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The total synthesis of complex glycoproteins bearing multiple
oligosaccharide domains is a central focus of our research
group. We are particularly interested in targeting, for de novo
synthesis, specific glycoproteins which possess extraordinary
biological activity. The sheer
magnitude of the synthetic
challenge is such that we
often encounter the limits of
current methodology. In this
context, our glycoprotein syn-
thetic program provides a
unique imperative for devel-
oping new and more powerful
capabilities.

A convergent strategy for
glycoprotein synthesis entails
the assembly of individual
peptidyl substrates, each bear-
ing a single carbohydrate
domain. These subunits
would then be merged, in an
iterative fashion, to ultimately
afford the homogeneous, mul-
tiply glycosylated peptide or

protein target. The cysteine-based native chemical ligation
(NCL) protocol developed by Kent and co-workers (Fig-
ure 1a),[1] following earlier feasibility demonstrations by
Kemp et al.,[2] involves the merger of a C-terminal thioester

and an N-terminal cysteine residue. NCL provided a major
advance in peptide synthesis, and has served as a launching
point for many further investigations, including our own.[3]

Thus, as outlined in Figure 1b, we had developed a novel NCL
variant which allows for the merger of glycopeptides, which
bear eitherO- or N-linked glycan residues, through the use of
a relatively inert C-terminal ortho-thiophenolic ester. This
group harbors the latent thioester functionality required for
cysteine-based NCL.[4] In light of the relative scarcity of
cysteine residues in many naturally occurring proteins and
glycoproteins, it would be valuable to be able to achieve
comparable ligations at non-cysteine sites. As such, consid-
erable effort has been addressed to the development of
cysteine-free ligation methods. We recently disclosed two
complementary non-cysteine-based ligation protocols which
together provide a means by which to perform iterative NCL
through kinetically controlled ligation.[5]

An alternative solution to the problem of cysteine
dependence, first proposed by Yan and Dawson, took
advantage of cysteine-based NCL and converted the erstwhile
N-terminal cysteine residue into an alanine residue through
the action of either Raney nickel or Pd/Al2O3 (Figure 1c).

[6]

In essence, Yan and Dawson had provided a means by which
to use cysteine residues as surrogates for more abundant

Figure 1. Native chemical ligation and its extensions.
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alanine residues. These NCL global desulfurization proto-
cols[7] have since been employed in the synthesis of a number
of cysteine-free proteins with some success. In the course of
our own efforts to synthesize large, complex glycoprotein
targets we examined the feasibility of such methods for the
reduction of cysteine to alanine. In particular, we sought to
determine whether such metal-based protocols are compat-
ible with the extensive functionality present in our glycopep-
tide substrate systems. In this context, Pentelute and Kent
recently reported that the Raney nickel method can effec-
tively accommodate both methionine and the acetamido-
methyl (Acm) functionality, which is commonly employed as
a protecting group for cysteine.[8] However, a significant
drawback of this method is that it requires large excesses of
nickel.[9] Furthermore, the use of Raney nickel can cause
epimerization of secondary alcohols[10] and the reduction of
thiols, thioethers, and thioesters.[11] Meanwhile, although
Wong and co-workers have found that another metal-based
protocol, which utilizes Pd/Al2O3, is also able to accommo-
date both methionine and the Acm functionality,[12] we
observed that the thiazolidine (Thz) moiety, which serves as
an ideal masking group for N-terminal cysteine residues, is
not stable under these conditions.[13] Thus, given these
limitations, and given the complexity and level of function-
alization of our glycopeptide constructs, we sought to develop
a mild, nonmetal-based reduction method for cysteine. We
would require that such a method be tolerant of a range of
functional groups, including carbohydrate sectors, various
amino acids (particularly methionine), and a range of sulfur-
containing groups, such as Cys(Acm), biotin, Thz, and
thioesters.

We began by taking note of a disclosure by Hoffmann
et al. in 1956 which described a desulfurization reaction
between mercaptan and trialkylphosphite derivatives under
both thermal and photochemical conditions.[14] Soon there-
after, in a key advance, Walling and Rabinowitz put forth a
proposed mechanistic sequence, wherein an alkylthiyl radical
adds reversibly to phosphite, thereby generating an inter-
mediate phosphoranyl radical.[15] Subsequent b scission was
envisioned to provide an alkyl radical, and rapid hydrogen
abstraction from the parent thiol would furnish the product
alkane, thereby serving to propogate the chain (Scheme 1). In
addition to this contribution to the mechanistic understanding
of the reduction, Walling et al. extended the reaction to
trialkylphosphines.[15b]

On the basis of these findings, Valencia and co-workers
have developed a method by which cysteine can be reduced to
alanine through the action of triethylphosphite and a borane
radical initiator.[16] Our own efforts to apply such conditions

to effect the reduction of model peptide substrates were met
with very limited success. In addition to small amounts of the
desired reduced adduct, we typically observed extensive side
products. We suspected that the problems observed might be
attributable to issues of phosphite solubility in aqueous
solution.

Accordingly, we came to consider the possibility of
utilizing trialkylphosphines to effect the desired cysteine
reduction in peptide settings. In particular, we were drawn to
tris(2-carboxyethyl)phosphine (TCEP), which has enjoyed
wide use as a disulfide reducing agent in peptide and
glycopeptide settings.[17,18] Many considerations served to
identify TCEP as the phosphine source. Most importantly, its
ability to tolerate a range of glycopeptide functionality is well-
established. Furthermore, it is easily manipulated in air and
reacts readily in aqueous solution over a wide pH range. We
selected, as the radical initiator, the water-soluble 2,2’-
azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride (VA-
044), which has a very low temperature of decomposition.[19]

In the event, peptide 1 (Fmoc-RYKDSGCAHPRG-OH)
was exposed to TCEP, tBuSH, water, and VA-044 at room
temperature. We were pleased to observe nearly quantitative
conversion of the cysteine residue into alanine within 10 h, as
determined by LCMS (Figure 2). Following purification,

peptide 2 was isolated in 82% yield. We next prepared and
evaluated a series of peptide substrates, incorporating a range
of relevant functional groups (Table 1). Importantly, our
reaction conditions were able to efficiently accommodate a
variety of important functionalities, including methionine
(entry 4), Cys(Acm) (entry 5), Thz (entry 6), and biotin
(entry 7). To our knowledge, this TCEP-based methodScheme 1. Proposed mechanism of radical desulfurization reaction.

Figure 2. Model study for the selective free-radical desulfurization of
Cys to Ala in water at RT. LCMS chromatograms of: A) cysteinyl
peptide 1; B) crude products observed 3 h after treatment with TCEP,
tBuSH, VA-044 at RT; C) crude alanyl peptide 2 after 10 h. VA-
044= 2,2’-azobis-[2-(2-imidazolin-2-yl)propane]dihydrochloride.
Fmoc= 9-fluorenylmethoxycarbonyl.
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marks the mildest and most selective cysteine desulfurization
protocol developed to date.

We next sought to probe the versatility of the reaction by
combining kinetically controlled[20] glycopeptide–peptide
ligation with cysteine reduction in a highly functionalized
setting. The objective was to determine whether this newly
developed protocol could be applied to the types of complex
systems that we would encounter in the course of a typical
glycoprotein synthesis.
Thus, glycopeptide 15,
which has an N-terminal
Thz group, an Acm-pro-
tected Cys residue, an N-
linked glycan, and the
requisite C-terminal
ortho-thiophenolic ester,
was prepared and coupled
with peptide 16, which pos-
sesses a methionine resi-
due and a C-terminal thio-
ester (Scheme 2). As
shown, the merger pro-
ceeded smoothly, presum-
ably through the thioester
intermediate 17, to provide
ligated adduct 19 within
2 h. We were pleased to
observe that the subse-
quent reduction of Cys to
Ala occurred without inci-
dent under our established
TCEP-mediated condi-
tions, thereby providing
intermediate 20
(Figure 3). Importantly,
this glycopeptide adduct
incorporates a C-terminal
thioester as well as an N-
terminal masked cysteine
residue, and may thus be
extended in either direc-

tion through recourse to standard ligation techni-
ques.

Although our primary focus is on the develop-
ment of methods to enable the synthesis of large
glycoproteins, we were not insensitive to the
possible applicability of this type of capability to
other areas of peptide synthesis. In particular, the
newly developed cysteine reduction protocol
might have positive implications in the synthesis
of cyclic peptides, which frequently do not possess
any cysteine residues. In the event, we were able to
successfully apply our mild, free-radical desulfur-
ization method to the synthesis of the cyclic
peptide crotogossamide (Scheme 3), which was
isolated from the latex of Croton gossypifolius.[21]

Thus, the linear peptide 21 was prepared by using
Fmoc solid-phase peptide synthesis (Fmoc-SPPS)
and standard thiol ester installation. Native chem-

ical ligation provided cyclic peptide 22, which incorporates an
unnatural cysteine residue in place of the requisite alanine
group. The key TCEP-mediated cysteine reduction occurred
smoothly to provide the naturally occurring cyclic nonapep-
tide crotogossamide.[22]

Finally, in a related effort, we explored the ability of our
free-radical desulfurization method to accomplish the reduc-
tion of an unnatural selenocysteine residue to an alanine

Table 1: Free-radical-mediated transformation of Cys to Ala.

No. Cysteinyl peptide Alanyl peptide Yield
[%]

1 Fmoc-RYKDSGCAHPRG-OH (1) Fmoc-RYKDSGAAHPRG-OH (2) 82[a]

2 H-LRHKDSCRWKITR-OH (3) H-LRHKDSARWKITR-OH (4) 81[b]

3 H-VETRFPCRNYEK-OH (5) H-VETRFPARNYEK-OH (6) 71[b]

4 H-RFDSCRPMHWR-OH (7) H-RFDSARPMHWR-OH (8) 74[b]

5 H-VRYTCKLSCys(AcM)WR-OH (9) H-VRYTAKLSCys(AcM)WR-OH (10) 89[b]

6 Fmoc-Thz-YTRGCAKG-OH (11) Fmoc-Thz-YTRGAAKG-OH (12) 75[c]

7 Biotin-KWRITNCEHR-OH (13) Biotin-KWRITNAEHR-OH (14) 91[c]

Reaction conditions: a) TCEP, tBuSH, VA-044 at RT; b) TCEP, tBuSH, VA-044, 37 8C;
c) 6.0m Gn·HCl, 0.2m Na2HPO4, 0.19 mm TCEP·HCl buffer at pH 6.3, TCEP, tBuSH,
VA-044, 37 8C. Thz = thiazolidine.

Scheme 2. Glycopeptide synthesis through kinetically controlled ligation followed by selective free-radical
desulfurization. a) 6.0m Gn·HCl, 0.2m Na2HPO4, 0.19 mm TCEP·HCl buffer at pH 6.3, 67 %; b) EtSH, tBuSH,
TCEP and VA-044, 37 8C, 87%.
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residue.[23] Thus, glycopeptide 24, prepared from 15 and l-
selenocysteine (generated in situ from the reduction of l-
selenocystine), as shown (Scheme 4), was subjected to our

TCEP reduction protocol. We were pleased to observe that
the desired transformation occurred readily to afford glyco-
peptide 25, which incorporates an alanine residue in place of
the selenocysteine group.

In summary, a mild and highly versatile free-radical[24]

cysteine reduction method based on classical organic chemis-
try has been developed. This metal-free reduction protocol
can accommodate a range of relevant functionality and will
quite likely find broad application in complex peptide and
glycopeptide settings.

Received: September 11, 2007
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