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1. Introduction  

1.1 Use of Ŭ-Aryl Piperidines and Pyrrolidines in Biologically-Active 

Molecules 

Nitrogen-containing heterocycles occur frequently in small molecule drugs and a study 

by Njardarson et al. of U.S. FDA approved unique small molecule drugs showed that 

59% contained at least one nitrogen heterocycle.
1
 The most frequently occurring 

nitrogen heterocycle is piperidine, whilst the fifth is pyrrolidine. In-depth analysis of the 

piperidine moieties found in this dataset showed that 58% of the small drug molecules 

that contained piperidine were 4-substituted, whilst 92% of pyrrolidine-containing drugs 

are substituted at the Ŭ-position. Therefore, there is a need to improve upon and develop 

methods that enable the Ŭ-arylation of pyrrolidine and 4-substituted piperidines and, in 

particular, to obtain methods that enable the cross-coupling of heteroaryl halides due to 

the prevalence of heteroaromatics in biologically-active molecules.  

Examples of biologically-active molecules containing the Ŭ-aryl piperidine motif 

include 1, an NK1 antagonist developed by chemists at Merck, and Ledipasvir (Figure 

1.1). Harrison et al. originally reported the discovery of the NK1 antagonist 1, which 

was further investigated by Xiao, Lavey and co-workers and shown to have good in 

vitro activity for the treatment of nausea associated with chemotheropy.
2,3,4

 The 

molecule possess a 2,2-disubstituted piperidine ring, the alkyl substituent having been 

introduced via benzylic lithiation-trapping. Ledipasvir was developed by Gilead 

Sciences and is used, in combination with sofosbuvir, to treat hepatitis C.
5
 Ledipasvir is 

an inhibitor of NS5A which, whilst the exact mode of action is not defined, prevents 

virus production. It contains both an Ŭ-aryl bridged piperidine and an Ŭ-arylpyrrolidine, 

highlighting the ubiquity of these motifs. 

 

Figure 1.1: Structures of biologically-active compounds containing Ŭ-arylpiperidines 
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The Ŭ-arylpyrrolidine motif is present in several important biologically-active molecules 

(Figure 1.2). For example, it is present in Aticaparant, which was developed by Huang 

and co-workers at Eli Lilly to treat depression through its utility as a kappa opioid 

receptor antagonist.
6,7

 The Ŭ-arylpyrrolidine motif is also present in Larotrectinib, a 

compound that was originally discovered by Array Biopharma and shown to have 

antitumor activity in patients with tropomyosin receptor kinase (TKR) fusion-positive 

tumours.
8,9

 In 2018, Larotrectinib was approved as a first-in-class and highly selective 

TKR inhibitor. Developed by Acerta Pharma, Acalabrutinib is a Brutonôs tyrosine 

kinase (BTK) inhibitor and is used to treat leukaemia; it has been approved for use in 

the U.S. and the E.U..
10

 Inhibition of BTK leads to tumour cell death in leukaemia cells 

and is used to delay the progression of cancer. Acalabrutinib also possesses the Ŭ-

arylpyrrolidine motif. 

 

Figure 1.2: Structures of biologically-active compounds containing Ŭ-arylpyrrolidines 
 

Recently, Denis, Cons and co-workers at Astex Pharmaceuticals reported the results of 

an electrophilic covalent fragment screen against extracellular signal-regulated kinase 2 

(ERK2).
11

 ERK2 is an important oncological target due to its role in cell proliferation. 

As part of a fragment-based drug discovery programme, a fragment screen with 

covalent fragments was carried out. From this, Ŭ-arylpiperidine 2 was shown to have 

good activity (Figure 1.3). This fragment was further developed. First, the aromatic 

group was modified to give Ŭ-arylpiperidine 3 and then it was improved further by 
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replacing the piperidine core with a pyrrolidine ring to give Ŭ-arylpyrrolidine 4. The 

structural changes that gave Ŭ-arylpyrrolidine 4 were shown to increase the activity 

against ERK2; Ŭ-arylpyrrolidine 4 exhibited an IC50 of 7.8 ɛM. 

 

Figure 1.3: Covalent EKR2 fragment optimisation 

 

Collectively, these selected examples demonstrate the widespread nature of the Ŭ-

arylpiperidine and Ŭ-arylpyrrolidine motif in important pharmaceutical molecules and 

compounds in development. In 2009, Lovering and co-workers highlighted the 

importance of sp
3
 centres in medicinal compounds, studying the fraction of sp

3
 centres 

in all biologically-active molecules that had gone through medicinal development since 

1980. It was reported that prospective drug candidates were more likely to succeed at 

each step if they possessed a greater fraction of sp
3
 centres, indicated by higher 

proportions of these molecules making it to late-stage development and ultimately the 

market. Lovering and co-workerôs report has since triggered renewed exploration of 

saturated systems and a shift in attention toward motifs with more 3D shape. This also 

highlights the importance of the development of methods for the functionalisation of 

piperidine and pyrrolidine, particularly via methods that deliver products with a high 

degree of stereoselectivity. These methods would enable medicinal chemists to 

synthesise molecules with greater chances of ultimately becoming commercial drugs. 
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1.2 Selected Overview of Approaches for the Synthesis of Ŭ-Aryl 

Piperidines and Pyrrolidines  

There are numerous different methods for the arylation of saturated nitrogen 

heterocycles Ŭ to nitrogen and each method has different limitations and requirements. 

This overview covers selected examples of the main unique approaches that have been 

reported for the Ŭ-arylation of either pyrrolidine or piperidine in which the heterocycle 

is typically functionalised on the nitrogen.  

One of the main approaches for the Ŭ-arylation of both pyrrolidines and piperidines is 

the lithiation-transmetallation-Negishi cross-coupling methodology developed by 

Campos et al., examples of which are shown in Scheme 1.1.
12

 This methodology makes 

use of a Boc group on nitrogen and C-H activation by lithiation with s-BuLi/diamine, 

which is directed by the carbonyl of the Boc group. The lithiated species is 

transmetallated to an organozinc intermediate and a palladium-catalysed Negishi cross-

coupling reaction is then performed. Campos et al. developed this methodology for use 

on N-Boc-pyrrolidine 5 (for example, to give (R)-6 and (R)-7) and it was subsequently 

adapted by Coldham and Leonori for the Ŭ-arylation of N-Boc-piperidine 8 (for 

example, to give 9 and 10).
13

 One particular advantage of this methodology is that the 

lithiation can be conducted asymmetrically through the use of a chiral diamine ligand in 

the lithiation step and stereochemistry is then retained through the procedure to afford 

Ŭ-arylpyrrolidines in high er. A disadvantage of this methodology is the use of a strong 

base and the limitations that this places on substituents already present in the pyrrolidine 

or piperidine ring. This methodology is discussed in detail in Chapter 2.  

Scheme 1.1 
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Biscoe et al. reported a method for the stereospecific Stille cross-coupling of 

enantioenriched Ŭ-stannyl-N-C(O)CF3 pyrrolidine (R)-11.
14

 The key step in the 

synthesis of Ŭ-stannyl-N-C(O)CF3 pyrrolidine (R)-11 used  Ellmanôs auxiliary. After 

investigation, it was found that the C(O)CF3 protecting group was superior to a Boc 

group and, in combination with JackiePhos, favoured the formation of the desired Ŭ-

aryl-N-C(O)CF3 pyrrolidines. A key feature of this methodology was the use of 

cyclohexyl groups instead of n-butyl groups in Ŭ-stannyl-N-C(O)CF3pyrrolidine (R)-11. 

It was found that cyclohexyl groups underwent transmetallation less readily than n-butyl 

groups and thus the desired pyrrolidine group underwent the required transmetallation 

to palladium, reducing undesired side-products. Stille cross-coupling with Pd(dba)2, 

JackiePhos, CuCl and KF in methanol at 90 ÁC gave Ŭ-arylpyrrolidines in high er. The 

reaction proceeded with high enantiospecificity (es) and examples are shown in Scheme 

1.2. For example, the Stille cross-coupling of Ŭ-stannylpyrrolidine (R)-11 (99:1 er) with 

4-bromoanisole gave Ŭ-arylpyrrolidine (S)-12 in 70% yield with 96% es. Key 

advantages of this methodology include the ability to synthesise enantioenriched Ŭ-

arylpyrrolidines in good yield and from an isolatable and crystalline starting material. 

However, this methodology involved the use of toxic organotin reagents which make it 

less appealing for use in medicinal chemistry. 

 

Scheme 1.2 

 

Yu and co-workers have developed methodology for the enantioselective palladium-

catalysed C-H Ŭ-arylation of pyrrolidine 16 and piperidine 17 using a thioamide 

directing group and BINOL phosphoric acid (R)-18.
15

 The bulky 



Chapter One 

6 

triisopropylbenzothioamide directing group gave the best reactivity and enantiocontrol. 

Ŭ-C-H functionalisation was achieved by reacting the substrates with Pd2(dba)3, BINOL 

phosphoric acid (R)-18, 1,4-benzoquinone and KHCO3 in t-AmylOH at 65 °C for 16 

hours. Under these conditions, good yields and enantioselectivities were achieved with 

pyrrolidine (Scheme 1.3). Increased equivalents of 1,4-benzoquinone (5.0) and 

arylboronic acid (3.0) were required for the Ŭ-arylation of piperidine as well as a 

reaction temperature of 85 ÁC. However, with these changes, Ŭ-aryl piperidines were 

also obtained in good yield and er. For example, the Ŭ-C-H arylation of piperidine 17 

with 4-methoxyphenylboronic acid gave Ŭ-arylpiperidine (R)-21 in 66% yield and 95:5 

er. Yu and co-workers reported that the triisopropylbenzothioamide directing group 

could be removed, although harsh conditions were required (NaBH4 and BCl3). 

Nevertheless, the reaction possesses notable benefits including the ability to synthesise 

Ŭ-aryl heterocycles, piperidine in particular, in high er which is not otherwise easy to 

achieve. Also, the reaction proceeds by C-H activation without the requirement of a 

strong base. However, the disadvantages of the procedure include the necessity for 

directing group manipulation as well as the high equivalents of reagents required. 

 

Scheme 1.3 

 

The methodology of Yu and co-workers was subsequently developed further by Zhang, 

Gong and co-workers using the same thioamide directing group for the enantioselective 

Ŭ-arylation of pyrrolidines and piperidines.
16

 Similar conditions were used for the cross-
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coupling: 3.0 equivalents of arylboronic acid, Pd2(dba)3 and 1,4-benzoquinone in t-

AmylOH at 85 °C for 12 hours. The differences were the use of 3Å molecular sieves 

(MS), chiral cobalt complex -(S,S)-23 and ligand (R)-24. With these conditions, 

thioamidepyrrolidine 16 and piperidine 17 could be cross-coupled with boronic acids in 

good yields and with excellent enantioselectivity. This work generally showed an 

improvement in the enantioselectivity compared to those reported by Yu and co-

workers.
15

 For example, cross-coupling with 4-methoxyphenylboronic acid gave Ŭ-

arylpiperidine (R)-21 in 74% yield and 99:1 er (Scheme 1.4). It should be noted that no 

examples of the cross-coupling of heteroarylboronic acids were included. Zhang, Gong 

and co-workersô adaptations included the addition of multiple additives and molecular 

sieves, as well as using three equivalents of boronic acid and a directing group, which 

renders the procedure less attractive. On the other hand, this work improved the 

enantioselectivity and demonstrated a good substrate scope.  

 

Scheme 1.4 

 

Doyle, MacMillan and co-workers reported that, with the combination of 

photocatalysed decarboxylation and nickel-catalysed cross-coupling, the Ŭ-arylation of 

Ŭ-carboxyl-N-Boc-pyrrolidine 25 could be accomplished with a wide range of aryl 
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halides.
17

 The methodology relied on an interwoven catalytic cycle, involving iridium-

catalysed decarboxylation to generate a pyrrolidine radical (Figure 1.4). Independently, 

the aryl halide would undergo oxidative addition to the nickel catalyst, which would 

then take up the pyrrolidine radical and undergo reductive elimination to afford an Ŭ-

arylpyrrolidine. A single electron transfer would return the transition metals to their 

original oxidation levels ready to repeat the cycle. Doyle, MacMillan and co-workers 

used iridium photocatalyst 26 and NiCl2Åglyme along with dtbbpy and Cs2CO3 in DMF; 

the reaction was irradiated with two standard 26 W lights at rt for 72 hours. Aryl 

chlorides, bromides and iodides all worked well under the reaction conditions and 

examples are shown in Scheme 1.5.  

 

Figure 1.4 Catalytic cycle for the Ŭ-arylation of Ŭ-carboxyl-N-Boc-heterocycles 
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Scheme 1.5 

 

The reaction tolerated the cross-coupling of heteroaryl halides such as 6-bromo-4-

phenylpyrimidine which cross-coupled with Ŭ-carboxyl-N-Boc-pyrrolidine 25 to afford 

Ŭ-arylpyrrolidine 27 in 65% yield. An example of the Ŭ-arylation of Ŭ-carboxyl-N-Boc-

piperidine 30 was also reported: cross-coupling with 4-bromoacetophenone gave Ŭ-

arylpiperidine 31 in 82% yield. The ability to cross-couple heteroaryl halides in good 

yields is a highlight of this methodology. However, the reaction affords racemic Ŭ-

arylpyrrolidines and piperidines. 

Subsequently and independently, MacMillan et al. reported the Ŭ-arylation of 

unsubstituted N-Boc-pyrrolidine 5.
18

 The approach taken was to use the hydrogen atom 

transfer (HAT) reagent 32 to selectively abstract a hydrogen atom from the most 

electron-rich position on the pyrrolidine ring, the Ŭ-position, to generate a pyrrolidine 

radical. The HAT catalyst was activated by the excitation of iridium photocatalyst 26 

which then underwent a single electron transfer with HAT reagent 32. The pyrrolidine 

radical could then enter into a catalytic cycle with nickel catalyst 33 and undergo cross-

coupling with an aryl bromide to afford Ŭ-arylpyrrolidines. Proton loss and single 

electron transfer from iridium to nickel closed the catalytic cycle. Using these three 

catalysts in DMSO at rt and with the application of blue LEDs, N-Boc-pyrrolidine 5 was 
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Ŭ-arylated with both aryl bromides and aryl chlorides in good yields (Scheme 1.6). A 

single example of the Ŭ-arylation of N-Boc-piperidine 8 was also disclosed. Heteroaryl 

halides, such as 4-bromopyridine, were shown to be competent cross-coupling partners. 

As an example, the cross-coupling of 4-bromopyridine was accomplished to afford Ŭ-

arylpyrrolidine 34 in 65% yield. This method benefits from being able to functionalise 

unsubstituted nitrogen heterocycles in good yields and is an efficient way of generating 

racemic Ŭ-arylpyrrolidines and piperidines.  

  

Scheme 1.6 

 

Gong and co-workers reported an alternative nickel-catalysed Ŭ-arylation procedure that 

also used a HAT catalyst.
19

 The reaction made use of elemental zinc as the external 

reductant and (t-BuO)2 as the oxidant. The proposed reaction mechanism involved the 

initial reduction of (t-BuO)2 by the nickel catalyst to form a t-BuOÅ radical, which could 

abstract a hydrogen from the pyrrolidine. The pyrrolidine radical could then be 

intercepted by the nickel catalyst and subsequent zinc reduction of the catalyst, 

oxidative addition with an aryl bromide and reductive elimination would then afford the 

Ŭ-arylpyrrolidine. The reaction was heated at 50 °C in a 3:1 mixture of DMSO and 

MeCN. Pyridine and Bu4NI were used as additives to facilitate the reaction although, 
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for the cross-coupling of electron-deficient aryl bromides, it was found that FeCl3 was 

superior to Bu4NI. With these conditions, a broad range of Ŭ-arylpyrrolidines were 

obtained (Scheme 1.7); for example, the cross-coupling of N-Boc-pyrrolidine 5 with 3-

bromothiophene gave Ŭ-arylpyrrolidine 38 in 40% yield. Gong and co-workers also 

described the successful Ŭ-arylation of a range of other nitrogen-containing heterocycles 

including N-Boc-piperidine 8, which cross-coupled with 4-bromoanisole to give Ŭ-aryl 

piperidine 9 in 60% yield. Overall, this methodology possessed the advantages of not 

requiring a pre-functionalised substrate and the ability to Ŭ-arylate a wide range of 

heterocycles in good yield. The methodology was also shown to be scalable, with a 10 g 

example being reported. However, due to the use of both oxidants and reductants in the 

reaction mixture, there were limitations on the tolerated functional groups. 

 

Scheme 1.7 

 

More recently, Huo et al. described a method for the enantioselective nickel-catalysed 

photoredox cross-coupling of nitrogen heterocycles.
20

 This work built on the nickel-

catalysed work of Doyle, MacMillan and co-workers and used iridium catalyst 26 and 

NiCl2Åglyme.
17

 The initial steps of the reaction proceeded by a radical pathway; 

however, Huo et al. made use of chiral ligand (S,S)-41 to induce stereochemistry during 

the reductive elimination step to afford enantioenriched Ŭ-arylpyrrolidines. The reaction 

was irradiated with 427 nm light in isopropylacetate at rt with Na3PO4 as the base and 

the nickel/iridium catalyst. Under these conditions, a broad scope was established that 

included the successful cross-coupling of heteroaryl chlorides (Scheme 3.8). Good 

yields and excellent enantioselectivities were observed. For example, the cross-coupling 

of N-Bz-pyrrolidine 42 with 4-chloro-2-methoxypyridine gave Ŭ-arylpyrrolidine (R)-43 
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in 81% yield and 94:6 er. It was also reported that aryl bromides could be cross-coupled 

in comparable yields albeit in slightly lower ers. Two examples were reported of the 

cross-coupling of piperidines; both proceeded in good yield. In addition, Huo et al. 

described that the benzoyl group could be replaced with other groups, such as Boc or 

Cbz, although these gave either lower yield or enantioselectivity. This methodology 

possesses the significant benefit of providing enantioenriched Ŭ-aryl heterocycles in 

good yields without the need for a directing group or strong base. However, a 

disadvantage is the use of 3.0-4.0 equivalents of the nitrogen heterocycle, which would 

prove wasteful if the heterocycle was the more precious material.  

 

Scheme 1.8 

 

Opatz et al. reported the Ŭ-arylation of nitrogen heterocycles via a light induced and 

transition metal-free cross-coupling procedure.
21

 This methodology makes use of a 

radical pathway where photoexcited benzophenone abstracts a hydrogen atom from the 

saturated heterocycle to generate an Ŭ-amino radical which can then undergo a radical 

cross-coupling with either 2-chlorobenzoxazole, 2-chloro-N-Boc-benzimidazole or 2-

chlorobenzothiazole. HAT to the nitrogen atom of the heteroaromatic and elimination of 

HCl completes the catalytic cycle and affords Ŭ-aryl heterocycles. The reactions were 

performed with NaOAc in a 13:2 mixture of MeCN and water, conducted at rt and 

irradiated with two 25 W energy saving UV-A lamps for 24-120 h. Using this 

methodology, Optaz et al. successfully Ŭ-arylated N-Boc-pyrrolidine 5 and N-Boc-

piperidine 8 in moderate to good yield (Scheme 1.9). For example, the cross-coupling of 

N-Boc-pyrrolidine 5 with 2-chlorobenzoxazole gave Ŭ-arylpyrrolidine 47 in 78% yield. 
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The reaction procedure was limited in scope, although it completely avoided the use of 

transition metals, was conducted under mild conditions and provided a method to cross-

couple otherwise challenging heteroaromatics. 

 

Scheme 1.9 

 

Aggarwal, Leonori and Harvey et al. have reported a method for the Ŭ-alkylation of 

heteroaromatics using lithiation and organoboron methodology.
22

 Placing the focus on 

the alkyl Bpin reagent, this methodology was used for the Ŭ-arylation of Ŭ-Bpin-N-Boc-

pyrrolidine 51. The reaction proceeds by the lithiation of heteroaromatics, such as furan, 

with n-BuLi followed by the addition of an alkyl Bpin to form a boronate intermediate 

and then subsequent addition of NBS to trigger a 1,2-migration of the C-B bond to from 

the desired C-C bond. The migration was shown to proceed with complete 

enantiospecificity and the er possessed by the alkyl Bpin reagent was transferred to the 

final product. Only a single example was reported of the effective Ŭ-arylation of a 

pyrrolidine or piperidine: reaction of Ŭ-Bpin-N-Boc-pyrrolidine (R)-51 with lithiated 

furan gave Ŭ-arylpyrrolidine (S)-52 in 74% yield and 96% (es) (Scheme 1.10). The 

methodology has clear advantages and limitations; being able to synthesise Ŭ-heteroaryl 

pyrrolidines in high er is particularly powerful as heteroaromatics are normally more 

challenging to cross-couple. However, the methodology is clearly limited by the range 

of heteroaromatics that can undergo the initial lithiation step.  
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Scheme 1.10 

 

Suga and co-workers developed a method for the Ŭ-arylation of substituted N-Boc-

piperidines via the formation of an N-acyliminium ion which was subsequently reacted 

with nucleophiles.
23

 Ŭ-Phenylsulfanyl piperidines were prepared by lithiation with s-

BuLi/TMEDA and subsequent trapping with diphenyldisulfide. The piperidine N-

acyliminium ions were then generated from low temperature electrolysis of these Ŭ-

phenylsulfanylpiperidines with ArS(ArSSAr)
+
 (Ar = 4-F-C6H4) in CH2Cl2. Treatment of 

the N-acyliminium ions with nucleophiles at ï78 ÁC for 5 min then gave Ŭ-

functionalised piperidines (Scheme 1.11). Suga and co-workers demonstrated that a 

range of nucleophiles could be used including PhMgBr, which gave Ŭ-aryl piperidines. 

For example, the reaction of the 4-phenyl-N-acyliminium ion, generated from Ŭ-

phenylsulfanyl-4-phenylpiperidine, with PhMgBr gave 2,4-diphenylpiperidine trans-53 

in 87% yield and 85:15 dr. The reactions were reported to all be highly 

diastereoselective, the diastereoselectivity arising from the preferential direction of 

approach of the nucleophile to the N-acyliminium ion, which adopted a half-chair 

conformation. The methodology was limited by the use of electrochemistry and the 

nucleophile scope, although Suga and co-workers mainly explored non-aromatic 

nucleophiles. However, the methodology also gave access to 2,4-trans-disubstituted 

piperidines which are otherwise difficult to synthesise.  
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Scheme 1.11 

 

A method for the Ŭ-arylation of nitrogen heterocycles via an imine intermediate was 

reported by Seidel and co-workers.
10

 In this approach, pyrrolidine or piperidine was first 

lithiated with n-BuLi to remove the NH proton. Then, a hydride acceptor was added 

which generated the imine in situ and this could then be reacted with a nucleophile such 

as an aryllithium to afford Ŭ-aryl heterocycles. The lithiation step was conducted in 

Et2O at ï78 °C and this temperature was maintained during the addition of the hydride 

acceptor and the organolithium before the reaction was warmed to rt and stirred for 2 

hours. Benzophenone, t-butylphenylketone or trifluoroacetophenone were used as the 

hydride acceptors depending on the substrate. The aryllithiums were prepared by 

halogen-lithium exchange of aryl bromides using n-BuLi. This methodology was used 

to Ŭ-arylate pyrrolidine, piperidine and other heterocycles with a variety of aromatic 

groups (Scheme 1.12). One example of particular note was the Ŭ-arylation of both 

pyrrolidine and piperidine with 3-lithiopyridine to afford Ŭ-arylpyrrolidine 58 in 56% 

yield and Ŭ-arylpiperidine 60 in 58% yield. Seidel and co-workers also noted that when 

4-phenylpiperidine was cross-coupled with PhLi, the reaction was diastereoselective 

and gave 2,4-diphenylpiperidine trans-61 in 72% yield with >96:4 dr. A key advantage 

of this methodology was that a directing group was not required on the heterocycle 

nitrogen, unlike all the other approaches covered in this section. Additionally, Seidel 

and co-workerôs procedure did not require the use of transition metals. However, the 

methodology was restricted to the cross-coupling of aryl bromides that would readily 

form organolithiums and the functional group compatibility issues that that entailed. 
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Scheme 1.12 

 

To conclude, these examples cover a range of different methodologies for the Ŭ-

arylation of piperidine and pyrrolidine using palladium catalysis, directing groups, 

photochemistry, HATs and lithiation. As highlighted throughout, there are advantages 

and disadvantages to each of the different methodologies. For example, although the 

photoredox and HAT methods of Doyle, MacMillan et al., Gong and co-workers and 

Optaz et al. have wide scopes including heteroaryl halides, they afforded racemic 

products.
17,18,19,21

 Conversely, the photocatalytic method of Huo et al. allows for the 

synthesis of Ŭ-aryl heterocycles with excellent enantioselectivity, but the method has its 

own issues such as the large excess (3.0-4.0 eq.) of heterocycles required for a good 

yield.
20

 Other methods are limited in their scope or the use of strong bases or redox 

reagents. Thus, although multiple methods do exist for the Ŭ-arylation of piperidine and 

pyrrolidine, more methods and improvements to existing methodology are always 

beneficial. Increasing the variety of available methods would improve the number of 

tools in a medicinal chemistôs toolkit and thus, ultimately, enable the more efficient and 

successful synthesis of pharmaceutically-relevant molecules.   
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1.3 Project Outline  

In this thesis methods for the Ŭ-arylation of nitrogen heterocycles via palladium-

catalysed cross-coupling were investigated. This chapter highlights the significance of 

nitrogen heterocycles, their prevalence in biologically-active molecules and thus the 

importance of methods for their Ŭ-arylation. The focus of this thesis was to establish 

methodology that would be particularly useful for medicinal chemists, methodology that 

would be: synthetically straightforward, easy to carry out and tolerable of the cross-

coupling of nitrogen-containing heteroaryl halides, which are prevalent in biologically-

active molecules. The secondary aim was to develop methodology that would be 

amenable to rapid screening for the use in structure activity relationship programmes.  

The objective of Chapter 2 was to improve upon existing methodology for the Ŭ-

arylation of 4-substituted-N-Boc-piperidine. There was only a single report of the Ŭ-

arylation of a 4-substituted N-Boc-piperidine with a heteroaryl halide,
 24

 thus the aim of 

this work was to develop methodology compatible with the cross-coupling of heteroaryl 

halides. The diastereoselectivity and enantioselectivity of this reaction was also 

investigated with an aim to synthesising Ŭ-aryl-4-substituted-N-Boc-piperidines with 

both high diastereoselectivity and enantioselectivity (Scheme 1.13). 

 

Scheme 1.13 

 

The objective of Chapter 3 was to provide an alternative method for the Ŭ-arylation of 

pyrrolidine. As detailed in Chapter 1, whilst there exist a range of Ŭ-arylation 

procedures, one notably underexplored approach was that of the SMCC. There were 

only limited examples of the SMCC of Ŭ-boron pyrrolidines, those from one report were 

low yielding and the others were within a paper that has since been retracted.
25,26

 This, 

therefore, represented an opportunity to fill a niche and provide an alternative method 

for the Ŭ-arylation of pyrrolidine with its own advantages. The stereospecificity of this 

reaction was also investigated with an aim to synthesising enantioenriched Ŭ-

arylpyrrolidines (Scheme 1.13). 
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Chapter 2: Ŭ-Lithiation -Arylation  and Ŭ-Lithiation -

Functionalisation of N-Boc-piperidines 

In the first part of this chapter (section 2.1), an overview is given of the existing 

methods for the Ŭ-arylation of substituted N-Boc-piperidines via Negishi cross-

coupling. This covers key findings from multiple groups whose work underpins the 

field and gave rise to the current methodology. It also covers investigations into the 

asymmetric lithiation-functionalisation of substituted and unsubstituted N-Boc-

piperidines. After setting out the planned approach and objectives in section 2.2, the Ŭ-

arylation of 4-substituted N-Boc-piperidines via lithiation-transmetallation-Negishi 

cross-coupling is presented in section 2.3. The plan was to improve the existing cis-

diastereoselective Ŭ-arylation methodology through solvent and reaction optimisation 

and to develop methodology for the successful cross-coupling of a wide range of aryl 

halides and heteroaryl halides in particular (Scheme 2.1).  

 

Scheme 2.1 

 

A study on the racemic and asymmetric Ŭ-lithiation-functionalisation of 4-substituted N-

Boc-piperidines is presented in section 2.4. Here, the aim was to synthesise 2,4-

disubstituted piperidines with high diastereo- and enantioselectivity (Scheme 2.2). 

 

Scheme 2.2 

 

Finally, the further functionalisation of Ŭ-aryl-4-substituted N-Boc-piperidines would 

also be investigated (section 2.5). Here, a second Ŭ-lithiation-functionalisation and an 

intramolecular SNAr reaction would be explored. 
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2.1 Overview of Ŭ-Lithiation -Functionalisation of N-Boc-piperidines 

In 1989, Beak and Lee reported the ability of the N-Boc group to direct the lithiation of 

N-heterocycles to the Ŭ-position; subsequent trapping with electrophiles afforded Ŭ-

functionalised N-heterocycles.
27

 This discovery sparked interest in this area of research 

and, over the past 33 years, numerous groups have contributed to the field of Ŭ-

lithiation-functionalisation of N-Boc heterocycles. This methodology is particularly 

attractive as it enables the activation and functionalisation of nominally unreactive C-H 

bonds and is also amenable to further functionalisation due to the ease of Boc group 

removal. This overview covers important developments in the field with a focus on 

piperidine and particularly on the Ŭ-arylation of N-Boc-piperidines. 

 

2.1.1 Ŭ-Lithiation -Trapping of Unsubstituted and Substituted N-Boc-piperidines 

Beak and Lee reported that the Ŭ-lithiation-trapping of N-Boc heterocycles could be 

accomplished with s-BuLi/TMEDA in Et2O at ï78 °C for around 3.5 hours.
27 

Subsequent addition of an electrophile gave Ŭ-substituted heterocycles. Among other 

heterocycles, the lithiation-trapping of N-Boc-piperidine 8 and 4-substituted N-Boc-

piperidines were reported. For example, the Ŭ-lithiation of N-Boc-piperidine 8 and 

trapping with Me3SiCl afforded Ŭ-silylpiperidine 62 in 94% yield.  

 

Scheme 2.3 

 

The lithiation-trapping of 4-phenylpiperidine 63 with Me3SiCl, methyliodide and 

allylbromide provided 2,4-disubstitutedpiperidines cis-64, cis-65 and cis-66 in 77-99% 

yield (Scheme 2.4). Although not initially reported, subsequent work from Beak and co-

workers demonstrated that these reactions proceeded with cis diastereoselectivity. 
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Scheme 2.4 

 

In a subsequent paper, Beak and Lee further explored the lithiation-trapping of 4-

phenyl-N-Boc-piperidine 63.
28

 Lithiation and trapping with benzaldehyde delivered the 

cyclised 2,4-disubstitutedpiperidine 67 and Ŭ-functionalised piperidine cis-68 (Scheme 

2.5). Reaction of the lithiated intermediate with benzaldehyde generated two 

diastereomeric alkoxides, one of which could cyclise through attack onto the Boc 

carbonyl to give the cyclised 2,4-disubstitutedpiperidine 67. For the other 

diastereomeric alkoxide, there would be a steric clash between the phenyl group and the 

tert-butyl group when they aligned in such a way to enable cyclisation. This prevented 

cyclisation from occurring and hence Ŭ-functionalisedpiperidine cis-68 was obtained. 

The stereochemistry of these functionalised piperidines was assigned by 
1
H NMR 

spectroscopic analysis and by X-ray crystallography of 2,4-disubstitutedpiperidine cis-

69 generated by the removal of the Boc group. This provided the evidence for the cis-

selectivity of the lithiation-trapping of 4-substituted piperidines. 
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Scheme 2.5 

 

Cis diastereoselectivity arises from preferential equatorial lithiation at the Ŭ-position 

and, as the lowest energy conformer has the 4-substitutent in an equatorial position, this 

results in lithiated intermediate cis-70 (Scheme 2.6). The electrophilic substitution is 

then assumed to occur with retention of stereochemistry to preferentially afford a cis-

2,4-disubstituted piperidine.
29

  

 

Scheme 2.6 

 

Beak and Leeôs Ŭ-lithiation-trapping methodology was utilised by chemists at Bristol 

Myers Squibb during the synthesis of CCR3 antagonists for the treatment of asthma 

(Scheme 2.7).
30

 Using lithiation with s-BuLi/TMEDA followed by trapping with 

butyraldehyde, the synthesis of 2,4-disubstituedpiperidine cis-72 was achieved in 18% 

yield. It was reported that the silyl groups were necessary to prevent lithiation of the 

aromatic ring ortho to the fluorine atom. 
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Scheme 2.7 

 

Further examples of the synthesis of 2,4-disubstituted piperidines were described by 

Kantlehner et al. (Scheme 2.8).
31

 The Ŭ-lithiation-functionalisation of 4-OTBDMS-N-

Boc-piperidine 73 gave Ŭ-functionalised piperidines cis-73-d, cis-74 and cis-75 

diastereoselectively. The reactions were conducted in Et2O and the lithiation performed 

with s-BuLi/TMEDA at ï20 °C for 4 h, the reaction was then cooled down to ï80 °C 

prior to the addition of the electrophile. Of note, when 4-OTBDMS-piperidine 73 was 

lithiated and trapped with D2O, piperidine cis-73-d was isolated in 92% yield, indicating 

near complete lithiation under these conditions. However, lower yields were obtained 

with dimethylsulfate (67%) and phenylisocyanate (59%). Despite the differences in 

lithiation procedure, Kantlehner and co-workersô results are in agreement with those 

published by Beak and Lee with the preferential formation of cis-2,4-disubstituted 

piperidines.
28

 

 

 Scheme 2.8 

 

 

Beak and Park reported that the lithiation of 4-chloropiperidine-N-Boc 76 with s-

BuLi/(ï)-sparteine in Et2O at ï78 ÁC gave Ŭ-silylpiperidine (R)-77 in 77% yield and 

60:40 er (Scheme 2.9).
32

 Upon lithiation at the Ŭ-position, the lithiated piperidine 

underwent an intramolecular substitution reaction. Through the use of two equivalents 
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of s-BuLi, a second deprotonation occurred at the cyclopropyl Ŭ-position and 

subsequent trapping with Me3SiCl afforded Ŭ-silylpiperidine (R)-77. This reaction was 

further developed by OôBrien et al. to enable the Ŭ-functionalisation of these [3.1.0] 

bicyclic systems in 99:1 er through the use of an asymmetric deprotonation and trapping 

with Andersenôs sulfinate.
33

 These reactions highlighted the importance of the choice of 

the group in the 4-position when carrying out lithiation reactions, as a substituent that 

could act as a leaving group could lead to an unwanted intramolecular reaction. 

 

Scheme 2.9 

  
Investigations into the Ŭ-lithiation-functionalisation of 4-methyl-N-Boc-piperidine 78 

were carried out by Cossy and Belotti.
34

 This was the first report of exact diastereomeric 

ratios obtained from the lithiation-trapping of 4-substituted piperidines. Beak and Leeôs 

previous work had assumed, or had sufficient evidence to surmise, that the products 

were entirely the cis diastereomer. Lithiation of 4-methylpiperidine 78 using s-

BuLi/TMEDA in Et2O at ï90 ÁC and trapping with carbon dioxide gave Ŭ-

functionalised piperidine cis-79 exclusively in 60% yield (Scheme 2.10). Cossy and 

Belotti observed a peculiar feature when trapping with alkyl chloroformates, the trans 

diastereomers were the major products. Methylchloroformate afforded a 65:35 mixture 

of piperidines trans-80 and cis-80 (in 58% yield); ethylchloroformate gave a 70:30 

mixture of piperidines trans-81 and cis-81 (in 60% yield) and benzylchloroformate 

yielded a 95:5 mixture of piperidines trans-82 and cis-82 (in 35% yield). A potential 

explanation for the unusual trans selectivity could be the epimerisation of the 

disubstituted piperidines. Whilst it is likely that the cis disubstituted piperidines are 

formed on trapping, these may then epimerise to the trans compound via enolate/enol 

formation, either in the reaction mixture, during work-up or upon purification by flash 

column chromatography. If the ester group was equatorial then there would be a steric 

clash with the Boc group, thus the trans compound would be likely to be more 
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thermodynamically stable as the methyl group could be equatorial whilst the ester group 

was axial.  

Scheme 2.10 

 

In 1990, Beak and Lee reported the diastereoselective lithiation-trapping of 2-

substituted N-Boc-piperidine.
28 

The lithiation-trapping of 2-methylpiperidine 83 with 

dimethylsulfate gave 2,6-disubstitutedpiperidine trans-84 in 71% yield (Scheme 2.11). 

This stereochemical outcome was due to the fact that the lowest energy conformer of 2-

methylpiperidine 83 has the methyl group axial in order to avoid A1,3-like interactions 

with the Boc group. Thus, lithiation generates the lithiated intermediate trans-86 and 

subsequent trapping with electrophiles generates trans-2,6-disubstituted piperidines. 

Trans selectivity was also observed when trapping with MeOD and DMF, affording 

2,6-disubstitutedpiperidines trans-83-d and trans-85 in 90% and 87% yields 

respectively (Scheme 2.11).
35 

 In this work it was observed that, whilst aldehyde trans-

85 was the product of lithiation-trapping with DMF, during chromatography on silica 

gel it epimerised (presumably via enol formation) to afford aldehyde cis-85 as the major 

isolated product. Aldehyde cis-85 has both substituents axial to avoid A1,3-strain with 

the Boc group and, whilst it will possess A1,3 diaxial interactions between the 

substituents, these will be reduced by the sp
2
 nature of the aldehyde group making the 

diaxial conformation preferable. 
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Scheme 2.11 

 

Hart and Wu took advantage of the trans selectivity of the Ŭ-lithiation of 2-substituted 

piperidines during the total synthesis of (+)-Himbeline and (+)-Himbacine.
36

 The 

lithiation-trapping of 2-substituted-N-Boc-piperidine (R)-87 with methyliodide afforded 

2,6-disubstitutedpiperidine trans-88 in 41% yield with retention of the R stereocentre 

and introduction of a second stereogenic centre due to the aforementioned trans 

selectivity (Scheme 2.12).  

 

Scheme 2.12 

 

Chackalamannil et al. published an alternative route to (+)-Himbeline and (+)-

Himbacine that also utilised the lithiation-trapping of a 2-substituted piperidine.
37

 2-

Methyl-N-Boc-piperidine (S)-83 was lithiated and trapped with DMF and, in this work, 

epimerisation on purification was avoided and a 97:3 mixture of 2,6-

disubstitutedpiperidines cis-85 and trans-85 was obtained in 86% yield (Scheme 2.13).  
 

 

Scheme 2.13 
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The lithiation-trapping methodology of 2-substituted piperidines was also utilised by 

Stoltz and co-workers during the synthesis of (ï)-Lobeline, (ï)-Sedamine and (+)-

Sedamine.
38

 Lithiation-trapping of 2-substituted-N-Boc-piperidine 89 with DMF was 

carried out to afford 2,6-disubstitutedpiperidine cis-90 in 76% yield (Scheme 2.14). 

Epimerisation of the aldehyde during flash column chromatography enabled the 

synthesis of the desired cis isomer as opposed to the expected trans isomer. 

 

Scheme 2.14 

 

Collectively, these examples demonstrate the utility of Beak and Leeôs discovery and 

the ability to synthesise disubstituted piperidines with high diastereoselectivities, 

methodology that has been used both in natural product synthesis and within medicinal 

chemistry programmes. This also highlights the importance of this chemistry and the 

benefits that further developments would afford the scientific community. 

 

2.1.2 Asymmetric Ŭ-Lithiation -Trapping of N-Boc-pyrrolidine s and Piperidines 

Beak and Kerrick demonstrated that the Ŭ-lithiation-functionalisation of N-Boc-

pyrrolidine 5 could be conducted enantioselectively through the use of a chiral diamine 

instead of TMEDA.
39,40

 The lithiation-trapping of pyrrolidine 5 with 1.2 equivalents of 

s-BuLi/(ï)-sparteine 93 in Et2O at ï78ÁC gave Ŭ-functionalised pyrrolidines with high 

enantioselectivity (Scheme 2.15). For example, lithiation-trapping with Bu3SnCl 

afforded Ŭ-stannylpyrrolidine (S)-92 in 70% yield and 97:3 er. (ï)-sparteine 93 and s-

BuLi form a chiral complex which leads to asymmetric deprotonation of pyrrolidine 5 

to form lithiated intermediate 91.  
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Scheme 2.15 

 

Beak et al. also performed the asymmetric lithiation-trapping of N-Boc-pyrrolidine 5 

using (ï)-sparteine 93 with Me3SiCl in three other solvents besides Et2O (Table 2.1).
40

 

Lithiation-functionalisation in Et2O gave Ŭ-silyl (S)-94 in 87% yield and 98:2 er, in line 

with the results with other electrophiles (entry 1). The use of MTBE gave a lower yield 

of Ŭ-silylpyrrolidine (S)-94 (56%) but a comparable er (95:5) (entry 2). When the 

lithiation was conducted in pentane, a high yield of Ŭ-silylpyrrolidine (S)-94 was 

observed (85%) but there was a significant decrease in the er compared to that obtained 

in Et2O (83:17) (entry 3). Lithiation in THF gave a mixture of products and only a small 

amount of the desired Ŭ-silylpyrrolidine (S)-94 (er not reported) (entry 4). 

Independently, Hoppe and co-workers reported that when the lithiation of 3-

methylindene with n-BuLi/(ï)-sparteine 93 was conducted in THF, the product obtained 

was racemic.
41

 In contrast, when lithiation-trapping was conducted in Et2O a 95:5 er 

was obtained. Hoppe and co-workers postulated that this was because THF had co-

ordinated to the lithium, displacing (ï)-sparteine 93, thus the subsequent proton 

abstraction was not stereoselective and afforded a racemic product. In 2010, OôBrien, 

Hilmersson and Carbone showed, through 
6
Li NMR spectroscopy, that 1.0 equivalent of 

(ï)-sparteine 93 in THF did not form a chiral complex with i-PrLi and only THF-

solvated i-PrLi was observed.
42

 The i-PrLi/(ï)-sparteine 93 complex was only observed 

with excess (Ó3.0 eq.) (ï)-sparteine 93 which explained why racemic lithiation was 

observed by Beak et al. and others when performing the lithiation of N-Boc 

heterocycles in THF with (ï)-sparteine 93, as the deprotonation would occur from the 

racemic s-BuLi/THF complex.
40,43 
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Table 2.1: Solvent effect on the asymmetric lithiation-trapping of N-Boc-pyrrolidine 5 

 

Entry Solvent Yield / % er 

1
 

Et2O 87 98:2 

2
 

MTBE 56 95:5 

3
 

pentane
a 

85 83:17 

4 THF <10 - 

a) ï40 °C lithiation temperature 

 

Overall, these results from Beak and co-workers showed that, whilst there was potential 

for the lithiation-trapping procedure to be conducted in alternative solvents, the original 

choice of Et2O afforded the best results. Through the use of React IR, OôBrien, Campos 

and co-workers later reported that the lithiation of pyrrolidine 5 with s-BuLi/(ï)-

sparteine 93 in MTBE was complete in under an hour, as opposed to the 4 hour 

lithiation time first reported by Beak and co-workers.
44

 Unpublished work from our 

group demonstrated that the lithiation of pyrrolidine 5 with s-BuLi/(ï)-sparteine 93 in 

Et2O was complete in 60 minutes.
45

  

 

Beak and Kerrick demonstrated that the stereogenic centres of Ŭ-functionalised 

pyrrolidines were introduced via an asymmetric deprotonation pathway.
39 

Two potential 

mechanisms were initially proposed. One was that (ï)-sparteine 93 and s-BuLi formed a 

complex which effected the enantioselective deprotonation of N-Boc-pyrrolidine 5. The 

alternative mechanism was an asymmetric substitution where racemic lithiation would 

occur followed by complexation of the chiral ligand which, together with a 

configurationally unstable organolithium, would lead to two possible diastereomeric 

transition states, one of which would trap preferentially to predominantly give one 

enantiomer. This second pathway was disproved through the lithiation of Ŭ-stannyl-N-

Boc-pyrrolidine 92 and (S)-92 (Scheme 2.16). Tin-lithium exchange was performed 

with s-BuLi on racemic Ŭ-stannylpyrrolidine 92 to give the lithiated intermediate 91 in 
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situ; this was then treated with (ï)-sparteine 93 and subsequently trapped with Me3SiCl 

to generate Ŭ-silylpyrrolidine 94 with 53:47 er, indicating that stereoinduction was not 

imparted after the deprotonation step. The lithiation-trapping of enantioenriched Ŭ-

stannylpyrrolidine (S)-92 with s-BuLi/TMEDA and Me3SiCl afforded Ŭ-silylpyrrolidine 

(S)-94 in 83.5:16.5 er. This indicated that there was a high degree of configurational 

stability to the lithiated intermediate 91 at ï78 ÁC. OôBrien et al. later demonstrated that 

the asymmetric lithiation of N-Boc-piperidine 5 followed a similar pathway, i.e. the 

stereogenic centre was set up via asymmetric deprotonation as opposed to asymmetric 

substitution.
46 

 

Scheme 2.16 

 

In 2002, the OôBrien group synthesised a (+)-sparteine surrogate 95 which was inspired 

by the lack of availability of (+)-sparteine 93 at the time.
47

 Asymmetric lithiation of N-

Boc-pyrrolidine 5 with s-BuLi/(+)-sparteine surrogate 95 in Et2O at ï78 °C and trapping 

with Me3SiCl afforded Ŭ-silylpyrrolidine (R)-94 in 84% yield and 95:5 er (Scheme 

2.17). The work of OôBrien et al. provided access to the opposite enantiomer in 

comparable yield and er to that obtained with (ï)-sparteine 93 (87%, 95:5 er). It should 

be noted that at the time of writing, for unknown reasons, (+)-sparteine 93 is now 

commercially available and (ï)-sparteine 93 is not. Studies in our group demonstrated 

that the lithiation times of various heterocycles, including N-Boc-pyrrolidine 5 and N-

Boc-piperidine 8, with s-BuLi/(+)-sparteine surrogate 95 in Et2O at ï78 °C were shorter 

than those conducted with both TMEDA and (ï)-sparteine 93.
45

 For example the 

lithiation of N-Boc-pyrrolidine in Et2O at ï78 °C was complete in 2 minutes with the 
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(+)-sparteine surrogate 95 compared to 5 minutes with TMEDA and 60 minutes with   

(ï)-sparteine 93. 

 

Scheme 2.17 

 

Beak and co-workers subsequently demonstrated that s-BuLi and (ï)-sparteine 93 could 

be used to enantioselectively deprotonate N-Boc-piperidine 8.
48

 Lithiation of N-Boc-

piperidine 8 in Et2O with s-BuLi/(ï)-sparteine 93 at ï78 °C for 16 hours followed by 

trapping with Me3SiCl gave Ŭ-silylpiperidine (S)-62 in 9% yield and 87:13 er (Scheme 

2.18). Through computational studies, it was reported that the low yield and long 

lithiation time required were due to a high activation energy for the deprotonation step. 

OôBrien et al. demonstrated by in situ reaction monitoring using React IR that after 

stirring piperidine 8 in Et2O with s-BuLi/(ï)-sparteine 93 at ï78 °C for 6 hours, only 

around 10% of piperidine 8 had undergone lithiation.
46

  

 

 Scheme 2.18 

 

Coldham et al. reported the use of dynamic resolution in an attempt to get around the 

poor enantioselectivities/yields obtained with the asymmetric deprotonation of N-Boc-

piperidine 8.
49

 The process of dynamic thermodynamic resolution (DTR) involves a 

racemic lithiation of the substrate, warming the reaction mixture up to a point where it 

is configurationally unstable and treating it with a chiral ligand. The lithiated substrate 

forms a complex with the ligand and will preferentially favour one diastereomeric 

complex over the other. This sets up the stereogenic centre and thus the enantiomeric 

ratio. The reaction mixture is then cooled down to prevent further epimerisation and the 
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electrophile is added. In this way, the functionalised product will be obtained in an er 

matching the ratio of diastereomeric complexes. An alternative method is dynamic 

kinetic resolution (DKR); this approach relies on the rate of interconversion of the 

lithiated complexes being faster than the rate of trapping with the electrophile, so that 

the electrophile preferentially traps one complex to afford one enantiomeric product in 

excess. The difficulty with DKR is that the asymmetric induction achieved will change 

depending on the electrophile and how fast it traps, which can necessitate changing the 

temperature at which the trapping is conducted. This in turn means that there cannot be 

a general method for all electrophiles, unlike DTR which should yield a very similar 

enantioselectivity for all electrophiles.  

Coldham et al. had initially reported the use of both DTR and DKR for the 

enantioselective Ŭ-functionalisation of N-Boc-pyrrolidine 8 and subsequently applied 

DTR for the successful Ŭ-functionalisation of N-Boc-piperidine 8 with a range of 

electrophiles.
50

 Using ligand 96 (pre-treated with s-BuLi), the electrophile scope 

included Me3SiCl which afforded Ŭ-silylpiperidine (S)-62 in 65% yield and 85:15 er 

(Scheme 2.19). This was a comparable er but significantly higher yield to that obtained 

by Beak et al. (see Scheme 2.18), demonstrating the utility of this methodology. In one 

example, trapping with propionaldehyde gave a mixture of diastereomeric alcohols and 

the major diastereomer was used in the total synthesis of the naturally occurring 

alkaloid (+)-ɓ-conhydrine (2R,R)-98. 

 

Scheme 2.19 

 



Chapter Two 

32 

Coldham et al. performed a DKR procedure on N-Boc-piperidine 8.
49

 In this case, the 

racemic lithiated species was generated in THF and then the lithium alkoxide ligand 

derived from 99 was added. Trapping with Me3SiCl at ï20 °C over 1 hour afforded Ŭ-

silylpiperidine (S)-62 in 62% yield and 95:5 er (Scheme 2.20). This was the only 

electrophile reported in this DKR procedure and highlights the key limitation of the 

DKR approach. 

 

Scheme 2.20 

 

Gawley and Beng built upon Coldham and co-workerôs DKR procedure and, through 

the use of dilithiated ligands derived from amino alcohols (S,S)-100 and (S,R)-100, 

accomplished the DKR of N-Boc-piperidine 8 with a range of electrophiles in Ó94:6 er 

(Scheme 2.21).
51

 An advantage of this methodology was the use of a substoichiometric 

amount of the chiral ligand (0.1 equivalents) and, for this reason, the method was named 

a catalytic dynamic resolution (CDR). Using diastereomeric ligands (S,S)-100 and 

(S,R)-100, the synthesis of Ŭ-stannylpiperidine 97 in both enantiomeric forms was 

carried out in excellent er. Other electrophiles were also shown to be compatible with 

this methodology, all affording Ŭ-functionalised piperidines in Ó94:6 er. This 

methodology was also used to synthesise six natural products and biologically-active 

compounds containing piperidine rings such as (S)-(ï)-ropivacaine (Scheme 2.21). 
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Scheme 2.21 

 

OôBrien and Coldham et al. investigated alternative ligands for the asymmetric 

deprotonation of N-Boc-piperidine 8.
52

 12 Chiral ligands were synthesised or acquired 

for use in the lithiation-trapping of piperidine 8 with either Me3SiCl or PhMe2SiCl. 

These reactions were conducted in Et2O at ï78 °C and piperidine 8 was treated with s-

BuLi/ligand for 6 hours before addition of the electrophile (Scheme 2.22). Out of these 

12 ligands, the only one to afford Ŭ-silylpiperidine (S)-62 with an er greater than 70:30 

was diamine (R,R)-105, initially introduced by Alexakis.
53

 When used in the lithiation, 

diamine (R,R)-105 afforded Ŭ-silyl piperidine (S)-62 in 90:10 er but only 13% yield.
 
The 

next best ligands, (S)-103 and (R,S)-104, afforded Ŭ-silylpiperidine (S)-62 in 50% yield 

in both cases but only modest er, 65:35 and 60:40 respectively. 
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Scheme 2.22 

 

Building upon their previous work OôBrien et al. applied the (+)-sparteine surrogate 95 

to the lithiation-trapping of N-Boc-piperidine 8.
46

 The lithiation was conducted in Et2O 

with s-BuLi/(+)-sparteine surrogate 95 with a lithiation time of 6 hours (Scheme 2.23). 

Under these conditions the synthesis of Ŭ-silylpiperidine (R)-62 was accomplished in 

73% yield and 86:14 er. This was a significantly higher yield than that obtained with   

(ï)-sparteine 93 (see Scheme 2.18), but a lower er that that obtained by either dynamic 

resolution method (see Schemes 2.20 and 2.21). Other electrophiles were shown to give 

similar levels of success, for example, use of Bu3SnCl afforded Ŭ-stannylpiperidine (R)-

97 in 82% yield and 88:12 er. However, it was observed that a lower yield and er was 

obtained when the electrophiles PhMe2SiCl, dimethylsulfate, methyliodide and 

allylbromide were used. For example, with dimethylsulfate, Ŭ-methylpiperidine (R)-83 

was obtained in 45% yield and 60:40 er. This was shown to be due to slow trapping and 

configurational instability of the lithiated intermediate as it warmed up, resulting in 

degradation of the er and loss of yield. When tin-lithium exchange of enantioenriched Ŭ-

stannylpiperidine (R)-97 was performed in THF with n-BuLi followed by electrophilic 

trapping with dimethylsulfate, Ŭ-methylpiperidine (R)-83 was obtained in good yield 

(54%) and high er (87:13).  
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Scheme 2.23 

 

A classical resolution approach to enantioenriched Ŭ-aryl N-Boc-piperidines using 

lithiation-trapping has been described by Coldham et al.
54

 This was performed by 

starting from a racemic Ŭ-aryl N-Boc-piperidine, lithiating with n-BuLi/(ï)-sparteine 93 

in toluene at ï78 °C and then adding the electrophile at ï78 °C and allowing the mixture 

to warm to rt. 0.7 Equivalents of n-BuLi/(ï)-sparteine 93 were used, resulting in 

deliberate incomplete lithiation. Due to the presence of the chiral ligand one of the 

enantiomers would be lithiated preferentially over the other and subsequently trapped 

by the electrophile. Therefore, the Ŭ-aryl piperidine that was not lithiated would be 

enantioenriched when isolated as it could be separated from the functionalised 

piperidine. By nature of this procedure, the maximum yield that could be obtained 

would be ~50%, but Coldham demonstrated that it was a viable procedure on a range of 

Ŭ-aryl piperidines affording enantioenriched Ŭ-aryl piperidines (Scheme 2.24). Using 

(+)-sparteine surrogate 95, the opposite enantiomer could be obtained. 

 

a) (+)-sparteine surrogate 95 used instead of (ï)-sparteine 93 

Scheme 2.24 
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The first asymmetric deprotonation of a 4-substituted-N-Boc-piperidine was reported by 

OôBrien and Coldham et al..
52

 The Ŭ-lithiation-functionalisations of 4-phenyl-N-Boc-

piperidine 63 and 4,4-(ethylenedioxy)-N-Boc-piperidine 110 were carried out using  

chiral ligands. The reactions were conducted in Et2O and with a lithiation time of 6 

hours before the addition of Me3SiCl to give Ŭ-silyl piperidine cis-65 or (S)-111 (Tables 

2.2 and 2.2).  

 

Table 2.2: Asymmetric lithiation-trapping of 4-phenyl-N-Boc-pyrrolidine 63 

 

Entry Ligand Yield / % er 

1
 

(ï)-sparteine 93 6 78:22 

2
 

(S)-103 68 58:42 

3
 

(R,S)-104 24 56:44 

4
 

(R,R)-105
 

48 87:13 

5 (+)-sp surr 95 89 30:70 

 

The results of these investigations showed that only diamine (R,R)-105 gave a degree of 

enantiocontrol approaching a synthetically useful value, affording cis-65 in 48% yield 

and 87:13 er (Table 2.2 entry 4). However, when diamine (R,R)-105 was used to effect 

the asymmetric lithiation of 4,4-(ethylenedioxy)-N-Boc-piperidine 110,  the resulting Ŭ-

silylpiperidine (R)-111 was only obtained in 53% yield and 53:47 er (Table 2.3 entry 4). 

Neither ligand (S)-103 or (R,S)-104 accomplished an er greater than 60:40 with either 

piperidine substrate. OôBrien and co-workers also applied the (+)-sparteine surrogate 95 

to the asymmetric lithiation-trapping of 4-phenyl-N-Boc-piperidine 63.
55

 The use of this 

ligand gave Ŭ-silylpiperidine cis-65 in 70:30 er and a significantly higher yield of 89% 

(Table 2.2 entry 5). The higher yield can be attributed to the greater reactivity of the s-

BuLi/(+)-sparteine surrogate 95 complex compared to that of s-BuLi/(ï)-sparteine 93. 

These results demonstrated that whilst the enantioselective synthesis of 2,4-
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disubstituted piperidines via lithiation-trapping was possible, relatively low ers were 

obtained. 

 

Table 2.3: Asymmetric lithiation-trapping of 4,4-(ethylenedioxy)-N-Boc-piperidine 110 

 

Entry Ligand Yield / % er 

1
 

(ï)-sparteine 93 0 - 

2
 

(S)-103 47 60:40 

3
 

(R,S)-104 6 60:40 

4
 

(R,R)-105
 

53 47:53 

 

Subsequently, OôBrien and co-workers reported the Ŭ-lithiation-functionalisation of 4-

phenyl-N-Boc-piperidine 63 with further electrophiles.
55

 These reactions were 

performed using the Alexakis diamine (S,S)-105 as this ligand gave the highest er in the 

previous study (see Table 2.2). 2,4-Disubstituted piperidines cis-64, cis-112 and cis-113 

were obtained in ~90:10 er, indicating the utility of the Alexakis diamine (S,S)-105 

(Scheme 2.25). 

 

Scheme 2.25 

 

These reports have demonstrated that the asymmetric lithiation-trapping of substituted 

and unsubstituted N-Boc-piperidine is possible. However, the enantioselectivity 

achieved from the direct lithiation-trapping of N-Boc-piperidines is lower than that 
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when the method is applied to N-Boc-pyrrolidine 5. Lithiation with s-BuLi/(ï)-sparteine 

93, which, upon trapping gives Ŭ-functionalised N-Boc-pyrrolidines in good yield er, 

has been shown to be far less efficient with N-Boc-piperidine 8. Instead, the ligand 

affording the highest degree of enantioselectivity is the Alexakis diamine (S,S)-105 or 

(R,R)-105. Nevertheless, through the use of DTR and DKR, Ŭ-functionalised N-Boc-

piperidines can be obtained with >95:5 er. 

 

2.1.3 Racemic and Asymmetric Ŭ-Arylation of N-Boc-pyrrolidine  and Piperidines 

via Negishi Cross-Coupling 

As briefly covered in Chapter 1, chemists at Merck led by Campos expanded upon the 

utility of the N-Boc heterocycle Ŭ-functionalisation methodology by demonstrating that, 

instead of using an electrophile, the lithiated pyrrolidine could be transmetallated to an 

organozinc species using ZnCl2. The organozinc species could then undergo a 

palladium-catalysed Negishi cross-coupling reaction, enabling the Ŭ-arylation of N-Boc-

pyrrolidine.
12

 Through the use of s-BuLi/(ï)-sparteine 93, the lithiation step was carried 

out enantioselectively and this asymmetric information was carried through the 

transmetallation to zinc, transmetallation to palladium and subsequent reductive 

elimination to give Ŭ-arylated pyrrolidines in Ó96:4 er with retention of stereochemistry 

(Scheme 2.26). During the investigation, it was reported that both RuPhos and QPhos 

gave comparable yields and enantioselectivities when utilised in the cross-coupling step, 

but, for reasons of cost, availability and practicality, t-Bu3P-HBF4 was selected. It was 

also observed that Pd(OAc)2 provided a significantly faster rate of reaction compared to 

other palladium sources such as PdCl2 and that both precatalysts Pd(t-Bu3P)2 and 

[PdBr(t-Bu3P)]2 gave lower conversions. Overall, this led to the use of t-Bu3P-HBF4 at 5 

mol % and Pd(OAc)2 at 4 mol %. As an example, asymmetric lithiation followed by 

transmetallation with 0.6 equivalents of ZnCl2 gave an organozinc species which was 

cross-coupled with bromobenzene using Pd(OAc2) and t-Bu3P-HBF4 at rt to give Ŭ-

phenylpyrrolidine (R)-114 in 82% yield and 96:4 er. A selection of the aryl bromides 

reported to be compatible with this methodology are shown in Scheme 2.26; both 

electron-rich and electron-deficient aryl bromides were tolerated as well as 

heteroaromatics. Interestingly, the lithiation step was performed in MTBE not Et2O, 

which may have been due to the higher flash point of MTBE, making it a safer solvent 

to work with whilst still possessing similar physical properties to Et2O. It was 
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demonstrated that chlorobenzene could be used in the cross-coupling to give Ŭ-

phenylpyrrolidine (R)-114, although with a lower yield (48%) compared to that 

achieved with bromobenzene (82%). The cross-coupling was attempted with PhOTs and 

PhOTf but, in both cases, no product was obtained. When 3-bromopyridine was cross-

coupled, the Negishi reaction required an elevated temperature of 60 °C and with this 

change in conditions, Ŭ-pyridylpyrrolidine (R)-119 was obtained in 60% yield and 96:4 

er.  

 

a) Cross-coupling conducted at 60 °C 

Scheme 2.26 

 

The methodology was developed by the chemists at Merck in pursuit of glucokinase 

activator 121, for which they performed the Ŭ-arylation of N-Boc-pyrrolidine 5 with 3-

fluoro-4-bromophenylamine.
56

 This reaction was performed on a large scale to deliver 

over 1 kg of Ŭ-arylpyrrolidine (R)-121 in 63% yield and 96:4 er (Scheme 2.27). 
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Scheme 2.27 

 

Campos et al.ôs Ŭ-lithiation-arylation procedure was applied to N-Boc-piperidine 8 by 

Coldham and Leonori to generate Ŭ-aryl piperidines in good yields (Scheme 2.28).
13 

The 

lithiation was performed racemically using s-BuLi/TMEDA in Et2O followed by 

transmetallation with ZnCl2 prior to Negishi cross-coupling with Pd(OAc)2 and t-Bu3P-

HBF4. Similar conditions to those reported by Campos et al. were used except that N-

Boc-piperidine 8 was the limiting reagent (instead of the aryl halide) and the Pd:ligand 

ratio was increased to 1:2.
46

 Electron-rich and deficient aryl bromides were tolerated in 

the cross-coupling and a single example of the coupling of a heteroaryl halide was 

reported, using 3-bromopyridine to afford Ŭ-pyridylpiperidine 128 in 51% yield. The 

pyridine cross-coupling step was conducted at 40 °C whereas the rest of the aryl 

bromides were successfully cross-coupled at rt. The effect of varying the halide was 

reported and successful cross-coupling was achieved with bromobenzene (75%) and 

iodobenzene (61%). However, only trace amounts of Ŭ-phenylpiperidine 107 were 

detected when chlorobenzene was cross-coupled. None of the desired Ŭ-aryl piperidine 

was observed when PPh3 was used as a ligand although it was shown that PCy3-HBF4 

was a viable alternative ligand; cross-coupling with bromobenzene gave Ŭ-

phenylpiperidine 107 in 52% yield. 
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b) Cross-coupling conducted at 40 °C 

Scheme 2.28 

 

The OôBrien group subsequently reported that the Ŭ-arylation of N-Boc-piperidine 8 

could be  conducted enantioselectively through the use of s-BuLi/(+)-sparteine 

surrogate 95 in the lithiation step.
46

 Using the same catalytic system as reported by 

Campos et al. (albeit with a higher catalyst loading), Ŭ-arylpiperidine (S)-127 was 

formed in 33% yield and 82:18 er (Scheme 2.29). The er was slightly lower than those 

obtained by direct trappings with electrophiles such as CO2, Bu3SnCl and 

methylchloroformate (88:12 er, see Scheme 2.25). It is not clear why there was this 

discrepancy. 

 

Scheme 2.29 

 

Coldham et al. developed a method for the enantioselective Ŭ-arylation of N-Boc-

piperidine 8 proceeding via enantioenriched Ŭ-stannylpiperidine (S)-97, which was 



Chapter Two 

42 

obtained through the DTR method in 84:16 er (see Scheme 2.19).
49

 The lithiated 

intermediate was generated via tin-lithium exchange using n-BuLi/TMEDA in Et2O at ï

78 °C for 1 hour. The transmetallation of lithium to zinc was carried out and the 

subsequent cross-coupling step was performed using Pd(OAc)2 (10 mol%) and t-Bu3P-

HBF4 (20 mol%). This Ŭ-arylation procedure was performed with bromobenzene and 4-

bromoanisole to afford Ŭ-arylpiperidines (R)-107 (71% yield, 82:18 er) and (R)-9 (56% 

yield, 82:18 er) respectively (Scheme 2.30). This work demonstrated that there was 

retention of stereochemistry during tin-lithium exchange and subsequent cross-coupling.
 

 

Scheme: 2.30 

 

Gawley and Beng expanded upon their previous research into the CDR of N-Boc-

piperidine 8 by adapting their original method to accomplish the Ŭ-arylation of 

piperidine 8, using the ligands (S,S)-100 and (S,R)-100 and through Negishi cross-

coupling.
57,51 

Et2O was reported to be superior to MTBE, affording higher yields and 

superior enantioselectivities whilst decreasing the amount of ligand used in the 

resolution increased the er. The transmetallation to zinc was performed using 1.3 

equivalents of ZnCl2 in THF at ï45 °C for 30 minutes, followed by warming the 

reaction mixture to rt and stirring for a further 30 minutes. The cross-coupling was then 

performed using the same conditions as originally reported by Coldham and Leonori.
13

 

The CDR-arylation procedure afforded a wide range of Ŭ-aryl piperidines in good yield 

(46-75%) and very good er; a selection of examples are shown in Scheme 2.31. Of note, 

the successful cross-coupling of sterically hindered mesitylbromide to afford Ŭ-

arylpiperidine (R)-129 was accomplished (64% yield, 92:8 er) alongside the cross-

coupling of three nitrogen-containing heteroaryl halides: 2-bromopyridine, 3-

bromopyridine and 2-bromopyrimidine. For the heteroaryl halides, the cross-coupling 

reactions were carried out at 60 °C, indicating the increased difficulty of cross-coupling 

these aryl bromides. Notably, the ers of the Ŭ-heteroaryl piperidines were lower than 

those of the other Ŭ-aryl piperidines. It was demonstrated that this was due to some 
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configurational instability of the organozinc intermediate at higher temperatures. With 

the exception of heteroaryl halides, Gawley and Bengôs CDR method afforded Ŭ-aryl 

piperidines in superior ers compared to the asymmetric deprotonation method, a definite 

advantage of this methodology. 

 

a) Cross-coupling conducted at 60 °C 

Scheme: 2.31 

 

Baudoin and co-workers demonstrated that it was possible to accomplish the ɓ-arylation 

of N-Boc-piperidine 8 using a Negishi approach from an Ŭ-zincated piperidine 

(generated via Ŭ-lithiation-transmetallation).
58

 This was achieved through the judicious 

choice of ligand in the cross-coupling step. Flexible biarylphosphine ligands favoured 

the ɓ-arylated product whereas more rigid ligands gave the Ŭ-arylated product. The 

cross-coupling step used Pd2(dba)3 (2.5 mol%) and a solvent switch from Et2O to 

toluene prior to the cross-coupling step (instead of conducting the whole procedure in a 

single solvent); the reactions were conducted in Schlenk tubes and the Et2O was 

removed in vacuo. The catalyst, ligand and aryl halide were premixed in toluene and 

then added to the organozinc intermediate and the reaction was heated at 60 °C. This 
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solvent switch enabled the cross-coupling step to be conducted at a higher temperature 

that would not otherwise be possible in Et2O. The optimisation studies are summarised 

in Table 2.4. When cross-coupling was attempted using DavePhos (5 mol%) and a 

temperature of 60 °C, good yields of arylated piperidines 134 and 135 were obtained 

with toluene (68%, entry 1), THF (55%, entry 2), TMO (68%, entry 3), MTBE (62%) 

and mesitylene (54%). Under these conditions, only modest ɓ selectivity was observed, 

in the range of 41:59 ï 27:73. The effect of the ligand on selectivity was investigated 

whilst conducting the cross-coupling in toluene. Ligand studies showed that cross-

coupling using DavePhos and RuPhos favoured the formation of Ŭ-arylpiperidine 135 

(entries 1 and 6), whilst SPhos almost exclusively gave Ŭ-arylpiperidine 135 in high 

yield (78%, 94:6 ratio, entry 7). However, the use of 136 afforded a 91:9 mixture of ɓ-

arylpiperidine 134 and Ŭ-arylpiperidine 135 in 59% yield. Temperatures of 20-100 °C 

were investigated for the cross-coupling step and 60 °C was found to be optimal. 

 

Table 2.4: Investigation of the Ŭ- and ɓ-arylation of N-Boc-piperidine 8 

 

Entry Ligand Solvent Yield / %
a 

134:135
b 

1
 

DavePhos toluene 68 39:61 

2 DavePhos THF 55 41:59 

3 DavePhos TMO 68 29:71 

4 DavePhos MTBE 62 36:64 

5 DavePhos mesitylene 54 27:73 

6
 

SPhos toluene 78 6:94 

7
 

RuPhos toluene 65 10:90 

8
 

136
 toluene 59

c 
91:9 

a) Combined yield of 134 and 135 unless otherwise stated; b) Ratio of 134 and 135 determined by 1H NMR 

spectroscopic or GCMS analysis of crude product; c) Yield of isolated 134 
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Supported by DFT studies, Baudoin et al. presented a mechanism for ɓ-arylation 

(Figure 2.1). It was proposed that transmetallation from zinc to palladium occurred first 

to give 137, followed by a ring-flip to the twist boat conformation 138 from which ɓ-

hydride elimination could occur to give 139. There would then be rotation of the 

coordinated palladium followed by reinsertion to give 140 with the palladium now in 

the ɓ position; this would be followed by a ring-flip back to a chair conformation to 

give 141. Finally, reductive elimination would occur to give ɓ-arylpiperidine 142. In 

this proposed mechanism, the palladium stays coordinated to the same face of the 

piperidine ring throughout the process. 

 

Figure 2.1: Proposed mechanism of ɓ-arylation of N-Boc-piperidine 8 

 

Subsequently, the scope of the ɓ-arylation was investigated using N-Boc-piperidine 8 

and conducting the cross-coupling step in toluene. The cross-coupling of electron-rich, 

electron-deficient and 3-bromopyridine could all be successfully carried out, although in 

the case of 3-bromopyridine, the Negishi step required an elevated temperature of 80 

ÁC. A selection of examples of ɓ-aryl piperidines are shown in Scheme 2.32. Despite the 
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success with N-Boc-piperidine 8, the ɓ-arylation methodology was unsuccessful when 

applied to N-Boc-pyrrolidine 5, N-Boc-azepane and N-Boc-azocane.  

 

a)  Isolated yield of ɓ-aryl piperidine; b) Cross-coupling conducted at 80 °C 

Scheme: 2.32 

 

The ɓ-arylation of N-Boc-piperidine 8 was subsequently observed by Beng and Fox.
59

 It 

was reported that during the synthesis of Ŭ-arylpiperidine 146, a 32% yield of ɓ-

arylpiperidine 147 was observed as a by-product (Scheme 2.33). Unlike Baudoin et al.ôs 

methodology, Beng and Fox conducted the cross-coupling in THF and with t-Bu3P-

HBF4. 

 

Scheme: 2.33 

 

Zhong and Tran et al. at Calibr reported the Ŭ-arylation of N-Boc-piperidine 8 in THF 

with 2-bromopyridine by lithiation in THF, transmetallation with ZnCl2 and Negishi 

cross-coupling; this reaction afforded Ŭ-arylpiperidine 108 in 10% yield.
60

 The 

advantage of conducting the lithiation in THF was that it avoided the need for a solvent 

switch prior to the cross-coupling step and, as THF has a higher boiling point than Et2O, 

the Negishi step could be heated to 70 °C (Scheme 2.34).  
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Scheme: 2.34 

 

These reports have built upon the existing Ŭ-lithiation-functionalisation procedure and 

improved its utility by enabling the installation of aromatic groups. However, for N-

Boc-piperidines, as with lithiation-trapping, the enantioselectivity of methods that 

proceed via direct lithiation-transmetallation cross-coupling have been shown to be 

lower than those obtained with N-Boc-pyrrolidines. Nevertheless, Beng and Gawley 

have shown that this is a problem that can be circumvented with CDR. A recurring 

trend throughout the existing reports is the challenge of cross-coupling nitrogen-

containing heteroaryl halides; in almost all cases, they require higher temperatures to 

cross-couple relative to other aryl halides. 

 

2.1.4 Ŭ-Arylation of Substituted N-Boc-piperidines via Negishi Cross-Coupling 

Coldham and Leonori reported the first Ŭ-arylation of a substituted piperidine, by 

performing the Ŭ-arylation of 2-methyl-N-Boc-piperidine 83 by lithiation-

transmetallation-Negishi cross-coupling.
13

 The Negishi step was performed using 4 

mol% Pd(OAc)2, 8 mol% t-BuP-HBF4 at rt. 4-Bromo-1,2-dimethoxybenzene was cross-

coupled to afford Ŭ-aryl-6-methylpiperidine trans-148 in 39% yield (Scheme 2.35). The 

preferential formation of the trans diastereomer is consistent with the findings of Beak 

and Lee in direct electrophile trapping (see Scheme 2.11).
28

 

 

Scheme: 2.35 

 

Knochel et al. provided the first report on the Ŭ-arylation of 4-substituted N-Boc-

piperidines via lithiation, transmetallation and Negishi cross-coupling to afford 2,4-

disubstituted piperidines.
24

 After transmetallation, the lithiation solvent (Et2O) was 
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removed in vacuo before performing the cross-coupling step with aryl iodides (as the 

limiting reagent) in THF at 55 °C using Pd(dba)2 and either SPhos or RuPhos. This 

procedure successfully furnished a range of 4-methyl-, 4-phenyl- and 4-OTIPS-Ŭ-aryl 

piperidines in good yields with Ó95:5 cis-selectivity (Scheme 2.36). For example, cross-

coupling the organozinc intermediate generated from 4-OTIPS-N-Boc-piperidine 149 

with 4-iodobenzonitrile afforded Ŭ-arylpiperidine cis-150 in 81% yield and 97:3 dr. A 

range of aryl iodides were successfully cross-coupled including those with both 

electron-rich and deficient groups. There was a single example of the cross-coupling of 

a heteroaryl iodide, 4-iodopyridine, which was coupled with the organozinc 

intermediate derived from 4-methyl-N-Boc-piperidine 78 in 73% yield and 95:5 dr. 

Using DFT calculations, it was shown that there was a preference for all the substituents 

of the organozinc species to sit equatorial, and it was postulated that this could 

contribute to the very high diastereoselectivity observed. The observed cis-selectivity 

and DFT calculations were in agreement with the findings of Beak and Lee for the 

preferential cis-selectivity during Ŭ-lithiation-functionalisation due to equatorial 

lithiation (see Scheme 2.4).
29

 The cis-stereochemistry was definitively proven through 

two X-ray crystal structures, which also showed that the disubstituted products adopted 

a twist boat or a chair conformation. 
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Scheme 2.36 

 

Knochel et al. also reported the Ŭ-arylation of 3-methyl-N-Boc-piperidine 158. The 

same lithiation-transmetallation cross-coupling procedure was performed using RuPhos 

and carrying out the cross-coupling step at 40 °C (Scheme 2.37). 4-Iodobenzonitrile and 

ethyl 4-iodobenzoate were cross-coupled to give trans-159 in 62% yield and 96:4 dr and 

trans-160 in 59% yield and 95:5 dr. The trans stereochemistry was the result of the 

substituent sitting equatorially and subsequent equatorial lithiation giving trans-161.  
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Scheme 2.37 

 

Knochel et al. unintentionally performed the first ɓ-arylation of N-Boc-piperidine 83. 

The arylation of 2-methyl-N-Boc-piperidine 83 with RuPhos (5 mol%), Pd(dba)2 (5 

mol%) and heating to 40 °C in the cross-coupling step gave ɓ-aryl-2-substituted 

piperidines, rather than 2,6-disubstituted piperidines (Scheme 2.38). The successful 

cross-coupling of a heteroaryl halide was accomplished; use of 3-iodopyridine afforded 

ɓ-arylpiperidine trans-163 in 60% yield and 95:5 dr. Knochel et al. proposed that the 

trans selectivity was due to palladium migration through ɓ-hydride elimination where 

the palladium stayed coordinated on the same face of the piperidine ring before 

reinsertion occurred. Equatorial lithiation of 2-methylpiperidine 83 would afford the 

trans lithiated intermediate (see Scheme 2.11) and the trans stereochemistry would then 

be maintained during migration. Confirmation of this proposal has since been obtained 

by Baudoin and co-workers through their mechanistic studies of the ɓ-arylation of N-

Boc-piperidine 8 (see Scheme 2.32).
58

 Knochel et al. also proposed that the use of a 1:1 

ratio of ligand and catalyst favoured migration.  
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Scheme 2.38 

 

The Ŭ-arylation of substituted N-Boc-piperidines has not been explored as thoroughly as 

that of unsubstituted N-Boc-piperidine 8. However, pioneering work from Knochel et 

al. has shown that high diastereoselectivities can be obtained; a key part of this 

methodology is the solvent switch from Et2O to toluene, allowing the cross-coupling 

step to be conducted at the higher temperatures required for good yields. Although the 

solvent switch is effective, it can certainly be considered to be a drawback of this 

procedure. 

 

 

 

 

 

  



Chapter Two 

52 

2.2 Proposed Approaches and Objectives 

The aim of this work was to investigate the Ŭ-arylation of 4-substituted N-Boc-

piperidines in detail. Although there are multiple reports of the synthesis of Ŭ-aryl N-

Boc-piperidines via lithiation-transmetallation cross-coupling, the Ŭ-arylation of 

substituted N-Boc-piperidines via this methodology has not been covered in as much 

detail, with the only in-depth report coming from Knochel et al..
24

 Alternative Ŭ-

arylation methods do exist, such as that reported by Suga and co-workers (see Scheme 

1.11).
23

 However, these methods are limited in scope by the availability of reagents, 

such as Grignard reagents. The desire was to deepen the understanding of this area with 

an aim of making the methodology more accessible for use by medicinal chemists. The 

key objectives toward this goal were: to remove the need for the solvent switch in the 

middle of the procedure, to expand the scope to incorporate heteroaryl halides and to 

investigate the asymmetric lithiation such that Ŭ-functionalised-4-substituted N-Boc-

piperidines could be synthesised in both high diastereo- and enantioselectivity (Scheme 

2.39).  

 

Scheme 2.39 

 

Broadly, the Ŭ-lithiation-functionalisation of N-Boc heterocycles has been conducted in 

Et2O although there are noteworthy examples of other solvents being utilised either for 

lithiation or during the Negishi Ŭ-arylation step. For example, Beak et al. demonstrated 

that the lithiation of N-Boc-pyrrolidine 5 could be successfully conducted in Et2O, 

MTBE and pentane.
40

 The direct lithiation-trapping of N-Boc-piperidine 8 has only 

been conducted in Et2O, although Coldham and co-workers have performed a DKR of 

piperidine 8 in THF and a DKR of Ŭ-aryl piperidines in toluene.
49,54

 There are two 

examples of the lithiation-transmetallation cross-coupling being conducted in a solvent 

other than Et2O, both instead using THF. OôBrien, Campos and Barker reported the Ŭ-

arylation of pyrrolidine 5 in THF under diamine-free conditions.
43

 However, these 

conditions were shown not to be applicable for the lithiation of N-Boc-piperidine 8. The 
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whole Ŭ-arylation procedure has also been conducted in THF by Zhong, Tran and co-

workers, albeit with a single low yielding result (see Scheme 2.34).
60

 Other than these 

reports, there are no examples of a solvent, other than Et2O, being used for both 

lithiation and cross-coupling. Finally, Knochel et al. have reported that the Negishi step 

in the Ŭ-arylation of substituted N-Boc-piperidines could be conducted in THF whilst 

Baudoin has reported that the cross-coupling of the organozinc intermediate derived 

from N-Boc-piperidine 8 could be conducted in toluene, THF, TMO, MTBE and 

mesitylene.
5824

 Therefore, we set out to investigate the lithiation of 4-substituted 

piperidines in alternative solvents with an aim of identifying one that was suitable for 

both lithiation and cross-coupling. This would enable the entire process to be conducted 

in a single solvent, simplifying the procedure by removing the arduous solvent switch 

and thus making it more accessible and useful for medicinal chemists. 

There is only a single example of the Ŭ-arylation of substituted N-Boc-piperidines with 

a nitrogen-containing heteroaryl halide (4-iodopyridine), reported by Knochel et al., and 

the cross-coupling proceeded to give Ŭ-arylpiperidine cis-143 in 73% yield at 55 °C (see 

Scheme 2.36).
24

 There are a few results of the Ŭ-arylation of unsubstituted N-Boc-

piperidine 8 with nitrogen-containing heteroaromatics. Coldham and Leonori reported a 

51% yield when cross-coupling 3-bromopyridine at 40 °C (see Scheme 2.28).
13

 Gawley 

and Beng have reported the cross-coupling of piperidine 8 at 60 °C in moderate yield 

with three heteroaryl halides using a CDR method (see Scheme 2.31).
57

 Finally, there is 

a single example from Calibr involving the cross-coupling of 2-bromopyridine at 70 °C 

to afford Ŭ-arylpiperidine 108 in 10% yield (see Scheme 2.34).
 60

 All  of these examples 

required elevated temperatures relative to those reported in the rest of their respective 

scope studies. This demonstrates that the cross-coupling of nitrogen-containing 

heteroaryl halides is both challenging and under-explored and, as a result, shall be a 

focus of this work. 

Recently, Seidel and co-workers developed an alternative route to Ŭ-aryl piperidines 

going via an imine intermediate and a hydride transfer mechanism.
61

 The synthesis of 2-

(3-pyridyl)-piperidine was accomplished via this method in a 63% yield (see Scheme 

1.12). Aside from this, there are four other reports of the Ŭ-arylation of N-Boc-

piperidines with heteroaryl halides. Dieter and Li performed a palladium-catalysed 

cross-coupling using copper and antimony to install a thiophene ring.
62

 Maruoka et al. 

performed a radical coupling of N-Boc-piperidine 8 to install a single heteroaromatic 
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group.
63

 Both Wang et al. and Kamijo and co-workers reported the use of 

photochemistry to install benzothiazole in the Ŭ position of N-Boc-piperidine 8 using 

iridium catalysts. Finally, Opatz, Lipp and Lahm reported a metal-free light-induced 

coupling of N-Boc-piperidine 8 with benzoxazole using sodium acetate and 

benzophenone.
64,65,21

 As shown by these reports, there are limited examples of the Ŭ-

arylation of N-Boc-piperidine 8 with heteroaryl halides and almost all only include a 

single example rather than an extensive scope. The coupling of heteroaromatics is of 

importance to medicinal chemists due to their ubiquitous nature in biologically-active 

compounds. Therefore, it would be beneficial for the scientific community for there to 

be methodology for the Ŭ-arylation of substituted N-Boc-piperidines that was widely 

applicable to heteroaryl halides and with a more substantial scope. 

The enantioselective Ŭ-arylation of 4-substituted piperidines has not yet been 

investigated. Work by Beak et al. and Knochel and co-workers showed that Ŭ-li thiation-

functionalisation and arylation both proceed with high diastereoselectivities.
28,24

 

OôBrien et al. and Coldham and co-workers have shown that 4-substituted N-Boc-

piperidines can be Ŭ-functionalised with reasonable enantioselectivities (up to 92:8 er) 

using the Alexakis diamine (S,S)-105 or (R,R)-105, although in only modest yield.
52,55

 

The asymmetric lithiation of substituted N-Boc-piperidines has only been conducted in 

Et2O, although the asymmetric lithiation of N-Boc-pyrrolidine 5 has also been 

conducted in MTBE.
12

 The asymmetric lithiation of piperidine 8 and 4-substituted 

piperidines in solvents other than Et2O is essentially an unexplored field which shall be 

investigated prior to the exploration of the asymmetric Ŭ-arylation. 
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2.3 Ŭ-Arylation of 4-Substituted N-Boc-piperidines 

2.3.1 Solvent Investigation for Ŭ-Lithiation -Functionalisation 

4-OTIPS-N-Boc-piperidine 149 was chosen as the substrate to begin the investigations, 

due to it being one of the three 4-substituted N-Boc-piperidines investigated by Knochel 

et al..
24

 Piperidine 149 was synthesised in excellent yield from 1-Boc-4-piperidone 165 

following a procedure from within the group.
66

 Ketone reduction was carried out at 

room temperature using NaBH4 for 64 hours to afford 4-hydroxy-N-Boc-piperidine 169 

in 99% yield. Subsequent protection with TIPSCl in DMF afforded piperidine 149 in 

95% yield (Scheme 2.40). 

 

Scheme 2.40 

 

To achieve the first objective set out in section 2.2, an alternative solvent to Et2O was 

required that would be compatible with both lithiation and the subsequent Negishi 

cross-coupling. As highlighted in section 2.1.3, the Negishi step typically requires 

elevated temperatures to achieve the successful cross-coupling of nitrogen-containing 

heteroaryl halides, hence the need to replace Et2O as the solvent. Therefore, based on 

the temperature used in Knochel et al.ôs work, solvents with boiling points greater than 

55 °C were investigated.
24

 The first step was to determine if these alternative solvents 

were compatible with Ŭ-lithiation-trapping using s-BuLi/TMEDA. Consequently, the 

lithiation-trapping of 4-OTIPS-N-Boc-piperidine 149 was conducted in MTBE, CPME, 

toluene, THF, 2-MeTHF and TMO as well as Et2O for comparison; Me3SiCl was used 

as an electrophile to provide easy comparison with existing published results.  

Unpublished work from the OôBrien group has shown that the lithiation time of 4-

OTIPS-N-Boc-piperidine 149 using s-BuLi/TMEDA is ~33 minutes in Et2O at ï78 

°C.
66

 This was determined through the use of React IR by monitoring the change in 

absorbance of the carbonyl stretching frequency in the Boc group. Uncomplexed 

piperidine 149 has a different frequency to that of the lithiated intermediate, allowing 

the reaction to be followed in real time by the decrease in intensity of one frequency and 
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the increase of the other. However, the exact time required for complete lithiation of 

piperidine 149 at ï78 °C in other solvents is not known and would have required further 

React IR studies to determine. Unfortunately, the React IR equipment was not available 

at the time. Therefore, piperidine 149 was lithiated using s-BuLi/TMEDA at ï78 °C for 

1 hour in Et2O, MTBE and CPME. As CPME and MTBE are ethereal solvents, it was 

assumed that they would behave similarly to Et2O and thus it was presumed that the 

lithiation would be complete within 1 hour. The lithiation reactions conducted in 

toluene, THF, 2-MeTHF and TMO were all stirred for a conservative 3 hours at ï78 °C 

to increase the chance of complete lithiation since there were no direct comparisons to 

existing reactions that could be made. After trapping with Me3SiCl, the results shown in 

Table 2.5 were obtained. 

Lithiation of 4-OTIPS-N-Boc-piperidine 149 was conducted in Et2O with s-

BuLi/TMEDA at ï78 °C to afford Ŭ-silylpiperidine cis-167 in 64% yield (entry 1). The 

reactions conducted in MTBE, THF and toluene also afforded good yields of Ŭ-

silylpiperidine cis-167 (74-77% entries 2, 4 and 9). These yields are comparable to 

those of Ŭ-aryl-4-substituted piperidines obtained by Knochel et al., indicating that 

comparable levels of lithiation were accomplished.
24

 It was noted that toluene from an 

Innovate Technology Inc. PS-MD-7 solvent dispenser afforded a higher yield than 

HPLC grade toluene freshly distilled over calcium hydride, potentially due to the 

unwanted introduction of oxygen during the distillation process. When the lithiation-

functionalisation was conducted in toluene for 1 hour, Ŭ-silylpiperidine cis-167 was 

obtained in a lower yield of 62% (entry 8), demonstrating the necessity for a longer 

lithiation time in toluene. Moderate yields of Ŭ-silylpiperidine cis-167 were obtained in 

CPME (43%, entry 3) and TMO (57%, entry 6). The use of 2-MeTHF afforded no Ŭ-

silylpiperidine cis-167 (entry 5).  
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Table 2.5: Solvent effects on lithiation-functionalisation of 4-OTIPS-N-Boc-piperidine 

149, Me3SiCl 

 

Entry Solvent Time / h Yield / %
a 

1
 

Et2O 1 64 

2
 

MTBE 1 74 

3
 

CPME 1 43 

4
 

THF 3 75 

5 THF
b 

3 0 

6
 

2-MeTHF 3 0 

7
 

TMO 3 57 

8 toluene 1 62 

9
 

toluene 3 77 

a) Yield after chromatography; b) Reaction carried out in the absence of TMEDA 

 

A possible explanation for the lack of cis-167 obtained from the reaction in 2-MeTHF is 

that the deprotonation of the 2-MeTHF methyl group could have occurred, consuming 

the s-BuLi before it could react with piperidine 149 (Scheme 2.41), as has previously 

been reported by the OôBrien group.
67

 The extra steric hindrance around the oxygen in 

TMO may prevent coordination to s-BuLi and deprotonation of the methyl groups. The 

lithiation-trapping of piperidine 149 was attempted in THF without TMEDA based on 

previous findings in the OôBrien group on diamine-free lithiations using s-BuLi in 

THF.
43

 However, none of the desired Ŭ-silylpiperidine cis-167 was observed. 

 
Scheme 2.41 
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The 
1
H NMR spectrum of Ŭ-silylpiperidine cis-167 was broad due to rotamers caused 

by the Boc group and it was not possible to determine the relative stereochemistry by J 

value analysis. Therefore, the exact diastereoselectivity of each reaction could not be 

obtained directly. As a result, the effect of the solvent on the diastereoselectivity was 

not investigated at this stage. However, the cis-stereochemistry of the sample of Ŭ-silyl 

piperidine cis-167 obtained from the reaction in THF was assigned by Boc group 

removal. Ŭ-Silyl -N-Boc-piperidine cis-167 was treated with TFA to afford Ŭ-

silylpiperidine cis-168 in 30% yield (Scheme 2.42). As anticipated, the 
1
H NMR 

spectrum of Ŭ-silylpiperidine cis-168 was well resolved and the splitting patterns were 

clearly defined. The dr of cis-168, and by extension cis-167, could therefore be 

determined from the ratio of the integrals of characteristic proton signals in the 
1
H NMR 

of the crude reaction mixture. 

 

Scheme 2.42 

 

The splitting patterns and J values of the protons in the 2- and 4-positions of Ŭ-

silylpiperidine cis-168 show that they both occupy axial positions (Figure 2.2). Proton 

HB in the 4-position possesses two J values of 10.0 Hz and two of 4.5 Hz, these 

correspond to two 
3
Jax-ax interactions and two 

3
Jax-eq interactions respectively, indicating 

it occupies an axial position. Proton HA in the 2-position possesses J values of 13.0 Hz 

and 2.0 Hz, which corresponds to a 
3
Jax-ax interaction and a 

3
Jax-eq interaction, showing 

that it is also axial. The axial proton HC in the 3-position confirmed these assignments 

as it possesses the two corresponding 
3
Jax-ax coupling constants of 13.0 Hz and 10.0 Hz. 

Thus, the cis-stereochemistry of Ŭ-silylpiperidine cis-168 could be assigned confidently 

and, by extension, the cis-stereochemistry of Ŭ-silyl-N-Boc-piperidine cis-167. On 

closer inspection, it was shown that Ŭ-silylpiperidine cis-167 was obtained in a 97:3 dr 

as signals from the minor diastereomer, trans-167, could be seen in the 
1
H NMR 

spectrum of the crude product.  
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Figure 2.2: Conformational diagram of Ŭ-trimethylsilylpiperidine cis-168 

 

Boc removal was also performed on Ŭ-silyl-N-Boc-piperidine cis-167 obtained from the 

lithiation-functionalisation reaction conducted in toluene (Table 2.5, entry 9). This 

reaction afforded Ŭ-silylpiperidine cis-168 in 29% yield and 97:3 dr, demonstrating that 

the reaction in toluene also gave the cis diastereomer as the major product and in 

excellent dr. These Boc removal reactions gave confidence that the lithiation-

functionalisation in the other solvents would also be cis-selective. 

Given the success that had been observed with the lithiation-functionalisation of 

piperidine 149 in toluene when trapping with Me3SiCl, Et2O and toluene were 

compared when trapping with Bu3SnCl. Due to the results shown in Table 2.5, the 

lithiation in toluene was stirred at ï78ÁC for 3 hours. Ŭ-Lithiation-functionalisation gave 

a 64% yield of Ŭ-stannylpiperidine cis-169 in Et2O and a 75% yield in toluene (Table 

2.6). The diastereomeric ratio of these reactions could not be determined due to the 

broad peaks in the 
1
H NMR spectrum of piperidine cis-169, which in turn was due to 

the nature of the stannyl group and rotamers caused by the Boc group.  

 

Table 2.6: Solvent effects on lithiation-functionalisation of 4-OTIPS-N-Boc-piperidine 

149, Bu3SnCl 

 

Entry Solvent Time / h Yield / %
a
 

1
 

Et2O 1 64 

2
 

toluene 3 75 

a) Yield after chromatography 
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Prior to the investigation of the Ŭ-arylation procedure in alternative solvents, the solvent 

switch methodology reported by Baudoin et al. and Knochel and co-workers was 

attempted.
58,24

 Two Ŭ-arylations of 4-OTIPS-N-Boc-piperidine 149 were performed to 

establish an understanding of both the cross-coupling step and the practicality issues 

with the existing solvent switch methodology. Transmetallation from the lithiated 

intermediate was achieved using a solution of freshly prepared flame-dried ZnCl2 in 

THF. The Negishi step was conducted using Pd2(dba)3 (2.5 mol%) and SPhos (5 mol %) 

with iodobenzene. Based on the differing times of the cross-coupling step in the work of 

Baudoin et al. and Knochel and co-workers, two reactions were conducted in parallel, 

with the Negishi step being heated at 60 °C for 22 hours in one and 69 hours in the 

other. Ŭ-Phenylpiperidine 170 was obtained in comparable yield in both reactions, 50% 

from the reaction conducted for 69 hours (Table 2.7, entry 1) and 53% from that 

conducted for 22 hours (entry 2). Ŭ-Phenylpiperidine 170 was isolated as an inseparable 

mixture with the starting 4-OTIPS-N-Boc-piperidine 149 and, therefore, the yield was 

calculated from the ratio of 170 and 149 in the 
1
H NMR spectrum of the product 

mixture after purification by chromatography.   

 

Table 2.7: Ŭ-Arylation of 4-OTIPS-N-Boc-piperidine 149 via solvent switch 

methodology 

 

Entry Time / h Yield / %
a
 dr

b 

1
 

69 50 93:7 

2
 

22 53 96:4 

a) Product isolated as a mixture, yield determined from the ratio of 170 and 149 in the 1H NMR spectrum after 

purification by chromatography; b) Ratio determined by 1H NMR spectroscopy of the product mixture after 

chromatography 
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The dr of Ŭ-phenylpiperidine 170 was determined by the integration of the signal due to 

the benzylic NCH proton in the 
1
H NMR spectrum. A detailed analysis of the 

1
H 

spectrum and conformation of cis-Ŭ-aryl piperidines is presented in section 2.3.4. The dr 

was then confirmed by Boc removal from Ŭ-phenylpiperidine cis-170 derived from the 

reaction conducted for 22 hours (Scheme 2.43). Stirring Ŭ-phenyl-N-Boc-piperidine cis-

170 with TFA for 24 hours afforded Ŭ-phenylpiperidine cis-171 in 26% yield and 94:6 

dr based on the 
1
H NMR spectrum of the crude product. 

 

Scheme 2.43 

 

Analysis of the splitting patterns in the 
1
H NMR spectrum of Ŭ-phenylpiperidine 171 

after purification by chromatography showed that the major product after Boc group 

removal was cis-171 (Figure 2.3). Proton HA at the 2-position had 
3
J values of 11.5 and 

2.5 Hz, corresponding to a 
3
Jax-ax interaction and a 

3
Jax-eq interaction respectively, 

showing that it was axial. Proton HB at the 4-position had 
3
J values of 10.5, 10.5, 4.5, 

and 4.5 Hz, corresponding to two 
3
Jax-ax interactions and two 

3
Jax-eq interactions, 

showing that it was also axial. This showed that the major product from the Ŭ-arylation 

reaction was cis-170 as expected.   

 

Figure 2.3: Conformational diagram of 4-OTIPS-2-phenylpiperidine cis-171 

 

Boc removal also demonstrated that the peaks that had been observed in the 
1
H NMR 

spectrum of Ŭ-phenyl-N-Boc-piperidine 170 were indeed due to the diastereomers and 

not caused by rotamers. Therefore, the diastereoselectivity of the Negishi cross-coupling 

reactions could be assigned by the integral ratios of the two benzylic NCH signals in the 
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1
H NMR spectrum of the product after chromatography. This method was applied to 

obtain the ratio of diastereomers of the Ŭ-arylation reactions in Table 2.7 and was also 

used for all subsequent Ŭ-arylation reactions. Thus, both of the Ŭ-arylation reactions in 

Table 2.7 proceeded with very high diastereoselectivities, in agreement with Knochel et 

al. (see Scheme 2.36).
24 

Using the information from the solvent screen, the Ŭ-arylation of 4-OTIPS-N-Boc-

piperidine 149 was attempted using THF, MTBE and toluene since these solvents had 

shown good yields of Ŭ-silylpiperidine cis-167. It was desirable to use aryl bromides in 

the cross-coupling reaction due to their greater availability and lower cost compared to 

aryl iodides. Therefore, the conditions for the Negishi step from Baudoin et. alôs work 

were used since Ŭ-arylation of N-Boc-piperidine 149 with aryl bromides had been 

reported in that work.
58

 As a result, the cross-coupling conditions selected used 

Pd2(dba)3 (0.025 equivalents) and SPhos (0.05 equivalents) and the reaction was heated 

to 50 °C. Based on the results shown in Table 2.8, a reaction time of 19-24 hours was 

selected, as comparable yields had been obtained when the Negishi step was heated for 

both 22 hours and 69 hours. Reactions were conducted with 4-bromobenzotrifluoride in 

excess (1.3 eq.) and also with the aryl halide as the limiting reagent (0.65 eq.). The 

results are presented in Table 2.8. 

The Ŭ-arylation of N-Boc-piperidine 149 in MTBE gave a 24% yield of Ŭ-arylpiperidine 

cis-157 in 93:7 dr (entry 1), compared to a 22% yield (99:1 dr) in THF (entry 2) and a 

58% yield (91:9 dr) in toluene (entry 3). The reaction in toluene was repeated to afford 

Ŭ-arylpiperidine cis-157 in 59% yield and 90:10 dr (entry 4), demonstrating the 

reproducibility of this result. The Ŭ-arylation was also carried out in toluene with the 

aryl bromide as the limiting reagent (0.65 eq.) and this gave Ŭ-arylpiperidine cis-157 in 

47% yield and 99:1 dr (entry 5), a yield that was ~10% lower than that achieved with 

excess aryl halide (entries 3 and 4). Unfortunately, Ŭ-arylpiperidine cis-157 was isolated 

as an inseparable mixture with piperidine 149. In addition, variable diastereoselectivities 

were observed in these reactions for reasons that are unclear.  
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Table 2.8: Ŭ-Arylation of 4-OTIPS-N-Boc-piperidine 149 in different solvents 

 

Entry Solvent Yield / %
a
 dr

b 

1
 

MTBE 24 93:7 

2
 

THF 22 99:1 

3
 

toluene 58 91:9 

4 toluene 59 90:10 

5 toluene 47
c 

99:1 

a) Product isolated as a mixture, yield determined from the ratio of 157 and 149 in the 1H NMR spectrum after 

purification by chromatography; b) Ratio determined by 1H NMR spectroscopy of product after chromatography; c) 

0.65 eq. of ArBr 

 

To confirm that the major product was Ŭ-aryl-N-Boc-piperidine cis-157, Boc group 

removal was performed. The product from the first Ŭ-arylation reaction performed in 

toluene (Table 2.8, entry 3) was isolated in two separate fractions, one as a mixture of 

diastereomers along with piperidine 149 and the other as a single diastereomer mixed 

with piperidine 157. Boc removal was performed with TFA on the mixture containing 

only the major diastereomer and piperidine 149 (Scheme 2.44). Analysis of the 
1
H 

NMR spectrum showed that the major product was cis-172 as expected. Due to 

literature precedent and the evidence from 
1
H NMR spectroscopic analysis of 

piperidines cis-168 and cis-171 (see Figures 2.2 and 2.3), observation of the same 

pattern of signals due to benzylic NCH protons in the 
1
H NMR spectra of other Ŭ-aryl 

piperidines led to the assumption of cis-stereochemistry.
24

 The integration ratio between 

the peaks was used to assign the dr of other Ŭ-aryl piperidines. 
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Scheme 2.44 

 

The results shown in Tables 2.5 and 2.8 demonstrated the applicability of toluene as a 

solvent for both the Ŭ-lithiation-functionalisation and the Ŭ-arylation of 4-OTIPS-N-

Boc-piperidine 149. Therefore, toluene was used as the lithiation solvent in all future 

investigations. 

 

2.3.2 Initial Studies of the Ŭ-Arylation of 4-Substituted N-Boc-piperidines 

It had not been possible to isolate pure samples of Ŭ-aryl-4-OTIPS-N-Boc-piperidines 

due to separation issues during chromatography. To solve this problem, alternative silyl 

protecting groups were explored. 4-OTBDPS-N-Boc-piperidine 173 and 4-OTBDMS-

N-Boc-piperidine 73 were synthesised in good yields following the procedure used to 

synthesise 4-OTIPS-N-Boc-piperidine 149 (Scheme 2.45).  

 

Scheme: 2.45 

 

The Ŭ-lithiation-transmetallation cross-couplings of 4-OTBDMS-piperidine 73 and 4-

OTBDPS-piperidine 173 were carried out in toluene. The lithiation was conducted 

using s-BuLi/TMEDA at ï78 °C for 3 hours. 1.3 Equivalents of 4-

bromobenzotrifluoride, Pd2(dba)3 (0.025 equivalents) and SPhos (0.05 equivalents) 

were used during the cross-coupling step, which was heated to 50 °C for 20 hours. The 

results are shown in Table 2.9, with those using 4-OTIPS-piperidine 149 included in 

entry 1. A moderate yield (51%, 96:4 dr) of Ŭ-aryl-piperidine cis-174 was achieved for 

the Ŭ-arylation of 4-OTBDPS-piperidine 173 (entry 2). Ŭ-Arylation of 4-OTBDMS-
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piperidine 73 gave a high yield (80%) of pure Ŭ-arylpiperidine cis-175 in excellent dr 

(98:2) (entry 3). The Ŭ-arylation of 4-OTBDMS-piperidine 73 was also carried out with 

a commercial solution of ZnCl2 in THF, which afforded Ŭ-arylpiperidine cis-175 in 79% 

yield and 98:2 dr (entry 4). The comparable yield achieved with a commercial solution 

of ZnCl2 demonstrated its viability as an alternative to freshly prepared flame-dried 

ZnCl2. Fresh Pd2(dba)3 was prepared and recrystallised from CHCl3 following a 

procedure published by Ishii et al.,
 
and Ŭ-arylation performed with this palladium 

source.
68

 Recrystallised Pd2(dba)3 did not afford any improvement over commercial 

Pd2(dba)3; Ŭ-arylpiperidine cis-175 was obtained in 72% yield using recrystallised 

Pd2(dba)3 (entry 5). Therefore, for practicality and greater consistency, commercial 

Pd2(dba)3 was used in the subsequent reactions. 

 

Table 2.9: Ŭ-Arylation of 4-Osilyl-N-Boc-piperidines in toluene 

 

Entry R Yield / %
a 

dr
b 

Product 

1
 

TIPS 58
c
, 59

c 
91:9, 90:10

 
cis-157 

2
 

TBDPS 51
 

96:4
 

cis-174 

3
 

TBDMS 80 98:2 cis-175 

4 TBDMS 79
d 

98:2 cis-175 

5 TBDMS 72
e 

98:2 cis-175 

a) Yield after chromatography; b) Ratio determined by 1H NMR spectroscopy of product after chromatography; c) 

Ratio determined by 1H NMR spectroscopy of the product mixture after chromatography; d) Commercial 0.7 M 

solution of ZnCl2 in THF used; e) Freshly prepared and recrystallised Pd2(dba)3 used 

 

Pleasingly, both Ŭ-arylpiperidine cis-174 and Ŭ-arylpiperidine cis-175 could be 

separated from the respective 4-Osilyl piperidine starting materials. Due to being a gum, 

4-OTBDPS-piperidine 173 was harder to work with than 4-OTBDMS-piperidine 73, 
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which is an oil. For this reason, and the fact that a higher yield was achieved with 4-

OTBDMS-piperidine 73, 4-OTBDMS-piperidine 73 was selected as the substrate for 

further investigation. We currently have no explanation for the improvement observed 

in diastereoselectivity in toluene on moving from 4-OTIPS-piperidine 149 to 4-

OTBDMS-piperidine 73. 

The Ŭ-arylation of 4-OTBDMS-piperidine 73 was explored with other aryl halides 

(Scheme 2.46). The same cross-coupling conditions were used as in Table 2.9 (with 1.3 

equivalents of the aryl halide) except that the organozinc reagent was prepared from 

flame-dried ZnCl2 due to the reactions being conducted at the same time as those in 

Table 2.9. Cross-coupling with bromobenzene afforded Ŭ-phenylpiperidine cis-176 in 

excellent yield (81%) and dr (96:4). Ŭ-Arylation with 4-fluorobromobenzene gave Ŭ-

arylpiperidine cis-177 in only 18% yield. The use of electron-deficient 4-

bromobenzonitrile gave Ŭ-arylpiperidine cis-178 in 42% yield and 91:9 dr, whereas 

electron-rich 4-bromoanisole gave a 48% yield of Ŭ-arylpiperidine cis-179 in 98:2 dr. 

Disappointingly, these results did show substantial reductions in yield between 

bromobenzene and 4-substituted aryl bromides. Unfortunately, the cross-coupling of 3-

bromopyridine gave none of the desired Ŭ-arylpiperidine cis-180. 

 

a) Product isolated as a mixture, yield determined from the ratio of 177 and 73 in the 1H NMR spectrum after 

purification by chromatography  

Scheme: 2.46 
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2.3.3 Optimisation of the Negishi Cross-Coupling Step 

The results in Scheme 2.46 highlighted the need for further optimisation, particularly to 

enable the cross-coupling of nitrogen-containing heteroaryl halides such as 3-

bromopyridine. To begin the optimisation process, the effect of the palladium source 

was explored. The research groups of Campos, Coldham and Gawley used Pd(OAc)2 

whereas those of Knochel and Baudoin used a Pd-dba complex (formulated as Pd(dba)2 

or Pd2(dba)3).
12,13,57,58,24

 Therefore, the Ŭ-arylation of 4-OTBDMS-N-Boc-piperidine 73 

was performed using Pd2(dba)3, Pd(OAc)2 and [Pd(allyl)Cl]2 and cross-coupling with 4-

bromoanisole, which was chosen due to the ease of separation of the resulting Ŭ-

arylpiperidine cis-179 from 4-OTBDMS-piperidine 73 (Table 2.10). Performing the 

Negishi step with Pd2(dba)3 gave a 48% yield of Ŭ-arylpiperidine cis-179 (entry 1) 

compared to a 5% yield with Pd(OAc)2 (entry 2) and a 54% yield with [Pd(allyl)Cl]2 

(entry 3). The results of these reactions showed a preference for the use of 

[Pd(allyl)Cl]2, which was used in subsequent investigations. 

 

Table 2.10: Investigation into the effects of palladium source on Ŭ-arylation 

 

 

 

 

 

 

a) Yield after chromatography; b) Ratio determined by 1H NMR spectroscopy of product after chromatography 

 

It is important to consider the catalytic cycle and the mode of activation of the catalyst. 

Pd2(dba)3 exists as a Pd(0) species and can thus directly enter the catalytic cycle, 

undergoing ligand exchange and subsequent oxidative addition. Both Pd(OAc)2 and 

Entry Pd Source Yield / %
a 

dr
b
 

1
 

Pd2(dba)3 48 99:1 

2 Pd(OAc)2 5 99:1 

3 [Pd(allyl)Cl]2 54 96:4 
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[Pd(allyl)Cl]2 exist as Pd(II) species and first require reduction to Pd(0). Organ et al. 

report the development of a PEPPSI-iPr precatalyst for Negishi cross-coupling in which 

the mode of activation is the loss of a sacrificial ligand followed by transmetallation 

with two equivalents of the organozinc reagent.
69

 This is then followed by reductive 

elimination to afford the homocoupled product of the organozinc reagent and a Pd(0) 

species. A similar mode of activation is proposed for the Ŭ-arylation of piperidine 73 

with [Pd(allyl)Cl]2 (Scheme 2.47).  

Scheme: 2.47 

 

In the reaction set-up, SPhos, [Pd(allyl)Cl]2 and the aryl halide are stirred in toluene at rt 

under Ar for 10 minutes. Therefore, the first step will likely be the addition of SPhos to 

the catalyst to generate allylpalladium(II) precatalyst 181. An analogous precatalyst 

generation was performed by Colacot et al. in THF to generate Pd(allyl)(SPhos)Cl, 

which was subsequently isolated.
70

 In the piperidine Ŭ-arylation procedure, precatalyst 

181 was presumed to have been formed in situ. The solution of precatalyst 181 and aryl 

halide in toluene was then added to the solution containing the organozinc reagent. 

Based on the report of Organ and co-workers, it is presumed that transmetallation with 

one equivalent of organozinc intermediate 184 occurs to generate palladium 

intermediate 182. This palladium intermediate can then undergo reductive elimination 

to afford the catalytically active Pd(0) species with SPhos bound and Ŭ-allylated 
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piperidine 183 as a by-product. This proposal is supported by the work of Nolan et al. 

where the reductive elimination of a t-butyl alkoxide and an allyl substituent ligated to 

palladium is proposed as the mechanism for reduction of Pd(II) to Pd(0).
71

 This process 

consumes one equivalent of organozinc intermediate 184 for every equivalent of 

palladium. In the Ŭ-arylation procedure, 0.025 equivalents of [Pd(allyl)Cl]2 is used, 

equating to 0.05 equivalents of palladium. Thus, the maximum yield of Ŭ-aryl piperidine 

could be as low as 95%, as 5% of the organozinc intermediate will have been consumed 

to generate the catalytically active Pd(0) species.  

Once ligated Pd(0) has been generated, it can enter the catalytic cycle, first undergoing 

oxidative addition to generate palladium(II) intermediate 185 (Scheme 2.48). 

Transmetallation then occurs with the organozinc reagent to generate palladium(II) 

intermediate 186, releasing ZnCl2. Finally, reductive elimination affords the desired Ŭ-

aryl piperidine and regenerates the palladium(0) catalyst. 

 

Scheme: 2.48 

 

Having determined the utility of [Pd(allyl)Cl]2, the cross-coupling of 4-OTBDMS-N-

Boc-piperidine 73 with 3-bromopyridine was targeted and an investigation conducted to 

identify a suitable catalytic system (Table 2.11). A wide range of ligands were tested 

(Figure 2.4), predominantly focusing on the Buchwald dialkylbiaryl phosphine ñPhosò 

ligands, as the groups of Campos, Baudoin and Knochel had found success with the Ŭ-

arylation of N-Boc heterocycles with RuPhos and SPhos in particular, but also with 
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QPhos and DavePhos.
12,58,24

 In 1998, Buchwald and co-workers reported the use of the 

first dialkylbiarylphosphine ligand, DavePhos, for the amination and Suzuki-Miyaura 

cross-coupling (SMCC) of aryl chlorides.
72

 Further Phos ligands were subsequently 

developed by Buchwald and co-workers, notably SPhos for SMCC reactions,
73

 RuPhos 

for challenging biaryl Negishi cross-coupling reactions and CPhos in 2009.
74,75

 

Buchwald et al. identified CPhos as the best ligand for the cross-coupling of sp
3
 

hybridised isopropylzincbromide with aryl halides and proposed that it was a good 

ligand for forming sp
2
-sp

3
 C-C bonds via Negishi cross-coupling.  

 

 

Figure 2.4: Ligands for Pd catalysed cross-coupling reactions 

 

The organozinc intermediate 184 generated from piperidine 73 was cross-coupled with 

3-bromopyridine using [Pd(allyl)Cl]2 (2.5 mol%) and a ligand (5 mol%) in toluene at 50 

°C. The only catalyst systems to afford isolable product were those using either RuPhos 

(entry 1) or CPhos (entry 2). The reaction with RuPhos afforded Ŭ-arylpiperidine cis-

180 in a higher yield (29%), albeit with a slightly lower dr (93:7), compared to that 

achieved when CPhos was used (18%, 98:2 dr). Surprisingly, with SPhos, only a trace 

amount of Ŭ-arylpiperidine cis-180 was observed (entry 3). Trace product was observed 

by HRMS when the Buchwald Phos ligands XPhos (entry 4) and DavePhos (entry 5) 

were used as well as when Pd(dppf)2Cl2 was used (entry 10). Cross-coupling was also 

conducted with CPhos and Pd2(dba)3 to give a 7% yield of Ŭ-arylpiperidine cis-180 as a 

single diastereomer (entry 14). This result further highlighted the improvement in yield 
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achieved on changing the palladium source from Pd2(dba)3 to [Pd(allyl)Cl]2. In all the 

other reactions, no Ŭ-arylpiperidine cis-180 was detected and only 4-OTBDMS-

piperidine 73 starting material was observed in the 
1
H NMR spectrum of the crude 

reaction mixture. 

 

Table 2.11: Palladium source and ligand screen for Ŭ-arylation of 4-OTBDMS-N-Boc-

piperidine 73 with 3-bromopyridine 

 

a) Yield after chromatography; b) Ratio determined by 1H NMR spectroscopy of product after chromatography 

 

Entry Pd Source Ligand Yield / %
a 

dr
b 

1 [Pd(allyl)Cl]2 RuPhos 29 93:7 

2 [Pd(allyl)Cl]2 CPhos 18 98:2 

3 [Pd(allyl)Cl]2 SPhos trace - 

4
 

[Pd(allyl)Cl]2 XPhos trace - 

5
 

[Pd(allyl)Cl]2 DavePhos trace - 

6 [Pd(allyl)Cl]2 QPhos - - 

7 [Pd(allyl)Cl]2 cataCXium A - - 

8 [Pd(allyl)Cl]2 PCy3 - - 

9 Pd(PPh3)2Cl2 PPh3 - - 

10 Pd(dppf)Cl2 dppf trace - 

11 Pd(dtbpf)Cl2 dtbpf - - 

12 Pd(AmPhos)Cl2 APhos - - 

13 Pd2(dba)3 SPhos - - 

14 Pd2(dba)3 CPhos 7 100:0 
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Having identified RuPhos and CPhos as promising ligands, the cross-coupling step was 

attempted at higher temperatures. The benefit of conducting the reaction in toluene was 

that the Negishi cross-coupling step could be heated up to 100 °C. The groups of 

Campos, Coldham, Gawley and Baudoin all found that the cross-coupling of heteroaryl 

halides required higher temperatures than the rest of the substrates in their respective 

scope studies to afford Ŭ-aryl piperidines in good yield, demonstrating the importance of 

temperature in the cross-coupling step.
12,13,57,58

 The effect of temperature on the Ŭ-

arylation of 4-OTBDMS-N-Boc-piperidine 73 is shown in Table 2.12. The cross-

coupling step was performed with 3-bromopyridine, RuPhos or CPhos (5 mol%) and 

[Pd(allyl)Cl]2 (2.5 mol%) in toluene. The use of CPhos afforded Ŭ-arylpiperidine cis-

180 in increasing yield associated with an increase in temperature, up to 42% at 100 °C 

(entries 2, 3 and 5). Similarly, with RuPhos, when the temperature was increased from 

50 °C (entry 1) to 100 °C (entry 4), the yield of Ŭ-arylpiperidine cis-180 increased from 

29% to 54%.  

 

Table 2.12: Ŭ-arylation of 4-OTBDMS-N-Boc-piperidine 73 at elevated temperatures 

 

a) Yield after chromatography; b) Ratio determined by 1H NMR spectroscopy of product after chromatography 

 

Entry Temperature / °C Ligand Yield / %
a 

dr
b
 

1 50 RuPhos 29 93:7 

2 50 CPhos 18 98:2 

3 80 CPhos 38 96:4 

4 100 RuPhos 54 95:5 

5
 

100 CPhos 42 95:5 
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The best set of cross-coupling conditions thus far used [Pd(allyl)Cl]2 and RuPhos heated 

at 100 °C. Next, the effect of the equivalents of aryl halide was investigated and the Ŭ-

arylation was conducted with 1.0, 1.3, 1.5 and 2.0 equivalents of 3-bromopyridine 

(Table 2.13). The reaction set-up was improved by increasing the size of the round-

bottomed flask and replacing the oil bath with a metal heating block to improve heat 

transfer from the heat source to the reaction mixture. With the changed set-up, the result 

previously obtained with 1.3 equivalents of 3-bromopyridine (54%) was improved and 

Ŭ-arylpiperidine cis-180 was obtained in 62% yield. Given this success, this set-up was 

used for all subsequent reactions. When 1.0 equivalent of 3-bromopyridine was used, 

arylpiperidine cis-180 was obtained in a lower yield (52%) (entry 1). In contrast, 

increasing the equivalents to 1.5 afforded Ŭ-arylpiperidine cis-180 in 69% yield (entry 

3). Further increasing the equivalents to 2.0 gave a 48% yield (entry 4).  

 

Table 2.13: Ŭ-arylation of 4-OTBDMS-N-Boc-piperidine 73 with varied equivalents of 

3-bromopyridine 

 

 

 

 

 

 

 

a) Yield after chromatography; b) Ratio determined by 1H NMR spectroscopy of product after chromatography 

  

To examine the effect of changing the halide, the cross-coupling of 4-OTBDMS-N-Boc-

piperidine 73 was carried out with 3-chloro-, 3-bromo- and 3-iodopyridine using 1.3 

equivalents of aryl halide (Table 2.14). Cross-coupling with 3-chloropyridine afforded 

Entry Equivalents Yield / %
a 

dr
b
 

1 1.0 52 97:3 

2 1.3 62 96:4 

3 1.5 69 96:4 

4 2.0 48 95:5 
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Ŭ-arylpiperidine cis-180 in 67% yield (entry 1) whereas the use of 3-iodopyridine only 

accomplished a 40% yield (entry 3). The yield with 3-chloropyridine was therefore 

higher than that achieved with 3-bromopyridine (62%), although lower than the result 

with 1.5 equivalents of 3-bromopyridine (69%, see Table 2.13, entry 3). 

 

Table 2.14: Ŭ-arylation of 4-OTBDMS-N-Boc-piperidine 73 with 3-halopyridines 

 

 

 

 

 

a) Yield after chromatography; b) Ratio determined by 1H NMR spectroscopy of product after chromatography 

 

Due to the high yield of Ŭ-arylpiperidine cis-180 achieved with 3-chloropyridine, an 

investigation was carried out with 2-halopyridine to provide another point of 

comparison. In light of the results shown in Table 2.14, these reactions were conducted 

with 1.5 equivalents of aryl halide (Table 2.15). Ŭ-Arylation of 4-OTBDMS-N-Boc-

piperidine 73 with 2-bromopyridine afforded Ŭ-arylpiperidine cis-187 in 26% yield and 

99:1 dr (entry 2). Use of 2-chloropyridine gave a 23% yield of Ŭ-arylpiperidine cis-187 

(entry 1) whereas 2-iodopyridine gave a 19% yield (entry 3). Reassuringly, the results 

accomplished with the aryl bromide and the aryl chloride were comparable. 

Unfortunately, the yields of cross-coupled Ŭ-arylpiperidine cis-187 obtained with 2-

halopyridines were substantially lower than those with 3-halopyridines. Gawley and 

Beng reported comparable yields when using 2-bromopyridine and 3-bromopyridine in 

related cross-couplings,
57

 although Tran and Zhong et al. reported only 10% yield when 

cross-coupling piperidine 8 with 2-bromopyridine.
60

 

 

Entry X Yield / %
a 

dr
b 

1 Cl 67
 

97:3 

2 Br
 

62
 

96:4 

3 I 40
 

97:3 
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Table 2.15: Ŭ-arylation of 4-OTBDMS-N-Boc-piperidine 73 with 2-halopyridine 

 

 

 

 

 

a) Yield after chromatography; b) Ratio determined by 1H NMR spectroscopy of product after chromatography 

 

One final investigation was made into the effect on the cross-coupling of the choice of 

aryl halide (Table 2.16). When the Ŭ-arylation was performed with 4-bromoanisole 

using RuPhos and [Pd(allyl)Cl]2, heating the reaction at 100 °C, a 72% yield of Ŭ-aryl 

piperidine cis-179 was obtained (entry 1). This represented an improvement over the 

previous conditions using SPhos at 50 °C with Pd2(dba)3, where a 48% yield had been 

accomplished (see Scheme 2.46). By comparison, the cross-coupling of 4-chloroanisole 

gave a 62% yield of Ŭ-aryl piperidine cis-179 (entry 2), lower than that with 4-

bromoanisole although still high yielding. This further demonstrated the tolerance of the 

cross-coupling conditions for both aryl bromides and aryl chlorides. The Ŭ-arylation 

procedure was also carried out using 1.5 equivalents of 4-bromoanisole, which gave Ŭ-

arylpiperidine cis-179 in 78% yield and 96:4 dr (entry 3), highlighting a marginal 

improvement over the reaction conducted with 1.3 equivalents.  

 

 

 

 

 

Entry X Yield
 
/ %

a 
dr

b 

1 Cl 23
 

>99:1 

2 Br
 

26
 

99:1 

3 I 19
 

97:3 
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Table 2.16: Ŭ-arylation of 4-OTBDMS-N-Boc-piperidine 73 with 4-haloanisole 

 

 

 

 

 

a) Yield after chromatography; b) Ratio determined by 1H NMR spectroscopy of product after chromatography 

 

The results achieved with aryl chlorides and aryl bromides were comparable, although 

aryl bromides were selected for the investigation of the scope of the Ŭ-arylation 

procedure due to the marginally higher yields observed with them. Although lower 

yields were accomplished with aryl iodides, this was of less concern due to the greater 

commercial availability of aryl bromides and chlorides. 

Based on our studies, the optimised Negishi cross-coupling conditions were: 1.5 

equivalents of aryl bromide, 0.05 equivalents of RuPhos, 0.025 equivalents of 

[Pd(allyl)Cl]2 (i.e. 0.05 equivalents of Pd) in toluene at 100 °C for 18 hours. The initial 

lithiation step was conducted in toluene using 1.3 equivalents of s-BuLi/TMEDA and 

stirred at ï78 °C for 3 hours which was followed by transmetallation with 1.3 

equivalents of a commercial solution of 0.7 M ZnCl2 in THF.  

Using these conditions, the scope of the Ŭ-arylation of 4-OTBDMS-N-Boc-piperidine 

73 was investigated. First, the Ŭ-arylation reactions previously reported in Scheme 2.46 

(Conditions A) were carried out under the optimised conditions (Conditions B) (Scheme 

2.49). Reactions with 4-bromofluorobenzene, 4-bromobenzonitrile and 4-bromoanisole 

afforded Ŭ-arylpiperidines cis-177, cis-178 and cis-179 in good yields (61-78%). In each 

case, an improvement in yield was observed; the improvement for the reaction with 4-

bromofluorobenzene was particularly pronounced, increasing from 18% to 65% yield. 

Entry X Equivalents Yield / %
a
 dr

b 

1 Br
 

1.3 72
 

97:3 

2 Cl 1.3 62
 

97:3 

3 Br 1.5 78 96:4 
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The Ŭ-arylation of 4-OTBDPS-N-Boc-piperidine 173 with 4-bromobenzotrifluoride was 

also revisited and an increase in the yield of Ŭ-aryl piperidine cis-174 from 51% to 67% 

was observed. This result highlighted the advantage of the TBDMS protecting group 

over TBDPS, as the result from this reaction was still lower than that achieved with 

TBDMS. The dr values obtained with the two sets of conditions remained broadly the 

same with the only noticeable difference being the change from 91:9 dr to 98:2 dr with 

4-bromobenzonitrile. In conclusion, the optimised cross-coupling conditions afforded 

higher yields with a range of aryl bromides as well as 3-bromopyridine.  

 

a) OTBDMS; b) OTBDPS; c) Product isolated as a mixture, yield determined from the ratio of 177 and 83 in the 1H 

NMR spectrum after purification by chromatography; d) 1.5 equivalents of ArBr 

Scheme: 2.49 

 

The optimised Ŭ-arylation procedure was then applied to a broader range of aryl 

bromides and heteroaryl bromides and a full scope was investigated (Scheme 2.50). 

Some of these reactions were conducted with 1.3 equivalents of aryl bromide due to 

being run at the same time as earlier reactions. Pleasingly, the coupling with sterically 

hindered 2-bromomesitylene afforded Ŭ-arylpiperidine cis-188 in 32% yield and 98:2 

dr. Although this yield is lower than other results, the aryl bromide possess two ortho 

groups giving it substantial steric hindrance and making it a challenging substrate to 
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cross-couple. The cross-coupling of 3-fluoro-2-bromotoluene afforded only a trace 

amount of the desired Ŭ-arylpiperidine (detected by HRMS). As the cross-coupling 

reaction had been shown to tolerate high degrees of steric hindrance, it is proposed that 

the failure of this reaction was not solely due to steric effects. Support for this proposal 

came from the low yield obtained with 2-fluorobromobenzene (27% yield of Ŭ-aryl 

piperidine cis-189) compared to the significantly higher yield obtained with 4-

fluorobromobenzene (65% yield of Ŭ-arylpiperidine cis-177). Likewise, there was a 

significant drop in yield when comparing 3-bromopyridine (69% yield of Ŭ-

arylpiperidine cis-180) with 2-fluoro-3-bromopyridine (26% yield of Ŭ-arylpiperidine 

cis-193). Collectively, these results suggested the existence of a detrimental electronic 

effect when a fluorine atom was in the ortho position, which was not present when it 

was in the para position. Steric hindrance is evidently still important as the attempted 

cross-coupling of 1,2-dibromobenzene afforded only a trace amount of product, 

although this is perhaps not surprising due to the large size of the bromine atom.  

Good yields and excellent diastereoselectivities were accomplished with a range of 

nitrogen-containing heteroaryl bromides. For example, the cross-coupling of 5-bromo-

2-(trifluoromethyl)pyridine afforded Ŭ-arylpiperidine cis-191 in 66% yield and 99:1 dr 

and 5-bromo-2-methoxypyrimidine gave Ŭ-arylpiperidine cis-195 in 52% yield and 97:3 

dr. The cross-coupling of 5-bromo-2-chloropyridine gave Ŭ-arylpiperidine cis-192 

selectively. No traces of the 2-pyridyl regioisomer were observed by HRMS, indicating 

that the bromine had reacted selectively over the chlorine. The reaction with 5-bromo-7-

azaindole gave a much lower yield (13% of Ŭ-arylpiperidine cis-198) compared to that 

from the cross-coupling of other nitrogen-containing aryl halides. In all cases, excellent 

diastereoselectivity was observed (Ó94:6 dr). However, no product was observed when 

cross-coupling reactions were attempted with 4-bromoacetanilide, 4-bromopyridin-2-ol, 

2-bromopyrazine, 3-bromopyridine N-oxide and 4-bromopyrazole. The failure of 4-

bromopyrazole to cross-couple was not surprising due to its nature as a challenging 

coupling partner.
76
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a) 1.3 equivalents of ArBr 

Scheme: 2.50 

 

Three of the unsuccessful cross-coupling reactions used aryl bromides that contained an 

acidic proton, either NH or OH, and the aryl bromide that gave the lowest yield (13%) 

in the scope was 5-bromoazaindole. To investigate whether the acidic proton was the 

cause of the problem, the cross-couplings of protected variants of these aryl bromides 

were conducted. First, 5-bromo-N-tosyl-7-azaindole 207 was prepared using an adapted 
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literature procedure from 206 in 57% yield using sodium hydride and then reaction with 

tosylchloride (Scheme 2.51).
77 

 

Scheme 2.51 

 

The Ŭ-arylation of 4-OTBDMS-piperidine 73 was then performed using tosyl protected 

bromoazaindole 207 and other commercially available substrates including methyl and 

Boc protected 4-bromopyrazole (Scheme 2.52). Cross-coupling with tosyl-protected 

bromoazaindole afforded Ŭ-arylpiperidine cis-208 in 46% yield, a significant 

improvement over the 13% yield obtained with the unprotected azaindole. The use of 

methyl protected pyrazole gave Ŭ-arylpiperidine cis-209 in 9% yield and 96:4 dr, 

whereas the use of Boc protected pyrazole did not afford any Ŭ-arylated piperidine. 

Whilst disappointing, these reactions demonstrated that pyrazoles are still challenging 

cross-coupling partners in this procedure. When the Ŭ-arylation procedure was 

conducted with N-Boc-4-bromoaniline only a trace amount of product was observed by 

1
H NMR spectroscopy and HRMS. This potentially suggested that the aniline required 

double protection to be a viable substrate in the cross-coupling reaction. Finally, 4-

bromo-2-methoxypyridine was tested; surprisingly, only a trace amount of the desired 

product was observed, despite the previously successful cross-coupling of 2-methoxy-5-

bromopyrimidine. Overall, these results broadly supported the theory that acidic protons 

interfered with the cross-coupling reaction and whilst a substantial improvement in 

yield was not observed with 4-bromopyrazoles, a useful increase was seen with tosyl 

protected azaindole 207. 
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 a) 1.3 equivalents of ArBr 

Scheme: 2.52 

 

The full scope of the successful examples of the Ŭ-arylation of 4-OTBDMS-N-Boc-

piperidine 73 is shown in Scheme 2.53. In each case, the highest yield achieved is 

reported along with the associated dr of the reaction. These results show that the Ŭ-

arylation procedure can be applied to a wide range of aryl halides. The reaction tolerates 

electron-deficient aryl halides (cis-174 and cis-178), electron-rich aryl halides (cis-179), 

sterically hindered aryl halides (cis-188) and a wide range of heteroaryl halides.  
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a) 1.3 equivalents of ArBr; b) 2.5 mol% Pd2(dba)3, 5.0 mol% SPhos, 50 °C 

Scheme: 2.53 

 

2.3.4 Conformation of 2,4-Disubstituted N-Boc-piperidines 

In order to definitively prove the cis-stereochemistry of the Ŭ-aryl piperidines, an X-ray 

crystal structure of Ŭ-aryl 4-OTBDMS-piperidine cis-175 was obtained which 

confirmed the expected cis-stereochemistry (Figure 2.5). However, interestingly, both 

the aryl group and OTBDMS group occupied axial positions in the solid-state.  
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Figure 2.5: X-ray crystal structure of 4-OTBDMS-2-(4-(trifluoromethyl)phenyl)-N-Boc-

piperidine 175 

 

To determine whether a similar diaxial conformation was observed in solution, 
1
H NMR 

spectroscopy was used. In the 
1
H NMR spectrum of piperidine cis-175, the benzylic 

NCH proton has J values of 7.5 Hz and 2.5 Hz which corresponds to a 
3
Jax-eq coupling 

to proton HB and a 
3
Jeq-eq coupling to proton HC respectively (Figure 2.6). If the benzylic 

NCH proton had been axial, as was observed for the unprotected Ŭ-phenyl-4-OTIPS-

piperidine cis-171 (see Figure 2.3), then a larger 
3
Jax-ax coupling constant would have 

been expected. Proton HB possesses a large 
2
J coupling to HC, the 7.5 Hz coupling to HA 

and a coupling constant to proton HD of only 3.0 Hz. This 3.0 Hz coupling can be 

assigned to a 
3
Jax-eq coupling as a 

3
Jax-ax coupling would be expected to be larger. In 

conclusion, the J value analysis demonstrated that both the aromatic group and the 

OTBDMS group are axial in solution and that the diaxial conformation in the X-ray 

crystal structure was not just a product of crystal packing. 

 

Figure 2.6: J value assignments of 4-OTBDMS-2-(4-(trifluoromethyl)phenyl)-N-Boc-

piperidine cis-175 

 

It is expected that, in unsubstituted Ŭ-aryl piperidine, the aryl group would occupy an 

axial position to avoid a steric clash with the Boc group (see Scheme 2.5).
28

 However, 

the presence of the 4-OTBDMS group in Ŭ-aryl-4-OTBDMS-piperidine cis-175 meant 
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that there would be a competing 1,3-diaxial interaction. The added steric strain could be 

predicted to make the diequatorial conformation lower in energy, or to make a boat or 

twist-boat conformation preferential. One potential explanation for Ŭ-aryl-4-OTBDMS-

piperidine cis-173 adopting the observed diaxial conformation is that there may be 

interactions between one of the lone pairs on the OTBDMS oxygen and the LUMO of 

the aromatic ́ -system. Such an interaction would stabilise the system and therefore 

make a diaxial conformation more favourable and accessible. Similar interactions have 

been reported by Sankararamakrishnan et al. between oxygen lone pairs in water atoms 

and the LUMO of aromatic rings in proteins.
78

 Gamez, Reedijk and Mooibroek have 

examined X-ray crystal structures of compounds in the Cambridge Structure Database 

and concluded that these -́lone pair interactions are relatively common.
79 

As has been shown in Figure 2.3 with Ŭ-phenyl-4-OTIPS-piperidine 171, when there is 

no Boc group present, the aromatic group and Osilyl group adopt a diequatorial 

conformation. It can therefore be concluded that the steric clash between the Boc group 

and the aromatic ring is more significant than any potential interaction between the 

oxygen lone pair and the LUMO of the aromatic ́-system.  

Three other X-ray crystal structures of Ŭ-aryl-4-OTBDMS-N-Boc-piperidines were 

obtained (Figures 2.7, 2.8 and 2.9). In all cases, the aryl group and OTBDMS group 

were cis and adopted a diaxial conformation. The same splitting patterns were observed 

in the 
1
H NMR spectra for all of these compounds, as well as the rest of the Ŭ-aryl 

piperidines shown in Scheme 2.53, with only one exception.  

 

 

Figure 2.7: X-ray crystal structure crystal of 4-OTBDMS-2-[6-(trifluoromethyl)-3-

pyridyl-N-Boc-piperidine 191 
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Figure 2.8: X-ray crystal structure crystal of 4-OTBDMS-2-(2-fluoro-3-pyridyl)-N-Boc-

piperidine 193 

 

 

Figure 2.9: X-ray crystal structure of 4-OTBDMS-2-[1-(p-tolylsulfonyl)pyrrolo[2,3-

b]pyridine-5-yl] -N-Boc-piperidine 208 

 

The only exception to the pattern of diaxial conformations was in the case of Ŭ-

arylpiperidine cis-188 which adopted a diequatorial conformation as shown by 
1
H NMR 

spectroscopy. Presumably, the greater steric bulk imparted by the ortho methyl groups 

increased the energy penalty of the aryl group adopting an axial position and therefore 

forced it to adopt an equatorial conformation. Analysis of the J values of the protons in 

the 2- and 4-positions of Ŭ-arylpiperidine cis-188 show that they both occupy axial or 

pseudo-axial positions (Figure 2.10). Proton HA possesses J values of 13.5 and 4.5 Hz 

which correspond to a 
3
Jax-ax and a 

3
Jax-eq coupling. Proton HB possesses J values of 

10.5, 7.0, 5.5 and 5.5 Hz which could correspond to two 
3
Jax-ax couplings and two 

3
Jax-eq 

couplings. However, it is also possible that the piperidine ring adopts a twist boat 

conformation, which could explain the difference between the two 
3
Jax-ax couplings, as it 

would be expected that they would be similar if the molecule adopted a chair 
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conformation. Although it cannot be confirmed which conformation is adopted, it is 

clear that, in either case, the aryl and OTBDMS groups are equatorial or pseudo-

equatorial. 

 

Figure 2.10: Potential conformational diagram of 4-OTBDMS-Ŭ-arylpiperidine cis-188 

 

Knochel et al. reported two X-ray crystal structures obtained from the Ŭ-arylation of 4-

substituted piperidines:
 
Ŭ-aryl-4-phenylpiperidine cis-148 which adopts a diequatorial 

conformation (Figure 2.11) and Ŭ-aryl-4-methylpiperidine cis-147 which adopts a twist 

boat conformation with both substituents equatorial (Figure 2.12).
24

 The twist-boat is a 

higher energy conformer relative to a chair, although it does allow both the 2-and 4-

substituents to sit in pseudo-equatorial positions and avoid 1,3-diaxial interactions. The 

conformations of these compounds are different to the conformation adopted by all but 

one of the Ŭ-aryl-4-OTBDMS-piperidines. The compounds reported by Knochel and co-

workers lack an oxygen atom in the 4-position, removing the possibility of a stabilising 

oxygen lone pair to aromatic LUMO interaction. Presumably, the steric repulsion of the 

1,3-diaxial interaction has a larger effect than the Ŭ-aryl Boc interaction, resulting in the 

compounds adopting diequatorial conformations. The steric bulk of the group in the 4-

position could also be affecting the conformation. Whilst the OTBDMS group is larger 

than a methyl or a phenyl group, the atom directly attached to the piperidine ring is 

oxygen which allows the large steric bulk of the silyl group to point away from the ring. 

Conversely, the methyl group in 4-methylpiperidine cis-147 will have the largest steric 

bulk in the immediate vicinity of the piperidine ring, which would result in greater 1,3-

diaxial interactions with the aromatic group if both groups were axial. The same would 

be true of the phenyl group, although to a slightly lesser extent due to the ability of the 

phenyl group to rotate and sit perpendicular to the ring. This could also explain the 

difference in conformations between 4-phenylpiperidine cis-148 and 4-methylpiperidine 

cis-147.  



Chapter Two 

87 

 

Figure 2.2 X-ray crystal structure of 2-(4-cyanophenyl)-4-phenyl-N-Boc-piperidine 148 

 

 

Figure 2.3 X-ray crystal structure of 2-(4-cyanophenyl)-4-methyl-N-Boc-piperidine 147 

 

In conclusion, this overview of our results, together with those reported by Knochel et 

al., indicates that the nature of the group in the 4-position directs the conformation 

adopted by Ŭ-aryl-4-substituted piperidines.
24

 The Ŭ-aryl-4-OTBDMS piperidines 

synthesised in our work almost exclusively adopt a diaxial conformation with the lone 

exception of the highly sterically hindered mesitylene derived Ŭ-aryl-piperidine cis-188. 

The diaxial conformation could be made favourable by interaction from an oxygen lone 

pair and the LUMO of the aromatic ˊ-system, the steric nature of the group in the 4-

position, the presence of ortho groups on the Ŭ-aromatic ring or more likely a 

combination of all three effects. 

 

 

 

 

 



Chapter Two 

88 

2.4 Ŭ-Lithiation -Functionalisation of 4-Substituted-N-Boc-piperidines 

2.4.1 Racemic Ŭ-Lithiation -Trapping of 4-Substituted-N-Boc-piperidines 

As part of the development of the lithiation-transmetallation-Negishi cross-coupling of 

4-substituted N-Boc-piperidines, the direct lithiation-trapping of 4-OTIPS-N-Boc-

piperidine 149 in toluene had been investigated, trapping with Me3SiCl (see Table 2.5). 

To broaden the scope of the lithiation-trapping in toluene, a wider range of electrophiles 

was briefly studied. Lithiation of 4-OTBDMS-N-Boc-piperidine 73 was conducted in 

toluene at ï78 °C with s-BuLi/TMEDA and stirred for 3 hours. Then, 2 equivalents of 

the electrophile were added and the reaction was stirred for 30-60 minutes at ï78 °C 

before being warmed to rt. Lithiation-trapping with methyliodide afforded Ŭ-methyl-4-

OTBDMS-piperidine 74 in moderate yield (45%) and good dr (93:7) (Table 2.17, entry 

1). The use of dimethylsulfate in Et2O gave Ŭ-methyl-4-OTBDMS-piperidine 74 in 

good yield (66%) but low dr (83:17) (entry 2), whilst in toluene a high yield (72%) and 

good dr (92:8) were achieved (entry 3).  

 

Table 2.17: Ŭ-Lithiation-functionalisation of 4-OTBDMS-N-Boc-piperidine 73 

 

a) Yield after chromatography; b) Ratio determined by 1H NMR spectroscopy of product after chromatography 

 

This demonstrated the competency of toluene as a solvent for the lithiation-trapping of 

piperidine 73, affording Ŭ-methyl-4-OTBDMS-piperidine 74 in high yield and dr. In all 

cases, the dr was lower than that achieved in the Ŭ-arylation procedure, this could be 

due to the slow trapping of the lithiated piperidine by MeI and dimethylsulfate at low 

temperatures. Upon warming the solution during trapping, the trapping event can occur 

Entry Solvent Time / h Electrophile Yield
a
 / % dr

b 

1 toluene 3 MeI 45 93:7 

2 Et2O 1 Me2SO4 66
 

83:17 

3 toluene 3 Me2SO4 72
 

92:8 
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at a temperature where the lithiated piperidine is configurationally unstable. A similar 

effect, albeit on er, has been observed by OôBrien, Campos, Coldham and co-workers in 

the trapping of enantioenriched lithiated N-Boc-piperidine (see Scheme 2.23).
46

 

The Ŭ-lithiation-functionalisation of 4-OTBDMS-N-Boc-piperidine 73 in toluene was 

explored with other electrophiles, particularly those that possessed UV chromophores, 

which would be required for investigations into asymmetric lithiation and subsequent 

analysis by CSP-HPLC (Scheme 2.54). The use of i-PrOBpin afforded Ŭ-Bpin-

piperidine cis-213 in 67% yield and 98:2 dr. The trapping of piperidine 73 with 

phenylisocyanate gave Ŭ-functionalised piperidine cis-75 in 41% yield and 93:7 dr. The 

use of 3-pyridyl Weinreb amide gave Ŭ-functionalised piperidine cis-214 in only 17% 

yield but 99:1 dr. However, trapping with 4-fluorophenyl Weinreb amide gave Ŭ-

functionalised piperidine cis-218 in 42% yield and 97:3 dr. Lithiation-trapping with 

Me3SiCl gave Ŭ-silylpiperidine cis-215 in 73% and 93:7 dr. In this case, the dr was 

determined by Boc removal (using TFA) to afford the free amine, which sharpened the 

peaks in the 
1
H NMR spectrum and enabled analysis. The yield of Ŭ-silylpiperidine cis-

215 was comparable to that achieved in the analogous reaction on 4-OTIPS-piperidine 

149, which gave a 77% yield of Ŭ-silylpiperidine cis-167 (see Table 2.5). Trapping with 

methylchloroformate gave Ŭ-functionalised piperidine cis-216 in 39% yield and 86:14 

dr (determined by Boc removal). The dr was lower than those achieved with other 

electrophiles, which was assumed to be due to epimerisation. Low levels of cis-

selectivity had been observed by Cossy and Belotti during the lithiation-trapping of 4-

methyl-N-Boc-piperidine 78 with methylchloroformate (see Scheme 2.10).
34
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a) Ratio determined by 1H NMR spectroscopy of product after chromatography; b) Ratio determined by 1H NMR 

spectroscopy of crude mixture after Boc group removal with TFA 

Scheme: 2.54 

 

Overall, the yields obtained from these results were not particularly high, with the 

highest yields being achieved when trapping with Me3SiCl (73%), dimethylsulfate 

(72%) and i-PrOBpin (67%). In general, good diastereoselectivity was observed 

(Ó93:7), except with electrophiles that had the potential to trap slowly or to cause 

epimerisation via enolisation. 

At this point, we also considered the investigation of the lithiation-trapping of other 4-

substituted N-Boc-piperidines. With this in mind, it was planned to study 4-

dibenzylamino-N-Boc-piperidine 219. Thus, 4-dibenzylamino-N-Boc-piperidine 219 

was synthesised in 63% yield from ketone 165 via reductive amination using 

dibenzylamine and sodium triacetoxyborohydride.
80

  

 

Scheme: 2.55 
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The lithiation-functionalisation of 4-dibenzylamino-N-Boc-piperidine 219 was 

investigated in toluene. Previous work in the group had demonstrated, through the use 

of ReactIR
TM

, that 4-dimethylaminopiperidine 219 had a lithiation time of 94 minutes 

when carrying out the deprotonation using s-BuLi/TMEDA in Et2O at ï78 °C.
66

 Based 

on earlier work, it was known that 4-OTIPS-N-Boc-piperidine 149 was slower to lithiate 

in toluene than in Et2O and it was assumed that the same would be true with 4-

dibenzylaminopiperidine 219. Thus, lithiation was carried out with s-BuLi/TMEDA at  

ï78 °C for 5 hours and the lithiated intermediate was trapped with Me3SiCl. This 

afforded Ŭ-silyl-N-Boc-piperidine cis-220 in 36% yield after chromatography (Scheme 

2.56). The dr was determined by Boc removal (using TFA) to afford Ŭ-silylpiperidine 

cis-221 on which 
1
H NMR spectroscopic analysis could be performed. As before, the 

pattern of J values indicated that both the NBn2 and SiMe3 groups occupied equatorial 

positions. 

 

Scheme: 2.56 

 

The lithiation-functionalisation of dibenzylaminopiperidine 219 was also performed 

with dimethylsulfate. Unfortunately, Ŭ-methyl-4-dibenzylaminopiperidine 222 was 

inseparable from piperidine cis-219 and the product was isolated as a 50:50 mixture of 

the two compounds (from which a 46% yield of cis-222 could be calculated) (Scheme 

2.57). Whilst the 
1
H and 

13
C NMR spectra could be interpreted and the peaks from Ŭ-

methylpiperidine cis-222 identified by comparison with the spectra of piperidine 219, 

the dr of the reaction could not be determined, due to the presence of broad peaks in the 

1
H NMR spectrum. In this case, cis-stereochemistry was assumed, given the precedent 

in the reaction with Me3SiCl.  
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Scheme: 2.57 

 

With moderately promising lithiation results in hand, the Ŭ-arylation of 

dibenzylaminopiperidine 219 was attempted using the initial Ŭ-arylation conditions of 

SPhos (0.05 equivalents) and Pd2(dba)3 (0.025 equivalents) with heating at 50 °C. This 

reaction afforded an inseparable 80:20 mixture of the desired Ŭ-phenylpiperidine cis-

223 and piperidine 219 by 
1
H NMR spectroscopy (Scheme 2.58). This equated to a 

yield of around 10% of Ŭ-phenylpiperidine cis-223. It is proposed that a higher yield 

could be achieved with the optimised conditions; however, this reaction was not 

revisited due to the inseparable nature of the product and starting material.  

 

Scheme: 2.58 

 

Overall, neither the Ŭ-lithiation-functionalisation or Ŭ-arylation of 

dibenzylaminopiperidine 219 gave comparable yields to those performed on 4-

OTBDMS-N-Boc-piperidine 73. As difficulties were encountered with the separation of 

dibenzylaminopiperidine 219 from the resulting Ŭ-functionalised and Ŭ-aryl piperidines, 

the lithiation-functionalisation of piperidine 219 was not investigated further.  

 

2.4.2 Asymmetric Ŭ-Lithiation -Trapping of 4-Substituted N-Boc-piperidines 

OôBrien, Campos, Coldham and co-workers had demonstrated that asymmetric 

lithiation of N-Boc-piperidine 8 followed by transmetallation and cross-coupling can be 

used to deliver enantioenriched Ŭ-aryl piperidines (see Scheme 2.29).
46

 Their work 

demonstrated that there was retention of stereochemical information during the 
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transmetallation and cross-coupling steps. Therefore, it was theorised that the same 

would be true with 4-substituted-N-Boc-piperidines, namely, that asymmetric lithiation 

during the lithiation and subsequent transmetallation and cross-coupling would lead to 

enantioenriched Ŭ-aryl piperidines. This would enable the synthesis of cis-Ŭ-aryl-4-

substituted piperidines with both high diastereo- and enantioselectivity.  

First, the asymmetric lithiation-trapping of 4-OTBDMS-N-Boc-piperidine 73 would be 

investigated as there are no reports of the asymmetric lithiation of any N-Boc 

heterocycle in toluene. Work by Coldham, OôBrien et al. had shown that diamines 

(S,S)-105 (or (R,R)-105) gave the highest enantioselectivity when applied to 4-

substituted-N-Boc-piperidines,
52

 whereas the sparteine surrogate 95 gave the highest 

yield. For these reasons, these two ligands were targeted for synthesis and subsequent 

investigation. 

The original synthesis of diamine (S,S)-105 was reported by Alexakis and co-workers 

but a shorter and more efficient route was developed by OôBrien et al.
 53,81

 The first step 

was the resolution of (±)-trans-cyclohexane-1,2-diamine using tartaric acid. This step 

had already been carried out on a large scale by another member of the group and a 

substantial quantity of both resolved salts (S,S)-224 and (R,R)-224 were available. 

Alexakis diamine (S,S)-105 was targeted as this would give the same sense of induction 

as the (+)-sparteine surrogate 95.  The er of the resolved salt (S,S)-224 was determined 

by synthesising TMCDA (S,S)-225 (Scheme 2.59) and carrying out 
1
H NMR 

spectroscopic studies in the presence of 2,2,2-trifluoro-1-(9-anthryl)-ethanol (R)-226 

(also known as Pirkleôs alcohol) as a chiral shift reagent.
82

 Two separate samples of 

TMCDA (S,S)-225 in CDCl3 were prepared with a portion of (R)-226 in one and (S)-

226 in the other. The 
1
H NMR spectra could then be compared by examining the 

resonance due to the methyl protons, since the resulting complexes would be 

diastereomeric. Therefore, by comparing the two spectra, the presence and size of the 

peaks could be identified and from this, the er of the resolved salt determined. When 

this procedure was carried out, each 
1
H NMR spectrum contained only one resonance 

(in a different position) for the methyl protons, indicating that TMCDA (S,S)-225 and, 

by extension, the resolved salt (S,S)-224, was of  >99:1 er. 
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Scheme 2.59 

 

The synthetic route published by OôBrien et al. was followed (Scheme 2.60). The 

sequence involved the formation of bismethylcarbamate (S,S)-227 from resolved salt 

(S,S)-224 with 2 equivalents of methylchloroformate. The carbamate groups were then 

reduced to methylamines via a LiAlH4 reduction in THF to afford dimethyldiamine 

(S,S)-228 in 92% yield. Reaction of dimethylamine (S,S)-228 with 2 equivalents of t-

butylacetylchloride and sodium hydroxide at rt afforded dimethyldiamide (S,S)-229 in 

98% yield. Subsequent LiAlH 4 reduction gave the desired Alexakis diamine (S,S)-105. 

However, problems were encountered with the LiAlH4 reductions and, since no 

purification was performed until a Kügelrohr distillation after the last step, this resulted 

in impurities being carried through. This was solved by the introduction of a 6 M 

NaOH(aq) wash after filtration through Celite
®
, which was implemented to aid the 

removal of aluminium-related by-products. However, purification difficulties resulted in 

the low 10% yield of diamine (S,S)-105 in the final step.  

 

Scheme 2.60 
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The synthesis of (+)-sparteine surrogate 95 was carried out following the procedure 

initially reported by OôBrien et al. and subsequently verified in Organic Syntheses.
47,83

 

The synthesis made use of the naturally occurring (ï)-cytisine 230 which could be 

extracted from the seeds of Laburnum anagyroides, a procedure which itself had been 

reported by Lasne and co-workers.
84

 The use of a naturally occurring alkaloid ensured 

that the starting material would be enantiopure and, as there was no change to the (ï)-

cytisine 230 core during the synthesis of (+)-sparteine surrogate 95, it could safely be 

assumed that the resulting ligand would also be enantiopure. 

Laburnum anagyroides seeds were blended and extracted with a mixture of CH2Cl2, 

MeOH and 35% aqueous ammonium hydroxide before being filtered and acidified with 

3 M HCl(aq). The layers were separated and the aqueous layer was basified and extracted 

to afford (ï)-cytisine 230 in 0.7% yield. Crude (ï)-cytisine 230 was stirred at rt with 

methylchloroformate to afford methylcarbamate 231 in 98% yield. Methylcarbamate 

231 was then hydrogenated over PtO2 to reduce the pyridine on the exo-face. 

Subsequent reduction of the methylcarbamate with LiAlH 4 to an N-methyl group gave 

(+)-sparteine surrogate 95 in 39% yield (Scheme 2.61). Equipment difficulties were 

encountered during purification which resulted in the low yield; nevertheless, sufficient 

pure (+)-sparteine surrogate 95 was obtained for asymmetric lithiation investigations. 

 

Scheme 2.61 

 

The electrophile scope in Scheme 2.54 had demonstrated that the best lithiation-

trapping yields were accomplished with Me3SiCl, dimethylsulfate and i-PrOBpin; 

however, none of these electrophiles had strong UV chromophores. An electrophile that 

would impart a good choromophore upon the resulting Ŭ-functionalised piperidine was 
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necessary to enable determination of the er by CSP-HPLC. Therefore, the electrophile 

of choice was phenyl Weinreb amide, as this had given a good 59% yield of Ŭ-

functionalised piperidine cis-214 in excellent 98:2 dr. However, it was subsequently 

determined that the resulting Ŭ-functionalised piperidine cis-214 was not stable under 

ambient conditions upon storage. As a result, 4-fluoro-N-methoxy-N-methylbenzamide 

(4-fluorophenyl Weinreb amide) was also used as a comparable dr (97:3) had been 

observed with this electrophile and the yield of the resulting Ŭ-functionalised piperidine 

cis-218 had only been slightly lower (42%).  

Firth and OôBrien et al. have reported on the reactivity of a range of s-BuLi/diamines 

used in the lithiation of N-Boc heterocycles.
85,45,55

 Collectively, these reports 

demonstrated that the s-BuLi/(+)-sparteine surrogate 95 complex was more reactive 

than s-BuLi/TMEDA and s-BuLi/Alexakis diamine (S,S)-105, both of which in turn 

were more reactive than s-BuLi/(ï)-sparteine 93. Although the relative reactivity of s-

BuLi/diamine (R,R)-105 and s-BuLi/TMEDA is not known, it is reasonable to assume 

that lithiation with s-BuLi/diamine (R,R)-105 would be slower than with s-

BuLi/TMEDA due to the greater steric bulk of the ligand. Firth had shown that in Et2O 

at ï78 °C the lithiation of 4-OTIPS-N-Boc-piperidine was complete in 30 minutes with 

s-BuLi/(+)-sparteine surrogate 95 and in 40 minutes with s-BuLi/TMEDA. In separate 

work, Beak and co-workers had shown that the lithiation of unsubstituted N-Boc-

piperidine 8 with s-BuLi/(ï)-sparteine 93 was very slow and low yielding.
48

 In addition, 

as shown in Table 2.5, the lithiation of 4-OTIPS-N-Boc-piperidine 149 using s-

BuLi/TMEDA is slower in toluene than in Et2O. Taking all of this information together 

suggested that, for the asymmetric lithiation of 4-OTBDMS-N-Boc-piperidine 73 in 

toluene using s-BuLi/chiral diamines, long lithiation times (greater than 3 hours) would 

be required when using (+)-sparteine 93, but 3 hours could be sufficient with the (+)-

sparteine surrogate 95. For the lithiation with diamine (R,R)-105 in toluene, around 3 

hours would likely be required but a longer lithiation time might be preferable to obtain 

complete lithiation. 

Five lithiation-functionalisation reactions of 4-OTBDMS-N-Boc-piperidine 73 were 

carried out using the following general conditions (Table 2.18): 1.3 equivalents of s-

BuLi/chiral diamine in Et2O or toluene at ï78 °C with a lithiation time of 1-7 hours 

before the addition of the Weinreb amide. Using s-BuLi/(+)-sparteine 93 in toluene with 

a 7 hour lithiation time, a 15% yield of Ŭ-ketopiperidine cis-214 of 67:33 er (by CSP-
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HPLC) was obtained (entry 4). For comparison, the analogous reaction in Et2O was 

attempted under the same conditions and this afforded Ŭ-ketopiperidine cis-214 in 74:26 

er and 24% yield (entry 5). The enantioselectivity was very similar to that achieved by 

OôBrien et al. with 4-phenyl-N-Boc-piperidine 63 in Et2O with (+)-sparteine 93 (78:22 

er) (see Table 2.2).
55

 Disappointingly, the initial result in toluene showed both lower 

yield and enantioselectivity than that achieved in Et2O. Lithiation-trapping with s-

BuLi/diamine (S,S)-105 in toluene for 6 hours gave a meagre 7% yield of Ŭ-

ketopiperidine cis-214 in 76:24 er (entry 6). The same reaction was performed in Et2O 

with a lithiation time of 1 hour and, encouragingly, a 27% yield of Ŭ-ketopiperidine cis-

214 was achieved in 83:17 er (entry 7). Unfortunately, given our long-term aim of 

performing one-pot lithiation-transmetallation-Negishi cross-coupling in toluene, it was 

shown that a higher er was accomplished when the lithiation was conducted in Et2O. 

Lithiation-functionalisation of piperidine 73 using 4-fluorophenyl Weinreb amide with 

s-BuLi/(+)-sparteine surrogate 95 for 1 hour in Et2O gave Ŭ-ketopiperidine cis-218 in 

only 8% yield and 69:31 er (entry 8). The lithiation time was based on React IR
 
studies 

from our group where it was reported that the lithiation of 4-OTIPS-N-Boc-piperidine 

149 using s-BuLi/(+)-sparteine surrogate 95 in Et2O at ï78 °C was complete in 40 

minutes.
45

 The enantioselectivity achieved matched the analogous reaction conducted 

by OôBrien et al. on 4-phenyl-N-Boc-piperidine 63 with Me3SiCl, where a 70:30 er was 

accomplished (see Scheme 2.25).
52

 Due to the low enantioselectivity achieved in Et2O, 

the analogous reaction in toluene was not attempted. For both Ŭ-ketopiperidines cis-214 

and cis-218, the sense of induction is assumed based on the extensive literature 

precedent and previous work with the same set of chiral diamine ligands.
52,55
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Table 2.18: Asymmetric lithiation-trapping of 4-OTBDMS-N-Boc-piperidine 73 

 

Entry Ligand Solvent Time / h Product Yield / %
a 

dr
b 

er
c 

1
 

TMEDA toluene 3 cis-214 59 98:2
 

50:50 

2 TMEDA toluene 3 cis-218 42 97:3 50:50 

3 TMEDA Et2O 1 cis-218 35 97:3 50:50 

4
 

(+)-sparteine toluene 7 cis-214 15 97:3
 

67:33 

5
 

(+)-sparteine Et2O 7 cis-214 24 >99:1
 

74:26 

6
 

(S,S)-105
 

toluene 6 cis-214 7 96:4
 

76:24 

7 (S,S)-105
 

Et2O 1 cis-214 27 >99:1
 

83:17 

8 (+)-sp surr 95 Et2O 1 cis-218 8 >99:1 69:31 

a) Yield after chromatography; b) dr determined by 1H NMR spectroscopy of product after chromatography; c) er 

determined by CSP-HPLC, for cis-214 R = H OD-H column 1 mL/min 90:10 hexane:i-PrOH, for cis-218 R = F IC 

column 1 mL/min 99:1 hexane:i-PrOH 

 

Overall, the asymmetric lithiation results were disappointing: the yields from all  the 

asymmetric lithiation-trapping reactions were low (8-27%). However, in all cases, Ŭ-

ketopiperidines cis-214 (Ó96:4 dr) and cis-218 (>99:1 dr) were generated with high 

diastereoselectivity. Lithiation-functionalisation with both s-BuLi/(+)-sparteine 93 and 

s-BuLi/diamine (S,S)-105 afforded Ŭ-ketopiperidine cis-214 in higher er in Et2O than in 

toluene. Therefore, despite the utility of toluene for the Ŭ-lithiation-arylation procedure, 

toluene appears to be inferior to Et2O for the asymmetric lithiation of 4-OTBDMS-

piperidine 73. This was consistent with the findings of OôBrien, Coldham and co-

workers where, during the asymmetric lithiation of 4-phenyl-N-Boc-piperidine 63, the 

best enantioselectivity was achieved with s-BuLi/Alexakis diamine (S,S)-105 in Et2O 

(87:13 er) (see Table 2.2).
52

 Modifications of the Alexakis diamine 105 have been 

investigated by McGlacken and co-workers, albeit with limited success and, due to this, 

further investigations of these ligands were not pursued.
86 

Overall, for the asymmetric 
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lithiation to be synthetically useful, the er accomplished would need to be Ó 90:10. As 

the er in toluene was lower than that in Et2O, further investigations with the available 

ligands were not conducted and an asymmetric Ŭ-arylation was not attempted. 
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2.5 Further Functionalisations of 2,4-Disubstituted-N-Boc-piperidines 

To demonstrate the utility of the 2,4-disubstituted Ŭ-aryl piperidines generated from the 

Negishi cross-coupling reactions, it was decided to briefly explore some 

functionalisation reactions on the Ŭ-aryl piperidines. Two aspects were envisioned: a 

cyclisation reaction between the aryl group and the hydroxyl group (after TBDMS 

removal) and a lithiation-trapping reaction at the benzylic position.  

To start, the cyclisation reaction was explored. X-ray crystal structures and 
1
H NMR 

spectroscopic analysis of Ŭ-aryl-4-OTBDMS-N-Boc-piperidines identified that the 

OTBDMS group and the aryl group adopted a diaxial conformation (see Figures 2.7 ï 

2.9). This inspired a brief investigation into whether the proximity of these groups could 

be utilised for the cyclisation reaction. It was theorised that, following removal of the 

TBDMS group, if a suitable group was present on the aromatic ring, cyclisation could 

occur from the alcohol onto the aromatic ring via an SNAr reaction. To this aim, an Ŭ-

arylation of 4-OTBDMS-piperidine 73 had been carried out with 3-bromo-2-

fluoropyridine to afford Ŭ-arylpiperidine cis-193. This would give the opportunity for 

the hydroxyl group to attack the pyridine ring at the 2-position to give fused tricyclic 

piperidine 232. The reaction was first attempted by reacting Ŭ-arylpiperidine cis-193 

with TBAF to effect the removal of the silyl protecting group and then heating to 50 °C 

to facilitate the SNAr reaction. This reaction gave only a trace amount of the desired 

tricyclic piperidine 232 (detected by HRMS). 

 

Scheme 2.62 

 

An alternative two-step approach was therefore undertaken (Scheme 2.63). First, Ŭ-aryl 

piperidine cis-193 was reacted with TBAF at rt to remove the TBDMS group, affording 

alcohol cis-233 in 80% yield. Examination of the 
1
H NMR spectrum of 4-

hydoxypiperidine cis-233 demonstrated that it still adopted a diaxial conformation. The 

cyclisation reaction was then attempted; deprotonation of the hydroxyl proton was 
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achieved using sodium hydride in DMF and the reaction was heated at 90 °C. Under 

these conditions, an intramolecular SNAr reaction did occur and the desired tricyclic 

piperidine 232 was obtained in 23% yield.   

 

Scheme 2.63 

 

Minimal amounts of unreacted Ŭ-arylpiperidine cis-193 were present in the crude 

reaction mixture which suggested that other side reactions were occurring, potentially 

due to the elevated temperature. The low yield could have been due to these side 

reactions or simply the steric requirements of the reaction. Overall, this reaction gave a 

proof of concept that the diaxial conformation of the Ŭ-aryl-4-OTBDMS-piperidines 

could be exploited for further functionalisation to synthesise a molecule with a novel 

tricyclic core.  

In 2012, Coldham, OôBrien and co-workers reported the lithiation-trapping of Ŭ-aryl-N-

Boc-piperidines to give 2,2-disubstituted piperidines in good yield (Ó75%) (Scheme 

2.64).
87

 For example, Ŭ-phenyl-N-Boc-piperidine 107 was lithiated with n-BuLi in THF 

at ï40 °C and trapped with methyliodide to afford 2,2-disubstitutedpiperidine 234 in 

91% yield.  

 

Scheme 2.64 
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Coldham, OôBrien and co-workers demonstrated that the lithiation-trapping of 

enantioenriched Ŭ-phenyl-N-Boc-piperidine (S)-107 with n-BuLi in THF at ï78 °C 

proceeded with retention of stereochemistry (Scheme 2.65).
87

 Enantioenriched Ŭ-

phenyl-N-Boc-piperidine (S)-107 was prepared in 99:1 er via an asymmetric imine 

reduction reaction and subsequent recrystallisation. Lithiation of Ŭ-phenyl-N-Boc-

piperidine (S)-107 was carried out in THF with n-BuLi at ï50 °C. Then, the reaction 

mixture was cooled to ï78 °C and the electrophile was added. When the trapping was 

conducted with methyliodide, a 77% yield of 2,2-disubstitutedpiperidine (S)-234 in 97:3 

er was obtained, whereas trapping with Bu3SnCl afforded 2,2-disubstitutedpiperidine 

(S)-235 in 79% yield and 94:6 er. Both of these reactions proceeded with minimal 

reduction in er, demonstrating a retention of the original S stereocentre under these 

conditions. 

 

Scheme 2.65 

 

Independently, and more recently, Coldham et al. reported the further functionalisation 

of enantioenriched Ŭ-aryl-N-Boc piperidines via benzylic lithiation using n-BuLi in 

THF at ï78 °C and trapping to afford a range of 2,2-disubstituted piperidines (Scheme 

2.67).
54

 For example, lithiation-trapping of Ŭ-(4-chlorophenyl)piperidine was performed 

with n-BuLi in THF at ï78 °C for 5 minutes and then trapping with methyliodide gave 

2,2-disubstitutedpiperidine (R)-238 in 88% yield and 96:4 er. As had been reported by 

Coldham, OôBrien and co-workers, the retention of stereochemistry was reported with 

no change in er during lithiation-trapping. Coldham et al.ôs report demonstrated that 

other aryl groups could be used to facilitate the benzylic lithiation besides a phenyl 

group.  



Chapter Two 

103 

 

Scheme 2.67 

 

Thus, based on this literature precedent, the further functionalisation of Ŭ-aryl 

piperidines using this methodology was explored. Benzylic lithiation was attempted on 

Ŭ-phenyl-4-OTBDMS-piperidine cis-176 based on the procedure used by Coldham et 

al..
54

 Ŭ-Phenylpiperidine cis-176 (96:4 dr) was lithiated using n-BuLi in THF at ï78 °C 

for 5 min and then trapped with methylchloroformate to give trisubstituted piperidine 

cis-241 in 50% yield and 96:4 dr (Scheme 2.68). For consistency, ñcisò and ñtransò in 

these trisubstituted piperidines refer to the relationship between the aromatic group and 

the OTBDMS group in the 4-position. The reaction clearly proceeded with complete 

retention of stereochemical information; initially, cis-241 was assigned based on the 

previous precedent from the work of Coldham and OôBrien.
 54

 Lithiation-trapping of Ŭ-

phenylpiperidine cis-176 with dimethylsulfate gave trisubstitutedpiperidine cis-242 in 

excellent yield (99%) but low dr (86:14). The erosion in dr was unexpected, although it 

should be highlighted that other trappings with dimethylsulfate can lead to lower dr, 

potentially due to slow trapping and configurational instability of the lithiated species as 

it warms up (see Scheme 2.23). The lithiation-trapping of Ŭ-arylpiperidine cis-179 (94:6 

dr) was also carried out; trapping with methylchloroformate and dimethylsulfate 

afforded trisubstitutedpiperidines cis-243 (91:9 dr) and cis-244 (94:6 dr) in 46% and 

40% yields respectively (Scheme 2.68). 
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Scheme 2.68 

 

The relative stereochemistry of the trisubstituted piperidines was initially assumed and 

could not be easily determined by 
1
H NMR spectroscopy. Therefore, to confirm that the 

benzylic lithiation-trapping reaction occurred with the expected retention of 

configuration, attention turned to X-ray crystallography. The TBDMS group was 

removed from trisubstitutedpiperidine cis-241 (96:4 dr) using TBAF to give 

trisubstituted 4-hydroxypiperidine cis-245 in 40% yield and as a single diastereomer 

(Scheme 2.69).  

 

Scheme 2.69 

 

An X-ray crystal structure of trisubstituted 4-hydroxypiperidine cis-245 was obtained 

which confirmed that the cis-stereochemistry of the starting material in the lithiation-

trapping reaction had been retained (Figure 2.13). Interestingly, the hydroxyl group and 

the phenyl group adopted a diequatorial conformation. Due to rotamers, it was not 

possible to analyse the 
1
H NMR spectrum to determine if the same conformation was 






































































































































































































































































































































































































































































































































































































































































