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Amine Activation: « Inverse » Dipeptide Synthesis and Amide
Function Formation through Activated Amino Compounds

Eleonora Tosi, Jean-Marc Campagne,* and Renata Marcia de Figueiredo*

ABSTRACT: A copper(I)/HOBt-catalyzed procedure for
the synthesis of dipeptides and “general” amides has been
developed using microwave irradiation to considerably
hasten the reaction. As an alternative of using traditional
carboxylic acids activation, the method relies on the use of
N-acyl imidazoles as activated amino partners. By doing so,
a nonconventional way to reach dipeptides and amides has
been proposed through the challenging and less studied N
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+ no base 4 no detectable racemization ¢ non-conventional amine activation

— C direction synthesis. A series of dipeptides and “general” amides has been successfully synthesized and the applicability
of the method has been illustrated in gram-scale syntheses. The mild reaction conditions proposed are completely adequate
for couplings in the presence of sensitive amino acids, affording the products without detectable racemization. Further-
more, experimental observations prompted us to propose a plausible reaction pathway for the couplings.

* INTRODUCTION

Amides are one of the most important functional groups in
organic, medicinal, and bioorganic chemistry. Regardless
of its vital role in sustaining life (the backbone of proteins),
amides are also present in several natural products, poly-
mers, and materials. Besides, they are one of the utmost
flourishing entities in modern drug-like compounds' being
present in around 25% of all pharmaceuticals currently in
the market.> The omnipresence of amides in small mole-
cule pharmaceuticals and the potential of peptide-based
therapeutics in a large panel of diseases? expose a real need
for novel methodologies to construct the amide function.
Moreover, such developments might be selective, mild,
and practical to fit the peptide chemistry requirements.

The biosynthesis (i.e., ribosomal synthesis) of peptides and
proteins takes place from the N — C direction, whereas
they are chemically constructed from the C — N direction
either by means of classical solution synthesis or solid-
phase peptide synthesis (SPPS). The traditional way to syn-
thesize amides relies on the pre- or in situ activation of the
carboxylic acid partner (i.e., the transformation of the OH
group into a better leaving group) in the presence of both
a base and an overstoichiometric amount of a coupling re-
agent (or a combination of reagents). Then, an SN2t reac-
tion of the in situ activated carboxylic acid with the free-
amine function of a second amino acid partner affords the
required amide function (Scheme 1, eq (a)). Thanks to a
wide-ranging and well-known library of such coupling re-
agents,* this method is very efficient and widespread used
even though wasteful and generally costly. Also, amide

synthesis through classical carboxylic acid activation is of-
ten connected to intrinsic limitations associated with the
nature of coupling reagents such as hazardous properties
(e.g., potential explosive benzotriazole-based coupling re-
agents) and epimerization through enolization of sensitive
amino acids (histidine and cysteine). Particularly, these
conditions also impose both (i) the synthesis of peptides
from the C — N direction to suppress (or at least minimize)
oxazolones formation and (ii) the one-by-one amino acid
introduction into the growing peptide chain via the preac-
tivation of a single carbamate N-protected amino acid each
time. Indeed, coupling reagents-mediated peptide synthe-
sis from the N — C direction would imply the C-terminal
activation of a peptide segment that is highly prone to epi-
merization (with the notable exception of proline and gly-
cine) through oxazolone formation. Such an issue will con-
sequently afford a very complex and unextractable mixture
of diastereomers.

To tackle these challenges, novel nonclassical approaches
for amide formation have been developed.® However, most
of these strategies are not always compatible with peptides
and, when applied, require the prior modification of at
least one amino acid partner. In this context, we have been
interested in developing new strategies for amide synthesis
through amine activation instead of conventional carbox-
ylic acid activation. Inspired by the natural way (i.e., ribo-
somal synthesis) of synthesizing peptides and proteins, the
idea was to develop a chemical, in solution, method to
reach amides through the N



Scheme 1. (A) Traditional Peptide Synthesis and (B) Concept of Synthesis through Amine Activation

A) Traditional carboxylic acid activation (C—N direction)

R? peptide coupling

reagent
Base (NR3

PHN” “CO,H

HoN._COR

Act =
CO,R
/Hf PHN/H( ~U2

Act

B) Amine activation (N—C direction)

Activating H
HZNVCOQR agent Act/N\/COZR PHN COH
R i T
Act

Scheme 2. Synthetic Strategies Previously Reported for the Construction of Amides through Amine Activation
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— C direction. While countless methods of traditional car-
boxylic acid activation? with coupling reagents4 (C — N di-
rection; Scheme 1, eq (a)) have been developed, very little
has been proposed through inverse N — C direction
(Scheme 1, eq (b)). In 2013, Houghten and Yu described the
combination of thioacids and dithiocarbamate-terminal
amines toward amides and peptides (Scheme 2a).% Soon af-
ter, Hutton proposed a silver-promoted approach for in-
verse peptide synthesis by merging carboxylic acids and
thioamides (Scheme 2b).9 In 2017, Maes published a
method for amide synthesis via the combination of isothi-
oureas and carboxylic acids under iron catalysis (Scheme
2¢).° In this context, we have described in 2014 preliminary
results on inverse peptide synthesis using activated a-ami-
noesters.™ Thanks to their readily availability and stabil-
ity, the synthesis of several dipeptides and tripeptides and

one tetrapeptide from the N — C direction was possible in
a racemization-free manner even when sensitive amino ac-
ids (i.e., cysteine) were used (Scheme 3A). With the objec-
tive of giving a full account of this work and also proposing
new conditions able to improve both reaction kinetics and
scope, we describe therein our detailed work within this
subject (Scheme 3B). We will focus on several points: (i) to
describe the search for other compatible and efficient acti-
vating agents, (ii) to explore the influence of different ad-
ditives, (iii) to broaden the previous scope on peptide syn-
thesis and to extend it to “general” amides, (iv) to study the
possibility of scaling up the more practical reaction condi-
tions toward both dipeptide and “general” amide synthe-
ses, (v) to evaluate racemization



Scheme 3. (A) Previous Work on Amine Activation via CDI-Activated a-Aminoesters. (B) Current Full Account on

Our Initial Work and New Targeted Objectives
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issues, (vi) to determine residual Cu traces on a dipeptide
synthesis, (vii) to improve the kinetics, and (viii) to obtain
some insights into the coupling mechanism.

RESULTS AND DISCUSSION

Reaction Conditions Optimization. Activating Agent
Choice for the Amine Function. In our previous study," the
amine activation of a first amino ester with N,N’-carbon-
yldiimidazole (CDI, 3) gave stable a-aminoesters 1 that in
combination with CuBr2 and HOBt (10 mol % each) as ad-
ditives afforded the best results during the synthesis of sev-
eral dipeptides, including Boc-Phe-Ala-OMe 2a (90%).
Nevertheless, and despite the practical and mild aspects of
the devised operational conditions, the reaction kinetic
was still slow to be practically applied to peptide chemistry
(20 h were needed to reach good yields). To reduce the re-
action times, various activating agents were thus investi-
gated (compounds 3-11, Scheme 4). When using imidazo-

lium salts 4 that are known to be efficient in amide, carba-
mate, thiocarbamate, and urea syntheses,3* only low
yields (<30%) for dipeptide 2a were observed.’> In the pres-
ence of commercially available compounds 5-7 and car-
bonyl dibenzimidazole derivative g9 (prepared from ben-
zimidazole and diphosgene), the formation of functional-
ized a-aminoesters 1 did not proceed efficiently. Phospho-
rous-based activating agents, such as ethyl phosphorodi-
chloridate (10), were ineffective. 1,1-Carbonyl-di-(1,2,4-tri-
azole) (8) and p-nitrophenyl chloroformate (11) were able
to afford the corresponding activated c-aminoester 1 (NMR
yield of 99 and 60%, respectively); however, the subse-
quent coupling reaction with Boc-Phe-OH did not effi-
ciently provide dipeptide 2a (no reaction and <10% yield
with 10 and 1, respectively). Thus, in our hands, CDI dis-
played (i) the best results in terms of stability and yields for
the synthesis of functionalized «-aminoester 1a and (ii) the
unsurpassed yield



Scheme 4. Activating Agent Trials for the Preparation of Functionalized a-Aminoesters 1 and Dipeptide 2a
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2 Crude "H NMR yield. ND = Not Determined; reactions were performed in a sequential one-pot strategy without isolation of 1. NR = No
Reaction; the activation step failed and 1 could be neither isolated nor observed by 'H NMR of the crude reaction mixture.

of 9o% for dipeptide 2a. It remains thus so far the N-acti-
vating agent of choice for the coupling reactions.

Solvents and Additives Survey. To gain a better understand-
ing of the parameters governing the outcomes of this trans-
formation and, ideally, to improve the reaction kinetics, we
decided to survey the reaction conditions. First, a full
rangeof solvents has been tested (for the complete screen-
ing, see the SI). If CH2Cl2 is the one of choice for which 2a
was isolated in 90% yield, coupling reactions were also ef-
fective in CH3CN (78%), CH3NO2 (74%), and
CICH2CH2Cl (80%) after 20 h at room temperature. Next,
the possibility of changing the additives used under our
standard conditions (CuBr2 and HOBt) was investigated.
Important to mention that this additives survey was real-
ized for couplings run for 8 h instead of 20 h, and the main
results are summarized in Table 1.

Entry 1 was run using the standard conditions
[CuBr2/HOBt (10 mol % each)] for 20 h. Thus, a trial was
run with a reduced reaction time of 8 h (entry 2). In this
case, dipeptide 2a was isolated in a reduced 62% yield. A
blank reaction, in the absence of additives, was carried out
as a benchmark, and dipeptide 2a was obtained in 56%
yield (entry 3). CuBr2 combined with another Brensted
acid, the p-toluenesulfonic acid, afforded comparable

yields (entries 2 and 4). If the combination of CuBr2/HOBt
afforded a synergistic effect for couplings run in 20 h," in-
terestingly, when CuBr2 was used as the sole additive, a
slightly improved yield of 68% was observed for couplings
run in 8 h (entries 1, 2, and 5). The use of a more acidic
additive, HBr (48 wt.% in H20), slightly decreased the iso-
lated yield to 48% (entry 6). Moving from a Cu(Il) to a
Cu(J) salt, using CuCN (10 mol %) without adding Brensted
acids, a comparable yield of 67% was obtained (entry 7).
Alike copper-based Lewis acids, magnesium perchlorates7
was also able to catalyze the couplings in the presence or
absence of a Bregnsted acid in similar yields (entries 8 and
9). Afterward, we evaluated the influence of boron-type
Lewis acids. If catalytic amounts of BF3:OEt2 enabled the
couplings with similar outcomes (entries 10-12), a stoichi-
ometric quantity was deleterious and 2a was isolated in
only 29% yield (entry 13). In this case, the starting material
was not recovered, suggesting a possible degrada-
tion/deprotection during the course of the reaction. By
merging BF3*OEt2 with either imidazole or PTSA, no syn-
ergistic effect was observed and similar yields to the ones
obtained when BF3*OEt2 was used alone were obtained
(entries 14 and 15). Moving to organoboron-type Lewis ac-
ids,®" different outcomes were observed (entries 16—21).
Best yields were



Table 1. Additives survey.?

o Boc-Phe-OH Fh
N//\N)LNJ\COZME Additives BOC\N/Q(H\/CC)zMe
—/ H CH,Cl, H o § ¢
8h,25°C
1a 2a
entry additives mol %  vyield® (%)
1 HOBt/CuBr,° 10/10 90
2 HOBt/CuBr, 10/10 62
3 56
4 PTSA/CuBr, 10/10 60
5 CuBr; 10 68
6 HBr (48%) 10 48
7 CuCN 10 67
8 Mg(ClO4),/HOBt 10/10 70
9 Mg(CIO,), 20 62
10 BF;.0Et, 10 64
11 BF;.0Et, 20 63
12 BF;.0Et, 50 67
13 BF;.0Et, 100 29
14 Imidazole/BF;.0Et, 10/50 69
15 PTSA/BF;.0Et, 10/10 64
16 Phenylboronic acid 20 49
17 Phenylboronic acid 50 71
18 Phenylboronic acid 100 75
19 Phenylboronic acid 150 78
20 p-Tolylboronic acid 100 41
21 p-Bromophenylboronic acid 100 82

aReaction conditions: ImiAlaOMe (1.00 equiv), Boc-Phe-OH
(150 equiv), CH2Cl2 (C 1.0 M), 25 °C, 8 h. bStandard condi-
tions: reaction run for 20 h. Isolated yields.

attained when a stoichiometric amount or an excess was
employed (75 and 78%, respectively; entries 18 and 19), and
the couplings worked better when p-bromophenylboronic
acid was used as a reaction promoter (82% yield; entry
21).2°

The use of stoichiometric quantities of trimethylsilylchlo-
ride (TMSC], 12) and propylene oxide (13) as reaction pro-
moters was also evaluated (Scheme 5). In the case of 12, the
addition of a base was necessary to assure the carboxylate
anion 17 formation to obtain the nucleophilic displacement
of the imidazolium salt 14 derived from the TMSCI addi-
tion. The reaction furnished 2a in a moderate 40% yield.
The reaction was next attempted in the presence of propyl-
ene oxide (13). Indeed, 13 could act as both an imidazole

activating agent and next as a base to generate carboxylate
17 (Scheme 5). The yield for isolated 2a was, however, quite
disappointing (57%). The use of other silylating agents
such as N,O-bis-(trimethylsilyl)acetamide (BSA) and N-
methyl-N-tert-butyldimethylsilyltrifluoroacetamide
(MTBSTFA) as stoichiometric activating reagents for the
imidazole ring was also studied. However, in these cases,
dipeptide 2a was only observed in low yields (<35%).
Overall, a set of additives (acidic and/or basic ones) has
been examined in a catalytic fashion for 8 h instead of 20
h. However, none has stood out from the others in terms
of efficiency (yields ranging from 60 to 70% in all cases). If
it can be seen as a positive point, it might be mentioned
that it makes understanding the reaction difficult and, con-
sequently, the choice for further additives.

Microwave Irradiation and/or Conventional Heating. Con-
sequently, we decided to investigate our coupling reactions
under microwave irradiation, a mature technique compat-
ible with peptide chemistry.> The first trials that have been
performed (Table 2) showed that a remarkable improve-
ment, in terms of reaction kinetics, can be reached through
this technique (from 20 h to 30 min). By the way, no dia-
stereomer formation for dipeptide 2a was detected on the
crude 'H NMR. Thus, a selection of dipeptides 2 was syn-
thesized to survey the scope of the couplings under micro-
wave irradiation (Table 2; also see the SI for additional de-
tails). It is interesting to note that similar kinetics could
also be observed under conventional heating. Comparable
or slightly improved results were obtained when the reac-
tions were performed in 30 min either in microwave irra-
diation or conventional heating instead of the classical
method (room temperature, 20 h).

Reaction Extension to General Amides. In our preliminary
communication, the synthesis of several dipeptides 2 (12
examples, 52-90% yields) was described by combining
CDI-activated o-aminoesters 1 and amino acids bearing
free-carboxylic acid functions.” Later on, a sequential one-
pot procedure was proposed, avoiding the need for prior
formation and isolation of intermediates 1.22 In both works,
dipeptides were isolated in very good yields, and com-
monly used N-urethane protecting groups are compatible
with the reaction conditions. We then decided to move for-
ward and try to

Scheme 5. TMSCI (12) and Propylene Oxide (13) as Imidazole Activating Agents
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Table 2. MW Trials and Subsequent Scope

i J\ BocPheOH (1.50 equiv) Fh H
NGN H CO,Me Addltlvesl Boc\N N YCOZMe
ES MW, 60°C, time H o z
0.301:1m0| CH,Cl, (0.5 M) 2a
(1.00 equiv)
Additives Reaction time Yield (%)?
- 60 min 67

CuBry/HOBt 60 min 81

CuBr,/HOBt 30 min 78

CuBry/HOBt 15 min 71

CuBr,/HOBt 30 min® 76

2 |solated yields

5 Conventional heating

entry Imi-AA-OR dipeptide yield (%)?

1 Imi-Ala-OMe (1a) Boc-Phe-Ala-OMe (2a) 78
2 la Cbz-Met-Ala-OMe (2b) 80
3 la Fmoc-Lys(Alloc)-Ala-OMe (2c) 70
4 la Boc-Cys(Bn)-Ala-OMe (2d) 77
5 la Boc-Pro-Ala-OMe (2e) 47
6 la Fmoc-Phe-Ala-OMe (2f) 73
7 Imi-Gly-OEt (1b) Boc-Asp(OBn)-Gly-OEt (29) 80
8 1b Fmoc-Ala-Gly-OEt (2h) 77
9 1b Cbz-Trp-Gly-OEt (2i) 66
10 Imi-Val-OMe (1c) Boc-Phe-Val-OMe (2j) 70
11 Imi-Met-OMe (1d) Cbz-Phe-Met-OMe (2k) 66
12 1d Boc-Trp-Met-OMe (2I) 72
13 Imi-Met-OtBu (1e) Cbz-Trp-Met-OtBu (2m) 66

aIsolated yields.

transpose the reaction conditions to “general” amides syn-
thesis (not bearing AAs). Indeed, small-to-medium mole-
cules bearing the amide function are also omnipresent on
various natural and pharmaceutical products.® In 2011, N-
acylation of amines to amides was ranked the first position
in the top 10 reactions most used in the pursuit of drug
candidate development.>* More recently, amide synthesis
has been placed among the most used reactions in drug
discovery.?

Before synthesizing “general” amides, the combination
of at least one AA partner with a simple (non-AA) carbox-
ylic acid or amine derivative was first studied (Scheme 6).
As depicted in Scheme 6a, benzylamine (18) affords CDI-
protected intermediate 19 in excellent yield. It is notewor-
thy to mention that compound 19 was prepared following
the procedure (in the absence of a base) developed during
the one-pot strategy to avoid, or at least considerably min-
imize, the formation of symmetrical urea (see the SI,
scheme S1).> Next, we studied the behavior of 19 in the
presence of Boc-Met-OH as a coupling partner (Scheme
6b). Either in the presence or absence of additives, the re-
action works well and gives the amide compound 20a in
good yields. We have thus checked the combination of Imi-
Ala-OMe 1a and a “general” carboxylic acid 21, and the cou-
pling takes place in good yields (Scheme 6c). Finally, the
combination of phenylacetic acid (21) and 19 gave the ex-
pected amide 20c in good isolated yields (Scheme 6d).
Knowing at this point that “general” amide 20c can be syn-
thesized under the developed classical conditions (20 h,
rt), we have next evaluated the use of MW irradiation. By
doing so, 20c was isolated in an improved 76% yield in a
reduced reaction time (30 min), showing that MW is also

compatible (and advantageous) with “general” amide syn-
thesis.

Subsequently, the synthesis of other “general” amides
was undertaken (Scheme 7). Merging amino acid and non-
amino acid substrates afforded “hybrid” amides 20a,b,d-h
in good yields (62-86%). Less reactive substrates such as
benzoic acid and aniline are compatible with the coupling
conditions, but lower yields for amides 20d and 20g were
obtained (45 and 25%, respectively). Moving to only non-
amino acid substrates, the reactions also operated finely,
giving the expected “general” amides 20c¢,i-r in moderate
to good yields (60-90%). Benzyl and alkyl chains on both
amines and carboxylic acids are well tolerated. If the use of
an o,B-unsaturated carboxylic acid afforded the expected
amide 20r in 62%, couplings with aromatic ones (such as
benzoic acid) failed under our conditions. When using
phenylacetic acid as substrate, the expected amide 20i was
isolated in 86%, whereas the application of more acidic
a,a-difluorophenylacetic acid did not allow the amide for-
mation (20s).

Quantification of Residual Cu Traces on Dipep-
tides. In line with our interest in applying the coupling
conditions developed into peptide chemistry, it was essen-
tial to quantify the possible residual traces of copper on our
isolated dipeptides due to the use of a Cu(II) salt as an ad-
ditive.?® Indeed, potential contamination of APIs with
heavy metals is a key issue in pharmaceutical R&D: see, for
example, the largescale process for the preparation of
Thymitaq involving copper-catalyzed Ullmann coupling.2%
Thus, analysis [inductively coupled plasma mass spectrom-
etry (ICP-MS), see



Scheme 6. First Attempts toward “General” Amides Synthe-
sis. (a) CDI Activation of Benzylamine. (b, ¢) Coupling of
One AA Residue with a “General” Amine or Carboxylic Acid
Compound (Non-AA Residue). (d) First Example of a “Gen-
eral” Amide Function Formation (with Non-AA Residues In-
volved in the Coupling Reaction)
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the SI] of a sample of Boc-Phe-Ala-OMe (from the large-
scale synthesis and after purification via column chroma-
tography) showed that our dipeptide contains an average
of'1.53 ppm of copper.

Benchmark Reactions Scale-Up. The scale-up of the
stepwise transformation was easily performed (87% yield,
71.6 mmol) but imposed some reaction conditions optimi-
zation to minimize the formation of undesired symmet-
rical urea (see the SI).> Later on, we also validated the mi-
crowave irradiation strategy for the preparation of dipep-
tide 2a and “general” amide 20i on a 5.50 mmol scale. In
both cases, very good yields were attained (Scheme 8).

Racemization Studies. One important concern on pep-
tide synthesis is racemization issues. The efficiency of our-
method was first evaluated during the synthesis of Boc-
Cys(Bn)-Ala-OMe dipeptide 2d. Indeed, cysteine is well
known as being very prone to racemization during its car-
boxylate activation with coupling reagents and base due to
the formation of a stabilized enol intermediate.?” Under
our former conditions (i.e., with additives, 20 h, rt), 2d was
formed with no detected epimerization." When the same
coupling was carried out under MW irradiation, for 30 min
at 60 °C, 2d was isolated in a slightly improved yield of 77%
(Table 2), and no racemization was observed by HPLC
analysis (Scheme 9) nor in the crude '"H NMR spectra. We
have also performed the Anderson test*32 with the evalu-
ation of the developed conditions during the synthesis of

tripeptide Cbz-Gly-Phe-Gly-OEt 22, which is also a sensi-
tive case (Scheme 10). In this particular example, if racemi-
zation takes place with traditional peptide coupling rea-
gents, it is imputed to oxazolone formation as a dipeptide
is going to be activated instead of a single amino acid. In
our hands, when the synthesis of 22 took place under clas-
sical conditions via PyBOP carboxylate activation, racemi-
zation of 40% was detected (Table 3, entry 1). In contrast,
switching to the Oxyma Pure/DIC system developed by Al-
bericio and co-workers, a very low level of racemization
was observed (<2%) (Table 3, entry 2).3° When Imi-Gly-OEt
was used, in the presence of CuBr2/HOBt (10 mol %) at
room temperature and over 20 h, we were delighted to ob-
serve the isolation of tripeptide 22 in the absence of race-
mization (<1%) (Table 3, entry 5). This result supports our
hypothesis that CDI-protected o-aminoesters allow pep-
tide couplings without involving a prior carboxylic acid ac-
tivation. For comparison, when CDI was used to activate
the carboxylic acid function of dipeptide Cbz-Gly-Phe-OH,
with or without additives, 8.6 and 5.8% of racemization on
the phenylalanine were, respectively, observed (Table 3,
entries 3 and 4). The results obtained in the racemization
studies, either during the preparation of 2d or 22, place our
conditions among the least racemizing ones.

Mechanistic Insights. Concerning the mechanism,
experimental observations have guided us to postulate
some plausible reaction pathways. During our first studies,
we observed that the dipeptide synthesis does not take
place in the presence of a base (i.e., no dipeptide is
formed)." Accordingly, we postulate that the imidazole
ring on the Imi-AA-OR substrate is able to deprotonate the
carboxylic acid function on the PHN-AA-OH partner giv-
ing rise to an imidazolium salt intermediate> and the car-
boxylate (Scheme 11). However, if imidazolium salt cannot
be generated, the coupling with the carboxylate (formed by
deprotonation with the external base) cannot take place as
the imidazole ring is not a good leaving group compared to
the imidazolium salt. On the other hand, in the absence of
an external base, the imidazole ring might deprotonate the
carboxylic acid function of Boc-Phe-OH, giving rise to an
imidazolium salt, which can be displaced during the cou-
pling reaction by the engendered carboxylate to give rise
to the amide function. If the imidazole ring could deproto-
nate the carboxylic acid, the question is to understand how
the coupling evolves from this point. We believe that a car-
bamic anhydride intermediate 23 might be formed, either
via direct carboxylate addition into Imi-AA-OR or via the
intermediacy of an isocyanate 24 obtained by simple elim-
ination of imidazole (25) (Scheme 12). Then, three possibil-
ities can be postulated: the first one supports the dipeptide
formation by simple rearrangement with concomitant CO2
elimination (path A); the second one proposes the for-
mation of an acyl imidazole intermediate 26 (path B), and
the third route suggests the formation of an oxazolone 27
(path C).» Attempts to gain hints on the formation of in-
termediate 23 and evolution toward the amide function
were realized by NMR monitoring.3 If the studies realized
did not allow us to



Scheme 7. Scope for “Hybrid” and “General” Amides Synthesis®

CuBr;, (10 mol%)

HN-R' 9
N=\ HOBt (10 mol%)
K/N« + R2-COH —— > R2 N’R1
= 0 CH,CI, (0.5 M) H
) ) MW, 60 °C, 1 h
(1.00 equiv) (1.50 equiv) 20
a) "Hybrid" amides
SMe
H CO,M Ph H CO,M
H ~~LMe ~LLMe
N Ph Ph/ﬁ( H W H
BocHN ~ o = o °:
O

20a (62%)

0]

20b (84%)

20d (45%)

W \/COZMS

20f (86%)

Ph
N
CbzHN ~">co,Me
o

20h (78%)

o o
BocHN _Ph
)WL I ¢ %N
Ph N7 COozMe R

20g (25%)

b) "General" amides

H 0
N__Ph
Ph/ﬁ( ~ Ph\)LN/O Ph\)kN/\/\/\
o H H
20c (76%) 20i (86%) 20j (70%)
H o}
\/ N Ph /\/\)’L
W Ny N
o * H
20k (60%) 201 (76%) 20m (72%)
H 2 ? N__Ph
Ph/j.( CO,Me oh ”/\Ph I
20n (90%) 200 (66%) 20p (60%)

0} O

H

N._Ph

co,M ~
Phwu/\/ 21 vj)(

20q (76%)
aNR = no reaction.

sahe

20r (62%) 20s (NR)

distinctly distinguish between the three pictured path-
ways, some points could be raised. From the experiences
realized, any intermediate previously synthesized and/or
observed (acyl imidazole 26, isocyanate 24, and carbamic
anhydride 23) were not detected on the 3C spectra.3* We
can anticipate that either they are not formed or their in-
herent reactivity did not allow them to be perceived in situ.
Nevertheless, a growing pic at 124.4 ppm could be detected,
which can be credited to carbon dioxide that is released
during the coupling.35 It seems that the dipeptide arises di-
rectly from 23, and its formation could be the rate-limiting
step of the process. Once 23 in situ formed, a fast intramo-
lecular rearrangement, with concomitant CO2 extrusion,
could provide the dipeptide. This observation could ex-
plain the lack of accumulation of the mixed anhydride in

the reaction, the nonobservance of acyl imidazole and iso-
cyanate intermediates, and also the chemical shift of 124.4
ppm assigned to CO2. Moreover, an interesting study pub-
lished in 2004 by Vaidyanathan and co-workers described
the positive effect of carbon dioxide on the reaction kinet-
ics between the coupling of an acyl imidazole and an amine
toward the amide formation (Scheme 13a).3° Also recently,
following the publication of our first communication on
the reactivity of N-acyl imidazoles in amide synthesis, Jiang
and Bi have computationally studied the reaction high-
lighting a 1,3-



Scheme 8. Large-Scale Synthesis of Dipeptide 2a and Amide 20i under Microwave Irradiation
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Scheme 9. Racemization Study on the Synthesis of Boc-Cys(Bn)-Ala-OMe 2d under MW Irradiation
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acyl transfer (among less favorable mechanistic alterna-
tives) on the carbamic anhydride (Scheme 13b).37 Gratify-
ingly, these studies corroborate our initial mechanistic as-
sumptions, and altogether, path A (Scheme 12) is more
likely to operate during the process. Another observation
that supports this reaction pathway is that our dipeptides
are isolated without racemization, eliminating thus the
possible transient formation of both acyl imidazole 26 and
oxazolone 27.

= CONCLUSIONS

The catalytic system composed of CuBr2/HOBEt first devel-
oped to synthesize dipeptides in mild conditions in 20 h
has been reworked to improve the reaction kinetics, widen
its field of application, and acquire better knowledge of the
coupling mechanism. The use of unprecedented N-acyl im-
idazoles as activated amino partners paves the way to syn-
thesize peptides from the challenging reverse N — C direc-
tion. Moreover, the ability to avoid traditional carboxylic
acid activation combined with the absence of a base on the
reaction conditions made possible the synthesis of dipep-
tides and one tripeptide in a process with no detectable
epimerization. In this study, by reworking the reaction pa-
rameters, we were delighted to note that microwave irra-
diation considerably improved the reaction kinetics from
20 h to 30 min, keeping the same outcomes about yields.
Also, the method could be fruitfully transposed into the
synthesis of



Table 3. Anderson Test Results

Ph Ph

o = y o 7y
CbzHN \)kN/t\COZH Conditions  pzHN QKN \_N._CO,Et
H Hf o
racemization level
22
entry conditions Rdt (%)  Rac (%)?
(i) PyBOP (1.50 equiv)
1 DIPEA (4.00 equiv), 5 min 57 40
(ii) HCI- H-Gly-OEt (1.50 equiv)
CH.Cl, (c 0.5M), 2 h, rt
(i) Oxyma (1.50 equiv)
DIC (1.50 equiv), 5 min
2 (ii) HCI- H-Gly-OEt (1.50 equiv) 70 <2%

DIPEA (1.50 equiv)
CH:Cl, (c 0.5M), 2 h, rt
(i) CDI (1.00 equiv), 5 min
3 (i) HCI-H-Gly-OEt (1.50 equiv) 54 8.6
CH:ClI, (c 0.5M), 20 h, rt
(i) CDI (1.00 equiv)
CuBr,/HOBLt (10 mol%), 5 min

4 (ii) HCI-H-Gly-OFEt (1.50 equiv) 61 58
CH,Cl, (c 0.5M), 20 h, 1t
CuBr,/HOBt (10 mol%)

5 Imi-Gly-OEt (1.50 equiv) 55 <1

CH.Cl; (c 1.0M), 20 h, rt
@The racemization level of phenylalanine on the crude mate-
rial was determined by chiral HPLC on a chiral stationary
phase (see the SI for details and HPLC profiles).

“general” amides (non-amino acid substrates), giving the
possibility to apply it for the preparation of important ac-
tive pharmaceutical ingredients (API molecules) that bear
an amide function. Finally, a plausible reaction pathway
could be identified based on our experimental observa-
tions and supported by precedents from the literature.
Overall, the improved catalytic method described herein
affords a nonconventional way to reach amides in mild and
simple reaction conditions in a very short reaction time.
The scope of both amino acids and “general” amine and
carboxylic acid precursors are quite broad, and the ex-
pected amides are isolated in good yields in the absence of

detectable racemization. Future work will be devoted to
exploring further the methodology of peptide chemistry.

= EXPERIMENTAL SECTION

General Information. Unless otherwise specified, all commer-
cial materials were used without further purification. Reactions
were carried out in round-bottom flasks equipped with a mag-
netic stirring bar; there is no need for an argon atmosphere. Ana-
lytical thin-layer chromatography (TLC) of all reactions was per-
formed on silica gel 60 F254 TLC plates. Visualization of the de-
veloped chromatogram was performed by UV absorbance (254
nm) and using ninhydrin stain. Flash chromatography was carried
out on silica gel 60 A (35-70 mm). FT-IR spectra were recorded
with a PerkinElmer Spectrum 1000; absorptions are given in wave
numbers (cm-1). 'H and 3C{'H} NMR spectra were recorded with
a Bruker Ultra shield 400 plus. 1H chemical shifts are reported in
delta (d) units in parts per million (ppm) relative to the singlet at
7.26 ppm for d-chloroform (residual CHCI3). 3C{*H} chemical
shifts are reported in ppm relative to the central line of the triplet
at 77.0 ppm for d-chloroform. Splitting patterns are designated as
s = singlet; d = doublet; t = triplet; q = quartet; quin = quintuplet;
m = multiplet; b = broad; bs = broad singlet; bd = broad doublet;
and bt = broad triplet. All coupling constants (J values) are re-
ported in Hertz (Hz). Microwave-assisted reactions were per-
formed in a Microwave synthesizer CEM Discover SP (CEM Cor-
poration, Matthews, NC). The system contains a single-mode mi-
crowave cavity that produces controlled irradiation at 2450 MHz.
Reaction times refer to hold times at the indicated temperature
(60 °C), not to total irradiation times. The temperature was meas-
ured through a volume-independent infrared (IR) sensor. The
couplings were run under the pressure of 3 bar (range of pressure
for the MW synthesizer: 0—30 bar) and a maximum power of 70
W in sealed reaction vessels (range of power for the MW synthe-
sizer: 0-300 W). Optical rotations were measured with an ADP
440 Polarimeter (Bellingham + Stanley). Low-resolution mass
spectra were recorded on a Waters QTof-I spectrometer using
electrospray ionization. NMR studies for mechanism understand-
ing purposes and high-resolution mass spectra were obtained us-
ing spectrometers operated by the Plateforme d’Analyse et de Ca-
ractérisation (PAC) of Pole Chimie Balard de Montpellier.

General Procedure for the Synthesis of “CDI-Activated” Amines
(1,19).3¢ These intermediates were prepared according to the
method described in the literature.™ To a solution of the

Scheme 11. Experimental Observations
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Scheme 12. Possible Pathways toward the Amide Formation
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Scheme 13. (A) Literature Studies on CO2 Positive Effect
on Amide Formations® and (B) 1,3-Acyl Transfer via DFT
Calculations3?
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corresponding amine or H-AA-OR (4.00 mmol, 1.00 equiv) in
CH2Cl2 (20 mL, C 0.2 M) at room temperature was added N,N'-
carbonyldiimidazole (4.80 mmol, 1.20 equiv). The obtained sus-
pension was thus stirred at this temperature overnight. After re-
action completion (TLC monitoring), the mixture was washed
once with H20 (20 mL). The organic phase was separated, and
the aqueous phase was further extracted with CH2Cl2 (2 x15 mL).
The organic layers were combined, dried over MgSO4, and evap-
orated. Purification was performed by column chromatography
on a short silica gel pad (100% ethyl acetate) to afford the desired
intermediates. The analytical data were identical in all respects to
those previously reported in the literature.**

General Procedure for the Microwave-Assisted Synthesis of Di-
peptides (za-m). In a 5 mL microwave vessel containing a solu-
tion of the Imi-AA1-OR derivative (0.30 mmol, 1.00 equiv) in
CH2Cl2 (0.6 mL, C 0.5 M), copper(II) bromide (0.03 mmol, 0.10
equiv), 1-hydroxybenzotriazole hydrate (0.03 mmol, 0.10 equiv),
and then P-AA2-OH (0.45 mmol, 1.50 equiv) were successively

added. The suspension was then heated at 60 °C under a micro-
wave for 30 min. After reaction completion, the mixture was di-
luted with 10 mL of CH2Clz and washed once with aqueous HCl
(0.5 N, 8 mL). Then, the aqueous phase was extracted with
CH2Cl2 (1 x10 mL). The organic layers were combined and washed
with saturated aqueous NaHCO3 (8 mL) and brine (8 mL). The
organic phase was dried over MgSO4, and the solvent was re-
moved under vacuum. Purification was performed by column
chromatography on silica gel (pentane/ethyl acetate 7:3 to 1:1) to
afford the products.

General Procedure for the Synthesis of “Hybrid” Amides
(20a,b,d-h). In a 4 mL screw top vial containing a solution of the
imidazole intermediate (0.50 mmol, 1.00 equiv) in CH2Cl2 (0.5
mL, C .o M), copper(II) bromide (0.05 mmol, 0.10 equiv), 1-hy-
droxybenzotriazole hydrate (0.05 mmol, 0.10 equiv), and a carbox-
ylic acid (0.75 mmol, 1.50 equiv) were successively added. The sus-
pension was then heated at 60 °C under a microwave for 60 min.
After reaction completion, the mixture was diluted with 15 mL of
CH2(Cl2 and washed once with aqueous HCI (0.5 N, 10 mL). Then,
the aqueous phase was extracted with CH2Cl2 (1 x15 mL). The or-
ganic layers were combined and washed with saturated aqueous
NaHCOs3 (10 mL) and brine (10 mL). The organic phase was dried
over MgSOg4, and the solvent was removed under vacuum. Purifi-
cation was performed by column chromatography on silica gel
(pentane/ethyl acetate 7:3 to 1:1) to afford the expected products.
General Procedure for the Synthesis of “General” Amides
(20¢,i-r). In a 5 mL microwave vessel containing a solution of the
imidazole intermediate (0.50 mmol, 1.00 equiv) in CH2Cl2 (1.0
mL, C 0.5 M), copper(Il) bromide (0.05 mmol, 0.10 equiv), 1-hy-
droxybenzotriazole hydrate (0.05 mmol, 0.10 equiv), and a carbox-
ylic acid (0.75 mmol, 1.50 equiv) were successively added. The sus-
pension was then heated at 60 °C under a microwave for 60 min.
After reaction completion, the mixture was diluted with 15 mL of
CH2(Cl2 and washed once with aqueous HCI (0.5 N, 10 mL). Then,
the aqueous phase was extracted with CH2Cl2 (1 x 15 mL). The
organic layers were combined and washed with saturated aqueous
NaHCO3 (10 mL) and brine (10 mL). The organic phase was dried



over MgSO4, and the solvent was removed under vacuum. Purifi-
cation was performed by column chromatography on silica gel
(pentane/ethyl acetate 7:3 to 2:3) to afford general amides.
(S)-Methyl  2-((S)-2-((tert-butoxycarbonyl)amino)-3-phenylpro-
panamido)propanoate (2a). Purification by flash column chroma-
tography on silica gel eluting with pentane/ethyl acetate mixture
(7:3 to 11, v/v) afforded the title compound as a white solid (82
mg, 78%). 'H NMR (400 MHz, CDCI3) § 7.18-7.30 (m, 5H), 6.54 (d,
] = 7.0 Hz, NH), 5.06 (bs, NH), 4.51 (quin, ] = 7.1 Hz, 1H), 4.37 (bs,
1H), 3.70 (s, 3H), 3.05 (d, ] = 6.6 Hz, 2H), 1.39 (s, 9H), 1.33 (d, ] =
7.2 Hz, 3H). The analytical data were identical in all respects to
those previously reported in the literature."

(S)-Methyl 2-((2)-2(((benzyloxy)carbonyl)amino)-4-(methylthio)-
butanamido)propanoate (2b). Purification by flash column chro-
matography on silica gel eluting with pentane/ethyl acetate mix-
ture (7:3 to 1:1, v/v) afforded the title compound as a white solid
(87 mg, 80%). 'H NMR (400 MHz, CDCI3) § 7.29-7.38 (m, 5H),
6.60 (bd, ] = 6.6 Hz, NH), 5.49 (bd, ] = 7.7 Hz, NH), 5.1 (s, 2H),
4.57 (quin, J = 7.3 Hz, 1H), 4.37-4.42 (m, 1H), 3.75 (s, 3H), 2.61 (t, ]
=7.2 Hz, 2H), 1.95-2.11 (m, 5H), 1.41 (d, ] = 7.1 Hz, 3H). The analyt-
ical data were identical in all respects to those previously reported
in the literature.”

(S)-Methyl 2-((S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)-
amino)-6 (((allyloxy)carbonyl)amino)hexanamido)propanoate
(2c). Purification by flash column chromatography on silica gel
eluting with pentane/ethyl acetate mixture (7:3 to 11, v/v) af-
forded the title compound as a white solid (114 mg, 70%). 'H NMR
(400 MHz, CDCI3) § 7.76 (d, ] = 7.4 Hz, 2H), 7.58 (d, ] = 7.6 Hz,
2H), 7.39 (td, ] = 7.5, 0.5 Hz, 2H), 7.30 (td, ] = 7.5, 1.3 Hz, 2H), 6.56
(d,J = 6.6 Hz, NH), 5.83-5.92 (m, 1H), 5.56 (d, ] = 7.4 Hz, NH), 5.26
(d,J =16.9 Hz,1H), 5.17 (d, ] = 10.4 Hz, 1H), 4.97 (bs, 1H), 4.54-4.61
(m, 2H), 4.38 (d, ] = 6.8 Hz, 2H), 4.17-4.23 (m, 2H), 3.74 (s, 3H),
3.16-3.24 (m, 2H), 1.83-1.92 (m, 1H), 1.65-1.71 (m, 1H), 1.49-1.58 (m,
2H), 1.40 (d, ] = 7.2 Hz, 3H), 1.23-1.31 (m, 2H). The analytical data
were identical in all respects to those previously reported in the lit-
erature.”

(S)-Methyl  2-((S)-2-((tert-butoxycarbonyl)amino)-3-phenylpro-
panamido)propanoate (2d). Purification by flash column chroma-
tography on silica gel eluting with pentane/ethyl acetate mixture
(7:3 to 11, v/v) afforded the title compound as a white solid (82
mg, 77%). 'H NMR (400 MHz, CDCI3) § 7.22-7.36 (m, 5H), 6.87
(d, J = 5.2 Hz, NH), 5.30 (bs, NH), 4.55 (quin, J = 7.2 Hz, 1H), 4.25
(bs, 1H), 3.75 (s, 3H), 3.74 (s, 2H) 2.88 (dd, ] =13.9, 5.7 Hz, 1H), 2.74
(dd, J = 14.0, 6.7 Hz, 1H), 1.46 (s, 9H), 1.40 (d, ] = 7.2 Hz, 3H). The
analytical data were identical in all respects to those previously re-
ported in the literature."

tert-Butyl  (R)-2-(((S)-1-methoxy-1-oxopropan-2-yl)carbamoyl)-
pyrrolidine-1-carboxylate (2e). Purification by flash column chro-
matography on silica gel eluting with pentane/ethyl acetate mix-
ture (7:3 to 1:1, v/v) afforded the title compound as a white solid
(42 mg, 47%).'H NMR (400 MHz, CDCI3) § 4.51 (bs, 1H), 4.19-4.31
(m, 1H), 3.72 (s, 3H), 3.31-3.43 (m, 2H), 1.84-2.26 (m, 4H), 1.45 (s,
9H), 1.37 (d, ] = 7.1 Hz, 3H). The analytical data were identical in all
respects to those previously reported in the literature.3?
(S)-Methyl 2-((S)-2-((((9H-fluoren-g9-yl)methoxy)carbonyl)-
amino)-3- phenylpropanamido) propanoate (2f). Purification by
flash column chromatography on silica gel eluting with pen-
tane/ethyl acetate mixture (7:3 to 1:1, v/v) afforded the title com-
pound as a white solid (105 mg, 73%). 'H NMR (400 MHz, CDCI3)
87.77(d, J= 7.5 Hz, 2H), 7.54 (t, ] = 6.9 Hz, 2H), 7.40 (t,] = 7.3 Hz,
2H), 719-7.33 (m, 7H), 6.21 (bs, NH), 5.31 (bs, NH), 4.42—4.53 (m,
3H), 4.32—4.34 (m, 1H), 4.19 (t, ] = 6.8 Hz, 1H), 3.71 (s, 3H), 3.12-3.15
(m, 1H), 3.01-3.06 (m, 1H), 1.34 (d, ] = 7.0 Hz, 3H). The analytical

data were identical in all respects to those previously reported in
the literature.”

Benzyl (S)-3-((tert-butoxycarbonyl)amino)-4-((2-ethoxy-2-0x-
oethyl)amino)-4-oxobutanoate (2g). Purification by flash column
chromatography on silica gel eluting with pentane/ethyl acetate
mixture (7:3 to 11, v/v) afforded the title compound as a white
solid (100 mg, 80%). 'H NMR (400 MHz, CDCI3) § 7.30-7.34 (m,
5H), 7.04 (t, ] = 5.0 Hz, NH), 5.73 (d, ] = 8.3 Hz, NH), 5.14 (d, ] =
12.3 Hz, 1H), 5.09 (d, ] = 12.3 Hz, 1H), 4.59 (bs, 1H), 418 (q, ] = 71
Hz, 2H), 3.97 (d, ] = 5.0 Hz, 2H), 3.03 (dd, ] = 17.0 Hz, 3.7 Hz, 1H),
2.74 (dd, J =17.0 Hz, 5.8 Hz, 1H), 1.43 (s, 9H), 1.25 (t, ] = 7.1 Hz, 3H).
The analytical data were identical in all respects to those previously
reported in the literature."

Ethyl (((9H-fluoren-g9-yl)methoxy)carbonyl)-L-alanylglycinate
(2h). Purification by flash column chromatography on silica gel
eluting with pentane/ethyl acetate mixture (7:3 to 11, v/v) af-
forded the title compound as a white solid (92 mg, 77%). 'H NMR
(400 MHz, CDCI3) & 7.77 (d, ] = 7.5 Hz, 2H), 7.59 (d, ] = 7.6 Hz,
2H), 7.41 (t, ] = 7.5 Hz, 2H), 7.31 (dt, ] = 1.2, 0.6 Hz, 2H), 6.44 (bs,
NH), 5.30 (bs, NH), 4.42 (bs, 2H), 4.30 (bs, 1H), 4.22 (q, ] = 7.1 Hz,
3H), 4.03 (d, ] = 4.7 Hz, 2H), 1.42 (d, ] = 6.2 Hz, 3H), 1.28 (t, ] = 7.1
Hz, 3H). The analytical data were identical in all respects to those
previously reported in the literature.”

Ethyl ((benzyloxy)carbonyl)-L-tryptophylglycinate (2i). Purifica-
tion by flash column chromatography on silica gel eluting with
pentane/ethyl acetate mixture (7:3 to 1:1, v/v) afforded the title
compound as a white solid (86 mg, 66%). 'H NMR (400 MHz,
CDCI3) § 8.43 (bs, NH), 7.60 (bs, 1H), 7.27-7.34 (m, 6H), 7.16 (bt,
J = 7.5 Hz,1H), 7.08 (bt, ] = 7.3 Hz, 1H), 7.01 (bs, 1H), 6.51 (bs, NH),
5.66 (bs, NH), 5.03-5.11 (m, 2H), 4.57 (bs, 1H), 4.10 (q, ] = 7.1 Hz,
2H), 3.79-3.90 (m, 2H), 3.19-3.30 (m, 2H), 1.22 (t, ] = 7.1 Hz, 3H).
The analytical data were identical in all respects to those previously
reported in the literature.39

Methyl (tert-butoxycarbonyl)-L-phenylalanyl-L-valinate (2j). Puri-
fication by flash column chromatography on silica gel eluting with
pentane/ethyl acetate mixture (7:3 to 1:1, v/v) afforded the title
compound as a white solid (81 mg, 70%). 'H NMR (400 MHz,
CDCI3) § 7.19-7.29 (m, 5H), 6.42 (d, ] = 7.8 Hz, NH), 5.07 (bs, NH),
4.45 (dd, ] = 8.6, 5.1 Hz, 1H), 4.33-4.38 (m, 1H), 3.67 (s, 3H), 3.06
(d, J = 6.8 Hz, 2H), 2.03-2.13 (m, 1H), 1.40 (s, 9H), 0.86 (d, ] = 6.8
Hz, 3H), 0.83 (d, ] = 6.9 Hz, 3H). The analytical data were identical
in all respects to those previously reported in the literature.*
Methyl ((benzyloxy)carbonyl)-L-phenylalanyl-L-methioninate
(2k). Purification by flash column chromatography on silica gel
eluting with pentane/ethyl acetate mixture (7:3 to 11, v/v) af-
forded the title compound as a white solid (88 mg, 66%). 'H NMR
(400 MHz, CDCI3) § 7.16-7.34 (m, 10H), 6.58 (bs, NH), 5.42 (bs,
NH), 5.08 (s, 2H), 4.63 (dt, ] = 12.7, 3.7 Hz, 1H), 4.45 (q, ] = 6.4 Hz,
1H), 3.70 (s, 3H), 3.02-3.13 (m, 2H), 2.39 (t, ] = 7.3 Hz, 2H), 2.05-2.13
(m, 1H), 2.03 (s, 3H), 1.85-1.96 (m, 1H). The analytical data were
identical in all respects to those previously reported in the litera-
ture."

Methyl (tert-butoxycarbonyl)-L-tryptophyl-L-methioninate (2l).
Purification by flash column chromatography on silica gel eluting
with pentane/ethyl acetate mixture (7:3 to 1:1, v/v) afforded the
title compound as a white solid (97 mg, 72%). 'H NMR (400 MHz,
CDCI3) § 8.9 (bs, NH), 7.64 (d, ] = 7.8 Hz,1H), 7.36 (d, ] = 8.0 Hz,
1H), 7.17-7.21 (m, 1H), 7.1-7.15 (m, 1H), 7.09 (bs, NH), 6.45 (bs,
1H), 5.6 (bs, NH), 4.55-4.60 (m, 1H), 4.44-4.47 (m, 1H), 3.65 (s,
3H), 3.35 (dd, J = 14.5, 5.4 Hz, 1H), 3.6 (dd, | = 14.5, 7.1 Hz, 1H),
2.23-2.27 (m, 2H), 1.99-2.04 (m, 4H), 1.82-1.89 (m, 1H), 1.43 (s,
oH). The analytical data were identical in all respects to those pre-
viously reported in the literature.™



tert-Butyl (S)-2-((S)-2-(((benzyloxy)carbonyl)amino)-3-(1H-in-
dolyl)propanamido)-4-(methylthio)butaneperoxoate (2m). Purifi-
cation by flash column chromatography on silica gel eluting with
pentane/ethyl acetate mixture (7:3 to 1:1, v/v) afforded the title
compound as a white solid (107 mg, 66%). 'H NMR (400 MHz,
CDCI3) 6 8.34 (bs, NH), 7.63 (d, ] = 7.6 Hz, 1H), 7.30-7.34 (m, sH),
748 (m, 1H), 7.09-7.11 (m, 1H), 7.01 (bs, NH), 6.57 (bs, 1H), 5.52 (d,
] = 6.7 Hz, 1H), 5.10 (s, 2H), 4.56 (d, ] = 6.4 Hz, 1H), 4.44-4.47 (m,
1H), 3.36 (dd, ] = 14.6, 4.4 Hz, 1H), 3.19 (dd, ] = 14.6, 6.8 Hz, 1H),
2.23-2.28 (m, 2H), 2.01-2.06 (m, 1H), 1.98 (s, 3H), 1.81-1.88 (m, 1H),
1.42 (s, 9H). The analytical data were identical in all respects to
those previously reported in the literature."

tert-Butyl  (S)-(1-(benzylamino)-4-(methylthio)-1-oxobutan-2-yl)-
carbamate (20a). Purification by flash column chromatography
onssilica gel eluting with pentane/ethyl acetate mixture (7:3 to 2:3,
v/v) afforded the title compound as a white solid (104 mg, 62%).
'H NMR (400 MHz, CDCI3) § 7.24-7.33 (m, sH), 6.64 (bs, NH),
5.23 (bs, NH), 4.43 (s, 2H), 4.28 (d, ] = 6.3 Hz, 1H), 2.47-2.60 (m,
2H), 2.08-2.15 (m, 1H), 2.07 (s, 3H), 1.89-1.98 (m, 1H), 1.41 (s, 9H).
The analytical data were identical in all respects to those previously
reported in the literature.4°

Methyl (2-phenylacetyl)-L-alaninate (20b). Purification by flash
column chromatography on silica gel eluting with pentane/ethyl
acetate mixture (7:3 to 2:3, v/v) afforded the title compound as a
white solid (93 mg, 84%). 'H NMR (400 MHz, CDCI3) § 7.20-7.31
(m, sH), 6.01 (bs, NH), 4.51 (quin, J = 7.2 Hz, 1H), 3.64 (s, 3H), 3.52
(s, 2H), 1.27 (d, J = 7.2 Hz, 3H). The analytical data were identical
in all respects to those previously reported in the literature .4

N-Benzyl-2-phenylacetamide (20c). Purification by flash column
chromatography on silica gel eluting with pentane/ethyl acetate
mixture (7:3 to 2:3, v/v) afforded the title compound as a white
solid (87 mg, 76%). 'H NMR (400 MHz, CDCI3) § 7.17-7.37 (m,
10H),5.67 (bs, NH), 4.42 (d, J = 5.8 Hz, 2H), 3.63 (s, 2H). The ana-
lytical data were identical in all respects to those previously re-
ported in the literature.+

N-Benzoyl-L-alanine methyl ester (20d). Purification by flash col-
umn chromatography on silica gel eluting with pentane/ethyl ac-
etate mixture (7:3 to 2:3, v/v) afforded the title compound as a
white solid (47 mg, 45%). 'H NMR (400 MHz, CDCI3) & 7.78-7.81
(m, 2H), 7.47-7.51 (m, 1H), 7.39-7.44 (m, 2H), 6.85 (d, ] = 6.0 Hz,
NH), 4.79 (quint, J = 7.2 Hz, 1H), 3.77 (s, 3H), 1.51 (d, ] = 7.2 Hz,
3H). The analytical data were identical in all respects to those pre-
viously reported in the literature.

Methyl (2-(4-chlorophenyl)acetyl)-L-alaninate (20e). Purification
by flash column chromatography on silica gel eluting with pen-
tane/ethyl acetate mixture (7:3 to 2:3, v/v) afforded the title com-
pound as a white solid (108 mg, 82%). mp 103-105 °C.'H NMR (400
MHz, CDCI3) § 7.31-7.34 (m, 2H), 7.20~7.23 (m, 2H), 5.98 (bs,
NH), 4.58 (quint, J = 7.2 Hz, 1H), 3.73 (s, 3H), 3.55 (s, 2H), 1.36 (d,
J=7.2Hz, 3H). 3C{tH} NMR (100 MHz, CDCl3) §173.5, 170.0, 133.4,
133.1, 130.8 (2C), 129.2 (2C), 52.6, 48.3, 42.9, 18.5. FTIR (neat, cm-1)
3272, 3070, 3009, 1730, 1653, 1543, 1491, 1445, 1361, 1332, 1304, 1260,
1217, 1108, 1088, 1013, 962, 856, 803, 734, 708, 677. HRMS (ESI) m/z:
[(M + H)+] Calcd for C12H15CINO3 256.0735; Found 256.0742.

Methyl (5-oxo-5-phenylpentanoyl)-L-valinate (20f). Purification by
flash column chromatography on silica gel eluting with pen-
tane/ethyl acetate mixture (7:3 to 2:3, v/v) afforded the title com-
pound as a white solid (132 mg, 86%). mp 72-74 °C. 'H NMR (400
MHz, CDCl3) §7.95-7.97 (m, 2H), 7.50-7.57 (m, 1H), 7.43-7.47 (m,
2H), 6.02 (d, J = 8.6 Hz, NH), 4.57 (dd, J = 8.8, 4.9 Hz, 1H), 3.72 (s,
3H), 3.08 (t, J = 6.9 Hz, 2H), 2.35-2.39 (m, 2H), 2.06-2.19 (m, 3H),
0.93 (d, J = 6.8 Hz, 3H), 0.90 (d, ] = 6.9 Hz, 3H). 3C{*H} NMR (100
MHz, CDCI3) § 200.0, 172.7, 172.6, 136.9, 133.2, 128.7 (2C), 128.2

(20), 57.1, 52.2, 37.4, 35.5, 31.3, 20.3, 19.1, 18.0. FTIR(neat, cm-1)
3307, 2962, 1744, 1672, 1650, 1529, 1446, 1385, 1371, 1300, 1284, 1255,
1196, 1182, 149, 1028, 994, 963, 734, 688, 659. HRMS (ESI) m/z: [(M
- H)-] Calcd for C17H22NO4 304.1554; Found 304.1556.

tert-Butyl (S)-(1-oxo-1-(phenylamino )propan-2-yl)carbamate
(20g). Purification by flash column chromatography on silica gel
eluting with pentane/ethyl acetate mixture (7:3 to 2:3, v/v) af-
forded the title compound as a white solid (33 mg, 25%). 'H NMR
(400 MHz, CDCI3) § 8.41 (bs, NH), 7.42-7.45 (m, 2H), 7.19-7.27
(m, 2H), 7.00-7.04 (m, 1H), 4.99 (bs, NH), 4.25 (m, 1H), 1.39 (s,
9H), 1.37 (d, J = 7.1 Hz, 3H). The analytical data were identical in all
respects to those previously reported in the literature .

Methyl (S)-3-(2-(((benzyloxy)carbonyl)amino)-3-phenylpro-
panamido)propanoate (20h). Purification by flash column chro-
matography on silica gel eluting with pentane/ethyl acetate mix-
ture (7:3 to 2:3, v/v) afforded the title compound as a white solid
(148 mg, 78%). mp u6-19 °C. 'H NMR (400 MHz, CDCl3) &
7.22-7.37 (m, 8H), 7.15-7.17 (m, 2H), 6.18 (bt, J = 5.8 Hz, NH), 5.37
(bs, NH), 5.08 (s, 2H), 4.35 (bt, J] = 6.3 Hz, 1H), 3.63 (s, 3H),
3.42-3.50 (m, 1H), 3.32-3.40 (m, 1H), 3.08-3.13 (m, 1H), 2.96-3.01
(m, 1H), 2.39-2.46 (m, 1H), 2.29-2.36 (m, 1H). 3C{*H} NMR (100
MHz, CDCI3) § 172.7, 170.8, 155.9, 136.5, 136.3, 129.4 (2C), 128.9
(20), 128.7 (2C), 128.4, 128.2 (2C), 127.2, 67.2, 56.6, 51.9, 39.1, 34.8,
33.7. FTIR (neat, cm-1) 3284, 2956, 1734, 1688, 1644, 1535, 1495, 1435,
1372, 1329, 1253, 1230, 1199, 1136, 1086, 1039, 752, 697, 676. HRMS
(ESI) m/z: [(M + H)+] Caled for C21H25N205 385.1758; Found
385.1762.

N-Cyclohexyl-2-phenylacetamide (20i). Purification by flash col-
umn chromatography on silica gel eluting with pentane/ethyl ac-
etate mixture (7:3 to 2:3, v/v) afforded the title compound as a
white solid (93 mg, 86%). 'H NMR (400 MHz, CDCl3) § 7.21~7.37
(m, 5H), 5.19 (bs, NH), 3.70-3.80 (m, 1H), 3.54 (s, 2H), 1.80-1.84
(m, 2H), 1.53-1.63 (m, 3H), 1.25-1.37 (m, 2H), 0.95-1.13 (m, 3H). The
analytical data were identical in all respects to those previously re-
ported in the literature.+

N-Hexyl-2-phenylacetamide (20j). Purification by flash column
chromatography on silica gel eluting with pentane/ethyl acetate
mixture (7:3 to 2:3, v/v) afforded the title compound as a white
solid (77 mg, 70%). '"H NMR (400 MHz, CDCI3) § 7.24-7.37 (m,
5H), 5.38 (bs, NH), 3.56 (s, 2H), 3.16-3.21 (m, 2H), 1.36-1.41 (m,
2H), 1.19-1.28 (m, 6H), 0.85 (t, J = 6.9 Hz, 3H). The analytical data
were identical in all respects to those previously reported in the lit-
erature.*

N-Benzyl-2-(4-chlorophenyl)acetamide (20k). Purification by flash
column chromatography on silica gel eluting with pentane/ethyl
acetate mixture (7:3 to 2:3, v/v) afforded the title compound as a
white solid (79 mg, 60%). 'H NMR (400 MHz, CDCI3) § 7.27-7.33
(m, 5H), 718-7.22 (m, 4H), 5.72 (bs, NH), 4.41 (d, ] = 5.8 Hz, 2H),
3.57 (s, 2H). The analytical data were identical in all respects to
those previously reported in the literature.4

(S)-2-Phenyl-N-(1-phenylethyl)acetamide (20l). Purification by
flash column chromatography on silica gel eluting with pen-
tane/ethyl acetate mixture (7:3 to 2:3, v/v) afforded the title com-
pound as a pale-yellow oil (92 mg, 76%). '"H NMR (400 MHz,
CDC(I3) § 7.30-7.16 (m, 10H), 5.62 (bs, NH), 5.12 (quint, ] = 7.2 Hz,
1H), 3.58 (s, 2H), 1.40 (d, ] = 7.2 Hz, 3H). The analytical data were
identical in all respects to those previously reported in the litera-
ture.#7

N-Benzylhexanamide (2om). Purification by flash column chro-
matography on silica gel eluting with pentane/ethyl acetate mix-
ture (7:3 to 2:3, v/v) afforded the title compound as a white solid
(74 mg, 72%). mp 53-55 °C. 'H NMR (400 MHz, CDCl3): &



7.36-7.26 (m, 5H), 5.66 (bs, NH), 4.44 (d, ] = 5.7 Hz, 2H), 2.20 (t, ]
= 7.6 Hz, 2H), 1.62-1.70 (m, 2H) 1.28-1.34 (m, 4H), 0.89 (t, J = 7.0
Hz, 3H). 3C{'H} NMR (100 MHz, CDCI3): § 173.0, 138.6, 128.8 (2C),
128.0 (2C), 127.6, 43.7, 36.9, 31.6, 25.6, 22.5, 14.1. FTIR (neat, cm-1)
3288, 2955, 2930, 2856, 1631, 1548, 1492, 1453, 1430, 1355, 1284, 1260,
1235, 1217, 1190, 1080, 1025, 748, 724, 693. HRMS (ESI) m/z: [(M +
H)+] Caled for C13H20NO 206.1500; Found 206.1500.

Methyl 3-(2-phenylacetamido)propanoate (2on). Purification by
flash column chromatography on silica gel eluting with pen-
tane/ethyl acetate mixture (7:3 to 2:3, v/v) afforded the title com-
pound as a pale-yellow oil (100 mg, 90%). 'H NMR (400 MHz,
CDCIB) §7.23-7.37 (m, 5H), 5.34 (bs, NH), 3.62 (s, 3H), 3.55 (s, 2H),
3.47 (q, J = 6.1 Hz, 2H) 2.50 (t, ] = 6.0 Hz, 2H). The analytical data
were identical in all respects to those previously reported in the lit-
erature.48

N-Benzyl-5-oxo-5-phenylpentanamide (200). Purification by flash
column chromatography on silica gel eluting with pentane/ethyl
acetate mixture (7:3 to 2:3, v/v) afforded the title compound as a
white solid (74 mg, 66%). mp 94-96 °C. 'H NMR (400 MHz,
CDCI3) §7.96-7.93 (m, 2H), 7.54-7.58 (m, 1H), 7.43-7.47 (m, 2H),
7.27-7.38 (m, 5H), 5.85 (bs, NH), 4.44 (d, ] = 5.7 Hz, 2H), 3.07 (t,
= 6.9 Hz, 2H), 2.34 (t, J = 7.2 Hz, 2H) 2.11 (quint, J = 7.1 Hz, 2H).
3C{'H} NMR (100 MHz, CDCI3) § 200.0, 172.4, 138.4, 136.9, 133.3,
128.9 (2C), 128.8 (2C), 128.2 (2C), 128.0 (2C), 127.7, 43.8, 37.5, 35.6,
20.4. FTIR (neat, cm-1) 3268, 3062, 2919, 1680, 1642, 1554, 1493,
1445, 1417, 1381, 1358, 1306, 1282, 1202, 1027, 977, 719, 699, 685, 656.
HRMS (ESI) m/z: [(M + H)+] Caled for Ci8H20NO2 282.1489;
Found 282.1494.

(S)-N-(1-Phenylethyl)hexanamide (20p). Purification by flash col-
umn chromatography on silica gel eluting with pentane/ethyl ac-
etate mixture (7:3 to 2:3, v/v) afforded the title compound as a
white solid (65 mg, 60%). 'H NMR (400 MHz, CDCI3) § 7.23-7.35
(m, sH), 5.88 (bs, NH), 5.13 (quint, J = 7.2 Hz, 1H), 215 (t, ] = 7.7
Hz, 2H), 1.62 (quint, J = 7.5 Hz, 2H) 147 (d, ] = 6.9 Hz, 3H),
1.24-1.34 (m, 4H), 0.88 (t, ] = 7.0 Hz, 3H). The analytical data were
identical in all respects to those previously reported in the litera-
ture.49

Methyl 3-(5-oxo-5-phenylpentanamido)propanoate (20q). Purifica-
tion by flash column chromatography on silica gel eluting with
pentane/ethyl acetate mixture (7:3 to 2:3, v/v) afforded the title
compound as a white solid (106 mg, 76%). mp 99-102 °C. 'H NMR
(400 MHz, CDCI3) § 7.94-7.97 (m, 2H), 7.53-7.58 (m, 1H),
7.43-7.47 (m, 2H), 6.09 (bs, NH), 3.68 (s, 3H), 3.52 (q, / = 6.0 Hz,
2H), 3.05 (t, J = 7.0 Hz, 2H), 2.54 (t, J = 6.0 Hz, 2H), 2.28 (t, J = 7.2
Hz, 2H), 2.07 (quint, J = 7.0 Hz, 2H). 3C{'H} NMR (100 MHz,
CDC(13) §199.9, 173.2, 172.5, 136.9, 133.2, 128.7 (2C), 128.2 (2C), 51.9,
37.5, 35.6, 34.9, 34.0, 20.2. FTIR (neat, cm-1) 3300, 2949, 1728, 1680,
1644, 1549, 1441, 1423, 1382, 1319, 1198, 1175, 1103, 1000, 947, 888, 738,
690, 657. HRMS (ESI) m/z: [(M - H)-] Calcd for CisH18NO4
276.1241; Found 276.1238.

(E)-N-Benzylbut-2-enamide (2or). Purification by flash column
chromatography on silica gel eluting with pentane/ethyl acetate
mixture (7:3 to 2:3, v/v) afforded the title compound as a white
solid (54 mg, 62%). 'H NMR (400 MHz, CDCl3) § 7.26-7.36 (m,
5H), 6.89 (dq, J = 15.2, 6.8 Hz, 1H), 5.80 (dq, J = 15.2, 1.6 Hz, 1H),
5.64 (bs, NH), 4.51 (d, J = 5.7 Hz, 2H) 1.86 (dd, J = 6.8, 1.6 Hz, 3H).
The analytical data were identical in all respects to those previously
reported in the literature.>®
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