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Cysteine protecting groups: applications in
peptide and protein science
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Protecting group chemistry for the cysteine thiol group has enabled a vast array of peptide and protein

chemistry over the last several decades. Increasingly sophisticated strategies for the protection, and
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subsequent deprotection, of cysteine have been developed, facilitating synthesis of complex disulfide-
rich peptides, semisynthesis of proteins, and peptide/protein labelling in vitro and in vivo. In this review,

we analyse and discuss the 60+ individual protecting groups reported for cysteine, highlighting their
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1. Introduction

The concept of protecting, and subsequently deprotecting,
functional groups is of paramount importance in synthetic
chemistry.' Protecting group strategies in particular feature
extensively in the synthesis of peptides, whereby amino acid
building blocks are coupled to one another via amide bonds.
This is unsurprising, given the array of functional groups that
are found within the 20 proteinogenic amino acids, including:
amines, alcohols, thioethers, imidazole rings, and carboxylic
acids.” Of the proteinogenic amino acids, cysteine (Cys) has
garnered enormous interest within the field of peptide (and
protein) chemistry and biology, owing to the unique properties
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applications in peptide synthesis and protein science.

of its thiol side chain. For example, disulfide bonds, which can
be formed via the covalent linkage of two Cys thiol side chains,
are of utmost importance in defining certain peptides and
proteins conformational, proteolytic, chemical, and biophysical
properties.>® Disulfide-containing peptides have also gained huge
interest as therapeutic agents.”® In 1953 Vigneaud, Ressler, Swan,
Roberts, Katsoyannis, and Gordon, demonstrated the chemical
synthesis of the hormone oxytocin, a disulfide containing peptide
that is the focus of a great deal of therapeutic research (Fig. 1a).">""
Vigneaud was later awarded the Nobel prize in Chemistry in 1955.
The hormone insulin, which is produced in the pancreas and
contains one intrachain and two interchain disulfide bonds, has
been a critical component of treating Type I diabetes over the last
100 years (Fig. 1b)"* Disulfide-containing peptides also feature
in a number of Food and Drug Administration (FDA) approved
therapeutics, such as Ziconotide (Prialt™, a disulfide-rich peptide
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for treating severe chronic pain, Fig. 1c),"* Linaclotide (Linzess™,
a disulfide-rich peptide for treating severe irritable bowel
syndrome)," -and **Ga-DOTATOC (Fig. 1d, an octreotide-based
tumour imaging agent).”® In biology, Cys often finds itself of
critical importance in redox processes,'® and in the active sites
of enzymes such as cysteine proteases.'” Cys is also often the site
of choice when it comes to the site-specific modification of
proteins, also known as bioconjugation, owing to its favourable
properties (nucleophilic profile of the thiol at neutral/near-
neutral pH, low natural abundance, general ease of incorporation
into proteins via site-directed mutagenesis).'® This growing field
in chemical biology has led to the development of a range of
therapeutically relevant bioconjugates, most notable of which
include antibody-drug conjugates (ADCs);'® these include FDA
approved Adcetris™ (Fig. le, brentuximab vedotin, used to
treat lymphoma), Polivy™ (polatuzumab vedotin, used to treat
lymphoma), and Padcev™ (enfortumab vedotin, used to treat
urothelial cancer), all of which have their therapeutic payload
covalently attached to the antibody via Cys conjugation.’

The reactivity profile of Cys enables a plethora of applications
in chemistry and biology related to peptides and proteins.
However, this reactivity also leads to significant challenges
when employing the residue for peptide chemistry in particular.
The reactive nature of the thiol side chain makes it prone to side
reactions such as alkylation and oxidation.>* Particularly for
disulfide-rich peptides, ensuring the regioselective formation/
correct connectivity of disulfides presents a significant challenge
in peptide synthesis.>® Ensuring racemisation of Cys at the
a-carbon stereocenter does not occur during peptide synthesis also
presents a notable challenge; this is especially true for synthesising
peptides containing a C-terminal Cys.>* Other side reactions related
to Fmoc SPPS include formation of 3-(1-piperidinyl)alanine
by-products at the C-terminal Cys position formed by an
elimination-addition reaction involving piperidine.**** Unsur-
prisingly, this has led to significant research into strategies to
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protect (and subsequently deprotect) the thiol side chain to
overcome these challenges, and to further expand upon the
synthesis of biomolecules. Indeed, protection of Cys during
standard peptide synthesis is therefore often critical to avoid
undesired alkylation/oxidation, allowing for synthesis of the
desired peptide. In the case of disulfide-containing peptide
synthesis, the development of “orthogonal” Cys protecting
groups (which can be selectively deprotected in the presence
of one another) has proved paramount to ensuring regioselec-
tive disulfide formation.®

Herein we review the different thiol protecting groups
reported for Cys throughout the last 70+ years. We analyse
and discuss each of the individual 60+ protecting groups that
have been reported for Cys protection (and deprotection). For
each group (and where applicable), this review will focus on (a)
the conditions used for its deprotection, (b) use in Boc and
Fmoc peptide synthesis, (c) its comparison to other related Cys
protecting groups, and (d) notable applications of the Cys
protecting group in peptide and protein chemistry.

2. Organisation of review

This review begins with a brief introduction to key concepts relevant
to the content covered within the review and Cys protecting group
chemistry as a whole. This is then followed by a table (Table 1) and a
series of discussions about each individual protecting group.
Taking inspiration from previously reported literature,*® the
protecting groups within this review have been divided into
separate categories based on the conditions that have primarily
been used for their deprotection. We note that, in cases where
multiple methods of deprotection are available, certain protecting
groups do not sit rigidly within these categories. The categories
are as follows: Acid labile, oxidatively labile, base labile, enzyme-
labile, hydrazine-labile, palladium-labile, and reductively labile.
The “benzyl” protecting group, protecting groups specific to
N-terminal Cys, and the “safety catch” protecting group, have
also been assigned to their own separate categories. Additionally,
in order to give historical context, the groups in each category are
broadly arranged in chronological order. For additional reading,
we direct the reader to extensive reviews on general amino acid
protecting groups by Isidrio-Llobet, Alveraz, and Albericio,* along
with reviews that focus on regioselective disulfide formation by
Postma, and Albericio,” and more recently by He, Pan, Mayer, and
Li.> We also wish to highlight a recent review by Laps, Satish, and
Brik discussing recent advances in transition metal chemistry
relating to peptide/protein synthesis.>®

3. Key concepts in cysteine protecting
group chemistry
3.1 Solid phase peptide synthesis

Briefly, chemical peptide synthesis dates back well over 100 years
ago, when Curtius synthesised benzoylglycylglycine, an N-protected
dipeptide, in 1882 using benzoyl chloride and the silver salt of
glycine." In the early 1900s, Fischer and Fourneau reported the

Chem. Soc. Rev,, 2021, 50, 11098-11155 | 11099
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Fig. 1 Examples of Cys-containing biomolecules of therapeutic interest. (a) Oxytocin, (b) Human insulin, (c) Prialt™/Ziconotide, (d) ®8Ga-DOTATOC,

(e) Adcetris™/Brentuximab vedotin.

synthesis of the unprotected dipeptide via hydrolysis of glycine
ester to give the diketopiperazine, which subsequently hydro-
lysed to give glycylglycine.”® Later, in 1932, the concept of using
protecting groups to temporarily mask functional groups in the
context of peptide synthesis was established when Bergmann and
Zervas introduced the carbobenzoxy group (Cbz or Z) for the
protection of amines.”® Another key concept was then introduced
in 1955 by Sheehan and Hess, where N,N-dicyclohexylcarbodiimide
(DCC) was established as an amide coupling reagent for peptide
synthesis.”” This would later be followed by the introduction of the
acid-labile tert-butyloxycarbonyl (Boc) protecting group in 1957 by
Carpino,”® Mckay, and Albertson.”® Peptide synthesis would later be
revolutionised by the advent of solid phase peptide synthesis (SPPS)
reported in 1963 by Merrifield.>*° Here, peptides are synthesised
through sequential coupling of protected amino acids on a solid
support (typically a polystyrene resin); impurities and excess
reagents can then be removed by simple wash and filtration of

11100 | Chem. Soc. Rev., 2021, 50, 11098-11155

the solid support (Fig. 2). Specific cocktails of reagents can then
be used to cleave and isolate the peptide from the resin;
different resins have since been reported over the last few
decades, which yield peptides with different functional groups
at the C-terminus once cleaved e.g. acid, amide, thioester.*'
Carpino, along with Han, would then introduce the base-labile
9-fluorenylmethoxycarbonyl (Fmoc) protecting group in 1970.>>
The combination of these concepts has led to development of
two solid phase strategies for peptide synthesis: the Boc/Benzyl
(Bn) strategy, and the Fmoc/tert-butyl (tBu) strategy. The Fmoc/
{Bu strategy is now the more routinely used, as it avoids both the
repeated acidic treatments of the peptide, and the use of
hydrogen fluoride (HF) (which requires specialist equipment
and is extremely toxic) that is required in Boc/Bn peptide
synthesis.>® For a more extensive breakdown of the history of
peptide chemistry and related key concepts, we direct the reader’s
attention to discussions in recently published reviews.**~**

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Outline of solid phase peptide synthesis (SPPS) procedure. Following loading of a desired amino acid onto a functionalised polystyrene resin,
sequential deprotections of the N-terminal protecting group and amide coupling reactions yield a resin-bound, protected peptide of a desired sequence.
Excess reagents/impurities can be removed by washing and filtration at each step. Removal of protecting groups and cleavage of the peptide off the resin

with specific cocktails of reagents yields the final desired peptide.

3.2 Native chemical ligation and related ligations strategies

SPPS is now the standard for the chemical peptide synthesis;
however, the process is generally limited to peptides of ca. 50
amino acids long.*> As such, ligation reactions are usually
employed when synthesising larger peptides,*® the most common
of which is the native chemical ligation (NCL) strategy. Introduced
in 1994 by Dawson, Muir, Clark-Lewis, and Kent,”” NCL is a
ligation reaction between a C-terminal peptide thioester and an
N-terminal cysteinyl peptide. An initial exchange reaction occurs
between the thiol and the thioester linking the two peptides via a
thioester bond. The molecule then spontaneously rearranges via
an intramolecular S,N-acyl transfer, resulting in the formation of a
native peptide bond (Fig. 3a).*® A notable example of NCL is in the
one-pot synthesis of Crambin reported in 2004, whereby three
peptide fragments were ligated together using NCL, followed by
folding to yield the desired protein.*® Peptide fragments for NCL
can be synthesised chemically via SPPS or, when significantly
longer peptide fragments are desired, can be produced recombi-
nantly in bacterial expression systems such as in Escherichia coli
(E. coli) cells. In some cases, these recombinantly produced pep-
tides contain an intein segment fused to the C-terminus, which
can then undergo N,S-acyl shift and, following addition of an
exogenous thiol such as sodium 2-mercaptoethanesulfonate
(MESNa), cleavage to yield a thioester-containing peptide fragment
that can subsequently participate in NCL; this process is known as
expressed protein ligation (EPL, Fig. 3b).*>*' The resulting Cys
residue post-NCL can then be converted to alanine through
metal-based desulfurisation,*® or metal-free-based desulfurisa-
tion using radical initiators such as 2,2’-azobis[2-(2-imidazolin-
2-yl)propane]dihydrochloride (VA-044) in combination with
tris(2-carboxyethyl)phosphine (TCEP, Fig. 3c).** As a result, it
is therefore common for alanine within a target peptide
sequence to be the ligation site of choice.

Other common systems used for ligation of large peptides
are N,S-acyl shift systems, one example of which is the

This journal is © The Royal Society of Chemistry 2021

cysteinylprolyl ester (CPE) system.** Here, peptides containing
a CPE unit at the C-terminus can undergo spontaneous N- > S
transformations into diketopiperazine thioesters. The resulting
thioester can then undergo NCL in a one-pot process (Fig. 3d).
A related system that uses cysteinylprolyl imide (CPI) peptides
has more recently been described and used in the synthesis of
proteins such as ZHER? affibody.*” In addition, peptides containing
C-terminal hydrazides can be used as more chemically stable
peptide thioester precursors.*® In this strategy the hydrazide group
can be chemically converted to a C-terminal azide or acyl pyrazole
using nitrous acid or acetyl acetone, followed by conversion to a
thioester through addition of 4-mercaptophenylacetic acid (MPAA,
Fig. 3(e)).*” This methodology has since been used in the synthesis
of multiple proteins, including Centruroides suffusus suffusus toxin II
protein (CssII)*® and a-synuclein.*® Peptide hydrazides can also
be prepared through Cys cyanylation using 2-nitro-5-thio-
cyanatobenzoic acid (NTCB) followed by addition of hydrazine,
as shown in the recently described activated Cys-directed
protein ligation (APCL).*> Another ligation strategy is the
thioester method, whereby a silver (Ag") activated C-terminal
alkyl thioester is directly displaced by an N-terminal amine to
yield the desired amide bond.”® A silver-free protocol has also
been developed for the thioester method, which involves the
use of aryl, as opposed to alkyl, thioesters (Fig. 3f).>' To ensure
a successful peptide synthesis both thioester methods require
peptide fragments with protected amino groups, such as Fmoc
protection of N-terminal a-amino groups, or Boc/Z protection of
Lys side chain e-amino groups; alternatively, Lys side chains
can be protected by using an azido-lysine analogue during
peptide synthesis, followed by azide reduction to give the
desired e-amino group post-thioester ligation.* Thioester
methods have since been utilised for the synthesis of proteins
such as chemokine CCL27°'and various glycoproteins.>® For
further reading on ligation methods, we direct the reader to
extensive reviews on the subject.>*™’

Chem. Soc. Rev,, 2021, 50, 1098-11155 | 11101
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Fig. 3 Strategies related to peptide ligation. (a) Native chemical ligation (NCL), (b) expressed protein ligation (EPL), (c) radical-based desulfurisation of
Cys to yield alanine using 2,2'-azobis[2-(2-imidazolin-2-yl)propaneldihydrochloride (VA-044), (d) cysteinyl prolyl ester(CPE) system, (e) ligation of
peptides using peptide hydrazides, (f) thioester method for ligation of peptides.

3.3 Orthogonality and bioorthogonality protecting groups that can be chemoselectively removed in

In 1977, Barany and Merrifield described the concept of the presence of one another without affecting/removing each
“orthogonality”, which (as mentioned previously) describes other under certain sets of conditions.”® This concept has

11102 | Chem. Soc. Rev,, 2021, 50, 1098-11155 This journal is © The Royal Society of Chemistry 2021
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proved especially important in peptide synthesis when considering
disulfide-containing peptides, where the use of protecting groups
can avoid off-target and undesired disulfide formation (Fig. 4a).>®
The concept of orthogonality would later be extended to chemical
biology when Bertozzi coined the term “bioorthogonal”. First
referenced by Bertozzi in 2003, along with Hang, Yu, and Kato,*
bioorthogonal/bioorthogonality refers to chemical reactions that
can be performed in biological systems without interfering with
the native environment (Fig. 4b).°>®" This typically relies on
incorporation of non-natural functionalities, which can be used
as “handles” for selective, biooorthogonal reactions. The field

a)Orthogonality: Regioselective disulfide formation b) Bioorthogonal chemistry: Selective labelling of target biomolecule
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of bioorthogonal chemistry has grown rapidly over the last two
decades, with in vivo applications such as metabolic labelling of
developing zebrafish embryos.**® On the related subject of
protein modification, advances in synthetic biology and genetic
code expansion have enabled the incorporation of non-natural
functionalities into proteins via unnatural amino acid mutagenesis.
This typically involves expression of a gene (encoding for a protein
of interest) containing an amber STOP codon (in E. coli cells),
along with expression of an orthogonal tRNA/tRNA synthetase
in the presence of an unnatural amino acid, to produce the
unnatural amino acid-containing protein of interest (Fig. 4c).
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(a) Concept of orthogonality and its relation to protecting group chemistry and disulfide formation. Using combinations of protecting groups that

are orthogonal i.e. can be removed in the presence of one another, followed by disulfide bond formation in a sequential manner allows for controlled,
regioselective disulfide bond formation. (b) Outline of bioorthogonal chemistry. Selective modification of a given biomolecule is carried out without
off-target modification/perturbation of the native environment. (c) Outline of unnatural amino acid mutagenesis. Using a suitable cell strain, expression of
a plasmid encoding for the desired protein (which contains an amber STOP codon) alongside an orthogonal tRNA synthetase/tRNA pair and unnatural
amino acid allows for incorporation of said unnatural amino acid at the aforementioned STOP position.
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Functionalities introduced into proteins in this manner include
azides, alkynes, aldehydes, and tetrazines. Similar to the thiol
side chain of Cys, these groups can subsequently be used as
handles for site-selective bioconjugation to yield conjugates
such as ADCs.®* Alternatively, amino acids with modified or
protected side chains can also be introduced; these include
analogues that mimic post-translational modifications (PTMs)
in proteins e.g. histones,®® or photocaged analogues of inactive
enzymes which can subsequently be activated via deprotection
e.g. photocaged Tyr in B-galactosidase.®®

4. Table of cysteine protecting groups

View Article Online
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5. Cysteine protecting groups in
peptide and protein science
5.1 Benzyl (Bzl)

The benzyl (Bzl, Bn) protecting group (Fig. 5a) has been used for
many years.®”'®” One of the most noteworthy examples where
the Cys(Bzl) protecting group has featured is in the landmark
chemical synthesis of the hormone oxytocin in 1953 (Fig. 5b);
this was the first example of a polypeptide hormone synthesis,
and contributed towards Vincent du Vigneaud being awarded
the Nobel Prize in Chemistry in 1955. Synthesis of other
Cys-containing oxytocin analogues have also employed the Bzl
protecting group.'®® Additionally, Cys(Bzl) protected tripeptides
have been shown to display apoptotic activity.'®® Protocols for

Table 1 List of protecting groups for the Cys thiol that have been reported over the last several decades. The following for each protecting group is
covered in this review: (i) name and abbreviations, (i) the deprotection/lability classification (as mentioned previously in Section 2) (i) deprotection
conditions and relevant references (iv) conditions to which the protecting group is stable to/compatible with, and (v) the structure of Cys-protecting

group conjugate as observed within a peptide chain
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N
N
H k4
e}
Na/NH; (lig.)”® ©
Tetrahydropyranyl (Thp);  , .4 Silver nitrate (aq., 0 °C)”® 1% TFA in DCM”’ $
Section 5.2.3 TFA/TIS/DCM (95:2.5:7.5)7  Standard Fmoc SPPS
reagents’’ ;e\ H
N N}f’
H
o}
NpsCl (2 h, RT), then NaBH,® 1,7
HF (20 °C)”° TFA®
DTNP/TFA®* AgOT/TFA®
tert-Butyl (tBu); Acid Hg(OAc),/TFA/anisole®! Na/NH; (lig.)”®

Section 5.2.4
TI(TFA);**

DMSO/TFA%*

11104 | Chem. Soc. Rev,, 2021, 50, 11098-11155

Silyl chloride-sulfoxide/TFA®

Hydrazine”®
Standard Fmoc SPPS
reagents®®

S
.
RH% Y
0]

This journal is © The Royal Society of Chemistry 2021
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Table 1 (continued)

Protecting group,
abbreviations and
location within review Lability Deprotection conditions Stable to/compatible with Structure

PdCl,, 50 mM Tris or urea
buffer (37 °C)**

TFA (100 °C)* HBr* MeO
HF”® TFA (without scavengers)®®
DTNP or DTP/TFA/ Standard Fmoc SPPS
thioanisole®® reagents’®
4-Methoxybenzyl (Mob, ; TFA/TIS (12 h, 37 °C)** Standard Boc SPPS reagents
. Acid S
MBzl); Section 5.2.5 (for small peptides)**!
Hg(TFA),* H
N
TI(TFA);* B&H Y

AgOT{/TFA/thioanisole®”

50% TFA in DCM (23 h,
24 °C)*?
Standard Boc SPPS reagents®*

3,4-Dimethylbenzyl (DMB);

. . 092
Section 5.2.6 Acid HF (10 min, 0 °C) S

N
H
O
HF/anisole (1 h, 0 °C)** AgOTf*
TI(TFA);*? Standard Fmoc SPPS
reagents”*
Methylbenzyl (Meb, DMSO/TFA (45 °C)"* Standard Boc SPPS reagents®"
4-MeBn, 4-MeBzl); Acid S
Section 5.2.7 H
N
A\ ~
H
O
Hg(OAc),/TFA®' TFA (2.5 h, 0 °C)*
1 M TFMSA/anisole/TFA” AgOT/TFAY
TI(TFA);*? Standard Boc SPPS reagents®’
4
1-Adamantyl (Ad, 1-Ada); ) Standard Fmoc SPPS reagents s
. Acid
Section 5.2.8 H
A AN
N
Y
6}
AgOTf/anisole/TFA (1 h, 0 °C)** TFA (4 h, 0 °C)**
1 M TMSOTf/thioanisole/TFA  Hydrazine®*
(1 h, 0°C)** o)
TI(TFA),** Piperidine/DMF** r
Benz.yloxymethyl (Bom); Acid NaBO,* S
Section 5.2.9 Standard Fmoc SPPS H
reagents® N
Ay ~
H
(0]

>6% TFA with TES or TIS MeO OMe
(0.5%) in DCM (5 min, 25 °C)*®

>30% TFA in DCM with

phenol/thioanisole/H,O

2,4,6-Trimethoxybenzyl . 5% each)®® Standard Fmoc SPPS
(Tmob); Section 5.2.10 Acid EZ/DMF (3 °)% reagents®® OMe S
TI(TFA)s/DMF/anisole (0 °C)* £ H
N Y
H
o}
OMe

4,4’ 4" -Trimethoxy-
triphenylmethyl (TMTr); Acid 1% TFA in DCM®® Standard9 6Fmoc SPPS MeO oMo
Section 5.2.11 reagents

This journal is © The Royal Society of Chemistry 2021 Chem. Soc. Rev,, 2021, 50, 11098-11155 | 11105
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Table 1 (continued)

View Article Online

Review Article

Protecting group,
abbreviations and

location within review Lability Deprotection conditions Stable to/compatible with Structure

TFA (PM*M°pro, 32-36 h, Standard Fmoc SPPS

sequence dependant)’’ reagents®’

TFMSA (15 min, 0 °C)*® TFA (¥™"pro)” S

lines (¥Prol TFA (¥M*M°pro, 1-6 h, TFA/MeOH/TIS/H,0 R'>< H
Pseudoprolines (VPro); Acid sequence dependant)® (80:15:2.5:2.5, ¥M*Mepro, 1 R\ N
Section 5.2.12 h, cyclic peptides)™®* N Y

TFA (P™°™Ppro, minutes)®” o)

TFA (WHP™Ppro, C-terminal

resin-bound, 1.5 h)'®°
4-Methyltrityl (Mtt); . o 75 Standard Fmoc SPPS
Section 5.2.13 Acid 1% TFA/scavengers reagents’®

S
A N
N
H 5 }“‘,
1-3% TFA in DCM/TES Bases, e.g. 30% piperidine in OMe
(95:5)"" DMF (24 h, 22 °C)"*
e Very weak acids, e.g. AcOH/
TFE/DCM (1:2:7, 30 min)”"
Standard Fmoc SPPS
4-Methoxytrityl (Mmt); Acid reagents”*
Section 5.2.13
S
A %H
N
Nl Y

TFA:DCM: TES Piperidine/DMF (=24 h, o

(0.1:99.4:0.5)'% 25 °C)'?

TFA:DCM : BME (10:85:5)'> HOBt/DMF (24 h, 25 °C);

TFA:DCM: TES (1:98.5:0.5)  AcOH'”? :
9H-Xanthen-9-yl (Xan); Acid solid phase (25 C, 2 h)'*? &
Section 5.2.15 I,/MeOH'** Standard Fmoc SPPS

reagents'®? A H
N
TI(TFA);'? N
U

TFA:DCM: TES Piperidine/DMF (>24 h, o

(0.1:99.4:0.5)'”? 25 °C)'*

TFA:DCM : BME (10:85:5)'°> HOBt/DMF (24 h, 25 °C);

TFA:DCM:TES (1:98.5:0.5) AcOH'* :
2—Methoxy—9H—xgnthen—9—yl Acid solid phase (25 C, 2 h)'*? g OMe
(2-Moxan); Section 5.2.15 I,/MeOH'*? Standard Fmoc SPPS

reagents'*> H

TI(TFA)3102 f{ H }Yé

[¢]

0 OMe
4,5,6-Trimethoxy-2,2- OMe
dimethyl-2,3-dihydrobenzo- . = . o103 Standard Fmoc SPPS
furan-7-methyl (Tmbm); Acid TFA/TES/DCM (1:5:94) reagents' % S OMe
Section 5.2.16 ﬁ /[[(H

N

N

Y

(0]
2,2,5,7,8-Pentamethyl- o
chroman-6-methyl Acid TFA/TES/DCM (1:5:94)'% fggnéiﬁtrsdwl;moc SPPS
(Pmcm); Section 5.2.16 & S
N
H
O

11106 | Chem. Soc. Rev, 2021, 50, 11098-11155
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Protecting group,
abbreviations and

location within review Lability Deprotection conditions Stable to/compatible with Structure
TFA/DCM/TIS (1:5:94)'*
12103
HFIP or TFE in DMF (15 min)'®* O
2,2,4,6,7-Pentamethyl-2,3-
dihydrobenzofuran-5- Acid Standard Fmoc SPPS 3
methyl (Pbfm); reagents'%® 3
Section 5.2.16 H
A N
N
Y
o
OMe
T
4-Methoxybenzyloxymethyl . 104 Standard Fmoc SPPS
(Mbom); Section 5.2.17 Acid Reagent K/MeONH,-HCI reagents'** S
H
A N
N
N b4
o
2,6-Dimethoxybenzyl (2,6- Acid TFA:DCM: TIS: H,O Standard Fmoc SPPS
diMeOBn); Section 5.2.18 (50:45:2.5:2.5, 1 h, 25 °C)'*® reagents’® O'\iegs(
H
A N
N
vy
[¢]
Meo\©;
Elff;égo;{zg’;_thy Ibenzyl Acid TFA: DCM : TIS : H,0 standard Fmoc SPPS !
- - H A= . 0105 75
Section 5.2.18 (50:45:2.5:2.5,1 h, 25 °C) reagents /E[(H
A N
N
oy
o}
MeO l ] OMe
4,4’-Dimethoxydiphenyl- Acid TFA:DCM: TIS: H,0 Standard Fmoc SPPS
methyl (Ddm); Section 5.2.19 (10:85:2.5:2.5, 1 h, 25 °C)'” reagents'*® /27/
H
A N
N
oy
o
TFA/TIS/H,0 (95:2.5:2.5, 2 h, |
25 °C) in Hmb°™ form™®” MeO. o. N
Standard Fmoc SPPS reagents © \/\N/
in Hmb°" form"®” o H
Standard NCL/desulfurisation/
onfoff, o ) TFA/TIS/H,0 (95:2.5:2.5, 2 h, . 52 -
Hmb®™°"; Section 5.2.20  Acid 25 °C) in Hmb®" form'%’ HPLC reagents in Hmb' S
form
A N
N
vy
O
NpsCl O(xz h, RT), then NaBH,”® TFA (25 °C)'*°
Hg(1)'® Ag(1)*” Pd(u)'% HBr/AcOH (25 °C)!'° Yo
6 M HCI (20 h, 110 °C)'*° HCI/EtOH (25 °C)'°
15 eq. DTNP in 97.5% HF (0 °C)* HNﬁ
Acetamidomethyl (Acm);  Oxidising TFA/thioanisole”®*’
Section 5.3.1 agents 98% TFA with scavengers®®  Pd(0)'"? S
111 114
I, TCEP H
TI(TFA),'"* Standard Fmoc SPPS KN NY
reagents”* H
o

Silyl chloride-sulfoxide/TFA™'*

This journal is © The Royal Society of Chemistry 2021
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Protecting group,
abbreviations and

location within review Lability Deprotection conditions Stable to/compatible with Structure
PdCl,, aqueous/buffered
conditions'"
CuSO0,, aqueous/buffered
conditions with aminothiol
source”?
Hg(0AQ), "
I,/MeOH or AcOH'"®
TI(TFA),* O O
5-Dibenzosuberyl (Dbs, Oxidising TFALS
Sub); Section 5.3.2 agents S
H
A N
N Y
e}
Hg(OAc), (1 h, RT)"'® 1 M HCI (25 °C)'*®
Ag(OTf)/TFA/anisole (1 h, 0 °C)*” 1 M NaOH (25 °C)'*®
Silyl chloride-sulfoxide/TFA®*  TFA (25 °C)''® 0
6 M HCI (24 h, 110 °C)'*® 90% Zn/AcOH (0 °C)"*®
. o Standard Boc SPPS reagents''® NH
Benzamidomethyl (Bam);  Oxidising
Section 5.3.3 agents 3
A N
N Y
117 O
HF
NaBO;'"” °
rN
(2-Oxo-1-pyrrolidinyl)- Oxidising . 117
methyl (Pym); Section 5.3.4 agents Solution phase Boc reagents S
A N
N b4
(0]
Iggflé?féijgﬂl%w’ 20 min, 1 h, 2 M HCI/EtOAC!® |
Hg(OAc), (1-3 equiv., 1 h, 0 °C) 1 M HCl/MeOH"'® —P=s
. - - in H,0™* $
Dimethylphosphinothioyl ~ Oxidising TBAF in THF (free thiol)'*® 2 M HCl/AcOH™®
(Mpt); Section 5.3.5 agents TBAF in DMF (disulfide)!*® 1 M HCI/H,0"® £ N
TBAF in DCM TFAM® N ?‘f
(-S-CH,-S- formation)'"® H
Solution phase Boc reagents'*® ©
Hg(OAc),"° HF (1 h, 0 °C)*"”
AgBF,/TFA/thioanisole'*" TFMSA/thioanisole/TFA o
(2 h, 0 nC)117
) ) I,/EtOH in AcOH'*° 0.05 M NaOH in MeOH NH
Trimethyl-acetamido- Oxidising (aq., 1 h’ 0 °C)*"’
methyl (Tacm); a Hydrazine/MeOH (24 h, RT)'"”
Section 5.3.6 gents 7n i o, o117 S
n in 90% AcOH (1 h, 25 °C)
Standard Boc SPPS reagents®® ;< H
N Y
(0]
NH;/MeOH"?? TFA%
50% Piperidine in DMF TFMSA/TFA”?
(2 h, RT)"*?
HCI (110 °C)*?
HF/anisole (95:5, 1 h, 0 °C)*
9-Fluorenylmethyl (Fm); Base 0.1 M L/DMF'? Q
S

Section 5.4.1

11108 | Chem. Soc. Rev., 2021, 50, 11098-11155

H,, Pd/C**?

Standard Boc SPPS reagents'>?

A

Iz
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Protecting group,
abbreviations and

location within review Lability Deprotection conditions Stable to/compatible with Structure
S BT
?;)Obrrﬁlrsgidme in DMF 5% DIEA in DCM (2 h)'?* ON NO,
Dilute DBU®® 40% TFA in DCM (24 h)"**
90% HF/p-cresol or anisole
2-(2,4-Dinitrophenyl)ethyl Base (1 h, 0 °C)***
(Dnpe); Section 5.4.2 TI(TFA);/TFA">* S
I, in 80% AcOH (aq.)*** A N
Standard Boc SPPS reagents'?* N }*f
H
o}
Et;N, then NH3;/MeOH or
50% Piperidine in DMF
(2 h, RT)"*®
9-Fluorenylmethyl- i o] o) ’
oxycarbonyl (Fmoc); Base 4 M HCl in dioxane'® Y
S

Section 5.4.3

Phenyl-acetamidomethyl
(Phacm); Section 5.5.1

Enzyme, oxi-
dising agents

Hydroxyglycine-Acm .
(Hgm); Section 5.6.1 Hydrazine
Hydroxyquinoline-Acm :
(Hgm); Section 5.6.1 Hydrazine
Allyloxycarbonyl (Alloc); Pd, base

Section 5.7.1

Penicillin G acylase
(pH 7.9 buffer)'?°
Hg(m)"” Ag(m)"™’
12127

TI(TFA);**”

5% hydrazine in H,O
(pH 8.5, 3 days, 37 °C)"*®

5% hydrazine in H,O
(pH 8.5, 8 h, 37 °C)"*®
I, (30 min)'%*

AgOAc (30 min)'*®

Pd(0) cat./BusSnH/AcOH'*®
Piperidine (3 h, 30 °C)"*’

This journal is © The Royal Society of Chemistry 2021

5% DIEA in DCM (24 h, 25 °C)"**

40% TFA in DCM (24 h, 25 °C)"*®
25% piperidine in DMF

(24 h, 25 °C)"**

0.1 M TBAF in DMF

(24 h, 25 °C)**°

5% DBU in DMF (24 h, 25 °C)"**
90% HF/anisole or p-cresol
(1 h, 0 oc)126

90% TFA/scavengers

(2 h, 25 °C)**®

Standard Boc SPPS reagents
Standard Fmoc SPPS
reagents'?®

Standard Fmoc SPPS
reagents'?®

Standard Boc SPPS reagents

126

128

Standard Fmoc SPPS
reagents'?®

Standard Boc SPPS reagents'?®

TFA/DCM (24 h, 50 °C)**°

Standard Boc SPPS reagents'>®

HN

n

AcO
T .
N
ACO\) HNw
S
H
E&NLW Y
o
WOAc
H o
) N
HNw
s
H
f*NLw”w“
o0
/\/OYO
s
H
fiu N}f
o
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Table 1 (continued)
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Protecting group,
abbreviations and

location within review Lability Deprotection conditions Stable to/compatible with Structure
Pd(0) cat./Bu;SnH/AcOH s .. 130 H
. Piperidine
(10 min, RT)**° Oo.__N
Allvioxv-carbonvlamino- Pd(OAc)’Z/NMM/AcQH 1132 Acids (partially)**° A T w
meih le(Allocarfl)- Pd DMSO (2 h, disulfide) o] S
Y ’ Standard Fmoc SPPS H
Section 5.7.2 reagentslso !& N },f
N
H
@)
Pd(0) cat./allyl scavenger . 1132
then AcOH/BME'*? Acid
Heavy metal salts'*? Base'**
TI(TFA);"*? Standard Boc SPPS reagents'*? N
Standard Fmoc SPPS F F
132
[N-[2,3,5,6-Tetrafluoro-4- reagents
(N'-piperidino)-phenyl], e
N-allyloxycarbonyl]- anéI?éldlsmg F F
aminomethyl (Fnam); & A~ N
Section 5.7.3 = \H/ w
O S
A N
N
vy
o
Pd(0) cat./allyl scavenger then . 1133
ACOH/BME ™ Acid
I, and other oxidants'*? Base'*?
Standard Boc SPPS reagents'*? S
Standard Fmoc SPPS F F
S-[N2,3,5,6-Tetrafluoro-4- reagents'**
(phenylthio)-phenyl], e
N-allyloxycarbonyl]- gde,:r?t); idising F F
aminomethyl (Fsam); & 0 N
Section 5.7.4 = W ﬁ

Allyl (Sac); Section 5.7.5 pd Pd(tppts),"**

S-Propargyl-cysteine

135
(SprC); Section 5.7.6 Pd Pd(tppts),

PdCl, and MgCl,, 6 M
Gdn.HCI/0.2 M phosphate
buffer pH 5.5, 37 °C then
DTT136

Succinimide (Suc);

Section 5.7.7 Pd

110 | Chem. Soc. Rev., 2021, 50, 11098-11155

Unnatural amino acid
mutagenesis'**

Unnatural amino acid
mutagenesis

CuAAC, Sonagashira coupling
(alkyne functionality can be
used for conjugation without
cleavage)™®

Aqueous solution phase
conditions**® e
Desulfurisation conditions™

IZ% O
_\: Ozg—ﬁm
%ZI

=
S
H
KHL{V Y
(e}
N/
N
no
$
S
H
fiu Nﬁf
(e}

This journal is © The Royal Society of Chemistry 2021
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Protecting group,
abbreviations and

location within review Lability Deprotection conditions Stable to/compatible with Structure
N-terminal ~ H,0,"” 1,'*’ PdCl,/H,0*
22 2 2 2
Pd, oxidising Iodoacetic acid/benzyl Standard NCL reagents™*®
agents, Cu  chloride (pH 10-11, RT)"*’
Air/ferric chloride (trace, pH 10)"*’
Excess methoxyamine at pH 4
(8 h)138 S
Thiazolidine (Thz); Pd(u) and MPAA/TCEP or < H
Section 5.8.1 GSH/6 M Gdn-HCI (pH ~6.5, N Y
37 °C, 45 min)®>*38 H 5
CuSO,/sodium ascorbate/5 M
Gdn-HCI/HEPPS buffer then
DTT (pH 7.0, 1 h, 37 °C)"*°
20 mM DPDS, 50% MeCN
(0.1% TFA)"*°
N-terminal g;coecs)slgys (pH 7.7, 30 min, o
. ! S
Ninhydrin (Nin); Reducing Cysteine O-methylester/DMF/ 141 H
Section 5.8.2 agents DIEA (on resin)'* Standard Boc SPPS reagents N
Excess MPS, pH 7'*! N Y
10% TFA/H,0/Zn dust, 1 h*** o) o)
Standard1 4I;moc SPPS O,N
reagents
Standard Boc SPPS reagents'*?
2-Nitrobenzyl (oNB); . 142
Section 5.9.1 Light hv 2 350 nm S
A %H
N
N
144 ©
TFA HO
Thiolysis'* WAO
0 O\)k
OH
[7,8-Bis(ca2b()l>]<yme}tlhoxy)- o
coumarin-4-ylmethoxy- . 144
carbonyl (7,8-BCMCMOC); 18Nt hv 2 325 nm OYO XN
Section 5.9.2
S
A N
N
Y
0]
144
TEA™ HO OH
Thiolysis \H/\N/Y
¢} o}
[7-Bis(carboxymethyl)-
amino-coumarin-4- o
yl]methoxycarbonyl Light hv > 402 nm'** 0. O o
(BCMACMOC); Y o)
Section 5.9.2 S
A N
N
N
144 o
TFA O,N OMe
Thiolysis"** 2
. s 1. 144
Piperidine HoOC
a-Carboxy-4-methoxy-
2-nitrobenzyl (CDMNB); Light hv > 325 nm'** s
Section 5.9.2 H
A N
N
Yy
o

This journal is © The Royal Society of Chemistry 2021
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location within review Lability Deprotection conditions Stable to/compatible with Structure
. 10% TFMSA/TFA/excess O.N OMe
- L L 2
2-Nitroveratryl dipyridine disulfide'*?
6-Nitroveratryl Standard Fmoc SPPS
4,5-Dimethoxy-2- reagents'*? OMe
nitrobenzyl (oNV, DMNB); Light A = 350 nm (30 min)**> S
Section 5.9.3 /g(
H
A N
N
N
¢}
OH
Br.
6-Bromo-7-hydroxy- hv = 365 nm in photolysis 0
coumarin (Bhc); Light buffer (1 mM DTT in 50 mM fft:gnéiﬁtrsdulimoc SPPS AN o
Section 5.9.4 PB, pH 7.2)'% i3
S
A N
N
N b4
o}
O,N ! fo)
Nitrodibenzofuran (NDBF); . B 145 Standard Fmoc SPPS Q
Section 5.9.5 Light hv =365 nm reagents'*® s
A N
N
N
O
OH
Br
6-Bromo-7-hydroxy-3- ?
methylcoumarin (mBhc);  Light hv = 365 nm'*® Standardﬂl;moc SPPS AN
Secti reagents 0
ection 5.9.6
S
N
Yy
o}
O,N ! o)
Methoxy-nitrodibenzofuran Standard Fmoc SPPS Q OMe
! . . > 147
(OMe-NDBF); Section 5.9.7 Light hv = 350 nm reagents'?’ /[;/
H
A N
N
Y
O
Zn/AcOH, then I, o111 NO.
. . -1 : 2
(in solutlon)“l HF/p-cresol (9:1, 1 h, 0 °C)
SnCl,/HCl, then I, TFA'™
) ) (on resin)™*
para-Nitrobenzyl (pNB); ~ Reducing Excess CAN/Hopkins I,/AcOH/2 M HCI'"!
Section 5.10.1 agents reagent'"*

1z |

H,, Pd/C, then oxidant'!

Chem. Soc. Rev., 2021, 50, 11098-11155

S
N
Y

(o)

Standard Boc SPPS reagents''* ;<
N
H
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Protecting group,
abbreviations and

location within review Lability Deprotection conditions Stable to/compatible with Structure
Strong acids - anhydrous HF, o
TFMSA™? /[k
Standard Boc SPPS reagents'*’ 57 “OMe
Carbomethoxysulfenyl Reducing DTT™® é
(Scm); Section 5.10.2 agents H
A N
N
H }f
(e}
Strong acids — anhydrous HF,
TFMSA'® o
Standard Boc SPPS reagents'*’ )k
(N"-Methyl-N"- Reducin; ? T
phenylcarbamoyl)sulfenyl ¢ g DTT/NMM/CDCl;**° S
(Snm); Section 5.10.3 3 ;ﬁ H
N
N
Yy
] o
Zn/AcOH"° TFA™! _
Electrolytic reduction 32% HBr/AcOH (1 week, RT)"" IN
in 0.5 M H,S0,"" Standard Boc SPPS reagents'®! N
4-Picolyl; Section 5.10.4 Reducing S
agents
A N
N
N
(6]
Thiols'®? Standard Fmoc SPPS o
reagents'>? _
L PBu;'> Standard Boc SPPS reagents'>? O=8—OHR
Sulfonic acid/sulfonyl Reducin
(SO;H/SO,R); aonts g
Section 5.10.5 & ﬁ{ H
N Y
H
Aliphatic thiols"** TFA (24 h, RT)"® O,N
Tertiary phosphine/H,0'>'*®  HF (1 h, RT)"** =
4 M HCl/dioxane (24 h)">? - |
) o ) DCM">” DMF"” MeOH"’ S
3-Nitro-2-pyridinesulfenyl ~ Reducing N,N-Dimethylacetaminde®” I
(Npys); Section 5.10.6 agents N-Methylpyrrolidone*®’ s
Trifluoroethanol®” & H
Pentafluorophenol*®” N }f
Standard Boc SPPS reagents*®® H o
NO.
= | 2
X
. - . $° N
5-Nitro-2-pyridinesulfenyl =~ Reducing Thiols'>® Standard Boc SPPS reagents I
(5-Nyps); Section 5.10.7 agents (see Nyps)'*® /23(
H
A AN
N
Y
(0]
Thiols">* Acid"®?
Phosphines'"* Base'*’ )<
TFA/DTNP/thioanisole®” TFA/DNTP?° s
tert-Butylsulphenyl (StBu); Reducing Standard7 4Fmoc SPPS é
Section 5.10.8 agents reagents /E{(H
A N
N
Y
o}
Zn/AcOH (aq.)'®° TFA (4 h, 4 °C)"*° o
TFA (1 h, 50 °C)'®° Standard Fmoc SPPS |
reagents'®’ %
N-Methyl-phenacyloxy- Reducing

carbamidomethyl (Pocam);

Section 5.10.9 agents, acid

This journal is © The Royal Society of Chemistry 2021

0T
”*H%ﬁ g

Chem. Soc. Rev,, 2021, 50, 11098-11155 |

ms3


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cs00271f

Open Access Article. Published on 17 August 2021. Downloaded on 7/19/2025 6:24:50 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

Table 1
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Fig. 5 (a) Cys thiol protection with the benzyl (Bn/Bzl) protecting group
(b) the synthesis of oxytocin using Cys(Bzl).
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removing Bzl with Na/NH; (lig.) have been described as far back
as 1930,% and Bzl can also be removed by treatment with HF at
25 °C,% or with strong Lewis acids (e.g: TMSBr) in TFA-thioanisole.®
However, these removal methods have a number of significant
issues associated with them. For example, using Na/NH; (liq.)
cleaves existing disulfide bonds alongside Bzl removal.”® HF gas,
in particular, is expensive, not widely available, and highly toxic.
TMSBr been reported to undergo side reactions with peptides and
has a relatively poor solubility in diethyl ether (Et,O, a commonly
used solvent for precipitation of a synthesised peptide once cleaved
from the resin). TMSBr can thus precipitate with the peptide instead
of being removed resulting in issues with handling following
lyophilisation.’”'”® Considering this, it is likely that Bzl will see
diminishing use as a Cys protecting group in routine peptide
synthesis, as it is superseded by newer protecting groups,
benzyl-based or otherwise, that do not require such harsh

conditions for removal.*”®

5.2 Acid-labile protecting groups

5.2.1 Trityl (Trt). In 1962 the trityl (Trt) group (Fig. 6a) was
proposed as an alternative Cys protecting group to protecting
groups such as Bzl.”® The key difference, in this case, was that
cleavage of Trt could be accomplished without reduction of
existing disulfide bonds which was a side effect of Na/NH; (liq.)
treatment. Originally, metal salts such as Ag(1) or Hg(u) were
used to remove the group; provided the amino and carboxyl
groups in the peptide were protected, cleavage of the disulfide

bond was repressed, enabling the synthesis of unsymmetrical

a) Trityl c) Regioselective disulfide formation via post-synthetic tritylation strategy
O S—Acm ?H ?—Acm SH
H
Pyr—N—{ }—CONH,
| |
S—StBu S—StBu
S
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;Q N tritylation 2% TFA, HFIP:AcOH (v/v, 1:1)
N Y
(0] T—Acm E|‘>—Trt ?—Acm E|3—Trt
H
Cys(Trt) Pyr—N—{ }—CoNH,
| !
b) Marcocylic Cys(Trt) peptides S—StBu S—StBu
OBu O Orthogonal protection/deprotection
Disulfide formation
S
S / S

}—CONH,

ﬁf s
Y\

p-conotoxin SllIA

S = NCCNGGCSSKWCRDHARCC-

Fig. 6

(a) Cys thiol protection with the trityl (Trt) protecting group. Examples of Cys(Trt) use include (b) macrocyclic peptide synthesis and

(c) regioselective disulfide formation in p-conotoxin SIlIA via a post-synthetic tritylation strategy.
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Cys-containing peptides containing two or more disulfide bonds.”
Additionally, acids such as HBr/AcOH and TFA were noted to
cleave the Trt group without affecting existing disulfide bonds.”

Should the desired product of Trt cleavage be a new disulfide
bond, oxidising agents such as I, may be used. The rate of Trt
removal and subsequent disulfide formation by I, has previously
been to shown to depend on the choice of solvent.'”" It is common
to remove Trt using weak acids (e.g. HBF, or TFA) in the presence
of scavengers such as triisopropylsilane (TIS) or triethylsilane
(TES); these scavengers prevent the released Trt cations from
adding back onto the synthesised peptide during cleavage and
isolation."”* This method of Trt removal renders Trt orthogonal
to other common protecting groups such as Acm or tBu, as
shown in the regioselective synthesis of human insulin, via
sequential disulfide formation.”” Other applications of Cys(Trt) in
SPPS include synthesis of human relaxin,"”® and a-melanocyte
stimulating hormone (o-MSH) analogues.'”* Additionally, macro-
cyclic peptides displaying in vitro anti-malarial properties have also
been synthesised using Cys(Trt); in this example, the Trt protecting
group is retained rather than removed in the final bioactive
product (Fig. 6b)."”> Cys(Trt) has also very recently been reported
to undergo complete deprotection in model peptides when treated
with CuSO, and cysteamine in aqueous buffered conditions.”

Cys(Trt) is routinely used in Fmoc SPPS. It is worth noting
that Trt is highly hydrophobic and that the Trt cation-scavenger
adducts formed during deprotection may not be removed
completely during final TFA cleavage however. The presence
of Trt can then mask the quality of the crude peptide due to its
high UV absorbance.'® To avoid incomplete detritylation,
typical cleavage cocktails of >90% TFA with TIS/TES (typically
ca. 5%) can be used. These conditions can, however, cause the
reduction of the indole ring of Trp.”"'”> Due to its lability to
TFA, Trt is removed during cleavage of acid-labile resins
(as commonly seen in Fmoc SPPS). It is still possible to use
Trt as a protecting group when forming disulfide bonds in
solution post-cleavage from the resin, however, the deprotected
residues must be re-tritylated post-synthetically. This was
exemplified in the regioselective syntheses of p-conotoxin SIIIA
(Fig. 6¢) and human hepcidin, using combinations of S¢Bu, Trt,
Meb/Mob and Acm.”*

b) IgG1 hinge
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5.2.2 Diphenylmethyl (Dpm). The diphenylmethyl (Dpm)
group (Fig. 7a) was introduced as a Bzl replacement by Zervas
and Photaki alongside the Trt group in 1962.7° It is also some-
times referred to as the benzhydryl (Bzh/Bh) protecting group
in the literature,”®'”” and has featured in Boc SPPS of peptides
such as oxytoceine (which is oxidised to oxytocin post cleavage/
deprotection)."”® The use of Dpm in Fmoc SPPS was first
reported in 2012, where it was suggested as a replacement for
the acid-labile Mob protecting group.”> Dpm is stable to low
concentrations of TFA (<25%) but can be cleaved with higher
concentrations - up to 90% TFA in DCM (using 2.5% TIS and
2.5% H,O0 as scavengers) is required for full removal. Due to its
acid lability profile, Dpm is orthogonal to Trt and Mmt and fills
a niche between groups that are labile to weak acids, e.g. Trt,
and groups that are only removed using strong acids such as
HF, e.g. Meb.”>'% Additionally, Cys racemisation (a known side
effect during incorporation when using phosphonium and
uronium salt-based coupling reagents) is attenuated considerably
when using Dpm compared to Trt or Bzl: racemisation levels of
1.2%, 8.0% and 5.3% are seen under conventional Fmoc SPPS
conditions, respectively.'®® The acid stability profile of Dpm was
demonstrated in the synthesis of a-conotoxin Iml (in conjunction
with Trt), along with synthesis of the hinge region of human
immunoglobulin G1 (IgG1, 225-232/225'-232/, in conjunction
with Mmt, Fig. 7b).

5.2.3 Tetrahydropyranyl (Thp). The tetrahydropyranyl (Thp)
group (Fig. 8) was first introduced as a Cys protecting group in
1958, when it was found to be slowly removed by Na/NH; (liq.)
reduction yet rapidly removed by aqueous AgNO; at 0 °C.”® Thp
was further established as a Cys protecting group in 2015, where
its use in Fmoc SPPS was discussed.”” Thp is stable in mildly
acidic conditions, but its acid-lability is strongly increased in the
presence of TIS. It can be removed under conventional cleavage
conditions, e.g. (i) 10% TFA and 2.5% TIS in DCM, (ii) 95% TFA
and 2.5% TIS in H,O or (iii) 0.1 M HCI and HFIP-TIS (99:1).
Cys(Thp)-protected peptides exist as a diastereomeric mixture;
however, once cleaved in concentrated TFA with a scavenger (e.g.
95% TFA, 2.5% TIS in DCM), a single pure product is obtained.”
Thp protected tripeptides displayed greater solubility in H,O/
MeCN solvent systems (as assessed by reverse-phase HPLC) than

a) Diphenylmethyl i) TFA:TIS:DCM
fragment synthesis (5:2.5:92.5) IgG1 hinge fragment
Mmt deprotection OH
Bu—0 S—Dpm ) MeCREEZOHEE). N—':' C/P/P)/C/P[A)P —CONH
| | g pH9,20% DMSO 2 S ATA ’ 2
S L o : [ |
H,N— T (C /P /P )C (P )A (P —CONH, Disulfide formation ? ?
H AP
S
A N N}*’ S—Mmt iiiy TFA:TIS:DCM ? |
H p— \
0 e o) H.N—(T [C [P (P (C P (A [P ~—CONH,
Cys(Dpm) Dpm deprotection

Fig. 7
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iv) Phosphate
Buffer:DMSO
(4:1), pH 9
Disulfide formation

(a) Cys thiol protection with the diphenylmethyl (Dpm) protecting group (b) synthesis of the IgG1 hinge region fragment using Cys(Dpm).
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Fig. 8 Cys thiol protection with the tetrahydropyranyl (Thp) protecting group.

either Trt or Dpm protected tripeptides. Racemisation is also
decreased compared to Trt, Dpm or StBu, and fewer side products,
e.g. Cterminal 3-(1-piperidinyl)alanine adducts, are observed.””
More recently, Thp has been explored as a protecting group for
additional amino acid residues such as Ser and Thr."”’

a) tert-Butyl

NpsCl, then NaBH,
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5.2.4 tert-Butyl (¢Bu). The use of the tert-butyl (¢Bu) group
to protect Cys (Fig. 9a) was first proposed in 1962."*° It was then
later discovered that 2-(nitrophenyl)sulfenyl chloride (NpsCl) (2 h,
RT) could cleave the tBu group. This could then be followed by
treatment with NaBH,, 2-mercaptoethanol (BME) or thioglycolic
acid to obtain the free thiol. It should be noted that these
conditions will also cleave Acm.”® The Cys(tBu) protecting group
has been shown to be stable to oxidation by I,”* and neat TFA
treatment.®® Cleavage of ¢Bu can be achieved with HF using
anisole as a scavenger’” (the group remains intact if m-cresol is
used as the scavenger instead),”” and TFA in the presence of 2,2’-
dithiobis(5-nitropyridine) (DTNP).*® tBu may also be cleaved
using Hg(OAc), in cold TFA-anisole (alternatively, Hg(TFA); in
AcOH (aq.)).*" To form the disulfide, cleavage may be performed
using silyl chloride-sulfoxide in TFA,** TI(TFA);** or DMSO in TFA
(with DMSO acting as an oxidant). The latter method has been
used for the regioselective syntheses of various analogues of
human insulin containing four disulfide bonds, in conjunction

Silyl chloride-sulfoxide in TFA

¥
HF, 20°C bl
i , \‘/ E{NQJ\N}‘"
SH S : H
Free thiol Disulfide|  TI(TFA) ~
AN — i 3 :
H \f f"< N N }f’ é
0 DNTP in TFA B H
\ lo} :’< H
Cys(tBu) N Y
Hg(OAC), DMSO in TFA \ o
b) Ubiquitinated histone H2A activity-based probe synthesis
(o} r (o)
HoN \)J\ N
: NH NH
?/
Histone H2AK119¢ys 84 tBu £~
Ubiquitinated H2A y Qﬁl 59
H,N— —COOH ivitv- .
2 activity-based probe © %%ﬁ
. )
tBu deprotection 1)
NCL H \)J\ i) Desulfurisation
Ubiquitin thioester < NH i) Folding
R = 3-Mercaptopropionate T "l‘ ¥ 0 z
. : L Hs™
i) PdCl,, 50 mM Tris.HCI, pH 7.2
i) 4-Mercaptophenylacetic acid
H,N— —COOH

= -SGRGKQGGKTRAKAKTRSSRAGLQFPVGRVHRLLRKGNYAERVGAGAPVYLAAVLEYLTAEIL
ELAGNAARDNKKTRIIPRHLQLAVRNDEELNKLLGRVTIAQGGVLPNIQSVLLPKKTESSKSAKSK-

Fig. 9 (a) Cys thiol protection with the tert-butyl (tBu) protecting group and different methods of deprotection to give the corresponding Cys or cystine.
(b) Synthesis of a ubiquitinated histone H2A activity-based probe using Cys(tBu) and PdCl, for deprotection under agueous conditions.
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with Trt, Aem and Mmt.** If orthogonality to Meb is desired,
DMSO/TFA may also be used for deprotection - ¢Bu is cleaved in
DMSO/TFA at room temperature, whilst higher temperatures
(45 °C) are required to cleave Meb. This has been used in the
regioselective synthesis of an o-conotoxin dimer peptide with
four disulfide bonds. Deprotection and oxidation were performed
simultaneously in two one-pot procedures (the second procedure
involved the Trt and Acm groups).* Bu is stable to AgOTf in TFA,
making it orthogonal to Mob and Acm under those conditions,” as
well as to alkaline ester hydrolysis, hydrazine, and Na/NH; (lig.).”®

The above methods of deprotection are harsh,"*® and often
result in the formation of side products and low yields."®®
Additionally, incubation in neat TFA causes ~20% deprotection.*®
In 2018, PdCI, in a 50 mM Tris or urea buffer at 37 °C was shown to
cleave tBu, providing a much milder way to remove the protecting
group.®® This is significant for ¢Bu, as the harsh conditions required
for deprotection can hinder its practical use. tBu is not removed by
[Pd(allyl)Cl],, making it orthogonal to Thz and Acm under those
conditions. This method of removal was successfully used to
synthesise an activity-based probe of ubiquitinated histone H2A
(Fig. 9b).%

5.2.5 4-Methoxybenzyl (Mob). 4-Methoxybenzyl (Mob, MBzl)
was introduced in 1964 as a Cys protecting group (Fig. 10a) that is
labile to strong acids - originally boiling TFA,* but also HF”® or
TFA-thioanisole plus an electrophilic disulfide (DTNP, DTP).*>*»%
Mob can also be removed by heavy metal salts, e.g. Hg(TFA),,*" or
AgOTf in TFA/anisole, followed by DTT to obtain the free thiol.*”
TI(TFA); can also be used for deprotection®® Additionally, AgOTf
cannot cleave Meb, making Mob and Meb orthogonal under this
treatment.®” Mob is also stable to HBr.*> Compared to Meb, the
Mob group is much more acid-labile - it is at least 2700 times less
stable in 50% TFA.”" Mob is however mostly stable to TFA without
any scavengers at room temperature. At elevated temperatures and
extended reaction times (12 h, 37 °C), in the presence of TIS,
complete deprotection has been noted (with the resulting mixture
existing as both the free thiol and the disulfide).®® The conditions
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typically required for full removal of Mob are harsh: relatively high
concentrations of TFA (or HF), long reaction times and high
temperatures.”” Additionally, Mob is slightly labile to TFA when
treated for extended periods - ~10% deprotection has been
observed following treatment for 2.5 h at 0 °C. Partial conversion
to {Bu can then occur, as Boc-derived ¢{Bu cations may attack the
Cys residue following partial Mob cleavage.” This means that Mob
may not be suitable for Boc SPPS if large peptides that require
repeated TFA treatment are being synthesised.”” Nevertheless,
Mob has been demonstrated as a protecting group in the Boc
solution phase synthesis of peptides, including oxytocin, urotensin
11, and human calcintonin.** Cys(Mob) has also been incorporated
into tripeptide benzyl esters for use as potential DNA intercalators,
with the protecting group intact in the final product."®" Cys(Mob)
is also compatible with Fmoc SPPS, as demonstrated in the synthesis
of methylene thioacetal human insulin analogue (SCS-Ins),"®* and of
LalT2, a B-KTx'®® peptide that is found in Liocheles australasiae
scorpion venom, and displays antimicrobial activity.®*

Cys(Mob) can undergo oxidation to give the corresponding
Mob-protected sulfone, Cys(Mob(O)) (Fig. 10b) with either
NaBO;'®* or H,0,."®® Cys(Mob(0)) can in turn be incorporated into
peptides via Fmoc-SPPS. Deprotection with TfOH:TFA:H,O
(50:45: 5) leads to removal of the Mob protecting group, generating
peptides bearing Cys sulfinic acid, a known PTM of Cys-containing
proteins that can regulate protein function.'® Additionally,
Cys(Mob(0)) can be used for disulfide formation via sulfoxide-
directed disulfide reactions'®” in an I-free manner (I, can otherwise
oxidise amino acids such as Trp)."*® Example syntheses include
oxytocin,"® chicken calcitonin-gene-related peptide (cCGRP),"*® and
human insulin-like peptide-6 (INSL-6) (Fig. 10c).'®®

5.2.6 3,4-Dimethylbenzyl (DMB). The 3,4-dimethylbenzyl
(DMB) Cys protecting group (Fig. 10d) was developed in 1973
as an alternative to Mob for the synthesis of large peptides
using Boc SPPS.”> DMB is noticeably more stable to TFA than
Mob, with only 0.2% deprotection observed under 50% TFA in
DCM for 23 h at 24 °C. The group is, however, easily cleaved

c) Sulfoxide-directed disulfide formation

39
o H,N—( )—COOH
a) 4-Methoxybenzyl b) Mob oxidation é T | d) 3,4-Dimethylbenzyl
ob §
Mob 0=5-Mob S
MeO n{é HoN—( )}—CooH
I,-free disulfide | TMFSA
formation Diphenyl sulfide in TFA
[o] | &9 s—s s
S H,05 | ]
H HoN—( )—COOH H
H 1 T A N
vl e ? ; 0
B HN—L )}—COOH
Cys(Mob) Yo B
Human insulin-like peptide-6 Y
() = -GYSEKCCLTGCTKEELSIACLPYIDF-
(D) = -RELSDISSARKLCGRYLVKEIEKLCGHANWSQF-

Fig. 10

(a) Cys thiol protection with the 4-methoxybenzyl (Mob) protecting group. (b) Oxidation of Cys(Mob) gives the corresponding Mob-protected

sulfone, Cys(Mob(O)). (c) Synthesis of human insulin-like peptide-6 (INSL-6) using Cys(Mob) and Cys(Mob(O)) for sulfoxide-directed disulfide formation.
(d) Cys thiol protection with the 3,4-dimethylbenzyl (DMB) protecting group.
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using HF (10 min at 0 °C). Its use was demonstrated by the
solid-phase synthesis of the C-terminal cyclic dodecapeptide of
human pituitary growth hormone,”® oxytocin derivatives,'"
and melanotropin analogues.'®

We note to the reader that the DMB protecting group is
different to that of the similarly abbreviated 2,4-dimethoxybenzyl
(Dmb) group, which is used as an amide backbone protecting
group to prevent peptide aggregation and off-target reactions
during peptide synthesis.*

5.2.7 Methylbenzyl (Meb). The methylbenzyl (Meb, 4-MeBn,
4-MeBzl) protecting group (Fig. 11a) is broadly similar to Mob but
less labile to TFA. Meb can be removed using HF-anisole (50%, 1 h,
0 °C).”" TI(TFA), treatment of Boc-Cys(Meb)-OH will lead to cystine
formation, along with minor by-products (anticipated to be
sulfoxide species).®* Oxidation may also be achieved using
DMSO/TFA at 45 °C. Meb is orthogonal to Trt, Acm, tBu and
StBu.”*®® Consequently, these protecting groups have been used
together, for example, in the regioselective synthesis of human
hepcidin (Fig. 11b),”* and in the synthesis of Cys-rich peptides
such as protoxin I (ProTx-1), a three-disulfide-containing peptide
isolated from tarantula (Thrixopelma pruriens) venom.'®?

5.2.8 1-Adamantyl (Ad). The 1-adamantyl (Ad, 1-Ada) group
(Fig. 12a) was first introduced as a Cys protecting group in 1978,

a) Methylbenzyl

S
‘*u% by
(e}

Cys(Meb)

b) Regioselective disulfide formation of human hepcidin

?—Meb - Sl—Meb
| |
HN—{ . . )—cooH
N —
S S—Acm S é—Acm
Meb deprotection l i) HF, p-cresol
Oxidation i) I, (1.1 equiv.), 50% AcOH:H,O
s i
HoN— | : )—cooH
-
S S—Acm S S—Acm
Acm deprotection l Iy, (15 equiv.), 50% ACOH:H,0
Oxidation
S S
| 5—$ |
HaN—( . ] I J—cooH
[
S S S s

Human hepcidin
() - -DTHFPICIFCCGCHRSKCGMCCKT-

Fig. 11 (a) Cys thiol protection with the methylbenzyl (Meb) protecting
group. (b) Synthesis of human hepcidin using Cys(Meb).
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where it was noted that it could be cleanly removed using
Hg(OAc), in TFA.*" It is less labile to TFA than Mob, remaining
intact under 2.5 h TFA treatment at 0 °C. It can, however, be
removed in 1 M TFMSA-anisole/TFA in the presence of m-cresol,
whereas application of TI(TFA); causes disulfide formation. Ad
is less susceptible to sulfoxide formation than Mob - taking 28 h
vs. 18 h for complete oxidation when treated with NaBO;. This is
advantageous for the synthesis of relatively large peptides.”® It is
also stable to AgOTf in TFA, and is thus orthogonal to Acm, Bam
and Mob.®?” Cys(Ad) has previously been employed in synthesis
of calcitonin-based peptides via Boc solution'** and solid phase
synthesis,®” and in the synthesis of four-helix bundle proteins in
Fmoc SPPS (Fig. 12b)."%*

a) 1-Adamantyl

Cys(Ad)

b) Four-helix bundle protein synthesis

Acm—? ? ? ?—Ad

HN—C J—COOH
i) 1 M CF3SO3H-thioanisole in TFA
i) +
giin 2R L
HoN—L )—COOH

i) AGOTf in TFA
i+ =

Helical peptide

1
=

H;N—(C.

Hooc—{ C,;C/:E N

Artificial four-helix

bundle protein

Fig. 12 (a) Cys thiol protection with the 1-adamantyl (Ad) protecting
group. (b) Synthesis of four-helix bundle proteins using Cys(Ad).
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(a) Cys thiol protection with the benzyloxymethyl (Bom) protecting group. (b) Cys thiol protection with the 2,4,6-trimethoxybenzyl (Tmob)

protecting group. (c) Cys thiol protection with the 4,4’,4” -trimethoxytriphenylmethyl (TMTr).

5.2.9 Benzyloxymethyl (Bom). Although it was already in
use as a His protecting group,'®® benzyloxymethyl (Bom) was
introduced as a Cys protecting group (Fig. 13a) for use in Fmoc
SPPS in 1989, where it was used in the synthesis of porcine
brain natriuretic peptide (pBNP).°* Deprotection can be
achieved using AgOTf-anisole in TFA (1 h, 0 °C). It can also
be removed using 1 M TMSOTf-thioanisole in TFA (1 h, 0 °C),
although the former method gives a better yield of the depro-
tected Cys. To obtain the disulfide, TI(TFA); may be used (but
not I,). Bom is stable to TFA (4 h, 0 °C), hydrazine, piperidine/
DMF and NaBO; oxidation.”*

5.2.10 2,4,6-Trimethoxybenzyl (Tmob). 2,4,6-Trimethoxy-
benzyl (Tmob) (Fig. 13b) was introduced in 1992 as a novel,
acid-labile Cys protecting group suitable for use in Fmoc
SPPS.’® Tmob can be removed by a minimum of 6% TFA in
DCM, in the presence of TES or TIS (5 min, 25 °C). Tmob can
also be removed in a mixture of phenol, thioanisole and H,O
(5% each) but, in this case, at least 30% TFA is required. Tmob
groups may be removed and the Cys thiol subsequently oxidised to
the disulfide using I, in DMF (0 °C) or TI(TFA); in DMF-anisole
(0 °C). Peptides synthesised using Tmob showed a marked
improvement in purity when compared to identical peptides
synthesised using Trt. The group is orthogonal to Acm; as such,
the Tmob/Acm combination can be useful for the synthesis of two
disulfide bond containing-peptides.”> However, modification of
Trp residues by Tmob cations during deprotection has been
reported.”

5.2.11 4,4',4"-Trimethoxytriphenylmethyl (TMTr). 4,4',4"-
Trimethoxytriphenylmethyl (TMTr) (Fig. 13c) is removed by
1% TFA in DCM, making it more acid-labile than either Tmob
or Trt. TMTr was designed to allow the selective generation of
free Cys residues during Fmoc SPPS whilst the peptide is still
on-resin.”®

5.2.12 Pseudoprolines (¥Pro). Pseudoprolines (WPro) were
first introduced to SPPS in 1992 as a tool for disrupting unwanted
secondary structure formation on resin.'®” The formation of such
structures can negatively affect the solubility of a peptide in polar
organic solvents and decrease coupling efficiency. By using ¥Pro
to simultaneously protect the side chains and amino group of Ser,
Thr or Cys, a proline-resembling oxazolidine (or thiazolidine) is

11120 | Chem. Soc. Rev., 2021, 50, 11098-11155

formed."” These structures are typically incorporated into peptides
using dipeptide building blocks e.g. Fmoc-aaa-Cys(¥™" pro)-OH,
where aaa = any amino acid and R/R’ = identity of the C2
substituents (Fig. 14a).”” ¥Pro imparts similar conformational
properties on the peptide to proline (which can adopt a cis
conformation), preventing the aggregation of hydrophobic resi-
dues by disrupting backbone hydrogen bonding.’*'*” A follow
up study in 1996 investigated the differing stability of ¥Pro
derivatives to acid; by changing the R/R’ groups of the WPro, the
lability of the protecting group to acid changes significantly.®”
In the case where R/R’ = Me (¥™*™°pro), a protected Cys can
be deprotected by TFA within hours. This can be reduced
to minutes if R = H and R’ = 2,4-dimethoxyphenyl (Dmp)
(PHP™Ppro). Alternatively, when R/R' = H (¥™pro, i.e., Thz),
the group is stable to strong acids. It should also be noted that
the kinetics of deprotection appear to show some dependency
on the acid and solvent system used.’” The WPro derivatives are
all stable to 20% piperidine in DMF, and are thus suitable for
use in Fmoc SPPS.%” As Cys(¥™"°™Ppro) can be readily cleaved by
90% TFA, it has been suggested to be the most appropriate ¥Pro
protecting group for this strategy. The protecting group also
shows stablilty to Pd(0), suggesting it may be orthogonal to allyl-
based protecting groups.’®” It may also be possible exploit the
differing stability of the various WPro derivatives by using them
together as orthogonal protecting groups.®” The acidic stability
of Cys(¥™*™®pro) appears to be highly sequence dependant.
For example, deprotection of linear 21-mer Sarafotoxin-Séb
containing Cys(¥™“™°pro) required removal times of 32-36 h,”’
whereas a more recent publication observed complete deprotection
of Cys(‘¥™*™°pro)-containing linear 4-10-mer peptides within 1-6
h.”® In the case of protected head-to-tail cyclic peptides, high TFA
stability has been observed, with required deprotection times of 13
days reported; complete Cys(¥™*™°pro) deprotection can alterna-
tively be achieved with TFMSA at 0 °C within 15 min.”® The use of
Cys(¥V*™°pro) can enhance the rate of peptide macrocyclization, as
the “kinks” induced in the peptide backbone by the ¥Pro-protected
residues may bring the reacting ends closer together. This was
demonstrated by the synthesis of the o-conotoxins CnIB and Al.4
which cyclised significantly faster using Cys(¥™™pro) in place
of Cys(Trt).”® In the first reported synthesis of cyclogossine B,

This journal is © The Royal Society of Chemistry 2021
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Fig. 14

(a) Cys thiol protection with pseudoprolines bearing different substituents. (b) Synthesis of cyclogossine B using Cys(¥M¢"epro). (c) Synthesis of

human C-type natriuretic peptide 22 using a resin-bound C-terminal protected Gly-Cys(¥"P™Ppro) dipeptide.

Cys(¥™“™°pro) was introduced in place of an Ala residue where
it was used as a turn-inducer to improve cyclisation yields.
Following cyclisation, a desulfurisation reaction was used to
give the native Ala (Fig. 14b).°® Additionally, replacement of Pro
residues with Cys(¥™*™°pro) in synthetic cyclic peptide pha-
kellistatin 19 leads to a peptide analogue with greater cytotoxi-
city in vitro.'®" Additionally, it has recently been reported that
the use of C-terminal resin-bound Cys(¥™""™Ppro) (Fig. 14c) can
be used to suppress C-terminal epimerisation.’® When short
peptides were treated with 20% piperidine for 24 h at room
temperature, epimerisation levels of <0.01% were observed.
Deprotection can be achieved simultaneously with resin cleavage,
using a standard cocktail of TFA/TIS/H,O (95:2.5:2.5) for 1 h.'®

5.2.13 4-Methyltrityl (Mtt). The 4-methyltrityl (Mtt) protect-
ing group (Fig. 15a) is a highly acid labile group that can be
deprotected using 1% TFA and scavengers.”” It has been
utilised for the synthesis of glutathione (GSH) and associated
analogues,"®'*° and in the solid phase synthesis of bicyclic
guanidinium oligomers.”*® More recently, Cys(Mtt) has been used
for the construction of peptide amphiphiles.>’! In this example,

This journal is © The Royal Society of Chemistry 2021

dually palmitoylated peptides bearing Cys(Mtt) were first
synthesised via Fmoc SPPS. Selective removal of Mtt (2.5%
TFA, 5% TIS in DCM), followed by activation with 2,2’-dithiobis(5-
nitropyridine) (DNTP) (Fig. 15b) enabled intermolecular disulfide
formation with bioactive, cell penetrating peptides to construct
peptide amphiphiles; these then self-assembled into the corres-
ponding peptide amphiphile micelles. B cell lymphoma targeting
aptamer (C10.36) could then be annealed to these structures to
design aptamer-displaying micelles with anti-cancer properties.””*
The Mtt group has also been used to protect other amino acids
such as Lys.”?

5.2.14 4-Methoxytrityl (Mmt). 4-Methoxyltrityl (Mmt) is a
very acid-labile Cys protecting group (Fig. 16a) introduced in
1996. Mmt can be deprotected and cleaved from a resin using
1-3% TFA in DCM-TES. Under the removal conditions stated,
deprotection of Mmt is irreversible.”* This is not always the
case, as some groups can re-react with the thiol following
deprotection in an unwanted side reaction (e.g. Trt)."”> Mmt
is stable to bases and very weak acids: 30% piperidine in DMF
(24 h, 22 °C) and AcOH/TFE/DCM (1:2:7, 30 min). Most of its
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Fig. 16 (a) Cys thiol protection with the 4-methoxyltrityl (Mmt) protecting
group. (b) Cys(Mmt) deprotection and subsequent disulfide formation
through displacement of StBu in the synthesis of a-conotoxin MII.

other properties, such as coupling rates, stability to piperidine,
oxidative removal using I,, are identical to those of Trt. However,
no modification of Trp residues is seen when using thiols or
silanes as Mmt cation scavengers, which is advantageous when
compared to using Tmob or Trt.”' The Mmt group displays
orthogonality to multiple Cys protecting groups, including tBu,**
Dpm,”” oNv,"** StBu,®* and Acm.”* As a result, Cys(Mmt) has been
frequently used in combination with other Cys protecting groups
to synthesise disulfide containing peptides, such as a-conotoxin

11122 | Chem. Soc. Rev., 2021, 50, 11098-11155
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MII (Fig. 16b).”* In addition, as it is more acid-labile than Trt, the
two groups are technically orthogonal to each other; care, however,
must be taken if using Mmt and Trt together to avoid an overlap in
deprotection conditions (4-5% Trt deprotection is observed in 1%
TFA for 30 min at 22 °C).”"”® Cys(Mmt) has also been used in the
synthesis of cyclic tumour-homing peptides,*** and conopeptides
in combination with Cys(Allocam).”*> The protecting group also
features in the synthesis of palmitoylated peptide fragments; these
peptides can be subsequently used as building blocks in Ser/Thr
ligation for the chemical synthesis of complex, palmitoylated
membrane proteins, including S-palmitoylated rabbit sarcolipin
(S-palm SLN),>°® S-palmitoylated interferon-induced trans-
membrane protein 3 (S-palm IFITM3),*” and S-palmitoylated
matrix-2 ion channel from influenza A virus (S-palm M2).>°%>%7

5.2.15 9H-Xanthen-9-yl (Xan) and 2-methoxy-9H-xanthen-9-yl
(2-Moxan). The 9H-xanthen-9-yl (Xan)**® (Fig. 17a) and 2-methoxy-
9H-xanthen-9-yl (2-Moxan) (Fig. 17b) groups were introduced for
use in Fmoc SPPS in 1997.' 2-Moxan is somewhat more acid-
labile than Xan, but both groups are removed by 0.1% TFA in the
presence of TES. Silane scavengers are highly efficient at aiding
cleavage, whilst conventional aromatic scavengers, e.g. thioanisole,
show no effect. Thiol scavengers, e.g. BME, may be used, but 10%
TFA and a great excess of scavenger are needed. In the solid
phase, more concentrated acid is required, i.e. 1% TFA for 2 h is
sufficient. For oxidation to give a disulfide species, I, in MeOH

a) 9H-Xanthen-9-yl
g
S
A %H
N
Y
(0}

Cys(Xan)

b) 2-Methoxy-9H-xanthen-9-yl
94 ,
§
S OMe
A %H
N
I
O

Cys(2-Moxan)
Fig. 17 (a) Cys thiol protection with the 9H-xanthen-9-yl (Xan) protecting

group. (b) Cys thiol protection with the 2-methoxy-9H-xanthen-9-yl (2-
Moxan).
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or TI(TFA); may be used.'®> Both groups are stable to reagents
used in Fmoc SPPS (piperidine in DMF at 25 °C for more than
24 h, 1-hydroxybenzotriazole (HOBt) in DMF at 25 °C for 24 h,
etc.) and AcOH (even in the presence of silane scavengers). They
can be selectively removed from acid-labile PAL (peptide-
amide-linker) supports, further expanding their potential use.
Both groups produced sample peptides of greater purity than the
equivalent peptides synthesised using Cys(Trt). These groups may
thus have potential as alternatives to Trt, Tmob or Acm.'*®> Xan
has featured in the on-resin synthesis of cyclic peptides.””
5.2.16 4,5,6-Trimethoxy-2,2-dimethyl-2,3-dihydrobenzofuran-
7-methyl (Tmbm), 2,2,5,7,8-pentamethylchroman-6-methyl (Pmem)
and 2,2,4,6,7-pentamethyl-2,3-dihydrobenzofuran-5-methyl (Pbfm).
4,5,6-Trimethoxy-2,2-dimethyl-2,3-dihydrobenzofuran-7-methyl
(Tmbm, Fig. 18a), 2,2,5,7,8-pentamethylchroman-6-methyl (Pmcm
Fig. 18b) and 2,2,4,6,7-pentamethyl-2,3-dihydrobenzofuran-5-
methyl (Pbfm, Pmbf, Fig. 18c) were reported as Cys protecting
groups in 2010 in an attempt to find an alternative to Trt.'®
Cys(Tmbm) and Cys(Pmcm) were all cleaved by TFA (although
different concentrations were required). However, Pbfm was
found to be a superior protecting group candidate, due to its
lability and the desired solubility profile.'"®® Pbfm shows promise
as a less hydrophobic Trt replacement, with the greater solubility
of Pbfm allowing for easier removal during work-up. Pbfm dis-
plays similar lability to Trt, and is removed by 1% TFA in the
presence of either TES or TIS, although it should be noted that
TES may not be used for Trp-containing peptides. Pbfm can also
be removed oxidatively on the solid phase using I,. For oxidative

a) 4,5,6-Trimethoxy-2,2-dimethyl-
2,3-dihydrobenzofuran-7-methyl

fo) OMe
OMe
O
S OMe
Lﬁn

N
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e) 2,6-Dimethoxybenzyl

OMe

Cys(MBom)

Fig. 18

b) 2,2,5,7,8-Pentamethylchroman

Ay

Cys(Pmcm)
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removal, fluorinated acidic solvents, such as HFIP or TFE in
DMF, work well, requiring only 15 min of treatment.'®?

5.2.17 4-Methoxybenzyloxymethyl (Mbom). 4-Methoxybenzyl-
oxymethyl (Mbom) was introduced in 2012 as a Cys racemisation-
suppressing replacement (Fig. 18d) for Trt or Acm for use in Fmoc
SPPS."** Racemisation levels during the activation and coupling
steps of conventional Fmoc SPPS were found to be just 0.4% vs.
8.0% for Trt' an d 4.8% for Acm."* Mbom can be removed using
reagent K (a standard cleavage cocktail composed of TFA/H,O/
phenol/thioanisole/ethane-1,2-dithiol (EDT), v/v 82.5:5:5:5:2.5.
Both methoxybenzyl cations and formaldehyde are generated
during TFA cleavage, which can undergo side reactions with the
peptide; the methoxybenzyl cations can alkylate Cys residues,
whereas formaldehyde can lead to hydroxymethylation, and react
with N-terminal Cys residues producing Thz-capped peptides.
Such side reactions are prevented by using a thiol as a methoxy-
benzyl cation scavenger, and MeONH,-HCl as a formaldehyde
scavenger.'

5.2.18 2,6-Dimethoxybenzyl (2,6-diMeOBn) and 4-methoxy-
2-methylbenzyl (4MeO-2MeBn). 2,6-Dimethoxybenzyl (2,6-diMeOBn,
Fig. 18e) and 4-methoxy-2-methylbenzyl (4MeO-2MeBn, Fig. 18f)
were reported by Ramos-Tomillero et al in 2012, when
searching for protecting groups that fill the gap between Trt
and Mob in Fmoc SPPS, ie. labile to TFA concentrations of
~60-90%.”> Both groups fulfil this requirement and are
removed using 50% TFA (1 h, 25 °C). Despite this, Dpm was
recommended for use instead, due to its similar properties and
easier accessibility."*®

c) 2,2,4,6,7-Pentamethyl
-2,3-dihydrobenzofuran-5-methyl

0]
S S
H H
N N
v Aty
(0]
Cys(Pbfm)

f) 4-Methoxy-2-methylbenzyl e) 4,4-Dimethoxydiphenylmethyl

MeO. ] ] OMe
S
H
”iuLﬁ -
(0]

Cys(Ddm)

MeO.

AH%NE

Cys(4MeO-2MeBn)

(@) Cys thiol protection with the 4,5,6-trimethoxy-2,2-dimethyl-2,3-dihydrobenzofuran-7-methyl (Tmbm) protecting group. (b) Cys thiol

protection with the 2,2,5,7,8-pentamethylchroman-6-methyl (Pmcm) protecting group. (c) Cys thiol protection with the 2,2,4,6,7-pentamethyl-2,3-
dihydrobenzofuran-5-methyl (Pbfm) protecting group. (d) Cys thiol protection with the 4-methoxybenzyloxymethyl (Mbom). (e) Cys thiol protection with
the 2,6-dimethoxybenzyl (2,6-diMeOBnN) protecting group. (f) Cys thiol protection with the 4-methoxy-2-methylbenzyl (4MeO-2MeBn). (g) Cys thiol

protection with the 4,4'-dimethoxydiphenylmethyl (Ddm) protecting group.
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Fig. 19 (a) Cys thiol protection with the Hmb®°™°" protecting group. (b) Conversion of Cys(Hmb®™) to Cys(Hmb®°") and subsequent deprotection of a

model peptide.

5.2.19 4,4'-Dimethoxydiphenylmethyl (Ddm). 4,4’-Dimethoxy-
diphenylmethyl (Ddm, 4,4’-diMeODpm, Fig. 18g) was introduced by
Ramos-Tomillero et al. and can be removed in 10% TFA (5 min,
25 °C).'% It is recommended as a racemisation-suppressing
replacement for Trt, displaying lower rates of Cys racemisation
that Trt or Dpm (0.8% vs. 8.0% vs. 1.2%, (respectively)) when
used for conventional Fmoc SPPS.'%°

5.2.20 Hmb*™°", Hmb°™°" a 2-hydroxy-4-methoxy benzyl
derivative, is a novel protecting group with switchable activity
(Fig. 19a). Hmb°™ is fully compatible with Fmoc SPPS. However,
when treated with aqueous buffer at pH 7.2-7.5 the group is
selectively converted to the Hmb®" form. The Hmb®" form is
fully compatible with standard NCL protocols, including the
post-ligation desulfurisation reaction and any HPLC handling
steps but can be removed by TFA cocktails (Fig. 19b, 95% TFA, 2 h,
25 °C - conditions under which Hmb°T is stable). To demonstrate
its use in SPPS, a segment of erythropoietin (EPO) was synthesised
(EPO[Cys**-Arg"*®) using Hmb°"°" as a Cys protecting group.'®”

5.3 Oxidatively-labile protecting groups

5.3.1 Acetamidomethyl (Acm). Acetamidomethyl (Acm,
Fig. 20a) was first described by Veber et al. in 1968."°° This
novel protecting group was noted to be stable to acidic conditions
(TFA, HBr/AcOH and HCI/EtOH (all at 25 °C), as well as anhydrous
HF at 0 °C). Acm was also noted to be stable to alkaline aqueous
solutions at 25 °C but, crucially, could be removed by
Hg(OAc),."%%"? Follow up literature reports further established
that Acm shows stablilty to commonly used peptide synthesis
protocols, can be removed under relatively mild conditions and

11124 | Chem. Soc. Rev,, 2021, 50, 11098-11155

displays no major racemisation problems."'® Hg(n) is not the
only heavy metal that can remove Acm-AgOTf in TFA (followed
by DTT to obtain the free thiol) will also work,*” as will AgBF, in
TFA-thioanisole (also followed by DTT treatment)."”" Alternative
acidic conditions can also be used: 6 M HCl at 110 °C for 20 h**°
or 97.5% TFA-thioanisole with an electrophilic disulfide (DTNP
or DTP), with an excess of DTNP required (15 eq. for ~90%
deprotection).’® Partial Acm deprotection (70%) of a Cys(Acm)-
containing peptide in 98% TFA-TIS has also been observed after
12 h at 37 °C, with 35% of the deprotected peptide in the
disulfide form and 35% present as the free thiol. Replacing TIS
with anisole or phenol resulted in similar levels of deprotection,
whilst 80-90% deprotection was observed when using thioanisole.
TES scavenger proved more effective at promoting Acm removal
(TES can however reduce the indole ring of Trp). It should be noted
here that whilst thioanisole and TES promote disulfide formation,
as observed with TIS, anisole and phenol do not.*® For Acm
removal and subsequent oxidation to yield disulfides, I,,
TI(TFA);,""" or silyl chloride-sulfoxide in TFA may be used.*
Acm is stable to TCEP and is thus orthogonal to SiPr."** The
Acm protecting group also displays orthogonality to a large
number of other Cys protecting groups; these include Trt, tBu,
Meb,”* Ad,*” Hqm/Hgm,'?®* Msbh,'*® Tmob, Mmt,*** and
Dnpe.'?* As a result, Acm is widely used as a Cys protecting
groups, as shown in the synthesis of proteins including
chemokine CCL27 (using AgNO; for Cys(Acm) deprotection),>*
EPO (using AgOAc for Cys(Acm) deprotection),>'® and HIV-1 Rev
(Fig. 20b, using Hg(OAc), for Cys(Acm deprotection).*'® How-
ever, the methods described thus far to deprotect Cys(Acm)

This journal is © The Royal Society of Chemistry 2021
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d) Synthesis of Ecballium elaterium trypsin inhibitor Il
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e) Synthesis of apamin
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o Acm deprotection facilitated
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by Cu-mediated thiol oxidation

liberated N-terminal cysteine S = CNCKAPETALCARRCQQH-

Fig. 20 (a) Cys thiol protection with the acetamidomethyl (Acm) protecting group. (b) Synthesis of HIV-1 Rev using Cys(Acm) and Hg-mediated
deprotection. (c) Synthesis of thioredoxin-1 using Cys(Acm) and Pd-mediated deprotection. DTC is used for Pd quenching. (d) Synthesis of Ecballium
elaterium trypsin inhibitor Il (EETI-II) using Cys(Acm) and Pd-mediated deprotection. DSF is used for disulfide formation post-Acm removal. (e) Synthesis

of apamin using Cys(Acm) and a Cu-mediated deprotection process.

have been reported to suffer from several issues over the years.
The heavy metals used to remove Acm are toxic and harmful to
the environment, and S to O(Ser, Thr) Acm shifts can occur
upon deprotection in peptides with high Ser or Thr content.
This can be avoided by using glycerol (with a molar ratio
of glycerol:peptide, 5600:1) as a scavenger with Hg(u) or
Tl(m) deprotection methods.”’* I, can cause back-alkylation,
resulting in the formation of residual products, which can be
difficult to remove.'®” Other potential side-reactions include

This journal is © The Royal Society of Chemistry 2021

the iodination of Trp and Tyr residues*® or over-oxidation to
the sulfonic acid.'® Although mostly acid-stable, premature
cleavage of Acm occasionally occurs in mildly acidic conditions
in the presence of free thiol and thioanisole scavengers.
Irreversible alkylation of Tyr residues with Acm groups can
then occur. This reaction appears to be suppressed with scavengers
(e.g phenol) at comparatively high peptide dilution and may be
sequence-specific.”*” The preparation of Acm can also be proble-
matic, as thiazolidine-2-carboxylic acid can be formed as a
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byproduct. Activation using DCC/HOBt can also result in side
reactions. The Bam and Tacm protecting groups have been
reported in an attempt to address these issues.'*° Due to its
partial instability to HF, Acm is not particularly suitable for use
in Boc SPPS."'" In addition, Acm reacts with strong electro-
philes, such as the ¢Bu cation (which is generated during Boc
removal), causing S-alkylation - although this reaction can be
suppressed by the addition of dimethyl sulfide.'*

More recently, it has been reported that Acm can be removed
under significantly milder conditions using transition metal
catalysts, such as Pd(n) complexes.'*>""*For example, the synthesis
of the two-Cys containing ubiquitin-like protein 5 (UBL5) could be
achieved in a one-pot manner, with deprotection of Cys(Acm) in
the final step performed using 30 equiv. PdCl, within 15 min
(followed by DTT addition)."*> Treatment of Cys(Acm)-containing
peptides with PdCl, in H,O or guanidinium chloride (Gdn-HCI)
pH 7 (30 min, 37 °C) followed by DTT addition led to total
deprotection to yield the free thiol-containing peptide. Alter-
natively, using 100 equiv. of diethyldithiocarbamate (DTC) after
Pd-mediated deprotection of multi-Cys(Acm)-containing peptides
allows for oxidation to form disulfide bonds. Total synthesis of
E. Coli thioredoxin (Trx-1) in a one pot manner has been reported
using this strategy. First NCL was performed between an N-terminal
fragment (bearing two Cys(Acm) residues and a C-terminal
thioester, Trx(1-56)) and a C-terminal fragment (bearing an
N-terminal Cys (Trx58-109)). This was then followed by desulfur-
isation, and finally sequential Acm deprotection and disulfide
formation using PdCl, and DTC respectively to yield the target
protein (Fig. 20c)."® Moreover, whilst Acm and Thz are both
labile to Pd(u) complexes, Acm is stable to the lower concentra-
tions of [Pd(allyl)Cl], compared to Thz, giving the two groups
some orthogonality to one another. Following Thz deprotection,
Acm can be deprotected within 5 h following the addition of an
extra 10 equiv. of [Pd(allyl)Cl],. Additionally, Acm is orthogonal to
tBu under these conditions.*® Acm is also stable to Pd(0)-mediated
removal of N-terminal Alloc-protected o-amino groups. This, in
tandem with a B-thiolactone-mediated NCL procedure,****'*
demonstrated in the full chemical synthesis of histone H3 bearing
an Ne trimethylated Lys residue ([Lys(Me3)9]H3.1)."™* The use of
PdCl, for Cys(Acm) deprotection, with DTC for Pd quenching and
disulfiram (DSF) for disulfide formation, has very recently been
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described in combination with photolabile Cys protecting groups
for rapid deprotection/disulfide formation in multiple disulfide-
rich peptides, including Linaclotide and Echallium elaterium
trypsin inhibitor II (EETI-II, Fig. 20d).>*

In addition to Pd(u) chemistry, deprotection of Cys(Acm)
using CuSO, has been reported.” Initially, it was noted that
CuSO,-mediated deprotection of Cys(Thz) would also lead to
deprotection of Cys(Acm) in the same peptide scaffold if
ascorbate was not added, but would leave Acm intact if ascorbate
was added. In model peptides, CuSO, would only deprotect
Cys(Acm) if the peptide contained an N-terminal Cys that was
either unprotected or protected with Thz (which could undergo
CuSOg-mediated deprotection to reveal an N-terminal Cys). This
instance of double deprotection has been hypothesised to result
from Cu-mediated oxidation of the deprotected/unprotected
N-terminal thiol to sulfenic acid, which then undergoes nucleo-
philic attack from the Cys(Acm) sulfur, leading to disulfide
formation and loss of Acm. Excess Cu can then be quenched
with DTT (leading to the free thiol-containing peptide) or
ethylenediaminetetraacetic acid (EDTA, leading to the disulfide
containing peptide). This protocol was demonstrated in the
synthesis of the two-disulfide containing peptide apamin. Following
formation of the first disulfide bond via Cys(Trt) deprotection and
air oxidation, sequential deprotection of Cys(Thz) and Cys(Acm)
with CuSO, (100 mM, 6 M Gdn.HCl, 0.1 M HEPPS) followed by
quenching with EDTA (100 mM), could be used to engineer the
second disulfide bond in a regioselective manner (Fig. 20e).
Oxidation by-products were formed, however, if the order of
disulfide bond formation in this procedure was reversed (with
Cys(Mob) used as opposed to Cys(Trt)). In the case of peptides
which lack an unprotected N-terminal Cys, Cys(Acm) can be
deprotected by addition of CuSO, in the presence of an equi-
molar amount of aminothiol additive, such as cysteamine.”*

5.3.2 5-Dibenzosuberyl (Dbs). The 10,11-dihydro-5H-dibenzo-
[a,d]cyclohepten-5y] or 5-dibenzosuberyl (Dbs, Sub) protecting
group (Fig. 21a) was proposed in 1976.""° The group was noted
to be removed reductively with Hg(OAc), or oxidatively with I,
in MeOH or AcOH.'" Dbs-Protected Cys may also be cleaved
using TI(TFA); to yield cystine.*®*'® Dbs was observed to have
“sufficient” stability to TFA but was partially removed by
HBr/AcOH.""® Preliminary work has shown that Dbs may be a

¢) (2-Oxo-1-pyrrolidinyl)methyl d) Dimethylphosphinothioyl e) Trimethylacetamidomethyl

>Lfo

NH
S S
H H
>f %Lm”?“ f*uLw”?’
(0] o
Cys(Mpt) Cys(Tacm)

(a) Cys thiol protection with the 5-dibenzosuberyl (Dbs) protecting group. (b) Cys thiol protection with the benzamidomethy!l (Bam) protecting

group. (c) Cys thiol protection with the (2-oxo-1-pyrrolidinyllmethyl (Pym) protecting group. (d) Cys thiol protection with the dimethylphosphinothioyl
(Mpt) protecting group. (e) Cys thiol protection with the trimethylacetamidomethyl (Tacm) protecting group.
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promising protecting group for the guanidino function of Arg,>"”
however, it is yet to find widespread use as a protecting group.*

5.3.3 Benzamidomethyl (Bam). The benzamidomethyl (Bam)
protecting group (Fig. 21b) was proposed in 1978 as an alternative
to Acm which could still be removed using Hg(OAc), (1 h, RT)."*®
Bam can also be removed oxidatively by AgOTf in TFA-anisole (1 h,
0 °C)*” as well as by methyltrichlorosilane/tetrachlorosilane in the
presence of diphenyl sulfoxide (a “silyl chloride-sulfoxide system”)
in TFA.*> DTT may then be added to obtain the free thiol.””
Compared to Acm and when no N-terminal protecting was present,
preparation of Cys(Bam) was not accompanied by the formation of
thiazolidine-2-carboxylic acid and side reactions were not observed
during DCC/HOB activation."*® Bam has been shown to be stable
to many commonly used reagents in peptide synthesis: 1 M NaOH,
1 M HCI, and TFA (all at 25 °C), as well as 90% Zn/AcOH at 0 °C.
The group is however unstable to very strong acids, such as 6 M
HCI (24 h, 110 °C),""*® as well as HF cleavage and towards alkaline
conditions."*’

5.3.4 (2-Oxo-1-pyrrolidinyl)methyl (Pym). The (2-oxo-1-pyr-
rolidinyl)methyl (Pym) functionality has been reported as a some-
what obscure Cys protecting group (Fig. 21c).""” Cys(Pym) shows
instability when treated with HF, and is susceptible to oxidation
with NaBO; to give the corresponding Cys sulfoxide species similar
to Cys(Acm) and Cys(Bam). It has been noted to show stability
towards 0.05 M NaOH or treatment with hydrazine. Complications
arising from use of DCC-HOBt coupling were not observed when
using Boc-Cys(Pym)-OH.""” It has been reported as a protecting
group for the synthesis of hexapeptides, although its success in
giving pure peptides during isolation was rather limited; this was
rationalised by the Cys(Pym) group displaying increased solubility
in solvents such as H,0, acetone, and Et,0.%'8

5.3.5 Dimethylphosphinothioyl (Mpt). Initially reported as
an N-terminal ¢-amino protecting group,'® the dimethylphos-
phinothioyl (Mpt) protecting group was first investigated as a
Cys protecting group in 1983 (Fig. 21d)."*® Cys(Mpt) proved
stable at room temperature to 2 M HCI in solvents such as
EtOAc and AcOH, and to TFA. Partial cleavage was observed
when using 25% HBr/AcOH, and dehydroalanine formation
was noted upon treating Cys(Mpt)-containing peptides with
1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU). The Mpt group can
be cleaved with AgNO; or Hg(OAc), (1-4 equiv. 20-60 min), and
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has been used in the Boc solution phase synthesis of glutathione."*®
Alternatively, deprotection can also be achieved using tetrabutylam-
monium fluoride (TBAF)/THF to give the free thiol, or TBAF/DMF to
yield the corresponding disulfide. If Mpt deprotection with TBAF is
carried out in DCM, however, methylenedithioether formation
between two Cys thiols occurs; this was subsequently demon-
strated in the Boc solution phase synthesis of a cyclic enkephalin
analogue.""’

5.3.6 Trimethylacetamidomethyl (Tacm). The trimethyl-
acetamidomethyl (Tacm) group (Fig. 21e) was proposed in
1989 as an alternative to Bam.'*® Similar to Bam, preparation
and activation when using Tacm are not accompanied by side
reactions; in contrast, however, Tacm is also stable to acidic
conditions (HF, 1 h, 0 °C, or TFMSA-thioanisole in TFA, 2 h,
0 °C) and a variety of basic conditions (0.05 M NaOH in MeOH,
1 h, 0 °C or hydrazine in MeOH, 24 h, RT). Tacm is also stable to
90% Zn/AcOH (1 h, 25 °C), and displays a higher resistance to
air oxidation than Acm or Bam. Partial cleavage is observed,
however, when treated with 25% HBr/AcOH.''” Tacm can be
removed using Hg(OAc),, or I,/EtOH in AcOH (aq.) for oxidation to
the disulfide."*® Much like Acm, Tacm is also cleaved by AgBF, in
TFA-thioanisole (followed by DTT treatment)'** and silyl chloride-
sulfoxide in TFA, the latter of which gives the disulfide.*

Care must be taken when using I, in AcOH, as partial
oxidation of methionine (Met) residues to methionine sulfoxide
(Met(0O)) can occur. Modification of Trp residues has also been
observed."” Despite its higher resistance to acid than Bam,
Tacm can still show instability in HF and TFA/heat. It is there-
fore not particularly suitable for Boc SPPS,"'" although it has
been used successfully in Boc solution phase synthesis of pBNP
using this strategy."*® Furthermore, Cys(Tacm) has been used in
Fmoc SPPS to synthesise oxytocin in combination with the silyl
chloride-sulfoxide system.>*°

5.4 Base-labile protecting groups

5.4.1 9-Fluorenylmethyl (Fm). The 9-fluorenylmethyl (Fm)
group is a base-labile Cys protecting group (Fig. 22a) first described
in 1982'** and introduced to SPPS in 1986."** Fm can be removed
by NH; in MeOH"** or 50% piperidine in DMF (2 h, RT).">* Fm
displays favourable properties for Boc SPPS; it is stable to TFA,
TFMSA/TFA, boiling HCI (at 110 °C)"** as well as HF-anisole

c) 9-Fluorenylmethyloxycarbonyl

o
o0 .Q

“*u/gr i

S
o

NO,

Cys(Fmoc)

(a) Cys thiol protection with the 9-fluorenylmethyl (Fm) protecting group. (b) Cys thiol protection with the 2-(2,4-dinitrophenyl)ethyl (Dnpe). (c)

Cys thiol protection with the 9-fluorenylmethyloxycarbonyl (Fmoc) protecting groups.
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(95:5, 1 h, 0 °C). It is also stable to 0.1 M I, in DMF,"** and
catalytic hydrogenation.'** As with all of the base-labile protecting
groups described here, Fm is incompatible with Fmoc SPPS.***
Some Fm-protected peptides can display poor solubility in polar
media, and a low peptide yield is observed upon final HF cleavage
from the resin when the C-terminal amino acid is Cys(Fm). Dnpe is
an alternative protecting group that may be used to avoid these
complications.'**

5.4.2 2-(2,4-Dinitrophenyl)ethyl (Dnpe). 2-(2,4-Dinitrophenyl)-
ethyl (Dnpe) was introduced in 1992 as a replacement for the Fm
group in Boc SPPS (Fig. 22b)."** Compared to Fm, superior yields
were obtained following HF cleavage when the C-terminal amino
acid is Cys; this is attributed to the reduced steric hinderance
encountered during cleavage when using Dnpe. Dnpe is more
base-labile than Fm and cleavage using 50% piperidine in DMF
can yield the desired disulfide-containing peptide within 30 min.
Alternatively, the free thiol-containing peptide can be obtained
within 1 h if this process is done in the presence of 2% BME under
an argon atmosphere.'** Deprotection can also be accomplished
using DBU (2% v/v in DMF).®®

Dnpe is stable to a wide variety of reagents, both basic and
acidic. These include: 5% DIEA in DCM (2 h), 40% TFA in DCM
(24 h), 90% HF in the presence of p-cresol or anisole (1 h, 0 °C),
and TFMSA-p-cresol in TFA (1:3:10, 2 h, 25 °C). It is also stable
to oxidative conditions, e.g. TI(TFA); in TFA, I, in 80% AcOH
(aq.) and is thus orthogonal to protecting groups including
Meb, Acm and S¢tBu.'?*

5.4.3 9-Fluorenylmethyloxycarbonyl (Fmoc). Although
widely used for N-protection of the a-amino group in SPPS, it
was not until 2001 that 9-fluorenylmethyloxycarbonyl (Fmoc) as a
protecting group for the Cys thiol was demonstrated (Fig. 22c)."*
Cys(Fmoc) can be converted to Cys(Fm) by treatment with Et;N.
Fm may then be removed as described previously. Furthermore,
S-Fmoc can be removed preferentially over N-Fmoc through choice
of base, allowing the two groups to be used together. Although
Fmoc still has not become widely used as an S-protecting group, it
provides a simple way of synthesising Fm derivatives. Additionally,
S-Fmoc could be useful in synthetic strategies that require selective
deprotection of the thiol group in the presence of N-Fmoc."*>

5.5 Enzyme-labile protecting groups

5.5.1 Phenylacetamidomethyl (Phacm). Phenylacetamido-
methyl (Phacm, Fig. 23a) is an environmentally-friendly alternative
to Acm, first described in 1991 by Greiner and Hermann.”*' The
protecting group was then introduced to SPPS in 1995 by Royo
et al."*® Phacm has very similar stability and lability to Acm but is
additionally cleaved by E. coli penicillin G acylase (PGA, E.C.
3.5.1.1)."*° PGA can be immobilised on amino-actylic resin (iPGA,
Fig. 23b), which allows the enzyme to be recycled for repeated use;
total enzymatic activity is still retained after five reaction cycles.
Immobilisation of the enzyme is beneficial as it decrease the
environmental impact and increase the cost-effectiveness of the
enzyme. Immobilised enzymes also tend to have enhanced stability
and display activity over a wider range of conditions."*” Cys(Phacm)
deprotection can be performed under mild conditions; the optimal
conditions for using iPGA are 0.1 mM phosphate buffer, pH 7.9, in
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DMSO (95:1), at 37 °C. DMSO is the best-tolerated solvent, but
enzymatic activity remains almost completely intact when
DMSO is replaced by any of a variety of organic co-solvents:
MeCN, DMF, EtOH, various other alcohols and Et,0. The pH
range under which deprotection can occur is also broad, with
clean removal still observed at pH 5.9.">” If enzymatic hydrolysis
is performed in the presence of BME, the free thiol is obtained,
otherwise, the Cys is oxidised directly to the disulfide.*® The
efficiency of iPGA can depend on the peptide sequence contain-
ing Cys(Phacm), as some peptide sequences appear to tolerate a
broader range of conditions than others. Care must therefore be
taken to choose the optimal conditions for a given sequence."*”
Phacm may also be removed using Hg(u) or Ag(u) salts, or under
conventional oxidative conditions, e.g. using I, or TI(TFA);. How-
ever, removal under enzymatic conditions circumvents the pro-
blems with such reagents, as there is no need to use toxic heavy
metals or reagents (e.g. I,) which can favour peptide chain
modifications (e.g. back alkylation), have difficult to remove
residual products and are damaging to the environment.'”’”
Phacm is stable to acidic and basic conditions, including 5%
DIEA in DCM, 40% TFA in DCM, 25% piperidine in DMF, 0.1 M
TBAF in DMF and 5% DBU in DMF (all for 24 h at 25 °C). Phacm
is also stable to 90% HF in the presence of anisole or p-cresol
(1 h, 0 °C) and 90% TFA in the presence of a number of
scavengers (i.e. phenol, ethane-1,2-dithiol (EDT), p-cresol, anisole,
2 h, 25 °C). This makes Phacm suitable for both Fmoc and Boc
SPPS. However, it is more useful for Fmoc SPPS, as it is partially
cleaved (<20%) by TEMSA-TFA-p-cresol (1:10:0.3, 2 h, 25 °C)."*°
Phacm is orthogonal to a wide variety of protecting groups,
including Fm, Dnpe, Meb, Trt and Tmob.*?® In addition to those
mentioned, Phacm is orthogonal to many acid-labile protecting
groups.'?’ It is also partially orthogonal to Acm, provided Phacm
is removed enzymatically prior to Acm deprotection.'*® This has
been demonstrated on model tripeptides containing Cys(Phacm)
and Cys(Acm) (Fig. 23c)."”” Cys(Phacm) derivatives, which have
been used as protecting groups/solubilising tags in the chemical
synthesis of proteins such as histone H4, can also be removed
using PdCl, under aqueous conditions.””” Additionally, the
orthogonality of Cys(Phacm) can be used to facilitate multi-
interchain disulfide formation in the final step of three-disulfide
containing peptides synthesis, such as in the I, free synthesis of
a porcine insulin analogue (Fig. 23d).>*®* Here, the A chain
(containing four c) can be synthesised using a combination of
Cys(S-Tmp), Cys(Mmt), Cys(Trt) and Cys(Phacm). Selective depro-
tection, followed by activation, yields the Cys(Trt), Cys(Phacm),
disulfide containing resin bound A chain. Simultaneous Trt
removal and resin cleavage could then be achieved with a cleavage
cocktail of TFA:TIS: H,0 (92.5:5:2.5). Incubation of this A chain
peptide with a Cys(Phacm), Cys(5-Npys) activated B chain peptide
in ligation buffer (0.2 M NH,OAc, 6 M urea, pH 4.5) lead to
formation of one of the interchain disulfides. Finally, selective
removal of the Phacm protecting group with immobilised PGA and
activation with 3 equiv. 5,5'-dithiobis-(2-nitrobenzoic acid)
(DTNB) lead to formation of the second interchain disulfide to
give the desired product. Optimisation of activation with DTNB
proved critical to minimise misfolding and disulfide scrambling;

This journal is © The Royal Society of Chemistry 2021
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Fig. 23 (a) Cys thiol protection with the phenylacetamidomethyl (Phacm) protecting group. (b) Schematic of immobilised Penicillin G Acylase (iPGA)
used for Cys(Phacm) deprotection. (c) Orthogonal deprotection of Cys(Phacm) and Cys(Acm) in a model tripeptide. (d) Synthesis of a porcine insulin
analogue using Cys(Phacm).
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oxidation with no DTNB or in 10% DMSO led to only scrambled
side products, whereas double-DTNB side products were observed
when using >4 equiv. DTNB.>** A similar strategy was adopted
for the synthesis of human relaxin-2 using Cys(Phacm) and
Cys(tBu); here, DTNB was replaced with activating agent bis(5-
(2-methoxyethoxy)-2-pyrimidinyl disulfide (BMPD) post-Phacm-
removal to give an improved peptide yield.***

5.6 Hydrazine-labile protecting groups

5.6.1 Hydroxyglycine-Acm (Hgm) and hydroxyquinoline-Acm
(Hgm). Hydroxyglycine-Acm (Hgm, Fig. 24a) and hydroxyquino-
line-Acm (Hqm, Fig. 24b) were devised by Shen et al. in 2011."*®
Both groups are stable to Fmoc and Boc SPPS and are remo-
vable by hydrazine (5% v/v in H,O) under mild conditions

a) Hgm b) Hgm

AcO
y At
O /\’&O

el VT ]
i ACOQ HNw

) ;
S H
f*NLm“ﬁ ’*HLW i/
H A 0

Cys(Hgm) Cys(Hgm)

H = Hydroxy, q = quinoline, g = glycine, m = Derived from Acm
c) Synthesis of human neutrophil defensin (hNP2)

T—qu ?—qu

}—cooH

H,N—{
| |

Acm—S Acm—S

S

i) 5% viv hydrazine, H,0:MeCN (1:1)
pH 8.5, 37 °C, 24 h
ii) 20% DMSO, H,0:MeCN (1:1), pH 6.0, 24 h

Hgm deprotection
Disulfide formation

i i
HN—{ }—cooH
Acm—S ‘ Acm—S
S S
Acm deprotection I, AcOH:0.1 M HCI
Disulfide formation (4:1), RT,1.5h
i i
HN— J—cooH
| |
S S
S S
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() =-CYCRIPACIIGERRYGTCIYQGRLWAFCC-

Fig. 24 (a) Cys thiol protection with the Hgm protecting group. (b) Cys
thiol protection with the Hgm protecting group. (c) Synthesis of human
neutrophil defensin (hNP2) using Cys(Phacm).
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(pH 8.5, 37 °C). In both cases, hydrazine removes the OAc moiety,
triggering an internal deprotection step. Hqm is removed within
8 h, while Hgm takes 72 h for full removal; Hqm is therefore
recommended for practical use. Treatment with standard oxidative
reagents (i.e. I, or AgOAc) removes Hqm within 30 min. Hqm can
be considered orthogonal to (and subsequently removed in the
presence of) Acm due to the latter’s stability towards treatment
with hydrazine. This orthogonality was demonstrated in a synth-
esis of human neutrophil defensin hNP2 using Hgm, Acm and Trt
as three orthogonal protecting groups (Fig. 24c). An improved final
yield of the peptide was observed when compared to previous
reports that used the StBu, Acm and Trt groups.'?®

5.7 Palladium-labile protecting groups

5.7.1 Allyloxycarbonyl (Alloc). The allyloxycarbonyl (Alloc)
group has been previously described for the protection amino
acids, including the thiol group of Cys (Fig. 25a).>>®> Alloc
groups can be deprotected using tributyltin hydride (Bu;SnH)
and a Pd(0) catalyst. Removal can be achieved within 10 min
using PdCl,(PPh;), in DCM and AcOH with BusSnH. The Alloc
group is stable in TFA/DCM (24 h, 50 °C), but base-labile —
piperidine treatment (30% in DMF, 3 h, 30 °C) of Boc-Cys(Alloc)-
OH results in complete removal of the Alloc group. Additionally,
under Fmoc conditions, the Alloc group is prone to undergoing
B — o shifts, and intramolecular acylation reactions may also
occur.'?® These issues associated with the Alloc group hinder its
suitability as a Cys protecting group. As such, other allyl-based
Pd-labile protecting groups, such as Allocam, are recommended
instead."*°

5.7.2 Allyloxycarbonylaminomethyl (Allocam). The allyloxy-
carbonylaminomethyl (Allocam) group was reported in 1994 as a
replacement for Alloc in Cys protection chemistry (Fig. 25b)."*°
The Allocam group can be removed using Bu;SnH and a Pd(0)
catalyst in AcOH (10 min, RT). Following deprotection, the
crude reaction mixture contains a mixture of the tributyltin salt,
the free thiol, and additionally minor amounts of the corres-
ponding disulfide. 0.5 equivalents of I, may then be added to
isolate the deprotected Cys residues as their disulfide derivatives."*°
In the presence of Pd, Cys(Allocam) derivatives can rearrange into
allyl thioethers with a corresponding loss of CO, and methyleni-
mine. This is prevented by adding a high concentration of a weak
nucleophilic species, such as AcOH, into the reaction to trap the
n-allyl entity prior to rearrangement. Without addition of AcOH,
~ 5-10% formation of allyl thioethers is observed."*® Cys(Allocam)
displays stability towards piperidine,**® but is slightly unstable to
the acidic conditions used for Boc removal,?*’ with ~10%
degradation seen following 20 h of treatment with 25% TFA
in DCM."°

After its initial documentation, the Allocam group saw little
use as a protecting group for Cys in the literature. More
recently, however, it has seen a revival as an orthogonal Cys
protecting group. Here, alternative deprotection protocols that
lead directly to the disulfide formation on-resin have been
developed: Pd(OAc), (1.5 equiv.), 3% NMM and 5% AcOH in
DMSO for 2 h. Under these conditions, complete removal of
Allocam could be achieved to yield the disulfide-containing

This journal is © The Royal Society of Chemistry 2021
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Fig. 25 (a) Cys thiol protection with the allyloxycarbonyl (Alloc) protecting
group. (b) Cys thiol protection with the allyloxycarbonylaminomethyl
(Allocam) protecting group. (c) Synthesis of a4/7 Conotoxin LvIA (a-LvlA)
using Cys(Allocam).

HN—{

resin-bound peptide.”*' The use of Cys(Allocam) has since

been expanded towards higher-yielding, on-resin synthesis of
04/7-Conotoxin LvIA (a-LvIA, Fig. 25¢).>°> Orthogonality of
Cys(Allocam) to other protecting groups was also further established.
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For example, treatment of peptides containing Cys(Trt) and Cys(tBu)
with Pd(OAc), (1.5 equiv.), 3% NMM and 5% AcOH in DMSO for 2 h,
followed by resin cleavage, led to no removal of either protecting
group, whereas treatment of Cys(Mmt) with the same conditions
gave a mixture of products. Peptides containing two Cys(Allocam)
residues could be fully deprotected to give the corresponding
disulfide when using I,, whereas the Allocam protecting groups
remained intact when using conditions typically used for StBu/
Mmt removal (20% BME, DTNP, 1% TFA, 5% TIS). Depending on
the combination of Cys protecting groups used, Cys(Allocam)
could be orthogonally deprotected first or last in a given sequence
to perform regioselective synthesis of disulfide-containing o-LvIA
on-resin.”*

5.7.3 [N{2,3,5,6-Tetrafluoro-4-(N'-piperidino)-phenyl], N-allyl-
oxycarbonyl]-aminomethyl (Fnam). The [N-[2,3,5,6-tetrafluoro-4-
(N'-piperidino)-phenyl], N-allyloxycarbonyl]-aminomethyl (Fnam)
group (Fig. 26a) was synthesised in 1999, whilst looking for a
replacement to the Allocam group that was more stable to TFA."*>
The decomposition of Allocam in the presence of acid was
hypothesised to be an acid-catalysed fragmentation reaction,
which led to the formation of a reactive acyliminium cation. One
way which was theorised to increase the stability of Allocam to TFA
was to add an electron-withdrawing group to the nitrogen atom,
which would disfavour acyliminium formation. Fnam can be
removed using Pd(0) complexes in the presence of allyl scavengers,
e.g. BusSnH in DCM in the presence of 5 mol % PdCl,(PPhj;), and
AcOH, followed by AcOH/BME to obtain the free thiol. Alterna-
tively, following up with I, treatment will give the disulfide.
Pd(PPh), in the presence of either PhSiH; or NDMBA also caused
deprotection within 15 min and 60 min, respectively (these
systems fail to deprotect S-Allocam).’** As with their Allocam
homologues, a scavenger (BuzSnH, PhSiH; or NDMBA) is needed
to avoid rearrangement to allyl thioethers. Fnam is completely
acid and base stable, and is compatible with both Boc and Fmoc
SPPS. Fnam has thus been hypothesised to be compatible with
most acid- and base-labile protecting groups. However, Fnam is
not stable to the deprotection conditions used for Acm, i.e. heavy
metal salts or oxidants such as TI(TFA);."**

5.7.4 S{N-{2,3,5,6-Tetrafluoro-4-(phenylthio)-phenyl], N-allyl-
oxycarbonyl]-aminomethyl (Fsam). S-[N-[2,3,5,6-Tetrafluoro-4-
(phenylthio)-phenyl], N-allyloxycarbonyl]-aminomethyl (Fsam,
Fig. 26b) is an easier to handle analogue of Fnam."** Conditions
for its removal are identical: a Pd(0) complex in the presence of
allyl scavengers, e.g. PhSiH; (or NDMBA) in DCM, followed by
Pd(PPh;), (inert atmosphere, 10 min, 25 °C). This gives a
mixture of the free thiol and thioaminals - AcOH/BME can then
be added to give the free thiol as the sole product. As with Fnam,
PdCl,(PPh;),/BusSnH can also be used, but is more difficult to
handle. I, may be added to remove the Fsam protecting group,
yielding a disulfide bond."*?

Fsam is stable to acidic and basic conditions, and is com-
patible with both Boc and Fmoc SPPS. Fsam is labile to similar
oxidative conditions to Acm and Phacm. A side reaction was
observed during SPPS, which was suggested to be due to N-allyl
peptides forming via nucleophilic attack of the neighbouring
a-amino function at the allyl group. This reaction was proposed
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Fig. 26 (a) Cys thiol protection with the [N-[2,3,5,6-tetrafluoro-4-(N’-
piperidino)-phenyll, N-allyloxycarbonyll-aminomethyl (Fnam) (b) Cys thiol
protection with the S-[N-[2,3,5,6-tetrafluoro-4-(phenylthio)-phenyll, N-
allyloxycarbonyl]-aminomethy!l (Fsam) protecting group.

to occur under the basic conditions present during Fmoc
removal or during the coupling step. This phenomenon has
also been observed with the Alloc group.'*’

5.7.5 Allyl (Sac). S-Allyl-cysteine (Cys(All), Sac, Fig. 27a) is a
protected Cys variant that is naturally found in garlic.””® Recently it
has been shown that Sac can be incorporated via unnatural amino
acid mutagenesis into Cys-free superfolder GFP (cfsfGFP(R2Sac))."**
In contrast to other UAA incorporation strategies, which rely on
addition of the UAA to the growth medium during protein bio-
synthesis, Sac incorporation was achieved by addition of allyl
mercaptan; this precursor could be biosynthetically converted to
Sac, and subsequently incorporated into the target GFP. The allyl
group can be subsequently deprotected overnight using Pd(TPPTS),
followed by addition of DTT to yield the free thiol-containing GFP in
PBS (Fig. 27b). The allyl group could further be used in thiol-ene
chemistry to fluorescently label hydrogels with cfsfGFP(R2Sac)."**

5.7.6 S-Propargyl-cysteine (SprC). S-Propargyl-cysteine (SprC)
is a Cys derivative where the thiol has been capped with a
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Fig. 27 (a) S-allyl cysteine (Sac). (b) Pd-mediated deprotection of Sac-
containing cysteine-free superfolder GFP (cfsfGFP(R2Sac)).

propargyl group (Fig. 28a). Similarly to Sac, SprC has been used
in unnatural amino acid mutagenesis to generate proteins bear-
ing a protected Cys, such as SprC-containing human thioredoxin
(Trx73SprC). SprC could then be deprotected with Pd(TPPTS),
followed by DTT addition to give the free-thiol containing protein
(in PBS, pH 7.4, 37 °C). Control of catalytic Cys activity via
SprC Cys protection/deprotection could also be achieved, as
shown with SprC-containing human rhinovirus-14 3C (HRV
3C(147SprC)) protease. HRV 3C(147SprC) protease showed no
proteolytic activity against substrates containing a relevant HRV
3C protease cleavage site; upon in situ addition of Pd however,
substrate cleavage was initiated as confirmed by SDS-PAGE
analysis, suggesting activation of protease activity and thus
deprotection of the catalytic Cys (Fig. 28b). This was further
confirmed by ESI-MS analysis. SprC-containing proteins could
additionally undergo bioconjugation reactions using the alkyne
group as a reactive handle, including thiol-yne click reactions,
and Cu(i)-catalysed azide-alkyne cycloaddition (CuAAC). In parti-
cular, SprC can participate in Pd-catalysed Sonogashira coupling,
the product of which can be cleaved/deprotected with a different

This journal is © The Royal Society of Chemistry 2021
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Pd catalyst to give the free Cys containing protein. For example,
Sonogashira coupling could be performed between SprC-containing
enhanced GFP (EGFP(182SprC)) and biotin-iodobenzene using
Pd(NO3), to yield biotinylated GFP; this species could then be
deprotected with Pd(TPPTS), to release the conjugated biotin and
reveal EGFP(182Cys, Fig. 28c).

5.7.7 Succinimide (Suc). The reaction of maleimides with
Cys to yield succinimide (Suc) conjugates is one of the most widely
used methods for a variety of applications, such as surface modifi-
cation,”®® ADC synthesis,**® and fluorescent bioconjugates.”*! Very
recently, Suc has been applied as a Pd-labile Cys protecting group
(Fig. 29a) for use in protein semisynthesis."*® Suc undergoes
deprotection using PdCl, similar to {Bu and Acm, with deprotection
significantly accelerated by addition of MgCl, (giving total Suc
deprotection within 45 min as opposed to 4 h). Additionally,
Cys(Suc) remains stable to treatment with [Pd(allyl)CL,], giving a
degree of orthogonality to Thz (Thz is partially labile to PdCl,
treatment). Furthermore, Cys(Suc) shows stability to conditions both
for NCL and desulfurisation, as demonstrated in the synthesis of

b) Enzyme activation
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disulfide-containing Trx-1. Here, an N-terminal fragment of Trx-1
(containing a C-terminal thioester) was synthesised via expressed
protein ligation (EPL), and the two Cys residues capped with
N-methyl maleimide for Cys(Suc) protection. Capping was carried
out at —18 °C to avoid hydrolysis of the succinimide ring. Sub-
sequent NCL of a C-terminal fragment of Trx-1 (containing an
N-terminal Cys), followed by desulfurisation, led to the Cys(Suc)
protected Trx-1. Deprotection of Cys(Suc) with PdCl,, followed by
oxidation with DTC yielded the desired disulfide-containing Trx-1
(Fig. 29b). Maleimides for Suc protection of Cys can also be
functionalised for further applications; for example, a Suc-based
protecting group could act both as a protecting group and a
linker to a solid phase resin (PEGA resin) in the synthesis of
ubiquitin activity-based probes.**®

5.8 N-terminal cysteine protecting groups

5.8.1 Thiazolidine (Thz). The thiazolidine group (Thz) was
introduced as far back as 1937, where it was noted that formal-
dehyde reacts with Cys residues to form thiazolidinecarboxylic

Ubiquitin-linked GyrA intein

No cleavage of linker
No HRV 3C proteolytic activity

Ubiquitin-linked GyrA intein

Cleavage of linker
HRV 3C proteolytic activity

Pd(TPPTS),

—_—

SprC deprotection

Deprotected EGFP

(a) S-Propargyl-cysteine (SprC). (b) Pd-Mediated deprotection of SprC-containing human rhinovirus-14 3C (HRV 3C(147SprC)). Upon SprC

deprotection, HRV 3C proteolytic activity is restored. (c) Sonogashira coupling of SprC-containing enhanced GFP (EGFP(182SprC)), followed by
subsequent Pd-mediated deprotection to yield the free-thiol containing EGFP.
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acids.”” The Thz group simultaneously protects the thiol and the

amino group of Cys (Fig. 30a), and can be removed using
oxidants such as H,0, and I,. Removal will also occur following
treatment with iodoacetic acid and benzyl chloride (pH 10-11,
RT), or ferric chloride in air (pH 10)."*” Alternatively, deprotection
of Thz can be achieved by adjusting the reaction mixture to ca.
pH 4 in the presence of a large excess of methoxyamine. Due to
the ease of deprotection using this strategy, the Thz protecting
group has seen widespread use in chemical protein synthesis,
with one of the first examples being the total chemical synthesis of
Crambin reported in 2004 (Fig. 30b).>** The group has also been
employed in the synthesis of other proteins such as ubiquitinated
proteins,*? histones,** and HIV-1 protease.”** The use of meth-
oxyamine to deprotect Thz has proven, however, to be incompatible
with one-pot ligations involving thioesters (undesired reaction
at/hydrolysis of the thioester group).*® Thz has also been shown
to be unstable towards NaNO, treatment at pH 3-4 during activation
of peptide hydrazides; this issue can be circumvented by using a
2-(tert-butyldisulfanyl)ethyloxycarbonyl protected Thz group (Tbeoc-
Thz) in place of Thz, which is stable to NaNO, hydrazide activation,
and can be converted to Thz upon reduction with TCEP."”

More recently, alternative strategies for the deprotection of Thz
have been described; these have primarily been transition-metal

1134 | Chem. Soc. Rev,, 2021, 50, 11098-11155
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(a) Cys thiol protection with N-methyl maleimide yielding a thiol-succinimide conjugate (Suc). (b) Synthesis of thioredoxin-1 using Cys(Suc).

based.*** For example, deprotection of Thz can be achieved using
water-soluble Pd(u) complexes, such as [Pd(allyl)Cl], followed by
treatment with DTT to both obtain the free thiol and quench
remaining Pd species (Fig. 30c). This is performed under native
chemical ligation (NCL) conditions and in the presence of MPAA
and TCEP, with complete removal obtained within 15 min.'*®
MPAA and TCEP appear to be crucial for efficient removal (100%
removal in 15 min vs. 40% removal after 4 h). It has been
hypothesised that this is due to MPAA and TCEP chelating to
Pd(II), or possibly reducing it to Pd(0). To demonstrate the usage of
this deprotection method, Lys34-ubiquitinated H2B and several
other sample peptides have been synthesised using Pd(u) to
deprotect Thz."*® In further work, it was found that [Pd(allyl)CI],
and GSH (1:1) in 6 M Gdn-HCI (pH 6.5, 37 °C, 45 min) were
sufficient for full removal, along with its orthogonality demon-
strated to both Acm and ¢Bu.*> Pd-mediated Thz deprotection
has also been successfully applied towards in vivo systems for
triggered release/chemical activation of peptides/proteins.**®
Furthermore, Thz analogues have also been employed in
within the field of protein bioconjugation; Pd-mediated>*’” (or
Ag-mediated)**® “unmasking” of unnatural Thz side chains leads
to generation of an a-oxo aldehyde side chain, which can be used
for downstream site-selective protein modification.**° Aside from

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cs00271f

Open Access Article. Published on 17 August 2021. Downloaded on 7/19/2025 6:24:50 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

a) Thiazolidine b) Synthesis of crambin

s S 2
H
<Nj\[( N }e‘\x <N SR
H H
o) o Cram[Thz16-31]
thioester
Cys(Thz)
HS
HoN
o Cram[Cys32-46]
i) NCL i) 6 M Gdn.HCI, pH 7.5

1% thiophenol
if) 0.2 M MeONH, HCI,
then, pH adjusted to 7.0

HS OHSJWW/[:]
(@]

O
o

i) Thz deprotection

Iz

View Article Online

Chem Soc Rev

c¢) Palladium-mediated deprotection

SH SH
i) [Pd(allyl)Cll,
ik ii) DTT HS NH
Thz
deprotection ~ Hz2N
@ o)

= -MLIKVKTLTGKEIEIDIEPTDKVERIKERVEEKEGIPPQQQRLI
YSGKQMNDEKTACDYKILGGSVLHLVLALRGG-

D = -CIVRIMKMRKVLKHQ-

d) Copper-mediated deprotection

S

(

N
O o

i

Cram[1-15] i) Thz deprotection i) CuSQy,, ascorbate, then DTT, purification
NCL g Hlcester ii) NCL ii) 6 M Gdn.HCI, 0.1 M HEPPS
40 mM MPAA, 30 mM TCEP, pH 7.0
HS
OHS 0 OHS
N
i H i
o) ) H
0.1 M Tris pH 8.5 (6]
Folding 8 mM cysteine Foldi 3 M Gdn.HCI
1 mM cystine olding 0.1 M phosphate buffer pH 7.7
Crambin -TTCCPSIVARSNFNACR excLie -SKCKCSRKGPKIRYSDVKKLEMKPKY
= LPGTPEALCATYTGCIIP = PHCEEKMVIITTKSVSRYRGQEHCLHP
3 GATCPGEYAN- KLQSTKRFIKWYNAWNEKRRVYEE-
!
e) Ninhydrin f) Cyclic peptide synthesis
(¢}
s ) o MPS, pH 7.7
H Nin— C ———<
N N ?‘; SR Nin deprotection
End-to-end cyclisation
e} = fo) Linear Nin-E»-SR peptide - c
Cys(Nin . g
ys(lin) @ - -GKFTRSQKEGLHYTCSSHFPYSQYQFWKNFQTLKIVIKG- Cyclised peptide

Fig. 30

(@) N-terminal Cys protection with the thiazolidine (Thz) protecting group. (b) Synthesis of Crambin using Cys(Thz) with methoxyamine-

mediated deprotection. (c) Peptide synthesis using Cys(Thz) with Pd-mediated deprotection. (d) Synthesis of CXCL14 using Cys(Thz) with Cu-mediated
deprotection. (e) N-terminal Cys protection with the ninhydrin (Nin) protecting group. (f) Cyclic peptide synthesis using Cys(Nin).

Pd, Cu complexes can also be used to deprotect Thz.****° Thz is
removed by CuSO, in the presence of sodium ascorbate (critical
for avoiding oxidation by-products), in 5 M Gdn-HCI in HEPPS
buffer (pH 7.0, 1 h, 37 °C). This was demonstrated in the
synthesis of CXCL14 (Fig. 30d)."*® As discussed previously,
the reaction can then be quenched with DTT or EDTA.”® No
epimerisation or side products are observed using this method of

This journal is © The Royal Society of Chemistry 2021

deprotection, and the reaction can be performed under standard
NCL conditions.* Outside of transition-metal based strategies,
2,2'-dipyridyl disulfide (DPDS) in 50% MeCN (0.1% TFA) as a
reagent for Thz deprotection has also been described.'*%**!
5.8.2 Ninhydrin (Nin). The 1,2,3-indanetrione monohydrate
(ninhydrin, Nin) group can be used to modify N-terminal Cys
residues, protecting both the amine and thiol moiety as a
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thiazolidine ring (Fig. 30e).>*> Nin has since been used as an N-
terminal Cys protecting group used in Boc SPPS.'*! The Nin group
can be converted back to the Cys in the presence of an excess of
Cys (pH 7.7, 30 min, 23 °C). Cysteine O-methylester in DMF/DIEA
will remove the group while the peptide is still attached to the
resin. However, using Cys deprotection is not possible for
thioester-containing peptides as Cys can form amide bonds with
thioesters. Deprotection can be achieved in this case using excess
3-mercaptopropiosulfonic acid (MPS) at pH 7.7 (which is nearly as
effective as Cys-mediated deprotection) or under reducing condi-
tions (10% TFA/H,O/Zn dust, 1 h).**!

Protection using the Nin group avoids the formylation side
reactions normally found during TFA and HF cleavage when
His(Bom) groups are present, without the need for additional
scavengers. Additionally, in thioester-containing peptides, the
products will cyclise under deprotection conditions, enabling a
one-step process. As proof of concept, a Nin-E,-SR peptide was
synthesised and cyclised in one-step (Fig. 30f), using an excess
of MPS (where E, refers to a 40-residue long sequence of the
chemokine receptor CCR5’s second extracellular loop)."*!

View Article Online
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5.9 Photo-labile protecting groups

5.9.1 2-Nitrobenzyl (oNB). 2-Nitrobenzyl (0NB) is a photo-
cleavable Cys protecting group (Fig. 31a) first described in
1981,>** and can be removed by irradiation at >350 nm.'*?
The protecting group is compatible with Boc and Fmoc SPPS,
and can be cleaved under aqueous conditions; for example, in
deoxygenated MeCN/0.05 M PBS, 1:1 at pH 6, in the presence
of semicarbazide and 1-(—)-ascorbic acid.*** The oNB protecting
group also shows a high one-photon efficiency, and a high yield
of the free thiol is obtained upon photolysis.***

The protecting group has since featured in the synthesis of a
thioester-containing HCDLP pentapeptide; this peptide can
then undergo NCL to semisynthesise a variant of a nickel-
dependant superoxide dismutase (NiSOD). Critically, Cys(oNB)
remained intact after acidic deprotection of other amino acid
residues (95% TFA) of the pentapeptide, and subsequent NCL
to a recombinant Streptomyces coelicolor NiSOD bearing an
N-terminal Cys. Photochemical deprotection of oNB could then
be achieved by irradiation at 365 nm (100 mM NaOAc, 20 mM
TCEP, 10 mM semicarbazide, pH 5.8).>** Cys(oNB) can also be

a) 2-Nitrobenzyl c) Partial synthesis of plectasin
O,N
S S
I ?—Acm I ?—Acm
S HN—{ }—coon
A N S—oNB S—oNB
N Y
o oNV deprotection hv 350 nm
Cys(oNB) Disulfide formation | 6 M Gdn.HCI, pH 7, 25 °C
b) Deprotection of
. S S
photocaged protein ‘ S—Acm ‘ S—AGHi
O,N
HN—{ }—coon
S S
i) Acm deprotection i) PdCl,, pH 1
i) Pd quench i) DTC
iii) Disulfide formation | iii) DSF, 6 M Gdn.HCI, pH 7, 37 °C
Photocaged human
superoxide dismutase S \?
(nbC-33-hSOD) ‘ "‘5 ?
HN—{ ) —coon
hv 350 nm | |
[ )
Q
&‘\: AN
—~
Plectasin (\\F \:'77/)'9 = -GFGCNGPWDEDD"LQCHNHCK
"’”’7\/‘0 SIKGYKGGYCAKGGFVCKCY-
Decaged human
superoxide dismutase

Fig. 31

(a) Cys thiol protection with the 2-nitrobenzyl (oNB) protecting group. (b) Photodecaging of a photocaged human superoxide dismutase

containing Cys(oNB) as an unnatural amino acid (nbC-33-hSOD). (c) Partial synthesis of plectasin using Cys(oNB).
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incorporated into proteins via unnatural amino acid muta-
genesis>*>**® as demonstrated with a photocaged human super-
oxide dismutase (nbC-33-hSOD, Fig. 31b),>*® along with being
used to study protein activity,>*”**® As discussed previously,
Cys(oNB) is also orthogonal to Pd-mediated deprotection of
Acm, as recently displayed in the synthesis of Linaclotide and
plectasin (Fig. 31c).>"> The oNB protecting group is, however, a
poor chromophore and displays low two-photon sensitivity.
Coumarin-based protecting groups have since been described
in an attempt to address some of these issues.'*’

5.9.2 [7,8-Bis(carboxymethoxy)coumarin-4-yljmethoxycarbonyl
(7,8-BCMCMOC), [7-bis(carboxymethyl)-amino-coumarin-4-yl]-
methoxycarbonyl (BCMACMOC), and a-carboxy-methoxy-2-nitro-
benzyl (C4MNB). [7,8-Bis(carboxymethoxy)coumarin-4-yljmethoxy-
carbonyl (7,8-BCMCMOC, Fig. 32a), [7-bis(carboxymethyl)-amino-
coumarin-4-yllmethoxycarbonyl (BCMACMOC, Fig. 32b), and
a-carboxy-4-methoxy-2-nitrobenzyl (C4MNB, Fig. 32c) were
reported for use as H,O soluble, photocleavable Cys protecting
groups in 2009."** The 7,8-BCMCMOC and BCMACMOC groups
are based on (coumarin-4-yl)methyl chromophores, whereas
the CAMNB group is based on a 2-nitrobenzyl chromophore
(along with a a-carboxy-4,5-dimethoxy-2-nitrobenzyl (CDMNB)
group that was also reported). All groups were reported to show
stability towards TFA and thiolysis, and all three protected-
Fmoc-Cys derivatives showed good solubility in HEPES buffer:
MeCN (95:5, pH 7.2). The 7,8-BCMCMOC and BCMACMOC
groups were, however, unstable when treated with piperidine,
resulting in intramolecular S- > N acyl shifts in the case of
N-terminal Cys; an alternative Fmoc removal protocol (1% DBU
in DMF, acidic washing) and acetylation of the N-terminus was
therefore utilised. The BCMACMOC group can be removed by
irradiation at >402 nm whilst the 7,8-BCMCMOC and C4AMNB
groups can be removed by irradiation at >325 nm, allowing for
orthogonal deprotection (provided BCMACMOC is photolysed
using long-wavelength irradiation first). These groups were
subsequently used to synthesise an N-acetylated resact peptide
(Ac®-resact).'**

5.9.3 2-Nitroveratryl (oNV). Originally described as a photo-
labile group for other functional groups,***>*" the 2-nitroveratryl/
6-nitroveratryl (oNV), or 4,5-dimethoxy-2-nitrobenzyl (DMNB)
group was first introduced as a Cys protecting group (Fig. 33a)
for use in Fmoc SPPS in 2014.'*> Removal of this group was
achieved by irradiation at 350 nm for 30 min in aqueous media
without the need for additional reagents, and displayed a
stronger molar absorptivity at 350 nm than oNB. No significant
racemisation (<0.5%) was observed upon the incorporation of
Cys(oNV) during SPPS using diisopropylcarbodiimide (DIC) and
HOB activation.'*?

oNV is fully compatible with Fmoc SPPS, including stability
to 10% TFMSA/TFA in the presence of excess dipyridine disulfide,
the conditions necessary to convert the ¢Bu protecting group to the
activated S-Pyr group. The two groups may, therefore, be used
together — photolysis of the oNV is followed by thiolysis in the
presence of Cys(S-Pyr), selectively forming a disulfide bond. This
strategy has been used for the solid-phase synthesis of several
Cys-rich peptides, including human insulin and o-conotoxin

This journal is © The Royal Society of Chemistry 2021
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Fig. 32 (a) Cys thiol protection with the [7,8-bis(carboxymethoxy)-
coumarin-4-yllmethoxycarbonyl (7,8-BCMCMOC) protecting group. (b) Cys
thiol protection with the [7-bis(carboxymethyl)-amino-coumarin-4-yllmeth-
oxycarbonyl (BCMACMOC) protecting group. (c) Cys thiol protection with the
a-carboxy-4-methoxy-2-nitrobenzyl (C4MNB) protecting group.

Iml (Fig. 33b)."** oNv photocaged Cys has since been utilised in
the synthesis of multi-Cys-containing peptide fragments.>*> The
protected amino acid has also been incorporated into proteins
via unnatural amino acid mutagenesis to yield photocaged eGFP
(EGFPTyr39DMNB-Cys),>** and photocaged glutathione perox-
idase 3 (caged Gpx3 Cys32); the latter can then be oxidised with
H,0, to generate the sulfenic acid analogue (caged Gpx3
Cys320, Fig. 33¢c).**

5.9.4 6-Bromo-7-hydroxycoumarin (Bhc). 6-Bromo-7-hydroxy-
coumarin (Bhc) was first described as a thiol-protecting group
in 2008,>* and described as a Cys protecting group (Fig. 34a)
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(a) Cys thiol protection with the 2-nitroveratryl (oNV) protecting group. (b) Partial synthesis of a-conotoxin Iml using Cys(oNV). (c) Photocaged

glutathione peroxidase 3 (caged Gpx3 Cys32) and subsequent oxidation to yield the the sulfenic acid analogue (caged Gpx3 Cys320).

in 2016."* Irradiation at 365 nm in buffer (1 mM DTT in 50 mM
PB, pH 7.2) causes deprotection. Unlike oNB, Bhc has a high two-
photon sensitivity; for two-photon excitation, wavelengths of
800 nm may be used.

Although incorporation into a peptide using Fmoc SPPS is
not an issue, the photocleavage efficiency of Bhc-protected thiols is
context-dependent. This is because the major product of irradiation
is typically an unwanted photoisomer (a 4-methylcoumarin-3-yl
thioether, Fig. 34b) instead of the free thiol, which limits the
applications of Bhce as a Cys protecting group.

5.9.5 Nitrodibenzofuran (NDBF). Nitrodibenzofuran (NDBF)
was proposed as an alternative Cys protecting group (Fig. 34c) to
Bhc in 2016."*° Like Bhe, NDBF is removed from Cys via irradiation
at 365 nm; two-photon deprotection is also possible at 800 nm. The
two-photon cross-section of NDBF is comparable to that of Bhc-
protected acetate. Additionally, NDBF deprotection results in clean
conversion to the free thiol without the occurrence of S-to-N shifts,
and displays a higher uncaging efficiency than that of oNV."*> NDBF
was also found to be compatible with Fmoc SPPS, allowing for the
synthesis of Cys(NDBF) photocaged K-Ras-derived peptides. These
photocaged peptides could then be decaged with irradiation at
800 nm, and the free thiol enzymatically farnesylated in situ in the
presence of protein farnesyltransferases (PFTase) and farnesyl
diphosphate; as anticipated, farnesylation did not occur if the Cys
residue was protected with NDBF.

1138 | Chem. Soc. Rev., 2021, 50, 11098-11155

The NDBF protecting group has been additionally used for
live cell applications. A fluorescent, farnesylated peptide which
can undergo enzymatic palmitoylation by palmitoyl acyltrans-
ferase was synthesised and protected as a NDBF thioether
(Fig. 34d)."*> Incubation of this peptide with human ovarian
carcinoma SKOV3 cells led to localisation of the peptide to the
cytosol and the Golgi apparatus. Upon irradiation, the peptide
migrated to the plasma membrane, indicating that enzymatic
palmitoylation had occurred (Fig. 34e).

5.9.6 6-Bromo-7-hydroxy-3-methylcoumarin (mBhc). The
6-bromo-7-hydroxy-3-methylcoumarin (mBhc) protecting group
(Fig. 35a) is an analogue of the Bhc protecting group.'*
Compared to Bhc, the C3 position of mBhc is alkylated, which
prevents photoisomerisation upon irradiation allowing for
decaging to occur. Photolysis can be achieved using with one
or two-photon excitation. Controlled prenylation of K-ras
derived peptides was also demonstrated in a manner similar to
that described for the Cys(NDBF) group. Furthermore, mBhc caged
thiols could be used to design 3D patterns in hydrogel matrices."*®

5.9.7 Methoxy-nitrodibenzofuran (OMe-NDBF). Very recently,
methoxy-nitrodibenzofuran (OMe-NDBF) has been suggested as an
alternative to NDBF for the protection of the Cys thiol (Fig. 35b)
with a higher two-photon photolysis efficiency.'*” Additionally,
in-depth analysis into suppressing Cys racemisation in the coupling
of both Fmoc-Cys(NDBF) and Fmoc-Cys(OMe-NDBF) was performed;

This journal is © The Royal Society of Chemistry 2021
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(a) Cys thiol protection with the 6-bromo-7-hydroxycoumarin (Bhc) protecting group. (b) Irradiation of Cys(Bhc) and subsequent formation of a

4-methylcoumarin-3-yl thioether photoisomer. (c) Cys thiol protection with the nitrodibenzofuran (NDBF) protecting group. (d) Fluorescent, farnesylated
peptide containing Cys(NDBF). (e) Incubation and subsequent localisation in vivo of the aforementioned peptide within the cytosol and Golgi apparatus.
Irradiation of the cells leads to deprotection of Cys(NDBF) which can then under enzymatic palmitoylation, leading to membrane localisation of the peptide.

employing benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium hexa-
fluorophosphate/1-hydroxy-7-azabenzotriazole (PyBOP/HOAT)
coupling (using DIEA as a base) lead to <2% racemisation
observed when either of these were used in Fmoc SPPS.
Irradiation of a-factor-derived peptides containing Cys(OMe-
NDBF) at 350 nm for less than 30 sec proved sufficient for
deprotection. As for Cys(NDBF), Cys(OMe-NDBF) caging and
decaging can be used to control farnesylation of photocaged
K-ras derived peptides.'*’

5.10 Reducing agent-labile protecting groups

5.10.1 para-Nitrobenzyl (pNB). The use of the para-nitrobenzyl
(pNB) group for protecting Cys (Fig. 36) was first proposed

This journal is © The Royal Society of Chemistry 2021

in 1957.%°° pNB was originally removed by catalytic hydrogenation
in the presence of 10% palladium on carbon (3 h, RT, atmospheric
pressure).>>® However, it was later reported that H,/Pd/C reduction
of pNB can lead to para-aminobenzyl (pAB) formation instead.>*”
To avoid this, the group can be removed by a reducing agent,
followed by an oxidising agent to remove pAB and form a disulfide.
Zn/AcOH followed by I, has been reported to be the most effective
agent in solution, while SnCl,/HCI followed by I, is the preferred
agent for cleavage on solid support. On-resin, I, oxidation resulted
in complex mixtures and low yields. Other methods are less
effective but still viable; oxidative removal of pAB can be achieved
using an excess of ceric ammonium nitrate (CAN) and Hopkins
reagent (10% HgS0,/5% H,S0,) but I, in AcOH gives both a faster

Chem. Soc. Rev.,, 2021, 50, 11098-11155 | 11139
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Fig. 35 (a) Cys thiol protection with the 6-bromo-7-hydroxy-3-methyl-
coumarin (mBhc) protecting group. (b) Cys thiol protection with the
methoxy-nitrodibenzofuran (OMe-NDBF) protecting group.
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Fig. 36 Cys thiol protection with the para-nitrobenzyl (pNB) protecting
group.

and cleaner reaction in solution."™ pNB is stable to HF/p-cresol
(9:1, 1 h, 0 °C), TFA and I,/AcOH/2 M HCL. No side products are
observed during cleavage. pNB has been proposed as an alternative
to Acm for use in Boc SPPS due to its greater stability to acid."**

5.10.2 Carbomethoxysulfenyl (Scm). Carbomethoxysulfe-
nyl (Scm) was first proposed in 1970, as a thiol protecting
group (Fig. 37a) that could be used to form unsymmetrical
disulfides.>*® Scm can be removed using thiols or other reducing
agents,®® e.g. DTT."*® Scm is stable to strong acids, including
anhydrous HF and TFMSA.'*® Cys(Acm) can be converted to
Cys(Scm) via treatment with methoxycarbonylsulfenyl chloride
(Fig. 37b), where upon Cys(Scm) can be displaced by free thiols to
form disulfides.’*® However, there is some evidence that side

11140 | Chem. Soc. Rev,, 2021, 50, 11098-11155
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reactions involving S-to-N acyl migrations occur during coupling.
The related derivative Snm has been recommended for use in Boc
SPPS instead as side reactions are minimised.*® Both Cys(Scm)
and Cys(Snm) have both been used in the synthesis of disulfide
and trisulfide-containing oxytocin and deaminoxoxytocin.>*

Cys(Sem) has recently used in protein bioconjugation to
facilitate the modification of MB23-Cys (an Alphabody - a
trihelical peptide with potential as an anti-cancer therapeutic)
via disulfide linkages. MB23-Cys was first reduced using DTT
(to remove any protein dimer), then modified with a folic acid,
Cys(Scm)-containing peptide in 10 mM Tris-HCl, pH 7.4, 37 °C
(Fig. 37¢)."®

5.10.3 (N’-Methyl-N'-phenylcarbamoyl)sulfenyl (Snm).
(N'-Methyl-N'-phenylcarbamoyl)sulfenyl (Snm) is an Scm derivative
synthesised in 1989 for Cys thiol protection."*® Snm can be
removed under mild thiolytic conditions, e.g. DTT in the presence
of N-methylmorpholine (NMM) in CDClz;, which results in a
mixture of the free thiol and the cyclic disulfide. If treated with
2-mercaptopyridine Snm is converted to the 2-pyridyl disulfide.
Snm is stable to strong acids (anhydrous HF, TFMSA) and is less
prone to undergoing side reactions than Scm - although a
terminating side reaction is still observed when coupling of glycine
is carried out in DMF. Snm is suitable for use in Boc SPPS."** With
regards to Fmoc SPPS, upon treatment with piperidine the Snm
group is converted to a S-(N-piperidylcarbamoyl)sulfenyl group
(-S(C=0)Piperidine), referred to as the Snip protecting group
(Fig. 38a). These derivatives can be used for intramolecular
disulfide formation both on and off resin akin to peptides
containing Cys(Snm).>*’

5.10.4 4-Picolyl. The 4-picolyl protecting group (Fig. 38b)
was originally removed by electrolytic reduction in a 0.5 M
sulfuric acid solution.'®* However, it can be removed in a more
convenient manner by Zn/AcOH."*® The group is completely
stable in TFA or 32% HBr in AcOH (1 week, RT).">' However, the
group is rarely used in SPPS.**°

5.10.5 Sulfonic acid (SO;H) and sulfonyl (SO,R). The sulfonic
acid (SO5H) group (Fig. 38c) is removed by thiols,"** e.g. DTT, BME,
or phosphines, e.g. tributylphosphine.">® However, it is very acid
sensitive and, as such, has little use in peptide synthesis.">* The
sulfonate derivative (SO;Na) has, however, been shown to have
sufficient stability to be used in both Boc and Fmoc SPPS. As proof
of concept, Arg®-vasopressin was successfully synthesised using
Cys(SOs;Na) via Fmoc SPPS. Use of p-cresol as the sole scavenger
during TFA cleavage from the resin presented premature removal
of SO;Na from Cys.'**

Sulfonyl (SO,R) protecting groups (Fig. 38d) have recently
found some use in the synthesis of enantiomerically-enriched
a-hydroxy and a-chloro acid building blocks. The sulfonyl
group is first introduced to the Cys residue, and diazotisation
is subsequently used to generate the a-hydroxy or a-chloro acid
(depending on whether H,S0, or HCI is used).>®°

5.10.6 3-Nitro-2-pyridinesulfenyl (Npys). The 3-nitro-2-
pyridinesulfenyl (Npys)*®* protecting group (Fig. 38¢) is a reducing
agent-labile Cys protecting group.’> Npys can be removed in
under 10 min using aliphatic thiols (e.g. 3-mercaptoacetic acid
(MAA), BME)."** It can also be removed at room temperature using

This journal is © The Royal Society of Chemistry 2021
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protecting group. (f) Cys thiol protection with the 5-nitro-2-pyridinesulfenyl (5-Npys) protecting group.

tertiary phosphines in the presence of H,0."**'*® Cys(Npys) is
stable to strong acids such as TFA (24 h, RT), HF (1 h, RT) and 4 M
HCl/dioxane (24 h) and is thus suitable for Boc SPPS."*” It is also

stable to a wide variety of other reagents commonly used in Boc
SPPS: DCM, DMF, N,N-dimethylacetamide, N-methylpyrrolidone,

MeOH, trifluoroethanol, pentafluorophenol.'®” $-Npys is somewhat
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stable towards aromatic thiols, which can cleave the O-Npys and
N-Npys derivatives, enabling a degree of selectivity in its
deprotection.’®* It is relatively stable to the photolytic cleavage
conditions used for peptide-(o-nitrobenzyl ester) resin bonds
(350 nm).">” Npys can also act as an activating group for
disulfide formation as it is displaced by the free thiol."*>

Npys is not compatible with Fmoc SPPS, as it is unstable to
piperidine (81% decomposition following treatment with 50%
piperidine in DCM for 10 min). It is also unstable to TBAF ™, an
alternative to piperidine for Fmoc deprotection. Additionally,
while treatment with HF in the presence of anisole or p-cresol
leaves Npys unaltered, HF in the presence of p-thiocresol or
DMS (HF/DMS/p-cresol, 25:65:10 or HF/DMS/p-cresol/p-thio-
cresol, 25:65:5:5), has been shown to cause significant loss of the
protecting group.'®” Npys has been used in many syntheses.">* An
early example of this is the synthesis of [Lys]*vasopressin, which
was chosen as a model peptide to display the use of Npys in Boc
SPPS.'*® More recently, the Npys protecting group has been the
focus of a solid phase disulfide ligation (SPDSL) system.’®> Here,
Npys-Bn is loaded onto a solid support and converted to resin-
bound Npys-Cl through chlorosulfenylation. Cys(fBu)-containing
peptides can then be loaded onto the resin via Npys-mediated
displacement of the tBu protecting group. Peptide release, along
with disulfide bond formation, can then be achieved through
addition of a Cys-containing peptide. Subsequent intramolecular
amide formation then yields a disulfide containing peptide, as
demonstrated in the synthesis of oxytocin.”®> A similar platform
that replaces the Npys-Cl group for a more stable Npys-OPh(para-
fluoro) group has very recently been reported in the literature.**

5.10.7 5-Nitro-2-pyridinesulfenyl (5-Npys). 5-Nitro-2-pyridine-
sulfenyl (5-Npys, p-Npys, Fig. 38f) is an analogue of Npys."*® 5-Npys
retains almost all the properties of Npys and is also removed by
thiols."® It can also be partially removed (70-75%) under mild
conditions by a large excess of ascorbic acid in the presence of
DTNP (pH 7, 35 °C, 24 h).2%* Much like Npys, 5-Npys can be used as
an activating group. The para-nitro group increases the acidity of
the corresponding thiol and it is thus able to react at a lower pH
than Npys."® As with Npys, 5-Npys is incompatible with Fmoc
SPPS.”

5.10.8 tert-Butylsulphenyl (StBu). The tert-butylsulphenyl
(StBu) Cys protecting group (Fig. 39a) has been described for
use in both Boc*®®> and Fmoc'® peptide synthesis. StBu can be
removed under organic or aqueous conditions with reducing
agents such as thiols, e.g. BME,"® DTT,>*° or phosphines (e.g.
PBu;,%*” PPh,,**® TCEP**) The StBu protecting group is stable to
acidic conditions (e.g. TFA:thioansiole:phenol, 95:2.5:2.5 v/v)
provided no thiol scavenger is added. In cases such as for
tryptophan-containing peptides, 2-methylindole and anisole can
be used as alternative scavengers to avoid StBu deprotection.'*
The group is also compatible with basic conditions for Fmoc
SPPS; extended incubations of resin-bound C-terminal Cys(S¢Bu)-
containing peptides in 20% piperidine in DMF can lead to
3-(1-piperidinyl)alanine by-products however.”” StBu can also
be removed by TFA in the presence of DTNP-thioanisole. Inter-
estingly, StBu exhibits no lability to TFA/DTNP without the
addition of thioanisole to the mixture, making it orthogonal

11142 | Chem. Soc. Rev,, 2021, 50, 11098-11155
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to groups which are removed by TFA/DTNP, such as tBu.®® Partial
removal in HF has also been reported."> The StBu protecting
group is orthogonal to other protecting groups, such as Trt,
Acm, Meb/Mob, tBu,”*'®® and Allocam.>*® Protected Cys(StBu)
has featured in the synthesis of somatostatin,**® coumarin-based
probes,””® and cryptophane-based probes.””" Additionally, pep-
tides bearing Cys(StBu) and perfluoroaryl-modified Cys residues
can undergo cyclisation to form macrocyclic peptides; this was
achieved with in situ reduction of Cys(StBu) with TCEP in the
presence of glutathione S-transferase (GST, which facilitates
conjugation of the newly released thiol and perfluoroaryl group,
Fig. 39b).””? In the case of N-terminal Cys protected with StBu,
in situ reduction/protecting group removal followed by NCL can
be achieved in the presence of a suitable peptide thioester
substrate.””**”* Alternatively, the N-terminal Cys can react with
2-cyano-6-aminobenzothiazoles (CBTs), as demonstrated in the
synthesis of imaging agents for positron emission tomography
(PET).>**27* For formation of disulfide bonds using an ortho-
gonal protecting group strategy, StBu must be removed before
other protecting groups to avoid cleaving or scrambling existing
disulfides (as would occur upon treatment with a reducing
agent). This is typically done on-resin prior to TFA acidolysis,
which can result in side products and low yields. As discussed
previously, one solution to this problem that has been reported
was to perform post-synthetic tritylation; multiple disulfide
bonds could then be regioselectively formed in solution using
combinations of S¢tBu, Trt, Acm and Meb/Mob, all of which
survive the final cleavage step in Fmoc SPPS, bar Trt.”*
Cys(StBu) has been used in the synthesis of a range of different
peptides, including p-SIIA (Fig. 39¢),”* o-LvIA (Fig. 39d),>* and
Linaclotide (Fig. 39¢).”® The removal of StBu with reducing agents
has previously been shown to be sequence-dependent and challen-
ging;'® additionally, the lengthy times required for deprotection
are undesirable when using the group in routine SPPS.'®*
Alternative disulfide-based protecting groups such as dimeth-
oxyphenylthio (S-Dmp) and 2,4,6-trimethoxyphenylthio (S-Tmp)

have since been reported as replacements for the StBu protecting
163

group.

5.10.9 N-Methyl-phenacyloxycarbamidomethyl (Pocam). The
N-methyl-phenacyloxycarbamidomethyl (Pocam) Cys protecting
group (Fig. 40a) is both reducing agent- and acid-labile, remo-
vable by Zn/AcOH (aq.) or TFA (1 h, 50 °C). At lower temperatures,
Pocam is relatively resistant to TFA treatment (4 h, 4 °C). If Pocam
is used for the thioester method of protein ligation it can be
removed at the same time as N-azido groups protecting amino
functionalities. Pocam has been used as an orthogonal protecting
group in the synthesis of disulfide containing peptides, such as
growth-blocking peptide (GBP) and a-conotoxin SL.'*° However,
Pocam still has limited applicability due to its lack of acid-
stability and has since been effectively replaced by the introduction
of Pac.®

5.10.10 Phenacyl (Pac). Introduced in 2008 for Boc solution
phase synthesis,>”” and in 2013 for Fmoc SPPS,'®" the phenacyl
(Pac) Cys protecting group (Fig. 40b) has effectively replaced the
Pocam group.® Pac may be removed using Zn in acid (AcOH
(aq.), MPS in 6 M Gdn-HCI).**»*** The group is slightly labile to

This journal is © The Royal Society of Chemistry 2021
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(a) Cys thiol protection with the tert-butylsulphenyl (StBu) protecting group. (b) Reduction of Cys(StBu) and perfluoroary!l linker-containing

peptide with TCEP in the presence of glutathione S-transferase (GST). Deprotection of Cys(StBu) yields the free thiol, which can then undergo
macrocyclisation with the perfluoroaryl linker facilitated by GST. (c) Partial synthesis of p-conotoxin SIIIA using Cys(StBu). (d) Partial synthesis of a-LvIA

using Cys(StBu). (e) Synthesis of Linaclotide using Cys(StBu).

strongly acidic conditions (1 M TMFSA in TFA) and when AgNO;
is used; these conditions are used to deprotect Cys(Mob) and
Cys(Acm) respectively, and thus (in a given case) deprotection of
Cys(Pac) prior to these two groups has been recommended.® As
with Pocam, the group can be removed at the same time as an N-
azido group with Zn/AcOH for use in the thioester method of
protein ligation."®* Peptides including the antimicrobial peptide
tachyplesin could be synthesised using Cys(Pac) in standard
Fmoc SPPS (Fig. 40c)."®"

The Pac protecting group has been employed in the semi-
synthesis of histone H3 bearing an N° trimethylated Lys residue
([Lys(Me;)°JH3.1, Fig. 40d).>”® First, the C-terminal fragment of
the peptide containing an N-terminal Cys and two internal Cys

This journal is © The Royal Society of Chemistry 2021

residues (H3.1(26-135)) was recombinantly produced by gene
expression and subsequent peptide production in E. coli. The
N-terminal Cys residue was then orthogonally protected with
Thz, whereas both the internal Cys were protected with Pac.
Conditions for deprotection of N-terminal Cys(Thz) using
methoxyamine also lead to oxime ether formation at the ketone
position of Pac, converting Pac to “PacN”’; this, however, does
not impact on downstream deprotection as PacN also shows
lability to Zn/AcOH similar to Pac. Deprotection of the N-terminal
Cys(Thz), followed by CPE ligation with a suitable H3 N-terminal
fragment and subsequent desulfurisation gave the dual Cys(PacN)
protected peptide. Critically, the Cys(PacN) groups remained
resistant to desulfurisation. Deprotection with Zn powder and

Chem. Soc. Rev,, 2021, 50, 11098-11155 | 11143
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(a) Cys thiol protection with the N-methyl-phenacyloxycarbamidomethyl (Pocam) protecting group. (b) Cys thiol protection with the phenacyl

(Pac) protecting group. (c) Synthesis of tachyplesin using Cys(Pac). (d) Semi-synthesis of histone H3.1 using Cys(Pac).
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15% 3-mercaptopropionic acid (MPA) in H,O with 6 M Gdn
yielded the product [Lys(Me;)°JH3.1 histone.>’® Similarly, it has
been shown that Cys(Pac) can be used in conjunction with
recombinantly generated protein segments for the traceless
semisynthesis of human small heat shock protein (Hsp27)
and a lipidated variant of murine prion protein (Prp).'®> Pac proved
compatible both with installation into thioester-containing
peptides, and in radical desulfurisation steps. Cys(Trt) was also
investigated; however, in this case, desulfurisation of Cys(Trt)
containing Hsp27 proved lead to a mixture of products."®>
5.10.11 S-Iso-propyl (SiPr). The S-iso-propyl (SiPr) Cys
protecting group (Fig. 41a) has been used in the Boc solution
phase synthesis of disulfide containing peptides.>”® More recently,
the group has been featured in one of the first examples of using
orthogonal Cys protecting groups for construction of multi-drug
containing ADCs."** In this example, a dual protected Cys-based
carrier containing Cys(SiPr) and Cys(Acm) was constructed using
Fmoc SPPS, and furnished with a “self stabilising” maleimide
linker. The carrier could then be used to site specifically modify
free Cys (generated from reduction of interchain disulfides) of an
immunoglobulin G (IgG), specifically CD30-directed antibody
cAC10 (Fig. 41b). Orthogonal deprotection of Cys(SiPr) with TCEP
accompanied by sequential conjugation of maleimide-linked
monomethyl auristatin F (MMAF) give rise to the installation of
one drug molecule per carrier. This was then followed by Cys(Acm)
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¢) cAC10 antibody conjugated carrier drug loading
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deprotection with HgO(Ac), and addition of monomethyl auristatin
E M ), allowing for the installation of two different drug
moieties per conjugated carrier, resulting in an average of 16 drugs
per antibody (8 MMAF + 8 MMAE, Fig. 41c). The in vitro and in vivo
activities of the dual-auristatin ADC were then compared to cAC10
loaded with only MMAF or cAC10 loaded with only MMAE. The
dual-auristatin ADC displayed both resistance to drug exportation
via multi drug resistance (MDR) exporters due to MMAF, and cell
permeability due to MMAE, combining the advantageous properties
of both drugs onto a single ADC."**

5.10.12 Dimethoxyphenylthio (S-Dmp) and 2,4,6-trimethoxy-
phenylthio (S-Tmp). The dimethoxyphenylthio (S-Dmp, Fig. 42a)
and 2,4,6-trimethoxyphenylthio (S-Tmp, Fig. 42b) groups were
synthesised in 2012 as highly-labile replacements for the StBu
group in Fmoc SPPS.'®® Both groups can be removed using NMM
(0.1 M) with either 20% BME in DMF or 5% DTT in DMF in
5 min. In contrast, removal of the StBu protecting group using
the aforementioned conditions required 3 h of incubation with
BME, whereas little to no deprotection of StBu was observed
when using DTT. Both the S-Dmp and S-Tmp groups were noted
to be compatible to Fmoc removal conditions (20% piperidine in
DMF, 4 h). Model tripeptides containing either group displayed
stability towards conditions for resin cleavage (95% TFA, 1 h, RT);
however, partial instability (8-13% deprotection) was observed
following treatment with TFA/TIS/H,O (95:2.5:2.5) at RT when

?/’Pr Acm

Dually protected cysteine-based carrier

Al\cm
S
(e}
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N -
(o}
i ii
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(a) Cys thiol protection with the S-iso-propyl (SiPr) protecting group. (b) CD30-directed antibody cAC10 bearing a dual protected cysteine-

based carrier containing Cys(SiPr) and Cys(Acm). (c) Construction of cAC10 conjugated with MMAF and MMAE (8 + 8) using Cys(SiPr).
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applied to oxytocin synthesis. This could be avoided by using a
more acid-labile resin, avoiding the requirement for high TFA
concentrations. As with StBu, S-Dmp and S-Tmp should be
deprotected first in orthogonal protecting group strategies (which
usually results in deprotection prior to TFA cleavage from the
resin). The use of S-Dmp and S-Tmp has been demonstrated
practically, with sample syntheses of oxytocin on-resin, and T22
carried out.’®® Both groups produced better yields than the
corresponding peptides synthesised using StBu. Out of the two
groups, S-Tmp showed higher stability and produced purer
peptides, and is therefore recommended for use.'®® In addition
to using DTT, deprotection of the S-Dmp group has also been
demonstrated using a novel reducing agent 2-(dibenzylamino)-
butane-1,4-dithiol (DABDT).*** The S-Tmp protecting group has
since been used in conjunction with N-chlorosuccinimide in the
on-resin, regioselective synthesis of a-conotoxin SI (Fig. 42c),**°
and very recently in the synthesis of a disulfide containing,
truncated neuropeptide Y (NPY) analogue.**!

5.10.13 Sec-isoamyl mercaptan (SIT) and 2-methyloxolane-
3-thiol (MOT). 3-Methyl-2-butanethiol/sec-isoamyl mercaptan
(SIT, Fig. 42d) and 2-methyloxolane-3-thiol (MOT, Fig. 42¢) have
very recently been described as disulfide-based protecting
groups for Cys."®® In contrast to other disulfide-based protect-
ing groups, SIT and MOT show greater thiol lability compared
to StBu (and are therefore easier to remove), but display greater
stability towards 20% piperidine than S-Dmp. Deprotection of
both SIT and MOT could be achieved with BME in DMF (1:4)
and 0.1 M DIEA. Alternatively, 20 equiv. DTT in MeCN with 5%
DIEA could also be used to remove both groups; the rate of

a) S-Dimethoxyphenylthio

c¢) Partial synthesis of a-Conotoxin SI

View Article Online

Review Article

deprotection was further enhanced by addition of 5% H,O, with
SIT and MOT fully removed within 40 and 20 min respectively.
Treatments of 5 equiv. DTT in DMF: DIEA:H,0 (95:2.5:2.5,
three treatments, 10 min) was also sufficient for deprotection of
Cys(SIT) and Cys(MOT) located within Asn(Trt)-Cys(SIT/MOT)-
Asn(Trt) tripeptides. Both of these groups have been success-
fully used in the synthesis of vasopressin via Fmoc SPPS,
although minor thiol deprotection (ca. 2%) of protected vaso-
pressin during SPPS was noted for the more labile MOT group.
Furthermore, the SIT protecting group could be used in
microwave-assisted synthesis of vasopressin.'®

5.10.14 2-Pyridinesulfenyl (S-Pyr). The 2-pyridinesulfenyl
(S-Pyr) group is a thiol-labile protecting group (Fig. 43).%% It is
suitable for use in Boc SPPS?** and is stable to acidic conditions, e.g.
1 M TFMSA in TFA-anisole (10: 1, 2 h, 0 °C).* S-Pyr can also act as an
activating group; free thiols can attack the activated sulfur atom,
displacing S-Pyr to generate disulfide containing peptides."*>***
This has recently been shown in the synthesis of sialic acid-

containing insulin analogues, referred to as “Sialic-Ins”.**®

5.11 Safety-catch protecting groups

5.11.1 4,4-Bis(dimethylsulfinyl)benzhydryl (Msbh). The 4,4-bis-
(dimethylsulfinyl)benzhydryl (Msbh) protecting group is an example
of a ‘safety-catch’ protecting group - that is, it is stable to a particular
set of conditions until the group undergoes a specific reaction. In
the case of Msbh, it is stable to acidic (TFA, HF), oxidative and
reductive conditions until its electron-withdrawing sulfoxide
groups are reduced. It is both reduced and removed by a cocktail
of NH,I/DMS/TFA. Iodine/iodosulfonium ions are produced as a

d) Sec-isoamyl mercaptan

MeO
' S—Mmt S—Mmt
$ 1 HN—{ }conr s
MeO _S : | S
o ! S—S-Tmp S—S-Tmp
: H
KN NE ] ) . ) ;&N N };’
H i E i) STmp deprotection i) 0.1 M NMM, 5% DTT in DMF H
! ii) Disulfide formation 3 x5 min
Cy=(S-Bmp) : ii) NCS in DMF, 15 min Cys(SIT)
b) S-Trimethoxyphenylthio S—Mmt S—Mmt e) 2-Methyloxolane-3-thiol
: |
MeO. OMe . HZN—{ }CONH -
: | |
? 5 S S §
! S
MeO S : Resin bound protected
;’< H : disulfide containing o-Conotoxin SI &N H}g
N v l H
e} ! G = -|ICCNPACGPKYSC- (0]
Cys(S-Tmp) : Cys(MOT)

Fig. 42

(a) Cys thiol protection with the dimethoxyphenylthio (S-Dmp) protecting group. (b) Cys thiol protection with the 2,4,6-trimethoxyphenylthio

(S-Tmp) protecting group. (c) Partial synthesis of synthesis of a-conotoxin Sl using Cys(S-Tmp). (d) Cys thiol protection with the sec-isoamyl mercaptan
(SIT) protecting group. (e) Cys thiol protection with the 2-methyloxolane-3-thiol (MOT) protecting group.
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2-Pyridinesulfenyl

Z

N
N

“&H% R

Cys(S-Pyr)

Fig. 43 Cys thiol protection with the 2-pyridinesulfenyl (S-Pyr) protecting
group.

a) 4,4-Bis(dimethylsulfinyl)benzhydryl
and 'safety-catch’ deprotection
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side product of the reaction and thus oxidise the liberated thiols
directly to the disulfide (Fig. 44a). Msbh is fully compatible with a
range of other protecting groups, such as Trt, Acm, Meb and Mob.*®®

NH,I/TFA treatment is incompatible with Trp-containing
peptides, as Trp undergoes a number of side reactions (due
to the presence of I,) unless the indole nitrogen is protected
with a formyl group. This is standard in Boc SPPS and thus
should not present a significant issue in this case. The formyl
group is, however, removed by piperidine treatment so if Fmoc
SPPS is being used alternative sulfoxide reduction methods or
Trp protecting groups are needed.'®® Msbh has been used in
the regioselective synthesis of human hepcidin (Fig. 44b),
providing an orthogonal strategy for the synthesise of peptides
containing four disulfide bonds."®® It has also been theorised to

b) Regioselective disulfide formation of human hepcidin

Disulfide containing peptide

Human hepcidin

: S—Meb S—Meb
0 0 ; [ s—Trt S—Trt |
s S L HN—( . | . | J—cooH
S—Acm S—Msbh S—Acm S—Msbh
s : Trt deprotection i) TFA:TIPS:H,0 (95:2.5:2.5)
H E Disulfide formation | ii) DMSO:AcOH:H,0 (30:5:65)
A N :
N by : S—Meb S—Meb
Ho : | 2 2
P HN—{ . | . J—CooH
Cys(Msbh i - _
ys( ) : S—Acm & b S—Acm é—Msbh
E Acm deprotection l I, H,O:MeCN (50:50), 0.1% TFA
NH_l, 1% DMS in TFA | Step 1: Reduction E Disulfide formation
i S—Meb S—Meb
| I —
- HN— . | : | J—CcooH
RSO Lo e
i Meb deprotection i) HF:p-cresol (9:1)
S | Disulfide formation | i) DMSO:AcOH:H,0 (30:5:65)
A AN 5
| S S
N Y | | $——$ |
o} 1 HoN—{ J—cooH
L _ : s ' s
5 S—Msbh S—Msbh
Step 2: Acidolytic Msbh deprotection |\ | 1o uetea
| 3 [
cleavage ! Disulfide formation e
| s S
S——S E | 2 2 |
4 5 £ H 1 HN—( . | . J—cooH
: : S
N DAY Y : s s
H H ,
o] o] |

Fig. 44

() = -DTHFPICIFCCGCHRSKCGMCCKT-

(a) Cys thiol protection with the 4,4-bis(dimethylsulfinyl)benzhydryl (Msbh) protecting group. Treatment with a cocktail of NH4I/DMS/TFA results

in initial reduction of the Msbh protecting group, followed by acid-mediated cleavage and subsequent iodine-mediated oxidation to yield disulfide
containing peptides. (b) Partial synthesis and regioselective disulfide formation of human hepcidin using Cys(Msbh).
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be key to the regiospecific construction of peptides containing five
or more disulfide bonds, a feat that is yet to be accomplished.”

6. Conclusions

Methods for the protection, and subsequent deprotection, of
the thiol side chain of Cys has enabled a vast array of peptide
and protein chemistry over the last 70 years. The development
of protecting groups that are orthogonal to one another in
particular has proved critical to facilitating the synthesis of
complex products such as disulfide rich peptides. Although
there are now numerous protecting strategies that have been
reported for Cys, it is likely that research and development on
the subject will continue over the course of the coming years.
This will undoubtedly involve taking well-established Cys pro-
tecting groups, and developing new deprotection conditions
that offer advantages over established methods. For example,
protecting groups originally reported decades ago for use in Boc
peptide synthesis such as Dpm, Thp, and SiPr, have greatly
benefitted from being revisited for use in Fmoc peptide synthesis,
both from the perspective of developing new deprotection proto-
cols, and the application of such groups. Transition metal chem-
istry applied to Cys protecting group chemistry in recent years has
also yielded new, milder conditions to deprotect protecting groups
such as Trt, tBu, Acm, and Thz, or improved deprotection proto-
cols in the case of Allocam. Alternatively, the development of new
protecting groups with their own set of deprotection conditions
will also likely prove paramount to furthering Cys-based peptide
and protein chemistry. Protecting groups such as Mbom and
Ddm offer C-terminal Cys-containing peptides with reduced
racemisation side-reactions. Redesigning previously reported
protecting group scaffolds has also led to the development of
new protecting groups that are significantly easier to deprotect,
as seen with S-Dmp/S-Tmp and SIT/MOT. Furthermore, newer
protecting groups with unique “turn on/off”’ deprotection con-
ditions, such as Hmb®™°™ and Msbh, will likely see further
development in challenging peptide synthesis. For example,
regioselective synthesis of peptides with greater than four dis-
ulfide bonds has not yet been reported; novel protecting groups
will likely prove critical to achieving this.

Finally, there is an increasing desire to make the process of
SPPS more “green”, which currently uses toxic and environmentally
unfriendly reagents such as piperidine, DMF, and DCM.**® This
will require protecting group chemistry that is compatible with
greener reagents, such as water/aqueous-based solvent systems.
Enzymatically labile protecting groups such as Phacm, or photo-
labile groups such as NDBF, have already been successfully utilised
in this context; future protecting groups with similar properties will
likely prove important in the “greening” of SPPS. We additionally
anticipate the field of peptide chemistry and growing field of
protein bioconjugation will likely benefit each other in the coming
years. In contrast to conventional peptide synthesis, protein bio-
conjugation/deconjugation is, by design, carried out in benign/
environmentally friendly aqueous systems in a site-specific manner.
Additionally, there is a continuing search for new methodology

11148 | Chem. Soc. Rev., 2021, 50, 11098-11155

View Article Online

Review Article

for use in bioconjugation; although these must yield stable
conjugates, strategies whereby the bioconjugate can be released
in a controlled manner offers huge potential in applications
such as controlled drug release. This interplay has already been
demonstrated with Cys protecting groups that have since been
applied to bioconjugation, such as Acm, Scm, Thz, and SiPr.
Similarly, Sue, which is routinely used in bioconjugation, has
very recently been demonstrated as a Cys protecting group in
peptide synthesis. It is likely other bioconjugation strategies will
also be applied to peptide synthesis in the coming years.

We have reviewed, analysed, and discussed over 60 individual
protecting groups for the thiol group of Cys. We hope that this
review provides a useful resource for peptide and protein chemists
research, and encourages further research into both old and new

Cys protecting groups.

Abbreviations

2-Moxan 2-methoxy-9H-xanthen-9-yl

2,6-diMeOBn 2,6-dimethoxylbenzyl

4MeO-2MeBn 4-methoxy-2-methylbenzyl

5-Npys 5-nitro-2-pyridinesulfenyl

7,8BCMCMOC [7,8-bis(carboxymethoxy)coumarin-4-yl]-
methoxycarbonyl

Acm acetamidomethyl

AcOH acetic acid

Ad/1-Ada 1-adamantyl

ADC antibody drug conjugate

Alloc allyloxycarbonyl

Allocam allyloxycarbonylaminomethyl

AgOAc silver acetate

AgOTf silver trifluoromethanesulfonate

Arg arginine

Bam benzamidomethyl

BCMACMOC [7-bis(carboxymethyl)-amino-coumarin-
4-yllmethoxycarbonyl

Bhc 6-bromo-7-hydroxycoumarin

BME 2-mercaptoethanol

Boc tert-butyloxycarbonyl

Bom benzyloxymethyl

BSA bovine serum albumin

Bu;SnH tributyltin hydride

Bzl/Bn benzyl

C4MNB a-carboxy-4-methoxy-2-nitrobenzyl

CAN ceric ammonium nitrate

CDMNB a-carboxy-4-methoxy-2-nitrobenzyl

CuAAC copper(i)-catalysed alkyne-azide cyclo-
addition

CPE cysteinylprolyl ester

CPI cysteinylprolyl imide

Cys cysteine

Dbs/Sub 5-dibenzosuberyl

DBU 1,8-diazabicyclo[5.4.0Jundec-7-ene

DCC dicyclohexylcarbodiimide

DCM dichloromethane
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Ddm/4,4’-diMeODpm  4,4’-dimethoxydiphenylmethyl

DIEA
DMB
Dmbm

DMF
DMS
DMSO
Dnpe
DPDS
Dpm
DSF
DTC
DTNB
DTNP
DTP
DTT
EDT
EDTA
EETI-II
EGFP
EtOH
Fm
Fmoc
Fnam

Fsam

GBP
Gdn-HCI
GFP
GSH
H,0
HEPES

HEPPS

HFIP
Hgm
Hg(OAc),
His
Hmb
hNP2
HOBt
Hgm
Lys
MAA
mBhc
Mbom

Meb/4-MeBn/4-MeBzl

MeCN

MeOH
MeONH,-HCI
MESNA

Met

Mmt

N,N-diisopropylethylamine
3,4-dimethylbenzyl
(4,6-dimethoxy-2,2-dimethyl-2,3-
dihydrobenzofuran-7-yl)methanol
dimethylformamide

dimethyl sulfide

dimethylsulfoxide
2-(2,4-dinitrophenyl)ethyl
2,2'-dipyridyl disulfide
diphenylmethyl

disulfiram

diethyldithiocarbamate
5,5’-dithiobis-(2-nitrobenzoic acid)
2,2'-dithiobis(5-nitropyridine)
2,2/-dithiodipyridine

dithiothreitol

ethane-1,2-dithiol
ethylenediaminetetraacetic acid
Echallium elaterium trypsin inhibitor II
enhanced green fluorescent protein
ethanol

9-fluorenylmethyl
9-fluorenylmethoxycarbonyl
[N-[2,3,5,6-tetrafluoro-4-(N'-piperidino)-
phenyl], N-allyloxycarbonyl]-aminomethyl
S-[N-[2,3,5,6-tetrafluoro-4-(phenylthio)-
phenyl], N-allyloxycarbonyl-aminomethyl
growth-blocking peptide

guanidinium chloride

green fluorescent protein

glutathione

water
(4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid)
4-(2-hydroxyethyl)-1-piperazinepropane-
sulfonic acid

hexafluoro-2-propanol
hydroxyglycine-Acm

mercury(u) acetate

histidine

2-hydroxy-4-methoxy benzyl

defensin human neutrophil peptide-2
1-hydroxybenzotriazole
hydroxyquinoline-Acm

lysine

3-mercaptoacetic acid
6-bromo-7-hydroxy-3-methylcoumarin
4-methoxybenzyloxymethyl
4-methylbenzyl

acetonitrile

methanol

O-methylhydroxylamine

sodium 2-mercaptoethanesulfonate
methionine

4-methoxytrityl

This journal is © The Royal Society of Chemistry 2021

Mob/MBzl
MOT
MPAA
MPS

Mpt

Msbh

Mitt

NCL
NDBF
NDMBA
Nin

NMM
NpsCl
Npys
OMe-NDBF
oNB

oNV

PAB

Pac

PAL

PB
Pbfm/Pmbf

pBNP
PBS

[Pd(allyl)Cl],
PACI,(PPh;),

Pd(OAc),
Pd(PPhj),
PFTase
PGA
Phacm
PhSiH,
Pmcm

PNB
Pocam
PTM
Pym
RP-HPLC

Sac
Scm
S-Dmp
SIT

SiPr
Snm
SO,R
SO;H
SPPS
SprC
S-Pyr
StBu
S-Tmp
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4-methoxybenzyl
2-methyloxolane-3-thiol
4-mercaptophenylacetic acid
mercaptopropiosulfonic acid
dimethylphosphinothioyl
4,4-bis(dimethylsulfinyl)benzhydryl
4-methyltrityl

native chemical ligation
nitrodibenzofuran
1,3-dimethylbarbituric acid
ninhydrin

N-methylmorpholine
2-nitrophenylsulfenyl chloride
3-nitro-2-pyridinesulfenyl
methoxy-nitrodibenzofuran
2-nitrobenzyl

2-nitroveratryl

para-aminobenzyl

phenacyl

peptide-amide-linker

phosphate buffer
2,2,4,6,7-pentamethyl-2,3-
dihydrobenzofuran-5-methyl
porcine brain natriuretic peptide
phosphate-buffered saline
allylpalladium(u) chloride dimer
bis(triphenylphosphine)palladium(u)
dichloride

palladium(u) acetate
tetrakis(triphenylphosphine)palladium(0)
protein farnesyltransferase
penicillin G acylase
phenylacetamidomethyl
phenylsilane
2,2,5,7,8-pentamethylchroman-6-
methyl

para-nitrobenzyl
N-methyl-phenacyloxycarbamidomethyl
post-translational modification
2-oxo0-1-pyrrolidinyl)methyl
reversed phase high-performance liquid
chromatography

S-allyl cysteine
carbomethoxysulfenyl
dimethoxyphenylthio

sec-isoamyl mercaptan/3-methyl-2-
butanethiol

S-iso-propyl
(N'-methyl-N’-phenylcarbamoyl)sulfenyl
sulfonyl

sulfonic acid

solid phase peptide synthesis
S-propargyl-cysteine
2-pyridinesulfenyl
tert-butylsulphenyl
2,4,6-trimethoxyphenylthio
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Suc succinimide

Tacm trimethylacetamidomethyl

TBAF tetrabutylammonium fluoride

tBu tert-butyl

TCEP tris(2-carboxyethyl)phosphine

TES triethylsilane

TFA trifluoroacetic acid

TFE tetrafluoroethylene

TFMSA trifluoromethanesulfonic acid

THF tetrahydrofuran

Thp tetrahydropyranyl

Thz thiazolidine

TIS triisopropylsilane

Tmbm 4,5,6-trimethoxy-2,2-dimethyl-2,3-
dihydrobenzofuran-7-methyl

Tmob 2,4,6-trimethoxybenzyl

TMSBr bromotrimethylsilane

TMSOTE trimethylsilyl
trifluoromethanesulfonate

TMTr 4,4’ 4"-trimethoxytriphenylmethyl

Tppts 3,3’,3"-phosphanetriyltris(benzene-
sulfonic acid) trisodium salt

Trp tryptophan

Trt trityl

Trx thioredoxin

Tyr tyrosine

VA-044 2,2'-azobis[2-(2-imidazolin-2-yl)propanel]-
dihydrochloride

UBL5 ubiquitin-like protein 5

Xan 9H-xanthen-9-yl

YPro pseudoproline

p-SIIA p-conotoxin SITIA
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