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Amides and peptides are ubiquitous functional groups found in several natural and artificial materials,
and they are essential for the advancement of life and material sciences. In particular, their relevance in
clinical medicine and drug discovery has increased in recent years. Dehydrative condensation of readily
available carboxylic acids with amines is the most “direct” method for amide synthesis; however, this
methodology generally requires a stoichiometric amount of condensation agent (coupling reagent).
Catalytic direct dehydrative amidation has become an “ideal” methodology for synthesizing amides from
the perspective of green chemistry, with water as the only byproduct in principle, high atom efficiency,
environmentally friendly, energy saving, and safety. Conversely, organoboron compounds, such as boronic
acids, which are widely used in various industries as coupling reagents for Suzuki—Miyaura cross-coupling
reactions or pharmaceutical structures, are environmentally friendly molecules that have low toxicity and
Received 20th June 2024, are easy to handle. Based on the chemical properties of organoboron compounds, they have potential
Accepted 2nd August 2024 Lewis acidity and the ability to form reversible covalent bonds with dehydration, making them attractive as
DOI: 10.1039/d4cc02994a catalysts. This review explores studies on the development of direct dehydrative amide/peptide bond
formation reactions from carboxylic acids using organoboron catalysis, classifying them based on chemical
rsc.li/chemcomm bonding and catalysis over approximately 25 years, from the early developmental days to 2023.

1. Introduction

Amide bond is an essential chemical linkage found in several
“ Laboratory of Organic Chemistry for Drug Development and Medical Research natural and non-natural materials, such as pharmaceutical,
Laboratories, Department of Pharmaceutical Sciences, Kitasato University, 5-9-1 agrochemical, and functional materials.! It is particularly use-
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b T 1 T . . . .
Laboratory of Organic Chemistry for Molecular Transformations, Department of the top—selhng 200 small molecule drugs in 2023 containing at
Chemistry and the Institute of Natural Sciences, Nihon University, 3-25-40 . 2 . . . .
o least one amide bond.” Peptide bond, which is the amide bond
Sakurajosui, Setagaya-ku, Tokyo 156-8550, Japan. . . . X X
E-mail: shimada.naoyuki@nihon-u.ac,jp between amino acids, is found in not only biomolecules of the
1 These authors contributed equally to this work. human body but also several pharmaceuticals, functional
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materials, cosmetics, and foods. Recent drug discovery has
shifted to medium-molecule drugs with molecular weights of
approximately 1000-5000, combining the advantages of small-
molecule and antibody drugs. Particularly, peptides have
attracted considerable attention for next-generation modalities;
more than 260 peptides progressed into human clinical trials in
2018.> The development of an efficient synthetic methodology
for amides is essential because amide bond formation reac-
tions account for 50% of chemical reaction processes in drug
discovery and development.? Accordingly, “amide formation
avoiding poor atom economy reagents” was voted as the top
priority for improvement at the ACS Green Chemistry Institute
Pharmaceutical Roundtable (GCIPR) in 2006.° In 2018, ACS
GCIPR identified ‘“general methods for catalytic/sustainable
(direct) amide or peptide bond formation” as a key green
chemistry research area.®

Although amide bond formation has been reported using
various starting materials, the most straightforward synthesis
involves dehydrative amide condensation from readily available
carboxylic acids with amines. However, extremely high tem-
peratures (>160 °C) are generally required to obtain amides
from carboxylic acids and amines without an activating agent.”
This is because ammonium salt formation through acid-base
interaction is significantly more favorable than dehydration
condensation, particularly for highly acidic carboxylic acids
such as aromatic carboxylic acids.® Therefore, to form an amide
bond from a carboxylic acid and an amine, it is generally
necessary to use a condensation agent (coupling reagent).
Although several excellent condensation agents have been
developed, there is still room for improvement.” Particularly,
the activation of carboxylic acids requires a stoichiometric
amount of a condensation agent, which poses several chal-
lenges, including low atom efficiency, high cost, a complicated
workup and purification process, and frequent racemization.
Regarding peptide bond formation, Merrifield'® established a
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solid-phase peptide synthesis (SPPS) method using carbonate-
based protecting groups; however, the issue of racemization
due to the use of stoichiometric amounts of condensation
agents persists.

The “ideal” methodology for synthesizing amides from
carboxylic acids and amines involves a direct dehydrative amide
condensation reaction using catalysts. Direct dehydrative amide
condensation reactions using transition metal complex catalysts
such as Ti, Zr, Hf, Nb, and polyoxometalate’' have been
reported.”” A noteworthy recent study is Yamamoto’s report,*®
which presents the use of boron catalysts, namely aromatic
boronic acids, and represents a milestone in this field. Boron
compounds exhibit Lewis acidity due to the vacant p-orbital and
thus induce electrophilic activation through interactions with
carbonyl compounds that exhibit Lewis basicity. In addition,
boron compounds with a B-OH bond react with the hydroxyl
functional groups of alcohols or carboxylic acids to form rever-
sible covalent bonds through dehydration.'*™® Both chemical
properties exhibited by boron compounds facilitate the catalytic
electrophilic activation of carboxylic acids. Furthermore, reac-
tions using carboxylic acids with hydroxyl groups can be applied
to substrate-directed molecular transformation."”

Several excellent reviews have been published focusing on
general amide synthesis,' catalytic amide bond formations,"*
and organoboron catalysis."* In this article, we review studies
on organoboron catalysis for direct amide/peptide bond for-
mation using dehydrative condensation.

2. Catalytic direct amide bond
formation from carboxylic acids

2.1. Direct amide bond formation using boronic acid catalysis

As a pioneering report on catalytic amidation using organo-
boron compounds, in 1996, Yamamoto and co-workers"?
reported the first catalytic amidation using arylboronic acids
as a catalyst. Arylboronic acids with electron-withdrawing sub-
stituents at the benzene rings are water-, acid-, and base-
tolerant Lewis acids. They are also thermally stable and easy
to handle in air. Yamamoto'® postulated that the strong Lewis
acidity of boron enhances the formation of (acyloxy)boron
intermediates and their reactivity with amines. In this context,
the catalytic activities of a series of electron-deficient aryl
boronic acids for amidation reactions were investigated. As a
result, the catalytic amount of boronic acids 4-9 promoted the
amide condensation reactions of 4-phenylbutylic acid (1) and
3,5-dimethylpiperidine (2) in toluene under reflux conditions in
the presence of molecular sieves (MS) 4A to obtain amide 3
(Scheme 1).

Among them, 3,4,5-trifluorobenzeneboronic acid (9) was
proven to be an effective catalyst for catalytic amidation. A
remarkable feature of this catalysis is that the amide can be
obtained with a satisfactory level of purity after only a simple
aqueous workup. Yamamoto'® proposed a mechanistic insight
of amidation reactions using boronic acid catalysts (Fig. 1).
First, boronic acid or boroxine 10, which is a dehydrated trimer

Chem. Commun., 2024, 60, 11202-11222 | 11203
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Scheme 1 Electron-deficient boronic acid-catalyzed amidation reported
by Yamamoto.*®
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Fig. 1 Proposed amidation mechanism reported by Yamamoto.™®

of boronic acid, reacts with carboxylic acid to form (acyloxy)-
boron intermediate 11, which is characterized by "H NMR and
IR analysis. In intermediate 11, the electrophilic activation of
carboxylic acid was doubly induced by the Lewis acidic boron
and intramolecular hydrogen bonding. Then, 11 reacts with an
amine to yield the corresponding amide with water as a
byproduct and regenerates the catalyst.

Because the formation of (acyloxy)boron is an equilibrium
reaction, the removal of water is crucial. Following Yamamoto’s
report," several scholars subsequently developed their original
aromatic boronic acid catalysts to employ in catalytic amidation.

Whiting and co-workers®®” reported catalytic amidation
reactions using N,N-diisopropylbenzylaminoboronic acid 12
and its derivatives 13-15 (Scheme 2). They revealed that the
electron density of the aromatic rings affected the catalytic
activity and amide formation rate via kinetic studies. Electron-
rich boronic acid 13 exhibited nearly half the catalytic activity of
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Whiting (2006, 2008)

HO OH C HO_ __OH
g )\ HO. __OH HO. OH B /k
OO X
12 13 14 CFs

15
HO_ __OH
B J\
(j/\)N\
o o}
I e e 12 (5-10 mol%) TJLN/RG
1 R
R oH * Ly toluene or PhF |
R azeotropic reflux, R2
24-48 h
1.0 equiv 1.0 equiv
LA, W i
Ph Ph
Ph)LN Ph Ph)J\N/\/\Ph \/\)\N’
H H H
16 17 18

89% 55% 89%

Scheme 2 N,N-Diisopropylbenzylaminoboronic acid-catalyzed amida-
tion reported by Whiting.8#*

electron-deficient boronic acid 14 for the reaction of 4-pheny
butyric acid and benzylamine. Furthermore, an increase in the
reaction rate was observed for the para-trifluoromethyl-
substituted aromatic boronic acid 15 compared with an unsub-
stituted boronic acid 12. Under optimized azeotropic reflux
conditions in toluene or fluorobenzene, unsubstituted boronic
acid 12 promoted the catalytic amidation of benzoic acid or
aniline, which is a difficult substrate for amidation, to produce
the corresponding amides 16-18 in good to high yields.

In 2008, Whiting’s group'® reported asymmetric direct amide
synthesis by kinetic amine resolution using chiral ferrocene-
derived aminoboronic acid. Using chiral ferrocene 22 in the
reaction of benzoic acid (19) with racemic a-alkylamine 20, a
catalytic activity similar to that of 12, although by asymmetric
induction, was observed. Meanwhile, 23, in which the amine
moiety was replaced by N-n-butylbenzimidazole, yielded amide
21 with 41% ee (Scheme 3). The relevance of the mild basicity of
benzimidazole in asymmetric induction was suggested because
catalyst 23 containing benzimidazole may preferentially select

Whiting (2008)
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Scheme 3 Asymmetric direct amide synthesis via kinetic amine resolu-
tion reported by Whiting.*®
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one amine enantiomer that reacts with activated diacyl boro-
nates via hydrogen bonding. By contrast, the more basic N,N-
diisopropylamino group of 22 promotes ammonium formation
by deprotonation rather than hydrogen bonding, generating
amides without inducing chirality. This Whiting’s finding is
the first successful boronic acid-catalyzed asymmetric dehydra-
tive amidation. However, little progress has been made in this
research field.

In the same year, Hall and co-workers'® reported that the
halogen atom at the ortho-position drastically enhances the
catalytic activity of aromatic boronic acids in dehydrative
amidation. The catalytic activities of functionalized arylboronic
acids, including 9, 27-30, in the reaction of phenylacetic acid
(24) with benzylamine (25) in the presence of activated MS 4A
were surveyed (Scheme 4). As a result, 2-iodophenylboronic acid
(30) served as the best catalyst to produce the corresponding
amide 26 in the highest yield, although para isomers or 0,0’
dihaloarylboronic acids did not exhibit sufficient catalytic
activity. These results indicate that an ortho-mono substituent
is necessary for boronic acids to achieve satisfactory levels of
catalytic activity. This catalysis is advantageous because the
reaction proceeded even at room temperature.

In 2012, the same group developed 5-methoxy-4-iodophenyl-
boronic acid (MIBA, 37), which was designed based on 2-iodo-
phenylboronic acid (30), and revealed that an electron-donating
group introduction at the para position of the iodide enhanced
the catalytic activity for dehydrative amidation at room temperature
(Scheme 5).° The methoxy group enhanced the electron density of
para-iodine, resulting in high catalytic activity. These results indicate
that the catalytic activity of aromatic boronic acids is influenced not
only by the inductive effect but also by other effects. The proposed
catalytic cycle based on density functional theory (DFT) calculations
by Marcelli*! is shown in Fig. 2. First, intermediate 39 was formed
by the nucleophilic addition of amine to acyl boronate intermediate
38, which was formed by boronic and carboxylic acid reactions.
Intermediate 39 exhibits the transition state shown in 40, which
promotes the dehydration step of amide bond formation via
hydrogen bonding between the electron-rich iodine atom and water
molecules and is highly catalytically active.

The catalytic activity was assumed to be high by accelerating
the dehydration step in amide bond formation via hydrogen

Hall (2008)
9, 27-30 o
o} H N (10 mol%)
+ _— N
OH MS 4A, CH,Cl, H
1, 2.5 h
24 25 26
1.0 equiv 1.0 equiv
boronic acid
HO_ __OH
B HO_ __OH HC
F

B
F/©\F ©/
F
9

27
%

D _OH HO_ __OH HO OH
B’ B B’
i Cl i Br i |
28 29 30

42% 64% 76% 91%

Scheme 4 ortho-Halophenylboronic acid-catalyzed amidation reported
by Hall.*®
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Scheme 5 MIBA-catalyzed amidation reported by Hall.2°
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Fig. 2 Proposed amidation mechanism reported by Hall.2°

bonds between electron-rich iodine atoms and water mole-
cules. As an alternative reaction mechanism, Hall proposed a
plausible mechanism via a transition state in which a water
molecule in a transition state 40 is replaced by a carboxylic
acid. In this reaction, the use of powdered MS 4A dried at
250 °C under high vacuum (<2 mbar) with a Kugelrohr instru-
ment is crucial for obtaining high product yields and reprodu-
cibility. MS is thought to play a role in both taking in water and
releasing it again as a water reservoir. In addition, a premix of a
boronic acid catalyst and carboxylic acid in the presence of MS
is extremely effective.

In 2013, Sakakura, Ishihara, and co-workers?* found that
alkylboronic acids such as methylboronic acid (43) and
n-butylboronic acid (44) are more active catalysts for amidation
using a-hydroxycarboxylic acids than arylboronic acid catalysts
9, 12, and 30 (Scheme 6).

In this catalysis, 2.2 equivalent of water was necessary to
obtain a high amide yield because water promotes triboroxine

Chem. Commun., 2024, 60, 11202-11222 | 11205
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Sakakura, Ishihara (2013)
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X J\ | B B
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F PZ F )\ e u
F
9 12 30 43 44
8% 8% 6% 73% 89%

Scheme 6 Alkylboronic acid-catalyzed amidation reported by Sakakura
and Ishihara.??

hydrolysis. Based on the X-ray structure of a complex of
methylboronic acid, phenylpruvic acid, and 1,2,3,4-tetrahydro-
quinoline, a cyclic active intermediate was proposed (Fig. 3).
Alkylboronic acid and o-hydroxycarboxylic acids formed cyclic
acyl boronate 45. Subsequent dehydration led to equilibrium
between active species 46 and 47. Although the desired product
was obtained by the addition of an amine to 46 or 47, it was
assumed that the equilibrium was biased toward 47 rather than
toward the more reactive active species 46 while using electron-
deficient aromatic boronic acid catalysts. This result indicated
that electron-rich alkylboronic acids were prevented from form-
ing inactive 47, providing better amidation results than electron-
deficient arylboronic acids. Furthermore, in some cases, the
addition of a catalytic amount of benzoic acid improved the
product yield by promoting ligand exchange between the pro-
duct or substrate on the catalyst and benzoic acid.

In 2015, Tam, Chen and co-workers® screened a wide range
of commercially available aryl boronic acids, including meta-
substituted benzeneboronic acid or heteroarylboronic acid and
found that 2-furanylboronic acid (48) is an active catalyst for the
dehydrative amidation of aliphatic carboxylic acids and primary
or secondary amines (Scheme 7). Although bulky or aromatic
carboxylic acids were not applicable, amides 26, 49-51 were
obtained in high yields even at room temperature in the
presence of MS 4A in dichloromethane.

Sakakura, Ishihara (2013) — _

O
R'B(OH),
2 .,
Re__cOr R R s
OH
oH -H,0
R3NH3* Rz\ _
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Q; [e) R!
R3NH;* jH/
g’ © OH -H,0
e
RS TNHR?
OH
Fig. 3 Proposed amidation mechanism reported by Sakakura and
Ishihara.??
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Scheme 7 2-Furanylboronic acid-catalyzed amidation reported by Tam
and Chen.?

In the same year, Blanchet and co-workers®* developed a
bench-stable 2-(thiophen-2-ylmethyl)phenyl)boronic acid (54).
They expected that sulfur atoms would promote active inter-
mediate formation and dehydration after forming amides.
Boronic acid 54 was effective for the direct dehydrative amida-
tion of aliphatic and heteroaromatic carboxylic acids at room
temperature in the presence of MS 5A in dichloromethane to
afford the corresponding amides 55-57 in good to excellent
yields (Scheme 8). Although moderate heating at 45 °C was
required, acyclic secondary amine was also applicable to obtain
tertiary amides 55 in excellent yield.

In 2016, Ishihara and co-workers® discovered the electron-
deficient 3,5-bis(trifluoromethyl)phenylboronic acid (6) and
DMAPO (63) cooperative catalysis for dehydrative amidation.
63 exhibited significantly more effectiveness as an additive than
other bases 60-62 and 64 (Scheme 9).

This cooperative catalysis was useful for the chemoselective
amidation of B-substituted acrylic acid 65 with aniline deriva-
tive 66 to obtain the desired amide 67. When boronic acid 6 was
used without DMAPO (63), the yield and selectivity of 67 were
moderate (Scheme 10).

Blanchet (2015) HO. B_()H
s
|y
2 54 (10-20 mol%)
RUoR I MS 5A, CH,Cl, !
R 1, 2-48 h R
1.1 equiv 1.0 equiv

selected examples
MeO o
T AL i
N AN N
N""Ph B = Ph
| 2 Yo

55 56 57
99% (45 °C) 89% 62%

Scheme 8 2-(Thiophen-2-ylmethyl)phenylboronic acid-catalyzed ami-
dation reported by Blanchet.?*

This journal is © The Royal Society of Chemistry 2024
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Ishihara (2016) HO. __OH
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Scheme 9 Boronic acid-DMAPO cooperatively catalyzed amidation

reported by Ishihara.?®

Ishihara (2016)
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Scheme 10 Boronic acid—-DMAPO cooperatively catalyzed chemoselec-
tive amidation reported by Ishihara.?®

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

In the presence of a nucleophilic catalyst (Nu) as an additive,
the reaction proceeded through a more active intermediate 71
via tetrahedral intermediate 70, accelerating amidation. How-
ever, when the additive reacted with the boron of the boronic
acid catalyst as a Lewis base, inactive intermediate 69 was
formed, which might have inhibited amide formation; thus,
the choice of additive was crucial in this cooperative catalysis
(Fig. 4).

Since Yamamoto’s pioneering work,'? there have been several
reports on improved reaction mechanisms of boronic acid-catalyzed

(cc)
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H.
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Fig. 4 Proposed amidation mechanism reported by Ishihara.?®
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Fig. 5 Proposed amidation mechanism reported by Whiting.?”

amidation via a monoacyl boronate intermediate 11.2°**® In 2018,
Whiting et al.®>” reported a completely novel reaction mecha-
nism for boronic acid-catalyzed amidation (Fig. 5). They
proposed B-O-B motif 72 as a certain active intermediate, which
has a unique structure of a dimer of monoacyl boronate inter-
mediate 11 based on the X-ray analysis of intermediates, theo-
retical studies, and experimental results on the reaction
mechanism. In this report, a more reactive B-N-B structure of
73 was also proposed and detected using the B NMR spectra
derived from a dimeric B-O-B compound with an internal
amine. This report marked a turning point in the field of
boronic acid-catalyzed dehydrative amidation.

In 2018, Ishihara and co-workers®® reported catalytic dehy-
drative amidation using 2,4-bis(trifluoromethyl)boronic acid
(74). In this reaction, the bulky ortho-trifluoromethyl group
played a vital role in suppressing the coordination of amines
to boron atoms in the active intermediate 78, thereby prevent-
ing the loss of Lewis acidity, which is crucial for catalytic
activity (Fig. 6).

A dimeric intermediate of acyl boronate was detected by
in situ IR analysis and ESI-MS. Furthermore, similar to the
findings of Hall,*® a premix of boronic acid and carboxylic acid
was effective, ascribed to the initiation step for the formation of
an active intermediate containing the B-O-B bond proposed by
Whiting.”” This catalyst can be used for reactions at low
temperature (25 °C) and bulky substrates to provide the corres-
ponding amides 75 and 76 in high yields. Moreover, racemiza-
tion was not observed even when a-amino acid derivatives were

Ishihara (2018)

R'-CO.H H o g
\ s
+ - N\R3
HNR2R3 pg
0 X0/ FC
) | o id ?
HO___OH 37 B 2
. FsC -5 ‘1 CF3 TR‘J\N/R
CF. 7050 ba
s or S H,0 R
Ho - R!
A
CFy R R2 78

74
Fig. 6 Effect on the ortho-substituent group reported by Ishihara.2®
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B
‘ DN CF3
Pz
CF3 o
o] . H\N’R3 74 (5-15 mol%) ALN/RB
RAKOH L MS 3A R
R toluene or PhF R?
1.0 equiv 1.0 equiv 25-110°C, 6-24h
selected examples
"CgH
CeH ~CeHl13 N
Wu/n 613 u [ \j)Lﬁ COMe
/
N
75 76 77

99% (25 °C) 95% 96%, 99% ee

Scheme 11 2,4-Bis(trifluoromethyl)phenylboronic acid-catalyzed amida-
tion reported by Ishihara.?®

used as amine substrates to produce amide 77 in 96% yield.
(Scheme 11).

In 2022, Hall and co-workers®® reported thioether-substituted
biphenylboronic acid 80 as an effective amidation catalyst for poorly
nucleophilic amines such as aniline derivatives. Most boronic acids
for catalytic amidation have been reported to be highly reactive when
combined with aliphatic amines; however, few studies have focused
on the amidation of aromatic amines. Furthermore, these studies
often required very high-temperature conditions. They suggested
that 80 could serve as a bifunctional catalyst because the boron atom
activated the carboxylic acid and sulfur could serve as a hydrogen-
bond acceptor for amine, thereby producing reaction intermediate
81. In the presence of 50 mol% of 80 and 5.0 mol% of DMAPO (63),
the amidation of aniline (79) at 85 °C with MS 4A in fluorobenzene
was very effective (Scheme 12). This catalysis can be applied to highly
electron-deficient aromatic amines, such as 3-cyanoaniline.

In 2023, Su and co-workers®® screened aromatic boronic
acids with heterocyclic structures, including 85-88, and found
that 1-thianthrenylboronic acid (88) was an effective catalyst for
dehydrative amidation at room temperature in the presence of
MS 4A in dichloromethane (Scheme 13). In this catalysis, the
sulfur atom of thianthrene was assumed to contribute to the
activation of amines via hydrogen bonding or the electrophilic
activation of carboxylic acids via the formation of sulfonium
ions. Boronic acid 88 is commercially available, easy to handle,
and has pharmaceutical benefits.

Hall (2022)

0o l SMe [ ]

ph\)k B(OH),
OH O
24

1.0 equiv 80 (50 mol%)
+ DMAPO (63) o
(5.0 mol%) /@
—» Ph
N
/@ MS 4A, PhF H
H,N 85°C, 48 h

82
83%

79
1.1 equiv

Scheme 12 Thioether-substituted biphenylboronic acid-catalyzed ami-

dation reported by Hall.?°
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85-88
m (5.0 mol%) \©\/L
N
+  HN Ph
OH ? MS 4A, CH,Cly CH,Cly “p
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boronic acid ~
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N B
” 0 S0 Cr0
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S O O ;
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<10% 43% 31% 85%

Scheme 13 1-Thianthrenylboronic acid-catalyzed amidation reported by
Su.%°

Blanchet (2023) o on
[0} _0O
90 (10 mol%) B
7 o HaN-Bn (25) (1.0 equiv) /| 9 O Me
PO AN
s OH MS 4A, CH,Cl, s N” “Ph oo
89 25°C, 16h 91 00
1.1 equiv 99%
o 92 (10 mol%) o HO. g-OH
morpholine (93) (1.0 equiv) ° CF
oH — & N/ﬁ ~g
toluene 0’/\\0
azeotropic reflux, 18 h K/O
19 94 92
1.1 equiv 95%

Scheme 14 2-Sulfonatobenzeneboronic amidation

reported by Blanchet.®

acid-catalyzed

In the same year, Blanchet and co-workers®' found that
ortho-(sulfonyloxy)benzeneboronic acids, which are aromatic
boronic acids containing strong electron-withdrawing groups,
were effective for dehydrative amidation at low temperatures in
the presence of MS 5A in dichloromethane or under azeotropic
reflux conditions in toluene. Based on their original studies
using electron-deficient (aryloxybenzene)boronic acid catalysts
and the estimated Lewis acidity of boron calculated using DFT,
highly electron-deficient ortho-(sulfonyloxy)benzeneboronic
acids, such as 2-(methanesulfonyloxy)phenylboronic acid (90)
and 2-(trifluoromethanesulfonyloxy)phenylboronic acid (92),
were proposed and synthesized (Scheme 14). These catalysts
were stable and showed high catalytic activities to produce
amides 91 and 94 in excellent yields.

2.2. Direct amide bond formation using recoverable and
reusable boronic acid catalysis

From the perspective of improving the practicality of amide
synthesis, a recoverable and reusable boronic acid catalyst for
the direct dehydrative amidation of carboxylic acids is desired.
In this section, we present some successful examples. In 2001,
Yamamoto and co-workers*> developed 3,5-bis(perfluorodecyl)-
phenylboronic acid (96), which has a fluorous alkyl side chain
exhibiting properties of electron-deficient and fluorous-layer-
supporting functional groups. They successfully developed two
different protocols for catalyst recovery and reuse. Catalyst 96
(3.0 mol%) promoted dehydrative amidation under azeotropic
reflux conditions in a homogeneous system of a mixed solvent

This journal is © The Royal Society of Chemistry 2024
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HO.___OH
o

o
OH o~ /©\
HoN Ph CyoFy4 C1oF21 96 (3.0 mol%) PN
N N7 en

95 25 o-xylene/toluene/perfluorodecaline
1.0 equiv (1:1:1), azeotropic reflux, 12 h

1.0 equiv

run 1 2 3 4 5

conversion (%) >99 >99 >99 >99 >99

Scheme 15 3,5-Bis(perfluorodecyl)phenylboronic acid-catalyzed amida-
tion reported by Yamamoto.?

of o-xylene, toluene, and perfluorodecalin (1:1:1) (Scheme 15).
When the homogeneous mixture was cooled to room tempera-
ture, it separated into a heterogeneous organic solvent layer
and a catalyst-supported fluorous layer, allowing liquid-liquid
separation by decantation. In the reaction to obtain amide 97
from cyclohexanecarboxylic acid (95) and benzylamine (25), the
fluorous solvent containing the fluorous catalyst was recovered
and reused five times.

Another protocol exploited the property that catalyst 96 is
soluble in nonfluorous o-xylene under high-temperature condi-
tions of azeotropic reflux but is insoluble under low-temperature
conditions. It was reported that 5.0 mol% of catalyst 96 could be
recoverable and reusable 10 times in the same dehydrative
amidation of 95 and 25 (Scheme 16).

In the same year, Wang and co-workers®® developed an
electron-deficient polymer-supported pyridinium boronic acid. A
polystyrene-based pyridinium catalyst 98 (no more than 1.0 mol%)
prepared from 1,3-propanediol cyclic ester of pyridine-3-boronic
acid and Merrifield’s resin promoted dehydrative amidation
between benzoic acid (19) and benzylamine (25) under reflux
conditions using a Soxhlet extractor in toluene (Scheme 17). The
solid-phase catalyst 98 exhibited catalytic activity comparable to
liquid-phase synthesis using pyridine-3-boronic acid as a catalyst
and could be recovered and reused three times. This report is the
first successful example of a solid-phase supported aromatic
boronic acid catalyst.

In 2005, Yamamoto and Ishihara’s group** found that 4-pyri-
dineboronic acid is more stable to heat than 3-pyridineboronic
acid and 2-pyridineboronic acid, and developed a polystyrene
polymer-supported 4-pyridinium boronic acid catalyst. The

‘Yamamoto (2001) HO. s _OH
o C10F21 C1OF21 o
96 (5.0 mol%)
OH | v ph N7 Ph
2 o-xylene (0.20 M) H
azeotropic reflux, 3 h
95 25 97
1.0 equiv 1.0 equiv
run 1 2 3 4 5 6 7 8 9 10

yield (%) >99 >99 >99 >99 >99 >99 >99 >99 >99 >99

Scheme 16 3,5-Bis(perfluorodecyl)phenylboronic acid-catalyzed amida-
tion in nonfluorous solvent reported by Yamamoto.*2
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Wang (2001) HO. 5 _OH

©A 98 (<10mol) ©)L ~
OH +  HN Ph N Ph
toluene H
azeotropic reflux
19 25 16-21h 99
1.0 equiv 1.2 equiv
run 1 2 3

yield (%) 95 95 97

Scheme 17 Polymer-supported 3-pyridinium boronic acid-catalyzed
amidation reported by Wang.>

pyridinium salt-type catalyst exhibits much higher catalytic
activity when using a mixed biphasic solvent (5:1) of toluene
and 1-ethyl-3-methylimidazolium trifluoromethanesulfonate
[emim][OTf] than when using only toluene as the solvent. Unlike
Wang’s polystyrene polymer-supported 3-pyridinium salt-based
boronic acid catalyst, which partially decomposes during the
catalyst recovery and reuse process, polystyrene polymer-
supported 4-pyridinium salt-based boronic acid catalyst 100 shows
high recovery and reusability. Polymer-supported catalyst 100 could
be recovered and reused ten times in the dehydrative amidation of
an equal mixture of phenylbutanoic acid (1) and benzylamine (25)
under azeotropic reflux conditions (Scheme 18). The polymer-
supported catalyst can be recovered simply by filtration without
any extraction after the reaction was completed.

In 2013, Hall®® successfully developed solid-phase-supported
5-alkoxy-2-phenylboronic acid, which is a highly active solid-
phase-supported MIBA catalyst.”® Solid-phase-supported catalyst
102, which has a structure in which a polystyrene resin and an
aminopropyl ether linker at the 5-position of an aromatic boronic
acid are connected by an amide bond, can undergo dehydrative
amidation in the presence of MS 4A in dichloromethane even at
room temperature, similar to MIBA. It accelerates the reaction
and can be recovered by filtration with a polypropylene filter.
Polymer catalyst 102 can be recovered by filtration using a
polypropylene filter. Amide 26 or 103 can be obtained in high
yields using the recovered catalyst (Scheme 19).

In 2014, Gu and Lee’s group>® developed a silica-supported
boronic acid catalyst using mesocellular siliceous foam (MCF)
as a solid support. They found that capping silanol groups on
the silica gel surface with fluoroalkyl groups was effective in

Ishihara, Yamamoto (2005) — OH
O—@(cm)z—N/(_/\hD
N7 oy
— NTf,
polystyrene resin

o o
100 (5.0 mol%) |
PhMOH+ HZN/\ph - . Ph\/\)\N/\Ph
toluene-[emim][OTf] (5:1) H
1 25 azeotropic reflux, 5 h 101
1.0 equiv 1.0 equiv
run 1 2 3 4 5 6 7 8 9 10

yield (%) >99 >99 >99 >99 >99 >99 >99 >99 >99 95

Scheme 18 Polymer-supported 4-pyridinium boronic acid-catalyzed
amidation reported by Ishihara and Yamamoto.>*
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Scheme 19 Polymer-supported MIBA-catalyzed amidation reported by
Hall.*®

Gu, Lee (2014) HO HO
o A B A B
OH OH
PhQI\OH silica—supported
boronic acid 104
24
5.0 mol%) Ph
1.0 equiv ®Omol%) \)L Sp
+ toluene Fe o CRCHN
A~ azeotropic reflux 26 3 3
HoN Phoh
25 , (0 OEt
1.0 equiv ~Si Si | Si
\ /N I / \
(Ij CI> CI> I I I
run 1 2 3 4 5 6
SiO,
yield (%) 91 94 >98 >98 >98 >98 silica—supported boronic acid 104

Scheme 20 Silica-supported boronic acid-catalyzed amidation reported
by Gu and Lee.*®

improving the catalytic activity and silica-supported catalyst
104 with a trifluoroalkyl capping group showed high catalytic
activity for the dehydrative amidation of several aliphatic and
aromatic carboxylic acids. In the presence of 5.0 mol% of
catalyst, the reaction between phenylacetic acid (24) and ben-
zylamine (25) proceeded to produce amide 26 in high yield
under azeotropic reflux conditions in toluene, and the silica-
supported boronic acid 104 was recoverable and reusable six
times by a simple filtration operation (Scheme 20).

In 2017, Ishihara and colleagues®” reported two protocols for
recoverable and reusable catalytic dehydrative amidation based
on the development of homogeneous boronic acid precatalysts by
the complexations between a boronic acid and a base. The first
protocol uses the formation of an acid-base complex between an
electron-deficient aromatic boronic acid and a strongly basic
anion-exchange resin. In this reaction, the complex serves as a
precatalyst, and the free boronic acid is released into the reaction
mixture and exhibits high catalytic activity. As a result of examin-
ing various boronic acids, the complex with 3,5-bis(trifluoro-
methyl)phenylboronic acid (6) produced the best results, and
the reaction with phenylpropanoic acid (107) and benzylamine
(25) proceeded under azeotropic reflux conditions in fluoroben-
zene in the presence of precatalyst 106 to produce amide 108 in
excellent yield (Scheme 21). After the reaction was completed, the
resin-supported boronate 106 was recovered by decantation, and
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Scheme 21 Boronic amidation

reported by Ishihara.®”

complex-catalyzed

no decrease in catalyst activity was observed even after 10 reuses.
Notably, this reaction system is highly practical, as it can be
scaled up to 200 mmol in the presence of 1 mmol of precatalyst.

The second approach uses the formation of acid-base com-
plexes between electron-deficient aromatic boronic acids and
DMAP or DMAPO. In this catalysis, the complex serves as a
precatalyst, and the boronic acid is liberated during the reaction.
Using a complex derived from 3,5-dinitro-4-tolueneboronic acid
(109), a precipitated solid suitable for recovery and reuse was
generated. Amines DMAP (61) and DMAPO (63) formed com-
plexes with boronic acid 109, which were recoverable and reu-
sable three times in the amidation reaction of benzoic acid (19)
and hexylamine (110) (Scheme 22). The complex with DMAPO
showed higher activity as a precatalyst, whereas the complex with
DMAP showed better recovery efficiency. Notably, the amidation
catalytic activity of boronic acid 109 itself was reported to be
extremely low.

In 2019, Whiting and Baxendale’s group® developed solid-
supported boronic acids via copolymerization. Polystyrene-supported
boronic acid catalyst 112 was prepared by the copolymerization

Ishihara (2017)

HO.__OH
N B
| N
Q
N O,N NO,
PN

_OH

109:-DMAP 109-DMAPO
precatalyst 109-DMAP
(e} or 109:-DMAPO ]
(5.0 mol%)
Ph)kOH + HZN’Hs\ Ph)I\NI/IS\
toluene H
19 110 azeotropic reflux, 6 h 111
1.0 equiv 1.0 equiv

109-DMAP: 87% yield, 87% precatalyst recovery (average on 3 times reaction)
109-DMAPO: 98% vyield, 80% precatalyst recovery (average on 3 times reaction)

Scheme 22 Boronic acid—DMAP(O) amidation

reported by Ishinhara.®”

complex-catalyzed
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Scheme 23 Polymer-supported  boronic amidation

reported by Baxendale and Whiting.*®

acid-catalyzed

Lo, Lam (2023) HO_ B OH

@/\/S\/\/CSH7

113 (5.0 mol%) o]

Ph\)k
N" > Ph

H

o
Ph\)k HQN/\Ph
OH

microwave, 150 °C, 15 min

24 25 26
1.0 equiv 1.3 equiv
run 1 2 3 4

yield (%) 99 99 99 92

Scheme 24 Fluorous boronic acid-catalyzed amidation reported by
Lam.*®

of 4-vinylphenylboronic acid, divinylbenzene, and styrene in the
presence of AIBN. In the reaction between phenylacetic acid (24)
and benzylamine (25), catalyst 112 was recoverable and reusable
(Scheme 23). Solid-state ''B-NMR and in situ IR (ReactIR)
observations suggested the formation of a dicarboxylate active
intermediate containing a B-O-B bond, similar to that previously
reported in homogeneous catalysis.”” Furthermore, a preliminary
application to the flow reaction using a heat column packed with
the catalyst was considered.

Most recently, Lo and Lam’s group®’ developed catalyst 113
by incorporating a perfluoroalkyl group (CgF;;) at the end of the
side chain of aromatic boronic acid at the ortho-position and
reported a catalytic dehydrative amidation of carboxylic acids
with microwave irradiation under neat conditions. The product
and catalyst can be easily separated from the crude product via
fluorous solid-phase extraction (SPE). For the reaction between
phenylacetic acid (24) and benzylamine (25), catalyst 113 could
be recovered and reused four times (Scheme 24).

2.3. Direct amide bond formation using other monoboron catalysis

In 2006, Ishihara and Yamamoto®° reported catalytic amidation
with 4,5,6,7-tetrachlorobenzo[d][1,3,2]dioxaborole (114) pre-
pared using tetrachlorocatechol and BH;-SMe,. 114 showed
superior catalytic activity to 3,5-bis-(trifluoromethyl) phenyl-
boronic acid (6) for the amidation of sterically hindered
aliphatic and aromatic carboxylic acids, although 114 pre-
sented slightly lower catalytic activity than 6 for the amidation
of less hindered carboxylic acid substrates (Scheme 25). Cata-
lysis using 114 proceeds in toluene or o-xylene under azeotropic
reflux conditions.

This journal is © The Royal Society of Chemistry 2024
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Scheme 25 4,5,6,7-Tetrachlorobenzold][1,3,2]dioxaborole-catalysed amida-
tion reported by Ishihara.*

In 2017, Sheppard and co-workers*' found that B(OCH,CF3);
(118) was an effective catalyst for dehydrative amidation reaction
under azeotropic reflux conditions in tert-amyl methyl ether (TAME)
(Scheme 26).* In this reaction, unreacted carboxylic acids, amines,
and catalysts can be easily removed by simple filtration using three
mixed resin scavengers, i.e., poly hydroxylated Amberlite IRA743 as a
boron scavenger, acidic Amberlyst 15 as an amine scavenger, and
basic Amberlyst A-26(OH form) as an acid scavenger, to produce the
corresponding amides. The catalytic protocol using B(OCH,CF;);
(118) offers significant improvements in terms of a large reduction
of overall waste during amide bond formation and shows a low
process mass intensity (PMI)** value of 5 for 119. Furthermore, this
reaction is suitable for manufacturing active pharmaceutical ingre-
dient precursors such as 120 and 121.

In 2019, the same group reported that tert-butyl acetate
(‘BuOAc) was more suitable for B(OCH,CF;); (118)-catalyzed
dehydrative amidation than TAME.* This catalysis demonstrated
a wide substrate scope, and the corresponding amides were
obtained using a solid-phase workup procedure. The catalytic
efficiency was demonstrated using a 100-mmol scale reaction of
the synthesis of 2-picolinic acid (122) and cyclohexanemethyla-
mine (123) in the presence of 10 mol% of 118 in ‘BuOAc under
Dean-Stark reflux conditions (Scheme 27). The desired amide
124 was obtained in 97% yield (21.23 g) with a PMI of 8. This is
one of the few successful examples of large-scale synthesis using
organoboron-catalyzed amidation.

Sheppard (2017)
CHoCFa)s o
o Ho R B(OCH,CF3); (118) J\ \
/M N N (10-20 mol%) R _R
R' TOH R2 R E—— |
TAME, Dean-Stark, reflux

1.0 equiv 1.1 equiv

selected examples

o o
A1 0 dn
S N N
Hn \/\)LN o'Bu (\
OMe Hoog HN
119 120 121

96% [80 mmol, 20.2 g, PMI =5]  91% [Valsartan precursor] 85% [Bunazosin precursor]
Scheme 26 B(OCH,CF3)s-catalyzed amidation reported by Sheppard.**
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Scheme 27 B(OCH,CFs)s-catalyzed large-scale amidation reported by

Sheppard.**

2.4. Direct amide bond formation using multiboron catalysis

In 2017, Shibasaki, Kumagai and co-workers*> developed multi-
boron containing six-membered heterocycles, 1,3-dioxa-5-aza-
2,4,6-triborinane (DATB) ring systems. DATB derivatives are
unique compounds with a stable m-terphenyl scaffold, and
their boron atoms exhibit peculiar Lewis acidity. The catalytic
performance of DATB was investigated, and its catalytic activity
was superior to that of commercially available boronic acid or
metal catalysts, especially in the reaction of bulky carboxylic
acids to produce 126 in excellent yield. DATB (125) maintained
excellent catalytic activity even in the amidation of aromatic
carboxylic acids, which have low reactivity, and the corres-
ponding amide 127 can be obtained in high yield even in the
presence of only 0.5 mol% of the catalyst. Furthermore, aniline
derivatives are applicable as amine substrates, affording 128 in
high yield. It is also shown that pharmaceuticals that were
previously synthesized using stoichiometric amounts of activat-
ing reagents can now be synthesized by catalytic amidation
using 125. DATB demonstrated not only a wide range of
substrate scope but also its great level of functional group
tolerance. DATB catalysis was promoted under mild conditions;
thus, the degradation of optical purity of a-chiral carboxylic
acid or a-chiral amines did not occur for 129.

In 2019, the same group also developed a novel DATB
derivative containing a pyrimidine ring.*® They found a reliable
and rapid synthetic route to install boron atoms into the
4,6-diarylpyrimidine scaffold using a pyrimidine ring as a
directing group (Scheme 28). The previous synthetic protocol
of DATB required stepwise synthesis of the m-terphenyl scaffold
to introduce two boron atoms properly and it caused difficulty
in functionalizing or introducing arbitrary substituents into the
skeletons. By contrast, the pyrimidine ring introduction allows
the effective and sufficient synthesis of the derivatives without
chromatographic purification. Although the catalytic perfor-
mance of functionalized Pym-DATB (130) derivatives slightly
decreased, the most accessible unsubstituted one exhibited
sufficient catalytic activity for the amidation of a wide range
of substrates.

Recently, Kumagai*’ reported an improved two-step syn-
thetic route for DATB containing a m-terphenyl scaffold without
chromatographic purification. In this protocol, 2,6-dibromoaniline
(131) and 1,2-phenylenediboronic acid (132) were converted to a
dimeric spiroborate salt (133) as a thermodynamically stable inter-
mediate under Suzuki-Miyaura coupling conditions (Scheme 29).
The intermediate (133) was converted to DATB (125) derivatives with
acidic hydrolysis under high-temperature conditions. Although this
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Scheme 28 DATB-catalyed amidation reported by Kumagai, Shibasaki.*>4¢

Kumagai (2023)
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(HO),B

Scheme 29

method requires slight modifications of the reaction conditions for
each substrate, it enables the gram-scale synthesis of various DATB
derivatives.

The plausible catalytic cycle for DATB-catalyzed direct ami-
dation was proposed based on NMR (Fig. 7).** First, a kineti-
cally and thermodynamically favored complex (134) was
produced by the reaction of DATB with an amine substrate.
Next, intermediate 135 was formed by harnessing two B-O
bonds, thereby electrophilically activating the carboxylic acid
functional group via the interaction of two boron Lewis acidic
atoms. Amine was then attached to the carboxylic acid carbonyl
group to form intermediate 136. Subsequently, intermediate
136 collapsed, simultaneously forming the corresponding
amide product and water as a clean byproduct and then
regenerating the DATB catalyst.

Recently, Kumagai, Noda, and co-workers*® developed a
novel diboron 139 with the N(BOH), structure and found it
usefulness as an amidation catalyst (Scheme 30). This is the
first isolable N(BOH), compound, and it showed superior
catalytic activity to DATB (125) in terms of turnover frequency
for dehydrative amidation. In fact, for the reaction between acid

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Proposed amidation mechanism and

Shibasaki.*®

reported by Kumagai

Noda, Kumagai (2023)
° J\ 125,139 o J\
PhMOH * HN" "Ph tl\a/IOSoléAHtgluene PhV\)J\N Ph

H
1 20 138
1.0 equiv 1.0 equiv

organoboron catalyst

OH DATB (125) 139

53% (5.0 mol%) 88% (1.0 mol%)

Scheme 30 N(BOH),-containing diboron-catalyzed amidation reported
by Noda and Kumagai.*®

1 and amine 20 in toluene, the use of 1.0 mol% of 139 resulted
in a higher product yield than using 5.0 mol% DATB (125).

In 2018, the Saito group® reported a successful catalytic
amidation of aromatic carboxylic acids using catalysts of the
X,B-BX, structure. In general, aromatic carboxylic acids are
inert because they form stable salts with amines. They hypothe-
sized that 140, which undergoes protonation, promotes the
generation of free amines and carboxylates and that the B-B
moiety electrophilically activates carboxylate derived from
aromatic carboxylic acids, thereby accelerating the amidation
reaction through intermediate 141. Based on the screening
of catalysts with diboron structures (142-144), commercially
available catalysts—tetrakis(dimethylamido)diboron (142) and
tetrahydroxydiboron (143)—demonstrated catalytic efficiency
in the direct amidation of aromatic carboxylic acids, affording
amide 99 in high yield (Fig. 8).

This journal is © The Royal Society of Chemistry 2024
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140 141

Fig. 8 Proposed amidation mechanism reported by Saito.*

In most cases, using aromatic carboxylic acids as substrates,
catalysts 142 and 143 demonstrate far superior catalytic activity
compared with boric acid (B(OH);'**?) (Scheme 31).

In 2019, Shimada and co-workers®® designed a hydroxy-
directed catalytic amidation of o- or B-hydroxycarboxylic acids
using a catalyst containing preorganized B-O-B motif 145
based on the structure of an active intermediate in the revised
amidation mechanism reported by Whiting.>” They hypothe-
sized that the B-OH moiety of 145 recognizes the hydroxyl
group to form intermediate 146 via covalent B-O bonds and
then the two boron atoms in the B-O-B motif promotes the
electrophilic activation of carboxylic acid in a bidentate manner
to form reactive cyclic intermediate 147, thereby accelerating
the reaction to produce o- or B-hydroxy amides (Fig. 9).

Saito (2018)
o 142-144
HoN (2 0 mol%)
OH +
toluene
azeotropic reflux, 6 h
19 25
1.0 equiv 1.0 equiv
diboron
N :,N HO OH o) o
B—B B—B B—E
NGOON HO OH o o]
142 143 144
86% 72% 32%

Scheme 31 Diboron-catalyzed amidation reported by Saito.*°

Shimada (2019)

HO_ __O.__OH
B B R2
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L \_J s 4w N
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R2 0 _—
—H,0 HO\B'O“B/
n=0or1
a- or hydroxy
carboxylic acids
Xylic ac 146
recognition of hydroxy group via covalent bond formation
RZ
- OH O
R4, ,/H N\ ([) R
N ™~ R
N 0 o R, N
R o. o _— 2 R3
H,0---B B
n=0or1

a- or hydroxy amides
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Fig. 9 Design of hydroxy-directed catalytic amidation reported by
Shimada.>®
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Shimada (2019)

OH O 150-152 OH
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1.0 equiv 1.0 equiv
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B B B~ B’

r

B-O~p’

Br. Br Br Bi
Br Br

150 151 152

70% (1.0 mol%) 87% (1.0 mol%) >99% (1.0 mol%)
98% (0.2 mol%)

Scheme 32 DBAA-catalyzed amidation reported by Shimada.>®

The reaction of 3-hydroxy-3-phenylpropanoic acid (148) with
N-benzyl-N-methylamine (149) in the presence of 1.0 mol% of
biphenyl-based diboronic acid anhydride 150 proceeded
smoothly in toluene at 110 °C within 4 h without any azeotropic
dehydration protocol or a dehydrating agent, producing f-
hydroxyamide 153 in 70% yield (Scheme 32). The yield
improved to 87% when 1.0 mol% of catalyst 151, which has
two bromine atoms at both ortho-positions of the boron atom
based on Hall'**° reports, was used. Furthermore, amide 153
was obtained in quantitative yields when 152 namely DBAA
(diboronic acid anhydride), which has additional bromine
substituents at the para position, was used, and a high yield
of 98% was maintained even when the catalytic amount was
reduced to only 0.2 mol%. The ortho-bromine atom contributed
to not only the electron-withdrawing effect but also the stabili-
zation effect of the catalyst B-O-B motif and inactivity suppres-
sion due to amine coordination.

This substrate-directed catalytic dehydrative amidation pro-
ceeded through an effective electrophilic activation of carbox-
ylate by the multiboron B-O-B motif of the acyl boronate
intermediate 154 via covalent bond formation of hydroxy
groups of carboxylic acid substrates with the catalyst. The
proposed mechanism was supported by the detection of inter-
mediates by ESI-MS and ''B-NMR analyses (Fig. 10).

DBAA (152) showed exceptionally high catalytic activity for
dehydrative amidation of a- or B-carboxylic acids and amines.
Notably, DBAA catalysis does not require strict dehydration
operations, such as adding a drying agent or azeotropic reflux
conditions. Indeed, high catalytic performance is maintained
even in a mixed solvent of toluene/water (19:1), providing a
corresponding B-hydroxy amide 153 in excellent yield with

~
HO. o, OH  ppo~"oy  HeN” Ph 070 |
B~ B 148 25 HO | o | °
(1.0 equiv) (1.0 equiv) -B” "B~
O Q toluene, rt toluene, rt
150
154

detected by ESI-MS, ''B-NMR

Fig. 10 Mechanistic insights reported by Shimada.>°
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95% (1.0 mol%) 75% (0.01 mol%) 72% (0.5 mol%, 1 g scale)
toluene/H,0 (19/1) TON = 7,500 Tropicamide

Scheme 33 DBAA-catalyzed amidation reported by Shimada.>°

1.0 mol% of the catalyst (Scheme 33). For amide 155, the
catalytic amount of DBAA (152) could decrease to 0.01 mol%
and turnover number (TON) recorded 7500, which is note-
worthy for an organoboron catalysis. The synthetic efficiency
of DBAA catalysis was demonstrated by one-step gram-scale
synthesis of tropicamide (156), a known a mydriatic drug, from
readily available tropic acid with 4-(ethylaminomethyl)pyridine
at a Lewis basic site with 0.5 mol% of the catalyst.

In 2020, the same group applied dehydrative amidation
using DBAA (152) for the catalytic synthesis of Weinreb amides.>
The N-methyl-N-methoxy amine (157) has poor nucleophilicity com-
pared to ordinally secondly amines due to the electron-withdrawing
oxygen substituted in the amino group, thereby posing challenges
for dehydrative amidation. Nevertheless, in the presence of a
catalytic amount of DBAA (152), the reaction of carboxylic acid with
3.0 equivalents of 157 proceeded smoothly to produce the corres-
ponding Weinreb amide in high to excellent yields. This was the first
successful catalytic direct synthesis of useful Weinreb amide from
carboxylic acid. Because the only byproduct of this reaction was
water, the resulting Weinreb amide could be used in the next
reaction step without purification. Indeed, by exploiting the conve-
nience of this operation, the concise synthesis of various bioactive o-
hydroxy ketone natural products (acyloin natural products) 158-161
was achieved using a one-pot two-step sequence including DBAA-
catalyzed Weinreb amide synthesis followed by a reaction of a
Grignard reagent addition after switching the solvent (Scheme 34).

In 2021, a facile synthetic protocol of Garner’s aldehyde
(164), which is useful as a chiral building block, was achieved
using a three-step sequence on a gram scale based on a similar
DBAA-catalyzed Weinreb amide synthesis from N-Boc protected
serine 162 as the chiral starting material.”* The optical purity of
Weinreb amide 163 was high and the a-position of the carbonyl
group was not racemized (Scheme 35). Notably, no racemiza-
tion was observed at the ao-position of the carbonyl group,
yielding Garner’s aldehyde with high optical purity.

In 2023, the same group®® reported catalytic primary amide
synthesis using an aqueous ammonia solution (167) as an

This journal is © The Royal Society of Chemistry 2024
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Shimada (2020)
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H kurasoin B (161)
75%, >99% ee

1.0 equiv 3.0 equiv

selected examples
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92%, >99% ee
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Scheme 34 DBAA-catalyzed Weinreb amide synthesis
Shimada.>

reported by

Shimada (2021)

DBAA (152)
(2.0 mol%)
HNMeOMe (157) e
BocHN . OH % BocHN \N,OMe BooN—_ "~y
DCE (0.2 M) ) -~
OH reflux, 24 h on Me 2 steps o
1.0 equiv Garner’s aldehyde (164)

163
Without purification 89% over 3 steps

N-Boc-Serine (162,
(162) 75% over 3 steps [1 g scale]

Scheme 35 DBAA-catalyzed serine-derived Weinreb amide synthesis
reported by Shimada.>?

amine substrate. Although the primary amide is a key structure
for several bioactive compounds, no successful synthesis using
carboxylic acid as a substrate was observed. The fact that DBAA
promotes catalytic amidation without any dehydrative reagent
or azeotropic reflux conditions facilitated the expansion of the
catalytic synthesis using an aqueous ammonia solution. Using
10 mol% DBAA, the reaction between o-hydroxycarboxylic acid
and aqueous ammonia solution (167) proceeded smoothly
under reflux conditions in chlorobenzene and the corres-
ponding primary amides 168 and 169 were obtained in high
yields (Scheme 36). The synthetic efficiency of the protocol was
demonstrated by the derivatization of bioactive molecules, such
as octopamine (171), aegeline (173), and tembamide (174), by -
aminoalcohol 170 or 172 prepared by reducing the synthetic
primary amides.

3. Catalytic direct peptide bond
formation from a-amino acids

3.1. Direct peptide bond formation using boronic acid
catalysis

The development of catalytic amidation has been well studied.
However, there was little example to establish catalytic peptides
synthesis using o-amino acids as carboxylic acid substrates. In
2013, Whiting and co-workers®* reported the first example of
direct amidation using a-amino acids as both carboxylic acids
and amines, respectively. First, they found that the electron-

This journal is © The Royal Society of Chemistry 2024
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Scheme 36 DBAA-catalyzed primary amide synthesis
Shimada.>®

reported by

deficient o-nitrophenylboronic acid (175) was an effective
catalyst for amidation using a-amino acids as carboxylic acids,
and the resulting amides retained the optical purity at the o-
position of carbonyl groups. Nonpolar solvents such as fluor-
obenzene were suitable for this reaction and the reaction
proceeded smoothly in the presence of MS 3A. However, the
steric hindrance of amines had a negative impact on the
product yields. Next, they found that o-amino acid hydrogen
chloride salts could be used for dipeptide synthesis as amine
substrates in the presence of Hiinig’s base by in situ generation
of free amine functional groups. Thus, electron-deficient aryl-
boronic acids were effective in the presence of MS 3A in an
electron-deficient and non-polar solvent for amidation using
amino acids as carboxylic acids or amines. However, it has been
difficult to apply a simple catalyst system using a single boronic
acid for the direct access of dipeptide derivatives. As a result of
continuing challenges, they found that the use of the mixture of
two catalysts, o-nitrophenylboronic acid (175), and o-methylphenyl-
boronic acid (176), which have different electronic factors, was
effective for the direct dipeptide synthesis. Although this binary
arylboronic acid catalyst systems required 50 mol% each of them
to obtain dipeptides, the corresponding dipeptides 177-179 were
afforded in moderate yields (Scheme 37).

Certainly, these results indicate that boronic acids have
room for improvement in catalytic efficiency; however, they
showed that peptide bonds can be formed by boronic acid
catalysis without using stoichiometric amounts of condensa-
tion reagents. Whiting’s report became the milestone of pep-
tide synthesis using boronic acids.

Thereafter, during the optimization study for catalytic amide
synthesis using boronic acids with sulfur atoms, Blanchet and
co-workers>* found that (2-(thiophen-2-ylmethyl)phenyl)boronic
acid (54) was effective in generating catalytic peptide bond

Chem. Commun., 2024, 60, 11202-11222 | 11215
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Scheme 37 Peptide bond formation using arylboronic acids reported by
Whiting.5*

formation. The boronic acid catalyzed the coupling of each
equimolar amount of Boc-Phe-OH (180) and free H-Val-OMe
(181) in the presence of MS 5A in fluorobenzene at 65 °C
(Scheme 38). Although there is room for improvement in
catalytic efficiency (TON = 2) in only one preliminary case, the
catalysis can achieve dipeptide synthesis with minimal epimer-
ization. Thus, improving catalytic activity remains a major issue
in applying aromatic boronic acids to catalyze peptide bond
formation.

In 2015, Hall®® found that free, relatively acidic NH func-
tional groups in carboxylic acids had a significant negative
impact on catalytic direct peptide bond formation using their
proprietary MIBA catalyst. They suggested that the inhibition of
the reaction occurred because boronic acids could form 5-
membered complexes with monoprotected o-amino acids deri-
vatives through covalent bond formation with NH. The amidation
of Fmoc-Leu-OH (183) and benzylamine (25) did not proceed;
however, the amidation of N-methylated Fmoc-Leu-OH (184) and
benzylamine (25) did (Scheme 39). Therefore, doubly protected
a-amino acids such as N-phthaloyl o-amino acids or amine
surrogates like o-azido and o-amino acid substrates were
designed to avoid the formation of inactive complex 187, leading
to inhibition during boronic acid catalysis.

Indeed, a catalytic amount of MIBA (37) accelerated dipep-
tide 188-190 formation in moderate to good yields (28-60%)
when N-phthaloyl a-amino acids were used as the carboxylic
acid substrate, although steric bulkiness still negatively influ-
enced the yield (Scheme 40).

Blanchet (2015) k \O_B, OH
S
W
I 54 (25 mol%) I
BocHNvJ\ T e— BocHNQJ\ OMe
Y OH + N OMe  PhF (0.07 M) - N
: 2 65°C, 24 h i H 4
~Ph ] MS 5A “Ph
180 181 182
1.0 equiv 1.0 equiv 50%, >98:2 dr

Scheme 38 2-(Thiophen-2-ylmethyl)phenylboronic acid-catalyzed pep-

tide bond formation reported by Blanchet.?
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Scheme 39 MIBA-catalyzed peptide bond formation reported by Hall.>®

Hall (2015) HO. _OH
I
MIBA (37)
% HZNJ\”/O'BU (20 mol%) JJ\ OBy
OH wsaA
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o] H [¢] l\ille

o
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Scheme 40 MIBA-catalyzed peptide bond formation of N-phthaloyl

amino acids reported by Hall.>

When o-azido acids were used as carboxylic substrates,
toluene was a more suitable solvent than dichloromethane,
and dipeptides 191-193 were obtained in good yields. MIBA
(37) was also applicable to the multigram-scale synthesis of
N-Boc B-alanine-derived dipeptides with carbamate-protecting
groups (Scheme 41).

In 2018, Ishihara and co-workers*® expanded the 2,4-
bis(trifluoromethyl)phenyboronic acid (74)-catalyzed amida-
tion reaction of carboxylic acids to a-peptide synthesis. Based
on the idea that the electron-deficient N-protecting group
weakens the nucleophilicity of the amino moiety of a-amino
acids and prevents the construction of an inert five-membered
complex derived from an arylboronic acid and an a-amino acid,

Hall (2015) HOL e OH
i A
MeO -
o B2 MIBA (37) o R
20 mol% \)L [
NS\AOH + oBu (20 mol%) N3 N/H(O Bu
z HoN MS 4A :oOH
R o toluene (0.07 M) R o
1.1 equiv 1.0 equiv 50°C,48h
selected examples
o (0] (0]
Na\/u\ O'Bu Ng\)‘k O'Bu Na\)J\ OBu
N N/\n/ N
H :H S H
Me o Me (e}
191 192 193

50% 70% 41%
Scheme 41 MIBA-catalyzed peptide bond formation of a-azido acids

reported by Hall.>®
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Scheme 42 2,4-Bis(trifluoromethyl)phenylboronic acid-catalyzed pep-
tide bond formation reported by Ishihara.?®

Ishihara (2018) SMe SMe
o o o)
F.C7 N ~Some HCI@MinMeOH) 1y \ Y ome
H o H 60°C,5h o H
Sph Sph
200 201
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Scheme 43 Selective deprotection of N-trifluoro acetamide reported by
Ishihara.®

N-trifluoroacetyl-protected a-amino acids were designed. Direct
peptide bond formation catalyzed by 15 mol% of 2,4-bis-
(trifluoromethyl)phenylboronic acid (74) produced dipeptides
194-199 with minimum epimerization (Scheme 42).

Notably, N-trifluoromethyl-masked dipeptides 200 can be
chemoselectively deprotected to produce 201 using methanolic
hydrogen chloride (Scheme 43).

As described above, several scholars have reported organo-
boronic acid catalyzed direct dipeptide syntheses derived from
a-amino acids with devised protecting groups on the nitrogen.
However, the difficulty of applying frequently used carbamate-
protecting groups to catalytic peptide synthesis using organo-
boronic acids still remains a severe issue. Recently, the applica-
tion of catalytic peptide synthesis using a mono organoboron
catalyst has been reported for limited examples,**°° but the
catalytic activity still needs to be improved.

3.2. Direct peptide bond formation using borate ester
catalysis

In 2017, Sheppard’s group®’ reported a peptide synthesis of
a-amino acids bearing a carbamate group that exhibits efficient
catalytic turnover. They confirmed that a commercially avail-
able borate ester B(OCH,CF;); (118) was the most effective
catalyst for the reaction under azeotropic reflux conditions with
Dean-Stark apparatus in tert-amyl methyl ether (TAME). The
reaction produced dipeptides or tripeptides in high to excellent

This journal is © The Royal Society of Chemistry 2024
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Scheme 44 B(OCH,CF3)3-catalyzed peptide bond formation reported by
Sheppard.**

yields (82-96%) with a catalytic amount of B(OCH,CF3); (118,
10-20 mol%) without epimerization (Scheme 44).

A practical advantage of this protocol is the simple purifica-
tion procedure of the target peptides 202-204 by filtration using
scavenger resins to remove unreacted a-amino acid substrates
and catalysts. Surprisingly, this environmentally benign cataly-
sis can be applicable to the chemoselective amidation of
unprotected o-amino acids with amine, although its applica-
tion to peptide bond formation is limited.””

3.3. Direct peptide bond formation using multiboron
catalysis

Recently, a series of successful reports of peptide synthesis
using multinuclear organoboron catalysts have been published.
In 2018, Kumagai and Shibasaki group®® reported DATB (125)-
catalyzed peptide bond formation reactions. For this catalysis,
commercially available a-amino acid hydrogen chloride salts
could be directly used in the presence of MS 4A. Although
dipeptides often construct oxazolones and promote epimeriza-
tion during peptide bond formation, electrophilic activation
with DATB (125) is not stringent, thereby making amidation of
dipeptides as carboxylic substrates to produce tripeptides 206-
208 in high yields without epimerization (Scheme 45).

They also demonstrated catalytic peptide synthesis using
Fmoc-protected o-amino acids as carboxylic acid substrates,
suggesting future application for solid phase peptide synthesis
(SPPS). Indeed, the reaction catalyzed by DATB (125) proceeded
smoothly to convert both nonfunctionalized and functionalized
natural a-amino acids, affording the corresponding peptides
209-214 without epimerization in most cases (Scheme 46).

Although the highly reactive carboxylic acid substrates
exhibited partial epimerization at 80 °C, the corresponding
dipeptides 215-217 were obtained without notable stereoche-
mical erosion via coupling reaction at a lower temperature of
50 °C (Scheme 47).

The synthetic efficiency of DATB (125)-catalyzed peptide
bond formation was highlighted by the convergent chemical
synthesis of biologically active pentapeptides OGP(10-14) and
H-Tyr-Gly-Phe-Gly-Gly-OH (Scheme 48). They achieved an effi-
cient synthesis of the target peptide by repeating the catalytic
protocol four times, including dipeptide and tripeptide frag-
ment synthesis processes. Notably, 0.5 mol% DATB (125) in
dipeptide synthesis of Fmoc-Gly-Gly-O‘Bu (220) by the coupling
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o B MS 4A
O - HCl  toluene (0.10 M)
205 80°C,48h

1.0 equiv 1.0 equiv

selected examples

Ph
0 0
H H
N OBn N OBn
BocHNw - N/}]/ BocHNw N
H FR
o Y o o \r o

206 207
80%, >20:1 er 83%, >20:1 dr

0
H
N 0Bn
BocHN /\ﬂ/ N
PoH
o Y o

208
81%, >20:1 dr

OH  DATB (125)

Scheme 45 DATB-catalyzed peptide bond formation reported by Kuma-
gai and Shibasaki.>®

Kumagai, Shibasaki (2018)

o R2 DATB (125) o] R?
\/U\ (5.0 mol%) EmocHN \)L R
FmocHN oH + . OR3 ‘moc N Ol
'5?1 2 MS 4A Iél‘ H o)
O * HCI toluene (0.10 M)
80°C, 48 h
1.0 equiv 1.0 equiv

selected examples

[e]
FmocHN\/u\
[e] N
)‘J\/é "
BnO

209
86%, >20:1 dr

o
FmocHN\)LN OBn FmocHN\)k /g(
B H FmocHN \)L
N
g

TN

OBn FmocHN\)\ OBn FmocHN\)k
k/ o
TrtHN

210
88%, >20:1 dr

MeS \/

92%, >20 1dr
Boc

/[ OBu
212 213 214

80%, >20:1 92%, >20:1 dr 88% >20:1 dr

Scheme 46 DATB-catalyzed peptide bond formation of Fmoc-protected
amino acids reported by Kumagai and Shibasaki.>®

of Fmoc-Gly-OH (219) with H-Gly-O‘Bu-HCI (218-HCI) recorded
a TON of 180. The deprotection of Fmoc-Tyr(‘Bu)-Gly-Phe-Gly-
Gly-O“Bu (226) formed by DATB-catalyzed coupling of tripeptide
and dipeptide led to the synthesis of OGP(10-14).

In 2020, Takemoto and co-workers®® developed a catalytic
direct peptide bond formation reaction using a multiboron
catalyst possessing pseudo-active B-C-B moieties. Based on the
structure of the active intermediate reported by Whiting et al.,*”
they assumed that a catalyst possessing gem-diboronic acid
(gem-DBA) structure would be more effective in amidation of
amino acids with lower reactivity than simple carboxylic acids.
Initially, catalytic amidation of a-amino acid 180 with simple
amine 25 was investigated using 228 or 229 as a catalyst,
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Kumagai, Shibasaki (2018)

o] R2 DATB (125) o R?
% (5.0 mol%) \/{L
FmocHN OH + OBn FmocHN N OBn
: HeN MS 4A OH
R O - HCI toluene (0.10 M) R o
50°C, 48 h
1.0 equiv 1.0 equiv
selected examples
¢
FmocHN\)J\N OBn FmocHN\)J\ OBn
: i NF o
moc
oty spmB
215 216 217

83%, >20:1 dr 80%, >20:1 dr 92%, >20:1 dr

Scheme 47 DATB-catalyzed peptide bond formation at lower tempera-
tures reported by Kumagai and Shibasaki.>®

Kumagai, Shibasaki (2018)

DATB (125)

H-Gly-OBu - HCI (0.5 mol%)

(218 - HCI) MS 4A, toluene FMoc-Gly-Gly-OBu  EtoNH, CH,Cly, 1t

+ >— (220) R
Fmoc-Gly-OH 90°C, 48 h +
(219) 90% Fmoc-Phe-OH DATB (125, 5.0 mol%)
(221) MS 4A, toluene, 80 °C, 48 h
75% (2 steps)

H-Gly-OBn « HCI ('gAJBmg:?) e PaG Fmoc-Phe-Gly-Gly-O'Bu  (222)

(223 - HCI) - o 2 EtoNH, CHoCl,, 1t

MS 4A, toluene THF
—————Fmoc-Tyr(‘Bu)-Gly-OH—]
i, 8 h

84% (225)
(2 steps)

:SIIN/N\/J\ /[ \)L o'Bu

Fmoc Tyr('Bu)-Gly- Phe -Gly-Gly-O'Bu (226)

+
Fmoc-Tyr(Bu)-OH
(224)

DATB (125, 5.0 mol%)
MS 4A, toluene, 80 °C, 48 h
72% (2 steps)

80°C,48h

acid :amine=1:1

Scheme 48 DATB-catalyzed oligopeptide synthesis reported by Kumagai
and Shibasaki.>®

demonstrating that the bulkiness of both the substrate and
center atom of the catalyst significantly influenced product
yields (Scheme 49).

Moreover, gem-DBA (230), which has a phenolic hydroxyl
group, exhibits high catalytic activity. The in situ cyclocondensation
of 230 to 231 reduces the bulkiness around the carbonyl group of
the electrophile, enhancing attack by nucleophiles to promote
catalytic efficiency. Owing to the covalent bond formation between
the linker and boron atoms, gem-DBA effectively causes electro-
philic activation of two carboxylic acid moieties (Fig. 11).

Takemoto (2020)

(@] 228-230 o
BocHNJL (5.0 mol%) )
Y OH P BocHN\)‘\ PN
: FeNT P g 5a TN Ph
P toluene (0.10 M) Ph/
180 25 65°C,12h 207
1.0 equiv 1.0 equiv
(HO),B___B(OH),
B(OH), Ph B(OH), OH OoH
:B(O} Do Ph \B\:OH)_‘ O O O
228 229 gem-DBA (230)
(0%, 80 °C) (31%) (96%)

Scheme 49 gem-DBA-catalyzed peptide bond formation reported by
Takemoto.*®
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BocHN \ \r \(\NHBDC
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NHBoc
BocHN\2/

232

0
(o]

Fig. 11 Design of the gem-DBA catalyst reported by Takemoto.>®

Takemoto (2020)

y 0 Ph gem-DBA (230) o Ph
(20 mol%) H
F3CT N \)kOH + OBh . FC N \)k OBn
: HaN MS 5A hid N
o ¢ -Hel MS S :
CHyCl, (0.10 M) o] S (0]

1,120 h Ph

234 235 - HC 236
1.0 equiv 1.0 equiv 48%, dr 94:6

Sph o

Scheme 50 gem-DBA-catalyzed peptide bond formation at room tem-
perature reported by Takemoto.>®

Notably, the reaction of N-trifluoroacetyl-protected o-amino
acid 234 with 235-HCI proceeded to produce dipeptide 236 at
room temperature (Scheme 50). This is the first successful
unprecedented catalytic peptide synthesis at room temperature.

This catalysis tolerated a wide range of functionalized
a-amino acids incorporating a-side chains, such as alkynes,
sulfur atoms, and amide moieties, to produce dipeptides 237-
242 in moderate to high yields with minimum epimerization
(Scheme 51). Cyclopropane, unprotected thiol, and NH-free
indole functional groups also survived during the catalysis.
Commercially available amine hydrogen chloride salts could
be used as amine substrates without coexisting bases in the
presence of MS 5A, but the hydrogen bromide and tosylate salts
of amines could not be used.

The gem-DBA (230)-catalyzed peptide bond formation could
be applied to the synthesis of oligopeptide 247 (Scheme 52).
Dipeptides 244 and 246 were prepared by catalytic peptide
synthesis using gem-DBA. To avoid cyclization during

Takemoto (2020)

o gem-DBA (230) o R?
(5.0 mol%) \/U\ 3
BocHN\-/U\OH . N&(ORg BocHN _ N/H(OH
Y MS 5A L
0 "HOl toluene (0.10 M)
1.0 equiv 1.0 equiv 65°C, 48 h

selected examples

MeS\/
237 ¢ | j/ 238 // 239
82%, 97:3 dr 88%, >99:1 dr (80 °C) 95%, 98:2 dr H
\
BocHN \% 9
BocHNvJ\ y _OBu BocHN\)J\N OBn
DOOH
v (o]

240 241 242
97%, 99:1 er 67%, 96:4 dr (80 °C) 78%, >99:1 dr (80 °C)

Scheme 51 gem-DBA-catalyzed dipeptide
Takemoto.>®

synthesis reported by
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Takemoto (2020)
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(5.0 mol%)
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O
FmocHN \)k N OBu
EH ¢
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OBu
7O N /g(
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he .
183 245 - HCI

MS 5A
toluene, 80 °C, 48 h

1.0 equiv 1.0 equiv 80%, 94:6 dr
10% Pd/C
(10 mol%, Pd) gem-DBA
244 — (230) OBn
Ha, THE, 1t (15 mol%) T SO
- ~ FC.__N \)k )}( N \/M . oBu
MS 5A F oy
piperidine toluene o Ph/ o o
246 ——  80°C,48h
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Scheme 52 gem-DBA-catalyzed oligopeptide synthesis reported by
Takemoto.>®

deprotection, the tert-butyl ester protecting group was suitable for
dipeptide C-terminus. The deprotection of 244 and 246 was followed
by gem-DBA (230)-catalyzed coupling to produce the corresponding
tetrapeptide 247 in 57%. This Fmoc-based gem-DBA catalytic
method is thought to be suitable for application in SPPS.

To gain mechanistic insight, they treated gem-DBA (230) in
CDCl; with MS 5A and obtained 231, and the bearing cis-
configuration structure was determined by X-ray crystallography
(Scheme 53). When intermediate 248 was treated with an equi-
molar amount of Boc-Phe-OH and proton sponge, the negative
ESI-MS value of the mixture represented a corresponding struc-
ture of a dehydrative complex 231 that was assumed to be caused
by a unique bidentate carboxylate activation by gem-DBA. This
result indicated that gem-DBA (230) forms anion-binding with
carboxylate anions, unlike the usual arylboronic acids.

In the same year, Shimada and co-workers®® reported DBAA
(152) as an effective catalyst for the hydroxy-directed dehydra-
tive peptide bond formation of f-hydroxy-a-amino acids such as
serine, threonine, and P-hydroxy valine as carboxylic acid
substrates, and various amino acid esters were suitable for this
reaction as amine substrates, affording the corresponding
dipeptides 249-255 in high to excellent yields (Scheme 54).

Notably, this DBAA catalysis proceeded smoothly without
azeotropic reflux using Dean-Stark apparatus or dehydrative

proton sponge—H+ _
OH OH
‘ ‘ proton sponge 7., _NHBoc
(HO),B.__B(OH), s ML (1oequiv Ph
OH OH O" V" O  Boc-Phe-OH
CDClg, rt (1.0 equiv) (SN
. I H 1 _OH |y
MS 5A i
gem-DBA (230) 231
cis-form

predicted by 'H &''B NMR
detected on ESI-MS

Scheme 53 Mechanistic insights reported by Takemoto.>®
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Scheme 54 DBAA-catalyzed peptide bond formation reported by
Shimada: “Performed with HCl salt of amino ester (1.0 equiv.) in the
presence of MS 4A 6°

Shimada (2020) o o
1. DBAA (152) (2.0 mol%)
o} OH DCE (0.05 M) 0 OMe
reflux, 24 h
BocHN\ o + OBn BocHN ~ N OBn
HeN 2. TMSCHNS (10 equiv) Hog
OH MeOH (0.20 M) OH
162 256 m1h
1.0 equiv 1.0 equiv 60%, dr >99:1

Scheme 55 DBAA-catalyzed dipeptide synthesis reported by Shimada.®®

reagents, and the desired dipeptides were obtained with mini-
mal epimerization. DBAA (152) can selectively activate a-amino
acids containing hydroxy group at the B-position. Indeed,
dehydrative condensation between serine derivative 162 and
aspartic acid derivative 256 containing a free carboxyl group
occurred with only a hydroxycarboxylic acid moiety, selectively
producing the serine-derived dipeptide 257 (Scheme 55).

This chemoselectivity in DBAA catalysis was highlighted by
the competition reaction of Cbz-Ser-OH (258) and Cbz-Val-OH
(259) with H-Gly-O'Bu (218), generating dipeptide Cbz-Ser-Gly-
O'Bu (260) as a sole product in high yield (Scheme 56).
These results show that DBAA (152)-catalyzed hydroxy-
directed peptide bond formation enables selective peptide
coupling of B-hydroxy-a-amino acid residue at its C-terminus.

Tripeptide 263 was synthesized using DBAA-catalyzed pep-
tide bond formation of 262 as a carboxylic substrate without any
epimerization at the a-position of serine moieties (Scheme 57).

In 2023, Shimada and co-workers also reported a concise
synthesis of serine- or threonine-derived 2,5-diketopiperazines (2,5-
DKPs) (Scheme 58).°' In catalytic peptide synthesis using DBAA,
water is the only byproduct so that the crude product can be used
for the next reaction without any purification. A three-step
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Scheme 56 DBAA-catalyzed chemoselective peptide bond formation
reported by Shimada.®°

Shimada (2020)
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Scheme 57 DBAA-catalyzed tripeptide synthesis reported by Shimada.®°

Shimada (2023)

A A 1. DBAA (152) (2.0 mol%) o
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BuO.
NH TH i r\lj\H
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Scheme 58 Concise synthesis of 2,5-diketopiperazines using DBAA-
catalyzed peptide bond formation reported by Shimada.®® @Performed
with HCl salt of amino ester (1.0 equiv.) in the presence of MS 4A.

sequential reaction comprising catalytic peptide synthesis, depro-
tection of the nitrogen-protecting group, and subsequent intra-
molecular condensation reaction, affording 2,5-diketopiperazines
264-266 in high to excellent yields without the purification of each
synthetic intermediate. The synthetic efficiency of the protocol was
demonstrated by the synthesis of bioactive molecules.

4. Conclusions

In this article, we review boron-catalyzed direct dehydrative
amide bond and peptide bond formation reactions of carboxylic
acids. Boron compounds are attractive as catalysts because of
their ability to form reversible covalent bonds via dehydration
and their potential Lewis acid properties. Dehydrative amide
condensation using boron compounds as catalysts, which have
low toxicity and are easy to handle, can become a practical and

This journal is © The Royal Society of Chemistry 2024
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environmentally friendly method to replace conventional con-
densation reactions using stoichiometric amounts of reagents.

Historically, this research field began with the development
of dehydrative amidation using electron-deficient aromatic
boronic acids. After the discovery of the effect of substituents
at the ortho-position of aromatic boronic acids, several boronic
acid catalysts have been developed. In parallel with these
efforts, the development of recoverable and reusable boronic
acid catalysts has been investigated and reusable catalysts
supported on polystyrene, MCF, fluorous, and ion-exchange
resins have been discovered. The direct dehydrative amide
bond formation reaction of carboxylic acids with amines was
expected to be applied to direct peptide bond formation reac-
tions between amino acids. However, it was not easy to develop
a practical boronic acid catalysis. The report of an improved
mechanism for aromatic boronic acid-catalyzed dehydrative
amidation that supports the existence of an active intermediate
with a B-O-B bond was the turning point in this research field.
In the past five years, several excellent multiorganoboron
catalysts have been developed and research on direct dehydra-
tive peptide bond formation reactions has rapidly progressed.

Recent developments in this field have been remarkable;
however, some issues still need to be addressed in terms of
catalytic activity (reducing the amount of the catalyst), energy
saving (lowering reaction temperature), substrate limitations
(wide range of substrate application), ease of operation (no
dehydration operation), ease of catalyst availability, and
catalyst reusability. To overcome the current situation and
realize truly practical catalytic amide and peptide bond for-
mation that can be used in several industries, researchers are
required to continue creating novel catalysts.
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