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Abstract 

The tetrahydroquinoline (THQ) moiety is found in many natural products and compounds 

which have biological activity. This thesis describes the development of methodologies to carry 

out lithiationïsubstitution reactions of N-Boc-2-aryltetrahydroquinolines. Most of the THQ 

compounds fully deprotonated within a few minutes and the lithiated intermediates were 

configurationally stable at low temperature. 

A variety of novel Ŭ-substituted products were obtained in good to excellent yields. Kinetic 

resolutions were attempted using the n-BuLi / (+)-sparteine óchiral baseô and a number of the 

starting materials were recovered in good yields and excellent enantiomer ratios (ers). The 

enantioenriched recovered starting materials were then used in lithiation-substitution reactions 

in order to give the Ŭ-substituted products in good to excellent yields and ers. 

When cyanoformates were used as the electrophiles in the lithiationïsubstitution sequence, the 

ortho-substituted products were formed as opposed to the Ŭ-substituted products obtained when 

chloroformates were used as the electrophiles. This change in regioselectivity when different 

electrophiles were used was unprecedented in the area of organolithium chemistry. 

 

 

 

 

When triethylborane was added to the lithiated intermediate, an NïC Boc migration was 

promoted. The secondary amine product was obtained in good yield and in high er when 

enantioenriched N-Boc-2-phenyl-THQ was used in the reaction. 

Kinetic resolutions using the n-BuLi / (+)-sparteine óchiral baseô have also been attempted on 

a number of N-Boc-3-aryl-1,2,3,4-tetrahydro-1,4-benzoxazines. While no Ŭ-substituted 

products could be obtained due to ɓ-elimination, the starting materials were recovered from 

these reactions in good to excellent yields and ers. 
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Chapter 1 ï Introduction  

1.1 Organolithium chemistry 

 

1.1.1 General introduction to organolithium chemistry 

Organolithium chemistry is one of the most widely used and important areas of organic 

synthesis. Functionalisation by lithiation and electrophilic quench is among the most 

fundamental of synthetic transformations.1 There are a wide variety of compounds that can be 

accessed via this, often simple, chemistry which makes it a very attractive technique. It is 

therefore broadly integrated and widely applied in studies that bridge inorganic, physical, 

organic, and theoretical chemistry.2 

Organolithium reagents contain a strongly polarised carbonïlithium bond, thought to be largely 

ionic in nature, and it is this polarisation which is the key to their reactivity.3 The difference 

between the electronegativity of the two atoms means that most of the electron density is on 

the carbon and so the bond can be thought of as having a similar type of reactivity to a carbanion 

which gives an organolithium reagent its strongly basic and nucleophilic properties. 

The formation of new CïC ů bonds with a high degree of selectivity is still of great importance 

for researchers in a wide variety of fields. Therefore, the area of organolithium chemistry is 

very active with publications being reported on a regular basis. In 2016, Capriati and co-

workers, demonstrated the progress made in this area of research over the years and showed 

that it was óa land still worth exploringô.4,5 They reported a remarkable reaction of 4-chloro-1-

phenylbutan-1-one 1 with methyllithium which gave 2-methyl-2-phenyltetrahydrofuran 2 in 

good yield at room temperature, under air with water as the solvent (Scheme 1). This reaction 

would have been unthinkable a number of years ago as it had always been assumed that 

reactions employing organolithium reagents couldnôt be successful unless they took place 

under anhydrous conditions and inert atmospheres. 
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1.1.2 Organolithium reagents in solution ï aggregation and reactivity 

Organolithium reagents are typically highly reactive and are therefore usually stored in solvents 

in which they are soluble and stable, such as hydrocarbons. The electron-deficient lithium atom 

cannot be adequately stabilised by a single carbanionic ligand and with very little stabilisation 

provided by the hydrocarbon solvent, freezing-point measurements indicate that 

organolithiums are typically aggregated as hexamers, tetramers or dimers. This difference in 

aggregation state is mainly due to steric hindrance with bulky organolithiums such as 

benzyllithium primarily existing as dimers, whereas primary organolithiums such as n-

butyllithium primarily exist as hexamers (Table 1).1 These óhomo-aggregatesô, with a structure 

consisting of a core of alternating Li and C atoms, have a much lower reactivity than what is 

typically needed from an organolithium reagent.6,7 

Table 1 ï Typical aggregation state of organolithiums in hydrocarbon solution 

The aggregation states need to be lowered in order to increase the reactivity of organolithiums 

to a suitable level and this can be done by introducing co-ordinating ligands or solvents to 

provide electron density for the electron-deficient lithium. In co-ordinating solvents such as 

diethyl ether or THF, tetramers and dimers become typical aggregation states for n-butyllithium 

which are much more reactive states than the hexamers found in hydrocarbon solutions. Other 

ligands, usually amines or ethers (Figure 1), can also be used to deaggregate the organolithiums, 

even in the absence of a co-ordinating solvent. These co-ordinating solvents and ligands form 

óhetero-aggregatesô which are typically much more reactive than the óhomo-aggregatesô.7,8 

 

Hexameric Tetrameric Dimeric Monomeric 

EtLi i-PrCH2Li  PhCH2Li  None 

BuLi i-PrLi   

 t-BuLi   
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However, as the solvents and ligands in the figure above tend to react to some extent with 

organolithium reagents, reactions usually need to be carried out below ambient temperature.1 

THF readily decomposes in the presence of organolithium reagents at room temperature by one 

of two pathways (Scheme 2).9,10  

The first pathway involves abstraction of an Ŭ-proton of THF 3, followed by a reverse [3+2] 

cycloaddition of the anion to form ethylene and the lithium enolate of acetaldehyde 4.11 The 

second pathway, which was first reported in solution by Fleming and co-workers in 1998, only 

seems to be observed when very basic organolithiums are used.12 It involves the formation of 

but-3-en-1-oxide 5 but it is not known whether this is formed via a disfavoured retro 5-endo-

trig reaction or as a result of the rearrangement of a carbene.13 

 

 

 

 

 

 

 

 

 

 

The half-lives of organolithium/solvent mixtures vary greatly depending both on the ability 

that an organolithium reagent has to react with the solvent it is dissolved in and also how fast 

the organolithium species can self-decompose (Table 2).1,14,15 Changes in temperature can have 

a very large effect on an organolithium reagentôs lifetime and as a general rule, a temperature 

increase of 20 °C shortens the lifetime of an organolithium by a factor of 10.1 
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Table 2 ï Stabilities of organolithium reagents in common solvents 

 

1.1.3 Ŭ-Amino-organolithiums  

Hydrocarbons lithiate very slowly under normal conditions and the organolithium intermediate 

species must be sufficiently stabilised for the deprotonation to occur at a reasonable rate.1 There 

are two possible ways in which the intermediate can be stabilised. There can either be an 

intramolecular co-ordination of the electron-deficient lithium atom to a nearby heteroatom, 

such as oxygen or nitrogen, or the electron rich CïLi bond can be stabilised by a proximal 

empty orbital or electron-withdrawing group. 

The co-ordination of organolithium reagents to nearby heteroatoms prior to lithiation was 

reviewed by Beak and Meyers in 1986.16 The effect, which they called the ócomplex induced 

proximity effectô (CIPE), involves complexation of the directing, Lewis basic moiety in a 

substrate 6 to the organolithium reagent to form a ópre-lithiation complexô 7 (Scheme 3). This 

complex brings the reactive Ŭ-proton of the substrate into proximity of the reagent and this 

facilitates deprotonation to form the lithiated intermediate 8.17 Beak and Meyers postulated that 

Organolithium  Solvent Temperature (°C) Half -Life 

MeLi Et2O 25 3 months 

PhLi Et2O 35 12 d 

n-BuLi Bu2O 150 35 min 

 DME 0 <5 min 

 Et2O 35 31 h 

 Et2O 25 153 h 

 Et2O + TMEDA 20 10 h 

 THF 35 10 min 

 THF + TMEDA 20 30 min 

 THF + TMEDA 0 5 h 

 THF + TMEDA ï20 50 h 

t-BuLi Et2O 0 1 h 

 Et2O ï20 8 h 

 THF ï20 45 min 
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this effect could be as important as resonance, stereoelectronic, inductive and steric effects in 

determining the course of reactions involving these reagents. 

 

 

 

 

 

 

Li thiations adjacent to sulfur, phosphorus, oxygen and nitrogen based functional groups are 

favoured with the acidity of the proton being removed increasing if it is benzylic, allylic or 

attached to a small-ring saturated heterocycle. Ŭ-Amino-organolithium compounds are formed 

when lithiation takes place Ŭ to a nitrogen atom and these intermediates are important as they 

can readily react with electrophiles to form various substituted amines. There are three main 

classifications of these species: Unstabilised, dipole-stabilised and mesomerically-stabilised 

(Figure 2).18 
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óUnstabilisedô Ŭ-amino-organolithium compounds are derived from tertiary amines where the 

nitrogen atom is not acylated. The lone pair on the nitrogen can co-ordinate to and stabilise the 

incoming organolithium reagent. The lone pair also destabilises the adjacent carbon-lithium 

bond by an anti-bonding interaction but will stabilise the lithium by co-ordination, normally 

through a dimeric structure. The two main strategies of making these compounds are via either 

tinïlithium exchange reactions or deprotonation of quaternary ammonium complexes, although 

a degree of dipole stabilisation will be present in the latter to give some extra stability to the 

organolithium species (Scheme 4). The chemistry of these compounds has so far been less 

developed than stabilised Ŭ-amino organolithiums.19 

 

 

 

 

 

 

 

 

 

If the nitrogen lone pair is in conjugation with a carbonyl group, the interaction between the 

lone pair and the CïLi bond is lessened. The delocalisation of the nitrogen atomôs lone pair 

into the amide carbonyl, or similar functional group, gives a dipolar resonance form with a 

positively charged nitrogen atom adjacent to the carbanionic carbon atom. This is called a 

dipole-stabilised carbanion. Various groups have been used for this stabilisation, including 

amide,20 formamidine,21 nitroso22 and carbamate23 groups (Scheme 5).  
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In 1989, Beak and Lee reported the first use of the tert-butoxycarbonyl (Boc) group as a 

convenient directing group for the Ŭ-lithiation of amines.24 They showed that the Ŭ-lithiation 

of N-Boc-piperidine 9 with s-BuLi, followed by quenching with a range of electrophiles, 

proceeded smoothly to give the products 10 in good to excellent yields (Scheme 6). This group 

can usually be added using standard procedures and readily removed by mild acid treatment 

which has made it the most prevalent directing group for the Ŭ-lithiation of amines since this 

time. 
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There are two important structural types of mesomerically-stabilised Ŭ-amino-organolithium 

compounds; these are lithiated allylic or benzylic amines, and 2-azaallyl anions. Lithiated 

allylic or benzylic amines contain varying degrees of resonance stabilisation of the negative 

charge and the position of the lithium atom is not always clear. For example, Ŭ-lithio N,N-

dimethylbenzylamine 11 shows a dynamic equilibrium, in solution, between ɖ1 and ɖ3 

bonding.25 The position of the equilibrium varies depending on the temperature, with ɖ1 

bonding predominant at lower temperatures (Scheme 7). 

 

 

 

 

 

 

1.2 Asymmetric synthesis using organolithium reagents 

In reactions involving organolithiums, chiral diamines can not only be used to stabilise the 

organolithium intermediate, but these ligands have also been shown to be remarkably efficient 

aids for enantioselective synthesis.26 The most common chiral diamines in use are the lupine 

alkaloid (ï)-sparteine 12 which can be obtained from Scotch Broom,27 (+)-sparteine 13 which 

is a component of the shrub Sophora pachycarpa C. A. Mey,28 or the (+)-sparteine surrogate 

14, developed by OôBrien and co-workers (Figure 3).29  
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When carrying out a reaction with a chiral organolithium species to induce asymmetry, there 

are three key factors which determine the stereoselectivity (Scheme 8).2  

1) The selectivity of the proton abstraction of the substrate A to form B and epi-B. 

2) The rate of epimerisation of B and epi-B relative to their rate of reaction with the 

electrophile. 

3) The stereochemical course of the electrophile substitution (retention or inversion). 

 

Four pathways are possible for the transfer of stereochemical information: 

1) Asymmetric Deprotonation 

2) Kinetic Resolution (KR)  

3) Dynamic Thermodynamic Resolution (DTR) 

4) Dynamic Kinetic Resolution (DKR) 
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1.2.1 Asymmetric deprotonation 

Asymmetric deprotonation is the simplest method of asymmetric synthesis using organolithium 

reagents. It involves an organolithium reagent forming a complex with a chiral ligand, such as 

(ï)-sparteine, to form a óchiral baseô. This can selectively remove an enantiotopic proton, via 

energetically non-equivalent diastereomeric transition states, from an achiral substrate.26 After 

quenching the lithiated intermediate, which must be configurationally stable in order for this 

method to be viable, with an electrophile, products with a high enantiomeric ratio can be 

formed. 

The work of Nozaki and co-workers, over 45 years ago, was pioneering in this field as they 

were the first to show that the use of an organolithium reagent in a complex with (ï)-sparteine 

could induce asymmetry in a lithiationïsubstitution sequence.30  

Hoppe and co-workers, over 25 years ago, re-stimulated interest in this area.31 They found that 

deprotonation adjacent to the oxygen of the carbamate 15 using s-BuLi in Et2O, in the presence 

of (ï)-sparteine, formed the complex (S)-16Ā(ï)-sparteine with high diastereomeric excess. This 

proved that the óchiral baseô can discriminate between the enantiotopic protons in 15 and can 

selectively abstract the pro-S proton. This was confirmed by quenching the intermediate with 

various electrophiles as excellent enantiomeric ratios of the products 17 were obtained in all 

reactions (Scheme 9). 

 

An excellent example of asymmetric deprotonation was reported by Beak and Kerrick in 

1991.32 They described the application of Hoppeôs methods to the asymmetric deprotonation 

of N-Boc-pyrrolidine 18. The s-BuLi/(ï)-sparteine complex facilitated the asymmetric 

deprotonation of one of the pro-S Ŭ-protons to give the chiral organolithium intermediate        
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(S)-19 which was quenched with a range of electrophiles to give the products 20 in good yields 

and excellent ers (Scheme 10). 

 

In order to confirm that this reaction was taking place via an asymmetric deprotonation 

pathway and not via asymmetric substitution, tinïlithium exchange reactions were carried 

out.33 Firstly, the racemic organolithium intermediate 19 was formed both by deprotonation of 

18 with s-BuLi and by tinïlithium exchange of the racemic stannane 21 (E = SnBu3) with n-

BuLi. Addition of TMSCl to this intermediate, followed by (ï)-sparteine, yielded the product 

20a (E = SiMe3) with very poor ers in both cases. These results supported their view that (ï)-

sparteine didnôt induce the enantioselectivity in the reaction of the organolithium intermediate 

with the electrophile. 

Furthermore, enantioenriched stannane (S)-21 underwent tinïlithium exchange to give the 

organolithium intermediate (S)-19. This was quenched with TMSCl to give the product (S)-

20a in good ers in both cases (Scheme 11). This confirmed that the organolithium intermediate 

(S)-19 was configurationally stable under the reaction conditions which further supported the 

asymmetric deprotonation hypothesis. 
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Beak and co-workers expanded this methodology to N-Boc-indoline 22 a few years later.34 The 

s-BuLi/(ï)-sparteine óchiral baseô was used to selectively remove the pro-S proton of N-Boc-

indoline 22 to form the configurationally stable organolithium intermediate (S)-23. This was 

quenched with a range of electrophiles to obtain the enantioenriched products 24 in good yields 

and excellent ers (Scheme 12).  

 

 

 

To support their asymmetric deprotonation hypothesis, the same tinïlithium exchange 

reactions used for N-Boc-pyrrolidine 18, as described above, were carried out. A similar set of 

results were obtained, which confirmed the pathway followed in these reactions was also 

asymmetric deprotonation, not asymmetric substitution. 

In 1995, Evans and co-workers reported the asymmetric deprotonation of 

aryldimethylphosphine-boranes, followed by oxidative coupling, to give diphosphine 

precursors.35 Phosphine-borane 25 was deprotonated using the s-BuLi/(ï)-sparteine óchiral 

baseô to give the chiral organolithium intermediate (S)-26. This underwent oxidative coupling 

with copper(II) pivalate to form the desired C2-symmetric product (S,S)-27 in good yield and 

excellent er (Scheme 13). The C2-symmetric product was separated from the meso- 

diastereoisomer by column chromatography and this precursor was conveniently converted to 

the diphosphine (S,S)-28 upon treatment with diethylamine. 
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As both enantiomers of sparteine are expensive, a method which uses the ligand in 

substoichiometric amounts is desirable. McGrath and OôBrien developed a method of catalytic 

asymmetric deprotonation which involved a ligand exchange process.36 They found that using 

a substoichiometric amount of (ï)-sparteine in the asymmetric deprotonation of N-Boc-

pyrrolidine 18 led to a much poorer yield and er of the product (S)-20a when compared to the 

stoichiometric amounts used by Beak and co-workers (Scheme 14). 

 

 

 

 

 

 

This suggested that the chiral ligand did not readily dissociate from the lithiated intermediate 

formed in the reaction and so the reactive s-BuLi/(ï)-sparteine complex could not be 

regenerated. However, they found that when they added an achiral diamine, such as bispidine 

29, to the reaction mixture, this formed product 20a in a yield and er comparable to the one 

obtained by Beak and co-workers. An even better enantioselectivity was obtained when 

OôBrienôs (+)-sparteine surrogate was used as the chiral ligand (Scheme 15).  
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These results implied that not only did ligand exchange take place but also, both organolithium 

species were configurationally stable under the conditions and the complex of s-BuLi/29 

deprotonated 18 slower than the óchiral baseô complex. This methodology was also shown to 

work with the asymmetric deprotonation of O-alkyl carbamates and phosphine boranes.36 

1.2.2 Kinetic Resolution (KR) 

Kinetic resolution is the achievement of partial or complete resolution of the enantiomers in a 

racemate, by virtue of unequal reaction rates with a chiral agent.37 When using a óchiral baseô, 

if no ligand exchange process is occurring, there needs to be more (or at least the same number 

of) equivalents of the chiral ligand present than of the organolithium reagent in order that the 

entire organolithium reagent is complexed with the ligand. This óchiral baseô can then 

preferentially deprotonate one enantiomer of starting material, allowing the other enantiomer 

to be recovered in good er. Using an electrophile to quench the reaction can give the product 

in high er as long as the organolithium intermediate that is formed is configurationally stable. 

A drawback of this procedure is that, theoretically, a maximum yield of only 50% of the 

recovered starting material and product are able to be obtained in good er. 
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In 1997, Beak and co-workers reported a moderate kinetic resolution of the carbamate 30 by 

deprotonation (Scheme 16).38 This study showed that a kinetic resolution using the óchiral baseô 

of n-BuLi complexed with (ï)-sparteine could be achieved albeit with limited success. 

Lithiation of 30 with 0.5 equivalents of the óchiral baseô followed by trapping with CO2 gave 

the recovered starting material, (R)-30, in 55% yield and 75:25 er with the product (R)-31 being 

formed in 22% yield and 87:13 er. Increasing the number of equivalents of the óchiral baseô 

used to 0.8 gave (R)-30 and (R)-31 in 12% and 66% yield with er 81:19 and 57:43 respectively. 

While these results didnôt enable the starting material to be recovered in excellent er, it proved 

that this methodology had the potential to be extended to other substrates. 

 

More recently, Coldham and co-workers reported the kinetic resolution of N-Boc-2-

arylpiperidines.39 They used 0.7 equivalents of n-BuLi and (ï)-sparteine as a óchiral baseô to 

selectively deprotonate one enantiomer of N-Boc-2-phenylpiperidine 32a in toluene at ï78 °C 

before they quenched, after 3 hours, with ethyl chloroformate. This gave the recovered starting 

material (R)-32a in an excellent yield and er (Scheme 17). The organolithium reagent, n-BuLi, 

was added last to a mixture of the starting material and (ï)-sparteine, as pre-mixing the n-BuLi 

with the (ï)-sparteine resulted in lower ers. 
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Ethyl chloroformate was used in this methodology as a sacrificial electrophile in order to 

consume the reactive enantiomer of starting material to form the product (S)-33a. The 

recovered starting material obtained from these kinetic resolutions was then used in lithiationï

substitution reactions to form 2,2-disubstituted products 33 in excellent yields and with 

minimal or no loss in er (Scheme 18). 

 

 

 

 

 

Reactions or reaction sequences that include two kinetic resolution processes are far less 

frequently encountered than those that include one, and yet can be very effective. In 2015, 

Doulcet and Stephenson reported a double kinetic resolution procedure of 7,8-

dipropyltetrathia[7]helicene 34.40 The s-BuLi/(ï)-sparteine óchiral baseô was used to 

deprotonate helicene 34 (Scheme 19). This gave, after they quenched with 

chlorotrimethylsilane, a mixture of enantioenriched recovered (M)-34, TMS-helicene (P)-35 

and di-TMS helicene (P)-36. The enantioenriched (M)-34 was then subjected to the same 

reaction conditions in order to obtain (M)-34 with a higher er than that obtained from the first 

kinetic resolution. Furthermore, (P)-35 was able to be recrystallized to enantiomeric purity 



17 
 

from hexanes and so this procedure allowed the synthesis of 3 helicenes with ers greater than 

97:3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the methods described above, the enantioenrichment occurs in the initial deprotonation. If 

the enantioenrichment of the product arises after the initial deprotonation, it implies that the 

intermediate organolithium is configurationally unstable. This means that, in the presence of a 

chiral ligand, the two organolithium stereoisomers form interconverting diastereomeric 

complexes. There are two possibilities when this situation is present and these will be explained 

below. 
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1.2.3 Dynamic Thermodynamic Resolution (DTR) 

If  the rate of interconversion of the diastereomeric complexes is slow on the timescale of the 

addition of the organolithium to the electrophile, the product ratio in this case reflects the 

relative proportions of the complexes and so to obtain a good enantioselectivity, the 

equilibrium between them must lie heavily to one side. This reaction is under thermodynamic 

control and is called a Dynamic Thermodynamic Resolution or a Dynamic Resolution under 

Thermodynamic control (Figure 4).41 

 

 

The DTR is a two-stage process. The first stage is reaching equilibrium between the two 

interconverting diastereomeric complexes and the second stage is locking this equilibrium at a 

lower temperature before the electrophile reacts to give the enantioenriched product (Scheme 

20).42 This procedure is known as a ówarm-coolô protocol. 
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Beak and co-workers reported an excellent example of a DTR which involves the 

complexation-substitution of dilithio compound 38 (Scheme 21).43,44 

The amide 37 was deprotonated with s-BuLi and the intermediate 38 was complexed with    (ï)-

sparteine in order to form the diastereomeric complexes. It was found that the reaction 

conditions used for complexation of compound 38 with (ï)-sparteine were very important and 

had a large effect on the enantiomeric ratios of the product obtained. When the organolithium 

was complexed with (ï)-sparteine at ï78 °C, the product 39 was obtained after the addition of 

TMSCl with a poor enantiomeric ratio. However, if the complex of (ï)-sparteine and 38 was 

allowed to stir for 45 minutes at ï25 °C, before cooling to ï78 °C, (S)-39 was obtained with an 

excellent enantiomeric ratio. It was clear that this incubation period at ï25 °C allowed the 

complexes to equilibrate prior to the reaction with the electrophile. 
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Addition of 0.1 equiv. of Me3SiCl after the warm/cool sequence provided the product (S)-39 

with a higher enantiomeric ratio (99:1) than addition of 2.4 equiv. of the same electrophile 

(91:9). This clearly showed that the two non-equilibrating complexes reacted with the 

electrophile at a different rate, with the more populated complex reacting faster. This suggests 

that it would be better to add TMSCl slowly at ï25 °C and this example also illustrates the 

possibility that a DTR can be combined with a kinetic resolution in order to obtain more highly 

enantioenriched products. 

In 2002, Coldham and co-workers reported the first ambient temperature DTR process of an 

unstabilised Ŭ-amino organolithium, N-isobutyl-2-lithiopyrrolidine 41.45,46 Tinïlithium 

exchange was carried out on the racemic stannane 40 using n-BuLi at room temperature. This 

organolithium species 41 was treated with the chiral ligand (ï)-sparteine or diproline derivative 

43 and the complexes were allowed to equilibrate. The mixture was then cooled and quenched 

with various electrophiles to give the 2-substituted pyrrolidines 42a-c in good yields and good 

to excellent enantiomeric ratios (Scheme 22). 
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It is interesting to note that the major enantiomer of the product 42a obtained from the dynamic 

thermodynamic resolution with (ï)-sparteine has the opposite configuration to the product 20a 

obtained from the asymmetric deprotonation of N-Boc-pyrrolidine mentioned earlier. 

Recently, Capriati and co-workers have reported the first DTR of a racemic oxiranyl-lithium 

species.47 Using s-BuLi, lithiation was carried out on the racemic oxirane 44 which was pre-

mixed with the chiral ligand (ï)-sparteine (Scheme 23). The configurationally labile 

organolithium complexes 45 were allowed to equilibrate for 30 minutes before MeI was added 

to form the disubstituted oxirane 46. When an excess of the electrophile was used, the product 

formed had a moderate 76:24 er. However, when a substoichiometric amount of the 

electrophile was used, the er of the product was 52:48. This difference in enantiomeric ratio 

provided evidence for a dynamic resolution under thermodynamic control. The essentially 

racemic product obtained when 0.1 eq. of the electrophile was used supported the view that the 

thermodynamically less populated diastereomeric complex reacted faster with the electrophile. 
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1.2.4 Dynamic Kinetic Resolution (DKR) 

Dynamic Kinetic Resolution is when the rate of interconversion of the two diastereomeric 

complexes is fast on the timescale of the addition of the organolithium to the electrophile. The 

product ratio in this case reflects the different rates of reaction that the complexes have with 

the electrophile, not the ratio of the complexes in the equilibrium. This reaction is under kinetic 

control and is called a Dynamic Kinetic Resolution (Figure 5 and Scheme 24). 
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Beak and co-workers have reported an excellent example of a DKR.44,48 The amide 47 was 

lithiated by the addition of s-BuLi/(ï)-sparteine to form the rapidly interconverting 

intermediate complexes 48. These were quenched with alkyl halides to form the products 49a 

and 49b in good yields and enantiomeric ratios (Scheme 25). 
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Interestingly, when alkyl tosylates were used, the products with the opposite configurations 

were observed. They hypothesized that the non-complexing halide electrophiles approached 

the carbanion from the sterically less encumbered face resulting in an invertive substitution 

product. On the other hand, they postulated that slower reacting tosylates co-ordinated to the 

organolithium intermediate to form an ion-pair prior to CïC bond formation. This process 

could allow delivery of the alkyl group to the carbanionic centre on the same face as the lithium 

and result in a net retentive substitution  

In order to confirm that the reaction was taking place via a DKR pathway, tinïlithium exchange 

reactions were carried out. Treatment of the stannyl compound 50, of varying enantiomeric 

ratios, with n-BuLi in the presence of (ï)-sparteine at ï78 °C, followed by reaction with allyl 

chloride provided (R)-49c with high enantioenrichments, independent of the enantioenrichment 

of 50 (Scheme 26). They hypothesized that if the complexes were not equilibrating at the 

reaction temperature, the enantiomeric ratio of the product would have depended on the 

enantiomeric ratio of the stannane. They stated that as the two enantiomeric ratios were 

independent, the complexes were equilibrating faster than their reaction rate with the 

electrophile and therefore, the enantioselectivity was due to a dynamic kinetic resolution 

pathway. 
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A tinïlithium exchange reaction in the absence of (ï)-sparteine followed by electrophilic 

quench with allyl chloride generated virtually racemic product 49c (Scheme 27). This showed 

the configurational instability of the intermediate organolithium with respect to the rates of 

reaction with the electrophile.  

 

 

 

 

 

Coldham and co-workers have carried out DKRôs of 2-lithiopyrrolidines using a variety of 

chiral ligands.46  N-Boc-pyrrolidine 18 was treated with s-BuLi (2.6 eq.) and chiral ligand 43 

(1.5 eq.) in Et2O at ï78 °C. After 6 h, a large excess of n-BuLi (10 eq.) was added and Me3SiCl 

(5 eq.) was added slowly over 30 minutes to give the product (S)-20a with an excellent er 

(Scheme 28). 
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This procedure was actually an asymmetric deprotonation which took place at ï78 °C (vide 

supra) followed by equilibration at ï20 °C. They found that not only did a warm-cool protocol 

give lower selectivities but also different ers were obtained when different reaction conditions 

and different rates of addition of the electrophile were used, thereby supporting the view that 

the reaction took place via a DKR pathway. 

In 2004, Wilkinson and co-workers reported a DKR combined with a DTR in order to enhance 

the enantioselectivity.49,50 They used (ï)-sparteine (1.1 eq.) complexed with s-BuLi (1.1 eq.) to 

deprotonate the diphenylmethane derivative 51 in Et2O at ï78 °C. This formed the 

organolithium species 52 that was configurationally stable at this low temperature. Warming 

the mixture to ï20 °C promoted the equilibrium towards the more thermodynamically stable 

complex in 1 h. The mixture was re-cooled to ï78 °C and a substoichiometric amount (0.5 eq.) 

of allyl tosylate was added. This reacted with the faster reacting, more stable complex and after 

another warm-cool cycle and addition of a further 0.5 equivalents of the electrophile, the 

product 53 was obtained with an excellent er (Scheme 29). 
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Recently, Wilkinson has revisited this work and has provided evidence for a DKR pathway in 

the asymmetric allylation of 2-benzylanisole 54.51 Compound 54 was deprotonated using the 

complex of (ï)-sparteine (1.2 eq.) with s-BuLi (1.2 eq.). Various substoichiometric amounts of 

allyl bromide were used to quench the organolithium intermediate 55 and they observed that 

the enantiomeric ratio of the product 56 remained approximately constant (Scheme 30) which 

suggested a dynamic kinetic resolution pathway. 

 

 

 

 

 

 

 

 

 

Eq. allyl 

bromide 

Yield 

(%) 

er (R:S) 

0.1 7 85.5:14.5 

0.2 17 86:14 

0.5 40 85:15 

0.75 68 90:10 
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1.2.5 Hoffmann test 

Hoffmann and co-workers developed a chemical test of the configurational stability of 

organolithium intermediates based on kinetic resolution during the electrophilic substitution 

step.52ï56 This test gives a qualitative guide to the stability of the organolithium on the timescale 

of its addition to the electrophile.1 

The Hoffmann test includes two reactions. The first reaction is a control reaction where the 

racemic organolithium reacts with a racemic mixture of a chiral electrophile. The second 

reaction consists of the racemic organolithium being treated with an enantiopure sample of the 

electrophile (Figure 6).  

In the control reaction, as both enantiomers of the electrophile are available, both enantiomers 

of the chiral organolithium species will react identically even if it is configurationally unstable. 

Therefore a racemic mixture of products will be formed, although the dr must not be 50:50 in 

order for the test to be successful; it is desirable that the diastereomeric ratio of the resulting 

products lies between 1.5 and 3.0. In the second reaction, if the organolithium intermediate is 

stable on the timescale of its addition to the electrophile, 50% of the product will arise from 

the R-enantiomer and 50% will arise from the S-enantiomer, with it being of no consequence 

that one product usually forms faster than the other. However, if the organolithium is 

configurationally unstable on the timescale of its addition to the electrophile, an imbalance in 

the obtained products can be obtained. If one enantiomer reacts faster than the other, the 

configurational instability will continually restore more of that enantiomer and more product 

arising from that enantiomer will be observed. It is critical that the reaction with the 

enantioenriched electrophile proceeds with high conversion to give a reliable result and so 

excess electrophile is usually used.1,41,42  
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1.2.6 Poor manôs Hoffmann test 

As the Hoffmann test requires the use of a chiral electrophile which can be expensive, a 

modification of the test was carried out to allow the use of achiral electrophiles. Beak called 
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this the ópoor manôs Hoffmann testô and it relies on a rate difference between diastereomeric 

transition states.2,57ï59 The test quantifies this rate difference by observing the outcome of a 

reaction in which enantiomeric organolithiums compete for a deficit of achiral electrophile in 

the presence of an enantiomerically pure chiral ligand, such as (ï)-sparteine (Figure 7).1 There 

is a different outcome for configurationally stable and unstable organolithiums. The latter 

should give the same er with either an excess or deficit of electrophile whereas the amount of 

A obtained will be the same as the amount of B obtained when using excess electrophile for a 

configurationally stable, racemic organolithium complexed with a chiral ligand. 
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1.3 Previous work in the group 

Recently, Coldham and co-workers have been investigating the synthesis of substituted 

tetrahydroisoquinoline (THIQ) derivatives using organolithium chemistry.41,60ï62 The lithiation 

of THIQ derivatives has previously also been studied in other research groups.63ï68 

Substituted tetrahydroisoquinolines are abundant in natural products and compounds that have 

medicinal properties (Figure 8).69 Many derivatives of THIQs exhibit a wide range of antitumor, 

antimicrobial, anti-HIV and various other biological and pharmacological activities. 1-Methyl-

1,2,3,4-tetrahydroisoquinoline 57 exists in the brains of mice, rats and humans and has been 

found to be related to the pathogenesis of Parkinsonôs Disease,70 (R)-1-phenyl-1,2,3,4-

tetrahydroisoquinoline 58 has been developed as a general anaesthetic agent71 while 

laudanosine 59 has been found to have an effect on the cardiovascular system.72 

 

Coldham and co-workers carried out a study of the lithiation of N-Boc-1,2,3,4-

tetrahydroisoquinoline 60 using in-situ IR spectroscopy and 1H NMR spectroscopic 

monitoring.60 It was found, by using in-situ IR spectroscopy, that there was slow rotation of 

the Boc group at ï78 °C which limited the rate of lithiation. When the reaction temperature 

was increased to ï50 °C, the lithiation was complete in a few minutes which meant that the 

Boc group must rotate more rapidly at this temperature. The half-life of the rotation at these 

temperatures was calculated using coalescence line shape analysis data from 1H NMR spectra 

and it was found to be about 30 s at ï50 °C and about 50 min at ï78 °C. This data fitted well 

with the in-situ IR spectroscopic results. 
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Using this data, THIQ 60 was lithiated at ï50 °C in THF using n-BuLi for 4 minutes. Addition 

of a variety of electrophiles gave the products 61a-g in good to excellent yields (Scheme 31 

and Table 3).60  

 

 

 

 

 

Product E+ Yield (%)  

61a TMSCl 74 

61b BnBr 72 

61c allyl bromide 74 

61d MeI 78 

61e n-BuBr 62 

61f n-Bu3SnCl 79 

61g PhCHO 90 (dr 1.7:1) 

        Table 3 

Lithiationïsubstitutions of 6,7-dimethoxytetrahydroisoquinoline derivative 62 were also 

attempted and products 63a-f were obtained in good to excellent yields (Scheme 32 and Table 

4).60 

 

 

 

 

 

Product E+ Yield (%)  

63a TMSCl 78 

63b BnBr 90 

63c allyl bromide 59 

63d MeI 64 

63e n-Bu3SnCl 66 

63f PhCHO 61 (dr 1:1) 

            Table 4 
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Attempts at dynamic resolutions using these compounds were unsuccessful despite the poor-

manôs Hoffmann test indicating configurational instability, even at ï100 °C. However, a 

number of racemic THIQ alkaloids (±)-salsolidine 64, (±)-camegine 65, (±)-laudanosine 66 

and (±)-norlaudanosine 67 were successfully synthesised in just two steps from THIQ 62 

(Scheme 33). 
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Coldham and co-workers have more recently extended the chemistry with THIQ 62 and shown 

that this chemistry applies to a number of other THIQ derivatives.62 Two more natural products, 

(±)-crispine A 68 and (±)-dysoxyline 69 were synthesised in good yields in two steps from 

THIQ 62 (Scheme 34). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The lithiation of two N-Boc-1-phenyltetrahydroisoquinolines 70 and 72 have also been 

optimised recently by using in-situ IR spectroscopy.61 The previously mentioned lithiation 

conditions of ï50 °C in THF using n-BuLi for 4 minutes were also found to be suitable for 

these substrates. Lithiationïsubstitutions of these racemic substrates gave products 71a-i and 

73a-f in excellent yields (Schemes 35 and 36, Tables 5 and 6).  
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                     Table 5 

 

 

 

 

 

 

 

 

        Table 6 

Lithiationïsubstitution with enantiopure (S)-70 led to products (S)-71a, b, f-i in good to 

excellent yields and excellent er (Scheme 37 and Table 7). This set of results implied that the 

organolithium intermediate was configurationally stable. 

 

 

 

 

 

 

Product E+ Yield (%)  

71a BnBr 92 

71b MeI 92 

71c n-Bu3SnCl 93 

71d n-BuBr 90 

71e MeOCOCN 91 

71f allyl bromide 98 

71g EtOCOCN 93 

71h BnOCOCN 94 

71i 4-BrC6H4CH2Br 90 

Product E+ Yield (%)  

73a BnBr 88 

73b MeI 84 

73c n-Bu3SnCl 88 

73d n-BuBr 91 

73e MeOCOCl 97 

73f allyl bromide 81 
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Product E+ Yield (%)  er 

71a BnBr 94 98:2 

71b MeI 90 97:3 

71f allyl bromide 92 97:3 

71g EtOCOCN 78 97:3 

71h BnOCOCN 60 98:2 

71i 4-BrC6H4CH2Br 82 99:1 

      Table 7 

Kinetic resolutions, a dynamic kinetic resolution and a dynamic thermodynamic resolution 

using THIQ 70 have recently been attempted within the group with limited success.73 Lithiation 

did not take place when using (ï)-sparteine/n-BuLi and so the (+)-sparteine surrogate was used 

as the chiral ligand in the kinetic resolutions. Poor ers were obtained for both the product and 

the recovered starting material (Scheme 38 and Table 8). The yield of the product in each 

kinetic resolution was high and in three cases, higher than the theoretical maximum of 50% 

which indicates that the (+)-sparteine surrogate is not the best chiral ligand to use in these 

reactions. In reaction 1 of the table, inaccuracy may also be a factor as more of the product has 

been obtained than the theoretical maximum considering that only 0.5 equivalents of each 

component of the óchiral baseô were used. 

 

Entry  Solvent Equivalents of 

(+)-sparteine 

surrogate/n-

BuLi  

t 

(min) 

Yield 

of 

RSM 

(%) 

er of 

RSM 

Yield of 

product 

(%) 

er of 

product 

1 PhMe 0.5 40 36 64:36 63 65:35 

2 PhMe 0.7 45 43 62:38 48 61:39 

3 PhMe 1.0 20 24 66:34 64 59:41 

4 Et2O 1.0 20 18 59:41 71 54:46 

    Table 8 
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Attempts at a dynamic kinetic resolution and a dynamic thermodynamic resolution yielded the 

product 71e in good yields but with poor ers (Scheme 39). 

 

 

 

 

 

 

 

 

 

 

 

 

 

As the THIQ work within the group gave some excellent results, it seemed natural for 

tetrahydroquinolines (THQs) to be investigated using the groupôs organolithium chemistry 

methodology. These are a similar class of compound to THIQs and synthesising them in 

enantioenriched form is just as important. Therefore, investigating the chemistry of THQs has 

been the basis of the majority of my PhD work and this work will be explained in detail in 

Chapter 2. 
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Chapter 2 ï Synthesis and LithiationïSubstitution of N-Boc-2-

aryltetrahydroquinolines  

2.1 Tetrahydroquinolines in chemistry 

Tetrahydroquinolines (THQs) are a class of compound whose derivatives are of great interest 

to synthetic organic chemists. They are ubiquitous moieties in natural products with many 

naturally occurring alkaloids containing the structure, such as (ï)-angustureine 74,74 (ï)-

galipeine 75,74,75 (ï)-galipinine 7676 and (ï)-cuspareine 7777 (Figure 9). 

 

 

Tetrahydroquinoline derivatives are also found in a wide variety of compounds that have 

medicinal properties. For example, (S)-flumequine 7878 is an antibacterial agent, torcetrapib 

7979,80 is a potent inhibitor of the cholesteryl ester transfer protein, Virantmycin 8081 is an 

antiviral, antibiotic compound and oxamniquine 8182 is a schistosomicide (Figure 10).83 
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Various methods of synthesising THQ derivatives have been reported over the years as a result 

of their potential usage in pharmaceutical compounds. In 1994, Crabb and co-workers reported 

a synthesis of a mixture of THQs cis-84 and trans-84 by using chemistry over a century old 

(Scheme 40).84ï86 Reacting 1 mole of p-toluidine 82 with 2 moles of acetaldehyde 83 in the 

presence of excess hydrochloric acid formed the mixture of cis-84 and trans-84 in a 1:2 ratio 

as determined by NMR spectroscopy. 

 

Ŭ-Arylaminosulfones are usually crystalline compounds and are therefore convenient reagents 

from which THQs can be prepared. In 1996, Beifuss and co-workers used this methodology to 

prepare a variety of THQ derivatives.87 The Ŭ-arylaminosulfone 87 was easily prepared from 

the reaction of aniline 85 with aqueous formaldehyde and p-toluenesulfinic acid 86. The Ŭ-

arylaminosulfone was then cleaved upon treatment with SnCl4 to form the cationic 2-

azabutadiene intermediate 88 which underwent cycloaddition with styrene to form the desired 

THQ product 89 in excellent yield (Scheme 41). 
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Organolithium chemistry has been used a number of times to prepare substituted THQs. In 

1989, Beak and Lee reported the lithiationïsubstitution of THQ 90 in their first reported use of 

the Boc group as a directing group for Ŭ-lithiation.24 However, a mixture of s-BuLi and 

TMEDA in Et2O at ï78 °C lithiated the ortho-position of the aromatic ring to form the 

intermediate 91. This was quenched with a small number of electrophiles to form the ortho-

substituted products 92 in good to excellent yields (Scheme 42).  

 

 

 

 

 

 

Meyers and Hellring had previously investigated the lithiation of THQ 93, with the 

formamidine directing group, using t-BuLi.88 They had found that this gave the Ŭ-lithiated 

intermediate 94. Quenching this intermediate with benzaldehyde gave, after cleavage of the 

directing group, the product 95 in good yield (Scheme 43). 

 

 

 

 

 

 

After Beak had reported the unexpected results using the Boc directing group, Meyers and 

Milot re-investigated the lithiation of THQs 90 and 93.89 They doubly deuterated THQ 93 in 

the Ŭ-position to give THQ d2-93. Then, they attempted the lithiation of this compound to see 

whether the kinetic acidity of the ortho-aryl proton would compete with the stronger CïD 
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bonds. However, no ortho-lithiation was observed and only THQ d2-93 was recovered (Scheme 

44). 

 

 

 

 

 

They also attempted the deuteration of N-Boc-THQ d1-90 which already had a deuterium in 

the ortho-position (Scheme 45). They found that there was high deuterium incorporation into 

the Ŭ-position which proved that the Boc group was capable of directing Ŭ-lithiation when the 

ortho-position was blocked. 

 

 

 

 

 

 

 

While the examples above describe efficient methods of synthesising THQ derivatives, there 

is no enantioselectivity in any of the reactions. As reactions with high enantioselectivity are 

crucial in the pharmaceutical industry, methods which produce THQs with a high er are 

desirable. 

In 2003, Zhou and co-workers reported the first example of highly enantioselective 

hydrogenation of quinoline derivatives using an iridium catalyst.75,90 A wide variety of 2-

substituted quinolines 96 were hydrogenated under high pressure with a chiral iridium complex 
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formed in-situ from [Ir(COD)Cl]2 and (R)-MeO-BIPHEP 98, with iodine additive, to form 

enantioenriched THQ derivatives 97 in excellent yields and ers (Scheme 46). 

 

 

 

 

 

 

 

 

While this method is very useful, the high pressures and transition metal catalyst involved are 

drawbacks if the products need to be synthesised on a large scale. Therefore, methods which 

donôt require such harsh conditions would be more desirable. 

To this end, in 2010, Kim and co-workers reported the first organocatalytic, enantioselective, 

intramolecular 1,5-hydride transfer/ring closure reaction to form highly enantioenriched THQs 

with two contiguous stereocentres.91 For example, cinnamaldehyde derivative 99 was treated 

with (ï)-camphor sulfonic acid, in the presence of the chiral organocatalyst 101 and stirred at 

ï20 °C for 4 days in 1,1,2-trichloroethane. This formed the ring-fused THQ 100, via the 

pathway shown below, in good yield and excellent er (Scheme 47). 
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In 2011, Akiyama and co-workers reported a chiral phosphoric acid-catalysed asymmetric 

C(sp3)ïH functionalization of a variety of benzylidene malonates via an internal redox process 

to form highly enantioenriched THQ derivatives.92 For example, benzylidene malonate 102 

was heated at 80 °C for 40 hours in toluene, in the presence of chiral phosphoric-acid 104, in 

order to produce THQ 103 in excellent yield and er (Scheme 48). 
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They carried out some mechanistic studies using both enantiomers of benzylidene malonate 

102 and found that the enantiomers exhibited totally different reactivities. While the reaction 

with (S)-102 proceeded efficiently and gave the product with excellent er, the reaction with 

(R)-102 was very slow in comparison and the product 105 had a much lower er (Scheme 49). 

 

 

 

 

 

 

 

 

 

 

Interestingly, they found that treatment of (S)-102 with an achiral acid, [Yb(OTf)3], gave a 

product which retained most of the enantioenrichment. They postulated that these results 

supported their view that the reaction proceeded via a ómemory of chiralityô pathway with the 



45 
 

chiral information being memorised as an axial chirality in the cationic intermediate 106 

(Scheme 50). 

 

 

 

 

 

 

 

 

 

 

More recently, in 2015, Anderson and co-workers reported an efficient asymmetric synthesis 

of cis-2-aryl-3-nitrotetrahydroquinolines via an enantioselective tandem reduction/nitro-

Mannich reaction.93 tert-Butyl Hantzsch ester 107 was used as a transfer hydrogenation reagent 

in the presence of thiourea catalyst 108 and stirred with the 2-iminonitrostyrene 109 in toluene 

for 18 hours at 0 °C. This formed the desired THQ product 110 as a single diastereoisomer in 

excellent yield and er (Scheme 51). 

 

 

 

 

 

 

 

5 mol% catalyst  108

PhMe, 0 °C, 18 h

99%, 99:1 er

 108 =

 Scheme 51
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In early 2017, Yan, Wang and co-workers reported a similar thiourea catalysed cascade process 

to form a wide variety of 2-trifluoromethyl- and 2-perfluoroalkyl-THQ derivatives with three 

contiguous stereocentres.94 The chalcone 111 with the nosyl protecting group on the nitrogen, 

in the presence of the cinchona alkaloid derivative 114, was stirred with alkene 112 in toluene 

for 2 hours at 0 °C. The enantioenriched THQ 113 was formed in excellent yield with a high 

er and dr (Scheme 52). 

 

2.2  Previous THQ work in the group 

Work on this project started in my fourth year undergraduate research project and the aim was 

to investigate the lithiationïsubstitution chemistry of N-Boc-2-phenyl-1,2,3,4-

tetrahydroquinoline 118a.95 The starting material was synthesised in 3 steps but the route was 

not ideal due to not only the use of excess Grignard reagent and sodium metal but also a 

moderate yield was obtained in the second step (Scheme 53). 
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With N-Boc-2-phenyl-1,2,3,4-tetrahydroquinoline 118a in hand, the initial lithiationï

substitutions were carried out using n-BuLi in THF at ï78 °C, with a lithiation time of 1 hour.  

The reactions, both with and without the ligand TMEDA, yielded promising results with 

moderate to good yields of product 119a being obtained (Scheme 54 and Table 9). 

 

 

 

       

 

 

 

            Table 9 

At this point, the work was continued by another member of the Coldham group.41 The 

conditions of the lithiation were optimised by using in-situ IR spectroscopy and it was found 

that the Boc group rotation was rapid, even at ï78 °C and that the lithiation was complete 

within a few minutes, with no decomposition observed (Figure 11). However, decomposition 

was detected at temperatures higher than ï78 °C (Figure 12).41 

Product Additive Yield (%)  

119a 

119a 

TMEDA 

None 

80 

53 
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Figure 11. A). In-situ ReactIRTM 3D and 2D plots of the lithiation of rac-118a with n-BuLi 
at ï78 °C in THF. Blue line represents intensity of C=O stretching frequency of rac-118a 

(1705  cmï1) and red line of lithiated rac-118a (1641 cmï1) over time. B). In-situ ReactIRTM 
3D and 2D plots of the lithiation of rac-118a with n-BuLi/TMEDA at ï78 °C in diethyl ether. 
Blue line represents intensity of C=O stretching frequency of rac-118a (1710 cmï1) and red 

line of lithiated rac-118a (1641 cmï1) over time. 

 

Figure 12. In-situ ReactIRTM 3D and 2D plots of the lithiation of rac-118a with n-BuLi at      

ï50 °C in THF. Blue line represents intensity of C=O stretching frequency of rac-118a (1705 

cmï1); red line of lithiated rac-118a (1642 cmï1) and purple line of decomposition (1682    

cmï1) over time. 
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On account of this data, THQ 118a was lithiated at ï78 °C in THF using n-BuLi. Addition of 

a variety of electrophiles after 6 minutes gave the majority of products 119aïk in moderate to 

excellent yields but some reactions formed little to no product (Scheme 55 and Table 10). 

 

 

 

 

 

Product E+ Yield (%)  

119a MeI 87 

119b MeOCOCl 90 

119c EtOCOCl 71 

119d allyl bromide 78 

119e BnBr 75 

119f 4-BrC6H4CH2Br 63 

119g n-Bu3SnCl 53 

119h TMSCl 22 

119i n-BuBr 0 

119j PhNCO 0 

119k PhSSPh 0 

             Table 10 

Kinetic resolutions were then attempted in order to try and recover enantioenriched starting 

material. After optimisation, it was found that pre-mixing 1.2 equivalents of n-BuLi and 1.3 

equivalents of (ï)-sparteine in toluene at ï78 °C before adding the racemic THQ 118a, stirring 

for 2.5 h and then adding the sacrificial electrophile, methyl chloroformate, gave the recovered 

starting material (R)-118a with excellent er (Scheme 56). The absolute configuration of (R)-

118a was determined by removing the Boc group and then comparing the optical rotation with 

the known secondary amine. 
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Using this enantioenriched starting material, lithiationïsubstitutions were attempted and these 

gave products 119aïf in good to excellent yields. There was little to no loss of the 

enantioenrichment for 119aïc (Scheme 57 and Table 11). However, products 119dïf were 

virtually racemic and it was thought that this might be due to the electrophiles in these examples 

being converted to stabilised radicals, making a radical pathway most likely. 

 

 

 

 

   

                                Table 11 

 

2.3  Results and Discussion 

 
2.3.1 Synthesis of N-Boc-2-aryl -1,2,3,4-tetrahydroquinolines 

 
The main aim of my PhD project has been to extend the successful results with N-Boc-2-

phenyl-1,2,3,4-tetrahydroquinoline 118a to other 2-aryl-1,2,3,4-tetrahydroquinoline 

derivatives and to explore further the reactivity of these substrates. 

The target N-Boc-2-aryl-1,2,3,4-tetrahydroquinolines were unavailable commercially and 

needed to be prepared from readily available starting materials. The first step of the synthesis 

involved the preparation of 2-arylquinolines. A method had been reported in the literature 

which involved adding a variety of Grignard reagents to quinoline 115 and heating under reflux 

for 16 hours to form the desired molecules.96 This method was used in my fourth year research 

project to synthesise 2-phenylquinoline 116a in excellent yield (vide supra). However, the 

method was quite hazardous with large amounts of the Grignard reagent required and poor 

Product E+ Yield (%) er 

(R)-119a MeI 91 94:6 

(R)-119b MeOCOCl 90 97:3 

(R)-119c EtOCOCl 78 97:3 

119d allyl bromide 74 54:46 

119e BnBr 70 52:48 

119f 4-BrC6H4CH2Br 58 52:48 
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yields of products 116a and 116b were obtained when these reactions were attempted in my 

PhD project (Scheme 58). 

 

 

 

 

 

 

 

 

 

 

 

 

 

A literature search was therefore carried out in order to find an alternative method of forming 

these compounds. In 2008, Martínez and co-workers reported a relatively simple, indirect 

Friedländer synthesis of 2-arylquinolines from readily available, inexpensive starting 

materials.97 Therefore, 2-aminobenzyl alcohols 120, acetophenones 121, benzophenone and 

potassium tert-butoxide were stirred in THF or 1,4-dioxane and heated under reflux overnight. 

The benzophenone is required in this process for a MeerweinïPonndorfïVerley (MPV) 

reduction which oxidises the alcohol to an aldehyde which then allows the Friedländer 

synthesis to proceed. This method produced the desired compounds 116a-h in much improved 

yields (Scheme 59). 
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With the 2-arylquinolines in hand, the second step of the synthesis required a reduction in order 

to form the 2-aryl-1,2,3,4-tetrahydroquinolines. As the reduction method used in my Level 4 

project gave low yields and involved a hazardous, unpredictable procedure, an improved 

strategy was required. It was thought that the H-Cube® continuous flow hydrogenation reactor 

was a possibility to carry out this reduction at 40 °C, in methanol, using a 10% Pd/C cartridge.41 

However, when this procedure was attempted with 2-phenylquinoline 116a, only a low yield 

of the desired product 117a was obtained with 74% of the starting material being recovered 

(Scheme 60). 
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Another literature search was carried out and a simple method by Toste and co-workers 

involving the use of sodium cyanoborohydride was found.41,98 Adding sodium 

cyanoborohydride in one portion to a solution of the 2-arylquinolines 116a-h in acetic acid at 

room temperature, and stirring the solution under air overnight gave the desired 2-aryl-1,2,3,4-

tetrahydroquinolines 117a-h in mostly good to excellent yields (Scheme 61). 

 

With suitable conditions now in hand for the first two steps of the synthesis, the final step 

required was the Boc protection of the amine. It had been found in my fourth year research 

project that stirring the starting material with di-tert-butyl dicarbonate 122 (Boc2O) in THF at 

0 °C and then either warming to room temperature overnight or heating the mixture at reflux 

for 3 days yielded very little product.95 This is likely due to the lone pair in the p-orbital of the 

sp2-hybridised nitrogen being in conjugation with the aromatic ring which makes it much less 

nucleophilic than an alkylamine. To alleviate this problem, n-BuLi was used to deprotonate the 

2-aryl-1,2,3,4-tetrahydroquinolines 117a-h in THF at ï78 °C. After 20ï60 minutes, a solution 

of Boc2O in THF was added to the mixture and the products 118a-d, f-h were mostly obtained 

in good to excellent yields (Scheme 62). The Rf  on silica of all of the products except 118d 

were close to the Rf of the unreacted Boc2O which made the separations difficult. In the case 
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of 118e, the polarities were virtually identical. Therefore, an alternative reagent, 2-(tert-

butoxycarbonyloxyimino)-2-phenylacetonitrile 123 (Boc-ON), was used in this case.99 

 

2.3.2 Further work on N-Boc-2-phenyl-1,2,3,4-tetrahydroquinoline  

While the organolithium chemistry carried out so far in this project had centred on N-Boc-2-

phenyl-1,2,3,4-tetrahydroquinoline 118a, there were still multiple reactions that we wished to 

study on this parent compound in order to further explore its reactivity. 

Firstly, a racemic lithiation-substitution was attempted using methyl bromoacetate as the 

electrophile. Using the optimum conditions found with in-situ IR spectroscopy (vide supra), 

THQ 118a was deprotonated with n-BuLi in THF and stirred for 6 minutes before methyl 

bromoacetate was added. The product 119l was obtained in good yield (Scheme 63). 
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As the highly selective kinetic resolutions of THQ 118a had only used (ï)-sparteine as the 

chiral ligand so far, it was thought that by using the now more readily available (+)-sparteine 

as the chiral ligand instead, it would be a convenient way of obtaining the other enantiomers 

of the starting material and product in good er. To this end, THQ 118a was deprotonated using 

the pre-mixed n-BuLi / (+)-sparteine complex in toluene and the mixture was stirred at ï78 °C 

for 2.5 hours. Methyl chloroformate was added as the sacrificial electrophile and this gave both 

the recovered starting material and product in excellent yields and with good erôs (Scheme 64). 

While the structure of the organolithium intermediate in these kinetic resolutions has not been 

determined, it is assumed that the organolithium is complexed to one sparteine molecule before 

addition of the electrophile forms the disubstituted product, as shown in the scheme below. 

Future spectroscopic studies or DFT calculations could be carried out in order to support this 

hypothesis. 

 

Pleasingly, it was possible to obtain the X-ray crystal structure of product (R)-119b using a 

CuKŬ source in order to determine the absolute configuration. It was determined that the 
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electrophile added with retention of configuration to give the (R)-enantiomer as the major 

product (Figure 13 and Appendix 1a). 

 

 

 

 

 

 

 

 

 

 

The enantioenriched starting material (S)-118a was then lithiated with n-BuLi in THF and 

stirred for 6 minutes. Methyl bromoacetate was added as the electrophile to give product (R)-

119l in good yield with the enantioenrichment maintained (Scheme 65). 

 

 

 

 

 

 

It was pleasing that the X-ray crystal structure of this product could also be obtained on the 

CuKŬ source in order to determine the absolute configuration. This further confirmed that the 

electrophile added with retention of configuration as it was determined that the major product 

was the (R)-enantiomer (Figure 14 and Appendix 1b). 

Figure 13 

X-ray crystal absolute configuration 

determination of compound (R)-119b 

Flack parameter = 0.03(6) 
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The kinetic resolutions that had been attempted with this substrate so far all involved pre-

mixing the n-BuLi and (+)-sparteine in order to form the chiral base complex before the starting 

material was added, so-called óinverse additionô. Li found that a kinetic resolution where the 

n-BuLi was added to a mixture of starting material and chiral ligand (ónormal additionô) only 

gave recovered starting material in a moderate 75:25 er.41 However, the conversion was only 

40% and so this procedure needed to be tested in order to confirm that óinverse additionô was 

the best method to use for these kinetic resolutions. 

Therefore, n-BuLi was added to a mixture of THQ 118a and (+)-sparteine in toluene. The 

mixture was stirred at ï78 °C for 2.5 hours and ethyl chloroformate was added to give both the 

recovered starting material (S)-118a and the product (R)-119c in good yields and ers (Scheme 

66).  

Figure 14 

X-ray crystal absolute configuration 

determination of compound (R)-119l 

Flack parameter = 0.11(12) 
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This shows that both addition methods give good selectivity but for the remaining kinetic 

resolutions in this chapter, the óinverse additionô method was used. 

It would be very useful if it were possible to remove the Boc protecting group from these 

compounds as it would not only allow a wider variety of compounds to be accessed but it would 

also allow further functionalisation of the molecules. While Li was able to deprotect the 

enantioenriched starting material, none of the substituted products were deprotected.41 

Therefore, racemic THQs 119a and 119l were dissolved in CH2Cl2 and stirred in the presence 

of TFA under air at room temperature. The reactions proceeded slowly but pleasingly, after 3 

days, the desired products 124a and 124b were obtained in excellent yields (Scheme 67). 

 

 

 

 

 

 

 

 

It would be highly desirable to remove the Boc group from enantioenriched products and so 

the enantioenriched product (R)-119l was treated with TFA and the product (R)-124b was 

obtained in good yield and the product was still highly enantioenriched. This was pleasing as 

it proved that the Boc group could be removed without loss of the enantioenrichment (Scheme 

68).  
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As shown multiple times so far, chloroformate compounds have given good results when used 

as electrophiles in lithiationïsubstitution sequences. Therefore, it was assumed that a similar 

class of compounds, namely cyanoformates, would also be good electrophiles to use in these 

reactions. As the cyanoformates only had a different leaving group to the chloroformates, the 

products obtained from these reactions were predicted to be the same as the products obtained 

when chloroformates were used. 

However, after multiple attempts at lithiation-substitution reactions with these electrophiles, it 

became clear that different products were being obtained.99 For example, when methyl 

cyanoformate was used as the electrophile, the 1H NMR spectrum of the expected product, 

THQ 119b, had marked differences to the 1H NMR spectrum of the compound obtained (Figure 

15). The patterns for both the aromatic protons and the CH2ôs were clearly different and most 

noticeably, the benzylic proton remained in the unknown product and there was one fewer 

aromatic proton. 

       

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15 
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After careful analysis of the 1H and 13C NMR spectra of both compounds, it was postulated 

that the product obtained from the reaction with methyl cyanoformate was compound 125 

where the substitution had taken place in the ortho-position of the aromatic ring in the 2-

position (Scheme 69). 

 

 

 

 

 

This difference in reactivity that was observed just by changing the electrophile was a 

remarkable result and as far as I could see, unprecedented in the area of organolithium 

chemistry. Therefore, more reactions needed to be carried out in order to explore potential 

mechanisms of this reaction. 

Firstly, a kinetic resolution was carried out in order to obtain enantioenriched starting material. 

Therefore, THQ 118a was deprotonated using the pre-mixed n-BuLi / (ï)-sparteine complex 

in toluene and the mixture was stirred at ï78 °C for 2.5 hours. Methyl chloroformate was added 

and this gave both the recovered starting material (R)-118a and product (S)-119b in good yields 

and ers (Scheme 70). 

 

The enantioenriched starting material (R)-118a obtained from this kinetic resolution was 

deprotonated with n-BuLi and stirred at ï78 °C in THF for 6 minutes. The intermediate was 

quenched with methyl cyanoformate to give the product 125 (Scheme 71). 
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This product had a much lower er than the starting material and this supported the view that 

the reaction was taking place via a lithiation in the Ŭ-position and not simply in the ortho-

position as the enantioenrichment was being lost. It was hypothesized that the organolithium 

species existed as an ɖ3 intermediate 126 with the lithium co-ordinated to the Ŭ-, ipso- and 

ortho- carbons as well as to the carbonyl oxygen of the Boc group.100 On addition of a 

cyanoformate electrophile, the substitution could take place in the ortho-position to give the 

intermediate 127 which would explain the decrease in the enantioenrichment when 

enantioenriched starting material was used. Then, a deprotonation of the ortho-position and 

protonation of the Ŭ-position would give the product 125 but as concerted thermal 1,3-hydride 

shifts are not formally allowed by WoodwardïHoffmann rules, it is assumed that this proton 

transfer takes place in a stepwise, rather than concerted, manner (Scheme 72). The 

intermediates 126 and 127 are chiral and addition of methyl cyanoformate is likely to occur 

preferentially to one face and so it is anticipated that the intermediate ester 127 will have high 

er, although this could not be confirmed. Proton transfer occurs to give the product with a low 

er, but this is not completely racemic. Therefore the process is at least partially competitive 

with racemisation. One possibility is that as this proton is likely to be very acidic (being 

adjacent to an ester and alkenes), a mild base, possibly LiCN which is formed in-situ, promotes 

deprotonation and the resulting organolithium is chiral but racemises on warming. 
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In order to support this hypothesis, computational DFT studies have been carried out by Dr. 

Anthony Meijer within the Department of Chemistry at the University of Sheffield. Density 

functional theory (DFT) calculations were performed using Gaussian09, version D.01. 

Gaussian was compiled with Gaussian-supplied versions of BLAS and ATLAS. The B3LYP 

functional was used throughout with the GD3-BJ correction to account for dispersion 

interactions, whereby it is noted that in this case this correction did not change the answers 

significantly compared to the bare B3LYP functional. The 6-311G** basis set was used 

throughout with the ultrafine setting for the integrals. All of the structures were fully optimized 

without any symmetry restrictions. All calculations were performed in THF solvent, as 

modelled through the polarizable continuum model (PCM) using the standard parameters as 

implemented in Gaussian.101 

Frequency calculations in the harmonic approximation were carried out to characterize all 

stationary points obtained to confirm them as local minima. All minimum-energy structures 

were identified through the absence of imaginary frequencies.101 

The calculations carried out so far have focussed on the lithiated intermediate, since this is 

clearly where the divergence between the different electrophiles takes place. Ŭ-deprotonation 

leads to an ɖ3 co-ordination of lithium to the deprotonated species. However, in such a case 

lithium is coordinationally unsaturated. The empty coordination sites will be taken up by the 

solvent (THF) or the electrophiles. 

The calculations performed so far have shown that there is certainly a difference in the position 

of the lithium in the minimum energy structures when methyl chloroformate, methyl 

cyanoformate or THF are added to the lithiated intermediate of THQ 118a (Figure 16). When 

methyl chloroformate or THF are added, the lithium is situated directly above the Ŭ-carbon 

whereas in the case of methyl cyanoformate, the lithium is situated closer to the ortho-position 

of the aromatic ring in more of an ɖ3 co-ordination. Thus, we can conclude that co-ordination 

of methyl cyanoformate to the lithiated compound changes the co-ordination of lithium, which 

rationalizes the experimental result. However, more calculations will be needed to further 

elucidate the mechanism of this transformation. 
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Figure 16: DFT structures of lithiated intermediate. Panel (a): bare 

lithiated structure. Panel (b): lithiated structure with coordinated 

THF. Panel (c): Lithiated structure with methyl chloroformate. 

Panel (d): Lithiated structure with methyl cyanoformate. 

(c)) (d)) 
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In order to further confirm this potential reaction mechanism and to eliminate the possibility 

of the reaction taking place via an ortho-lithiation pathway, reactions involving N-Boc-THQ 

118a with deuteriums incorporated into the structure were attempted. 

Firstly, THQ 118a was deprotonated with n-BuLi and stirred at ï78 °C in THF for 6 minutes. 

D2O was added and this gave the deuterated THQ d1-118a in good yield with around 95% 

deuterium incorporation in the Ŭ-position (Scheme 73). 

 

 

 

 

An attempt was then made to deprotonate THQ d1-118a using the same conditions as had been 

used previously. Therefore, 1.2 equivalents of n-BuLi were added to THQ d1-118a and the 

mixture was stirred at ï78 °C for 6 minutes in THF before methyl cyanoformate was added. 

However, only the starting material was recovered in almost quantitative yield (Scheme 74). 

 

 

 

 

Therefore, in a further attempt to lithiate this compound, a large excess (3.0 equivalents) of n-

BuLi was added and the mixture was stirred at ï78 °C for a longer reaction time of 1 hour in 

THF before methyl cyanoformate was added. Product 125 was obtained in a very poor yield 

with a large amount of starting material again being recovered. The product 125 was formed 

with a complete loss of the deuterium in the Ŭ-position (Scheme 75). 
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The large kinetic isotope effect in these reactions along with the loss of deuterium incorporation 

in the Ŭ-position of the product were very pleasing observations as they supported both the 

hypothesis that no ortho-lithiation was taking place and that the mechanism shown above in 

Scheme 72 was plausible. 

Reactions were then attempted using another THQ compound with deuteriums incorporated in 

the aromatic ring. Using a literature method, benzene-d6 128,  was subjected to a FriedelïCrafts 

acylation reaction with acetyl chloride in the presence of aluminium trichloride in CS2 to give 

the acetophenone d5-121a (Scheme 76).102  

 

 

 

 

 

 

Then, using the 3 steps outlined earlier in the chapter, THQ d5-118a was made in a good overall 

yield, via compounds d5-116a and d5-117a (Scheme 77). 
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With THQ d5-118a in hand, two lithiationïsubstitution reactions were able to be carried out on 

this substrate. Firstly, 1.2 equivalents of n-BuLi were used to deprotonate the molecule using 

the same conditions as described earlier. Methyl chloroformate was then added as the 

electrophile to give, as expected, the Ŭ-substituted product d5-119b in good yield (Scheme 78). 

 

 

 

 

 

Then, the same reaction was attempted but this time, methyl cyanoformate was added as the 

electrophile. The ortho-substituted product d4/5-125 was obtained in moderate yield with a 2:1 

ratio of deuterium:hydrogen in the Ŭ-position (Scheme 79).  
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This was a very pleasing result as it again clearly showed that the mechanism described in 

Scheme 72 was viable and supported the view that the deuterium lost from the ortho-position 

was not shifting to the Ŭ-position in a concerted manner. 

It was noticeable that the yields of the products obtained from reactions using a cyanoformate 

as the electrophile were consistently lower than the yields obtained when chloroformates were 

used. Also, when a chloroformate (or other electrophile) was added, the mixture changed 

colour from the bright orange of the lithiated intermediate to colourless whereas it changed to 

a deep red colour when a cyanoformate was added (Figure 17). This potentially indicated the 

different mechanism that was taking place when a cyanoformate was added. 

 

 

 

 

 

         

        

 

 Figure 17 

Satisfied with these results, the focus then shifted to another piece of chemistry that it was 

thought would yield good results with these substrates. 

In 2008, Coldham, Aggarwal and co-workers reported the asymmetricïlithiation of amines, 

such as N-Boc-indoline 22, followed by the addition of trialkylboranes.103 The borane 

intermediate (S)-129 underwent a rearrangement which, following oxidation, gave the chiral 

secondary alcohol (S)-130 with a high er (Scheme 80). 

 Lithiated intermediate of 118a 

Left flask = Reaction of 118a with MeOCOCl 

Right flask = Reaction of 118a with MeOCOCN 
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It was envisioned that carrying out similar reactions on 2-aryl THQ derivatives would yield 

chiral tertiary alcohols such as alcohol 131 (Figure 18). 

 

 

 

 

To this end, THQ 118a was deprotonated with n-BuLi and stirred at ï78 °C in THF for 6 

minutes. Triethylborane was added and after stirring for 16 hours, H2O2 and NaOH were added 

in order to oxidise the expected borane intermediate. However, it quickly became apparent that 

the expected chiral alcohol was not being formed and instead, an interesting reaction was taking 

place where the Boc protecting group migrated to the Ŭ-position to form the amine 132a in 

good yield. It was shown that the reaction only needed to be quenched with MeOH as the 

H2O2/NaOH oxidation was not required (Scheme 81).  

 

 

 

 

 

N to C migrations are known in the literature104ï106 and Boc group migrations specifically have 

been observed in aziridine, pyroglutamate and acyclic amine compounds.107ï111 It has been 

postulated that the mechanism of this reaction is a [1,2] aza-Wittig rearrangement which goes 

via the intermediate 133 (Scheme 82).112 
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It was thought that a reaction with triethylborane using enantioenriched starting material would 

be very interesting as the amine 132a could be formed with high enantioenrichment. 

To this end, a kinetic resolution was attempted with THQ 118a using the optimum conditions 

from earlier. The starting material (S)-118a was recovered in excellent yield and with the 

highest er obtained from this kinetic resolution procedure (Scheme 83). 

 

 

 

 

The enantioenriched starting material (S)-118a was deprotonated with n-BuLi and stirred at        

ï78 °C in THF for 6 minutes before triethylborane was added. Delightfully, the product (S)-

132a was obtained in good yield with the same enantioenrichment as the starting material 

(Scheme 84). 
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It was also pleasing that the product was a solid and so after recrystallization, the absolute 

configuration was determined by X-ray crystallography using a CuKŬ source. From this, it was 

determined that the Boc group migrated with retention of configuration to give the      (S)-

enantiomer as the major product (Figure 19 and Appendix 1c). 

 

 

 

 

 

 

 

 

It was thought that the Boc group migration could potentially take place without the addition 

of triethylborane and so after deprotonating THQ 118a with n-BuLi at ï78 °C in THF, the 

mixture was left to warm to room temperature overnight before it was quenched with methanol. 

The product 132a was obtained although the yield was only moderate and impurities could be 

seen in the crude mixture on the TLC plate which were not present when triethylborane was 

added (Scheme 85). 

 

 

 

 

It was therefore hypothesized that the triethylborane didnôt cause the Boc group to migrate but, 

due to its Lewis acidity, that it significantly accelerated the reaction. Due to its suspected 

catalytic activity, a reaction was then carried out using just 0.2 equivalents of triethylborane. 

While the yield of product 132a wasnôt as high as the yields obtained earlier, it was clearly 

higher than when no triethylborane was added (Scheme 86). 

Figure 19 

X-ray crystal absolute configuration 

determination of compound (S)-132a 

Flack parameter = 0.08(7) 
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Finally, a reaction was carried out at the higher temperature of ï50 °C. The product 132a was 

obtained in 47% yield. It is possible that some of the decomposition that was observed in the 

ReactIRTM at this temperature could have been due to the Boc group migration taking place. 

The super-basic Schlosser base mixture of n-BuLi / t-BuOK has been used for over 30 years to 

rapidly carry out reactions that are sluggish in either individual component.113 Due to the 

changes in reactivity sometimes observed when Schlosserôs base is used, we hypothesized that 

after carrying out a reaction of THQ 118a using Schlosserôs base with methyl chloroformate 

as the electrophile, the ortho-substituted product 125 could potentially be obtained. 

However, when this reaction was carried out, the Ŭ-substituted product 119b was formed along 

with the product 134 where not only had the Boc group migrated but the CO2Me was also now 

bonded to the nitrogen (Scheme 87).  

 

Both of these products were obtained in poor yield but the relatively substantial amount of the 

Boc migrated compound obtained after just 6 minutes indicated that the Schlosser base mixture 

also accelerated the migration. Therefore, a reaction was attempted without the addition of 

methyl chloroformate. THQ 118a  was deprotonated with the Schlosser base mixture at ï78 °C 

in THF, the mixture was left to warm to room temperature overnight before it was quenched 

with methanol (Scheme 88). The yield of product 132a was lower than expected and this might 

have been due to the super-base causing some components of the reaction mixture to 

decompose. 
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Previous work in the group on N-Boc-2-phenylpiperidine 32a has shown that by using a 

trialkyltin chloride as the electrophile in kinetic resolution reactions, the stannane product of 

the reactions 33b could be recycled back to racemic starting material by carrying out a tin-

lithium exchange at room temperature before quenching the lithiated intermediate with acetic 

acid (Scheme 89).39 This racemic starting material can then be used in a further kinetic 

resolution and so this methodology allows a greater amount of enantioenriched (R)-32a to be 

obtained from the kinetic resolutions than would normally be possible which would be useful 

if the starting material was particularly valuable. 

 

 

 

 

 

 

 

Therefore, in order to test whether this chemistry was viable with THQs, the stannane 119g 

was prepared in a good yield by a lithiation-substitution reaction using the optimum conditions. 

n-BuLi was then added to stannane 119g in THF and the reaction mixture was left to stir at ï

78 °C for 10 minutes before acetic acid was added to quench the reaction mixture. 

Disappointingly, the reaction was unsuccessful and only the stannane 119g was recovered 

(Scheme 90). 
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Attempts were also made to hydrolyse the methyl ester product 119b under basic conditions 

by using two different methods but in both cases, only the ester 119b was recovered (Scheme 

91). 

 

 

 

The final work carried out on THQ 118a was a NMR spectroscopic study in order to determine 

the kinetics of the rotation of the Boc group at the reaction temperature. This was assumed to 

be fast as the ReactIRTM study by Li, who worked on the project previously,41 showed that the 

lithiation was complete within a few minutes and high yields were consistently obtained with 

a lithiation time of 6 minutes. Also, no rotamer peaks were observed in any of the ambient 

temperature NMR spectra of these compounds. 

A variable temperature NMR study was carried out in THF-d8 and coalescence of the t-butyl 

signal took place at around ï38 °C (Figure 20). Line-shape analysis was carried out and this 

revealed activation parameters ȹHÿ å 45 kJ mol-1 and ȹSÿ å ï4 J K-1 mol-1. These values led to 

a ȹGÿ value of around 45 kJ mol-1 at ï78 °C and so the half-life of the Boc group rotation was 

calculated to be 0.25 sec (Appendix 2). This value corresponds well to the experimental data 

observed and supported the prediction that the Boc group was rotating quickly. However, these 

values assume an equal proportion (1:1) of each rotamer and therefore the values obtained 

would only be approximate. Dynamic NMR studies were also carried out due to the fact that 

the rotamers are actually present in approximately a 1.8:1 ratio. This study also supported the 

experimental data observed and an explanation of this method can be found in Appendix 2. 
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2.3.3 Work on other N-Boc-2-aryl -1,2,3,4-tetrahydroquinolines 

With work on the parent compound completed, the focus turned to other THQ compounds with 

various aryl groups in the 2-position. 

Firstly, N-Boc-2-(4-fluorophenyl)-1,2,3,4-tetrahydroquinoline  118b was investigated. This 

compound was chosen as it was thought that introducing an electron-withdrawing fluorine 

atom onto the aromatic ring would decrease the pKa of the benzylic proton and therefore the 

reactivity could change. Also, fluorine atoms are very important in a wide variety of medicinal 

compounds.114 For example, compound 135, Talazoparib (BMN-673), is a PARP-1/2 inhibitor 

which can be used in the treatment of human cancers with DNA repair deficiency (Figure 

21).115 

Figure 20 

1H NMR spectra obtained at various temperatures in 

THF-d8, 500 MHz 

24 °C 

3 °C 

ï15 °C 

ï24 °C 

ï38 °C 

ï42 °C 

ï47 °C 

ï56 °C 

ï69 °C 
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The conditions that were optimised for N-Boc-2-phenyl-1,2,3,4-tetrahydroquinoline 118a were 

used to test whether the same conditions were suitable for substrate 118b. The starting material 

was dissolved in THF, cooled to ï78 °C and n-BuLi was added. The mixture was left to stir for 

6 minutes before the organolithium intermediate was trapped with a variety of electrophiles 

(Scheme 92 and Table 12). Good to excellent yields of the 2,2-disubstituted products were 

obtained when methyl chloroformate, ethyl chloroformate and methyl iodide were used as the 

electrophiles to give products 136aïc. A moderate yield was obtained with allyl bromide to 

give product 136d. No product was isolated when phenyl isocyanate was used. 

 

 

 

 

 

        

 

         Table 12 

Ethyl and benzyl cyanoformate were also used as electrophiles and the ortho-substituted 

products 137aïb were obtained in moderate to excellent yields (Scheme 93 and Table 13). 

 

 

Product E+ Yield (%)  

136a MeOCOCl 75 

136b EtOCOCl 86 

136c MeI 90 

136d allyl bromide 46 

136e PhNCO 0 
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Table 13 

Pleasingly, product 137b was crystalline and so the X-ray crystal structure was able to be 

obtained in order to completely confirm that the ortho-substituted product was being formed 

in these reactions (Figure 22 and Appendix 1d). 

 

 

 

 

 

 

 

 

 

Kinetic resolutions with THQ 118b were attempted using both enantiomers of sparteine 

(Scheme 94 and Table 14). Attempting to use the optimum conditions as used for THQ 118a 

led to the starting material being recovered in only moderate er (Entry 1). Therefore, different 

conditions needed to be found in order to increase the enantioselectivity. Leaving the reaction 

for a longer time (Entry 2) or adding larger amounts of each component of the chiral base 

(Entry 3 and 4) didnôt noticeably increase the selectivity and this also led to decomposition of 

the product. Interestingly, when methyl cyanoformate was used as the electrophile (Entry 5), 

Product E+ Yield (%) 

137a EtOCOCN 84 

137b BnOCOCN 50 

Figure 22 

X-ray crystal structure determination of 

compound 137b 
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both the ortho-substituted product and the Ŭ-substituted product were obtained which showed 

that the different reaction conditions led to a different reactivity of the organolithium 

intermediate when the cyanoformate was added. While the selectivity increased when ethyl 

cyanoformate was used as the electrophile, the conversion was lower than required and no 

product was obtained (Entry 6). After further attempts with various amounts of n-BuLi and 

(+)-sparteine being used (Entries 7ï11), it was clear that the enantioselectivity of the kinetic 

resolution with this derivative was lower than that of the parent compound. This may have been 

due to the predicted increased acidity of the benzylic proton in this substrate leading to a poorer 

selectivity in the deprotonation. 

  

           

         Table 14 

Electrophile used was MeOCOCl in all entries except entries 5 and 6. * = 1g scale. ** = MeOCOCN used, also 

obtained ortho-substituted product 137c (28%, 56:44 er). *** = EtOCOCN used. 

Lithiation-substitution reactions were then attempted on the enantioenriched starting material 

(S)-118b obtained from the kinetic resolutions outlined in entry 9 and 11 above and pleasingly, 

the products (S)-136a and (S)-136b were obtained with no loss of the enantioenrichment 

(Scheme 95). While the absolute configurations of these compounds have not been determined 

Entry L* 

  

eq. L* 

RSM Product  

time (h) eq. n-

BuLi 

Yield 

(%) 

er 

(S:R) 
Yield (%) 

er 

(S:R) 
s (by 

RSM) 

1 (ï)-sp 2.5 1.2 1.3 50 19:81 33 89:11 8 

2 (ï)-sp 4 1.2 1.3 40 22:78 13 89:11 4 

3 (ï)-sp 2.5 2.0 2.5 42 11:89 N/A N/A 8 

4* (ï)-sp 2.5 2.0 2.5 30 12:88 N/A N/A 4 

5** (+)-sp 2.5 1.0 1.7 29 98:2 23 19:81 8 

6*** (+)-sp 2.5 0.8 1.5 62 76:24 N/A N/A 20 

7 (+)-sp 2.5 0.9 1.6 36 85:15 16 12:88 5 

8 (+)-sp 1 0.9 1.6 50 84:16 46 5:95 11 

9 (+)-sp 1.5 1.0 1.7 45 89:11 43 7:93 10 

10 (+)-sp 1.5 1.2 1.9 48 84:16 10 10:90 9 

11 (+)-sp 1.5 1.0 1.7 36 94:6 42 15:85 8 
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by X-ray crystallography, it has been assumed that the configurations are the same as the parent 

THQ 118a. 

 

 

 

 

 

 

 

 

 

 

Another substrate investigated was N-Boc-2-(2-naphthyl)-1,2,3,4-tetrahydroquinoline  118f. 

This was chosen as it was thought that the acidity of the benzylic proton would be similar to 

the parent compound and so there could be more selectivity in the kinetic resolutions. Naphthyl 

groups can also be found in pharmaceutical compounds such as Cinacalcet, one of the top 100 

largest selling drugs in the world, which is used to treat secondary hyperparathyroidism.116,117 

Lithiationïsubstitutions were attempted with racemic THQ 118f using the same conditions 

found to be suitable for the previous substrates. The starting material was dissolved in THF, 

cooled to ï78 °C and n-BuLi was added. The mixture was left to stir for 6 minutes before the 

organolithium intermediate was trapped with the electrophile. A good yield of the Ŭ-substituted 

product 138a was obtained when methyl iodide was used while only a moderate yield of 138b 

was obtained when methyl chloroformate was used (Scheme 96 and Table 15). 

 

 

https://en.wikipedia.org/wiki/Hyperparathyroidism
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        Table 15 

Interestingly, when methyl cyanoformate was used, the Ŭ-substituted product 138b and the 

ortho-substituted products 139 and 140 were obtained in modest yields (Scheme 97). The Rf 

on silica of the ortho-substituted compounds were very similar and so a mixture of these 

products was obtained. Presumably, the energy differences associated with Ŭ-substitution and 

ortho-substitution when methyl cyanoformate is used in this case are approximately equal 

which leads to an approximate 1:1 mixture of the Ŭ- and ortho-substituted products. 

 

 

 

 

 

Product E+ Yield (%)  

138a MeI 73 

138b MeOCOCl 47 
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It was thought that if benzaldehyde was used as the electrophile, an alcohol would be produced 

which would quickly attack the Boc group in order to form a polycyclic molecule. This proved 

to be the case as the cyclic compound 141 was produced in good overall yield in just over a 2:1 

dr (Scheme 98).  

 

Pleasingly, the diastereoisomers were separable by column chromatography and both isomers 

were also solids which allowed, after recrystallization, the major diastereoisomer to be 

identified as the cis-isomer by X-ray crystallography (Figure 23 and Appendix 1e). 

 

 

 

 

 

 

 

Kinetic resolutions with THQ 118f were then attempted using (+)-sparteine as the chiral ligand 

(Scheme 99 and Table 16). Attempting to use the optimum conditions as used for THQ 118a 

led to the starting material (S)-118f being recovered in a very low yield with only a moderate 

er (Entry 1). Therefore, the reaction was left for a shorter time with the same n-BuLi / (+)-

sparteine ratio found to be optimal for the kinetic resolution of THQ 118b (Entry 2). While this 

improved the yield and the er also increased, the selectivity was still only moderate and so 

fewer equivalents of both components of the chiral base were used (Entry 3). This led to the 

starting material (S)-118f being recovered in good yield with an excellent er. Interestingly, high 

Figure 23 

X-ray crystal structure determination of 

compound cis-141 
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yields of the ortho-substituted product mixture 139 and 140 were observed in each kinetic 

resolution even though methyl chloroformate was used as the electrophile. The small amounts 

of the Ŭ-substituted product (R)-138b that were obtained in each case had poor to moderate ers 

and the sticky nature of this compound may have been the reason why the total yield of the 

kinetic resolution in entry 3 came to be slightly over 100%. These results showed again the 

different reactivity of the organolithium intermediate under these kinetic resolution conditions 

compared to the racemic lithiation conditions. Also, when methyl chloroformate was used to 

quench the kinetic resolution, the solution turned deep red and so this showed that this colour 

was not just observed when methyl cyanoformate was used as the electrophile but rather it was 

observed when ortho-substitution took place.  

 

 

 

 

 

 

 

 

            Table 16 

 

Entry 

   

 

eq. (+)-

sp 

RSM 
ORTHO-

Product Mix 

ALPHA-

Product 

 

time   

(h) 

eq. n-

BuLi 

Yield 

(%) 

er 

(S:R) 

Yield 

(%) 
er 

Yield 

(%) 

er 

(R:S) 

s (by 

RSM 

1 2.5 1.2 1.3 19 82:18 55 N/A 15 64:36 2 

2 1.5 1.0 1.7 30 92:8 50 N/A 14 71:29 5 

3 1.5 0.8 1.3 39 95:5 49 N/A 14 78:22 11 
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The recovered starting material (S)-118f from the reaction in entry 3 was deprotonated with n-

BuLi using the optimal conditions and after addition of benzaldehyde as the electrophile the 

cyclic compounds (R,S)-141 and (S,S)-141 were formed in good yield, in just over a 2:1 dr. In 

both cases, the enantioenrichment was maintained to give er 95:5 (Scheme 100). 

 

While the absolute configurations of these compounds have not been determined by X-ray 

crystallography, it has been assumed that the configurations are the same as the parent THQ 

118a.  

Finally with this substrate 118f, triethylborane was added to the lithiated intermediate in order 

to try and effect the Boc rearrangement reaction and pleasingly, the amine 132b was obtained 

in good yield (Scheme 101). 

 

 

 

 

 

Another substrate investigated was N-Boc-6-chloro-2-phenyl-1,2,3,4-tetrahydroquinoline 

118e. Chlorine atoms can be found in a wide variety of pharmaceutical compounds, including 

L-689,560 142 which is a potent antagonist of the NMDA receptor (Figure 24).118 
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Some of the work on this substrate was carried out by a final year undergraduate student who 

worked in the group alongside me in a research project.99 A racemic-lithiation substitution with 

methyl iodide yielded the Ŭ-substituted product 143a in good yield (Scheme 102). 

 

 

 

 

When cyanoformate electrophiles were used, the ortho-substituted products 144 were obtained 

exclusively in moderate yields (Scheme 103 and Table 17). 

 

 

 

 

 

 

                    Table 17 

A couple of kinetic resolutions had been attempted in the undergraduate studentôs project with 

a better selectivity being obtained when the (+)-sparteine surrogate was used as the chiral 

ligand (Table 18, Entries 1 and 2). However, more kinetic resolutions needed to be carried out 

in my project and so various reactions were attempted in which both the number of equivalents 

Product E+ Yield (%)  

144a MeOCOCN 51 

144b BnOCOCN 50 
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of each component of the chiral base and the reaction times were changed. Using a large excess 

of n-BuLi / (+)-sparteine gave the recovered starting material in only a moderate yield and er 

(Entry 3). The number of equivalents of each component of the chiral base was then lowered 

and the time of the reaction was shortened (Entry 4). This led to a reaction with high selectivity 

but with a low yield of product. Attempting to use the optimum kinetic resolution conditions 

for THQ 118a led to the starting material being recovered in a good yield but with an er lower 

than that desired (Entry 5). Three further kinetic resolutions were then attempted varying both 

the time and number of equivalents of each component of the chiral base (Entries 6-8) but this 

gave no improvement in the selectivity. Finally, the optimum conditions were found (Entry 9) 

which gave the recovered starting material in excellent yield and er (Scheme 104 and Table 

18). These conditions were a slight variation on the optimum conditions used for THQ 118b 

(vide supra).  

        Table 18 

Electrophile used was MeOCOCl in all entries except entry 2. a = Reaction carried out by undergraduate student. 

* = MeOCOCN used, mixture of ortho-substituted and Ŭ-substituted product obtained. 

With enantioenriched starting material in hand, the undergraduate student carried out a 

lithiation-substitution reaction with methyl chloroformate using recovered starting material 

(R)-118e from the reaction outlined in entry 1. This reaction yielded product (R)-143b with no 

loss of enantioenrichment (Scheme 105). 

Entry L* 

  

eq. L* 

RSM Product  

time 

(h) 

eq. n-

BuLi 

Yield 

(%) 

er 

(S:R) 
Yield (%) 

er 

(S:R) 

s (by 

RSM) 

1a (ï)-sp 2.5 2.0 2.5 35 11:89 N/A N/A 5 

2a* 
(+)-sp 

surr 

2.5 1.2 
1.3 33 98:2 N/A* N/A* 

10 

3 (+)-sp 2.5 2.0 2.5 35 75:25 23 20:80 3 

4 (+)-sp 1 0.7 1.0 53 87:13 16 9:91 24 

5 (+)-sp 2.5 1.3 1.2 42 87:13 N/A N/A 7 

6 (+)-sp 2.5 0.8 1.5 30 88:12 34 22:78 4 

7 (+)-sp 1 0.8 1.5 44 85:15 37 9:91 7 

8 (+)-sp 1.5 1.1 1.8 36 93:7 49 13:87 7 

9 (+)-sp 1.25 1.0 1.7 41 92:8 42 14:86 10 
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A further reaction was then carried out in my project with the enantioenriched starting material 

(S)-118e obtained from the reaction outlined in entry 9. This starting material was deprotonated 

with n-BuLi using the optimal conditions and after addition of methyl iodide as the electrophile, 

the product (S)-143a was formed in good yield with a slight loss of enantioenrichment (Scheme 

106). This was a similar observation to that found by Li with the parent compound THQ 118a 

(Scheme 57). 

 

 

 

 

Again, while the absolute configurations of these compounds have not been determined by X-

ray crystallography, it has been assumed that the configurations are the same as the parent THQ 

118a. 

The (+)-sparteine surrogate that was used in a small number of the kinetic resolutions was 

prepared in 4 steps from Laburnum anagyroides seeds using the method outlined in the 

literature by OôBrien and co-workers (Scheme 107).119 Approximately 8 g of (ï)-cytisine 145 

was extracted from 700 g of the seeds and the amine was protected with methyl chloroformate 

to give the carbamate 146 in excellent yield. This was then hydrogenated in the presence of a 

platinum oxide catalyst to give compound 147 in excellent yield. Finally, compound 147 was 

reduced to the (+)-sparteine surrogate 148 in a moderate yield by using lithium aluminium 

hydride. 



86 
 

 

The next substrate to be investigated was N-Boc-2-(4-methoxyphenyl)-1,2,3,4-

tetrahydroquinoline 118c. It was thought that by introducing an electron-donating methoxy 

group onto the aromatic ring, the acidity of the benzylic proton would decrease which would 

influence the reactivity. 

Initial lithiationïsubstitution reactions with this substrate used the optimum conditions that had 

worked well for all of the previous THQ substrates. However, these initial reactions gave 

inseparable mixtures of starting material and product with large amounts of starting material 

being recovered. Therefore, it was decided to carry out in-situ IR spectroscopy on this substrate 

in order to find suitable conditions for the lithiation. A solution of 118c in THF at         ï78 °C 

exhibited a peak ɜC=O at 1703 cm-1 (Figure 25). Upon addition of 1.2 equivalents of n-BuLi, 

the intensity of the starting material peak slowly started to decrease with the gradual appearance 

of a peak ɜC=O at 1641 cm-1 which was assigned to the organolithium intermediate. Addition of 

another 1.2 equivalents of n-BuLi seemed to accelerate the lithiation but it still took 

approximately 1 hour for the lithiation to approach completion. This supported the hypothesis 

that the lithiation time for this substrate was considerably longer than the lithiation time for the 

other substrates investigated so far which was probably due to the decreased acidity of the 

benzylic proton. 
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Figure 25. In-situ ReactIRTM 3D and 2D plots of the lithiation of rac-118c with n-BuLi at           

ï78 °C in THF. Blue line represents intensity of C=O stretching frequency of rac-118c (1703 

cmï1) and red line of lithiated intermediate (1642 cmï1) over time. 

Therefore, with this data in hand, it was decided to use 3.0 equivalents of n-BuLi and to leave 

the reactions for 90 minutes before addition of the electrophile in order to ensure that the 

starting material was fully lithiated. Good to excellent yields of the 2,2-disubstituted products 

were obtained when methyl chloroformate, ethyl chloroformate or methyl iodide were used as 

the electrophiles to give products 149aïc (Scheme 108 and Table 19). 

 

 

                     

          

  

       

        Table 19 

Product E+ Yield (%)  

149a MeOCOCl 80 

149b EtOCOCl 79 

149c MeI 84 
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Kinetic resolutions with this substrate were then attempted using either (+)-sparteine or the (+)-

sparteine surrogate as the chiral ligand (Scheme 109 and Table 20). Poor conversions and/or 

selectivities were observed in all reactions, even when conditions that had worked well for 

other derivatives were used. Therefore, work on this substrate was discontinued. 

 Table 20 

Again, while the absolute configurations of these compounds have not been determined by X-

ray crystallography, it has been assumed that the configurations are the same as the parent THQ 

118a. 

Unfortunately, lithiation-substitution reactions with three substrates, N-Boc-2-(2-pyridinyl)-

THQ 118d, N-Boc-2-(2,6-dimethoxyphenyl)-THQ   118g and N-Boc-2-(4-trifluoromethyl)-

THQ       118h gave poor results.  

While product 150 was obtained with THQ 118d, the yield was only moderate and there was 

noticeable decomposition of the reaction mixtures of this substrate, even when attempts were 

made to shorten the reaction times considerably. This may have been due to an increase in the 

acidity of the benzylic proton predicted for this substrate. The crude reaction mixtures obtained 

from reactions with THQ 118h were unstable to column chromatography (Scheme 110).  

 

 

 

Entry L* Solvent 

  

eq. L* 

RSM Product  

time 

(h) 

eq. n-

BuLi 

Yield 

(%) 

er 

(S:R) 

Yield 

(%) 
er (R:S) 

s (by 

RSM) 

1 
(+)-sp 

sur. 
PhMe 

2.5 1.2 
1.3 80 59:41 8 97:3 

7 

2 
(+)-sp 

sur. 
PhMe 

2.5 1.2 
1.3 82 59:41 20 97:3 

12 

3 (+)-sp Et2O 2.5 1.2 1.3 56 64:36 26 88:12 3 

4 (+)-sp Et2O 2.5 1.0 1.7 58 66:34 22 88:12 3 

5 
(+)-sp 

sur. 
THF 

1.5 2.0 
2.5 83 54:46 15 85:15 

2 
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The aim of using THQ 118g was to see whether the Ŭ-substituted product would form when 

methyl cyanoformate was used as the electrophile due to the two ortho-positions being blocked. 

However, no lithiation was observed with only starting material being recovered which may 

have been due to the steric bulk of the ortho-methoxy groups hindering the deprotonation 

and/or the reduced acidity of this substrate (Scheme 111).  

 

Due to the disappointing results with these substrates, no kinetic resolutions were attempted 

with THQs 118d, 118g or 118h. 

Finally, the synthesis of the naphthyridine compound 151 was attempted as it was thought that 

the reactivity of this substrate could be interesting and the naphthyridine moiety is also found 

in pharmaceutical compounds such as Pagoclone 152, which is used to treat anxiety (Figure 

26).120 
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Firstly, by using the Friedländer synthesis, 2-phenyl-1,8-naphthyridine 154 was synthesised in 

good yield. However, while the reduction using sodium cyanoborohydride produced a mixture 

of products which was difficult to purify, it was clear to see by 1H NMR spectroscopy that the 

major product was the undesired 5,6,7,8-tetrahydronaphthyridine 155, presumably due to the 

less hindered aromatic ring being preferentially reduced (Scheme 112). 

 

 

 

 

 

 

An alternative strategy for the synthesis of compound 151 was therefore required. It was 

thought that by firstly using s-BuLi to lithiate the Ŭ-position of the unsubstituted N-Boc-1,8-

naphthyridine 156, the intermediate formed could be transmetalated with ZnCl2 before carrying 

out a Negishi cross-coupling reaction in order to obtain the desired compound 151 (Scheme 

113). 

 

Firstly, amino-alcohol 153 was stirred in t-amyl alcohol 157 at 130 °C overnight, in the 

presence of ethanol and substoichiometric amounts of Ru3(CO)12 and the ligand Xantphos 158. 

This method followed a reported literature procedure and formed 159 in a moderate yield 

(Scheme 114).121 

 

 


