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TEMPO-promoted thioacid–amine coupling for
peptide synthesis

Surya Pratap Singh,† Upasana Chatterjee,† Daniel T. Glatzhofer and
Indrajeet Sharma *

We report a mild and epimerization-free strategy for peptide bond formation based on a TEMPO-

promoted oxidative coupling of thiocarboxylic acids with amines. In this protocol, thiocarboxylic acids

are selectively oxidized in situ to the corresponding diacyl disulfides, which subsequently undergo

efficient aminolysis to furnish di- and tripeptides in good yields. The reaction proceeds under

operationally simple conditions, tolerates partial aqueous media, and avoids the use of conventional

coupling reagents. A broad range of amino acid substrates is compatible, including those bearing

sensitive functional groups such as thioethers, secondary amines, and indole moieties. Notably, no

detectable epimerization at the a-stereocenter is observed, highlighting the advantage of this redox-

driven approach over traditional peptide coupling methods. Mechanistic investigations combining

UV-visible spectroscopy, electronic substituent effect analysis, ESI-MS analysis, and density functional

theory (DFT) calculations support a TEMPO-promoted oxidation pathway leading to reactive diacyl

disulfide intermediates. Overall, this work expands the synthetic utility of TEMPO-based redox chemistry

and provides a practical, chemoselective, and stereochemically robust platform for peptide bond

assembly under mild conditions.

Introduction

Amide bond formation is a cornerstone transformation in
organic chemistry, attracting sustained attention due to the
pervasive presence of this linkage in pharmaceuticals, biologi-
cal systems, and natural products.1 In recent years, consider-
able efforts have been devoted to developing alternatives to
conventional coupling-reagent-based methods, driven by the
need to improve atom economy, enhance selectivity, and
achieve greater operational robustness while minimizing waste
and sensitivity to moisture.2 In this context, diacyl disulfides
have emerged as an efficient class of acyl-transfer reagents,
conceptually aligned with the high acyl-transfer potential char-
acteristic of biological thioester systems such as acetyl-CoA.3–5

The use of diacyl disulfides for amide and peptide bond
formation was first introduced by Wieland and co-workers in
the early 1950s, who demonstrated that oxidative dimerization
of thiocarboxylic acids generates reactive diacyl disulfides cap-
able of undergoing aminolysis under mild conditions.6–8

Since these seminal studies, a variety of oxidative strategies
have been developed for the in situ generation of diacyl

disulfides from their parent thioacids. In 2014, Gopi and co-
workers reported an iodine-mediated oxidation followed by
aminolysis for peptide synthesis.9 Subsequently, Liu et al.10

and the Ramón group11 disclosed photoactivated Ru(bpy)3Cl2-
mediated oxidation of potassium thioacetate and thiocar-
boxylic acids, respectively, to access diacyl disulfide intermedi-
ates (Scheme 1a). Complementary photocatalytic approaches
CdS nanoparticles (CdSNPs)12 and Mes-Acr-MeBF4

13 has also
been reported for disulfide formation from thioacids. In addi-
tion, Guan and co-workers described an electrochemical oxida-
tion of thiocarboxylic acids to diacyl disulfides.3 More recently,
the Kanai group reported aerobic oxidation of amino thioacids
to diacyl disulfides, which were further transformed into
pyridone-based acyl-transfer intermediates via N-hydroxy pyr-
idone activation.4 Collectively, these elegant strategies have
significantly advanced oxidative access to diacyl disulfides as
acyl-transfer species; however, their applications have largely
remained limited to simple amide bond formation,3,10–13 with
only restricted generality for the synthesis of structurally
diverse and sequence-defined peptides.4,9

In this study, we report a TEMPO-mediated in situ oxidation
of amino thiocarboxylic acids to diacyl disulfides, which sub-
sequently undergo aminolysis to afford peptides (Scheme 1b).
TEMPO is well established as a mild and versatile oxidant
for the conversion of primary and secondary alcohols to alde-
hydes and ketones under both Lewis and Brønsted acidic
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conditions.14–33 Recent studies have further demonstrated that
TEMPO-derived oxoammonium species can interact with
thiols, enabling thiol–disulfide exchange processes.34,35 Moti-
vated by these precedents, we hypothesized that TEMPO could
directly couple thioacids and amines through transient disul-
fide formation, thereby enabling epimerization-free amide and
peptide bond formation under mild, redox-neutral conditions.

Results and discussion
Optimization of reaction conditions

We initiated our studies using L-alanine methyl ester hydro-
chloride (1a) as a model amine and Z-L-Ala-SH (2a) as a model
thioacid (Table 1). To neutralize the amine hydrochloride salt,
we employed K2CO3 as a base and screened TEMPO as an
oxidant to oxidize thioacids to diacyl disulfide in acetonitrile.

The reaction proceeded efficiently, delivering the desired
peptide (3) in good yield within 6 hours (entry 1). Next, we
evaluated DDQ as an alternative oxidant, which did lead to
product formation, albeit in significantly lower yield (entry 2).
Following this, the screening of molecular oxygen (O2, entry 3)
was observed to deliver the desired peptide 3, inefficiently,
confirming TEMPO as the best oxidant. We also tested diiso-
propylethylamine (DIPEA) as an organic base (Table S1 in SI),
which yielded a good result, although K2CO3 remained superior
in terms of efficiency and reproducibility. Having optimized the
oxidant and base, we turned our attention to solvents. In
pursuit of greener and industrially viable conditions, we
screened methanol (entry 4) and ethanol (entry 5), both of
which afforded the product in good yields. However, when we
tested tetrahydrofuran (THF), a coordinating and basic solvent
(entry 6), and toluene, an aromatic solvent (entry 7), we
observed only trace amounts of product, indicating incompat-
ibility. Since biological peptide construction typically occurs in

aqueous media, we also explored aqueous solvent systems
(entries 8 and 9). Acetonitrile containing up to 30% water
supported product formation in reasonable yields, but increas-
ing the water content to 40% and 50% drastically reduced the
yield to trace levels (Table S1 in SI). To further improve
productivity, we increased the loading of thioacid to 1.5 equiva-
lents (entry 10), and a significant yield improvement was
observed. In the end, we performed the coupling without
oxidant, which results in the poor efficiency (entry 11), further
probing the essential role of TEMPO. Notably, this reaction
outcome could be explained by the formation of diacyl disulfide
by the oxidation of thioacid via oxygen present in the reaction
solvent, as described by Kanai.4 Furthermore, we performed the
reaction under degassed conditions (entry 12), and we did not
observe any significant peptide coupling. In summary, the
optimized conditions involve using TEMPO as the oxidant,
K2CO3 as the base, CH3CN as the solvent, and 1.0–1.5 equiva-
lents of the thioacid; keeping thioacid accessibility, equimolar
amounts were preferred for scope exploration.

Substrate scope studies

With the optimized conditions in hand, the scope of the
reaction was evaluated using a variety of amino thiocarboxylic
acids and amino acid methyl esters (Scheme 2). Coupling of
thioacid 2a with glycine and D-alanine methyl esters proceeded
smoothly, affording the corresponding dipeptides 4 and 5 in
high yields. Secondary amino acids were also compatible, as
demonstrated by the efficient coupling of 2a with L-proline to
furnish dipeptide 6. Reaction with L-methionine methyl ester
likewise proceeded efficiently, highlighting the functional-
group tolerance of the protocol (7). Variation of the thioacid

Scheme 1 Synthetic methods to access diacyl disulfide. (a) Previous
work: access to diacyl disulfide from thioacids; (b) our work: TEMPO-
mediated peptide bond formation.

Table 1 Optimization of reaction conditionsa

Entry Additive Solvent Time 3, yield %b

1 TEMPO CH3CN 6 h 65(60)c

2 DDQ CH3CN 6 h 50
3 O2 (15 psi) CH3CN 24 h 19
4 TEMPO MeOH 24 h 55
5 TEMPO EtOH 24 h 50
6 TEMPO THF 24 h o10
7 TEMPO Toluene 24 h o10
8 TEMPO CH3CN : H2O (9 : 1) 8 h 50
9 TEMPO CH3CN : H2O (8 : 2) 9 h 43
10d TEMPO CH3CN 6 h 80
11 — CH3CN 24 h 19
12e — CH3CN 24 h o5

a All reactions until specified were conducted with amine 1 (0.1 mmol,
1.0 equiv.), thioacid 2 (1.0 equiv.), additive (1.0 equiv.), and solvent
(1.0 mL, 0.1 M). b Yields were calculated by analyzing 1H-NMR of
crude sample with 1,3,5-trimethoxybenzene as an internal standard.
c Isolated yield. d 1.5 equiv. thioacid was added. e Reaction mixture was
degassed by using the freeze–pump–thaw method.Note: The mentioned
reaction time was noted upon complete consumption of thiocarboxylic
acid 2a.
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component was well tolerated: L-proline-derived thioacid
coupled readily with L-alanine methyl ester to afford dipeptide
8. Optimal yields were obtained using 1.5 equiv. of the thioacid,
consistent with enhanced formation of the reactive diacyl
disulfide intermediate; however, subsequent scope studies
were conducted with equimolar amounts to improve atom
economy. To assess the influence of stereochemistry and
side-chain steric and electronic effects, L-phenylalanine, L-
tryptophan, L-leucine, and D-leucine methyl esters were exam-
ined, all delivering dipeptides 9–12 in consistently high yields.
L-Aspartic acid was also compatible under the reaction condi-
tions, affording dipeptide 13 efficiently. In addition, thioacids
derived from D-alanine and L-phenylalanine were synthesized
and coupled with a representative amine partner to give dipep-
tides 14 and 15 in excellent yields. The practicality of the
method was further demonstrated by a gram-scale synthesis

of dipeptide 3, which proceeded without erosion in yield. The
utility of this protocol was further extended to tripeptide
synthesis. Using commercially available H-L-Ala-L-Ala-OMe as
the dipeptide amine, coupling with L-alanine (2a), D-alanine
(2b), and L-phenylalanine (2c) thioacids furnished tripeptides
16–18 in good yields. Furthermore, we turned our attention to
aryl thiocarboxylic acids bearing different functional groups at
the para position. The electron-donating group (–OMe) was
observed to produce the coupled product 19 in high yields. The
coupling outcome with an electronically neutral (–H) substitu-
ent works equally efficiently and produces 20 in high yields. In
case of electron-withdrawing substituents (–Br, –CF3, and
–NO2), the efficiency was observed to decrease as the electron-
withdrawing capability increases. More specifically, bromo
produced 21 in high yield, while trifluoromethyl and nitro
produced reduced yields of the desired coupling products 22
and 23. Overall, this method provides an efficient and general
approach to di- and tripeptide synthesis, displaying broad
compatibility with diverse side chains, stereochemical config-
urations, both primary and secondary amines, and electroni-
cally distinct substituents.

Epimerization analyses

Traditional peptide coupling strategies often suffer from
epimerization,36 leading to loss of stereochemical integrity in
the desired oligopeptides.37,38 To establish the robustness of
our methodology as an alternative solution, we conducted
detailed NMR analyses on the crude reaction mixture (Fig. 1).
Notably, we observed well-resolved methyl ester peaks corres-
ponding to tripeptides 16 and 17, along with clearly distin-
guishable splitting patterns of the benzylic protons, supporting
the formation of stereochemically pure products.

Mechanistic studies

Following the substrate scope evaluation, we examined the
mechanistic pathway. Control experiments revealed the dual
role of the amine, functioning first as a base and subsequently
as a nucleophile in peptide bond formation. Coupling of
thioacid 2a with benzylamine in the absence of K2CO3 afforded
the product in excellent yield of 24, confirming the amine’s
intrinsic basicity (Scheme 3a). In the absence of a nucleophile,
oxidation of the thioacid by TEMPO furnished the corres-
ponding transient diacyl disulfide along with TEMPOH.

Scheme 2 Substrate scopea. a All reactions were conducted with amine 1
(0.1 mmol, 1.0 equiv.), thioacid 2 (1.0–1.5 equiv.), TEMPO (1.0 equiv.),
K2CO3 (1.0 equiv.) and CH3CN (1.0 mL, 0.1 M). b Reactions were performed
without base (K2CO3).

Fig. 1 Comparison of 1H-NMR of crude samples for the synthesis of 16
and 17.
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Notably, TEMPOH reacted further with the diacyl disulfide to
yield a stable TEMPO adduct (25) in high yield (Scheme 3b).
Subjecting this adduct 25 to benzylamine or L-alanine methyl
ester hydrochloride (1a) under standard conditions produced
no coupling, indicating that the TEMPO adduct is a stable
species under these reaction conditions, not part of the pro-
ductive pathway. In contrast, diacyl disulfide efficiently
afforded the dipeptide under standard conditions, establishing
it as the plausible intermediate (Scheme 3c). To further inves-
tigate this, we conducted couplings of 2a with aliphatic (benzy-
lamine, good nucleophile) and aromatic (4-chloroaniline,
weak nucleophile) amines. In the case of benzylamine, we
observed efficient coupling with the thioacid; however, for
4-chloroaniline, we observed the formation of TEMPO adduct
25. This outcome further indicated the formation of a transient
diacyl disulfide intermediate (Scheme 3d).

Spectroscopic and physical observations further supported
the mechanistic studies. The reaction mixture exhibited the
distinct colour change from bright orange to off-white is con-
sistent with the consumption of TEMPO (bright orange) and
formation of TEMPOH and a 2,2,6,6-tetramethyl piperidinium
salt (both are colourless and were detected by low-resolution
ESI-MS technique) (Fig. S3, SI). UV-vis analysis revealed the
disappearance of the TEMPO’s absorption band, indicative of

TEMPO consumption and essential role in the coupling
(Fig. S4, SI). Cyclic voltammetry studies ruled out direct
Single-Electron transfer (SET) between TEMPO and the potas-
sium thioacetate (Fig. S5, SI). The oxidation potential of the
potassium thioacetate (Eox = 0.25 V) and the reduction potential
of TEMPO (Ered = �1.37 V) correspond to a calculated DG of
+37.4 kcal mol�1 for the SET process, rendering it thermody-
namically unfavourable. Collectively, these results substantiate
the consumption of TEMPO and in situ generation of TEMPOH
along with diacyl disulfide in the transformation.

Plausible reaction pathways

Based on our mechanistic findings and literature precedents,20,34,35

we propose the pathway depicted in Fig. 2a. Where thioacid I in the
presence of TEMPO II under standard reaction conditions under-
goes oxidation to diacyl disulfide III and provides TEMPOH IV.
Then this disulfide intermediate III engages with the amine and
undergoes aminolysis to produce peptides V. However, in the
absence of amine, TEMPOH reacts with disulfide and produces
TEMPO-adduct VI, which remains inert under reaction conditions.
The detailed mechanistic pathways for the formation of diacyl
disulfide by TEMPO have been provided in the SI (Fig. S6). Density
functional theory (DFT) studies supported the proposed mecha-
nistic pathways (Fig. S7–S9). To further validate the formation of
diacyl disulfide as an intermediate, we replaced TEMPO with
Bobbitt’s salt, which is known to oxidize thiols into disulfides.35

The outcome, as expected, provided the desired dipeptide 3
(Fig. 2b) in moderate yields, further supporting our mechanistic
hypothesis.

Conclusions

In summary, we disclose a TEMPO-promoted thioacid-amine
coupling that enables mild and epimerization-free peptide
bond formation. Selective oxidation of thiocarboxylic acids
generates reactive diacyl disulfide intermediates, which
undergo efficient aminolysis to afford di- and tripeptides across

Scheme 3 Mechanistic studiesa. (a) Dual behaviour of amine; (b) evidence
of TEMPOH formation; (c) TEMPO-adduct vs. disulfide: a plausible reaction
intermediate; (d) nucleophilicity of TEMPOH, aliphatic and aromatic
amines. a All reactions were conducted under standard conditions.

Fig. 2 (a) Plausible mechanistic pathways; (b) replacing TEMPO with
Bobbitt’s salt to couple thioacid and amines.
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diverse amino acid substrates. Mechanistic studies combining
UV-visible spectroscopy, substituent effect analysis, and DFT
calculations support a diacyl disulfide-mediated pathway,
establishing a redox-driven and stereochemically robust alter-
native to conventional peptide coupling methods.
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Solvent Dependence of the Kinetic Isotope Effect in the
Reaction of Ascorbate with the 2,2,6,6-Tetramethyl-
piperidine-1-oxyl Radical: Tunnelling in a Small Molecule
Reaction, J. Phys. Chem. A, 2010, 114, 3423–3430.

32 Z.-W. Mei, T. Omote, M. Mansour, H. Kawafuchi,
Y. Takaguchi, A. Jutand, S. Tsuboi and T. Inokuchi, A high
performance oxidation method for secondary alcohols by
inductive activation of TEMPO in combination with pyri-
dine–bromine complexes, Tetrahedron, 2008, 64, 10761–10766.

33 A. E. J. d Nooy, A. C. Besemer and H. v Bekkum, On the Use of
Stable Organic Nitroxyl Radicals for the Oxidation of Primary
and Secondary Alcohols, Synthesis, 1996, 1153–1176.

34 H. Maeda, H.-Y. Wu, Y. Yamauchi and H. Ohmori, Impor-
tant Role of the 3-Mercaptopropionamide Moiety in Glu-
tathione: Promoting Effect on Decomposition of the Adduct
of Glutathione with the Oxoammonium Ion of TEMPO,
J. Org. Chem., 2005, 70, 8338–8343.

35 S. M. Weierbach, R. P. Reynolds, S. M. Stephens,
K. V. Vlasakakis, R. T. Ritter, O. M. White, N. H. Patel,
E. C. Hayes, S. Dunmire and K. M. Lambert, Chemoselective
Oxidation of Thiols with Oxoammonium Cations, J. Org.
Chem., 2023, 88, 11392–11410.

36 S. Duengo, M. I. Muhajir, A. T. Hidayat, W. J. A. Musa and
R. Maharani, Epimerisation in Peptide Synthesis, Molecules,
2023, 28, 8017.

37 G. Windridge and E. C. Jorgensen, 1-Hydroxybenzotriazole
as a racemization-suppressing reagent for the incorporation
of im-benzyl-L-histidine into peptides, J. Am. Chem. Soc.,
1971, 93, 6318–6319.

38 Y. Zhou, H. Li, Y. Huang, J. Li, G. Deng, G. Chen, Z. Xi and
C. Zhou, Suppression of alpha-carbon racemization in pep-
tide synthesis based on a thiol-labile amino protecting
group, Nat. Commun., 2023, 14, 5324.

Paper NJC

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/2
6/

20
26

 6
:1

9:
17

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6nj01410k



