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Highly Sterically Hindered Peptide Bond Formation between
o,a-Disubstituted a-Amino Acids and N-Alkyl Cysteines Using

a,a-Disubstituted a-Amidonitrile

J- Am. Chem. Soc. 2022, 144, 10145-10150

o,a-Disubstituted a-amino acids can impart distinctive con-
formational and pharmacological properties when incorpor-
ated into peptides and proteins. However, the formation of
peptide bonds is often challenging with these sterically hin-
dered amino acids, and few efficient methods are known. The
group of Professor Yujiro Hayashi at Tohoku University (Japan)
has recently achieved a breakthrough in this area of research,
which was reported in J. Am. Chem. Soc. Professor Hayashi
began by telling SYNFORM: “Actually, there’s a long story to
tell before discussing the work in the title article. Our major
interest is developing new reactions using organocatalysts
and then applying these reactions to the pot-economical to-
tal synthesis of biologically active molecules (see for example
Chem. Sci. 2016, 7, 866; Acc. Chem. Res. 2021, 54, 1385). The
Hayashi-Jergensen catalyst is a well-known organocatalyst,
which was developed independently by our group (Angew.
Chem. Int. Ed. 2005, 44, 4212) and Jergensen’s group (Angew.
Chem. Int. Ed. 2005, 44, 794). While developing the three-pot
synthesis of PGE1 methyl ester (Angew. Chem. Int. Ed. 2013,
52, 3450), we found a Nef reaction with molecular oxygen in
the absence of metal additives and investigated the reaction
mechanism (Scheme 1) (Chem. Eur. J. 2014, 20, 15753). B

having a thorough look into the reaction pathway, Mr. Jing Li
- when he was a PhD student in our group (he is a PI at Xi'an
Jiaotong University now) — further expanded the process into
a more general and epimerization-free amide synthesis of ni-
troalkanes with amine nucleophiles, using molecular oxygen
and iodine or N-iodosuccinimide (NIS) (Scheme 2) (Angew.
Chem. Int. Ed. 2015, 54, 12986).”

During this study, Mr. Li observed the generation of a pos-
sible intermediate, which was confirmed as a halogen-bonded
NIS-amine complex 2 after isolation (Scheme 3b). Interest-
ingly - recalled Prof. Hayashi - this discovery put the mech-
anistic basis of umpolung amide synthesis from o-bromo
nitroalkane into question, which was a major advancement
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Scheme 2 Oxidative amide synthesis from nitroalkane
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Scheme 1 Nef reaction with molecular oxygen and proposed mechanism
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concerning the non-conventional amide synthesis reported
by Johnston’s group in 2010 (Scheme 3a) (Nature 2010, 465,
1027). “These authors proposed that an in situ formed N-
iodoamine acts as the key intermediate, which reacts with the
«-bromo nitroalkane anion and gives the reactive tetrahedral
intermediate 3' (Scheme 3a). With Assoc. Prof. Martin Lear of
our group, we thus decided to discern the reaction mechan-
ism in our reaction system (Scheme 3b) (Chem. Eur. J. 2016,
22,5538; Chem. Commun. 2018, 54, 6360),” remarked Profes-
sor Hayashi. He continued: “The differences we found include:
1) there was no umpolung of reactivity of amine because the
NIS-amine complex 2 is the real intermediate instead of the
electrophilic N-iodoamine 2' ; 2) the tetrahedral intermediate
3’ was not formed; an a,x-diiodo nitro compound was form-
ed instead; 3) the late-stage nucleophilic attack may occur
through an acyl precursor (Scheme 4).”

The oxidative amide synthesis was achieved with readi-
ly available nitro compounds in a straightforward operation
and highly chemoselective manner. Later, the group’s atten-
tion, with Dr Lear — now at the University of Lincoln, UK - was
drawn by the challenge of performing the amidation of ste-
rically hindered substrates in an atom-economical and mild
fashion. “One day, Mr. Li presented an idea according to which
the substituted malononitrile could be used as an efficient

Literature Coverage

surrogate for sterically hindered amide synthesis,” explained
Professor Hayashi. He continued: “The two cyano groups are
not only electron-withdrawing but are good leaving groups
too. A small and electrophilic acyl cyanide could be generated
in the presence of oxygen under basic conditions, and then
trapped by the amine nucleophile. Thereafter, the target ste-
rically hindered amide synthesis was successfully developed,
highlighting the achievement with the challenging coupling of
two bulky substrates in a high-yielding manner under K,CO,
or Cs,CO, and O, atmosphere in MeCN, with KCN or CsCN co-
products as the only waste (Scheme 5a) (Angew. Chem. Int. Ed.
2016, 55, 9060). This work was also extended to sterically
hindered esters and thioesters (Scheme 5b) (Eur. J. Org. Chem.
2019, 675).”

Since amide synthesis is closely linked to peptide syn-
thesis, the interest of Professor Hayashi’s group in the area
of atom-efficient and environmentally sustainable peptide
synthesis has been growing since their first achievement in
oxidative amidation. “It is clear that peptides and proteins
are of exceptional importance because of their widespread
occurrence in nature and their key role and prominence in
biological systems and related research,” said Prof. Hayashi.
He added: “Sterically hindered peptides, a key member in the
peptide family, hold a special position compared to the pro-
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Scheme 4 Proposed mechanism for oxidative amide synthesis from nitroalkane
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(a) Sterically hindered amide synthesis
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Scheme 5 Syntheses of sterically hindered amides, esters and thioesters

teinogenic ones in defining peptide conformation, improving
bioavailability, enhancing their stability against enzymatic
degradation in vivo, and so on. a,x-Disubstituted amino acids
and N-alkylated amino acids are two typical components in
sterically hindered peptides.”

Successful synthetic methods to access a sterically hinder-
ed peptide bond involving either an a,x-disubstituted amino
acid or an N-alkyl amino acid have been reported. These are
mostly based on the modification of the traditional coupling
reagent-initiated amide synthesis. “However, the sterically
hindered amide bond synthesis by direct coupling of these
two components, which generates an o,x-disubstituted N-
alkyl amide bond, remains extremely difficult because of the
dramatically increased steric hindrance,” Professor Hayashi
commented, adding: “Indeed, to our knowledge, there are
only two reports of this type of bond formation: one involves
the use of acyl fluoride (J. Am. Chem. Soc. 2008, 130, 14382)
and the second involves thiocarboxylic acid and t-BuNC (J. Am.

Chem. Soc. 2009, 1317, 12924).” In both approaches, according
to Prof. Hayashi, acid anhydride is formed as an intermediate,
and the process proceeds through an intramolecular O,N-acyl
transfer reaction. “There are only 2-aminoisobutyric (Aib) and
1-aminocycloalkane-1-carboxylic (Acsc) acids - with a total of
six examples - in the former case, and Aib with one example
in the latter. As a free carboxylic acid is involved in the reac-
tion, the nucleophile is restricted to an N-methyl mono amino
acid, and only dipeptides are approachable. A peptide com-
posed of several amino acids cannot be employed as a nucleo-
phile in this context. Thus, the extremely sterically hindered
peptide bond formation between «,a-disubstituted a-amino
acids and a peptide with N-alkyl amino acids is essentially an
unmet challenge, and the biological and physical functions of
such peptides have not yet been explored,” said Prof. Hayashi.

Encouraged by the success of the highly hindered amide
synthesis (Scheme 5a), the group became interested in expan-
ding the oxidative amide synthesis to the synthesis of oligo-
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Scheme 6 Oxidative peptide synthesis and the new methodology
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peptides. “This study was done by PhD student Xiaoling Wang,
and eventually we managed to synthesize tripeptides, tetra-
peptides and pentapeptides from 2-(aminomethyl)malononi-
trile terminated peptide with the formation of a glycine amide
bond (Scheme 6a),” said Professor Hayashi. He added: “During
the generality study performed using the unprotected cys-
teine methyl ester, we were expecting that the acyl cyanide
intermediate could be trapped by the thiol moiety, giving a
thiol ester which can undergo intramolecular replacement
by an amine, as in the native chemical ligation.” However,
Ms. Wang observed a quick vanishing of the starting mate-
rial and isolated a thiazolidine derivative in 90% yield (Scheme
6b). The authors were delighted to observe such a quick and
clean transformation, subsequently coming up with the idea
that there could be a chance for an a,a-disubstituted a-amido
nitrile to react with N-methyl cysteine to give an active N-me-
thylthiazolium, which can then hydrolyze to generate an o,a-
disubstituted N-methyl amide bond (Scheme 6¢). “Gratify-
ingly, this idea worked well using various «,x-disubstituted
substituents and different amino acid side chains, as well as
N-methyl/ethyl nucleophiles. We were pleased to observe
that a decapeptide could be synthesized with just a minor
decrease in the chemical yield by applying two pentapeptides
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as the starting materials,” said Prof. Hayashi. “Notably, the
starting material is easily synthesized by Strecker’s method
followed by a general coupling (Scheme 7) or prepared from a
commercially available carboxylic acid followed by amidation,
followed by general coupling and dehydration (Scheme 8).”

Although there is not yet evidence that such a type of ex-
tremely sterically hindered peptides has the power to change
the world of peptides, the authors believe that the prospect
of a near breakthrough in revealing the great potential of ste-
rically hindered peptides will be opened by the ease of ma-
nufacturing the extremely hindered peptides described in the
title article. Professor Hayashi concluded: “One can imagine
that the study of conformation and pharmacological modifi-
cation of therapeutic peptides by introduction of the highly
hindered peptide moiety would be of great interest, given the
growing interest in this area of research. The accomplishment
of synthesizing such sterically hindered peptides is expected
to open new avenues for investigating their conformation as
well as their physical and biological properties, which may
have a great impact in various research fields.”
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Scheme 8 Synthesis of starting material
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