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Cost reductions and environmental friendliness have been strongly
desired in amide synthesis. In this study, carboxylic acid was con-
verted to a twisted amide using inexpensive tosyl isocyanate and
bromoacetate. The twisted amide was then reacted with an amine
to give the desired amide and commercially valuable tosylglycine
esters. Epimerization-suppressed amidation, application to peptide
synthesis, column chromatography-free amide synthesis, and
solid-phase amide synthesis were established. Moreover, the
effective use of the co-product tosylglycine ester was demon-
strated by sustainable peptoid synthesis. The established method
can become a practical amidation approach that solves the cost
and sustainability issues in amide synthesis.

Introduction

Amides are important structural motifs in small molecule
pharmaceuticals and chemical products, and form the main
chains of peptides and synthetic polymers such as nylon.
Therefore, amidation is in high demand industrially. In recent
years, cost reductions and environmental friendliness have
been a focus for large-scale amidation.” In fact, “amide bond
formation avoiding poor atom economy reagents” was identi-
fied as the top challenge by the American Chemical Society
Green Chemistry Institute Pharmaceutical Roundtable (ACS
GCIPR) in 2007.%

Catalysis is an important technology for achieving cost
reduction and environmental friendliness in industrial syn-
thesis.®> However, while many catalytic amidation reactions
have been reported in the past decade,” they are not optimal in
terms of synthetic efficiency, cost, or sustainability. One of the
major obstacles in catalytic amidation is that the catalysts typi-
cally have more complex structures and are more difficult to
synthesize than the target amide, which makes the amidation
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unprofitable. Furthermore, if the catalyst is synthesized by
multi-step non-catalytic reactions, then the amidation is not
truly sustainable.

To solve this issue, we established a concept for non-cata-
Iytic but low-cost and highly sustainable amide bond for-
mation (Scheme 1a). To achieve ideal amidation without side
reactions, the amidation reaction rate must be faster than any
side reactions.” The main focus of recently developed coupling
reagents/catalysts is to promote amidation over side reactions
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Scheme 1 (a) Concept of our research. (b) Twisted amide-mediated
amidations. ? Determined by NMR.
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(Scheme 1a).® By contrast, our concept uses a moderately reac-
tive intermediate to reduce the rates of side reactions more
than that of amidation (Scheme 1b).” The amidation of 3 with
amine 4 yields stereochemically pure amide 5 without any
additional reagent/additive. Although the reaction rate of ami-
dation via 3 is slower than that of amidation via conventional
coupling reagents, an advantage of using a moderately reactive
intermediate is that excess 3 can be recovered and reused after
the amidation. The moderate stability of the intermediate also
allows for all reactions to be performed under air, which is an
important factor for low-cost organic synthesis. If the catalyst/
reagent is unstable in the presence of air and/or moisture, it
will require special handling, which will increase the cost.

Alkylated acyl sulfonamides such as 3 are recognized as
acyclic twisted amides,® and we have continued our research
using these acyclic twisted amides.’ Recently, we found that 8
had comparable reactivity to 3 for amidation and was advan-
tageous in terms of cost and sustainability (Scheme 1c). This
crutial modification solved a significant problem in the amida-
tion reaction, the details of which are reported in this
manuscript.

Results and discussion

Amidation via 3 is very effective for isomerization-suppressed
peptide synthesis compared with the conventional method but
yields 1 eq. of 6 as a co-product (see Scheme S1 in the SI for
details). We have not found an effective use for 6 and it is con-
sidered a waste of the amidation. We anticipated that if 7 was
used instead of 2 to activate sulfonamide 1, the twisted amide
8 would be obtained and the co-product in the amidation of 8
would be the protected a-amino acid 9. As previously reported,
acyl sulfonamide 1 was readily prepared from the corres-
ponding carboxylic acid by the action of tosyl isocyanate, and
twisted amide 8 was obtained by alkylation of 1 with ethyl bro-
moacetate (7). Tosyl isocyanate is produced industrially and
used as a stabilizer in paints and adhesives, while bromoace-
tates are ubiquitous reagents used in industrial organic syn-
thesis, and both of these reagents are very inexpensive
(Scheme S2). Although pentafluorobenzyl bromide (2) is not
expensive, bromoacetates are less expensive. Furthermore, pro-
tected a-amino acid 9, which is generated as a co-product of
amide 5, is a valuable compound that is used commercially as
a material to produce peptides and secondary amines.'® This
means that the co-product in the amidation will not be classed
as waste.

As proof of our hypothesis, twisted amide 8 was synthesized
from 1 using 7 (Scheme 1c). Our preliminary experiments on
amidation with 8 showed that 5 was obtained in good yield
with stereochemical purity, and 9 was isolated as a co-product
as expected. Excess twisted amides could be recovered for
reuse (Scheme S3).

Encouraged by the results, we then examined this low-cost
and sustainable amidation in detail. Initially, the ability for
isomerization suppression was tested using ethyl ester 8 and
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t-butyl ester 14 (Scheme 2). In these amidations, an excess of
10 (2 eq.) 8/14 was used, which meant that
Ca-epimerization was problematic (Scheme 2b) because the
final concentration of 8/14 reached zero. This has been dis-
cussed in our previous studies on inverse peptide synthesis.””
Under these conditions, N-capped by-products'" would also be
generated from excess 10 when using a conventional coupling
reagent such as HBTU."?

The results of the amidation are summarized in Scheme 2c
and the details are shown in Scheme S4. As expected, no epi-
merized peptide was generated, and the reaction rates were
not significantly different between ethyl ester and ¢-butyl ester.
Because the mechanism of isomerization suppression was
assumed to be similar to that of 3, we performed the same
NMR experiments (Scheme 2d). The results suggested there
was an intramolecular hydrogen bond that prevented cycliza-
tion to azlactone'® (Scheme 2e) like with 3.

over
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Scheme 2 Investigation of the new amidation reaction. ? Determined

by HPLC.
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Next, the scope and limitations of the amidation were inves-
tigated (Scheme 3). Because the demand for low-cost amida-
tion is not limited to peptide synthesis, non-peptidic com-
pounds were first synthesized (Scheme 3a). Amidation of 20
with the sterically less hindered amine 21 gave 22 and 15
within 90 min at 50 °C. Additionally, N-methyl amide 24 was
obtained by the reaction of 20 and 23 without any additional
reagents/additives. While no significant differences in reactiv-
ity were observed in the synthesis of simple amides, acetate
derivatives were less reactive than pentafluorobenzyl deriva-
tives in the synthesis of complex peptides. Recently, we
reported using pentafluorobenzyl derivatives for isomerization-
suppressed peptide fragment couplings.”’ The amidation of
tetrapeptide 25a with tripeptide 27 gave heptapeptide 28 in
75% yield, whereas 28 was obtained in only 44% yield from
25b with a reaction time of over 2.5 days (Scheme 3b).
Although acetate derivatives are cost effective for the synthesis
of simple amides, pentafluorobenzyl derivatives are still useful
for the synthesis of complex peptides (see also Scheme S7).

Intermolecular reactions can be accelerated by excess build-
ing blocks, while intramolecular amidations cannot be per-
formed with excess reactants. Next, the efficiency of the
present method in the amidation using equimolar amounts of
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Scheme 3 Investigation of the reactivity of amidation reactions.
@ Reaction conditions: 25a (2 eq.), 27 (1 eq.), 'ProNEt (2 eq.), DMF (0.2 M),
39 h. P Reaction conditions: 25b (2 eq.), 27 (1 eq.), 'ProNEt (2 eq.), DMF
(0.2 M), 62 h.
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twisted amides and amines was demonstrated by several intra-
molecular amidations (Schemes 4, 5, and S6).

The applicability of the present method in the synthesis of
a complex medium-sized cyclic peptide was showcased in the
synthesis of tyrocidine A (30, Scheme 4).'* This total synthesis
also confirmed the functional group tolerance of the amida-
tion in peptide synthesis. The established method can be
applied to the synthesis of complex peptides with various pro-
tected side chains.

Total synthesis of an antimicrobial cyclic peptide acyl-suru-
gamide A (32)"° from 28 was also demonstrated (Scheme 5).
Linear octapeptide 31 could be readily obtained from 28 by
inverse peptide synthesis in our previous work. First, the
C-terminus of 31 was activated with inexpensive ethyl bromoa-
cetate (7).

Second, the N-terminal Boc group was removed by TFA, and
the resulting TFA salt was dissolved in DMF with a base to
provide stereochemically pure 32. A highly isomerizable cyclic
peptide 32 7% could be synthesized without the use of high-cost
coupling reagents such as HATU.'® Isomerization suppression
by the intramolecular hydrogen bond (vide supra, Scheme 2e)
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o0 0 0
(o] om TrtHN ’Gln ‘

i
Tyr ‘ O'Bu 29
2. TFA/'Pr3SiH/H,0
93% (2 steps)
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Scheme 4 Total synthesis of tyrocidine A (30).
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| acyl-surugamide A (32)

Scheme 5 Total synthesis of acyl-surugamide A (32).

is expected to be effective under high dilution conditions,
making the present method a useful tool for the synthesis of
macrolactams.

Another major between pentafluorobenzyl
derivatives and acetate derivatives is the structural diversity
and reactivity (Scheme 6a). The structural diversity/reactivity of
acetate derivatives in their ester moiety makes purification
easier. Initially, solution-phase amidation without column
chromatography was demonstrated (Scheme 6b). Carboxylic
acid 33 was treated with TsNCO to give 34, which was then
alkylated by 35 in the presence of i-Pr,NEt to afford 20. Excess
35 and i-Pr,NEt were removed in vacuo, and then 20 was
reacted with 21 to generate 22 and co-product 15. After
removal of excess 21 by acidic aqueous work-up, the mixture of
22 and 15 was treated with TFA. The resulting 22 and 36 could
be easily separated by basic aqueous work-up, and 22 and 36
could be obtained from 33 without chromatographic
purification.

Because no significant differences in reactivity were
observed among the different ester structures (vide supra,
Scheme 2c), we then examined the solid-phase amidation
using resin-bound glycolate 39 (Scheme 6¢). The advantages of
this method compared with the conventional on-resin amida-
tion'” are summarized in Scheme S8. In the on-resin amide
synthesis using relatively inexpensive resins such as Merrifield
resin,'® harsh conditions are often required to cleave the
amide from the resins."® By contrast, our method does not
require a cleavage reaction because the amidation releases the
amide into the solution. In addition to resins used for general
peptide synthesis, several specialized resins such as resin-
bound HOBt*® have been reported (Scheme S8c), but they are
expensive compared with the amidation in the present study.

difference
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Scheme 6 Column chromatography-free amidation. All yields are iso-
lated yields after recrystallization.

Furthermore, amidation via these resins requires the activation
of carboxylic acids with coupling reagents, and the excess car-
boxylic acid and coupling reagents cannot be recovered and
reused, resulting in a large variety and volume of waste. The
solid-phase synthesis commenced with the loading of glycolic
acid onto Merrifield resin (38) with Cs,CO3/KI to furnish 39.
Sulfonamide 34 was then loaded onto the resin by an on-resin
Mitsunobu reaction®' to afford 40. The resin-bound twisted
amide 40 was then treated with 21, releasing amide 22 into the
solution. Excess 21 was removed by acidic aqueous work-up to
obtain 22 without the need for chromatographic purification.
The effective use of the co-product tosylglycine esters 9/15
in the amidations was also demonstrated in this study
(Scheme 7). The tosyl group is used as a protecting group for
amines and functions to increase the acidity of the tosylamide
and promote N-alkylation. Therefore, tosylglycine esters are
widely used as starting materials for the synthesis of various
secondary amines. In this study, 15 was readily alkylated by 41
to give 42. Subsequently, 42 was treated with magnesium in
MeOH,*” realizing simultaneous cleavage of the tosyl group
and transesterification to deliver secondary amine 43.
Amidation between 43 and 44 gave both the di-N-alkyl glycine

This journal is © The Royal Society of Chemistry 2026
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Scheme 7 Sustainable peptoid synthesis.

(dipeptoid)* 45 and the starting material 15 as a co-product.
C-terminal deprotection of 45 by LiOH afforded acid 46, which
was then transformed into twisted amide 47 via a one-pot acti-
vation reaction. Amidation between 47 and 50 delivered tripep-
toid 51 and co-product 9. Alkylation of the co-product 9 with
48 followed by treatment with magnesium in MeOH regener-
ated the starting material 50. Low-cost and highly sustainable
peptoid synthesis was realized by our twisted amide-mediated
amidation.

Experimental

NMR spectra of new compounds, HPLC charts, and detailed
synthetic procedures are provided in the supplementary infor-
mation (SI).

Conclusions

In summary, a robust and practical method for low-cost and
sustainable amide bond formation was established. Carboxylic
acid was converted to a twisted amide using tosyl isocyanate
and bromoacetate. The resulting twisted amide was then
reacted with an amine to give the corresponding amide along

This journal is © The Royal Society of Chemistry 2026

View Article Online

Communication

with the valuable co-product tosylglycine ester. Excess twisted
amide was recovered and reused after the amidation.
Epimerization-suppressed amidation, application to medium-
sized cyclic peptide synthesis, column chromatography-free
amide synthesis, and solid-phase amide synthesis were estab-
lished. Furthermore, the effective use of the co-product tosyl-
glycine ester was demonstrated.

The amidation was performed under air, and all the
reagents used in this study are inexpensive and readily avail-
able. Therefore, the developed method can immediately
become a practical amidation strategy that can solve the cost
and sustainability issues in amide synthesis.
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