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Native chemical ligation is a powerful tool for the convergent assembly of homogeneous peptide and protein targets from
unprotected peptide fragments. The method involves the chemoselective coupling of a peptide thioester with a peptide
bearing anN-terminal cysteine (Cys) residue and ismediated by the nucleophilic Cys thiol functionality. Awidely adopted

extension of the technique for the disconnection of protein targets at alanine (Ala) ligation junctions has been the
application of post-ligation desulfurization protocols for the mild removal of the Cys thiol moiety. Recently, attention has
turned to the construction of synthetic amino acid building blocks bearing suitably positioned b-, g-, or d-thiol ligation
auxiliaries with a view to expanding the scope of the ligation–desulfurization manifold. To date, several thiol-derived
amino acids have been prepared, greatly increasing the generality and flexibility of chemoselective ligation technologies
for the chemical synthesis of diverse protein targets. This review will highlight the current synthetic approaches to these

important amino acid building blocks.

Manuscript received: 15 September 2014.
Manuscript accepted: 9 October 2014.

Published online: 23 January 2015.

Introduction

Access to homogeneous peptides and proteins with precisely

defined covalent structures is crucial to elucidating the intricate
relationship between protein structure and function. In this
endeavour, synthetic chemistry has served to complement and

extend the role of biological expression techniques, which are
generally limited to the incorporation of the genetically enco-
ded, canonical amino acids and do not readily accommodate the

programmed installation of non-templated protein modifica-
tions, such as the vast array of structurally and functionally
important enzyme-mediated post-translational modifications.[1]

On the contrary, the tools of chemical synthesis facilitate access

to high purity, post-translationally modified proteins and enable
the construction of an almost infinite array of unnatural, stra-
tegically engineered protein variants for use in biological studies

and as potential therapeutics. For example, the development and
optimization of solid-phase peptide synthesis (SPPS)[2] has

enabled the highly efficient, routine preparation of defined
polypeptide sequences (bearing native amino acids as well as
unnatural amino acid variants) up to,50 amino acids in length.

The advent of chemoselective ligation methodologies has sub-
sequently enabled entry into the realm of functional protein
domains, which are typically much larger than 50 amino

acids,[3] through the convergent assembly of smaller peptide
fragments. In combination with SPPS as a robust platform for
fragment synthesis, such ligation methodologies have redefined
the capabilities of modern protein synthesis.

The most widely employed ligation methodology for the
convergent construction of peptide and protein targets is native
chemical ligation.[4] Developed in 1994 by Kent and co-workers,
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this technique involves the ligation of completely unprotected
peptide fragments, in aqueous denaturing media and under mild
reaction conditions, to afford native peptide and protein targets

with discrete covalent structures. In particular, the reaction
involves the condensation of a peptide bearing a C-terminal
thioester with a peptide bearing an N-terminal cysteine (Cys)

residue through an initial, reversible transthioesterification step
(Scheme 1a). The resulting bridged thioester intermediate then
rearranges in an irreversible, intramolecular S-to-N acyl shift to
generate the target amide bond and regenerate the ligation site

Cys residue. Originally employed in the total chemical synthesis
of the cytokine protein IL-8,[4] this powerful methodology has
subsequently been utilised in the synthesis of numerous protein

targets, including those bearing complex post-translational
modifications, in the twenty years since its dissemination.[3,5]

Native chemical ligation has likewise inspired the development

of related technologies for the construction of peptides and
proteins, including expressed protein ligation (EPL),[6] involv-
ing the ligation of one or more recombinantly produced peptide
fragments, and kinetically controlled ligation,[7] which has

facilitated the rapid construction of peptide and protein targets[8]

through iterative ligation chemistry.
The presence of an appropriately placed Cys residue in the

target molecule is a prerequisite for the construction of peptides
and proteins using native chemical ligation. However, the
relative scarcity of Cys in naturally occurring proteins

(1.1%)[9] has prompted intense research efforts to expand the
scope of native chemical ligation to include Cys-free protein
targets and those bearing Cys residues that are inappropriately

positioned for assembly via ligation chemistry. While initial
attempts focussed on the use of N-terminal or side-chain thiol
auxiliaries[5k,5l,10] and thiol-free methods[11] to overcome

this limitation, efforts have recently converged on ligation–
desulfurization chemistry[12] using the native chemical ligation
concept. This research area was built upon a pioneering study

by Yan and Dawson in 2001[13] which demonstrated that
Cys residues could be reductively desulfurized, in the presence
of a metal catalyst and hydrogen gas, to the corresponding

alanine (Ala) residues following the ligation event (Scheme 1b).
By demonstrating that ligation at homoCys[14] could also be
followed by reductive desulfurization to obtain an a-amino
butyric acid (Abu) residue, the authors of this study established

the feasibility of the ligation–desulfurization cascade at both b-
and g-thiol ligation auxiliaries. These findings explicitly estab-
lished the core intellectual framework for the application of fully

synthetic amino acid derivatives equipped with suitably posi-
tioned b- or g-thiol auxiliaries for use in ligation–desulfurization
chemistry (Scheme 2).[13] Aided by the development of a milder,

metal-free radical desulfurization protocol with broad functional
group tolerance,[15] this perceptive notion has recently come to
fruition, with the preparation of several suitably functionalized
amino acid building blocks (Table 1). These compounds have

augmented the scope and flexibility of chemoselective ligation
methodologies. The rapid development of ligation–desulfurization
chemistry, at both Cys and synthetic Cys surrogates,[16] holds

great promise for the synthesis of biologically relevant targets
and structurally-engineered protein variants.

The burgeoning success of ligation–desulfurization che-

mistry may be largely attributed to advances in synthetic
methodology that have increased the accessibility of suitably
functionalized, thiol-derived amino acids. These building

blocks, in turn, serve as enabling tools for the preparation of
homogeneous peptides and proteins for biological studies.
Ligation–desulfurization chemistry therefore draws upon a long
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Scheme 1. (a) Native chemical ligation and (b) desulfurization of Cys (cysteine) to Ala (alanine).

522 L. R. Malins and R. J. Payne



historical precedent for the judicious application of synthetic

organic chemistry to the study of important biomolecules. There
is perhaps no better exemplification of the systematic construc-
tion of small molecules for the purpose of elucidating biological

function than in the pioneeringwork of the late Sir JohnCornforth
on the intricacies of enzyme catalysis. Indeed, the chemical
synthesis of discrete, isotopically labelled compounds played a

fundamental role in his Nobel Prize winning work investigating
the stereochemical outcome of specific enzymatic transforma-
tions. As a tribute to the life and work of Sir John Cornforth, this
review will provide an overview of synthetic methods for the

constructionof thiol-derived amino acids anddiscuss the utility of
these molecules for the preparation of proteins. Specifically, the
review will highlight the critical contributions of small-molecule

synthesis in the advancement of chemoselective ligation meth-
odologies for the purpose of understanding the structure and
function of proteins in the post-genomic era.

Synthesis of Thiol-Derived Amino Acids Through
Nucleophilic Displacement

With the exception of b-thiol valine (Val) 1 (more commonly
referred to as penicillamine)[17] and 9-fluorenylmethoxycarbonyl

(Fmoc)-g-thiol proline (Pro) 2 (Fig. 1),[18] most thiol-derived
amino acids for ligation–desulfurization chemistry are not

commercially available. Access to these building blocks there-
fore requires the design of suitable synthetic pathways. Given
the commercial and synthetic availability of protected amino

acid derivatives, these molecules have served as efficient
starting points for the majority of synthetic routes to thiol-
derived amino acids. The application of amino acids as chiral
pool precursors also abrogates the need to install the native

stereochemical configuration at the a-position, which could
considerably complicate the synthesis by requiring the use of
chiral ligands or catalysts. Beginning with a generalized amino

acid framework, the installation of the key thiol auxiliary
therefore becomes the crucial step in the synthetic pathway to
thiol-derived amino acids. The earliest employed strategy and

by far the most common route to introduce the auxiliary is
through displacement of an activated alcohol (e.g. mesylate)
derived from a hydroxy-amino acid building block with a suit-

able thiol nucleophile (e.g. thioacetate). This step is typically
followed by several protecting group manipulations, including
hydrolysis of the thioacetate moiety, to enable protection of the
thiol handle as an asymmetric disulfide or the corresponding

S-trityl (Trt) derivative, both of which are compatible with
standard conditions employed in Fmoc-strategy SPPS.[19] This
overall synthetic strategy has been employed for the synthesis of

several thiol-derived amino acids, including b-thiol phenyl-
alanine (Phe),[20] g-thiol Val,[21] g-thiol lysine (Lys),[22] d-thiol
Lys,[23] g-thiol threonine (Thr),[24] b-thiol leucine (Leu),[25]

g-thiol Pro,[26] g-thiol glutamine (Gln),[27] and b-thiol arginine
(Arg).[8d]

In 2007, Crich and Banerjee prepared b-thiol Phe building
block 3[20a] for use in ligation–desulfurization chemistry in a

9-step synthesis from L-Phemethyl ester 4 (Scheme 3). Following
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Scheme 2. Ligation–desulfurization at thiol-derived amino acids.

Table 1. Summary of available thiol-derived amino acids for ligation–

desulfurization chemistry

All amino acids are L-configured

Amino acid derivative Publication date(s) Reference(s)

b-thiol phenylalanine 2006, 2007 [20]

b-thiol valine 2008 [17]

g-thiol valine 2008 [21]

g-thiol lysine 2009, 2013 [22]

d-thiol lysine 2009, 2010 [23]

g-thiol threonine 2010 [24]

b-thiol leucine 2010 [25]

g-thiol proline 2011 [18, 26]

g-thiol glutamine 2012 [27]

b-thiol arginine 2013 [8d]

b-thiol aspartic acid 2013 [37, 39]

g-thiol glutamic acid 2014 [40]

2-thiol tryptophan 2014 [41]
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Fig. 1. Commercially available thiol-derived amino acids 1 and 2.
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protection of the free amine as the di-tert-butyloxycarbonyl (Boc)
derivative 5, the synthetic pathway relied on selective bromina-
tion of the benzylic position of Phe usingN-bromosuccinimide[28]

to afford 6 as a mixture of diastereomers at the b-position.
Subsequent treatment with AgNO3 generated the oxazolidinone
intermediate 7 as a 6 : 1 mixture of trans/cis isomers. Chro-
matographic separation of the diastereomers was followed by

treatment of trans-7 with Cs2CO3 to generate the b-hydroxy Phe
derivative 8.[29] Activation of the alcohol as the corresponding
mesylate and subsequent inversion with thioacetic acid in the

presence of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) enabled
installation of the protected b-thiol functionality. Following
hydrolysis of the thioacetate, free thiol 10 was obtained in

55–60% yield over the three steps. Conversion into the asym-
metric disulfide upon treatment with S-ethyl ethanethiosulfinate
and saponification of the methyl ester generated Phe building
block 3, which was ready for incorporation into model peptides

via SPPS. Subsequent application of building block 3 in ligation–
desulfurization chemistry served as a general proof of concept for
the role of synthetic thiol-derived amino acids in ligation

chemistry.
A similar synthetic strategy was employed for the synthesis

of g-thiol Val 11, which was accomplished by Danishefsky and

co-workers in 2008 (Scheme 4).[21] The 10-step synthesis began
with Fmoc-aspartic acid (Asp)-OtBu 12, which was first side-
chain protected as the methyl ester 13 and then Fmoc depro-
tected to allow conversion into the 9-(9-phenylfluorenyl) (PhFl)

derivative 14. The PhFl-amine protecting group served to
effectively block the a-centre and allow for selective methyla-
tion of the b-position using methyl iodide in the presence of a

strong base, generating 15 as a 1 : 1 mixture of the b-methyl
epimers. Reduction of the methyl ester side-chain of compound
15 to the corresponding g-alcohol was then accomplished using

diisobutylaluminium hydride (DIBAL-H), affording 16 and epi-
16, which were readily separated by column chromatography.

Compound 16 was activated as the corresponding mesylate 17
and treated, under similar conditions to those employed byCrich
andBanerjee for the synthesis ofb-thiol Phe,[20a] with thioacetic
acid in DBU to install the crucial thiol moiety and provide

compound 18 in 73% yield over the two steps. Protecting group
manipulations, including conversion of the S-acetate into the
corresponding S-methyl asymmetric disulfide using S-methyl

methanethiosulfinate (MMTS) and acidic cleavage of the tBu
ester, eventually provided the g-thiol Val building block 11.
Importantly, the b-epimer of 11 was also accessible using an

analogous activation–displacement protocol beginning with
alcohol epi-16. Both diastereomers were shown to effectively
facilitate ligation and could be converted into the native Val

residues upon radical desulfurization.[15]

In 2009, Liu and co-workers reported the synthesis of a
g-thiol Lys derivative 20 that could effectively mediate ligation
at both the a- and e-amino groups of Lys.[22a] Using judicious

Cbz-protection of the side-chain e-amino group, g-thiol Lys
derivative 20 was designed to first facilitate ligation at the
a-amino group. Subsequent deprotection of the Cbz group

would enable modification of the e-amino group in a second
ligation step. Removal of the thiol auxiliary using a reductive[13]

or radical[15] desulfurization protocol would then afford the

doubly functionalized Lys residue. This innovative synthetic
strategy is particularly attractive for the synthesis of peptides
and proteins bearing post-translational modifications on the Lys
side-chain, including acetylation, ubiquitylation, and methyla-

tion. Access to the key g-thiol Lys building block 20 (Scheme 5)
was accomplished in 16 steps from Boc-Asp-OtBu 21 by first
employing conditions described byGuichard and co-workers[30]

for the preparation of 4-hydroxy Lys precursor 22 bearing a
protected g-hydroxy moiety and a free e-hydroxy group. Mesy-
lation and displacement of the primary alcohol of 22 with NaN3

afforded azide 23,[30] which could be reduced to the correspond-
ing amine using catalytic hydrogenation and re-protected in

H2N
OMe

O
(Boc)2N

OMe

O

(Boc)2N
OMe

O

Br

BocN
O

O

MeO2C
Ph

BocHN
OMe

O

HO

BocHN
OMe

O

MsO

BocHN
OMe

O

HS

BocHN
OH

O

SEtS

Boc2O, DMAP NBS, CCl4

quant.

70 % yield
(6 : 1 trans/cis)

(2 steps)

Cs2CO3,
MeOH

MsCl, Et3N,
CH2Cl2

AgNO3, acetone

i) AcSH, DBU, DMF
ii) NaOH, MeOH

55–60 % yield
(3 steps)

ii) LiOH, THF

SEt, Et3N, CH2Cl2

O

i) EtS

40 % yield
(2 steps)

80 % yield
(from trans-7)

4 5 6

789

10 3

(1 : 1 syn/anti )

Scheme 3. Synthesis of b-thiol Phe (phenylalanine) building block 3.

524 L. R. Malins and R. J. Payne



BocHN
OtBu

O

HO2C

83 % yield
(2 steps)BocHN

O

TBDPSO

HO

BocHN

O

TBDPSO

N3

81 % yield
(2 steps)

BocHN

O

TBDPSO

CbzHN

BocHN

O

HO

CbzHN

77 % yield

TBAF, THFMsCl, iPr2EtN

BocHN

O

MsO

CbzHN

BocHN

O

AcS

CbzHN

BocHN

O

S

CbzHN

MeS

BocHN

O

OH

S

CbzHN

MeS

KSAc, DMF
70 % yield
(2 steps)

50 % yield
(2 steps)

i) 95 % TFA, H2O
ii) Boc2O, Et3N,
    MeOH

78 % yield
(2 steps)

20

21 22 23

24

5 steps

2526

i) NaOH, MeOH

ii) MeS

O

CH2Cl2

2827

OtBu OtBu

OtBuOtBu
OtBu

OtBu

SMe, Et3N

OtBu

i) MsCl, iPr2EtN
ii) NaN3, DMF

i) H2, Pd/C, EtOAc
ii) Cbz-Cl, NaHCO3,
    2 : 1 (v/v) dioxane/H2O

Scheme 5. Synthesis of g-thiol Lys (lysine) building block 20.

FmocHN
OtBu

O

KHMDS, MeI,
THF

quant.

83 % yield

MsCl, Et3N,
CH2Cl2

AcSH, DBU, DMF

86 % yield
(2 steps)

82 % yield

PhFlHN OtBu

O

97 % yield
(1 : 1 syn/anti)

PhFlHN
OtBu

O

MeO2C

HO2C MeO2C

PhFlHN
OtBu

O

HO

PhFlHN

O

MsO

73 % yield
(2 steps)

PhFlHN
OtBu

O

AcS

PhFlHN

O

SMeS          SMe, Et3Nii) MeS

PhFlHN
OH

O

SMeS

9-Br-9-phenylfluorene,
K3PO4, CH3NO2

i) TMSCHN2 in Et2O,
    MeOH

ii) Et2NH, CH2Cl2

H2N
OtBu

O

MeO2C

92 % yield

DIBAL-H,
THF

12 13 14

1516
(� epi-16) 

17

O

18 19 11

HCl,
EtOAc

OtBu

OtBu
CH2Cl2

i) NaOH, MeOH

Scheme 4. Synthesis of g-thiol Val (valine) building block 11.

Synthetic Amino Acids for Ligation–Desulfurization Chemistry 525



the presence of Cbz-Cl to afford compound 24. At this point, the

protected g-hydroxy moiety was unmasked and activated using
mesyl chloride. Displacement of mesylate 26 with potassium
thioacetate afforded compound 27, bearing a masked thiol at the

g-position.Conversion into the S-methyl asymmetric disulfide28
was followed by acidic cleavage of the tBu ester and concomitant
loss of the Boc-amine protecting group, which was subsequently

reinstalled to afford the final building block 20. After incorpo-
ration into model peptides, dual ligations were successfully
carried out using this thiol-derived amino acid to generate side-

chain ubiquitylated and biotinylated peptide products.[22a]

Brik and co-workers independently reported a more concise
preparation of a d-thiol Lys derivative 29 for the chemoselective
ubiquitylation of peptides (Scheme 6).[23a] This synthetic strat-

egy began with glutamic acid (Glu) 30, which was first con-
verted into aldehyde 31 using conditions previously reported by
Martin and co-workers.[31] A subsequent base-catalyzed Henry

reaction between aldehyde 31 and MeNO2 in the presence of
tetra-n-butylammonium fluoride (TBAF) afforded the nitro
alcohol 32 as a 1 : 1 mixture of diastereomers. Rather than

installing the key thiol auxiliary at this point through an activa-
tion–displacement protocol, the authors opted instead to pro-
ceed through the formation of Michael acceptor 33, which was
generated in a one-pot acetylation–elimination protocol in the

presence of acetic anhydride and 4-dimethylaminopyridine
(DMAP). The thiol auxiliary was then installed throughMichael
addition of lithium t-butylsulfide, generating compound 34 in

85% yield as a mixture of diastereomers at the d-position.

Reduction of the e-nitro group and subsequent protection with

alloxycarbonyl chloride (Alloc-Cl) provided the protected Lys
derivative 35. To prevent racemization of the a-centre during
base-catalyzed deprotection of the methyl ester, the di-Boc

protected a-amine 35 was first converted into the mono-Boc
derivative 36. A final saponification step using LiOH then
afforded the target d-thiol Lys derivative 29, which was poised

for incorporation into model peptides using Boc-strategy SPPS.
Importantly, both d-thiol epimers mediated ligation at the
e-amine, and could be readily removed via radical desulfuriza-

tion to afford the native Lys residue at the ligation junction.
Further interest in the application of d-thiol Lys in the study

of ubiquitylation prompted the development of a subsequent
synthetic route to the stereochemically pure d-thiol Lys deriva-
tive 37 by Ovaa and co-workers (Scheme 7).[23b] Beginning
with commercially available d-hydroxy Lys derivative 38, the
authors first employed 9-borabicyclo[3.3.1]nonane (9-BBN) as

a regioselective protecting group for the a-amino acid function-
ality[32] and subsequently protected the e-amino group with Boc
anhydride to afford compound 39. Activation of the alcohol

followed by SN2 displacement with potassium thioacetate
facilitated installation of the key thiol auxiliary, affording
compound 40 in 80% yield over the two steps. Hydrolysis of
the S-acetate and re-protection as the S-methyl asymmetric

disulfide provided compound 41. Removal of the 9-BBN
protecting group using ethylenediamine was then followed by
Fmoc protection of the a-amine to afford the target d-thiol Lys
building block 37 in a total of eight steps from hydroxy Lys
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derivative 38.[23b] The same group also reported a modified

protocol in 2013 to access a g-thiol Lys derivative in 8 steps
from L-Lys.[22b] This synthetic strategy relied on a radical
chlorination reaction to directly activate the g-position of Lys.

Protection of the a-amino acid of the resulting g-chloro-Lys
with 9-BBN enabled subsequent nucleophilic displacement of
the g-chloro functionality with potassium thioacetate. Several

protecting groupmanipulations then afforded a suitable building
block for direct incorporation into peptides using Fmoc-
SPPS.[22b]

In 2010, Danishefsky and co-workers reported the construc-

tion of a g-thiol Thr derivative for use in ligation–desulfurization

chemistry.[24] This synthetic strategy employed a slight variation

on the activation–displacement pathway for the installation of
the crucial thiol moiety (Scheme 8). Beginning with protected
vinylglycine derivative 42, treatmentwithmeta-chloroperbenzoic

acid (m-CPBA) first afforded epoxide 43 as a 5 : 1 mixture of
syn/anti diastereomers, which were separated by chromatogra-
phy. Proceeding with the major diastereomer, syn-43, the thiol

moiety was installed at the g-position through opening of the
epoxide with sodium thioacetate, liberating the Thr side-chain
hydroxyl moiety and affording compound 44 in 80% yield as a
single diastereomer. Conversion into the S-methyl asymmetric

disulfide 45 was achieved using standard conditions, and
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protecting groupmanipulation enabled straight-forward conver-

sion into the desired g-thiol Thr building block 47 in seven steps
from vinylglycine 42.

Suitably protected b-thiol Leu derivatives 48 and 49

were independently reported in 2010 by Danishefsky and
co-workers[25a] and Brik and co-workers,[25b] respectively. Both
groups employed a 7-step protocol beginning with the commer-
cially available b-hydroxy-L-Leu 50 or the corresponding

b-epimer, epi-50. Danishefsky and co-workers utilised a similar
mesylation, SN2 displacement protocol to those previously
described (see above) to install the requisite masked thiol

functionality and access the desired b-thiol building block 48

(Scheme 9).[25a] Specifically, an initial Boc-protection of 50
afforded compound 51, whichwas then treatedwith 2-trimethyl-

silylethanol (TMSE-OH) in the presence of N,N0-dicyclohexyl-
carbodiimide (DCC) and DMAP to provide the corresponding
TMSE ester 52. Mesylation of the b-hydroxy moiety followed

by nucleophilic displacement with potassium thioacetate
afforded thioacetate 53 in 82% yield over the two steps.
Hydrolysis of the thioester and subsequent protection as the
asymmetric disulfide 54 was followed by a final C-terminal

deprotection step in the presence of TBAF, furnishing the target
b-thiol Leu derivative 48. The authors also successfully pre-
pared the corresponding diastereomer, epi-48, by beginning the

synthesis with the threo-b-hydroxy-L-Leu derivative, epi-50.
Interestingly, a comparison of the rates of ligation facilitated by
these diastereomeric building blocks indicated a vast difference

between the efficiency of the two diastereomers, with compound
48 mediating more rapid ligation than the corresponding
b-epimer, epi-48. The difference in rate was attributed to a
steric interaction between the C-terminal peptide chain and the

b-isopropyl group of the b-thiol Leu residue imposed by the
putative five-membered ring transition state in the S-to-N
acyl shift (see Scheme 1a). It was postulated that peptides

incorporating building block 48 enabled acyl migration to

proceed with a more favourable trans relationship between the

two substituents, while the incorporation of epi-48 placed
substituents in an unfavourable cis orientation in the five-
membered ring transition state.[25a]

Brik and co-workers also envisaged that the synthesis of
b-thiol Leu could be achieved from the corresponding
b-hydroxy precursor through mesylation followed by nucleo-
philic substitution with an appropriate thiol.[25b] However, a

competing b-elimination pathway observed upon treatment of
the activated b-hydroxy Leu derivative with a nucleophilic thiol
prompted the exploration of an alternative synthetic approach

(Scheme 10). As such, the strategy adopted by Brik and
co-workers for the synthesis of b-thiol Leu derivative 49 began
with the conversion of threo-b-hydroxy-L-Leu epi-50 into the

corresponding methyl ester and protection of the a-amino group
with p-nitrophenylsulfonyl chloride (NsCl) to afford p-nitro-
sulfonamide 55. Intramolecular ring closure using Mitsunobu

conditions then afforded protected aziridine 56 in 96% yield.
Ring opening with p-methoxybenzyl (PMB) thiol in the pres-
ence of BF3�OEt2 occurred in quantitative yield in a 4 : 6 ratio
of regioisomers 57 : 58, which were separated by flash column

chromatography. The desired regioisomer 57, resulting from the
attack of PMB-SH onto the b-carbon of aziridine 56, was then
converted into the target building block 49 following protecting

group manipulations.[25b]

Shortly after a report by Danishefsky and co-workers
describing ligation–desulfurization chemistry mediated by a

commercially available Fmoc-protected trans-g-thiol Pro deri-
vative 2,[18,33] Otaka and co-workers reported a synthetic
approach to the Boc-protected g-thiol Pro derivative 59 and
the corresponding cis diastereomer (Scheme 11).[26] The syn-

thetic pathway to the trans-isomer began with trans-b-hydroxy
Pro derivative 60. Intramolecular cyclization using Mitsunobu
conditions afforded bridged intermediate 61, which was

converted into compound 62, bearing a cis-hydroxy group,
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Scheme 9. Synthesis of b-thiol Leu (leucine) derivative 48.
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following saponification of the lactone in the presence of NaOH
and benzyl protection of the resulting carboxylic acid. Installa-
tion of the thiol handle was accomplished through activation

of alcohol 62 as the corresponding mesylate and subsequent
inversion with potassium thioacetate to generate 63 in 87%
yield over the two steps. Simultaneous hydrolysis of the thioa-

cetate and the benzyl ester moiety followed by trityl protection
of the unmasked thiol then afforded trans-g-thiol derivative 59.
Preparation of the corresponding cis-isomer was accomplished

using a direct activation–displacement protocol beginning with
compound 60.[26]

In 2012, Brik and co-workers reported ligation–
desulfurization chemistry at g-thiol Gln via the synthesis of

suitably protected amino acid derivative 64 (Scheme 12).[27]

The 10-step synthesis of the requisite building block began with
L-Asp 65, which was readily converted into the side-chain

aldehyde 66 in three steps. A Passerini three component
reaction between aldehyde 66, 2,4,6-trimethoxybenzyl isocya-
nide (Tmob-NC) 67, and bromoacetic acid then afforded a

diastereomeric mixture of the g-acyloxy Gln derivative 68 in
89% yield. Treatment of 68 with thiourea in basic media
provided the g-hydroxy derivative 69, which was converted

into mesylate 70 upon activation with mesyl chloride and
triethylamine. Nucleophilic displacement of the mesylate with

thioacetic acid in the presence of DBU introduced the crucial
masked thiol functionality, generating compound 71 in 98%
yield. Protecting group manipulations, including saponification

of the thioester and subsequent conversion to the S-Trt deriva-
tive 72 as well as hydrolysis of the a-carboxy methyl ester,
afforded the target g-thiol Gln building block 64 as a mixture

of diastereomers.[27]

In an effort to explore a common starting material for the
synthesis of thiol-derived amino acids, Payne and co-workers

devised a strategy for the synthesis of b-thiol Arg 73[8d] from
commercially available R-Garner’s aldehyde 74,[34] a configu-
rationally stable, a-amino aldehyde derived from D-serine (Ser)
(Scheme 13). It was envisaged that 74 could serve as a common

starting material for the synthesis of b-thiol building blocks
through the introduction of various proteinogenic amino acid
side chains via strategic application of the diverse array of

carbon–carbon bond-forming reactions available for the modi-
fication of the aldehyde carbonyl carbon. Nucleophilic addition
of the desired amino acid side-chain (or side-chain precursor) to

the starting aldehyde would have the added benefit of directly
generating a b-hydroxy moiety, which could serve as a conve-
nient handle for the introduction of the key thiol functionality

through an activation–displacement reaction pathway. As such,
the synthesis of b-thiol Arg 73 began with the addition
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Scheme 10. Synthesis of b-thiol Leu (leucine) building block 49.
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of allyltributyl tin to Garner’s aldehyde 74, affording the corre-
sponding allyl alcohol 75 in 80% yield as an inseparable, 1 : 6
mixture of syn/anti diastereomers. Deprotection of the hemiam-

inal ether using p-TsOH was then followed by selective protec-
tion of the primary alcohol with tert-butyldimethylsilyl (TBS)
chloride to afford compound 76. Activation of the allyl alcohol

with mesyl chloride and subsequent inversion with potassium
thioacetate occurred in 65% yield over the two steps to afford
thioacetate 77. Facile conversion into the S-trityl derivative 78

was followed by oxidative cleavage of the allyl group in the
presence of OsO4 and NaIO4 to generate the corresponding
aldehyde. Immediate reduction with LiBH4 afforded primary
alcohol 79 predominately as the threo-diastereomer, which was

separated at this point from theminor erythro-isomer. Installation
of the protected guanidine side-chain of Arg was then accom-
plished using Mitsunobu conditions in the presence of N,N0,N00-
tri-Boc-guanidine 80 to afford compound 81. Subsequent remov-
al of the TBSprotecting group afforded primary alcohol 82which
was converted using a two-step oxidation protocol into the target

b-thiol Arg derivative 73. Notably, the overall synthetic logic of
Garner’s aldehyde as a common starting point for the synthesis of
functionalized amino acids for use in ligation chemistry has also

been exploited for the preparation of a b-selenol derivative of
phenylalanine.[35] This building block was successfully utilised
in the construction of peptides using chemoselective ligation–
deselenization chemistry,[36] a related field that has been the

subject of recent reviews.[5o,12b]

Synthesis of Thiol-Derived Amino Acids
via Electrophilic Substitution

As a general synthetic strategy for the preparation of thiol-
derived amino acids, the introduction of auxiliaries through
nucleophilic substitution of activated hydroxyl groups has been

highly successful.[16] Recently, several synthetic approaches to
thiol-derived amino acids have also employed electrophilic
sulfur reagents for the direct functionalization of amino acids.

These strategies have tended to exploit the innate reactivity of
protected amino acid derivatives bearing side-chain esters, such
as Asp and Glu, which can be readily functionalized adjacent to
the side-chain carbonyl carbon through base-mediated enoli-

zation followed by reaction with a suitable electrophile. As a
more direct means of installing the thiol ligation auxiliary than
the activation–displacement protocol (see above), these syn-

thetic strategies also tend to be very concise, minimizing
functional group and protecting group interconversions and
facilitating rapid access to the target thiol-derived amino acids.

The first application of electrophilic sulfenylation chemis-
try for the synthesis of a thiol-derived amino acid for ligation–
desulfurization chemistry was reported by Thompson et al.

in 2013 for the preparation of b-thiol Asp derivative 83

(Scheme 14).[37] The synthesis of this building block was
accomplished in three steps from Boc-Asp(OtBu)-OH 84 and
employed the novel sulfenylating agent 85, prepared in one

step from 2,4,6-trimethoxybenzyl (Tmob) alcohol 86 and
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potassium toluene thiosulfonate 87.[38] First, protection of the
a-carboxylic acid of compound 84 as the allyl ester was

accomplished using allyl bromide in the presence of base to
afford the fully protected Asp derivative 88. In the presence of
2 equiv. of lithium hexamethyldisilazide (LiHMDS) at �788C,
abstraction of the a-NH proton and enolization of the side-

chain ester led to the corresponding dianion of compound 88,

which was then treated with the electrophilic sulfenylating
reagent 85 to provide the Tmob-protected b-thiol derivative 89
as a 9 : 1 mixture of erythro/threo diastereomers. After separa-
tion of the diastereomers by column chromatography, the
major erythro isomer was treated with Pd(PPh3)4 and
N-methylaniline to remove the allyl ester and afford the target

b-thiol Asp building block 83.[37]
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Shortly after the initial report of building block 83,[37] an

alternative preparation ofb-thiol Asp derivative 90was reported
by Tan and co-workers in eight steps from H-Asp(OtBu)-OMe
91 (Scheme 15).[39] Although conceptually distinct from the

sulfenylation protocol employed by Thompson et al.[37] this
preparation also utilised a base-mediated enolization of the
protected Asp side-chain ester to facilitate installation of the

crucial b-thiol auxiliary.[39] Initial condensation of 91 with
S-(thiobenzoyl)thioglycolic acid 92 in the presence of Et3N
and pyridine afforded thiobenzamidomalonic ester 93. Double
deprotonation with LiHMDS to generate the corresponding

dianion was followed by treatment with iodine to promote an
intramolecular iodocyclization to the trans-thiazoline 94. Selec-
tive hydrolysis of the thiazoline ring subsequently provided thiol

95, which was protected as the corresponding S-Trt derivative
96. Boc protection and removal of the benzoyl group provided
compound 98, which was treated with trimethyltin hydroxide to

facilitate mild cleavage of the C-terminal methyl ester protect-
ing group, affording the final building block 90 for application in
ligation-desulfurization chemistry.[39]

In 2014, the electrophilic sulfenylation pathway employed
for the synthesis of b-thiol Asp derivative 83[37] was similarly
applied to the preparation of g-thiol Glu derivatives 99 and
100 by Cergol et al. (Scheme 16).[40] Beginning with Boc-Glu

(OtBu)-OAllyl 101, sulfenylation in the presence of 2 equiv. of
LiHMDS and the 2,4-dimethoxybenzyl (Dmb)-derived sulfe-
nylating reagent 102 afforded the Dmb-protected g-thiol
Glu derivative 103 in 83% yield and as a single diastereomer.
Deallylation in the presence of catalytic palladium(0) then
furnished protected building block 99, which could be directly

incorporated into model peptides. Interestingly, when coupled
to the N-terminus of a peptide using SPPS, building block 99

was found to be incompatible with the standard acidic condi-
tions employed to facilitate cleavage of the peptide from the

resin. The deprotected g-thiol moiety was shown to facilitate
cleavage of the terminal Glu derivative through thiolactone
formation under acidic conditions. As such, the alternative

building block 100, bearing an S-methyl asymmetric disulfide

protecting group at the g-position, was prepared by direct
treatment of Dmb-derivative 99 with dimethyl(methylthio)
sulfonium tetrafluoroborate 104. The disulfide protecting group

was orthogonal to the acidic conditions employed for cleavage
of the resin-bound peptide, and as such, thiolactonization was
not observed with building block 100, enabling incorporation

into model peptides for use in ligation–desulfurization
chemistry.[40]

Another application of sulfenylation chemistry for the rapid
preparation of a thiol-derived amino acid was reported in 2014

by Payne and co-workers.[41] By employing a chemoselective
sulfenylation protocol first described in the late 1960s for the
selective modification of tryptophan (Trp) residues in unpro-

tected peptides,[42] this study devised a strategy for ligation–
desulfurization chemistry at Trp that avoided the need to
prepare a preformed amino acid building block. Specifically,

treatment of a fully deprotected peptide bearing an N-terminal
Trp residue (e.g. compound 105, Scheme 17) with 2,4-dinitro-
phenylsulfenyl chloride (DNPS-Cl) 106 in the presence of

acetic acid allowed for the selective modification of the
2-position of the indole ring, generating the 2-DNPS adduct
107. Thiolysis of the indole 2-thioether[43] upon treatment with
thiophenol unmasked the thiol auxiliary at the 2-position to

afford the 2-thiol Trp functionalized peptide 108. The sulfeny-
lation protocol was also adopted for the on-resin modification
of Trp-containing peptides, minimizing the number of interme-

diary purification steps and facilitating the rapid installation of
the thiol ligation handle into synthetic peptides. The 2-thiol
auxiliary was shown to effectively promote peptide ligation

with a variety of C-terminal peptide thioesters and could be
removed upon reductive desulfurization in the presence of Pd
on Al2O3 following the ligation reaction.[41]

The concise synthetic approaches to thiol-derived Asp, Glu

and Trp for ligation–desulfurization chemistry have showcased
the utility of electrophilic substitution reactions, particularly
sulfenylation chemistry, as a facile means of introducing the key

CO2tBu

H2N CO2Me

91

Ph S

S

CO2H

Et3N, pyridine

92 CO2tBu

N
H

CO2Me

93

Ph

S

97 % yield

CO2tBu

CO2Me

S

N
Ph

94

i) LiHMDS, THF
ii) I2, THF

38 % yield

54 % yieldHCl, THF

CO2tBu

N
H

CO2Me

95

Ph

O
HSCO2tBu

N
H

CO2Me

96

Ph

O
TrtS

Trt-Cl, DCM
Boc2O, DMAP,

THF

76 % yield

CO2tBu

N CO2Me

97

Ph

O
TrtS

Boc
88 % yield

86 % yield NH2NH2, THF, MeOH

CO2tBu

BocHN CO2Me

98

TrtS
Me3SnOH, DCE

97 % yield

CO2tBu

BocHN CO2H

90

TrtS

Scheme 15. Synthesis of b-thiol Asp (aspartic acid) derivative 90.

532 L. R. Malins and R. J. Payne



thiol auxiliary into thiol-derived amino acid building blocks. It
is envisaged that these rapid preparations will facilitate the
increasing adoption of such building blocks for the routine

construction of peptide and protein targets using ligation–
desulfurization chemistry.

Application of Thiol-Derived Building Blocks
in the Assembly of Proteins Using Ligation–
Desulfurization Chemistry

By far the most widely used ligation–desulfurization method for
the synthesis of proteins has been native chemical ligation at Cys
followed by post-ligation desulfurization to afford an Ala resi-

due. Indeed, this method has been used for the total chemical
synthesis of several complex protein targets.[5q,12] The pre-
dominant use of the Cys desulfurizationmethod ismainly owing

to the fact that Cys is widely available while the majority of
thiol-derived amino acid building blocks have not yet become

commercially available. However, recently the power of
ligation–desulfurization at synthetic building blocks bearing
suitably positioned thiol auxiliaries has been demonstrated

through the synthesis of several challenging targets. The
following discussion will outline four recent contributions that
have employed ligation–desulfurization chemistry at thiol-
derived amino acids in the total chemical synthesis of complex

protein targets.
An impressive application of the synthetic d-thiol Lys

building block 29[23a] for the study of protein ubiquitylation

was reported in 2011 by Brik and co-workers (Scheme 18).[44]

The authors of this study prepared the 304-amino acid tetra-
ubiquitin protein 109 using iterative ligation chemistry. Con-

struction of the target compound began with the synthesis of
ubiquitin monomer 110, containing a d-thiol Lys residue at
position 48 in the ubiquitin polypeptide chain. Ligation of this

fragment with ubiquitin thioester 111, containing a thiazolidine
protected d-thiol Lys residue first afforded a diubiquitin
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Scheme 17. Synthesis of 2-thiol Trp (tryptophan)-derived peptides.
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conjugate. Deprotection of the thiazolidine rendered compound
112, which was poised for further functionalization with another
equivalent of ubiquitin-derived thioester 111. Thiazolidine

deprotection then afforded the ubiquitin trimer 113, which
was subjected to a final ligation with ubiquitin thioester 114
containing a native Lys residue at position 48. Removal of the
three d-thiol ligation auxiliaries in a global radical desulfuriza-

tion protocol provided the target tetraubiquitin protein 109.
Analysis of the homogeneous, polyubiquitin protein using
circular dichroism and chain disassembly using the deubiquiti-

nating enzyme IsoT confirmed that synthetic protein 109

contained a three-dimensional structure consistent with that of
native ubiquitin constructs.[44]

Another powerful example of the disconnection of proteins
using a combination of ligation–desulfurization at Cys and
thiol-derived amino acid building blocks was provided by

Danishefsky and co-workers for the preparation of the 84-amino
acid, Cys-free human parathyroid hormone (hPTH) 115

(Scheme 19).[45] By employing a convergent ligation–global
desulfurization protocol, the authors of this study accessed the

target protein 115 through ligation at Cys, b-thiol Leu, and
g-thiol Val from peptide fragments 116–119. First, thiophenyl
thioester 116 was utilised in a kinetically controlled ligation

reaction[7] with bifunctional peptide 117, containing an
N-terminal b-thiol Leu residue and a C-terminal alkyl thioester
to generate hPTH(1–38) 120. A g-thiol Val-mediated ligation

reaction between peptides 118 and 119 followed by a thiazoli-
dine deprotection then furnished hPTH (39–84) 121, bearing
an unprotected Cys residue at the N-terminus. Convergent
assembly of the full-length polypeptide sequence was then

accomplished using a native chemical ligation reaction between
Cys-peptide 121 and alkyl thioester 120, which proceeded in
63% yield to afford compound 122. Removal of the Cys,b-thiol
Leu, and g-thiol Val ligation auxiliaries in a global desulfuriza-
tion protocol subsequently furnished hPTH 115 in 86% yield.
Spontaneous folding of the synthetic protein was confirmed

using circular dichroism, and the chemically prepared hPTH
was also shown to be of higher purity than the recombinantly
produced hPTH used as a reference sample.[45] These results

further validate the utility of chemical synthesis, particularly
ligation–desulfurization chemistry, for the preparation of well
defined protein samples for use in biological assays.

Recently, Thompson et al. have described the synthesis of

two tick-derived antithrombotic proteins, madanin-1 and chi-
madanin, using thiol-derived amino acids.[8e] Madanin-1 123

was assembled in the N-to-C direction from peptide fragments
124, 125, and 126 using a three-component, one-pot kinetically
controlled ligation–desulfurization protocol (Scheme 20a).

Following preparation of the target peptide fragments using
Fmoc-SPPS, synthesis began with a kinetically controlled
ligation between peptide thioester 124, bearing a reactive
C-terminal thioester moiety prepared using trifluoroethanethiol

(TFET) 127, and bifunctional peptide 125, containing an
N-terminal b-thiol Asp residue[37] and a C-terminal ethyl
3-mercaptopropionate-derived thioester. Importantly, in this

kinetically controlled ligation, the electron-withdrawing nature
of the trifluoro-substituted TFET alkyl thioester served to
enhance the acylating ability of peptide 124 relative to peptide

125, promoting the intermolecular condensation of fragments
124 and 125 over the competing cyclization or oligomerization
of bifunctional peptide 125. Following completion of the first

ligation, the addition of excess TFET enabled activation of the
latent ethyl 3-mercaptopropionate-derived thioester and subse-
quent ligation with peptide fragment 126, bearing an N-terminal
Cys residue, to afford intermediate 128. Without isolation,

peptide 128 was directly subjected to radical desulfurization
in the presence of tris-(2-carboxyethyl)phosphine (TCEP), the
water-soluble radical initiator VA-044,[15] and reduced gluta-

thione[17] to afford the target madanin-1 123 in 42% isolated
yield over the three steps.[8e] This efficient, one-pot ligation–
radical desulfurization protocol was facilitated by the use of the

alkyl thiol TFET as a novel thiol ligation additive. The innate
radical quenching ability of the more commonly employed aryl
thiol ligation catalysts (e.g. thiophenol[46] and 4-mercaptophenyl-
acetic acid (MPAA)[47]), generally mandates complete removal

of the thiol additive from the ligation mixture before radical
desulfurization. In contrast, the alkyl thiol TFET does not
interfere with the radical desulfurization transformation and

thus enables ligation–desulfurization reactions to be carried out
using an operationally simple one-pot protocol.[8e]

Application of the TFET-promoted one-pot ligation–

desulfurization[8e] has also been demonstrated for the prepara-
tion of chimadanin 129 using g-thiol Glu building block 100

(Scheme 20b).[40] The synthesis of this protein was accom-

plished through the ligation of three-components, 130, 131, and
132, in the C-to-N direction. Fragment 130, bearing an
N-terminal g-thiol Glu residue was first ligated with peptide
131, bearing a C-terminal thioester and an N-terminal Cys

residue masked as the corresponding thiazolidine residue.[48]

This reaction was promoted by the presence of excess TFET,
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which facilitated in situ activation of the ethyl 3-mercapto-
propionate peptide thioester 131 to generate the more reactive

TFET thioester. Following completion of the ligation, removal
of the N-terminal thiazolidine residue was accomplished upon
treatment with methoxyamine to afford intermediate 133, bear-

ing a free N-terminal Cys residue. Peptide 133was subsequently

ligated with peptide thioester 132 to afford the full-length
polypeptide backbone. Without intermediary purification, a

radical desulfurization protocol facilitated direct removal of
both the Cys and g-thiol Glu ligation auxiliaries, affording the
native chimadanin 129 in 35% isolated yield over the four

steps.[8e]
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Conclusions

The development of ligation–desulfurization chemistry has
greatly increased the flexibility of chemoselective ligation
technologies for the construction of peptides and proteins. This

methodology has extended the scope of native chemical ligation
beyond the traditional reliance on the presence of appropriately
placed Cys residues within a target sequence. In particular,

recent successes in the preparation of thiol-derived amino acids
have now enabled the disconnection of target molecules at 11
additional amino acid sites (Phe, Val, Lys, Thr, Leu, Pro, Gln,
Arg, Asp, Glu, and Trp). It is predicted that the growing avail-

ability of these important synthetic building blocks (e.g. through
commercial sources or increasingly concise synthetic routes),
together with the very recent development of methods for

streamlining the ligation–desulfurization protocol into an effi-
cient, one-pot process,[8e,49] will facilitate the continued adop-
tion of the ligation–desulfurization manifold for the rapid

construction of diverse protein targets. Just as the pioneering
synthetic work of Sir John Cornforth enabled the careful
investigation of the mechanisms of enzyme catalysis, the pro-

grammed construction of homogeneous peptide and protein
targets using the tools afforded by chemical synthesis will no
doubt prove an invaluable resource for understanding the intri-
cate relationship between protein structure and function.
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