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ABSTRACT

To address the existing gap in the current set of acid-labile Cys-protecting groups for the Fmoc/tBu strategy, diverse Fmoc-Cys(PG)-OH
derivatives were prepared and incorporated into a model tripeptide to study their stability against TFA. S-Dpm proved to be compatible with the
commonly used S-Trt group and was applied for the regioselecive construction of disulfide bonds.

Since the early days of peptide chemistry, the effective
synthesis of natural or non-natural isomers, analogues, or
de novo designed peptides with complex disulfide bridge
patternshas beenademanding task. Theoxidative folding1

of fully deprotected linear peptides is a desirable and
commonly applied approach for the synthesis of complex
Cys-rich peptides. However, achievement of the desired
disulfide bond connectivity through this approach is not
always affordable. To overcome these challenging syn-
theses, amyriadofprotecting groups for theβ-thiol groupof
Cys, along with efficient regioselective protection schemes,
have been developed.2

In recent years, several acid-labile Cys-protecting

groups have been developed for the Fmoc/tBu strategy

(Figure 1).3 Most of these are highly sensitive to acid, the

S-Trt group being one of the most commonly used in the

Fmoc/tBu approach. In contrast, the S-Mob group re-

quires a high TFA concentration and harsh conditions

(high temperature and long reaction times) to be fully

removed. In this regard, the current gap between S-Trt

and S-Mob groups captured our attention and prompted

us to browse through acid-labile protecting groups to find

Cys-protecting groups that, ideally, could be quantita-

tively removable under mild acidic conditions and, simul-

taneously, show compatibility with S-Trt for their further

application in synthetic strategies for the preparation

of Cys-rich peptides. Thus, three distinct scaffolds, namely

diphenylmethyl, biphenylmethyl, and benzyl groups, were

selected and finely tuned for this purpose. Twelve Fmoc-

Cys(PG)-OH (1a�l) were prepared and incorporated into

the model tripeptide Fmoc-Ala-Cys(PG)-Leu-NH2 (2a�l),
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and their lability against TFA was studied and compared

with the S-Mob group (2m) (Scheme 1).

After elongation on a Sieber amide resin, the standard
tripeptides were cleaved from the resin and TFA-lability
studies were carried out in solution with a range of reac-
tion times and temperatures, in the presence of 2.5% TIS
and 2.5% H2O as scavengers. The tripeptides were then
analyzed by RP-HPLC to determine the percentage of
deprotected Cys (Table 1).
As expected, the S-Mob protecting group was stable

against diluted TFA treatments and required a high con-
centration of TFA, a longer reaction time, and an increase
of temperature up to 40 �C to be totally removed (2m).
Pleasantly, the diphenylmethyl (Dpm) group 1a, along
with two decorated benzyl moieties;1hwith a p-methoxy
and an o-methyl group and 1iwith two o-methoxy groups;
exhibited the desired lability against TFA (2a, 2h�i), while
the others were not labile to TFA treatments (2d�f, 2j) or
were highly sensitive to TFA (2b�c, 2g, 2k�l). Further-
more, the three protecting groups 1a, 1h, and 1i were stable
under S-Trt cleavage conditions (10%TFA, 2a, 2h�i). This

outcome demonstrates the compatibility of these groups
with S-Trt for regioselective disulfide construction.
Among the three promising protecting groups for Cys,

the easily synthetically accessible S-Dpm was chosen as
an alternative to the S-Mob group for advanced studies.4

Figure 1. Acid-labile Cys-protecting groups for Fmoc/tBu chemistry.

Scheme 1. Preparation of Fmoc-Cys(PG)-OH Derivatives and
Their Successive Incorporation into a Standard Tripeptide

Table 1. TFA-Lability Study of the Tripeptides 2

(4) S-Mob and S-Dpm groups are not compatible. Under the cleav-
age conditions of S-Dpm, 22% S-Mob removal was observed.
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AlthoughS-Dpmwas described as a Cys-protecting group
by Photaki et al. back in 1970,5 use of this group in Fmoc/
tBu chemistry has not been tackled until now.

Before further studies, the absence of racemization dur-
ing Cys(Dpm) incorporation was proven (see Supporting
Information (SI)). Next, the compatibility of S-Dpm with
S-Trt and the highly sensitive acid-labile S-Mmt groups
were thoroughly examined through a single experiment.
Thus, ahexapeptide,whichcontained threeCys residues,was
elongated onto a DKPhandle linker, which allowed total free
acid cleavage6 (Scheme 2, hexapeptide 3). After TFA treat-
ment, the free thiol groups were methylated, and the Alloc
groupwas then removed fromtheR-Nof theLys residue, and
the peptidyl-resin was treated with piperidine/THF to render
theC-terminal DKPhandle-protected hexapeptides (3a�d). At
10%TFA in the presence of 2.5%TIS as a scavenger, the S-
Trt and S-Mmt groups were fully removed on solid phase. In
contrast, S-Dpm was stable under these acidic conditions,
requiringup to90%TFAand2.5%TIS for its entire removal
(Table 2). It is worthmentioning that in any case the selective
removal of S-Mmt vs S-Trt was not achieved, thereby
showing the incompatibility of these protecting groups.7

After confirming the compatibility of S-Dpm with the
S-Trt and S-Mmt groups, we were encouraged to apply
the S-Dpm/S-Trt and S-Dpm/S-Mmt combinations in the
protection scheme for the regioselective construction of
intra- and intermolecular disulfide bridges. Thus, the
regioselective syntheses of a double-chain bis-cystinyl

fragment225�232/2250�2320 of thehumanimmunoglobulin
G1 (IgG1)1a,8 combiningS-Mmt andS-Dpm, alongwith the
preparation of the R-conotoxin ImI9 combining the S-Trt
and S-Dpm groups, were carried out.
Thehinge fragmentof IgG1was accomplished following

two strategies in parallel (Scheme 3). In the first approach
(Rink-amide resin), the S-Mmt group was selectively re-
moved by diluted TFA treatments and the first disulfide
bondwas achieved by piperidine/DMF(1:4) on solid phase.
The anchored S-Dpm-protected dimer 4 was then treated
with TFA/TIS/H2O (95:2.5:2.5) for 1 h at 25 �C, and the
resultant fully deprotected intermediate 7 was redissolved
in DMSO/phosphate buffer (1:4) at pH 9 to render the
final cyclic parallel dimer 8 (see SI).

In the second approach (Sieber-amide resin), the linear
partialS-Dpm-protectedpeptide 5wasobtainedbydiluted
TFAtreatments. Subsequently, the first disulfide bondwas
accomplished in solution to render the protected dimer
intermediate 6. The second disulfide bridge was achieved
as described before to render the bis-cystinyl parallel dimer
8 (Figure 2).

Scheme 2. Compatibility Study of Protecting Groups

Table 2. Lability Study of the Acid-Labile S-Mmt, S-Trt, and
S-Dpm Groups on Solid Phasea

TFA

(%) scavenger

reaction

time

3a

(%)

3b

(%)

3c

(%)

3d

(%)

1 � 3 � 5 min 45 45 10 �
2 � 3 � 5 min 25 50 25 �
10 2.5% TIS 3 � 5 min � � 100 �
60 2.5% TIS 1 h � � 30 70

90 2.5% TIS 1 h � � � 100

aAll experiments were carried out with 15 mg of peptidyl-resin.

Scheme 3. Regioselective Syntheses of Hinge Fragment of IgG1
Combining S-Mmt and S-Dpm Protecting Groupsa

a (i) TFA/TIS/CH2Cl2 (5:2.5:92.5) (5 � 1 min); (ii) piperidine/DMF
(1:4); (iii) H2O/ACN (1:9), 20% DMSO at pH 9; (iv) TFA/TIS/H2O
(95:2.5:2.5) for 1 h at 25 �C; and (v)DMSO/phosphate buffer (1:4) at pH
9 and 25 �C.
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Although oxidative folding conditions can be carefully
refined to provide amajor isomer, the regioselective synthe-
sis of the two-disulfide-containing R-conotoxin family10

members allows the correct construction of disulfide bond
pattern present in their biologically active isomers to be
ensured.9,11 Thus, the R-conotoxin ImI, a 12-mer peptide,
which contains two disulfide bridges (2Cys-8Cys and
3Cys-12Cys), was prepared by combining two S-Dpm
and two S-Trt for the protection of the Cys residues
(Scheme 4). After completion of the peptide elongation

on a Sieber-amide resin, the partial S-Dpm-protected
intermediate 9 was cleaved from the resin by diluted
TFA treatments and the construction of the first disulfide
bond was achieved in H2O/ACN (3:7) at pH 8 for 16 h at
25 �C,asdeterminedbyRP-HPLCanalysis (see SI).At this

point, various conditions were attempted to obtain the
final bicyclic peptide. When the total deprotection and
oxidation stepswere performed consecutively, amixture of
two isomers was identified by RP-HPLC and RP-HPLC-
ESMS analysis, while a single peak corresponding to the
expecting isomer 11was observed when the two steps were
performed following a one-pot strategy (Figure 3).
In summary, theS-Dpmprotecting group is an alternative

to the S-Mob group. S-Dpm can be fully deblocked under
the standard conditions used for cleavage and total deprotec-
tion steps in Fmoc chemistry, and it is fully compatible with
two commonly used acid-labile protecting groups such as S-
Trt and S-Mmt.Here we successfully applied S-Dpm for the
regioselective synthesis of peptides containing intra- and
intermolecular disulfide bonds. These results could be extra-
polated to the other two protecting groups 1h and 1i.
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Scheme 4. Regioselective Synthesis of R-Conotoxin ImI
Combining S-Trt and S-Dpm Protecting Groups

Figure 2. RP-HPLC analysis of the synthesized bis-cystinyl
parallel dimer 8 from the Sieber-amide approach.

Figure 3. RP-HPLCanalysis of the synthesizedR-conotoxin ImI
11 combining S-Dpm and S-Trt protecting groups.
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