Chemical Ligation

Angewandte

DOI: 10.1002/anie.200805782

Epimerization-Free Block Synthesis of Peptides from Thioacids and
Amines with the Sanger and Mukaiyama Reagents

David Crich* and Indrajeet Sharma
Dedicated to Professor Carl R. Johnson

The reaction of 2,4-dinitrobenzenesulfonamides with thioa-
cids to give amides was described in 1998 by Tomkinson and
co-workers.!'! We extended this reaction to the synthesis of
peptides and their glycoconjugates by combining amino
thioacids and their C-terminal-peptide congeners with N-
terminal sulfonamides.? In a three-component coupling, we
used this process to capture thioacids generated in situ from
the nucleophilic ring-opening of a variety of cyclic thioanhy-
drides.” These reactions involve nucleophilic aromatic
substitution of the thiocarboxylate group on the electron-
deficient sulfonamide with the formation of a highly reactive
S-(2,4-dinitrophenyl) thioester, and its subsequent condensa-
tion with the released amine.”*** We show herein that amide
bonds can be formed by the coupling of thioacids with amines
under the aegis of 2,4-dinitrofluorobenzene and other elec-
tron-deficient arenes and heteroarenes at ambient temper-
ature.

The Sanger reagent, 2,4-dinitrofluorobenzene, was tradi-
tionally used for the degradation of peptides and proteins
through its reaction with N-terminal amines and for the
identification of N-terminal amino acids.”! Sanger noted,
however, that thiols and other nucleophiles, including the side
chains of histidine and tyrosine, competed with amines for
capture by 24-dinitrofluorobenzene.’”) We surmised that a
thiocarboxylate salt would react significantly more rapidly
than an amine with this reagent and thus enable the formation
of the thioester and ultimately peptide synthesis. In this way, a
peptide degradation reagent could effectively be turned into a
reagent for their synthesis (Scheme 1).

A series of thioesters was prepared by the coupling of
suitably protected amino acids with 9-fluorenylmethane-
thiol,’! 2,4,6-trimethoxybenzyl thiol,*! or triphenylmethane-
thiol (Table 1). With simple carbamate-protected amino acids,
carbodiimide coupling reagents were employed for these
condensations; however, with peptides (Table 1, last two
entries) we preferred to use the reagent (1H-benzotriazol-1-
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Scheme 1. Amide-forming reaction with the Sanger reagent.

Table 1: Preparation of thioesters from protected amino acids and
thiols.®

Reagent Thioester Yield [%]
DCC Boc-L-Val-SFm 99
DCC Boc-Aib-SFm 82
DCC Boc-L-Asp-(a-OBn)-y-SFm 97
DIC Fmoc-L-Ala-STmob 98
DIC Boc-L-Phe-STmob 96
DIC Z-L-Val-STrt 95
PyBop Z-1-Ala-L-Phe-SFm 72
PyBop Boc-L-Lys(Boc)-L-Arg(Pbf)-L-Asn (Trt)- 82

-L-Arg (Pbf)-SFm

[a] Aib=2-aminoisobutyric acid, Bn=benzyl, Boc =tert-butoxycarbonyl,
DCC =dicyclohexylcarbodiimide, DIC =diisopropylcarbodiimide,
Fmoc = 9-fluorenylmethoxycarbonyl, FmSH = 9-fluorenylmethylthiol,
Pbf=2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl, PyBop= (1H-
benzotriazol-1-yloxy)tris (pyrrolidino) phosphonium hexafluorophos-
phate, TmobSH =2,4,6-trimethoxybenzylthiol, TrtSH =triphenylmetha-
nethiol, Z=benzyloxycarbonyl.

yloxy)tris(pyrrolidino)phosphonium  hexafluorophosphate
(PyBop) recommended by Kajihara and co-workers® to
avoid the problem of epimerization in the thioesterification of
all but simple amino acids. The final entry in Table 1 is
noteworthy for both the sterically hindered nature of the
reaction site and the fact that no epimerization was observed
under the PyBop coupling conditions. When the same
thioester was prepared under the carbodiimide-hydroxyben-
zotriazole conditions reported!'”! for epimerization-free thio-
ester synthesis, the product was obtained in good yield (77 %)
but as a 3:1 mixture of epimers. The requisite thioacids were
released cleanly from the thioesters with piperidine!® in the
case of the fluorenylmethyl thioesters, or with trifluoroacetic
acid for the trimethoxybenzyl thioesters and triphenylmethyl
thioesters,' and used immediately in the peptide-bond-
forming reactions.

The coupling of thioacids with amines in the presence of
the Sanger reagent was first investigated by using thioacetic
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Table 2: Coupling of thioacids with amines with the Sanger reagent.?!

Entry  Thioester Release  Thioacid Amine Product Yield [%)]
reagent®
1 - - AcSH L-Trp Ac-L-Trp 76
2 - - AcSH L-Trp-OMe-HCl Ac-L-Trp-OMe 99
3 Boc-L-Val-SFm Pip Boc-L-Val-SH L-Phe-OMe-HCI Boc-L-Val-L-Phe-OMe 84
4 Boc-L-Val-SFm Pip Boc-L-Val-SH D-Phe-OMe-HCI Boc-L-Val-p-Phe-OMe 82
5 Boc-L-Val-SFm Pip Boc-L-Val-SH L-Trp-OMe-HCl Boc-L-Val-L-Trp-OMe 76
6 Boc-Aib-SFm Pip Boc-Aib-SH L-Trp-OMe-HCl Boc-Aib-L-Trp-OMe 95
7 Boc-Aib-SFm Pip Boc-Aib-SH Gly-OEt-HCl Boc-Aib-Gly-OEt 96
8 Boc-L-Asp-(a-OBn)-y-SFm Pip Boc-L-Asp-(a-OBn)-y-SH  L-Phe-OMe-HCl Boc-L-Asp-(a-OBn)-y-L-Phe-OMe 93
9 Fmoc-L-Ala-STmob TFA Fmoc-L-Ala-SH Gly-OEt-HCl Fmoc-L-Ala-Gly-OEt 60
10 Fmoc-L-Ala-STmob TFA Fmoc-L-Ala-SH L-Phe-OMe-HCl Fmoc-L-Ala-L-Phe-OMe 59
1 Fmoc-L-Ala-STmob TFA Fmoc-L-Ala-SH L-Tyr-OMe-HCl Fmoc-L-Ala-L-Tyr-OMe 64
12 Z-1-Ala-L-Phe-SFm Pip Z-1-Ala-L-Phe-SH Gly-Gly-OMe-HCl  Z-L-Ala-L-Phe-Gly-Gly-OMe 66

[a] In all reactions, the amine hydrochloride (0.1 M) was used in N,N-dimethylformamide (DMF) with the thioacid (1.2 equiv), and with Cs,COs
(1.5 equiv) as the base (see the Supporting Information). [b] Pip = piperidine, TFA=trifluoroacetic acid.

acid with L-tryptophan and its methyl ester (Table 2, entries 1
and 2). The acetamide was obtained in excellent yield when
the three components were mixed at room temperature in the
presence of cesium carbonate. A series of dipeptides was then
accessed by coupling of the released thioacids with other
amino esters and peptide esters. Our premise that deproton-
ated thioacids would be more nucleophilic toward the Sanger
reagent than amines was validated by the yields of the
dipeptides (Table 2); 2,4-dinitrofluorobenzene is an effective
reagent for the formation of amide bonds between thioacids
and amines. The preparation of both the L,L and L,D isomers
of Boc-Val-Phe-OMe (Table 2, entries 3 and 4) verified the
absence of epimerization, as also deduced by the inspection of
“high-field” NMR spectra. The suitability of this method for
the formation of hindered peptide bonds is evident from
entries 6 and 7 of Table 2.

The yields observed with the Fmoc-protected thioacids
(Table 2, entries 9-11) were lower than those observed with
Boc-protected thioacids as a result of partial cleavage of the
Fmoc group by the fluoride anion released in the course of the
nucleophilic aromatic substitution step.'”) Accordingly, we
turned to 2,4-dinitroiodobenzene and 2-chloro-1-methylpyr-
idinium iodide (the Mukaiyama reagent)!'® as condensing
agents (Scheme 2, Table 3).

The Mukaiyama reagent and its analogues have been
employed previously to effect peptide coupling reactions
between amines and simple carboxylic acids.'**) However,
the yields of these coupling reactions are modest, except when
secondary and sterically hindered amines are used."***!¥ In
contrast, the method described herein is applicable to all
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Scheme 2. Amide-forming reaction with the Mukaiyama reagent.
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Table 3: Comparison of the Sanger reagent with 2,4-dinitroiodobenzene
and with the Mukaiyama reagent for the construction of amide bonds
between amines and Fmoc-L-Ala-SH."

Dipeptide yield [%)]

Amine Sanger 2,4-dinitroiodo- Mukaiyama
reagent benzene reagent
Gly-OEt-HCl 60 83 80
L-Phe-OMe-HCI 59 79 86
L-Tyr-OMe-HClI 64 86 85
L-Ala-OMe-HCl - 78 82
L-Cys (Trt)-OEt-HCl - 82 38

[a] In all reactions, the amine hydrochloride (0.1 m) was used in DMF
with the thioacid (1.2 equiv), and with Cs,CO; (1.5 equiv) as the base
(see the Supporting Information).

amines owing to the greater nucleophilicity of the thiocar-
boxylate moiety. The increased reactivity of thiocarboxylate
groups over simple carboxylate groups is illustrated by a
competition reaction (Scheme 3),['! in which the reactivity of
a carboxylic acid was compared directly with that of its thio
analogue. The tripeptide product isolated from this reaction
was shown by mass spectrometry to be fully deuterium-
labeled in the glycine residue, a result indicating the
superiority of the thioacid in this chemistry.

1) 40% TFA/CH.CI,
5 min, RT

2) Z-Gly-2,2[D,]-OH

EDCI/DMAP, CH,CI,

Boc-Phe-STmob Z-Gly-2,2[D,]-Phe-STmob

89%

50% TFA/CH,CI, Z-Gly-Phe-OH, Val-OtBu-HCI

Z-Gly-2,2[D,]-Phe-SH

Et,SiH, 2h Mukaiyama reagent,
Cs,CO, DMF

Z-Gly-2 2[D,]-Phe-Val-OtBu

72%

Scheme 3. Carboxylate/thiocarboxylate competition reaction.
DMAP = 4-dimethylaminopyridine, EDCI = 1-ethyl-3-(3’-dimethylamino-
propyl)carbodiimide hydrochloride.
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The coupling of a valine-derived thioacid with Val-OrBu
in the presence of Z-L-Arg-OH resulted in the formation of a
single dipeptide in high yield. This result reinforces the
superior reactivity of the thioacid over the simple acid and
also demonstrates the compatibility of the method with the
guanidine and carboxylic acid moieties of the arginine
derivative (Scheme 4).11°!

Z-Arg-OH-HClI, Val-OtBu-HCI
Z-Val-Val-OtBu

82%

Z-Val-SH

Mukaiyama reagent, Cs,CO, DMF

Scheme 4. Functional-group compatibility.

A dipeptide was also formed in good yield in a coupling
reaction of a valine-derived thioacid with the Mukaiyama
reagent in aqueous buffer (Scheme 5).2!

Val-OtBu-HCI, Mukaiyama reagent

Z-Val-SH Z-Val-Val-OtBu

4:1 viv NMP: 6m Gn-HCI, 1m HEPES,
pH = 8, 86%

Scheme 5. Coupling under aqueous conditions. HEPES = 4-(2-hydrox-
yethyl)-1-piperazineethanesulfonic acid, NMP = N-methylpyrrolidone,
Gn=guanidine.

Finally, we describe the application of this new peptide-
bond-forming reaction to the 4+4 block synthesis of L-Lys-L-
Arg-L-Asn-L-Arg-L-Asn-L-Asn-L-Ile-L-Ala. This octapeptide
is the C-terminal sequence of oxyntomodulin from porcine
jejunoileum and is responsible for the inhibitory properties of
this extended version of glucagon towards the secretion of
gastric acid.'” This octapeptide was selected as a target
because of the widespread current interest in oxyntomodulin
derivatives as appetite suppressants and as potential ther-
apeutics for obesity,"® and because the concatenation of its
multiple functionalized side chains provides a true test of the
methodology.

Two tetrapeptides were synthesized by standard manual
solution-phase techniques (see the Supporting Informa-
tion)."”! An allyl ester protecting group was then removed
from the C-terminal arginine residue, and the resulting acid
was converted into the 9-fluorenylmethyl thioester, as set out
in the final entry of Table 1. The 444 fragment coupling was
carried out by liberation of the thioacid functionality with
piperidine, followed by combination with the N-terminal
tetrapeptide in the presence of the Mukaiyama reagent. The
protected target octapeptide was isolated in 66 % yield as a
single epimer (Scheme 6, Table 4). This block synthesis
provided an opportunity for the comparison of the thioacid
methodology with more common methods. To this end, the
coupling of the tetrapeptide carboxylic acid was effected with
PyBop, HATU, and EDCI® under standard conditions with
the results indicated in the Table 4. The PyBop and HATU
methods gave the protected octapeptide in comparable yields
to that observed with the thioacid method but required
significantly longer reaction times for a similar result, and
some epimerization occurred. The reaction was not complete
with the carbodiimide method after 14 h and resulted in
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Boc-Lys(Boc)—Argjbe)-Asn(Trt)-Arg(Pbf)—X see Table 4

NH,-Asn(Trt)-Asn(Trt)-lle-Ala-OFEt

Boc-Lys(Boc)-Arg(Pbf)-Asn(Trt)-Arg(Pbf)-Asn(Trt)-Asn(Trt)-lle-Ala-OEt J
J 50% TFA in CH,CI,

NH,-Lys-Arg-Asn-Arg-Asn-Asn-lle-Ala-OEt
63%

Scheme 6. Comparative block syntheses of an octapeptide (see Table 4
for conditions and yields for the coupling step).

Table 4: Comparative block syntheses of an octapeptide (coupling step
in Scheme 6).1%

X Coupling reagent!®! t[h]  Yield [%] Epimer ratiol?
SFm 1) Pip; 2) Mukaiyama 1 66 >99:1

OH PyBop 8 69 93.7:6.3

OH HATU 6 70 93.1:6.9

OH EDCI 14 54 83:17

OH EDCI-HOBt 8 63 94.2:5.8

[a] All coupling reactions were conducted in DMF under standard
conditions (temperature and concentration) with epimerization-free, all-
L tetrapeptides. [b] HATU = N-[(dimethylamino)-1H-1,2,3-triazolo[4,5-
b]pyridine-1-ylmethylene]-N-methylmethanaminium hexafluorophos-
phate N-oxide, HOBT = N-hydroxybenzotriazole. [c] Epimerization
ratios were determined by comparison with an authentic sample of
Boc-Lys(Boc)-Arg(Pbf)-Asn (Trt)-p-Arg (Pbf)-Asn (Trt)-Asn (Trt)-lle-Ala-
OEt.

significantly more epimerization.”?? Finally, the treatment
of this octapeptide with trifluoroacetic acid in dichloro-
methane removed the complete suite of acid-labile protecting
groups and afforded the octapeptide as a single epimer in
63 % yield after purification by reversed-phase HPLC.

The high nucleophilicity of thiocarboxylates enables their
preferential reaction with electron-deficient aromatic halides
by nucleophilic substitution in the presence of an amine. This
method generates highly reactive thioesters in situ, which
then react with the amine to form peptide bonds, and tolerates
the presence of all proteinogenic amino acid side chains,
except for cysteine and lysine,*” which must be protected. No
particular amino acid is required for coupling, in contrast to
native chemical ligation and its variants,***! and peptide-
bond formation at hindered residues functions efficiently,
unlike peptide ligation by direct aminolysis.*!
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