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Abstract: A mild, practical, and simple procedure for peptide-
bond formation is reported. Instead of activation of the
carboxylic acid functionality, the reaction involves an unpre-
cedented use of activated a-aminoesters. The method provides
a straightforward entry to dipeptides and was effective when
a sensitive cysteine residue was used, as no epimerization was
detected in this case. The applicability of this method to
iterative peptide synthesis was illustrated by the synthesis of
a model tetrapeptide in the challenging reverse N—C direction.

Besides their crucial physiological life functions, peptides
are attracting increasing attention as drugs'!! owing to their
associated low toxicity and high specificity, but also as
valuable auxiliaries for targeting, vecto-
rization,”! and diagnostic purposes. Fur-
thermore, as a result of their very nearly
unlimited diversity of activity, structure,
and functions, they are also now studied
for other promising applications in mate-
rials science, such as artificial silks,™
hydrogels,””! supported catalysts, and bio-
compatible matrices for cell growth.
Whereas peptides are naturally built
up in the N—C direction!® (ribosomal
synthesis), they are chemically synthe-
sized from the C-terminal to the N-
terminal end (Scheme 1) either by
means of solid-phase peptide synthesis
(SPPS) or by classical solution synthesis.!”!
Traditionally, peptides are assembled
through the use of coupling reagents,®
whereby the carboxylic acid moiety of
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b) Peptide formation via activated a-aminoesters
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an amino acid is transformed into a good leaving group (X =
O-—acyl, urea, oxyphosphonium, guanidinium/uronium, F,

Biosynthesis direction
(N—C direction)

Classical peptide synthesis
(C—N direction)

Scheme 1. Ribosomal and chemical peptide synthesis.
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Scheme 2. a) Conventional peptide-bond formation through carboxylic activation. b) This
study: peptide-bond formation via activated a-aminoesters. P=amine-protecting group, R’
and R?=amino acid side chains, R=acid-protecting group, LG

=leaving group, Act=activa-

etc.), thus enabling the amine functionality of a second
amino acid to react with it to form the amide bond
(Scheme 2a). Although highly efficient, these coupling tech-
niques suffer from some drawbacks. For example, epimeriza-
tion could be observed during the introduction of sensitive
amino acids (histidine and cysteine) and, more importantly,
these conditions force peptide synthesis in the C—N direc-
tion. In fact, the synthesis of a whole peptide in the reverse
way (i.e. the N—C direction) would imply the C-terminal
activation of a peptide fragment highly prone to epimeriza-
tion (through the formation of oxazolone!” intermediates)
and thus the formation of an intractable diastereoisomeric
mixture.

A number of innovative strategies for the synthesis of
peptides have been reported: decarboxylative condensation
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of N-alkyl hydroxylamines and o-ketoacids,'” the use of
nitroalkanes as acyl-anion equivalents,'!l and various strat-
egies involving amino thioacids as the acyl donor with
isonitriles,'” with azides,”® and very recently, with dithiocar-
bamate terminal amines.'*"®! However, all these methods
require the prior modification of both amino acids, which
considerably limits their attractiveness. The reaction of
carboxylic acids with isocyanates also constitutes an interest-
ing alternative,!'! although the need to prepare the sensitive
isocyanate reaction partners hinders the application of this
methodology in peptide synthesis."”

Herein, we describe our preliminary results towards a new
route for the preparation of peptides from readily available,
bench-stable, activated a-aminoesters under mild and neutral
conditions (Scheme 2b). In contrast to all previously reported
methodologies, we first activate the amino group, instead of
the classical carboxylic activation; therefore, we expect to
palliate the epimerization process that is generally observed
in conventional coupling methods.

The starting point of our study was the synthesis of
a suitable (simple, high-yielding, and stable) activated o-
aminoester. After some unfruitful experiments involving p-
nitrophenol derivatives"¥ we turned to commercially avail-
able N,N'-carbonyldiimidazole (CDI),"**! which has been
broadly employed as a carboxyl-activating agent, and has
proved its efficiency in peptide coupling over conventional
peptide synthesis.

We prepared intermediates 1 in high yield by the treat-
ment of free a-aminoesters with CDI and triethylamine in
a CH,CL,/THF mixture (see the Supporting Information for
details).”!! Small amounts (<7 %) of symmetrical ureas were
occasionally observed as side products in the crude material.
Compounds 1 were readily purified by a simple filtration
through a short plug of silica gel. Moreover, they are stable for
months when stored at 4°C.

With these compounds in hand, we carried out a first
experiment with compound 1a and Boc-Phe-OH to validate
our approach (Table 1). In the presence of triethylamine in
CH,Cl,, no dipeptide formation was observed (Table 1,
entry 1). However, and quite intriguingly, when the reaction
was carried out in the absence of a base, we observed the
formation of the expected dipeptide 2a in 63 % yield (Table 1,
entry 2). Brief solvent screening revealed that the reaction
proceeded smoothly in CH,Cl, as well as in CH;NO,, another
polar aprotic solvent, whereas the solvent DMF, which is
traditionally suitable for supported peptide synthesis, gave
lower yields (Table 1, entries 3 and 4). Next, to improve the
yield, we evaluated the addition of some additives
(10 mol %). The same reaction profile was observed when
imidazole was added to the reaction mixture (Table 1,
entry 5). However, in the presence of HOBt or PTSA, we
observed higher yields (Table 1, entries6 and 7). After
evaluating the use of Brgnsted acids, we also tested the
viability of the reaction in the presence of Lewis acid
additives. Among many Lewis acids tested, CuBr, proved to
be as efficient as HOBt or PTSA (Table 1, entry 8). Interest-
ingly, when used together as additives, CuBr, and HOBt had
a synergic effect on the condensation reaction, and the yield
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Table 1: Peptide-bond formation by the use of activated a-aminoesters."!

o /'\'/'\e Boc-Phe-OH PhH
N//\N N CO,Me M, BOC\NL[(N\;/COZMS
\?/ H CH,CI, (1.0 m) H B
additive O Me
1a RT 2a
(1.0 equiv)
Entry  Additive Reaction time [h]  Yield [%6]"
1 Et;N (1.0 equiv) 14 NR
2 - 14 63
3 - 20 230
4 - 20 62!
5 imidazole (10 mol %) 20 53
6 HOBt (10 mol %) 20 75
7 PTSA (10 mol %) 20 77
8 CuBr, (10 mol %) 20 77
9 CuBr,/HOBt (10 mol %) 20 90

[a] Reactions were performed on a 0.51 mmol scale and proceeded to full
conversion as judged by TLC. [b] Yield of the isolated product after
purification by column chromatography. [c] DMF was used as the solvent
(1.0m). [d] CH;NO, was used as the solvent (1.0 m). DMF =dimethyl-
formamide, NR=no reaction, HOBt=1-hydroxybenzotriazole,

PTSA = 4-methylbenzenesulfonic acid.

of the expected dipeptide 2a was improved to 90% (Table 1,
entry 9).

Having established that amide-bond formation can take
place when activated a-aminoesters are used instead of
activation of the acid functionality, we next focused on the
scope of this reaction (Table 2) and attempted the synthesis of
a range of dipeptides. Under the optimized conditions with
CuBr,/HOBt, all reactions proceeded cleanly, and the
expected dipeptides were isolated in moderate-to-good
yields. Coupling efficiency was not significantly affected by
the different side chains (Table 2, entries 4, 6, 8, and 11).
Interestingly, the reaction proved to be fully compatible with

Table 2: Scope of the reaction for the synthesis of dipeptides.

R2
BN
o R PHN” ~CO,H R2
N//\NJ\N/'\COZR (1:5 equiv) P\N/kﬂ/HVCOzR
\_J H CuBr, (10 mol%) ph :
HOB (10 mol%) o R
la—d CH,Cl, (1.0 m) 2a-1
(1.0 equiv) 20 h, RT P = Cbz, Boc, or Fmoc
Entry Imi-AA-OR 1 Dipeptide 2 Yield [%]"
1 Imi-Ala-OMe (1a)  Boc-Phe-Ala-OMe (2a) 90
2 Ta Fmoc-Phe-Ala-OMe (2b) 65
3 Ta Boc-Pro-Ala-OMe (2¢) 61
4 Ta Boc-Cys(Bn)-Ala-OMe (2d) 67
5 Ta Cbz-Met-Ala-OMe (2¢) 84
6 Ta Fmoc-Lys(Alloc)-Ala-OMe (2f) 54
7 Imi-Val-OMe (1b)  Boc-Phe-Val-OMe (2g) 62
8  Imi-Gly-OFt (1c)  Boc-Asp(OBn)-Gly-OEt (2h) 74
9 Tc Fmoc-Ala-Gly-OEt (2i) 66
10 Imi-Met-OMe (1d) Cbz-Phe-Met-OMe (2j) 68
1 1d Boc-Trp-Met-OMe (2k) 70
12 1d Fmoc-Ala-Met-OMe (21) 52

[a] Isolated yield after purification by column chromatography. Boc = tert-
butoxycarbonyl, Fmoc=9-fluorenylmethoxycarbonyl, Bn=benzyl,
Cbz=benzyloxycarbonyl, Alloc =allyloxycarbonyl.
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Boc-, Fmoc- and Cbz-protected amino acids,”” an important
issue for the method to be applied in routine peptide
synthesis. Slightly lower, but still respectable, yields were
observed with Fmoc derivatives, mainly owing to their lower
solubility under these reaction conditions (Table 2, entries 6
and 12).

Having developed a straightforward route to dipeptides,
we next investigated the use of our methodology in cases in
which classical coupling reagents suffer from some limita-
tions. If our hypothesis is right, and our method does not
imply an activation of the carboxylate functionality, some of
the side reactions commonly observed with classical peptide
reagents should be alleviated. For example, it is well-known
that the activation of cysteine residues may occur with some
degree of epimerization as a result of the transient formation
of a stabilized enol derivative.”® Indeed, in our hands, when
Boc-Cys(Bn)-OH was coupled to H-Ala-OMe (3) after
preactivation for 1 min in CH,Cl, with BOP,** 12% epime-
rization was observed (35 % epimerization after preactivation
for 5 min; Table 3, entries 2 and 3).”°! As suggested by one

Table 3: Racemization study on the synthesis of Boc-Cys(Bn)-Ala-OMe

dipeptide.
j\ /""f Boc-Cys(Bn)-OH SBn
N7NT N CO,Me (1.0 equiv) Boc.. N._CO,Me
=/ H CH,Clp, RT H
1a (1.5 equiv) =2 / O Me
or imerization «
HCI+H N-Ala-OMe (3) O otacton
(1.5 equiv)
Entry Conditions Yield Epimerization
(%] [%]"
1 this study! 67 0
2 BOP, DIPEA (4.0 equiv)"¥ 87 35
3 BOP, DIPEA (4.0 equiv)®® 80 12
4 BOP, DIPEA (2.0 equiv)"¥ 41 7t
5 BOP, DIPEA (1.0 equiv), H,N-Ala- 27 1.5
OMe!
6 CDI carboxylic acid activation!®! 80 8

[a] Yield of the isolated product after column chromatography. [b] The
degree of racemization of the crude material was determined by HPLC on
a chiral stationary phase (for details and chromatograms, see the
Supporting Information). [c] Reaction conditions: 1a, Boc-Cys(Bn)-OH,
CuBr,/HOBt (10 mol %), 20 h. [d] Reaction conditions: BOP (1.5 equiv),
DIPEA, preactivation for 5 min, 3, 2 h. [e] Preactivation for 1 min. [f] The
epimerization level was estimated owing to the complexity of the HPLC
chromatogram of the crude product. [g] Reaction conditions: Boc-
Cys(Bn)-OH, CDI (1.0 equiv), preactivation for 5 min, 3, 20 h. BOP=
(benzotriazol-1-yloxy)tris (dimethylamino) phosphonium hexafluoro-
phosphate.

referee, several amounts of base were surveyed, and indeed,
lowering the amount of the base was very effective in
minimizing epimerization, but also deleterious to the chem-
ical yield of the BOP-mediated coupling reactions (Table 3,
entries 4 and 5). Alternatively, the condensation of Imi-Ala-
OMe (1a) with Boc-Cys(Bn)-OH in CH,Cl, gave the
expected dipeptide in 67 % yield with no detectable epime-
rization in the crude product (Table 3, entry 1). Notably, when
CDI was used as the activating group of the carboxyl
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functionality, 8% epimerization was observed (Table 3,
entry 6). This observation further corroborates our mecha-
nistic proposal (Scheme 2b), as no cysteine epimerization was
observed under our reaction conditions.

We next checked whether this protocol could be extended
to longer peptides. As a proof of concept, the synthesis of
Cbz-Trp-Met-Val-Phe-OrBu (4) tetrapeptide was performed
in the N—C direction. As mentioned above, N—C peptide
synthesis is not recommended, since the activation of the C-
terminal carboxylic acid of an elongating peptide fragment is
a source of potential epimerization through oxazolone
formation (see below). For the sake of comparison, the
same tetrapeptide 4 was assembled by PyBOP activation in
the same N—C direction (Scheme 3).

iterative peptide coupling
and tBu deprotection

1) Imi-AA-OtBu or
H-AA-OtBu/PyBOP

Cbz-Trp-OH Cbz-Trp-Met-Val-Phe-OtBu
2) tBu deprotection with TFA 4
N—C direction
mAU
1504 a) PyBOP reaction
j (carboxylate activation)
1004
50
o
L T T T
10 11 12 14 15
min
mAU
200
b) CDI-mediated
150 a-amino-esters activation
100
50
0]
L T T T T
10 11 12 13 14 15

min

Scheme 3. Iterative N—C synthesis of tetrapetide 4. a,b) HPLC profiles
of the tetrapeptides synthesized by the PyBOP strategy (carboxylate
activation; a) and by CDI-mediated a-aminoester activation (b). For
details, see the Supporting Information. PyBOP = (benzotriazol-1-yl-
oxy)tripyrrolidinophosphonium hexafluorophosphate.

The synthesis proceeded in five linear steps in a straight-
forward manner (Scheme 3). Indeed, the reactions were very
easy to set up and, conveniently, after each peptide coupling,
a classical workup of the crude material, followed by filtration
through a short plug of silica gel, was carried out to eliminate
excess reagents and by-products. The crude compounds were
clean enough to be used in the next step (i.e. TFA-mediated
tBu deprotection; see the Supporting Information for details).

At the end of the synthesis, comparable yields and HPLC
profiles of the crude product (see the Supporting Informa-
tion) were observed for the two methods, carboxylic acid
activation with PyBOP and CDI-mediated o-aminoester
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activation. Purification of the product by preparative HPLC
gave 4 in 35 and 25 % overall yield for the PyBOP and CDI
strategies, respectively. The HPLC profiles were similar and
very clean (Scheme 3). A minor product (probably resulting
from epimerization) was observed in the PyBOP synthesis,
whereas this product was absent in the CDI synthesis.*")

In summary, we have presented herein a practical and
simple procedure for the formation of peptide bonds on the
basis of a new mode of activation of amino acids (Scheme 4).
A prominent feature of this strategy is the unprecedented use

o K stable and readily available
//\NJ\N/k(OR e from H-AA-OR and
N i ive CDI
-/ H o inexpensive
1 7/
3\ - mild conditions (RT)
R2 - practical procedure
/L CH,Cl, - no base required!
RT - high yields
PHN COH - compatible with Fmoc, Boc,
J and Cbz amine protection

1
o R extended to the synthesis
PHN\_)J\N/'\H/OR &—— of a model tetrapeptide
Rz H o N—C direction
2

no epimerization detected with
the sensitive cysteine residue!

12 examples
up to 90% yield

Scheme 4. CDI-mediated activation of a-aminoester derivatives.

of activated a-aminoesters instead of classical carboxylic
activation. Our activated amino acid residues (i.e. Imi-AA-
OR) are readily obtained from o-aminoesters and readily
available and inexpensive CDI. Additionally, they are stable
and can be stored at 4°C for several months. Peptide-bond
formation proceeds under mild conditions in the absence of
a base and is compatible with common N-urethane protecting
groups (i.e. Fmoc, Boc and Cbz). In this study, preliminary
investigations on the susceptibility to racemization were
carried out with the sensitive amino acid residue cysteine [that
is, with Boc-Cys(Bn)-OH]. The promising results obtained
prompted us to further evaluate our method with the
synthesis of a tetrapeptide in the reverse N—C direction.
The desired tetrapeptide was isolated in good overall yield
and purity. The extension of this new strategy to the synthesis
of longer peptide targets and to solid-phase peptide synthesis
(SPPS) is currently under investigation.

Experimental Section

Preparation of dipeptides 2: Copper bromide (10 mol %), 1-hydrox-
ybenzotriazole hydrate (10 mol %), and P-AA%-OH (1.5 equiv) were
successively added to a solution of the Imi-AA'-OR derivative
(1.0 equiv) in CH,Cl, (1.0m) at room temperature (22°C), and the
resulting blue suspension was stirred at this temperature for 20 h.
After the completion of the reaction (TLC monitoring), the mixture
was washed once with aqueous HCI (0.5N). The aqueous phase was
then extracted with CH,Cl, (2 x). The organic layers were combined,
washed with saturated aqueous NaHCO; and brine, and dried over

www.angewandte.de
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MgSO,, and the solvents were evaporated. Purification by column
chromatography on silica gel afforded the corresponding dipeptide 2.
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