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Abstract 

Recent publications by Grubbs and Stoltz have focussed on the combination of triethylsilane with 

potassium tert-butoxide to afford a system which is capable of carrying out a number of 

synthetically useful transformations. This includes i) the reductive cleavage of C-O bonds in 

ethers, ii) the reductive cleavage of C-S bonds in thioethers, and iii) the regioselective silylation 

of arenes and heteroarenes. A number of mechanistic studies have been carried out, but so far 

no conclusive mechanism is known for these transformations.  

 

Recent work in the Murphy group has focussed on the combination of small molecules with 

potassium tert-butoxide to form in situ electron donors. This thesis will focus on mechanistic 

studies on the combination of triethylsilane with potassium tert-butoxide, which is capable of 

carrying out the reductive debenzylation of N-benzylindoles (Scheme 1). Experimental and 

computational studies show that it is likely that this transformation proceeds via single electron 

transfer.  

 

Scheme 1 - Debenzylation of N-Benzylindoles Mediated by Et3SiH/KOtBu 

N-arylindoles were shown to undergo ring-opening and subsequent ring-closure to afford 

9,10-dihydroacridines (Scheme 2). Mechanistic studies suggest that this transformation may 

either proceed via single electron transfer or via hydrogen atom transfer. 

 

Scheme 2 - Conversion of N-Arylindoles to 9,10-Dihydroacridines Mediated by Et3SiH/KOtBu 

Finally, the reduction and subsequent cyclisation of nitriles was shown to proceed via hydride 

transfer from the Et3SiH/KOtBu system, with the displacement of the methoxide group occurring 

via a concerted nucleophilic aromatic substitution (i.e. without the formation of a Meisenheimer 

intermediate, Scheme 3). 

 

Scheme 3 - Concerted Nucleophilic Aromatic Substitution to Afford Indolines 
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1: Introduction 

Recent research by Grubbs, Stoltz et al. has focussed on the combination of Et3SiH and KOtBu 

to produce a highly reactive system that is capable of carrying out a number of synthetically useful 

transformations.1ï7 This thesis will focus on studies into the possible reaction intermediates in the 

Et3SiH/KOtBu system, the different mechanisms which are possible from these reaction 

intermediates, and novel transformations which can be mediated by such a system. 

 

Recent interest in the Murphy group has focussed on electron transfer chemistry from organic 

electron donors. This has developed in recent years from electron-rich alkenes which are capable 

of donating electrons to aryl halides,8 to simple small molecules such as diols or diamines which 

react with a strong base in situ (usually KOtBu) to form electron donors.9 Section 1.1 will discuss 

the combination of small molecules with KOtBu to form in situ electron donors, and Section 1.2 

will discuss the applications of the Et3SiH/KOtBu system in the literature, and the current 

mechanistic proposals. 

 

1.1: Transition Metal-free Biaryl Couplings Mediated by Electron Transfer 

In recent years, there has been an explosion of interest in the transition metal-free coupling of 

haloarenes with arenes. This is an attractive procedure, as it avoids the use of expensive and 

toxic catalytic palladium complexes, as used in conventional cross-coupling reactions. However, 

the disadvantage of the transition metal-free processes is that the regiochemistry can only be 

controlled at the haloarene coupling partner, and not at the arene. Further work in this area is 

necessary to allow for complete control of the regiochemistry. 

 

The coupling partners generally involved in palladium-catalysed cross-coupling reactions involve 

an aryl halide or triflate with organoborons (Suzuki),10 organozincs (Negishi),11 

organomagnesiums (Kumada),12 organotins (Stille),13 organocoppers from deprotonated alkynes 

(Sonogashira),14 or organosilicons (Hiyama).15 Some of the advantages of these reactions include 

the toleration of a broad range of functional groups, the mild reaction conditions, high product 

yields, and the high regio- and stereoselectivity seen.16 

 

The most common palladium-mediated reaction in the literature is the Suzuki reaction.17 The 

general reaction scheme is shown in Scheme 4. Here, the aryl halide or triflate 1 reacts with 

organometallic compound 2 under palladium catalysis to yield coupled product 3, with salt 4 as a 

by-product. The general mechanism involved in the Suzuki reaction involves oxidative addition of 

aryl halide 1 to Pd (0) complex 5 to form Pd (II) species 6 (Scheme 5). Anion metathesis affords 

species 7, before transmetallation with boronic acid 2 affords 8 and boric acid. Reductive 
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elimination from 8 affords coupled product 3 and regenerates the Pd (0) species 5 to continue the 

catalytic cycle.  

 

Scheme 4 - Overall Reaction Scheme of Palladium-Catalysed Cross-Coupling Reactions 

 

Scheme 5 - General Catalytic Cycle of the Suzuki Reaction 

Some drawbacks of palladium-catalysed cross-coupling reactions are the high cost of palladium 

complexes required for the catalysis and the toxicity of the palladium complexes. This has led 

chemists to explore new methods of carrying out these reactions, such as using cheaper, less 

toxic metals for catalysis, or avoiding the use of transition metals altogether. 

 

Transition metal-free coupling was first reported by Leadbeater in 2003.18,19  It was shown that 

the coupling of bromoarenes 9 with aryl boronic acids 10 could proceed to afford coupled products 

11 in the absence of a transition metal catalyst, and with only sodium carbonate as base and 

tetrabutylammonium bromide (TBAB) as a phase transfer agent in water (Scheme 6). As with a 

palladium-catalysed Suzuki reaction, these transition metal-free coupling reactions were found to 

proceed with complete control of regioselectivity. However, Leadbeater later published a revision 

to this work and now claims that their reactions are not truly transition metal-free, and are in fact 

catalysed by parts per billion quantities of palladium contaminants found in their sodium 

carbonate.20 

 

Scheme 6 - Transition Metal-Free Suzuki Reactions Reported by Leadbeater 

Transition metal-free coupling involving KOtBu was first reported by Itami in 2008 (Scheme 7).21 

During the exploration of iridium catalysts in the coupling of iodobenzene 12 with pyridine 13 to 

produce coupled product 14, it was found that the best performing iridium catalyst gave a 

comparable result to the reaction with no iridium catalyst present (41% and 39% respectively).  
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The use of common radical scavengers such as TEMPO resulted in a dramatic decrease in yield 

(to < 1%), leading to the proposal of a radical intermediate in these reactions. The mechanism 

suggested by Itami was that the reaction proceeded either via homolytic aromatic substitution, or 

via an SRN1 type reaction, although it is not clear how an SRN1 process would afford 14. 

 

Scheme 7 - Original Report by Itami 

In 2010, the groups of Shi, and Shirakawa and Hayashi independently reported on the use of 

substoichiometric amounts of phenanthroline-based additives, which along with alkali metal 

tert-butoxides, can promote the transition metal-free coupling of a variety of iodo- and 

bromoarenes with different aromatic coupling partners (Scheme 8).22-23 The transition state 15, 

proposed by Shi, involves the complexation of the 1,10-phenanthroline, potassium cation and the 

aromatic substrate via ˊ-ˊ stacking and cation-ˊ interaction, which promotes the reactivity of the 

unactivated benzene. However, the iodoarene is not present in this transition state, and no 

mention of the involvement of the iodoarene in the mechanism was made.  

 

Scheme 8 ïTransition State Suggested by Shi  

It was suggested by Shirakawa and Hayashi that the complex of NaOtBu with phenanthroline (16, 

Scheme 9) is capable of donating a single electron to the aryl iodide 17 to produce a radical anion 

18. This then dissociates into an aryl radical 19 and an iodide anion. Aryl radical 19 attacks 

benzene to produce a cyclohexadienyl radical 20, which is subsequently oxidised by radical cation 

21 to produce a tert-butoxide anion, cation 22, and complex 23. Deprotonation of 22 by tert-

butoxide affords coupled product 24 and tert-butanol. The sodium-phenanthroline complex 23 

can then react with more sodium tert-butoxide to regenerate 16 and continue the cycle. 

 

Studies by Charette also showed an intramolecular arylation of 25 with phenanthroline and KOtBu 

in pyridine as solvent, affording 26 and 27 (Scheme 10).24 This was also shown to afford 26 and 

27 without the addition of phenanthroline. When KOtBu was replaced with NaOtBu, no reaction 

occurred and only starting material was recovered. The authors proposed that this reaction 
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proceeds via electron transfer to the aryl iodide 25 to afford an aryl radical which undergoes 

cyclisation, but they do not comment on the exact mechanism for the initial electron transfer. 

.  

Scheme 9 - Mechanism Suggested by Hayashi 

 

Scheme 10 - Charette's Intramolecular Cyclisations 

Chen and Ong have also reported on the arylation of benzene and pyridine promoted by 

heterocyclic carbene 28 and by carbene precursor 29.25 In this work, various iodoarenes 17 were 

coupled to benzene or pyridine using KOtBu or NaOtBu with either a heterocyclic carbene (e.g. 

28) or an imidazolium salt as a precursor to a heterocyclic carbene (e.g. 29) as an initiator, to 

produce coupled products 24 and 14 (Scheme 11). On the arylation of pyridine to produce 14, the 

lack of regioselectivity was demonstrated by observation of ~2:2:1 ortho:meta:para ratio of 

products. Upon mixture of KOtBu with 28, a dark red solution in toluene was observed, which 

produced a broad signal upon EPR analysis. However, this signal was too broad for the authors 

to be able to make any meaningful interpretation. The group proposed that this chemistry is 

initiated via SET from a complex of the carbene additive with KOtBu, e.g. 30.  

 

Scheme 11 - Chen and Ong's Arylation of Benzene and Pyridine with Carbenes 
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A number of publications have also presented KOtBu-mediated Heck-type reactions, where an 

aryl halide and an alkene are coupled without the use of palladium catalysis.26ï29 Shirakawa and 

Hayashi firstly reported on the coupling of aryl halides, e.g. 4-iodotoluene 31 with styrene 32, 

where KOtBu in EtOH/DMF afforded the Heck-type product 33 in good yield (Scheme 12). The 

authors propose that electron transfer from KOtBu to the aryl halide 17 generates the aryl radical 

anion 18, which fragments to form the aryl radical 19 (Scheme 13). This aryl radical can add on 

to the styrene 32 regioselectively to form benzylic radical intermediate 35. They propose that this 

radical can then undergo loss of a proton and an electron by three different pathways. Pathway 

A involves deprotonation of radical intermediate 35 by KOtBu to form radical anion 36 which can 

then either donate an electron back to the starting aryl halide to form the product 33 and propagate 

the cycle, or can donate an electron back to a tert-butoxyl radical to regenerate the tert-butoxide 

anion and product 33. Alternatively, intermediate 35 can lose a hydrogen atom to the tert-butoxyl 

radical, forming the product 33 and tert-butanol via pathway B. The final option via pathway C 

involves the oxidation of intermediate 35 by the tert-butoxyl radical to form cation 37, which can 

then be deprotonated by tert-butoxide to form 33. Based on later work by Studer and Curran (to 

be discussed below), it is likely that pathway A is the one occurring in this chemistry, with electron 

transfer occurring from 36 to the starting aryl iodide 17.30 Further work by Murphy (also to be 

discussed later) also shows that KOtBu is unlikely to be acting as a direct electron donor to these 

substrates, but instead will form an in situ electron donor from either DMF or ethanol.9,31,32 

 

Scheme 12 - Transition Metal-free Heck-type Coupling Reported by Shirakawa and Hayashi 

 

Scheme 13 - Mechanism for Heck-type Coupling as Proposed by Shirakawa and Hayashi 

A similar publication by Shi reported on the coupling of aryl halides e.g. 38 and 

1,1-diphenylethylene 39, mediated by KOtBu and phenanthroline derivatives.27 Here, 

bathophenanthroline 41 was found to be the best-performing phenanthroline-derived additive, 

with which the coupling of 38 and 39 occurred to form 40 in 90 % isolated yield (Scheme 14). The 

authors proposed a similar mechanism to that shown in Scheme 13, where a 

KOtBu/phenanthroline complex acts as the electron donor to form radical anion 18, which can 
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then proceed as before to the analogous radical of 35. The authors then propose that either 

pathway A or pathway C can be followed as before, allowing for the formation of product 40. 

Again, as was proposed by Murphy et al. in their transition metal-free Heck-type couplings, it is 

likely that these reactions proceed via pathway A, with the SET initiation occurring from a 

phenanthroline dimer rather than from KOtBu.29 This initiation step will be discussed later. 

 

Scheme 14 - Palladium-free Heck-type Reaction Reported by Shi 

Transition metal-free Heck-type reactions were also shown by Rueping26 and by Shi27 to be 

applicable to the formation of heterocycles. Here, an intramolecular Heck-type reaction on 

substrate 42 afforded benzofuran product 44 in 63 % and 74 % yield respectively. The mechanism 

proposed by the Rueping group is the same as that proposed by the Shi group, with SET occurring 

from the KOtBu/phenanthroline system. This heterocycle formation involves a final alkene 

regioisomerisation step from 43 to form the heterocycle 44.  

 

Scheme 15 - Heterocycle Formation by Metal-free Heck-type Reactions and Reported by Rueping and Shi 

In 2011, Studer and Curran further explored the mechanism for KOtBu-mediated electron transfer 

reactions.30 They proposed that a cyclohexadienyl radical intermediate 46 can oxidise to form 

aromatic product 49 via two methods ï i) electron transfer (ET) affording intermediate cation 47, 

followed by proton transfer (PT) (as suggested in Hayashiôs mechanism), or ii) proton transfer to 

afford intermediate radical anion 48, followed by electron transfer (Scheme 16). Due to the 

presence of the strong potassium tert-butoxide base, it is thought that the radical anion 48 will 

form more rapidly than the electron transfer step to form 47. Radical anion 48 is also known to be 

a good reducing radical, giving further support to this pathway. This provides the basis of their 

base-promoted homolytic aromatic substitution (BHAS) mechanism (Scheme 17).  
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Scheme 16 ï Possible Methods of Rearomatisation Suggested by Studer and Curran 

In the BHAS mechanism, aryl halide 17 gains an electron and dissociates with loss of an iodide 

anion to produce aryl radical 19. This aryl radical can then undergo addition to a molecule of 

benzene to produce radical 20, which is deprotonated by potassium tert-butoxide to form radical 

anion 50. This radical anion can then undergo single electron transfer (SET) to another molecule 

of 17, producing rearomatised coupled product 24 while regenerating another aryl radical 19, 

which can propagate the chain. However, the source of the electron in the initiation step was still 

unknown at this point. 

 

Scheme 17 ï Studerôs and Curran's BHAS Cycle 

In 2013, Tuttle and Murphy et al. further studied the source of the initial electron transfer in the 

initiation step of the BHAS cycle.33 It was calculated computationally that the free energy change 

for the electron transfer from the sodium ion complex with phenanthroline (16) suggested by 

Shirakawa and Hayashi to iodobenzene 12 was ȹG = + 63.9 kcal, mol-1, and ȹG = + 59.5 kcal, 

mol-1 for the analogous potassium ion case (Scheme 18). This was sufficiently high that it was 

ruled out as the source of the initial electron transfer, and it was suggested that the addition of 

heterocycles must be promoting the reaction in some other way. As the Murphy groupôs super 

electron donors had already been shown to reduce aryl iodides to aryl radicals or aryl anions,8 it 

was thought that a super electron donor could be formed in situ and this could be the source of 

the initiating electron. The initial test reaction used donor precursor salt 53, 4-iodoanisole 52, and 

potassium tert-butoxide in benzene. The expected coupling product, 4-methoxybiphenyl 54 was 

formed in 79 % yield, along with 2 % biphenyl 55 as a by-product. Salt 53 forms an electron donor 

in the presence of a strong base, and the structure of this electron donor is 56.  

 

In order to show that the electron donor is only required in initiator quantities, the amount of donor 

salt 53 was varied in the coupling reaction of iodobenzene 12 with benzene at 180 °C. It was 
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found that using 0.1 equiv., 0.05 equiv., and 0.01 equiv. of 53 still allowed for the formation of 

biphenyl 55 in 65 %, 67 % and 73 % respectively, supporting the proposal that the donor salt is 

only needed for the initiation of the reaction (Scheme 19). Upon lowering the temperature to 

130 °C, the coupling of 12 to benzene to afford 55 was still successful in 80 % yield with 

0.05 equiv. of 53. However, when the donor salt 53 was omitted from the reaction, the yield of 

coupled product was found to significantly decrease to 30 %.  

 

Scheme 18 - Coupling Reaction with Murphy's Super Electron Donor Precursor 53a 

 

Scheme 19 - Coupling of Iodobenzene with Benzene to Produce Biphenyl 

Biphenyl-type products always form in lower yields in additive-free conditions (i.e. with a 

haloarene, arene and KOtBu alone) than when an additive is used and this is proposed to come 

from a benzyne background reaction (Scheme 20). Here, iodobenzene 12 can be deprotonated 

ortho to the iodine and form benzyne 57 upon subsequent loss of iodide. Benzyne 57 is in 

resonance with diradical 57ô,34ï37 and this can undergo addition to a molecule of benzene to 

produce diradical 58. Although this could form a cyclobutene product via radical recombination, it 

has been found that the ȹG* for this reaction is 23.6 kcal, mol-1, with a ȹGrel of + 6.4 kcal, mol-

1.38,b These values suggest that even though cyclobutene formation is feasible, any cyclobutene 

that is formed is likely to reopen to 58. However, a further hydrogen abstraction or addition to 

another molecule of benzene can also occur, producing 59, which upon subsequent 

deprotonation with potassium tert-butoxide produces radical anion 60. This then acts as an 

electron donor to 12 in an analogous fashion to the previously discussed radical anions, 

propagating the BHAS cycle. The ȹG* for the formation of 60 from 59 is 1.5 kcal, mol-1, and 

 
a Geometry optimization and energy calculations were performed with the M06L method using 
the 6-311G(d,p) basis set for all atoms. Solvation was implicity modelled (solvent = benzene) 
using the CPCM solvation model.  
b Geometry optimization and energy calculations were performed with the M06-2X method with 
6-311++G(d,p) basis set on all atoms. Solvation was implicity modelled (solvent = benzene) using 
the CPCM solvation model. 
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ȹGrel = - 32.7 kcal, mol-1, suggesting that the formation of 60 is much more favourable than the 

formation of a strained cyclobutene side-product.38 

 

Scheme 20 - Benzyne Background Reaction 

To support this theory, a substrate which cannot undergo benzyne formation was subjected to 

reaction both with an additive and under additive-free conditions. The substrate used was 

2,6-dimethyliodobenzene 61, which is blocked in the ortho-positions by methyl groups. No 

reaction occurred in additive-free conditions, supporting the theory that this background reaction 

is occurring via a benzyne mechanism. When the reaction was repeated in the presence of the 

donor salt 53, the expected coupling product 62 was formed in 5% yield, along with 19% biphenyl 

55 and recovery of 36% of starting material 61 (Scheme 21). The distribution of products from 

this reaction suggests that the 2,6-dimethylphenyl radical 63 is too sterically hindered to undergo 

efficient coupling with benzene, and is more likely to undergo hydrogen abstraction from benzene 

to form the volatile m-xylene and phenyl radical 64, which can undergo addition to benzene to 

form biphenyl 55 (Scheme 22). 

 

Scheme 21 - Reaction of 2,6-Dimethyliodobenzene 61 

 

Scheme 22 - Different Pathways of 2,6-Dimethylphenyl Radical 63 

The reaction of substrate 61 with 1,10-phenanthroline 45 (20 mol %) and potassium tert-butoxide 

(2 equiv.) in benzene produced coupled product 62 and biphenyl 55 in the same yields as those 

seen with donor precursor salt 53. 1,10-Phenanthroline is an electron-deficient heterocycle, and 

the best way to convert this to an electron-rich species would be via the addition of a nucleophile. 

Heating 45 and potassium tert-butoxide gave rise to the formation of a dark-green solid. When 

this green solid was exposed to air, it was found to be pyrophoric. This green solid was instead 
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quenched with iodine (as an electron acceptor), and a red oil was isolated which was found to be 

phenanthroline dimer 65 (Scheme 23). Here, 45 complexes to potassium tert-butoxide to form 66, 

which is subsequently deprotonated to form anion 67. Anion 67 can then act as a nucleophile and 

attack at the 3-position of another molecule of phenanthroline 45 to form intermediate 68, which 

upon further deprotonation forms dianion 69. Dianion 69 is in resonance with 69ô, and the 

similarity of this to other super electron donors is clear, as they all contain an electron-rich alkene 

which is capable of donating an electron to an aryl iodide to initiate the BHAS cycle. Once two 

electrons have been lost, 69ô is restored to full aromaticity (65). This is the likely mechanism 

occurring in Shi, and Shirikawa and Hayashiôs work rather than the energetically unfavourable 

electron donation directly from the potassium tert-butoxide and phenanthroline complex.22,23 

 

Scheme 23 - Formation of Phenanthroline Dimer 69 as an in situ Electron Donor 
Electron transfer from a KOtBu/1,10-phenanthroline complex was also proposed by Jutand and 

Lei, who used electrochemical methods and electron paramagnetic resonance (EPR) 

spectroscopy to determine that radicals are present when KOtBu and 1,10-phenanthroline are 

combined.39 They found that the combination of these two reagents led to an EPR signal, 

consistent with the formation of radicals, and proposed that these radicals must be the relatively 

long-lived species 70, formed from electron transfer from the butoxide anion to phenanthroline 45 

(Scheme 24). They proposed that this species is the one which then reduced the aryl iodide to an 

aryl radical, and initiated the coupling reaction. However, their electrochemical studies do not 

support this, as they show that the tert-butoxide anion (with an oxidation potential of + 0.10 V vs. 

SCE in DMF) is not capable of directly reducing aryl iodides (reduction potential of ï 2.0 V vs. 
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SCE in DMF) by an outer-sphere mechanism. It is therefore unlikely that the tert-butoxide anion 

will reduce phenanthroline (first reduction potential of ï 2.06 V vs. SCE in DMF) as the authors 

suggest. The authors propose that this reduction occurs due to the formation of a phenanthroline-

potassium tert-butoxide complex where the complexation with a potassium cation brings the 

butoxide close to the phenanthroline, aiding the electron transfer.  

 

Scheme 24 - Jutand and Lei's Suggestion for the Role of Phenanthroline 

Murphy et al. have suggested that if the phenanthroline dimer 69/69ô forms, then this should be a 

strong enough electron donor to reduce a neutral molecule of phenanthroline 45 (reduction 

potential of ï 2.05 V vs. SCE in DMF) to its radical anion 70, and this is the reason for the 

observation of radical species in the EPR experiments of Jutand and Lei.31 Cyclic voltammetry of 

65 showed three peaks of ï 1.70 V, ï 1.94 V, and ï 2.19 V, corresponding to reversible 1 eï, 1 e-, 

2 eï reductions respectively. It has been shown by Jutand and Lei that mixtures of phenanthroline 

and KOtBu are capable of reducing aryl bromides (reduction potential of ï 2.67 V vs. SCE in 

DMF), and therefore the reduction of a neutral molecule of phenanthroline should be easier.39  

 

Scheme 25 - Murphy's Proposal for the Formation of Radicals with Phenanthroline 45 and KOtBu 

Yuan et al. have shown that KOtBu can donate an electron to phenanthroline under 

photoactivation, forming phenanthroline radical anion 70.40 This radical anion 70 can then donate 

an electron to an aryl halide to generate an aryl radical and initiate the coupling reaction to 

benzene. An EPR signal, proposed to be that of 70, was observed when phenanthroline and 

KOtBu were mixed under visible light irradiation, but was not observed when these components 

were mixed in the dark. 

 

Other organic additives are known to be able to promote the coupling of iodoarenes to arenes, 

including alcohols,32,41,42 amines,32,42ï44 amino acids,45 pyridinols,46 formamides,31 and DMSO,31 

amongst others.9,47ï49 (Scheme 26). The role of a large number of these additives was identified 

by Murphy et al.9,31 It was proposed that these additives can form electron-rich alkenes in situ 

which act as single electron donors, and it is these electron donors which initiate the coupling 

reactions. These electron-rich alkenes can be simple enolates of ester species such as 82, or can 

form through simple double deprotonation of porphyrin compounds such as 76. Indeed, previous 

work by Rossi, Bunnett and Scamehorn had shown that enolates of simple ketones such as 
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pinacolone or acetone can act as efficient electron donors to aryl halides.50ï53 DMSO 83 has also 

previously been reported to act as an electron donor via formation of the dimsyl anion.54ï57  

 

Scheme 26 - A Selection of Additives Which Promote Coupling Reactions 

Alcohols such as 1,2-dihydroxycyclohexane (78, both cis- and trans- isomers) were able to form 

in situ electron donors, as shown by the increase in yield in the coupling of 

2,6-dimethyliodobenzene 61 with benzene to form an inseparable mixture of 55 and 62 with a 

combined mass of 32 mg and 63 mg for the cis- and trans- isomer respectively (with none of the 

232 mg of starting material remaining in either case). These results were from experiments where 

1 mmol of substrate 61 (232 mg) was subjected to the reaction conditions [KOtBu (2 equiv.) and 

additive (0.2 equiv.) in benzene as a solvent], and the combined mass of 55 and 62 was used as 

a guide to determine if the additive was able to form an effective electron donor. Effective electron 

donors produced 55 and 62 in a combined yield of > 25 mg. Cyclohexanol was a much less 

effective electron donor, allowing for formation of 55 and 62 in a combined mass of 7 mg (with 

50 % of the starting material remaining). It was thought that the electron-rich alkene might arise 

by formation of the corresponding enolate (Scheme 27).  

 

Scheme 27 ï Formation of Electron Donors 91-93 from 78 

Alkoxides are normally oxidised to ketones via the Oppenauer oxidation, but it has been shown 

by Woodward that potassium tert-butoxide in toluene could also allow this reaction to occur.58 It 

wa proposed that the electron donor is formed from the deprotonation of 78 to form alkoxide 89, 

which can subsequently eliminate a hydride anion to form 90. Deprotonation adjacent to the 

ketone then gives enolate 91 or 92. It is proposed that 92 is the better electron donor as it forms 
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a more electron-rich enolate than the enolate in 91. Furthermore, donor 92 can form a dianion by 

a second deprotonation on the hydroxyl group, forming the stronger donor 93.  

 

Simple amines such as dibutylamine were found to exhibit no electron transfer activity with 

substrate 61, however N,Nᾳ-dimethylethylenediamine 79 was able to form an electron donor, 

allowing for the formation of 55 and 62 in a combined yield of 16 mg (Scheme 28). Cyclohexane-

1,2-diamine 80 was found to form one of the best electron donors, allowing for the coupling of 

4-iodotoluene 31 to benzene to afford 94 in 89% and 90% yields for the trans- and cis- isomers 

respectively.9 

 

Scheme 28 ï Amine Additives in Transition Metal-free Coupling Reactions 

The mechanism proposed for the formation of the active electron donor from 1,2-diamines 

involves the generation of the corresponding imine e.g. 95 from amine 79 by deprotonation and 

expulsion of a hydride (Scheme 29). Upon deprotonation of 95, electron-rich alkene 96 can be 

formed, and this is proposed as the electron-donating species. This is further backed up by use 

of deuterated 79 (Scheme 30). When 79, 79-d6, 79-d4, and 79-d10 were compared in side-by-side 

coupling reactions, 79 outperformed all of the deuterated analogues, with 79-d4, and 79-d10 

returning only trace amounts of coupled products. This is consistent with the cleavage of an 

internal methylene C-H (or C-D) being involved in the rate determining step of the reaction, and 

is not consistent with a simple complex between additive and base being the electron-donating 

species.  

 

Scheme 29 - Formation of Proposed Active Electron Donor 96 

 

Scheme 30 - Use of Deuterated 79 
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The mechanism of the diamine initiation was also studied by Jiao et al., who proposed a 

modification to the mechanism after experimental and computational studies (Scheme 31).59 They 

proposed that the diamine 79 was able to ñinitiateò the coupling reactions by firstly transferring a 

hydrogen atom to an aryl radical 19 (although they do not state how this initial radical forms, so 

this is not really a study of an initiation process), forming radical 97 or 98, which can be 

deprotonated by KOtBu to form radical anion 99 and 99ô. This radical anion 99/99ô can then 

transfer an electron to the aryl iodide 17 to form the aryl radical 19 and initiate the reaction. The 

resulting compound 100 can then either transfer a hydrogen atom to an aryl radical to form the 

arene and radicals 101 and/or 102 via pathway A, or can be deprotonated to form electron-rich 

alkene 96. Species 96 can also transfer an electron to the aryl iodide to initiate the coupling 

reactions, as previously proposed by Murphy et al., via pathway B. The resulting radicals 101 

and/or 102 can be deprotonated and generate radical anions 103 and 104, which are capable of 

further initiating the coupling reactions by electron transfer, forming species 105 and 106. When 

107 was used in the coupling reaction of 52 and benzene, compound 109 was detected by NMR 

and GC-MS, with data consistent to that of an independently prepared sample of 109 (Scheme 

32). This provides evidence that the intermediates proposed by Jiao and by Murphy are forming 

in the reaction mixture. 

 

Scheme 31 - Jiao's Proposal for Initiation with Diamine 79 

 

Scheme 32 - Use of 107 in the Coupling of 52 to Benzene 

Secondary amino acids such as proline 73 are also precursors to efficient electron donors, 

whereas primary amino acids are less effective and tertiary amino acids are ineffective. As 

secondary amines and carboxylic acids are able to form N-alkyl amides or cyclic piperazinedione 

dimers upon heating alone,60 it is thought that small amounts of these compounds could form and 

the enolate of such a species could act as the electron donor. N,Nᾳ-dialkylpiperazinedione 74 was 

prepared independently and was shown to be a good electron donor via enolate 110 (Scheme 

33), whereas analogue 111 was ineffective. This is thought to be due to the competing 
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deprotonation between the CH2 and the NH in 111. As the NH is more acidic, no electron-rich 

enolate would form and instead deprotonation on nitrogen would occur, preventing the formation 

of the electron donor, and therefore no electron transfer would take place.  

 

Scheme 33 - Formation of Electron Donor 110 and Structure of Inactive Piperazinedione 111 

Pyridinols such as 86 have also been shown to react with KOtBu to facilitate the coupling of 

haloarenes 9 to benzene to form 24 (Scheme 34).46,61 This was proposed to form an electron-rich 

alkene via double deprotonation of 86, firstly forming 112 followed by 113. It is this doubly-

deprotonated species which is proposed to act as an electron donor in this case, and this is 

capable of reducing both aryl iodides and aryl bromides. 

 

Scheme 34 - Formation of Electron Donor 113 from Pyridinemethanol 86 

In a similar way, compound 72 can likely be doubly-deprotonated to form dianion 115 via 114 

(Scheme 35).9 Alternatively, 114 may propagate by undergoing hydrogen atom transfer to an aryl 

radical 19 in solution, forming radical anion 116 which could then act as an electron donor. 

Compound 72 has previously been shown by Kumar et al. to facilitate the coupling of various 

iodo- and bromoarenes 17 to benzene with KOtBu to from 24, although the authors propose a 

direct electron transfer from a KOtBu-72 complex, which is unlikely due to the high barriers for 

electron transfer from KOtBu.62 The formation of dianion 115 as proposed by Murphy is the more 

likely mechanism. 

 

Scheme 35 - Formation of Electron Donor 115 and/or 116 from 72 
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Compound 71 has been shown to also facilitate the coupling of haloarenes 17 to benzene to form 

24 (Scheme 36).47 The role of this additive was proposed by Murphy et al. to begin with thermal 

decarboxylation of 71 to form carbene 117.9,63 This carbene can then be quenched with tert-

butanol generated under the reaction conditions to produce 118. Dimerisation between 118 and 

another molecule of 117 can ultimately produce electron-rich alkene 119, which is proposed to 

be the active electron donor in this case.  

 

Scheme 36 - Formation of Electron Donor 119 

Studer et al. have shown that phenylhydrazine 88 is also effective in the coupling of iodoarenes 

17 to benzene (Scheme 37).64 Phenylhydrazines were proposed to be good initiators due to the 

Ŭ-effect from the lone pair of electrons on the adjacent nitrogen atoms which can stabilise the 

resulting radical after electron transfer. They propose that deprotonation of phenylhydrazine 88 

occurs to form phenylhydrazide 120, which can then act as an electron donor and form stabilised 

radical 121. The aryl iodide radical anion formed from 17 can then fragment and propagate as 

previously, ultimately forming 24.  

 

Scheme 37 - Phenylhydrazide 120 as an Electron Donor 

N-methylaniline derivatives were shown by Jiao to promote the coupling reaction between aryl 

iodides 17 and benzene (Scheme 38).43 The group proposed that deprotonation of 

N-methylaniline 87 to form anion 122 occurs, and this species is the active electron donor, 

donating an electron to the aryl iodide 17 to initiate the chain process. The resulting radical 123 

formed after oxidation can be deprotonated to form radical anion 124, which can donate a second 

electron to a second molecule of aryl iodide, resulting in imine 125. This imine could then 

hydrolyse upon work-up to produce aniline 126, which is detected in the reaction mixture by GC-

MS after aqueous work-up.  
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Scheme 38 - Formation of an Electron Donor from N-methylaniline 87 

Similarly, indoline 129 was also shown to be able to form a powerful in situ electron donor with 

KOtBu which was able to reduce the more challenging aryl chlorides (these are more challenging 

to reduce due to their increased C-X bond strength and more negative reduction potential).65 

Indole 134 was generated in high yield as a by-product from this reaction, which suggests that 

the driving force for the electron transfer is the gain of aromaticity. Indolines which were not able 

to aromatise, such as 3,3-dimethylindoline, were only able to efficiently reduce aryl iodides, and 

not the more difficult aryl bromides or chlorides. The inclusion of a trace amount of oxygen was 

found to be key to the reactivity, as when this was rigorously excluded, the yields decreased. 

Through computational and experimental studies, the group proposed a mechanism which firstly 

involves deprotonation of indoline 129 to form the weak electron donor 130 (Scheme 39). This 

weak electron donor is capable of donating an electron to aryl iodides 17, which fragments to form 

aryl radical 19 and initiates the coupling reactions of these substrates. In the presence of a trace 

amount of oxygen, 130 can be oxidised to form radical cation 131. Deprotonation of this radical 

cation forms 132, which is a resonance form of 132ô. This radical anion is a more powerful electron 

donor (which is capable of carrying out the reversible reduction of aryl bromides and chlorides), 

forming radical anion 18 and indolenine 133. Cleavage of this radical anion to form an aryl radical 

19 initiates the coupling reaction, and the indolenine 133 can aromatise in the presence of KOtBu 

to form indole 134. Alternatively, hydrogen atom abstraction from 130 by oxygen could afford 132ô 

directly.  

 

Formamides have been shown to be effective additives in the coupling of iodoarenes to benzene. 

Previous literature had suggested that the anion of DMF (135) could act as an electron donor to 

various substrates, including to another molecule of DMF66ï69 or aryl iodides (Scheme 40).70 Here, 

DMF 84 is deprotonated by KOtBu to form anion 135, which was proposed to act as a single 

electron donor to form radical 136. Murphy et al. proposed that, as the anion of DMF 135 has 

been shown to act as a nucleophile,71,72 that perhaps this could act as a nucleophile towards a 

neutral molecule of DMF, forming dimer 137 (Scheme 41). Proton transfer would afford the 

enolate 138, which has the electron-rich alkene structure reminiscent of an electron donor. 

Alternatively, further deprotonation could afford dianion 139, which could be a more powerful 

electron donor. Evidence for the formation of this dimer was given by the use of formamides 85 
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and 140 (Scheme 42). These formamides were found to be more active in the electron transfer 

to 61 than DMF even at half the concentration, suggesting that the dimerisation step is necessary 

for the formation of the active electron donor (it would be easier to form a dimer from 85 and 140 

than from DMF due to the 1,6-relationship of the formamide groups). 

 

Scheme 39 - Formation of an Electron Donor from Indoline 129 

 

Scheme 40 - Previous Proposals for Electron Transfer from DMF 

 

Scheme 41 - Formation of an Electron Donor from DMF as Proposed by Murphy 

In all of the examples shown previously, it has only been possible to control the regiochemistry at 

the aryl halide coupling partner, and not at the arene. Alabugin et al. reported in 2016 that an 

intramolecular acetal linking group between the two coupling partners could allow for some 

regioselectivity in the formation of an aryl-aryl bond (Scheme 43).73 However, a drawback to this 

procedure is that it is only applicable to 2,6-disubstituted derivatives such as 143. Non-substituted 

derivatives such as 141 undergo ortho-substitution to afford products such as 142. The proposed 
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mechanism involves electron transfer from the phenanthroline dimer to 143 to form radical 145. 

Cyclisation into the ipso-position and cleavage of the C-O bond affords 146, which can extrude 

CH2O to form 147, followed by abstraction of a hydrogen atom to form the product 144. 

Alternatively, 146 can be deprotonated by KOtBu to afford 148, which can act as an electron donor 

to propagate the chain and afford formate 149. This formate presumably converts to product 

through either transesterification by KOtBu, or by hydrolysis upon aqueous work-up. 

 

Scheme 42 - Comparison of Formamides in Electron Transfer Reactions 

 

Scheme 43 - A Regioselective Intramolecular Coupling Reaction 

 

1.2: Scope and Mechanistic Studies of Silane-Alkoxide Systems  

In 2013, Grubbs et al. reported on the cleavage of carbon-oxygen bonds in aryl-aryl and aryl-alkyl 

ethers, using triethylsilane and potassium tert-butoxide.1 These types of cleavages were 
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previously only reported with transition metal-catalysed processes,74ï83 extremely high 

temperatures,84 or with excess alkali metals.85,86 Dibenzofuran 150 was chosen as the model 

substrate for this bond cleavage to 151, as this has applications in the degradation of lignin 

(Scheme 44). ortho-Silylated compounds 152-156 were also detected from this reaction in low 

yields, and these silyl group could provide a useful synthetic handle for further functionalisation 

at a later stage. Variation of the reaction conditions allowed for selectivity of C-O bond cleavage 

over silylation products, and vice versa, e.g. C-O bond cleavage is more predominant with less 

equivalents of silane relative to KOtBu, whereas silylation is predominant with more equivalents 

of silane relative to KOtBu. This is exemplified by two sets of conditions, A and B, shown in 

Scheme 44.  

 

Scheme 44 - Cleavage of Aryl-Aryl Ethers by Et3SiH/KOtBu 

When KOtBu was used with 18-crown-6, or when it was replaced with NaOtBu or LiOtBu, no 

reaction occurred, suggesting that the potassium counterion is necessary to produce the active 

reductant. An EPR spectrum could also be generated from the reaction mixture, suggesting that 

radical species are forming in solution. It was proposed by Grubbs at this time that the active 

reductant may be an organosilicate species. Headspace analysis of the reaction mixture indicated 

the formation of hydrogen gas. When the reaction was left open to an argon line, a decrease in 

yield of 151 was observed to 5 % (cf. 38 % under identical conditions where H2 was not released), 

whereas the yield of the silylated products 152 and 153 increased to 28 % and 46 % respectively 

when H2 was released, compared to 16 % and 10 % of 152 and 153 when H2 was present. These 

results indicate that the hydrogen gas may be necessary to avoid decomposition of the active 

reductant. Aryl-alkyl ethers e.g. 157-160 were also cleaved in a similar manner (Scheme 45), with 

2-naphthol 161 being the major product, with trace amounts of further reduced products detected.  

 

Scheme 45 - Cleavage of Aryl-Alkyl Ethers by Et3SiH/KOtBu 
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Similar reductive cleavages of C-S bonds in aryl thioethers were also studied by Grubbs and Houk 

et al. in 2017.7 Here they reported that substrates 162-169 were reductively cleaved to the parent 

arene e.g. 170, with complete desulfurisation occurring (Scheme 46). This process has 

applications to the desulfurisation of fuels7,87 and is a possible alternative to the current method, 

which involves high temperatures and high pressures of hydrogen gas (up to 400 °C, 

150-2250 psi) over a cobalt catalyst.88 Recent advances in transition metal-catalysed methods 

still pose problems, such as the formation of stable metal-sulfur compounds upon reaction at the 

metal centre.89ï91  

 

Scheme 46 - Desulfurisation of Arylthioethers 

Computational mechanistic studies revealed the reason for the difference in reactivity of the 

dibenzofurans and dibenzothiophenes.7 It was proposed by Grubbs and Houk that triethylsilyl 

radicals are involved in this chemistry, due to the detection of a TEMPO-SiEt3 adduct when 

TEMPO was added to the reaction. Their calculations used trimethylsilyl radicals (rather than 

triethylsilyl radicals) due to the smaller computational cost associated with the trimethylsilyl 

radical. The initiating trialkylsilyl radical has been proposed to form by trace amounts of oxygen 

in solution,92 or via an electron transfer process. 4,6-Dimethyldibenzofuran 171 and 

4,6-dimethyldibenzothiophene 166 were used as model substrates for this calculation, and it was 

found that addition of a trialkylsilyl radical into the ipso-position was possible in both the C-O bond 

and C-S bond cleavages, affording 172 (Scheme 47, Pathway A). Rearomatisation and C-X bond 

cleavage affords intermediate 173, before transfer of the silyl group onto the heteroatom affords 

intermediate 174. In the desulfurisation pathway, this same intermediate can be reached by direct 

attack of the trimethylsilyl radical onto the sulfur (Pathway B) ï this pathway is not accessible for 

the C-O bond cleavage. Radical intermediate 174 can be quenched by hydrogen atom abstraction 

from trimethylsilane. The resulting compound 175 cannot react further when X=O, and is 

hydrolysed upon work-up to phenol 176. However, the silyl thioether 175 (X=S) can be further 

attacked by another trimethylsilyl radical to afford radical 177, which can be quenched to the 

biphenyl product 178 by hydrogen atom transfer from trimethylsilane. However, it is not clear why 

the model substrate used in this study contains two ortho-methyl groups, when substrates without 

these ortho-methyl groups are also found to undergo C-X bond cleavages. Indeed, unpublished 

computational studies within the Murphy group show that when these methyl groups are not 
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present, the preferred site of attack for a trimethylsilyl radical is in the ortho-position. These results 

suggest that although the mechanism proposed by Grubbs and Houk is feasible for substrates 

166 and 171, an alternative mechanism may be taking place other than the ipso-addition of a 

trimethylsilyl radical when the ortho-position is not alkylated.93 

 

Scheme 47 ï Proposed Mechanism for C-S Bond Cleavage 

The Et3SiH/KOtBu system has also been shown to facilitate the regioselective silylation of arenes 

and heteroarenes.2,3 This is an attractive procedure, as silylated compounds are of interest in the 

fields of organic electronics,94 drug discovery,95 nuclear medicine,96 and in complex molecule 

syntheses.97ï99 Traditional methods of silylation generally involve transition metal-catalysis in the 

presence of hydrogen acceptors.100 A variety of electron-rich and electron-neutral heterocycles 

e.g. 179-184 were silylated using Et3SiH/KOtBu in solvent-free conditions (although THF can be 

used), in high yields and with excellent regioselectivity in the 2-position (forming 185-190), 

whereas electron-deficient heterocycles were generally unreactive (Scheme 48A). The authors 

say that the poor reactivity of electron-deficient heterocycles suggests that a silyl radical 

substitution mechanism is unlikely (although they later propose a silyl radical substitution 

mechanism). Sulfur-containing heterocycles were more reactive than oxygen-containing 

heterocycles, which were in turn more reactive than nitrogen-containing heterocycles (e.g. in the 

conversion of 191-193 to 194-196, Scheme 48B). This result provides complementary reactivity 

to Minisci-type reactions, and to electrophilic substitutions. Further studies on arenes such as 

anisole 197 and toluene 34 showed that the preferred site of silylation in anisole 197 was in the 

ortho-position, whereas the preferred site of silylation of toluene 34 was on the methyl group, 

allowing for the formation of compounds 198 and 199 (Scheme 48C and D, respectively). Again, 

replacement of KOtBu with NaOtBu or LiOtBu resulted in no product formation, and the use of 

other potassium bases such as KOMe (<5 %), KOEt (0 %), KH (0 %) or KHMDS (44 %) resulted 

in a decrease in yield for the silylation of N-methylindole 179. Complexation of the potassium 
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cation with 18-crown-6 also saw a decrease in yield for N-benzylindole 180, down from 82 % to 

22 %.  

 

Scheme 48 - Silylation of Arenes and Heteroarenes using Et3SiH/KOtBu 

A large amount of computational and experimental studies were carried out to try to determine 

the mechanism of the silylation reactions.4,5 In the first mechanistic study, the group looked into 

the evidence that the silylation proceeds via a radical mechanism.4 They found in these studies 

that cations with larger ionic radii were also compatible with the silylation chemistry, albeit in lower 

yields relative to the potassium cation, e.g. KOtBu (88 %) vs. CsOH.H2O (64 %) and RbOH.H2O 

(38 %). They also found that although the C2 silylation of N-methylindole (179g185) was the 

major product under their standard conditions (Scheme 49A), an increase in the reaction time and 

temperature resulted in C3 silylation product 200 becoming the major product. This is consistent 

with the C2 silylation being the kinetic process, and C3 silylation being the thermodynamic 

process. Base alone was not sufficient to bring about this isomerisation of 185 to 200 (Scheme 

49B), but the combination of Et3SiH/KOtBu facilitated the isomerisation (Scheme 49C). Therefore, 

the conversion of 185 to 200 must be occurring intermolecularly rather than intramolecularly (i.e. 

loss of the silyl group to reform a pentavalent silicate, followed by another silylation of 179). This 

reversibility was further evidenced by the crossover reaction, where 185 was converted to a 

mixture of 185, 201 and 179 (Scheme 49D).  

 

Further studies showed the formation of hydrogen gas in the reaction. A trace amount of hydrogen 

gas was detected during the induction period of the reaction, followed by a large increase in the 

volume of hydrogen gas produced as the silylation proceeded. H-D gas was detected by proton 

NMR in the induction period upon carrying out the reaction with Et3SiD and 179, however, H-D 
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was only detected after the silylation began upon carrying out the reaction of 179-d1 with Et3SiH 

(Scheme 50). This suggests that the hydrogen is formed by a cross-dehydrogenative pathway 

from the indole C2 position and the silane. The hydrogen produced in the induction period was 

proposed to be formed by either the reaction of the silane with a trace amount of water, or by the 

formation of an active radical intermediate.  

 

Scheme 49 - Reversibility of the Silylation Reactions 

 

Scheme 50 - Formation of Hydrogen Gas 

Evidence of a radical intermediate was given by the addition of TEMPO to the reaction mixture. 

The addition of 6 mol % of TEMPO led to an immediate bleaching of the reaction mixture from 

dark purple to light yellow, with the dark purple colour returning over time. The addition of 

stoichiometric TEMPO led to the detection of a TEMPO-SiEt3 adduct (202, Scheme 51) by GC-

MS. The reaction mixture of Et3SiH/KOtBu in THF at 45 °C was also found to be EPR active, 

indicating the formation of a radical species. Carrying out the silylation reaction in the dark led to 

a similar yield of product as when the reaction was carried out in light, which rules out a light-

mediated silyl-radical formation.  

 

Replacing KOtBu with radical initiators such as di-tert-butyl peroxide afforded only a trace amount 

of product, suggesting that tert-butoxyl radicals are not involved in the transformation (Scheme 
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52). It is known that tert-butoxyl radicals decompose to acetone and methyl radicals, so it is likely 

that this is what would happen if a tert-butoxyl radical formed from KOtBu.101,102 Moreover, a 

by-product of the standard reaction conditions is the silyl ether tBuOSiEt3 203 (Scheme 52A), 

which is not produced with tBuOOtBu and Et3SiH (Scheme 52B), which is further evidence that 

tert-butoxyl radicals are not involved in the silylation chemistry. The combination of Et3SiH, KOtBu 

and tBuOOtBu allowed silylation to occur (Scheme 52C). However, it is not clear how comparable 

these results are with each other, with the reactions being carried out at different temperatures 

and for different reaction times ï e.g. the silylation with Et3SiH and KOtBu (Scheme 52A) is carried 

out at 45 °C, whereas the tBuOOtBu experiment is carried out at the higher temperature of 135 °C 

(Scheme 52B). Also, it is not clear if the addition of tBuOOtBu to Et3SiH and KOtBu has hindered 

the silylation reaction (Scheme 52C), or if the yields would be comparable had the reaction been 

left for the same length of time as in Scheme 52A (24 h vs. 14 h). 

 

Scheme 51 - Structure of the Detected TEMPO-SiEt3 Adduct 202 

 

Scheme 52 - Effect of tert-Butoxyl Radicals on the Silylation 

It was also proposed that pentavalent silicates may be formed from the combination of Et3SiH 

and KOtBu. Isolation and characterisation of any pentavalent silicate species by NMR was not 

possible, but evidence for the formation of a new silicate species was obtained from infrared 

spectroscopy. By using ReactIR, a new Si-H stretch was visible at 2056 cm-1 adjacent to the 

Et3Si-H stretch at 2100 cm-1. This shift is consistent with an elongated, weaker Si-H bond as would 

be expected in the formation of a pentavalent silicate.103,104 The formation of this new peak 

correlated with the product formation ï silylation only begins once the new IR peak reached a 

steady state. This new peak remained visible throughout the course of the reaction. Furthermore, 

only bases which were able to carry out the silylation even in low yield (KOtBu, CsOH, KOEt etc.) 

showed the formation of a new peak in the absence of substrate, whereas bases that were not 

effective in the silylation (e.g. NaOtBu or LiOtBu) did not exhibit any new Si-H stretch in the infrared 

spectrum, suggesting a different interaction between these bases and the silane. This suggests 
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that it is highly likely that the formation of a pentavalent silicate is necessary for the silylation to 

occur.  

 

Scheme 53 - Computational Studies on the Formation of Trimethylsilyl Radicals. Trimethylsilane is used in calculations 
for simplicity.c  

Attention was then focussed on the initiation pathway and the formation of silyl radicals in the 

reaction mixture. Formation of pentavalent silicate 204 was found to be possible, with a relative 

energy for this step of + 6.4 kcal, mol-1 (Scheme 53). Direct homolysis of the Si-H bond in the 

pentavalent silicate 204 to generate radical anion 205 and a hydrogen atom was considered 

unlikely due to the high energy of + 70.2 kcal, mol-1 calculated by computational analysis. It was 

proposed that if the hydrogen atom was generated then it could form hydrogen gas by abstraction 

of a hydrogen atom from Me3SiH, which was energetically favoured at - 13.7 kcal, mol-1. Direct 

combination of the pentavalent silicate 204 with trimethylsilane to form hydrogen gas, radical 

anion 205 and a trimethylsilyl radical was also found to be disfavoured computationally, with a 

relative energy of + 56.5 kcal, mol-1 for this process.  

 

Since potassium tert-butoxide is known to exist as a tetramer (KOtBu)4 rather than a monomer,105 

and the dissociation of the tetramer to the trimer and the monomer was unfavourable 

computationally (DG = + 15.3 kcal, mol-1), the tetramer was considered for future calculations.c It 

was proposed that the initiation step may involve electron transfer from potassium tert-butoxide 

tetramer to a trace amount of molecular oxygen in the system, allowing for formation of a tert-

butoxyl radical (although they earlier ruled out the involvement of tert-butoxyl radicals by the 

addition of tBuOOtBu as a radical initiator) (Scheme 54). The barrier for this electron transfer 

process was found to be 23.4 kcal, mol-1 for KOtBu, and 30.7 kcal, mol-1 for the analogous sodium 

case, which the authors suggest may be a reason why NaOtBu is not effective for the silylation 

reactions. Once the tert-butoxyl radical is formed, it could abstract a hydrogen atom from the 

silane to afford the trimethylsilyl radical. Although this process is endergonic, only a trace amount 

of radicals may be needed to initiate the reaction. 

 
c Geometry optimisation and energy calculations were performed with the B3LYP method using 
the 6-31G(d) basis set for all atoms. Single point energies were calculated at the M06-2X6 /6- 
311+G(d,p) level with solvent effects (solvent = THF) modelled using the CPCM solvation model. 
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Scheme 54 - Generation of Trimethylsilyl Radicals from (MOtBu)4 + Me3SiH 

A range of cyclopropyl-containing substrates was also prepared and used as radical probes. Only 

206 was found to undergo ring-opening, supporting the hypothesis of a radical intermediate 

centred at C3 (Scheme 55). Compounds 207 and 208 are evidence of a silyl radical addition into 

C2, whereas compound 209 is evidence of a hydrogen atom addition into C2. Compounds 

210-212 were formed in moderate yields without ring-opening of the cyclopropanes.  

 

Scheme 55 - Cyclopropanes as Radical Probes 

To determine if a b-C-H bond cleavage from a C3-centred radical was the rate-determining step 

for the silylation reactions, deuterated substrate 179-d1 was reacted in parallel with the 

non-deuterated analogue 179 (Scheme 56). A significant kinetic isotope effect (KIE) was 

observed for this process (kH/kD = 9.3-11.8). Similarly, a mixture of substrates 179-d1 and 179-d4 

were treated under the silylation conditions, and a KIE was observed (kH/kD=2.5-2.8, Scheme 

57). These results indicate that the breaking of the C-H bond is observed in the rate-determining 

step. When Et3SiH was replaced with Et3SiD, a longer induction period for the reaction was 

observed, and a decrease in reaction rate was observed. This is consistent with the higher energy 

required to cleave the Si-D bond. 

 

Scheme 56 - Kinetic Isotope Effect Studies 
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Scheme 57 - Further Kinetic Isotope Effect Studies 

Based on all of the evidence above, and in collaboration with computational chemists, two 

possible radical mechanisms for the silylation were proposed - one based on a pentavalent 

silicate, and one based on tetrameric KOtBu. In the first of these proposals (Scheme 58), radical 

initiation firstly occurs upon reaction between (KOtBu)4 and a trace amount of oxygen to form a 

tert-butoxyl radical, which abstracts a hydrogen atom from triethylsilane to form a triethylsilyl 

radical as discussed previously. This radical adds to the C2-position of the indole 179 to form 

benzylic radical 213. Rearomatisation then occurs, with the expulsion of hydrogen gas originating 

from the hydrogen atom from C2 in 213 and the hydrogen atom on pentavalent silicate 214, 

allowing for the formation of the silylated product 185 and radical anion 215. This radical anion 

215 can then abstract a hydrogen atom from triethylsilane to regenerate 214 and a triethylsilyl 

radical, which propagates the chain. The observed reversibility of the reaction can be explained 

by the addition of a hydrogen atom to the silylated product 185 to regenerate intermediate 213, 

which could undergo b-scission of the C-Si bond rather than the C-H bond, resulting in desilylation 

and reformation of indole 179 and a triethylsilyl radical.  

 

Scheme 58 - Proposed Radical Mechanism with a Pentavalent Silicate  

Alternatively, (KOtBu)4 could play a role in the chain process instead of radical anion 215. Addition 

of the triethylsilyl radical to the 2-position of the indole would result in 213 as before (Scheme 59). 

This intermediate could then transfer a hydrogen atom to (KOtBu)4, generating silylated product 

185 and radical 216. This radical can then react with another molecule of triethylsilane to produce 

hydrogen gas, and regenerate (KOtBu)4 and the triethylsilyl radical which propagates the chain.  

 

Grubbs, Zare et al. also published a paper where they considered non-radical mechanisms.5 They 

used desorption ionisation mass spectrometry (DESI-MS) to detect reaction intermediates that 

form under the reaction conditions (Scheme 60). Upon treatment of 179 under the reaction 
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conditions, the anion of this species (i.e. 217) was detected (m/z = 130.0663). By comparing the 

pKa of the C2 and C3 proton (37 and 42 in THF respectively),106 it would be expected that the C2 

position would be selectively deprotonated by treatment with a strong base. This was verified as 

when substrate 179-d1 was treated under the reaction conditions, abstraction of the deuterium 

occurred and anion 217 (m/z = 130.0663) was observed as the major product, and proton 

abstraction to form anion 219 (m/z = 131.0749) was observed as the minor product. This is in 

agreement with the C2-silylation being the major product from the silylation chemistry. However, 

the reported mass of 219 (131.0749) represents an 18 ppm error from the calculated mass 

(131.0725), so it is not clear if this is the correct identity of the species which has been detected. 

These species were not detected when KOtBu was replaced with either NaOtBu or LiOtBu, which 

is consistent with the silylation not occurring with these bases.  Also detected in the reaction 

mixture was a signal with m/z = 318.2288, which was proposed to be 218. This product did not 

form in a control reaction where 2-silylated product 185 was treated with KOtBu, suggesting that 

218 is a reaction intermediate. Again, the reported mass of 318.2288 represents a 9 ppm error 

from the calculated mass of 318.2259, so it is unclear if this is the correct structure of the 

intermediate formed.  

 

 

Scheme 59 - Proposed Radical Mechanism with (KOtBu)4 

Also detected by electrospray ionisation mass spectrometry (ESI-MS) was the presence of 

cation-  ́complexes 220 and 221 (Scheme 60). The corresponding lithium and sodium complexes 

were also detected when KOtBu was replaced with LiOtBu or NaOtBu. Further evidence for an 

anionic mechanism comes from the rate of reactivity for heterocycles 

(thiophene>furan>1-methylpyrrole) following the trend of pKa for the C2 proton of each of these 

heterocycles (33, 36, and 40 respectively). Conductivity measurements showed that the 

resistance of the mixture containing 179/Et3SiH/KOtBu/THF decreased over time, suggesting that 

the concentration of ions in solution was increasing. This shows that (KOtBu)4 is able to dissociate 

over time, likely aided by the formation of cation-  ́complexes such as 220 or 221. 
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Scheme 60 - Species Detected by DESI-MS and ESI-MS 

On the basis of these observations, and supported by computational chemists, an anionic 

mechanism was proposed for the silylation (Scheme 61).  Formation of cation-  ́complex 220 

from 1-methylindole 179 occurs, which is deprotonated by the hydride of pentavalent silicate 214 

(formed by the combination of triethylsilane and a tert-butoxide anion) to form potassium 

complexed anion 222 and hydrogen gas. It is not clear if this hydride is first displaced from 214 

to form a free hydride anion, or if it reacts as part of the complex. Dissociation of the potassium 

cation affords naked anion 217, which could nucleophillically attack the silyl ether 203, forming 

pentavalent silicate 218 (which was detected by ESI-MS). This pentavalent silicate 218 could then 

dissociate to silylated product 185 and regenerate the tert-butoxide anion to propagate the chain.  

 

Scheme 61 - Anionic Mechanism of Silylation, (shown for C2 silylation) 

Another mechanism was proposed that does not involve dissociation of the (KOtBu)4 tetramer 

(Scheme 62). This mechanism is similar to the anionic pathway, but with neutral intermediates. 

In this mechanism, (KOtBu)4 223 reacts with Et3SiH to form an Si-O bond in species 224. This 

species 224 can then undergo heterolysis with formation of a hydride, which is incorporated into 

one corner of the cubic structure, forming intermediate 225. This intermediate then co-ordinates 
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to the substrate 179 and deprotonates in the 2-position, forming 226 and hydrogen gas. An 

intramolecular C-Si bond formation then occurs, forming 227, which undergoes pseudorotation to 

228, followed by dissociation to form the product 185. 

 

Scheme 62 - Neutral Mechanism for Silylation. Y=OtBu (omitted for clarity). 

All of the mechanisms proposed by Grubbs and Stoltz for the silylation chemistry, as well as for 

the reductive cleavage or C-O and C-S bonds discussed previously, exemplify the large number 

of possible reaction pathways that the Et3SiH/KOtBu could be taking, and highlights the potential 

for further study into this system. 

 

Grubbs and Stoltz also published the mild silylation of alkynes mediated by silanes and alkali 

metal hydroxides (NaOH and KOH, Scheme 63).6 The Et3SiH/KOtBu system was found to be 

effective for the silylation of 229, affording 230 in 89 % yield, alongside isomer 231. However, 

upon changing to the milder bases NaOH or KOH, and lowering the temperature from 85 °C to 

25 °C, the yield of 232 was found to be comparable to the KOtBu case, and no isomerised 

by-product was formed. No products were formed when LiOH was used as the base. This 

methodology was found to be applicable to a wide range of hydrosilanes and alkynes. The 

mechanism has not been extensively studied at this point, but some preliminary mechanistic 

studies were carried out.  

 

Scheme 63 - R3SiH/MOH Mediated Silylation of Alkynes (M=Na or K). 

Firstly, addition of galvinoxyl 233 (10 mol %) or TEMPO 234 (300 mol %) inhibited the silylation, 

although no adducts were detected (Scheme 64). It is therefore unclear if the reaction is 

proceeding via a radical or an ionic mechanism. The sodium or potassium cation was found to be 
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unimportant in the silylation, as no effect in yield was observed when 15-crown-5 or 18-crown-6 

was added as sodium or potassium chelators in the silylation with Et3SiH/NaOH or Et3SiH/KOtBu 

respectively. The sodium ion was only found to be necessary when the silane used was 

(EtO)3SiH, where no silylation occurred with the addition of 15-crown-5 (cf. 99 % silylation with no 

crown ether). However, in the case of (EtO)3SiH/KOH, silylation does not occur with or without 

18-crown-6 as a potassium chelator. It is unclear what role the sodium ion is playing in the 

silylation of alkynes with this particular silane, and further mechanistic studies are ongoing.  

 

Scheme 64 - Structure of Galvinoxyl Radical 233 and TEMPO Radical 234 

A further use of silane-alkoxide systems was reported by Liu et al., who carried out the reductive 

dehalogenation of aryl bromides and iodides 17 mediated by Me3SiSiMe3 and KOMe to form 

deuterated arenes 235 (Scheme 65).107 The addition of TEMPO 234 had little effect on the yield 

of deuterated products. The mechanism was therefore proposed to proceed via the slow formation 

of either silyl anions 237 or via formation of a hypervalent silicate 239, either of which abstracts 

the halide from the substrate 17 to form a carbanion 240. This carbanion can then deprotonate 

CD3CN to afford deuterated product 235.  

 

Scheme 65 - Deuterodehalogenation of Aryl Halides 

Ogoshi et al. have reported the hydrodefluorination of polyfluoroarenes with hydrosilicates e.g. 

241g242 (Scheme 66).108 The authors propose that the combination of the silane and 

tetrabutylammonium difluorotriphenylsilicate (TBAT) 243 forms a highly reactive hypervalent 

silicate which delivers a hydride to the perfluoroarene via concerted nucleophilic aromatic 

substitution (cSNAr ï this will be discussed in Chapter 5, and was recently reviewed by Murphy 

and Chiba et al.).109 Two alternative mechanisms were proposed in collaboration with 

computational chemists. The first mechanism (Scheme 67) involves generation of 246 from TBAT 

243 and the hydrosilane 244. This can then co-ordinate to the polyfluoroarene 247 via ˊ-ˊ 

stacking, affording 248. The cSNAr step can then occur with hydride from the silicate displacing a 

fluoride in the transition state 249. The eliminated fluoride can then either be trapped 

intramolecularly by a fluorosilane or intermolecularly by a hydrosilane to regenerate 243 or 246 

respectively. 
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Scheme 66 - Hydrodefluorination of Perfluoroarenes  

 

Scheme 67 - Hydrodefluorination of Perfluoroarenes A 

The alternative mechanism involves dihydrosilicate 252 as an intermediate, which can be formed 

by redistribution of 246 (Scheme 68). Hydride transfer from 252 via complex 253 displaces a 

fluoride from the polyfluoroarene via transition state 254. The displaced fluoride can then be 

trapped by the hydrosilane to regenerate 246. Computational data for the mechanisms in Scheme 

67 and Scheme 68 show that the energy barriers are 79.4 kJ, mol-1 and 45.0 kJ, mol-1 respectively, 

indicating that the pathway in Scheme 68 is the more likely of the two. Meisenheimer 

intermediates were not detected for either pathway, indicative of cSNAr reactivity.  

 

Chang et al. have also shown the conjugate addition of perfluoroarenes to a,b-unsaturated 

carbonyl compounds using Ph2SiH2 and NaOtBu.110 Perfluoroarene 256 was efficiently coupled to 

257 using the silane-alkoxide system. It was found that the cation (Na>K>Li) and the anion 

(tBuO>MeO) were important for the reactivity of the alkoxide. The reaction mixture was found to 

be EPR active, indicating that a radical species was present. Similarly, the addition of radical 

scavengers led to a decreased yield of 258. In collaboration with computational chemists, they 

were able to propose a series of mechanisms. Firstly, they proposed that electron transfer to the 

perfluoroarene from the silane-alkoxide mixture could occur (likely from radical anion 260 ï see 

results and discussion of this thesis for the formation of this species) to form radical anion 261, 

which could then undergo conjugate addition to 257 followed by loss of H2 (mediated by the 

pentavalent silicate 263) and protonation upon work-up to form product 258. Alternatively, a 
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radical silylation of 256 could occur, similar to the Grubbs and Stoltz chemistry previously 

discussed, forming 264. This species could then desilylate under the excess NaOtBu used in the 

reaction to form anion 266, which could undergo conjugate addition to 257 and form 267 and 

ultimately the product 258 after protonation upon work-up.  

 

 

Scheme 68 - Hydrodefluorination of Perfluoroarenes B 

 

Scheme 69 - Conjugate Addition of Perfluoroarenes to a,b-Unsaturated Carbonyl Compounds 

Oestreich et al., Bideau et al., and Grubbs et al. have reported the dehydrogenative coupling of 

hydrosilanes and alcohols mediated by oxide bases (Scheme 70).111ï113 The mechanism likely 

involves complexation of either the alcohol directly to the silane 272 to form 274 (via loss of 

hydrogen gas through transition state 273), or via complexation of the Lewis base (LB = NaOH, 

KOH or KOtBu) firstly to form 275, followed by complexation of the alcohol with loss of hydrogen 
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gas via transition state 276, leading to 277 which can undergo dissociation of the Lewis base to 

form the product 274.  

 

Scheme 70 - Dehydrogenative Coupling of Alcohols and Hydrosilanes 

Jeon et al. have recently reported that the combination of dihydrosilanes and potassium bases 

was able to carry out the hydrosilylation of styrenes by hydrogen atom transfer (HAT).114 They 

reported that the counterion is important in this chemistry, as different results are seen for 

potassium bases relative to sodium or lithium bases. When styrene 278 was treated with Et2SiH2 

and KOtBu, hydrosilylation product 279 was formed in 97 % yield, along with reduced product 280 

in 3 % yield (Scheme 71). High yields of 279 were also observed for other potassium bases, such 

as KH (87 %), KOH (93 %), KOEt (91 %), or KOTMS (95 %). However, comparison of KOH (93 %) 

with LiOH (0 %) or NaOH (2 %) resulted in significantly decreased yields of hydrosilylation product 

279 being observed in the sodium and lithium cases, with starting material 278 being recovered 

(100 % and 95 % for LiOH and NaOH respectively). When 18-crown-6 was added as a potassium 

chelator, polymerisation was found to occur as the sole outcome from this reaction. It was 

therefore proposed that the metal counterion is key to affording the reactivity seen through 

cation-  ́interactions.  

 

Scheme 71 - Hydrosilylation of Styrenes via HAT 

The use of radical probes 281 (Scheme 72A) and 283 (Scheme 72B) revealed that ring-opening 

of the cyclopropane occurs only for substrate 281, affording ring-opened product 282. Substrate 

283 does not afford any ring-opened products under the reaction conditions, suggesting that a 

benzylic radical is formed regioselectively under the reaction conditions. The addition of TEMPO 

to the reaction mixture also led to the isolation of 286 in 49 % yield (Scheme 72C), providing 

further evidence for the formation of a benzylic radical. Addition of galvinoxyl as a radical trap also 

afforded the trapping of a hydrogen atom by isolation of 287, providing evidence of hydrogen 
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atom transfer (Scheme 72D). Furthermore, the comparative studies with Ph2SiH2 and Ph2SiD2 

showed a KIE of ~2.3, showing that Si-H bond cleavage is involved in the rate-determining step 

of the reaction. Deuterium atom transfer was observed to occur regioselectively to 278 to form 

only product 279-d2 (Scheme 72E).  

 

Scheme 72 - Mechanistic Studies for the Hydrosilylation of Styrenes 

This evidence led to a mechanistic proposal (Scheme 73). KOtBu and Et2SiH2 combine to form 

pentavalent silicate 288, which can undergo hydrogen atom transfer to styrene 32 to form species 

289, which is described as an intimate radical-radical anion pair. This allows for the slow release 

of silyl radicals and KOtBu, and therefore the species can then undergo radical-radical 

combination to afford silylated product 290. The liberated KOtBu can then combine with another 

molecule of silane to continue the chain mechanism.  

 

In conclusion, a number of synthetically useful transformations have been reported to be mediated 

by the simple combination of hydrosilanes and alkoxide bases. A large number of mechanistic 

studies have been carried out on this system, with pathways involving silyl radicals, hydrogen 

atom transfer and hydride transfer being proposed. It is likely that these transformations proceed 

via the formation of pentavalent silicates, but further studies are required to determine the 

mechanistic possibilities of this combination of reagents.  
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Scheme 73 - Mechanism for the Hydrosilylation of Styrenes 
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2: Project Overview 

Recent interest in the literature has focussed on the combination of small molecules with 

potassium tert-butoxide as electron donors. As there is some literature precedence for single 

electron transfer chemistry from pentavalent silicates,115,116 we wondered if the combination of 

triethylsilane with potassium tert-butoxide, as reported by Grubbs and Stoltz, might be capable of 

forming in situ electron donors. Although pentavalent silicates were discussed by Grubbs and 

Stoltz, SET reactivity was not considered, and so the first aim was to determine if it was possible 

to show SET reactivity within the system. The second aim was to find out what novel 

transformations might be carried out by the Et3SiH/KOtBu system. Particularly, the major product 

obtained from the reductive cleavage of C-O bonds by Grubbs appears as though it could be a 

product from electron transfer chemistry (150g151).1 

 

Scheme 74 - Proposed Reductive Cleavage of C-O Bonds via SET 

N-benzylindoles have been shown in the literature to undergo reductive cleavage under single 

electron transfer conditions to afford the parent indoles in good yields.117,118 Therefore, the first 

step was to treat N-benzylindoles under the Et3SiH/KOtBu system to determine if debenzylation 

would occur which might be an indication of single electron transfer reactivity (Scheme 75). Other 

substrates which have been shown in the literature to undergo reduction with SET conditions 

were then also treated under the Et3SiH/KOtBu system to determine how powerful any electron 

donor that forms would be (294-297). Following on from this work, results obtained during the 

course of this thesis led to the discovery that N-phenylindole 182 and nitriles such as 298 may 

lead to novel chemistry, and so the final aims were to determine how these substrates behaved 

under the Et3SiH/KOtBu system and to determine the mechanism of any novel transformations 

which would occur. 

 

Scheme 75 ï Substrates to be Treated with Et3SiH/KOtBu 
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3: Single Electron Transfer Reactions Mediated by Et3SiH/KOtBu 

3.1: Introduction 

As reviewed in Chapter 1, recent interest within the literature has focussed on the combination of 

small molecules with alkoxide bases (usually KOtBu) to form in situ electron donors.9,31,33,46 As 

the cleavage of Grubbsô diaryl ethers1 and diaryl thioethers7 could be products from electron 

transfer chemistry, it was proposed that the combination of Et3SiH and KOtBu may lead to the 

formation of in situ electron donors. The aim of this project was to test whether single electron 

transfer from the Et3SiH/KOtBu system could occur, and if so, to gauge the reducing power of the 

electron donor which forms. 

 

Debenzylation of amines has been shown to occur under electron transfer conditions within the 

Murphy group by debenzylation of 299 with electron donor 301, affording the parent amine 300 

in 80 % yield (Scheme 76).119 Electron donor 301 has been shown to have an oxidation potential 

of -1.13 V and works by donating two electrons to become 303.120 There is an aromatic driving 

force for the oxidation of this compound. It has also been previously shown in the literature that 

N-benzylindoles e.g. 180 can undergo cleavage to the parent indole 134 in good yields under 

single electron transfer using Birch conditions,117 or from low-valent titanium species.118  

 

Scheme 76 - Previously Reported Debenzylations of Amines 

 

3.2: Results and Discussion 

As a starting point, N-benzylindole 180 was prepared and treated under Et3SiH/KOtBu conditions. 

Debenzylation was seen in this case to afford 134 in 29 % yield, alongside a complex mixture 

which included three isomers of silylated indole 304 (Scheme 77). Upon treatment of 180 with 

KOtBu alone, no reaction took place and starting material 180 was recovered in 85 % yield. 
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Scheme 77 - Debenzylation of N-benzylindole 180 with Et3SiH/KOtBu 

Due to the detection of small amounts of a number of isomers of silylated compounds (304) from 

the reaction of N-benzylindole 180 under these conditions, a range of substrates with substituents 

in the 2-position was prepared and tested under the reaction conditions (305-307). Debenzylation 

was again observed, albeit still in low yield (Scheme 78A). The complex nature of these reactions 

is exemplified by the isolation of rearranged compound 309 (Scheme 78B), which is proposed to 

occur via the mechanism shown in Scheme 79 (or a closely related mechanism). Firstly, hydrogen 

atom abstraction of an Ŭ-hydrogen atom by a triethylsilyl radical occurs, forming 310. This radical 

can then undergo a 6-endo-trig cyclisation to 311, followed by deprotonation to 312. Cleavage of 

the C-N bond to 313, followed by abstraction of a hydrogen atom and a proton would lead to 

rearranged product 309. Substrates 305-307 were all treated in side-by-side reactions with the 

Et3SiH/KOtBu system, and with KOtBu alone. No reaction was observed for any of these 

substrates in the absence of the silane, with starting material being recovered in high yields in all 

cases. 

 

Scheme 78 - Debenzylation of 2-Substituted N-Benzylindoles using Et3SiH/KOtBu. Yields refer only to the indole portion 
of the molecule, with compounds derived from the benzyl portion being too volatile to isolate. 

To try to prevent either rearrangement or silylation from occurring, a range of 3-substituted 

N-benzylindoles were prepared and treated under the reaction conditions (314-321, Scheme 80). 

The idea was that the 3-substituted indoles should not undergo a rearrangement similar to that in 

Scheme 79, and the substituents may also provide sufficient steric hindrance to prevent the 

silylation reaction at the 2-position. This was indeed the case, with generally much greater yields 
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of debenzylated indoles being isolated from substrates 314-321. Substrate 317 likely has a 

decreased yield relative to the other 3-substituted indoles due to the formation of benzyne 

by-products from this reaction. Similarly, the electron-deficient substrate 318 may have a largely 

decreased yield due to alteration of the site of the electron transfer (see later on for details on the 

site of electron transfer). 

 

Scheme 79 - Proposed Mechanism for the Rearrangement of 305 to 309 

 

Scheme 80 - Debenzylation of 3-Substituted N-Benzylindoles using Et3SiH/KOtBu. Yields refer only to the indole portion 
of the molecule, with compounds derived from the benzyl portion being too volatile to isolate.  

All of the substrates in Scheme 80 were unreactive when treated with KOtBu alone (i.e. in the 

absence of silane) apart from 317 and 318. When 317 was treated with KOtBu alone, an 

inseparable mixture of starting material 317, 322 and 323 was observed (Scheme 81). The 

isomers of compound 322 are consistent with the trapping of benzyne 324 with tert-butoxide 

anions. Importantly, no debenzylation was observed, showing that the silane is necessary for the 

C-N bond cleavage to occur in this case. However, when 318 was treated with KOtBu alone, 



61 | P a g e  
 

debenzylation was observed in 9 % yield, along with 9 % remaining starting material. No other 

products could be identified from the complex reaction mixture. It is unclear exactly how 

debenzylation has occurred in the case of 318 with KOtBu alone. 

 

Scheme 81 - Treatment of 317 and 318 with KOtBu alone 

Some indole substrates which were less successful in the debenzylation chemistry were 326 and 

327 (Scheme 82). It is likely that 326 could behave in a similar way to the other 2-substituted 

indoles previously discussed, where hydrogen atom abstraction in the 2-position could occur to 

form 328, and this could lead to other products arising from cyclisation onto the benzyl group. 

Substrate 326 was unreactive when treated with KOtBu alone, indicating that the complex nature 

of the reaction is not due to heating with the strong base. Similarly, 327 also produced a complex 

mixture of products when treated under the Et3SiH/KOtBu conditions, with a trace amount of 

debenzylated 329 and rearranged 330 detected alongside 36 % of starting material 327. If 

deprotonation occurred in the benzylic position to afford anion 331, the indole might become too 

electron-rich to receive another electron from the Et3SiH/KOtBu system and the electron transfer 

may occur to the benzyl portion of the molecule instead (see later for justification of the site of 

electron transfer). Therefore, different reactivity may be observed. Alternatively, hydrogen atom 

abstraction from the 2-position may occur as before, leading to other complex products. Substrate 

327 also does not react when treated with KOtBu alone.  

 

From all of the substrates tested so far, the benzyl portion of the fragmented molecule has proved 

too volatile to isolate under the standard work-up procedure. To determine the fate of the benzyl 

portion of the molecule, substrate 332 was tested under the reaction conditions, and indeed 

1-methylnaphthalene 333 was isolated albeit in low yield (23 %), along with 325 in 55 % yield and 

23 % recovery of 332 (Scheme 83). 
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Scheme 82 - Treatment of Substrates 326 and 327 under the Et3SiH/KOtBu System 

 

Scheme 83 - Isolation of 1-Methylnaphthalene 333 from Substrate 332 

An interesting observation from this chemistry is that potassium tert-butoxide appears to be 

necessary for the debenzylation to occur. When this was replaced with sodium tert-butoxide, no 

debenzylation took place and the starting material 314 was recovered in 88 % yield (Scheme 84). 

This is consistent with both the work of Grubbs and Stoltz,1ï5,7 and also with many other electron 

transfer reactions in the literature, as reviewed in Chapter 1, where potassium tert-butoxide is the 

necessary base in the formation of in situ electron donors. Of course, there are examples in the 

literature where electron donors are proposed to form in situ using sodium tert-butoxide,23,25 but 

these are much less frequent. The reason for this is unclear, but work is on-going within the group 

to determine the reason for this interesting cation effect. 

 

Scheme 84 - Treatment of 314 with Et3SiH/NaOtBu 

At this time, three possible mechanistic pathways appear possible. The first of these involves 

single electron transfer, whereby an electron donor could form in situ and donate an electron to 

the N-benzylindole 180 (Scheme 85A). The resulting radical anion 334 could then fragment to 

yield anion 335 (which would protonate upon work-up to afford 134), and tolyl radical 336, which 

could become toluene 34 after hydrogen atom abstraction. Alternatively, the hydride transfer 

capability of pentavalent silicates has previously been demonstrated.115,121ï125 Therefore, it is 
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logical that a pentavalent silicate such as 214 could undergo hydride transfer to the benzylic 

position of 180 (Scheme 85B), affording anion 337 and toluene 34 via an SN2 process. Anion 337 

could protonate upon work-up to afford indole 134. The final mechanistic possibility that presents 

itself is an SH2 displacement of indolyl radical 338 by a triethylsilyl radical (Scheme 85C). Radical 

338 could then abstract a hydrogen atom from a suitable source (likely Et3SiH) to afford indole 

134. This mechanism is unlikely, as SH2 reactions on tetrahedral carbons are rare, and it is likely 

that the product from silylation of the benzyl portion of the molecule would be detected by NMR 

spectroscopy or GC-MS of the crude reaction mixture (e.g. compound 199 has a reported boiling 

point of 267-269 °C at atmospheric pressure, and would be unlikely to evaporate upon 

concentration of the reaction mixture after work-up).126  

 

Scheme 85 - Possible Mechanisms for the Debenzylation of N-benzylindole 180 

To aid the understanding of the mechanism of the debenzylation reactions, collaboration with 

computational chemists was required.d The three different mechanisms were computationally 

modelled. Firstly, electron transfer was modelled using three potential electron donors that may 

form under the reaction conditions (Scheme 86). Two of these (214 and 215) have already been 

 
d These calculations were carried out by Allan Young, University of Strathclyde. Geometry 
optimization and energy calculations were performed with the M06-2X method using the 6-
31++G(d,p) basis set for all atoms. Solvent effects (solvent = Et3N) were modelled using the 
CPCM solvation model. 
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proposed as intermediates (although not as electron donors) by Grubbs, whereas the third (339) 

was added by our group. The radical anion 215 would appear to be an excellent candidate 

electron donor due to the highly reducing power of radical anions.30 Pentavalent silicate 214 would 

also be an excellent candidate electron donor due to the literature precedents of single electron 

transfer from pentavalent silicates.115,116 It has also been shown that the combination of 

hydrosilanes and base can lead to the formation of trivalent silyl anions.127 Triethylsilyl anion 339 

was therefore also considered as a potential electron donor. Calculations found that if the radical 

anion 334 formed, then the fragmentation to indole anion 337 and tolyl radical 336 has a 

surmountable barrier, with more stabilised products relative to the starting materials. Modelling 

each of the three potential electron donors in turn found that only 215 (modelled as 205 for 

simplicity) could act as an electron donor under the conditions of the reaction, and that the barrier 

for the electron transfer was 0.3 kcal, mol-1, cf. 53.6 and 44.8 kcal, mol-1 for species 214 and 339 

(modelled as 204 and 237 respectively). Therefore, if SET is occurring, then the most likely 

candidate for the electron donor species is radical anion 215. Once the electron transfer occurs, 

fragmentation of radical anion 334 to 336 and 337 is facile, with an energy barrier of 4.9 kcal, 

mol-1. 

 

Scheme 86 - Computational Modelling of Electron Donor Candidates.d Trimethylsilyl groups replace triethylsilyl groups 

in calculations for simplicity. DG* represents the energy barrier, whereas DGrel represents the change in energy relative 
to the starting materials. 

The remaining two mechanisms were also modelled computationally (Scheme 87).ed The SN2 

reaction (where a hydride delivery from 204 to the benzylic position of 180 occurs) was found to 

have an insurmountable energy barrier at 36.9 kcal, mol-1. Similarly, the SH2 mechanism (with 

attack of a trimethylsilyl radical onto the benzylic carbon and homolysis of the C-N bond) was 

found to have a barrier of 44.3 kcal, mol-1, which is again insurmountable under the reaction 

conditions. Therefore, it can be concluded that SET was the most likely mechanism of those 

computed for the debenzylation of N-benzylindoles.  

 
d These calculations were carried out by Allan Young, University of Strathclyde. Geometry 
optimization and energy calculations were performed with the M06-2X method using the 6-
31++G(d,p) basis set for all atoms. Solvent effects (solvent = Et3N) were modelled using the 
CPCM solvation model. 
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Scheme 87 - SN2 and SH2 Mechanisms. Trimethylsilyl groups replace triethylsilyl groups in calculations for 

simplicity. DG* represents the energy barrier, whereas DGrel represents the change in relative energy.d 

The next calculations considered how electron donor 205 may form. From the previous results 

from Grubbs and Stoltz, it was shown that triethylsilyl radicals are formed when Et3SiH and KOtBu 

are combined.1,2 They confirmed the presence of triethylsilyl radicals by the addition of TEMPO 

to the reaction, and isolated the TEMPO-SiEt3 adduct. Therefore, triethylsilyl radicals may be 

involved in the formation of the electron donor 205. Two methods of formation of 205 that are 

possible by computational chemistry are the direct combination of a tert-butoxide anion with a 

trimethylsilyl radical (DGrel = -24.0 kcal, mol-1), or firstly formation of pentacoordinate silicate 204, 

before hydrogen atom abstraction with a trimethylsilyl radical occurs to form electron donor 205 

(DGrel = -25.4 kcal, mol-1).d  

 

Scheme 88 - Methods of Forming Electron Donor 205.d Trimethylsilyl groups replace triethylsilyl groups in calculations 
for simplicity. 

Computational modelling of the site of electron transfer was also conducted.d It was found that 

the LUMO of 314, and the SOMO of radical anion 340 were located on the electron-rich indole 

portion of the molecule, and not on the less electron-rich benzyl group as might be expected 

(Figure 1). This is explained by the unpaired electron having greater delocalisation in the bicyclic 

indole portion of the molecule, and therefore the resulting radical anion being more stabilised.  

 
d These calculations were carried out by Allan Young, University of Strathclyde. Geometry 
optimization and energy calculations were performed with the M06-2X method using the 
6-31++G(d,p) basis set for all atoms. Solvent effects (solvent = Et3N) were modelled using the 
CPCM solvation model. 
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Figure 1 - Computational Modelling of the LUMO of 314 (left) and the SOMO of 340 (right).d 

To add further experimental evidence to the hypothesis that electron transfer was occurring in 

these reactions, substrate 314 was treated with an authentic electron donor ï namely 341 

(Scheme 89). It was found that in the presence of a silyl source that is not able to act as a hydride 

donor (hexamethyldisilane) and the radical anion 341, the same reductive cleavage of the benzyl 

group occurred (Scheme 89B), albeit in lower yield that with the Et3SiH/KOtBu conditions 

(Scheme 89A). In the absence of 341, no debenzylation was detected, and the major component 

of the crude reaction mixture was recovered starting material 314 (Scheme 89C). A small amount 

of a second product was detected with 1H NMR signals that closely mirrored the signals of 314. 

However, no separation of this second component could be achieved by TLC, and GC-MS 

showed only a single peak which corresponded to the starting material 314. Therefore, it is not 

clear what this second component may be. In the absence of the disilane, no reaction occurred 

and only starting material 314 and 4,4ô-di-tert-butylbiphenyl were detected by crude NMR, TLC 

and GC-MS (Scheme 89D). As previously mentioned, no reaction occurs with KOtBu alone, with 

starting material being recovered in 98 % yield (Scheme 89E). Previous research has shown that 

silicon-silicon bonds can undergo cleavage upon treatment with nucleophiles to generate silyl 

anions (Scheme 89F).128 However, it is not known how the silicon-silicon bond might react under 

electron transfer conditions. If cleavage of this bond occurred to produce a silyl anion and a silyl 

radical, then we envisage that the generated trimethylsilyl radical could then combine with the 

tert-butoxide anion to generate the methyl analogue of our powerful electron donor i.e. 205, which 

can then carry out the debenzylation chemistry as before. Interestingly, the use of Et3SiOtBu as 

the silyl source (Scheme 89G) did not afford any debenzylation products. This is likely due to the 

electron donor 205 being calculated as being more reducing (Eox = - 3.74 V vs. SCE) than 

potassium metal.d This suggests that potassium metal (or 341) is not capable of reducing the silyl 

ether Et3SiOtBu and generating the powerful electron donor. 

 

Experimental evidence of a radical mechanism may also be provided by the ring-opening of the 

cyclopropyl-containing substrates 344 and 347 as radical probes (Scheme 90). Preparation and 

treatment of these substrates under the reaction conditions provided predominantly the 

 
d These calculations were carried out by Allan Young, University of Strathclyde. Geometry 
optimization and energy calculations were performed with the M06-2X method using the 6-
31++G(d,p) basis set for all atoms. Solvent effects (solvent = Et3N) were modelled using the 
CPCM solvation model. 
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ring-closed species 345 and 348 in 73 % and 69 % yields respectively, alongside trace amounts 

(<1 mg) of ring-opened products 346 and 349. Albeit in trace amounts, the detection of these 

ring-opened products may be evidence of a radical process, where there is radical character in 

both the 2- and 3-positions of the indole.  

 

Scheme 89 - Mechanistic Study of the Debenzylation of Substrate 314 

 

Scheme 90 - Ring-opening of Cyclopropanes in 344 and 347 
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The relative amounts of ring-opened versus ring-closed products would depend on the kinetics of 

the reactive intermediates, and whether the opening of the cyclopropane or debenzylation would 

occur more rapidly. Here, it may be that the debenzylation occurs much faster than the 

cyclopropane can open, thus explaining the detection of only trace amounts of ring-opened 

products. Alternatively, the kinetics may favour the ring-closed cyclopropane species due to the 

greater stabilisation of the radical anion 350, or radical anion 352. The reactivity of benzylic 

radicals adjacent to cyclopropanes has been studied by Ingold and by Newcomb who determined 

that this is indeed the case, with the equilibrium lying towards the side of the cyclopropyl species 

357 rather than ring-opened species 358 (Scheme 92).129ï131 Radical anions 350 and 352 can be 

processed as previously to afford debenzylated products 345 and 348. Alternatively, the 

disfavoured ring-opened radical anions 351 and 353 can be quenched by abstraction of a 

hydrogen atom from triethylsilane to afford an intermediate such as 354 (shown only for the 

3-cyclopropylindole). Anion 354 is a resonance form of 355, which could protonate to 356. This 

could then receive another electron from the Et3SiH/KOtBu system to ultimately afford 

ring-opened species 349.  

 

Scheme 91 ï Treatment of Cyclopropyl-containing Substrates 344 and 347 under Et3SiH/KOtBu 

 

Scheme 92 - Rate Constants for Ring-Opening and Ring-Closing of Radicals 357 and 358 
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Further debenzylation reactions were also attempted. Since N-benzylindoles (i.e. aromatic 

amines) were efficiently debenzylated under the reaction conditions, the next steps were to 

determine if N-benzylanilines (i.e. amines adjacent to aromatic systems) or N-benzylpiperidines 

(i.e. aliphatic amines) could also be debenzylated under the reaction conditions. From 359, 

debenzylation to 87 was observed, although the volatility of this compound made isolation difficult 

(Scheme 93). The reaction was therefore repeated, and the crude material was acetylated. Amide 

360 was isolated in 56 % yield across the two steps (a proton NMR with an internal standard 

suggested that the yield of 87 in the crude mixture was 65 %). Substrate 359 is unreactive in the 

absence of Et3SiH, with starting material being recovered in 97 % yield. With 361, only starting 

material and silylated products 362-363 were observed. 

 

Scheme 93 - Debenzylation of 359 and 361 under Et3SiH/KOtBu 

It was thought that one reason for no debenzylation being detected under the Et3SiH/KOtBu 

conditions may be due to the relative volatility of the expected products (piperidine and toluene). 

To counteract this, substrate 364 (mixture of cis- and trans- isomers) was prepared and tested 

under the Et3SiH/KOtBu conditions. This substrate produced a complex mixture of products from 

which 365-366 could be detected by GC-MS. These compounds could not be isolated, and could 

not be quantified due to overlapping NMR signals. Therefore, it may be beneficial to test an 

aliphatic amine that is not volatile and does not have such a complex NMR spectrum. Therefore, 

compound 367 was tested under the reaction conditions, and this time a complex mixture of 

products was again observed, but no silylation products were detected. It is likely that in the case 

of the aliphatic amines, there is no electron transfer into the amine-containing portion of the 

molecule due to the absence of a -́system, and any electron transfer therefore occurs into the 

benzyl portion of the molecule, leading to different chemistry occurring. Only starting material was 

recovered when 364 or 367 were treated with KOtBu alone, in 48 % and 87 % yield respectively. 

This is in contrast to 361, from which no products could be detected when this was treated with 

KOtBu alone. It is not clear what happened to the rest of the material upon treatment of 361 or 

364 with KOtBu alone.  
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Scheme 94 - Attempted Debenzylation of Aliphatic Amines 

As electron transfer was occurring into the indole portion of the N-benzylindoles and not into the 

benzyl group, it was thought that it might also be possible to carry out deallylation reactions under 

the same conditions. Substrates 294, 369, and 371 were prepared and tested under the 

Et3SiH/KOtBu conditions, and indeed deallylated compounds 325 and 370 were isolated in 35 % 

and 33 % yields from 294 and 369 respectively (Scheme 95). From substrate 371, a complex 

mixture of products was produced from which nothing could be isolated (although <1 % of 

3-phenylindole was detected). The allyl group allows for other side-reactions to occur, and the 

wide range of side-reactions possible was exemplified by the isolation of 2-iso-propylaniline 368 

in 18 % yield.  

 

Scheme 95 - Deallylation of N-allylindoles under Et3SiH/KOtBu 

This type of indole reduction had at this time only been previously reported under high 

temperatures (> 225 °C) and high pressures of hydrogen gas (> 15 bar), generally over transition 

metal catalysts.132ï135 An example of this type of reduction is shown in Scheme 96.136 To probe 

the mechanism of this ring-opening, compounds 325 and 378 were treated under the reaction 

conditions (Scheme 97). No ring-opening was observed in either case, with only starting material 

being returned from compound 325, and a complex mixture of starting material and silylated 

products 379 being obtained from 378. Compounds 378 and 379 could not be isolated, and could 

not be quantified due to overlapping NMR signals. Further mechanistic studies on a similar C-N 

bond cleavage in N-phenylindoles will be discussed in Chapter 4.  
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Scheme 96 - Reduction of Indoles 

 

Scheme 97 - Probing the Mechanism of the Ring-opening of Indoles 

Following on from the deallylation of indole derivatives, we wondered if deallylation of O-allyl 

groups was also possible. To test this, 380 was prepared and treated under the silyl conditions, 

and 2-naphthol 161 was isolated in 50 % yield (Scheme 98).  

 

Scheme 98 - Deallylation of 380 

It is possible that these deallylation reactions may be occurring via electron transfer, but this is 

inconclusive. If an electron is again transferred to the indole portion of 294 forming 381, 

deallylation to 382 followed by isomerisation to 325 can occur to produce the parent indole 

(Scheme 99A). Alternatively, addition of a triethylsilyl radical or a hydrogen atom may occur to 

the allyl group forming radical 383. Deallylation could then occur, forming indolyl radical 384, 

which can abstract a hydrogen atom (likely from triethylsilane) to produce the parent indole 325. 

In the absence of Et3SiH (i.e. treatment of 294, 369, 371 and 380 with KOtBu alone), no 

deallylation occurred, and isomerisation of the starting materials was observed in each case, 

forming 385-388 (Scheme 100).  

 

Scheme 99 - Some Possible Mechanisms for Deallylation Reactions 
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Scheme 100 - Isomerisation of 294, 369, 371 and 380 to 385-388 Respectively upon Treatment with KOtBu Alone 

Other substrates in the literature which have previously been shown to react under electron 

transfer conditions include benzylic ethers such as 296 which receives two electrons from electron 

donor 301 to afford 389 in 29 % yield (Scheme 101A).137 Upon preparing and testing substrate 

296 under the Et3SiH/KOtBu conditions, a complex mixture of products was obtained from which 

nothing could be isolated (Scheme 101B). However, the mass of 389 was detected in a complex 

GC-MS spectrum. Compound 296 did not react when treated with KOtBu alone, with starting 

material being recovered in 73 % yield. A less-complex substrate 390 was prepared and treated 

under the Et3SiH/KOtBu conditions, and this was able to afford the parent hydrocarbon 391 after 

cleavage of the C-O bond (Scheme 101C). This result provides further evidence of electron 

transfer chemistry mediated by Et3SiH/KOtBu. No other products were detected when 390 was 

treated with KOtBu alone, however starting material was recovered in only 62 % yield. 

 

Scheme 101 - Cleavage of Benzylic Ethers under Silyl Conditions 

It has also been shown in the literature that unactivated arenes can be reduced using an organic 

electron donor (Scheme 102A).138 This is generally considered to be a challenging reduction to 

carry out due to the high reduction potential of benzene (- 3.42 V vs. SCE). This means that this 

type of reduction has historically been carried out using highly reactive alkali metals such as 

sodium or lithium dissolved in liquid ammonia.139 Treatment of cis-1,2-diphenylcyclopropane 297 

with electron donor 301 forms the radical anion 394, which can reversibly open the cyclopropane 

to 495 (Scheme 102B). Ring-closing of the cyclopropane again afforded the trans-isomer of the 

radical anion 396 for steric reasons, before back-electron transfer provided isomerised starting 

material 392. This could previously only be achieved under photoactivation of the organic electron 

donor 301. However, treatment of 397 with Et3SiH/KOtBu under thermal conditions afforded the 
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trans-isomer 392 at only 45 °C (Scheme 102C). This may be further evidence of electron transfer 

from a powerful electron donor derived from Et3SiH/KOtBu (i.e. 215) ï however, the isolation of 

397 detracts confidence from this result. If triethylsilyl radicals were formed in the reaction mixture, 

then one of these radicals could abstract a hydrogen atom from 297, forming radical 398. If radical 

398 then abstracted another hydrogen atom from triethylsilane, it would likely occur so that the 

two phenyl groups are kept in trans-stereochemistry. Alternatively, radical recombination between 

398 and a triethylsilyl radical could afford 397. 

 

Scheme 102 - Isomerisation of cis-1,2-diphenylcyclopropane 297 to trans-1,2-diphenylcyclopropane 392 

Sulfonamides have also been previously shown to be reductively cleaved under electron transfer 

conditions.140 This has been carried out by electron donor 399, which works by donating two 

electrons to become aromatic species 401 (via radical cation 400, Scheme 103A).141 Upon 

treatment of sulfonamide 402 with electron donor 399, cleavage of the S-N bond was observed 

with the parent indole 134 being isolated in 91 % yield (Scheme 103B).140 Upon treatment of 

sulfonamide 295 under the Et3SiH/KOtBu conditions, cleavage of the S-N bond was observed to 

afford parent indole 134 in 32 % yield, alongside indole 403 in 20 % yield (Scheme 103C). 

However, when 295 was treated with KOtBu alone (i.e. in the absence of silane) cleavage of the 

S-N bond was also observed and compounds 134 and 403 were again isolated in 36 % and 15 % 

yield respectively. It is therefore likely that this cleavage is not due to electron transfer in this case, 

and that nucleophilic attack of the tert-butoxide anion on 295 affords indole anion 337 and 404. 

Compound 404 could then undergo loss of the SO3Ph anion to afford a tert-butyl cation, which 
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could be trapped by the indole anion 337 to afford 405. This ultimately will isomerise to the 

aromatic species 403. 

 

Scheme 103 - Cleavage of Sulfonamides 

Another reaction which was tested under the Et3SiH/KOtBu conditions was the reductive 

decyanation of nitriles.142 This has been shown in the literature to proceed via either electron 

transfer or via hydride transfer. Substrate 406 (Scheme 104A) has been shown to undergo 

reductive decyanation by electron transfer from sodium metal.143 This proceeds via electron 

transfer to 406 to generate 409, which then undergoes elimination of cyanide to afford 410. This 

radical can then undergo a second electron transfer to afford anion 411. This anion can then 

either eliminate a second molecule of cyanide to afford alkene 407, or it can protonate to afford 

412, which will ultimately undergo a second reductive decyanation to alkane 408. Alternatively, 

substrate 413 has been shown to undergo reductive decyanation by hydridic reagents such as 

LiAlH4,144 NaBH4,145 or a NaH.LiI composite.146,147 Whilst LiAlH4 and NaBH4 mediated reductive 

decyanation of nitriles have been proposed to proceed via single electron transfer, the reduction 

by a NaH.LiI composite has been proposed to proceed via hydride transfer (Scheme 104B). 

Hydride transfer to the nitrile results in anion 413, which could undergo decyanation to afford 

anion 416. Protonation of this anion would afford the product 414.  
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Scheme 104 ï Literature Reductive Decyanation of Nitriles 

Nitriles 417, 298, 418 and 419 were prepared and treated under the Et3SiH/KOtBu conditions. 

Substrates 298, 417 and 418 were found to have restricted rotation around the propyl groups, 

with diastereotopic protons observed for the CH2 groups in the 1H NMR spectra of these 

compounds. Substrate 417 underwent reductive decyanation to afford 420 in 43 % yield (Scheme 

105A). Upon treatment of this substrate with KOtBu alone, no decyanation was observed, and 

starting material 417 was recovered in quantitative yield. It is possible that this reductive 

decyanation could have occurred either by electron transfer from radical anion 215, or by hydride 

transfer from pentavalent silicate 214. Substrate 298 was found to undergo cyclisation to afford 

indoline 421 in 32 % yield, with no decyanation products observed (Scheme 105B). Compound 

421 was also found to contain diastereotopic protons for the propyl CH2 groups in the 1H NMR 

spectrum due to restricted rotation. Around the time of this experiment being carried out, Chiba 

et al. published their paper which showed a similar cyclisation occurring using their NaH.LiI 

composite, which they propose to occur via a concerted nucleophilic aromatic substitution via 

intermediate 422.148 This type of cyclisation will be discussed in more detail in Chapter 5. Upon 

treatment of 298 with KOtBu alone, no cyclisation was observed, and starting material was 

recovered in 42 % yield, alongside a complex mixture of products. Nitrile 418 was also treated 

under the Et3SiH/KOtBu conditions, and was found to produce a complex mixture of products 

(Scheme 105C). Similarly, a complex mixture of products was also observed when 418 was 

treated with KOtBu alone. It is likely that under the reaction conditions, deprotonation of the methyl 

groups occurs to afford anion 423, which could undergo cyclisation onto the nitrile to afford 424. 

The products obtained from this reaction are likely to include derivatives of this species. An 

aliphatic nitrile 419 was also tested under the Et3SiH/KOtBu conditions to see if decyanation was 

possible without the nitrile being in a benzylic position (Scheme 105D). This was found to undergo 
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elimination to 425 both under the Et3SiH/KOtBu conditions, and in the presence of KOtBu alone 

(Scheme 105E), suggesting that this reaction does not proceed via electron transfer, and is 

instead a base-mediated E2 type process. 

 

Scheme 105 - Treatment of Nitriles under Et3SiH/KOtBu Conditions 

Due to the highly reducing ability of the Et3SiH/KOtBu system, it was thought that nitrogen 

reduction might be possible. Nitrogen reduction to ammonia via the Haber-Bosch process is an 

extremely important reaction to produce enough fertiliser to sustain crop growth to feed the worldôs 

ever-increasing population.149 However, some drawbacks of the Haber-Bosch process are the 

use of non-renewable sources of hydrogen, and the high energy intensity of the process (the 

Haber-Bosch process is responsible for 1 % of the worldôs total annual energy consumption, and 

is responsible for the emission of 300 million tonnes of carbon dioxide per year). Therefore, it is 

not sustainable to continue this process long-term, and new greener alternatives must be found. 

In its simplest form, nitrogen reduction requires the transfer of a total of six electrons and six 

protons to dinitrogen (Scheme 106).150 Electrochemical,151 photochemical,152 and enzymatic153 

methods of nitrogen reduction have been recently reviewed. 

 

Without a proton source, it is unlikely that complete reduction of dinitrogen to ammonia would 

occur in the presence of Et3SiH/KOtBu, and that masking of the forming anions via silylation may 

be necessary. The silylation of amines using Et3SiH/KOtBu has been shown in the group 

previously,154 and therefore it was not unreasonable to assume that if dinitrogen could be reduced 

to the radical anion 427, trapping of this radical anion by a silyl group could occur forming radical 

438. This radical could then receive another electron to afford anion 439, which could again 

silylate to afford 440. Further electron transfer and silylation steps might then allow for the 
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reduction of dinitrogen to occur. The idea was that any nucleophilic nitrogen species produced by 

the reduction of dinitrogen could be trapped by the addition of an electrophile. Ethyl chloroformate 

448 was added to the crude mixture at the end of the reaction to attempt to trap any nucleophilic 

nitrogen species which would have been produced through the reduction of nitrogen. Therefore, 

DEAD 449 was prepared independently, and the data used as a reference to see if this compound 

could be detected when dinitrogen was treated with Et3SiH/KOtBu and quenched by the addition 

of ethyl chloroformate 448. Only a small set of conditions were attempted. Under our standard 

Et3SiH/KOtBu reduction conditions (Table 1, entry 1) no reduction products were detected. Upon 

decreasing the number of equivalents of base (entry 2), no reduction products were detected ï 

using 0.2 equivalents of base was successful for the silylation of amines, which is why these 

conditions were chosen. Increasing the reaction temperature (entries 3 and 4) also led to no 

reduction products being detected by 1H NMR in either case. It is likely that under the high 

temperature of the reaction that even if a species such as 440 could form, the reaction would be 

reversible and dinitrogen would be regenerated thermally by a homolysis mechanism.  

 

Scheme 106 - Mechanism for the Reduction of Dinitrogen to Ammonia 

 

Scheme 107 - Possible Reduction of Dinitrogen with Et3SiH/KOtBu 

Table 1 - Attempted Reduction of Nitrogen 
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Entry X T/ °C 449 

1 ~ 3 130 0 

2 ~ 0.2 130 0 

3 ~ 3 150 0 

4 ~ 3 180 0 

Computational analysis showed that the reduction of dinitrogen to the radical anion 427 was 

possible, however, the formation of the dianion 450 was not possible, with energy barriers 

5.82 kcal, mol-1 and 474 kcal, mol-1 respectively (Scheme 108).e Also, the trapping of radical anion 

427 did not lead to the formation of any stable products. Therefore, it is unlikely that these reaction 

conditions are likely to lead to the formation of any reduction products from dinitrogen.  

 

Scheme 108 - Computational Analysis of Nitrogen Reduction.e  DG* represents the energy barrier, whereas DGrel 
represents the change in relative energy. 

 

3.3: Conclusions and Future Work 

In conclusion, N-benzylindole derivatives have been shown in the literature to undergo 

debenzylation under electron transfer conditions. Upon preparing a range of N-benzylindoles and 

treating these with the combination of Et3SiH and KOtBu, debenzylation was observed in up to 

80 % yield. Computational chemistry was useful to identify potential electron donors which could 

be forming from this combination of reagents, and identified the tert-butoxytriethylsilyl radical 

anion 215 as a good candidate for the active electron donor in these reactions (Figure 2). Further 

computational analysis revealed that the oxidation potential of radical anion 215 was - 3.74 V (vs. 

SCE in MeCN), which is more powerful an electron donor than alkali metals.93 Further reductive 

cleavages were also explored, including the reductive cleavage of N-allylindoles, which were 

shown to be facilitated by the combination of Et3SiH and KOtBu. The potential mechanisms for 

the cleavage of the C2-N bond in this chemistry will be further explored in Chapter 4. 

 

Figure 2 - Structure of Electron Donor 215 

 
e These calculations were carried out by Simon Rohrbach, University of Strathclyde. Geometry 
optimization and energy calculations were performed with the M06-2X method using the 
6-311++G(d,p) basis set for all atoms. Solvent effects (solvent = Et3N) were modelled using the 
CPCM solvation model. 



79 | P a g e  
 

4: Ring-opening and Cyclisation of N-phenylindoles to 9,10-Dihydroacridines 

Mediated by Et3SiH/KOtBu 

4.1: Introduction 

During our study into the debenzylation of N-benzylindoles, it was shown that deallylation of 294 

was also possible, affording both the deallylated indole 325, and ring-opened 2-iso-propylaniline 

368 in low yields. After publication of this work,155 Studer et al. also reported on a similar C-N 

bond cleavage in N-arylindoles 451 (and benzofurans 452) using silyl anions, affording vinyl 

silanes 453-454 in excellent yields.156 Through DFT calculations, the mechanism was proposed 

to involve firstly complexation of the silyllithium reagent to the heterocycle to afford intermediate 

455 or 456. Nucleophilic attack of the anion into the 2-position of the indole then occurs, resulting 

in anion 457 or 458. This anion can then fragment, leading to the formation of anion 459 or 460, 

which can be quenched with water or other electrophiles to form the products 453 or 454. In the 

case of indoles, the N-aryl group was found to be important, as when N-methylindoles were tested 

under the same conditions, no ring-opening occurred. Whilst similar C-O bond cleavages have 

previously been reported,1,157ï164 this type of bond cleavage for indoles was rare at this time, with 

no examples of C2-N bond cleavage of unactivated indoles.  

 

Scheme 109 - C2-N Bond Cleavage in Indole Derivatives 

In terms of other published methods involving indole cleavage, Park et al. reported in 2009 that 

the C2-N bond of indoles could be cleaved in the synthesis of pyrazolopyridines 463.165 The 

authors propose that this occurs via condensation of 461 with 462 under Lewis acid catalysis to 

form intermediate 464. Protonation of this intermediate would afford 465, which could undergo 
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ring-closure to 466. This intermediate can then be deprotonated to afford 467, which aromatised 

by ring-opening of the indolenine, affording the product 463 in 74 % yield. Yadav et al. have also 

recently reported on the ring-opening of indoles via cleavage of the C2-N bond under 

photocatalysis to afford a similar pyrazolopyridine skeleton 469 (Scheme 111).166 

 

Scheme 110 - Ring-opening of Indoles by Park165 

 

Scheme 111 - Photocatalytic Ring-opening of Indoles by Yadav166 

In 2011, Seidel et al. reported that the condensation of indole 134 with aminobenzaldehyde 470 

did not result in the expected product 475, but instead resulted in quinoline 471 with cleavage of 

the C2-N bond in the indole (Scheme 112).167 It was proposed that this transformation occurs by 

condensation of the indole 134 with aminobenzaldehyde 470 to afford intermediate 472. 

Ring-closure provides intermediate 473, followed by proton transfer to afford 474. This 

intermediate can then aromatise to the quinoline 471 with cleavage of the indole C2-N bond 

occurring in this step.  

 

Manna et al. have reported on the conversion of indoles 476 to pyrazoles 478 under Lewis acid 

catalysis (Scheme 113).168 This is proposed to occur by complexation of the Lewis acid to both 

reaction partners to afford 479 and 480. These two species can then react, with nucleophilic attack 

of 480 into the 2-position of the indole 479 to afford 481. This species can then undergo cyclisation 

with loss of the tosyl group to afford 482, which can aromatise to the product 478.  

 



81 | P a g e  
 

 

Scheme 112 - Ring-opening of Indoles Reported by Seidel167 

 

Scheme 113 - Ring-opening of Indoles by Manna168 

A final example on the ring-opening of indoles was reported by Yorimitsu in 2019 (Scheme 

114).169 This involves the reductive ring-opening of the indole 182 along the C2-N bond to afford 

dianionic intermediate 483, which could then be trapped with boron electrophiles to afford 

benzoazaborins 484. Again, the N-aryl group was essential, as replacement of this aryl group 

with alkyl or benzyl groups did not lead to the formation of any ring-opened products. Dianion 483 

is proposed to form via electron transfer from lithium metal.  
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Scheme 114 - Ring-opening of Indoles by Yorimitsu169 

The emergence of the Studer publication led us to study how N-arylindoles, similar to those 

reported to ring-open by his group, might behave under our reducing conditions, and if cleavage 

of the C2-N bond would also occur. 

 

4.2: Results and Discussion 

As a starting point, 3-methyl-N-phenylindole 485 was prepared and treated under the 

Et3SiH/KOtBu conditions. This was found to undergo ring-opening of the indole portion of the 

molecule, followed by cyclisation with the phenyl portion of the molecule via a 6-exo-trig transition 

state, to produce 9,9-dimethyl-9,10-dihydroacridine 486, presumably via an intermediate such as 

487 or 488, where the nitrogen atom on 487 is a radical, an anion, or an N-SiEt3 group (Scheme 

115). Detailed mechanistic studies of this reaction will be discussed throughout this chapter. 

 

Scheme 115 ï Ring-Opening and Cyclisation of 3-Methyl-N-phenylindole 485 

A range of N-arylindoles were then prepared and treated under the reaction conditions to afford 

a range of 9,10-dihydroacridines 491-496 in moderate to excellent yields. Alkyl and aryl 

substituents were tolerated in the 2- and 3-positions of the indoles, as well as on the N-aryl portion. 

Again, the conversion of 182 into 491 was not successful when KOtBu was replaced by NaOtBu 

(Scheme 117). 

 

N-arylindole substrates which did not transform to the corresponding dihydroacridines in good 

yields are shown in Scheme 118. Substrate 497 underwent cleavage of the N-aryl bond to afford 

3-methylindole 325 in 55 % yield. Substrate 498 produced a complex mixture of products likely 

due to benzyne formation, however, 325 and 486 were detected, albeit in low yield. Further work 

within our group showed the cleavage of the N-aryl bond in N-pyridylindole 499 to afford indole 

134 in 39 % yield.  
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Scheme 116 - Substrate Scope 

 

Scheme 117 - No Reaction Occurs when KOtBu is Replaced by NaOtBu 

 

Scheme 118 - N-Arylindoles Which Were Less Successful 

To understand the cleavage of the N-aryl bond in electron-deficient substrates 497-499, 

computational modelling was undertaken.f When the SOMO of the radical anion 500 (which would 

result from single electron reduction of 485) was modelled computationally, the data showed that 

 
f These calculations were carried out by Allan Young, University of Strathclyde. Geometry 
optimization and energy calculations were performed with the M06-2X method using the 6-
31++G(d,p) basis set for all atoms. Solvent effects (solvent = Et3N) were modeled using the 
CPCM solvation model. 
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if the transformation proceeds via single electron transfer, then the single electron resides 

principally in the indole portion of the molecule (Figure 3). The electron transfer to the more 

electron-rich indole portion of the molecule rather than the less electron-rich phenyl portion is 

rationalised by the radical anion being delocalised across the bicyclic system of the indole, rather 

than the monocyclic phenyl group, allowing for greater stabilisation. When N-naphthylindole 

substrate 497 was prepared and tested under the reaction conditions, cleavage of the Ar-N bond 

occurred and 3-methylindole 325 was isolated in 55 % yield. This time, electron transfer could 

occur to either the bicyclic indole portion of the substrate or to the bicyclic naphthyl group. 

Computational modelling shows that electron transfer occurs to the more electron-deficient 

naphthyl group in this case, forming radical anion 501, which can expel the anion of indole. 

Subsequent protonation upon aqueous work-up affords the product 325. Other electron-deficient 

aryl groups which did not afford any dihydroacridine products such as 499 could also be explained 

by the electron transfer occurring to the more electron-deficient aryl group in this cases, with 

fragmentation of the indole anion occurring.  

 

Figure 3 - Computational Modelling of the SOMO of Radical Anions 500 and 501f 

As we had previously published that Et3SiH and KOtBu are able to form an in situ electron donor 

in radical anion 215,155 our first mechanistic proposal involved electron transfer from 215 to the 

N-arylindole 182 to form radical anion 502 (Scheme 119). This radical anion could then undergo 

fragmentation of the N-C2 bond to form the radical anion 503, which is a resonance form of 503ô. 

Protonation of 503ô may occur if a suitable proton source (e.g. tert-butanol) formed in situ to afford 

504, or the vinyl potassium species could remain. These potential species are drawn as 505. 

Cyclisation via a 6-exo-trig transition state affords radical 506, which can be quenched by 

hydrogen atom abstraction from a suitable source of H-atoms (likely Et3SiH, or Et3Si(H)OtBu 

 
f These calculations were carried out by Allan Young, University of Strathclyde. Geometry 
optimization and energy calculations were performed with the M06-2X method using the 6-
31++G(d,p) basis set for all atoms. Solvent effects (solvent = Et3N) were modeled using the 
CPCM solvation model. 
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anion), affording 507. Deprotonation of 507 affords 508, which may silylate under the reaction 

conditions to afford 509. Silylation of various amines with Et3SiH/KOtBu has been shown within 

our group in unpublished work.154 Hydrolysis upon aqueous work-up would then afford the product 

491.  

 

Scheme 119 - Mechanism for the Conversion of N-phenylindole 182 to 9,10-Dihydroacridine 491. 

Evidence for SET reactivity was obtained by the use of electron transfer conditions from radical 

anion 341 in combination of a silyl source which cannot undergo hydride transfer or hydrogen 

atom transfer (i.e. Me3SiSiMe3), and KOtBu. Under the Et3SiH/KOtBu system, transformation of 

182 to 491 occurred in 58 % yield (Scheme 120A). Upon treatment of 182 with 341, Me3SiSiMe3 

and KOtBu, dihydroacridine 491 was isolated in 33 % yield (Scheme 120B). In the absence of the 

silyl source (Scheme 120C), the absence of the radical anion 341 (Scheme 120D), or with KOtBu 

alone (Scheme 120E), no conversion of 182 was observed by 1H NMR, GC-MS, or TLC analysis. 

These results provide evidence that electron transfer conditions and the silyl source are 

necessary for the conversion of N-arylindoles to the corresponding dihydroacridines. Similar to 

Chapter 3, it is likely that electron transfer to Me3SiSiMe3 could occur, resulting in the formation 

of trimethylsilyl radicals and trimethylsilyl anions. Combination of a trimethylsilyl radical with a 

tert-butoxide anion could result in the formation of electron donor 205 which could allow for the 

reactivity seen. 

 

 Further evidence of electron transfer was obtained within the group by the treatment of 515 with 

potassium and potassium tert-butoxide.g This combination of reagents has previously been shown 

to facilitate the homocoupling of benzene 510 to afford biphenyl 55, and dihydrobiphenyls 511 

and 512 through electron transfer conditions (through the dimerisation of radical anions 513 

followed by expulsion of hydride from 514 upon heating) ( Scheme 121).170 Replacement of either 

 
g These reactions were carried out by Krystian Kolodziejczak, University of Strathclyde 












































































































































































































































































































































































































