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Abstract 

This doctoral thesis describes the synthesis of novel amino acids and peptidomimetics for 

use as tools for drug discovery. The first part of this study focuses on the preparation of 

modified tyrosine analogues using metal-catalysed coupling reactions and the incorporation of 

these novel amino acid building blocks into biotin-R8ERY* peptidomimetics using Fmoc 

SPPS. The second part deals with an investigation towards the development of a new method 

for the synthesis of optically active α–amino acids. 

The aim of the first part of this research project was the synthesis of small libraries of 

biotin-R8ERY peptidomimetics for use as a treatment for autoimmune diseases. Due to its 

ability to specifically block the invasion of leukocytes into inflamed tissues in the brain and in 

the gut, biotin-R8ERY represents a potential cure for multiple sclerosis and Crohn’s disease. 

In this work, a structure-activity relationship study with biotin-R8ERY-containing side-chain 

modified tyrosine building blocks (including substituted biphenylalanines, 

4-heteroarylphenylalanines and O-arylated tyrosines) was carried out. The preparation of a 

series of Boc and methyl ester protected substituted biphenylalanines (3a-j) involved the 

palladium-catalysed Suzuki-Miyaura coupling of a tyrosine triflate intermediate 8 with 

various organoboron reagents, while the preparation of the Boc and methyl ester protected 

4-heteroarylphenylalanines (3k-o) required Suzuki coupling of a boronophenylalanine 

intermediate 16 with structurally diverse heteroaryl halides. The final Boc and methyl ester 

protected O-arylated tyrosine series (3p-u) was prepared using the copper-catalysed 

Evans-Chan-Lam reaction between a protected tyrosine residue 2 and substituted 

phenylboronic acids. The Fmoc protected non-proteinogenic amino acids 4a-u required for 

use in Fmoc SPPS were obtained through protecting group exchange. The biotin-R8ERY* 

peptidomimetics 5 were prepared by Fmoc solid phase peptide synthesis and tested for their 

ability to inhibit the binding of α47 integrins on the surface of leukocytes to their receptor 

MAdCAM-1 on the surface of specific inflamed tissues. The synthetic methodology for the 

preparation of the three series of biotin-R8ERY* peptidomimetics is outlined in Scheme 1.  
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Scheme 1. Synthetic scheme summarising the preparation of the three series of biotin-R8ERY* 

peptidomimetics. 

 

The second part of this thesis focused on a project conceived to answer the problems 

associated with the lack of an efficient method to readily access novel α-amino acids and 

benefitted from a collaboration with Dr. Craig Harris at the AstraZeneca Research Centre 

(Reims, France). The knowledge of Dr. Harris in the field of Mitsunobu alkylation allowed 

the development of an original strategy for the preparation of racemic amino acids by direct 

alkylation of an achiral glycine scaffold with stable alcohol electrophiles using modified 

Mitsunobu reagents. This unprecedented methodology was then employed to synthesise a 

library of 21 racemic amino acid derivatives 123a-v. Furthermore, by combining the expertise 
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developed inside Prof. Brimble’s group towards the synthesis of enantiopure amino acids 

using the Belokon’s nickel complex chemistry with the knowledge acquired at AstraZeneca, a 

practical route for the preparation of a large range of structurally diverse optically active 

amino acids from readily available alcohols was implemented. Finally, this new method was 

applied to the synthesis of a library of 12 chiral α-amino acids 143a-l. This new, simple 

method provides facile access to a wide variety of novel unnatural amino acids that are 

valuable tools for drug discovery. 
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AA amino acid 

Å angstrom 

Ac acetyl 

ADDP 1,1'-(azodicarbonyl) 

dipiperidine 

Aib 2-aminoisobutyric acid 

AIBN azobisisobutyronitrile 

Ala (A) alanine 

[]D
20

 specific rotation at the 

sodium D line (589 nm) at 

20 °C 

Ar aryl or argon 

Arg (R) arginine 

Asp (D) aspartic acid 

BINAP 2,2'-bis-1,1'-binaphthyl 

BINAPHOS 2-(diphenylphosphino)- 

1,1′-binaphthalene-        

2,2′-diylphosphite 

BINOL 1,1'-binaphthalene-2,2'-diol 

BMI 2-tert-butyl-3-methyl-     

1,3-imisazolidin-4-one 

Bn benzyl 

Boc tert-butoxycarbonyl 

BOP benzotriazol-1-yloxytris-

(dimethylamino)-

phosphonium 

hexafluorophosphate 

BOM benzyloxymethyl acetal 

BP N-benzyl-L-proline 

BPAAh (S)-2-[N-(N'-benzyl-prolyl) 

amino]acetophenone 

BPAB (S)-2-[N-(N'-benzyl-prolyl) 

amino]benzaldehyde 

BPB (S)-2-[N-(N'-benzyl-prolyl) 

amino]benzophenone 

BPE 1,2-bis(2,5-dialkyl 

phospholano)ethane 

B2pin2 bis(pincolato)diboron 

Bu butyl 

c concentration 

CAM cell adhesion molecule 

CAMP methylcyclohexyl-o-

anisylphosphane 

CAN cerric ammonium nitrate 

CARD cell adhesion regulatory 

domain 

Cbz carbobenzyloxy 

CCG 2-(carboxycyclopropyl) 

glycine 

cHex cyclohexyl 

CMBP cyanomethylenetributyl 

phosphorane 

CMMP cyanomethylenetrimethyl 

phosphorane 

CMPP cyanomethylenetriphenyl 

phosphorane 

COD cyclooctadiene 

conc concentrated 

Cp cyclopentadienyl 

Cy cyclohexyl 

DavePhos 2-dicyclohexylphosphino-

2′-(N,N-dimethylamino) 

biphenyl 

d doublet 

dba dibenzylideneacetone 

DBU 1,8-diazabicyclo[5.4.0] 

undec-7-ene 

DCC N,N'-dicyclohexyl 

carbodiimide 

DCE dichloroethene 

dd doublet of doublets  

DEA diethanolamine 

DEAD diethyl azodicarboxylate 

de diastereoisomeric excess 
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 chemical shift 

 reflux 

AA dehydroamino acid 

DHTD 1,6-dimethyl-1,5,7-

hexahydro-1,4,6,7-

tetrazocin-2,5-dione 

DIAD diisopropyl 

azodicarboxylate 

DIC N,N'-diisopropyl 

carbodiimide 

DIOP 2,2-dimethyl-4,5-

((diphenylphosphino) 

dimethyl)dioxolane 

DIPAMP bis[(2-methoxyphenyl) 

phenylphosphino]ethane 

DIPEA N,N-diisopropylethylamine 

DKP diketopiperazine 

DKR dynamic kinetic resolution 

DMAP 4-(N,N-dimethylamino)-

pyridine 

DME dimethoxyethane 

DMF N,N-dimethylformamide 

DMPU 1,3-dimethyl-3,4,5,6-

tetrahydro-2-pyrimidinone 

DMSO dimethyl sulfoxide 

DNA deoxyribonucleic acid 

L-DOPA L-3,4-dihydroxy 

phenylalanine 

DPPA diphenylphosphoryl azide 

dppb 1,4-bis(diphenylphosphino) 

butane 

dppf 1,1'-bis(diphenylphosphino) 

ferrocene 

dr diastereoisomeric ratio 

DTAD di-tert-butyl 

azodicarboxylate 

DuPhos 1,2-bis(2,5-dialkylyl 

phospholano)benzene 

DVB divinylbenzene 

EAE experimental autoimmune 

encephalomyelitis 

ECM extracellular matrix 

EDC 1-ethyl-3-(3-dimethylamino 

propyl)carbodiimide 

ee enantioisomeric excess 

EGF epidermal growth factor  

eq equivalent 

Et ethyl 

ESI electrospray ionisation 

FAK focal adhesion kinase 

FDA food and drug 

administration 

FITC fluorescein isothiocyanate 

Fmoc 9-fluorenyl 

methoxycarbonyl 

Fn fibronectin 

GALT gut-associated lymphoid 

tissues 

Glu (E) glutamic acid 

Gly (G) glycine 

GVHD graft-versus-host diseases 

h hour 

Hai 2-amino-5-hydroxyindan-2-

carboxylic acid 

HATU O-(7-azabenzotriazol-1-yl)-

N,N,N′,N′-            

tetramethyluronium 

hexafluorophosphate    

HBTU O-(benzotriazol-1-yl)-

N,N,N′,N′-

tetramethyluronium 

hexafluorophosphate 

HEV high endothelial venules 

HIV human immunodeficiency 

virus 

HMDS hexamethyl disilazide 

HMP 4-(hydroxymethyl) 

phenoxyacetic acid 

HMPA hexamethylphosphoramide 
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HMPB 4-(4-hydroxymethyl-              

3-methoxyphenoxy)-butyric 

acid 

HOAt 1-hydroxy-

7-azabenzotriazole 

HOBt 1-hydroxybenzotriazole 

HPLC high performance liquid 

chromatography 

Hz hertz 

IC50 half maximal inhibitory 

concentration 

iPr isopropyl 

J coupling constant  

L ligand 

LC liquid chromatography 

LDA lithium diisopropylamide 

Leu (L) leucine 

LP lamina propia 

LPAM-1 lymphocyte Peyer’s patch 

adhesion molecule-1 

M molar 

mAb monoclonal antibody 

MAdCAM-1 mucosal addressin cell 

adhesion molecule-1 

MBHA para-methyl 

benzhydrylamine 

Me methyl 

MIDA N-iminodiacetic acid 

MIDAS metal ion-dependent 

activation site 

min minute 

MLN mesenteric lymph nodes 

MOM methoxymethyl ether 

MonoPhos 3,5-dioxa-4-phospha     

cyclohepta[2,1-α:3,4-α′] 

dinaphthalen-4-yl) 

dialkylamine 

Ms mesyl 

 

MS mass spectrometry or 

molecular sieve 

MSG monosodium glutamate 

NBS N-bromosuccinimide 

NHC N-heterocyclic carbene 

NMM N-methylmorpholine 

NMP N-methyl-2-pyrrolidone 

NMR nuclear magnetic resonance 

NOBIN 2-amino-2′-hydroxy-      

1,1′-binaphthyl 

NSAIDs non-steroidal anti-

inflammatory drugs 

Nu nucleophile 

op optical purity 

Oxyma ethyl-2-cyano 

(hydroxyimino)acetate 

PAMP methylphenyl-o-

anisylphosphane 

Pbf 2,2,4,6,7-pentamethyl-2,3- 

dihydro-benzofuran-5-

sulfonyl 

Pcp pentachlorophenyl 

PEG polyethylene glycol 

Pfp pentafluorophenyl 

PG protecting group 

Ph phenyl 

Piv pivaloyl 

PMB para-methoxybenzyl ether 

Pmc 2,2,5,7,8-pentamethyl-        

chroman-6-sulfonyl 

ppm parts per million  

Pro (P) proline 

PS polystyrene 

PTC phase-transfer catalysed 

PTSA para-toluenesulfonic acid 
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PyAOP 7-azabenzotriazol-1-yl 

oxytripyrrolidino 

phosphonium 

hexafluorophosphate 

PyBOP benzotriazol-1-yl-

oxytripyrrolidino 

phosphonium 

hexafluorophosphate 

r D-arginine 

RAMP (R)-1-amino-2-

methoxymethylpyrrolidine 

RCM ring closing metathesis 

Rink acid 

linker 

4-[(2,4-dimethoxyphenyl) 

hydroxymethyl]phenol 

Rink amide 

linker 

4-[(R,S)-α-[1-(9H-fluoren-

9-yl)-methoxy-formamido]-

2,4-dimethoxybenzyl-

phenoxyacetic acid 

rt room temperature 

Rt retention time 

RuPhos 2-dicyclohexylphosphino-

2′,6′-diisopropoxybiphenyl 

SAMP (S)-1-amino-2-

methoxymethylpyrrolidine 

SAR structure-activity 

relationship 

s.e.m standard error of the mean 

SM starting material 

SMC Suzuki-Miyaura coupling 

SN nucleophilic substitution 

SNAr nucleophilic aromatic 

substitution 

SPhos 2-dicyclohexyl-2',6'-            

dimethoxybiphenyl 

SPPS solid phase peptide 

synthesis 

src sarcoma 

Su succinimide 

TADDOL 2,2-dimethyl-α,α,α′,α′-

tetraphenyldioxolane-      

4,5-dimethanol 

TBDPS tert-butyldiphenylsilyl 

TBTU O-(benzotriazol-1-yl)-

N,N,N′,N′-

tetramethyluronium 

tetrafluoroborate 

tBu tert-butyl 

Tf triflate 

TFA trifluoroacetic acid 

TFAA trifluoroacetic anhydride 

THF tetrahydrofuran 

TIPA N,N,N',N'-tetraisopropyl 

azodicarboxamide 

TIPS triisopropylsilane 

TLC thin layer chromatography 

TMAD N,N,N',N'-tetramethyl 

azodicarboxamide 

TMGA tetramethylguanidinium 

azide 

TMS trimethylsilyl 

TPP triphenylphosphine 

TPPO triphenylphosphine oxide 

Ts tosyl 

Tyr (Y) tyrosine 

UV ultraviolet 

Val (V) valine 

VCAM-1 vascular cell adhesion 

molecule-1 

VLA4 very late antigen-4 

Wang linker para-hydroxybenzyl 

alcohol linker 

XPhos 2-dicyclohexylphosphino-

2′,4′,6′-triisopropylbiphenyl 
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Chapter 1: Introduction  

1 Autoimmune diseases  

1.1 Background 
 

Our immune system is a complex tool which protects our body against infections, and 

which adapts continuously to be efficient against new threats. The ability of our immune 

system to protect the body against infection by outside invaders depends upon its capacity to 

recognise infectious agents. Unfortunately, many diseases are associated with a normal immune 

response directed towards an inappropriate antigen. It is possible to distinguish an allergy 

(which is an immune response against an innocuous antigen) from an autoimmune disease in 

which the antigen recognised belongs to the body itself. Another example of inappropriate 

immune response is the rejection of the graft in case of tissue transplantation.  

Any organ, tissue or cell can be targeted by an inappropriate immune response leading to a 

myriad of possible autoimmune diseases. According to a report by the National Institute of 

Health published in 2005,
[1]

 more than 80 illnesses belong to the autoimmune disease family 

notably including multiple sclerosis, Crohn’s disease, rheumatoid arthritis, type 1 diabetes and 

various skin diseases such as eczema and psoriasis (Table 1).  

 

Disease Affected organ/tissue/cell 

Crohn’s disease gastrointestinal tract 

type 1 diabetes pancreatic -cells 

eczema epidermis 

multiple sclerosis myelin sheaths  

myasthenia gravis nicotinic acetylcholine receptor 

psoriasis skin cells 

rheumatoid arthritis synovial joints 

ulcerative colitis gastrointestinal tract 

 
Table 1. Non-exhaustive list of autoimmune diseases and corresponding affected organs.  
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If considered separately, the impact of each disease on the population is weak, however, 

collectively autoimmune diseases are a major health concern, affecting 14.7 to 23.5 million 

people in the United States of America and thus, ranking ahead of cancer and heart disease in 

terms of prevalence.
[1]

 These chronic conditions are among the primary cause of death in young 

and middle-aged women and when not life-threating, they can be considerably debilitating and 

require life-time treatment. 

 

1.2 Available treatments 
 

Despite the different manifestations of the various autoimmune diseases, they all feature a 

similar mode of action. Therefore a single medication could treat multiple autoimmune 

diseases. Unfortunately, there is still no cure for autoimmune diseases to date. The current 

strategy consists in reducing the disease’s symptoms, thus steroids and non-steroidal 

anti-inflammatory drugs (NSAIDs) remain the mainstay treatments. Although these drugs 

diminish the harmful abnormal immune response, they also decrease the global immune 

system, hence leaving our bodies defenseless against infections. Furthermore, the long-term 

usage of such drugs has considerable detrimental side-effects.
[2]

  

For these reasons, the research for novel treatments is particularly active in that area. In 

2012, the Food and Drug Administration (FDA) approved the 7th new drug for the prevention 

of relapse for multiple sclerosis patients.
[3]

 The concept of developing drugs that would 

modulate a specific step of the inflammatory response is especially promising and has recently 

led to the launch of monoclonal antibody-type drugs.
[4]

 Although monoclonal antibodies which 

can target T cells, B cells, activated T cells or pro-inflammatory cytokines still result in 

immunodeficiency, they present fewer side-effects with respect to traditional 

global-immunosuppressive agents.  

 

 
 

Figure 1. Natalizumab reduces the progression of disability in relapsing multiple sclerosis patients.
[5]
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The development of monoclonal antibodies which selectively prevent the homing of 

lymphocytes to chronically inflamed tissues without affecting the normal immune surveillance 

constitutes a more refined approach. Natalizumab, a humanised monoclonal antibody against 

α4 integrins, approved by the FDA for the nonsystemic treatment of multiple sclerosis (Figure 

1) and Crohn’s disease, represents the first example of a potent organ-specific pharmaceutical 

targeting cell adhesion molecules.
[6, 7]

  

 

2 A new therapeutic approach: targeting integrins  

2.1 Integrins 

2.1.1 Subfamilies 

 

Integrins are transmembrane receptors present on the surface of a great variety of cell types 

and consist of α and β subunits that are noncovalently associated. So far, 18  and 8  subunits 

have been characterised in mammals, giving 24 known heterodimer combinations.
[8]

 Integrins 

feature a large extracellular domain containing the ligand binding site, a transmembrane 

domain and a short cytoplasmic tail (with the exception of 4 which exhibits a large 

cytoplasmic tail),
[9]

 as illustrated in Figure 2.
[10]

 

 

 
 

Figure 2. Basic structure of integrin.  

 

Integrins are divided into different subfamilies corresponding to the different components 

of the extracellular matrix (ECM) (e.g. laminin, fibronectin and collagen) and the 

Ig-superfamily cell surface receptors that they specifically bind. While most integrins are 

expressed on many tissues, the expression of αE7, α47, α41 and of the 2 family is 

restricted to leukocytes.
[8]

 The different subfamilies of mammalian integrins are depicted in 

Figure 3.  
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Figure 3. Representation of the integrin family.
[8] 

 

2.1.2 Functions  

 

Integrins are a widely expressed family of cell adhesion molecules (CAM) that mediate 

important ECM and cell-cell adhesion events. Through their adhesion properties, integrins play 

a key role in cell migration. Therefore, they are critical for the development and maintenance of 

multicellular organisms, and are primordial during embryonic morphogenesis.
[11]

 These 

heterodimeric transmembrane glycoproteins link the ECM to the cytoskeleton and thus are 

involved in cell communication with its environment.
[10]

 Integrins transmit signals from the 

ECM into the cell and hence, activate many intracellular signalling pathways (outside-in 

signalling). Not only are integrins in the heart of the signal transduction mechanism but they 

are also able to pass information from within the cell to the outside (inside-out signalling). 

Through this bi-directional signalling function, integrins modulate important cell behaviour 

such as: cell proliferation, survival, apoptosis, shape, polarity, motility and differentiation.
[12]

 

A representation of the signal transduction cascade is given below in Figure 4. 
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Figure 4. Overview of the signal transduction pathways mediated by integrins.  

 

Due to their important role in regulating cell adhesion and signalling, integrin 

dysregulation is involved in a multitude of human pathologies such as thrombosis, 

inflammation and cancer. Thanks to their specificity, integrins represent an attractive target for 

the treatment of these diseases. For example, the αvβ3, αvβ5 and αvβ1 integrins, over-expressed 

on carcinoma cells and endothelial cells of tumor vasculature, are recognised therapeutic 

targets for the inhibition of tumor growth and invasion because of their critical role in 

metastatic dissemination and angiogenesis.
[13]

 

 

2.1.3 Structure  

 

Notwithstanding the difficulty in obtaining crystallographic data, efforts by several 

groups
[14-17]

 have unravelled the structure of the integrin’s extracellular domain. Excellent 

reviews have been published which compile the current understanding of integrin structure and 

conformational regulations.
[18, 19]

  

Integrins are often described as two legs extended from the membrane insertion site which 

combine at the distal end of the molecule to form one head.
[20]

 The “head” comprises the  

propeller domain of the α subunit and the I-like domain of the  subunit. Half the α subunits 

also present an I-domain (i.e. α1, α2, α10, α11, αL, αM, αX, αD, αE as highlighted in red in 

Figure 3 above), which encompasses the ligand binding site.
[21]

 For heterodimers formed with 
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α subunits lacking the I-domain, the binding site is located in the crevice formed by the  

propeller of the α chain complexed with the I-like domain of the  chain.
[14]

 A metal 

ion-dependent activation site (MIDAS) has been identified within the I-domain of the α 

subunit
[22]

 and the presence of a similar MIDAS motif within the I-like domain of the  chain 

has also been confirmed.
[14]

 The “head” is directly linked to the thigh domain in the α-subunit 

leg. The latter is separated from the rest of the α chain leg, namely the calf-1 and calf-2 

domains, by the genu, a flexible loop. The I-like domain of the  chain is inserted in a hybrid 

domain which is linked to the  leg, itself constituted by 4 flexible cysteine rich units also 

referred to as EGF (epidermal growth factor) repeats (Figure 5).
[23]

 

 

 
 

Figure 5. Structural basis of the extracellular region of integrins. 
 

2.2 Integrin activation 

2.2.1 Affinity regulation: the switchblade model 

 

Integrins exist in an inactive and an active state. Recent evidence suggests that the 

regulation of the integrin activity is the result of a conformational switch. In the inactive state, 

the integrin is folded at the genu into a “V” shape with the head downward towards the legs, 

therefore blocking the ligand access to the binding site.
[14]

 Activation triggers a 

switchblade-like opening motion, which results in separation of the cytoplasmic tails and 

extension of the extracellular head allowing for an increase of affinity in ligand binding.
[19]

 

Transition between the bent and extended form can be triggered either from inside the cell by 

proteins binding to the integrin cytoplasmic tails or from the outside by ligand or divalent 

cation allosteric binding.
[24, 25]

 Activation also results in an increase of integrin valency through 
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heterodimer clustering (details vide-infra). Figure 6 shows the integrin conformational change 

and clustering resulting in integrin ligand binding.   

 

 
 

Figure 6. Increase of integrin avidity through up-regulated affinity (conformational switch) and valency 

(clustering).  

 

Inside-out activation of the integrin is believed to start by disruption of the interaction 

between the α and  cytoplasmic tails leading to a conformational change which then 

propagates across the membrane along the whole integrin.
[26]

 Researchers gained insight into 

the integrin activation mechanism by mimicking the inside-out activation using ligand-mimic 

peptides, antibodies or divalent cations to trigger outside-in activation.
[27]

 Crystal structure 

examination of a sole integrin (inactive) and an integrin in Mg
2+

 buffer complexed with RGD 

ligand (activated) revealed a swing out of the hybrid domain coupled to unbending of the 

integrin.
[14, 15]

 This movement of the hybrid domain induces a conformational change of the 

I-like domain by a downward shift of the C-terminal α7 helix, which in turn triggers a 

rearrangement within the ligand binding pocket allowing for high affinity binding through 

ligand coordination of the MIDAS metal (Figure 7). For integrins with an I-domain, 

rearrangement of the I-like domain in the β chain is relayed to the α chain.
[28]
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a) b) 

  

 

Figure 7. Conformational changes involved in integrin activation. a) Illustration of  hybrid domain 

swung out, coupled with the downward shift of the α7 helix opening the ligand binding pocket upon 

integrin activation. b) Cartoon showing the movement of the α7 helix: in blue the inactivated integrin, in 

red the activated integrin.
[29]

 

 

2.2.2 Valency regulation 

 

Activation of the integrin also results in the formation of focal contacts consisting of a 

multitude of cytoskeletal proteins, such as talin, filamin and α-actinin, binding to the integrin  

cytoplasmic tails on one end, and to the actin-cytoskeleton on the other end.
[30]

 Although the 

mechanism of integrin clustering is not completely understood, recent studies suggest an 

actin-dependent translocation of integrins at focal contacts.
[31]

 Mechanical forces exerted by the 

cell on the actin-filaments are believed to cause the clustering of actin-anchored integrins, 

resulting in the assembly of focal adhesion contacts, thus forming multimolecular complexes 

known as focal adhesions.
[32]

 Focal adhesion kinases (FAK) are signalling proteins which have 

also been shown to bind the integrin  cytoplasmic tail
[33]

 and are believed to play an essential 

role in focal adhesion regulation together with the tyrosine-protein kinase sarcoma (src) 

(Figure 8).  
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Figure 8. Composition of focal adhesion.
[3] 

 

2.3 The role of integrin activation in the immune response 
 

The ability of integrins to regulate their activation states is crucial for their biological 

functions such as immunosurveillance. In the absence of pathogens, leukocytes circulate freely 

in the bloodstream and a small amount of naïve lymphocytes migrate to the lymphoid organs. 

However, the detection of pathogens in the lymph triggers the inflammation process leading to 

recruitment of the leukocytes to the inflamed tissues. The leukocyte migration is initiated by 

their rolling on the endothelial cell walls, followed by their arrest and transendothelial 

migration (Figure 9). Through their adhesion properties, leukocyte specific integrins are 

essential for the so-called leukocyte adhesion cascade.
[34]

 Although they are not the main 

actors, integrins have been shown to participate in the rolling step. In the next step, chemokines 

released by the inflamed tissue rapidly up-regulate the integrin avidity by increasing both 

integrin affinity (conformational change) and valency (clustering), thus mediating leukocyte 

arrest under shear flow by firm binding to adhesion molecules expressed on the endothelial cell 

surface.
[35]
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Figure 9. Leukocyte adhesion cascade. 
 

Integrins do not only act as anchors for leukocyte migration but they also represent 

tissue-specific recognition molecules. In fact the large number of integrins, integrin 

counter-receptors, chemokines, and chemokine counter-receptors means that there are countless 

combinations of possible leukocyte adhesion cascades.
[36]

 Therefore integrins represent a very 

attractive target for the blockage of tissue-specific homing of leukocytes.  

 

2.4 α41 and α47 integrins as tissue-specific therapeutic targets  
 

The α4 integrin family comprises α41 or very late antigen-4 (VLA4) and α47 or 

lymphocyte Peyer’s patch adhesion molecule-1 (LPAM-1) expressed on most leukocytes 

(except neutrophils).
[37]

 Ligands of the α4 integrin subfamily include fibronectin (Fn), vascular 

cell adhesion molecule-1 (VCAM-1), and mucosal addressin cell adhesion molecule-1 

(MAdCAM-1).
[37, 38] 

α4β1 preferentially recognises VCAM-1 and does not bind MAdCAM-1, 

whereas α4β7 binds MAdCAM-1 with higher affinity than VCAM-1.
[39, 40]

 The latter is 

expressed on small and large endothelial cells of inflamed tissues while MAdCAM-1 is 

expressed on high endothelial venules (HEV) of gut-associated lymphoid tissues (GALT) such 

as Peyer’s patches, mesenteric lymph nodes (MLNs), and the lamina propria (LP), allowing 

homing of both naïve and effector lymphocytes from the blood to lymphoid tissues.
[41]

 

Moreover, MAdCAM-1 also mediates the homing of effector lymphocytes to inflamed tissues. 

The tissue-specific role of α4 integrins and their counter-ligands in the pathogenesis and 

progression of inflammatory bowel diseases such as Crohn’s disease and ulcerative colitis,
[42]

 

in intestinal graft-versus-host diseases (GVHD),
[43]

 in leukocyte infiltration in the islets of 
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Langerhans in type 1 diabetes,
[44, 45]

 in synovial joints in rheumatoid arthritis,
[46]

 and in the 

central nervous system in multiple sclerosis
[47]

 (Figure 10) has prompted a number of 

pharmaceutical companies to focus on the development of α4β1 and/or α4β7antagonists.  

 

  

 
Figure 10. Role of α4β1 in leukocyte infiltration of the brain in experimental autoimmune 

encephalomyelitis.
[48]

 a) Section of rat experimental autoimmune encephalomyelitis (EAE) brain 

exposed to monocyte cells: dark stains indicate cells bound to inflamed venules. b) Section of rat EAE 

brain exposed to monocyte cells pretreated with antibodies targeting α4β1: absence of dark stains 

demonstrates efficient binding inhibition. 

 

2.5 Small molecules as α41 and/or α4β7 antagonists 
 

The blockage of lymphocyte homing to the site of inflammation by inhibiting the binding 

of integrins to their counter-receptors in the extracellular domain has been adopted by 

numerous pharmaceutical companies as an attractive therapeutic approach to treat autoimmune 

diseases.
[37, 49-55]

 Since the approval of Natalizumab, the first α4 integrin antagonist, more 

specific monoclonal antibodies have been developed, with notably Vedolizumab
[56]

 which 

currently is in a pivotal phase 3 trial for severe ulcerative colitis. However, monoclonal 

antibodies administered intravenously are not suitable due to the chronic nature of the diseases 

and the development of orally bioavailable molecules is highly desirable. The absence of 

structural information regarding the extracellular binding pockets of the α4 integrins has led 

researchers to concentrate their efforts on the design of peptidomimetics and small molecules 

using fragments of the α4 integrin ligand fibronectin or VCAM-1/MAdCAM-1 structural data 

as starting points.
[57]

 Furthermore, structure-activity relationship (SAR) studies based on 

screening of compound libraries were also required to identify potent compounds.  
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Company 

[ref] 
Structure 

IC50 

(nmol/L) 
Target 

Roche 

[49] 

 

12 

α4β1/VCAM-1 

inhibitor 

effect on 

α4β7/MAdCAM-1 

not mentioned 

Aventis 

[53] 
 

282 

α4β1/VCAM-1 

inhibitor 

effect on 

α4β7/MAdCAM-1 

not mentioned 

Millennium 

[50] 

 

60 
α4β7/MAdCAM-1 

selective inhibitor 

Merck 

[52] 

 

0.08 
α4β1/VCAM-1 

selective inhibitor 

Tanabe 

[51] 

 

7/87 
α4β7/α4β1 

dual inhibitor 

 
Table 2. Structures, potency, and selectivity of some α4 integrin antagonists.  
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The structures of the most relevant peptidomimetics and small molecules developed by a 

few pharmaceutical companies as lead compounds in their drug discovery programmes towards 

α4 integrins inhibitors are summarised in Table 2. While in most cases, the selectivity of the 

compounds towards other integrins is not described, certain laboratories such as Merck and 

Millennium have investigated antagonists specifically binding the α41 or α4β7 integrin 

respectively.
[52, 54]

 Others, like the Tanabe laboratory have reported α4β1/α4β7 dual 

antagonists.
[53]

 Whilst more specific molecules are believed to be safer, dual antagonists are 

able to cover a broader range of disease indications. 

Another approach to β7 integrin inhibition was reported earlier by Krissansen et al,
[58]

 who 

showed that both the L- and D-enantiomeric form of a cell-permeable peptide YDRREY, 

prevent integrin activation from within the cytoplasmic domain. The YDRREY peptide, 

representing residues 735-740 of the cytoplasmic tail of the β7 subunit, inhibited adhesion of 

Mn
2+

-activated T cells to β7 integrin ligands by suppressing MAdCAM-1-Fc-induced 

clustering of α4β7 receptors (Figure 11).  

 

a)  

7   729-
RLSVEIYDRREYSRFEKEQQQLNWKQDSNPLYKSAITTTINPRFQEADSPTL-780 

 

b) 
c) 

  

 
Figure 11. Cell-permeable YDRREY inhibiting α4β7 clustering. a) The peptide sequence of the β7 

cytoplasmic tail, with the cell adhesion regulatory domain (CARD) highlighted in red. b) Without 

peptide: clustering of α4β7 at the surface of TK-1 cells induced by MAdCAM-1-Fc and stained with 

FITC-conjugated M293 mAb (anti-β7 subunit). c) With peptide containing the YDRREY sequence: 

clustering was inhibited. 

 

It is plausible that the cell-permeable YDRREY peptide acts as a competitive substrate for 

src, FAK, and other tyrosine kinases and signalling molecules, thereby inhibiting their binding 

to the β7 integrin cytoplasmic tail and blocking indirectly cytoskeletal protein interactions 



Chapter 1 
 

~ 18 ~ 
 

responsible for integrin clustering. Hence, YDRREY reduces integrin avidity by preventing the 

formation of new focal adhesion complexes without disrupting established focal adhesions.  

Recently, Krissansen and coworkers have demonstrated that the shorter cell-permeable 

ERY peptide was as equally potent as its non-truncated parent (unpublished results). Although 

the potency of ERY is too low to represent a potential drug candidate, the discovery of a new 

biological target, together with the establishment of its minimal binding motif have laid the 

foundation towards the development of more active peptidomimetic therapeutics for the 

treatment of autoimmune diseases. 

 

3 From peptides to peptidomimetics 
 

Peptides are interesting molecules which can find various applications as therapeutic 

agents. Unfortunately, they suffer from short life-time in vivo and poor bioavailability, mainly 

due to their high predisposition towards proteolytic cleavage. These important drawbacks limit 

their use as pharmaceuticals. However, as illustrated by the successful marketing of compounds 

such as captopril, peptidomimetics are valid drug candidates and represent a promising way to 

overcome the inconvenience exhibited by their peptidic analogues while improving their 

biological activity.
[59-61]

   

 

3.1 The design of peptidomimetics  

3.1.1 Structure-activity relationship study 

 

Peptides bind their protein targets mainly through interactions involving their side-chains. 

Therefore the systematic replacement of each natural amino acid (AA) from the peptide 

sequence with non-proteinogenic mimetics, presenting different steric and electronic properties, 

is the first step in the SAR investigation. Such a study allows the identification of the most 

significant parameters influencing the biological activity and the discovery of compounds 

exhibiting higher potency. This strategy has, for instance, led our group to the development of 

the peptide-based drug candidate NNZ-2566 for Neuren Pharmaceuticals, now in phase 2 

human clinical trials for traumatic brain injury (Figure 12).
[62, 63]
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Figure 12. Development of NNZ-2566 through the systematic modification of amino acids.  

 

3.1.2 Introduction of conformational constraint 

 

Linear peptides are highly flexible molecules, which can exist in different conformations, 

therefore one of the main challenges in the design of peptidomimetics is to orient the key 

residues in a way that fits the protein binding pocket best. For this reason, modifications 

restricting the degree of conformational freedom often result in enhanced potency and have the 

added benefit of increasing the peptide’s in vivo stability. Some examples are outlined below.  

 

3.1.2.1 Side-chain rigidification  

 

The exchange of natural AAs with their -disubstituted analogues is a known technique to 

rigidify the side-chains, as illustrated by compound 1 in Figure 13.
[64]

 The cyclic structures 

contained in AAs like 2-(carboxycyclopropyl)glycine (CCG) and 2-amino-5-hydroxyindan-2-

carboxylic acid (Hai) also significantly limit the side-chain flexibility.
[65, 66]

 Furthermore, Hai is 

a particularly interesting non-natural AA as like other α,α-disubstituted amino acids it also 

decreases the peptide backbone’s conformational freedom. 

 

 
 

Figure 13. Examples of conformationally constrained AAs. 
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3.1.2.2 Constraint within the backbone  

 

The introduction of conformational constraint via the peptide backbone has also been 

widely employed. While α,α-disubstituted AAs (e.g. 2-aminoisobutyric acid Aib) and proline 

derivatives have been extensively investigated due to their added propensity to induce defined 

secondary structures,
[67, 68]

 N-alkylated AAs have gained popularity among scientists not only 

because of their ability to rigidify the peptide backbone as well as the neighbouring amino acid 

side-chain but also because of their effect in the disruption of inter and intramolecular hydrogen 

bonds.
[69]

 Cyclosporine A is an example of a highly N-methylated peptidomimetic successfully 

used as an immunosuppressive agent to prevent rejection after organ transplantation  

(Figure 14). 

 

 
 

Figure 14. Structure of the immunosuppressive drug Cyclosporine A with its 7 N-methylated amino 

acids.  
 

3.1.2.3 Introduction of global restrictions  

 

In addition to techniques focused on single amino acid modifications, more global 

restrictions involving the entire molecule, such as peptide cyclisation, are very useful tools for 

the preparation of conformationally rigid peptidomimetics. It is well-established nowadays that 

cyclic peptides show higher potency and increased in vivo stability compared to their linear 

counterparts. The attractive features of cyclic peptidomimetics have driven the development of 

a wide variety of synthetic methods.
[70]

  

The classic head to tail cyclisation leaves the side-chains “free” to interact with the target 

protein in the desired specific conformation imposed by the cycle. Short peptide sequences are 

often elongated with non-binding residues in order to achieve the cyclisation between the 

N-and the C-terminus as illustrated in Figure 15.  
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Figure 15. Structure of cilengitide: a cyclic RGD peptide inhibiting αv3 integrin.
[71] 

 

Various linkages have been explored for the side-chain to side-chain type cyclisation. 

Among the common ones are disulfide bridges and amide bond formation between lysine and 

aspartic or glutamic acid. Unfortunately, these natural linkages remain prone to in vivo 

degradation, hence they have been substituted with hydrocarbon staples formed by ring-closing 

metathesis (RCM) of two non-natural alkene amino acids. Figure 16 represents a peptide 

folding into an α-helix after RCM stapling. The peptide folding into precise secondary 

structures, however, often requires multiple linkages at determined positions of the sequences 

making the synthesis of such peptides very challenging.  

 

 
 

Figure 16. α-Helix induced by RCM stapling.
[72]

  

 

Another example of side-chain to side-chain cyclisation is obtained by intramolecular 

nucleophilic aromatic substitution (SNAr) leading to biphenyl ethers as illustrated in Figure 17. 

 
 

Figure 17. Structure of a biphenyl ether cyclic peptide ACE inhibitor.
[73]

 

 

Another way of achieving peptide cyclisation consists of forming C-terminus or 

N-terminus backbone to side-chain linkages (Figure 18). 
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Figure 18. Structure of a HIV protease inhibitor formed by N-terminus to side-chain cyclisation. 

 

3.1.3 Improving the in vivo stability  

 

Other backbone modifications such as -peptides,
[74]

 azapeptides,
[75]

 retro-inverso 

peptides, peptoids
[76]

 and depsipeptides,
[77, 78]

 resulting from the systematic exchange of natural 

AAs with isosteric or isoelectronic units are summarised in Table 3. Although they have only a 

limited impact on the peptide conformational freedom, they are capable of significantly 

influencing the secondary structure and are principally used in order to increase the peptide’s 

proteolytic stability.  

 

Common modifications of the 

peptide backbone 
Structure 

Standard peptides 
 

2-peptides 
 

3-peptides 
 

Azapeptides 

 

Retro-inverso peptides 
 

Peptoids 

 

Depsipeptides 
 

 
Table 3. Overview of common modifications of the peptide backbone. 
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Among the many naturally occurring and synthetic peptidomimetics, those displaying such 

structural features often exhibit remarkable therapeutic potential. In fact, -peptides based 

antibiotics are currently perceived as a very promising way to overcome the major health 

concern presented by the rapidly increasing appearance of antibiotic resistant bacteria.
[79]

  

 

4 Aim of the present study  
 

This doctoral thesis was conceived as a medicinal chemistry project aimed at the 

development of libraries of peptidomimetics, based on the ERY tripeptide motif previously 

reported by Krissansen and coworkers (unpublished results), for the treatment of autoimmune 

diseases. It was hoped that a SAR study will allow us to gain insight into the structural 

requirements for the design of more potent peptidomimetic α47 integrin inhibitors. 

Krissansen’s approach for targeting leukocyte homing to the inflamed tissues is based on the 

blockage of intracellular signalling pathways triggering integrin activation.
[58]

 Our lead trimers 

were therefore fused to octa-arginine tags, enabling their transport across the cell-membrane.
[80-

82]
 Furthermore, in order to facilitate the subsequent affinity assay, a biotin tag was linked to the 

N-termini of the peptidomimetics. The structure of our lead peptide is represented in Figure 19. 

 

 
 

Figure 19. Structure of our α47-integrin inhibitor lead peptide: biotin-R8ERY.  

 

Previous work conducted in our laboratory
[83]

 showed that modification of the tyrosine 

residue, using commercially available non-natural phenylalanine isosteres, led to an increase in 

peptide inhibitory potency (Figure 20).  
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Figure 20. Percent of inhibition of biotin-R8ERY* peptides on Mn
2+

-activated TK-1 cell adhesion to 

mouse MAdCAM-1-Fc at a concentration of 50 and 100 µM. s.e.m. of 2 to 6 experiments with duplicate 

wells. **P<0.01, highly significantly more inhibitory than ERY; *P<0.05, significantly more inhibitory 

than ERY.
[83]

 

 

The initial cell adhesion inhibition data revealed that introduction of steric bulk/and or 

lipophilic moieties in the para-position of the phenylalanine side-chain improved the peptide 

activity. This was illustrated by the higher level of inhibition obtained for biotin-R8ERY*, 

where Y* = 4,4'-biphenylalanine (53.65% inhibition at 50 µM), compared to standard 

biotin-R8ERY (21.70% inhibition at 50 µM), thus suggesting the existence of a hydrophobic 

binding pocket in the target protein. Based on those results, we first focused on the synthesis of 

unnatural tyrosine analogues Y*. However, in order to further improve the activity of the 

peptidomimetics generated in the initial study, the tyrosine derivatives described in this thesis 

were based on bulky biaryl/biaryl ether motifs.
1
 An overview of the synthetic strategy for the 

preparation of the tyrosine analogues employed in the course of this thesis is given Scheme 2. 

First, the acid and amine functionalities were orthogonally protected with a methyl ester and 

tert-butoxycarbonyl (Boc) group, respectively. With building block 2 in hand, various 

side-chain modifications, using the palladium catalysed Suzuki cross-coupling reaction and the 

copper catalysed Evans-Chan-Lam coupling reaction, were carried out. Finally, these 

derivatised tyrosine building blocks (3) were subjected to protecting group cleavage and 

subsequent protection with the 9-fluorenylmethoxycarbonyl (Fmoc) group to allow their use in 

Fmoc solid phase peptide synthesis (SPPS). 

                                                 
1
 A parallel study based on tyrosine modified analogues prepared via “click chemistry” was conducted 

by Dr. Stefanie Papst.
[84]
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Scheme 2. Synthetic route for the preparation of unnatural tyrosine building blocks. 

 

The peptide assembly started with the manual attachment of the suitably Fmoc protected 

unnatural tyrosine unit (4) to aminomethylated polystyrene resin. The SPPS was undertaken 

using an automated peptide synthesiser. After the final Fmoc deprotection, the peptide was 

manually biotinylated on resin. The structure of the biotin tag is given below in Figure 21. 

 

 
 

Figure 21. Structure of biotin tag.  

 

Cleavage from the resin afforded the crude peptide which was purified by 

high-performance liquid chromatography (HPLC) as depicted in Scheme 3. Finally, the pure 

peptidomimetics 5 were biologically tested.   

 
 

 
 

Scheme 3. Peptide assembly.  
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Chapter 2: Synthesis of Substituted Biphenylalanines 

This chapter contains an overview of the existing strategies for the design of unnatural 

tyrosine amino acids. The Suzuki-Miyaura cross-coupling is discussed with a particular focus 

on the recent advances in the development of a highly efficient catalytic system. Finally, the 

synthesis of our initial series of substituted biphenylalanine building blocks will be described, 

starting with the preparation of the common protected tyrosine triflate building block, its 

derivatisation to give biaryl compounds and ending with the protecting groups exchange to 

afford the conveniently protected non-proteinogenic amino acids ready for use in SPPS 

synthesis.  

 

1 Strategies for the tyrosine side-chain modification  
 

A brief survey of the literature reveals that the use of Mitsunobu condensation,
[85]

 amide 

coupling,
[86]

 as well as Buchwald
[50]

 and Suzuki-Miyaura cross-coupling
[87]

 are valid 

approaches for the introduction of additional functionalities on the tyrosine side-chain. With 

respect to integrin antagonists, these tyrosine analogues often possess a dramatically increased 

activity profile compared to their native peptide analogues (Figure 22).  

 

 
 

Figure 22. Examples of small molecule integrin antagonists designed by tyrosine side-chain 

modification.  
 

Inspired by the work of others
[53, 88]

 (Figure 22) and encouraged by the improved biological 

results obtained in our previous study with the 4,4'-biphenylalanine-derived biotin-R8ERY* 

peptidomimetic,
[83]

 we decided to investigate the biaryl motif as a starting point for our tyrosine 
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analogue programme. The palladium-catalysed Suzuki reaction was chosen as the method of 

choice for the preparation of such substituted biphenylalanine building blocks. 

 

2 The Suzuki-Miyaura cross-coupling reaction 

2.1 Background  
 

First described in 1979,
[89]

 as the coupling between an alkenyl bromide and an 

alkenylborane and soon after extended to the reaction between phenyl boronic acid and 

haloarene,
[90]

 the Suzuki-Miyaura coupling (SMC) has revolutionised modern medicinal 

chemistry by offering a practical and reliable way to assemble molecules (Scheme 4).  

 

 
 

 Scheme 4. The Suzuki-Miyaura cross-coupling reaction.  

 

Nowadays, the creation of the key C(sp
2
)-C(sp

2
) bond by the metal-catalysed 

cross-coupling reaction is emanating from nearly every drug discovery programme. The Suzuki 

reaction has gained its popularity thanks to its many attractive features: only mild reaction 

conditions are required for the direct formation of the biaryl scaffold, a wide variety of 

functional groups are well tolerated. Furthermore, unlike other organometallic reagents used in 

the analogous metal-catalysed cross-coupling reactions, the organoboron coupling partners are 

stable and non-toxic and only generate inorganic byproducts that can be easily removed by 

simple workup procedures.   

Generally the reaction mechanism follows the accepted palladium-catalysed 

cross-coupling catalytic cycle illustrated in Scheme 5. 
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Scheme 5. General catalytic cycle for the Suzuki-Miyaura cross-coupling reaction with monophoshine 

ligand. 

 

The electrophilic halide is inserted onto the zerovalent palladium species, then the boronic 

acid reagent is converted into the more reactive boronate by the base, thus increasing the boron 

atom nucleophilicity prior to the transmetalation step (path A). Alternatively, it has also been 

proposed that the base replaces the halide in the coordination sphere of the palladium complex 

and facilitates the transmetalation (path B). Finally, the reductive elimination affords the 

desired biaryl compound and regenerates the palladium zero which is ready to enter a novel 

catalytic cycle.  

Numerous studies have been published and reviewed 
[91-94]

 which have participated in 

improving and expanding the perspectives of the original reaction and resulted in a vast number 

of different cross-coupling protocols.  

While aryl iodides and aryl bromides figure amongst the more reactive leaving groups, the 

scope of nucleofuges is now extended to pseudo-halides such as aryl triflates
[95, 96]

 and the less 

reactive but cheapest and widely commercially available aryl chlorides.
[97]

 Moreover, 

procedures for the coupling of mesylates,
[98]

 tosylates,
[99]

 phosphates
[100]

 and diazonium 

salts
[101]

 have also appeared. The effects of the solvent (e.g. organic solvents such as 

tetrahydrofuran (THF), dioxane, toluene, dimethoxyethane (DME), biphasic or aqueous 

environment and even ionic liquids), base (e.g. Cs2CO3, K3PO4, Na2CO3, NaHCO3, CsF,
[102]

 

Bu4N
+
F

-
), nature of the transition metal (e.g. Pd, Ni, Pt), 

[98, 103, 104]
 temperature and other 

reaction parameters such as the influence of microwave irradiation
[105]

 or sonication
[106]

 have 

also been extensively investigated. Green Suzuki reactions
[107]

 have been developed together 

with ligandless and homeopathic catalyst loading conditions and finally continuous-flow 
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methods
[108]

 have been tested in the cross-coupling reaction. However, some of the most 

important breakthroughs concern the nature of the palladium catalysts and design of the 

ligands. 

 

2.2 Advances in catalyst and ligand system 
 

Although the cheap and readily prepared Pd(PPh3)4 remains the most widely employed 

catalyst mediating the Suzuki reaction in good yields for a broad range of substrates, more 

powerful catalysts have been developed to address difficult couplings. Several challenges, 

notably in terms of sterically hindered coupling partners, alkyl substrates, electron-deficient 

organoboron reagents, poorly reactive chloride and mesylate electrophiles were not 

successfully solved using Pd(PPh3)4. However, by employing tailored catalytic systems these 

limitations have been overcome.  

 

2.2.1 Influence of the nature of the palladium  

 

Instead of the use of air sensitive phosphine-ligated Pd(0) complexes, the use of 

tris(dibenzylideneacetone)dipalladium [Pd2(dba)3] as an air-stable source of Pd(0)
[109]

 or of 

Pd(II) precatalysts (e.g. palladium(II) acetate (Pd(OAc)2), PdCl2) is often preferred. The latter 

are activated mainly by reduction to Pd(0) via in situ oxidation of the ligand or boronate 

coupling partner as illustrated in Scheme 6.  

 

 
 

Scheme 6. Examples of in situ activation of Pd(II) precatalyst. 
 

Although the nature of the palladium catalyst as well as the ratio of Pd/ligand have been 

shown to tremendously impact the SMC,
[109]

 it is the introduction of finely tuned ligands, 

designed according to mechanistic considerations, that has unveiled the true power of this 

methodology.  

 

2.2.2 Enhancing the oxidative addition 

 

The oxidative addition is often the rate-determining step, therefore major efforts have been 

invested in the development of new ligands capable of facilitating the insertion of the 

electrophilic species onto the palladium.  

The work of Hartwig et al.
[110]

 and Brown et al.
[111]

 has resulted in the unraveling of the 

influence of the phosphine substituent steric effects on the oxidative addition step. While 
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non-hindered monophosphines have been shown to react following an associative process, 

encumbered monophosphines follow a dissociative process in which the highly reactive 12 

electron monocoordinated organopalladium complex [LPd
0
] is formed (Scheme 7). The latter 

species due to its high electron deficiency and poor steric encumbrance greatly accelerates the 

oxidative addition step.  

 

 
 

Scheme 7. Associative and dissociative oxidative addition mechanism. 

 

The impact of the bulkiness of the phosphine substituents have been exemplified by Fu and 

coworkers.
[97]

 They reported an efficient protocol for the cross-coupling of neutral and 

electron-rich aryl chlorides, inherently unreactive towards the oxidative addition onto the 

palladium catalyst, using sterically demanding phosphine ligands as depicted in Scheme 8.  

 

 
 

Scheme 8. Effect of phosphine substituent bulkiness on electron neutral aryl chloride Suzuki 

coupling.
[97]

 

  

Moreover, the electronic effects of the phosphine substituents have also been shown to 

participate in facilitating the oxidative addition step. One of the most successful 

monophosphine ligand family was developed by Buchwald et al.
[112]

 who ingeniously 

combined both electronic and steric effects in the design of this new class of dialkylbiaryl 

phosphine ligands represented in Figure 23.    
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Figure 23. Examples of dialkylbiaryl phosphine ligands developed by the Buchwald group. 

 

Indeed, electron-rich phosphine ligands increase the electron density of the intermediate 

Pd(0) complex and therefore ease the insertion of unreactive aryl chlorides on the metal center, 

hence using 3 mol % of 2-dicyclohexylphosphino-2′-(N,N-dimethylamino)biphenyl 

(DavePhos) the Suzuki coupling of the electron-rich 4-methoxyphenyl chloride with 

phenylboronic acid was achieved in 92% yield (Scheme 9).
[113]

 

 

 
 

Scheme 9. Suzuki coupling of electron-rich 4-methoxyphenyl chloride using Buchwald ligand.
[113] 

 

Another category of ligands, the N-heterocyclic carbenes (NHCs) also performed 

remarkably well in the Suzuki-Miyaura cross-coupling.
[114, 115]

 These phosphine-free ligands 

complex the palladium species thanks to their σ-donor propensity. Additionally, it appears that 

the π-back donation from the metal to the NHCs is negligible, therefore ensuring for the high 

stability of the catalysts. Examples of structures of monoligated NHC palladium complexes are 

given in Figure 24. 
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Figure 24. Examples of monocoordinated palladium NHC complexes. 

 

Like Buchwald’s ligands, NHCs are both electron rich and sterically hindered and 

therefore are also very efficient for the coupling of unactivated aryl chlorides (Scheme 10).
[116]

  

 

 
 

Scheme 10. Suzuki coupling of electron-rich 4-methoxyphenyl chloride using NHC-Pd complex.
[116]

 

 

2.2.3 Enhancing the transmetalation  

 

Not only do dialkylbiarylphosphine and NHC ligands participate in enhancing the 

oxidative addition rate, but they have also been found to drastically accelerate the 

transmetalation step and hence allow for coupling of both highly hindered and electron-

deficient arylboronic acids, which otherwise suffer proto-deboronation. For example, a tetra-

ortho-substituted biaryl was prepared in excellent yield using 

2-dicyclohexyl-2',6'-dimethoxybiphenyl (SPhos) and 3 mol % of [Pd2(dba)3] as illustrated in 

Scheme 11.
[117]

  

 

 
 

Scheme 11. Suzuki coupling of sterically hindered substrates using Buchwald ligand SPhos.
[117] 
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2.2.4 Enhancing the reductive elimination  

 

The final step of the catalytic cycle, the reductive elimination requires the two substituents 

that will be coupled to adopt a cis configuration. However, during the Suzuki reaction catalysed 

with monophosphine ligands, the oxidative addition leads to a trans [PdL2R
1
X] intermediate, 

therefore trans-cis isomerisation is necessary prior to the reductive elimination (Scheme 

12).
[118]

 Again, bulky monodentate ligands have been found to enhance the reductive 

elimination rate.  

 

 
 

Scheme 12. Trans-cis isomerisation followed by reductive elimination. 

 

However, when alkyl coupling partners are employed, the trans-cis isomerisation is 

slower, thus the reductive elimination is believed to proceed via a three-coordinate complex 

formed through ligand dissociation
[118]

 and the competitive -hydride elimination side-reaction 

can take place, thus explaining why such reactions prove challenging (Scheme 13).
[119]

  

 

 
 

Scheme 13. Reductive elimination vs -hydride elimination in Suzuki reaction of alkyl substrate 

catalysed by monodentate ligand.  

 

However, the use of bidentate ligands such as palladium dichloride 

1,1'-bis(diphenylphosphino)ferrocene (PdCl2(dppf)) has been found to favour the formation of 

a C(sp
2
)-C(sp

3
) bond between a vinyl or aryl halide and an alkylboron reagent (Scheme 14).

[120]
  

 



Synthesis of Substituted Biphenylalanines 
 

~ 37 ~ 
 

 
 

Scheme 14. Suzuki cross-coupling of alkylboron reagent using a bisphosphine ligand.
[120]

  

 

In fact, by chelating the metal center, the bisphosphine ligand enforces the [PdL2R
1
R

2
] 

intermediate to adopt the necessary cis geometry. Furthermore, increasing the bisphosphine 

ligand bite angles results in further accelerating the reductive elimination by bringing the two 

substituents closer and renders possible this difficult coupling.  

 

2.2.5 Enhancing the catalytic system stability  

 

Not only, should the palladium sources and ligands be air-stable in order to facilitate their 

storage but they should also form catalytic complexes that are stable under the Suzuki-Miyaura 

reaction conditions. Although, the low-ligated [LPd(0)] complexes give highly reactive 

catalytic systems, they are also prone to degrade forming the inactive palladium black species 

and thus high catalyst loadings are necessary in order to achieve good reaction conversion. 

Therefore, ligands which stabilise the monocoordinated palladium complexes are capable of 

mediating the cross-coupling reaction with very high turn-over numbers and allow for the use 

of as low as 0.0005 mol % catalyst loading required for industrial processes.
[112]

 Among the 

most elaborate ligand the SPhos developed by the Buchwald group features ortho-substituents 

on the non-phosphine-bearing aryl ring which prevent the ortho-metalation and therefore 

further increase the stabilisation the Pd(0) catalyst, already stabilised through favourable 

interaction between the palladium metal center and the π-system of the 2',6'-dimethoxyphenyl 

ring (Figure 25).  

 

 
 

Figure 25. Representation of the Pd-SPhos complex stabilisation by the lower non-phosphine-bearing 

ring.   



Chapter 2
 

 

~ 38 ~ 
 

The Suzuki-Miyaura cross-coupling reaction is arguably one of the most useful 

transformations and has consequently been extensively investigated. As a result, a myriad of 

different protocols have been established which often confuse the synthetic chemist in his 

search for the appropriate reaction conditions. Until recently the use of palladium metal 

catalysis was mainly perceived as a black box. Among the major discoveries regarding this 

remarkable reaction figures the development of tailored-made ligands such as the Buchwald 

dialkylbiarylphosphines and N-heterocyclic carbenes which have perfected the Suzuki coupling 

both in terms of substrate scope and efficiency thus suggesting that the goal of a universal 

cross-coupling catalyst is within reach.  

 

3 Synthesis of modified side-chain tyrosine by Suzuki cross-coupling 
 

As described in our retrosynthetic approach Scheme 15, the preparation of the modified 

side-chain tyrosine analogues by the Nobel Prize winning Suzuki-Miyaura cross-coupling 

reaction necessitates the synthesis of the tyrosine triflate 7 coupling partner. Moreover, the 

protection of the amine and carboxylic acid functionalities are required prior to any side-chain 

transformation, hence, the desired protected tyrosine triflate 7 would be obtained in three steps 

from the inexpensive L-tyrosine.  

 

 
Scheme 15. Retrosynthetic approach for side-chain modified tyrosine building blocks using 

Suzuki-Miyaura cross-coupling. 
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3.1 Choice of the protecting group 
 

While the incorporation of the synthetic tyrosine analogues into the peptidic sequence by 

Fmoc automatised solid phase synthesis requires the access to Fmoc protected building blocks 

4, the unavoidable use of basic conditions during the standard solution phase synthesis steps 

ruled out the direct use of Fmoc as the amine protecting group. Therefore, Fmoc protected 4 

would have to be prepared through protecting group exchange subsequent to the side-chain 

modification of the appropriately Boc protected tyrosine triflate building block 8, as depicted in 

Scheme 16.  

 

 

 
Scheme 16. Retrosynthetic approach for the preparation of the Fmoc protected amino acid residues 

necessary for automatised Fmoc SPPS. 
 

The acid labile Boc group was chosen for the protection of the amine functionality during 

the initial solution phase synthesis. Protecting groups commonly employed for carboxyl group 

protection include: benzyl ester, tert-butyl ester, allyl ester and methyl ester. The methyl ester 

was considered as the more convenient protecting group for the orthogonal protection of the 

α-AA residue in terms of ease of installation and removal, stability and atom economy.  

 

3.2 Preparation of the protected triflate tyrosine building block 
 

The acid functionality was protected first using thionyl chloride to form an acyl chloride 

which reacted in situ with methanol to yield the amino methyl ester.
[121]

 This compound was 

immediately subjected to the N-Boc protection step without further purification using 

di-tert-butyl dicarbonate and triethylamine in methanol at 0 °C to afford the fully protected 

tyrosine 2 in 94% yield from the L-tyrosine starting material.
[122]

 Formation of the tyrosine 

triflate 8 was achieved in 90% yield using triflic anhydride and pyridine in dichloromethane at  

-15 °C as described by Mapelli et al.
[123]

 (Scheme 17). 
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Scheme 17. Synthesis of Boc-Tyr(OTf)-CO2Me. 

 

3.3 Preparation of substituted biphenylalanines by Suzuki coupling 
 

For our first attempt at the Suzuki-Miyaura cross-coupling between the tyrosine triflate 

building block (8) and 4-methylphenylboronic acid, it was decided to follow the protocol 

developed by Mapelli et al.,
[123]

 using Pd(PPh3)4 freshly prepared according to the procedure by 

Coulson et al.,
[124]

 together with anhydrous K2CO3 as the base in toluene at 80 °C (Scheme 18). 

 

 
 

Scheme 18. Initial reaction conditions chosen for the Suzuki cross-coupling of tyrosine triflate 8 with  

4-methylphenylboronic acid. 
 

Although the desired product 3a was only obtained in 32% yield, by using a 10:1 mixture 

of toluene/N,N-dimethylformamide (DMF), as described by Sircar et al.,
[53]

 the yield of 3a 

could be considerably improved (i.e. 77%). Therefore, the latter conditions were employed for 

the preparation of subsequent biaryl compounds (Table 4).  
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Table 4. Synthesis of para-substituted biphenylalanine derivatives by Suzuki cross-coupling reaction 

using method A.  

 

Using 4-ethylphenylboronic acid and 4-biphenylboronic acid biaryls 3b and 3c were 

isolated in 63% and 60% yield, respectively. Effecting the cross-coupling of the tyrosine triflate 

building block (8) using Pd(PPh3)4 with ortho-substituted phenylboronic acids gave compounds 

3d and 3f in only moderate to low yield as summarised in Table 5 (entries 1 and 2 respectively, 

method A). Moreover, using these conditions, reaction with the electron-withdrawing 

3-nitroboronic acid failed (entry 3, method A).  

Although, these results were not surprising, since the cross-coupling reactions involving 

sterically hindered and electron-deficient boronic acids are well-known to be difficult, it 

prompted us to investigate more powerful catalytic systems. The different reaction conditions 

tested are summarised in Table 5. 
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Entr

y 
Boron reagent Product 

Method A Method B Method C 

Pd(PPh3)4 

10 mol % 

K2CO3 

toluene/DMF 

(10:1) 

Pd(OAc)2 

5 mol % 

P(o-tolyl)3 

10 mol % 

2 M Na2CO3 

DME 

Pd(OAc)2 

5 mol % 

SPhos 

12.5 mol % 

K3PO4 

toluene/DMF 

(10:1) 

1 

 

3d 41% / 88% 

2 

 

3e 14% / 59% 

3 

 

3f 0% 0% 91% 

 
Table 5. Protocols examined in the Suzuki coupling of tyrosine triflate 5 with sterically hindered and 

electron-deficient boronic acid coupling partners.  

 

For our next attempt to effect coupling between 8 and the electron-deficient 

3-nitrophenylboronic acid, it was decided to use Pd(OAc)2 as the source of palladium (II), 

together with a more hindered triarylphosphine such as P(o-tolyl) as the ligand in a 1:2 ratio 

(method B). Despite this catalyst system being previously described by Burk and coworkers to 

effect for coupling with heteroatom-containing boronic acids,
[125]

 in our hands, no desired 

product 3f was formed (Scheme 19).  

 

 
 

Scheme 19. Unsuccessful attempt at the Suzuki cross-coupling reaction of 3-nitrophenylboronic acid 

using method B. 
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Finally, following an adaptation of Buchwald’s procedure, using the highly efficient SPhos 

ligand, both the synthesis of encumbered biphenylalanine derivatives 3d and 3e and the 

synthesis of the biphenylalanine analogue 3f bearing an electron-withdrawing group were 

achieved in 88%, 59% and 91% yield, respectively (Table 2, entries 1-3, method C). 

Encouraged by these results, we endeavoured to prepare more building blocks using this 

experimental procedure.  

While 3,4-dimethoxyphenylboronic acid was used for the synthesis of 3g (Table 6, entries 

5), pinacol esters of the strongly electron-deficient 4-cyanophenylboronic acid and the 

non-aromatic 2-cyclohexylboronic acid were successfully employed for the Suzuki coupling 

with tyrosine triflate 8, using the exact same conditions (Table 6, entries 4 and 6) Therefore, 

three more analogues 3g, 3h and 3i were obtained in moderate to good yield (88%, 48% and 

93%, respectively). 

 

 

 

 
Table 6. Summary of the structures and yields of the additional side-chain modified tyrosine derivatives 

prepared by Suzuki cross-coupling using method C.  

 

Additionally, in order to examine the effect of a bulky substituent in the meta-position of 

the phenylalanine ring on the biological activity of biotin-R8ERY*, compound 3j was 

synthesised from Boc-3-iodophenylalanine-CO2Me (9) in 85% yield (Scheme 20). The 

4-biphenylboronic acid was selected as the coupling partner since this motif gave the most 

biologically active peptidomimetic of the para-substituted phenylalanine series 

(i.e. biotin-R8ERY
* 
(Y

*
 = 4-(4'-biphenyl)phenylalanine) 5c see Chapter 6)  
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Scheme 20. Synthesis of Boc-Phe(3,4'-biphenyl)-CO2Me. 

 

It is noteworthy that although the Suzuki reaction conditions can cause significant loss of 

optical activity in sensitive substrates, studies by Lloyd-Williams and coworkers,
[126, 127]

 have 

demonstrated that tyrosine derivatives give enantiomerically pure biaryl compounds after 

coupling under Suzuki reaction conditions.  

 

3.4 Preparation of Fmoc protected biphenylalanines  
 

With these ten building blocks in hand, attention finally turned to the preparation of the 

desired Fmoc protected side-chain modified tyrosine building blocks.  

 

3.4.1 N-Boc and methyl ester deprotection  

 

Compounds 3 were first subjected to methyl ester saponification using a 1 M aqueous 

solution of sodium hydroxide in a 3:1 THF/MeOH mixture according to the experimental 

procedure described by Mapelli et al.
[123]

 After extraction of the acidified aqueous layer with 

dichloromethane and concentration of the solvent, the crude acids 10 were reacted in the N-Boc 

deprotection step. The N-Boc removal was usually complete after 30 min following stirring in a 

1:1 solution of trifluoroacetic acid (TFA) and dichloromethane, the fully deprotected amino 

acids 11 were recovered through simple concentration of the reaction media and used in the 

Fmoc protection step without further purification (Scheme 21).  

 

 
 

Scheme 21. Synthesis of NH2-biphenylalanine-CO2H derivatives.  
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3.4.2 Installation of the Fmoc protecting group  

 

While 9-fluorenylmethyl chloroformate (Fmoc-Cl) and 9-fluorenylmethyl azidoformate 

were originally used for the preparation of Fmoc protected amino acids,
[128]

 other reagents such 

as Fmoc-succinimide (Fmoc-OSu), Fmoc-pentachlorophenyl (Fmoc-Pcp) and 

Fmoc-1-benzotriazole-1-yl (Fmoc-HOBt) have also been reported (Figure 26).
[129]

 

 

 
 

Figure 26. Reagents used for the Fmoc protection of AAs.  

 

The use of Fmoc-OSu is commonly preferred and was selected for our study since it 

usually affords better yields, can be safely handled and avoids the formation of Fmoc-dipeptide 

side-product, otherwise observed during the Fmoc protection of amino acids using Fmoc-Cl 

(Scheme 22).
[130]

  

 

 
 

Scheme 22. Dipeptide formation upon amino acid Fmoc protection using Fmoc-Cl. 
 

In the present work, only a low overall yield was obtained for the preparation of Fmoc 

protected amino acid 4a from its Boc and methyl ester analogue 3a, when the reaction 

conditions previously reported by Meldal et al.
[131]

 (Fmoc-OSu with a 10% aqueous solution of 

Na2CO3 in dioxane) were used for the final Fmoc protection step. However, by employing the 

reaction conditions described by Mapelli et al.,
[123]

 (solid NaHCO3 in a 4:1 mixture of 

THF/H2O), the yield could be significantly increased (Scheme 23). These conditions were 

therefore subsequently used for the synthesis of the remaining Fmoc protected compounds 4. 
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Scheme 23. Experimental conditions tested for the Fmoc protection of 4-methylphenyl substituted 

phenylalanine. 

 

The crude products were purified by column chromatography initially using pure 

dichloromethane as eluent, in order to remove the fast running impurities, and then either 

mixtures of hexane and ethyl acetate with 1% of acetic acid or solutions of 1-3% methanol in 

dichloromethane. The structures and yields of the Fmoc protected side-chain modified tyrosine 

building blocks 4, prepared from their respective Boc and methyl ester analogues 3 in three 

consecutive steps with a final column chromatography purification step, are given in  

Figure 27. 

 



Synthesis of Substituted Biphenylalanines 
 

~ 47 ~ 
 

 
 

Figure 27. Structures and yields of Fmoc protected side-chain modified tyrosine building blocks 4 prepared from Boc and methyl ester intermediates 3.
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The general synthetic strategy employed for the synthesis of Fmoc protected 

substituted biphenylalanines 4 is illustrated below in Scheme 24. 

 

 
Scheme 24. Synthetic strategy for the preparation of Fmoc protected substituted biphenylalanines     

4a-j. 
 

In summary, nine N-Boc and methyl ester protected side-chain modified tyrosine 

derivatives (i.e. eight substituted biphenylalanines 3a-h and one 4-cyclohexen-1-yl 

phenylalanine 3i) were readily prepared in good to excellent yields from a common tyrosine 

triflate precursor 5 employing the Suzuki-Miyaura cross-coupling reaction. While our first set 

of conditions (Method A: Pd(PPh3)4, K2CO3, toluene/DMF) enabled us to access 

para-substituted analogues by reacting non-demanding boronic acids, the cross-coupling of 

hindered or electron-deficient boron reagents required stronger conditions  

(Method C: Pd(OAc)2, SPhos, K3PO4, toluene/DMF). Additionally, a 10
th

 compound bearing 

a biphenyl substituent in position three of the phenylalanine ring (3j) was synthesised from 

Boc-3-iodophenylalanine-CO2Me (9) in order to evaluate the effect of a non-proteinogenic 

meta-substituted phenylalanine on the biological activity of biotin-R8ERY* peptidomimetic. 

Thereafter, these ten N-Boc and methyl ester non-proteinogenic AAs were subjected to 

protecting group removal to afford the tyrosine modified amino acids 11. Final Fmoc 

protection afforded the desired Fmoc protected side-chain modified tyrosine building blocks 

4, ready for incorporation in the biotin-R8ERY* peptide sequence using Fmoc SPPS.  
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Chapter 3: Synthesis of Heteroarylphenylalanines  

During the past decades, heteroarenes have emerged as substantial fragments of most of 

the drugable-organic compounds developed by pharmaceutical companies’ drug discovery 

programmes.
[132]

 The omnipresence of these heterocyclic structures in medicinal chemistry 

encouraged us to prepare a new series of unnatural tyrosine building blocks exhibiting 

heteroaryl motifs using the Suzuki-Miyaura cross-coupling.  

This chapter outlines the state of the art reaction conditions and classes of organoboron 

reagents recently developed for the challenging Suzuki reaction involving heteroaryl coupling 

partners. Our initial attempts to introduce heteroaromatic fragments onto the tyrosine 

side-chain using our previously synthesised tyrosine triflate precursor will be discussed, as 

well as the problems encountered which prompted us to turn towards the synthesis and 

coupling of the 4-boronophenylalanine building block with various heteroaryl halides.  

 

1 The Suzuki-Miyaura cross-coupling using heteroarylboron reagents 
 

Despite being ubiquitous in contemporary therapeutics, heteroaryl motifs remain difficult 

substrates for the Suzuki-Miyaura cross-coupling reaction. In fact, both electron-deficient 

heteroaryl containing nitrogen atoms, such as pyridine or pyrimidine rings, and electron-rich 

five-membered ring heteroaryl boronic acids have been found to be especially prone to 

proto-deboronation (Scheme 25).
[133]

  

 

 
 

Scheme 25. Proto-deboronation of heteroaryl boronic acids. 
 

Therefore, many research groups have focused their efforts on the development of highly 

active catalytic systems to facilitate the Suzuki reaction of unstable heteroaryl boronic acids.  

 

1.1 New catalytic systems for the coupling of heteroaryl boronic acids 
 

The Suzuki cross-coupling of a variety of aryl- and heteroaryl halides with nitrogen 

heterocyclic boronic acids was reported by Fu et al.
[134]

 Both 3- and 4-pyridineboronic acids 

as well as 5-pyrimidine-, indole- and protected pyrazole boronic acids were reacted in good 

yields using the sterically hindered and inexpensive tricyclohexylphosphine (PCy3) in 
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combination with [Pd2(dba)3] and aqueous K3PO4 in a 2:1 biphasic mixture with dioxane 

(Scheme 26).  

 

 

 

 
Scheme 26. Examples of heteroaryl boronic acids used in Suzuki cross-couplings using conditions 

developed by Fu et al.
[134]

  

 

Billingsley and Buchwald also published the results of their investigations regarding the 

Suzuki reaction of heteroaryl boronic acids and esters.
[135]

 The commercially available SPhos 

and 2-dicyclohexylphosphino-2′,4′,6′-triisopropylbiphenyl (XPhos) ligands, previously 

introduced by the same group, successfully mediated the reaction of thiophene-, pyridine-, 

pyrrole-, indole- and furan boronic acids with a wide range of aryl halides using K3PO4 as a 

base in n-butanol as illustrated in Scheme 27. However, the cross-coupling with 2-pyridyl 

boronic acid failed.  

 

 

 

 
Scheme 27. Examples of heteroaryl boronic acids used in Suzuki cross-couplings using conditions 

developed by Billingsley and Buchwald.
[135]
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Additionally, the Buchwald group reported the synthesis of a new palladium precatalyst 

12, designed for the fast generation of the [LPd(0)] active species under mild conditions. This 

easily prepared, air and moisture stable precatalyst was tested in the Suzuki coupling of the 

extremely challenging 2-heteroaryl boronic acid coupling partners affording remarkable 

yields ranging from 82 to 99% (Scheme 28).
[136]

 

  

 
 

Scheme 28. Suzuki coupling of unstable 2-heteroaryl boronic acids under mild conditions using 

Buchwald’s precatalyst 12.
[136]

  

 

Despite these recent advances, the quest for a “universal” catalyst for the efficient 

transition metal catalysed Suzuki coupling of heteroaryl boronic acids continues.  

 

1.2 Organoboron reagents  
 

Whilst tremendous effort has been devoted to the optimisation of the catalyst/ligand 

system used for Suzuki-reaction however, until recently the nature of organoboron species 

used as the coupling partner had only received little attention. The notable work of Burke
[137]

 

and Molander,
[138]

 has now resulted in new classes of crystalline and bench-stable 

organoboron reagents that have been introduced as alternatives for the more commonly used 

sensitive boronic acids. 

 

1.2.1 The classical boronic acid  

 

Typical boronic acids employed in Suzuki reactions display several drawbacks. First, 

boronic acids exist as equilibrium mixture of monomeric, dimeric and trimeric species 

(Scheme 29). Although these dimeric and cyclic trimeric anhydrides are not detrimental to the 

cross-coupling efficiency, they occasionally render the purification of boronic acids 

difficult.
[139]

  

 



Chapter 3 
 

~ 56 ~ 
 

 
 

Scheme 29. Equilibrium between boronic acid monoric, dimeric and trimeric species.  

 

 Furthermore, despite the vast number of structurally diverse boronic acids now 

commercially available, many boronic acids notably heteroaryl boronic acids, exhibit low 

stability upon storage. Therefore, they often need to be prepared and used immediately. 

Finally, because boronic acids which suffer from facile proto-deboronation, easily degrade 

under the Suzuki reaction conditions, large excesses are required to achieve good 

conversions.
[139]

  

 

1.2.2 Boronic acid esters  

 

Boronic acid pinacol esters, illustrated in Figure 28, are the most widespread boronic 

acid esters. They act as protecting groups for the boronic acid moieties and allow for various 

synthetic steps to be carried out in the presence of the boron functionality.  

 

 
 

Figure 28. General structure of a boronic acid pinacol ester. 

 

Unlike boronic acids, their pinacol ester analogues are monomeric species, however, their 

purification by column chromatography remains difficult as this often results in their partial 

hydrolysis back to boronic acids. Although boronic acid pinacol esters are excellent coupling 

partners for the Suzuki reaction compared to boronic acids, their use suffers from a lack of 

atom economy.
[139]

  

 

1.2.3 N-Methyliminodiacetic acid boronate 

 

Originally introduced by Gillis and Burke as a boronic acid protecting group allowing for 

iterative Suzuki cross-coupling reactions,
[140]

 the crystalline bench-stable N-iminodiacetic 

acid (MIDA) boronates, soon became attractive surrogates for unstable boronic acids. By 

chelating the boron center with the N-iminodiacetic acid trivalent ligand, and therefore 

changing the hybridisation of the metal from sp
2
 to sp

3
, Burke and coworkers were able to 

prevent the protected boronate from reacting under anhydrous Suzuki conditions (Scheme 30) 

and from decomposing upon exposure to air and moisture.  
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Scheme 30. Suzuki coupling in the presence of MIDA boronate functionality using anhydrous reaction 

conditions.
[140]

 

 

The MIDA reagents can be conveniently hydrolysed in mild aqueous basic solution  

(i.e. 1 M NaOH, THF, rt, 10 min) or directly reacted under “slow-release” conditions in a 

subsequent Suzuki coupling (Scheme 31).
[137]

 The in situ hydrolysis of the MIDA reagent is 

believed to be slower than catalyst turn-over, this in turn is thought to account for the 

excellent yields obtained in the Suzuki-Miyaura cross-coupling of 2-heteroaryl MIDA 

boronate esters.  

 

 
 

Scheme 31. Suzuki coupling between 2-furanyl MIDA boronate and hindered 2,4,6-trimethylbenzene 

chloride under slow release conditions. 

 

Burke et al.
[141]

 also recently published a procedure for the unprecedented and efficient 

copper acetate and diethanolamine (DEA) promoted coupling of a 2-pyridyl boron species 

with an unactivated aryl chloride, using Buchwald’s XPhos precatalyst together with their 

newly developed 2-pyridyl MIDA boronate (Scheme 32). 

 

 
 

Scheme 32. Suzuki cross-coupling of 2-pyridyl MIDA boronate with an aryl chloride.
[141] 
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1.2.4 Trifluoroborate salts 

 

Shortly after Vedejs et al.
[142]

 reported that aryltrifluoroborates could be readily prepared 

from their aryl boronic acid analogues by treatment with inexpensive KHF2 in aqueous 

methanol, Darses and Gênet published the first cross-coupling reaction of alkenyl- and 

aryltrifluoroborates with arenediazonium tetrafluoroborate coupling partners in the absence of 

base (Scheme 33).
[143]

  

 

 
 

Scheme 33. Cross-coupling of aryltrifluoroborates with arenediazonium tetrafluoroborates. 

 

However, it was Molander and Ito who recognised the attractive features of 

trifluoroborate salts and developed the Suzuki coupling of aryl triflates with 

alkyltrifluoroborates (Scheme 34).
[138]

 Since the cross-coupling in the absence of base under 

anhydrous conditions failed,
[144]

 it was suggested that the trifluoroborate salts themselves do 

not undergo transmetalation but that the partially hydrolysed RBF2(OH)K and RBF(OH)2K 

could be the key intermediate species. 

 

 
 

Scheme 34. Suzuki coupling of potassium alkyltrifluoroborates with aryl triflates developed by 

Molander. 
 

In parallel, Batey and Quach
[145]

 published another fluoride-promoted coupling using 

tetrabutylammonium aryltrifluoroborate salts as illustrated in Scheme 35.  

 

 
 

Scheme 35. Suzuki coupling of tetrabutylammonium aryltrifluoroborates with aryl halides developed 

by Batey. 

 

Although Molander and coworkers described ligandless conditions for the coupling of 

aryltrifluoroborate salts, heteroaryltrifluoroborates were found to react more readily when 
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PdCl2(dppf) was employed (Scheme 36).
[146]

 However, it is noteworthy that no coupling 

product could be obtained when 2-heteroaryltrifluoroborates where used.  

 

 
 

Scheme 36. Coupling of aryl- and heteroaryltrifluoroborates with 5-bromopyrimidine.  

 

The next advance was reported by the Buchwald group, who carried out the first reaction 

of trifluoroborate salts with a wide range of aryl- and heteroaryl chloride coupling partners 

using their highly successful SPhos ligand (Scheme 37).
[147]

  

 

 
 

Scheme 37. Suzuki cross-coupling of aryltrifluoroborates and 3-pyridyltrifluoroborate with aryl- and 

heteroaryl chlorides.  
 

Importantly, Molander et al.
[133]

 considerably broadened the scope of 

heteroaryltrifluoroborate nucleophile equivalents that can be used in the Suzuki-Miyaura 

cross-coupling reaction by replacing SPhos with its isopropoxy analogue 

2-dicyclohexylphosphino-2′,6′-diisopropoxybiphenyl (RuPhos) (Table 7). Although, 

Molander and coworkers reported no less than 60 different cross-coupling products, the 

2-pyridyltrifluoroborate potassium salt was absent from Molander’s collection of examples. 
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Table 7. Representation of the extensive scope of the heteroaryltrifluoroborate potassium salts which 

react in Suzuki coupling.  

 

Like the MIDA boronate, trifluoroborate salts are monomeric species that are 

indefinitively stable in the air. Their robustness towards a wide range of reaction conditions 

(e.g. oxidation) makes them an ideal protecting group for the boronic acid functionality. 

Furthermore, in contrast to Burke’s σ-donor MIDA boronates, trifluoroborates have improved 

atom economy. Thanks to their propensity to resist protodeboronation and their increased 

nucleophilicity, organotrifluoroborates are promising alternatives for the standard boronic 

acid, especially valuable when the latter is unstable as is the case for heteroaryl boronic acids.  

 

2 Synthesis of heteroarylphenylalanines by Suzuki cross-coupling  
 

For the first attempts at the synthesis of heteroarylphenylalanines using the 

Suzuki-Miyaura reaction, a similar synthetic approach to that described in the preceding 

chapter of this thesis (Chapter 2) was followed. However, the tyrosine triflate building block 

was reacted with commercially available heteroaryl boron reagents instead of the arylboron 

reagents previously employed.  
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2.1 Suzuki coupling of tyrosine triflate with heteroaryl boron reagents 
 

Initially we examined the cross-coupling of tyrosine triflate 8 with 2-thiophenylboron 

substrates 13 as they are known to be demanding coupling partners. The different reaction 

conditions tested are summarised in Table 8. 

 

 

Boron reagent Entry Pd Ligand Base Solvent 
T 

°C 
Yield 

 

1 
Pd(PPh3)4 

10 mol % 
/ K2CO3 

toluene/DMF 

10:1 
80 

no 

reaction  

2 
Pd(OAc)2 

5 mol % 

P(o-tolyl)3 

10 mol % 

2 M 

Na2CO3 
DME 80 

no 

reaction 

3 
Pd(OAc)2 

5 mol % 

SPhos 

12.5 mol % 
K3PO4 

toluene/DMF 

10:1 
90 

no 

reaction 

4 
[Pd2(dba)3] 

2 mol % 

SPhos 

4 mol % 
K3PO4 n-butanol 100 

14a 18% 

15a 9%  

 

5 
Pd(OAc)2 

5 mol % 

SPhos 

12.5 mol % 
K3PO4 

toluene/DMF 

10:1 
90 

no 

reaction 

6 
Pd(OAc)2 

5 mol % 

SPhos 

10 mol % 
K3PO4 

dioxane/H2O 

5:1 
60 

14a + 8 

+ 14b + 

15b 

 

7 
Pd(OAc)2 

5 mol % 

SPhos 

10 mol % 
K2CO3 methanol 50 

no 

reaction 

8 
Pd(OAc)2 

5 mol % 

SPhos 

10 mol % 
K2CO3 ethanol 70 

14a 23% 

+ 8 + 

14c+ 15c  

9 
Pd(OAc)2 

3 mol % 

SPhos 

6 mol % 
K2CO3 DME/H2O 

3:1 
90 

14a + 8 

+ 14b + 

15b 

 
Table 8. Conditions investigated for the Suzuki coupling of tyrosine triflate 8 with various 

2-thiophenylboron coupling partners. 

 

During the course of our studies, different sources of boron reagents, catalytic systems, 

bases, solvents and temperatures were evaluated for this challenging coupling. We first tested 

the reaction conditions referred as method A, B and C in Chapter 2 for the coupling of 

tyrosine triflate 8 with 2-thiophenylboronic acid 13a (Table 8, entries 1-3). Unfortunately, no 
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coupling product 14a could be detected by thin layer chromatography (TLC). We next turned 

our attention towards the more robust reaction conditions developed by Billingsley and 

Buchwald
[135]

 in which the heteroarylboronic acid is heated at 100 °C in n-butanol (entry 4). 

After overnight heating, the desired product 14a was isolated in a disappointing 18% yield 

together with 9% of recovered starting material transesterified with n-butanol (15a).  

Since the low stability of 2-thiophenylboronic acid was very likely to be responsible for 

those mediocre results, we next decided to investigate the coupling of more stable MIDA 

boronate and trifluoroborate in order to overcome problems connected with the high rate of 

protodeboronation of the boronic acid analogue. As expected, use of 2-thiophenyl MIDA 

boronate 13b under anhydrous conditions only yielded the recovery of the tyrosine triflate 

starting material 8 (entry 5), while the same reaction performed under “slow-release” 

conditions (entry 6) afforded a complex mixture of products. Finally, reactions between 8 and 

2-thienyltrifluoroborate potassium salt 13c were carried out (entries 7-9). As described by 

Barder and Buchwald, no cross-coupling product was detected when the reaction was carried 

out in methanol at 50 °C and only starting material 8 was recovered (entry 7). However 

switching the solvent to ethanol and heating the reaction at 70 °C enabled formation of the 

desired product 14a,
[147]

 albeit in modest yield (i.e. 23%) (entry 8). Despite Buchwald’s 

observation that the reaction conditions were sufficiently mild to permit the efficient 

cross-coupling in the presence of an ester functionality,
[147]

 in our case it was observed that 

the reaction suffered from partial transesterification of both the product and starting material, 

thus affording 14c and 15c, respectively and rendering purification difficult and considerably 

lowering the yield. Unfortunately, the last attempt at this reaction using a mixture of DME 

and water, yielded a complex mixture of products, notably comprising the products of the 

ester hydrolysis of both the tyrosine triflate and the coupled product 15b and 14b  

respectively (entry 9).  

In summary, while the coupling of heteroarylboronic acids suffers from high rates of 

protodeboronation under anhydrous conditions, the use of more robust reaction conditions 

and/or more stable boronic acid surrogates requires the employment of either alcohol solvents 

or water as a co-solvent. The use of these reaction conditions is then complicated by the 

presence of the labile methyl ester protecting group.    

 

2.2 Suzuki coupling of 4-boronophenylalanine with heteroaryl halides 
 

Although it was anticipated that the difficulties encountered during the coupling of N-Boc 

methyl ester triflate 8 with heteroboronates 13, could possibly be overcome by exchanging the 

methyl ester for a less labile protecting group, a complementary synthetic strategy was 
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adopted, in which heteroaryl halides were reacted with 4-boronophenylalanine (16) under 

anhydrous conditions. The arrangement of the boronate and the halide was therefore swapped. 

In addition to more favourable reactivity, this new approach used a more tractable boronate 

target, as heteroaryl boronates are difficult to synthesise. The 4-boronophenylalanine could be 

readily prepared in two steps from tyrosine triflate 8. The new retrosynthetic approach for the 

preparation of a series of side-chain modified tyrosine analogues displaying heteroaryl motifs 

is illustrated below in Scheme 38. 

 

 
 

Scheme 38. New retrosynthetic approach for side-chain modified tyrosine building blocks using 

Suzuki-Miyaura cross-coupling. 

 

2.2.1 The Miyaura-Masuda borylation reaction 

 

Traditionally, the synthesis of arylboronic acids requires harsh reaction conditions such 

as treatment of Grignard or lithium reagents with trialkyl borates. Therefore, until the 

development of Miyaura borylation reaction, the number of substrates available was limited. 

Palladium catalysed cross-coupling of aryl halides with a dialkoxyborane, typically 

bis(pinacolato)diboron (B2pin2), proceeds in the presence of KOAc in dimethyl sulfoxide 

(DMSO), while the reaction of aryl triflates requires the use of an additional equivalent of 

dppf ligand to the PdCl2(dppf) catalyst and dioxane as the solvent (Scheme 39).
[148, 149]
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Scheme 39. Miyaura borylation reaction of aryl halides and aryl triflates. 

 

The reaction mechanism is believed to proceed through the catalytic cycle represented in 

Scheme 40. After the oxidative addition of the aryl halide, the [L2PdArX] complex forms an 

acetoxypalladium (II) intermediate with the base, thus, enhancing the rate of the 

transmetalation step thanks to the high oxophilicity of the boron center. Finally, reductive 

elimination affords the desired borylated compound and regenerates the palladium zero active 

species.  

 

 
 

Scheme 40. General catalytic cycle for the Miyaura borylation reaction.  

 

Although only symmetrical biaryl compounds are generated if the reaction is carried out 

in absence of a base, replacing KOAc with a stronger base such as K2CO3 or K3PO4 has been 

shown to also result in homocoupling (Scheme 41), through the in situ Suzuki coupling of the 

starting material with the newly formed borylated compound.  
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Scheme 41. Side reaction generating the symmetrical biaryl compound promoted by strong bases.  

 

New ligands have been tested in order to extend the scope of the reaction to aryl 

chlorides
[150]

 and microwave enhanced Miyaura reactions have also been disclosed.
[151]

  

To answer the problem of atom economy resulting from the use of one equivalent of 

bis(pinacolatodiboron), Masuda et al.
[152, 153]

 developed a novel borylation reaction employing 

the less expensive pinacolborane (Scheme 42). Once again, the choice of the base was found 

to be key in obtaining the desired product. While the use of KOAc mainly affords arene side 

products resulting from a hydride transfer pathway, triethylamine successfully mediated the 

borylation reaction.  

 

 
 

Scheme 42. Masuda’s borylation reaction. 

 

Furthermore, a copper catalysed borylation reaction of aryl iodides using pinacolborane 

was developed by Zhu and Ma,
[154]

 and soon extended to aryl bromides by Marder et al.
[155]

 

Finally, the formation of arylboronates has been achieved by direct C-H activation catalysed 

by iridium complexes (Scheme 43).
[156]

 However, this method is only useful for specific 

substrates as the regiochemistry of the insertion of the boronate on the aryl ring is directed by 

the steric effect of the substituents.  

 

 
 

Scheme 43. Aromatic C-H borylation catalysed with iridium. 
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2.2.2 Preparation of the 4-boronophenylalanine building block 

 

The application of the borylation reaction to the synthesis of 4-boronophenylalanine has 

previously been described by using either Miyaura or Masuda’s reaction conditions.
[157, 158]

 

Following the procedure published by Limura and Wu,
[158]

 for the borylation of the protected 

tyrosine triflate 8 using pinacolborane and N-methylmorpholine (NMM) as the base failed to 

afford the desired product 17. Moreover, attempts to carry out the reaction using triethylamine 

as the base, also proved unsuccessful (Scheme 44). 

   

 
Scheme 44. Initial attempts for the borylation of 8 using Masuda’s conditions.  

 

Although these results were disappointing, the borylation of tyrosine triflate derivatives 

using pinacolborane has previously been reported to be rather challenging compared to the 

same reaction carried out on the more expensive iodo derivative.
[159, 160]

 Both the poor 

reactivity of the triflate leaving group and the competitive “dehalogenation” side reaction are 

believed to considerably hamper the reaction.  

Attention next turned to the use of Miyaura’s reaction conditions. Using 1.1 equivalents 

of bis(pinacolatodiboron), potassium acetate and PdCl2(dppf) together with dppf ligand 

resulted in the formation of the desired boronic ester 17 in 71% yield. Unlike Nakamura et 

al.
[157]

 who employed a high catalyst loading (i.e. 8 mol %), we found that the reaction 

proceeded to completion with only 3 mol % of both catalyst and ligand. Finally, the boronic 

acid pinacol ester 17 was subjected to oxidative cleavage to yield the desired 

4-boronophenylalanine building block 16 in 85% yield (NMR data in accordance with 

literature
[161]

) (Scheme 45). 
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Scheme 45. Synthesis of Boc-Phe(B(OH)2)-CO2Me. 

 

2.2.3 Preparation of heteroarylphenylalanines by Suzuki coupling 

 

With the 4-boronophenylalanine building block in hand, we next focused on its use in the 

Suzuki coupling with heteroaryl halides. The reaction conditions previously employed in 

Chapter 2 for the coupling of sterically hindered aryl halides (i.e. Pd(OAc)2, SPhos, K3PO4 in 

a 10:1 solution of toluene/DMF), successfully mediated the cross-coupling of 16 with five 

structurally different heteroaryl halides in good to excellent yields. The structures and yields 

of the resulting N-Boc and methyl ester protected products 3k-o are summarised in Table 9.  

 

 

 

 
Table 9. Synthesis of heteroarylphenylalanine derivatives by Suzuki reaction.  

 

As expected 4-boronophenylalanine 16 was found to be stable and highly reactive under 

anhydrous Suzuki reaction conditions, therefore the use of boronate analogues requiring slow 



Chapter 3 
 

~ 68 ~ 
 

hydrolysis in protic solvents, which are detrimental to the methyl ester protecting group, 

could be avoided. The generally high yields demonstrate that the reaction conditions, adapted 

from Buchwald et al.
[117]

 are efficient for the coupling of both heteroaryl bromines and 

chlorides.  

 

3 Preparation of Fmoc protected heteroarylphenylalanines  
 

The synthesis of the Fmoc protected compounds 4k-o from their Boc methyl ester 

protected analogues 3k-o was first attempted using the reaction conditions developed in 

Chapter 2 as summarised in Scheme 46 as route A.  

 

 
 

Scheme 46. The two synthetic routes developed for the synthesis of Fmoc protected 

heteroarylphenylalanine derivatives from their Boc and methyl ester analogues. 

 

Using this synthetic approach, the pyrimidine (4m), quinoline (4n) and thiophene (4o) 

and derivatives illustrated in Figure 29 were isolated in 63%, 50% and 82% respectively. 

However the 
1
H NMR spectra for both the pyridine derivatives 4k and 4l revealed the 

presence of an unidentified impurity. Unfortunately, extended column chromatography of 4k 

and 4l failed to provide the pure products. It was therefore decided to investigate an 

alternative synthetic pathway (Scheme 46, route B). It was hoped that access to the fully 

protected compound 18, obtained by incorporation of the Fmoc protecting group prior to the 

methyl ester cleavage, would introduce an additional purification step in the synthesis and 

thus facilitate the removal of the impurity. Initially, the Boc protecting group was removed 

using a solution of trifluoroacetic acid and dichloromethane, the amino methyl ester protected 

product was then immediately protected with an Fmoc group using Fmoc succinimide in 
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dioxane and saturated NaHCO3. Finally, the methyl ester was selectively cleaved in the 

presence of the Fmoc protecting group by stirring 18 with sodium hydroxide and 0.8 M 

aqueous CaCl2 in a 7:3 mixture of isopropanol and water. The use of calcium chloride as an 

additive has been shown to prolong the life-time of the Fmoc group under alkaline 

conditions.
[162]

 Gratifyingly, using this new strategy, the pure compounds 4k and 4l were 

prepared in 70% and 39% yield, respectively from the Boc methyl ester protected analogues 

3k and 3l in three steps using two column chromatography purifications. The structures and 

yields of the five novel Fmoc protected side-chain modified tyrosine building blocks prepared 

herein are depicted in Figure 29. 

 

 
 

Figure 29. Structures and yields of Fmoc protected side-chain modified tyrosine building blocks 4k-o 

prepared from Boc and methyl ester intermediates 3k-o. 
 

In conclusion, the preparation of a new library of five Fmoc protected 

heteroarylphenylalanine analogues was achieved. Although our initial strategy for the Suzuki 

coupling of the tyrosine triflate building block 8 with heteroarylboron reagents failed, we 

were able to prepare 4-boronophenylalanine 16 and successfully react it with heteroaryl 

halides. Finally, the problems encountered during the protecting group exchange could be 

solved thanks to the development of a new synthetic route involving the use of CaCl2 for the 

specific cleavage of the methyl ester group in the presence of the Fmoc protecting group.



 

 

 

  



 

 

 

 

 

  

 

CHAPTER 4 

 

Synthesis  

of  

O-Arylated Tyrosines 

 

 

 

 

 

 



 

 

  



 

~ 73 ~ 
 

Chapter 4: Synthesis of O-Arylated Tyrosines  

Diaryl ethers are interesting architectural motifs featured by many natural products and 

biologically active compounds.
[163]

 Among the most striking examples of diaryl ether 

containing therapeutics are the well-know vancomycin antibiotics. With this in mind, the 

O-arylation of the tyrosine side-chain was considered for the design of a new series of 

non-proteinogenic tyrosine building blocks.  

In this chapter, the Evans-Chan-Lam reaction will be briefly reviewed and our results 

concerning its application for the preparation of novel amino acids will be discussed.  

 

1 Strategies for the creation of the diaryl ether motif  
 

The most attractive methodologies for the formation of inter- or intramolecular diaryl 

ether structures encompass the SNAr
[164]

 and the transition-metal-mediated couplings of 

phenols with aryl electrophiles. Among them features the traditional Ullmann coupling of 

nucleophiles such as phenols and amines with aryl halides promoted by a copper(I) 

species,
[165, 166]

 as well as its palladium-catalysed equivalent, independently reported by 

Buchwald
[167]

 and Hartwig.
[168]

 Additionally, the coupling of phenols with arylboronic acids 

mediated by a copper(II) catalyst has been described by the Evans and Chan groups (Scheme 

47).
[169, 170]

  

  

 
 

Scheme 47. Methodologies for the formation of diaryl ether scaffolds. 

 

Thanks to its mild reaction conditions, the Evans-Chan-Lam procedure is often preferred 

to both the SNAr method, Buchwald-Hartwig and the Ullmann protocols. While the latter 

necessitates high reaction temperatures, SNAr reactions are limited in scope to electron poor 

aryl halides and the Buchwald-Hartwig reaction requires expensive phosphine ligands. 
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2 The Evans-Chan-Lam reaction 
 

The original cross-coupling of arylboronic acids with heteroatom nucleophiles was 

simultaneously reported by the Evans, Chan and Lam groups,
[169-171]

 and has since been the 

subject of many reviews.
[172, 173]

 The C-N and C-O bond formation readily takes place using 

inexpensive copper acetate, a tertiary amine base such as triethylamine or pyridine at ambient 

temperature (Scheme 48).  

 

 
 

Scheme 48. The Evans-Chan-Lam cross-coupling reaction. 

 

Primary amines (including anilines) and secondary amines, phenols, amides, 

sulfonamides, carbamates, ureas and N-heteroarenes have been successfully employed as 

nucleophilic coupling partners. While chlorinated solvents were found to be optimal, carrying 

the reaction under oxygen atmosphere appeared beneficial and the use of four angstrom 

molecular sieves (4Å MS) was proven mandatory in order to attain high yields. The sieves are 

believed to participate in reducing the amount of phenol and symmetrical biaryl ether 

side-products formed by competitive arylation of water molecules released in the reaction 

media through boroxine formation (see Chapter 3, Section 1.2.1).  

Although the reaction mechanism is not fully understood, mechanistic studies have led to 

the establishment of the proposed catalytic cycle illustrated in Scheme 49.
[174]

 The first step 

consists of the transmetalation of the aryl from the boronic acid to the copper(II), which is 

subsequently oxidised to a copper(III) species by an another equivalent of copper(II) acetate. 

The following ligand exchange and reductive elimination steps result in the formation of the 

desired diaryl ether together with a copper(I) species which can be reoxidised by O2 in the 

final step.  
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Scheme 49. Proposed catalytic cycle for the Evans-Chan-Lam reaction using a phenol as the 

nucleophile. 

 

Despite the regeneration of the initial copper(II) species, stoichiometric amounts of 

copper acetate are often required to attain good conversion. However, catalytic reactions have 

recently started to be reported.
[175-177]

 Furthermore, microwave-assisted
[178]

 and base-free 

reactions
[177]

 have also surfaced in the literature. Similar to the Suzuki-Miyaura reaction, the 

Chan-Lam coupling has been adapted for the use of new boron reagents. Quach and Batey 

reported the copper-catalysed coupling of trifluoroborate salts with amines
[179]

 and 

alcohols
[180]

 using 4-(N,N-dimethylamino)-pyridine (DMAP) (Scheme 50).  

 

 
 

Scheme 50. Copper(II)-catalysed ether synthesis using trifluoroborate salts. 

 

Miyaura and coworkers developed an N-arylation reaction using aryl and heteroaryl 

potassium triolborates (Scheme 51).
[181, 182]

  

 

 
 

Scheme 51. Copper(II)-catalysed N-arylation reaction using triolborate salts. 
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3 Preparation of O-arylated tyrosines by Evans-Chan-Lam cross-coupling 
 

In their very first report of copper-catalysed diaryl ether formation using boronic acid 

coupling partners, Evans et al.
[169]

 already employed AAs as substrates. In fact the very mild 

reaction conditions were judged ideal for the O-arylation of racemisation-prone tyrosine and 

4-hydroxyphenylglycine derivatives. Following the same experimental protocol, the 

cross-coupling of N-Boc methyl ester protected tyrosine 2 with phenylboronic acid, 

para-substituted phenylboronic acids and phenylboronic acids bearing electron-donating and 

electron-withdrawing groups proceeded smoothly and afforded six N-Boc and methyl ester 

protected O-arylated analogues 3p-u in excellent yields (Table 10).  

  

 

 

 
Table 10. Synthesis of O-arylated tyrosine derivatives by Evans-Chan-Lam reaction. 

 

However, as previously described by Evans,
[169]

 the reactions with ortho-substituted 

phenylboronic acids were more sluggish. While 2-methoxyphenylboronic acid yielded 3v in a 

disappointing 20% yield, the presence of a second substituent in the ortho-position resulted in 

no coupling product (3w) (Scheme 52). Attempts to use extended reaction times (3 days 

stirring) failed, furthermore neither increasing the amount of the boronic acid components nor 

heating the reaction mixture to 40 °C improved the reaction outcomes.  
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Scheme 52. Attempts to effect the Evans-Chan-Lam reaction between tyrosine derivative 2 and 

ortho-substituted phenylboronic acids. 

 

Similarly to Chan and coworkers,
[183]

 we found that boronic acid pinacol esters were 

inefficient in the copper-catalysed cross-coupling reaction (Scheme 53), once again 

demonstrating the reaction sensitivity to steric hindrance.   

 

 
 

Scheme 53. Unsuccessful attempt to effect the Evans-Chan-Lam reaction using phenylboronic acid 

pinacol ester. 
 

Finally, attention turned to the O-arylation of the tyrosine side-chain with heteroaromatic 

boronic acids. Encouraged by the report by Chan et al.
[183]

 attesting the viability of 

heteroarylboronic acids as suitable reagents for the Evans-Chan-Lam reaction, we attempted 

to carry out the O-arylation of tyrosine building block 2 with 3-pyridylboronic acid using 

standard reaction conditions. However, desired product 3x was not isolated (Scheme 54).  

 

 
 

Scheme 54. Unsuccessful attempt to effect the Evans-Chan-Lam reaction using 3-pyridylboronic acid 

under standard conditions. 
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The poor stability of heteroarylboronic acids being a known problem, we decided to 

investigate the coupling of more robust heteroaryltrifluoroborate potassium salts. We 

therefore tested the copper(II)-catalysed reaction between 2 and potassium 

3-pyridyltrifluoroborate using a stoichiometric amount of copper acetate and pyridine in 

dichloromethane at room temperature in presence of molecular sieves and under an oxygen 

atmosphere (Scheme 55). Unfortunately, only starting material was recovered and attempts to 

increase the temperature, add more reagents and more catalyst proved unsuccessful.   

 

 
 

Scheme 55. Unsuccessful attempt to effect the Evans-Chan-Lam reaction using 

3-pyridyltrifluoroborate under standard conditions. 
 

In a last attempt we resorted to use the novel reaction conditions developed by Quach and 

Batey
[180]

 for the synthesis of diaryl ethers using trifluoroborate coupling partners. Although 

our test reaction using phenyltrifluoroborate proceeded, albeit in lower yield (30%) than the 

reaction of phenylboronic acid using the standard reaction conditions (88%, see Table 1), the 

coupling of 3-pyridyltrifluoroborate failed (Scheme 56).  

 

 
Scheme 56. Attempts to effect the Evans-Chan-Lams reaction using phenyl trifluoroborate and 

3-pyridyltrifluoroborate under Quach and Batey conditions. 
 

In summary, six O-arylated tyrosine analogues 3p-u were readily prepared in high yields. 

Disappointingly, the synthesis of more complex ortho-substituted and heteroaryl diaryl ether 

compounds was unsuccessful.  
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4 Preparation of Fmoc protected O-arylated tyrosines 
 

With the six Boc and methyl ester protected O-arylated building blocks 3p-u in hand, we 

next turned to the synthesis of the desired Fmoc protected building blocks required for SPPS. 

 

 
Scheme 57. Synthesis of Fmoc protected O-arylated tyrosine derivatives from their Boc and methyl 

ester analogues. 

 

Following the synthetic approach illustrated in Scheme 57 and previously employed in 

Chapter 2, each of the required Fmoc building blocks 4p-u was prepared over three steps 

from their Boc and methyl ester protected analogues 3p-u. The structures and overall yields 

of these new Fmoc protected side-chain modified tyrosine building blocks are given in  

Figure 30.  

 

 
Figure 30. Structures and yields of Fmoc protected side-chain modified tyrosine building blocks 4p-u 

prepared from Boc and methyl ester intermediates 3p-u. 
 

In conclusion, six Boc and methyl ester protected O-arylated tyrosine analogues 3p-u 

were efficiently synthesised in a single step from the inexpensive protected tyrosine building 

block 2. Despite the advantages of the mild reaction conditions used, the Evans-Chan-Lam 
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reaction suffers from a high sensitivity to both steric and electronic factors, hence the 

synthesis of more interesting analogues possessing ortho-substituents or heteroarene motifs 

was unsuccessful under the two sets of reaction conditions evaluated. However, the 

deprotection and final Fmoc protection steps were straightforward and six new Fmoc 

protected building blocks 4p-u were obtained ready for incorporation in the biotin-R8ERY* 

peptide sequence by Fmoc SPPS.  
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Chapter 5: Synthesis of Biotin-R8ERY* Peptidomimetics  

The principal aim of this doctoral thesis is the examination of the impact of structural 

modifications of the tyrosine side-chain on the potency of the biotin-R8ERY peptide to inhibit 

α47 integrin activation. This structure-activity-relationship study was required in order to 

achieve the ultimate purpose of this work, the development of a potent and specific treatment 

for autoimmune diseases. With a library of 21 structurally diverse non-proteinogenic tyrosine 

building blocks in hand, we next turned towards the incorporation of these Fmoc protected 

amino acids into the biotin-R8ERY* peptide sequence using solid phase peptide synthesis.  

 

1 Fmoc Solid Phase Peptide Synthesis  

1.1 Background 
 

First introduced by Merrifield in 1963,
[184]

 solid phase peptide synthesis has 

revolutionised the world of peptide synthesis. Until then, the preparation of peptide chains in 

solution was a difficult task, suffering from poor solubility of the peptides and therefore 

resulting in low-yielding coupling steps. By employing a solid support to anchor the 

C-terminus of the peptide chain, Merrifield could overcome most of the problems 

encountered during solution phase synthesis. The peptide attachment to the swollen resin 

beads significantly increased the peptide’s solvation. Furthermore, thanks to the insoluble 

solid support, reagents could be introduced in large excess, allowing for fast and complete 

reactions, and the elongated peptide could be efficiently purified from the soluble byproducts 

by simple filtration and washing steps. Finally, the introduction of automatic protocols greatly 

contributed to the success of solid phase peptide synthesis.   

 

1.2 Principle 
 

The Fmoc SPPS introduced by Sheppard et al.
[185]

 involves peptide assembly proceeding 

from the C- to the N-terminus. The synthesis starts with the attachment of a linker on the resin 

and continues with the formation of a covalent bond between the first amino acid (i.e. actually 

the last amino acid of the sequence conventionally read from N to C) and the linker resin. 

While the latter acts as a C-terminus protecting group for the former, the N-terminus of the 

first amino acid is Fmoc protected. The removal of this “temporary” basic labile protecting 

group is effected prior to the amide bond formation with the next amino acid of the sequence 

while the side-chain functionalities are “permanently” protected in an orthogonal fashion with 

acid labile protecting groups such as tert-butyl. The peptide is then simply elongated by 

repetition of these deprotection and coupling steps. Finally, the desired peptide is cleaved
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from the resin in a process which restores the free C-terminus and simultaneously removes the 

“permanent” side-chain protecting groups (Scheme 58).  

 

 
 

Scheme 58. Fmoc solid phase peptide synthesis. 
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2 Choice of the reagents 
 

The success of any peptide synthesis relies on the choice of the appropriate solid 

support,
[186, 187]

 linker,
[188, 189]

 coupling reagents
[190, 191]

 and the choice of amide formation, 

Fmoc deprotection and cleavage protocols
[192]

 based on the peptide sequence.    

 

2.1 Solid support 
 

The solid support provides a microenvironment in which all reactions take place, 

therefore the choice of the resin is fundamental. Although new polyethyleneglycol 

(PEG)-based resins have appeared
[186]

 (e.g. Tentagel, ChemMatrix
®
),

[193]
 the classically used 

1% divinylbenzene (DVB) cross-linked polystyrene (PS) resin illustrated in Figure 31 

remains the most widely used. The main features characterising the different resins are their 

chemical and mechanical stability, loading capacity and swelling properties. The latter is of 

paramount importance as it enables the diffusion of the reagents to the reaction sites. Since PS 

resins are readily available at a low cost, swell very well in most solvents commonly 

employed in SPPS, (e.g. DMF, dichloromethane and N-methyl-2-pyrrolidinone (NMP)) and 

offer high loading capacity, they were employed in the present work.  

 

 
 

Figure 31. Divinylbenzene cross-linked polystyrene resin. 

 

In order to enable the attachment of the peptide to the solid support, the PS resins can be 

functionalised with chloromethyl,
[184]

 aminomethyl,
[194]

 hydroxymethyl, 2-chlorotrityl 

chloride
[195]

 and p-methylbenzhydrylamine (MBHA)
[196]

 handles (Figure 32).  
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Figure 32. Different functionalised PS resins. 
 

2.2 Linker 
 

The main role of the linker is to provide a connection between the solid support and the 

growing peptide chain. It is also a reversible protection of the C-terminus, which can be either 

regenerated as a free carboxylic acid or as an amide according to the choice of the linker. The 

nature of the linker also determines the strength of the required cleavage conditions and 

therefore, if the side-chain of the final peptidic sequence will remain protected or not. The 

most common linkers can be classified according to the C-terminal functionality they 

introduce upon cleavage and their sensitivity to cleavage conditions (Table 11).
[195, 197-199]
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C-

terminus 
Cleavage Linker resin 

CO2H TFA 

 

CO2H dilute TFA 

 

CONH2 TFA 

 

 
Table 11. Examples of linker resins used in SPPS. 

 

For our study the 4-hydroxymethylphenoxyacetic acid (HMP) linker was employed, 

which affords the free carboxylic acid C-terminus and the fully deprotected amino acid 

side-chains upon treatment with a solution of TFA and a mixture of scavengers.  

 

2.3 Attachment of the first amino acid 
 

The attachment of the C-terminus of the first amino acid onto hydroxymethyl-type resins 

involves the formation of an ester bond. Unlike amide bonds, ester bonds are harder to form 

due to the decreased nucleophilicity of alcohols compared to amines. Therefore, until the 

introduction of the DMAP-catalysed carbodiimide esterification by Steglich et al.,
[200]

 the 

preparation of esters using carbodiimides was rather limited. In the same fashion as 

1-hydroxybenzotriazole (HOBt) (see Section 2.4.1), DMAP reacts as an acyl-transfer reagent 

with the O-acylisourea intermediate 19 to form an active amide (20). The regeneration of 

DMAP by attack of the alcohol (here the hydroxymethyl HMP linker resin) constitutes the 

driving force of the reaction (Scheme 59).  
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Scheme 59. Mechanism of the attachment of the first amino acid on the HMP linker resin by 

DMAP-catalysed Steglich esterification. 
 

The attachment of the first amino acid is one of the most critical steps of peptide 

synthesis, since low coupling on the linker resin will result in low overall yield of the peptide 

synthesis and will be highly deleterious to the purity of the final product. Fortunately, the use 

of Fmoc SPPS allows for the monitoring of the coupling reaction. In fact, the loading of the 

first amino acid can be easily determined by measuring the absorbance of the strongly 

ultraviolet (UV) active dibenzofulvene and dibenzofulvene-piperidine adduct liberated during 

the Fmoc deprotection of a small sample of the amino acid-bond resin 21  

(see Section 2.5).
[201]

  

 

2.4 Coupling reagents 
 

The different techniques and reagents available for the formation of amide bonds in 

solution or on solid support have already been extensively reviewed by several research 

groups.
[190, 191, 202]

 The development of new reagents capable of mediating the coupling 

reaction between a carboxylic acid and an amine has been fueled by the desire to obtain 

peptides in higher yields and higher purity. Although there are two main strategies, mainly the 

use of isolated activated species and the in situ activation of the carboxylic acid, the latter 

– thanks to its practicality – is now most widely employed. Three principal classes of 

reagents, carbodiimides, phosphonium and uronium salts are commonly used, as they achieve 

fast reaction completion while maintaining the configurational integrity of the growing 

peptide. 

The brief discussion given below will focus on the existing in situ activation 

methodologies for the formation of peptide bonds in Fmoc SPPS. 
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2.4.1 Carbodiimides  

 

The activation of a carboxylic acid with a carbodiimide reagent yields an O-acylisourea 

intermediate 19 which, depending on the reaction conditions, can form the desired amide 22 

via three different pathways (Scheme 60). The O-acylisourea 19 can undergo direct 

nucleophilic substitution with the amine to afford the amide 22 together with the urea 

by-product 23 (path A).
[203]

 As illustrated in path B, in the presence of an excess of amino 

acid coupling partner, the O-acylisourea reacts with a second equivalent of acid to form a 

symmetrical anhydride (24)
[204]

 which subsequently yields the amide and regenerates one 

equivalent of amino acid. Finally, if additives such as HOBt are used, an active ester (25) is 

generated prior to coupling with the amino component (path C).
[205]
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Scheme 60. Mechanisms of the amide coupling mediated by carbodiimide reagents. 

 

However, upon activation of the carboxylic acid with carbodiimide reagents, the α-proton 

of the amino acid becomes more acidic and is therefore prone to racemisation either through 

direct enolisation or through oxazolone formation. The latter results from an intramolecular 

attack of the carboxy group of the carbamate accompanied by loss of the leaving group. 

Under mild basic conditions, the racemisation of the oxazolone (26) has been shown to occur 

faster than the peptide bond formation by attack of the amine coupling partner and opening of 

the oxazolone ring (Scheme 61).
[206]
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Scheme 61. Racemisation of the O-acylisourea through oxazolone formation. 

 

Furthermore, the high reactivity of the O-acylisourea intermediate can lead to its 

rearrangement to form an N-acylurea (Scheme 62).
[207]

 Although this undesired 

intramolecular acyl migration can be diminished by adding the amine to the O-acylisourea 

pre-formed at 0 °C, it can also be easily suppressed by addition of protic reagents.  

 

 
 

Scheme 62. N-acylurea formation.  

 

The addition of HOBt (Scheme 60, path C) has been found not only to participate in the 

protonation of the imino moiety, hence preventing the N-acylation side-reaction, but also to 

minimise the risk of epimerisation. In addition to HOBt, an azabenzotriazole analogue has 

been developed which offers faster coupling reaction and less racemisation.
[208]

 

1-Hydroxy-7-azabenzotriazole (HOAt) benefits from increased reactivity, firstly thanks to the 

electron-withdrawing influence of the nitrogen atom, which improves the ability of this as a 

leaving group and secondly the position of the nitrogen on the aromatic ring leads to a 

neighbouring group effect or chelation which may accelerate the coupling and reduce the 

racemisation (Figure 33).  
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Figure 33. Representation of the structures of HOBt and HOAt reagents with illustration of the 

chelating effect of HOAt. 
 

Among the variety of carbodiimide reagents available, N,N'-diisopropylcarbodiimide 

(DIC) is the reagent of choice for Fmoc SPPS since the solubility of the resulting 

diisopropylurea by-product in DMF allows for its easy removal by simple filtration and 

washing steps. The structures of the principal carbodiimide coupling reagents are illustrated in 

Figure 34. 

 

 
 

Figure 34. Structures of the principal carbodiimide coupling reagents. 

 

2.4.2 Phosphonium and uronium salts  

 

More recently, reagents which already incorporate HOBt in their structures have been 

developed. Benzotriazol-1-yloxytris(dimethylamino)phosphonium hexafluorophosphate 

(BOP) (also known as Castro reagent) was the first of this series,
[209]

 but other phosphonium 

salts such as benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate 

(PyBOP)
[210]

 and 7-azabenzotriazol-1-yloxytripyrrolidinophosphonium hexafluorophosphate 

(PyAOP)
[211]

 were soon introduced. Uronium salts also gained in popularity with 

O-(Benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexafluorophosphate (HBTU),
[212]

  

O-(7-azabenzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexafluorophosphate (HATU)
[208]

 

and O-(Benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium tetrafluoroborate (TBTU)
[212]

 being 

the more commonly used for the in situ activation of carboxylic acids. The structures of the 

phosphonium and uronium reagents cited above are represented in Figure 35. 
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Figure 35. Structures of phosphonium and uronium coupling reagents. 
 

Although they are often represented in their uronium form, it has been demonstrated that 

the “uronium” coupling reagents adopt the guanidinium form in their crystalline state and that 

in solution, the more reactive O-form exists in equilibrium with the N-form (Scheme 63).
[213]

 

 

 
 

Scheme 63. Equilibrium between the uronium and guanidinium species. 

 

Unlike carbodiimide reagents which do not necessitate the addition of a base, both 

phosphonium and uronium salts requires the use of a tertiary amine base such as triethylamine 

or Hünig’s base to form the activated ester. The mechanisms of the amide bond formation 

using phosphonium and uronium salts are similar, the deprotonated acid first reacts with the 

HXBt-based onium salt reagent, thus forming either the acylphosphonium 27 or the 

O-acylisourea 28 respectively, with the release of one equivalent of HXBt. The latter reacts 

with the activated acid species (27 or 28) to yield the OBt ester intermediate 25. Finally 

nucleophilic substitution by the amine coupling partner affords the desired amide product 22. 

For purposes of clarity, the mechanisms in Scheme 64 illustrate the amide bond formation 

where BOP was chosen as the phosphonium reagent and HBTU as the uronium reagent. 
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Scheme 64. Mechanisms of amide bond formation using BOP or HBTU. 
 

The major drawback which limits the use of the BOP reagent is the formation of the 

potentially carcinogenic hexamethylphosphoramide (HMPA) (29) as a by-product of the 

reaction. Thus, PyBOP and PyAOP which generate the less toxic 

1,1',1''-phosphoryltripyrrolidine are often employed as efficient alternatives for BOP. On the 

other hand, uronium/guanidinium salts release the urea 30 as the side-product. Although the 

reactivity of phosphonium and uronium/guanidinium salts is similar, the latter are prone to 

give truncated guanylated peptides by capping the free amine functionality of the growing 

peptide chain (Scheme 65).   

 

 
 

Scheme 65. Guanylation side-reaction with uronium/guanidinium salts. 

 

This problem can be overcome by pre-mixing the uronium salt with the carboxylic acid 

coupling partner before addition to the amine. As an additional precaution, coupling protocols 

employing uronium salts often recommend the use of an excess of carboxylic acid compared 
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to the activator to avoid the presence of remaining uronium salts capable of reacting with the 

amine. Furthermore, in order to increase the reaction rates and decrease the risk of 

racemsation, it is also common to add an additional equivalent of HOBt to the phosphonium 

or uronium salts.
[214]

   

With the reclassification of HOBt as a desensitised explosive, the need for safer additives 

and coupling reagents became obvious. In 2009, Albericio et al.
[215]

 reported the use of 

ethyl-2-cyano(hydroxyimino)acetate (Oxyma) as an alternative for HOBt in carbodiimide 

mediated coupling as well as the use of COMU, the unsymmetrical uronium salt of Oxyma, as 

a replacement for the benzotriazole-based uronium coupling reagents (Figure 36).
[216]

 

 

 
 

Figure 36. Structures of the new Oxyma and COMU reagents developed by Albericio. 
 

Not only are these reagents safer but they have also demonstrated higher reactivity, 

stability and potency to inhibit racemisation than their benzotriazole analogues.
[217]

 

Furthermore, they display excellent solubility in common SPPS solvents and allow for 

monitoring of the coupling reaction by color change.  

   

2.5 Fmoc deprotection 
 

Similarly to the success of the coupling reaction, the success of the Fmoc deprotection 

step is of paramount importance to obtain high yielding peptide syntheses. Although many 

different bases such as 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), morpholine,
[218]

 piperazine 

and piperidine
[218]

 are suitable for Fmoc removal, the use of a 20% piperidine solution in 

DMF is standard in Fmoc SPPS.  

The mechanism of the Fmoc deprotection using piperidine is illustrated in Scheme 66 

and consists of the following steps, deprotonation of the fluorene ring by the piperidine, 

elimination resulting in the formation of the dibenzofulvene species (31), capture of the latter 

by an equivalent of piperidine to form the adduct 32 and decarboxylation of 33 to afford the 

desired free amine 34.  
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Scheme 66. Fmoc cleavage using piperidine. 

 

It is possible to monitor the Fmoc deprotection step using a ninhydrin test. This rapid and 

simple test, allowing the detection of the presence or absence of free amino groups, was 

introduced by Kaiser et al. in 1970.
[219]

 The reaction between the ninhydrin (35) and a small 

sample of free amine bearing peptide 34 yields the formation of Ruhemann’s purple (36), a 

blue chromophore giving the intense blue color characteristic of a positive ninhydrin test 

(Scheme 67).
[220]

 On the other hand, in the absence of free amine, a yellow solution is 

obtained (negative test). However, care must be taken regarding the ninhydrin test since its 

high sensitivity can result in a false positive test.  

 

 
 

Scheme 67. Ninhydrin reaction with primary amine.  
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2.6 Cleavage from the resin 
 

Once the challenging on-resin assembly of the peptide has been successfully achieved, a 

final step remains to obtain the desired fully unprotected peptide in solution. Unlike Boc 

SPPS, Fmoc SPPS only requires mild acid (i.e. trifluoroacetic acid) to efficiently cleave the 

peptide from the resin. As previously mentioned in Section 2.2 of this chapter, the nature of 

the linker dictates the choice of the cleavage conditions. Peptides anchored to a linkage such 

as alkoxybenzyl alcohol require the use of 95% TFA and thus undergo simultaneous 

side-chain deprotection.
[192]

 Among the most common side-chain protecting groups are t-butyl 

and trityl-based protecting groups which are prone to forming highly reactive cationic species 

(37 and 38, respectively) which can alkylate certain amino acid residues such as tyrosine, 

tryptophan, methionine and cysteine. Furthermore, the arylsulfonyl-based arginine side-chain 

protecting groups namely, 2,2,5,7,8-pentamethyl-chroman-6-sulfonyl (Pmc) and 

2,2,4,6,7-pentamethyl-2,3-dihydro-benzofuran-5-sulfonyl (Pbf) generate sulfonyl species  

(39 and 40, respectively) which can sulfonate tyrosine and tryptophane. The structures of the 

highly reactive cationic species generated upon peptide side-chain deprotection are illustrated 

in Figure 37. 

 

 
 

Figure 37. Highly reactive cations generated during peptide side-chain deprotection. 

  

Scavengers are therefore added to the TFA cleavage solution in order to trap these highly 

reactive ions and prevent modification of the desired peptide. Various cocktails containing 

water, trialkylsilanes,
[221]

 phenols and thiols have been reported which are best adapted to the 

nature of the side-chain protecting groups present in a specific peptide sequence.
[222]

 After 

cleavage, the fully deprotected peptide is isolated by precipitation via addition of cold diethyl 

ether to the TFA mixture followed by lyophilisation.  
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3 Synthesis of biotin-R8ERY* peptidomimetics by Fmoc SPPS 
 

The synthesis of the biotin-R8ERY* peptidomimetics
2
 was carried out on a 0.1 mmol 

scale using aminomethylated polystyrene resin (1 mmol/g) prepared “in-house” from 

polystyrene resin in order to guarantee the high purity of our final peptidomimetics. In fact, 

reports have appeared which deplore increased side-product formation due to the use of 

defective commercially available resins.
[223]

 Following the procedure by Merrifield et al.,
[224]

 

the Bio beads S-X1 PS resin 41 supplied by Bio-Rad was reacted with 

hydroxymethylphthalimide and trifluoromethanesulfonic acid as a catalyst. The 

phthalimidomethyl-PS resin 42 was then treated with hydrazine to afford the desired 

aminomethylated PS resin 43 (Scheme 68).  

 

 
 

Scheme 68. Synthesis of aminomethylated PS resin. 

 

The aminomethylated PS resin was then coupled manually to the HMP linker using 

DIC/HOBt,
3
 after 2 hours a negative ninhydrin test was obtained. The attachment of the first 

amino acid to the linker resin was also carried out manually, with two equivalents of our non 

proteinogenic tyrosine building blocks employed for the esterification reaction using the 

DIC/DMAP protocol. The yields of the reaction, given in Table 12, were calculated using the 

resin loadings determined by UV measurements (see Section 2.3).
[222]

 Although most of the 

Fmoc protected amino acids readily dissolved in the 20% DMF in CH2Cl2 used for the 

on-resin esterification, compounds 4k and 4n were only partially soluble and thus gave very 

low yields (i.e. 11% and 9% respectively). The attachment of the first residue was therefore 

repeated in pure DMF to yield 60% and 55% respectively. 

                                                 
2
 The incorporation of the compounds from the first series of side-chain modified tyrosine 

building blocks, except Fmoc-Phe-(3,4'-biphenyl)-CO2H 4j, into the biotin-R8ERY* peptide 

sequence was carried out by Dr. Stefanie Papst.    

3
 Oxyma could also be used in place of HOBt. 
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Table 12. Yields for attachment of the first amino acid to the HMP linker resin.

Amino acid 1
st
 series Yield Amino acid 1

st
 series Yield Amino acid 2

nd
 series Yield Amino acid 3

rd
 series Yield 

 

72% 

 

43% 

 

60%
a)

 

 

78% 

 

56% 

 

57% 

 

75% 

 

74% 

 

33% 

 

71% 

 

82% 

 

64% 

 

68% 

 

65% 

 

55%
a)

 

 

44% 

 

51% 

 

67% 

 

69% 

 

85% 

a) Yields obtained by repeating the coupling in DMF. 

 

83% 

4a 
4f 

4k 4p 

4b 4g 4l 4q 

4c 4h 4m 4r 

4d 4i 4n 4s 

4e 4j 4o 4t 

4u 
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After the successful coupling of the first amino acid, the peptide chain was elongated 

using a Tribute peptide synthesiser. The synthesis was initiated by deprotection of the Fmoc 

group from the PS-HMP-Y* resin using 20% piperidine in DMF, followed by 

HBTU-mediated incorporation of the commercially available Fmoc-Glu(OtBu)-OH and 

Fmoc-Arg(Pbf)-OH. The Pbf protecting group was preferred over its Pmc analogue for the 

protection of the arginine residue since it is more easily cleaved in TFA solutions.
[225]

 The 

final deprotection of the resin-bound N-terminal Fmoc group was carried out manually 

resulting in a positive ninhydrin test. The biotin was introduced onto the final resin-bond 

peptide using BOP/HOBt
4
 and N,N-diisopropylethylamine (DIPEA) as a base. This last 

coupling step was repeated until a negative ninhydrin test was obtained. Finally, simultaneous 

side-chain deprotection and cleavage of the biotin-R8ERY* peptidomimetics from the resin 

proceeded upon treatment with 94% TFA in water, 3,6-dioxa-1,8-octanedithiol and 

triisopropylsilane in a 2.5:2.5:1 ratio for 2 hours.
5
 The choice of the cleavage cocktail was 

mainly influenced by the presence of the nine arginine residues, since triisopropylsilane 

(TIPS) has been shown to be particularly effective as a scavenger for Pbf-based sulfonyl 

species.
[222]

 The optimised conditions used for the automatised SPPS are summarised in 

Table 13.   

 

Cycle Time Reagents 

HMP linker attachment  

(3 eq) 
2 h 

DIC/HOBt (3 eq/3.8 eq) 

in 20% DMF in CH2Cl2 

First amino acid coupling  

(2 eq) 
2 h 

DIC/DMAP (2.5 eq/ 5 mol %) 

in 20% DMF in CH2Cl2
a)

 

Fmoc deprotection 2 x 5 min 20% piperidine in DMF 

Amino acid coupling  

(5 eq) 
45 min 

HBTU/NMM (4.6 eq/10 eq) 

in DMF 

Biotin attachment 

(4 eq) 
2 h 

BOP/HOBt/DIPEA (4 eq/4 eq/8 eq) 

in DMF 

Resin cleavage 2 h 
TFA/H2O/3,6-dioxa-1,8-octanedithiol/TIPS 

(94/2.5/1/2.5) 

 
Table 13. Optimised conditions used for SPPS with the automatised Tribute synthetiser. a) In case of 

solubility issues, pure DMF was used instead of the 20% DMF in CH2Cl2 solution. 

  

                                                 
4
 Oxyma could also be used in place of HOBt. 

5
 TFA/H2O in a 95:5 ratio was used for peptide 5i in order to avoid reduction of the cyclohexenyl to 

cyclohexyl. 
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A summary of the synthetic strategy adopted for the synthesis of biotin-R8ERY* peptidomimetics is illustrated below in Scheme 69. 

 

 
 

Scheme 69. Synthetic strategy for the preparation of biotin-R8ERY* compounds 5a-u. 
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The crude peptides were purified by reversed-phase HPLC and lyophilised to give the 

pure TFA salts prior to biological testing.
6
 The overall yields of the SPPS syntheses

7
 and 

purity as determined by analytical reversed-phase HPLC of the purified peptides are 

summarised in Table 14. 

 

Biotin-R8ERY* Yield Purity 

5a 13% 93% 

5b 35% 96% 

5c 15% 97% 

5d 47% 96% 

5e 53% 99% 

5f 34% 98% 

5g 43% 99% 

5h 23% 93% 

5i 3% 99% 

5j 9% 94% 

5p 28% 99% 

5q 35% 98% 

5r 18% 99% 

5s 15% 99% 

5t 26% 83% 

5u 33% 99% 

 
Table 14. Yields and purity of biotin-R8ERY* peptides numbers. 

 

In summary, the 21 side-chain modified tyrosine building blocks prepared were 

successfully incorporated into the biotin-R8ERY* peptidic sequence. The appropriate choice 

of the solid support, linker, coupling, deprotection and cleavage protocols afforded the crude 

peptidomimetics with clean analytical reversed-phase HPLC profiles. The desired 

peptidomimetics were therefore obtained in high purity and good overall yields after 

preparative HPLC. The peptidomimetics 5 were submitted for in vitro cell adhesion assays. 

                                                 
6
 Only peptides 5a-j and 5p-u were purified and biologically tested.  

7
 Purified yields were based on calculated resin loading. 
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Chapter 6: Biological Results  

The potency of the substituted biphenylalanine and O-arylated tyrosine series of 

biotin-R8ERY* peptidomimetics prepared to inhibit the activation of α47 integrin was 

evaluated in a cell adhesion assay. The α47
+
 TK-1 T cell line was used since it does not 

express α41 and thus allows for the determination of T cell binding to MAdCAM-1 

independently of α41. The ability of biotin-R8ERY* peptidomimetics to inhibit the adhesion 

of Mn
2+

-activated mouse TK-1 cells to mouse MAdCAM-1 coated onto chamber slides was 

measured at peptide concentrations of 100 and 50 µM. Two sets of experiments with 

duplicated wells were carried out, the results were expressed as a mean and the standard 

errors of the mean are represented by error bars. A Student t-test was used to evaluate the 

statistical significance of the results. P values ≤0.05 were considered statistically significant. 

The results of the inhibition assays conducted on the first series of biotin-R8ERY* 

peptidomimetics (5a-i)
8
 are illustrated in Figure 38.  

 

 
Figure 38. Percent of inhibition of the first series of biotin-R8ERY* peptides (except 5j) on 

Mn
2+

-activated TK-1 cell adhesion to mouse MAdCAM-1-Fc at 100 and 50 µM concentrations. s.e.m 

of two experiments with duplicated wells, *P ≤0.05, significantly more inhibitory than ERY.

                                                 
8 

The
 
activity of compound biotin-R8ERY* 3-(4'-biphenyl)phenylalanine (5j) was tested together with 

the 2
nd

 series of biotin-R8ERY* peptidomimetics.  
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All the biotin-R8ERY* derivatives displayed higher percentages of inhibition of T cell 

adhesion at a concentration of 100 µM than 50 µM, with the exception of biotin-R8ERY* 

4-(2'-methoxyphenyl)phenylalanine (5d), for which the inhibition was similar at both 

concentrations. At a concentration of 100 µM, seven of the nine biotin-R8ERY* 

peptidomimetics tested (5a-d, 5f, 5g and 5i) exhibited a significantly increased level of 

inhibition compared with the biotin-R8ERY lead compound, with biotin-R8ERY* 

4-(4'-ethylphenyl)phenylalanine (5b) and biotin-R8ERY* 4-(4'-biphenyl)phenylalanine (5c) 

being the most active analogues (i.e. 74.19% and 91.31%, respectively). However, at a 

concentration of 50 µM the only compound that significantly inhibited T cell adhesion 

compared with biotin-R8ERY was biotin-R8ERY* 4-(4'-biphenyl)phenylalanine (5c) with 

80.22%. A dose response assay was carried out on this last compound where its activity at 

concentrations of 0, 5, 10, 25 and 50 µM was measured (Figure 39) and revealed that biotin-

R8ERY* 4-(4'-biphenyl)phenylalanine (5c) presented an IC50 of approximately 7.3 µM.     

 

 

biotin-R8ERY* 4-(4'-biphenyl)phenylalanine 5c 

 
Figure 39. Percent of inhibition of biotin-R8ERY* 4-(4'-biphenyl)phenylalanine (5c) on 

Mn
2+

-activated TK-1 cell adhesion to mouse MAdCAM-1-Fc at various concentrations. Standard error 

of the mean of two experiments with duplicated wells. 
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The results of the inhibition assays conducted on the O-arylated tyrosine series of 

biotin-R8ERY* peptidomimetics (5p-u) are illustrated in Figure 40. 

 

 
 

Figure 40. Percent of inhibition of the third series of biotin-R8ERY* peptides (plus 5j) on 

Mn
2+

-activated TK-1 cell adhesion to mouse MAdCAM-1-Fc at 100 and 50 µM concentrations. 

Standard error of the mean of two experiments with duplicated wells, *P ≤0.05, significantly more 

inhibitory than ERY. 

 

All the biotin-R8ERY derivatives displayed a higher percentages of inhibition of T cell 

adhesion at a concentration of 100 µM than 50 µM, with the exception of biotin-R8ERY* 

O-(4'-methylphenyl)tyrosine (5q). Among the seven biotin-R8ERY* peptidomimetics tested, 

six exhibited a significantly higher potency than the original lead compound at a 

concentration of 100 µM and five at a concentration of 50 µM. The low percentages of 

inhibition at a concentration of 50 µM of compounds 5p and 5u, bearing no substituent and 

no substituent at the 4-position of the O-benzene ring, respectively, contrasted with the 

excellent results obtained for compounds 5j and 5s, which exhibited a bulky biphenyl 

substituent either at the meta-position of the phenylalanine or at the phenolic side-chain of the 

tyrosine (i.e. 85.32% and 90.66%, respectively).  

Dose response assays were carried out on the two most active peptidomimetics. The 

percentage of inhibition of T cell adhesion of both biotin-R8ERY* O-(4'-biphenyl)tyrosine 
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(5s) and biotin-R8ERY* 3-(4'-biphenyl)phenylalanine (5j) were measured at concentrations of 

0, 1, 5, 10, 25, 50 and 100 µM (Figure 41) and revealed that biotin-R8ERY* 

O-(4'-biphenyl)tyrosine (5s) and biotin-R8ERY* 3-(4'-biphenyl)phenylalanine (5j) presented 

IC50s of approximately 3.2 and 4.4 µM respectively.     

 

  
biotin-R8ERY* O-(4'-biphenyl)tyrosine 5s         biotin-R8ERY* 3-(4'-biphenyl)phenylalanine 5j 

 
Figure 41. Percent of inhibition of biotin-R8ERY* O-(4'-biphenyl)tyrosine (left) and biotin-R8ERY* 

3-(4'-biphenyl)phenylalanine (right) on Mn
2+

-activated TK-1 cell adhesion to mouse MAdCAM-1-Fc 

at various concentrations. Standard error of the mean of two experiments with duplicated wells.  

 

The structures of the three most active compounds (Figure 42) indicated that the activity 

of the ERY trimeric active unit of the biotin-R8ERY peptide can be enhanced by 

incorporating large non-polar groups into the Y* side-chain, which in turn suggested the 

presence of a deep binding pocket and π-π stacking interactions between the peptide and the 

receptor.  
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Figure 42. Structures of the 3 most active compounds.  

 

The most active tripeptide unit ERY* O-(4'-biphenyl)tyrosine of this structure-activity 

relationship study, was next used for the synthesis of biotin-r8ERY*, where r represents 

D-arginine and employed for in vivo testing. Biotin-r8ERY* O-(4'-biphenyl)tyrosine was 

administered intravenously at a dose of 0.2 mg/day for 5 days weakly but significantly  

(P <0.05) reduced the number of B cells in the Peyer’s patches of mice by 17 to 31%  

(Sun et al. unpublished results).  

In conclusion, sixteen of the biotin-R8ERY* peptidomimetics prepared in the course of 

this SAR study were evaluated in biological assays. Among them, 15 compounds showed an 

increased activity compared with the original biotin-R8ERY lead compound, with 

peptidomimetics possessing a bulky substituent in the Y* side-chain being the most active. 

These encouraging results participate in deepening our understanding of the nature of the 

interactions between the peptide and its receptor and provide solid ground for further SAR 

investigations. 
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Chapter 7: Summary and Future Work 

1 Summary 
 

Three structurally different series of novel side-chain modified tyrosine building blocks 

were prepared using metal-catalysed cross-coupling reactions. The general structures of the 

Boc and methyl ester protected amino acids synthesised are represented in Figure 43.  

 

 
 

Figure 43. Three series of Boc and methyl ester protected side-chain modified tyrosine building 

blocks prepared.  
 

While the Suzuki coupling of Boc-Tyr(OTf)-CO2Me with reactive para-substituted 

phenylboronic acids occurred readily, offering substituted biphenylalanine derivatives 3a-c in 

good yields, more difficult substrates such as ortho-substituted phenylboronic acids and 

phenylboronic acids bearing an electron-withdrawing group required harsher coupling 

conditions to yield the biphenylalanine analogues 3d-j. The second series of 

heteroarylphenylalanine compounds 3k-o was also obtained using the Suzuki-Miyaura 

reaction. However, using the same strategy with heteroarylboronic acids failed to provide the 

desired products. Screening reaction conditions compatible with more stable boron species 

also failed hence, an alternative synthetic route was adopted in which 

Boc-Phe(B(OH)2)-CO2Me was reacted with heteroaryl halides, to afford five additional 

intermediates (3k-o). Lastly, the copper-catalysed Evans-Chan-Lam reaction was used to 

effect the coupling of Boc-Tyr(OH)-CO2Me with substituted phenylboronic acids providing 

O-arylated tyrosine building blocks (3p-u) under mild reaction conditions. Although the 

reaction was found to be high yielding, it appeared restricted in terms of substrate scope 

(Scheme 70). 
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Scheme 70. Synthetic scheme summarising the preparation of the three series of modified side-chain tyrosine building blocks.
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These 21 Boc and methyl ester protected intermediates were subjected to protecting 

group exchange in order to access the Fmoc protected amino acids required for Fmoc SPPS. 

The initial synthetic strategy consisted of removal of both Boc and methyl ester protecting 

groups to afford the free amino acids prior to their protection with the appropriate Fmoc 

group. However, this strategy was limited in that the final purification step failed to afford 

pure compounds 4k and 4l. An alternative synthetic approach, allowing for an additional 

purification step was therefore employed in which the methyl ester was deprotected last 

(Scheme 71).  

 

 
 

Scheme 71. Strategies developped for the protecting group exchange. 
 

Finally, these 21 Fmoc protected building blocks, were successfully incorporated into the 

biotin-R8ERY peptide sequence using Fmoc SPPS. The general structure of the 

peptidomimetics prepared is depicted in Figure 44.  

 

 
 

Figure 44. Synthesised biotin-R8ERY* peptidomimetics with incorporated side-chain modified 

tyrosine.  
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Among the 16 biotin-R8ERY* peptidomimetics tested in cell adhesion assays, 15 exhibit 

improved potency compared to the lead peptide containing the natural tyrosine residue, with 

biotin-R8ERY* 4-(4'-biphenyl)phenylalanine (5c), biotin-R8ERY* O-(4'-biphenyl) tyrosine 

(5s) and biotin-R8ERY* 3-(4'-biphenyl)phenylalanine (5j) exhibiting IC50s under 10 µM. 

 

2 Future work  
 

Although the introduction of the modified side-chain tyrosine building blocks prepared 

into the biotin-R8ERY peptidic sequence was successful, in that it increased the potency of the 

resulting peptidomimetics compared to that of the natural peptide, the activity of the most 

promising compound remains in the µM range. In order to further increase the activity of the 

peptidomimetics and attain the desired nM range, additional compounds will need to be 

synthesised. While structure-activity relationship studies focused on the arginine and the 

glutamic acid residues of the active unit of the biotin-R8ERY peptide might be desirable, 

building on our already successful work regarding the examination of novel tyrosine 

analogues also represent a judicious strategy.  

Since heteroarylalanines are a fascinating class of compounds, offering extremely 

appealing steric and electronic properties when used as phenylalanine, tyrosine or histidine 

surrogates, the preparation and biological evaluation of analogues of biotin-R8ERY* in which 

the tyrosine is replaced with heteroarylalanines, should provide information to help 

understanding of the factors influencing the binding of the peptide to its receptor. However, 

although several synthetic approaches to heteroalanines have been reported including 

enzymatic synthesis, diastereoselective
[226-228]

 synthesis as well as asymmetric 

hydrogenation,
[229]

 these techniques present many drawbacks. In fact, the rhodium-catalysed 

homogeneous hydrogenation is highly sensitive to the presence of nitrogen containing rings, 

capable of deactivating the catalyst through coordination of the heterocycle to the metal. The 

few report that employ standard C-alkylation methodologies afford good chemical and optical 

yields, however the heteroaryl alkylating agents required are unstable and thus difficult to 

prepare and store. Electron rich and pyridine-based halomethylheteroaromatic rings are 

especially prone to oligomerisation by electrophilic substitution and nucleophilic substitution 

of the heteroatom respectively as depicted in Scheme 72.
[230]
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Scheme 72. Electron rich and pyridine-based halomethylheteroaromatic rings oligomerisation 

mechanisms.  

 

Recently, promising reports of C-H functionalisation have been published which describe 

the synthesis of racemic and/or chiral (hetero)arylalanine derivatives (Scheme 73).
[231, 232]

  

 

 
 

Scheme 73. Recent synthesis of (hetero)arylalanine deriatives by C-H activation.  

 

However, the cross-coupling reaction with an organozinc-derived -alanine substrate 

developed by Jackson et al.
[233]

 remains the preferred method for the synthesis of 

heteroaromatic alanine analogues (Scheme 74).  
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Scheme 74. Preparation of phenylalanine analogues by Jackson’s Negishi type cross-coupling 

reaction. 
  

While Jackson’s approach has been successfully applied by several research groups 

notably for the preparation of the three regioisomers of pyridylalanine
[234]

 and substituted 

analogues as well as the synthesis of azatyrosine,
[235]

 this technique remains capricious, lacks 

reproducibility and has been shown to be highly substrate dependent. 

It is thus evident that a new method is needed to access heteroarylalanine derivatives. In a 

broader context, it is apparent that the preparation of peptidomimetics as tools for drug 

discovery is largely limited by the number of structurally diverse non-proteinogenic amino 

acids that are readily available, and is hampered by the inefficiency of the existing approaches 

for the preparation of amino acids. Therefore, a novel, rapid and practical method for the 

synthesis of optically active α-amino acids, especially heteroaryl-containing α-amino acids is 

highly desirable for both academic and industrial laboratories. The second part of this thesis 

addresses this problem.  
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Chapter 1: Introduction  

1 Amino Acids 

1.1 Background 
 

In nature, amino acids are of particularly high importance as they constitute the building 

blocks of life. Living organisms possess genetic information necessary for their functioning 

enclosed in their DNA, this information is encoded as a sequence of nucleobases, which is 

translated into the amino acid sequence of a protein using the genetic code. Each cell type 

expresses different genes and so synthesises a unique set of proteins. Amino acids are 

therefore the subunit of proteins, which themselves are the main actors of nearly every 

cellular process. The general structure of α-amino acids is given in Figure 45.  

 

 
 

Figure 45. General chemical structure of α-AAs. 
 

Despite their critical role in the biological world, there are only 20 genetically encoded 

amino acids. Although a few non-proteinogenic amino acids can also be found in nature,
[236]

 

as the result of post-translational modifications or the product of metabolic pathways, the 

number of naturally occurring amino acids remains limited.  

 

1.1.1 Importance of α-amino acids to industry  

 

According to a new report by Global Industry Analysts, Inc., by 2015, the total amino 

acid market will reach approximately US $11.6 billion. Figure 46 shows the shares of the 

amino acid global market in 2004.
[237]

 Their main use is as additives in animal-feed and they 

also serve as fertilisers for agriculture. Furthermore, amino acids are widely employed in the 

food industry as underlined by the examples of the flavour-enhancer monosodium glutamate 

(MSG)
[238]

 and the low-calorie artificial sweetener, L-aspartyl-L-phenylalanine 1-methyl ester 

(Aspartame),
[239]

 present in almost every diet soft drink. Finally, they are of major importance 

in the preparation of pharmaceuticals and cosmetics. 



Chapter 1 
 

~ 130 ~ 
 

 

 
Figure 46. The share of the natural amino acid global market in 2004.

[237] 
 

1.1.2 Importance of amino acids in pharmaceuticals 
 

α-Amino acids find applications in various disciplines such as biology, biochemistry and 

chemistry. Through their incorporation into peptidomimetics, they have allowed impressive 

advances in the understanding of enzyme mechanisms, protein conformations and 

protein-protein interactions, thus leading to the discovery of new targets for the cure of many 

disease states. 

Furthermore, Arvid Carlsson was acknowledged with a Nobel Prize in 2000 for showing 

that the use of L-3,4-dihydroxyphenylalanine (L-DOPA) is a successful treatment for 

Parkinsonian symptoms,
[240]

 thereby demonstrating the usefulness of enantiopure α-amino 

acid derivatives as pharmaceuticals. Nowadays, the ever-increasing number of therapeutically 

relevant small molecules bearing amino acid motifs and the resurgence of 

peptidomimetic-based drugs testify to the primordial role of amino acids as building blocks 

for therapeutic agents.  

Amino acids are also indispensable scaffolds in total synthesis. In fact, the construction of 

optically active molecules employs state-of-the-art asymmetric synthesis which relies on the 

classical use of synthons from the chiral pool, chiral auxiliaries and enantioselective catalysis. 

AAs play a role in all the categories mentioned above as chiral building blocks, auxiliaries 

and chiral catalysts.
[241]

  

The small number of available natural α-AAs and the need for novel entities have 

encouraged many research groups to focus their effort on the development of new 

methodologies for the rapid synthesis of a larger pool of enantiopure proteinogenic and 

non-proteinogenic α-AAs.  

 

56% 32% 

12% 

Natural amino acid market in 2004 

Animal feeds

Food
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2 The production of amino acids  
 

Since the first extraction of asparagine in 1806 by two French chemists Louis Nicolas 

Vauquelin and Pierre Jean Robiquet,
[242]

 new technological breakthroughs have rendered 

almost all natural amino acids available on an industrial scale, mainly using fermentation and 

enzyme catalysis (Table 15).
[237]

  

 

Amino acid Process 

glycine chemically 

L-alanine enzymatically 

L-valine fermentation 

L-leucine fermentation/extraction 

L-isoleucine fermentation 

D,L-methionine chemically 

L-tryptophan fermentation/enzymatically 

L-phenylalanine fermentation 

L-proline fermentation 

L-serine fermentation 

L-threonine fermentation 

L-cysteine extraction/enzymatically 

L-tyrosine extraction 

L-asparigine / 

L-glutamine fermentation 

L-aspartic acid enzymatically 

L-glutamic acid fermentation 

L-lysine HCl fermentation 

L-arginine fermentation 

L-histidine fermentation 

 
Table 15. Preferred production routes for  proteinogenic α-amino acids.

[237]
 

 

An overview of the principal ways to produce and elaborate proteinogenic and 

non-proteinogenic AAs is given below. 



Chapter 1 
 

~ 132 ~ 
 

2.1 Extraction 
 

One of the early ways of obtaining enantiopure proteinogenic AAs consists of their 

extraction from protein hydrolysate. Even though this method is still used for L-proline, 

L-tyrosine and L-serine, it has been superseded by more elegant techniques.  

 

2.2 Biotechnological processes  

2.2.1 Fermentation 

 

In the 1950s, L-glutamic acid was the first AA synthesised on an industrial scale using a 

biochemical process known as fermentation.
[243]

 Selected microorganism strains, kept in an 

adequate medium, produce enzymes which convert nutrients into the AAs. Finally, the desired 

AA is recovered from the fermentation solution via recrystallisation. The development of high 

performance wild-type strains, hybrid strains, regular mutant (obtained by chemical or 

physical mutation and selection), or genetically engineered microorganisms derived from 

Corynebacterium glutamicum and Escherichia coli, allows for the large scale manufacture of 

almost all the 20 standard AAs at low cost.
[237]

 Although this technique is extensively used for 

the synthesis of proteinogenic α-AAs, it is not suitable for the synthesis of unnatural AAs.   

 

2.2.2 Enzymatic catalysis 

 

This process consists of using enzymes instead of microorganisms to catalyse organic 

reactions, therefore it avoids the constraining phase of microbial growth and allows for easier 

isolation of the desired compound. Enzymatic resolution has been used for the synthesis of 

enantiopure L-methionine,
[244]

 which remains inaccessible by the fermentation method. In an 

enzymatic resolution reaction, only one of the enantiomers from the racemic starting material 

(SM) is converted into the expected product by the enzyme. The final mixture is, therefore, 

constituted of the desired enantiopure product and the unreacted enantiomer, hence the 

highest yield which can be expected is 50%. However, by using a combination of the 

enantiospecific enzyme and a racemase, which will convert the unreacted enantiomer into a 

racemic mixture of the SM, it becomes possible to achieve total conversion as illustrated in 

Scheme 75.   
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Scheme 75. Enzymatic resolution of L-amino acid using L-acylase. 

 

The production of L-aspartate and L-alanine is another example of enzymatic catalysis. In 

this case, one does not start the synthesis with a racemic mixture but with prochiral fumaric 

acid, which is consecutively converted by a stereoselective enzyme to L-aspartate, which in 

turn is decarboxylated to yield L-alanine (Scheme 76).
[237]

 

 

 
 

Scheme 76. Production of L-aspartate and L-alanine by enzyme-catalysed reactions. 

 

The major drawbacks limiting the use of soluble purified enzymes on an industrial scale 

is the cost related to their extraction and purification, as well as their low stability in the 

reaction media. With the introduction of immobilised enzymes, allowing for the easy recovery 

of the product, enhancing enzyme resistance, and permitting the recovery and re-usage of the 

biocatalyst, enzyme catalysis has gained in popularity. When a series of enzymes is needed to 

access the product, the use of microbial recombinant whole cell catalysis can be a good 

alternative. Nowadays, thanks to the development of enzymatic catalysis, both D-amino acids 

and non-proteinogenic -AAs are readily available on a large scale. However, 

biotechnological processes suffer from a lack of flexibility to introduce diversity which 

prevents this methodology from being applicable to medicinal chemistry and drug discovery. 

 

2.3 Optical & chemical resolutions 
 

Optically active α-AAs can be obtained from racemic mixtures by chiral resolution. The 

resolution techniques of crystallisation and derivatisation were both discovered by Pasteur 

during his seminal work on tartaric acid.
[245]

 These purification approaches universally exploit 
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the differing properties of diastereoisomers. The first technique consists of co-crystallising the 

enantiopure compound as a slat from a racemic mixture by treating it with a chiral resolving 

agent. The second technique uses a chiral resolving agent that is covalently bound to the 

racemate to form diastereoisomers which can be separated. Chiral column chromatography 

can also be used to isolate optically active molecules. If both enantiomeric forms of the 

compounds are desired, chiral resolution is a very attractive technique, otherwise if only 50% 

of the desired product can be obtained, a lot of waste is generated. However despite this 

waste, targeting a racemic route followed by purification by chiral chromatography is often 

the favoured strategy for drug discovery programmes in the early phases due to the fast 

turnover times. Chemical resolution, arguably the most sophisticated resolution technique, 

again relies on diastereoisomeric interactions, but this time in the transition state between 

racemic starting material and an enantiopure catalyst. In order to obtain the highest 

enantiopurity, the yield must not exceed 50%. However, to address the wastefulness of this 

technique, in 1989 Noyori et al. first introduced the principle of Dynamic Kinetic Resolution 

(DKR): if under the reaction conditions, racemisation occurs at a faster rate than the 

irreversible reaction (kinv >> kS and kS/kR > 20) the theoretical yield of the desired enantiomer 

can reach 100%. In the same paper,
[246]

 Noyori reported the synthesis of protected L-threonine 

by stereoselective ruthenium-catalysed hydrogenation via DKR with 100% conversion, 98% 

diastereoisomeric excess (de) and 98% enantiomeric excess (ee) (Scheme 77).  

 

 
 

Scheme 77. Noyori synthesis of protected L-threonine by stereoselective hydrogenation via DKR.
[246]

 

 

However, these biochemical methods are not suitable for the production of more complex 

AAs which are best prepared through chemical synthesis. 
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3 Asymmetric synthesis  
 

Asymmetric synthesis is the method of choice for synthetic chemists desiring to prepare 

novel non-proteinogenic amino acids, indispensable for modern drug discovery programmes, 

as it ideally allows access to virtually all the amino acids one can imagine directly in their 

enantiopure form. However, mainly for cost related issues, only a few examples of 

asymmetric syntheses are applicable at an industrial scale.  

The repertoire of modern practical chiral synthetic strategies to prepare α-substituted 

amino acids is enormous and has been extensively reviewed in the literature.
[247-251]

 While 

some approaches involve partial synthesis from chiral amino acid precursors many others aim 

at the creation of the key α-stereocentre.  

Numerous methodologies exist to generate the desired α-chiral centre (Scheme 78). They 

are mainly based on the introduction of either: the acid function (a), the amine function (b), 

the α-hydrogen (c) or the side-chain (d). 

 

 
 

Scheme 78. Strategies for α-AAs synthesis. 

 

The induction of chirality during the formation of the α-stereocentre requires the use of a 

chiral template in a stoichiometric amount, or a substoichiometric amount of a catalyst/chiral 

ligand system on a prochiral template.  

A discussion on the main routes for the preparation of novel non-proteinogenic amino 

acids is given below. Only methodologies focusing on the installation of the chirality are 

examined as the more miscellaneous syntheses based on the derivatisation of proteinogenic 

amino acids have already been addressed (vide supra).  
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3.1 Introduction of the acid function 

3.1.1 Multicomponent reaction: the Strecker reaction  

 

This multicomponent reaction was reported by Strecker in 1850, becoming the oldest 

known synthesis of racemic α-AAs.
[252]

 The original procedure involved the treatment of an 

aldehyde, with ammonia and hydrogen cyanide yielding α-aminonitriles which after 

hydrolysis afford α-amino acids (Scheme 79). This reaction does not belong to any of the 

strategies mentioned in Scheme 78, but can be considered as the simultaneous insertion of the 

amine (b) and carboxylic acid (a) functionalities.  

 

 
 

Scheme 79. Classical Strecker reaction. 

 

This was a groundbreaking discovery allowing the high yielding synthesis of amino acids 

in a reliable one-pot reaction. Today after more than 150 years, this reaction remains widely 

used for the industrial preparation of α-AAs and major breakthroughs have been made 

towards the development of asymmetric versions of the Strecker reaction. The latest 

achievements in this area have been thoroughly summarised by several authors.
[253-258]

 

 

3.1.1.1 Asymmetric Strecker reaction: chiral auxiliaries 

 

The first asymmetric version of this reaction was not developed until 1963 by Harada et 

al.
[259]

 Starting from the chiral (S)-α-phenylethylamine, the synthesis of L-alanine was 

reported in 90% optical purity (op) and 17% yield upon condensation with HCN (generated in 

situ) and acetaldehyde, subsequent acid hydrolysis of the nitrile followed by removal of the 

chiral auxiliary by hydrogenolysis. The protocol was further refined and the yield could be 

improved by treating the preformed Schiff base with HCN (Scheme 80).
[260, 261]

 However it 

appears that only moderate diastereoselectivity was observed with this chiral auxiliary, and 

the good optical purity obtained was attributed to fractional crystallisation post-reaction.  

 

 
 

Scheme 80. Modified-Strecker reaction with (S)-α-phenylethylamine as chiral auxiliary. 
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Later, Weinges and Kunz independently published asymmetric Strecker reactions using 

[4S,5S]-(+)-5-amino-2,2-dimethyl-4-phenyl-1,3-dioxane (44) and -1-amino-tetra 

O-pivaloylgalactose (45) as chiral amines.
[262, 263]

 More recently, enantiopure sulfinimines 

(46), α-phenylglycinol (47) and hydrazines (48) (e.g. Enders SAMP/RAMP) have been 

reported as chiral auxiliaries for the Strecker reaction affording high yields and 

diastereoisomeric ratios.
[264-266]

 An overview of the chiral amine auxiliaries used in the 

asymmetric Strecker reaction is given in Figure 47.  

 

 
 

Figure 47. Examples of chiral amine auxiliaries for the asymmetric Strecker reaction. 
 

3.1.1.2 Asymmetric Strecker reaction: organometallic catalysts 

 

The Jacobsen group has actively contributed to the development of a catalytic 

asymmetric version of the Strecker reaction. They developed a metal-catalysed 

enantioselective addition of HCN to an N-allylimine. The best results were obtained with 

aromatic aldimines using the Al(III)-salen complex 49 (Scheme 81).
[267]

  

 

 
 

Scheme 81. Asymmetric Strecker reaction metal-catalysed by Jacobsen’s Al(III)-salen complex.
[267]
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Binaphthol bifunctional Lewis acid-Lewis base catalyst (50),
[268]

 chiral lanthanide 

complex
[269]

 (51) as well as zirconium
[270]

 and peptide-derived titanium
[271]

 catalysts (52 and 

53) have also been reported to mediate the enantioselective Strecker reaction in high chemical 

and optical yields. An overview of the structures of the main organometallic chiral catalysts is 

given below in Figure 48.  

 

 
 

Figure 48. Examples of metal chiral catalysts for the asymmetric Strecker reaction.  

 

3.1.1.1 Asymmetric Strecker reaction: organocatalysts 

 

In addition to metal-catalysed reactions, more desirable organocatalysed Strecker 

reactions were developed. The first organocatalytic version of the reaction was published by 

Lipton et al. in 1996.
[272]

 The diketopiperazine (DKP) 54 enabled the formation of 

N-benzhydryl α-amino nitriles in very good chemical and optical yields (Scheme 82). The 

corresponding α-amino acids were obtained by acid hydrolysis without loss of optical activity. 

However, the chiral purity of products derived from alkyl and electron deficient aldehydes 

such as 3-nitrobenzaldehyde proved very unsatisfactory (71% yield, <10% ee).  
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Scheme 82. First organocatalysed asymmeric Strecker reaction.
[272]

  

 

By using high throughput screening technology, the Jacobsen group identified urea and 

thiourea based organocatalysts (55) for the cyanation of aromatic, aliphatic, cyclic aldimines 

and even ketimines. BINOL-derived phosphoric acids (56),
[273]

 guanidines (57),
[274]

 

ammonium salts (58),
[275]

 and N,N'-dioxides
[276]

 (59) were also investigated by other research 

groups. The first asymmetric catalytic Strecker reaction under phase transfer catalysis 

conditions was disclosed by Maruoka et al.
[277]

 employing a quaternary ammonium salt and 

aqueous potassium cyanide as a safer cyanide source. An overview of the structures of the 

main organocatalysts is given below in Figure 49. 

 

  
 

Figure 49. Examples of chiral organocatalysts for asymmetric Strecker reaction. 

 

Recently, Jacobsen et al. have communicated an efficient and scalable synthesis of 

enantiopure α-amino acids using inexpensive and benign cyanide salts. Excellent selectivities 
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were achieved with only 0.5 mol % loading of compound 60, a new readily available chiral 

thiourea catalyst (Scheme 83). This recent advancement was recognised at the highest level 

by publication in the journal Nature.
[278]

  

 

 
 

Scheme 83. Asymmetric Strecker reaction organocatalysed by Jacobsen’s chiral thiourea.
[278] 

 

Various approaches have been developed to adapt the racemic Strecker reaction into an 

exciting route for the synthesis of enantiopure amino acids. Chiral auxiliaries, chiral metal 

catalysts and chiral organocatalysts have been successfully applied. Excellent yields and ee 

have been obtained for substituted arylglycines, and in some cases, heteroaryl, saturated and 

unsaturated aliphatic Schiff bases also gave very good results. Despite this tremendous effort 

there is still a need to improve many shortcomings of the reaction. For example, among the 

multitude of chiral auxiliaries, only a few can be cleaved under non-destructive conditions. 

Regarding the catalytic asymmetric variant, the search for novel catalysts which allow lower 

catalytic loading or the development of polymer-supported catalysts together with reaction 

conditions compatible with safer and more environmentally-friendly alternatives to the 

existing cyanide source are highly desirable from an industrial perspective. Milder substrate 

deprotection conditions are also sought-after in order to access a broader range of amino 

acids. Finally, the return to the original one-pot version of the Strecker reaction would 

remarkably emphasise its main asset: its simplicity.  

 

1.1 Introduction of the α-hydrogen 

1.1.1 Asymmetric hydrogenation of α,-didehydroamino acids 

 

The asymmetric catalytic hydrogenation is one of the oldest known asymmetric reactions 

and dehydroamino acids (ΔAAs) feature as the very first substrates. Owing to this history, 

dehydroamino acids are often used to benchmark the efficiency of novel ligands  

(Scheme 84).
[279]
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Scheme 84. General homogeneous asymmetric hydrogenation reaction. 

 

1.1.1.1 α,-Didehydroamino acids preparation 

 

The most employed route for the synthesis of α,-didehydroamino acids, known as the 

Schmidt process, was reported by Schmidt et al.
[280]

 in 1982. It involves the preparation of an 

appropriately protected glycine phosphonate via Michaelis-Arbuzov reaction. The desired 

double bond is then introduced by condensation of the phosphonate with an aldehyde in a 

Wittig-Horner type reaction (Scheme 85).  

 

 

Scheme 85. Schmidt process for the preparation of α,-didehydroamino acids. 

 

While a wide range of aldehydes were successfully reacted, the use of less reactive 

ketones generally fails, therefore, these methods were not suitable for the preparation of 

-disubstituted ΔAAs. Furthermore, the nature of the base and the temperature were found to 

greatly affect the Z/E ratio. 

Mixtures of (E)- and (Z)-α,-didehydroamino acids can also be obtained using an 

elimination reaction. In fact, amino acids containing a  leaving group such as a hydroxyl or a 

halogen can undergo dehydration or dehalogenation, respectively (Scheme 86). 

 

 
 

Scheme 86. Preparation of α,-didehydroamino acids by elimination reaction. 
 

1.1.1.2 Asymmetric hydrogenation 

 

Since the initial report by Sabacky and Knowles in 1968,
[281]

 tremendous effort has 

focused on the rational design of myriads of chiral ligands for the enantioselective 

hydrogenation of ΔAAs. Detailed reviews by Zhang
[282]

 and Blaser
[283]

 cover the development 

of new chiral phosphorus ligands and their applications in hydrogenation reactions while a 
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more specific review published by Saito et al.
[284]

 addresses the preparation of binaphthyl and 

bi(hetero)aryl-type bisphosphine ligands and their effect on asymmetric reactions. 

 

The beginning: 

By replacing the triphenylphosphine in the Wilkinson’s catalyst by the chiral 

methylpropylphenylphosphine (61), Knowles successfully hydrogenated α-phenylacrylic acid 

in 15% optical purity.
[281]

 Notwithstanding the modest enantioselectivity, this first proof of 

principal paved the way for the development of a completely new field, namely, 

homogeneous asymmetric hydrogenation. Soon thereafter, another breakthrough in the history 

of asymmetric hydrogenation was made by Kagan et al.
[279]

 who introduced the first bidentate 

catalyst 2,2-dimethyl-4,5-((diphenylphosphino)dimethyl)dioxolane (DIOP) providing 

N-acetylphenylalanine in 72% optical purity. DIOP was remarkable as it was also the first 

ligand to induce enantioselectivity by a transfer of chirality from its carbon backbone to the 

bulky groups on the phosphorus atoms. New monodentate P-stereogenic ligands were 

developed by Knowles, notably methylphenyl-o-anisylphosphane (PAMP) and 

methylcyclohexyl-o-anisylphosphane (CAMP) which gave 58% and 88% enantiomeric excess 

respectively for the reduction of α-acylamino acrylic acids.
[285]

 However, inspired by Kagan’s 

bidentate ligand, Knowles designed a bisphosphine ligand bis[(2-methoxyphenyl) 

phenylphosphino]ethane (DIPAMP), more effective than its non-chelating analogues  

(Figure 50).  

 

 
Figure 50. First chiral phosphine ligands for asymmetric hydrogenation. 

 

DIPAMP quickly replaced CAMP in the Monsanto process for the industrial scale 

preparation of L-DOPA,
[286]

 for which William S. Knowles was awarded the 2001 Nobel Prize 

in Chemistry (Scheme 87).
[287]

 The gold rush for the almighty catalyst had started.  
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Scheme 87. Monsanto process for industrial scale preparation of L-DOPA.
[287]

 

 

Bidendate ligands were the way to go:  

The observation that chelating bisphosphines tend to lead to higher enantioselectivity was 

soon rationalised and a correlation was established between the rigidity of the complex’s 

conformation and the enantioselectivity conferred. This belief prompted chemists to focus 

their effort on the development of new chiral bidentate ligands. In 1980, Noyori et al.
[288]

 

brought the next decisive advancement in the field. 2,2'-Bis-1,1'-binaphthyl (BINAP) an 

atropoisomeric chiral bis(triaryl)phosphine, not only gave good results in the 

rhodium-catalysed hydrogenation of dehydroamino acids but also appeared to be an 

incredibly versatile ligand for the ruthenium-catalysed hydrogenation of a broad range of 

substrates, notably olefins and -keto ester.
[289]

 For this discovery, Noyori was rewarded with 

the highest recognition, sharing together with Knowles and Sharpless the 2001 Nobel Prize in 

Chemistry.
[289]

 Another new type of very successful bidentate ligand, the bisphospholane, was 

introduced by Burk and coworkers,
[290, 291]

 the main two examples of the series are 

1,2-bis(2,5-dialkylphospholano)ethane (BPE) and 1,2-bis(2,5-dialkylylphospholano)benzene 
(DuPhos) (Figure 51).  

 

 
 

Figure 51. Structures of (S)-BINAP, (S,S)-BPE and (S,S)-DuPhos ligands.  
 

Research groups have been very prolific and many new powerful ligands have been 

discovered, as illustrated in Figure 52. Some ligands are the fruits of simple modifications of 

steric and electronic properties of previously described ligands while others exhibit 

completely new scaffolds.
[292-295]
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Figure 52. Examples of chiral ligands structure design.  

 

Mixed phosphorus bidentate ligands:  

Although being less developed than the bisphosphine family, ligands featuring two 

distinct phosphorus functionalities, such as aminophosphine-phosphinite,
[296]

 

phosphine-aminophosphine,
[297]

 phosphine-phosphite,
[298, 299]

 phosphine-phosphinite
[298, 299]

 

and phosphine-phosphoramidite
[299-301]

 show unique propensities in catalytic asymmetric 

reactions. The phosphine-phosphite 2-(diphenylphosphino)-1,1′-binaphthalene-2,2′-

diylphosphite (BINAPHOS) represented in Figure 53 counts among the most successful 

mixed ligands.  

 

 
 

Figure 53. Structure of the phosphine-phosphite mixed ligand BINAPHOS.
[298]

 

 

The monodentate ligands strike back:  

Long forgotten, the use of monodentate ligands has staged a resurgence in recent times. 

They were reintroduced as powerful tools for the asymmetric hydrogenation of 

didehydroamino acids by Reetz et al.,
[302]

 who fortuitously discovered that the 

BINOL-derived monophosphites (62) were as efficient as their bisphosphite analogues. The 

structures of some interesting monophosphorus ligands are depicted in Figure 54.  

 



Introduction 
 

~ 145 ~ 
 

 
 

Figure 54. Examples of monodentate chiral ligands for the asymmetric hydrogenation of 

dehydroamino acid derivatives. 
 

However, the real usefulness of monophosphorus ligands was ascertained by MonoPhos, 

a phosphoramidite developed by De Vries and Feringa, which outperformed its chelating 

counterparts and provided N-acetylalanine methyl ester with an impressive 99.8% 

enantiomeric excess.
[303]

 Even better enantioselectivity was achieved with the octahydro 

version of 3,5-dioxa-4-phosphacyclohepta[2,1-α:3,4-α′]dinaphthalen-4-yl)dialkylamine 

(MonoPhos), abbreviated as H8-Monophos as illustrated in Scheme 88.
[304]

  

 

 
 

Scheme 88. Enantioselective hydrogenation of N-acetamidoacrylate with H8-MonoPhos.
[304]

 

 

Homogeneous asymmetric hydrogenation is arguably one of the most studied and 

employed ways to access enantiopure AAs. It is a clean and rapid route which is easily 

adaptable on an industrial scale. These promising features have stimulated research into the 

development of a vast number of ligands. Successful ligands must exhibit optimum yields and 

enantioselectivity while being straightforward to synthesise. However, the 

substrate-dependent nature of the rhodium-catalysed hydrogenation reaction imposes a 

delicate balance between the time consuming fine-tuning of a ligand and its performance with 

a particular substrate. Nevertheless, among the thousands of known chiral phosphorus 

catalysts, a few have emerged as “privileged ligands” achieving excellent yields and 

enantioselectivity over a wide range of dehydroamino acid derivatives. Acetamidoacrylic and 

acetamidocinnamic acid derivatives count amongst the most common substrates. The 

hydrogenation of functionalised -alkyls, -aryls and -heteroaryls has also been 

investigated. However, strongly coordinating heteroaryls capable of poisoning the catalyst, 
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hindered ,'-disubstituted dehydroamino acids and unsaturated ones as well as (E)-isomers 

remain very challenging substrates.  

 

1.1.2 Nucleophilic addition to α,-didehydroamino acids 

 

The synthesis of amino acids via conjugate addition to dehydroamino acids has mainly 

led to racemic products, only a few examples of dehydroamino acids contained within chiral 

templates have been developed.
[305-307]

  

 

1.1.3 Asymmetric reductive amination of the C=N bond  

 

In contrast to the asymmetric reduction of α,-didehydroamino acids, very little work has 

been directed towards the asymmetric reduction of prochiral C=N amino acid precursors.  

A limited number of asymmetric reductive amination reactions of -ketoesters have been 

reported. Hydrogenation of the imine bond, in the presence of chiral auxiliaries on the 

amine,
[308]

 or on the acid,
[309]

 or on both functionalities has only yielded moderate 

diastereoselectivity. The best results were obtained by catalytic asymmetric hydrogenation of 

prochiral starting material using (DuPhos)-Rh complexes.
[125]

  

 

1.2 Introduction of the amine function 
 

Although less developed than other methodologies the synthesis of amino acids has been 

accomplished via direct introduction of the amine functionality. This method encompasses 

nucleophilic amination reactions of chiral substrates, on chiral auxiliaries as well as catalysed 

by chiral ligands. Furthermore, electrophilic amination reactions can also be found in the 

literature.
[310]

  

Nucleophilic amination reactions can be classified into two main categories, displacement 

of halides or pseudo-halides by amines, azides or phthalimides and Mitsunobu reaction on 

α-hydroxy esters employing the same above mentioned nucleophiles. The intermediate 

products thus obtained afford the free amines after deprotection or reduction. The strategies 

employed for the introduction of the amine function are depicted Scheme 89.  
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Scheme 89. Introduction of the amine function. 

 

The displacement of halides using chiral α-haloesters is restricted as these substrates are 

easily prone to racemisation. However, Evans developed a protocol in which the 

oxazolidinone-derived boron enolate is brominated to give 63, which is subsequently 

displaced with tetramethylguanidinium azide (TMGA) with less than 1% epimerisation 

(Scheme 90).
[311]

 The amination reaction takes place in good yield regardless of the size of 

the side-chain. However, the preparation of the auxiliary requires the initial acylation of the 

oxazolidinone, which gave variable results depending on the nature of the acyl substituent. 

 

 

 
Scheme 90. Synthesis and azidation of Evans’ electrophilic α-bromoacyloxazolidinone.

[311]
  

 

Oppolzer’s camphor-bornane auxiliaries 64 and 65 have also been used for azide 

displacement.
[312, 313]

 The amide auxiliary 65 can either be obtained by N-acylation prior to 

bromination or by N-acylation of α-bromo acid halide. The latter procedure suffered 

epimerisation, nevertheless displacement with soft hindered nucleophiles was found to take 

place under thermodynamic control thus yielding 100% de.
[314]

 Unfortunately, the preparation 

of the camphor-bornane auxiliary is also sensitive to the hindrance of the acyl substrate.  

The structures of Oppolzer’s auxiliaries used in nucleophilic amination reactions are 

illustrated in Figure 55. 
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Figure 55. Oppolzer’s auxiliaries for amination reactions.  

 

One report has been made of a Gabriel synthesis catalysed by chiral quaternary 

ammonium salts. The yields and ee described being only low to moderate.
[315]

  

Protected amines and phthalimides were readily introduced with inversion of configuration 

via Mitsunobu reaction of α-hydroxyester or α-hydroxy substrates with masked carboxy 

groups.
[316, 317]

 The SN2 reaction could also be employed to insert azides using 

diphenylphosphoryl azide (DPPA) as depicted in Scheme 91.
[318]

  

 

 

 
Scheme 91. Example of nucleophilic azidation via Mitsunobu reaction.

[318]
  

 

The electrophilic amination reaction is limited by the number of electrophilic aminating 

reagents available, the most commonly used being dialkyl azodicarboxylates. Examples using 

Evans and Oppolzer’s auxiliaries were disclosed,
[319-321]

 and recently the Jorgensen and List 

groups independently reported a proline-catalysed reaction between aldehydes and 

azodicarboxylates,
[322, 323]

 leading after oxidation to amino acids with enantiomeric excesses 

higher than 90% (Scheme 92).  

 

 

 
Scheme 92. Jorgensen’s proline-catalysed electrophilic amination.

[323]
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1.3 Opening of small ring systems  
 

Small strained cyclic chiral aziridines, azirines, epoxides, -lactams and -lactones 

depicted in Figure 56 are interesting templates for the synthesis of α-amino acids.  

 

 
 

Figure 56. Aziridines, azirines, epoxides, -lactams and -lactones templates. 

 

However, this methodology is beyond the scope of the present discussion as it mainly 

relies on regioselective nucleophilic attack with subsequent ring opening of substrates already 

possessing α-stereocenters and therefore will not be considered.   

 

1.4 Introduction of the side chain  
 

The introduction of a side-chain onto a glycine template is by far the most versatile 

methodology for the synthesis of optically active α-amino acids. This logical approach allows 

the derivatisation of a unique substrate into a plethora of novel molecules. Many research 

groups have devoted considerable effort to the preparation of acyclic or cyclic chiral 

templates derived from basic amino acids such as glycine or alanine. Many criteria determine 

the synthetic usefulness of these chiral auxiliaries as summarised in Table 16. Scaffolds 

which are not commercially available should preferably be readily prepared in high yield from 

inexpensive starting materials. Chiral templates should then react with high diastereofacial 

differentiation with a broad scope of substrates, and/or allow for a straightforward separation 

of the minor diastereoisomers by simple column chromatography or recrystallisation. Last but 

not least, cleavage of the auxiliaries should be carried out under mild conditions to afford the 

enantiomerically pure α-AAs as well as the recovered auxiliaries.  

 

 

 

 

 

 

  



Chapter 1 
 

~ 150 ~ 
 

Auxiliary Synthesis Alkylation Cleavage 

Acyclic scaffold: C-terminus amide    

 

Myers 1 step: 70% yield 

Drastic care needed. 
Yield: 55-83% 
de: 90-98% 
de (column/recrystallisation): 
99% 

-Conditions: reflux in H2O, no 
ion-exchange 
-Racemisation: little to none 
-Auxiliary recovery: yes, 
extraction 

 

Najera 1 step: 71% yield 
Yield: 40-60% 
de: 82-98% 

-Conditions: 1 M HCl rt, reflux 
in H2O, no ion-exchange 
-Racemisation: not mentioned 
-Auxiliary recovery: yes 

 

Katsuki 
Requires multiple 
steps  

Yield: 51-95% 
de: 96-98% 

-Conditions: reflux 1 M HCl,  
ion-exchange 
-Racemisation: none 
-Auxiliary recovery: not 
mentioned 

 

Oppolzer 1 step: 86% yield  

Yield: 65-96% 
de: 93-98%  
de (column/recrystallisation): 
99% 

-Conditions: 0.5 M HCl rt, aq. 
LiOH, ion-exchange 
-Racemisation: none 
-Auxiliary recovery: yes, 
extraction  

Acyclic scaffold: N-terminus imine    

 

McIntosh 1 step: 88% yield 
Yield: 32-89% 
de: 0- >98%  

Not mentioned 

 
 

Yamada 2 steps 

Yield: 50-79% 
(for the amino tert-butyl ester) 
op: 66-83%  
(for the amino tert-butyl ester) 

-Conditions: 15% citric acid, 
HCl (to obtain the salt) 
-Racemisation: not mentioned 
-Auxiliary recovery: yes 
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Cyclic scaffold    

 

Seebach Commercially available 
Yield: 43-85% 
de: >99%  

-Conditions: 6 M HCl reflux to 
180 °C sealed-tube 
-Racemisation: yes 
Auxiliary recovery: no 

 

Schöllkopf Commercially available 
Yield: 62-92% 
ee: 60- >95%  
(for the amino methyl ester) 

-Conditions: 0.25 M HCl  
(to obtain the ester),  
6 M HCl reflux 
(to obtain the acid) 
-Racemisation: not mentioned 
-Auxiliary recovery: no  

 

Davies Requires multiple steps 
Yield (recrystallisation): 64-88% 
de (recrystallisation): 89-98% 

-Conditions: CAN, 6 M HCl,  
ion-exchange 
-Racemisation: no 
-Auxiliary recovery: No 

 

Williams Commercially available 

LiHMDS, NaHMDS or KHMDS  
Yield: 47-91% 
ee: >95% 
(for the free amino acid)  

-Conditions: H2, Pd or Li, NH3. 
-Racemisation: not mentioned 
-Auxiliary recovery: no 

 

Belokon 
3 steps: 72% overall 
yield 

Yield: 69-83%  
(for the free amino acid) 
ee: 74- >98%  
(for the free amino acid)  

-Conditions: 2 M HCl reflux,  
ion-exchange 
-Racemisation: no 
-Auxiliary recovery: yes, 
extraction 

 
Table 16. Overview of the synthetic performance of selected examples of chiral auxiliaries used in α-amino acid synthesis. 
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A more detailed discussion on the synthetic performance of the most relevant examples 

of chiral auxiliaries is given below. 

 

1.4.1 Acyclic chiral templates  

 

Acyclic chiral templates can be easily prepared by coupling a glycine synthon with a 

chiral auxiliary either through the C- or N-terminal of the amino acid. Ester or amide 

templates are created by linking the amino acid C-terminus to chiral alcohol or amine 

auxiliaries respectively, while chiral ketones usually form Schiff base with the N-terminus of 

the amino acids. 

 

1.4.1.1 C-Terminus ester chiral auxiliaries 

 

Examples of ester templates are scarce (Figure 57), however 8-phenylmenthyl alcohol 

and 1,1'-binaphthalene-2,2'-diol (BINOL) have been reported to give low to good 

diastereoselectivities in the alkylation of glycine derivatives.
[324, 325]

.  

 

 

 
Figure 57. Example of chiral alcohol auxiliaries. 

 

1.4.1.2 C-Terminus amide chiral auxiliaries 

 

Chiral induction through C-linked amide auxiliaries is more commonly applied to amino 

acid synthesis. Inspired by the excellent results obtained with pseudoephedrine as chiral 

auxiliary for the asymmetric alkylation of its N-acyl derivatives, Myers quickly extended its 

application to the alkylation reaction of glycine derivatives.
[326, 327]

 Pseudoephedrine 

glycinamides (66) are not commercially available but both enantiomeric forms can be readily 

obtained in a one-step synthesis from inexpensive (S,S)- and (R,R)-pseudoephedrine. 

Interestingly, the alkylation reaction can be conducted directly on the non-protected template. 

However special care must be taken to achieve C-alkylation only (Scheme 93).  

 



Introduction 
 

~ 153 ~ 
 

 

 
Scheme 93. Synthesis and alkylation of Myers’ pseudoephedrine glycinamide chiral auxiliary.

[326]
  

 

This technique yields alkylation products in very good diastereoisomeric excesses, which 

can often be further improved up to 99% by simple recrystallisation or column 

chromatography. Active halides, as well as less reactive alkyl halides and pseudo-halides 

were also successfully alkylated, albeit carefully optimised conditions (e.g. more elevated 

temperature). Furthermore, N-Boc and N-Fmoc protected amino acids were easily accessible 

by mild alkaline hydrolysis and subsequent acylation reaction. Alternatively, a facile reflux in 

water afforded the free amino acids thus avoiding an additional constraining desalting step. In 

both cases, little to no racemisation could be detected and the chiral auxiliary could be 

recovered in very good yield by simple extraction (Scheme 94).  

 

 

 
Scheme 94. Cleavages of Myers’ pseudoephedrine auxiliary.

[326]
  

 

Particularly interesting amino acids such as L-azatyrosine
[228]

 and the cyclic pipecolic 

acid were synthesised according to this method. Moreover, replacing the glycine by -alanine 

or sarcosine allowed the formation of chiral templates for the preparation of two important 

classes of non-proteinogenic amino acids: -amino acids
[328]

 and N-methyl amino acids 

respectively. Guillena and Najera
[329]

 combined the features of the Myers pseudoephedrine 

auxiliary and that of the Schiff base to create a glycine-derived synthon (67). Alkylation then 

occurs under milder conditions as depicted in Scheme 95 thereby allowing base sensitive 

substrates to react and extending the scope of the reaction. 
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Scheme 95. Alkylation of imine pseudoephedrine glycinamide chiral auxiliary by Najera.

[329] 
 

Another imine protected glycinamide bearing the 2,5-bis(methoxymethoxymethyl) 

pyrrolidine (68) as the chiral amine component had previously been described by Katsuki et 

al.
[330, 331]

 Alkylation with a strong base such as lithium diisopropylaminde (LDA) at low 

temperature gave good yields and diastereofacial selection for activated halides and triflates. 

The C2 symmetric auxiliary sterically directs insertion to the Si face of the enolate. The free 

amino acids were obtained without detectable epimerisation by refluxing the alkylated 

glycinamide in 1 M HCl and subsequent ion-exchange chromatography (Scheme 96).  

 

 

 
Scheme 96. Alkylation and cleavage of Katsuki’s imine pyrrolidine glycinamide.

[331]
 

 

The aldol reaction was also reported, but gave both poor yields and diastereoselectivity. 

In contrast, Evans’ isothiocyanate-protected oxazolidinone glycinamide (69) was found to 

achieve good yield and excellent de in the stannous-mediated aldol reaction.
[332]

  

Syn -hydroxyamino acids were obtained upon hydrolysis (Scheme 97).  

 

 
Scheme 97. Stannous-mediated aldol reaction and cleavage of Evans’ isothiocyanate oxazolidinone 

chiral glycinamide auxiliary.
[332]

 

 

 It is noteworthy that both Katsuki and Evans’ auxiliaries are not readily available but are 

synthesised in a few steps. 
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In 1989, Oppolzer applied a chiral sultam auxiliary, originally designed for an 

asymmetric Diels-Alder reaction, the asymmetric synthesis of AAs.
[313, 333]

  

The bornane-10,2-sultam is commercially available in both its enantiomeric forms, it can 

also be synthesised in a two-step sequence from inexpensive camphorsulfonic acid. The 

desired compound 70 is obtained by Me3Al mediated acylation with methyl 

N-[di(methylthio)methylene]glycinate as depicted in Scheme 98.
[334]

  

 

 

 
Scheme 98. Synthesis of Oppolzer’s bornanesultam glycinamide auxiliary.

[334]
  

 

Alkylation either under anhydrous or phase-transfer catalysis conditions affords the 

desired alkylated product. Activated halides as well as non-activated halides such as n-butyl 

iodide and also secondary alkyl iodides reacted in good chemical yields. The very good 

diastereoisomeric excesses could be further improved by chromatography and/or 

crystallisation affording de >99% (Scheme 99). 

 

 
Scheme 99. Alkylation of Oppolzer’s bornanesultam using anhydrous or phase-transfer catalysed 

conditions.
[334]

 

 

The alkylation of the (-)-sultam derived N-bis protected glycine enolate equivalent occurs 

with high π-diastereofacial selection. The transition state which accounts for the 

diastereoselectivity contains both the sulfonyl and carbonyl oxygens coordinated with the 

metallic counterion. The (Z)-enolate is alkylated from the Si face, opposite to the nitrogen 

lone electron pair which is thought to sterically shield the Re face (Figure 58).  
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Figure 58. Favourable TS illustrating the diastereoselection. 

 

A mild acidic hydrolysis affords the free amine, which can be readily cleaved from the 

auxiliary upon saponification with LiOH. The auxiliary is recovered in 80-100% yield, and a 

final purification by ion-exchange resin chromatography leads to the desired enantiopure 

AAs. The cleavage neither leads to loss of material nor loss of enantiopurity (Scheme 100).  

 

 
 

Scheme 100. Cleavage of Oppolzer’s auxiliary.
[334] 

 

Additionally, Chassaing et al.
[335]

 published the benzophenone imine protected sultam 

glycinamide 71 illustrated in Figure 59 for the synthesis of L-diphenylalanine and 

L-9-fluorenylglycine.  

 

 
 

Figure 59. Chassaing’s benzophenone imine of the bornanesultam glycinamide. 
 

1.4.1.3 N-Terminus Schiff base chiral auxiliaries 

 

McIntosh et al.
[336, 337]

 also prepared a chiral auxiliary based on a camphor scaffold.  

Yet, unlike the templates previously described, McIntosh’s one was prepared by condensing 

the N-terminus of the amino acid with the ketone functionality of the chiral inducer. The 

resulting imine (72) was found to give good de but only for alkylating agents presenting a 

π-system (Scheme 101).  
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Scheme 101. Examples of alkylation of McIntosh’s camphor imine auxiliary with electrophiles 

presenting or lacking a π-system.
[336]

 

 

Finally, another bicyclic ketone, the 2-hydroxypinan-3-one, was successfully employed 

as an N-terminal chiral auxiliary for the enantioselective alkylation of glycine ester templates. 

Introduced by Yamada in 1976,
[338]

 73 was the first chiral Schiff base to yield remarkable 

results. The hydroxypinanone was readily prepared in both enantiomeric forms from the 

inexpensive and commercially available (+)- and (-)-α-pinene. D-Alanine hydrochloride could 

be obtained in up to 83% optical purity and 52% overall yield after enolate formation with 

LDA followed by alkylation and separation of the minor diastereoisomer by column 

chromatography (Scheme 102). · 

 

 

 
Scheme 102. Synthesis and alkylation of Yamada’s hydroxypinanone glycine imine auxiliary.

[338]
 

 

The imine was easily cleaved with 15% citric acid and the tert-butyl ester was removed 

upon treatment with HCl (Scheme 103). The pinanone auxiliary could be recovered in good 

yield without loss of enantiomeric purity. The important features of the chiral imine are its 

stability on silica gel chromatography and the good chromatographic resolution of the 

diastereoisomers which account for good optical purities even when moderate diastereofacial 

selectivity is observed. 

 

 

 
Scheme 103. Cleavage of Yamada’s auxiliary.

[338]
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1.4.2 Cyclic chiral templates  

 

Fueled by the belief that rigid chiral cyclic templates should provide higher asymmetric 

induction than their acyclic analogues, considerable advances in the design of efficient chiral 

heterocyclic auxiliaries has now been achieved.  

 

1.4.2.1 Oxazolidin-5-ones and imidazolidin-4-ones 

 

In 1981, Seebach reported the alkylation of the proline-derived oxazolidin-5-one enolate 

(74) depicted in Figure 60 with high de yielding α-branched amino acids.
[339]

  

 

 

 
Figure 60. Seebach’s proline-derived oxazolidinone template. 

 

This work represents the foundation of the prominent principle of self-reproduction of 

chirality, later introduced by Seebach and illustrated in Scheme 104.
[340]

 This concept relies 

on the transfer of chirality from a simple amino acid (here L-proline) to a secondary 

stereocenter in a highly diastereoselective reaction. The amino acid thus protected as a 

heterocycle (74) subsequently undergoes enolisation, resulting in racemisation of the α-carbon 

chirality. However, during the alkylation step the chirality is regenerated by diastereoselective 

interactions with the protecting group. Therefore, the stereochemical outcome is induced by 

the initial stereochemistry echoed back by the temporary 2
nd

 stereocenter. An excellent review 

dealing with this principle of self-regeneration of stereocenters was published in 1996 by 

Seebach and associates.
[341]

  

 

 

 
Scheme 104. Illustration of Seebach’s concept of self-reproduction of chirality.  

 

Unfortunately, initially cyclic proline was the only amino acid which could be 

successfully converted to an oxazolidinone. In order to access a wider variety of α-alkylated 
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amino acids, Seebach et al. focused their efforts in developing imidazolidin-4-ones of simple 

amino acids.
[342]

 Both cis- (75) and trans-imidazolinone (76) were selectively synthesised 

under thermodynamic or kinetic control respectively. The structures of Seebach’s 

imidazolinones are illustrated in Figure 61. 

 

 

 
Figure 61. Structures of Seebach’s imidazolidinones.  

 

Very stable enolates are formed upon deprotonation with a strong base such as LDA, 

which react with a broad range of electrophiles (e.g. alkyl, allyl and benzyl halides, 

α-haloesters, amides, carbonyls and Michael acceptors) at temperatures above 0 °C.  

After the synthesis of dialkylated AAs, Seebach and coworkers abandoned the principle 

of self-reproduction of the chiral center and turned their attention towards the elaboration of a 

glycine-derived imidazolidinone (77) for the enantioselective synthesis of non-proteinogenic 

monoalkylated α-AAs.
[343]

 The necessary chiral template was, at first, only available through 

a complex degradation pathway. In 1986, both its enantiomers became available on a 

preparative scale by enantiomeric resolution using mandelic acid.
[344]

 Furthermore, the N-Boc 

protected imidazole (Boc-BMI) is now also commercially available. The excellent 

diastereoselectivity observed (only one disastereosiomer is obtained) is due to the steric 

hindrance provided by the tert-butyl group, shielding one face of the enolate and thus 

affording the trans-alkylated product. Additionally, double alkylation provided a facile way to 

access quaternary α-AAs.
[345]

 The imidazolidinone template has also been converted into an 

electrophilic synthon by bromination, the intermediate was reacted without prior purification 

with nucleophiles to give the cis-imidazolidinones.
[346]

 The different pathways to alkylate the 

glycine-derived imidazolidinone template are illustrated in Scheme 105.  
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Scheme 105. Seebach’s glycine-derived imidazolidinone as electrophilic or nucleophilic chiral 

template.
[347]

 

 

Unfortunately, harsh cleavage conditions are needed for dialkylated imizadolidinones  

(eg. 6 M HCl at 180°C in a sealed-tube)
[348]

 which often lead to product racemisation. 

Monoalkylated imidazolidinones are more easily cleaved, but still require reflux in a 6 M HCl 

aqueous solution. Alternative methods were investigated to solve the final racemisation 

problem. Additionally to their multiple steps deprotection protocol,
[349]

 the Seebach group 

reported the use of a new imidazolinone lactim ether 78 (Figure 62).
[350]

 Monoalkylated 

derivatives were successfully cleaved with 0.1 M aqueous TFA while the more hindered 

dialkylated derivatives required a more concentrated solution.  

 

 
 

Figure 62. Seebach’s imidazolidinone lactim ether.  
 

In 1985 after a decisive communication by Karady et al.
[351]

 detailing the synthesis of 

amino acid-derived oxazolidinones, Seebach reinvestigated this first template and 

successfully dialkylated the cis isomer (79) to yield quaternary amino acids.
[352]

 The glycine-

derived oxazolidinones (80 and 81) also became accessible by chromatographic 

resolution.
[353]

 (Figure 63) Unlike the imidazolinone, both the mono- and dialkylated 

oxazolidinones undergo removal of the N,O-acetal in 6 M HCl to afford the free amino acids.  

 

 
 

Figure 63. Seebach’s oxazolidinone chiral templates.  
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1.4.2.2 Bis-lactim ethers of diketopiperazine  

 

One of the most useful classes of cyclic chiral auxiliaries are the bis-lactim ethers of 

2,5-diketopiperazines developed by Schöllkopf et al. (Figure 64). They first described the 

preparation of enantiopure α-methyl AAs by alkylation of the symmetrical 

(3S,6S)-(+)-2,5-dimethoxy-3,6-dimethyl-3,6-dihydropyrazine “cyclo-(L-Ala-L-Ala)”,
[354]

 and 

soon after reported a route for the synthesis of monoalkylated AAs, using mixed bis-lactim 

ether of 3-i-Pr-2,5-diketopiperazine “cyclo-(L-Val-Gly)”.
[355]

  

 

 
 

Figure 64. Structures of Schöllkopf’s auxiliaries. 

 

The cyclo-(L-Val-Gly) is commercially available but can also be synthesised by 

condensation of L-Val-Gly-CO2Et affording the optically pure diketopiperazine, which in 

turn, yielded the desired bis-lactim ether, without racemisation, upon treatment with 

trimethyloxonium tetrafluoroborate (Scheme 106).  

 

 

 
Scheme 106. Synthesis of Schöllkopf’s auxiliary. 

 

The planar dihydropiperazine anion, resulting from deprotonation of the Schöllkopf 

auxiliary, features one face considerably hindered by the rather large iso-propyl group. Thus, 

this intermediate reacts with diastereofacial selection and the alkylating agents are inserted 

regiospecifically into the glycine moiety, at the position trans to the iPr group as represented 

in Scheme 107.  
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Scheme 107. Alkylation of the Schöllkopf auxiliary with favourable TS illustrating the 

diastereoselection.
[355]

 

 

The diastereoisomers can be separated by chromatography, otherwise, the enantiomeric 

excess determined after cleavage of the auxiliary should correspond to the diastereoisomeric 

excess of the intermediate heterocycle. Hydrolysis of the heterocycle, using mild conditions 

(0.25 M HCl at room temperature), yields the methyl ester protected desired α-AA as well as 

the methyl ester protected valine chiral auxiliary. The two compounds can be separated either 

by silica gel chromatography or by distillation. One last deprotection followed by a 

purification by ion-exchange resin is necessary to provide the free amino acid (Scheme 108).  

 

 
 

Scheme 108. Cleavage of the Schöllkopf auxiliary.
[355]

  

 

The cyclo-(L-Val-Gly) reacted with a broad range of electrophiles in moderate to good 

chemical and optical yields. Attempts to develop the more sterically hindered 

cyclo-((S)-O,O-dimethyl-α-methyldopa-Gly) (82) in order to improve the selectivity gave 

mixed results,
[356]

 while the cyclo-(L-tert-Leu-Gly) proved very satisfactory with 

diastereoisomeric excesses above 94%.
[357]

 Similarly, the mixed bis-lactim ether 

cyclo-(L-Val-L-Ala) gave better results than the original symmetric cyclo-(L-Ala-L-Ala) in the 

preparation of α-methyl AAs.
[358]

 The structures of these more sterically hindered Schöllkopf 

auxiliaries are illustrated Figure 65. 
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Figure 65. Examples of structures of sterically hindered Schöllkopf auxiliaries.  

 

The product yields, de and ee were not only impacted by the nature of the Schöllkopf 

reagent, but also by the nature of the electrophile, and the ease of separation of the desired 

product from the recyclable chiral auxiliary. 

Schöllkopf et al. also communicated the alkylation of the bis-lactim ether metal anion 

with carbonyls to afford aldol-type derivatives.
[359]

 Later, the Schöllkopf group further 

broadened the scope of α-AAs accessible by introducing the chiral glycine electrophilic 

equivalent 83. The reactivity of the auxiliary is reversed and alkylation with nucleophiles can 

be carried out.
[360]

 The electrophilic glycinate 83 is readily synthesised by adding the lithiated 

bis-lactim ether to a solution of hexachloroethane. The reaction occurs with high 

diastereoselection, but very surprisingly the cis isomer is predominant. This auxiliary reacts  

in situ in a SN2 fashion affording satisfactory yields for soft nucleophiles and also undergoes 

Friedel-Crafts reaction with arenes in the presence of Lewis acids (Scheme 109).
[361]

 

 

 
Scheme 109. Synthesis and alkylation of Schöllkopf‘s electrophilic glycinate auxiliary.  

 

1.4.2.3 Diketopiperazine 

 

The DKP precursor of the Schöllkopf auxiliary has also been used as a chiral template for 

the asymmetric synthesis of α-amino acids. Davies et al.
[362]

 reported a para-methoxybenzyl 

ether (PMB) N-protected DKP (84) and found that it achieved both better yields and better 

selectivities than its bis-lactim ether parent. In fact, unlike Schöllkopf’s auxiliary the alkylated 
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DKP compounds are highly crystalline solids and therefore are easily purified by 

recrystallisation, thus yielding higher diastereoisomeric excesses. 

It was proposed that the protecting groups participate in relaying the chiral information 

brought about by the stereocenter. Thus, the isopropyl (iPr) moiety in C-3 was expected to 

orient the N(4) protecting group in trans fashion, this group should in turn directs the N(1) 

protecting group syn to the iPr. This way, both the iPr and the N(1) protecting group 

participate in shielding the Si face and promote the alkylation to take place on the Re face.  

 

 
Scheme 110. Alkylation, proposed steric chiral relay mechanism illustrating the diastereoselection and 

cleavage of Davies’ DKP.
[362]

 

 

The choice of the PMB protecting group for the auxiliary designed by Davies is directly 

related to its simplicity of removal by oxidative cleavage using ceric ammonium nitrate 

(CAN). Acid-catalysed hydrolysis with 6 M HCl affords a mixture of the desired amino acid 

and L-valine, which are purified by ion-exchange resin. Importantly, the DKP auxiliaries 

share the same major drawback as the Schöllkopf bis-lactim ether, in that, the desired amino 

acid must be separated from the amino acid incorporated into the chiral templates. The DKP 

alkylation and cleavage conditions as well as the transition state accounting for the 

diasteresoselection are depicted in Scheme 110.   

 

1.4.2.4 Oxazinones 

 

In 1988, Dellaria and Williams separately discovered and reported the use of oxazinones 

as new chiral masked glycine synthons for the synthesis of non-proteinogenic α-AAs.
[363, 364]

 

Dellaria et al.
[365]

. developed the alkylation of N-protected 

5-phenyl-2,3,5,6-tetrahydro-4H-1,4-oxazin-2-one (85), whereas Williams et al.
[366]

 first 

investigated the N-protected 3-bromo-5,6-diphenyl-2,3,5,6-tetrahydro-4H-1,4-oxazin-2-one 

(86) as glycine cation equivalent and shortly after reported the N-protected 
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5,6-diphenyl-2,3,5,6-tetrahydro-4H-1,4-oxazin-2-one (87) as a suitable glycine anion 

equivalent.
[367]

 The structures of the Dellaria and Williams auxiliaries are depicted in  

Figure 66. 

 

 
 

Figure 66. Structures of Dellaria and Williams’ chiral oxazinones. 
 

The (5R)-N-protected 5-phenyloxazinone (85) can be readily synthesised in two steps 

from the condensation of the commercially available D-2-phenylglycinol with phenyl 

2-bromoacetate, followed by protection of the free amine (Scheme 111). Williams’ auxiliary 

87 is commercially available in both enantiomeric forms, but can also be prepared from the 

commercially available amino alcohols using the same procedure as that described above for 

Dellaria’s synthesis.  

 

 

 
Scheme 111. Synthesis of the Dellaria auxiliary.  

 

Stable enolate generation, prior to the alkylation, proves to be quite tricky. Only sodium 

of lithium hexamethyl disilazide (NaHMDS or LiHMDS) can be successfully used as base. 

Williams’ attempts with LDA, NaH or KOtBu all led to a single product that results from 

instantaneous decomposition of the auxiliary. In fact, Dellaria showed that the reactivity of 

the enolate is extraordinarily sensitive to both the solvent and the counterion. Furthermore, 

respecting a particular order for addition of the different reagents in the deprotonation step 

appears to be of paramount importance, in order to achieve good yields and des. By following 

the precise protocol established by Dellaria and Williams high yields and diastereoisomeric 

excesses were obtained for a broad range of halides. However, both Williams and Dellaria 

noted that reaction conditions needed adjustment according to the reactivity of the 

electrophiles.  

Unsymmetrical dialkylated amino acids were prepared via a second alkylation with 

reactive electrophiles and the use of KHMDS as a stronger base.
[368]

 Additionally, Baldwin et 
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al. reported that monoalkylated AAs could be successfully reacted with unreactive halides by 

adding 15-crown-5 to the reaction media.
[369]

  

The excellent diastereoselectivity is believed to be the consequence of the C-5 phenyl 

group adopting a preferred axial orientation, decreasing the axial 1,3-pseudoallylic strain 

existing with the N-acyl moiety. Thus, the C-5 phenyl is creating steric hindrance, preventing 

the electrophile to approach on the Si face. The substituent in C-3 is therefore inserted trans to 

the C-5 phenyl.  

The Williams oxazinone alkylations as well as the transition state accounting for the 

diasteresoselection, where for the purpose of clarity only one phenyl substituent was depicted, 

are illustrated in Scheme 112. 

 

 

 
Scheme 112. Alkylation of the Williams oxazinone with favourable TS illustrating the 

diastereoselection.
[368]

  

 

The Williams auxiliary 87 has also been used in aldol condensations. Surprisingly, the 

boron enolate afforded the erythro isomers of -hydroxyamino acids in moderate yields 

(Scheme 113).
[370]

  

 

 

 

Scheme 113. Synthesis of -hydroxyamino acids by aldol condensation of Williams’ oxazinone. 

 

If amongst the multitude of glycine anion auxiliaries, a few have been successfully 

transformed into electrophilic glycinates, Williams’ template is the only one which was 

initially designed as a glycine carbocation for alkylation reactions with nucleophiles.  

The auxiliary 87 was monobrominated and the bromoglycinate 86 thus obtained, was 

directly used without further purification due to its poor stability on silica. Alternatively it 

could be stored in the dark at low temperature.  
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Reaction with nucleophilic species, such as organometallic reagents, in the presence of 

Lewis acids, afforded the anti alkylated products, thus the coupling reaction happens with net 

retention of configuration. However, strong nucleophiles have been shown to lead to the 

opposite syn stereochemistry.  

Two different mechanistic pathways have been proposed, for weak nucleophiles, the 

Lewis acid mediated removal of the halogen, forms the electrophilic iminium species which 

undergoes SN1 substitution. Strong nucleophiles are believed to react directly with the 

brominated ozaxinone in a type 2 nucleophilic substitution (SN2) manner with complete 

inversion of configuration, thus yielding the syn adduct. The synthesis of Williams’ 

electrophilic glycinate based on the oxazinone template and its alkylation with soft and hard 

nucleophiles as well as the favourable transition states illustrating the diastereoselection are 

depicted in Scheme 114.  

 

 
 

Scheme 114. Synthesis of the brominated oxazinone and alkylation with soft and hard nucleophiles. 

 

Yields and des are highly dependent on the nature of the nucleophile, Lewis acid and 

solvent used. However, the diastereoisomers of the oxazinones present very different physical 

properties, in fact the anti compounds are generally crystalline solids whereas the syn 

products are oils, therefore excellent ees are easily accessible by simple recrystallisation. 

Even though the alkylation of the electrophilic glycinate is a less powerful method than the 

alkylation of the glycine enolate, this method enables the expansion of the diversity of AAs 

by allowing the preparation of AAs otherwise not readily synthesised such as aryl and vinyl 

analogues.
[371, 372]

 These targets are really difficult to achieve as they are prone to 
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racemisation and rearrangement of the unsaturated moiety to yield the more stable Micheal 

acceptors, namely α- unsaturated AAs.  

The destructive cleavage of the N-carbobenzyloxy (Cbz) protected Williams auxiliary 

was achieved by hydrogenation over Pd(0) to yield the α-AA in its zwitterionic form after 

simple removal of the metal by filtration on celite, whereas the N-Boc protected auxiliary 

requires two steps, Boc deprotection using TFA and hydrogenation. However, an alternative 

route for the non-proteinogenic AAs bearing sensitive functionalities, such as double bonds, 

has been developed. Use of the Birch reduction affords the free AAs after ion-exchange resin 

purification when N-Cbz oxazinones are used, and in the case of N-Boc oxazinones allows 

direct access to N-Boc protected α-AAs, ready for peptide coupling (Scheme 115).  

 

 

 
Scheme 115. Overview of the cleavages conditions for Williams’ oxazinones.  

 

Furthermore, Weinges’ oxidative cleavage (i.e. NaIO4/H2O, pH ≈ 3) was successfully 

used for the synthesis of enantiopure arylglycines. Cleavage of Dellaria’s auxiliary affords the 

amino ester in two steps, hydrolysis of the lactone and removal of the N-Boc protecting group 

by refluxing in HCl and ethanol and a final hydrogenation as illustrated in Scheme 116. The 

cleavage of the auxiliary occurred without racemisation, leading to the desired amino acids in 

very high ees, however the chiral amino alcohols are destroyed in the process. 

 

 

 
Scheme 116. Cleavage of the Dellaria oxazinone auxiliary.  
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1.4.2.5 Belokon’s nickel complex 

 

Organometallic chiral complexes represent an interesting class of chiral auxiliary for the 

asymmetric synthesis of α-amino acids, among the copper,
[373]

 zinc
[374]

 and cobalt
[375]

 

complexes developed, the Ni(II) Schiff base complex 88 introduced by Belokon et al.
[376]

 

stands out due to its excellent properties (Figure 67).  

 

 
 

Figure 67. Structure of Belokon’s nickel complex of glycine-derived Schiff base of benzophenone.  

 

Metal complexes of Schiff bases contain highly labile α-protons therefore they can be 

successfully used for partial resolution, retro-racemisation and more importantly, asymmetric 

synthesis of amino acids.
[377]

 Belokon and coworkers initially described copper complexes of 

the glycine-derived Schiff bases of benzaldehyde (89a) and acetophenone (89b) for aldol 

condensations.
[378]

 Good yields and diastereoselectivities at both α and -stereocenters were 

obtained. A particular feature of the reaction was its dependence on pH. Thus, weak bases 

provided a mixture of (S)-threonine and (S)-allo-threonine as the most favourable product, 

while (R)-threonine was obtained upon condensation in the presence of a stronger base 

(Scheme 117).  
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Scheme 117. Synthesis of -hydroxyamino acids by aldol condensation of Belokon’s copper 

complexes. 

 

Changing the metal from copper to nickel greatly enhanced the robustness of the complex 

which could undergo reactions under conditions which would have resulted in decomposition 

of the copper complex. α-Methyl-α-amino acids were synthesised by alkylation with 

electrophiles either under strongly basic conditions or under phase-transfer catalysis 

conditions, the latter affording better diastereoselectivity. Furthermore, it was soon shown that 

the additional phenyl group in the Ni(II) complex of the Schiff base derived from both 

(S)-2-[N-(N'-benzyl-prolyl)amino]benzophenone (BPB), represented above in Figure 67, 

markedly improved the selectivity. Together with a new set of conditions consisting of solid 

NaOH in DMF at room temperature, this new organometallic chiral auxiliary achieved 

excellent chemical and optical yields for the monoalkylation of both alanine and glycine.
[379]

 

The stereochemical outcome of the alkylation of the alanine Ni(II) complex was shown to be 

the result of steric hindrance of the carbanion Re side by the proline benzyl protecting group 

in synergy with the phenyl ring of the benzophenone. In the case of the glycine Belokon 

complex, epimerisation subsequent to the alkylation enables equilibration to the more 

energetically favourable product (Scheme 118). 

  



Introduction 
 

~ 171 ~ 
 

 
Scheme 118. Monoalkylation of Ni(II) complexes of alanine and glycine.  

 

The scope of non-proteinogenic amino acids accessible was expanded to substituted 

prolines
[380]

 and glutamic acids
[381]

 via Michael additions with α,-unsaturated carbonyls and 

α,-unsaturated esters, respectively (Scheme 119).  

 

 
Scheme 119. Synthesis of proline and glutamic acids derivatives by Micheal addition on the Ni(II) 

complex. 

 

Conjugate additions were also achieved by preparing a chiral Ni(II) complex of 

dehydroalanine (ΔAla) (90), which was successfully reacted with Michael donors.
[306]
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In addition, a Ni(II) complex of electrophilic glycinate (91) was described which underwent 

stereocontrolled reaction with a variety of nucleophiles (Scheme 120).
[382]

  

 

 
 

Scheme 120. Synthesis and reaction of Ala and brominated Ni(II) complexes.  

 

The free amino acids were easily obtained upon reflux in 2 M HCl followed by 

ion-exchange purification. The main drawback inherent to the synthesis of amino acids using 

the nickel complex is the lack of atom economy, however this is counterbalanced by the 

possibility to recycle and reuse the BPB without any significant loss of enantiopurity.  

The attractive features of the Belokon complex are the simplicity of operation (e.g. no 

inert atmosphere required), the extremely mild reaction conditions (e.g. room temperature, 

weak bases), the remarkable yields and diastereoselectivities which can be further improved 

by recrystallisation or column chromatography, the very mild cleavage conditions affording 

the free amino acids without racemisation and allowing for recovery and reuse of the chiral 

BPB. Hence, a procedure providing the Ni(II) complexes of Schiff bases derived from both 

(S)- and (R)-(BPB) on industrial scale was highly desirable. In 2003, Soloshonok et al.
[383]

 

elaborated an improved preparation of the Gly-Ni-BPB in high yield from inexpensive 

reagents in a three step synthesis without constraining chromatographic purifications.  

The important assortment of chiral auxiliaries which has been designed over the years, 

testifies to the enthusiasm of researchers for the synthesis of amino acids by the side-chain 

insertion pathway. If cyclic templates were expected to give higher selectivity, by virtue of 

their rigidity, acyclic templates such as Myers’ pseudoephedrine and Oppolzer’s 

camphor-sultam also furnsished excellent results. However, to compete with more current 

methods involving only a catalytic amount of chiral material, chiral auxiliaries must fulfill the 

following criteria:  
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- high diastereosiomeric excess (de) obtained,  

- simple and easily scalable procedure, 

- cleavage under mild conditions affording high enantiomeric excess (ee)  

- and recovery of the chiral auxiliary or cheap chiral pool material. 

Auxiliaries which succeeded in displaying those qualities represent viable tools for the 

synthesis of amino acids. A prodigious variety of functionalities can decorate the glycine 

template and their number is ever-increasing as in many cases reactions with both 

electrophiles and nucleophiles can be used. Indeed, the insertion of the side-chain remains an 

incredibly appealing route thanks to its versatility.  

 

1.4.3 Phase-transfer catalysis (PTC) 

 

The term phase transfer catalysis was introduced by Starks in 1971 to describe the role of 

ammonium or phosphonium salts which render possible the reaction of entities present in 

different phases of a heterogeneous media. Two excellent reviews by O’Donnell and 

Maruoka, have been published and tell the history as well as the recent achievements in the 

field of phase-transfer catalysis.
[384, 385]

 

 

1.4.3.1 Cinchona alkaloids 

 

The synthesis of amino acids via chiral PTC alkylation was initiated by O’Donnell et 

al.,
[386]

 who achieved the monoalkylation of the achiral N-(diphenylmethylene)glycine 

tert-butyl ester (92) in 1989 (Scheme 121). The use of activated halides, mild aqueous base at 

room temperature in dichloromethane afforded the corresponding alkylated Schiff bases in 

good yields and enantiomeric excess up to 66%. 4-Chloro-D-phenylalanine could be obtained 

in 99% ee after deprotection, followed by a single recrystallisation. 
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Scheme 121. General chiral phase-transfer catalysed imino glycine alkylation.  

 

Quaternary ammonium salts derived from naturally occurring Cinchona alkaloids were 

used to catalyse the biphasic reaction. Both cinchonidine (93) and cinchonine-derived 

ammonium salts afford L- and D-allylglycine respectively, in 56% ee while quinine only 

yielded a disappointing 20% ee. The structures of natural Cinchona alkaloids are given in 

Figure 68 while the structure of the cinchonine-derived ammonium salt 93 can be found in 

Figure 69 as the 1
st
 generation catalyst. 

 

 
 

Figure 68. Structures of naturally occurring Cinchona alkaloids.  

 

The real foundation of this work was laid earlier by the same group,
[387]

 who 

demonstrated the importance of the N-(diphenylmethylene)glycine ester template in the 

synthesis of amino acid derivatives using an alkylation reaction. By protecting the amine as a 

Schiff base, they generated a sufficient increase in the acidity of the α-protons, thus rendering 

the use of mild aqueous bases possible to achieve enolate formation. However, the undesired 
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dialkylation of the active methylene was a critical issue which had contributed to limit the 

application of such strategies so far. O’Donnell overcame this problem by carefully choosing 

the glycine derivative. When ketimines such as benzophenone imine were employed, the 

dialkylation was completely avoided. In fact, pKa studies revealed that the acidity difference 

between the enolate of the glycine and the monoalkylated glycine is such that the 

monoalkylated compound cannot undergo further alkylation under PTC conditions.
[388]

 

O’Donnell also highlighted the fact that the ester functionality plays a role in the chiral 

PTC as changing the tert-butyl ester for either the less sterically demanding methyl and ethyl 

esters or a bulkier benzylic-type ester was detrimental to the enantioselection. 

A few years later, a second generation of modified Cinchona (94) for PTC was 

introduced by the same group.
[389]

 The next discovery was simultaneously reported by the 

Lygo and Corey groups in 1997.
[390, 391]

 While Lygo et al. developed non-protected hydroxyl 

anthracenyl cinchonium salts (95) and non-protected hydroxyl anthracenyl 

dihydrocinchonidinium (96) as well as their pseudoenantiomers, Corey and coworkers 

rationally designed the O-allyl protected anthracenyl dihydrocinchonidinium salt (97). Corey 

tested his third generation catalyst for the synthesis of amino acid derivatives using various 

alkyl, vinyl, propargyl and aryl halides. The enantioenriched products were formed in no less 

than 92% ee. An outstanding 99.5% enantiomeric excess was even reported for the 

preparation of the phenylalanine derivative. Excellent ees were also achieved by Lygo’s 

catalysts. Figure 69 depicts the structures of the ammonium salts of cinchona alkaloids of 1
st
, 

2
nd

 and 3
rd

 generation. 
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Figure 69. Examples of Cinchona-derived catalyst for phase-transfer reactions. 

 

The first insight into the enantiofacial differentiation mechanism was provided by the 

Corey group,
[390]

 who suggested that ion-pairing between the N
+
 of the ammonium salt and 

the O
-
 of the enolate maintains the glycine enolate in a rigid binding pocket, formed around 

the ammonium by the anthracenyl bridged ring system and the hydroxyallyl, thus only one 

face of the enolate is available for electrophilic attack.  

Investigations towards the refinement of the alkaloids are mainly limited to the 

substitution of the anthracenyl moiety or its replacement with other aryls and substituted 

aryls. More interestingly, dimeric and trimeric Cinchona derived ammonium salts have been 

developed, which allow a substantial decrease in the catalyst loading.
[392-395]

 The most 

efficient one exhibits excellent ee and catalytic activity with only 1 mol % catalyst loading. 

Supported catalysts for easy recovery and reuse, have also been reported by several 

groups.
[396-398]

 Merrifield resin and soluble PEG have been used and as depicted in Figure 70, 

can be anchored at different sites of the catalysts. The effect of various parameters, such as 

the nature of the linkage and the spacer length, was also evaluated.  
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Figure 70. Representation of the available designs for polymer supported catalyst.  

 

1.4.3.2 Maruoka’s catalysts 

 

Another family of phase transfer catalysts was designed by Maruoka et al.
[399]

 and rapidly 

became the only competitor to the Cinchona alkaloids. The first series of catalyst reported by 

Maruoka were rigid chiral spiroammonium salts derived from BINOL (98). The introduction 

of bulky aryl substituents in 3,3'-positions appeared to be a crucial feature to obtain both 

excellent yields and enantioselectivity even when low catalyst loading (1 mol %) was 

employed. Later, aiming at further improving the catalytic activity of the ammonium salts, the 

Maruoka group synthesised new catalysts (99) where one of the highly lipophilic biaryl units 

was replaced by a flexible straight-chain alkyl group.
[400, 401]

 The catalyst loading could be 

successfully decreased up to 0.01 mol % without loss of enantioselectivity. The structures of 

the Maruoka catalysts are illustrated in Figure 71. 

 

 
 

Figure 71. Examples of Maruoka’s catalysts.  

 

1.4.3.3 Other phase transfer catalysts 

 

Although the Maruoka catalysts together with the Cinchona alkaloid-derived ammonium 

salts represent the most studied families of PTC catalysts, other phase-transfer catalysts based 

on novel designs have been developed (Figure 72). While Shibasaki et al.
[402]

 reported the 

preparation and evaluation of tartrate-derived catalysts (100), guanidine-based catalysts (101) 

were disclosed by Nagasawa and coworkers.
[403]

 Furthermore, non-ammonium salt catalysts 

such as 2,2-dimethyl-α,α,α′,α′-tetraphenyldioxolane-4,5-dimethanol (TADDOL) and 
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2-amino-2′-hydroxy-1,1′-binaphthyl (NOBIN) were also utilised by Kagan and Belokon in 

asymmetric PTC alkylations.
[404]

  

 

 
 

Figure 72. Examples of other phase-transfer catalysts. 

 

In 1992, in the hands of O’Donnell, the dialkylation which had long been an undesired 

reaction, became a practical way to synthesise the remarkable non-proteinogenic 

α,α-dialkylated α-amino acids.
[405]

 O’Donnell et al. reported the alkylation under solid/liquid 

PTC conditions of the 4-chlorobenzaldehyde derived Schiff base of alanine tert-butyl ester 

(102a). Using alkaloid 93 up to 50% ee could be obtained. Lygo and coworkers applied those 

reaction conditions and achieved a very good 87% ee with 10 mol % of their third generation 

catalyst 96.
[406]

 A highly enantioselective one-pot double alkylation of aldimine Schiff base of 

glycine tert-butyl ester (102b) was published by Maruoka and coworkers,
[407]

 using only  

1 mol % of 98b. Lygo and Maruoka’s syntheses of quaternary amino acid tert-butyl esters are 

depicted in Scheme 122. 

 

 
 

Scheme 122. Synthesis of dialkylated amino acid tert-butyl ester via PTC.
[406, 407]

  

 

Other reactions, such as the Michael addition and the aldol reaction have been used under 

PTC conditions to afford glutamic acid and -hydroxy-α-amino acid derivatives 

respectively.
[408-411]

 Finally, O’Donnell’s group has developed an α-acetoxy derivative of the 

benzophenone imine glycine tert-butyl ester (103) to further broaden the scope of 
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non-proteinogenic amino acid derivatives accessible.
[412]

 By reacting the latter with a boron 

species in the presence of a naturally occuring Cinchona alkaloid under anhydrous conditions, 

,-disubstituted amino acids could be obtained in a diastereoselective fashion  

(Scheme 123).
[413]

 

 

 
 

Scheme 123. O’Donnell’s boron alkylation reaction for the synthesis of ,-disubstituted amino 

acids.
[413]

 

 

The asymmetric alkylation of Schiff base derived-glycine under phase-transfer catalysis 

has emerged as one of the most promising methods to synthesise amino acids. The simple, 

mild and environmentally friendly experimental conditions make it suitable for industrial 

scale usage. Although expensive catalysts are necessary for achieving excellent chemical and 

optical yields, researchers’ efforts have led to a dramatic decrease in the catalyst loading as 

well as the development of recyclable supported catalysts, which largely contribute to the 

attractiveness of this methodology. Since the first PTC alkylation, 

N-(diphenylmethylene)glycine tert-butyl ester still remains the key substrate, and only in 

some particular cases, more interesting methyl and ethyl esters can be used. Therefore, harsh 

acidic conditions, not always compatible with sensitive functionalities, are required for the 

deprotection step. Activated halides are the main electrophilic species employed to date with 

few examples of unactivated halides, Michael acceptors and aldehydes being reported. Still 

challenging, the synthesis of α-quaternary amino acids have been tackled, and 

enantioselective phase-transfer catalysed reactions figure among the most robust strategies for 

the preparation of α-dialkylated amino acids.  

 

1.5 Recent advances 
 

Although the synthesis of α-amino acids in their enantiopure form has been known since 

the middle of the 20
th

 century, the asymmetric synthesis of amino acids remains a current 

topic and many research groups have made groundbreaking discoveries in that area within the 

past few years. The work of Alezra et al. is especially noteworthy. In 2012, they published the 

first synthesis of α-amino acids based on the concept of “frozen chirality”.
[414]

 Using a chiral 
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crystal of achiral tertiary aromatic amide-protected oxazolidinone (104), Alezra and 

coworkers successfully carried out the stereoselective alkylation of aryl halides in high yield 

with remarkable enantioselectivity (Scheme 124). This example of absolute asymmetric 

synthesis relies on the use of low temperature which freezes the aromatic tertiary amide axial 

chirality.  

 
 

Scheme 124. Example of an absolute asymmetric synthesis of an α-amino acid methyl ester.
[414]

  

 

The recent work of Trost et al.
[415]

 and Aron et al.,
[416]

 focusing on the 

palladium-catalysed benzylation of azlactone (a) and the palladium-catalysed allylation of Ni 

chelate (b) respectively, are also of importance and underline the enthusiasm of organic 

chemists for the development of new routes for the asymmetric synthesis of 

non-proteinogenic α-quaternary amino acids (Scheme 125).  

 

 
 
Scheme 125. Synthesis of quaternary amino acids via palladium-catalysed benzylation and 

allylation.
[415, 416]
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2 Aim of the present study 
 

The insertion of the side-chain, thanks to its versatility, represents the most robust method 

to access a wide range of novel non-proteinogenic amino acids. The plethora of chiral 

auxiliaries and chiral catalysts that have been designed and evaluated, afforded remarkable 

results. However, this technique is still largely limited as only poorly commercially-available 

iodides, bromides, chlorides and occasionally mesylates or tosylates that need to be 

synthesised, can be used as alkylating agents. The ultimate goal of this project was therefore 

to substantially broaden the scope of enantiopure non-natural amino acids by widening the 

range of electrophiles to the vast pool of structurally diverse alcohols. In the case where the 

halides are not readily commercially available, this method will also contribute to shorten the 

synthetic route by one step, which is a considerable improvement when one considers the 

elaboration of libraries of compounds. Despite the obvious advantages of this synthetic 

strategy compared to the existing methodology currently employed, no previous attempts to 

prepare α-amino acids by directly alkylating alcohols have been reported to date.  

Thus, this thesis describes the preliminary investigation of appropriate reaction conditions 

for the novel Mitsunobu-type alkylation of alcohols on achiral suitably protected glycine 

templates. The creation of a library of racemic amino acid derivatives was then undertaken 

with the aim to explore the versatility of the reaction. As a first step towards the preparation 

of enantiopure amino acids, acyclic glycine synthons bearing different chiral inducers were 

synthesised and evaluated in the Mitsunobu-type reaction, together with glycine synthons 

contained within hetero- and organometallic cyclic templates. Subsequently, a detailed study 

on the impact of solvent, temperature and time on the chemical and optical yields resulted in 

the preparation of a library of enantioenriched amino acid derivatives under these optimised 

conditions. Finally, a catalytic version of this reaction, and the extension of this methodology 

towards the preparation of ,-dialkylated amino acids were also briefly explored. 
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Chapter 2: Mitsunobu-Type Reaction on an Achiral Glycine Template 

The primary focus of this doctoral thesis, as discussed in Chapter 1, is to extend the 

variety of readily available amino acids. Hence, this project aims at the development of a 

novel synthetic method to prepare α-amino acids, specifically, by inserting alcohol precursors 

onto glycine templates using a direct C-C bond forming reaction. Until now, the synthetic 

approaches involving the direct alkylation of alcohol electrophiles have been very limited, 

both in terms of the nature of the nucleophile, and of the number of examples of their use in 

C-C bond formation.  

However, recent advances in the Mitsunobu-type reaction have significantly broadened 

the scope of nucleophiles that can participate in this reaction. Therefore, our original synthetic 

strategy relies on the insertion of the side-chain onto an α-amino acid scaffold using a novel 

asymmetric Mitsunobu alkylation of a prochiral glycine equivalent. In this chapter, the 

mechanism of the Mitsunobu reaction together with more recent developments in the 

Mitsunobu methodology will be discussed, with emphasis placed upon the latest 

achievements in C-C bond formation. The choice of a suitable achiral glycine substrate will 

also be examined and the initial results of our investigation directed towards the development 

of appropriate reaction conditions will be reported.  

 

1 The Mitsunobu reaction: an unexpected journey 

1.1 From ester condensation…  

1.1.1 Early work 

 

The alkylation of carboxylic acids with alcohols without prior activation was first 

reported in 1967 by Mitsunobu et al.
[417]

 Carboxylic acids were esterified under very mild 

conditions using diethyl azodicarboxylate (DEAD) and triphenylphosphine (TPP) as a 

“redox” system (Scheme 126).  

 

 
 

Scheme 126. Classical Mitsunobu reaction.  

 

The combination of DEAD and TPP plays a dual role in the reaction by acting as a base 

towards the acid and activating the alcohol as an electrophile thereby facilitating the 

nucleophilic substitution.  
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1.1.2 Reaction mechanism 

 

The general usefulness of this reaction became widely recognised and Mitsunobu’s 

eponymous reaction now ranks as one of the most practical organic transformations. 

Numerous reviews highlight the synthetic applications and the mechanistic controversy still 

surrounding the Mitsunobu reaction.
[418-421]

 Two generally accepted pathways accounting for 

the esterification process based upon experimental evidence are depicted below in  

Scheme 127. 

 

 
Scheme 127. Generally accepted mechanistic pathways for the Mitsunobu reaction.  

 

The first intermediate common to the two different mechanisms is the betaine resulting 

from the irreversible nucleophilic addition of the TPP to the DEAD. The first pathway favours 

deprotonation of the nucleophile by the betaine (pKa ≈ 13) to form an ion pair (105), which 
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then undergoes an exchange reaction driven by the oxophilic phosphorus atom. Activation of 

the alcohol as an oxyphosphonium ion (106) is thus achieved. On the other hand, the second 

pathway involves formation of a stable phosphorane (107) by reaction of the betaine with two 

equivalents of alcohol. The phosphorane can be thought of as a base and is also capable of 

deprotonating the nucleophile, thus leading to the same oxyphosphonium intermediate (106). 

In both routes the nucleophile attacks the oxyphosphonium ion 106 in a concerted fashion to 

form the alkylated product 108 together with the triphenylphosphine oxide (TPPO). Thus, this 

stereospecific reaction proceeds with net inversion of configuration when secondary alcohols 

are employed.
[422]

  

The existence of this second pathway was established based on the identification of the 

dialkoxyphosphorane (107) as an active intermediate independently by Jenkins
[423]

 and 

Grochowski.
[424]

 Later, Walker et al.
[425]

 rationalised the intriguing stoichiometry by 

proposing the existence of a dual mechanism, in which in absence of nucleophile, the second 

pathway predominates, leading to the formation of the phosphorane. However, upon addition 

of the nucleophile, the phosphorane (107) forms the oxyphosphonium 106 and releases one 

equivalent of the alcohol which subsequently coordinates the unreacted equivalent of ion pair 

(105) formed according to the first pathway. Interestingly, upon addition of MeOH to the 

mixture of DEAD/TPP in the absence of carboxylic acid at room temperature, Hughes and 

coworkers did not observe the formation of the phosphorane 107, but they did characterise the 

major degradation product 109.
[426]

 This product provides a good evidence for the alternative 

reaction pathway illustrated in Scheme 128. The unprotonated betaine reacts with one 

equivalent of alcohol to form the alkylating agent (110), yet in the absence of carboxylic acid, 

it undergoes nucleophilic substitution by the hydrazine anion (111).  

 

 
Scheme 128. Hughes’ alternative mechanism for Mitsunobu reactions in the absence of a nucleophile.  

 

Although some studies indicate that the order of addition of the reagents is an important 

parameter capable of directing the reaction towards a definite pathway, others suggest that 

these competitive routes are always in equilibrium. While Walker et al.
[425]

 showed that the 
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second mechanism governs reactions in which the nucleophile is added last, Hughes’ work 

indicates that the original mechanism predominates if the nucleophile is initially present in the 

reaction mixture.
[426]

 However, Evans et al.
[427]

 demonstrated that the phosphorane 

intermediate can be formed irrespectively of the order of addition of the reagents, and thus 

corroborated the equilibrium concept. Further investigations by Imamoto
[428]

 clearly exposed 

the parameters influencing this equilibrium. Thus, the order of addition, the stoichiometry, the 

nature of the alcohol and the pKa of the carboxylic acids were shown to impact the 

contribution of the reaction pathways.  

The complexity of the mechanism has been expanded in that the oxyphosphonium 106 

has also been proven to enter an equilibrium with the acyloxyphosphonium 112  

(Scheme 129).
[429]

 Although the latter species can react to yield either the anhydride or the 

ester product with retention of configuration, these side-products have only been observed in 

rare cases.  

 

 
 

Scheme 129. Mitsunobu side reactions.  

 

1.2 Towards the C-alkylation of activated methylene compounds 
 

The scope of the Mitsunobu reaction was soon extended and ethers were formed via this 

dehydrative reaction when phenols were used as nucleophiles.
[430]

 C-S,
[431]

 C-N
[432]

 and 

eventually C-C bond formations were also achieved. However, the range of nucleophiles 

which could be successfully applied was shown to be limited by their pKa.  

Mitsunobu himself explored the alkylation of activated methylene compounds.
[433]

 Thus, 

the C-alkylation of ethyl cyanoacetate (pKa >9), malonitrile (pKa = 11.2), ethyl acetoacetate 

(pKa = 10.7) and ethyl malonate (pKa = 13.3) with n-propanol were investigated (Figure 73).  

 

 
 

Figure 73. Activated methylenes tested in the standard Mitsunobu reaction. 
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The reactions were carried out in THF at room temperature with an equimolar amount of 

DEAD and TPP. Mitsunobu’s first attempt following a standard procedure, in which the 

DEAD reagent was added last, failed. However, positive results were obtained by changing 

the order of addition of the reagents in order to preform the betaine species. The alkylation of 

ethyl cyanoacetate and malonitrile proceeded in 52% and 51% yield, respectively. Small 

amounts of the dialkylated products and the N-alkylated hydrazine were also isolated. Ethyl 

acetoacetate suffered a competitive C-O alkylation reaction and in the case of ethyl malonate 

only starting material was recovered. From these experiments it was concluded that ethyl 

cyanoacetate, malonitrile and ethyl acetoacetate were acidic enough to be deprotonated under 

Mitsunobu conditions. However, as the ethyl malonate remained unalkylated, the intermediate 

species base strength must be restricted to the deprotonation of acidic protons with pKa 13. 

Furthermore, the undesired C-O alkylation is believed to be the result of the alkylation of the 

ketone enolate form of ethyl acetoacetate (Scheme 130).  

 

 
 

Scheme 130. Ester and ketone enolate form of the ethyl acetoacetate responsible for competitive C-C 

and C-O alkylations.  

 

Another drawback of the Mitsunobu reaction that restricts its use on an industrial scale is 

the difficulty to purify the desired product from the triphenylphosphine oxide and the reduced 

DEAD side products. Many efforts have been made to tackle this problem, notably leading to 

the development of water soluble and solid supported Mitsunobu reagents.
[434]

 Only recently, 

new Mitsunobu reagents with increased basicity have been reported.
[435-438]

  

The Mitsunobu reaction involving weakly acidic nucleophiles is believed to follow the 

same mechanistic pathway as previously described by Hughes for reactions carried out in the 

absence of acid (Scheme 128). The alkylating agent 110 is formed together with the 

hydrazine anion (111), but the high pKa of the nucleophile prevents its deprotonation by the 

hydrazine anion and only the undesired alkyl hydrazine 109 is formed. In the 90s, Tsunoda 

and coworkers designed azodicarboxamide reagents by replacing the carboxylate of DEAD 

with more electron-donating carboxamides, thus enhancing the basicity of the hydrazine 

anions. Azodicarboxamide with different N-alkyl substituents, 

1,1'-(azodicarbonyl)dipiperidine (ADDP),
[435]

 N,N,N',N'-tetraisopropylazodicarboxamide 

(TIPA) and N,N,N',N'-tetramethylazodicarboxamide (TMAD)
[436]

 were prepared and tested in 

Mitsunobu reactions (Figure 74). Initially, bulky N-alkyl substituents were used in the 
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expectation that the steric hindrance would mitigate against side reactions caused by the 

increased nucleophilicity of these new reagents.  

 

 
 

Figure 74. Azodicarboxamide Mitsunobu-Tsunoda reagents. 

 

In all the cases studied, use of the azodicarboxamide combined with the more 

nucleophilic tri-n-butylphosphine in benzene gave better results than the standard DEAD-TPP 

system. Weak nucleophiles with pKa >13, for which standard Mitsunobu conditions are 

ineffective, were alkylated in good yields with these new Mitsunobu-Tsunoda reagents. It is 

noteworthy that TMAD, exhibiting the less bulky N-alkyl groups, was the most efficient 

reagent. Unfortunately, the alkylation of less acidic nucleophiles with secondary alcohols 

remained challenging. The identification of oxadiazole 113 as an undesired product generated 

by the competitive side-reaction illustrated in Scheme 131, necessitated the preparation of a 

new azodicarboxamide which could not undergo an intramolecular reaction.  

 

 
 

Scheme 131. Supposed mechanism of the oxadiazole formation. 

 

Use of the cyclic 1,6-dimethyl-1,5,7-hexahydro-1,4,6,7-tetrazocin-2,5-dione (DHTD) 

represented in Figure 75 compared favourably with its acyclic equivalents when primary 

alcohols were employed. Fortuitously though, DHDT showed a unique propensity to catalyse 

the Mitsunobu coupling of secondary alcohols.
[437]

  

 

 
 

Figure 75. Structure of the cyclic dicarboxamide DHTD. 
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The azodicarboxamide reagents developed by Tsunoda contributed to increase the scope 

of the Mitsunobu reaction. Furthermore, unlike the standard DEAD/TPP combination, they 

were not subject to inherent purification difficulties. In fact, due to their very high polarity, 

the tributylphosphine oxide and the azodicarboxamide side-products can be readily removed 

by column chromatography.  

Despite these advances, the pKa limitations of the nucleophilic component are still 

evident. The observation that the reactive species in the Mitsunobu reaction displays 

electronic similarities with phosphorus ylides (Figure 76), led Tsunoda et al. to prepare 

methylenephosphoranes on the assumption that they would also exhibit similar 

reactivities.
[438]

 

 

 
 

Figure 76. Electronic similarities between Mitsunobu betaine and Tsunoda methylenephosphorane.  

 

Non-stabilised methylenetriphenylphosphorane (114) and phenylmethylenetri-

phenylphosphorane (115) were synthesised along with stabilised ethoxycarbonyl-

methylenetriphenylphosphorane (116), cyanomethylenetriphenylphosphorane (CMPP), and 

cyanomethylenetributylphosphorane (CMBP). The structures of the methylenephosphorane 

reagents developed by Tsunoda are given in Figure 77. 

 

 
 

Figure 77. Structures of non-stabilised and stabilised methylenephosphoranes prepared by Tsunoda.  

 

These new phosphoranes were tested in the alkylation of N-methyltosylamide  

(pKa = 11.7) with benzyl alcohol (Table 17). While non-stabilised methylenephosphoranes 

were found to be unreactive, their stabilised analogues reacted slowly at room temperature. 

Unlike other Mitsunobu-type reagents, methylenephosphoranes are stable at higher 
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temperatures, and achieved good yields when the reaction mixtures were heated to 100 °C. 

Thus, CMBP was found to give the most satisfactory results affording 100% yield after 24 h, 

whereas only 70% and 92% yields of alkylated product 117 were obtained using 

ethoxycarbonylmethylene-phosphorane and CMPP respectively, after 48 h.  

 

 

 T (°C) Time (h) Yield 

 
116 

100 48 70% 

 
(CMPP) 

100 48 92% 

 
(CMBP) 

rt 24 81% 

 
Table 17. Alkylation of N-methyltosylamide with the Tsunoda phosphorane reagents.

[438]  
 

In order to gain further insight into the reactivity of the newly developed CMBP, this 

reagent was used to effect the C-C bond formation of (cyanomethyl)phenylsulfone  

(pKa = 12.0 in DMSO), and diethyl malonate (pKa = 13.3 in water). At elevated 

temperatures, the efficiency of the methylenephosphorane was equivalent to that of DHDT, 

the most reactive of the azodicarboxamide Mitsunobu catalysts. However, none of the 

azodicarboxamide reagents were active using (methylthiomethyl)tolylsulfone (pKa = 23.4 in 

DMSO) as the nucleophile and CMBP was the only reagent capable of successfully 

promoting the alkylation of nucleophiles with much larger pKa (Table 18).
[437]

 Although 

moderate to good yields of the monoalkylated products were obtained, Tsunoda and 

coworkers also noted that unlike the standard DEAD/TPP combination, both the 

azodicarboxamide and the phosphorane reagents resulted in the undesired double alkylation. 
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(TMAD) (DHDT) (CMBP) 

rt rt rt 100 °C 

 
pKa = 12.0 

59% 46% 75% 77% 

 
pKa = 13.3 

66% 75% 54% 66% 

 
pKa = 23.4 

0% 0% 6% 40% 

 
Table 18. Alkylation of activated methylene compounds with benzyl alcohol in benzene using various 

Tsunoda reagents.
[437]

  

 

The mechanism of the reaction is believed to proceed as depicted in Scheme 132, in 

which the cyanomethylenephosphorane replaces the classical DEAD/TPP combination. The 

first step consists of coordination of the alcohol onto the ylide (118), thus generating the 

oxyphosphonium (119) and liberating the acetonitrile anion (120). The latter acts as a stronger 

base (pKa ≈ 23) than the original hydrazine anion present in the standard Mitsunobu reaction, 

and deprotonates weaker acidic pro-nucleophiles forming acetonitrile as a by-product of the 

reaction. Subsequent nucleophilic attack on the oxyphosphonium (119) yields the alkylated 

product 121 together with the phosphine oxide 122. 

    

 
 

Scheme 132. CMBP alkylation mechanism.  
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Later, inspired by the findings of Falk et al.
[439]

 regarding the increased reactivity of 

ADDP-mediated alkylation induced by the replacement of PBu3 with PMe3, Tsunoda and 

coworkers reported the synthesis of cyanomethylenetrimethylphosphorane (CMMP)  

(Scheme 133).
[440]

 They rationalised that a less congested reagent would be more suitable for 

reactions with hindered nucleophiles and/or alcohols. Indeed, CMMP proved to be even more 

powerful than CMBP.  

 

 
 

Scheme 133. Synthesis of the more recent Tsunoda reagent.
[441]

 

 

Furthermore, the purification of the alkylated products was facilitated as the only 

side-products formed in the reaction using methylenephosphorane reagents are acetonitrile 

which is evaporated along with the solvents, and either tributyl or trimethylphosphine oxide 

which can be readily removed by column chromatography. The latter could also be separated 

by a rapid aqueous workup. 

Numerous discoveries have been made along the exciting journey towards the 

development of a fully versatile Mitsunobu reaction. Notably, modified reagents were 

introduced, that allow the alkylation of up to 10 pKa units less acidic nucleophiles compared 

to the traditional combination of DEAD/TPP. These Mitsunobu-Tsunoda reagents have made 

an efficient C-alkylation, that organic chemists had longed for, finally achievable. 

Furthermore, the facile purification of the desired products from the side-products and 

unreacted reagents further contributes to the attractiveness of these new Mitsunobu reagents. 

It is therefore surprising that the use of the Mitsunobu reaction to effect the C-alkylation has 

never found application in the synthesis of non-proteinogenic α-amino acids. 

 

2 Initial studies towards the preparation of racemic amino acids  

2.1 Choice of the achiral glycine template 
 

Before engaging in the development of a novel pathway for the synthesis of chiral amino 

acids, a model study using achiral templates was designed. The work of O’Donnell previously 

reported in Chapter 1, Section 3.5.3 of this thesis,
[387]

 as well as the importance of the acidity 

of the nucleophile highlighted earlier in this chapter, emphasised the necessity to carefully 

optimise the characteristics of the nucleophilic glycine template. Several criteria must be 
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taken into account. The glycine entity should be suitably protected on both the N- and 

C-terminus with protecting groups that are non-labile under the reaction conditions but easily 

removed to afford the free amino acids after the alkylation reaction. The glycine scaffold 

should also exhibit relatively acidic methylene protons, allowing for their deprotonation under 

the Mitsunobu-type conditions. Furthermore, the templates should be appropriately designed 

to avoid competitive N- and O-alkylation as well as undesired dialkylation. Finally, the achiral 

glycine scaffold should resemble glycine-derived chiral auxiliaries, in order to facilitate the 

transfer of the conditions established in this model study to the more important chiral variant.  

We envisaged carrying out the Mitsunobu reaction using ethyl nitroacetate, as it was 

believed that the presence of the highly electron withdrawing nitro group would provide 

methylene protons acidic enough to be deprotonated under standard Mitsunobu conditions. 

The free amine could then be unmasked by simple hydrogenolysis, thus affording the desired 

α-amino acids. However, the likely competitive formation of a nitronic ester prevented us 

from exploring this approach.
[442]

 We therefore next turned our attention towards protection of 

the glycine amine as a benzophenone Schiff base. As previously summarised by 

O’Donnell,
[387]

 this strategy presents many advantages, not only because it allows for a one 

step double protection of the amine and a facile acidic cleavage step but it also participates in 

enhancing the acidity of the methylene protons. These practical aspects and the observation 

that several chiral auxiliaries display an imine functionality prompted us to adopt O’Donnell’s 

optimised substrate. The carboxyl groups of α-amino acids are more commonly protected as 

esters. Methyl or ethyl esters, tert-butyl ester or even benzyl and allyl esters are usually 

employed.
[443]

 In this present work, the use of a tert-butyl ester protecting group was 

particularly interesting as a single acidic hydrolysis step could be carried out to convert the 

alkylated templates to the deprotected amino acids. Furthermore, unlike PTC alkaline 

conditions, the Mitsunobu reaction is compatible with methyl and ethyl ester functionalities. 

However, in the context of an asymmetric transformation, it is preferable to avoid these 

protecting groups, since the α-stereocenter is susceptible to epimerisation upon 

saponification.
[444]

  

 

2.2 Preliminary attempts under standard Mitsunobu conditions 
 

The initial reaction conditions examined involved the use of standard Mitsunobu 

conditions using 1 equivalent of N-(diphenylmethylene)glycine tert-butyl ester 92 as a 

nucleophile, 2 equivalents of the reactive benzyl alcohol and 1.5 molar equivalents each of 

TPP and diisopropyl azodicarboxylate (DIAD). In all cases, the solutions were kept 
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between -20 °C to -10 °C during the addition of the reagents, allowed to warm to room 

temperature then stirred for 48 h. The range of conditions evaluated is summarised in Table 

19 and involved the use of three different solvents and three different variations with respect 

to the order of the addition of the reagents. 

 

 

Entry Solvent Order of addition Result 

1 THF 
nucleophile present 

initially 
no reaction 

2 THF 
preformation of the 

betaine 
no reaction 

3 THF 
preformation of the 

alkylating agent  
no reaction 

4 CH2Cl2 
nucleophile present 

initially 
no reaction 

5 CH2Cl2 
preformation of the 

betaine 
no reaction 

6 CH2Cl2 
preformation of the 

alkylating agent 
no reaction 

7 toluene 
nucleophile present 

initially 
no reaction 

8 toluene 
preformation of the 

betaine 
no reaction 

9 toluene 
preformation of the 

alkylating agent  
no reaction 

 
Table 19. Initial standard Mitsunobu conditions evaluated in the alkylation of 20 with benzyl alcohol.  

 

Commonly employed solvents for the Mitsunobu reaction are toluene, dichloromethane 

and tetrahydrofuran, however, examples of Mitsunobu reactions in more polar solvents such 

as acetonitrile, ethyl acetate and DMF have also been reported.
[445]

 Our first attempts (entries 

1-3) were carried out in THF. However, the reaction has been shown to be very sensitive to 

solvent effects, therefore dichloromethane and toluene were also used in our additional 

attempts (entries 4-6 and entries 7-9 respectively).
[446]

 Entries 1, 4 and 7 correspond to what is 

often referred as normal addition where the alcohol and the nucleophile (92) are added to a 

solution of TPP, followed by the addition of the DIAD. In entries 2, 5 and 8 the alcohol was 

added to the preformed betaine and the nucleophile (92) was added last, while the procedure 

adopted in entries 3, 6 and 9 consisted of adding the nucleophile (92) to the other three 
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components. Unfortunately, as anticipated none of the attempted reactions under standard 

Mitsunobu conditions were successful, this is presumably due to the higher pKa of the 

N-(diphenylmethylene)glycine tert-butyl ester (92) (N-(diphenylmethylene)glycine ethyl ester 

pKa = 18.7).
[388]

 Modified Mitsunobu reagents were therefore investigated next.  

Of all the Tsunoda reagents, ADDP and CMPP were initially chosen since they provide a 

good compromise in terms of availability, price and efficiency. Reactions were carried out in 

dry toluene, according to Tsunoda’s modified procedures (Scheme 134).
[435, 438]

 

 

 
 

Scheme 134. Initial studies with Tsunoda reagent ADDP and CMPP. 

 

Again, no alkylation product (123a) was observed in the reaction of 

N-(diphenylmethylene)glycine tert-butyl ester (92) with benzyl alcohol using the combination 

of ADDP/nBu3P after 48 h. Surprisingly, only a trace amount of the desired product 123a was 

detected by TLC using CMPP even after 24 h at 100 °C. Attempts to increase the temperature 

to 120 °C and 150 °C did not improve the outcome, nor did adding more equivalents of 

CMPP, alcohol, or concentration of the reaction mixture from 0.5 mol/L to 1 mol/L.  

Lastly, we examined changing the phosphorane reagent to CMBP. Pleasingly, the reaction 

proceeded for the first time, albeit with a modest yield of 40% (entry 1, Table 20). 

Unalkylated starting material 92 was also recovered from the reaction.  

With these successful conditions in hand, we were able to further optimise the reaction by 

modifying a few parameters, such as the concentration and the temperature (Table 20).  
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Entry 
Concentration 

(mol/L) 

Temperature 

(°C) 

Equivalent of 

CMBP and 

BnOH 

Conversion 

1 0.5 100 1 43% 

2 1 100 1 69% 

3 0.5 100 2 71% 

4 0.5 120 1 55% 

5 1 120 2 >99% 

 
Table 20. Optimisation of the reaction conditions for the C-alkylation of 

N-(diphenylmethylene)glycine tert-butyl ester with benzyl alcohol using CMBP. 

 

The ratio of product (123a) to starting material (92) was significantly improved by 

increasing the concentration of the reaction mixture (entry 2). The same effect was noted 

when 2 equivalents of CMBP were used (entry 3). Increasing the temperature from 100 °C to 

120 °C also slightly improved the conversion (entry 4). Finally, total conversion was achieved 

using 2 equivalents of CMBP, 2 equivalents of alcohol at 120 °C in toluene (c = 1 mol/L) 

(entry 5). Remarkably, even using an excess of the alcohol, no trace of the dialkylated product 

was detected. As expected, the use of the N-(diphenylmethylene)glycine tert-butyl ester 

template 92 prevents undesired dialkylation. Furthermore, no noticeable degradation occurs 

even after heating the reaction mixture in a pressurised vessel for 24 h at 120 °C. Thus after 

complete conversion the phenylalanine derivative 123a was isolated in 82% yield. Finally, 

upon acidic cleavage following O’Donnell's procedure
[386]

 and subsequent salt removal by 

ion-exchange resin, the free phenylalanine 124a was obtained in quantitative yield  

(Scheme 135).  
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Scheme 135. Synthesis of D,L-phenylalanine using C-alkylation effected by Mitsunobu-Tsunoda 

reaction. 

 

In this chapter we described our first steps towards the development of a novel synthetic 

method for the preparation of amino acids. The unprecedented direct C-alkylation of a glycine 

equivalent with an alcohol was achieved. Although standard Mitsunobu conditions failed, we 

were able to carry out the reaction with a modified reagent (CMBP) recently introduced by 

Tsunoda. After several iterations of optimisation, complete conversion of the starting material 

to product was obtained. Furthermore, excellent yields for both the alkylation and 

deprotection steps were accomplished thanks to a judicious choice of glycine template.  
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Chapter 3: Synthesis of a Library of Racemic Amino Acid Derivatives  

With the optimised reaction conditions for the C-benzylation of a racemic glycine 

derivative in hand, we next focused on exploring the scope of this new method to prepare 

α-amino acids. Conducting C-alkylation using the Mitsunobu-type reaction should confer 

several advantages over the traditional method of alkylation with alkyl halides, notably in 

terms of substrate scope. This is exemplified by contrasting the commercial availability of 

common alcohols with alkyl halides. Although most alcohols can be easily converted into 

halides or pseudo-halides in a single additional step,
[447]

 as depicted in Scheme 136, in many 

cases these preformed alkylating agents suffer from high reactivity. Hence, they have limited 

shelf-life, and must be used immediately due to their inability to be stored under standard 

conditions. As it can be used to effect alkylation without prior activation of the electrophiles, 

C-alkylation using this Mitsunobu-type reaction should overcome these substrate limitations 

thus providing an attractive alternative method to the existing standard alkylation procedure. 

It was hoped that cyanomethylenetributylphosphorane (CMPB) would efficiently mediate the 

homologation of the N-(diphenylmethylene)glycine tert-butyl ester template with a broad 

range of alcohols, thus providing a superior method to that available in the current literature.  

 

 

 
Scheme 136. Single step transformation of alkyl alcohols to alkyl halides. 

 

In this chapter, the scope and limitations of this innovative approach will be evaluated. 

We will endeavor to objectively criticise our methodology and compare this method to the 

standard C-alkylation reaction and to other methods used to prepare amino acids. 

 

 

 



Chapter 3 
 

~ 204 ~ 
 

1 Synthesis of substituted phenylalanine derivatives 
 

The reaction conditions established in the previous chapter for the C-alkylation of 

N-(diphenylmethylene)glycine tert-butyl ester (92) with the reactive benzyl alcohol were 

applied to functionalised benzyl alcohols in order to investigate the impact of ring substitution 

on the reaction outcome (Table 21).  

 

 

 

 

 

 
Table 21. Synthesis of substituted phenylalanine derivatives.  

 

Hindered mono-ortho-substituted chlorobenzyl alcohol afforded phenylalanine analogue 

123b in 58% yield. Replacing the chlorine by the bulkier bromine resulted in the formation of 

123c in 62% yield. Furthermore, the N-(diphenylmethylene)glycine tert-butyl ester (92) was 

also successfully homologated with the di-ortho-substituted 2,6-dichlorobenzyl alcohol, hence 

indicating that steric hindrance in the ortho-position of the benzyl ring did not affect the 

reaction. In the presence of an electron-donating group such as a methoxy, the reaction still 

proceeded smoothly and the desired product 123e was isolated in 58% yield.  
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We next examined the reactivity of meta- and para-substituted benzyl alcohols with 

various electronic effects. Analogous to the reaction of the ortho-substituted methoxybenzyl 

alcohol, the reaction of 4-methoxybenzyl alcohol was complete after heating at 120 °C 

overnight. However, 
1
H NMR analysis revealed that the resultant product was contaminated 

with 4-methoxydibenzyl ether which could not be chromatographically separated. Attempts to 

decrease the amount of alcohol and CMBP in order to prevent its self-condensation were 

successful and resulted in the isolation of the desired pure amino acid derivative 123f, albeit 

in low yield (i.e. 34%) together with recovered starting material (92). Reaction with 

meta-methoxybenzyl alcohol afforded the pure product 123i in 63% yield. However, the 

impurity resulting from the self-condensation of the alcohol was again isolated. Therefore, 

benzyl alcohols either substituted with an electron-donating group (e.g. para-methoxy) or 

with an electron-withdrawing group (e.g. meta-methoxy) are subject to side-products 

formation. As previously reported by Tsunoda et al.
[448]

 this side-reaction is of particular 

interest as it has not been described when using the combination of DEAD/TPP or the 

modified azodicarboxamide reagents. Interestingly, the reaction with 4-fluorobenzyl alcohol 

yielded the desired product 123g in 96% yield while the reaction with 

para-trifluoromethylphenylmethanol was more sluggish. By increasing the equivalents of 

alcohol and of CMBP and allowing longer reaction times, the conversion of 

N-(diphenylmethylene)glycine tert-butyl ester (92) could be slightly improved and after 

purification the alkylated product (123h) was obtained in 51% yield. Further increasing the 

electron-withdrawing effect by investigating the reaction with 3-nitrobenzyl alcohol resulted 

in a poor yield (i.e. 18%).  

Surprisingly, when 4-nitrobenzyl alcohol was used as a coupling partner, complete 

consumption of the starting material was observed with formation of two unexpected products 

after 24 h. However, LC-MS analysis revealed that the two products present the same mass 

MS ESI = 469.98 [M + H]
+
 corresponding to an excess of 39 g/mol relative to the expected 

adduct. The two products were separated by flash chromatography, and the NMR spectra 

indicated the presence of a pair of diastereoisomers. In both cases, the 
1
H NMR spectra 

exhibited one additional proton while 
13

C NMR spectra displayed two additional carbon 

atoms with respect to the anticipated NMR structure. The unusual multiplicity of the peak that 

resonated at the same chemical shift as the α-proton (δ = 4.33 ppm, 1H, d, J = 5.6 Hz and  

δ = 4.11 ppm, 1H, d, J = 6.1 Hz) suggested the formation of a -dialkylated compound. 

Furthermore, both diastereoisomers possessed a carbon resonance characteristic of a C≡N  

(δ = 119.3 ppm and 118.9 ppm). We therefore concluded that two possible structures 124 or 
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125 depicted in Figure 78 could be assigned to the pair of diastereoisomers formed in the 

reaction. 

 

 
 

Figure 78. Possible structures of the diastereoisomers inferred by NMR and LC-MS analysis. 
 

Unfortunately, at this stage it was difficult to conclusively determine the exact structure 

of this unexpected acetonitrile adduct. Additional experiments conducted in our laboratory 

targeting the synthesis of fluorinated amino acids using trifluoroethanol resulted in the 

isolation of another acetonitrile adduct (unpublished results) (Scheme 137). The 
13

C NMR 

data displayed a quartet at δ = 43.4 ppm with a second order coupling constant 
2
JCF = 26.8 Hz 

attributed to the -carbon of the amino acid derivative. Thus, structure 126 was the only 

structure consistent with the NMR data in this case.  

 

 
 

Scheme 137. Formation of the undesired product from the reaction with trifluoroethanol. 

 

Assuming that this new pair of diastereoisomers was formed in a similar fashion than the 

diastereoisomers obtained from the reaction of 4-nitrobenzylic alcohol, we discarded structure 

125 and focused on a possible reaction mechanism for the formation of compound 124. 

Two sets of experiments were designed in order to determine whether the insertion of 

acetonitrile occurs on the alcohol prior to alkylation of the masked glycine unit or after the 

formation of the desired alkylated product. In the first experiment, CMBP and 4-nitrobenzylic 

alcohol were heated in toluene at 120 °C while in the second experiment, the 

4-nitrophenylalanine derivative was synthesised using the standard alkylation procedure and 

then reacted with CMBP in toluene with or without benzyl alcohol as an additive. The latter 

experiments only afforded starting material. However, the reaction between 4-nitrobenzylic 
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alcohol and the Tsunoda reagent allowed isolation of 4-nitrophenylacrylonitrile (127),
9
 thus 

providing strong evidence to support the reaction mechanism depicted in Scheme 138. The 

putative mechanism is summarised as follows: formation of the oxyphosphonium salt 128 

according to the expected mechanism, then displacement of the oxyphosphonium salts by the 

ylide forms phosphonium salt 129 which subsequently undergoes elimination of 

n-butylphosphine to afford the Michael acceptor intermediate 127. The latter is converted to 

124 by 1,4-addition of the glycine nucleophile. A similar conversion of alcohols into nitriles 

using the CMMP iodide salt in absence of a nucleophile has been published by Zaragora et 

al.
[450]

  

 

 
Scheme 138. Postulated reaction mechanism to account for the formation of the acetonitrile adduct 

124. 

 

Notwithstanding the unusual reactivity specific to para-nitrobenzyl alcohol, we continued 

our investigation into the scope of benzylic substrates that were compatible with this Tsunoda 

                                                 
9
 4-nitrophenylacrylonitrile 127: 

1
H NMR (CDCl3, 400MHz): δ 6.44 (1H, d, J = 16.8 Hz), 7.62 (1H, d, 

J = 16.8 Hz), 7.83 (2H, d, J = 8.6 Hz), 8.18 (2H, d, J = 8.6 Hz). 
1
H NMR data were in agreement 

with that reported in the literature.
[449]

  



Chapter 3 
 

~ 208 ~ 
 

reaction. 4-(Pinacolylborono)benzyl alcohol constitutes an attractive coupling partner since 

the boronate ester can be further functionalised by Suzuki coupling. Typically, 

4-(pinacolylborono)phenylalanine derivatives are prepared from the halide or pseudohalide 

following Miyaura’s procedure as illustrated in Scheme 139,
[148]

 yet this rather protracted 

synthetic route is susceptible to partial racemisation of the amino acid.  

 

 
Scheme 139. Synthesis of 4-(pinacolylborono)phenylalanine according to Miyaura’s procedure.

[148]
  

 

Another approach was developed by Satoh,
[451]

 in which 4-bromomethylphenylboronic 

acid pinacol ester was directly alkylated with N-(diphenylmethylene)glycine tert-butyl ester 

(92) using NaHMDS (Scheme 140).  

 

 

 
Scheme 140. Synthesis of 4-(pinacolylborono)phenylalanine derivative 130 by standard 

C-alkylation.
[451]

  

 

Thus, it was decided to investigate the preparation of this valuable building block using 

our novel methodology. Intriguingly, we found no precedent for execution of the Mitsunobu 

reaction using 4-hydroxymethylphenylboronic acid pinacol ester in the literature. 

Disappointingly, use of 2 equivalents of 4-hydroxymethylphenylboronic acid pinacol ester 

and of CMBP failed and no alkylation of the nucleophilic glycine equivalent 92 was observed 

even after 24 h heating at 120 °C (Scheme 141). It was postulated that the Lewis acidic nature 

of the boronate interfered with the Mitsunobu reaction.  
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Scheme 141. Unsuccessful attempts using 4-hydroxymethylphenylboronic acid pinacol ester. 

 

2 Synthesis of heteroarylalanine derivatives 
 

The primary reason which urged us towards the development of a new method for the 

synthesis of α-amino acids was the lack of an efficient method to readily access the 

heteroarylalanine derivatives as previously described (see Part I, Chapter 7, Section 2). 

Towards this end we next decided to investigate the use of pyridylmethanol regioisomers as 

substrates for our coupling reaction. N-(Diphenylmethylene)glycine tert-butyl ester (92) 

underwent clean alkylation with 2- and 3-pyridinemethanol affording compounds 123k and 

123l in 54% and 37% yield respectively (Scheme 142).  

 

 

Scheme 142. Synthesis of -pyrid-2-ylalanine and -pyrid-3-ylalanine regioisomers. 

 

Thus, our results compared favourably with those of Walker et al.
[234]

 who prepared the 

enantiopure -pyrid-2-ylalanine and -pyrid-3-ylalanine regioisomers in 56% and 30% yields 

respectively via a capricious cross-coupling reaction using an organozinc-derived -alanine 

substrate 131 developed by Jackson et al. (Scheme 143).
[233]
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Scheme 143. Walker synthesis of -pyrid-2-ylalanine and -pyrid-3-ylalanine regioisomers.
[234]

 

 

Unfortunately, using 4-pyridinemethanol no desired alkylated product could be isolated. 

The same disappointing outcome was obtained with the even less Lewis basic 

2-pyrazinylmethanol, no trace of alkylation product was detected by LC-MS and only 

unreacted starting material (92) was recovered (Scheme 144).  

 

 
Scheme 144. Unsuccessful attempts using 4-pyridinemethanol and 2-pyrazinylmethanol.  

 

We next turned our attention from π-electron deficient aryl methanols to π-electron rich 

aryl methanols (Table 22).  

 

 

 

 

 

 

 



Synthesis of a Library of Racemic α-Amino Acid Derivatives 
 

~ 211 ~ 
 

 

 

 
 

Table 22. Synthesis of five-membered ring heteroarylalanine derivatives. 

 

While Jackson et al.
[233]

 reported the preparation of -(2-thienyl)alanine in a poor yield 

(i.e. 10%), in our study, 2-thienylmethanol readily reacted affording the desired 

heteroarylalanine 123m in 77% yield. However, the conversion to -(3-thienyl)alanine 123n 

was slower, after heating for 24 h at 120 °C, the starting material 92 was still present in 

significant quantity compared to the alkylation product (123n) as indicated by integration of 

the LC-MS peaks. This trend was not observed with furylmethanols. Both 2- and 

3-furylmethanol exhibited the same high reactivity. -(2-Furyl)alanine 123o and 

-(3-furyl)alanine 123p were isolated in 57% and 62% respectively.  

We next studied the C-alkylation of 5 membered heterocyclic carbinols bearing two and 

three heteroatoms. (1-Methyl-1H-imidaz-2-yl)methanol, (1-methyl-1H-1,2-pyrazol-4-yl) 

methanol, (1,3-thiazol-2-yl)methanol and (1-methyl-1H-1,2,3-triazol-5-yl)methanol were 

tested. However only (1-Methyl-1H-imidaz-2-yl)methanol underwent successful reaction to 

give the alkylated product (123q) in 29% yield.  

LC-MS analyses of the 3 other reaction mixtures showed only starting material. The lack 

of reaction in the case of the pyrazole-, thiazole-, triazole- and pyrazinecarbinol compounds 

could be the result of the weak Lewis basic character of these alcohols due to the π-electron 

deficient nature of the aromatic rings that prevent their coordination to the phosphorane. It can 

be speculated that increasing the Lewis acidity of the phosphorus atom of the phosphorane 

reagent should overcome this problem. However, replacing CMBP with CMPP, which has a 
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more electron-withdrawing phenyl group, also increases the steric hindrance and considerably 

slows down the rate of the SN2 reaction as previously observed in the reactions using benzyl 

alcohol. The 3D representations of CMBP and CMPP illustrating the increasing steric 

hindrance in the triarylmethylenephosphorane compound are given Figure 79.  

 

 

(CMBP) 

 

(CMPP) 

 
 

 
Figure 79. 2D and 3D representations of CMBP and CMPP. 

 

3 Synthesis of non-aromatic α-amino acid derivatives 
 

After investigating the synthesis of phenylalanine analogues, it was decided to examine 

the synthesis of other amino acids by using non-aromatic functionalised alcohols in the 

Mitsunobu-Tsunoda alkylation of N-(diphenylmethylene)glycine tert-butyl ester 92  

(Table 23). 
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Table 23. Synthesis of non-aromatic α-amino acid derivatives. 

 

Our first experiments towards the synthesis of non-aromatic amino acids employed the 

reactive allyl alcohol and propargyl alcohol. While allylglycine (123r) was readily obtained in 

excellent yield (i.e. 70%), the LC-MS profile of the reaction with propargyl alcohol indicated 

formation of a complex mixture from which no desired product could be isolated. Attempts to 

protect the acidic acetylene proton with a TMS group or a benzyl group did not improve the 

outcome and only starting material was recovered.  

We next turned our attention to the primary alkyl alcohols and functionalised primary 

alkyl alcohols. Thus, acyclic 2,2-dimethylpropan-1-ol, 2-methoxyethanol and methyl 

glycolate were examined. Homo-tert-leucine (123s) and O-methylated homoserine (123t) 

derivatives were obtained in 32% and 37% yield, respectively. However, our attempt to 

prepare the aspartic acid derivative 132 failed.  

Whilst none of the desired product 132 could be isolated, LC-MS analysis suggested the 

presence of two diastereoisomers with a mass corresponding to + 39 g/mol with respect to the 

expected product. The 
1
H and 

13
C NMR data confirmed the formation of the undesired 

product 133 (Scheme 145), corresponding to the insertion of acetonitrile onto the alkylated 

glycine derivative.  
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Scheme 145. Formation of the undesired product from the reaction with methyl glycolate. 

 

Acyclic and cyclic secondary alkyl alcohols were also investigated as substrates for the 

Mitsunobu-Tsunoda reaction (Table 24).  

 

 

 

  

Table 24. Synthesis of ,-disubstituted alkyl glycine derivatives. 

 

Despite cyclohexylglycine being a particularly interesting unnatural amino acid often 

used as an isostere of natural amino acids for the development of peptidomimetic 

pharmaceuticals, its synthesis remains difficult. The most obvious synthetic route for the 

preparation of cyclohexylglycine involves the heterogeneous hydrogenation of 

phenylglycine,
[452]

 itself difficult to access in an enantiopure form as it readily racemises. We 

therefore directed our efforts to the synthesis of cyclohexylglycine derivative 123u. 

Alkylation of N-(diphenylmethylene)glycine tert-butyl ester 92 with cyclohexanol using our 

standard conditions proceeded sluggishly. Nevertheless, the desired cyclohexylglycine (123u) 

could be isolated in a modest 24% yield after purification by HPLC. However, the 

hygroscopic properties of this alcohol were suspected to be partially responsible for this low 

yield. In order to determine the extent to which the quality of the alcohol impacted on the 

reaction outcome, we next carried out the reaction with N-Boc-4-hydroxypiperidine, a stable 

crystalline hindered cyclic secondary alcohol. Unlike the reaction with cyclohexanol, the 

analogous reaction with N-Boc-4-hydroxypiperidine proceeded with complete conversion as 
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determined by LC-MS analysis and the desired product 123v was obtained in 42% yield by 

HPLC. However, only starting material 92 was recovered from the reaction of 

N-(diphenylmethylene)glycine tert-butyl ester with the highly sterically constrained 

2,4-dimethyl-3-pentanol using CMBP. 

  

In summary, our original methodology for the synthesis of α-amino acids using the 

Mitsunobu-Tsunoda alkylation was tested in a racemic reaction, with 

N-(diphenylmethylene)glycine tert-butyl ester (92) as the nucleophile. A wide variety of 

stable alcohols readily reacted to afford novel racemic unnatural amino acids in moderate to 

excellent yields. Although the reaction does suffer limitations with respect to the nature of the 

alcohol substrates, it offers a simple alternative to the myriad of existing procedures to 

prepare α-amino acids. It is believed that by slightly modifying the reagent developed by 

Tsunoda, it will become possible to overcome most of the limitations described in this chapter 

and thus to improve the yield and further expand the scope of non-proteinogenic amino acids 

accessible using this method. However, the biggest challenge to be tackled is the development 

of an asymmetric version of this promising reaction.  
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Chapter 4: Towards an Asymmetric Synthesis of α-Amino Acids 

Encouraged by our preliminary results with the racemic N-(diphenylmethylene)glycine 

tert-butyl ester scaffold, we next focused on the extension of our methodology to the 

asymmetric desymmetrisation of prochiral glycine equivalents for the synthesis of optically 

active α-amino acids. This chapter covers our first attempts at the novel asymmetric 

Mitsunobu alkylation. Our study towards the optimisation of the reaction parameters will also 

be described and finally, our initial results regarding the creation of a library of 

enantioenriched amino acids will be reported.  

 

1 Catalytic asymmetric alkylation  
 

Initially, we aimed at the development of a catalytic asymmetric synthesis of α-amino 

acids using the previously established methodology. Although there has only been one report 

of a chiral Mitsunobu reaction published to date,
[453]

 which makes use of chiral phosphorus 

derivatives to access ester products in moderate enantiomeric excess, it was hoped that by 

executing the Mitsunobu-Tsunoda reaction in the presence of a chiral catalyst, the 

N-(diphenylmethylene) glycine tert-butyl ester substrate 92 would undergo alkylation with an 

activated alcohol with facial selectivity. Inspired by the successful work of the O’Donnell and 

the Maruoka groups on the phase-transfer catalysed alkylation of the 

N-(diphenylmethylene)glycine tert-butyl ester substrate (see Chapter 1, Section 3.5.3), we 

investigated the effect of cinchonine and PTC catalysts 97 and 99b on the enantioselective 

alkylation of 92. Additionally, influenced by a report from Belokon et al.
[454]

 on the use of 

BINOL derivatives as catalysts for the asymmetric phase-transfer alkylation of an achiral 

nickel complex of glycine, the use of (S)-BINOL to introduce facial selectivity under 

Mitsunobu-Tsunoda reaction conditions was also examined. Alkylation of 92 with benzyl 

alcohol using CMBP was therefore carried out in the presence of (S)-BINOL, cinchonine, 

PTC cinchonidinium derivative 97 and Maruoka PTC derivative 99b (Scheme 146).  
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Scheme 146. Attempts to effect the catalytic asymmetric alkylation of glycine derivative 92 under 

Mitsunobu-Tsunoda reaction conditions.  

 

Disappointingly, no asymmetric induction was observed when using the chiral catalysts 

screened. Attention therefore next turned to the Mitsunobu-Tsunoda alkylation of chiral 

masked glycine templates. 

 

2 Synthesis and alkylation of acyclic chiral templates 

2.1 Synthesis of acyclic chiral glycinate templates 
 

As described in Chapter 1, the most successful examples of acyclic glycinate chiral 

templates are Myers’ pseudoephedrine and Oppolzer’s bornane-sultam. They are formed by 

linking the glycine C-terminus to a chiral inducer, thus forming an amide bond, the 

N-terminus being conveniently protected as an imine (Figure 80). Such templates were 

judged appropriate for the diastereoselective adaptation of our racemic methodology. 

 

 
 

Figure 80. Acyclic chiral glycinate templates derived from the Oppolzer and Myers auxiliaries. 

 

Bis(methylthio)methylene sultam-derived glycinate 70 was successfully prepared in a 

single-step procedure from bornane-10,2-sultam 134 and methyl N-[di(methylthio) 
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methylene]glycinate 135, albeit in a lower yield than that previously reported by Oppolzer et 

al.
[334]

 (40% instead of 86%). However, following the same procedure using 

N-(diphenylmethylene)glycine methyl ester 136 failed to afford the desired auxiliary 71. Not 

only did the reaction not reach completion but despite extended column chromatography, pure 

71 could not be separated from the remaining starting material (Scheme 147).  

 

 
Scheme 147. Attempts to prepare the sultam-derived glycinates via N-acylation. 

 

On the other hand, following Myers’ protocol,
[327]

 the synthesis of the 

bis(methylthio)methylene pseudoephedrine-derived auxiliary 67 by acylation of 

pseudoephedrine 137 with N-[di(methylthio) methylene]glycinate 136 mediated by n-butyl 

lithium, proceeded in an excellent 83% yield (Scheme 148). However, the synthesis of its 

benzophenone imine protected analogue 138 was not attempted since it has previously been 

described as being relatively unstable by Najera et al.
[329]

  

 

 
 

Scheme 148. Synthesis of Myers/Najera pseudoephedrine-derived glycinate 67. 

 

2.2 Alkylation of acyclic chiral glycinate templates 
 

With the two chiral glycinate templates 70 and 67 in hand, we next focused on the 

Mitsunobu-Tsunoda alkylation. Reaction of the Oppolzer auxiliary 70 with two equivalents of 

benzyl alcohol and two equivalents of CMBP yielded a complex mixture of products, among 
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which the desired alkylated glycinate 139 could be isolated in a disappointing 17% yield 

(Scheme 149).  

 
 

Scheme 149. Mitsunobu-Tsunoda alkylation of Oppolzer chiral auxiliary 70.  

 

The CMBP-mediated alkylation of the Myers/Najera auxiliary 67 also gave a complex 

mixture of products and none of the desired product 140 could be isolated (Scheme 150).  

 

 
 

Scheme 150. Unsuccessful attempt to effect the Mitsunobu-Tsunoda alkylation of Myers/Najera chiral 

auxiliary 67. 
 

Since these acyclic chiral glycinate auxiliaries failed to provide the desired alkylated 

products in good yield, the use of cyclic scaffolds was next considered.  

 

3 Alkylation of cyclic chiral templates 
 

Both the commercially available Schöllkopf bis-lactim ether cyclo-(L-Val-Gly) and the 

N-Cbz protected Williams’ oxazinone 87 were used in initial attempts to effect alkylation of a 

cyclic masked glycine template. Applying our Mitsunobu-Tsunoda reaction conditions to the 

C-benzylation of the widely employed cyclo-(L-Val-Gly) only resulted in recovered starting 

material (Scheme 151). It was therefore concluded that this scaffold does not exhibit protons 

that are acidic enough to be deprotonated by the acetonitrile anion.  

 



Towards an Asymmetric Synthesis of α-Amino Acids 
 

~ 223 ~ 
 

 
 

Scheme 151. Unsuccessful attempt to effect of C-benzylation of the Schöllkopf bis-lactim ether. 

 

However, when Williams’ auxiliary 87 was treated with two equivalents of benzyl 

alcohol and two equivalents of CMBP in toluene at 120 °C no trace of remaining starting 

material was detected. The reaction was clean and afforded a single product, which 

surprisingly did not correspond to the expected alkylated product. Unfortunately, due to the 

presence of rotamers, the NMR spectra were complex and the structure of the product was not 

determined (Scheme 152).  

 

 
 

Scheme 152. Unsuccessful attempt to effect the C-alkylation of Williams’ oxazinone.  

 

We next turned to the use of Ni(II) complex of the glycine Schiff base with 

(S)-2-[N-(N'-benzyl-prolyl)amino]benzophenone (BPB), firstly reported by Belokon et al.
[376]

 

and commonly used by the Brimble group for the synthesis of non-proteinogenic amino acids 

under standard alkylation conditions.
[455]

 The Ni(II) complex 88 was readily prepared in three 

steps, requiring only a single silica gel column chromatography purification, starting from 

inexpensive L-proline.  

The Belokon complex 88 was synthesised by complexation of nickel nitrate and glycine 

with the BPB ligand. The latter was obtained by amide bond formation between commercially 

available 2-aminobenzophenone and N-benzyl L-proline (BP), itself prepared by benzylation 

of L-proline with benzyl bromide. The first step corresponding to the mono N-benzylation of 

L-proline proceeded in 83% yield using KOH as a base in isopropanol as described by 

Belokon and coworkers.
[456]

 The crude N-benzyl proline was next reacted with 

2-aminobenzophenone according to the improved protocol published by Soloshonok et al.
[383]

 

In fact, Soloshonok and coworkers were unable to reproduce the good yield reported by 

Belokon et al.
[456]

 for the amidation of BP via acyl chloride formation. They therefore 
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developed an alternative method for this difficult coupling between the hindered acid and the 

low-nucleophilic amine, in which N-methylimidazole and methanesulfonyl chloride were 

used to generate the reactive amide intermediate. However, in our hands, the BPB ligand was 

isolated, after precipitation from acetone, in only a moderate 40% yield instead of the reported 

93.5% yield. Finally, reaction of the BPB ligand with glycine and nickel nitrate hexahydrate 

using potassium hydroxide as described by Belokon et al.
[456]

 afforded the blood red nickel 

(II) complex 88 in 92% after column chromatography (Scheme 153). Following this efficient 

and practical synthetic route, the Belokon complex 88 could be prepared on a 20 g scale in 

31% overall yield.  

 

 
 

Scheme 153. Synthesis of Belokon’s organometallic chiral auxiliary.  

 

The Belokon Ni(II) complex of the glycine Schiff base with BPB was chosen as an 

appropriate scaffold to attempt to adapt our racemic Mitsunobu-Tsunoda reaction to a chiral 

variant. Firstly, it was believed that since the chiral Ni(II) complex of glycine exhibits 

relatively acidic α-protons (pKa estimated to be 18.8 in DMSO
[379]

), it would easily undergo 

deprotonation under the Mitsunobu-Tsunoda reaction conditions previously developed on 

O’Donnel’s racemic N-(diphenylmethylene)glycine tert-butyl ester template (pKa = 18.7
[388]

). 

Furthermore, not only does the additional phenyl ring of the complex in the benzophenone 

imine protected glycine participate in improving the diastereofacial selectivity compared to its 
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benzaldehyde or acetophenone analogues as previously reported by Belokon et al.,
[379]

 but it 

also renders the undesired dialkylation reaction less favourable.  

The Ni(II) template 88 was heated at 120 °C in a sealed-tube with two equivalents of 

benzyl alcohol and two equivalents of CMBP in toluene (c = 1 mol/L). Total conversion of 

the starting material into the desired monoalkylated product was observed by TLC after 30 

minutes. The presence of two diastereoisomers was also detected by TLC. An initial 

diastereoisomeric ratio (dr) of the major diastereoisomer to the minor diastereoisomer of 

90:10 was determined by NMR analysis of the crude reaction mixture using the difference in 

chemical shifts of one of the aromatic protons in the two diastereoisomers. In fact, the NMR 

spectrum for the minor (S,R)-diastereoisomer 141a exhibits one proton at δH 8.50 ppm (1H, 

dd, J = 8.7, 0.9 Hz) while this same proton is shifted upfield to δH 8.24 ppm (1H, d, J = 8.6 

Hz) in the case of the major (S,S)-diastereoisomer 142a. These observations were in 

accordance with the NMR assignments previously reported by Hruby and coworkers.
[457]

 

After column chromatography, both isomers were separated and the pure 

(S,S)-diastereoisomer 142a was obtained in 75% yield (Scheme 154).  

 

 
 

Scheme 154. Mitsunobu-Tsunoda benzylation of the Belokon complex. 

 

The alkylated product 142a was heated to reflux in 2 M HCl in methanol for 1 h 

according to the standard cleavage protocol described by Belokon et al.,
[379]

 affording the 

desired free amino acid 143a in 79% yield after ion-exchange resin chromatography with 

Dowex resin 50W. The BPB ligand was recovered in quantitative yield by extraction with 

dichloromethane. Analytical chiral reversed-phase HPLC using a Chirobiotic T column
[458]

 

confirmed that no racemisation occurred during cleavage thus yielding L-phenylalanine in 

95% ee (Scheme 155).  
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Scheme 155. Synthesis of L-phenylalanine by acidic hydrolysis of the benzylated Belokon complex. 

 

The (S) absolute configuration that was established from the NMR data of the alkylated 

Ni(II) complex was also supported by comparing the optical activity of the final amino acid 

143a obtained ([]D
20

 -23.0 (c 0.1, H2O)) to the optical rotation recorded for a commercially 

available sample ([]D
20 

-34.7 (c 2, H2O)) as well as by comparing the retention times of the 

two samples by chiral reversed-phase HPLC (Rt (major) 11.8 min, Rt (minor) 13.5 min, Rt(commercial) 

11.9 min) (Figure 81). 

 

 
 

Figure 81. Analytical chiral HPLC profiles (λ = 210 nm) of L-phenylalanine prepared (left) and 

commercially available L-phenylalanine (right). 

 

95% ee 
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Although the yield and diastereoselectivity obtained were very good, we next 

endeavoured to study the impact of different reaction parameters on the reaction outcome.  

 

4 Study of solvent and temperature effects 
 

Many factors such as solvent, temperature and reaction times have an influence on 

reaction rates, and stabilisation of transition states, thus markedly affecting both the yield and 

the diastereofacial selectivity. We therefore next investigated the effect of temperature and 

solvent on the Mitsunobu-Tsunoda C-alkylation of the Belokon complex.  

The use of various aprotic solvents such as benzene, toluene, THF, DME as well as a 

mixture of hexane/benzene has already been reported for the Tsunoda reaction,
[459, 460]

 while 

commonly employed solvents for the alkylation of the Ni(II) complex with solid NaOH are 

DMF, acetonitrile and even acetone.
[461]

 Moreover, unlike the standard alkylation reaction, the 

reaction of CMBP has been shown to be considerably influenced by the temperature.
[460]

 

While the alkylation of unhindered nucleophiles with unhindered alcohols takes place at room 

temperature, albeit sluggishly, the reaction between hindered substrates required temperatures 

well above the solvent boiling point to proceed.  

Our results for the alkylation of the Belokon complex with benzyl alcohol using various 

solvents at temperatures ranging from 25 °C to 120 °C are summarised in Table 25. The 

yields reported correspond to the yield of the mixtures of diastereoisomers obtained after 

purification by column chromatography. The diastereoisomeric ratios of the purified mixtures 

were calculated from 
1
H NMR integration of the aromatic protons as previously described. 

All the solvents mentioned above, with the exception of benzene and acetone, were tested 

in our Mitsunobu-modified alkylation reaction. Benzene was substituted with toluene and 

acetone was omitted from the solvents screened since it could interact with the phosphorane 

in a Wittig reaction. 1,2-Dichloroethane and 1,2-dichlorobenzene were also examined as 

higher boiling point substitutes for dichloromethane. In Table 25 the solvents used are 

reported according to their respective polarity, from less to more polar.   
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Solvent 
120 °C 

Yield, dr 

80 °C 

Yield, dr 

50 °C 

Yield, dr 

25 °C 

Yield, dr 

toluene 99%, 90:10 94%, 95:5 78%, 94:6 71%, 92:8 

DME 95%, 91:9 88%, 91:9 65%, 94:6 / 

THF 85%, 90:10 99%, 92:8 71%, 94:6 / 

1,2-

dichlorobenzene 
88%, 90:10 93%, 93:7 65%, 93:7 / 

1,2-dichloroethane 23%, 81:19 / / / 

DMF 45%, 89:11 / / / 

CH3CN 51%, 89:11 / / / 

 
Table 25. Temperature and solvent effect on alkylation yield and facial diastereoselectivity.  

 

At 120 °C, the reaction of the Belokon complex 88 with two equivalents of benzyl 

alcohol and two equivalents of CMBP was complete after 30 minutes in toluene, DME, THF 

and ortho-dichlorobenzene. The mixture of diastereoisomers was isolated in 85-99% yield 

with the same excellent 90:10 diastereoisomeric ratio obtained. However, overnight heating 

was not sufficient to effect full conversion of the starting material when more polar solvents 

such as 1,2-dichloroethane, DMF and acetonitrile were used. Interestingly, the 

diastereoisomeric ratio decreased to 81:19 when the reaction was carried out in 

1,2-dichloroethane. Thus, the solvents in which the yields and dr were not optimum were not 

considered for the next set of experiments. For the reactions carried out in toluene, DME, 

THF and 1,2-dichlorobenzene, decreasing the temperature first to 80 °C resulted in a slight 

increase in the diastereoisomeric ratios without being significantly detrimental to the reaction 

yield. However, at 50 °C, overnight heating was needed and only moderate yields were 

obtained. The alkylation of the nickel complex with benzyl alcohol in toluene also proceeded 
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at room temperature but required stirring for two days to afford the desired product in 71% 

yield as a 92:8 diastereoisomeric mixture.  

In summary, the results of this study are in agreement with Tsunoda’s previous 

observations regarding the influence of the temperature on the reaction yield. It also appeared 

that an increase in solvent polarity resulted in a decrease in the reaction rate. Finally, the 

diastereoisomeric ratios were affected neither by change in reaction temperature, nor by 

longer reaction times. Therefore our original conditions in which the reaction mixture was 

heated in toluene at 120 °C could not be improved upon and hence these conditions were 

employed for the preparation of a library of enantioenriched non-proteinogenic α-amino acids.  

  

5 Synthesis of a library of enantioenriched amino acids  
 

The Belokon complex 88 was alkylated with substituted benzyl alcohols (entries 2-5), 

and heteroarylcarbinols (entries 6-7) to give functionalised and heteroarylphenylalanine 

derivatives 142b-e and 142f-g, respectively. Allylglycine (142h) and vinylglycine derivatives 

(142i-k) exhibiting different alkyl chain sizes were also prepared (entries 8-11). Finally the 

lipophilic heptylglycine derivative 142l was obtained through homologation of the Ni(II) 

complex with a long fully saturated alkyl chain (entry 12). A summary of the results for both 

alkylation of the chiral template and cleavage of the auxiliary to afford the free amino acids is 

provided in Table 26.  

The diastereoisomeric ratios of the major (S,S)-diastereoisomers to the minor 

(S,R)-diastereoisomers for the initial alkylation products were determined from the 
1
H NMR 

spectra of the crude reaction mixtures. Alkylation using aromatic alcohols gave rise to a minor 

and a major diastereoisomer with distinctive aromatic protons at δH 8.50 ppm and δH 8.24 

ppm respectively, in the 
1
H NMR spectra, as previously described for the synthesis of 

L-phenylalanine. In the case of alkylation using aliphatic alcohols, the proton of the methylene 

group of the L-proline N-benzyl protecting group that resonated at δH 4.45 and δH 4.50 ppm 

for the major and minor isomer, respectively, enabled determination of the diastereoisomeric 

ratio.  

The yields of the monoalkylated Belokon complexes correspond to the pure 

(S,S)-diastereoisomers 142a-c, 142e-g and 142j-l with the exception of 

4-chlorophenylalanine, allylglycine and homoallylglycine derivatives (entries 4, 8-9) which 

could not be separated from the minor (R,R)-diastereoisomers 141d and 141h-i by column 

chromatography.  



Chapter 4 
 

~ 230 ~ 
 

The yields are also reported for the free amino acids 143a-k obtained after acidic 

hydrolysis of the auxiliary, followed by ion-exchange purification of the aqueous layer and 

lyophilisation. Only the lipophilic heptylglycine 143l was isolated as a hydrochloride salt 

following reversed-phase column chromatography.  

Finally, the enantiomeric excesses were determined by reversed-phase chiral column 

chromatography using a Chirobiotic T column. Use of a UV detector gave rise to difficulties 

in obtaining correct elution profiles for the poorly UV active non-aromatic amino acids. This 

problem was overcome by decreasing the absorption wavelength to 200 nm and increasing the 

concentration of the injected sample from 1 mg/mL to 5 mg/mL. However, attempts to further 

increase either the concentration or the injection volume of the sample resulted in saturation 

of the chiral column and poor resolution of the peak shapes.  
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Entry ROH 
142 143 

dr Yield Yield ee 

1 
 

a 90:10 75% 79% 95% 

2 
 

b 87:13 72% 67% >99% 

3 
 

c 90:10 59% 87% 96% 

4 
 

d 92:8 (92:8)
a
 94%

b
 57% 82% 

5 
 

e 89:11 36% 80% 95% 

6 
 

f 96:4 68% 79% 92% 

7 
 

g 87:13 75% quantitative 96% 

8  h 90:10 (91:9)
a
 78%

b
 quantitative 81% 

9 
 

i 89:11 (92:8)
a 

37%
b
 quantitative 85% 

10 
 

j 86:14 42% quantitative 94% 

11 
 

k 89:11 46% quantitative 95% 

12 
 

l 86:14 60% 64%
c
 97% 

[a] The ratio in bracket represents the diastereoisomeric ratio of (S,S)- to (S,R)-diastereoisomer 

obtained after column chromatography. [b] The yield corresponds to a mixture of (S,S)- and (S,R)-

diastereoisomers.  

 
Table 26. Synthesis of a library of enantioenriched amino acids via Mitsunobu-Tsunoda C-alkylation 

and cleavage of the Belokon complex.  
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In all cases described, the initial diastereoisomeric ratios were >85:15 and were further 

improved to >97:3 after separation of the minor (S,R)-diastereoisomer by column 

chromatography. Unfortunately, extended purification failed to afford the pure 

(S,S)-diastereoisomers of the 4-chlorophenylalanine, allylglycine and homoallylglycine 

derivatives, and only slightly improved diastereoisomeric ratios were obtained as summarised 

in Table 26. Therefore, the reported yields in entries 4, 8-9 correspond to a mixture of 

diastereoisomers. Alkylation with substituted benzyl alcohols, heteroaryl carbinols and allyl 

alcohol gave excellent yields with the exception of 4-methoxybenzyl alcohol and 

3-nitrobenzyl alcohol that gave modest 59% and 36% yields respectively. These latter results 

reflected the earliest results obtained for the alkylation of N-(diphenylmethylene)glycine 

tert-butyl ester with the same alcohols (see Chapter 3, Section 1). Pleasingly, the increased 

polarity of the nickel complex compared to the racemic scaffold enabled facile isolation of a 

pure sample of the 4-methoxyphenylalanine derivative 142c.  

Only moderate yields were obtained when unsaturated alcohols were employed (entries 

9-11) with overnight heating under the standard reaction conditions failing to bring the 

reaction to completion. Additionally, difficulties were experienced trying to separate both 

diastereoisomers by column chromatography and this is reflected in the yield obtained for the 

(S,S)-diastereoisomers of alkylated products 142i-k. In the case of 3-buten-1-ol low reactivity 

was observed, probably due to its tendency to eliminate to form a stable diene. Furthermore, 

the alkylated diastereoisomeric complexes could not be separated by silica gel 

chromatography, hence both the yield and the final diastereoisomeric ratio were disappointing 

(entry 9).  

Cleavage of the chiral auxiliary from the amino acids 143 was achieved by heating 

alkylated products 142 at reflux in 2 M hydrochloric acid in methanol and was complete 

between 30 min to 1 hour. Completion of the reaction was clearly indicated by a dramatic 

colour change. The initial blood-red solution became light green once the free amino acids 

were liberated from the Ni(II) complexes. After quenching of the acidic solution with 

ammonia, and recovery of the BPB ligand by extraction with dichloromethane, the blue 

aqueous layers containing the unprotected amino acids were subjected to ion-exchange 

chromatography using Dowex resin 50W, in order to remove the remaining NiCl salts. 

Finally, a lyophilisation step was executed. Following this procedure, the free amino acids 

were obtained in yields ranging from 57% to quantitative with little to no racemisation being 

observed since the ee of the unprotected amino acids corresponded to the dr of the alkylated 

complexes. Thus, hydrolysis of the pure (S,S)-diastereoisomers afforded the amino acids in 
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92% to >99% ee. As mentioned above, this procedure failed to afford the lipophilic 

heptylglycine 143l which could not be extracted into the aqueous layer. Attempts to separate 

the desired amino acid from the BPB ligand also present in the organic layer by extraction or 

column chromatography were unsuccessful. Pleasingly, simple concentration of the acidic 

reaction mixture followed by filtration of the precipitated BPB ligand, prior to reversed-phase 

chromatography afforded the pure hydrochloride salt of the desired lipophilic amino acid.  

Disappointingly, our attempts to alkylate the hindered Belokon complex with sterically 

demanding substrates failed. Using R-(+)-1-phenylethanol, the (S,S,S)-, (S,R,S)- and 

(S,S,R)-diastereoisomeric alkylated products 144a-c were only obtained in 22%, 13% and 1% 

yield, respectively, therefore attesting for a suprising lack of diastereofacial selectivity 

(Figure 82). 

 

 
 

Figure 82. Structures of the 3 diastereoisomers resulting from the reaction using (R)-1-phenylethanol. 

 

Furthermore, both cyclohexanol and N-Boc 4-hydroxypiperidine failed to afford the 

desired alkylated products 145 and 146, respectively (Scheme 156). 

 

 
 

Scheme 156. Unsuccessful attempts to effect the Mitsunobu-Tsunoda alkylation of the Belokon 

complex with cyclic secondary alcohols. 
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6 Synthesis of α,α-disubstituted amino acids 
 

Finally, the possibility of extending this novel methodology to the synthesis of optically 

active α,α-disubstituted amino acids was examined. Following the procedure developed by 

Belokon
[456]

 and previously employed for its glycine analogue, the nickel complex of 

L-alanine 147 was prepared from BPB in 88% yield (Scheme 157).  

 

 
 

Scheme 157. Synthesis of nickel complex of L-alanine Schiff base with BPB. 

 

First, the nickel complex of L-alanine 147 was subjected to the Mitsunobu-Tsunoda 

reaction, using two equivalents of benzyl alcohol in toluene at 120 °C. Unfortunately, only 

traces of the desired α,α-disubstituted nickel complex 148 were observed. Changing the 

alcohol to the less hindered allyl alcohol did not improve the reaction outcome. Furthermore, 

attempts to switch the solvent to DMF, increase the temperature to 150 °C or use longer 

reaction times, also failed to provide the alkylated nickel complex 148 (Table 27).   

 

 

ROH 
toluene 

120 °C 

toluene 

150 °C 

DMF 

120 °C 

DMF 

150 °C 

 
traces traces traces traces 

 traces traces traces traces 

 
Table 27. Unsuccessful attempts to effect the Mitsunobu-Tsunoda alkylation of the Ni-Ala-BPB 

complex.  
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In summary, although our attempt to develop a catalytic asymmetric Mitsunobu-Tsunoda 

reaction failed, the methodology we initially developed using a racemic model was 

successfully applied to the synthesis of optically pure amino acids by alkylation of the 

organometallic chiral complex of glycine reported by Belokon. Examination of the effect of 

both solvent and temperature showed that our initial set of reaction parameters was already 

optimal in terms of yield and diastereoisomeric ratio. Therefore, using these conditions a 

focused library of 12 enantioenriched amino acids including substituted phenylalanines, 

heteroarylalanines, vinylglycines and a lipophilic alkylglycine was synthesised in good yields 

with excellent ees.  

Unfortunately, the reaction between the Belokon complex and secondary alcohols 

mediated by CMBP failed to afford the desired ,-disubstituted AAs, thus highlighting the 

inherent limitations of the reaction involving both a sterically congested phosphorane reagent 

and highly hindered alcohol substrates. These limitations underline the necessity to carry out 

additional investigations on the development of novel Tsunoda reagents that are capable of 

efficiently effecting more difficult couplings. Finally, attempts to extend this novel 

methodology to the synthesis of α,α-disubstituted amino acids by employing the nickel 

complex of the alanine Schiff base with BPB was also unsuccessful. However, additional 

work on structural modifications of the Belokon complex is expected to facilitate alkylation of 

a nickel complex with α-substituted amino acids, thereby extending the range of optically 

active non-proteinogenic AAs available through application of this novel and practical 

methodology.  
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Chapter 5: Summary and Future Work 

1 Summary 
 

A novel, rapid and practical synthesis of amino acids was developed which involves the 

Mitsunobu-type alkylation of inexpensive glycine templates directly with stable 

readily-available alcohol substrates (Table 28).  

 

 

 

 
Table 28. Synthesised racemic α-amino acid derivatives.  
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While use of standard Mitsunobu conditions and use of the Tsunoda azodicarboxamide 

reagent failed, use of cyanomethylenetributyl phosphorane (CMBP) successfully mediated the 

alkylation of N-(diphenylmethylene)glycine tert-butyl ester 92 with benzyl alcohol. The 

reaction was then applied to a wide variety of structurally diverse alcohols. The 22 racemic 

amino acid derivatives 123a-v depicted in Table 28 were readily prepared using this strategy. 

Although attempts to extend the methodology to an asymmetric version using chiral 

catalysts and various chiral auxiliaries failed, the nickel templated glycine BPB Schiff base 

conjugate (otherwise known as the Belokon complex) was found to successfully undergo 

Mitsunobu-Tsunoda reaction to yield the alkylated products 142 in good yields and 

diastereoselectivities. The 12 optically active free amino acids 143 depicted in Table 29, were 

obtained in high yields with excellent enantiopurities following cleavage of the chiral 

auxiliary. 

 

 

 

 
Table 29. Synthesised enantiopure α-amino acid derivatives. 
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Screening of various reaction parameters such as solvent, temperature and reaction time 

demonstrated that the optimal combination of yield and diastereoselectivity were obtained by 

employing two equivalents of CMBP in toluene at 120 °C. The scope of the reaction was 

investigated with respect to the presence of ortho-substitution and the presence of 

electron-donating or electron-withdrawing groups on different positions of the aromatic ring 

of benzyl alcohol. Heteroarylphenylalanine derivatives which represent an attractive class of 

compounds, but remained challenging to access through existing methodologies, were also 

readily prepared using the Mitsunobu-Tsunoda strategy. Finally the synthesis of allylic, 

unsaturated as well as long alkyl-chain lipophilic amino acids was also successfully achieved. 

However, the reaction showed limitations when para-nitrobenzyl alcohol and methyl 

glycolate were used as substrates, yielding unexpected side-products. Furthermore, electron-

deficient heteroaryl carbinols were found to be less reactive under the reaction conditions. 

Finally, although the alkylation of the chiral Belokon complex 88 tends to give better results 

than the alkylation of the achiral glycine template 92, this observation does not apply to bulky 

secondary alcohols, which failed to afford the desired enantiopure ,-disubstituted amino 

acids.  

 

2 Future work  
 

In order to further extend the scope of the reaction, improve the yields and overcome the 

problems associated with the handling and preparation of CMBP, an investigation into 

alternative cyanomethylenephosphorane reagents may be beneficial. Tsunoda et al.
[437, 440]

 

have only reported three variations of stabilised phosphorane reagents, namely, CMMP, 

CMPP and CMBP. On one hand, CMMP was found to be the most reactive towards 

alkylation of activated methylenes, unfortunately its synthesis requires the use of pyrophoric 

trimethylphosphine.
[441]

 Furthermore, the purification and storage of CMMP are hampered by 

its low stability to air and moisture. On the other hand, CMPP is a stable crystalline solid, 

which can be stored indefinitely but which suffers from low reactivity caused by steric effects 

from the three bulky phenyl rings. CMBP sits between these two extremes. Like CMPP, 

CMBP is commercially available, although it can be stored for weeks under an argon 

atmosphere without decomposing.
[462]

 The high viscosity of this clear brown liquid and its 

sensitivity to both air and moisture make it difficult to handle. Therefore, the development of 

alternatives to the existing cyanomethylenephosphoranes, exhibiting both high reactivity and 

stability, is extremely desirable. Such compounds could be obtained by replacing one or two 

of the phenyl rings in CMPP by smaller alkyl substituents. The reduced bulkiness of the 
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resulting cyanomethylenephosphoranes may facilitate the alkylation of hindered secondary 

alcohols. Furthermore, the reactivity of CMPP may also be modulated by introducing 

substituents on the phenyl rings. Electron-withdrawing groups such as pentafluorophenyl 

(Pfp), are expected to increase the Lewis acidity of the phosphorus centre with the possibility 

of expanding the scope of the reaction to electron-deficient alcohols. The structures of 

existing and potential cyanomethylenephosphorane reagents to be investigated in the future 

are illustrated in Figure 83.  

 

 

 
Figure 83. Examples of existing and potential cyanomethylene phosphorane reagents.  

 

Additionally, in order to extend the scope of this novel methodology to the synthesis of 

α,α-dialkylated amino acids, the use of a modified Belokon Ni complex may be examined. 

Although we found that no alkylation occurred under these Mitsunobu-Tsunoda reaction 

conditions, when the nickel complex of the alanine Schiff base with BPB was employed, the 

dialkylation of other nickel complexes using halide electrophiles has previously been 

described (Scheme 158).
[379]

  

 

 

 
Scheme 158. Example of alkylation of the nickel complex of alanine Schiff base with BPAB using 

allyl bromide under PTC conditions.
[379] 

 

It is therefore hoped that by applying the Mitsunobu-Tsunoda reaction to structurally 

different organometallic chiral complexes such as the nickel complex of alanine Schiff base 

with (S)-2-[N-(N'-benzyl-prolyl)amino]benzaldehyde (BPAB) or the nickel complex of 
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alanine Schiff base with (S)-2-[N-(N'-benzyl-prolyl)amino]acetophenone (BPAAPh), it may 

be possible to access the highly sought-after α,α-dialkylated amino acids (Scheme 159). 

 

 

 
Scheme 159. Synthesis of α,α-dialkylated AAs using Mitsunobu-Tsunoda alkylation of Belokon 

complexes of alanine Schiff base with BPAB or BPAPh. 

 

In conclusion, we have developed a novel, rapid, highly enantioselective method to effect 

the synthesis of chiral unnatural amino acids from alcohols. This new method provides a 

powerful addition to the armoury of asymmetric amino acid syntheses. With further 

modifications in progress in our laboratories, this new process may become the method of 

choice for the synthesis of chiral non-proteinogenic α-amino acids. 
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Experimental: Part I 

General Information 

All reagents were purchased as reagent grade and used without further purification. Solvents 

for reactions were dried according to standard procedures.
[463]

 RP-HPLC solvents were 

purchased as HPLC grade and used without further purification. Analytical thin layer 

chromatography (TLC) was performed on 0.2 mm aluminium plates of silica gel 60 F254 

(Merck) and compounds were visualised by ultra-violet fluorescence or by staining with 

potassium permanganate or vanillin solutions, followed by heating the plate as appropriate. 

Flash chromatography was performed using Davisil
® 

chromatographic silica (LC60Å 40-63 

micron) (Grace GmbH & Co.KG) with indicated solvents. Infrared spectra were obtained 

using a Perkin Elmer Spectrum One Fourier Transform infrared spectrometer with a universal 

ATR sampling accessory. Optical rotations were measured at 20 °C using either a Perkin 

Elmer 341 polarimeter or a Rudolph Research Analytical Autopol IV at λ = 598 nm and are 

given in units of 10
-1

 deg cm
2
 g

-1
. Nuclear magnetic resonance (NMR) spectra were recorded 

as indicated on either a Bruker AVANCE DRX300 spectrometer operating at 300 MHz for 
1
H 

nuclei and 75 MHz for 
13

C nuclei or on a Bruker AVANCE DRX400 spectrometer operating 

at 400 MHz for 
1
H nuclei and 100 MHz for 

13
C nuclei. Chemical shifts are reported in parts 

per million (ppm) relative to the TMS signal at δH 0.00 ppm (
1
H NMR) in CDCl3-SiMe4 

solvent or were referenced to the residual methanol signal at δH 3.31 ppm in MeOD-d4 or the 

residual water signal at δH 4.79 ppm in D2O or the residual acetone signal at δH 2.05 ppm in 

acetone-d6 and the residual dimethylsulfoxide signal at δH 2.50 ppm in DMSO-d6. The 
13

C 

chemical shift values were referenced to the residual chloroform signal at δC 77.0 ppm in 

CDCl3-SiMe4 solvent or the residual methanol signal at δC 49.00 ppm or the residual acetone 

signal at δC 29.84 ppm or the residual dimethylsulfoxide signal at δC 39.52 ppm.
 1

H NMR shift 

values are reported as chemical shift (δ), relative integral, multiplicity (s, singlet; d, doublet; t, 

triplet; q, quartet; m, multiplet; dd, doublet of doublets; dt, doublet of triplets; dq, doublet of 

quadruplets; ddd, doublet of doublets of doublets; ddt, doublet of doublets of triplets; br s, 

broad singlet), coupling constant (J in Hz) and assignments. 
13

C values are reported as 

chemical shift (δ) and assignment. Melting points were determined on a Electrothermal
®
 

melting point apparatus and are uncorrected. Electrospray ionisation mass spectra (ESI-MS) 

were recorded on a Agilent Technologies 1120 Compact LC connected to a hp Series 1100 

MSD spectrometer or a Bruker micrOTOF-Q II spectrometer. Samples were introduced using 

direct flow injection at 0.1-0.2 mL/min into an ESI source in positive mode. Major and 
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significant fragments are quoted in the form x (mass to charge ratio). Semi-preparative RP-

HPLC was performed on a Waters 600 System with a Waters 2487 dual wavelength 

absorbance detector using a Phenomenex Gemini C18 column, 110 Å, 5 μm, 10 mm  250 mm 

at a flow rate of 5 mL/min. Gradient systems were adjusted according to the elution profiles 

and peak profiles obtained from the analytical RP-HPLC chromatograms. 

Analytical RP-HPLC was performed on a Dionex P680 system using the following columns: 

Phenomenex Gemini or Xterra C18, 110 Å, 5 μm, 4.6 mm  150 mm at a flow rate of 1 

mL/min. A linear gradient of 0.1% trifluoroacetic acid/water (A) and 0.1% trifluoroacetic 

acid/acetonitrile (B) was used with detection at 210 nm. 

 

Reagents 

O-(Benzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate (HBTU), 

N-hydroxybenzotriazole (HOBt), (benzotriazol-1-yloxy)tris(dimethylamino)phosphonium 

hexafluorophosphate (BOP) and FmocOSu were purchased from Advanced ChemTech. 

N,N-Dimethylformamide (DMF) (synthesis grade), thionyl chloride, potassium acetate, 

sodium hydroxide and potassium hydroxide were purchased from Scharlau and acetonitrile 

(HPLC grade) from Tedia. Diisopropylethylamine (DIPEA), piperidine, 3,6-dioxa-1,8-

octanedithiol, triisopropylsilane (TIS), 4-(dimethylamino)pyridine (DMAP), 

4-methylmorpholine (NMM), triethylamine, Boc anhydride, triflic anhydride, sodium 

periodate, potassium phosphate, copper acetate, allyl bromide, 

1,1'-bis(diphenylphosphino)ferrocene (dppf) and SPhos were purchased from Aldrich. 

3-Iodophenylalanine was purchased from Chem-Impex International, Inc. Pyridine was 

purchased from Ajax Finechem and 1,1'-bis(diphenylphosphino)ferrocene-

palladium(II)dichloride dichloromethane complex (PdCl2(dppf)) from Strem Chemicals. 

D-Biotin, N,N′-diisopropylcarbodiimide (DIC) and 4-(hydroxymethyl)phenoxyacetic acid 

(HMP) were purchased from GL Biochem. Trifluoroacetic acid (TFA) was purchased from 

Halocarbon. Calcium chloride was purchased from Romil Ltd. L-Tyrosine, palladium acetate 

and bis(pinacolato)diboron were purchased from Arcros Organics and copoly(styrene-1%-

divinylbenzene) resin (Bio beads S-X1) 200-400 mesh from Bio-Rad. The boronic acids and 

pinacol esters were purchased from Boron Molecular with the exception of                             

3-nitrophenylboronic acid, which was purchased from Aldrich. The heteroaryl halides were 

all purchased from Aldrich. Potassium carbonate, sodium bicarbonate and ammonium acetate 

were purchased from ECP. L-Amino acids were used in every case. Fmoc-amino acids were 

purchased from either CEM corp. or GL Biochem with the following side chain protection: 

http://en.wikipedia.org/wiki/1,1'-Bis(diphenylphosphino)ferrocene
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Fmoc-Arg(Pbf)-OH and Fmoc-Glu(OtBu)-OH. The catalyst tetrakis(triphenylphosphine) 

palladium(0)
[124]

 and aminomethylated resin
[224]

 were synthesised according to published 

procedures.  

 

Synthesis of the Boc-Tyr(OH)-CO2Me building block 2 

 

 
 

(S)-Methyl 2-amino-3-(4-hydroxyphenyl)propanoate (NH2-Tyr(OH)-CO2Me):
[121]

 

 

 
 

L-Tyrosine (16.6 mmol, 3.0 g) was dissolved in MeOH (12 mL). SOCl2 (18.3 mmol, 1.3 mL) 

was added dropwise and the clear solution was heated at reflux for 4 hours. The solvent was 

removed in vacuo to give a white solid which was used without further purification in the next 

step. 
1
H NMR (400 MHz, D2O):  3.19 (1H, dd, J = 14.7, 7.4 Hz, CH2), 3.28 (1H, dd, J = 

14.7, 5.8 Hz, CH2), 3.85 (3H, s, CO2CH3), 4.39 (1H, dd, J = 7.4, 5.8 Hz, CH), 6.92 (2H, d, 

J = 8.5 Hz, 3,5-CH), 7.18 (2H, d, J = 8.6 Hz, 2,6-CH). 

 

(S)-Methyl 2-(tert-butoxycarbonylamino)-3-(4-hydroxyphenyl)propanoate  

(Boc-Tyr(OH)-CO2Me) 2: 

 

 
 

Boc-Tyr(OH)-CO2Me was prepared by the same procedure used for methyl N-Boc-3-tert-

butyltyrosinate.
[122]

 

NH2-Tyr(OH)-CO2Me was dissolved in MeOH (40 mL) and NEt3 (24.9 mmol, 3.3 mL) was 

added. The ice-cooled red solution was stirred under N2, Boc2O (18.3 mmol, 4.0 g) was added 

portion-wise and the solution was stirred overnight at room temperature under N2. The 
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solution was acidified with 1 M HCl until pH 3 and was extracted with CH2Cl2. The organic 

layer was dried over MgSO4, filtered and concentrated in vacuo to give the crude product as 

an orange oil, which was purified by flash column chromatography (EtOAc/hexane, 3/7) to 

give the desired product as a white foam. Yield: (4.6 g, 94% over to steps), Rf  0.17 

(EtOAc/hexane, 3/7), mp 108 °C (lit.,
[464]

 100-102 °C), []D
20

 +43.3 (c 0.1, CHCl3) (lit.,
[464]

 

+46.00 (c 1, CHCl3)); 
1
H NMR (400 MHz, CDCl3):  1.41 (9H, s, CH3/Boc), 2.95 (1H, dd, J 

= 14.1, 6.3 Hz, CH2), 3.01 (1H, dd, J = 13.9, 5.7 Hz, CH2), 3.68 (3H, s, CO2CH3), 4.47-

4.52 (1H, m, CH), 5.09 (1H, d, J = 7.7 Hz, NH), 6.73 (2H, d, J = 8.1 Hz, 3,5-CH), 6.93 (2H, 

d, J = 8.4 Hz, 2,6-CH); 
13

C NMR (100 MHz, CDCl3): 28.3 (3 x CH3/Boc), 37.6 (CH2), 

52.3 (CH3/CO2CH3), 54.2 (CH), 80.3 (C/Boc), 115.5 (3,5-CH), 127.4 (1-C), 130.3 (2,6-CH), 

155.2, 155.4 (C=O/Boc + 4-C), 172.7 (C=O/CO2CH3). 

1
H NMR and 

13
C NMR data were in agreement with that reported in the literature.

[464]
 

 

Synthesis of the Boc-Tyr(OTf)-CO2Me building block 8 

 

 
 

(S)-Methyl 2-(tert-butoxycarbonylamino)-3-(4-(trifluoromethylsulfonyloxy) phenyl) 

propanoate (Boc-Tyr(OTf)-CO2Me) 8:
[123]

 

 

 
 

Boc-Tyr(OH)-CO2Me (15.5 mmol, 4.6 g) was dissolved in CH2Cl2 (50 mL) and pyridine 

(38.8 mmol, 3.1 mL) was added. The solution was stirred under N2 at -15 °C and triflic 

anhydride (18.6 mmol, 3.1 mL) was added dropwise. The red solution was stirred under N2 at 

-15 °C for 30 min. Water was added to the reaction, the layers were separated, the organic 

layer was washed with 0.5 M NaOH and 5 % citric acid, dried over MgSO4 and concentrated 

in vacuo to give the crude product as a red oil, which was purified by flash column 

chromatography (EtOAc/hexane, 15/85) to give the desired product as a yellow crystalline 

solid. Yield: (6.0 g, 90%); Rf  0.25 (EtOAc/hexane, 15/85); mp 49 °C (lit.,
[158]

 48-50 °C); 
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[]D
20

 +34.8 (c 0.1, CHCl3) (lit.,
[465]

 +33.60 (c 1, CHCl3)); 
1
H NMR (400 MHz, CDCl3):  

1.41 (9H, s, CH3/Boc), 3.04 (1H, dd, J = 13.8, 6.5 Hz, CH2), 3.17 (1H, dd, J = 13.9, 5.7 Hz, 

CH2), 3.71 (3H, s, CO2CH3), 4.58-4.62 (1H, m, CH), 5.02 (1H, d, J = 7.7 Hz, NH), 7.19-

7.24 (4H, m, ar); 
13

C NMR (100 MHz, CDCl3):  28.2 (3 x CH3/Boc), 37.9 (CH2), 52.4 

(CH3/CO2CH3), 54.2 (CH), 80.2 (C/Boc), 117.1 (C/OTf), 121.3 (3,5-CH), 131.1 (2,6-CH), 

136.9 (1-C), 148.6 (4-C), 154.9 (C=O/Boc), 171.9 (C=O/CO2CH3). 

1
H NMR and 

13
C NMR data were in agreement with that reported in the literature.

[158]
 

 

General method A: Suzuki cross-coupling reaction
[53]

 

 

 
 

The requisite boron reagent (2.28 mmol) and K2CO3 (4.55 mmol, 580 mg) were combined 

and suspended in a degassed mixture of toluene/DMF (15 mL, 10/1). Boc-Tyr(OTf)-CO2Me 

(1.75 mmol, 750 mg) was dissolved in the same solvent (4 mL) and added to the suspension 

under N2. Pd(PPh3)4 (10 mol %, 202 mg) was added and the yellow suspension was heated at 

80 °C overnight. The black suspension was filtered through celite and the filtrate was 

concentrated. The residue was dissolved into EtOAc. The organic layer was washed with 

water, dried over Na2SO4 and concentrated in vacuo to give the crude product which was 

purified by flash column chromatography. 

 

(S)-Methyl 2-(tert-butoxycarbonylamino)-3-(4'-methylbiphenyl-4-yl)propanoate  

(Boc-Phe(4-(4'-methylphenyl))-CO2Me) 3a: 

 

 
 

This compound was prepared following the general method A using 4-methylphenylboronic 

acid (310 mg). Purification: flash column chromatography (EtOAc/hexane, 1/9) yielded the 

desired product as a white solid. Yield: (498 mg, 77%); Rf  0.14 (EtOAc/hexane, 1/9); mp 

78-79 °C (lit.,
[465]

 77-79 °C); []D
20

 +50.0 (c 0.1, CHCl3) (lit.,
[465]

 +52.24 (c 1, CHCl3)); 
1
H 
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NMR (400 MHz, CDCl3):  1.45 (9H, s, CH3/Boc), 2.39 (3H, s, CH3), 3.09 (1H, dd, J = 13.8, 

6.3 Hz, CH2), 3.19 (1H, dd, J = 13.8, 5.6 Hz, CH2), 3.73 (3H, s, CO2CH3), 4.62-4.67 (1H, 

m, CH), 5.21 (1H, d, J = 8.2 Hz, NH), 7.21 (2H, d, J = 8.0 Hz, ar), 7.24 (2H, d, J = 8.1 Hz, 

ar), 7.48 (2H, d, J = 8.1 Hz, ar), 7.52 (2H, d, J = 8.1 Hz, ar); 
13

C NMR (100 MHz, CDCl3): δ 

21.1 (CH3), 28.3 (3 x CH3/Boc), 37.9 (CH2), 52.2 (CH3/CO2CH3), 54.5 (CH), 79.8 

(C/Boc), 126.8, 127.0, 129.5, 129.7 (8 x CH/ar), 134.9, 137.0, 137.9, 139.8 (4 x C/ar), 155.2 

(C=O/Boc), 172.4 (C=O/CO2CH3).  

1
H NMR data were in agreement with that reported in the literature.

[465]
  

 

(S)-Methyl 2-(tert-butoxycarbonylamino)-3-(4'-ethylbiphenyl-4-yl)propanoate  

(Boc-Phe(4-(4'-ethylphenyl))-CO2Me) 3b: 

 

 
 

This compound was prepared following the general method A using 4-ethylphenylboronic 

acid (342 mg). Purification: flash column chromatography (EtOAc/hexane, 7/93) yielded the 

desired product as an off-white solid. Yield: (339 mg, 51%); Rf  0.36 (EtOAc/hexane, 1/9); mp 

88-89 °C; []D
20

 +41.0 (c 0.1, CHCl3); 
1
H NMR (300 MHz, CDCl3):  1.31 (3H, t, J = 7.6 Hz, 

CH3), 1.47 (9H, s, CH3/Boc), 2.72 (2H, q, J = 7.6 Hz, CH2), 3.11 (1H, dd, J = 13.7, 6.1 Hz, 

CH2), 3.20 (1H, dd, J = 13.8, 5.6 Hz, CH2), 3.75 (3H, s, CO2CH3), 4.62-4.67 (1H, m, 

CH), 5.17 (1H, br s, NH), 7.23 (2H, d, J = 7.9 Hz, ar), 7.29 (2H, d, J = 8.1 Hz, ar), 7.51-7.54 

(4H, m, ar); 
13

C NMR (100 MHz, CDCl3): δ 15.6 (CH3), 28.3 (3 x CH3/Boc), 28.5 (CH2), 38.0 

(CH2), 52.2 (CH3/CO2CH3), 54.4 (CH), 79.9 (C/Boc), 126.9, 127.1, 128.3, 129.7 (8 x 

CH/ar), 134.8, 138.1, 139.9, 143.4 (4 x C/ar), 155.2 (C=O/Boc), 172.4 (C=O/CO2CH3); IR 

υmax (neat): 3362, 2965, 1735, 1682, 1513, 1498, 1299, 1158, 814 cm
-1

; MS (ESI) m/z: 

406.1988 [M + Na]
+
, 384.2163 [M + H]

+
, 328.1531 [M - C(CH3)3]

+
, 284.1628 [M - Boc]

+ 
 

([M + H]
+
,
 
C23H30NO4 requires 384.2169). 
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(S)-Methyl 2-(tert-butoxycarbonylamino)-3-(4'-triphenyl-4-yl)propanoate  

Boc-Phe(4,4'-biphenyl)-CO2Me 3c: 

 

 
 

This compound was prepared following the general method A using 4,4'-biphenylboronic 

acid (451 mg). Purification: flash column chromatography (EtOAc/hexane, 1/9 to 1/4) yielded 

the desired product as a off-white solid. Yield: (450 mg, 60%); Rf  0.24 (EtOAc/hexane, 

15/85); mp 185 °C (lit.,
[466]

 189-190 °C); []D
20

 +43.9 (c 0.1, CHCl3) (lit.,
[466]

 +54.81 (c 1, 

CHCl3)); 
1
H NMR (400 MHz, CDCl3):  1.45 (9H, s, CH3/Boc), 3.12 (1H, dd, J = 13.6, 5.9 

Hz, CH2), 3.20 (1H, dd, J = 13.7, 5.6 Hz, CH2), 3.76 (3H, s, CO2CH3), 4.63-4.68 (1H, m, 

CH), 5.07 (1H, d, J = 7.0 Hz, NH), 7.23 (2H, d, J = 7.8 Hz, ar), 7.37 (1H, t, J = 7.1 Hz, 4''-

CH), 7.47 (2H, t, J = 7.4 Hz, 3'',5''-CH), 7.59 (2H, d, J = 8.1 Hz, ar), 7.65-7.70 (6H, m, ar); 

13
C NMR (100 MHz, CDCl3): δ 28.3 (3 x CH3/Boc), 38.0 (CH2), 52.3 (CH3/CO2CH3), 54.4 

(CH), 80.0 (C/Boc), 127.0, 127.2 (4 x CH/ar), 127.4 (2 x CH/ar + 4''-CH), 127.5, 128.9, 

129.8 (6 x CH/ar), 135.2, 139.4, 139.7, 140.1, 140.7 (5 x C/ar), 155.2 (C=O/Boc), 172.4 

(C=O/CO2CH3).  

1
H NMR data were in agreement with that reported in the literature.

[466]
 

 

General method B: Suzuki cross-coupling reaction 

 

 
 

An adaptation of the general procedure used by Buchwald et al.
[117]

 was employed.  

The requisite boron reagent (2.63 mmol) and K3PO4 (5.25 mmol, 1.1 g) were combined and 

suspended in a degassed mixture of toluene/DMF (15 mL, 10/1). Boc-Tyr(OTf)-CO2Me (1.75 

mmol, 750 mg) was added to the suspension under N2. SPhos (12.5 mol %, 90 mg) and 

Pd(OAc)2 (5 mol %, 20 mg) were added and the yellow suspension was heated at 90 °C 
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overnight. The resulting black suspension was filtered through celite and the filtrate was 

concentrated in vacuo. The residue was taken up into EtOAc. The organic layer was washed 

with water, dried over Na2SO4 and concentrated in vacuo to give the crude product which was 

purified by flash column chromatography.  

 

(S)-Methyl 2-(tert-butoxycarbonylamino)-3-(2'-methoxybiphenyl-4-yl)propanoate  

(Boc-Phe(4-(2'-methoxyphenyl))-CO2Me) 3d: 

 

 
 

This compound was prepared following the general method B using 

2-methoxyphenylboronic acid (399 mg). Purification: flash column chromatography 

(EtOAc/hexane, 1/4) yielded the desired product as a colourless foam. Yield: (595 mg, 88%); 

Rf 0.13 (EtOAc/hexane, 1/4); []D
20

 +39.1 (c 0.1, CHCl3); 
1
H NMR (400 MHz, CDCl3):  

1.44 (9H, s, CH3/Boc), 3.09 (1H, dd, J = 13.9, 6.3 Hz, CH2), 3.17 (1H, dd, J = 13.8, 5.6 Hz, 

CH2), 3.75 (3H, s, CO2CH3), 3.81 (3H, s, OCH3), 4.61-4.66 (1H, m, CH), 5.05 (1H, d, J = 

8.0 Hz, NH), 6.98 (1H, d, J = 8.3 Hz, 3'-CH), 7.03 (1H, dd, J = 7.5, 0.9 Hz, 5'-CH), 7.18 (2H, 

d, J = 8.0 Hz, ar), 7.27-7.31 (2H, m, ar), 7.48 (2H, d, J = 8.2 Hz, ar); 
13

C NMR (100 MHz, 

CDCl3): δ 28.3 (3 x CH3/Boc), 38.0 (CH2), 52.2 (CH3/CO2CH3), 54.4 (CH), 55.5 

(CH3/OCH3), 79.9 (C/Boc), 111.2 (3'-CH), 120.9 (5'-CH), 128.6 (4'-CH), 129.0, 129.7 

(2,3,5,6-CH), 130.2 (1'-C), 130.8 (6'-CH), 134.6, 137.3 (1,4-C), 155.2 (C=O/Boc), 156.5 

(2'-C), 172.5 (C=O/CO2CH3); IR υmax (neat): 3367, 2976, 1743, 1711, 1487, 1237, 1161, 

1025, 752 cm
-1

; MS (ESI) m/z: 408.1778 [M + Na]
+
, 386.1957 [M + H]

+
, 330.1336 [M - 

C(CH3)3]
+
, 286.1436 [M - Boc]

+ 
 ([M + H]

+
,
 
C22H28NO5 requires 386.1962). 
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(S)-Methyl 2-(tert-butoxycarbonylamino)-3-(2',6'-dimethoxybiphenyl-4-yl)propanoate  

(Boc-Phe(4-(2',6'-dimethoxyphenyl))-CO2Me) 3e: 

 

 
 

This compound was prepared following the general method B using 

2,6-dimethoxyphenylboronic acid (478 mg). Purification: flash column chromatography 

(EtOAc/hexane, 1/4) yielded the desired product as a white solid. Yield: (248 mg, 34%); Rf  

0.18 (EtOAc/hexane, 1/4); mp 65 °C; []D
20

 +24.6 (c 0.1, CHCl3); 
1
H NMR (400 MHz, 

CDCl3):  1.43 (9H, s, CH3/Boc), 3.09-3.13 (2H, m, CH2), 3.72 (6H, s, OCH3), 3.73 (3H, s, 

CO2CH3), 4.60-4.65 (1H, m, CH), 5.05 (1H, d, J = 7.9 Hz, NH), 6.64 (2H, d, J = 8.4 Hz, 

3',5'-CH), 7.16 (2H, d, J = 7.9 Hz, ar), 7.23-7.28 (3H, m, ar); 
13

C NMR (100 MHz, CDCl3): δ 

28.3 (3 x CH3/Boc), 38.1 (CH2), 52.2 (CH3/CO2CH3), 54.4 (CH), 55.9 (2 x OCH3), 79.9 

(C/Boc), 104.2 (3',5'-CH), 119.1 (1'-C), 128.6 (3,5-CH), 128.7 (4'-CH), 131.2 (2,6-CH), 

134.2, 137.0 (1,4-C), 155.2 (C=O/Boc), 157.7 (2',6'-C), 172.6 (C=O/CO2CH3); IR υmax (neat): 

3371, 2934, 1739, 1688, 1515, 1245, 1161, 1105, 1004, 781 cm
-1

; MS (ESI) m/z: 438.1879 

[M + Na]
+
, 416.2053 [M + H]

+
, 316.1546 [M - Boc]

+ 
([M + H]

+
,
 
C23H30NO6 requires 

416.2068). 

 

(S)-Methyl 2-(tert-butoxycarbonylamino)-3-(3'-nitrobiphenyl-4-yl)propanoate  

(Boc-Phe(4-(3'-nitrophenyl))-CO2Me) 3f: 

 

 
 

This compound was prepared following the general method B, using 3-nitrophenylboronic 

acid (438 mg). Purification: flash column chromatography (EtOAc/hexane, 1/9) yielded the 

desired product as an off-white solid. Yield: (638 mg, 91%); Rf  0.16 (EtOAc/hexane, 1/4); mp 

92 °C; []D
20

 +34.6 (c 0.1, CHCl3); 
1
H NMR (400 MHz, CDCl3):  1.43 (9H, s, CH3/Boc), 

3.11 (1H, dd, J = 13.7, 6.1 Hz, CH2), 3.20 (1H, dd, J = 13.7, 5.6 Hz, CH2), 3.76 (3H, s, 
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CO2CH3), 4.62-4.67 (1H, m, CH), 5.08 (1H, d, J = 7.9 Hz, NH), 7.27 (2H, d, J = 8.2 Hz, ar), 

7.56 (2H, d, J = 8.3 Hz, ar), 7.60 (1H, t, J = 8.0 Hz, 5'-CH), 7.89 (1H, d, J = 8.2 Hz, 6'-CH), 

8.18 (1H, ddd, J = 8.2, 2.2, 0.8 Hz, 4'-CH), 8.43 (1H, t, J = 2.0 Hz, 2'-CH); 
13

C NMR (100 

MHz, CDCl3): δ 28.3 (3 x CH3/Boc), 38.0 (CH2), 52.3 (CH3/CO2CH3), 54.4 (CH), 79.9 

(C/Boc), 121.7, 121.9 (2',4'-CH), 127.2 (3,5-CH), 129.7 (5'-CH), 130.1 (2,6-CH), 132.8 (6'-

CH), 136.8, 137.2, 142.3 (1,4,1'-C), 148.7 (3'-C), 155.1 (C=O/Boc), 172.2 (C=O/CO2CH3); IR 

υmax (neat): 3350, 2987, 2946, 1750, 1689, 1518, 1347, 1164, 730 cm
-1

; MS (ESI) m/z: 

423.1524 [M + Na]
+
, 401.1703 [M + H]

+
, 345.1079 [M - C(CH3)3]

+
, 301.1182 [M - Boc]

+ 
 

([M + H]
+
,
 
C21H25N2O6 requires 401.1707). 

 

(S)-Methyl 2-(tert-butoxycarbonylamino)-3-(3',4'-dimethoxybiphenyl-4-yl)propanoate  

(Boc-Phe(4-(3',4'-dimethoxyphenyl))-CO2Me) 3g: 

 

 
 

This compound was prepared following the general method B, using 

3,4-dimethoxyphenylboronic acid (478 mg). Purification: flash column chromatography (first 

0 to 1% MeOH/CH2Cl2 then EtOAc/hexane, 1/4) yielded the desired product as a white solid. 

Yield: (640 mg, 88%); Rf  0.14 (EtOAc/hexane, 1/4); mp 112 °C; []D
20

 +48.1 (c 0.1, CHCl3); 

1
H NMR (400 MHz, CDCl3):  1.33 (9H, s, CH3/Boc), 2.97 (1H, dd, J = 13.6, 5.9 Hz, CH2), 

3.06 (1H, dd, J = 13.7, 5.5 Hz, CH2), 3.64 (3H, s, CO2CH3), 3.80 (3H, s, OCH3), 3.84 (3H, s, 

OCH3), 4.50-4.54 (1H, m, CH), 5.03 (1H, d, J = 7.9 Hz, NH), 6.83 (1H, d, J = 8.2 Hz, 

5'-CH), 7.00 (1H, s, 2'-CH), 7.02 (1H, d, J = 7.2 Hz, 6'-CH), 7.09 (2H, d, J = 7.8 Hz, ar), 7.39 

(2H, d, J = 8.0 Hz, ar); 
13

C NMR (100 MHz, CDCl3): δ 28.3 (3 x CH3/Boc), 37.8 (CH2), 

52.2 (CH3/CO2CH3), 54.4 (CH), 55.9 (2 x CH3/OCH3), 79.8 (C/Boc), 110.3, 111.5 

(2',5'-CH), 119.2 (6'-CH), 126.9, 129.7 (2,3,5,6-CH), 133.7, 134.6, 139.7 (1,4,1'-C), 148.6, 

149.1 (3',4'-C), 155.1 (C=O/Boc), 172.3 (C=O/CO2CH3); IR υmax (neat): 3383, 2993, 2969, 

1742, 1688, 1504, 1254, 1170, 1145, 1018, 802 cm
-1

; MS (ESI) m/z: 438.1878 [M + Na]
+
, 

416.2059 [M + H]
+
, 360.1432 [M - C(CH3)3]

+
, 316.1530 [M - Boc]

+ 
 ([M + H]

+
,
 
C23H30NO6 

requires 416.2068). 
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(S)-Methyl 2-(tert-butoxycarbonylamino)-3-(4'-cyanobiphenyl-4-yl)propanoate  

(Boc-Phe(4-(4'-cyanophenyl))-CO2Me) 3h: 

 

 
 

This compound was prepared following the general method B using 4-cyanophenylboronic 

acid pinacol ester (601 mg). Purification: flash column chromatography (EtOAc/hexane, 1/9 

to 1/4) yielded the desired product as a colourless foam. Yield: (310 mg, 48%), Rf  0.17 

(EtOAc/hexane, 1/4), []D
20

 +37.9 (c 0.1, CHCl3); 
1
H NMR (400 MHz, CDCl3):  1.42 (9H, 

s, CH3/Boc), 3.08 (1H, dd, J = 13.7, 6.0 Hz, CH2), 3.19 (1H, dd, J = 13.7, 5.6 Hz, CH2), 

3.75 (3H, s, CO2CH3), 4.61-4.66 (1H, m, CH), 5.05 (1H, d, J = 7.9 Hz, NH), 7.25 (2H, d, J 

= 8.1 Hz, ar), 7.53 (2H, d, J = 8.3 Hz, ar), 7.66 (2H, d, J = 8.6 Hz, ar), 7.72 (2H, d, J = 8.4 Hz, 

ar); 
13

C NMR (100 MHz, CDCl3): δ 28.3 (3 x CH3/Boc), 38.1 (CH2), 52.3 (CH3/CO2CH3), 

54.3 (CH), 80.1 (C/Boc), 110.8 (4'-C), 118.9 (C/CN), 127.3, 127.6 (3,5,2',6'-CH), 130.1 

(2,6-CH), 132.6 (3',5'-CH), 136.9, 137.8 (1,4-C), 145.2 (1'-C), 155.1 (C=O/Boc), 172.2 

(C=O/CO2CH3); IR υmax (neat): 3368, 2977, 2227, 1743, 1709, 1497, 1249, 1161, 1055, 1006, 

817 cm
-1

; MS (ESI) m/z: 403.1628 [M + Na]
+
, 381.1813 [M + H]

+
, 325.1197 [M - C(CH3)3]

+
, 

281.1300 [M - Boc]
+ 

 ([M + H]
+
,
 
C22H25N2O4 requires 381.1809). 

 

(S)-Methyl 2-(tert-butoxycarbonylamino)-3-(4-cyclohexenylphenyl)propanoate  

(Boc-Phe(4-cyclohex-1'-ene)-CO2Me) 3i: 

 

 
 

This compound was prepared following the general method B, using cyclohex-1-ene boronic 

acid pinacol ester (0.6 mL). Purification: flash column chromatography (EtOAc/hexane, 1/9) 

yielded the desired product as a yellow oil. Yield: (567 mg, 93%); Rf  0.19 (EtOAc/hexane, 

1/9); []D
20

 + 41.0 (c 0.1, CHCl3); 
1
H NMR (400 MHz, CDCl3):  1.41 (9H, s, CH3/Boc), 

1.61-1.67 (2H, m, CH2/cyclohexene), 1.74-1.80 (2H, m, CH2/cyclohexene), 2.19 (2H, m, 
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CH2/cyclohexene), 2.37 (2H, m, CH2/cyclohexene), 3.02 (1H, dd, J = 13.9, 6.1 Hz, CH2), 

3.08 (1H, dd, J = 13.8, 5.8 Hz, CH2), 3.71 (3H, s, CO2CH3), 4.53-4.59 (1H, m, CH), 4.98 

(1H, d, J = 8.1 Hz, NH), 6.10 (1H, br s, 2'-CH), 7.05 (2H, d, J = 8.1 Hz, ar), 7.30 (2H, d, J = 

8.3 Hz, ar); 
13

C NMR (100 MHz, CDCl3): δ 23.0, 24.8, 25.9, 27.3 (3',4',5',6'-CH2), 28.3 (3 x 

CH3/Boc), 37.8 (CH2), 52.2 (CH3/CO2CH3), 54.4 (CH), 79.9 (C/Boc), 124.6 (2'-CH), 

125.0, 129.1 (4 x CH/ar), 134.1, 136.1, 141.3 (2 x C/ar + 1'-C), 155.1 (C=O/Boc), 172.4 

(C=O/CO2CH3); IR υmax (neat): 3369, 2930, 1744, 1713, 1498, 1162, 732 cm
-1

; MS (ESI) m/z: 

382.1979 [M + Na]
+
, 360.2166 [M + H]

+
, 304.1538 [M - C(CH3)3]

+
, 260.1644 [M - Boc]

+ 
 

([M + H]
+
,
 
C21H30NO4 requires 360.2169). 

 

Synthesis of Boc-Phe(3-iodo)-CO2Me building block 9 

 

 
 

(S)-Methyl 2-amino-3-(3-iodophenyl)propanoate (NH2-Phe(3-iodo)-CO2Me): 

 

 
 

NH2-Phe(3-iodo)-CO2Me was prepared by the same procedure used for NH2-Tyr(OH)-

CO2Me.
[121]

 

NH2-Phe(3-iodo)-CO2H (2.11 mmol, 614 mg) was dissolved in MeOH (1.5 mL). SOCl2 (2.3 

mmol, 0.17 mL) was added dropwise and the clear solution was heated at reflux for 4 hours. 

The solvent was removed in vacuo to give a white solid, which was used without further 

purification in the next step. 
1
H NMR (400 MHz, MeOD-d4):  3.25 (2H, d, J = 6.5 Hz, 

CH2), 3.81 (3H, s, CO2CH3), 4.37 (1H, t, J = 6.4 Hz, CH), 7.17 (1H, t, J = 7.7 Hz, 5-CH), 

7.34 (1H, d, J = 7.5 Hz, 6-CH), 7.68 (1H, d, J = 7.9 Hz, 4-CH), 7.71 (1H, s, 2 -CH). 
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(S)-Methyl 2-(tert-butoxycarbonylamino)-3-(3-iodophenyl)propanoate (Boc-Phe(3-iodo)-

CO2Me) 9:  

 

 
 

Boc-Phe(3-iodo)-CO2Me was prepared by the same procedure used for methyl N-Boc-3-tert-

butyltyrosinate.
[122]

 

NH2-Phe(3-iodo)-CO2Me was dissolved in MeOH (5 mL) and NEt3 (3.17 mmol, 0.4 mL) was 

added. To the ice-cooled red solution stirred under N2, Boc2O (2.3 mmol, 507 mg) was added 

portion-wise. The solution was stirred overnight at room temperature under N2. The solution 

was acidified with 1 M HCl until pH 3, and was extracted with CH2Cl2. The organic layer was 

dried over MgSO4, filtered and concentrated in vacuo to give the crude product as an orange 

oil, which was purified by flash column chromatography (EtOAc/hexane, 15/85) to give the 

desired product as a yellow solid. Yield: (738 mg, 86% over two steps); Rf  0.16 

(EtOAc/hexane, 1/9); mp 58 °C; []D
20

 +25.3 (c 0.1, CHCl3); 
1
H NMR (400 MHz, CDCl3):  

1.40 (9H, s, CH3/Boc), 2.93 (1H, dd, J = 13.3, 5.7 Hz, CH2), 3.05 (1H, dd, J = 13.7, 5.4 Hz, 

CH2), 3.69 (3H, s, CO2CH3), 4.50-4.55 (1H, m, CH), 5.08 (1H, br s, NH), 6.99 (1H, t, J = 

7.5 Hz, 5-CH), 7.07 (1H, d, J = 7.5 Hz, 6-CH), 7.46 (1H, s, 2-CH), 7.53 (1H, d, J = 7.6 Hz, 

4-CH); 
13

C NMR (100 MHz, CDCl3): 28.1 (3 x CH3/Boc), 37.5 (CH2), 52.1 

(CH3/CO2CH3), 54.1 (CH), 79.7 (C/Boc), 94.2 (3-C), 128.3, 129.9 (5,6-CH), 135.7 (4-CH), 

138.1 (2-C), 138.4 (1-C), 154.7 (C=O/Boc), 171.8 (C=O/CO2CH3); IR υmax (neat): 3331, 

2980, 1763, 1686, 1523, 1160, 781 cm
-1

; MS (ESI) m/z: 428.0318 [M + Na]
+
, 406.0504 [M + 

H]
+
, 349.9883 [M - C(CH3)3]

+
, 305.9985 [M - Boc]

+
 ([M + H]

+
,
 
C15H21INO4 requires 

406.0510). 
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Synthesis of Boc-Phe(3,4'-biphenyl)-CO2Me by Suzuki cross-coupling reaction 

 

 
 

(S)-Methyl 2-(tert-butoxycarbonylamino)-3-(4'-triphenyl-3-yl)propanoate  

Boc-Phe(3,4'-biphenyl)-CO2Me 3j: 

 

 
 

Boc-Phe(3,4'-biphenyl)-CO2Me was prepared following an adaptation of the procedure used 

by Buchwald et al.
[117]

 

4-Biphenyl boronic acid (3.2 mmol, 634 mg) and K3PO4 (6.45 mmol, 1.4 g) were combined 

and suspended in a degassed mixture of toluene/DMF (18 mL, 10/1). Boc-Phe(3-iodo)-

CO2Me (2.15 mmol, 870 mg) was added to the suspension under N2. SPhos (12.5 mol %, 110 

mg) and Pd(OAc)2 (5 mol %, 24 mg) were added and the yellow suspension was heated at 90 

°C overnight. The black suspension was filtered through celite and the filtrate was 

concentrated in vacuo. The residue was taken up into EtOAc. The organic layer was washed 

with water, dried over Na2SO4 and concentrated in vacuo to give the crude product which was 

purified by flash column chromatography (EtOAc/hexane, 15/85) to yield the desired product 

as an orange solid. Yield: (791 mg, 85%); Rf  0.50 (EtOAc/hexane, 1/4); mp 118 °C; []D
20

 

+27.6 (c 0.1, CHCl3); 
1
H NMR (400 MHz, CDCl3):  1.45 (9H, s, CH3/Boc), 3.15 (1H, dd, J 

= 13.6, 6.0 Hz, CH2), 3.24 (1H, dd, J = 13.8, 5.7 Hz, CH2), 3.75 (3H, s, CO2CH3), 

4.66-4.72 (1H, m, CH), 5.10 (1H, d, J = 7.7 Hz, NH), 7.15 (1H, d, J = 7.5 Hz, ar), 7.36-7.42 

(3H, m, ar), 7.48 (2H, t, J = 7.4 Hz, ar), 7.55 (1H, d, J = 7.8 Hz, ar), 7.66-7.71 (6H, m, ar); 
13

C 

NMR (100 MHz, CDCl3): δ 28.2 (3 x CH3/Boc), 38.3 (CH2), 52.2 (CH3/CO2CH3), 54.4 

(CH), 79.9 (C/Boc), 125.7 (1 x CH/ar), 127.0 (2 x CH/ar), 127.3 (1 x CH/ar), 127.4 (4 x 
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CH/ar), 128.0 (1 x CH/ar), 128.2 (1 x CH/ar), 128.8 (2 x CH/ar), 129.0 (1 x CH/ar), 136.5, 

139.7, 140.2, 140.6, 140.8 (5 x C/ar), 155.0 (C=O/Boc), 172.3 (C=O/CO2CH3); IR υmax (neat): 

3363, 2978, 1743, 1710, 1480, 1160, 762, 696 cm
-1

; MS (ESI) m/z: 454.1984 [M + Na]
+
, 

432.2168 [M + H]
+
, 376.1536 [M - C(CH3)3]

+
, 332.1637 [M - Boc]

+ 
 ([M + H]

+
,
 
C27H30NO4 

requires 432.2169). 

 

Synthesis of Boc-Phe(B(OH)2)-CO2Me building block 16 

 

 

(S)-Methyl 2-(tert-butoxycarbonylamino)-3-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl) 

phenyl)propanoate (Boc-Phe(4-borono)-CO2Me) 17: 

 

 
 

Boc-Phe(4-borono)-CO2Me was prepared by the same procedure used by Miyaura et al.
[149]

  

KOAc (2.82 mmol, 276 mg), bispinacolatodiboron (1.03 mmol, 262 mg), PdCl2(dppf) (3 mol 

%, 23 mg) and dppf (3 mol %, 16 mg) were suspended in dioxane (6 mL). The solvent was 

degassed through a flow of argon for 20 min. Boc-Tyr(OTf)-CO2Me (0.94 mmol, 400 mg) 

was added. The solution was heated up at 90 °C under argon overnight. The mixture was 

filtered through celite and the filtrate was taken up in EtOAc. The organic layer was washed 

with water, dried over MgSO4 and concentrated in vacuo to give the crude product as a brown 

oil, which was purified by flash column chromatography (EtOAc/hexane, 1/9) to give the 

desired product as a colourless oil. Yield: (272 mg, 71 %); Rf  0.34 (EtOAc/hexane, 3/7); 

[]D
20

 +33.0 (c 0.1, CHCl3); 
1
H NMR (400 MHz, CDCl3):  1.31 (12H, s, 

CH3/pinacolborane), 1.39 (9H, s, CH3/Boc), 3.04 (1H, dd, J = 13.6, 5.8 Hz, CH2), 3.11 (1H, 

dd, J = 13.6, 5.8 Hz, CH2), 3.67 (3H, s, CO2CH3), 4.54-4.59 (1H, m, CH), 5.00 (1H, d, J = 
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7.3 Hz, NH), 7.10 (2H, d, J = 7.6 Hz, ar), 7.71 (2H, d, J = 7.6 Hz, ar); 
13

C NMR (100 MHz, 

CDCl3):  24.8 (4 x CH3/pinacolborane), 28.2 (3 x CH3/Boc), 38.3 (CH2), 52.1 

(CH3/CO2CH3), 54.3 (CH), 79.8 (C/Boc), 83.7 (2 x C/pinacolborane), 127.4 (4-C), 128.6 

(2,6-CH), 134.9 (3,5-CH), 139.2 (1-C), 155.0 (C=O/Boc), 172.1 (C=O/CO2CH3)  

1
H NMR and 

13
C NMR data were in agreement with that reported in the literature.

[158]
 

 

(S)-4-(2-(tert-Butoxycarbonylamino)-3-methoxy-3-oxopropyl)phenylboronic acid  

(Boc-Phe(B(OH)2)-CO2Me) 16: 

 

 
 

Boc-Phe(B(OH)2)-CO2Me was prepared by the same procedure used for the preparation of 

MeBoc-3-(B(OH)2)-Tyr(OMe)-CO2Bn.
[467]

 

Boc-Phe(4-borono)-CO2Me (12.2 mmol, 5.0 g) was dissolved in a mixture of acetone/water 

(120 mL, 1/1) NH4OAc (36.6 mmol, 2.8 g) was added. The solution was stirred at room 

temperature for 5 min. Then NaIO4 (36.6 mmol, 7.8 g) was added and the solution was stirred 

at room temperature overnight. The mixture was filtered, the filtrate was concentrated in 

vacuo and taken up in EtOAc. The organic layer was washed with water and brine, dried over 

MgSO4 and concentrated in vacuo to give the product as colourless oil, which was 

recrystallised in CH2Cl2 to give the desired product as a white solid. Yield: (3.3 g, 85 %); Rf  

0.22 (EtOAc/hexane, 3/7); mp 180 °C; []D
20

 +62.7 (c 0.1, CHCl3);
 1

H NMR (400 MHz, 

MeOD-d4):  1.38 (9H, s, CH3/Boc), 2.91 (1H, dd, J = 13.7, 8.9 Hz, CH2), 3.09 (1H, dd, J = 

13.7, 5.3 Hz, CH2), 3.68 (3H, s, CO2CH3), 4.39-4.42 (1H, m, CH), 7.17 (1H, d, J = 7.5 Hz, 

ar), 7.21 (1H, d, J = 7.2 Hz, ar), 7.55 (1H, d, J = 6.6 Hz, ar), 7.67 (1H, d, J = 7.2 Hz, ar); 
13

C 

NMR (100 MHz, MeOD-d4):  28.7 (3 x CH3/Boc), 38.8 (CH2), 52.6 (CH3/CO2CH3), 56.5 

(CH), 80.7 (C/Boc), 129.5 (2 x CH/ar), 129.6 (1 x C/ar), 134.8 (1 x C/ar), 135.1 (2 x CH/ar), 

157.8 (C=O/Boc), 174.2 (C=O/CO2CH3) 

1
H NMR and 

13
C NMR data were in agreement with that reported in the literature.

[161]
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General method C: Suzuki cross-coupling reaction 

 

 
 

An adaptation of the general procedure used by Buchwald et al.
[117]

 was employed.  

Boc-Phe(B(OH)2)-CO2Me (1.4 mmol, 450 mg), K3PO4 (3.48 mmol, 738 mg), Pd(OAc)2 (5 

mol %, 13 mg) and SPhos (12.5 mol %, 60 mg) were combined and suspended in a degassed 

mixture of toluene/DMF (10 mL, 10/1). The requisite heteroaryl halide (1.16 mmol) was 

added to the suspension under N2 which was then heated at 90 °C overnight. The resulting 

black suspension was filtered through celite and the filtrate was concentrated in vacuo. The 

residue was taken up into EtOAc. The organic layer was washed with water, dried over 

Na2SO4 and concentrated in vacuo to give the crude product which was purified by flash 

column chromatography.  

 

(S)-Methyl 2-(tert-butoxycarbonylamino)-3-(4-(pyridin-4-yl)phenyl)propanoate  

(Boc-Phe(4-pyridin-4'-yl)-CO2Me) 3k: 

 

 
 

This compound was prepared following the general method C using 4-bromopyridine 

hydrochloride salt (226 mg). Purification: flash column chromatography (EtOAc/hexane, 3/7) 

yielded the desired product as a white solid. Yield: (359 mg, 87%); Rf  0.10 (EtOAc/hexane, 

3/7); mp 174 °C; []D
20

 +70.6 (c 0.1, CHCl3); 
1
H NMR (400 MHz, CDCl3):  1.39 (9H, s, 

CH3/Boc), 3.07 (1H, dd, J = 13.6, 6.1 Hz,CH2), 3.17 (1H, dd, J = 13.7, 5.6 Hz,CH2), 3.72 

(3H, s, CO2CH3), 4.58-4.64 (1H, m, CH), 5.17 (1H, d, J = 7.5 Hz, NH), 7.23 (2H, d, J = 8.1 

Hz, 2,6-CH), 7.45 (2H, d, J = 6.1 Hz, 3,5-CH), 7.54 (2H, d, J = 8.2 Hz, 3',5'-CH), 8.61 (2H, d, 

J = 6.0 Hz, 2',6'-CH); 
13

C NMR (100 MHz, CDCl3): δ 28.2 (3 x CH3/Boc), 38.0 (CH2), 52.2 

(CH3/CO2CH3), 54.3 (CH), 79.9 (C/Boc), 121.3 (3',5'-CH), 127.0, 130.0 (2,3,5,6-CH), 

136.6, 137.2 (1,4-C), 147.8 (4'-C), 150.1 (2',6'-CH), 155.0 (C=O/Boc), 172.1 (C=O/CO2CH3); 
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IR υmax (neat): 2970, 1733, 1697, 1254, 1169, 1019, 811 cm
-1

; MS (ESI) m/z: 379.1632 [M + 

Na]
+
, 357.1817 [M + H]

+
, 301.1198 [M - C(CH3)3]

+
 ([M + H]

+
,
 
C20H25N2O4 requires 

357.1825). 

 

(S)-Methyl 2-(tert-butoxycarbonylamino)-3-(4-(pyridin-3-yl)phenyl)propanoate  

(Boc-Phe(4-pyridin-3'-yl)-CO2Me) 3l: 

 

 
 

This compound was prepared following the general method C using 3-bromopyridine (112 

µL). Purification: flash column chromatography (EtOAc/hexane, 2/3) yielded the desired 

product as a yellow oil. Yield: (388 mg, 94%); Rf  0.14 (EtOAc/hexane, 3/7); []D
20

 +43.6 (c 

0.1, CHCl3) (lit.,
[468]

 +50.00 (c 2, CHCl3)); 
1
H NMR (400 MHz, CDCl3):  1.42 (9H, s, 

CH3/Boc), 3.10 (1H, dd, J = 13.7, 6.4 Hz,CH2), 3.20 (1H, dd, J = 13.8, 5.6 Hz,CH2), 3.74 

(3H, s, CO2CH3), 4.62-4.67 (1H, m, CH), 5.39 (1H, d, J = 7.9 Hz, NH), 7.26 (2H, d, J = 7.9 

Hz, 2,6-CH), 7.34 (1H, dd, J = 7.9, 4.9 Hz, 5'-CH), 7.50 (2H, d, J = 8.1 Hz, 3,5-CH), 7.84 

(1H, dt, J = 7.9, 1.8 Hz, 4'-CH), 8.57 (1H, d, J = 3.9 Hz, 6'-CH), 8.81 (1H, d, J = 1.7 Hz, 2'-

CH); 
13

C NMR (100 MHz, CDCl3): δ 28.3 (3 x CH3/Boc), 37.9 (CH2), 52.2 (CH3/CO2CH3), 

54.4 (CH), 79.8 (C/Boc), 123.5 (5'-CH), 127.1, 130.1 (2,3,5,6-CH), 134.2 (4'-CH), 136.1, 

136.3, 136.4 (1,4,3'-C), 148.1, 148.3 (2',6'-CH), 155.1 (C=O/Boc), 172.2 (C=O/CO2CH3). 

1
H NMR data were in agreement with that reported in the literature.

[468]
 

 

(S)-Methyl 2-(tert-butoxycarbonylamino)-3-(4-(pyrimidin-2-yl)phenyl)propanoate  

(Boc-Phe(4-pyrimidin-2'-yl)-CO2Me) 3m: 

 

 
 

This compound was prepared following the general method C using 2-chloropyrimidine  

(205 mg). Purification: flash column chromatography (EtOAc/hexane, 3/7) yielded the 
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desired product as an orange oil. Yield: (219 mg, 48%); Rf  0.15 (EtOAc/hexane, 3/7); []D
20

 

+52.0 (c 0.1, CHCl3); 
1
H NMR (400 MHz, CDCl3):  1.39 (9H, s, CH3/Boc), 3.10 (1H, dd, J 

= 13.6, 5.9 Hz,CH2), 3.17 (1H, dd, J = 13.6, 5.8 Hz,CH2), 3.69 (3H, s, CO2CH3), 

4.57-4.63 (1H, m, CH), 5.07 (1H, d, J = 7.7 Hz NH), 7.13 (1H, t, J = 4.9 Hz, 5'-CH), 7.23 

(2H, d, J = 8.2 Hz, 2,6-CH), 8.34 (2H, d, J = 8.3 Hz, 3,5-CH), 8.75 (2H, d, J = 4.9 Hz, 4',6'-

CH); 
13

C NMR (100 MHz, CDCl3): δ 28.2 (3 x CH3/Boc), 38.1 (CH2), 52.1 (CH3/CO2CH3), 

54.3 (CH), 79.9 (C/Boc), 119.0 (5'-CH), 128.3, 129.5 (2,3,5,6-CH), 136.4, 138.9 (1,4-C), 

155.0 (C=O/Boc), 157.1 (4',6'-CH), 164.4 (2'-C), 172.1 (C=O/CO2CH3); IR υmax (neat): 3351, 

2977, 1747, 1691, 1512, 1154, 786 cm
-1

; MS (ESI) m/z: 380.1551 [M + Na]
+
, 302.1111 [M - 

C(CH3)3]
+
, 258.1218 [M - Boc]

+
 ([M + Na]

+
,
 
C19H23N3NaO4 requires 380.1581). 

 

(S)-Methyl 2-(tert-butoxycarbonylamino)-3-(4-(quinolin-6-yl)phenyl)propanoate  

(Boc-Phe(4-quinolin-6'-yl)-CO2Me) 3n: 

 

 
 

This compound was prepared following the general method C using 6-bromoquinoline (175 

µL). Purification: flash column chromatography (EtOAc/hexane, 1/3 to 1/0) yielded the 

desired product as a yellow oil. Yield: (215 mg, 41%); Rf  0.25 (EtOAc/hexane, 3/7); []D
20

 

+15.4 (c 0.1, CHCl3); 
1
H NMR (400 MHz, CDCl3):  1.40 (9H, s, CH3/Boc), 3.08 (1H, dd, J 

= 13.6, 6.1 Hz, CH2), 3.18 (1H, dd, J = 13.7, 5.6 Hz, CH2), 3.72 (3H, s, CO2CH3), 

4.60-4.65 (1H, m, CH), 5.17 (1H, d, J = 8.0 Hz, NH), 7.23 (2H, d, J = 8.0 Hz, 2,6-CH), 7.38 

(1H, dd, J = 8.3, 4.2 Hz, 3'-CH), 7.61 (2H, d, J = 8.1 Hz, 3,5-CH), 7.90-7.93 (2H, m, 

5',8'-CH), 8.13-8.16 (2H, m, 4',7'-CH), 8.87 (1H, d, J = 2.9 Hz, 2'-CH); 
13

C NMR (100 MHz, 

CDCl3): δ 28.3 (3 x CH3/Boc), 38.0 (CH2), 52.2 (CH3/CO2CH3), 54.4 (CH), 79.9 (C/Boc), 

121.5 (3'-CH), 125.3 (5'-CH), 127.5 (3,5-CH), 128.5 (10'-C), 129.1, 129.8 (7',8'-CH), 129.9 

(2,6-CH), 135.8 (1-C), 136.3 (4'-CH), 138.9, 138.9 (4,6'-C), 147.5 (9'-C), 150.2 (2'-CH), 

155.1 (C=O/Boc), 172.3 (C=O/CO2CH3); IR υmax (neat): 3378, 1716, 1690, 1523,1498, 1448, 

1342, 1196, 1128, 1083, 1042, 829, 740, 620 cm
-1

; MS (ESI) m/z: 407.1942 [M + H]
+
, 

351.1311 [M - C(CH3)3]
+
, ([M + H]

+
,
 
C24H27N2O4 requires 407.1979). 

 



Experimental 
 

~ 266 ~ 
 

(S)-Methyl 2-(tert-butoxycarbonylamino)-3-(4-(thiophen-2-yl)phenyl)propanoate  

(Boc-Phe(4-thiophen-2'-yl)-CO2Me) 3o: 

 

 
 

This compound was prepared following the general method C using 2-bromothiophene (125 

µL). Purification: flash column chromatography (EtOAc/hexane, 1/9) yielded the desired 

product as a yellow oil. Yield: (411 mg, 88%); Rf  0.21 (EtOAc/hexane, 1/9); []D
20

 +46.7 (c 

0.1, CHCl3) (lit.,
[468]

 +58.00 (c 2, CHCl3)); 
1
H NMR (400 MHz, CDCl3):  1.43 (9H, s, 

CH3/Boc), 3.05 (1H, dd, J = 13.7, 5.9 Hz,CH2), 3.16 (1H, dd, J = 13.8, 5.8 Hz,CH2), 3.72 

(3H, s, CO2CH3), 4.58-4.63 (1H, m, CH), 5.03 (1H, d, J = 7.7 Hz, NH), 7.06 (1H, dd, J = 

5.2, 3.7 Hz, 4'-CH), 7.13 (2H, d, J = 8.1 Hz, 2,6-CH), 7.26 (1H, dd, J = 5.0, 1.0 Hz, 3'-CH), 

7.28 (1H, dd, J = 3.5, 1.0 Hz, 5'-CH), 7.54 (2H, d, J = 8.3 Hz, 3,5-CH); 
13

C NMR (100 MHz, 

CDCl3): δ 28.2 (3 x CH3/Boc), 38.0 (CH2), 52.2 (CH3/CO2CH3), 54.3 (CH), 79.9 (C/Boc), 

122.9, 124.7 (2 x CH/ar), 126.0 (2 x CH/ar), 127.9 (1 x CH/ar), 129.8 (2 x CH/ar), 133.2, 

135.3 (1,4-C), 144.0 (2'-C), 155.0 (C=O/Boc), 172.2 (C=O/CO2CH3). 

1
H NMR data were in agreement with that reported in the literature.

[468]
 

 

General method D: Evans-Chan-Lam cross-coupling reaction
[169]

 

 

 
 

The requisite phenyl boronic acid reagent (3.4 mmol), Boc-Tyr(OH)-CO2Me (1.7 mmol, 500 

mg), Cu(OAc)2 (1.7 mmol, 308 mg) and  4 Å molecular sieves were suspended in CH2Cl2 (18 

mL). The blue suspension was stirred at room temperature under O2. Pyridine (8.5 mmol, 

0.7mL) was added slowly and the suspension was stirred at room temperature under O2 

overnight. The reaction mixture was filtered through celite, the filtrate was washed with 
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water, dried over MgSO4 and concentrated in vacuo to give the crude product which was 

purified by flash column chromatography.  

 

(S)-Methyl 2-(tert-butoxycarbonylamino)-3-(4-phenoxyphenyl)propanoate  

(Boc-Tyr(O-phenyl)-CO2Me) 3p: 

 

 
 

This compound was prepared following the general method D using phenylboronic acid (415 

mg). Purification: flash column chromatography (EtOAc/hexane, 1/9) yielded the desired 

product as a colourless oil. Yield: (553 mg, 88%); Rf  0.23 (EtOAc/hexane, 15/85); []D
20

 

+39.1 (c 0.1, CHCl3); 
1
H NMR (400 MHz, CDCl3):  1.41 (9H, s, CH3/Boc), 2.99 (1H, dd, J 

= 13.7, 6.3 Hz, CH2), 3.10 (1H, dd, J = 13.8, 5.5 Hz, CH2), 3.69 (3H, s, CO2CH3), 

4.55-4.60 (1H, m, CH), 5.15 (1H, d, J = 8.0 Hz, NH), 6.91 (2H, d, J = 8.6 Hz, ar), 6.97 (2H, 

d, J = 7.5 Hz, ar), 7.05-7.09 (3H, m, ar), 7.29 (2H, dd, J = 8.4, 7.5 Hz, 3',5'-CH); 
13

C NMR 

(100 MHz, CDCl3): δ 28.1 (3 x CH3/Boc), 37.4 (CH2), 51.9 (CH3/CO2CH3), 54.3 (CH), 

79.6 (C/Boc), 118.6, 118.7 (4 x CH/ar), 123.0 (4'-CH), 129.5, 130.4 (4 x CH/ar), 130.7 (1-C), 

154.9, 156.1, 157.0 (4,1'-C + C=O/Boc), 172.1 (C=O/CO2CH3). 

1
H NMR and 

13
C NMR data were in agreement with that reported in the literature.

[469]
 

 

(S)-Methyl 2-(tert-butoxycarbonylamino)-3-(4-(p-tolyloxy)phenyl)propanoate  

(Boc-Tyr(O-(4'-methylphenyl))-CO2Me) 3q: 

 

 
 

This compound was prepared following the general method D using 4-methylphenylboronic 

acid (463 mg). Purification: flash column chromatography (EtOAc/hexane, 1/9) yielded the 

desired product as a colourless oil. Yield: (634 mg, 97%); Rf  0.26 (EtOAc/hexane, 15/85); 

[]D
20

 +34.2 (c 0.1, CHCl3); 
1
H NMR (400 MHz, CDCl3):  1.42 (9H, s, CH3/Boc), 2.31 (3H, 

s, CH3), 2.99 (1H, dd, J = 13.7, 6.3 Hz, CH2), 3.09 (1H, dd, J = 13.8, 5.6 Hz, CH2), 3.69 

(3H, s, CO2CH3), 4.54-4.59 (1H, m, CH), 5.15 (1H, d, J = 8.1 Hz, NH), 6.88 (4H, d, J = 8.6 



Experimental 
 

~ 268 ~ 
 

Hz, ar), 7.07 (2H, d, J = 8.5 Hz, ar), 7.11 (2H, d, J = 8.2 Hz, ar); 
13

C NMR (100 MHz, 

CDCl3): δ 20.4 (CH3), 28.1 (3 x CH3/Boc), 37.4 (CH2), 51.9 (CH3/CO2CH3), 54.3 (CH), 

79.5 (C/Boc), 118.1, 118.9, 130.0 (6 x CH/ar), 130.3 (2 x CH/ar + 1 x C/ar), 132.6 (1 x C/ar), 

154.4, 154.9, 156.7 (4,1'-C + C=O/Boc), 172.1 (C=O/CO2CH3); IR υmax (neat): 3377, 2978, 

1744, 1713, 1499, 1235, 1162, 873, 815, 733 cm
-1

; MS (ESI) m/z: 408.1772 [M + Na]
+
, 

386.1954 [M + H]
+
, 330.1333 [M - C(CH3)3]

+
, 286.1434 [M - Boc]

+ 
 ([M + H]

+
,
 
C22H28NO5 

requires 386.1962). 

 

(S)-Methyl 2-(tert-butoxycarbonylamino)-3-(4-(4-ethylphenoxy)phenyl)propanoate  

(Boc-Tyr(O-(4'-ethylphenyl))-CO2Me) 3r: 

 

 
 

This compound was prepared following the general method D using 4-ethylphenylboronic 

acid (510 mg). Purification: flash column chromatography (EtOAc/hexane, 1/4) yielded the 

desired product as a yellow oil. Yield: (678 mg, 94%); Rf  0.18 (EtOAc/hexane, 1/4); []D
20

 

+38.0 (c 0.1, CHCl3); 
1
H NMR (400 MHz, CDCl3):  1.23 (3H, t, J = 7.6 Hz, CH3), 1.42 (9H, 

s, CH3/Boc), 2.63 (2H, q, J = 7.6 Hz, CH2), 2.99 (1H, dd, J = 13.7, 6.3 Hz, CH2), 3.09 (1H, 

dd, J = 13.8, 5.5 Hz, CH2), 3.69 (3H, s, CO2CH3), 4.55-4.59 (1H, m, CH), 5.17 (1H, d, J = 

8.1 Hz, NH), 6.89-6.92 (4H, m, ar), 7.07 (2H, d, J = 8.5 Hz, ar), 7.14 (2H, d, J = 8.4 Hz, ar); 

13
C NMR (100 MHz, CDCl3): δ 15.5 (CH3), 27.9 (CH2), 28.1 (3 x CH3/Boc), 37.4 (CH2), 

51.9 (CH3/CO2CH3), 54.3 (CH), 79.6 (C/Boc), 118.2, 118.9, 128.8 (6 x CH/ar), 130.3 (2 x 

CH/ar + 1-C), 139.1 (4'-C), 154.6, 154.9, 156.6 (4,1'-C + C=O/Boc), 172.1 (C=O/CO2CH3); 

IR υmax (neat): 3371, 2967, 1745, 1714, 1499, 1234, 1162, 873, 832 cm
-1

; MS (ESI) m/z: 

422.1937 [M + Na]
+
, 400.2116 [M + H]

+
, 344.1494 [M - C(CH3)3]

+
, 300.1595 [M - Boc]

+ 
 

([M + H]
+
,
 
C23H30NO5 requires 400.2118). 
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(S)-Methyl 3-(4-(biphenyl-4-yloxy)phenyl)-2-(tert-butoxycarbonylamino)propanoate  

(Boc-Tyr(O-(4'-biphenyl))-CO2Me) 3s: 

 

 
 

This compound was prepared following the general method D using biphenylboronic acid 

(673 mg). Purification: flash column chromatography (EtOAc/hexane, 15/85) yielded the 

desired product as white foam. Yield: (554 mg, 73%); Rf  0.18 (EtOAc/hexane, 1/4); []D
20

 

+42.8 (c 0.1, CHCl3); 
1
H NMR (400 MHz, CDCl3):  1.47 (9H, s, CH3/Boc),  3.04 (1H, dd, J 

= 13.7, 6.3 Hz, CH2), 3.15 (1H, dd, J = 13.8, 5.5 Hz, CH2), 3.74 (3H, s, CO2CH3), 

4.61-4.65 (1H, m, CH), 5.18 (1H, d, J = 8.1 Hz, NH), 7.01 (2H, d, J = 8.6 Hz, ar), 7.08 (2H, 

d, J = 8.8 Hz, ar), 7.15 (2H, d, J = 8.5 Hz, ar), 7.34 (1H, t, J = 7.4 Hz, 4''-CH), 7.44 (2H, t, J = 

7.2 Hz, 3'',5''-CH), 7.56-7.59 (4H, m, ar); 
13

C NMR (100 MHz, CDCl3): δ 28.1 (3 x CH3/Boc), 

37.5 (CH2), 52.0 (CH3/CO2CH3), 54.4 (CH), 79.7 (C/Boc), 118.8, 118.9, 126.7 (6 x 

CH/ar), 126.9 (1 x CH/ar), 128.2, 128.6, 130.5 (6 x CH/ar), 130.9, 136.1, 140.3 (1,4',1''-C), 

154.9, 156.0, 156.6 (4,1'-C + C=O/Boc), 172.1 (C=O/CO2CH3); IR υmax (neat): 3373, 2978, 

1743, 1712, 1504, 1484, 1234 , 1161, 763, 697 cm
-1

; MS (ESI) m/z: 470.1926 [M + Na]
+
, 

448.2104 [M + H]
+
, 392.1487 [M - C(CH3)3]

+
, 348.1590 [M - Boc]

+ 
 ([M + H]

+
,
 
C27H30NO5 

requires 448.2118). 

 

(S)-Methyl 2-(tert-butoxycarbonylamino)-3-(4-(3,4-dimethoxyphenoxy)phenyl)propanoate 

(Boc-Tyr(O-(3',4'-dimethoxyphenyl)-CO2Me) 3t: 

 

 
 

This compound was prepared following the general method D using 

3,4-dimethoxyphenylboronic acid (619 mg). Purification: flash column chromatography 

(EtOAc/hexane, 1/9 to 1/4) yielded the desired product as colourless oil. Yield: (634 mg, 

86%); Rf  0.14 (EtOAc/hexane, 1/4); []D
20

 +39.9 (c 0.1, CHCl3); 
1
H NMR (400 MHz, 

CDCl3):  1.36 (9H, s, CH3/Boc), 2.93 (1H, dd, J = 13.7, 6.1 Hz, CH2), 3.03 (1H, dd, J = 
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13.9, 5.5 Hz, CH2), 3.65 (3H, s, CO2CH3), 3.76 (3H, s, OCH3), 3.79 (3H, s, OCH3), 

4.47-4.52 (1H, m, CH), 5.06 (1H, d, J = 8.1 Hz, NH), 6.48 (1H, dd, J = 8.8, 2.8 Hz, 6'-CH), 

6.57 (1H, d, J = 2.7 Hz, 2'-CH), 6.75 (1H, d, J = 8.7 Hz, 5'-CH), 6.82 (2H, d, J = 8.7 Hz, ar), 

7.00 (2H, d, J = 8.5 Hz, ar); 
13

C NMR (100 MHz, CDCl3): δ 28.0 (3 x CH3/Boc), 37.3 

(CH2), 51.9 (CH3/CO2CH3), 54.3 (CH), 55.7 (CH3/OCH3), 56.0 (CH3/OCH3), 79.6 

(C/Boc), 104.3 (2'-CH), 110.6, 111.6 (5',6'-CH), 117.4 (3,5-CH), 129.9 (1-C), 130.2 (2,6-CH), 

145.3, 149.7, 150.1, 154.8, 157.1 (4,1',3',4'-C + C=O/Boc), 172.1 (C=O/CO2CH3); IR υmax 

(neat): 3372, 2977, 1745, 1710, 1499, 1218, 1164, 728 cm
-1

; MS (ESI) m/z: 454.1831 [M + 

Na]
+
, 432.2009 [M + H]

+
, 376.1388 [M - C(CH3)3]

+
, 332.1491 [M - Boc]

+ 
 ([M + H]

+
,
 

C23H30NO7 requires 432.2017). 

 

(S)-Methyl 2-(tert-butoxycarbonylamino)-3-(4-(3-nitrophenoxy)phenyl)propanoate  

(Boc-Tyr(O-(3'-nitrophenyl))-CO2Me) 3u: 

 

 
 

This compound was prepared following the general method D using 3-nitrophenylboronic 

acid (568 mg). Purification: flash column chromatography (EtOAc/hexane, 1/9 to 1/4) yielded 

the desired product as a yellow solid. Yield: (478 mg, 68%); Rf  0.40 (EtOAc/hexane, 3/7); mp 

89 °C; []D
20

 +43.4 (c 0.1, CHCl3); 
1
H NMR (400 MHz, CDCl3):  1.44 (9H, s, CH3/Boc), 

3.06 (1H, dd, J = 13.6, 6.2 Hz, CH2), 3.16 (1H, dd, J = 13.8, 5.6 Hz, CH2), 3.75 (3H, s, 

CO2CH3), 4.59-4.64 (1H, m, CH), 5.15 (1H, d, J = 7.8 Hz, NH), 7.00 (2H, d, J = 8.5 Hz, ar), 

7.20 (2H, d, J = 8.5 Hz, ar), 7.31 (1H, dd, J = 8.6, 2.2 Hz, 6'-CH), 7.49 (1H, t, J = 8.3 Hz, 

5'-CH), 7.78 (1H, t, J = 2.3 Hz, 2'-CH), 7. 93 (1H, dd, J = 8.4, 1.5 Hz, 4'-CH); 
13

C NMR (100 

MHz, CDCl3): δ 28.1 (3 x CH3/Boc), 37.7 (CH2), 52.1 (CH3/CO2CH3), 54.4 (CH), 79.9 

(C/Boc), 112.7 (2'-CH), 117.5 (4'-CH), 119.6 (3,5-CH), 124.0 (6'-CH), 130.2 (5'-CH), 131.0 

(2,6-CH), 132.7 (1-C), 149.1 (3'-C), 154.4, 154.9, 158.3 (4,1'-C + C=O/Boc), 172.1 

(C=O/CO2CH3); IR υmax (neat): 3361, 2973, 1734, 1687, 1529, 1507, 1342, 1241, 1161, 829, 

742 cm
-1

; MS (ESI) m/z: 439.1475 [M + Na]
+
, 361.1038 [M - C(CH3)3]

+
, 317.1142 [M - 

Boc]
+ 

 ([M + Na]
+
,
 
C21H24N2NaO7 requires 439.1476). 

 

 



Part I 
 

~ 271 ~ 
 

General method E: methyl ester cleavage, Boc deprotection and final Fmoc protection 

 

 
 

The saponification of the methyl ester and the Fmoc protection of the free amino acid were 

carried out following the same procedure used by Ewing et al.
[123]

  

The Boc and methyl ester protected compound (1 eq) was dissolved in MeOH/THF (1/3) and 

1 M NaOH (5 eq) was added, the solution was stirred at room temperature until reaction 

completion was observed by TLC. The solution was acidified until pH 3 with 1 M HCl and 

the aqueous layer was extracted with CH2Cl2. The organic layer was washed with water, dried 

over MgSO4 and concentrated. The crude product was dissolved in CH2Cl2/TFA (1/1). The 

solution was stirred at room temperature for 30 min. The solvent was removed in vacuo. The 

crude product was used without further purification in the next step. The product was 

dissolved in water/THF (1/4) and NaHCO3 was added until pH 10. Fmoc-OSu (1.05 eq) was 

added slowly and the solution was stirred at room temperature overnight. The solution was 

acidified until pH 3 with 5% citric acid, the product was extracted with EtOAc and the 

organic layer was washed with water, dried over MgSO4 and concentrated in vacuo to give 

the crude product which was purified by flash column chromatography.  

 

General method F: Boc deprotection, Fmoc protection and final methyl ester cleavage 

 

 
 

The Fmoc protection was carried out following the same procedure used by Bock et al.
[131]

 

The methyl ester deprotection in presence of the Fmoc protecting group was carried out 

following the same procedure used by Pascal et al.
[162]

  

The Boc and methyl ester protected compound (1 eq) was dissolved in CH2Cl2/TFA (1/1). 

The solution was stirred at room temperature for 30 min and then the solvent was removed in 

vacuo. The crude product was used without further purification in the next step. It was 

dissolved in dioxane (0.05 mol/L) and the solution was basified until pH 8 with a saturated 

solution of NaHCO3. Fmoc-OSu (1.05 eq) was dissolved in dioxane (0.08 mol/L) and added 
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dropwise. The solution was stirred at room temperature overnight. The product was extracted 

with EtOAc and the organic layer was washed with water, dried over MgSO4 and 

concentrated in vacuo to give the Fmoc protected product which was purified by flash column 

chromatography. The clean product was dissolved (0.05 mol/L) in a 0.8 M solution of CaCl2 

in iPrOH/H2O (7/3). NaOH solid (1.2 eq) was added and the solution was stirred at room 

temperature overnight. The solution was acidified until pH 3 with 1 M HCl and extracted with 

EtOAc. The organic layer was washed with water, dried over MgSO4 and concentrated in 

vacuo to give the free acid product which was purified by flash column chromatography. 

 

(S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-(4'-methylbiphenyl-4-yl)propanoic acid 

(Fmoc-Phe(4-(4'-methylphenyl))-CO2H) 4a: 

 

 
 

This compound was prepared following the general method E using Boc-Phe(4-(4'-

methylphenyl))-CO2Me (1.23 mmol, 476 mg). Purification: flash column chromatography 

(first CH2Cl2 then EtOAc/hexane + 1% acetic acid, 3/7 to 1/0) yielded the desired product as a 

white solid. Yield: (557 mg, 90% over three steps); Rf  0.35 (EtOAc/hexane + 1% acetic acid, 

1/1); mp 130 °C; []D
20

 +48.5 (c 0.1, CHCl3); 
1
H NMR (400 MHz, CDCl3):  2.39 (3H, s, 

CH3), 3.16 (1H, dd, J = 13.8, 6.0 Hz, CH2), 3.25 (1H, dd, J = 14.0, 5.3 Hz, CH2), 4.21 (1H, 

t, J = 7.1 Hz, 13-CH/Fmoc), 4.38 (1H, dd, J = 10.4, 6.8 Hz, CH2/Fmoc), 4.46 (1H, dd, J = 

10.7, 7.0 Hz, CH2/Fmoc), 4.69-4.73 (1H, m, CH), 5.28 (1H, d, J = 8.1 Hz, NH), 7.20 (2H, d, 

J = 8.0 Hz, ar), 7.23 (2H, d, J = 8.0 Hz, ar), 7.29 (2H, t, J = 7.4 Hz, 3,10-CH/Fmoc), 7.39 (2H, 

t, J = 7.4 Hz, 4,9-CH/Fmoc), 7.45 (2H, d, J = 7.9 Hz, ar), 7.50 (2H, d, J = 7.9 Hz, ar), 7.56 

(2H, d, J = 5.4 Hz, 2,11-CH/Fmoc), 7.76 (2H, d, J = 7.5 Hz, 5,8-CH/Fmoc); 
13

C NMR (100 

MHz, CDCl3):
10

 δ 21.1 (CH3), 37.4 (CH2), 47.1 (13-CH/Fmoc), 54.7 (CH), 66.9 

(CH2/Fmoc), 119.9, 125.0, 125.1, 126.8, 127.0, 127.1, 127.7, 129.5, 129.9 (16 x CH/ar), 

                                                 
10

 The two carbons at 125.0 and 125.1 ppm as well as the two carbons at 143.8 ppm are not equivalent. 

These data suggest restricted rotation most likely due to π-π stacking interactions. 
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134.3, 137.2, 137.9, 140.2 (4 x C/ar), 141.5, 143.8, 143.8 (4 x C/ar), 155.8 (C=O/Fmoc), 

174.1 (C=O/CO2H); IR υmax (neat): 3347, 2924, 2497, 1723, 1689, 1529, 1254, 1216, 809, 

738 cm
-1

; MS (ESI) m/z: 500.1819 [M + Na]
+
, 478.2003 [M + H]

+
 ([M + H]

+
,
 
C31H28NO4 

requires 478.2013). 

 

(S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-(4'-ethylbiphenyl-4-yl)propanoic acid 

(Fmoc-Phe(4-(4'-ethylphenyl))-CO2H) 4b: 

 

 
 

This compound was prepared following the general method E using Boc-Phe(4-(4'-

ethylphenyl)-CO2Me (0.80 mmol, 215 mg). Purification: flash column chromatography (first 

CH2Cl2, then EtOAc/hexane + 1% acetic acid, 1/4) yielded the desired product as a white 

solid. Yield: (269 mg, 68% over three steps); Rf  0.39 (EtOAc/hexane + 1% acetic acid, 1/1); 

mp 161 °C; []D
20

 +45.2 (c 0.1, CHCl3); 
1
H NMR (400 MHz, CDCl3):  1.28 (3H, t, J = 7.6 

Hz, CH3) 2.69 (2H, q, J = 7.6 Hz, CH2), 3.16 (1H, dd, J = 13.8, 6.0 Hz, CH2), 3.26 (1H, dd, 

J = 14.2, 5.3 Hz, CH2), 4.21 (1H, t, J = 6.8 Hz, 13-CH/Fmoc), 4.39 (1H, dd, J = 10.6, 6.5 

Hz, CH2/Fmoc), 4.46 (1H, dd, J = 10.6, 7.0 Hz, CH2/Fmoc), 4.72-4.77 (1H, m, CH), 5.29 

(1H, d, J = 8.0 Hz, NH), 7.20 (2H, d, J = 7.9 Hz, ar), 7.25-7.33 (4H, m, ar), 7.39 (2H, t, J = 

7.4 Hz, 4,9-CH/Fmoc), 7.46-7.51 (4H, m, ar), 7.54-7.59 (2H, m, ar), 7.76 (2H, d, J = 7.5 Hz, 

5,8-CH/Fmoc); 
13

C NMR (100 MHz, CDCl3):
11

 δ 15.6 (CH3), 28.5 (CH2), 37.3 (CH2), 47.1 

(13-CH/Fmoc), 54.6 (CH), 67.1 (CH2/Fmoc), 120.0, 125.0, 125.1, 126.9, 127.1, 127.2, 

127.8, 128.3, 129.8 (16 x CH/ar), 134.2, 138.0, 140.1 (3 x C/ar), 141.3 (2 x C/ar), 143.5 (1 x 

C/ar), 143.7, 143.8 (2 x C/ar), 155.8 (C=O/Fmoc), 175.9 (C=O/CO2H); IR υmax (neat): 3323, 

2967, 1717, 1692, 1530, 1263, 1228, 816, 731 cm
-1

; MS (ESI) m/z: 514.2001 [M + Na]
+
, 

492.2177 [M + H]
+
 ([M + H]

+
,
 
C32H30NO4 requires 492.2169). 

                                                 
11

 The two carbons at 125.0 and 125.1 ppm as well as the two carbons at 143.7 and 143.8 ppm are not 

equivalent. These data suggest restricted rotation most likely due to π-π stacking interactions. 
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Fmoc-Phe(4,4'-biphenyl)-CO2H 4c: 

 

 
 

This compound was prepared following the general method E using Boc-Phe(4,4'-biphenyl)-

CO2Me (1.04 mmol, 331 mg). Purification: flash column chromatography (first CH2Cl2, then 

EtOAc/hexane + 1% acetic acid, 1/1 to 1/0) to yield the desired product as a white solid. 

Yield (383 mg, 68% over three steps); Rf  0.35 (EtOAc/hexane + 1% acetic acid, 1/1); mp 217 

°C; []D
20

 +50.8 (c 0.1, CHCl3); 
1
H NMR (400 MHz, DMSO-d6):  2.93 (1H, dd, J = 13.6, 

10.8 Hz, CH2), 3.15 (1H, dd, J = 13.9, 4.4 Hz, CH2), 4.15-4.29 (5H, m, 13-CH/Fmoc + 

CH2/Fmoc + CH + NH), 7.26-7.42 (6H, m, ar), 7.48 (2H, t, J = 7.4 Hz, ar), 7.61-7.67 (4H, 

m, ar), 7.70-7.75 (6H, m, ar), 7.79 (1H, d, J = 8.5 Hz, 4''-CH), 7.87 (2H, d, J = 7.5 Hz, ar); 
13

C 

NMR (100 MHz, DMSO-d6): δ 36.0 (CH2), 46.5 (13-CH/Fmoc), 55.4 (CH), 65.6 

(CH2/Fmoc), 120.0, 125.2, 126.3, 126.5, 126.9, 127.0, 127.1 (14 x CH/ar), 127.5 (4''-CH), 

127.6, 129.0, 129.8 (6 x CH/ar), 137.3, 137.6, 138.9, 138.9, 139.6 (5 x C/ar), 140.7, 143.7 (4 

x C/ar), 156.0 (C=O/Fmoc), 173.3 (C=O/CO2H); IR υmax (neat): 3337, 2945, 1697, 1525, 

1284, 1226, 814, 760, 738 cm
-1

; MS (ESI) m/z: 562.1976 [M + Na]
+
, 540.2160 [M + H]

+
 ([M 

+ H]
+
,
 
C36H30NO4 requires 540.2169). 
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(S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-(2'-methoxybiphenyl-4-yl)propanoic 

acid (Fmoc-Phe(4-(2'-methoxyphenyl))-CO2H) 4d: 

 

 
 

This compound was prepared following the general method E using Boc-Phe(4-(2'-

methoxyphenyl)-CO2Me (1.50 mmol, 595 mg). Purification: flash column chromatography 

(first CH2Cl2, then EtOAc/hexane + 1 % acetic acid, 3/7) yielded the desired product as a 

white solid. Yield: (542 mg, 73 % over three steps); Rf  0.31 (EtOAc/hexane + 1% acetic acid, 

1/1); mp 184 
°
C; []D

20
 +52.8 (c 0.1, CHCl3); 

1
H NMR (400 MHz, CDCl3):  3.11 (1H, dd, J 

= 13.9, 6.5 Hz, CH2), 3.23 (1H, dd, J = 14.0, 4.9 Hz, CH2), 3.70 (3H, s, OCH3), 4.16 (1H, t, 

J = 6.8 Hz, 13-CH/Fmoc), 4.30-4.44 (2H, m, CH2/Fmoc), 4.70-4.75 (1H, m, CH), 5.56 (1H, 

d, J = 8.0 Hz, NH), 6.91 (1H, d, J = 8.3 Hz, 3'-CH), 6.96 (1H, t, J = 7.3 Hz, 5'-CH), 7.17 (2H, 

d, J = 7.8 Hz, ar), 7.20-7.28 (4H, m, ar), 7.33 (2H, t, J = 7.4 Hz, ar), 7.44 (2H, d, J = 7.7 Hz, 

ar), 7.50-7.55 (2H, m, ar), 7.70 (2H, d, J = 7.4 Hz, ar); 
13

C NMR (100 MHz, CDCl3):
12

 δ 37.5 

(CH2), 47.2 (13-CH/Fmoc), 54.8 (CH), 55.5 (CH3/OCH3), 67.2 (CH2/Fmoc), 111.4 

(3'-CH), 120.1 (2 x CH/ar), 121.0 (6'-CH), 125.2, 125.3, 127.0, 127.8 (6 x CH/ar), 128.8 (1 x 

CH/ar), 129.2, 129.9 (4 x CH/ar), 130.2 (1 x C/ar), 130.9 (1 x CH/ar), 134.4, 137.5 (2 x C/ar), 

141.4, 143.8, 143.9 (4 x C/ar), 156.2, 156.5 (2'-C + C=O/Fmoc), 177.5 (C=O/CO2H). 

1
H NMR data were in agreement with that reported in the literature.

[470]

                                                 
12

 The two carbons at 125.2 and 125.3 ppm as well as the two carbons at 143.8 and 143.9 ppm are not 

equivalent. These data suggest restricted rotation most likely due to π-π stacking interactions. 
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(S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-(2',6'-dimethoxybiphenyl-4-yl) 

propanoic acid (Fmoc-Phe(4-(2',6'-dimethoxyphenyl))-CO2H) 4e: 

 

 
 

This compound was prepared following the general method E using Boc-Phe(4-(2',6'-

dimethoxyphenyl)-CO2Me (0.60 mmol, 248 mg). Purification: flash column chromatography 

(first CH2Cl2, then EtOAc/hexane + 1% acetic acid, 3/7) yielded the desired product as a 

white solid. Yield: (227 mg, 73% over three steps); Rf  0.34 (EtOAc/hexane + 1% acetic acid, 

1/1); mp 116 °C; []D
20

 +46.4 (c 0.1, CHCl3); 
1
H NMR (400 MHz, CDCl3):  3.16 (1H, dd, J 

= 14.1, 6.4 Hz, CH2), 3.24 (1H, dd, J = 14.1, 5.2 Hz, CH2), 3.67 (6H, s, OCH3), 4.21 (1H, t, 

J = 7.0 Hz, 13-CH/Fmoc), 4.36 (1H, dd, J = 10.2, 6.9 Hz, CH2/Fmoc), 4.43 (1H, dd, J = 10.6, 

7.5 Hz, CH2/Fmoc), 4.73-478 (1H, m, CH), 5.45 (1H, d, J = 8.3 Hz, NH), 6.62 (2H, d, J = 

8.4 Hz, 3',5'-CH), 7.19 (2H, d, J = 8.0 Hz, ar), 7.23-7.30 (5H, m, ar), 7.36 (2H, t, J = 7.4 Hz, 

4,9-CH/Fmoc), 7.57 (2H, dd, J = 7.1, 2.7 Hz, 2,11-CH/Fmoc), 7.73 (2H, d, J = 7.4 Hz, 

5,8-CH/Fmoc); 
13

C NMR (100 MHz, CDCl3):
13

 δ 37.5 (CH2), 47.2 (13-CH/Fmoc), 54.6 

(CH), 55.9 (2 x CH3/OCH3), 67.2 (CH2/Fmoc), 104.3 (3',5'-CH), 119.0 (1'-C), 120.0, 125.2, 

125.2, 127.1, 127.8 (8 x CH/ar), 128.8 (2 x CH/ar + 4'-CH), 131.3 (2 x CH/ar), 133.1, 133.9 

(1,4-C), 141.3, 143.8, 143.9 (4 x C/ar), 156.0 (C=O/Fmoc), 157.6 (2',6'-C), 177.7 

(C=O/CO2H); IR υmax (neat): 3340, 2948, 2647, 1696, 1523, 1246, 724 cm
-1

; MS (ESI) m/z: 

546.1877 [M + Na]
+
, 524.2058 [M + H]

+
 ([M + H]

+
,
 
C32H30NO6 requires 524.2068). 

                                                 
13

 The two carbons at 125.2 ppm as well as the two carbons at 143.8 and 143.9 ppm are not equivalent. 

These data suggest restricted rotation most likely due to π-π stacking interactions. 
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(S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-(3'-nitrobiphenyl-4-yl)propanoic acid 

(Fmoc-Phe(4-(3'-nitrophenyl))-CO2H) 4f: 

 

 
 

This compound was prepared following the general method E using Boc-Phe(4-(3'-

nitrophenyl))-CO2Me (1.60 mmol, 638 mg). Purification: flash column chromatography (first 

CH2Cl2, then EtOAc/hexane + 1 % acetic acid, 3/7) yielded the desired product as a white 

solid. Yield: (265 mg, 33% over three steps); Rf  0.28 (EtOAc/hexane + 1% acetic acid, 1/1); 

mp 199 
°
C; []D

20
 +39.0 (c 0.1, CHCl3); 

1
H NMR (400 MHz, acetone-d6):  3.14 (1H, dd, J = 

13.7, 9.5 Hz, CH2), 3.37 (1H, dd, J = 13.9, 4.5 Hz, CH2), 4.17 (1H, t, J = 7.1 Hz, 

13-CH/Fmoc), 4.26 (1H, dd, J = 10.2, 7.1 Hz, CH2/Fmoc), 4.33 (1H, dd, J = 10.3, 7.4 Hz, 

CH2/Fmoc), 4.60-4.66 (1H, m, CH), 6.82 (1H, d, J = 8.6 Hz, NH), 7.27-7.32 (2H, m, ar), 

7.39 (2H, t, J = 7.4 Hz, 4,9-CH/Fmoc), 7.49 (2H, d, J = 7.9 Hz, ar), 7.66-7.73 (5H, m, ar), 

7.84 (2H, d, J = 7.5 Hz, 5,8-CH/Fmoc), 8.01 (1H, d, J = 7.7 Hz, 6'-CH), 8.19 (1H, dd, J = 8.1, 

1.5 Hz, 4'-CH), 8.40 (1H, s, 2'-CH); 
13

C NMR (100 MHz, acetone-d6):
14

 δ 37.9 (CH2), 48.0 

(13-CH/Fmoc), 56.0 (CH), 67.2 (CH2/Fmoc), 120.8 (2 x CH/ar), 122.0, 122.7 (2 x CH/ar), 

126.1, 126.2 (2 x CH/ar), 127.9 (4 x CH/ar), 128.5 (2 x CH/ar), 131.0 (1 x CH/ar), 131.2 (2 x 

CH/ar), 133.8 (1 x CH/ar), 137.7, 139.2 (2 x C/ar), 142.0 (2 x C/ar), 143.2 (1 x C/ar), 145.0 (2 

x C/ar), 149.8 (3'-C), 156.9 (C=O/Fmoc), 173.3 (C=O/CO2H); IR υmax (neat): 3309, 3063, 

1694, 1529, 1515, 1353, 1257, 7741 cm
-1

; MS (ESI) m/z: 531.1531 [M + Na]
+
, 509.1710 [M + 

H]
+
 ([M + H]

+
,
 
C30H25N2O6 requires 509.1707). 

                                                 
14

 The two carbons at 126.1 and 126.2 ppm are not equivalent. These data suggest restricted rotation 

most likely due to π-π stacking interactions. 

 

 

 

 

 

 



Experimental 
 

~ 278 ~ 
 

(S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-(3',4'-dimethoxybiphenyl-4-yl) 

propanoic acid (Fmoc-Phe(4-(3',4'-dimethoxyphenyl))-CO2H) 4g: 

 

 
 

This compound was prepared following the general method E using Boc-Phe(4-(3',4'-

dimethoxyphenyl))-CO2Me (1.60 mmol, 640 mg). Purification: flash column chromatography 

(first CH2Cl2, then CH2Cl2 + 1% MeOH) to yield the desired product as a white solid. Yield: 

(243 mg, 29% over three steps); Rf  0.25 (EtOAc/hexane + 1% acetic acid, 1/1); mp 141 
°
C; 

[]D
20

 +44.6 (c 0.1, CHCl3); 
1
H NMR (400 MHz, CDCl3):  3.16 (1H, dd, J = 13.9, 6.3 Hz, 

CH2), 3.26 (1H, dd, J = 14.0, 5.3 Hz, CH2), 3.91 (6H, s, OCH3), 4.20 (1H, t, J = 6.9 Hz, 13-

CH/Fmoc), 4.36 (1H, dd, J = 10.3, 7.0 Hz, CH2/Fmoc), 4.45 (1H, dd, J = 10.7, 7.3 Hz, 

CH2/Fmoc), 4.72-4.76 (1H, m, CH), 5.29 (1H, d, J = 8.6 Hz, NH), 6.91 (1H, d, J = 8.3 Hz, 

5'-CH), 7.05 (1H, s, 2'-CH), 7.09 (1H, d, J = 8.4 Hz, 6'-CH), 7.20 (2H, d, J = 7.9 Hz, ar), 7.28 

(2H, t, J = 7.9 Hz, 3,10-CH/Fmoc), 7.38 (2H, t, J = 7.4 Hz, 4,9-CH/Fmoc), 7.47 (2H, d, J = 

7.9 Hz, ar), 7.55 (2H, dd, J = 7.2, 3.3 Hz, 2,11-CH/Fmoc), 7.75 (2H, d, J = 7.8 Hz, 

5,8-CH/Fmoc); 
13

C NMR (100 MHz, CDCl3):
15

 δ 37.3 (CH2), 47.1 (13-CH/Fmoc), 54.6 

(CH), 55.9 (2 x CH3/OCH3), 67.1 (CH2/Fmoc), 110.3, 111.5 (2',5'-CH), 119.3 (6'-CH), 

120.0, 125.0, 125.1 (4x CH/ar), 127.1 (4 x CH/ar), 127.8, 129.8 (4 x CH/ar), 133.6, 134.1, 

140.0 (3 x C/ar), 141.3, 143.7, 143.7 (4 x C/ar), 148.6, 149.1 (3',4'-C), 155.8 (C=O/Fmoc), 

175.6 (C=O/CO2H); IR υmax (neat): 3319, 2937, 2574, 1697, 1529, 1503, 1251, 1143, 737 

cm
-1

; MS (ESI) m/z: 546.1901 [M + Na]
+
, 524.2078 [M + H]

+
 ([M + H]

+
,
 
C32H30NO6 requires 

524.2068). 

                                                 
15

 The two carbons at 125.0 and 125.1 ppm as well as the two carbons at 143.7 and 143.7 ppm are not 

equivalent. These data suggest restricted rotation most likely due to π-π stacking interactions. 

 

 

 



Part I 
 

~ 279 ~ 
 

(S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-(4'-cyanobiphenyl-4-yl)propanoic acid 

(Fmoc-Phe(4-(4'-cyanophenyl))-CO2H) 4h: 

 

 
 

This compound was prepared following the general method E using Boc-Phe(4-Ph-4'-CN)-

CO2Me (0.84 mmol, 310 mg). Purification: flash column chromatography (first CH2Cl2, then 

EtOAc/hexane + 1 % acetic acid, 3/7) yielded the desired product as a white solid. Yield: (303 

mg, 74% over three steps); Rf  0.28 (EtOAc/hexane + 1% acetic acid, 1/1); mp 173 
°
C; []D

20
 

+49.2 (c 0.09, CHCl3); 
1
H NMR (400 MHz, CDCl3):  3.15 (1H, dd, J = 13.9, 6.5 Hz, CH2), 

3.29 (1H, dd, J = 14.0, 5.3 Hz, CH2), 4.17 (1H, t, J = 6.8 Hz, 13-CH/Fmoc), 4.36 (1H, dd, J 

= 10.2, 6.9 Hz, CH2/Fmoc), 4.45 (1H, dd, J = 10.2, 7.3 Hz, CH2/Fmoc), 4.73-4.78 (1H, m, 

CH), 5.41 (1H, d, J = 8.1 Hz, NH), 7.24-7.30 (4H, m, ar), 7.39 (2H, t, J = 7.4 Hz, ar), 7.46 

(2H, d, J = 7.9 Hz, ar), 7.53-7.58 (4H, m, ar), 7.67 (2H, d, J = 8.1 Hz, ar ), 7.76 (2H, d, J = 7.5 

Hz, ar); 
13

C NMR (100 MHz, CDCl3):
16

 δ 37.5 (CH2), 47.1 (13-CH/Fmoc), 54.6 (CH), 67.1 

(CH2/Fmoc), 110.8 (4'-C), 119.0 (C/CN), 120.1, 125.0, 125.1, 127.1, 127.4, 127.5, 127.8, 

130.2, 132.6 (16 x CH/ar), 136.4, 138.0 (2 x C/ar), 141.3, 143.6, 143.7 (4 x C/ar), 145.1 (1 x 

C/ar), 155.9 (C=O/Fmoc), 177.4 (C=O/CO2H); IR υmax (neat): 3307, 2948, 2227, 1691, 1539, 

1257, 736 cm
-1

; MS (ESI) m/z: 511.1641 [M + Na]
+
, 489.1819 [M + H]

+
 ([M + H]

+
,
 

C31H25N2O4 requires 489.1809)                               . 

                                                 
16

 The two carbons at 125.0 and 125.1 ppm as well as the two carbons at 143.6 and 143.7 ppm are not 

equivalent. These data suggest restricted rotation most likely due to π-π stacking interactions. 

 

 

 

 

 

 



Experimental 
 

~ 280 ~ 
 

(S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-(4-cyclohexenylphenyl)propanoic acid 

(Fmoc-Phe(4-cyclohex-1'-ene)-CO2H) 4i: 

 

 
 

This compound was prepared following the general method E using Boc-Phe-(4-cyclohex-1'-

ene)-CO2Me (1.63 mmol, 567 mg). Purification: flash column chromatography (first CH2Cl2, 

then EtOAc/hexane + 1 % acetic acid, 3/7) yielded the desired product as a white foam. Yield: 

(588 mg, 77% over three steps); Rf  0.44 (EtOAc/hexane + 1% acetic acid, 1/1); []D
20

 +60.8 

(c 0.1, CHCl3); 
1
H NMR (400 MHz, CDCl3):  1.62-1.68 (2H, m, CH2/cyclohexene), 

1.73-1.79 (2H, m, CH2/cyclohexene), 2.16-2.21 (2H, m, CH2/cyclohexene), 2.34-2.39 (2H, m, 

CH2/cyclohexene), 3.11 (1H, dd, J = 13.9, 6.1 Hz, CH2), 3.21 (1H, dd, J = 13.8, 5.2 Hz, 

CH2), 4.20 (1H, t, J = 6.9 Hz, 13-CH/Fmoc), 4.36 (1H, dd, J = 10.7, 7.2 Hz, CH2/Fmoc), 

4.44 (1H, dd, J = 10.5, 7.4 Hz, CH2/Fmoc), 4.69-4.74 (1H, m, CH), 4.26 (1H, d, J = 8.2 Hz, 

NH), 6.11 (1H, br s, 2'-CH), 7.09 (2H, d, J = 7.9 Hz, ar), 7.28-7.32 (4H, m, ar), 7.40 (2H, t, J 

= 7.4 Hz, 3,10-CH/Fmoc), 7.56 (2H, t, J = 6.6 Hz, 4,9-CH/Fmoc), 7.77 (2H, d, J = 7.5 Hz, 

ar); 
13

C NMR (100 MHz, CDCl3):
17

 δ 22.1, 23.0, 25.9, 27.3 (3',4',5',6'-CH2), 37.3 (CH2), 

47.1 (13-CH/Fmoc), 54.6 (CH), 67.1 (CH2/Fmoc), 120.0 (2 x CH/ar), 124.9 (2'-CH), 125.1 

(4 x CH/ar), 127.1, 127.8, 129.2 (6 x CH/ar), 133.6 (1'-C), 136.0 (1 x C/ar), 141.3 (2 x C/ar), 

141.5 (1 x C/ar), 143.7, 143.8 (2 x C/ar), 155.8 (C=O/Fmoc), 176.3 (C=O/CO2H); IR υmax 

(neat): 2941, 1708, 1515, 1487, 1450, 1408, 1234, 738 cm
-1

; MS (ESI) m/z: 490.1979 [M + 

Na]
+
, 468.2163 [M + H]

+
 ([M + H]

+
,
 
C30H30NO4 requires 468.2169). 

                                                 
17

 The two carbons at 125.1 as well as the two carbons at 143.7 and 143.8 ppm are not equivalent. 

These data suggest restricted rotation most likely due to π-π stacking interactions. 

 

 

 

 

 

 

 



Part I 
 

~ 281 ~ 
 

(S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-(4'-triphen-3-yl)propanoic acid  

Fmoc-Phe(3,4'-biphenyl)-CO2H 4j: 

 

 
 

This compound was prepared following the general method E using Boc-Phe(3,4'-biphenyl)-

CO2Me (1.83 mmol, 791mg). Purification: flash column chromatography (CH2Cl2 + 0 to 3% 

MeOH) yielded the desired product as a white solid. Yield: (159 mg, 16% over three steps); 

Rf  0.09 (CH2Cl2 + 5% MeOH); mp 180 °C; []D
20

 +29.2 (c 0.1, CHCl3); 
1
H NMR (400 MHz, 

acetone-d6):  3.14-3.17 (2H, m, CH2), 4.18 (1H, t, J = 7.2 Hz, 13-CH/Fmoc), 4.25 (1H, dd, 

J = 10.3, 7.1 Hz, CH2/Fmoc), 4.31 (1H, dd, J = 10.3, 7.6 Hz, CH2/Fmoc), 4.61-4.67 (1H, m, 

CH), 6.84 (1H, d, J = 8.4 Hz, NH), 7.26 (2H, dd, J = 7.4, 2.1 Hz, 3,10-CH/Fmoc), 7.34-7.41 

(4H, m, ar), 7.43 (1H, t, J = 7.6 Hz, 4''-CH), 7.49 (2H, t, J = 7.4 Hz, 4,9-CH/Fmoc), 7.60 (1H, 

d, J = 7.7 Hz, ar), 7.65 (2H, t, J = 7.0 Hz, ar), 7.70-7.79 (6H, m, ar), 7.84 (2H, d, J = 7.5 Hz, 

5,8-CH/Fmoc); 
13

C NMR (100 MHz, acetone-d6):
18

 δ 38.3 (CH2), 48.0 (13-CH/Fmoc), 56.2 

(CH), 67.2 (CH2/Fmoc), 120.7 (2 x CH/ar), 126.0 (1 x CH/ar), 126.1, 126.2 (2 x CH/ar), 

127.6, 127.9, 128.1 (6 x CH/ar), 128.3 (3 x CH/ar), 128.5 (2 x CH/ar), 128.8, 129.3 (2 x 

CH/ar), 129.7 (2 x CH/ar), 129.8 (1 x CH/ar), 139.2 (1 x C/ar), 140.8, 141.3 (4 x C/ar), 142.0, 

142.1, 145.0, 145.0 (4 x C/ar), 156.9 (C=O/Fmoc), 173.3 (C=O/CO2H); IR υmax (neat): 3296, 

2942, 1721, 1693, 1539, 1256, 1221, 762, 737, 695 cm
-1

; MS (ESI) m/z: 562.1979 [M + Na]
+
, 

540.2158 [M + H]
+
 ([M + H]

+
,
 
C36H30NO4 requires 540.2169). 

                                                 
18

 The two carbons at 126.1 and 126.2 ppm as well as the two carbons at 142.0 and 142.1 and the two 

carbons at 145.0 ppm are not equivalent. These data suggest restricted rotation most likely due to π-π 

stacking interactions. 

 

 

 

 

 

 

 

 



Experimental 
 

~ 282 ~ 
 

(S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-(4-(pyridin-4-yl)phenyl)propanoic acid 

(Fmoc-Phe(4-pyridin-4'-yl)-CO2H) 4k: 

 

 
 

This compound was prepared following the general method F using Boc-Phe(4-pyridin-4'-

yl)-CO2Me (1.00 mmol, 355 mg). Purifications: flash column chromatography 1 (CH2Cl2 + 0 

to 1% MeOH), flash column chromatography 2 (CH2Cl2 + 3% MeOH + 1% acetic acid) 

yielded the desired product as a white solid. Yield: (327 mg, 70% over three steps); Rf  0.09 

(CH2Cl2 + 5% MeOH); mp 217 °C; []D
20

 +77.9 (c 0.1, CHCl3); 
1
H NMR (400 MHz, 

DMSO-d6):  2.94 (1H, dd, J = 13.6, 10.6 Hz, CH2), 3.16 (1H, dd, J = 13.7, 4.3 Hz, CH2), 

4.13-4.26 (4H, m, 13-CH/Fmoc + CH2/Fmoc + CH), 7.25-7.32 (2H, m, ar), 7.37-7.43 (4H, 

m, ar), 7.62-7.76 (6H, m, ar), 7.87 (2H, d, J = 7.6 Hz, ar), 8.60 (2H, d, J = 5.1 Hz, 3',5'-CH); 

13
C NMR (100 MHz, DMSO-d6): δ 36.1 (CH2), 46.5 (13-CH/Fmoc), 55.3 (CH), 65.6 

(CH2/Fmoc), 120.0, 121.0, 125.2, 126.5, 127.0, 127.6, 130.0 (14 x CH/ar), 135.1, 139.4 (2 x 

C/ar), 140.6, 143.7 (4 x C/ar), 146.7 (1 x C/ar), 150.1 (3',5'-CH), 155.9 (C=O/Fmoc), 173.2 

(C=O/CO2H); IR υmax (neat): 3323, 2946, 2478, 1686, 1528, 1256, 808, 739 cm
-1

; MS (ESI) 

m/z: 465.1796 [M + H]
+
, ([M + H]

+
,
 
C29H25N2O4 requires 465.1809). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Part I 
 

~ 283 ~ 
 

(S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-(4-(pyridin-3-yl)phenyl)propanoic acid 

(Fmoc-Phe(4-pyridin-3'-yl)-CO2H) 4l: 

 

 
 

This compound was prepared following the general method F using Boc-Phe(4-pyridin-3'-

yl)-CO2Me (1.09 mmol, 388 mg). Purifications: flash column chromatography 1 (CH2Cl2 + 0 

to 1% MeOH), flash column chromatography 2 (first CH2Cl2 + 1% MeOH then CH2Cl2 + 3% 

MeOH + 1% acetic acid) yielded the desired product as a white solid. Yield: (203 mg, 39% 

over three steps); Rf  0.09 (CH2Cl2 + 5% MeOH); mp 170 °C; []D
20

 +58.2 (c 0.1, CHCl3); 
1
H 

NMR (400 MHz, DMSO-d6):  2.95 (1H, dd, J = 13.4, 10.8 Hz, CH2), 3.16 (1H, dd, J = 

13.8, 4.1 Hz, CH2), 4.15-4.27 (4H, m, 13-CH/Fmoc + CH2/Fmoc + CH), 7.26-7.33 (2H, m, 

ar), 7.37-7.42 (4H, m, ar), 7.47 (1H, t, J = 4.3 Hz, 5'-CH), 7.63-7.67 (4H, m, ar), 7.77 (1H, d, 

J = 8.4 Hz, 4'-CH), 7.88 (2H, d, J = 7.5 Hz, ar), 8.02 (1H, d, J = 7.9 Hz, NH), 8.56 (1H, br s, 

6'-CH), 8.87 (1H, br s, 2'-CH), 12.75 (1H, br s, CO2H); 
13

C NMR (100 MHz, DMSO-d6):
19

 δ 

36.1 (CH2), 46.6 (13-CH/Fmoc), 55.4 (CH), 65.6 (CH2/Fmoc), 120.1 (2 x CH/ar), 123.7 

(5'-CH), 125.2, 125.2, 126.6, 127.0, 127.6, 129.9 (10 x CH/ar), 133.8 (4'-CH), 135.1, 138.0, 

138.1 (3 x C/ar), 140.6, 143.7 (4 x C/ar), 147.5, 148.3 (2',6'-CH/ar), 155.9 (C=O/Fmoc), 173.2 

(C=O/CO2H); IR υmax (neat): 3314, 2914, 2474, 1689, 1539, 1257, 805, 733 cm
-1

; MS (ESI) 

m/z: 465.1800 [M + H]
+
, ([M + H]

+
,
 
C29H25N2O4 requires 465.1809). 

                                                 
19

 The two carbons at 125.2 ppm are not equivalent. These data suggest restricted rotation most likely 

due to π-π stacking interactions. 

 

 

 

 

 

 

 

 

 



Experimental 
 

~ 284 ~ 
 

(S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-(4-(pyrimidin-2-yl)phenyl)propanoic 

acid (Fmoc-Phe(4-pyrimidin-2'-yl)-CO2H) 4m: 

 

 
This compound was prepared following the general method E using Boc-Phe(4-pyrimidin-2'-

yl)-CO2Me (0.61 mmol, 219 mg). Purification: flash column chromatography (first 

EtOAc/hexane, 1/3 to 1/1 then EtOAc/hexane + 1% acetic acid, 1/1) yielded the desired 

product as an off white solid. Yield: (178 mg, 63% over three steps); Rf  0.19 (EtOAc/hexane 

+ 1% acetic acid, 1/1); mp 183 °C; []D
20

 +56.9 (c 0.1, CHCl3); 
1
H NMR (400 MHz, DMSO-

d6):  2.96 (1H, dd, J = 13.7, 10.6 Hz, CH2), 3.17 (1H, dd, J = 13.8, 4.4 Hz, CH2), 4.14-

4.28 (4H, m, 13-CH/Fmoc + CH2/Fmoc + CH), 7.24-7.31 (2H, m, ar), 7.35-7.44 (5H, m, ar), 

7.63 (2H, t, J = 8.1 Hz, 4,9-CH/Fmoc), 7.77 (1H, d, J = 8.5 Hz, NH), 7.86 (2H, d, J = 7.6 Hz, 

5,8-CH/Fmoc), 8.31 (2H, d, J = 8.2 Hz, 3,5-CH), 8.89 (2H, d, J = 8.2 Hz, 4',6'-CH), 12.73 

(1H, br s, CO2H); 
13

C NMR (100 MHz, DMSO-d6):
20

 δ 36.2 (CH2), 46.4 (13-CH/Fmoc), 

55.1 (CH), 65.5 (CH2/Fmoc), 119.6 (5'-CH), 120.0, 125.1, 125.2, 126.9, 127.5, 127.5, 129.4 

(12 x CH/ar), 135.4 (1 x C/ar), 140.5 (2 x C/ar), 140.9 (1 x C/ar), 143.6, 143.7 (2 x C/ar), 

155.8 (C=O/Fmoc), 157.5 (4',6'-CH), 163.2 (2'-C), 173.1 (C=O/CO2H); IR υmax (neat): 3385, 

2924, 1713, 1553, 1519, 1418, 1229, 1188, 1051, 760, 740, 646, 621 cm
-1

; MS (ESI) m/z: 

466.1721 [M + H]
+ 

([M + H]
+
,
 
C28H24N3O4 requires 466.1761). 

                                                 
20

 The two carbons at 125.1 and 125.2 ppm as well as the two carbons at 143.6 and 143.7 ppm are not 

equivalent. These data suggest restricted rotation most likely due to π-π stacking interactions. 

 

 

 

 

 

 

 

 

 



Part I 
 

~ 285 ~ 
 

(S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-(4-(quinolin-6-yl)phenyl)propanoic acid 

(Fmoc-Phe(4-quinolin-6'-yl)-CO2H) 4n: 

 

 
 

This compound was prepared following the general method E using Boc-Phe(4-quinolin-6'-

yl)-CO2Me (0.57 mmol, 232 mg). Purification: flash column chromatography (first 

EtOAc/hexane, 1/1 to 1/0 then EtOAc + 1% acetic acid) yielded the desired product as an off 

white solid. Yield: (147 mg, 50% over three steps); Rf  0.08 (EtOAc/hexane + 1% acetic acid, 

1/1); mp 117 °C; []D
20

 +18.3 (c 0.1, CHCl3); 
1
H NMR (400 MHz, DMSO-d6):  2.96 (1H, 

dd, J = 13.6, 10.7 Hz, CH2), 3.17 (1H, dd, J = 13.8, 4.4 Hz, CH2), 4.14-4.29 (4H, m, 

13-CH/Fmoc + CH2/Fmoc + CH), 7.25-7.32 (2H, m, ar), 7.36-7.42 (2H, m, ar), 7.44 (2H, d, 

J = 8.1 Hz, ar), 7.61 (1H, dd, J = 8.3, 4.3 Hz, ar), 7.64-7.68 (2H, m, ar), 7.75 (2H, d, J = 8.2 

Hz, ar), 7.80 (1H, d, J = 8.6 Hz, ar), 7.87 (2H, d, J = 7.5 Hz, ar), 8.09 (2H, br s, 8'-CH + NH), 

8.25 (1H, br s, 7'-CH), 8.46 (1H, dd, J = 8.2, 0.9 Hz, 4'-CH), 8.94 (1H, d, J = 2.9 Hz, 2'-CH); 

13
C NMR (100 MHz, DMSO-d6):

21
 δ 36.1 (CH2), 46.6 (13-CH/Fmoc), 55.4 (CH), 65.6 

(CH2/Fmoc), 120.1 (2 x CH/ar), 121.9 (3'-CH), 125.1 (1 x CH/ar), 125.2, 125.3 (2 x CH/ar), 

126.9, 127.0, 127.6 (6 x CH/ar), 128.2 (10'-C), 128.7, 128.9 (2 x CH/ar), 129.9 (2 x CH/ar), 

137.2 (4'-CH), 137.9, 138.0, 139.2 (3 x C/ar), 140.6, 143.7, 143.7 (4 x C/ar), 146.1 (9'-C), 

150.0 (2'-CH), 156.0 (C=O/Fmoc), 173.2 (C=O/CO2H); IR υmax (neat): 3358, 2977, 1738, 

1707, 1495, 1365, 1246, 1162, 1048, 1016, 818, 615 cm
-1

; MS (ESI) m/z: 515.1944 [M + H]
+
, 

([M + H]
+
,
 
C33H27N2O4 requires 515.1965). 

                                                 
21

 The two carbons at 125.2 and 125.3 ppm as well as the two carbons at 143.7 ppm are not equivalent. 

These data suggest restricted rotation most likely due to π-π stacking interactions. 

 

 

 

 

 



Experimental 
 

~ 286 ~ 
 

(S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-(4-(thiophen-2-yl)phenyl)propanoic 

acid (Fmoc-Phe(thiophen-2'-yl)-CO2H) 4o: 

 

 
 

This compound was prepared following the general method E using Boc-Phe(4-thiophen-2'-

yl)-CO2Me (1.24 mmol, 444 mg). Purification: flash column chromatography (first 

EtOAc/hexane, 3/7 then EtOAc/hexane + 1% acetic acid, 1/1) yielded the desired product as a 

yellow solid. Yield: (460 mg, 82% over three steps); Rf  0.58 (EtOAc/hexane + 1% acetic acid, 

1/1); mp 140 °C; []D
20

 +56.3 (c 0.1, CHCl3); 
1
H NMR (400 MHz, DMSO-d6):  2.90 (1H, 

dd, J = 13.7, 10.6 Hz, CH2), 3.11 (1H, dd, J = 13.8, 4.4 Hz, CH2), 4.16-4.24 (4H, m, 13-

CH/Fmoc + CH2/Fmoc + CH), 7.12 (1H, dd, J = 5.0, 3.6 Hz, 4'-CH), 7.26-7.33 (4H, m, ar), 

7.37-7.43 (2H, m, ar), 7.46 (1H, dd, J = 3.5, 0.8 Hz, 3'-CH), 7.51 (1H, dd, J = 5.0, 0.8 Hz, 

5'-CH), 7.56 (2H, d, J = 8.2 Hz, 2,11-CH/Fmoc), 7.65 (2H, t, J = 7.3 Hz, 4,9-CH/Fmoc), 7.76 

(1H, d, J = 8.5 Hz, NH), 7.88 (2H, d, J = 7.5 Hz, 5,8-CH/Fmoc), 12.66 (1H, br s,CO2H); 
13

C 

NMR (100 MHz, DMSO-d6):
22

 δ 36.0 (CH2), 46.5 (13-CH/Fmoc), 55.3 (CH), 65.5 

(CH2/Fmoc), 120.0 (2 x CH/ar), 123.2 (1 x CH/ar), 125.1 (4 x CH/ar), 125.2 (1 x CH/ar), 

126.9, 127.5 (4 x CH/ar), 128.3 (1 x CH/ar), 129.7 (2 x CH/ar), 131.9, 137.3 (2 x C/ar), 140.6 

(2 x C/ar), 143.2 (1 x C/ar), 143.6, 143.7 (2 x C/ar), 155.8 (C=O/Fmoc), 173.1 (C=O/CO2H); 

IR υmax (neat): 3314, 2928, 1692, 1533, 1253, 737, 692 cm
-1

; MS (ESI) m/z: 492.1201 [M + 

Na]
+
, 470.1382 [M + H]

+
 ([M + H]

+
,
 
C28H24NO4S requires 470.1421). 

                                                 
22

 The two carbons at 143.6 and 143.7 ppm are not equivalent. These data suggest restricted rotation 

most likely due to π-π stacking interactions. 
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(S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-(4-phenoxyphenyl)propanoic acid 

(Fmoc-Tyr(O-phenyl)-CO2H) 4p: 

 

 
 

This compound was prepared following the general method E using Boc-Tyr(O-phenyl)-

CO2Me (1.50 mmol, 553 mg). Purification: flash column chromatography (CH2Cl2 + 0 to 3% 

MeOH) yielded the desired product as a white solid. Yield: (573 mg, 80% over three steps); 

Rf  0.09 (CH2Cl2 + 5% MeOH); mp 126 °C; []D
20

 +26.7 (c 0.1, CHCl3); 
1
H NMR (400 MHz, 

CDCl3):  3.09 (1H, dd, J = 14.0, 6.4 Hz, CH2), 3.22 (1H, dd, J = 14.1, 5.1 Hz, CH2), 4.21 

(1H, t, J = 6.8 Hz, 13-CH/Fmoc), 4.38 (1H, dd, J = 10.5, 6.8 Hz, CH2/Fmoc), 4.51 (1H, dd, J 

= 10.8, 7.1 Hz, CH2/Fmoc), 4.71-4.75 (1H, m, CH), 5.43 (1H, d, J = 8.1 Hz, NH), 6.93 (2H, 

d, J = 8.3 Hz, ar), 7.01 (2H, d, J = 8.0 Hz, ar), 7.10-7.14 (3H, m, ar), 7.29-7.35 (4H, m, ar), 

7.40 (2H, t, J = 7.3 Hz, ar), 7.58 (2H, t, J = 7.2 Hz, ar), 7.77 (2H, d, J = 7.5 Hz, ar); 
13

C NMR 

(100 MHz, CDCl3):
23

 δ 36.9 (CH2), 47.0 (13-CH/Fmoc), 54.6 (CH), 67.0 (CH2/Fmoc), 

118.7, 119.0, 119.9 (6 x CH/ar), 123.3 (4'-CH), 124.9, 125.0, 127.0, 127.7, 129.7 (8 x CH/ar), 

130.2 (1-C), 130.6 (2 x CH/ar), 141.2, 143.5, 143.6 (4 x C/ar), 155.8, 156.5, 156.9 

(C=O/Fmoc + 4,1'-C), 175.4 (C=O/CO2H); IR υmax (neat): 3400, 2965, 1733, 1697, 1592, 

1508, 1491, 1448, 1407, 1234, 756, 742 cm
-1

; MS (ESI) m/z: 502.1611 [M + Na]
+
, 480.1799 

[M + H]
+ 

([M + H]
+
,
 
C30H26NO5 requires 480.1805). 

                                                 
23

 The two carbons at 124.9 and 125.0 ppm as well as the two carbons at 143.5 and 143.6 ppm are not 

equivalent. These data suggest restricted rotation most likely due to π-π stacking interactions. 
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(S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-(4-(p-tolyloxy)phenyl)propanoic acid 

(Fmoc- Tyr(O-(4'-methylphenyl))-CO2H) 4q: 

 

 
 

This compound was prepared following the general method E using Boc-Tyr(O-(4'-

methylphenyl)-CO2Me (1.65 mmol, 634 mg). Purification: flash column chromatography 

(CH2Cl2 + 0 to 3% MeOH) yielded the desired product as a white solid. Yield: (353 mg, 43% 

over three steps); Rf  0.09 (CH2Cl2 + 5% MeOH); mp 129 °C; []D
20

 +32.2 (c 0.1, CHCl3); 
1
H 

NMR (400 MHz, CDCl3):  2.34 (3H, s, CH3), 3.06 (1H, dd, J = 13.9, 6.2 Hz, CH2), 3.19 

(1H, dd, J = 14.0, 5.1 Hz, CH2), 4.20 (1H, t, J = 6.8 Hz, 13-CH/Fmoc), 4.35 (1H, dd, J = 

10.3, 6.9 Hz, CH2/Fmoc), 4.48 (1H, dd, J = 10.7, 7.2 Hz, CH2/Fmoc), 4.66-4.71 (1H, m, 

CH), 5.43 (1H, d, J = 8.1 Hz, NH), 6.87-6.92 (4H, m, ar), 7.07-7.13 (4H, m, ar), 7.30 (2H, t, 

J = 7.4 Hz, 3,10-CH/Fmoc), 7.39 (2H, t, J = 7.3 Hz, 4,9-CH/Fmoc), 7.56 (2H, t, J = 7.3 Hz, 

2,11-CH/Fmoc), 7.76 (2H, d, J = 7.5 Hz, 5,8-CH/Fmoc); 
13

C NMR (100 MHz, CDCl3):
24

 δ 

20.6 (CH3), 36.9 (CH2), 47.0 (13-CH/Fmoc), 54.6 (CH), 66.9 (CH2/Fmoc), 118.2, 119.2, 

119.9, 124.9, 125.0 ,127.0, 127.7 (12 x CH/ar), 129.9 (1-C), 130.2, 130.5 (4 x CH/ar), 133.0 

(4'-C), 141.2, 143.6, 143.7 (4 x C/ar), 154.5, 155.8, 157.0 (C=O/Fmoc + 4,1'-C), 175.0 

(C=O/CO2H); IR υmax (neat): 3329, 2921, 1719, 1694, 1537, 1500, 1447, 1423, 1238, 757, 

740 cm
-1

; MS (ESI) m/z: 516.1785 [M + Na]
+
, 494.1951 [M + H]

+
 ([M + H]

+
,
 
C31H28NO5 

requires 494.1962). 

                                                 
24

 The two carbons at 124.9 and 125.0 ppm as well as the two carbons at 143.6 and 143.7 ppm are not 

equivalent. These data suggest restricted rotation most likely due to π-π stacking interactions. 
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(S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-(4-(4-ethylphenoxy)phenyl)propanoic 

acid (Fmoc- Tyr(O-(4'-ethylphenyl))-CO2H) 4r: 

 

 
 

This compound was prepared following the general method E using Boc-Tyr(O-(4'-

ethylphenyl))-CO2Me (1.59 mmol, 636 mg). Purification: flash column chromatography 

(CH2Cl2 + 0 to 2% MeOH) yielded the desired product as a white solid. Yield: (746 mg, 93% 

over three steps); Rf  0.11 (CH2Cl2 + 5% MeOH); mp 83 °C; []D
20

 +43.9 (c 0.1, CHCl3); 
1
H 

NMR (400 MHz, CDCl3):  1.30 (3H, t, J = 7.5 Hz, CH3), 2.68 (2H, q, J = 7.5 Hz, CH2), 3.12 

(1H, dd, J = 13.8, 6.4 Hz, CH2), 3.27 (1H, dd, J = 13.9, 4.7 Hz, CH2), 4.24 (1H, t, J = 6.8 

Hz, 13-CH/Fmoc), 4.39 (1H, dd, J = 10.1, 6.9 Hz, CH2/Fmoc), 4.55 (1H, dd, J = 10.5, 7.3 Hz, 

CH2/Fmoc), 4.72-4.77 (1H, m, CH), 5.67-5.74 (1H, m, NH), 6.95-6.98 (4H, m, ar), 

7.15-7.20 (4H, m, ar), 7.34 (2H, t, J = 7.3 Hz, 3,10-CH/Fmoc), 7.43 (2H, t, J = 6.9 Hz, 

4,9-CH/Fmoc), 7.62 (2H, t, J = 7.5 Hz, 2,11-CH/Fmoc), 7.79 (2H, d, J = 7.5 Hz, 

5,8-CH/Fmoc); 
13

C NMR (100 MHz, CDCl3):
25

 δ 15.5 (CH3), 27.9 (CH2), 36.8 (CH2), 46.9 

(13-CH/Fmoc), 54.6 (CH), 66.8 (CH2/Fmoc), 118.1, 119.0, 119.8, 124.8, 124.9 ,126.9, 

127.5, 128.8 (14 x CH/ar), 130.0 (1-C), 130.4 (2 x CH/ar), 139.2 (4'-C), 141.1, 143.5, 143.6 

(4 x C/ar), 154.5, 155.8, 156.7 (C=O/Fmoc + 4,1'-C), 174.2 (C=O/CO2H); IR υmax (neat): 

3320, 2964, 1693, 1537, 1500, 1450, 1423, 1236, 738 cm
-1

; MS (ESI) m/z: 530.1924 [M + 

Na]
+
, 508.2104 [M + H]

+
 ([M + H]

+
,
 
C32H30NO5 requires 508.2118). 

                                                 
25

 The two carbons at 124.8 and 124.9 ppm as well as the two carbons at 143.5 and 143.6 ppm are not 

equivalent. These data suggest restricted rotation most likely due to π-π stacking interactions. 
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(S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-(4-(biphenyl-4-yloxy)phenyl)propanoic 

acid (Fmoc-Tyr(O-(4'-biphenyl))-CO2H) 4s: 

 

 
 

This compound was prepared following the general method E using Boc-Tyr(O-(4'-

biphenyl)-CO2Me (1.70 mmol, 760 mg). Purification: flash column chromatography (CH2Cl2 

+ 0 to 2% MeOH) yielded the desired product as a white solid. Yield: (620 mg, 66% over 

three steps); Rf  0.21 (CH2Cl2 + 5% MeOH); mp 125 °C; []D
20

 +38.5 (c 0.1, CHCl3); 
1
H 

NMR (400 MHz, CDCl3):  3.10 (1H, dd, J = 13.9, 6.3 Hz, CH2), 3.24 (1H, dd, J = 14.0, 4.9 

Hz, CH2), 4.21 (1H, t, J = 6.8 Hz, 13-CH/Fmoc), 4.37 (1H, dd, J = 10.3, 6.9 Hz, CH2/Fmoc), 

4.51 (1H, dd, J = 10.5, 6.9 Hz, CH2/Fmoc), 4.71-4.76 (1H, m, CH), 5.43-5.48 (1H, m, NH), 

6.97-7.15 (6H, m, ar), 7.29-7.46 (7H, m, ar), 7.52-7.60 (6H, m, ar), 7.76 (2H, d, J = 7.5 Hz, 

ar); 
13

C NMR (100 MHz, CDCl3):
26

 δ 37.0 (CH2), 47.0 (13-CH/Fmoc), 54.6 (CH), 67.0 

(CH2/Fmoc), 118.9, 119.1, 119.9, 124.9, 125.0 ,126.8 (10 x CH/ar), 127.0 (4''-CH), 127.1, 

127.7, 128.3, 128.7 (8 x CH/ar), 130.5 (1-C), 130.7 (2 x CH/ar), 136.3 (4'-C), 140.3 (1''-C), 

141.2, 143.6, 143.7 (4 x C/ar), 155.8, 156.3, 156.5 (C=O/Fmoc + 4,1'-C), 175.1 (C=O/CO2H); 

IR υmax (neat): 3320, 2944, 1688, 1537, 1505, 1485, 1450, 1240, 758, 732 cm
-1

; MS (ESI) 

m/z: 578.1932 [M + Na]
+
, 556.2099 [M + H]

+
 ([M + H]

+
,
 
C36H30NO5 requires 556.2118). 

                                                 
26

 The two carbons at 124.9 and 125.0 ppm as well as the two carbons at 143.6 and 143.7 ppm are not 

equivalent. These data suggest restricted rotation most likely due to π-π stacking interactions. 
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(S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-(4-(3,4-dimethoxyphenoxy)phenyl) 

propanoic acid (Fmoc- Tyr(O-(3',4'-dimethoxyphenyl))-CO2H) 4t: 

 

 
 

This compound was prepared following the general method E using Boc-Tyr(O-(3',4'-

dimethoxyphenyl))-CO2Me (1.5 mmol, 645 mg). Purification: flash column chromatography 

(CH2Cl2 + 0 to 2% MeOH) yielded the desired product as a brown solid. Yield: (316 mg, 39% 

over three steps); Rf  0.28 (CH2Cl2 + 5% MeOH); mp 179 °C; []D
20

 +47.6 (c 0.1, CHCl3); 
1
H 

NMR (400 MHz, CDCl3):  3.07 (1H, dd, J = 13.6, 6.0 Hz, CH2), 3.18 (1H, dd, J = 13.9, 4.8 

Hz, CH2), 3.80 (3H, s, OCH3), 3.86 (3H, s, OCH3), 4.19 (1H, t, J = 6.8 Hz, 13-CH/Fmoc), 

4.35 (1H, dd, J = 10.0, 6.8 Hz, CH2/Fmoc), 4.47 (1H, dd, J = 10.4, 7.1 Hz, CH2/Fmoc), 

4.64-4.69 (1H, m, CH), 5.23 (1H, d, J = 7.9 Hz, NH), 6.52 (1H, dd, J = 8.6, 2.1 Hz, 6'-CH), 

6.62 (1H, d, J = 2.2 Hz, 2'-CH), 6.78 (1H, d, J = 8.7 Hz, 5'-CH), 6.86 (2H, d, J = 8.3 Hz, ar), 

7.06 (2H, d, J = 8.2 Hz, ar), 7.29 (2H, dd, J = 7.5, 0.8 Hz, 3,10-CH/Fmoc), 7.38 (2H, t, J = 7.5 

Hz, 4,9-CH/Fmoc), 7.53 (2H, d, J = 7.3 Hz, 2,11-CH/Fmoc), 7.75 (2H, d, J = 7.5 Hz, 

5,8-CH/Fmoc); 
13

C NMR (100 MHz, CDCl3):
27

 δ 37.0 (CH2), 47.1 (13-CH/Fmoc), 54.6 

(CH), 55.9 (CH3/OCH3), 56.3 (CH3/OCH3), 67.0 (CH2/Fmoc), 104.6 (2'-CH), 110.9, 111.7 

(5',6'-CH), 117.6, 120.0, 125.0, 125.0, 127.1, 127.8 (10 x CH/ar), 129.5 (1-C), 130.6 (2 x 

CH/ar), 141.3, 143.6, 143.7 (4 x C/ar), 145.6 (4'-C), 149.9, 150.2, 155.7, 157.6 (C=O/Fmoc + 

4,1',3'-C), 175.1 (C=O/CO2H); IR υmax (neat): 3340, 2953, 1757, 1684, 1503, 1219, 741 cm
-1

; 

MS (ESI) m/z: 562.1822 [M + Na]
+
, 540.2010 [M + H]

+
 ([M + H]

+
,
 
C32H30NO7 requires 

540.2017). 

                                                 
27

 The two carbons at 125.0 ppm as well as the two carbons at 143.6 and 143.7 ppm are not equivalent. 

These data suggest restricted rotation most likely due to π-π stacking interactions. 
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(S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-(4-(3-nitrophenoxy)phenyl)propanoic 

acid (Fmoc- Tyr(O-(3'-nitrophenyl))-CO2H) 4u: 

 

 
 

This compound was prepared following the general method E using Boc-Tyr(O-(3'-

nitrophenyl))-CO2Me (1.15 mmol, 478 mg). Purification: flash column chromatography 

(CH2Cl2 + 0 to 3% MeOH) yielded the desired product as a white solid. Yield: (444 mg, 74% 

over three steps); Rf  0.21 (CH2Cl2 + 5% MeOH); mp 149 °C; []D
20

 +37.6 (c 0.1, CHCl3); 
1
H 

NMR (400 MHz, CDCl3):  3.12 (1H, dd, J = 13.8, 6.7 Hz, CH2), 3.28 (1H, dd, J = 14.1, 5.0 

Hz, CH2), 4.21 (1H, t, J = 6.8 Hz, 13-CH/Fmoc), 4.39 (1H, dd, J = 10.1, 6.8 Hz, CH2/Fmoc), 

4.50 (1H, dd, J = 10.7, 7.4 Hz, CH2/Fmoc), 4.71-4.77 (1H, m, CH), 5.70 (1H, d, J = 8.1 Hz, 

NH), 6.97 (2H, d, J = 8.2 Hz, ar), 7.21-7.43 (8H, m, ar), 7.60 (2H, t, J = 7.7 Hz, ar), 7.76-7.78 

(3H, m, ar), 7.92 (1H, dd, J = 8.1, 1.3 Hz, 4'-CH); 
13

C NMR (100 MHz, CDCl3):
28

 δ 37.0 

(CH2), 46.9 (13-CH/Fmoc), 54.6 (CH), 66.9 (CH2/Fmoc), 112.8, 117.5 (2',4'-CH), 119.5, 

119.8 (4 x CH/ar), 124.0 (1 x CH/ar), 124.8, 124.8, 126.9, 127.6 (6 x CH/ar), 130.1 (1 x 

CH/ar), 131.0 (2 x CH/ar), 132.2 (1-C), 141.1, 143.4, 143.5 (4 x C/ar), 149.0 (3'-C), 154.5, 

155.9, 158.0 (C=O/Fmoc + 4,1'-C), 174.7 (C=O/CO2H); IR υmax (neat): 3315, 2934, 1695, 

1527, 1503, 1450, 1345,1232, 739, 673 cm
-1

; MS (ESI) m/z: 547.1503 [M + Na]
+
, 525.1668 

[M + H]
+
 ([M + H]

+
,
 
C30H25N2O7 requires 525.1656). 

                                                 
28

 The two carbons at 124.8 ppm as well as the two carbons at 143.4 and 143.5 ppm are not equivalent. 

These data suggest restricted rotation most likely due to π-π stacking interactions. 
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Peptide synthesis
29

 

Solid phase peptide synthesis (0.1 mmol scale) based on the Fmoc protection strategy was 

performed on aminomethylated polystyrene resin (1.0 mmol/g) derivatised with the HMP 

linker, the attachment of which is described in general method G. Coupling of the first residue 

was performed according to general method H and the level of first residue attachment was 

estimated using the UV method.
[471]

 The peptide chains were then assembled using a 

Tribute
TM

 peptide synthesiser (general method I) and capped manually with D-biotin 

according to general method J then cleaved from resin according to general method K. 

 

General method G: attachment of HMP linker to aminomethylated PS resin 

Aminomethylated resin (0.1 mmol) was swollen in CH2Cl2/DMF (1/1) for 20 min and then 

the solvent drained. HMP (3 eq) and HOBt (3.8 eq) were dissolved in 3 mL of 20% DMF in 

CH2Cl2 and DIC (3 eq) was added. The reaction mixture was added to the resin and agitated 

for 2 h. The mixture was drained and the resin was washed with DMF (3 ) and CH2Cl2 (3 ).   

 

General method H: first residue attachment 

The Fmoc protected C-terminal amino acid (2 eq) was dissolved in 3 mL of 20% DMF in 

CH2Cl2. DIC (2.5 eq) was added and the reaction mixture was added to the HMP resin. 

DMAP (0.05 eq in 61 L of DMF) was added and the mixture agitated for 1.5 h. The mixture 

was drained and the resin was washed with DMF (3 ) and CH2Cl2 (3 ).   

General method I: automated Fmoc SPPS, Tribute
TM

 peptide synthesiser 

Couplings of Fmoc-Glu and Fmoc-Arg (5 eq) were carried out over 45 min at room 

temperature in the presence of HBTU (4.6 eq) and NMM (10 eq) in DMF.  

The N

-protecting group was removed by 20% piperidine solution in DMF (3 mL, 2  5 min). 

 

General method J: biotin attachment 

D-Biotin (4 eq), BOP (4 eq) and HOBt (4 eq) were suspended in 3 mL of DMF. After addition 

of DIPEA (8 eq), the mixture was added to the resin and agitated for 2 h at room temperature 

followed by washing with DMF (3 ) and CH2Cl2 (3 ). 

 

General method K: cleavage from resin/ side-chain deprotection 

100 L TIPS, 250 L H2O, 250 L 3,6-dioxa-1,8-octanedithiol and 9.4 mL TFA were added 

to the resin and the mixture was agitated for 2 h at room temperature. The TFA solution was 

filtered and the peptide was precipitated by addition of hexane/diethyl ether (1/1). After 

                                                 
29

 Peptide synthesis and purification of compounds 5a-i were carried by Dr. Stefanie Papst. 
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centrifugation and washing with hexane/diethyl ether (1/1) the crude peptides were 

lyophilised from 0.1% trifluoroacetic acid-water. 

 

Biotin-R8ERY* (Y* = 4-(4'-methylphenyl)phenylalanine) 5a: 

The peptide chain was assembled according to general method I using Fmoc-Phe(4-(4'-

methylphenyl))-CO2H. Capping with biotin according to general method J was followed by 

cleavage according to general method K, yielding 110 mg of crude product after 

lyophilising. 16.1 mg of crude peptide were purified by semi-preparative HPLC at a flow rate 

of 5 mL/min using a linear gradient of 1% B to 80 % B over 60 min. Lyophilisation yielded 

the purified peptide (2.9 mg, 13%) as a white solid in ca. 93% purity according to analytical 

HPLC. Rt 12.5 min (Phenomenex Gemini C18, 1-80% B over 30 min, 1 mL/min); m/z (ESI-

MS): 337.0 [M+6H
+
]
6+

, 404.2 [M+5H
+
]
5+

, 505.1 [M+4H
+
]

4+
 ([M+6H

+
]

6+
 requires 337.1, 

[M+5H
+
]
5+

 requires 404.3, [M+4H
+
]
4+

 requires 505.1). 

 

 
 

Figure 84. Analytical HPLC profile (λ = 210 nm) of compound biotin-R8ERY
*  

(Y
*
 = 4-(4'-methylphenyl)phenylalanine including ESI-MS spectrum. 
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Biotin-R8ERY
* 
(Y

*
 = 4-(4'-ethylphenyl)phenylalanine) 5b: 

The peptide chain was assembled according to general method I using Fmoc-Phe(4-(4'-

ethylphenyl))-CO2H. Capping with biotin according to general method J was followed by 

cleavage according to general method K, yielding 145 mg of crude product after 

lyophilising. 16.8 mg of crude peptide were purified by semi-preparative HPLC at a flow rate 

of 5 mL/min using a linear gradient of 1% B to 80 % B over 60 min. Lyophilisation yielded 

the purified peptide (4.7 mg, 35%) as a white solid in ca. 96% purity according to analytical 

HPLC. Rt 23.1 min (Phenomenex Gemini C18, 1-80% B over 30 min, 1 mL/min); m/z (ESI-

MS): 339.4 [M+6H
+
]
6+

, 407.0 [M+5H
+
]
5+

, 508.6 [M+4H
+
]

4+
 ([M+6H

+
]

6+
 requires 339.4, 

[M+5H
+
]
5+

 requires 407.1, [M+4H
+
]
4+

 requires 508.6). 

 

 
 

Figure 85. Analytical HPLC profile (λ = 210 nm) of compound biotin-R8ERY
*  

(Y
*
 = 4-(4'-ethylphenyl)phenylalanine including ESI-MS spectrum. 
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Biotin-R8ERY
* 
(Y

*
 = (4-(4'-biphenyl)phenylalanine) 5c:  

The peptide chain was assembled according to general method I using Fmoc-Phe(4-(4'-

biphenyl))-CO2H. Capping with biotin according to general method J was followed by 

cleavage according to general method K, yielding 87 mg of crude product after lyophilising. 

11.5 mg of crude peptide were purified by semi-preparative HPLC at a flow rate of 5 mL/min 

using a linear gradient of 1% B to 80 % B over 60 min. Lyophilisation yielded the purified 

peptide (1.4 mg, 15%) as a white solid in ca. 97% purity according to analytical HPLC. Rt 

20.0 min (Phenomenex Gemini C18, 1-80% B over 30 min, 1 mL/min); m/z (ESI-MS): 347.4 

[M+6H
+
]
6+

, 416.6 [M+5H
+
]
5+

, 520.6 [M+4H
+
]
4+

 ([M+6H
+
]
6+

 requires 347.4, [M+5H
+
]
5+

 

requires 416.7, [M+4H
+
]

4+
 requires 520.6). 

 

 
 

Figure 86. Analytical HPLC profile (λ = 210 nm) of compound biotin-R8ERY
* 

(Y
*
 = 4-(4'-biphenyl)phenylalanine including ESI-MS spectrum. 
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Biotin-R8ERY
* 
(Y

*
 = 4-(2'-methoxyphenyl)phenylalanine) 5d:  

The peptide chain was assembled according to general method I using Fmoc-Phe(4-(2'-

methoxyphenyl))-CO2H. Capping with biotin according to general method J was followed 

by cleavage according to general method K, yielding 120 mg of crude product after 

lyophilising. 16.5 mg of crude peptide were purified by semi-preparative HPLC at a flow rate 

of 5 mL/min using a linear gradient of 1% B to 80 % B over 60 min. Lyophilisation yielded 

the purified peptide (9.0 mg, 47%) as a white solid in ca. 96% purity according to analytical 

HPLC. Rt 14.9 min (Phenomenex Gemini C18, 1-80% B over 30 min, 1 mL/min); m/z (ESI-

MS): 407.4 [M+5H
+
]
5+

, 509.0 [M+4H
+
]
4+

 ([M+5H
+
]
5+

 requires 407.5, [M+4H
+
]

4+
 requires 

509.1). 

 

 
 

Figure 87. Analytical HPLC profile (λ = 210 nm) of compound biotin-R8ERY
*  

(Y
*
 = 4-(2'-methoxyphenyl)phenylalanine including ESI-MS spectrum. 
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Biotin-R8ERY
* 
(Y

*
 = 4-(2',6'-dimethoxyphenyl)phenylalanine) 5e: 

The peptide chain was assembled according to general method I using Fmoc-Phe(4-(2',6'-

dimethoxyphenyl))-CO2H. Capping with biotin according to general method J was followed 

by cleavage according to general method K, yielding 129 mg of crude product after 

lyophilising. 14.7 mg of crude peptide were purified by semi-preparative HPLC at a flow rate 

of 5 mL/min using a linear gradient of 1% B to 80 % B over 60 min. Lyophilisation yielded 

the purified peptide (6.3 mg, 53%) as a white solid in ca. 99% purity according to analytical 

HPLC. Rt 15.3 min (Phenomenex Gemini C18, 1-80% B over 30 min, 1 mL/min); m/z (ESI-

MS): 344.7 [M+6H
+
]
6+

, 413.4 [M+5H
+
]
5+

, 516.6 [M+4H
+
]

4+
 ([M+6H

+
]

6+
 requires 344.7, 

[M+5H
+
]
5+

 requires 413.5, [M+4H
+
]
4+

 requires 516.6). 

 

 
 

Figure 88. Analytical HPLC profile (λ = 210 nm) of compound biotin-R8ERY
*  

(Y
*
 = 4-(2',6'-dimethoxyphenyl)phenylalanine including ESI-MS spectrum. 
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Biotin-R8ERY
* 
(Y

*
 = 4-(3'-nitrophenyl)phenylalanine) 5f: 

The peptide chain was assembled according to general method I using Fmoc-Phe(4-(3'-

nitrophenyl))-CO2H.Capping with biotin according to general method J was followed by 

cleavage according to general method K, yielding 112 mg of crude product after 

lyophilising. 17.9 mg of crude peptide were purified by semi-preparative HPLC at a flow rate 

of 5 mL/min using a linear gradient of 1% B to 80 % B over 60 min. Lyophilisation yielded 

the purified peptide (4.8 mg, 34%) as a white solid in ca. 98% purity according to analytical 

HPLC. Rt 10.8 min (Phenomenex Gemini C18, 1-80% B over 30 min, 1 mL/min); m/z (ESI-

MS): 342.2 [M+6H
+
]
6+

, 410.4 [M+5H
+
]
5+

, 512.8 [M+4H
+
]
4+

, 683.4 [M+3H
+
]
3+

 ([M+6H
+
]

6+
 

requires 342.2, [M+5H
+
]

5+
 requires 410.5, [M+4H

+
]
4+

 requires 512.9, [M+3H
+
]

3+
 requires 

683.5). 

 

 
 

Figure 89. Analytical HPLC profile (λ = 210 nm) of compound biotin-R8ERY
*  

(Y
*
 = 4-(3'-nitrophenyl)phenylalanine including ESI-MS spectrum. 
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Biotin-R8ERY
* 
(Y

*
 = 4-(3',4'-dimethoxyphenyl)phenylalanine) 5g: 

The peptide chain was assembled according to general method I using Fmoc-Phe(4-(3',4'-

dimethoxyphenyl))-CO2H. Capping with biotin according to general method J was followed 

by cleavage according to general method K, yielding 130 mg of crude product after 

lyophilising. 13.8 mg of crude peptide were purified by semi-preparative HPLC at a flow rate 

of 5 mL/min using a linear gradient of 1% B to 80 % B over 60 min. Lyophilisation yielded 

the purified peptide (5.4 mg, 43%) as a white solid in ca. 99% purity according to analytical 

HPLC. Rt 10.6 min (Phenomenex Gemini C18, 1-60% B over 20 min, 1 mL/min); m/z (ESI-

MS): 344.7 [M+6H
+
]
6+

, 413.4 [M+5H
+
]
5+

, 516.5 [M+4H
+
]

4+
 ([M+6H

+
]

6+
 requires 344.7, 

[M+5H
+
]
5+

 requires 413.5, [M+4H
+
]
4+

 requires 516.6). 

 

 
 

Figure 90. Analytical HPLC profile (λ = 210 nm) of compound biotin-R8ERY
*  

(Y
*
 = 4-(3',4'-dimethoxyphenyl)phenylalanine including ESI-MS spectrum. 
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Biotin-R8ERY
* 
(Y

*
 = 4-(4'-cyanophenyl)phenylalanine) 5h: 

The peptide chain was assembled according to general method I using Fmoc-Phe(4-(4'-

cyanophenyl))-CO2H. Capping with biotin according to general method J was followed by 

cleavage according to general method K, yielding 161 mg of crude product after 

lyophilising. 17.2 mg of crude peptide were purified by semi-preparative HPLC at a flow rate 

of 5 mL/min using a linear gradient of 1% B to 80 % B over 60 min. Lyophilisation yielded 

the purified peptide (3.6 mg, 23%) as a white solid in ca. 93% purity according to analytical 

HPLC. Rt 16.3 min (Phenomenex Gemini C18, 1-80% B over 30 min, 1 mL/min); m/z (ESI-

MS): 338.9 [M+6H
+
]

6+
, 406.4 [M+5H

+
]
5+

, 507.8 [M+4H
+
]
4+

, 714.7 [M+3H
+
+TFA]

3+
 

([M+6H
+
]
6+

 requires 338.9, [M+5H
+
]
5+

 requires 406.5, [M+4H
+
]
4+

 requires 507.9, 

[M+3H
+
+TFA]

3+
 requires 714.8). 

 

 
 

Figure 91. Analytical HPLC profile (λ = 210 nm) of compound biotin-R8ERY
*  

(Y
*
 = 4-(4'-cyanophenyl)phenylalanine including ESI-MS spectrum. 
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Biotin-R8ERY
* 
(Y

*
 = 4-(1'-cyclohexenyl)phenylalanine) 5i: 

The peptide chain was assembled according to general method I using Fmoc-Phe(4-(1'-

cyclohexenyl))-CO2H.Capping with biotin according to general method J was followed by 

cleavage for 2h with TFA/ 5% H2O, yielding 87.5 mg of crude product after lyophilising. 12.6 

mg of crude peptide were purified by semi-preparative HPLC at a flow rate of 5 mL/min 

using a linear gradient of 1% B to 80 % B over 60 min. Lyophilisation yielded the purified 

peptide (0.55 mg, 3%) as a white solid in ca. 99% purity according to analytical HPLC. Rt 

13.9 min (Phenomenex Gemini C18, 1-90% B over 30 min, 1 mL/min); m/z (ESI-MS): 335.4 

[M+6H
+
]
6+

, 402.2 [M+5H
+
]
5+

, 502.5 [M+4H
+
]
4+

 ([M+6H
+
]
6+

 requires 335.4, [M+5H
+
]
5+

 

requires 402.3, [M+4H
+
]

4+
 requires 502.6). 

 

 
 

Figure 92. Analytical HPLC profile (λ = 210 nm) of compound biotin-R8ERY
*  

(Y
*
 = 4-(1'-cyclohexenyl)phenylalanine including ESI-MS spectrum. 
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Biotin-R8ERY
* 
(Y

*
 = 3-(4'-biphenyl)phenylalanine) 5j:  

The peptide chain was assembled according to general method I using Fmoc-Phe(3,4'-

biphenyl)-CO2H. Capping with biotin according to general method J was followed by 

cleavage according to general method K, yielding 178.0 mg of crude product after 

lyophilising. 50.0 mg of crude peptide were purified by semi-preparative HPLC at a flow rate 

of 5 mL/min using a linear gradient of 1% B to 61 % B over 60 min. Lyophilisation yielded 

the purified peptide (4.98 mg, 8.5% yield) as a white solid in ca. 94% purity according to 

analytical HPLC. Rt 14.9 min (XTerra C18, 1-61% B over 20 min, 1 mL/min); m/z (ESI-MS): 

416.6 [M+5H]
5+

,520.4 [M+4H]
4+

, 693.6 [M+3H]
3+

 ([M+5H]
5+

 requires 416.6, [M+4H]
4+

 

requires 520.6, [M+3H]
3+

  requires 693.7).   

 

 
 

Figure 93. Analytical HPLC profile (λ = 210 nm) of compound biotin-R8ERY
* 

 
(Y

*
 = 3-(4'-biphenyl)phenylalanine including ESI-MS spectrum.
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Biotin-R8ERY
* 
(Y

*
 = O-phenyl)tyrosine) 5p: 

The peptide chain was assembled according to general method I using Fmoc-Tyr(O-phenyl)-

CO2H. Capping with biotin according to general method J was followed by cleavage 

according to general method K, yielding 167.0 mg of crude product after lyophilising. 73.0 

mg of crude peptide were purified by semi-preparative HPLC at a flow rate of 5 mL/min 

using a linear gradient of 1% B to 61% B over 60 min. Lyophilisation yielded the purified 

peptide (25.0 mg, 28.3% yield) as a white solid in ca. 99% purity according to analytical 

HPLC. Rt 12.7 min (XTerra C18, 1-61% B over 20 min, 1 mL/min); m/z (ESI-MS): 404.6 

[M+5H]
5+

,  505.4 [M+4H]
4+

, 673.6 [M+3H]
3+

, 1010.0 [M+2H]
2+

 ([M+5H]
5+

 requires 404.6, 

[M+4H]
4+

 requires 505.6, [M+3H]
3+ 

requires 673.7, [M+2H]
2+

 requires 1010.1). 

 

 
 

Figure 94. Analytical HPLC profile (λ = 210 nm) of compound biotin-R8ERY
*  

(Y
*
 = O-phenyl)tyrosine) including ESI-MS spectrum. 
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Biotin-R8ERY
* 
(Y

*
 = O-(4'-methylphenyl)tyrosine) 5q: 

The peptide chain was assembled according to general method I using Fmoc-Tyr(O-(4'-

methylphenyl)-CO2H. Capping with biotin according to general method J was followed by 

cleavage according to general method K, yielding 201.2 mg of crude product after 

lyophilising. 52.0 mg of crude peptide were purified by semi-preparative HPLC at a flow rate 

of 5 mL/min using a linear gradient of 5% B to 85% B over 80 min. Lyophilisation yielded 

the purified peptide (18.5 mg, 35.2% yield) as a white solid in ca. 98% purity according to 

analytical HPLC. Rt 13.4 min (XTerra C18, 1-61% B over 20 min, 1 mL/min); m/z (ESI-MS): 

407.4 [M+5H]
5+

, 509.0 [M+4H]
4+

, 678.2 [M+3H]
3+

 ([M+5H]
5+ 

requires 407.4, [M+4H]
4+ 

requires 509.1, [M+3H]
3+ 

requires 678.4). 

 

 
 

Figure 95. Analytical HPLC profile (λ = 210 nm) of compound biotin-R8ERY
*  

(Y
*
 = O-(4'-methylphenyl)tyrosine) including ESI-MS spectrum. 
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Biotin-R8ERY
* 
(Y

*
 = O-(4'-ethylphenyl)tyrosine) 5r: 

The peptide chain was assembled according to general method I using Fmoc-Tyr(O-(4'-

ethylphenyl)-CO2H. Capping with biotin according to general method J was followed by 

cleavage according to general method K, yielding 144.0 mg of crude product after 

lyophilising. 76.0 mg of crude peptide were purified by semi-preparative HPLC at a flow rate 

of 5 mL/min using a linear gradient of 1% B to 61% B over 60 min. Lyophilisation yielded 

the purified peptide (19.0 mg, 17.6% yield) as a white solid in ca. 99% purity according to 

analytical HPLC. Rt 13.9 min (XTerra C18, 1-61% B over 20 min, 1 mL/min); m/z (ESI-MS): 

410.2 [M+5H]
5+

, 512.4 [M+4H]
4+

, 683.0 [M+3H]
3+

, 1023.8 [M+2H]
2+

 ([M+5H]
5+ 

requires 

410.2, [M+4H]
4+

 requires 512.6, [M+3H]
3+

 requires 683.1, [M+2H]
2+

 requires 1024.1). 

 

 
 

Figure 96. Analytical HPLC profile (λ = 210 nm) of compound biotin-R8ERY
*  

(Y
*
 = O-(4'-ethylphenyl)tyrosine) including ESI-MS spectrum. 
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Biotin-R8ERY
* 
(Y

*
 = O-(4'-biphenyl)tyrosine) 5s: 

The peptide chain was assembled according to general method I using Fmoc-Tyr(O-(4'-

biphenyl)-CO2H. Capping with biotin according to general method J was followed by 

cleavage according to general method K, yielding 146.9 mg of crude product after 

lyophilising. 75.0 mg of crude peptide were purified by semi-preparative HPLC at a flow rate 

of 5 mL/min using a linear gradient of 1% B to 61% B over 60 min. Lyophilisation yielded 

the purified peptide (16.2 mg, 15.1% yield) as a white solid in ca. 99% purity according to 

analytical HPLC. Rt 14.9 min (XTerra C18, 1-61% B over 20 min, 1 mL/min); m/z (ESI-MS): 

419.8 [M+5H]
5+

, 524.4 [M+4H]
4+

, 699.0 [M+3H]
3+

, 1047.6 [M+2H]
2+

 ([M+5H]
5+ 

requires 

419.8, [M+4H]
4+

 requires 524.6, [M+3H]
3+

 requires 699.1, [M+2H]
2+

 requires 1048.1). 

 

 
 

Figure 97. Analytical HPLC profile (λ = 210 nm) of compound biotin-R8ERY
*  

(Y
*
 = O-(4'-biphenyl)tyrosine) including ESI-MS spectrum. 
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Biotin-R8ERY
* 
(Y

*
 = O-(3',4'-dimethoxyphenyl)tyrosine) 5t: 

The peptide chain was assembled according to general method I using Fmoc-Tyr(O-(3',4'-

dimethoxyphenyl)-CO2H. Capping with biotin according to general method J was followed 

by cleavage according to general method K, yielding 187.4 mg of crude product after 

lyophilising. 56.6 mg of crude peptide were purified by semi-preparative HPLC at a flow rate 

of 5 mL/min using a linear gradient of 1% B to 61% B over 60 min. Lyophilisation yielded 

the purified peptide (12.9 mg, 25.7% yield) as a white solid in ca. 83% purity according to 

analytical HPLC. Rt 12.4 min (XTerra C18, 1-61% B over 20 min, 1 mL/min); m/z (ESI-MS): 

416.6 [M+5H]
5+

, 520.4 [M+4H]
4+

, 693.6 [M+3H]
3+

 ([M+5H]
5+ 

requires 416.6, [M+4H]
4+

 

requires 520.6, [M+3H]
3+

 requires 693.7). 

 

 
 

Figure 98. Analytical HPLC profile (λ = 210 nm) of compound biotin-R8ERY
*  

(Y
*
 = O-(3',4'-dimethoxyphenyl)tyrosine) including ESI-MS spectrum. 
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Biotin-R8ERY
* 
(Y

*
 = O-(3'-nitrophenyl)tyrosine) 5u: 

The peptide chain was assembled according to general method I using Fmoc-Tyr(O-(3'-

nitrophenyl))-CO2H. Capping with biotin according to general method J was followed by 

cleavage according to general method K, yielding 160.0 mg of crude product after 

lyophilising. 56.6 mg of crude peptide were purified by semi-preparative HPLC at a flow rate 

of 5 mL/min using a linear gradient of 1% B to 61% B over 60 min. Lyophilisation yielded 

the purified peptide (24.0 mg, 32.6% yield) as a white solid in ca. 99% purity according to 

analytical HPLC. Rt 12.8 min (XTerra C18, 1-61% B over 20 min, 1 mL/min); m/z (ESI-MS): 

413.6 [M+5H]
5+

, 516.6 [M+4H]
4+

, 688.6 [M+3H]
3+

, 1032.4 [M+2H]
2+

 ([M+5H]
5+ 

requires 

413.6, [M+4H]
4+

 requires 516.8, [M+3H]
3+

 requires 688.7, [M+2H]
2+

 requires 1032.6). 

 

 
 

Figure 99. Analytical HPLC profile (λ = 210 nm) of compound biotin-R8ERY
*  

(Y
*
 = O-(3'-nitrophenyl)tyrosine) including ESI-MS spectrum. 
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Experimental: Part II 

General Information 

All reagents were purchased as reagent grade and used without further purification. Solvents 

for reactions were dried according to standard procedures.
[463]

 Analytical thin layer 

chromatography (TLC) was performed on 0.2 mm aluminium plates of silica gel 60 F254 

(Merck) and compounds were visualised by ultra-violet fluorescence or by staining with 

potassium permanganate, vanillin, or ninhydrin solutions, followed by heating the plate as 

appropriate. Preparative LCMS was carried out using Waters 600 Pumps linked to a Waters 

2700 Sample Manager and a Waters micro mass ZMD mass detector. Samples were routinely 

filtered and injected at concentrations of around 50 mg of expected product per mL of DMF. 

Flash chromatography was performed using Davisil
® 

chromatographic silica (LC60Å 40-63 

micron) (Grace GmbH & Co. KG) with indicated solvents. Ion-exchange chromatography 

was performed with Dowex resin 50W x4 20/50 mesh (Sigma-Aldrich) with water then 5% 

ammonia solution. Reversed-phase chromatography was performed using Davisil
® 

chromatographic C18 bonded silica (633NC18E 60Å 35-70 micron) (Grace GmbH & Co. 

KG) with indicated solvents. Infrared spectra were obtained using a Perkin Elmer Spectrum 

One Fourier Transform infrared spectrometer with a universal ATR sampling accessory using 

neat samples and absorption maxima are expressed in wavenumbers (cm
-1

). Optical rotations 

were measured at 20 °C using either a Perkin Elmer Polarimeter or a Rudolph Research 

Analytical Autopol IV at λ = 598 nm and are given in units of 10
-1

 deg cm
2
 g

-1
. Nuclear 

magnetic resonance (NMR) spectra were recorded on either a Bruker AVANCE DRX300 

spectrometer operating at 300 MHz for 
1
H nuclei and 75 MHz for 

13
C nuclei or on a Bruker 

AVANCE DRX400 spectrometer operating at 400 MHz for 
1
H nuclei and 100 MHz for 

13
C 

nuclei or on a Bruker Biospin AVANCE 500 spectrometer operating at 500 MHz for 
1
H 

nuclei and 125 MHz for 
13

C nuclei at 298 K. Chemical shifts are reported in parts per million 

(ppm) relative to the TMS signal at δH 0.00 ppm (
1
H NMR) in CDCl3-SiMe4 solvent or were 

referenced to the residual methanol signal at δH 3.31 ppm in MeOD-d4 or were referenced to 

the residual water signal at δH 4.79 ppm in D2O. The 
13

C values were referenced to the 

residual chloroform signal at δC 77.0 ppm in CDCl3-SiMe4 solvent or residual methanol signal 

at δC 49.00 ppm.
 1

H NMR shift values are reported as chemical shift (δ), relative integral, 

multiplicity (s, singlet; d, doublet; t, triplet; m, multiplet; br s, broad singlet; br d, broad 

doublet; dd, doublet of doublets; td, triplet of doublets; qd, quadruplet of doublets; ddd, 

doublet of doublets of doublets; ddt, doublet of doublets of triplets), coupling constant (J in 
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Hz) and assignments. 
13

C values are reported as chemical shift (δ) and assignment. 

Assignments were made with the aid of HSQC experiments. Electrospray ionisation mass 

spectra (ESI-MS) were recorded on a Bruker micrOTOF-Q II spectrometer. Samples were 

introduced using direct flow injection at 0.1-0.2 mL/min into an ESI source in positive or 

negative mode. Enantiomeric excesses were determined by chiral HPLC on a Dionex 

Ultimate 3000 system using a Chirobiotic T 250x4.6 mm 5 µm column, at a flow rate of 1 

mL/min. An isocratic mixture of water (A) and CH3CN (B) was used with detection at 210 

nm for aromatic amino acids and 200 nm for non-aromatic amino acids. The samples were 

injected at a volume of 5 µL and a concentration of 1 mg/mL for aromatic amino acids and of 

5 mg/mL for non-aromatic ones.  

 

Reagents  

Cyanomethylenetributylphosphorane (CMBP) was purchased from Tokyo Chemical Industry 

Co., Ltd. (TCI). N-(Diphenylmethylene)glycine tert-butyl ester, 2-aminobenzophenone, 

N-methylimidazole, nickel nitrate hexahydrate, benzyl bromide and the alcohols were 

purchased from Sigma-Aldrich with the exception of 2-thienylmethanol, allyl alcohol and 

4-chlorobenzyl alcohol purchased from Acros and benzyl alcohol purchased from Scharlau. 

L-Proline and glycine were purchased from GL Biochem. 

 

General method A: synthesis of racemic amino acid derivatives 

 

 
 

N-(Diphenylmethylene)-Gly-CO2tBu (0.29 mmol, 86 mg), (cyanomethylene)tributyl 

phosphorane (0.58 mmol, 152 µL), and alcohol (0.58 mmol) were combined in toluene (0.3 

mL). The brown mixture was heated in a sealed tube at 120 °C overnight. The brown solution 

was allowed to cool down to room temperature and was purified to yield the desired product.  
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tert-Butyl 2-(diphenylmethyleneamino)-3-phenylpropanoate 123a: 

 

 
 

This compound was prepared following general method A using benzyl alcohol (60 µL). 

Purification by flash chromatography (Et2O/hexane, 1/9 + 1% NEt3) yielded the desired 

product as a brown oil. Yield: (91 mg, 82%); 
1
H NMR (500 MHz, CDCl3):  1.44 (9H, s, 

CH3/CO2tBu), 3.16 (1H, dd, J = 13.3, 9.3 Hz,CH2), 3.23 (1H, dd, J = 13.3, 4.2 Hz,CH2), 

4.11 (1H, dd, J = 9.3, 4.2 Hz,CH), 6.60 (2H, br s, ar), 7.06 (2H, d, J = 7.4 Hz, ar), 7.16-7.38 

(9H, m, ar), 7.58 (2H, d, J = 7.3 Hz, ar); 
13

C NMR (125 MHz, CDCl3): 28.0 (3 x 

CH3/CO2tBu), 39.6 (CH2), 67.9 (CH), 81.1 (C/CO2tBu), 126.1 (1 x CH/ar), 127.6, 127.9, 

128.0, 128.0 (8 x CH/ar), 128.2 (1 x CH/ar), 128.7, 129.8 (4 x CH/ar), 130.1 (1 x CH/ar), 

136.3, 138.3, 139.6 (3 x C/ar), 170.3 *(C=N), 170.8 *(C=O/CO2tBu).  

1
H NMR and 

13
C NMR data are in agreement with that reported in the literature.

[472]
 

 

tert-Butyl 2-(diphenylmethyleneamino)-3-(2-(chloro)phenyl)propanoate 123b: 

 

 
 

This compound was prepared following general method A using 2-chlorobenzyl alcohol (83 

mg). Purification by flash chromatography (Et2O/hexane, 1/9 + 1% NEt3) yielded the desired 

product as a brown oil. Yield: (71 mg, 58%); 
1
H NMR (400 MHz, CDCl3):  1.45 (9H, s, 

CH3/CO2tBu), 3.21 (1H, dd, J = 13.4, 9.5 Hz,CH2), 3.47 (1H, dd, J = 13.3, 4.3 Hz,CH2), 

4.31 (1H, dd, J = 9.5, 4.3 Hz,CH), 6.63 (2H, br d, J = 7.0 Hz, ar), 7.06-7.14 (2H, m, ar), 

7.19-7.38 (8H, m, ar), 7.57-7.60 (2H, m, ar); 
13

C NMR (100 MHz, CDCl3): 28.1 (3 x 

CH3/CO2tBu), 37.2 (CH2), 65.2 (CH), 81.2 (C/CO2tBu), 126.3 (1 x CH/ar), 127.7 (2 x 

CH/ar), 127.8 (1 x CH/ar), 127.9, 128.1 (4 x CH/ar), 128.3 (1 x CH/ar), 128.8 (2 x CH/ar), 

129.2, 130.1, 132.6 (3 x CH/ar), 134.7, 136.0, 136.2, 139.5 (4 x C/ar), 170.6 *(C=N), 170.7 

*(C=O/CO2tBu).  

1
H NMR data are in agreement with that reported in the literature.

[473]
  



Experimental
 

~ 316 ~ 
 

tert-Butyl 2-(diphenylmethyleneamino)-3-(2-(bromo)phenyl)propanoate 123c: 

 

 
 

This compound was prepared following general method A using 2-bromobenzyl alcohol (50 

mg). Purification by flash chromatography (Et2O/hexane, 1/9 + 1% NEt3) yielded the desired 

product as a brown oil. Yield: (39 mg, 62%); 
1
H NMR (500 MHz, CDCl3):  1.46 (9H, s, 

CH3/CO2tBu), 3.23 (1H, dd, J = 13.4, 9.7 Hz,CH2), 3.47 (1H, dd, J = 13.4, 4.1 Hz,CH2), 

4.34 (1H, dd, J = 9.7, 4.1 Hz,CH), 6.60 (2H, br d, J = 6.8 Hz, ar), 7.03 (1H, td, J = 7.8, 1.9 

Hz, ar), 7.13 (1H, td, J = 7.2, 1.1 Hz, ar), 7.21 (1H, dd, J = 7.6, 1.7 Hz, ar), 7.26-7.39 (6H, m, 

ar), 7.43 (1H, dd, J = 7.8, 1.1 Hz, ar), 7.58-7.61 (2H, m, ar); 
13

C NMR (125 MHz, CDCl3): 

28.0 (3 x CH3/CO2tBu), 39.6 (CH2), 65.1 (CH), 81.2 (C/CO2tBu), 125.2 (1 x C/ar), 126.9 

(1 x CH/ar), 127.6, 127.9 (4 x CH/ar), 127.9 (1 x CH/ar), 128.0 (2 x CH/ar), 128.2 (1 x 

CH/ar), 128.7 (2 x CH/ar), 130.1, 132.5, 132.7 (3 x CH/ar), 136.2, 137.6, 139.4 (3 x C/ar), 

170.6 (C=N + C=O/CO2tBu).  

1
H NMR and 

13
C NMR data are in agreement with that reported in the literature.

[474]
  

 

tert-Butyl 3-(2,6-dichlorophenyl)-2-(diphenylmethyleneamino)propanoate 123d: 

 

 
 

This compound was prepared following general method A using 2,6-dichlorobenzyl alcohol 

(103 mg). Purification by preparative chromatography yielded the desired product as a brown 

oil. Yield: (90 mg, 68%); 
1
H NMR (500 MHz, CDCl3):  1.49 (9H, s, CH3/CO2tBu), 3.48 

(1H, dd, J = 13.6, 3.9 Hz,CH2), 3.74 (1H, dd, J = 13.6, 10.2 Hz,CH2), 4.52 (1H, dd, J = 

10.2, 3.9 Hz,CH), 6.67 (2H, br s, ar), 7.06 (1H, t, J = 7.8 Hz, ar), 7.19 (2H, d, J = 8.0 Hz, 

ar), 7.29-7.33 (4H, m, ar), 7.36-7.39 (2H, m, ar), 7.65 (2H, d, J = 7.3 Hz, ar); 
13

C NMR (125 

MHz, CDCl3): 28.0 (3 x CH3/CO2tBu), 34.3 (CH2), 64.3 (CH), 81.2 (C/CO2tBu), 127.6, 

127.8 (4 x CH/ar), 127.9 (1 x CH/ar), 128.0, 128.0 (4 x CH/ar), 128.2 (1 x CH/ar), 128.9 (2 x 
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CH/ar), 130.0 (1 x CH/ar), 134.5, 136.0 (2 x C/ar), 136.4 (2 x C/ar), 139.3 (1 x C/ar), 170.4 

*(C=N), 170.5 *(C=O/CO2tBu).  

1
H NMR and 

13
C NMR data are in agreement with that reported in the literature.

[475]
 

 

tert-Butyl 2-(diphenylmethyleneamino)-3-(2-methoxyphenyl)propanoate 123e: 

 

 
 

This compound was prepared following general method A using 2-methoxybenzyl alcohol 

(77 µL). Purification by preparative chromatography yielded the desired product as a brown 

oil. Yield: (70mg, 58%); 
1
H NMR (500 MHz, CDCl3):  1.48 (9H, s, CH3/CO2tBu), 3.06 (1H, 

dd, J = 13.2, 9.5 Hz,CH2), 3.39 (1H, dd, J = 13.2, 4.4 Hz,CH2), 3.53 (3H, s, OCH3), 4.32 

(1H, dd, J = 9.5, 4.4 Hz,CH), 6.68 (2H, br d, J = 5.5 Hz, ar), 6.72 (1H, d, J = 8.1 Hz, 3-CH), 

6.81 (1H, t, J = 7.3 Hz, 5-CH), 7.13 (1H, d, J = 7.3 Hz, 6-CH), 7.17 (1H, t, J = 8.1 Hz, 4-CH), 

7.29-7.39 (6H, m, ar), 7.58 (2H, d, J = 7.3 Hz, ar); 
13

C NMR (125 MHz, CDCl3): 28.0 (3 x 

CH3/CO2tBu), 34.3 (CH2), 54.7 (OCH3), 65.5 (CH), 80.8 (C/CO2tBu), 109.8 (3-CH), 119.9 

(5-CH), 126.4 (1-C), 127.5 (1 x CH/ar), 127.8 (4 x CH/ar), 127.9 (2 x CH/ar), 127.9 (1 x 

CH/ar), 128.7 (2 x CH/ar), 129.8 (1 x CH/ar), 131.9, 136.5, 139.8 (3 x C/ar), 157.7 (2-C), 

169.9 *(C=N), 171.2 *(C=O/CO2tBu); IR υmax (neat): 2975, 1727, 1659, 1599, 1494, 1447, 

1368, 1277, 1150, 1027, 941, 919, 845, 754, 698, 638 cm
-1

; MS (ESI) m/z: 416.2226 [M + 

H]
+
, 360.1605 [M - C(CH3)3]

+
 ([M + H]

+
,
 
C27H30NO3 requires 416.2220). 

 

tert-Butyl 2-(diphenylmethyleneamino)-3-(4-methoxyphenyl)propanoate 123f: 

 

 
 

N-(Diphenylmethylene)-Gly-CO2tBu 2 (0.29 mmol, 86 mg), (cyanomethylene)tributyl 

phosphorane 1a (0.29 mmol, 76 µL) and 4-methoxybenzyl alcohol (0.29 mmol, 36 µL) were 

combined in toluene (0.3 mL). The brown mixture was heated in a sealed tube at 120 °C 

overnight. The brown solution was allowed to cool down to room temperature. Purification by 
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flash chromatography (Et2O/hexane, 1/9 + 1% NEt3) yielded the desired product as a brown 

oil. Yield: (41mg, 34%); 
1
H NMR (400 MHz, CDCl3):  1.44 (9H, s, CH3/CO2tBu), 3.09 (1H, 

dd, J = 13.5, 9.1 Hz,CH2), 3.17 (1H, dd, J = 13.5, 4.4 Hz,CH2), 3.75 (3H, s, OCH3), 4.08 

(1H, dd, J = 9.0, 4.4 Hz,CH), 6.66 (2H, d, J = 6.8 Hz, ar), 6.73 (2H, d, J = 8.7 Hz, ar), 6.97 

(2H, d, J = 8.6 Hz, ar), 7.26-7.38 (6H, m, ar), 7.58 (2H, d, J = 7.0 Hz, ar); 
13

C NMR (100 

MHz, CDCl3): 28.1 (3 x CH3/CO2tBu), 38.8 (CH2), 55.3 (OCH3), 68.1 (CH), 81.1 

(C/CO2tBu), 113.5 (3,5-CH), 127.7, 128.0, 128.1 (6 x CH/ar), 128.2 (1 x CH/ar), 128.7 (2 x 

CH/ar), 130.1 (1 x CH/ar), 130.5 (1 x C/ar), 130.8 (2 x CH/ar), 136.5, 139.6 (2 x C/ar), 158.1 

(4-C), 170.2 *(C=N), 170.9 *(C=O/CO2tBu). 

1
H NMR and 

13
C NMR data are in agreement with that reported in the literature.

[476]
 

 

tert-Butyl 2-(diphenylmethyleneamino)-3-(4-(trifluoromethyl)phenyl)propanoate 123h: 

 

 
 

N-(Diphenylmethylene)-Gly-CO2tBu 2 (0.29 mmol, 86 mg), (cyanomethylene)tributyl 

phosphorane 1a (0.87 mmol, 228 µL) and 4-trifluoromethylbenzyl alcohol (0.87 mmol, 119 

µL) were combined in toluene (0.3 mL). The brown mixture was heated in a sealed tube at 

120 °C overnight. The brown solution was allowed to cool down to room temperature. 

Purification by preparative chromatography yielded the desired product as a brown oil. Yield: 

(67 mg, 51%); 
1
H NMR (500 MHz, CDCl3):  1.49 (9H, s, CH3/CO2tBu), 3.25 (1H, dd, J = 

13.6, 9.2 Hz,CH2), 3.32 (1H, dd, J = 13.6, 4.0 Hz,CH2), 4.17 (1H, dd, J = 9.2, 4.0 

Hz,CH), 6.66 (2H, d, J = 5.1 Hz, ar), 7.21 (2H, d, J = 8.1 Hz, 2,6-CH), 7.29-7.43 (6H, m, 

ar), 7.48 (2H, d, J = 8.1 Hz, 3,5-CH), 7.62 (2H, d, J = 7.3 Hz, ar); 
13

C NMR (125 MHz, 

CDCl3): 28.0 (3 x CH3/CO2tBu), 39.3 (CH2), 67.5 (CH), 81.4 (C/ CO2tBu), 124.3 (q, 
1
JCF 

= 271.8 Hz, CCF3), 124.9 (q, 
3
JCF = 3.6 Hz, 3,5-CH), 127.5, 128.0, 128.1 (6 x CH/ar), 128.2 

(q, 
2
JCF = 64.6 Hz, 4-C) 128.4 (1 x CH/ar), 128.7, 130.1 (4 x CH/ar), 130.3 (1 x CH/ar), 

136.0, 139.3 (2 x C/ar), 142.7 (1-C), 170.4 *(C=N), 170.6 *(C=O/CO2tBu).  

1
H NMR and 

13
C NMR data are in agreement with that reported in the literature.

[472]
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tert-Butyl 2-(diphenylmethyleneamino)-3-(3-methoxyphenyl)propanoate 123i: 

 

 
 

This compound was prepared following general method A using 3-methoxybenzyl alcohol 

(72 µL). Purification by flash chromatography (EtOAc/hexane, 1/9 + 1% NEt3) yielded the 

desired product as a brown oil. Yield: (76 mg, 63%); 
1
H NMR (400 MHz, CDCl3):  1.45 

(9H, s, CH3/CO2tBu), 3.14 (1H, dd, J = 13.3, 9.3 Hz,CH2), 3.21 (1H, dd, J = 13.3, 4.3 

Hz,CH2), 3.65 (3H, s, OCH3), 4.12 (1H, dd, J = 9.4, 4.4 Hz,CH), 6.59 (1H, br s, ar), 6.62-

6.67 (3H, m, ar), 6.72 (1H, dd, J = 8.0, 2.4 Hz, ar), 7.08-7.12 (1H, m, ar), 7.26-7.39 (6H, m, 

ar), 7.58 (2H, d, J = 7.0 Hz, ar); 
13

C NMR (100 MHz, CDCl3): 28.1 (3 x CH3/CO2tBu), 39.7 

(CH2), 55.0 (OCH3), 67.9 (CH), 81.2 (C/CO2tBu), 112.5 (4-CH), 114.7 (2-CH), 122.3 (6-

C), 127.7, 127.9, 128.0 (6 x CH/ar), 128.2 (1 x CH/ar), 128.7 (2 x CH/ar), 129.0, 130.1 (2 x 

CH/ar), 136.4, 139.6, 139.9 (3 x C/ar), 159.4 (3-C), 170.3 *(C=N), 170.8 *(C=O/CO2tBu); IR 

υmax (neat): 2983, 1725, 1663, 1590, 1489, 1445, 1368, 1278, 1150, 1027, 945, 700, 640 cm
-1

; 

MS (ESI) m/z: 438.2045 [M + Na]
+
, 416.2220 [M + H]

+
, 360.1596 [M - C(CH3)3]

+
 ([M + H]

+
,
 

C27H30NO3 requires 416.2220). 

 

tert-Butyl 2-(diphenylmethyleneamino)-3-(3-nitrophenyl)propanoate 123j:  

 

 
 

This compound was prepared following general method A using 3-nitrobenzyl alcohol (69 

µL). Purification by flash chromatography (EtOAc/hexane, 1/4 + 1% NEt3) yielded the 

desired product as a yellow oil. Yield: (22 mg, 18%); 
1
H NMR (400 MHz, CDCl3):  1.45 

(9H, s, CH3/CO2tBu), 3.25-3.34 (2H, m,CH2), 4.19 (1H, dd, J = 8.0, 5.3 Hz, CH), 6.72 

(2H, d, J = 7.2 Hz, ar), 7.28-7.38 (7H, m, ar), 7.46 (1H, d, J = 7.5 Hz, ar), 7.57 (2H, d, J = 8.3 

Hz, ar), 7.94 (1H, s, ar), 8.03 (1H, d, J = 8.0 Hz, ar); 
13

C NMR (100 MHz, CDCl3): 28.1 (3 

x CH3/CO2tBu), 39.2 (CH2), 67.0 (CH), 81.7 (C/CO2tBu), 121.4 (4-CH), 124.7 (2-CH), 
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127.5, 128.1, 128.3 (6 x CH/ar), 128.7 (1 x CH/ar), 128.8 (2 x CH/ar), 128.9, 130.5 (2 x 

CH/ar), 136.1 (1 x C/ar), 136.3 (1 x CH/ar), 139.1, 140.6, 148.1 (3 x C/ar), 170.2 *(C=N), 

171.1 *(C=O/CO2tBu); IR υmax (neat): 2977, 1728, 1527, 1349, 1284, 1148, 1083, 694 cm
-1

; 

MS (ESI) m/z: 453.1771 [M + Na]
+
, 431.1950 [M + H]

+
, 375.1332 [M - C(CH3)3]

+
 ([M + H]

+
,
 

C26H27N2O4 requires 431.1965). 

 

tert-Butyl 2-(diphenylmethyleneamino)-3-(pyridin-2-yl)propanoate 123k: 

 

 
 

This compound was prepared following general method A using pyridin-2-ylmethanol (56 

µL). Purification by flash chromatography (EtOAc/hexane, 1/4 + 1% NEt3) yielded the 

desired product as a yellow oil. Yield: (57 mg, 54%); Rf  0.29 (EtOAc/hexane, 1/4); 
1
H NMR 

(400 MHz, CDCl3):  1.44 (9H, s, CH3/CO2tBu), 3.37 (1H, dd, J = 13.3, 9.3 Hz,CH2), 3.44 

(1H, dd, J = 13.3, 4.1 Hz,CH2), 4.44 (1H, dd, J = 9.4, 4.1 Hz,CH), 6.70 (2H, d, J = 6.8 

Hz, ar), 7.06 (1H, dddd, J = 7.5, 5.9, 4.9, 1.1 Hz, ar), 7.16 (1H, d, J = 7.7 Hz, ar), 7.25-7.40 

(6H, m, ar), 7.48-7.58 (3H, m, ar), 8.41 (1H, dddd, J = 4.9, 2.7, 1.8, 0.8 Hz, 6-CH); 
13

C NMR 

(100 MHz, CDCl3): 28.0 (3 x CH3/CO2tBu), 42.0 (CH2), 66.4 (CH), 81.2 (C/CO2tBu), 

121.2 (5-CH), 124.6 (3-CH), 127.7, 127.9, 128.1 (6 x CH/ar), 128.4 (1 x CH/ar), 128.8 (2 x 

CH/ar), 130.1, 136.0 (2 x CH/ar), 136.2, 139.6 (2 x C/ar), 149.2 (6-CH), 158.7 (2-C), 170.7 

*(C=N), 170.7 *(C=O/CO2tBu); IR υmax (neat): 2977, 1728, 1592, 1252, 1148, 1068, 696    

cm
-1

; MS (ESI) m/z: 409.1875 [M + Na]
+
, 387.2056 [M + H]

+
, 331.1436 [M - C(CH3)3]

+
     

([M + H]
+
,
 
C25H27N2O2 requires 387.2067). 

 

tert-Butyl 2-(diphenylmethyleneamino)-3-(pyridin-3-yl)propanoate 123l: 

 

 
 

This compound was prepared following general method A using pyridin-3-ylmethanol (56 

µL). Purification by preparative chromatography yielded the desired product as a brown oil. 
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Yield: (41 mg, 37%); 
1
H NMR (500 MHz, CDCl3):  1.46 (9H, s, CH3/CO2tBu), 3.19 (1H, dd, 

J = 13.6, 8.8 Hz,CH2), 3.24 (1H, dd, J = 13.6, 4.4 Hz,CH2), 4.15 (1H, dd, J = 8.8, 4.4 

Hz,CH), 6.72 (2H, d, J = 5.9 Hz, ar), 7.15 (1H, dd, J = 7.7, 4.4 Hz, 5-CH), 7.29-7.44 (7H, 

m, ar), 7.60 (2H, d, J = 8.1 Hz, ar), 8.36 (1H, s, 2-CH), 8.45 (1H, d, J = 4.4 Hz, 6-CH); 
13

C 

NMR (125 MHz, CDCl3): 28.0 (3 x CH3/CO2tBu), 36.7 (CH2), 67.2 (CH), 81.5 

(C/CO2tBu), 123.0 (5-CH), 127.4, 128.0, 128.2 (6 x CH/ar), 128.4 (1 x CH/ar), 128.7 (2 x 

CH/ar), 130.3 (1 x CH/ar), 133.8, 136.1 (2 x C/ar), 137.3 (4-CH), 139.2 (1 x C/ar), 147.6 

(6-CH), 151.0 (2-CH), 170.3 *(C=N), 170.8 *(C=O/CO2tBu). 

1
H NMR and 

13
C NMR data are in agreement with that reported in the literature.

[477]
 

 

tert-Butyl 2-(diphenylmethyleneamino)-3-(thiophen-2-yl)propanoate 123m: 

 

 
 

This compound was prepared following general method A using 2-thiophenemethanol (55 

µL). Purification by preparative chromatography yielded the desired product as a brown oil. 

Yield: (88 mg, 77%); 
1
H NMR (500 MHz, CDCl3):  1.45 (9H, s, CH3/CO2tBu), 3.39-3.47 

(2H, m, CH2), 4.13 (1H, dd, J = 7.9, 4.7 Hz,CH), 6.78-6.91 (4H, m, ar), 7.10 (1H, d, J = 

5.0 Hz, 5-CH), 7.32-7.41 (6H, m, ar), 7.66 (2H, d, J = 7.6 Hz, ar); 
13

C NMR (125 MHz, 

CDCl3): 28.0 (3x CH3/CO2tBu), 33.6 (CH2), 67.5 (CH), 81.3 (C/CO2tBu), 124.1 (5-CH), 

126.2 
#
(3-CH), 126.5 

#
(4-CH), 127.6, 127.9, 128.1 (6 x CH/ar), 128.3 (1 x CH/ar), 128.9 (2 x 

CH/ar), 130.2 (1 x CH/ar), 136.4, 139.5 (2 x C/ar), 140.4 (2-C), 170.2 *(C=N), 170.9 

*(C=O/CO2tBu); IR υmax (neat): 2977, 1728, 1659, 1623, 1598, 1446, 1368, 1316, 1276, 

1148, 941, 919, 845, 764, 695, 638 cm
-1

; MS (ESI) m/z: 414.1506 [M + Na]
+
,
 
392.1679 [M + 

H]
+
, 336.1058 [M - C(CH3)3]

+
 ([M + H]

+
,
 
C24H26NO2S requires 392.1679). 
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tert-Butyl 2-(diphenylmethyleneamino)-3-(thiophen-3-yl)propanoate 123n: 

 

 
 

This compound was prepared following general method A using 3-thiophenemethanol (55 

µL). Purification by preparative chromatography yielded the desired product as a brown oil. 

Yield: (26 mg, 23%); 
1
H NMR (500 MHz, CDCl3):  1.44 (9H, s, CH3/CO2tBu), 3.20 (1H, dd, 

J = 13.9, 8.8 Hz,CH2), 3.25 (1H, dd, J = 13.9, 4.5 Hz,CH2), 4.10 (1H, dd, J = 8.8, 4.5 

Hz,CH), 6.74 (2H, d, J = 6.2 Hz, ar), 6.80 (1H, d, J = 4.8 Hz, 4-CH), 6.91 (1H, d, J = 3.0 

Hz, 2-CH), 7.15 (1H, dd, J = 4.8, 3.0 Hz, 5-CH), 7.30-7.39 (6H, m, ar), 7.60 (2H, d, J = 7.2 

Hz, ar); 
13

C NMR (125 MHz, CDCl3): 28.0 (3 x CH3/CO2tBu), 33.8 (CH2), 67.3 (CH), 

81.1 (C/CO2tBu), 122.3 (2-CH), 124.8 (5-CH), 127.6, 128.0, 128.1 (6 x CH/ar), 128.2 (1 x 

CH/ar), 128.7 (2 x CH/ar), 129.3, 130.1 (2 x CH/ar), 136.4 (1 x C/ar), 138.6 (3-C), 139.6 (1 x 

C/ar), 170.4 *(C=N), 170.7 *(C=O/CO2tBu); IR υmax (neat): 2976, 1728, 1658, 1598, 1447, 

1368, 1317, 1276, 1149, 941, 919, 843, 768, 698, 637 cm
-1

; MS (ESI) m/z: 414.1505 [M + 

Na]
+
,
 
392.1688 [M + H]

+
, 336.1070 [M - C(CH3)3]

+
 ([M + H]

+
,
 
C24H26NO2S requires 

392.1679). 

 

tert-Butyl 2-(diphenylmethyleneamino)-3-(furan-2-yl)propanoate 123o: 

 

 
 

This compound was prepared following general method A using 2-furanmethanol (50 µL). 

Purification by preparative chromatography yielded the desired product as a brown oil. Yield: 

(62 mg, 57%); 
1
H NMR (500 MHz, CDCl3):  1.45 (9H, s, CH3/CO2tBu), 3.21 (1H, dd, J = 

14.8, 8.8 Hz,CH2), 3.27 (1H, dd, J = 14.8, 4.4 Hz,CH2), 4.24 (1H, dd, J = 8.8, 4.4 

Hz,CH), 6.02 (1H, d, J = 2.9 Hz, 3-CH), 6.24 (1H, br s, 4-CH), 6.88 (2H, d, J = 6.3 Hz, ar), 

7.24 (1H, s, 5-CH), 7.31 (2H, t, J = 7.7 Hz, ar), 7.36-7.39 (4H, m, ar), 7.60 (2H, d, J = 7.2 Hz, 
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ar); 
13

C NMR (125 MHz, CDCl3): 28.0 (3x CH3/CO2tBu), 32.0 (CH2), 65.3 (CH), 81.2 

(C/CO2tBu), 107.3 (3-CH), 110.3 (4-CH), 127.8, 127.9, 128.1 (6 x CH/ar), 128.4 (1 x CH/ar), 

128.8 (2 x CH/ar), 130.1 (1 x CH/ar), 136.3, 139.7 (2 x C/ar), 141.0 (5-CH), 152.3 (2-C), 

170.3 *(C=N), 170.8 *(C=O/CO2tBu); IR υmax (neat): 2978, 1728, 1657, 1598, 1447, 1368, 

1316, 1276, 1149, 941, 919, 844, 763, 698, 637 cm
-1

; MS (ESI) m/z: 398.1727 [M + Na]
+
,
 

376.1905 [M + H]
+
, 320.1285 [M - C(CH3)3]

+
 ([M + H]

+
,
 
C24H26NO3 requires 376.1907). 

 

tert-Butyl 2-(diphenylmethyleneamino)-3-(furan-3-yl)propanoate 123p: 

 

 
 

This compound was prepared following general method A using 3-furanmethanol (50 µL). 

Purification by preparative chromatography yielded the desired product as a brown oil. Yield: 

(68 mg, 62%); 
1
H NMR (500 MHz, CDCl3):  1.44 (9H, s, CH3/CO2tBu), 2.99 (1H, dd, J = 

14.3, 8.5 Hz,CH2), 3.04 (1H, dd, J = 14.3, 4.8 Hz,CH2), 4.06 (1H, dd, J = 8.5, 4.8 

Hz,CH), 6.16 (1H, s, 4-CH), 6.93 (2H, br s, ar), 7.19 (1H, s, 2-CH), 7.28 (1H, s, 5-CH), 

7.33 (2H, t, J = 7.7 Hz, ar), 7.36-7.39 (4H, m, ar), 7.63 (2H, d, J = 7.3 Hz, ar); 
13

C NMR (125 

MHz, CDCl3): 28.0 (3x CH3/CO2tBu), 28.9 (CH2), 66.8 (CH), 81.1 (C/CO2tBu), 112.0 

(4-CH), 121.1 (3-C), 127.7, 128.0, 128.2 (6 x CH/ar), 128.3 (1 x CH/ar), 128.7 (2 x CH/ar), 

130.2 (1 x CH/ar), 136.4, 139.5 (2 x C/ar), 140.2 (2-CH), 142.3 (5-CH), 170.3 *(C=N), 170.7 

*(C=O/CO2tBu); IR υmax (neat): 2932, 1729, 1661, 1623, 1599, 1446, 1367, 1276, 1149, 

1124, 847, 780, 697, 638 cm
-1

; MS (ESI) m/z: 398.1712 [M + Na]
+
,
 
376.1897 [M + H]

+
, 

320.1281 [M - C(CH3)3]
+
 ([M + H]

+
,
 
C24H26NO3 requires 376.1907). 

 

tert-Butyl 2-(diphenylmethyleneamino)-3-(1-methyl-1H-imidazol-2-yl)propanoate 123q: 
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This compound was prepared following general method A using (1-methyl-imidazol-2-yl) 

methanol (65 mg). Purification by preparative chromatography yielded the desired product as 

a brown oil. Yield: (33 mg, 29%); 
1
H NMR (500 MHz, CDCl3):  1.41 (9H, s, CH3/CO2tBu), 

3.28 (1H, dd, J = 14.5, 9.5 Hz,CH2), 3.35 (1H, dd, J = 14.5, 4.2 Hz,CH2), 3.53 (3H, s, 

N-CH3), 4.41 (1H, dd, J = 9.5, 4.2 Hz,CH), 6.69 (1H, s, 5-CH), 6.73 (2H, d, J = 6.2 Hz, ar), 

6.89 (1H, s, 4-CH), 7.30 (2H, t, J = 7.8 Hz, ar), 7.32-7.38 (4H, m, ar), 7.60 (2H, d, J = 7.4 Hz, 

ar); 
13

C NMR (125 MHz, CDCl3): 27.9 (3x CH3/CO2tBu), 30.4 (CH2), 33.0 (N-CH3), 66.0 

(CH), 81.3 (C/CO2tBu), 120.4 (5-CH), 127.3 (4-CH), 127.6, 128.0, 128.2 (6 x CH/ar), 128.5 

(1 x CH/ar), 128.7 (2 x CH/ar), 130.3 (1 x CH/ar), 135.8, 139.2 (2 x C/ar), 145.4 (2-C), 170.1 

*(C=N), 171.0 *(C=O/CO2tBu); IR υmax (neat): 2977, 1730, 1626, 1497, 1447, 1365, 1284, 

1152, 1071, 844, 825, 774, 765, 699, 649 cm
-1

; MS (ESI) m/z: 390.2188 [M + H]
+
, ([M + H]

+
,
 

C24H28N3O2 requires 390.2176). 

 

tert-Butyl 2-(diphenylmethyleneamino)pent-4-enoate 123r: 

 

 
 

This compound was prepared following general method A using allyl alcohol (39 µL). 

Purification by preparative chromatography yielded the desired product as a brown oil. Yield: 

(69 mg, 70%); 
1
H NMR (500 MHz, CDCl3):  1.44 (9H, s, CH3/CO2tBu), 2.58-2.70 (2H, m, 

CH2), 4.01 (1H, dd, J = 7.4, 5.5 Hz, CH), 5.02 (1H, d, J = 10.1 Hz, Hb), 5.07 (1H, d, J = 

17.1 Hz, Hc), 5.72 (1H, ddt, J = 17.1, 10.1, 7.2 Hz, Ha), 7.16-7.18 (2H, m, ar), 7.32 (2H, t, J = 

7.7 Hz, ar), 7.38 (1H, t, J = 7.2 Hz, ar), 7.42-7.46 (3H, m, ar), 7.64 (2H, d, J = 7.3 Hz, ar); 
13

C 

NMR (125 MHz, CDCl3): 28.1 (3 x CH3/CO2tBu), 38.1 (CH2), 65.8 (CH), 81.0 

(C/CO2tBu), 117.2 (CHbHc), 127.9, 127.9, 128.4 (6 x CH/ar), 128.5 (1 x CH/ar), 128.8 (2 x 

CH/ar), 130.1 (1 x CH/ar), 134.7 (CHa), 136.6, 139.7 (2 x C/ar), 170.1 *(C=N), 170.9 

*(C=O/CO2tBu).  

1
H NMR and 

13
C NMR data are in agreement with that reported in the literature.

[472]
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tert-Butyl 2-(diphenylmethyleneamino)-4,4-dimethylpentanoate 123s: 

 

 
 

This compound was prepared following general method A using 2,2-dimethylpropanol (51 

mg). Purification by preparative chromatography yielded the desired product as a brown oil. 

Yield: (34 mg, 32%); 
1
H NMR (500 MHz, CDCl3):  0.78 (9H, s, CH3/C(CH3)3), 1.45 (9H, s, 

CH3/CO2tBu), 1.75 (1H, dd, J = 14.0, 6.5 Hz, CH2), 2.08 (1H, dd, J = 14.0, 5.4 Hz, CH2), 

4.00 (1H, dd, J = 6.5, 5.4 Hz,CH), 7.19-7.21 (2H, m, ar), 7.32 (2H, t, J = 7.7 Hz, ar), 7.37 

(1H, t, J = 7.2 Hz, ar), 7.43-7.47 (3H, m, ar), 7.63 (2H, d, J = 7.2 Hz, ar); 
13

C NMR (125 

MHz, CDCl3): 28.0 (3x CH3/CO2tBu), 29.8 (C(CH3)3), 30.5 (C(CH3)3), 47.1 (CH2), 64.5 

(CH), 80.7 (C/CO2tBu), 127.8, 127.9, 128.3 (6 x CH/ar), 128.5 (1 x CH/ar), 128.7 (2 x 

CH/ar), 130.0 (1 x CH/ar), 136.8, 139.7 (2 x C/ar), 168.9 *(C=N), 172.2 *(C=O/CO2tBu); IR 

υmax (neat): 2974, 2941, 2905, 2868, 1711, 1627, 1444, 1366, 1273, 1251, 1156, 849, 780, 

768, 704, 693, 653 cm
-1

; MS (ESI) m/z: 388.2256 [M + Na]
+
,
 
366.2434 [M + H]

+
, 310.1808 

[M - C(CH3)3]
+
 ([M + H]

+
,
 
C24H32NO2 requires 366.2434). 

 

tert-Butyl 2-(diphenylmethyleneamino)-4-methoxybutanoate 123t: 

 

 
 

This compound was prepared following general method A using 2-methoxyethanol (46 µL). 

Purification by preparative chromatography yielded the desired product as a brown oil. Yield: 

(38 mg, 37%); 
1
H NMR (500 MHz, CDCl3):  1.43 (9H, s, CH3/CO2tBu), 2.13-2.25 (2H, m, 

CH2), 3.25 (3H, s, OCH3), 3.33-3.39 (1H, m, CH2OCH3), 3.43-3.47 (1H, m, CH2OCH3), 

4.09 (1H, dd, J = 8.4, 5.3 Hz,CH), 7.18-7.20 (2H, m, ar), 7.33 (2H, t, J = 7.7 Hz, ar), 7.39 

(1H, t, J = 7.3 Hz, ar), 7.41-7.46 (3H, m, ar), 7.66 (2H, d, J = 7.3 Hz, ar); 
13

C NMR (125 

MHz, CDCl3): 28.0 (3x CH3/CO2tBu), 33.4 (CH2), 58.4 (OCH3), 62.9 (CH), 69.1 

(CH2OCH3), 80.9 (C/CO2tBu), 127.8, 127.9, 128.2 (6 x CH/ar), 128.5 (1 x CH/ar), 128.7 (2 x 
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CH/ar), 130.1 (1 x CH/ar), 136.5, 139.7 (2 x C/ar), 170.5 *(C=N), 171.2 *(C=O/CO2tBu); IR 

υmax (neat): 2976, 1729, 1660, 1447, 1368, 1277, 1150, 1118, 1028, 847, 780, 766, 697, 638 

cm
-1

; MS (ESI) m/z: 376.1887 [M + Na]
+
,
 
354.2070 [M + H]

+
, 298.1443 [M - C(CH3)3]

+
 ([M 

+ H]
+
,
 
C22H28NO3 requires 354.2064). 

 

tert-Butyl 2-cyclohexyl-2-(diphenylmethyleneamino)acetate 123u:  

 

 
 

This compound was prepared following general method A using cyclohexanol (61 µL). 

Purification by preparative chromatography yielded the desired product as a brown oil. Yield: 

(26 mg, 24%); 
1
H NMR (500 MHz, CDCl3):  0.94-1.05 (1H, m, CH2/cyclohexane), 

1.09-1.22 (2H, m, CH2/cyclohexane), 1.22-1.35 (2H, m, CH2/cyclohexane), 1.47 (9H, s, 

CH3/CO2tBu), 1.55-1.61 (1H, m, CH2/cyclohexane), 1.64-1.80 (4H, m, CH2/cyclohexane), 

2.03-2.10 (1H, m, CH), 3.72 (1H, d, J = 6.6 Hz,CH), 7.15-7.17 (2H, m, ar), 7.28-7.49 (6H, 

m, ar), 7.69 (2H, d, J = 7.3 Hz, ar); 
13

C NMR (125 MHz, CDCl3):  26.2, 26.3 (3 x 

CH2/cyclohexane), 28.1 (3 x CH3/CO2tBu), 28.7, 29.9 (2 x CH2/cyclohexane), 41.8 (CH), 

71.6 (CH), 80.6 (C/CO2tBu), 127.9, 128.0, 128.3 (6 x CH/ar), 128.3 (1 x CH/ar), 128.8 (2 x 

CH/ar), 130.0 (1 x CH/ar), 136.8, 139.8 (2 x C/ar), 169.7 *(C=N), 171.1 *(C=O/CO2tBu). 

1
H NMR and 

13
C NMR data are in agreement with that reported in the literature.

[478]
 

 

tert-Butyl 4-(2-tert-butoxy-1-(diphenylmethyleneamino)-2-oxoethyl)piperidine-1-carboxylate 123v: 

 

 
 

This compound was prepared following general method A using N-Boc-4-hydroxypiperidine 

(117 mg). Purification by preparative chromatography yielded the desired product as a brown 

oil. Yield: (58 mg, 42%); 
1
H NMR (500 MHz, CDCl3):  1.14 (1H, br s, 

#
1-CHax), 1.39 (1H, 

br s, 
#
1'-CHax), 1.46 (18H, s, CH3/Boc + CH3/CO2tBu), 1.66-1.74 (2H, m, 1,1'-CHeq), 2.19 

(1H, br s, CH), 2.69 (2H, br s, 2,2'-CHax), 3.72 (1H, d, J = 7.5 Hz, CH), 4.10 (2H, br s, 
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2,2'-CHeq), 7.13-7.16 (2H, m, ar), 7.31 (2H, t, J = 7.6 Hz, ar), 7.38 (1H, t, J = 7.2 Hz, ar), 

7.41-7.46 (3H, m, ar), 7.64 (2H, d, J = 7.5 Hz, ar); 
13

C NMR (125 MHz, CDCl3): 28.3 

#
(1-CH2), 28.5 (3 x CH3/Boc), 28.9 (3 x CH3/CO2tBu), 29.3 

#
(1'-CH2), 40.4 (CH), 44.2 

(2,2'-CH2), 71.3 (CH), 79.7 (C/Boc), 81.5 (C/CO2tBu), 128.3, 128.4, 128.8 (6 x CH/ar), 

128.9 (1 x CH/ar), 129.2 (2 x CH/ar), 130.7 (1 x CH/ar), 137.0, 139.9 (2 x C/ar), 155.2 

(C=O/Boc), 170.8 *(C=N), 170.9 *(C=O/CO2tBu); IR υmax (neat): 2976, 1730, 1689, 1624, 

1420, 1366, 1147, 845, 769, 697 cm
-1

; MS (ESI) m/z: 501.2728 [M + Na]
+
,
 
479.2914 [M + 

H]
+
, 423.2293 [M - C(CH3)3]

+
 ([M + H]

+
,
 
C29H39N2O4 requires 479.2904). 

 

Unexpected products 

tert-Butyl 3-cyano-2-(diphenylmethyleneamino)-4-(4-nitrophenyl)butanoate 124: 

 

 
 

This compound was prepared following general method A using 4-nitrobenzyl alcohol (89 

mg). Purification by flash chromatography (2-10% EtOAc in petroleum ether) yielded the 

unexpected product as two diastereoisomers. Yield: (13%), ratio dia 1/dia 2 : (0.67/0.39). 

1
st
 dia:  

11 mg as a yellow oil 

Rf  0.18 (Et2O/hexane, 2/8); 
1
H NMR (500 MHz, CDCl3):  1.48 (9H, s, CH3/CO2tBu), 

3.21-3.23 (2H, m, γCH2), 3.49 (1H, ddd, J = 10.8, 9.4, 5.6 Hz, CH), 4.33 (1H, d, J = 5.6 

Hz,CH), 7.23-7.25 (2H, m, ar), 7.38 (2H, t, J = 7.4 Hz, ar), 7.45-7.49 (6H, m, ar), 7.70 (2H, 

d, J = 7.4 Hz, ar), 8.20 (2H, d, J = 8.6 Hz, 3-CH); 
13

C NMR (125 MHz, CDCl3): 28.0 (3x 

CH3/CO2tBu), 34.4 (γCH2), 37.5 (CH), 65.8 (CH), 83.3 (C/CO2tBu), 119.3 (C≡N), 124.0 

(3,5-CH), 127.8, 128.2, 128.7, 129.1 (8 x CH/ar), 129.1 (1 x CH/ar), 130.1 (2 x CH/ar), 131.1 

(1 x CH/ar), 135.4, 138.7 (2 x C/ar), 144.9 (1-C), 147.3 (4-C), 167.5 *(C=N), 173.8 

*(C=O/CO2tBu); IR υmax (neat): 2979, 1729, 1602, 1519, 1345, 1148, 844, 696 cm
-1

; MS 

(ESI) m/z: 492.1895 [M + Na]
+ 

470.2086 [M + H]
+
 ([M + H]

+
,
 
C28H28N3O4 requires 

470.2074).  
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2
nd

 dia:  

7 mg as a yellow oil 

Rf  0.12 (Et2O/hexane, 2/8); 
1
H NMR (500 MHz, CDCl3):  1.49 (9H, s, CH3/CO2tBu), 2.91 

(1H, dd, J = 13.6, 10.2 Hz, γCH2), 2.98 (1H, dd, J = 13.6, 4.6 Hz, γCH2), 3.57 (1H, ddd, J = 

10.2, 10.2, 6.1 Hz, CH), 4.11 (1H, d, J = 6.1 Hz,CH), 7.21 (2H, d, J = 3.8 Hz, ar), 

7.35-7.40 (4H, m, ar), 7.43-7.44 (4H, m, ar), 7.70 (2H, d, J = 7.5 Hz, ar), 8.15 (2H, d, J = 8.4 

Hz, 3-CH); 
13

C NMR (125 MHz, CDCl3): 28.0 (3x CH3/CO2tBu), 35.1 (γCH2), 37.5 (CH), 

65.9 (CH), 83.3 (C/CO2tBu), 118.9 (C≡N), 123.9 (3,5-CH), 127.9, 128.2, 128.6 (6 x CH/ar), 

129.0 (1 x CH/ar), 129.2, 130.0 (4 x CH/ar), 131.1 (1 x CH/ar), 135.5, 138.6 (2 x C/ar), 144.0 

(1-C), 147.3 (4-C), 167.5 *(C=N), 173.5 *(C=O/CO2tBu); IR υmax (neat): 2979, 1729, 1519, 

1345, 1149, 856, 697 cm
-1

; MS (ESI) m/z: 492.1890 [M + Na]
+
,
 
470.2077 [M + H]

+
 ([M + 

H]
+
,
 
C28H28N3O4 requires 470.2074). 

 

1-tert-Butyl 5-methyl 3-cyano-2-(diphenylmethyleneamino)pentanedioate 133: 

 

 
 

This compound was prepared following general method A using methylglycolate (45 µL). 

Purification by flash chromatography (10% EtOAc in petroleum ether) yielded the unexpected 

product as two diastereoisomers. Yield: (32%), ratio dia 1/dia 2 : (0.42/0.58). 

1
st
 dia:  

16 mg as a yellow oil 

Rf  0.12 (Et2O/hexane, 2/8); 
1
H NMR (500 MHz, CDCl3):  1.45 (9H, s, CH3/CO2tBu), 2.80 

(1H, dd, J = 17.0, 4.6 Hz, γCH2), 2.96 (1H, dd, J = 17.0, 9.6 Hz, γCH2), 3.70-3.73 (4H, m, 

CO2CH3 + CH), 4.29 (1H, d, J = 5.4 Hz,CH), 7.24-7.26 (2H, m, ar), 7.34 (2H, d, J = 7.8 

Hz, ar), 7.43 (1H, t, J = 7.3 Hz, ar), 7.45-7.48 (3H, m, ar), 7.65 (2H, d, J = 7.3 Hz, ar); 
13

C 

NMR (125 MHz, CDCl3): 27.9 (3 x CH3/CO2tBu), 31.4 (CH), 33.1 (γCH2), 52.2 

(CO2CH3), 65.5 (CH), 83.1 (C/CO2tBu), 119.6 (C≡N), 127.8, 128.1, 128.6 (6 x CH/ar), 

129.1 (3 x CH/ar), 131.0 (1 x CH/ar), 135.4, 138.7 (2 x C/ar), 167.3 *(C=O/CO2CH3), 170.4 

*(C=N), 173.6 *(C=O/CO2tBu); IR υmax (neat): 2975, 1733, 1623, 1443, 1368, 1241, 1149, 
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841, 782, 698 cm
-1

; MS (ESI) m/z: 429.1785 [M + Na]
+
,
 
407.1965 [M + H]

+
 ([M + H]

+
,
 

C24H27N2O4 requires 407.1965).  

2
nd

 dia:  

22 mg as a yellow oil 

Rf  0.09 (Et2O/hexane, 2/8); 
1
H NMR (500 MHz, CDCl3):  1.48 (9H, s, CH3/CO2tBu), 2.64 

(1H, dd, J = 17.0, 6.8 Hz, γCH2), 2.71 (1H, dd, J = 17.0, 7.7 Hz, γCH2), 3.66 (3H, s, 

CO2CH3), 3.67-3.72 (1H, m, CH), 4.14 (1H, d, J = 4.6 Hz,CH), 7.20 (2H, br s, ar), 7.35 

(2H, t, J = 7.6 Hz, ar), 7.42-7.46 (4H, m, ar), 7.69 (2H, d, J = 7.6 Hz, ar); 
13

C NMR (125 

MHz, CDCl3): 27.9 (3 x CH3/CO2tBu), 31.6 (CH), 33.5 (γCH2), 52.2 (CO2CH3), 64.9 

(CH), 83.1 (C/CO2tBu), 119.1 (C≡N), 127.8, 128.1, 128.5 (6 x CH/ar), 129.0 (1 x CH/ar), 

129.1 (2 x CH/ar), 131.1 (1 x CH/ar), 135.5, 138.6 (2 x C/ar), 167.3 *(C=O/CO2CH3), 169.9 

*(C=N), 173.3 *(C=O/CO2tBu); IR υmax (neat): 2978, 1733, 1624, 1443, 1369, 1250, 1150, 

843, 781, 698 cm
-1

; MS (ESI) m/z: 429.1782 [M + Na]
+
,
 
407.1963 [M + H]

+
, 310.1808 [M - 

C(CH3)3]
+
 ([M + H]

+
,
 
C24H27N2O4 requires 407.1965).  

 

Synthesis of the glycine-nickel-(S)-BPB complex 88:
[455]

  

 

 
 

N-Benzyl-L-proline hydrochloride (BP) 
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L-Proline (104 mmol, 12 g) and KOH (395 mmol, 22.2 g) were suspended in iPrOH (100 mL) 

and heated at 40 °C until complete dissolution. Benzyl bromide (156 mmol, 18.6 mL) was 

added dropwise to the ice-cooled solution. The solution was heated at 40 °C for 6 h, then 

allowed to cool down to room temperature. The pH was adjusted to 4 with concentrated HCl, 

CH2Cl2 (180 mL) was added and the suspension was stored at 0 °C overnight. The white solid 

was removed by filtration, and the filtrate was concentrated in vacuo, suspended in acetone. 

Filtration afforded the desired product as a white solid. Yield: (20.8 g, 83%); []D
20 

 -21.0 (c 

0.1, H2O) (lit.,
[455]

 -23.1 (c 0.22, H2O)); 
1
H NMR (400 MHz, D2O):  1.89-2.17 (3H, m, Pro 

γCH2 + Pro CH2), 2.43-2.53 (1H, m, Pro CH2), 3.24-3.31 (1H, m, Pro CH2), 3.57-3.62 

(1H, m, Pro CH2), 4.09 (1H, dd, J = 9.2, 7.4 Hz, Pro CH), 4.34 (1H, d, J = 12.9 Hz, 

NCH2Ph), 4.40 (1H, d, J = 12.9 Hz, NCH2Ph), 7.40-7.49 (5H, m, ar); 
13

C NMR (100 MHz, 

D2O):  (Pro γCH2), 28.6 (Pro CH2), 54.8 (Pro CH2), 58.5 (NCH2Ph), 67.3 (Pro CH), 

129.2 (2 x CH/ar), 129.8 (1 x C/ar), 130.1 (1 x CH/ar), 130.6 (2 x CH/ar), 172.6 (CO2H). 

1
H NMR and 

13
C NMR data are in agreement with that reported in the literature.

[455]
 

 

(S)-2-[N-(N'-Benzylprolyl)amino]benzophenone hydrochloride (BPB) 

 

 
 

To a solution of N-methylimidazole (141 mmol, 11.2 mL) and methanesulfonyl chloride (35.3 

mmol, 2.7 mL) in dry CH2Cl2 (170 mL) at 0 °C was added BP (35.3 mmol, 8.5 g). The 

solution was stirred for 5 min. At room temperature, 2-aminobenzophenone (37.8 mmol, 6.3 

g) was added and the solution was heated at 50 °C for 24 h. The reaction mixture was 

quenched with a saturated solution of NH4Cl (80 mL) and the product was extracted in 

CH2Cl2. The organic layer was dried with MgSO4 and concentrated in vacuo. The orange 
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solid was dissolved in a minimum volume of acetone and the pH was adjusted to 2 with 

concentrated HCl. The suspension was stirred at room temperature for 3 h. Filtration afforded 

the product as a light orange solid. Yield: (11.8 g, 80%); []D
20 

-106.0 (c 0.1, MeOH) (lit.,
[455]

 

-130.8 (c 0.15, MeOH)); 
1
H NMR (400 MHz, MeOD-d4): 1.57-1.66 (1H, m, Pro γCH2), 

1.80-1.92 (1H, m, Pro γCH2), 2.08-2.18 (1H, m, Pro CH2), 2.34-2.44 (1H, m, Pro CH2), 

3.29-3.36 (1H, m, Pro CH2), 3.52-3.58 (1H, m, Pro CH2), 4.27-4.36 (3H, m, NCH2Ph + Pro 

CH), 7.33-7.78 (14H, m, ar); 
13

C NMR (100 MHz, MeOD-d4): 23.8 (Pro γCH2), 29.6 (Pro 

CH2), 55.9 (Pro CH2), 59.3 (NCH2Ph), 68.1 (Pro CH), 124.6 (1 x C/ar), 125.7, 126.9 (2 x 

CH/ar), 129.6, 130.3 (4 x CH/ar), 131.1 (1 x C/ar), 131.2 (1 x CH/ar), 131.3 (2 x CH/ar), 

131.6 (1 x CH/ar), 132.1 (2 x CH/ar), 133.2, 134.3 (2 x CH/ar), 136.0, 138.6 (2 x C/ar), 167.3 

5 (CON), 197.6 (Ph2CO). 

1
H NMR and 

13
C NMR data are in agreement with that reported in the literature.

[455]
 

 

Glycine-nickel-(S)-2-[N-(N'-benzylprolyl)amino]benzophenone 88 

 

 
 

To a solution of BPB (14.3 mmol, 6 g) in methanol (60 mL) at 50 °C under nitrogen was 

added KOH (121.4 mmol, 6.8 g), glycine (71.4 mmol, 5.3g) and Ni(NO3)2·6H2O (28.6 mmol, 

8.3 g). The suspension was stirred under reflux for 2 h, cooled to room temperature, 

neutralised with acetic acid (60 mL) and left stirring at room temperature overnight. Water 

(300 mL) was added and the suspension was left undisturbed for 2 h. The product was 

extracted with CH2Cl2, the organic layer was dried over MgSO4, and concentrated in vacuo to 

afford the crude product as a red oil, which was further purified by flash chromatography 

(acetone/CH2Cl2, 1/5 to 1/3) to yield the desired product as a red solid. Yield: (6.5 g, 92%); Rf  

0.30 (acetone/CH2Cl2, 1/4); []D
20

 +1816.0 (c 0.1, MeOH) (lit.,
[455]

 +2008.7 (c 0.12, MeOH)); 

1
H NMR (400 MHz, CDCl3): 2.01-2.19 (2H, m, Pro γCH2 + Pro CH2), 2.34-2.47 (1H, m, 

Pro CH2), 2.52-2.60 (1H, m, Pro CH2), 3.28-3.40 (1H, m, Pro γCH2), 3.47 (1H, dd, J = 

10.7, 5.5 Hz, Pro CH), 3.63-3.75 (4H, m, NCH2Ph + Pro CH2 + CH), 4.46 (1H, d, J = 

12.6 Hz, NCH2Ph), 6.69 (1H, ddd, J = 8.2, 7.0, 1.2 Hz, ar), 6.79 (1H, dd, J = 8.2, 1.6 Hz, ar), 

6.96-6.99 (1H, m, ar), 7.09 (1H, d, J = 7.0 Hz, ar), 7.19 (1H, ddd, J = 8.7, 7.0, 1.7 Hz, ar), 
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7.30 (1H, t, J = 7.4 Hz, ar), 7.42 (2H, t, J = 7.5 Hz, ar), 7.47-7.57 (3H, m, ar), 8.08 (2H, d, J = 

7.1 Hz, ar), 8.29 (1H, d, J = 8.8 Hz, ar); 
13

C NMR (100 MHz, CDCl3):  23.7 (Pro γCH2), 

30.7 (Pro CH2), 57.6 (Pro CH2), 61.3 (CH), 63.2 (NCH2Ph), 69.9 (Pro CH), 120.8, 

124.3 (2 x CH/ar), 125.2 (1 x C/ar), 125.7, 126.3 (2 x CH/ar), 128.9 (2 x CH/ar), 129.1, 129.3, 

129.6, 129.7 (4 x CH/ar), 131.7 (2 x CH/ar), 132.2, 133.2 (2 x CH/ar), 133.4, 134.6, 142.6 (3 

x C/ar), 171.6 (C=N), 177.3 *(CO2),  *(CON). 

1
H NMR and 

13
C NMR data are in agreement with that reported in the literature.

[455]
 

 

General method B: synthesis of alkylated glycine-nickel-(S)-BPB complex 

 

 
 

Glycine-nickel-(S)-2-[N-(N'-benzylprolyl)amino]benzophenone (0.29 mmol, 145 mg), 

(cyanomethylene)tributylphosphorane (0.58 mmol, 152 µL), and alcohol (0.58 mmol) were 

combined in toluene (0.3 mL) and the red mixture heated in a sealed tube at 120 °C overnight. 

The red solution was allowed to cool to room temperature and then purified to yield the 

desired product.  

 

(S)-Phenylalanine-Ni-(S)-BPB 142a 

 

 
 

This compound was prepared following general method B using benzyl alcohol (60 µL). 

Diastereoisomeric ratio: 81/19. Purification by flash chromatography (acetone/CH2Cl2, 1/9) 

yielded the desired product as a red oil. Yield: (128 mg, 75%); Rf  0.31 (acetone/CH2Cl2, 1/9); 

[]D
20

 +2196.9 (c 0.1, CHCl3); 
1
H NMR (500 MHz, CDCl3):  1.62-1.69 (1H, m, Pro γCH2), 

1.91-1.96 (1H, m, Pro CH2), 2.27-2.36 (3H, m, Pro γCH2 + Pro CH2), 2.85 (1H, dd, J = 
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13.8, 5.6 Hz, CH2), 3.05-3.12 (2H, m, CH2 + Pro CH2), 3.28-3.31 (1H, m, Pro CH), 3.46 

(1H, d, J = 12.7 Hz, NCH2Ph), 4.26-4.30 (2H, m, NCH2Ph + CH), 6.65-6.69 (2H, m, ar), 

6.84 (1H, d, J = 7.6 Hz, ar), 7.13-7.20 (4H, m, ar), 7.28-7.32 (3H, m, ar), 7.36-7.46 (5H, m, 

ar), 7.50-7.56 (2H, m, ar), 8.00 (2H, d, J = 7.2 Hz, ar), 8.24 (1H, d, J = 8.6 Hz, ar); 
13

C NMR 

(125 MHz, CDCl3): 23.1 (Pro γCH2), 30.7 (Pro CH2), 39.7 (CH2), 57.1 (Pro CH2), 63.2 

(NCH2Ph), 70.3 (Pro CH), 71.5 (CH), 120.6, 123.3 (2 x CH/ar), 126.1 (1 x C/ar), 127.1, 

127.4, 127.8 (3 x CH/ar), 128.7 (2 x CH/ar), 128.7 (1 x CH/ar), 128.8 (2 x CH/ar), 128.8 (1 x 

CH/ar), 129.0, 129.7 (2 x CH/ar), 130.6, 131.5 (4 x CH/ar), 132.3 (1 x CH/ar), 133.2 (1 x 

C/ar), 133.5 (1 x CH/ar), 134.2, 135.8, 142.9 (3 x C/ar), 171.1 (C=N), 178.5 *(CO2), 180.3 

*(CON). 

1
H NMR data are in agreement with that reported in the literature for (S,S)-

diastereoisomer.
[379]

 

 

The minor diastereoisomer 141a was isolated and characterised:  

Rf  0.38 (acetone/CH2Cl2, 1/9); 
1
H NMR (400 MHz, CDCl3):  1.46-1.57 (2H, m, Pro γCH2 + 

Pro CH2), 1.91-2.00 (1H, m, Pro CH2), 2.20-2.35 (1H, m, Pro γCH2), 2.46-2.53 (1H, m, Pro 

CH2), 2.89 (1H, dd, J = 13.6, 6.0 Hz, CH2), 3.00 (1H, dd, J = 13.6, 4.0 Hz,CH2), 3.40 

(1H, dd, J = 9.6, 3.9 Hz, Pro CH), 3.48 (1H, d, J = 13.8 Hz, NCH2Ph), 3.79 (1H, d, J = 13.8 

Hz, NCH2Ph), 3.81-3.87 (1H, m, Pro CH2), 4.24 (1H, dd, J = 5.9, 4.0 Hz,CH), 6.75 (1H, 

ddd, J = 8.3, 7.0, 1.3 Hz, ar), 6.81 (1H, dd, J = 8.3, 1.8 Hz, ar), 7.03 (1H, d, J = 7.6 Hz, ar), 

7.26-7.57 (15H, m, ar), 8.50 (1H, dd, J = 8.7, 0.9 Hz, ar). 

1
H NMR data are in agreement with that reported in the literature for (S,R)-

diastereoisomer.
[379]

 

 

(S)-2-Methoxyphenylalanine-Ni-(S)-BPB 142b 

 

 
This compound was prepared following general method B using 2-methoxybenzyl alcohol 

(77 µL). Diastereoisomeric ratio: 74/26. Purification by flash chromatography 

(acetone/CH2Cl2, 1/9) yielded the desired product as a red oil. Yield: (129 mg, 72%); Rf  0.28 
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(acetone/CH2Cl2, 1/9); []D
20

 +1771.0 (c 0.1, CHCl3); 
1
H NMR (400 MHz, CDCl3):  1.56-

1.64 (1H, m, Pro γCH2), 1.93-1.99 (1H, m, Pro CH2), 2.18-2.32 (3H, m, Pro CH2 + Pro 

γCH2), 2.86 (1H, dd, J = 13.5, 4.3 Hz, CH2), 3.01-3.06 (1H, m, Pro CH2), 3.26-3.34 (5H, 

m, Pro CH + OCH3 + CH2), 3.47 (1H, d, J = 12.7 Hz, NCH2Ph), 4.21 (1H, dd, J = 5.0, 4.6 

Hz, CH), 4.25 (1H, d, J = 12.7 Hz, NCH2Ph), 6.63-6.68 (2H, m, ar), 6.96 (1H, d, J = 8.3 Hz, 

ar), 6.99-7.05 (2H, m, ar), 7.10-7.16 (2H, m, ar), 7.23-7.30 (4H, m, ar), 7.37-7.45 (2H, m, ar), 

7.48-7.55 (2H, m, ar), 8.00 (2H, d, J = 7.0 Hz, ar), 8.28 (1H, d, J = 8.5 Hz, ar); 
13

C NMR (100 

MHz, CDCl3): 23.1 (Pro γCH2), 30.8 (Pro CH2), 34.6 (CH2), 54.6 (OCH3), 57.1 (Pro 

CH2), 63.4 (NCH2Ph), 70.3 (Pro CH), 71.7 (CH), 110.3 (3-CH), 120.4, 121.1, 123.1 (3 x 

CH/ar), 124.5, 126.2 (2 x C/ar), 127.2, 128.3 (2 x CH/ar), 128.7 (3 x CH/ar), 128.8 (2 x 

CH/ar), 128.9, 129.5 (2 x CH/ar), 131.5 (2 x CH/ar), 132.1, 132.7 (2 x CH/ar), 133.3 (1 x 

C/ar), 133.4 (1 x CH/ar), 134.4, 142.6 (2 x C/ar), 158.5 (2-C), 171.3 (C=N), 178.8 *(CO2), 

180.3 *(CON); IR υmax (neat): 2939, 1662, 1630, 1589, 1438, 1334, 1250, 11643, 910, 751, 

725, 702 cm
-1

; MS (ESI) m/z: 640.1694 [M + Na]
+
, 618.1889 [M + H]

+
 ([M + H]

+
,
 

C35H34N3NiO4 requires 618.1897). 

 

The minor diastereoisomer 141b was isolated and characterised: 

Rf  0.37 (acetone/CH2Cl2, 1/9); 
1
H NMR (400 MHz, CDCl3):  1.35-1.50 (2H, m, Pro γCH2 + 

Pro CH2), 1.86-1.93 (1H, m, Pro CH2), 2.22-2.33 (1H, m, Pro γCH2), 2.42-2.48 (1H, m, Pro 

CH2), 2.76 (1H, dd, J = 13.4, 3.4 Hz, CH2), 3.31-3.38 (5H, m,CH2 + Pro CH + OCH3), 

3.53 (1H, d, J = 14.0 Hz, NCH2Ph), 3.73-3.79 (2H, m, NCH2Ph + Pro CH2), 4.21 (1H, dd, J 

= 5.2, 3.6 Hz,CH), 6.74 (1H, dd, J = 7.3, 7.3 Hz, ar), 6.82 (1H, dd, J = 8.2, 1.2 Hz, ar), 6.97 

(1H, dd, J = 7.4, 7.4 Hz, ar), 7.12 (1H, d, J = 8.2 Hz, ar), 7.21-7.53 (13H, m, ar), 8.46 (1H, d, 

J = 8.6 Hz, ar). 

 

(S)-4-Methoxyphenylalanine-Ni-(S)-BPB 142c 
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This compound was prepared following general method B using 4-methoxybenzyl alcohol 

(80 mg). Diastereoisomeric ratio: 80/20. Purification by flash chromatography 

(acetone/CH2Cl2, 1/9) yielded the desired product as a red oil. Yield: (106 mg, 59%); Rf  0.30 

(acetone/CH2Cl2, 1/9); []D
20

 +1830.0 (c 0.1, CHCl3); 
1
H NMR (400 MHz, CDCl3):  

1.65-1.73 (1H, m, Pro γCH2), 1.94-2.00 (1H, m, Pro CH2), 2.30-2.40 (3H, m, Pro CH2 + Pro 

γCH2), 2.79 (1H, dd, J = 14.0, 5.6 Hz, CH2), 3.03 (1H, dd, J = 14.0, 4.3 Hz, CH2), 

3.09-3.14 (1H, m, Pro CH2), 3.31 (1H, dd, J = 9.6, 7.1 Hz, Pro CH), 3.45 (1H, d, J = 12.6 

Hz, NCH2Ph), 3.82 (3H, s, OCH3), 4.23 (1H, dd, J = 5.6, 4.3 Hz, CH), 4.28 (1H, d, J = 12.6 

Hz, NCH2Ph), 6.66 (2H, d, J = 3.9 Hz, ar), 6.88 (1H, d, J = 7.5 Hz, ar), 6.94 (2H, d, J = 8.7 

Hz, ar), 7.10-7.17 (4H, m, ar), 7.27-7.32 (3H, m, ar), 7.41-7.46 (1H, m, ar), 7.50-7.57 (2H, m, 

ar), 8.02 (2H, d, J = 7.1 Hz, ar), 8.23 (1H, d, J = 8.5 Hz, ar); 
13

C NMR (100 MHz, CDCl3): 

23.1 (Pro γCH2), 30.7 (Pro CH2), 38.8 (CH2), 55.3 (OCH3), 57.3 (Pro CH2), 63.4 

(NCH2Ph), 70.4 (Pro CH), 71.7 (CH), 114.2 (3-CH), 120.6, 123.4 (2 x CH/ar), 126.2 (1 x 

C/ar), 127.2 (1 x CH/ar), 127.8 (1 x C/ar), 127.9 (1 x CH/ar), 128.8 (3 x CH/ar), 128.8 (1 x 

CH/ar), 128.9, 129.1, 129.8 (3 x CH/ar), 131.5, 131.6 (4 x CH/ar), 132.3 (1 x CH/ar), 133.3 (1 

x C/ar), 133.5 (1 x CH/ar), 134.2, 142.9 (2 x C/ar), 159.5 (2-C), 171.0 (C=N), 178.7 *(CO2), 

180.4 *(CON). 

1
H NMR data are in agreement with that reported in the literature for (S,S)-

diastereoisomer.
[479]

 

 

The minor diastereoisomer 141c was isolated and characterised: 

Rf  0.32 (acetone/CH2Cl2, 1/9); 
1
H NMR (400 MHz, CDCl3):  1.42-1.51 (2H, m, Pro γCH2 + 

Pro CH2), 1.91-1.97 (1H, m, Pro CH2), 2.21-2.32 (1H, m, Pro γCH2), 2.47-2.54 (1H, m, Pro 

CH2), 2.82 (1H, dd, J = 13.8, 5.9 Hz, CH2), 2.94 (1H, dd, J = 13.9, 3.8 Hz,CH2), 3.40 

(1H, dd, J = 9.6, 3.4 Hz, Pro CH), 3.53 (1H, d, J = 13.8 Hz, NCH2Ph), 3.64 (3H, s, OCH3), 

3.80-3.86 (1H, m, Pro CH2), 3.85 (1H, d, J = 13.8 Hz, NCH2Ph), 4.21 (1H, dd, J = 5.7, 3.8 

Hz,CH), 6.75 (1H, dd, J = 7.5, 7.5 Hz, ar), 6.81 (1H, dd, J = 8.2, 1.6 Hz, ar), 6.98 (2H, d, J 

= 8.6 Hz, ar), 7.06 (1H, d, J = 7.2 Hz, ar), 7.21 (2H, d, J = 8.5 Hz, ar), 7.26 (1H, m, ar), 7.29 

(1H, ddd, J = 8.7, 6.9, 1.8 Hz, ar), 7.35-7.40 (5H, m, ar), 7.48-7.56 (3H, m, ar), 8.49 (1H, d, J 

= 8.6 Hz, ar). 

 

(S)-4-Chlorophenylalanine-Ni-(S)-BPB 142d 
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This compound was prepared following general method B using 4-chlorobenzyl alcohol (83 

mg). Diastereoisomeric ratio: 82/18. Purification by flash chromatography (acetone/CH2Cl2, 

5/95) yielded the desired product as a red oil. Yield: (171 mg, 94%); diastereoisomeric ratio 

82/18; Rf  0.62 (acetone/CH2Cl2, 1/9); []D
20

 +2048.0 (c 0.1, CHCl3); 
1
H NMR (400 MHz, 

CDCl3):  1.73-1.76 (1H, m, Pro γCH2), 1.96-2.02 (1H, m, Pro CH2), 2.29-2.42 (3H, m, Pro 

CH2 + Pro γCH2), 2.79 (1H, dd, J = 13.8, 5.7 Hz, CH2), 3.01 (1H, dd, J = 13.8, 4.2 Hz, 

CH2), 3.07-3.12 (1H, m, Pro CH2), 3.31-3.35 (1H, m, Pro CH), 3.44 (1H, d, J = 12.6 Hz, 

NCH2Ph), 4.26-4.29 (2H, m, NCH2Ph + CH), 6.66 (2H, m, ar), 6.92 (1H, d, J = 7.6 Hz, ar), 

7.11-7.17 (4H, m, ar), 7.28-7.32 (3H, m, ar), 7.39 (2H, d, J = 8.4 Hz, ar), 7.45-7.59 (3H, m, 

ar), 8.02 (2H, d, J = 7.1 Hz, ar), 8.23 (1H, d, J = 8.5 Hz, ar); 
13

C NMR (100 MHz, CDCl3): 

23.1 (Pro γCH2), 30.8 (Pro CH2), 38.9 (CH2), 57.4 (Pro CH2), 63.5 (NCH2Ph), 70.3 (Pro 

CH), 71.2 (CH), 120.6, 123.4 (2 x CH/ar), 126.0 (1 x C/ar), 127.2, 127.8 (2 x CH/ar), 

128.8 (2 x CH/ar), 128.8 (1 x CH/ar), 129.0 (3 x CH/ar), 129.2, 129.9 (2 x CH/ar), 131.5, 

131.9 (4 x CH/ar), 132.5 (1 x CH/ar), 133.3 (1 x C/ar), 133.5 (1 x CH/ar), 133.7, 134.2, 134.3, 

142.9 (4 x C/ar), 171.4 (C=N), 178.3 *(CO2), 180.4 *(CON); IR υmax (neat): 2922, 1661, 

1632, 1583, 1439, 1337, 1255, 1165, 915, 749, 727, 701 cm
-1

; MS (ESI) m/z: 644.1213 [M + 

Na]
+
, 622.1391 [M + H]

+
 ([M + H]

+
,
 
C34H31ClN3NiO3 requires 622.1402). 

 

(S)-3-Nitrophenylalanine-Ni-(S)-BPB 142e 

 

 
 

This compound was prepared following general method B using 3-nitrobenzyl alcohol (69 

µL). Diastereoisomeric ratio: 78/22. Purification by flash chromatography (acetone/CH2Cl2, 



Part II 
 

~ 337 ~ 
 

1/9) yielded the desired product as a red oil. Yield: (67 mg, 36%); Rf  0.29 (acetone/CH2Cl2, 

1/9); []D
20

 +1802.0 (c 0.1, CHCl3); 
1
H NMR (400 MHz, CDCl3):  1.92-2.05 (2H, m, Pro 

γCH2 + Pro CH2), 2.41-2.48 (2H, m, Pro CH2), 2.84-2.97 (1H, m,Pro γCH2), 3.15 (1H, dd, 

J = 13.7, 4.4 Hz,CH2), 3.24 (1H, dd, J = 13.7, 7.6 Hz, CH2), 3.28-3.33 (1H, m, Pro CH2), 

3.40 (1H, dd, J = 9.8, 7.1 Hz, Pro CH), 3.52 (1H, d, J = 12.7 Hz, NCH2Ph), 4.21 (1H, dd, J 

= 7.5, 4.4 Hz, CH), 4.35 (1H, d, J = 12.7 Hz, NCH2Ph), 6.69 (2H, d, J = 3.9 Hz, ar), 6.92 

(1H, d, J = 7.5 Hz, ar), 7.15-7.20 (2H, m, ar), 7.31-7.35 (4H, m, ar), 7.46-7.51 (2H, m, ar), 

7.58-7.62 (2H, m, ar), 7.66 (1H, t, J = 1.9 Hz, ar), 8.03 (2H, d, J = 8.3 Hz, ar), 8.15 (1H, ddd, 

J = 8.4, 2.3, 0.9 Hz, ar), 8.20 (1H, d, J = 8.6 Hz, ar); 
13

C NMR (100 MHz, CDCl3): 23.6 

(Pro γCH2), 30.7 (Pro CH2), 40.7 (CH2), 57.2 (Pro CH2), 63.3 (NCH2Ph), 70.2 (Pro CH), 

70.8 (CH), 120.8, 122.4, 123.7, 124.6 (4 x CH/ar), 126.0 (1 x C/ar), 127.3, 127.5 (2 x 

CH/ar), 128.9 (2 x CH/ar), 128.9, 129.1, 129.4, 129.4, 130.2 (5 x CH/ar), 131.5 (2 x CH/ar), 

132.7 (1 x CH/ar), 133.2 (1 x C/ar), 133.5 (1 x CH/ar), 133.8 (1 x C/ar), 136.1 (1 x CH/ar), 

137.9, 142.8 (2 x C/ar), 148.5 (3-C), 171.5 (C=N), 177.7 *(CO2), 180.4 *(CON); IR υmax 

(neat): 2935, 1668, 1667, 1633, 1585, 1527, 1439, 1336, 1255, 1164, 1073, 751, 908, 726, 

702 cm
-1

; MS (ESI) m/z: 655.1438 [M + Na]
+
, 633.1631 [M + H]

+
 ([M + H]

+
,
 
C34H31N4NiO5 

requires 633.1642). 

 

The minor diastereoisomer 141e was isolated and characterised: 

Rf  0.32 (acetone/CH2Cl2, 1/9); 
1
H NMR (400 MHz, CDCl3):  1.81-1.89 (1H, m, Pro γCH2), 

2.00-2.10 (1H, m, Pro CH2), 2.18-2.25 (1H, m, Pro CH2), 2.43-2.55 (1H, m Pro γCH2), 

2.57-2.62 (1H, m Pro CH2), 2.93 (1H, dd, J = 13.6, 4.1 Hz, CH2), 3.14 (1H, dd, J = 13.6, 

9.1 Hz, CH2), 3.58 (1H, d, J = 13.4 Hz, NCH2Ph), 3.62 (1H, dd, J = 9.8, 3.9 Hz, Pro CH), 

4.07 (1H, dd, J = 9.0, 3.9 Hz, CH), 4.11 (1H, ddd, J = 11.1, 6.7, 4.9 Hz, Pro CH2), 4.20 

(1H, d, J = 13.4 Hz, NCH2Ph), 6.76 (1H, ddd, J = 8.0, 7.0, 1.0 Hz, ar), 6.84 (1H, dd, J = 8.3, 

1.7 Hz, ar), 7.04 (1H, d, J = 6.8 Hz, ar), 7.17-7.64 (11H, m, ar), 7.89 (2H, d, J = 7.1 Hz, ar), 

8.06 (1H, ddd, J = 8.4, 2.3, 0.9 Hz, ar), 8.54 (1H, dd, J = 8.6, 0.9 Hz, ar). 

 

(S)-3-(Thien-2-yl)alanine-Ni-(S)-BPB 142f 
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This compound was prepared following general method B using 2-ethanolthiophene (55 

mg). Diastereoisomeric ratio: 85/15. Purification by flash chromatography (acetone/CH2Cl2, 

1/9) yielded the desired product as a red oil. Yield: (117 mg, 68%); Rf  0.28 (acetone/CH2Cl2, 

1/9); []D
20

 +1598.0 (c 0.1, CHCl3); 
1
H NMR (500 MHz, CDCl3):  1.69-1.75 (1H, m, Pro 

γCH2), 1.91-1.96 (1H, m, Pro CH2), 2.29-2.50 (3H, m, Pro γCH2 + Pro CH2), 2.89 (1H, dd, 

J = 14.9, 5.9 Hz, CH2), 3.16-3.19 (1H, m, Pro CH2), 3.29-3.34 (2H, m, CH2 + Pro CH), 

3.53 (1H, d, J = 12.7 Hz, NCH2Ph), 4.26 (1H, dd, J = 5.6, 3.7 Hz, CH), 4.33 (1H, d, J = 12.7 

Hz, NCH2Ph), 6.68 (2H, d, J = 4.1 Hz, ar), 6.96 (1H, d, J = 7.5 Hz, ar), 7.01 (1H, d, J = 2.9 

Hz, ar), 7.12-7.19 (3H, m, ar), 7.29-7.33 (3H, m, ar), 7.37 (1H, d, J = 5.0 Hz, ar), 7.45 (1H, t, 

J = 7.2 Hz, ar), 7.51-7.56 (2H, m, ar), 7.98 (2H, d, J = 7.4 Hz, ar), 8.26 (1H, d, J = 8.7 Hz, ar); 

13
C NMR (125 MHz, CDCl3): 22.9 (Pro γCH2), 30.6 (Pro CH2), 33.3 (CH2), 56.9 (Pro 

CH2), 63.2 (NCH2Ph), 70.3 (Pro CH), 70.9 (CH), 120.6, 123.5, 125.5 (3 x CH/ar), 126.2 

(1 x C/ar), 126.9, 127.5, 127.9, 128.1 (4 x CH/ar), 128.8 (2 x CH/ar), 128.8, 129.0, 129.1, 

129.9 (4 x CH/ar), 131.5 (2 x CH/ar), 132.4 (1 x CH/ar), 133.1 (1 x C/ar), 133.5 (1 x CH/ar), 

134.3, 137.0, 142.9 (3 x C/ar), 171.7 (C=N), 178.7 *(CO2), 180.2 *(CON); IR υmax (neat): 

3061, 2939, 2231, 1666, 1631, 1585, 1542, 1438, 1336, 1254, 1164, 909, 751, 725, 700 cm
-1

; 

MS (ESI) m/z: 616.1159 [M + Na]
+
, 594.1346 [M + H]

+
 ([M + Na]

+
,
 
C32H29N3NaNiO3S 

requires 616.1175). 

 

The minor diastereoisomer 141f was isolated and characterised: 

Rf  0.35 (acetone/CH2Cl2, 1/9); 
1
H NMR (400 MHz, CDCl3):  1.67 (2H, m, Pro CH2 + Pro 

γCH2), 2.00-2.06 (1H, m, Pro CH2), 2.39-2.49 (2H, m, Pro CH2 + Pro γCH2), 3.02 (1H, dd, 

J = 14.9, 6.1 Hz,CH2), 3.23 (1H, dd, J = 14.9, 3.4 Hz, CH2), 3.44 (1H, dd, J = 9.6, 3.9 Hz, 

Pro CH), 3.71 (1H, d, J = 13.8 Hz, NCH2Ph), 3.76-3.83 (1H, m, Pro CH2), 4.21 (1H, dd, J 

= 6.0, 3.2 Hz, CH), 4.24 (1H, d, J = 13.8 Hz, NCH2Ph), 6.75 (1H, ddd, J = 8.2, 6.9, 1.2 Hz, 

ar), 6.83 (1H, dd, J = 8.2, 1.7 Hz, ar), 7.03 (1H, dd, J = 3.4, 0.7 Hz, ar), 7.08-7.11 (1H, m, ar), 

7.12 (1H, dd, J = 5.2, 3.4 Hz, ar), 7.22-7.25 (1H, m, ar), 7.30 (1H, ddd, J = 8.8, 6.9, 1.9 Hz, 

ar), 7.38-7.44 (6H, m, ar), 7.49-7.57 (3H, m, ar), 8.52 (1H, dd, J = 8.7, 0.9 Hz, ar). 
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(S)-β-(2-Pyridyl)-α-alanine-Ni-(S)-BPB 142g 

 

 
 

This compound was prepared following general method B using 2-pyridylcarbinol (56 µL). 

Diastereoisomeric ratio: 71/29. Purification by flash chromatography (acetone/CH2Cl2, 3/7) 

yielded the desired product as a red oil. Yield: (142 mg, 83%); Rf  0.17 (acetone/CH2Cl2, 3/7); 

[]D
20

 +1914.6 (c 0.1, CHCl3); 
1
H NMR (400 MHz, CDCl3):  1.78-1.86 (1H, m, Pro γCH2), 

1.97 (1H, ddd, J = 17.2, 10.6, 6.7 Hz, Pro CH2), 2.31-2.46 (2H, m, Pro CH2), 2.63-2.76 

(1H, m, Pro γCH2), 3.13 (1H, dd, J = 13.6, 6.7 Hz, CH2), 3.22-3.26 (2H, m, CH2 + Pro 

CH2), 3.33 (1H, dd, J = 10.0, 7.0 Hz, Pro CH), 3.54 (1H, d, J = 12.6 Hz, NCH2Ph), 

4.31-4.36 (2H, m, NCH2Ph + CH), 6.65 (2H, d, J = 4.3 Hz, ar), 7.05 (1H, d, J = 7.7 Hz, ar), 

7.11-7.19 (3H, m, ar), 7.23-7.33 (4H, m, ar), 7.41 (1H, t, J = 7.7 Hz, ar), 7.48-7.56 (2H, m, 

ar), 7.65 (1H, td, J = 7.9, 1.9 Hz, ar), 7.99 (2H, d, J = 7.2 Hz, ar), 8.21 (1H, d, J = 8.4 Hz, ar), 

8.59 (1H, d, J = 4.9 Hz, ar); 
13

C NMR (100 MHz, CDCl3): 23.3 (Pro γCH2), 30.6 (Pro 

CH2), 42.0 (CH2), 56.9 (Pro CH2), 63.1 (NCH2Ph), 70.3 
#
(Pro CH), 70.5 

#
(CH), 120.6, 

122.1, 123.4, 124.4 (4 x CH/ar), 126.4 (1 x C/ar), 127.0, 128.2 (2 x CH/ar), 128.8 (2 x CH/ar), 

128.8 (3 x CH/ar), 129.6 (1 x CH/ar), 131.5 (2 x CH/ar), 132.2 (1 x CH/ar), 133.1 (1 x C/ar), 

133.5 (1 x CH/ar), 134.3 (1 x C/ar), 136.5 (1 x CH/ar), 142.6 (1 x C/ar), 149.7 (6-C), 156.5 

(2-C), 171.4 (C=N), 178.8 *(CO2), 180.1 *(CON); IR υmax (neat): 2953, 2234, 1667, 1631, 

1587, 1438, 1335, 1256, 1165, 910, 751, 725, 702 cm
-1

; MS (ESI) m/z: 611.1548 [M + Na]
+
, 

589.1733 [M + H]
+
 ([M + H]

+
,
 
C33H31N4NiO3 requires 589.1744). 

 

(S)-Allylglycine-Ni-(S)-BPB 142h 
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This compound was prepared following general method B using allyl alcohol (39 µL). 

Diastereoisomeric ratio: 77/23. Purification by flash chromatography (acetone/CH2Cl2, 1/9) 

yielded the desired product as a red oil. Yield: (123 mg, 78%) diasteoisomeric ratio: 81/19; Rf  

0.27 (acetone/CH2Cl2, 1/9); []D
20

 +1843.0 (c 0.1, CHCl3) (lit.,
[457]

 +2440 (c 0.012, CHCl3)); 

1
H NMR (400 MHz, CDCl3):  2.02-2.14 (2H, m, Pro γCH2 + Pro CH2), 2.36-2.61 (3H, m, 

CH2 + Pro CH2), 2.75-2.83 (1H, m, Pro CH2), 3.44 (1H, dd, J = 10.8, 6.2 Hz, Pro CH), 

3.49-3.56 (2H, m, Pro γCH2 + Pro CH2), 3.59 (1H, d, J = 12.6 Hz, NCH2Ph), 4.02 (1H, dd, J 

= 6.7, 4.0 Hz, CH), 4.42 (1H, d, J = 12.6 Hz, NCH2Ph), 5.18 (1H, dd, J = 17.0, 1.4 Hz, Hc), 

5.39 (1H, dd, J = 10.2, 1.2 Hz, Hb), 6.44 (1H, ddt, J = 17.4, 10.0, 7.5 Hz, Ha), 6.62-6.68 (2H, 

m, ar), 6.94 (1H, d, J = 6.8 Hz, ar), 7.14 (1H, ddd, J = 8.7, 6.4, 2.4 Hz, ar), 7.19 (1H, t, J = 7.5 

Hz, ar), 7.25-7.28 (1H, m, ar), 7.34 (2H, t, J = 7.6 Hz, ar), 7.44-7.53 (3H, m, ar), 8.05 (2H, d, 

J = 7.0 Hz, ar), 8.17 (1H, d, J = 8.4 Hz, ar); 
13

C NMR (100 MHz, CDCl3):  23.3 (Pro γCH2), 

30.8 (Pro CH2), 38.5 (CH2), 56.9 (Pro CH2), 63.2 (NCH2Ph), 70.3 *(CH), 70.4 *(Pro 

CH), 119.8 (CHbHc), 120.7, 123.6 (2 x CH/ar), 126.4 (1 x C/ar), 127.1, 127.7 (2 x CH/ar), 

128.9 (4 x CH/ar), 129.0 (1 x CH/ar), 129.8 (1 x CH/ar), 131.6 (2 x CH/ar), 132.1, 132.2 (2 x 

CH/ar), 133.2 (1 x C/ar), 133.3 (CHa), 134.0, 142.5 (2 x C/ar), 170.9 (C=N), 178.9 *(CO2), 

180.4 *(CON). 

1
H NMR and 

13
C NMR data are in agreement with that reported in the literature for the 

(S,S)-diastereoisomer.
[480]

 

 

(S)-But-3-enyl-glycine-Ni-(S)-BPB 142i 
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This compound was prepared following general method B using 3-buten-1-ol (50 µL). 

Diastereoisomeric ratio: 69/31. Purification by flash chromatography (acetone/CH2Cl2, 1/9) 

yielded the desired product as a red oil. Yield: (60 mg, 37%); diastereoisomeric ratio 81/19; 

Rf  0.30 (acetone/CH2Cl2, 1/9); []D
20

 +2248.0 (c 0.1, CHCl3); 
1
H NMR (400 MHz, CDCl3):  

1.66-1.74 (1H, m, CH2), 2.04-2.21 (3H, m, Pro γCH2 + CH2+ Pro CH2), 2.23-2.32 (1H, m, 

1-CH2), 2.48-2.58 (1H, m, Pro CH2), 2.66-2.80 (2H, m, Pro CH2 + 1-CH2), 3.47 (1H, dd, J 

= 11.0, 5.8 Hz, Pro CH), 3.51-3.61 (2H, m, Pro γCH2 + Pro CH2), 3.58 (1H, d, J = 12.7 Hz, 

NCH2Ph), 3.90 (1H, dd, J = 8.7, 3.6 Hz, CH), 4.44 (1H, d, J = 12.7 Hz, NCH2Ph), 4.87 (1H, 

dd, J = 10.1, 1.6 Hz, Hb), 4.96 (1H, dd, J = 17.1, 1.6 Hz, Hc), 5.54 (1H, ddt, J = 16.7, 10.1, 6.5 

Hz, Ha), 6.62-6.69 (2H, m, ar), 6.92 (1H, d, J = 7.5 Hz, ar), 7.14 (1H, ddd, J = 8.6, 6.5, 2.1 

Hz, ar), 7.19 (1H, t, J = 7.5 Hz, ar), 7.23-7.28 (1H, m, ar), 7.35 (2H, t, J = 7.6 Hz, ar), 

7.43-7.53 (3H, m, ar), 8.06 (2H, d, J = 7.0 Hz, ar), 8.14 (1H, d, J = 9.2 Hz, ar); 
13

C NMR (100 

MHz, CDCl3):  23.7 (Pro γCH2), 29.4 (1-CH2), 30.8 (Pro CH2), 35.1 (CH2), 57.1 (Pro 

CH2), 63.1 (NCH2Ph), 69.8 (CH), 70.2   (Pro CH), 115.8 (CHbHc), 120.8, 123.7 (2 x 

CH/ar), 126.5 (1 x C/ar), 127.3, 127.5 (2 x CH/ar), 128.9 (5 x CH/ar), 129.7 (1 x CH/ar), 

131.6 (2 x CH/ar), 132.1 (1 x CH/ar), 133.2 (1 x CH/ar + 1 x C/ar), 133.8 (1 x C/ar), 136.6 

(CHa), 142.3 (1 x C/ar), 170.5 (C=N), 179.2 *(CO2), 180.4 *(CON). 

1
H NMR and 

13
C NMR data are in agreement with that reported in the literature for the 

(S,S)-diastereoisomer.
[481]

  

 

(S)-Pent-4-enyl-glycine-Ni-(S)-BPB 142j 

 

 
 

This compound was prepared following general method B using 4-penten-1-ol (60 µL). 

Diastereoisomeric ratio: 72/28. Purification by flash chromatography (acetone/CH2Cl2, 1/9) 

yielded the desired product as a red oil. Yield: (70 mg, 42%); Rf  0.31 (acetone/CH2Cl2, 1/9); 

[]D
20

 +2717.0 (c 0.1, CHCl3) (lit.,
[457]

 +2560 (c 0.033, CHCl3)); 
1
H NMR (400 MHz, 

CDCl3):  1.61-1.74 (2H, m, CH2 + 1-CH2), 1.88-2.28 (6H, m, Pro γCH2 + 1-CH2 + 2-CH2 

CH2 + Pro CH2), 2.47-2.58 (1H, m, Pro CH2), 2.73-2.81 (1H, m, Pro CH2), 3.47 (1H, 
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dd, J = 10.9, 5.9 Hz, Pro CH), 3.50-3.55 (2H, m, Pro γCH2 + Pro CH2), 3.58 (1H, d, J = 

12.7 Hz, NCH2Ph), 3.90 (1H, dd, J = 8.3, 3.6 Hz, CH), 4.43 (1H, d, J = 12.7 Hz, NCH2Ph), 

4.94-5.01 (2H, m, Hb + Hc), 5.72 (1H, ddt, J = 16.9, 10.3, 6.7 Hz, Ha), 6.61-6.68 (2H, m, ar), 

6.92 (1H, d, J = 7.5 Hz, ar), 7.13 (1H, ddd, J = 8.8, 6.6, 2.1 Hz, ar), 7.19 (1H, t, J = 7.5 Hz, 

ar), 7.24-7.27 (1H, m, ar), 7.35 (2H, t, J = 7.6 Hz ar), 7.43-7.54 (3H, m, ar), 8.04 (2H, d, J = 

7.1 Hz, ar), 8.13 (1H, d, J = 8.5 Hz, ar); 
13

C NMR (100 MHz, CDCl3):  23.6 (Pro γCH2), 

24.6 (1-CH2), 30.8 (Pro CH2), 33.3 (2-CH2), 34.8 (CH2), 57.0 (Pro CH2), 63.1 (NCH2Ph), 

70.3   (CH), 70.4   (Pro CH), 115.3 (CHbHc), 120.7, 123.7 (2 x CH/ar), 126.5 (1 x C/ar), 

127.2, 127.6 (2 x CH/ar), 128.9 (5 x CH/ar), 129.7 (1 x CH/ar), 131.6 (2 x CH/ar), 132.1 (1 x 

CH/ar), 133.2 (1 x CH/ar + 1 x C/ar), 133.8 (1 x C/ar), 137.8 (CHa), 142.2 (1 x C/ar), 170.4 

(C=N), 179.4 *(CO2), 180.4 *(CON). 

1
H NMR and 

13
C NMR data are in agreement with that reported in the literature for the 

(S,S)-diastereoisomer.
[481]

  

(S)-Hex-5-enyl-glycine-Ni-(S)-BPB 142k 

 

 
 

This compound was prepared following general method B using 5-hexen-1-ol (70 µL). 

Diastereoisomeric ratio: 78/22. Purification by flash chromatography (acetone/CH2Cl2, 1/9) 

yielded the desired product as a red oil. Yield: (78 mg, 46%); Rf  0.30 (acetone/CH2Cl2, 1/9); 

[]D
20

 +2285.0 (c 0.1, CHCl3); 
1
H NMR (400 MHz, CDCl3):  1.20-1.32 (2H, m, 2-CH2), 

1.60-1.68 (2H, m, CH2 + 1-CH2), 1.77-1.89 (1H, m, 1-CH2), 1.90-1.97 (1H, m, CH2), 2.00-

2.08 (3H, m, 3-CH2 + Pro CH2), 2.12-2.19 (1H, m, Pro γCH2), 2.48-2.58 (1H, m, Pro CH2), 

2.73-2.82 (1H, m, Pro CH2), 3.44-3.55 (3H, m, Pro γCH2 + Pro CH2 + Pro CH), 3.59 (1H, 

d, J = 12.7 Hz, NCH2Ph), 3.92 (1H, dd, J = 8.0, 3.4 Hz, CH), 4.44 (1H, d, J = 12.7 Hz, 

NCH2Ph), 4.92-5.00 (2H, m, Hb + Hc), 5.71-5.81 (1H, m, Ha), 6.61-6.68 (2H, m, ar), 6.92 

(1H, d, J = 6.9 Hz, ar), 7.14 (1H, ddd, J = 8.8, 6.6, 2.2 Hz, ar), 7.19 (1H, t, J = 7.5 Hz, ar), 

7.25-7.27 (1H, m, ar), 7.35 (2H, t, J = 7.6 Hz ar), 7.43-7.54 (3H, m, ar), 8.04 (2H, d, J = 7.0 

Hz, ar), 8.14 (1H, d, J = 9.2 Hz, ar); 
13

C NMR (100 MHz, CDCl3):  23.7 (Pro γCH2), 24.8 
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(1-CH2), 28.6 (2-CH2), 30.8 (Pro CH2), 33.5 (3-CH2), 35.2 (CH2), 56.9 (Pro CH2), 63.1 

(NCH2Ph), 70.3   (CH), 70.3   (Pro CH), 114.7 (CHbHc), 120.7, 123.7 (2 x CH/ar), 126.6 (1 

x C/ar), 127.2, 127.6 (2 x CH/ar), 128.9 (5 x CH/ar), 129.7 (1 x CH/ar), 131.6 (2 x CH/ar), 

132.1 (1 x CH/ar), 133.2 (1 x C/ar), 133.2 (1 x CH/ar), 133.9 (1 x C/ar), 138.5 (CHa), 142.3 (1 

x C/ar), 170.4 (C=N), 179.5 *(CO2), 180.4 *(CON); IR υmax (neat): 2923, 2857, 1670, 1634, 

1588, 1439, 1334, 1255, 1165, 1065, 912, 752, 702 cm
-1

; MS (ESI) m/z: 602.1915 [M + Na]
+
, 

580.2100 [M + H]
+
 ([M + H]

+
,
 
C33H36N3NiO3 requires 580.2105). 

 

 

 

 

 

 

(S)-Heptylglycine-Ni-(S)-BPB 142l 

 

 
 

This compound was prepared following general method B using heptan-1-ol (82 µL). 

Diastereoisomeric ratio: 73/27. Purification by flash chromatography (acetone/CH2Cl2, 1/9) 

yielded the desired product as a red oil. Yield: (104 mg, 60%); Rf  0.37 (acetone/CH2Cl2, 1/9); 

[]D
20

 +2280.0 (c 0.1, CHCl3); 
1
H NMR (400 MHz, CDCl3):  0.87 (3H, m, 6-CH3), 

1.22-1.30 (8H, m, 2-CH2 + 3-CH2 + 4-CH2 + 5-CH2), 1.58-1.67 (3H, m, CH2 + 1-CH2), 

1.89-1.98 (1H, m, CH2), 2.03-2.18 (2H, m, Pro γCH2 + Pro CH2), 2.48-2.58 (1H, m, Pro 

CH2), 2.74-2.81 (1H, m, Pro CH2), 3.47 (1H, dd, J = 10.9, 5.9 Hz, Pro CH), 3.50-3.58 

(2H, m, Pro γCH2 + Pro CH2), 3.59 (1H, d, J = 12.7 Hz, NCH2Ph), 3.92 (1H, dd, J = 8.0, 3.2 

Hz, CH), 4.44 (1H, d, J = 12.7 Hz, NCH2Ph), 6.61-6.68 (2H, m, ar), 6.92 (1H, d, J = 7.3 Hz, 

ar), 7.13 (1H, ddd, J = 8.6, 6.6, 2.1 Hz, ar), 7.19 (1H, t, J = 7.5 Hz, ar), 7.25-7.27 (1H, m, ar), 

7.35 (2H, t, J = 7.6 Hz, ar), 7.42-7.53 (3H, m, ar), 8.05 (2H, d, J = 7.4 Hz, ar), 8.14 (1H, d, J = 

8.6 Hz, ar); 
13

C NMR (100 MHz, CDCl3): 6-CH-CH223.6 (Pro γCH2), 
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25.4 (1-CH2), 29.1 
#
(2-CH2), 29.3 

#
(3-CH2), 30.8 (Pro CH2), 31.7 (4-CH2), 35.4 (CH2), 

57.0 (Pro CH2), 63.1 (NCH2Ph), 70.3   (CH), 70.5   (Pro CH), 120.7, 123.7 (2 x CH/ar), 

126.6 (1 x C/ar), 127.2, 127.6 (2 x CH/ar), 128.9 (3 x CH/ar), 128.9 (2 x CH/ar), 129.7 (1 x 

CH/ar), 131.6 (2 x CH/ar), 132.1 (1 x CH/ar), 133.2 (1 x CH/ar + 1 x C/ar), 133.9, 142.2 (2 x 

C/ar), 170.3 (C=N), 179.5 *(CO2), 180.4 *(CON); IR υmax (neat): 2924, 2855, 1670, 1635, 

1589, 1440, 1334, 1256, 1165, 1065, 752, 702 cm
-1

; MS (ESI) m/z: 618.2220 [M + Na]
+
, 

596.2404 [M + H]
+
 ([M + H]

+
,
 
C34H40N3NiO3 requires 596.2418). 

 

The minor diastereoisomer 141l was isolated and characterised:  

Rf  0.27 (acetone/CH2Cl2, 1/9); 
1
H NMR (400 MHz, CDCl3):  0.85 (3H, t, J = 6.8 Hz, 

6-CH3), 1.02-1.30 (8H, m, 2-CH2 + 3-CH2 + 4-CH2 + 5-CH2), 1.45-1.52 (2H, m, 1-CH2), 

1.69-1.75 (1H, m, CH2), 1.86-2.15 (3H, m, Pro γCH2 + CH2 + Pro CH2), 2.21-2.28 (1H, 

m, Pro CH2), 2.49-2.60 (1H, m, Pro γCH2), 2.64-2.70 (1H, ddd, J = 11.5, 8.7, 6.3 Hz, Pro 

CH2), 3.60 (1H, d, J = 13.1 Hz, NCH2Ph), 3.67 *(1H, dd, J = 9.7, 3.9 Hz, CH), 3.80 *(1H, 

dd, J = 9.3, 3.6 Hz, Pro CH), 4.20 (1H, ddd, J = 11.5, 7.2, 4.6 Hz, Pro CH2), 4.50 (1H, d, J 

= 13.1 Hz, NCH2Ph), 6.71 (1H, ddd, J = 8.0, 6.9, 1.1 Hz, ar), 6.76 (1H, dd, J = 8.3, 1.8 Hz, 

ar), 7.00 (1H, d, J = 6.6 Hz, ar), 7.18-7.21 (1H, m, ar), 7.23-7.27 (1H, m, ar), 7.43-7.52 (6H, 

m, ar), 7.98 (2H, d, J = 6.8 Hz, ar), 8.50 (1H, d, J = 8.8 Hz, ar). 

 

-Methylphenylalanine-Ni-(S)-BPB 144 

 

 
 

This compound was prepared following general method B using R-(+)-1-phenylethanol (60 

µL). Purification by flash chromatography (acetone/CH2Cl2, 1/9) yielded the 

(S,S,S)-diastereoisomer 144a as a red oil. Yield: (39 mg, 22%), the (S,R,S)-diastereoisomer 

144b as a red oil. Yield: (23 mg, 13%) and the (S,S,R)-diastereoisomer 144c as a red oil. 

Yield: (2 mg, 1%) 

144a: Rf  0.32 (acetone/CH2Cl2, 1/9); []D
20

 +1912.3 (c 0.1, CHCl3) (lit.,
[482]

 +2350 (c 0.15, 

CHCl3)); 
1
H NMR (400 MHz, CDCl3):  2.00 (3H, d, J = 7.2 Hz, CH3), 2.09-2.22 (2H, m, Pro 
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γCH2 + Pro CH2), 2.56-2.68 (1H, m, Pro CH2), 2.88-2.98 (1H, m, Pro CH2), 3.47-3.54 

(3H, m, γCH2 + Pro CH2 +  Pro CH), 3.58 (1H, d, J = 12.7 Hz, NCH2Ph), 3.77-3.84 (1H, 

m, CH), 4.06 (1H, d, J = 6.0 Hz, CH), 4.45 (1H, d, J = 12.7 Hz, NCH2Ph), 6.21 (1H, ddd, J 

= 7.5, 1.6, 0.8 Hz, ar), 6.54 (1H, dd, J = 8.2, 1.6 Hz, ar), 6.63 (1H, ddd, J = 8.3, 6.9, 1.2 Hz, 

ar), 6.72 (2H, m, ar), 7.06-7.16 (5H, m, ar), 7.20-7.27 (2H, m, ar), 7.30 (2H, dd, J = 7.6, 7.6 

Hz, ar), 7.45-7.48 (2H, m, ar), 8.05 (2H, dd, J = 8.3, 1.3 Hz, ar), 8.24 (1H, dd, J = 8.6, 1.0 Hz, 

ar); 
13

C NMR (100 MHz, CDCl3): CH323.5 (Pro γCH2), 30.9 (Pro CH2), 45.6 

(CH), 56.8 (Pro CH2), 63.2 (NCH2Ph), 70.6 (Pro CH), 76.3 (CH), 120.6, 123.1 (2 x 

CH/ar), 126.4 (1 x C/ar), 126.9, 127.6 (2 x CH/ar), 127.9, 128.3 (4 x CH/ar), 128.5 (1 x 

CH/ar), 128.8 (1 x CH/ar), 128.8 (4 x CH/ar), 129.5 (1 x CH/ar), 131.6 (2 x CH/ar), 132.2, 

133.1 (2 x CH/ar), 133.7, 133.8, 141.1, 142.6 (4 x C/ar), 170.7 (C=N), 177.0 *(CO2), 180.2 

*(CON). 

1
H NMR and 

13
C NMR data are in agreement with that reported in the literature for the 

(S,S,S)-diastereoisomer.
[482]

 

 

144b: Rf  0.57 (acetone/CH2Cl2, 1/9); []D
20

 -1818.3 (c 0.1, CHCl3) (lit.,
[482]

 -1996 (c 0.122, 

CHCl3)); 
1
H NMR (400 MHz, CDCl3):  1.18 (3H, d, J = 7.4 Hz, CH3), 1.19-1.25 (1H, m, Pro 

CH2), 1.30-1.38 (1H, m, Pro γCH2), 1.80-1.86 (1H, m, Pro CH2), 2.06-2.14 (1H, m, Pro 

γCH2), 2.47 (1H, ddd, J = 11.8, 9.4, 6.8 Hz, Pro CH2), 2.96 (1H, qd, J = 7.3, 3.4 Hz, CH), 

3.31-3.36 (2H, m, NCH2Ph + Pro CH), 3.47 (1H, d, J = 14.1 Hz, NCH2Ph), 3.77 (1H, ddd, J 

= 11.5, 7.5, 3.6 Hz, Pro CH2), 4.10 (1H, d, J = 3.4 Hz, CH), 6.76 (1H, ddd, J = 8.3, 6.9, 1.3 

Hz, ar), 6.85 (1H, dd, J = 8.3, 1.7 Hz, ar), 7.11-7.14 (2H, m, ar), 7.16-7.18 (1H, m, ar), 7.28-

7.36 (5H, m, ar), 7.45-7.50 (1H, m, ar), 7.55-7.60 (7H, m, ar), 8.47 (1H, dd, J = 8.5, 0.9 Hz, 

ar); 
13

C NMR (100 MHz, CDCl3): CH323.7 (Pro γCH2), 31.4 (Pro CH2), 45.5 

(CH), 55.0 (Pro CH2), 59.3 (NCH2Ph), 68.7 (Pro CH), 76.0 (CH), 120.8, 123.6 (2 x 

CH/ar), 126.3 (1 x C/ar), 127.3, 127.9, 128.0 (3 x CH/ar), 128.7 (2 x CH/ar), 128.8 (1 x 

CH/ar), 128.9 (3 x CH/ar), 129.3, 129.8 (2 x CH/ar), 130.1 (2 x CH/ar), 131.8 (1 x C/ar), 

132.0 (2 x CH/ar), 132.7, 133.8 (2 x CH/ar), 134.3, 141.2, 143.3 (3 x C/ar), 170.9 (C=N), 

177.0 *(CO2), 181.9 *(CON). 

1
H NMR and 

13
C NMR data are in agreement with that reported in the literature for the 

(S,R,S)-diastereoisomer.
[482]

 

 

144c: Rf  0.40 (acetone/CH2Cl2, 1/9); 
1
H NMR (400 MHz, CDCl3):  1.15 (3H, d, J = 7.3 Hz, 

CH3), 1.40-1.48 (1H, m, Pro), 1.77-1.85 (1H, m, Pro), 1.91-1.94 (1H, m, Pro), 2.20-2.26 (2H, 
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m, Pro), 2.77-2.89 (2H, m, Pro), 3.25 (1H, t, J = 8.8 Hz, CH), 3.40 (1H, d, J = 12.6 Hz, 

NCH2Ph), 4.12 (1H, d, J = 3.3 Hz, CH), 4.24 (1H, d, J = 12.6 Hz, NCH2Ph), 6.65 (2H, m, 

ar), 7.03 (1H, d, J = 7.2 Hz, ar), 7.12-7.17 (2H, m, ar), 7.25-7.60 (11H, m, ar), 7.98 (2H, d, J 

= 7.0 Hz, ar), 8.29 (1H, dd, J = 8.4, 0.9 Hz, ar). 

1
H NMR data are in agreement with that reported in the literature for the 

(S,S,R)-diastereoisomer.
[482]

 

 

 

 

 

 

 

 

 

 

General method C: cleavage of the alkylated glycine-nickel-(S)-BPB complex
[455]

 

 

 
 

Substituted nickel complex was dissolved in MeOH (c = 0.05 mol/L) and 2 M HCl (c = 0.1 

mol/L) was added and the bright red solution was heated at reflux (80°C) for 1h. The resulting 

yellow to green solution was allowed to cool to room temperature then 28% ammonia 

solution was added until the pH reached 9-10. The BPB was recovered by extraction with 

CH2Cl2. The intense blue aqueous layer was concentrated to dryness. The blue solid was 

dissolved in water, purified by ion-exchange chromatography and then lyophilised to yield the 

desired product. 

 

L-Phenylalanine 143a 

 

 
 

This compound was prepared following general method C using (S)-phenylalanine-Ni-(S)-

BPB (1.69 mmol, 990 mg) to yield the desired product as a white solid. Yield: (220 mg, 

79%); ee: 95% (according to analytical chiral HPLC: Rt (major) 11.8 min, Rt (minor) 13.5 min, 
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80% B); []D
20

 -23.0 (c 0.1, H2O) (lit.,
[483]

 -34.7 (c 2, H2O)); 
1
H NMR (500 MHz, D2O): 

3.11 (1H, dd, J = 14.5, 8.0 Hz, CH2), 3.28 (1H, dd, J = 14.5, 5.2 Hz, CH2), 3.97 (1H, dd, 

J = 8.0, 5.2 Hz, CH), 7.32 (2H, d, J = 7.2 Hz, -CH), 7.37 (1H, t, J = 7.2 Hz, -CH), 7.42 

(2H, dd, J = 7.0, 7.0 Hz, -CH); 
13

C NMR (125 MHz, D2O):   CH2  CH 

4-CH  4 x CH/ar  -C  CO2H 

1
H NMR data are in agreement with that reported in the literature.

[484]
 

 
 

Figure 100. Analytical chiral HPLC profiles (λ = 210 nm) of L-phenylalanine and                             

D, L-phenylalanine. 

 

2-Methoxy-L-phenylalanine 143b 

 

 
 

This compound was prepared following general method C using (S)-2-methoxy 

phenylalanine-Ni-(S)-BPB (0.21 mmol, 132 mg) to yield the desired product as a white solid. 

Yield: (28 mg, 67%). ee: > 99% (according to analytical chiral HPLC: Rt (major) 13.0 min, Rt 

(minor) 14.5 min, 80% B);
 
[]D

20
 -38.0 (c 0.1, H2O) (lit.,

[485]
 -52.85 (c 1, H2O)); 

1
H NMR (400 

MHz, D2O): 2.99 (1H, dd, J = 14.3, 8.0 Hz, CH2), 3.30 (1H, dd, J = 14.3, 4.8 Hz, CH2), 

3.81 (3H, s, OCH3), 3.96 (1H, dd, J = 8.0, 4.8 Hz, CH), 6.95 (1H, t, J = 7.4 Hz, 4-CH), 7.02 

(1H, d, J = 8.2 Hz, -CH), 7.18 (1H, dd, J = 7.4, 1.4 Hz, -CH), 7.32 (1H, td, J = 8.2, 1.6 Hz, 
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-CH); 
13

C NMR (100 MHz, D2O):   CH2  CH  OCH3  (3-

CH) 5-CH 1-C  (4-CH)  6-CH  -C  CO2H 

1
H NMR and 

13
C NMR data are in agreement with that reported in the literature.

[485]
  

 

 
 

Figure 101. Analytical chiral HPLC profiles (λ = 210 nm) of 2-methoxy-L-phenylalanine 

and 2-methoxy-D, L-phenylalanine. 

 

4-Methoxy-L-phenylalanine 143c 

 

 
 

This compound was prepared following general method C using (S)-4-methoxy 

phenylalanine-Ni-(S)-BPB (0.15 mmol, 91 mg) to yield the desired product as a white solid. 

Yield: (25 mg, 87%); ee: 96% (according to analytical chiral HPLC: Rt (major) 12.0 min, Rt 

(minor) 13.5 min, 80% B); []D
20

 -18.0 (c 0.1, H2O) (lit.,
[486]

 -9 (c 0.71, 1 M HCl)); 
1
H NMR 

(400 MHz, D2O): 3.02 (1H, dd, J = 14.7, 7.8 Hz, CH2), 3.17 (1H, dd, J = 14.7, 5.2 Hz, 

CH2), 3.78 (3H, s, OCH3), 3.90 (1H, dd, J = 7.7, 5.2 Hz, CH), 6.95 (2H, d, J = 8.6 Hz, -

CH), 7.20 (2H, d, J = 8.6 Hz, -CH); 
13

C NMR (100 MHz, D2O):   CH2  

CH  OCH3  3,5-CH  1-C  (2,6-CH),  -C  

CO2H 

1
H NMR and 

13
C NMR data are in agreement with that reported in the literature.

[487]
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Figure 102. Analytical chiral HPLC profiles (λ = 210 nm) of 4-methoxy-L-phenylalanine 

and 4-methoxy-D, L-phenylalanine. 

 

4-Chloro-L-phenylalanine 143d 

 

 

 

This compound was prepared following general method C using (S)-4-chlorophenylalanine-

Ni-(S)-BPB (0.27 mmol, 171 mg) to yield the desired product as a white solid. Yield: (31 mg, 

57%). ee: 82% (according to analytical chiral HPLC: Rt (major) 10.1 min, Rt (minor) 11.1 min, 

80% B); []D
20

 -6.0 (c 0.1, H2O) (lit.,
[486]

 -21 (c 0.95, H2O)); 
1
H NMR (400 MHz, D2O): 

3.05 (1H, dd, J = 14.6, 7.8 Hz, CH2), 3.19 (1H, dd, J = 14.6, 5.4 Hz, CH2), 3.90 (1H, dd, 

J = 7.8, 5.4 Hz, CH), 7.23 (2H, d, J = 8.4 Hz, -CH), 7.36 (2H, d, J = 8.4 Hz, -CH); 
13

C 

NMR (100 MHz, D2O):   CH2  CH  3,5-CH  2,6-CH  

(6-C), 137.8 (1-C),  CO2H 

1
H NMR and 

13
C NMR data are in agreement with that reported in the literature.

[487]
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Figure 103. Analytical chiral HPLC profiles (λ = 210 nm) of 4-chloro-L-phenylalanine 

and 4-chloro-D, L-phenylalanine. 

 

3-Nitro-L-phenylalanine 143e 

 

 
 

This compound was prepared following general method C, using (S)-3-nitrophenylalanine-

Ni-(S)-BPB (0.11 mmol, 71 mg) to yield the desired product as a beige solid. Yield: (19 mg, 

80%); ee: 95% (according to analytical chiral HPLC: Rt (major) 9.8 min, Rt (minor) 12.4 min, 80% 

B); []D
20

 +58.0 (c 0.1, H2O); 
1
H NMR (400 MHz, D2O): 3.22 (1H, dd, J = 14.6, 7.5 Hz, 

CH2), 3.32 (1H, dd, J = 14.6, 5.8 Hz, CH2), 4.00 (1H, dd, J = 7.5, 5.8 Hz, CH), 7.57 (1H, 

dd, J = 7.6, 7.6 Hz, -CH), 7.66 (1H, d, J = 7.7 Hz, -CH), 8.12-8.16 (2H, m, -CH); 
13

C 

NMR (100 MHz, D2O):   (CH2),  (CH),  (4-CH),  (2-CH), 5-

CH -CH  1-C  -C  CO2H; IR υmax (neat): 2973, 1597, 

1518, 1405, 1343, 1081, 805, 737 cm
-1

; MS (ESI) m/z: 209.0567 [M – H]
-
 ([M – H]

-
,
 

C9H9N2O4 requires 209.0568). 



Part II 
 

~ 351 ~ 
 

 
 

Figure 104. Analytical chiral HPLC profiles (λ = 210 nm) of 3-nitro-L-phenylalanine 

and 3-nitro-D, L-phenylalanine. 

 

3-Thiophen-2-yl-L-alanine 143f 

 

 
 

This compound was prepared following general method C using (S)-3-(thien-2-yl)alanine-

Ni-(S)-BPB (0.16 mmol, 97 mg) to yield the desired product as a white solid. Yield: (22 mg, 

79%); ee: 92% (according to analytical chiral HPLC: Rt (major) 11.9 min, Rt (minor) 13.3 min, 

80% B); []D
20

 -18.0 (c 0.1, H2O) (lit.,
[488]

 -30 (c 0.5, H2O)); 
1
H NMR (500 MHz, D2O): 

 (1H, dd, J = 15.7, 6.9 Hz, CH2),  (1H, dd, J = 15.7, 4.9 Hz, CH2),  (1H, dd, J 

= 5.2, 5.2 Hz, CH),  (1H, s, ar),  (1H, m, ar),  (1H, d, J = 5.0 Hz, -CH); 
13

C 

NMR (125 MHz, D2O):   CH2  CH  -CH), 130.5, 130.7 (3,4-CH), 

139.2 (2-C), 176.3 (CO2H).  

1
H NMR data are in agreement with that reported in the literature.

[488]
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Figure 105. Analytical chiral HPLC profiles (λ = 210 nm) of 3-thiophen-2-yl-L-alanine and                    

3-thiophen-2-yl- D, L-alanine. 

 

3-Pyridin-2-yl-L-alanine 143g 

 

 
 

This compound was prepared following general method C using (S)-β-(2-pyridyl)-α-alanine-

Ni-(S)-BPB (0.13 mmol, 77 mg) to yield the desired product as a white solid. Yield: (22 mg, 

100%); ee: 96% (according to analytical chiral HPLC: Rt (major) 18.2 min, Rt (minor) 21.4 min, 

70% B); []D
20

 +46.0 (c 0.1, 1 N HCl) (lit.,
[489]

 +49.7 (c 0.9, 1 M HCl)); 
1
H NMR (400 MHz, 

D2O):  3.30 (1H, dd, J = 15.1, 7.9 Hz, CH2), 3.44 (1H, dd, J = 15.1, 5.1 Hz, CH2), 4.16 

(1H, dd, J = 7.9, 5.1 Hz, CH), 7.39-7.42 (2H, m, ar), 7.87 (1H, td, J = 7.8, 1.8 Hz, 4-CH), 

8.52 (1H, d, J = 4.8 Hz, 6-CH); 
13

C NMR (100 MHz, D2O):  CH2 CH 

  3,5-CH  -CH  -CH -C  CO2H IR υmax 

(neat): 3005, 2921, 1578, 1512, 1400, 1313, 1134, 1076, 851, 691 cm
-1

; MS (ESI) m/z: 

189.0639 [M + Na]
+
, 167.0819 [M + H]

+
 ([M + H]

+
,
 
C8H11N2O2 requires 167.0815). 
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Figure 106. Analytical chiral HPLC profiles (λ = 210 nm) of 3-pyridin-2-yl-L-alanine and                 

3-pyridin-2-yl-D, L-alanine. 

 

(S)-Allylglycine 143h 

 

 
 

This compound was prepared following general method C using (S)-allylglycine-Ni-(S)-BPB 

(0.13 mmol, 71 mg) to yield the desired product as a white solid. Yield: (15 mg, 100%); ee: 

81% (according to analytical chiral HPLC: Rt (major) 13.8 min, Rt (minor) 16.5 min, 80% B); 
 

[]D
20

 -23.0 (c 0.1, H2O) (lit.,
[490]

 -36.5 (c 4, H2O)); 
1
H NMR (400 MHz, D2O): 2.51-2.65 

(2H, m,CH2), 3.75 (1H, dd, J = 7.1, 4.9 Hz, CH), 5.20-5.25 (2H, m, Hb + Hc), 5.72 (1H, 

ddt, J = 17.3, 10.2, 7.3 Hz, Ha); 
13

C NMR (100 MHz, D2O):   (CH2  CH 

 CHbHc  CHa  CO2H 

1
H NMR and 

13
C NMR data are in agreement with that reported in the literature.

[491]
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Figure 107. Analytical chiral HPLC profiles (λ = 200 nm) of (S)-allylglycine and allylglycine. 

 

(S)-2-Amino-5-hexenoic acid 143i 

 

 
 

This compound was prepared following general method C using (S)-but-3-enyl-glycine-Ni-

(S)-BPB (0.12 mmol, 64 mg) to yield the desired product as a white solid. Yield: (15 mg, 

100%); ee: 85% (according to analytical chiral HPLC: Rt (major) 12.8 min, Rt (minor) 16.2 min, 

80% B); []D
20

 +9.0 (c 0.1, H2O) (lit.,
[457]

 +13.1 (c 1.30, H2O)); 
1
H NMR (400 MHz, D2O): 

1.82-1.99 (2H, m, CH2), 2.09-2.17 (2H, m, 1-CH2), 3.69 (1H, dd, J = 6.6, 5.8 Hz, CH), 

5.02 (1H, d, J = 10.3 Hz, Hb), 5.09 (1H, dd, J = 16.9, 1.3 Hz, Hc), 5.83 (1H, ddt, J = 16.9, 

10.3, 6.5 Hz, Ha); 
13

C NMR (100 MHz, D2O):   (1-CH2),  (CH2  CH 

 CHbHc  CHa  CO2H 

1
H NMR and 

13
C NMR data are in agreement with that reported in the literature.

[457]
  

 



Part II 
 

~ 355 ~ 
 

 
 

Figure 108. Analytical chiral HPLC profiles (λ = 200 nm) of (S)-2-amino-5-hexenoic acid and          

2-amino-5-hexenoic acid. 

 

(S)-2-Amino-6-heptenoic acid 143j 

 

 
 

This compound was prepared following general method C using (S)-pent-4-enyl-glycine-Ni-

(S) –BPB (0.14 mmol, 77 mg) to yield the desired product as a white solid. Yield: (19 mg, 

100%); ee: 94% (according to analytical chiral HPLC: Rt (major) 12.2 min, Rt (minor) 16.0 min, 

80% B); []D
20

 +38.0 (c 0.1, H2O) (lit.,
[457]

 +10 (c 1.02, H2O)) ; 
1
H NMR (400 MHz, D2O): 

1.34-1.51 (2H, m, 1-CH2), 1.73-1.88 (2H, m, CH2), 2.03-2.10 (2H, m, 2-CH2), 3.68 (1H, t, 

J = 6.3 Hz, CH), 4.97 (1H, dd, J = 10.3, 1.0 Hz, Hb), 5.03 (1H, dd, J = 17.0, 1.9 Hz, Hc), 

5.82 (1H, ddt, J = 17.0, 10.3, 6.6 Hz, Ha); 
13

C NMR (100 MHz, D2O):  (1-CH2),  

(CH2)  2-CH2  CH  CHbHc  CHa  CO2H

1
H NMR and 

13
C NMR data are in agreement with that reported in the literature.

[457]
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Figure 109. Analytical chiral HPLC profiles (λ = 200 nm) of (S)-2-amino-6-heptenoic acid and       

2-amino-6-heptenoic acid. 

 

(S)-2-Amino-7-octenoic acid 143k 

 

 
 

This compound was prepared following general method C using (S)-hex-5-enyl-glycine-Ni-

(S)-BPB (0.13 mmol, 77 mg) to yield the desired product as a white solid. Yield: (21 mg, 

100%); ee: 95% (according to analytical chiral HPLC: Rt (major) 7.3 min, Rt (minor) 8.3 min, 70% 

B); []D
20

 +26.0 (c 0.1, H2O); 
1
H NMR (400 MHz, D2O): 1.34-1.52 (4H, m, 1, 2-CH2), 

1.86-1.93 (2H, m, CH2), 2.09-2.15 (2H, m, 3-CH2), 3.76 (1H, dd, J = 6.3, 6.3 Hz, CH), 

5.03 (1H, dd, J = 10.3, 0.9 Hz, Hb), 5.10 (1H, dd, J = 17.0, 1.8 Hz, Hc), 5.93 (1H, ddt, J = 

17.0, 10.3, 6.7 Hz, Ha); 
13

C NMR (100 MHz, D2O):  (1-CH2),  (2-CH2)  

CH2  3-CH2  CH  CHbHc  CHa  CO2H; IR υmax 

(neat): 2922, 1577, 1513, 1406, 1320, 1096, 910, 661 cm
-1

; MS (ESI) m/z: 180.0999 [M + 

Na]
+
, 158.1178 [M + H]

+ 
([M + H]

+
,
 
C8H16NO2 requires 158.1176). 
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Figure 110. Analytical chiral HPLC profiles (λ = 200 nm) of (S)-2-amino-7-octenoic acid and               
2-amino-7-octenoic acid. 

 

(S)-2-Amino-nonanoic acid hydrochloride 143l 

 

 
 

(S)-heptylglycine-Ni-(S)-BPB (0.16 mmol, 93 mg) was dissolved in MeOH (c = 0.05 mol/L) 

and 2 M HCl (c = 0.1 mol/L) was added, the bright red solution was heated at reflux (80°C) 

for 1h. The resulting yellow to green solution was allowed to cool down to room temperature. 

The solvent was concentrated in vacuo, water was added, the beige precipitate was 

centrifuged and the aqueous layer was purified by reversed-phase C18 chromatography 

(0-70% MeOH in water) and lyophilized to yield the desired product as a white solid. Yield: 

(21 mg, 64%); ee: 97% (according to analytical chiral HPLC: Rt (major) 6.2 min, Rt (minor) 7.5 

min, 70% B); []D
20

 +25.0 (c 0.1, AcOH) (lit.,
[492]

 -25 (c 0. 5, AcOH) for         (R)-2-amino-

nonanoic acid hydrochloride); 
1
H NMR (400 MHz, D2O + 1 drop of TFA):    t J = 

6.8 Hz, 6-CH3 -  m, 1, 2, 3, 4, 5-CH2 1.78-1.94 (2H, m, CH2), 4.0 (1H, t, J 
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= 6. 5 Hz, CH); 
13

C NMR (100 MHz, D2O + 1 drop of TFA):  13.3 (6-CH3), 21.9, 23.9, 

27.9, 28.1, 29.6 (1,2,3,4,5-CH2),  CH2  CH  CO2H 

1
H NMR data are in agreement with that reported in the literature.

[492]
  

 

 
 

Figure 111. Analytical chiral HPLC profiles (λ = 200 nm) of (S)-2-amino-nonanoic acid 

hydrochloride and 2-amino-nonanoic acid hydrochloride. 
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1
H NMR spectra (400 MHz, CDCl3) of (S)-Methyl 2-(tert-butoxycarbonylamino)-3-(3-iodophenyl)propanoate (9)

 

 

 

 



Appendix
 

~ 362 ~ 
 

13
C NMR spectra (100 MHz, CDCl3) of (S)-Methyl 2-(tert-butoxycarbonylamino)-3-(3-iodophenyl)propanoate (9)
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1
H NMR spectra (400 MHz, CDCl3) of (S)-Methyl 2-(tert-butoxycarbonylamino)-3-(4'-triphenyl-3-yl)propanoate (3j) 
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13
C NMR spectra (100 MHz, CDCl3) of (S)-Methyl 2-(tert-butoxycarbonylamino)-3-(4'-triphenyl-3-yl)propanoate (3j)
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1
H NMR spectra (400 MHz, CDCl3) of (S)-Methyl 2-(tert-butoxycarbonylamino)-3-(4-(pyridin-4-yl)phenyl)propanoate (3k) 
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13
C NMR spectra (100 MHz, CDCl3) of (S)-Methyl 2-(tert-butoxycarbonylamino)-3-(4-(pyridin-4-yl)phenyl)propanoate (3k) 

 



Appendix
 

~ 367 ~ 
 

1
H NMR spectra (400 MHz, CDCl3) of (S)-Methyl 2-(tert-butoxycarbonylamino)-3-(4-(pyrimidin-2-yl)phenyl)propanoate (3m) 
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13
C NMR spectra (100 MHz, CDCl3) of (S)-Methyl 2-(tert-butoxycarbonylamino)-3-(4-(pyrimidin-2-yl)phenyl)propanoate (3m) 
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1
H NMR spectra (400 MHz, CDCl3) of (S)-Methyl 2-(tert-butoxycarbonylamino)-3-(4-(quinolin-6-yl)phenyl)propanoate (3n) 

 



Appendix
 

~ 370 ~ 
 

13
C NMR spectra (100 MHz, CDCl3) of (S)-Methyl 2-(tert-butoxycarbonylamino)-3-(4-(quinolin-6-yl)phenyl)propanoate (3n) 
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1
H NMR spectra (400 MHz, CDCl3) of (S)-Methyl 2-(tert-butoxycarbonylamino)-3-(4-(p-tolyloxy)phenyl)propanoate (3q) 
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13
C NMR spectra (100 MHz, CDCl3) of (S)-Methyl 2-(tert-butoxycarbonylamino)-3-(4-(p-tolyloxy)phenyl)propanoate (3q) 
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1
H NMR spectra (400 MHz, CDCl3) of (S)-Methyl 2-(tert-butoxycarbonylamino)-3-(4-(4-ethylphenoxy)phenyl)propanoate (3r) 
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13
C NMR spectra (100 MHz, CDCl3) of (S)-Methyl 2-(tert-butoxycarbonylamino)-3-(4-(4-ethylphenoxy)phenyl)propanoate (3r) 
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1
H NMR spectra (400 MHz, CDCl3) of (S)-Methyl 3-(4-(biphenyl-4-yloxy)phenyl)-2-(tert-butoxycarbonylamino)propanoate (3s) 
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13
C NMR spectra (100 MHz, CDCl3) of (S)-Methyl 3-(4-(biphenyl-4-yloxy)phenyl)-2-(tert-butoxycarbonylamino)propanoate (3s) 
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1
H NMR spectra (400 MHz, CDCl3) of (S)-Methyl 2-(tert-butoxycarbonylamino)-3-(4-(3,4-dimethoxyphenoxy)phenyl)propanoate (3t) 
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13
C NMR spectra (100 MHz, CDCl3) of (S)-Methyl 2-(tert-butoxycarbonylamino)-3-(4-(3,4-dimethoxyphenoxy)phenyl)propanoate (3t) 
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1
H NMR spectra (400 MHz, CDCl3) of (S)-Methyl 2-(tert-butoxycarbonylamino)-3-(4-(3-nitrophenoxy)phenyl)propanoate (3u) 
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13
C NMR spectra (100 MHz, CDCl3) of (S)-Methyl 2-(tert-butoxycarbonylamino)-3-(4-(3-nitrophenoxy)phenyl)propanoate (3u) 
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1
H NMR spectra (400 MHz, DMSO-d6) of (S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-(4'-triphen-3-yl)propanoic acid (4j) 
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13
C NMR spectra (100 MHz, DMSO-d6) of (S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-(4'-triphen-3-yl)propanoic acid (4j) 

 



Appendix
 

~ 383 ~ 
 

1
H NMR spectra (400 MHz, DMSO-d6) of (S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-(4-(pyridin-4-yl)phenyl)propanoic acid (4k) 
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13
C NMR spectra (100 MHz, DMSO-d6) of (S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-(4-(pyridin-4-yl)phenyl)propanoic acid (4k) 
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1
H NMR spectra (400 MHz, DMSO-d6) of (S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-(4-(pyridin-3-yl)phenyl)propanoic acid (4l) 
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13
C NMR spectra (100 MHz, DMSO-d6) of (S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-(4-(pyridin-3-yl)phenyl)propanoic acid (4l) 
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1
H NMR spectra (400 MHz, DMSO-d6) of (S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-(4-(pyrimidin-2-yl)phenyl)propanoic acid (4m) 
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13
C NMR spectra (100 MHz, DMSO-d6) of (S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-(4-(pyrimidin-2-yl)phenyl)propanoic acid (4m) 
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1
H NMR spectra (400 MHz, DMSO-d6) of (S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-(4-(quinolin-6-yl)phenyl)propanoic acid (4n) 
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13
C NMR spectra (100 MHz, DMSO-d6) of (S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-(4-(quinolin-6-yl)phenyl)propanoic acid (4n) 
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1
H NMR spectra (400 MHz, DMSO-d6) of (S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-(4-(thiophen-2-yl)phenyl)propanoic acid (4o) 
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13
C NMR spectra (100 MHz, DMSO-d6) of (S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-(4-(thiophen-2-yl)phenyl)propanoic acid (4o) 

 



Appendix
 

~ 393 ~ 
 

1
H NMR spectra (400 MHz, CDCl3) of (S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-(4-phenoxyphenyl)propanoic acid (4p) 
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13
C NMR spectra (100 MHz, CDCl3) of (S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-(4-phenoxyphenyl)propanoic acid (4p) 
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1
H NMR spectra (400 MHz, CDCl3) of (S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-(4-(p-tolyloxy)phenyl)propanoic acid (4q) 
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13
C NMR spectra (100 MHz, CDCl3) of (S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-(4-(p-tolyloxy)phenyl)propanoic acid (4q) 
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1
H NMR spectra (400 MHz, CDCl3) of (S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-(4-(4-ethylphenoxy)phenyl)propanoic acid (4r) 
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13
C NMR spectra (100 MHz, CDCl3) of (S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-(4-(4-ethylphenoxy)phenyl)propanoic acid (4r) 
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1
H NMR spectra (400 MHz, CDCl3) of (S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-(4-(biphenyl-4-yloxy)phenyl)propanoic acid (4s) 
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13
C NMR spectra (100 MHz, CDCl3) of (S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-(4-(biphenyl-4-yloxy)phenyl)propanoic acid (4s) 
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1
H NMR spectra (400 MHz, CDCl3) of (S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-(4-(3,4-dimethoxyphenoxy)phenyl)propanoic acid (4t) 
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13
C NMR spectra (100 MHz, CDCl3) of (S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-(4-(3,4-dimethoxyphenoxy)phenyl) propanoic acid (4t) 

 

 



Appendix
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1
H NMR spectra (400 MHz, CDCl3) of (S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-(4-(3-nitrophenoxy)phenyl)propanoic acid (4u) 
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13
C NMR spectra (100 MHz, CDCl3) of (S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-(4-(3-nitrophenoxy)phenyl)propanoic acid (4u) 
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1
H NMR spectra (500 MHz, CDCl3) of tert-Butyl 2-(diphenylmethyleneamino)-3-(2-methoxyphenyl)propanoate (123e) 
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13
C NMR spectra (125 MHz, CDCl3) of tert-Butyl 2-(diphenylmethyleneamino)-3-(2-methoxyphenyl)propanoate (123e) 
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1
H NMR spectra (400 MHz, CDCl3) of tert-Butyl 2-(diphenylmethyleneamino)-3-(3-methoxyphenyl)propanoate (123i) 
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13
C NMR spectra (100 MHz, CDCl3) of tert-Butyl 2-(diphenylmethyleneamino)-3-(3-methoxyphenyl)propanoate (123i) 
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1
H NMR spectra (400 MHz, CDCl3) of tert-Butyl 2-(diphenylmethyleneamino)-3-(3-nitrophenyl)propanoate (123j) 
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13
C NMR spectra (100 MHz, CDCl3) of tert-Butyl 2-(diphenylmethyleneamino)-3-(3-nitrophenyl)propanoate (123j)
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1
H NMR spectra (400 MHz, CDCl3) of tert-Butyl 2-(diphenylmethyleneamino)-3-(pyridin-2-yl)propanoate (123k) 
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13
C NMR spectra (100 MHz, CDCl3) of tert-Butyl 2-(diphenylmethyleneamino)-3-(pyridin-2-yl)propanoate (123k) 
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1
H NMR spectra (500 MHz, CDCl3) of tert-Butyl 2-(diphenylmethyleneamino)-3-(thiophen-2-yl)propanoate (123m) 
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13
C NMR spectra (125 MHz, CDCl3) of tert-Butyl 2-(diphenylmethyleneamino)-3-(thiophen-2-yl)propanoate (123m) 
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1
H NMR spectra (500 MHz, CDCl3) of tert-Butyl 2-(diphenylmethyleneamino)-3-(thiophen-3-yl)propanoate (123n) 
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13
C NMR spectra (125 MHz, CDCl3) of tert-Butyl 2-(diphenylmethyleneamino)-3-(thiophen-3-yl)propanoate (123n) 
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1
H NMR spectra (500 MHz, CDCl3) of tert-Butyl 2-(diphenylmethyleneamino)-3-(furan-2-yl)propanoate (123o) 
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13
C NMR spectra (125 MHz, CDCl3) of tert-Butyl 2-(diphenylmethyleneamino)-3-(furan-2-yl)propanoate (123o) 
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1
H NMR spectra (500 MHz, CDCl3) of tert-Butyl 2-(diphenylmethyleneamino)-3-(furan-3-yl)propanoate (123p) 
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13
C NMR spectra (125 MHz, CDCl3) of tert-Butyl 2-(diphenylmethyleneamino)-3-(furan-3-yl)propanoate (123p) 
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1
H NMR spectra (500 MHz, CDCl3) of tert-Butyl 2-(diphenylmethyleneamino)-3-(1-methyl-1H-imidazol-2-yl)propanoate (123q) 
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13
C NMR spectra (125 MHz, CDCl3) of tert-Butyl 2-(diphenylmethyleneamino)-3-(1-methyl-1H-imidazol-2-yl)propanoate (123q) 
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1
H NMR spectra (500 MHz, CDCl3) of tert-Butyl 2-(diphenylmethyleneamino)-4,4-dimethylpentanoate (123s) 
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13
C NMR spectra (125 MHz, CDCl3) of tert-Butyl 2-(diphenylmethyleneamino)-4,4-dimethylpentanoate (123s) 
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1
H NMR spectra (500 MHz, CDCl3) of tert-Butyl 2-(diphenylmethyleneamino)-4-methoxybutanoate (123t) 
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13
C NMR spectra (125 MHz, CDCl3) of tert-Butyl 2-(diphenylmethyleneamino)-4-methoxybutanoate (123t) 
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1
H NMR spectra (500 MHz, CDCl3) of tert-Butyl 4-(2-tert-butoxy-1-(diphenylmethyleneamino)-2-oxoethyl)piperidine-1-carboxylate (123v) 
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13
C NMR spectra (125 MHz, CDCl3) of tert-Butyl 4-(2-tert-butoxy-1-(diphenylmethyleneamino)-2-oxoethyl)piperidine-1-carboxylate (123v) 
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1
H NMR spectra (400 MHz, CDCl3) of (S)-2-Methoxyphenylalanine-Ni-(S)-BPB (142b) 
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13
C NMR spectra (100 MHz, CDCl3) of (S)-2-Methoxyphenylalanine-Ni-(S)-BPB (142b) 
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1
H NMR spectra (400 MHz, CDCl3) of (S)-4-Chlorophenylalanine-Ni-(S)-BPB (142d) 
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13
C NMR spectra (100 MHz, CDCl3) of (S)-4-Chlorophenylalanine-Ni-(S)-BPB (142d) 
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1
H NMR spectra (400 MHz, CDCl3) of (S)-3-Nitrophenylalanine-Ni-(S)-BPB (142e) 
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13
C NMR spectra (100 MHz, CDCl3) of (S)-3-Nitrophenylalanine-Ni-(S)-BPB (142e) 
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1
H NMR spectra (400 MHz, CDCl3) of (S)-3-(Thien-2-yl)alanine-Ni-(S)-BPB (142f) 
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13
C NMR spectra (125 MHz, CDCl3) of (S)-3-(Thien-2-yl)alanine-Ni-(S)-BPB (142f) 
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1
H NMR spectra (400 MHz, CDCl3) of (S)-β-(2-Pyridyl)-α-alanine-Ni-(S)-BPB (142g) 
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13
C NMR spectra (100 MHz, CDCl3) of (S)-β-(2-Pyridyl)-α-alanine-Ni-(S)-BPB (142g) 
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1
H NMR spectra (400 MHz, CDCl3) of (S)-Hex-5-enyl-glycine-Ni-(S)-BPB (142k) 
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13
C NMR spectra (100 MHz, CDCl3) of (S)-Hex-5-enyl-glycine-Ni-(S)-BPB (142k) 
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1
H NMR spectra (400 MHz, CDCl3) of (S)-Heptylglycine-Ni-(S)-BPB (142l) 
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13
C NMR spectra (100 MHz, CDCl3) of (S)-Heptylglycine-Ni-(S)-BPB (142l) 
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1
H NMR spectra (400 MHz, D2O) of 3-Nitro-L-phenylalanine (143e) 
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13
C NMR spectra (100 MHz, D2O) of 3-Nitro-L-phenylalanine (143e) 
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1
H NMR spectra (400 MHz, D2O) of 3-Pyridin-2-yl-L-alanine (143g) 

 



Appendix
 

~ 446 ~ 
 

13
C NMR spectra (100 MHz, D2O) of 3-Pyridin-2-yl-L-alanine (143g) 
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1
H NMR spectra (400 MHz, D2O) of (S)-2-Amino-7-octenoic acid (143k) 
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13
C NMR spectra (100 MHz, D2O) of (S)-2-Amino-7-octenoic acid (143k) 
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