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ABSTRACT: We report the catalytic direct peptide bond formations via dehydrative condensation of β-hydroxy-α-amino acids,
affording the serine, threonine, or β-hydroxyvaline-derived peptides in high to excellent yields with high functional group tolerance,
minimum epimerization, and excellent chemoselectivity. The key to the success of these atom-economical transformations is the use
of diboronic acid anhydride catalyst for the hydroxy-directed reactions.

Peptides are extremely valuable species as biomolecules and
constituents of pharmaceuticals,1 functional materials,2

and catalysts.3 Several methods4 for peptide bond formation
have been developed relying on carboxylic acid surrogates,
including acid halides,5 thioesters,6 acyl hydrazides,7 acyl
ureas,8 esters,9 selenoesters,10 amides,11 thioacids,12 keto
acids,13 acyl trifluoroborates,14 and nitro alkanes.15 Some
innovative approaches using isonitriles,16 azides,17 thioa-
mides,18 hydroxy amines,13 and alkoxyamines13 as amine
surrogates have also been reported. However, these strategies
often involve tedious substrate preparation procedures. Thus,
the dehydrative condensation of carboxylic acids and amines is
one of the most attractive methodologies for peptide bond
construction.19 Although dehydrative condensation using
stoichiometric amounts of condensation reagents20 has been
widely utilized in liquid-phase and solid-phase peptide
synthesis,21 its implementation results in low atom economy
and partial racemization. The catalytic version of direct
dehydrative peptide bond formation provides the means to
overcome such drawbacks.22

In 1996, Yamamoto23 reported a pioneering study of
catalytic dehydrative condensation of carboxylic acids with
amines using electron-deficient arylboronic acids. Subse-
quently, modified aromatic boronic acid catalysts were
developed by Ishihara,24 Whiting,25 Hall,26 and Blanchet.27,28

By contrast, successful examples of boronic acid-catalyzed
peptide bond formation are limited. Although some studies on
boronic acid-catalyzed peptide synthesis using common N-

carbamate-protected α-amino acid derivatives have been
reported, room exists for turnover number improvements.25c,27

The main reason for the observed low catalytic efficiencies may
be boronic acid inhibition resulting from the formation of inert
species by chelating of amino acids as bidentate substrates.29

Hall30 and Ishihara31 independently found that use of
alternative N-protecting groups of α-amino acids, like
phthaloyl,30 azido,30 and trifluoroacetyl31 groups, increased
catalytic efficiencies (Scheme 1a). Over the past three years,
breakthroughs in the development of organoboron catalysts
other than monoboronic acids have been reported, which
afford peptide bond formation using N-carbamate-protected
amino acids as substrates (Scheme 1a). In 2018, Sheppard32

demonstrated that a borate ester derived from trifluoroethanol
is a highly efficient catalyst for the dehydrative amidation of a
range of substrates, including N-carbamate-protected α-amino
acids32a,b and unprotected α-amino acids.32a Around the same
time, Shibasaki and Kumagai et al. reported the catalytic
dehydrative amidation of N-carbamate-protected function-
alized α-amino acids using catalyst 1,3-dioxa-5-aza-2,4,6-
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triborinate (DATB).33 The exceptional power of this catalysis
was demonstrated by application to the syntheses of an
oligopeptide and various dipeptides.34 Most recently, Take-
moto35 designed a gem-diboronic acid (gem-DBA) catalyst for
dehydrative peptide synthesis based on a revised mechanism of
boronic acid-catalyzed amidation via a dimeric anhydride
intermediate with a B−O−B skeleton described by Whiting
and Sheppard.36

We recently disclosed that diboronic acid anhydride
(DBAA) with a preorganized B−O−B motif is an effective
catalyst for the hydroxy-directed dehydrative amidation
carboxylic acids.37,38 Herein, we report the DBAA-catalyzed
dehydrative peptide bond formations of α-amino acids having
a free hydroxy group on the β-position (Scheme 1b). This
hydroxy-directed reaction using low catalyst loading enabled
the direct formation of serine- or threonine-derived dipeptides
with high functional group tolerance, minimum epimerization,
and excellent chemoselectivity.
Initially, we explored the dehydrative coupling of an

equimolar mixture of Cbz-Ser-OH (2a) and H-Gly-OtBu
(3a) in the presence of 2.0 mol % of DBAA 1 in toluene
(Table 1). The reaction proceeded at 90 °C within 4 h without
the need for dehydration protocols, affording the desired
dipeptide Cbz-Ser-Gly-OtBu (4a) in 72% yield with minimum
racemization at the α-position of the carbonyl group (entry 1).
Although no product yield improvements were observed using
C6H5Cl or cyclopentyl methyl ether as solvents (entries 2, 3),
use of 1,2-dichloroethane afforded 4a in 89% yield (entry 4). A
survey of solvent concentrations indicated 0.05 M to be
optimal for product yield and racemization, increasing
dipeptide 4a yield to 95% without loss of optical purity
(entry 5 vs entries 4, 6). To compare the catalytic efficiency,
we examined the reaction using some organoboron catalysts,

showing higher catalytic activity of 1 (entry 5 vs entries 7−
9).39 In this catalytic system, commercially available HCl salts
of amino esters could be used as substrates: the HCl salt of H-
Gly-OtBu (3a·HCl), in the presence of 4 Å molecular sieves,
afforded a product yield (90%) comparable with that of free
amine 3 (entry 5 vs entry 10). This protocol is experimentally
advantageous as it does not require advance free amine. No
peptide bond formation occurred without 1 (entry 11). These
results indicate the suitability of 1 as the catalyst for the
dehydrative coupling of β-hydroxy-α-amino acid.39

With the optimal conditions in hand, we explored the
substrate scope of the catalytic dipeptide synthesis (Scheme 2).
Besides Cbz, Boc and Fmoc could be used as serine N-
protecting groups, affording Boc-Ser-Gly-OBn (4b) and Fmoc-
Ser-Gly-OEt (4c) in 88 and 81% yield, respectively. We then
evaluated the reactivities of a range of α-amino esters. All
reactions involving H-Ala-OtBu (3d), H-Leu-OMe (3e), H-Ile-
OMe (3f), and H-Val-OMe (3g) possessing an alkyl side-chain
at the α-position proceeded smoothly within 24 h with
dipeptides 4d−4j obtained in high to excellent yields (74−
>99%). Notably, all dipeptide bonds were formed without
substantial epimerization (dr 98/2−>99/1). In the case of 4i,
catalyst loading could be reduced to 0.5 mol %, and the turn
over number recorded 142 (71% yield). The present protocol
could be performed in 1.0 mmol scale, affording 4j in 88%
yield without epimerization. Bulky tert-leucine derivative H-
Tle-OMe (3h) could also be used as an α-amino ester
substrate, affording Boc-Ser-Tle-OMe (4k) in excellent yield
(97%) in the presence of 5.0 mol % of 1. In the case of α,α-
disubstituted amino ester-derived dipeptide 4l, the coupling
reaction progressed at elevated temperature in toluene with
high racemization at the carbonyl α-position. By contrast, use
of sarcosine derivative H-Sar-OBn (3j) as secondary amine
substrate afforded dipeptide Boc-Ser-Sar-OBn (4m) in
moderate yield and minimal racemization. Subsequently, we

Scheme 1. Catalytic Peptide Bond Formations Table 1. Optimization of Catalytic Dehydrative Peptide
Bond Formationa

entry catalyst solvent conc (M) yield (%) % eeb

1 DBAA 1 toluene 0.10 72 97
2 DBAA 1 C6H5Cl 0.10 31 98
3 DBAA 1 CPME 0.10 11 96
4 DBAA 1 DCE 0.10 89 99
5 DBAA 1 DCE 0.05 95 >99
6 DBAA 1 DCE 0.20 81 98
7 B(OCH2CF3)3 DCE 0.05 trace nd
8 DATB DCE 0.05 47 98
9 gem-DBA DCE 0.05 9 99
10c DBAA 1 DCE 0.05 90 >99
11d DCE 0.05 trace nd

aThe reactions were carried out in the presence of Cbz-Ser-OH (2a)
(0.10 mmol, 1.0 equiv), H-Gly-OtBu (3a) (0.10 mmol, 1.0 equiv),
and catalyst 1 (2.0 μmol, 2.0 mol %) at 90 °C (bath temp). bEe was
determined by chiral HPLC analysis. cPerformed with HCl salt of H-
Gly-OtBu (3a·HCl) (1.0 equiv) in the presence of 4 Å molecular
sieves (100 mg/0.10 mmol). dIn the absence of catalyst 1. CPME:
cyclopentyl methyl ether; DCE: 1,2-dichloroethane.
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explored the use of functionalized α-amino esters incorporating
heteroatoms as substrates. Reaction of H-Tyr(tBu)-OMe (3k),
whereby a hydroxy group is protected by a tert-butyl group,
gave dipeptides 4n−4p in high yields (79−88%). Moreover,
unprotected H-Tyr-OMe (3l) afforded dipeptide Boc-Ser-Tyr-
OMe (4q) in high yield. Evidence thus indicates that an
unprotected phenolic hydroxy group does not suppress the
present catalysis. Aspartic acid derivative H-Asp(tBu)-OtBu
(3m) gave dipeptide 4r in 97% yield. 1 was also effective for
the dipeptide coupling between serine and asparagine to
produce dipeptide Boc-Ser-Asn-OtBu (4s) with a primary
amide functional group. We then examined the tolerance of the
present protocol for N-functional groups: not only was N-H
free indole tolerated, but so were acid-labile N-tert-
butoxycarbonyl-protected amine, N-2,2,4,6,7-pentamethyl-
dihydrobenzofuran-5-surfonyl-protected guanidine, and N-
trytyl-protected imidazole. H-Trp-OMe (3o), H-Lys(Boc)-
OMe (3p), H-Arg(Pbf)-OMe (3q), and H-His(Trt)-OMe
(3r) afforded dipeptides 4t−4w in acceptable yields (64−
99%). Significantly, stereochemical integrity was almost
completely preserved in most cases (dr 96/4−>99/1). The
reaction between 2b and H-Met-OMe (3s) proceeded
smoothly within 8 h, affording dipeptide Boc-Ser-Met-OMe

(4x) in 81% yield. This result indicates the tolerance of our
DBAA-based catalysis for the Lewis-basic sulfide group. The S-
functionalized α-amino ester H-Cys(Bn)-OMe (3t) produced
Boc-Ser-Cys(Bn)-OMe (4y) in high yield in 1,2-dichloro-
ethane, although the reaction temperature had to be lowered to
80 °C to avoid a noticeable drop in stereochemical integrity.
The wide functional group tolerance of the catalysis was thus
demonstrated.
To expand the scope of this DBAA-catalyzed peptide bond

formation, we investigated threonine derivatives bearing β-
hydroxy-α-amino acid motifs similar to serine. As detailed in
Scheme 3, Boc-Thr-OH (5a), Fmoc-Thr-OH (5b), and Cbz-
Thr-OH (5c) afforded dipeptides 6a−6f in high to excellent
yields (72−98%). No major negative impact was associated
with the steric hindrance of the additional β-methyl substituent
group. Notably, high functional tolerance and no detectable
epimerization were observed in all cases.
To confirm the importance of the β-hydroxy group in the

substrate-directed reaction, we conducted some additional
experiments (Scheme 4).40 First, we performed a catalytic
dipeptide synthesis using β-hydroxyvaline derivative 7 as a
challenging β,β-disubstituted substrate (Scheme 4a). In the
presence of 5.0 mol % of 1, the corresponding dipeptide 8 was

Scheme 2. Substrate Scope for Diboronic Acid Anhydride-Catalyzed Serine-Derived Peptide Bond Formationa

aThe reactions were carried out in the presence of serine derivative 2 (0.10 mmol, 1.0 equiv), amino ester 3 (0.10 mmol, 1.0 equiv), and catalyst 1
(2.0 μmol, 2.0 mol %) in 1,2-dichloroethane (DCE, 0.05 M) under reflux (bath temp, 90 °C). Ee and dr were determined by chiral HPLC analysis.
bPerformed with 5.0 mol % of 1. cPerformed with 0.5 mol % of 1. dPerformed in 1.0 mmol scale. ePerformed with 10 mol % of 1. fPerformed in
toluene (0.05 M) under reflux (bath temp, 110 °C). gPerformed with HCl salt of amino ester 3 (1.0 equiv) in the presence of 4 Å molecular sieves
(100 mg/0.10 mmol). hPerformed at 80 °C (bath temp).
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obtained in 68% yield without any racemization, indicating the
steric tolerance of this coupling reaction.
Next, a dehydrative condensation between serine derivative

2b and aspartic acid derivative H-Asp-OBn (3u) having a free
carboxyl group was performed (Scheme 4b). To facilitate
purification, the free carboxylic functional groups were
converted to methyl esters by treating the crude product
with excess trimethylsilyl diazomethane. After two-step
sequences, the expected dipeptide 4z was obtained in 69%
yield (60% isolated yield) alongside the methyl ester 9 (19%
yield), resulting from the esterification of unreacted aspartic
acid moiety. Analysis of stereochemical integrity of 4z revealed
no epimerization at the carbonyl α-position, indicating the
high chemoselectivity for β-hydroxycarboxylic acid over simple
carboxylic acid of the DBAA-catalyzed dehydrative coupling.
This tendency was confirmed by the results of the competition
experiment involving β-hydroxy-α-amino acid and simple α-
amino acid (Scheme 4c). The reaction of 1.0 equiv each of
Cbz-Ser-OH (2a) and Cbz-Val-OH (10) with H-Gly-OtBu
(3a) afforded dipeptide Cbz-Ser-Gly-OtBu (4a) as sole
product in 88% yield (99% ee). Valine-derived dipeptide 11
was not observed, confirming the extremely high chemo-
selectivity for β-hydroxycarboxylic acid.
We then focused on tripeptide synthesis. Although a higher

catalyst loading of 10 mol % was required, the tripeptide Boc-
Ser-Leu-Val-OEt (13) was obtained in 54% yield via coupling
of 2b with dipeptide H-Leu-Val-OEt (12) as amine substrate
(Scheme 4d). Moreover, dipeptide Fmoc-Leu-Ser-OH (14)
comprising an amide linkage on the nitrogen atom of serine
was utilized to afford the tripeptide Fmoc-Leu-Ser-Val-OEt
(15) in 67% yield (Scheme 4e). Notably, 15 was obtained
without any loss of stereochemical integrity at the α-position of
serine’s carbonyl, despite epimerization often becoming a
problem in dehydrative condensation of peptides.20 These
results suggest that our DBAA-based catalysis might be

applicable to a selective peptide coupling using a N-terminal
peptide fragment having a β-hydroxy-α-amino acid residue at
its C-terminus.
In summary, we demonstrated that DBAA is an effective

catalyst for the hydroxy-directed amidation of β-hydroxy-α-
amino acids with a wide range of α-amino esters. This catalysis
shows high functional group tolerance in peptide bond
formations using serine, threonine, and hydroxyvaline deriva-
tives as α-amino acid substrates, producing di- and tripeptides
in high to excellent yields and minimum epimerization. The
present protocol affords excellent chemoselectivity for α-amino
acids having the β-hydroxycarboxylic acid unit. Further
applications of DBAA-based catalysis are underway in our
laboratories.

Scheme 3. Diboronic Acid Anhydride-Catalyzed Threonine-
Derived Peptide Bond Formationa

aThe reactions were carried out in the presence of threonine
derivative 5 (0.10 mmol, 1.0 equiv), amino ester 3 (0.10 mmol, 1.0
equiv), and catalyst 1 (2.0 μmol, 2.0 mol %) in 1,2-dichloroethane
(DCE, 0.05 M) under reflux (bath temp, 90 °C). Diastereomers were
not detected by 13C NMR analysis.

Scheme 4. Diboronic Acid Anhydride-Catalyzed
Dehydrative Peptide Bond Formationa

aDetermined by 1H NMR analysis of the crude product mixture using
1,1,2,2-tetrachloroethane as internal standard.

Organic Letters pubs.acs.org/OrgLett Letter

https://dx.doi.org/10.1021/acs.orglett.0c03252
Org. Lett. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/10.1021/acs.orglett.0c03252?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c03252?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c03252?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c03252?fig=sch4&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c03252?ref=pdf


■ ASSOCIATED CONTENT
*sı Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.orglett.0c03252.

Experimental procedures, analytical data, supplemental
data, and NMR spectra (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Naoyuki Shimada − Laboratory of Organic Chemistry for Drug
Development and Medical Research Laboratories, Department
of Pharmaceutical Sciences, Kitasato University, Tokyo 108-
8641, Japan; orcid.org/0000-0002-0143-7867;
Email: shimadan@pharm.kitasato-u.ac.jp

Authors

Masayoshi Koshizuka − Laboratory of Organic Chemistry for
Drug Development and Medical Research Laboratories,
Department of Pharmaceutical Sciences, Kitasato University,
Tokyo 108-8641, Japan

Kazuishi Makino − Laboratory of Organic Chemistry for Drug
Development and Medical Research Laboratories, Department
of Pharmaceutical Sciences, Kitasato University, Tokyo 108-
8641, Japan; orcid.org/0000-0001-8518-6593

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.orglett.0c03252

Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This research was partially supported by JSPS KAKENHI
Grant 19K07000 (N.S.) for Scientific Research (C). We thank
Dr. K. Nagai and Ms. N. Sato at Kitasato University for
instrumental analyses.

■ REFERENCES
(1) (a) Constable, D. J. C.; Dunn, P. J.; Hayler, J. D.; Humphrey, G.
R.; Leazer, J. L., Jr.; Linderman, R. J.; Lorenz, K.; Manley, J.;
Pearlman, B. A.; Wells, A.; Zaks, A.; Zhang, T. Y. Key green chemistry
research areasa perspective from pharmaceutical manufacturers.
Green Chem. 2007, 9, 411−420. (b) Henninot, A.; Collins, J. C.; Nuss,
J. M. The Current State of Peptide Drug Discovery: Back to the
Future? J. Med. Chem. 2018, 61, 1382−1414. (c) Lau, J. L.; Dunn, M.
K. Therapeutic peptides: Historical perspectives, current development
trends, and future directions. Bioorg. Med. Chem. 2018, 26, 2700−
2707.
(2) Hamley, I. W. Small Bioactive Peptides for Biomaterials Design
and Therapeutics. Chem. Rev. 2017, 117, 14015−14041.
(3) Davie, E. A. C.; Mennen, S. M.; Xu, Y.; Miller, S. J. Asymmetric
Catalysis Mediated by Synthetic Peptides. Chem. Rev. 2007, 107,
5759−5812.
(4) For selected reviews, see: (a) Pattabiraman, V. R.; Bode, J. W.
Rethinking amide bond synthesis. Nature 2011, 480, 471−479. (b) de
Figueiredo, R. M.; Suppo, J.-S.; Campagne, J.-M. Nonclassical Routes
for Amide Bond Formation. Chem. Rev. 2016, 116, 12029−12122.
(c) Hollanders, K.; Maes, B. U. W.; Ballet, S. A New Wave of Amide
Bond Formations for Peptide Synthesis. Synthesis 2019, 51, 2261−
2277.
(5) (a) Carpino, L. A.; Cohen, B. J.; Stephens, K. E., Jr.; Sadat-
Aalaee, Y.; Tien, J.-H.; Langridge, D. C. ((9-Fluorenylmethyl)oxy)-
carbonyl (Fmoc) Amino Acid Chlorides. Synthesis, Characterization,
and Application to the Rapid Synthesis of Short Peptide Segments. J.

Org. Chem. 1986, 51, 3732−3734. (b) Carpino, L. A.; Beyermann, M.;
Wenschuh, H.; Bienert, M. Peptide Synthesis via Amino Acid Halides.
Acc. Chem. Res. 1996, 29, 268−274.
(6) (a) Dawson, P. E.; Muir, T. W.; Clark-Lewis, I.; Kent, S. B. H.
Synthesis of proteins by native chemical ligation. Science 1994, 266,
776−779. (b) Agouridas, V.; El Mahdi, O.; Diemer, V.; Cargoeẗ, M.;
Monbaliu, J.-C. M.; Melnyk, O. Native chemical ligation and extended
methods: mechanisms, catalysis, scope, and limitations. Chem. Rev.
2019, 119, 7328−7443.
(7) Fang, G.-M.; Li, Y.-M.; Shen, F.; Huang, Y.-C.; Li, J.-B.; Lin, Y.;
Cui, H.-K.; Liu, L. Protein Chemical Synthesis by Ligation of Peptide
Hydrazides. Angew. Chem., Int. Ed. 2011, 50, 7645−7649.
(8) Blanco-Canosa, J. B.; Dawson, P. E. An Efficient Fmoc-SPPS
Approach for the Generation of Thioester Peptide Precursors for Use
in Native Chemical Ligation. Angew. Chem., Int. Ed. 2008, 47, 6851−
6855.
(9) (a) Ohshima, T.; Hayashi, Y.; Agura, K.; Fujii, Y.; Yoshiyama, A.;
Mashima, K. Sodium methoxide: a simple but highly efficient catalyst
for the direct amidation of esters. Chem. Commun. 2012, 48, 5434−
5436. (b) Tsuji, H.; Yamamoto, H. Hydroxy-Directed Amidation of
Carboxylic Acid Esters Using a Tantalum Alkoxide Catalyst. J. Am.
Chem. Soc. 2016, 138, 14218−14221. (c) Muramatsu, W.; Hattori, T.;
Yamamoto, H. Substrate-Directed Lewis-Acid Catalysis for Peptide
Synthesis. J. Am. Chem. Soc. 2019, 141, 12288−12295.
(10) Temperini, A.; Piazzolla, F.; Minuti, L.; Curini, M.; Siciliano, C.
General, Mild, and Metal-Free Synthesis of Phenyl Selenoesters from
Anhydrides and Their Use in Peptide Synthesis. J. Org. Chem. 2017,
82, 4588−4603.
(11) Hollanders, K.; Renders, E.; Gadais, C.; Masullo, D.; Van
Raemdonck, L.; Wybon, C. C. D.; Martin, C.; Herrebout, W. A.;
Maes, B. U. W.; Ballet, S. Zn-Catalyzed Nicotinate-Directed
Transamidations in Peptide Synthesis. ACS Catal. 2020, 10, 4280−
4289.
(12) (a) Crich, D.; Sana, K.; Guo, S. Amino Acid and Peptide
Synthesis and Functionalization by the Reaction of Thioacids with
2,4-Dinitrobenzenesulfonamides. Org. Lett. 2007, 9, 4423−4426.
(b) Crich, D.; Sharma, I. Epimerization-Free Block Synthesis of
Peptides from Thioacids and Amines with the Sanger and Mukaiyama
Reagents. Angew. Chem., Int. Ed. 2009, 48, 2355−2358. (c) Wu, W.;
Zhang, Z.; Liebeskind, L. S. In Situ Carboxyl Activation Using a
Silatropic Switch: A New Approach to Amide and Peptide
Constructions. J. Am. Chem. Soc. 2011, 133, 14256−14259.
(d) Mali, S. M.; Jadhav, S. V.; Gopi, H. N. Copper(II) mediated
facile and ultra fast peptide synthesis in methanol. Chem. Commun.
2012, 48, 7085−7087. (e) Chen, W.; Shao, J.; Hu, M.; Yu, W.;
Giulianotti, M. A.; Houghten, R. A.; Yu, Y. A traceless approach to
amide and peptide construction from thioacids and dithiocarbamate-
terminal amines. Chem. Sci. 2013, 4, 970−976.
(13) (a) Bode, J. W.; Fox, R. M.; Baucom, K. D. Chemoselective
Amide Ligations by Decarboxylative Condensations of N-Alkylhy-
droxylamines and α-Ketoacids. Angew. Chem., Int. Ed. 2006, 45,
1248−1252. (b) Bode, J. W. Chemical Protein Synthesis with the α-
Ketoacid−Hydroxylamine Ligation. Acc. Chem. Res. 2017, 50, 2104−
2115. (c) Baldauf, S.; Schauenburg, D.; Bode, J. W. A Threonine-
Forming Oxazetidine Amino Acid for the Chemical Synthesis of
Proteins through KAHA Ligation. Angew. Chem., Int. Ed. 2019, 58,
12599−12603.
(14) Taguchi, J.; Ikeda, T.; Takahashi, R.; Sasaki, I.; Ogasawara, Y.;
Dairi, T.; Kato, N.; Yamamoto, Y.; Bode, J. W.; Ito, H. Synthesis of
Acylborons by Ozonolysis of Alkenylboronates: Preparation of an
Enantioenriched Amino Acid Acylboronate. Angew. Chem., Int. Ed.
2017, 56, 13847−13851.
(15) (a) Shen, B.; Makley, D. M.; Johnston, J. N. Umpolung
reactivity in amide and peptide synthesis. Nature 2010, 465, 1027−
1032. (b) Li, J.; Lear, M. J.; Kawamoto, Y.; Umemiya, S.; Wong, A. R.;
Kwon, E.; Sato, I.; Hayashi, Y. Oxidative Amidation of Nitroalkanes
with Amine Nucleophiles using Molecular Oxygen and Iodine. Angew.
Chem., Int. Ed. 2015, 54, 12986−12990.

Organic Letters pubs.acs.org/OrgLett Letter

https://dx.doi.org/10.1021/acs.orglett.0c03252
Org. Lett. XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/10.1021/acs.orglett.0c03252?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.0c03252/suppl_file/ol0c03252_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Naoyuki+Shimada"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-0143-7867
mailto:shimadan@pharm.kitasato-u.ac.jp
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Masayoshi+Koshizuka"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kazuishi+Makino"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-8518-6593
https://pubs.acs.org/doi/10.1021/acs.orglett.0c03252?ref=pdf
https://dx.doi.org/10.1039/B703488C
https://dx.doi.org/10.1039/B703488C
https://dx.doi.org/10.1021/acs.jmedchem.7b00318
https://dx.doi.org/10.1021/acs.jmedchem.7b00318
https://dx.doi.org/10.1016/j.bmc.2017.06.052
https://dx.doi.org/10.1016/j.bmc.2017.06.052
https://dx.doi.org/10.1021/acs.chemrev.7b00522
https://dx.doi.org/10.1021/acs.chemrev.7b00522
https://dx.doi.org/10.1021/cr068377w
https://dx.doi.org/10.1021/cr068377w
https://dx.doi.org/10.1038/nature10702
https://dx.doi.org/10.1021/acs.chemrev.6b00237
https://dx.doi.org/10.1021/acs.chemrev.6b00237
https://dx.doi.org/10.1055/s-0037-1611773
https://dx.doi.org/10.1055/s-0037-1611773
https://dx.doi.org/10.1021/jo00369a042
https://dx.doi.org/10.1021/jo00369a042
https://dx.doi.org/10.1021/jo00369a042
https://dx.doi.org/10.1021/ar950023w
https://dx.doi.org/10.1126/science.7973629
https://dx.doi.org/10.1021/acs.chemrev.8b00712
https://dx.doi.org/10.1021/acs.chemrev.8b00712
https://dx.doi.org/10.1002/anie.201100996
https://dx.doi.org/10.1002/anie.201100996
https://dx.doi.org/10.1002/anie.200705471
https://dx.doi.org/10.1002/anie.200705471
https://dx.doi.org/10.1002/anie.200705471
https://dx.doi.org/10.1039/c2cc32153j
https://dx.doi.org/10.1039/c2cc32153j
https://dx.doi.org/10.1021/jacs.6b09482
https://dx.doi.org/10.1021/jacs.6b09482
https://dx.doi.org/10.1021/jacs.9b03850
https://dx.doi.org/10.1021/jacs.9b03850
https://dx.doi.org/10.1021/acs.joc.7b00173
https://dx.doi.org/10.1021/acs.joc.7b00173
https://dx.doi.org/10.1021/acscatal.9b05074
https://dx.doi.org/10.1021/acscatal.9b05074
https://dx.doi.org/10.1021/ol701583t
https://dx.doi.org/10.1021/ol701583t
https://dx.doi.org/10.1021/ol701583t
https://dx.doi.org/10.1002/anie.200805782
https://dx.doi.org/10.1002/anie.200805782
https://dx.doi.org/10.1002/anie.200805782
https://dx.doi.org/10.1021/ja2065158
https://dx.doi.org/10.1021/ja2065158
https://dx.doi.org/10.1021/ja2065158
https://dx.doi.org/10.1039/c2cc32581k
https://dx.doi.org/10.1039/c2cc32581k
https://dx.doi.org/10.1039/C2SC21317F
https://dx.doi.org/10.1039/C2SC21317F
https://dx.doi.org/10.1039/C2SC21317F
https://dx.doi.org/10.1002/anie.200503991
https://dx.doi.org/10.1002/anie.200503991
https://dx.doi.org/10.1002/anie.200503991
https://dx.doi.org/10.1021/acs.accounts.7b00277
https://dx.doi.org/10.1021/acs.accounts.7b00277
https://dx.doi.org/10.1002/anie.201906486
https://dx.doi.org/10.1002/anie.201906486
https://dx.doi.org/10.1002/anie.201906486
https://dx.doi.org/10.1002/anie.201707933
https://dx.doi.org/10.1002/anie.201707933
https://dx.doi.org/10.1002/anie.201707933
https://dx.doi.org/10.1038/nature09125
https://dx.doi.org/10.1038/nature09125
https://dx.doi.org/10.1002/anie.201505192
https://dx.doi.org/10.1002/anie.201505192
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c03252?ref=pdf


(16) Li, X.; Yuan, Y.; Kan, C.; Danishefsky, S. J. Addressing
Mechanistic Issues in the Coupling of Isonitriles and Carboxylic
Acids: Potential Routes to Peptidic Constructs. J. Am. Chem. Soc.
2008, 130, 13225−13227.
(17) (a) Kosal, A. D.; Wilson, E. E.; Ashfeld, B. L. Direct Acyl
Substitution of Carboxylic Acids: A Chemoselective O- to N-Acyl
Migration in the Traceless Staudinger Ligation. Chem. - Eur. J. 2012,
18, 14444−14453. (b) Kosal, A. D.; Wilson, E. E.; Ashfeld, B. L.
Phosphine-Based Redox Catalysis in the Direct Traceless Staudinger
Ligation of Carboxylic Acids and Azides. Angew. Chem., Int. Ed. 2012,
51, 12036−12040.
(18) Pourvali, A.; Cochrane, J. R.; Hutton, C. A. A new method for
peptide synthesis in the N→C direction: amide assembly through
silver-promoted reaction of thioamides. Chem. Commun. 2014, 50,
15963−15966.
(19) (a) El-Faham, A.; Albericio, F. Peptide Coupling Reagents,
More than a Letter Soup. Chem. Rev. 2011, 111, 6557−6602.
(b) Dunetz, J. R.; Magano, J.; Weisenburger, G. A. Large-Scale
Applications of Amide Coupling Reagents for the Synthesis of
Pharmaceuticals. Org. Process Res. Dev. 2016, 20, 140−177.
(20) For selected recent examples, see: Zhang, C.; Liu, S.-S.; Sun, B.;
Tian, J. Practical Peptide Synthesis Mediated by a Recyclable
Hypervalent Iodine Reagent and Tris(4-methoxyphenyl)phosphine.
Org. Lett. 2015, 17, 4106−4109. (b) Lanigan, R. M.; Karaluka, V.;
Sabatini, M. T.; Starkov, P.; Badland, M.; Boulton, L.; Sheppard, T. D.
Direct amidation of unprotected amino acids using B(OCH2CF3)3.
Chem. Commun. 2016, 52, 8846−8849. (c) Aspin, S. J.; Taillemaud,
S.; Cyr, P.; Charette, A. B. 9-Silafluorenyl Dichlorides as Chemically
Ligating Coupling Agents and Their Application in Peptide Synthesis.
Angew. Chem., Int. Ed. 2016, 55, 13833−13837. (d) Krause, T.;
Baader, S.; Erb, B.; Gooßen, L. J. Atom-economic catalytic amide
synthesis from amines and carboxylic acids activated in situ with
acetylenes. Nat. Commun. 2016, 7, 11732−11738. (e) Hu, L.; Xu, S.;
Zhao, Z.; Yang, Y.; Peng, Z.; Yang, M.; Wang, C.; Zhao, J. Ynamides
as Racemization-Free Coupling Reagents for Amide and Peptide
Synthesis. J. Am. Chem. Soc. 2016, 138, 13135−13138. (f) Sayes, M.;
Charette, A. B. Diphenylsilane as a coupling reagent for amide bond
formation. Green Chem. 2017, 19, 5060−5064. (g) Morisset, E.;
Chardon, A.; Rouden, J.; Blanchet, J. Phenysilane and Silicon
Tetraacetate: Versatile Promotors for Amide Synthesis. Eur. J. Org.
Chem. 2020, 2020, 388−392.
(21) (a) Kent, S. B. H. Chemical Synthesis of Peptides and Proteins.
Annu. Rev. Biochem. 1988, 57, 957−989. (b) Behrendt, R.; White, P.;
Offer, J. Advances in Fmoc solid-phase peptide synthesis. J. Pept. Sci.
2016, 22, 4−27.
(22) Yamamoto and Muramatsu reported the elegant catalytic
methodologies for peptide bond formations via amino acid silyl ester,
see: (a) Muramatsu, W.; Yamamoto, H. Tantalum-Catalyzed
Amidation of Amino Acid Homologues. J. Am. Chem. Soc. 2019,
141, 18926−18931. (b) Muramatsu, W.; Manthena, C.; Nakashima,
E.; Yamamoto, H. Peptide Bond-Forming Reaction via Amino Acid
Silyl Esters: New Catalytic Reactivity of an Aminosilane. ACS Catal.
2020, 10, 9594−9603.
(23) (a) Ishihara, K.; Ohara, S.; Yamamoto, H. 3,4,5-Trifluor-
obenzeneboronic Acid as an Extremely Active Amidation Catalyst. J.
Org. Chem. 1996, 61, 4196−4197.
(24) Maki, T.; Ishihara, K.; Yamamoto, H. N-Alkyl-4-boronopyr-
idinium Salts as Thermally Stable and Reusable Amide Condensation
Catalysts. Org. Lett. 2005, 7, 5043−5046. (b) Ishihara, K.; Lu, Y.
Boronic acid−DMAPO cooperative catalysis for dehydrative con-
densation between carboxylic acids and amines. Chem. Sci. 2016, 7,
1276−1280.
(25) (a) Arnold, K.; Batsanov, A. S.; Davies, B.; Whiting, A.
Synthesis, evaluation and application of novel bifunctional N,N-di-
isopropylbenzylamineboronic acid catalysts for direct amide for-
mation between carboxylic acids and amines. Green Chem. 2008, 10,
124−134. (b) Arnold, K.; Davies, B.; Heŕault, D.; Whiting, A.
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