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The Fmoc-based solid phase synthesis of unprotected x-aspartic thioacid containing peptides is demon-
strated. The method involves the novel use of a silyl ester as a carboxylate surrogate for mild peptide
bond formation in the presence of a reactive x-aspartyl thioester. The resulting peptide thioacids may
be used in N-glycoligation and other thioacid-mediated conjugation reactions.
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The thioacid functional group provides a functional handle for
the chemoselective formation of peptide and related amide bonds.1

Convergent segment coupling applications of such methods benefit
from the fact that C-terminal thioacids are available via solid
phase peptide synthesis (SPPS)2 and biosynthetically using
recombinant techniques.3 The unique properties of this functional
group may also be exploited for the site-specific modification of
peptides, most notably for the introduction of an intact glycan at
a particular aspartic acid residue to form N-glycopeptides
(Scheme 1, 1 + 2 ? 3).4,5 Currently, the only practical convergent
N-glycopeptide synthesis is the Lansbury aspartylation6 even
though it has significant limitations associated with chemoselec-
tivity and aspartimide (Asi) formation.7 While the thioacid-medi-
ated glycoligation methods are encouraging in terms of their
convergency and the Cu(II)-promoted variant can be performed
on fully unprotected peptides, they still suffer from the need to
convert an orthogonally-protected peptide x-aspartate ester to
its corresponding thioacid. This transformation is accomplished
via the intermediate x-aspartic acid-containing peptide post-
SPPS in solution, not only requiring additional steps but also plac-
ing restrictions on the SPPS linker. Furthermore, any intermediate
active ester will be susceptible to aspartimide formation. An attrac-
tive alternative approach to x-aspartate thioester-containing pep-
tides involves the incorporation of a suitably masked x-aspartate
thioester building block into an Fmoc-based SPPS sequence, which
would produce the desired peptide thioacid directly upon acidic
global deprotection. However, any attempt to implement such a
strategy must deal with the propensity of thioesters to undergo
nucleophilic acyl substitution. In the case of a x-aspartate thioe-
ster-containing peptide, this reactivity would likely manifest itself
in the form of aspartimide side-product (Scheme 1, 4 ? 5, X = NR00).
We now describe a novel Fmoc-SPPS approach to x-aspartic thioa-
cid containing peptides. The resulting methodology provides the
basis for a more streamlined synthetic entry to N-glycopeptides
via glycoligation.

The first task involved identifying an appropriately functional-
ized aspartic acid-derived thioester building block corresponding
to 4 (X = O) that could be used with an Fmoc-based SPPS strategy.
In order to mitigate unwanted nucleophilic attack at the thioester
carbonyl, it was decided that the substituent R should be sterically
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Scheme 2. Synthesis of thioaspartic acid building block 9.
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bulky yet readily removable using a standard acidic global depro-
tection cocktail. This line of reasoning eventually led us to consider
the use of a trityl thioester for this purpose. Our choice of this pro-
tecting group for the thioacid was guided by the knowledge that
tertiary thioesters are known to resist Pd-mediated Fukuyama
reduction8 as well as nucleophilic acyl substitution during
standard Fmoc-deprotection.9 Thus, Fmoc-Asp(STrt)-OH (8) was
synthesized from the known aspartic acid derivative 610 via
Steglich thioesterification with TrtSH11 followed by Pd-mediated
deallylation to give 8 (Scheme 2).
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That no reduction of the thioester to aldehyde was observed in
this reaction was taken as initial support for our steric argument.
However, at this stage we reached an impasse. All attempts to cou-
ple the carboxylic acid 8 with even a simple amine to produce an
amide in good yield met with failure. The attempted reaction using
a carbodiimide coupling reagent was illustrative, producing a mix-
ture that indicated competitive formation of a reactive anhydride
(5, R0 = Fmoc, X = O) which triggered other undesired reactions.
We conjectured that this entropically-favored cyclization must
proceed through a carboxylate anion and that a weaker nucle-
ophile might shut down (or at least mitigate) this unwanted path-
way. Since the Pd-catalyzed de-allylation reaction had presumably
passed through a silyl ester intermediate without a problem, we
decided to explore the use of an analogous silyl ester as a neutral
carboxylate surrogate in a peptide coupling context.12 In the event,
trimethylsilyl ester 9, produced quantitatively by the action of
TMSCl on 8, underwent a very clean reaction with benzylamine
(DIC + HOBt in DCM) to give Fmoc-Asp(STrt)-NHBn (10) in 79%
yield. We were now poised to apply this reaction to the SPPS of
x-aspartic thioacid-containing peptides.

We chose the heptapeptide thioacid H-Val-Gln-Lys-Asp(SH)-
Val-Thr-Ser-NH2 (11) as our first target since it contains the
progenitor to a typical N-glycopeptide consensus sequence
(Asn(glycan)-Xaa-Thr/Ser). Starting with a Rink amide resin
(Scheme 3), the resin-bound tetrapeptide Fmoc-Asp(STrt)-Val-
Thr(tBu)-Ser(tBu)-NH-Rink (12) was assembled without problem
using standard Fmoc removal and HATU coupling conditions for
the first three amino acids followed by DIC-HOBt-DIEA coupling
of the TMS ester 9. LC/MS analysis after micro-cleavage from the
resin confirmed formation of the expected tetrapeptide thioacid.
No aspartimide was detected. However, the situation changed
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from this point on in the SPPS. Exposure of 12 to 20% piperidine
produced significant amounts of aspartimide and piperidine-
derived amide in addition to the expected N-terminal amine as
determined after microcleavage. Initial attempts to modulate the
basicity and/or nucleophilicity of the deprotection reagent did
not seem to help. In the end, a brief treatment with a 2% piperidine
solution cleanly produced H-Asp(STrt)-Val-Thr(tBu)-Ser(tBu)-NH-
Rink (13). We again encountered the aspartimide problem during
coupling of the next amino acid, obtaining mixtures of
Fmoc-Lys(Boc)-Asp(STrt)-Val-Thr(tBu)-Ser(tBu)-NH-Rink (14) and
Fmoc-Lys(Boc)-Asi-Val-Thr(tBu)-Ser(tBu)-NH-Rink (15).

At this point, it was decided to retool the SPPS and replace the
Thr(tBu) residue with a Mutter pseudoproline (Wpro). This protect-
ing group had been shown to greatly reduce aspartimide formation
during Lansbury aspartylation, which proceeds through an active
ester intermediate.13 The Wpro modification was expected to like-
wise protect the x-thioester from aspartimide formation and
would be unmasked during the global deprotection. In the event
(Scheme 3), the dipeptide Fmoc-Val-Thr(Wpro)-OH (16)14 was
incorporated into the SPPS to give resin-bound peptide 17 after
standard Fmoc removal. Addition of the building block 9 as
described above proceeded uneventfully to give 18 after a brief
treatment with 6% piperazine/DMF. These deprotection conditions
worked well with the Wpro-containing peptides and were used to
remove each Fmoc group commencing with the Asp(STrt) residue.
Completion of the SPPS produced resin-bound heptapeptide 19
which was subjected to a modified Reagent I cleavage cocktail15

to give the x-aspartic thioacid containing peptide H-Val-Gln-Lys-
Asp(SH)-Val-Thr-Ser-NH2 (11) in 81% isolated yield after HPLC
purification. No aspartimide was detected. To evaluate the meth-
od’s versatility, the SPPS was also performed on a 2-chlorotrityl
resin to give the octapeptide thioacid H-Val-Gln-Lys-Asp(SH)-
Val-Thr-Ser-Gly-OH (23) in 62% yield. However, the method as it
stands does have its limits. This was ascertained using consensus
sequences that are highly susceptible to aspartimide formation.
Thus, the SPPS was repeated using Fmoc-Gly-Thr(Wpro)-OH (24)
and Fmoc-Ala-Thr(Wpro)-OH (25) instead of 16. In the former case,
the aspartimide H-Val-Gln-Lys-Asi-Gly-Thr-Ser-NH2 (26) was pro-
duced exclusively in 78% yield. In the latter case, a 3:1 mixture of
aspartimide H-Val-Gln-Lys-Asi-Ala-Thr-Ser-NH2 (27) and thioacid
H-Val-Gln-Lys-Asp(SH)-Ala-Thr-Ser-NH2 (28) was isolated in 70%
yield.

In conclusion, a successful solid phase synthetic approach to
x-aspartic thioacid containing peptides has been developed. The
method involves the novel use of a silyl ester as a carboxylate sur-
rogate for mild peptide bond formation in the presence of a reac-
tive x-aspartyl thioester moiety. The resulting peptide thioacids
may be used in N-glycoligation as well as other thioacid-mediated
conjugation reactions.
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