (100 MHz, CDCls)
0 19.0 (CHs), 130.0 (CH), 130.3 (CH), 142.0 (CH), 152.8 (CH), 190.1 (C). These

signals are consistent with a commercial sample.
The Acidic Fraction: The vyield of (2E,4E)-hexa-2,4-dienoic acid 7.68%16 (6%) was

determined by adding 1,3,5-trimethoxybenzene to the crude mixture as an internal
standard for TH-NMR. The product was identified by the following characteristic
signals; H-NMR (400 MHz, CDCI3)51.78 (3H, d, J=5.2 Hz), 5.77 (LH, d, J=16.0
Hz), 6.16 — 6.26 (2 H, m), 7.33 (1 H, dd, J = 16.0, 8.0 Hz) for (2E,4E)-hexa-2,4-
dienoic acid 7.68.216 The crude material was purified by column chromatography (50
- 100% dichloromethane in hexane) to give (2E,4E)-hexa-2,4-dienoic acid 7.68 (8.7
mg, 5%) as a white crystals m.p. 130 — 132 °C (lit.28; 133 — 136 °C); [Found: (GCMS-
El) CeHsO2 (M)** 112.0.]; vmax (film)/cm™ 2918, 1676, 1635, 1610, 1414, 1376,
1326, 1262, 1203, 1153, 995, 947, 916, 872, 804; *H-NMR (400 MHz, CDCI3) 5 1.88
(3H,d,J =52 Hz CHs),5.77 (1 H, d,J =16.0 Hz, CH), 6.16 — 6.26 (2 H, m, 2 X

299



Chapter 9. Experimental details

CH), 7.33 (1 H, dd, J = 16.0, 8.0 Hz, CH); 13C{tH}-NMR (100 MHz, CDCls) & 18.9
(CHa), 118.3 (CH), 129.9 (CH), 140.9 (CH), 147.5 (CH), 172.8 (C).

9.5.6 Tollens’ test on 3-phenylpropanol under several conditions (Table 7.2)

Table 7.2, entry 1

(0] 0} (0]
Tollens' Test, RT
7.44 7.44 15% 7.56 11% (6%)

The general procedure for the Tollens’ test was applied to 3-phenylpropanal 7.44
(201 mg, 1.5 mmol). At RT a partial mirror was observed. The reaction was not
heated to 70 °C. The work-up procedure was performed.

The Basic Fraction: The yield of 3-phenylpropanal 7.4421! (15%) was determined by

adding 1,3,5-trimethoxybenzene to the crude mixture as an internal standard for *H-
NMR. The product was identified by the following characteristic signals; *H-NMR
(400 MHz, CDCI3)62.79 (2 H,t,J=7.6Hz), 297 (2H,t,J=7.6 Hz), 7.18 - 7.30 (5
H, m), 9.83 (1 H, br s) for 3-phenylpropanal 7.44. These signals are consistent with
the literature values and reference sample (Section 9.5.5 on page 298). (Many
unidentified products were present in the fraction).

The Acidic Fraction: The vyield of 3-phenylpropanoic acid 7.56%12 (11%) was

determined by adding 1,3,5-trimethoxybenzene to the crude mixture as an internal
standard for H-NMR. The product was identified by the following characteristic
signals; 'H-NMR (400 MHz, CDClIs)5 2.70 (2 H, t, J=8.0 Hz), 298 (2 H, t, J=8.0
Hz) for 3-phenylpropanoic acid 7.56. These signals are consistent with the literature
values and reference samples (reported in Section 9.5.5 on page 298). The crude
material was purified by column chromatography (50 - 100% dichloromethane in

hexane) to give 3-phenylpropanoic acid 7.56212(12.6 mg, 6%) as colourless crystals.

Table 7.2, entry 2

[e] NH4OH, NaOH, (0] 0

NH,4OH, RT
H _—_— H + OH

7.44 7.44 20% 7.56 2%

Water (2.5 mL) was added to a test tube. Aqueous NH4sOH (28% NH3) was added
dropwise until the reaction mixture became a brown suspension, followed by further
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dropwise addition of aqueous NH4OH (28% NH3) until the reaction mixture became
a colourless solution. Aqueous NaOH (2 M) was added dropwise until the reaction
mixture became a black suspension, followed by further dropwise addition of
aqueous NH4OH (28% NH3) until the reaction mixture became a colourless solution.
The solution was used immediately. A suspension of 3-phenylpropanal 7.44 (201
mg, 1.5 mmol, 1.0 eq.) in water (2 mL) was added to the test tube. At RT a cloudy
white suspension was observed. After heating at 70 °C a cloudy white suspension
was observed. The work-up procedure was performed.

The Basic Fraction: The yield of 3-phenylpropanal 7.44211 (20%) was determined by

adding 1,3,5-trimethoxybenzene to the crude mixture as an internal standard for *H-
NMR. The product was identified by the following characteristic signals; H-NMR
(400 MHz, CDCI3)52.79 (2 H, t, J= 7.6 Hz), 297 (2 H, t, J =7.6 Hz), 7.18 — 7.30 (5
H, m), 9.83 (1 H, br s) for 3-phenylpropanal 7.44. These signals are consistent with
the literature values and reference sample (Section 9.5.5 on page 298). (Many
unidentified products were present in the fraction).

The Acidic Fraction: The yield of 3-phenylpropanocic acid 7.56%22 (2%) was

determined by adding 1,3,5-trimethoxybenzene to the crude mixture as an internal
standard for 'H-NMR. The product was identified by the following characteristic
signals; 'H-NMR (400 MHz, CDClI3)6 2.70 (2 H, t, J=8.0 Hz), 298 (2 H, t, J=8.0
Hz) for 3-phenylpropanoic acid 7.56. These signals are consistent with the literature

values and reference sample (Section 9.5.5 on page 298).

Table 7.2, entry 3

(o] Tollens' test (o] (0]

RT -70°C
H - - H + OH

7.44 7.44 6% 7.56 12%

The general procedure for the Tollens’ test was applied to 3-phenylpropanal 7.44
(201 mg, 1.5 mmol). At RT a partial mirror was observed. After heating at 70 °C a

silver mirror was observed. The work-up procedure was performed.
The Basic Fraction: The yield of 3-phenylpropanal 7.44211 (6%) was determined by

adding 1,3,5-trimethoxybenzene to the crude mixture as an internal standard for 1H-
NMR. The product was identified by the following characteristic signals; *H-NMR
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(400 MHz, CDCI3)52.79 (2 H, t, J= 7.6 Hz), 297 (2 H,t, J =7.6 Hz), 7.18 = 7.30 (5
H, m), 9.83 (1 H, br s) for 3-phenylpropanal 7.44. These signals are consistent with
the literature values and reference sample (Section 9.5.5 on page 298). (Many
unidentified products were present in the fraction).

The Acidic Fraction: The yield of 3-phenylpropanoic acid 7.56%'? (12%) was

determined by adding 1,3,5-trimethoxybenzene to the crude mixture as an internal
standard for 'H-NMR. The product was identified by the following characteristic
signals; 'H-NMR (400 MHz, CDClI3)6 2.70 (2 H, t, J =8.0 Hz), 298 (2 H, t, J=8.0
Hz) for 3-phenylpropanoic acid 7.56. These signals are consistent with the literature

values and reference sample (Section 9.5.5 on page 298).

Table 7.2, entry 4

o O
work-up
H H
7.44 7.44 92%

Water (2.5 mL) was added to a test tube, followed by the addition of a suspension
of 3-phenylpropanal 7.44 (201 mg, 1.5 mmol) in water (2 mL). At RT a colourless
solution was observed. The work-up procedure was performed.

The Basic Fraction: The yield of 3-phenylpropanal 7.4421 (92%) was determined

by adding 1,3,5-trimethoxybenzene to the crude mixture as an internal standard for
IH-NMR. The product was identified by the following characteristic signals; 1H-NMR
(400 MHz, CDCI3)52.79 (2 H, t, J= 7.6 Hz), 297 (2 H,t, J =7.6 Hz), 7.18 = 7.30 (5
H, m), 9.83 (1 H, br s) for 3-phenylpropanal 7.44. These signals are consistent with
the literature values and reference samples (Section 9.5.5 on page 298). (Many
unidentified products were present in the fraction).

The Acidic Fraction: No 3-phenylpropanoic acid 7.56 was observed.
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9.5.7 Synthesis of tertiary a-hydroxy ketones

The compounds 7.50, 7.40, 7.39 and 7.38 were supplied commercially.

Synthesis of 7.76219-220

1. EtzN.HCI (2 eq.), Zn (2 €q.), Cp,TiCl, (0.1 eq.), THF (5 mL)
2. TMSCI (2 eq.), 35 °C, 48 h

o 3. TBAF (5 eq.), RT, 1h o
. _CN 4. H,0, RT, 5 min OH
Ph” “Me © Ph Ph
Ph Me
9.71 9.7.2 7.76 30%

EtsN.HCI (1.37 g, 10 mmol, 2.0 eq.), zinc powder (654 mg, 10 mmol, 2.0 eq.) and
Cp2TiCl2 (125 mg, 0.5 mmol, 0.1 eq.) were added to an oven-dried pressure tube. In
the glovebox, anhydrous, degassed tetrahydrofuran (5 mL) was added. The reaction
mixture was stirred at RT for 1 min (the colour of the reaction mixture changed from
a red to green). A suba-seal was placed on the pressure tube and it was removed
from the glove box. Under an argon atmosphere, benzonitrile 9.7.2 (2.6 mL, 25 mmol,
5.0 eq.) was added (the colour of the reaction mixture changed from green to purple).
Acetophenone 9.7.1 (0.6 mL, 5 mmol) was added, followed by the dropwise addition
of TMSCI (1.3 mL, 10 mmol, 2.0 eq.). The reaction mixture was stirred at 35 °C for
48 h. The reaction mixture was cooled to RT. TBAF (1 M in tetrahydrofuran, 5 mL)
was added, and the reaction mixture was stirred at RT for 1 h. Water (5 mL) was
added, and the reaction mixture was stirred at RT for 5 min. The reaction mixture
was extracted with dichloromethane (4 x 80 mL). The organic phases were combined,
washed with brine, dried over Na2S0Oa, filtered and concentrated in vacuo. The crude
material was purified by column chromatography (40 - 70% dichloromethane in
hexane) to give 2-hydroxy-1,2-diphenylpropan-1-one 7.7622° (335 mg, 30%) as
yellow crystals m.p. 59 - 61 °C (lit.2?1; 60 — 62 °C); [Found: (GCMS-EIl) C15H1402 (M)
** 226.1]; vmax (film)/cm™ 3433, 3061, 2994, 2923, 1666, 1595, 1446, 1227, 1741,
1151, 1075, 987, 755, 697, 684; 'H-NMR (400 MHz, CDCIs) & 1.90 (3 H, s, CH3),
4.72 (1L H, br s, OH), 7.28 — 7.35 (3 H, m, ArH), 7.39 (2 H, t, J =8.0 Hz, ArH), 7.43 —
7.47 (3 H, m, ArH), 7.68 (2 H, d, J = 8.0 ArH); 3C{*H}-NMR (100 MHz, CDClI3) &
26.2 (CH3), 79.2 (C), 126.1 (2 x CH), 128.3 (CH), 128.4 (2 x CH), 129.1 (2 x CH),
130.3 (2 x CH), 133.1 (CH), 133.6 (C), 142.6 (C), 202.1 (C).
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Synthesis of 7.7721°

1. EtzN.HCI (2 eq.), Zn (2 eq.), Cp,TiCl,, (0.1 eq.), THF (5 mL)
2. TMSCI (2 eq.), 35 °C, 48 h
3. TBAF (5eq.), RT, 1 h o

o 4. H,0, RT, 5min OH
)L + Me/\/CN Me
Ph” “Me Ph Me
9.7.1 9.7.3 7.77 30%

EtsN.HCI (1.37 g, 10 mmol, 2.0 eq.), zinc powder (654 mg, 10 mmol, 2.0 eq.) and
Cp2TiCl2 (125 mg, 0.5 mmol, 0.1 eq.) were added to an oven-dried pressure tube. In
the glovebox, anhydrous, degassed tetrahydrofuran (5 mL) was added. The reaction
mixture was stirred at RT for 1 min (the colour of the reaction mixture changed from
a red to green). A suba-seal was placed on the pressure tube and it was removed
from the glove box. Under an argon atmosphere, butyronitrile 9.7.3 (2.18 mL, 25
mmol, 5.0 eq.) was added (the colour of the reaction mixture changed from green to
blue). Acetophenone 9.7.1 (0.6 mL, 5 mmol, 1.0 eq.) was added, followed by the
dropwise addition of TMSCI (1.3 mL, 10 mmol, 2.0 eq.). The reaction mixture was
stirred at 35 °C for 48 h. The reaction mixture was cooled to RT. TBAF (1 M in
tetrahydrofuran, 5 mL) was added, and the reaction mixture was stirred at RT for 1
h. Water (5 mL) was added, and the reaction mixture was stirred at RT for 5 min.
The reaction mixture was extracted with dichloromethane (4 x 80 mL). The organic
phases were combined, washed with brine, dried over Na2SOas, filtered and
concentrated in vacuo. The crude material was purified by column chromatography
(40 - 100% dichloromethane in hexane) to give 2-hydroxy-2-phenylhexan-3-one
7.7721° (289 mg, 30%) as a yellow oil [Found: (GCMS-El) C12H1702* (M+H)* 193.0];
vmax (film)/cm™ 3463,2931, 2960, 1703, 1447,1354, 1129, 1026, 760, 701; 'H-NMR
(400 MHz, CDCI3) 6 0.75 (3 H, t, J =8.0 Hz, CH3),1.42 —1.59 (2 H, m, CH2), 1.77
(3H, s, CHg),2.24 —2.32 (1 H, m, CH2),2.38 — 2.46 (1 H, m, CH2), 4.62 (1 H, brs,
OH), 7.27 - 7.32 (1 H, m, ArH), 7.39 (2 H, t, J = 8.0 Hz, ArH), 7.43 (2 H, d, J = 8.0
Hz, ArH); 23C{*H}-NMR (100 MHz, CDCI3)3 13.6 (CHs), 17.5 (CH2), 24.1 (CHzs), 37.6
(CH2), 79.8 (C), 126.2 (2 x CH), 128.1 (CH), 128.7 (2 x CH), 141.6 (C), 212.0 (C).
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9.5.8 Reactions of a-hydroxy ketones and a-diketones (Schemes 7.7 and 7.9)

Tollens’ test on (1-hydroxycyclohexyl)(phenyl)methanone 7.50

RT 70 °C
[e) Tollens' test o —h
i
OH 70 °C, 5 min o i
Ph _— .+ pn OH i
Ph” “OH
7.50 7.67 1% (0.2%) 7.50 96% I

The general procedure for the Tollens’ test was applied to (1-
hydroxycyclohexyl)(phenyl)methanone 7.50 (306 mg, 1.5 mmol). At RT a white
suspension was observed. After heating at 70 °C a partial mirror was observed. This
was repeated four times. The five reaction mixtures were combined and the work-up
procedure was performed.

The Basic Fraction: The yield of (1-hydroxycyclohexyl)(phenyl)methanone 7.50220

(96%) was determined by adding 1,3,5-trimethoxybenzene to the crude mixture as
an internal standard for 1H-NMR. H-NMR (400 MHz, CDClI3) % 1.30-1.41 (1 H, m,
CHz2), 1.64 —1.83 (7 H, m CH2), 2.01 —2.08 (2 H, m, CHz2), 7.44 (2 H, t, J = 8.0 Hz,
ArH), 7.54 (1 H, t, J = 8.0 Hz, ArH), 8.00 (2 H, d, J = 8.0 Hz, ArH); 13C{*H}-NMR (100
MHz, CDCIs) 8 21.6 (2 x CH2), 25.5 (CH2), 35.5 (2 x CHz), 78.8 (C), 128.4 (2 x CH),
129.6 (2 x CH), 132.5 (CH), 135.3 (C), 205.7 (C). These signals are consistent with
a commercial sample.

The Acidic Fraction: The yield of benzoic acid 7.67%14 (1%) was determined by

adding 1,3,5-trimethoxybenzene to the crude mixture as an internal standard for ‘H-
NMR. The product was identified by the following characteristic signals; H-NMR
(400 MHz, CDCI3)8 749 (2H,t,J=8.0Hz), 7.62(1 H, t, J =8.0 Hz), 8.13 (2 H, d,
J = 8.0 Hz) for benzoic acid 7.67. These signals are consistent with the literature
values and reference samples (Section 9.5.5 on page 299). The crude material was
purified by column chromatography (50 - 100% dichloromethane in hexane) to give
benzoic acid 7.67% (2.7 mg, 0.2%) as a white crystals.
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Tollens’ test on 2-hydroxy-1,2-diphenylethan-1-one 7.40
RT 70 °C

o pwmees i i
min
Ph o . Ph
Ph*{ Ph)kOH * Ph*{ " =
OH OH
7.40 7.67 4% (2%) 7.40 94%

The general procedure for the Tollens’ test was applied to 2-hydroxy-1,2-

diphenylethan-1-one 7.40 (318 mg, 1.5 mmol). At RT a grey suspension was
observed. After heating at 70 °C a partial mirror was observed. The work-up

procedure was performed.
The Basic Fraction: The yield of 2-hydroxy-1,2-diphenylethan-1-one 7.40%22 (94%)

was determined by adding 1,3,5-trimethoxybenzene to the crude mixture as an
internal standard for 1H-NMR. 1H-NMR (400 MHz, CDCI3) 5 4.54 (1 H, d, J = 8.0 Hz,
CH), 5.95 (1 H, d, J = 8.0 Hz, OH), 7.25 — 7.35 (5 H, m, ArH), 7.40 (2 H, t, J = 8.0
Hz, ArH), 7.52 (1 H, t, J = 8.0 Hz, ArH), 7.92 (2 H, d, J = 8.0 Hz, ArH); 13C{*H}-NMR
(100 MHz, CDCIs)d 76.4 (CH), 127.9 (2 x CH), 128.7 (CH), 128.8 (2 x CH), 129.3 (4
x CH), 133.7 (C), 134.1 (CH), 139.2 (C), 199.1 (C). These signals are consistent with
a commercial sample.

The Acidic Fraction: The yield of benzoic acid 7.67%14 (4%) was determined by

adding 1,3,5-trimethoxybenzene to the crude mixture as an internal standard for H-
NMR. The product was identified by the following characteristic signals; *H-NMR
(400 MHz, CDCI3)6 749 (2H,t,J=8.0Hz), 7.62(1 H, t, J =8.0 Hz), 8.13 (2 H, d,
J = 8.0 Hz) for benzoic acid 7.67. These signals are consistent with the literature
values and reference samples (Section 9.5.5 on page 299). The crude material was

purified by column chromatography (0 - 100% dichloromethane in hexane) to give
benzoic acid 7.67%1* (4.4 mg, 2%) as a white crystals.
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Tollens’ test on benzil 7.39

RT 70 °C
o Tollens' test o o) i
70 °C, 5 min iﬁ m
Ph)kfo - Ph)kOH * Ph)kfO
Ph Ph
7.39 7.67 3% 7.39 40%

The general procedure for the Tollens’ test was applied to benzil 7.39 (315 mg, 1.5

mmol). At RT a grey/yellow suspension was observed. After heating at 70 °C a patrtial
mirror was observed. The work-up procedure was performed.
The Basic Fraction: The vyield of benzil 7.39%223 (40%) was determined by adding

1,3,5-trimethoxybenzene to the crude mixture as an internal standard for 1H-NMR.
H-NMR (400 MHz, CDCI3)57.52 (4 H, t, J = 8.0 Hz, ArH), 7.66 (2 H, t, J = 8.0 Hz,
ArH), 7.98 (4 H, d, J = 8.0 Hz, ArH); 3C{*H}-NMR (100 MHz, CDCls) & 129.2 (4 x
CH), 130.1 (4 x CH), 133.2(2x C), 135.0 (2 x CH), 194.7 (2 x C). These signals are
consistent with a commercial sample.

The Acidic Fraction: The yield of benzoic acid 7.672* (3%) was determined by

adding 1,3,5-trimethoxybenzene to the crude mixture as an internal standard for *H-
NMR. The product was identified by the following characteristic signals; *H-NMR
(400 MHz, CDCI3)5 749 (2H,t,J=8.0Hz), 7.62 (1 H, t, J =8.0 Hz), 8.13 (2 H, d,
J = 8.0 Hz) for benzoic acid 7.67. These signals are consistent with the literature

values and reference sample (Section 9.5.5 on page 299).

Tollens’ test on 2-hydroxy-2-methyl-1-phenylpropan-1-one 7.38

RT 70 °C
o Tollens' test o .
70 °C, 5 min (e} m
Ph&OH Ph)kOH ' Ph)S(OH
Me Me Me Me
7.38 7.67 14% (5%) 7.38 76% I n

The general procedure for the Tollens’ test was applied to 2-hydroxy-2-methyl-1-

phenylpropan-1-one 7.38 (204 mg, 1.25 mmol). At RT a partial mirror was observed.
After heating at 70 °C a partial mirror was observed. The work-up procedure was

performed.
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The Basic Fraction: The yield of 2-hydroxy-2-methyl-1-phenylpropan-1-one 7.38220

(76%) was determined by adding 1,3,5-trimethoxybenzene to the crude mixture as
aninternal standard for 'H-NMR. H-NMR (400 MHz, CDCI3)5 1.64 (6 H, s, 2 x CH3),
4.06 (L H, brs, OH), 7.47 (2 H, t, J = 8.0 Hz, ArH), 7.57 (1 H, t, J = 8.0 Hz, ArH),
8.00 (2 H, d, J = 8.0 Hz, ArH); 13C{*H}-NMR (100 MHz, CDCIs) 528.6 (2 x CHs), 76.4
(C), 128.6 (2 x CH), 129.8 (2 x CH), 133.1 (CH), 133.9 (C), 204.9 (C). These signals
are consistent with a commercial sample.

The Acidic Fraction: The vield of benzoic acid 7.67%14 (14%) was determined by

adding 1,3,5-trimethoxybenzene to the crude mixture as an internal standard for *H-
NMR. The product was identified by the following characteristic signals; *H-NMR
(400 MHz, CDCI3)6 749 (2H,t,J=8.0Hz), 7.62(1 H, t, J =8.0 Hz), 8.13 (2 H, d,
J = 8.0 Hz) for benzoic acid 7.67. These signals are consistent with the literature
values and reference samples (Section 9.5.5 on page 299). The crude material was

purified by column chromatography (0 - 100% dichloromethane in hexane) to give
benzoic acid 7.67%% (7.7 mg, 5%) as white crystals.

Tollens’ test on 2-hydroxy-2-methyl-1-phenylpropan-1-one 7.76

RT 70 °C
o ToII:,ns' tes-t o T “
)S(OH 70 °C, 5 min i . )S(OH
Ph Ph” “OH Ph
Ph Me Ph Me
7.76 7.67 1% 7.76 64% I

The general procedure for the Tollens’ test was applied to 2-hydroxy-2-methyl-1-
phenylpropan-1-one 7.76 (226 mg, 1.0 mmol). At RT a grey/brown solution was
observed. After heating at 70 °C a partial mirror was observed. The work-up
procedure was performed.

The Basic Fraction: The yield of 2-hydroxy-2-methyl-1-phenylpropan-1-one 7.76220

(64%) was determined by adding 1,3,5-trimethoxybenzene to the crude mixture as
an internal standard for 'H-NMR. The product was identified by the following
characteristic signals; *H-NMR (400 MHz, CDCIs) 8 1.90 (3 H, s), 4.72 (1 H, br s),
728-735@8H, m),739(2H,tI=80Hz), 743-7.47 (3H, m), 768 2 H, d,J
= 8.0, 4.0 Hz) for 2-hydroxy-2-methyl-1-phenylpropan-1-one 7.76. These signals are
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consistent with the literature values and reference sample (Section 9.5.7 on pages
303-304).
The Acidic Fraction: The yield of benzoic acid 7.67%4 (1%) was determined by

adding 1,3,5-trimethoxybenzene to the crude mixture as an internal standard for H-
NMR. The product was identified by the following characteristic signals; *H-NMR
(400 MHz, CDCI3)5 749 (2H,t,J=8.0Hz), 7.62(1 H, t, J =8.0 Hz), 8.13 (2 H, d,
J = 8.0 Hz) for benzoic acid 7.67. These signals are consistent with the literature

values and reference sample (Section 9.5.5 on page 299).

Tollens’ test on 2-hydroxy-2-phenylhexan-3-one 7.77
RT 70 °C

o Tollens' test o g
OH 70 °C, 5 min oH
Me . Me/\)S(
Ph Me Ph Me
7.77 7.77 93%

The general procedure for the Tollens’ test was applied to 2-hydroxy-2-phenylhe xan-

3-one 7.77 (192 mg, 1.0 mmol). At RT a brown emulsion was observed. After heating

at 70 °C a partial mirror was observed. The work-up procedure was performed.
The Basic Fraction: The yield of 2-hydroxy-2-phenylhexan-3-one 7.7721° (93%) was

determined by adding 1,3,5-trimethoxybenzene to the crude mixture as an internal
standard for 'H-NMR. The product was identified by the following characteristic
signals; 'H-NMR (400 MHz, CDCI3) 5 0.75 (3 H, t, J = 8.0 Hz), 1.42 — 1.59 (2 H, m),
1.77 (3 H,s),224-2.33 (1 H, m), 2.38-2.45 (1 H, m), 4.62 (L H, brs), 7.27 -7.31
(1 H m), 739 (2 Ht J=8.0Hz), 743 (2 H, d, J = 8.0 Hz) for 2-hydroxy-2-
phenylhexan-3-one 7.77. These signals are consistent with the literature values and
reference samples (Section 9.5.7 on pages 304-305).

The Acidic Fraction: No oxidised products were observed.
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9.5.9 Effect of NaOH on the oxidation of 7.38 in the Tollens’ test (Scheme 7.9)

Scheme 7.9A
RT 70 °C

1. H,0, RT, 15 min ‘“‘I m
o 2. AGNO;, NH,OH, .

RT - 70 °C, 5 min o 7 g
oH R -fU % omn PR + OH b
Ph Ph” “OH Ph 3
Me Me Me Me
7.38 7.67 1% 7.38 83% —

2-Hydroxy-2-methyl-1-phenylpropan-1-one 7.38 (246 mg, 1.5 mmol) and water (2

mL) were added to a test tube, and the reaction mixture was stirred at RT for 15 min.
AgNOs3 (250 mg, 1.5 mmol) and water (2.5 mL) were added to a second test tube,
and aqueous NH4OH (28% NH3) was added dropwise until the reaction mixture
became a brown suspension, followed by further dropwise addition of agueous
NH4OH (28% NHB3) until the reaction mixture became a colourless solution. The
solution was used immediately. The reaction mixture from the first test tube was
added to this solution. At RT a cloudy emulsion was observed. After heating at 70
°C a silver mirror was observed. The work-up procedure was performed.

The Basic Fraction: The yield of 2-hydroxy-2-methyl-1-phenylpropan-1-one 7.38220

(83%) was determined by adding 1,3,5-trimethoxybenzene to the crude mixture as
an internal standard for 'H-NMR. The product was identified by the following
characteristic signals; *H-NMR (400 MHz, CDCIs) 5 1.64 (6 H, s), 3.77 (1 H, br s),
747 2H,t,J=80Hz, 757 (1 H, t, J =8.0Hz), 802 (2 H, d, J =8.0 Hz) for 2-
hydroxy-2-methyl-1-phenylpropan-1-one 7.38. These signals are consistent with the

literature values and reference sample (Section 9.5.8 on page 308).

The Acidic Fraction: The yield of benzoic acid 7.672* (1%) was determined by
adding 1,3,5-trimethoxybenzene to the crude mixture as an internal standard for 1H-
NMR. The product was identified by the following characteristic signals; *H-NMR
(400 MHz, CDCI3)57.49 (2H,t,J=76Hz), 762 (1 H, t, J =15.6 Hz), 8.13 (2 H,
dd, J = 7.6, 1.2 Hz) for benzoic acid 7.67. These signals are consistent with the

literature values and reference sample (Section 9.5.5 on page 299).
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Scheme 7.9B

RT 70 °C
1. NaOH, H,0, RT, 15 min
% 2. AgNO3, NH,OH, 70 °C, 5 min o % ﬁ
OH OH
L aoan * P e
Me Me Me Me L4
7.38 7.67 20% 7.38 62% '

2-Hydroxy-2-methyl-1-phenylpropan-1-one 7.38 (246 mg, 1.5 mmol), NaOH (60 mg,

1.5 mmol) and water (2 mL) were added to a test tube, and the reaction mixture was
stirred at RT for 15 min. AgNO3 (250 mg, 1.5 mmol) and water (2.5 mL) were added
to a second test tube, and aqueous NH4OH (28% NH3) was added dropwise until
the reaction mixture became a brown suspension, followed by further dropwise
addition of agueous NH4OH (28% NHs3) until the reaction mixture became a
colourless solution. The solution was used immediately. The reaction mixture from
the first test tube was added to this solution. At RT a partial mirror was observed.
After heating at 70 °C a silver mirror was observed. The work-up procedure was
performed.

The Basic Fraction: The yield of 2-hydroxy-2-methyl-1-phenylpropan-1-one 7.38220

(62%) was determined by adding 1,3,5-trimethoxybenzene to the crude mixture as
an internal standard for 'H-NMR. The product was identified by the following
characteristic signals; *H-NMR (400 MHz, CDCI3) d 1.64 (6 H, s), 3.77 (1 H, br s),
747 2H,t,J=80Hz, 757 (1 H, t, J =8.0Hz), 802 (2 H, d, J =8.0 Hz) for 2-
hydroxy-2-methyl-1-phenylpropan-1-one 7.38. These signals are consistent with the
literature values and reference sample (Section 9.5.8 on page 308).

The Acidic Fraction: The yield of benzoic acid 7.67%'4 (20%) was determined by

adding 1,3,5-trimethoxybenzene to the crude mixture as an internal standard for 1H-
NMR. The product was identified by the following characteristic signals; H-NMR
(400 MHz, CDCI3)57.49 (2H,t, J=7.6 Hz), 7.62 (1 H, t, J= 15.6 Hz), 8.13 (2 H, d,
J = 7.6 Hz) for benzoic acid 7.67. These signals are consistent with the literature

values and reference sample (Section 9.5.5 on page 299).
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Scheme 7.9C

RT 70 °C

o 1. NaOH, H,0, RT, 15 min o —I
2. Tollens' test, RT - 70 °C, 5 min o
OH ’ ’ OH
Ph)S( I Ph)S( | n

Me Me Ph OH Me Me ,.
7.38 7.67 20% 7.38 54%

2-Hydroxy-2-methyl-1-phenylpropan-1-one 7.38 (246 mg, 1.5 mmol), NaOH (60 mg,

1.5 mmol) and water (2 mL) were added to a test tube. The reaction mixture was
stirred at RT for 15 min. The Tollens’ reagent was prepared in a second test tube
and used immediately. The reaction mixture from the first test tube was added to this
solution. At RT a partial mirror was observed. After heating at 70 °C a partial mirror

was observed. The work-up procedure was performed.
The Basic Fraction: The yield of 2-hydroxy-2-methyl-1-phenylpropan-1-one 7.38220

(54%) was determined by adding 1,3,5-trimethoxybenzene to the crude mixture as
an internal standard for 'H-NMR. The product was identified by the following
characteristic signals; *H-NMR (400 MHz, CDClI3) d 1.64 (6 H, s), 3.77 (1 H, br s),
747 2H, t, J=8.0Hz), 757 (1 H, t, J = 8.0 Hz), 8.02 (2 H, d, J = 8.0 Hz) for 2-
hydroxy-2-methyl-1-phenylpropan-1-one 7.38. These signals are consistent with the
literature values and reference sample (Section 9.5.8 on page 308).

The Acidic Fraction: The vyield of benzoic acid 7.67%14 (20%) was determined by

adding 1,3,5-trimethoxybenzene to the crude mixture as an internal standard for H-
NMR. The product was identified by the following characteristic signals; H-NMR
(400 MHz, CDCI3)5 749 (2 H,t, J=7.6 Hz), 762 (L H, t, J = 15.6 Hz), 8.13 (2 H,
dd, J = 7.6, 1.2 Hz) for benzoic acid 7.67. These signals are consistent with the

literature values and reference sample (Section 9.5.5 on page 299).

9.5.10 Synthesis and reaction of substrate 7.86

o 1. LDA, THF, -78 °C o CsCOj3 (0.2 eq.), P(OEt); (2 eq.) o

2. CHgl, RT, O/N Me DMSO, Oy, 2 days e

7.84 7.85 35% 7.86 42%

Anhydrous tetrahydrofuran (50 mL) was added to a flame-dried round-bottomed
flask. Under an argon atmosphere, at -78 °C, LDA (1.8 M, 9.2 mL, 16.5 mmol, 1.1
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eq.) was added, and the reaction mixture was stirred at -78 °C for 15 min. a-Tetralone
7.84 (2 mL, 15 mmol) was added and the reaction mixture was stirred at -78 °C for
20 min. Methyl iodide (1.0 mL, 16.5 mmol, 1.1 eq.) was added and the reaction
mixture was stirred at RT overnight. The reaction mixture was quenched with
saturated aqueous ammonium chloride solution (50 mL) and extracted with diethyl
ether (3 x 50 mL). The organic phases were combined and dried over Na2SOa4,
filtered and concentrated in vacuo. The crude material was purified by column
chromatography (0 - 2% ethyl acetate in hexane) to give 2-methyl-3,4-
dihydronaphthalen-1(2H)-one 7.85224-225 (846 mg, 35%) as pale yellow oil [Found:
(GCMS-EI) C11H120 (M)*" 160.2]; vmax (film)/cm™ 2960, 2930, 2859, 1679, 1601,
1465, 1269, 1225, 969, 738; 'H-NMR (400 MHz, CDClIs) 6 1.27 (3 H, d, J = 8.0 Hz,
CHs), 1.83 — 1.94 (1 H, m, CH2), 2.17 — 2.23 (1 H, m, CH2), 2.55 — 2.64 (1 H, m,
CH2),2.94 - 3.07 (2 H, m, CH2and CH), 7.23 (1 H, d, J = 8.0 Hz, ArH), 7.29 (1 H, t,
J=8.0 Hz, ArH), 7.45 (1 H, t, J = 8.0 Hz, ArH), 8.03 (1 H, d, J = 8.0 Hz, ArH); 13C{tH}-
NMR (100 MHz, CDCI3) 15.6 (CH3), 29.0 (CH2), 31.5 (CHz2), 42.8 (CH), 126.7 (CH),
127.5 (CH), 128.8 (CH), 132.5 (C), 133.2 (CH), 144.3 (C), 200.9 (C).

Cs2C03 (345 mg, 1 mmol, 0.2 eq.), triethylphosphite (1.82 mL, 10.6 mmol, 2.0 eq.),
2-methyl-3,4-dihydronaphthalen-1(2H)-one 7.85 (846 mg, 5.3 mmol) and DMSO (20
mL) were added to a flame-dried round-bottomed flask, equipped with a vacuum tap.
Oxygen was bubbled through the reaction mixture for 10 min, and under an oxygen
atmosphere, the reaction was stirred at RT for 2 days. The reaction mixture was
diluted with ethyl acetate (50 mL) and washed with water (5 x 50 mL). The organic
phase was dried over Na2SOs, filtered and concentrated in vacuo. The crude
material was purified by column chromatography (0 - 50% ethyl acetate in hexane)
to give 2-hydroxy-2-methyl-3,4-dihydronaphthalen-1(2H)-one 7.862%2° (396 mg, 42%)
as a colourless oil [Found: (GCMS-EI) C11H1102" (M-H) 175.0]; vmax (film)/cm™ 3469,
2970, 2931, 2862, 1681, 1601, 1456, 1370, 1289, 1222, 1155, 1097, 972, 907, 740;
H-NMR (400 MHz, CDCl3) 5 1.40 (3 H, s, CHs), 2.18 — 2.30 (2 H, m, CH2), 3.00 —
3.15 (2 H, m, CH2),3.83 (1L H, br s, OH), 7.25 — 7.27 (L H, m, ArH), 7.35 (L H, t, J =
8.0 Hz, ArH), 7.53 (1 H, t, J = 8.0 Hz, ArH), 8.04 (1 H, d, J = 8.0 Hz, ArH); 13C{'H}-
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NMR (100 MHz, CDCls) & 24.0 (CHs), 26.9 (CHz2), 36.0 (CHz2), 73.7 (C), 127.0 (CH),
128.2 (CH), 129.1 (CH), 130.1 (C), 134.2 (CH), 143.6 (C), 201.9 (C).

Tollens’ test of 2-hydroxy-2-methyl-3,4-dihydronaphthalen-1(2H)-one 7.86
(Scheme 7.10)

RT 70 °C 70 °C
")'( |
o Tollens' test o o h
OH  RT-70°C, 10 min oH + OH
Me —— 5 Me
Me
o
7.86 7.87 2% 7.86 77%

The general procedure for the Tollens’ test was applied 2-hydroxy-2-methyl-3,4-
dihydronaphthalen-1(2H)-one 7.86 (264 mg, 1.5 mmol). At RT a grey precipitate was
observed. After heating at 70 °C a grey suspension was observed. After heating at
70 °C, a second time, a partial mirror was observed. The work-up procedure was
performed.

The Basic Fraction: The yield of 2-hydroxy-2-methyl-3,4-dihydronaphthalen-1(2H)-
one 7.86 (77%) was determined by adding 1,3,5-trimethoxybenzene to the crude

mixture as an internal standard for 'H-NMR. The product was identified by the
following characteristic signals; *H-NMR (400 MHz, CDCls) 3 1.40 (3 H, s), 2.18 —
2.30 (2H, m),3.00 -3.15(2 H, m), 3.84 (1 H, brs), 7.25 -7.27 (1 H, m), 7.35 (1 H,
t, J=8.0Hz), 753 (L H, t, J =8.0 Hz), 8.04 (1 H, d, J = 8.0 Hz) for 2-hydroxy-2-
methyl-3,4-dihydronaphthalen-1(2H)-one 7.86. These signals are consistent with the
literature values and reference sample (Section 9.5.10 on pages 313-314).

The Acidic Fraction: The crude material was purified by column chromatography (50

- 100% dichloromethane in hexane) to give 2-(3-oxobutyl)benzoic acid 7.87 (6.5 mg,
2%) as a white crystals m.p. 106 — 107 °C (lit.??5: 105 °C); [Found: (HRMS-NSI)
191.0717. C11H1103 (M-H)" requires 191.0714]; vmax (film)/cm=1 2916, 2847, 2641,
2516, 1688, 1575, 1489, 1408, 1305, 1262, 1162, 930, 755, 705, 664; *H-NMR (400
MHz, CDCI3)3 2.16 (3 H, s, CH3),2.83 (2 H,t, J= 7.6 Hz, CH2),3.26 (2 H,t,J=7.6
Hz, CH2),7.29 — 7.33 (2 H, m, ArH), 7.48 (1 H, t, J = 7.6 Hz, ArH), 8.04 (1 H, d,J =
8.0, ArH); 3C{*H}-NMR (100 MHz, CDCl3) & 29.0 (CH2), 30.0 (CHs), 45.4 (CH2),
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126.7 (CH), 128.3 (C), 131.5 (CH), 132.0 (CH), 133.3 (CH), 144.0 (C), 171.7 (C),
208.6 (C).
9.5.11 Reactions using Ag/bipy and molecular oxygenation with 7.23 and 7.38

Preparation of the Ag/bipy catalyst!61

2,2"-bipyridine (1 eq.), CH,Cl,, RT, O/N )
AgPFg 2>2 AgPFg/bipy

Anhydrous dichloromethane (200 mL) was added to a flame-dried three-necked
flask and the reaction mixture was stirred for 3 h with a steady stream of argon
bubbling through. AgPFs (379 mg, 1.5 mmol) and 2,2’-bipyridine (234 mg, 1.5 mmol,
1.0 eq.) were added to a flame-dried three-necked flask, equipped with two vacuum
taps. The flask was evacuated and filled with argon 5 times, and anhydrous
degassed dichloromethane (45 mL) was added. Under an argon atmosphere, the
reaction mixture was stirred at RT for 15 h. The solvent was removed on the house
vacuum line and the crude material was dried for 3 h. The crude material was put

under an argon atmosphere, and transported into the glove box immediately.

Reaction of the Ag/bipy catalyst and O2 with benzaldehyde 7.23161

NaF (5 mol%), Ag/bipy (5 mol%), O,

o) H,0, DIPEA (5 mol%), 50 °C, O/N o)
Ph)LH Ph)kOH
7.23 7.67 83%

NaF (1.05 mg, 0.025 mmol, 0.05 eq.) was added to an oven-dried pressure tube. In
the glove box, Ag/bipy catalyst (6.6 mg, 0.025 mmol, 0.05 eq.) was added. The
pressure tube was gently flushed with oxygen for 1 min. A suba-seal was placed on
the pressure tube. Water (5 mL) and diisopropylamine (4.5 pL, 0.025 mmol, 0.05
eq.) were added, and the reaction mixture was stirred at 50 °C for 5 min.
Benzaldehyde 7.23 (0.05 mL, 0.5 mmol) was added and the reaction was stirred at
50°C overnight. The reaction mixture was cooled and basifiedto pH 11 with aqueous
NaOH (0.1 M). The reaction mixture was washed with dichloromethane (3 x 15 mL),
and the agqueous phase was acidifiedto pH 2 with aqueous hydrochloric acid solution
(0.1 M). The aqueous phase was extracted with diethyl ether (3 x 15 mL). The
organic phases were combined, dried over Na2SOs4, filtered and concentrated in

vacuo. The yield of benzoic acid 7.67%1* (83%) was determined by adding 1,3,5-
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trimethoxybenzene to the crude mixture as an internal standard for *H-NMR. The
product was identified by the following characteristic signals; *H-NMR (400 MHz,
CDCl)57.49 (2H,t,J=7.6 Hz, ArH), 7.62 (L H, t, J = 7.6 Hz, ArH), 8.13 (2 H, d, J
= 7.6 Hz, ArH) for benzoic acid 7.67. These signals are consistent with the literature

values and reference sample (Section 9.5.5 on page 299).

Reaction of the Ag/bipy catalyst and Oz with 2-hydroxy-2-methyl-1-
phenylpropan-1-one 7.38

NaF (5 mol%), Ag/bipy (5 mol%), O,

o H,0, DIPEA (5 mol%), 50 °C, O/N o
OH
P e .
Me Me
7.38 7.67 3%

NaF (1.05 mg, 0.025 mmol, 0.05 eq.) was added to an oven-dried pressure tube. In
the glove box, Ag/bipy catalyst (6.6 mg, 0.025 mmol, 0.05 eq.) was added. The
pressure tube was gently flushed with oxygen for 1 min. A suba-seal was placed on
the pressure tube. Water (5 mL) and diisopropylamine (4.5 pL, 0.025 mmol, 0.05 eq.)
were added, and the reaction mixture was stirred at 50 °C for 5 min. 2-Hydroxy-2-
methyl-1-phenylpropan-1-one 7.38 (82 mg, 0.5 mmol) was added, and the reaction
was stirred at 50 °C overnight. The reaction mixture was cooled and basified to pH
11 with aqueous NaOH (0.1 M). The reaction mixture was washed with
dichloromethane (3 x 15 mL), and the aqueous phase was acidified to pH 2 with
aqueous hydrochloric acid solution (0.1 M). The aqueous phase was extracted with
diethyl ether (3 x 15 mL). The organic phases were combined, dried over Na2SOa,
fitered and concentrated in vacuo. The vyield of benzoic acid 7.6721* (3%) was
determined by adding 1,3,5-trimethoxybenzene to the crude mixture as an internal
standard for 'H-NMR. The product was identified by the following characteristic
signals; 'H-NMR (400 MHz, CDCIs)57.49 2H, t,J=7.6 Hz, ArH), 762 (1 H, t, J =
7.6 Hz, ArH), 8.13(2 H, dd, J =7.6, 1.2 Hz, ArH) for benzoic acid 7.67. These signals
are consistent with the literature values and reference sample (Section 9.5.5 on page
299).

9.6 XYZ coordinates of species from computational studies

The XYZ data files for all the species reported throughout the computational

discussion are to be found in the Appendix.
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