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N,N0-disulfanediyl-bis(N0-((E)-
benzylidene)acetohydrazide) from (E)-N0-
benzylideneacetohydrazide and S8†
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Herein we report an oxidative coupling reaction for N–S/S–S bond formation from (E)-N0-
benzylideneacetohydrazide and S8 to furnish substituted N,N0-disulfanediyl-bis(N0-((E)-benzylidene)
acetohydrazide). It provides a direct approach for the synthesis of disulfides with good yields.
Introduction

Disulde bonds are important structural units which were
found prevalently in natural or endogenous peptides.1 They
have been applied in digital light processing 3D printing,2 and
as bioactive agrochemicals,3 antimicrobials,4 and synthetic
intermediates.5 In addition, it is well-established that the
disulde linkage can be cleaved with the tripeptide glutathione
(GSH),6 which is over-expressed in cancer cells associated with
strong biomedical activities.7 Especially, a number of S,S0-
bis(heterosubstituted) disuldes with N–S–S–N units exhibit
a wide spectrum of biological activity (Fig. 1).8 Thus, developing
an efficient and practical procedure for the synthesis of disul-
des is highly desirable. Numerous strategies have been
harmaceuticals derived from S,S0-

Pharmacology, Shandong First Medical

Sciences, Tai'an, 271016, China. E-mail:

ing, 272067, China

ESI) available. CCDC 2008330. For ESI
other electronic format see DOI:

f Chemistry 2020
developed for the formation of disulde bonds.9 Among these
pathways, the most common approach involves the substitution
of a sulfenyl derivative with a thiol or thiol derivative and these
Scheme 1 Strategies for the preparation of disulfides.
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Table 2 Scope of various substituents on the benzene ring of the
aromatic aldehyde 1a,b
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predecessor's work have been summarized by Witt (Scheme
1A).10 In recent decades, oxidative coupling of thiols has devel-
oped into an efficient approach for producing disuldes. Many
oxidants such as oxygen or air,11,12 hydrogen peroxide,13 halo-
gens,14 high-valent sulfur compounds15 and other agents16 were
applied (Scheme 1B). In addition, methyl (E)-2-(2-hydrox-
ybenzylidene)hydrazine-1-carbodithioate17 and N-phena-
cylbenzothiazolium bromides18 have also been used as starting
materials to produce disuldes (Scheme 1C). Different from
these C–S–S–C bonds, there are only a few reports in the liter-
atures that describe N–S–S–N bond formation. In these cases,
secondary amines reacted with disulfur dichloride to afford S,S0-
bis(heterosubstituted) disuldes (Scheme 1D).8,19 As part of our
continuing efforts into the development of the C–S bonds
formation,20 herein we report an efficient method for generating
N,N0-disulfanediyl bis(N0-((E)-benzylidene) acetohydrazide from
(E)-N0-benzylideneacetohydrazide and S8. To the best of our
knowledge, it is the rst example of the formation of N–S–S–N
bonds from S8 in moderate yields, and the reaction conditions
are simple and mild (Scheme 1E).
a Reaction conditions: 1a (0.2 mmol), S8 (0.3 mmol), Ag2CO3 (2.5 equiv.)
in CH2ClCH2Cl (2.0 mL) was stirred at sealed tube, N2, 80 �C for 3 h.
Results and discussion

As an initial experiment, we treated the model substrate (E)-N0-
benzylideneacetohydrazide 1a and S8 using Ag2CO3 as the
Table 1 Optimization of reaction conditionsa,b

Entry Additive (equiv.) S8 (equiv.) Temp (�C) Time (h) Yieldb (%)

1 Ag2CO3 (1.0) S8 (0.3) 80 3 46
2 Ag2CO3 (2.0) S8 (0.3) 80 3 61
3 Ag2CO3 (2.5) S8 (0.3) 80 3 71
4 Ag2CO3 (3.0) S8 (0.3) 80 3 66
5 Ag2CO3 (4.0) S8 (0.3) 80 3 64
6 Ag2CO3 (0.5) S8 (0.3) 80 3 32c

7 Ag2CO3 (2.5) S8 (0.2) 80 3 42
8 Ag2CO3 (2.5) S8 (0.4) 80 3 63
9 Ag2CO3 (2.5) S8 (0.6) 80 3 60
10 Ag2CO3 (2.5) S8 (0.3) 60 3 40
11 Ag2CO3 (2.5) S8 (0.3) 90 3 49
12 Ag2CO3 (2.5) S8 (0.3) 100 3 52
13 Ag2CO3 (2.5) S8 (0.3) 110 3 53
14 Ag2CO3 (2.5) S8 (0.3) 120 3 50
15 Ag2CO3 (2.5) S8 (0.3) 80 2 41
16 Ag2CO3 (2.5) S8 (0.3) 80 4 68
17 Ag2CO3 (2.5) S8 (0.3) 80 6 61
18 Ag2CO3 (2.5) S8 (0.3) 80 12 59
19 Ag2CO3 (2.5) S8 (0.3) 80 3 46d, 48e

20 K2CO3 (2.5) S8 (0.3) 80 3 0

a Reaction conditions: 1a (0.2 mmol), S8 (0.3 mmol), Ag2CO3 (2.5 equiv.)
in CH2ClCH2Cl (2.0 mL) was stirred at sealed tube, N2, 80 �C for 3 h.
b Isolated yields. c Added K2S2O8 (2.5 equiv.). d Air. e O2.

b Isolated yields.

41042 | RSC Adv., 2020, 10, 41041–41046
oxidant in 1,2-dichloroethane at 80 �C (Table 1). First, the
screening of the loading of Ag2CO3 was carried out, and it was
found that 2.5 equiv. of Ag2CO3 provided the best result (Table
1, entries 1–5). Aer this, we only obtained 32% yield when it
added 2.5 equiv. of K2S2O8 and reduced the loading of Ag2CO3

to 0.5 equiv. (Table 1, entry 6). Meanwhile, we also evaluated the
amount of S8, and the use of 0.3 equiv. of the material gave the
highest yield (Table 1, entries 3, 7–9). The temperature also
played an important role in the reaction. Various temperatures,
such as 60, 90, 100, 110 and 120 �C were also screened, but the
yields are poor (Table 1, entries 10–14). Finally, there was no
obvious improvement on shortening the reaction time to 2 h or
prolonging the reaction time to 4, 6, or 12 h (Table 1, entries 15–
18). Impressively, control experiments revealed that the reac-
tions performed under O2 and air atmosphere provided slightly
decreased yields (Table 1, entry 19). And it has been shown that
K2CO3 replaced Ag2CO3 has no reaction (Table 1, entry 20).

With the standard reaction conditions in hand (Table 1,
entry 3), we subsequently investigated the scope of the benzo-
quinones (Table 2). Substrates derived from aromatic aldehydes
with the para-substituted groups, such as 4-OMe (2b), 4-C(CH3)3
(2c), 4-C2H5 (2d), 4-Br (2e), 4-Cl (2f), afforded the corresponding
products in good yields. Unfortunately, the product with an
electron-withdrawing group such as 4-NO2 (2g) could not be
detected. Gratifyingly, the substrates with meta-substituted
groups such as electron-withdrawing 3-Br (2h) and 3-CF3 (2j)
and electron-donating 3-OMe (2i) also give good yields. But, the
product with a 3-NO2 group (2k) could not be observed.
This journal is © The Royal Society of Chemistry 2020
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Table 3 Scope of various substituents of caprylic hydrazide 1a,b

a Reaction conditions: 1a (0.2 mmol), S8 (0.3 mmol), Ag2CO3 (2.5 equiv.)
in CH2ClCH2Cl (2.0 mL) was stirred at sealed tube, N2, 80 �C for 3 h.
b Isolated yields.

Scheme 3 Postulated reaction mechanism.
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Subsequently, many components with the electron-donating
groups such as 2-CH3 (2l) and 2-OC2H5 (2m) at the ortho posi-
tion on the benzene ring gave good yields. However, the
substrates with a halogen group such as 2-Br (2n) and electron-
withdrawing groups such as 2-CF3 (2o), 2-NO2 (2p) at the ortho-
position did not to provide the corresponding products. To our
delight, many disubstituted substrates such as 2q and 2r also
gave the related products in 62–65% yields. In addition, the
structure of the product (2d) was conrmed by X-ray crystal-
lography. Notably, the gram-scale synthesis was achieved under
the standard conditions, giving the product 2a in 46% yield.

Various acyl hydrazides were also examined to explore the
limits of the reaction. As shown in Table 3, benzohydrazide (2s),
Scheme 2 Mechanistic studies.

This journal is © The Royal Society of Chemistry 2020
2-methylbenzohydrazide (2t) all afforded good yields. Further-
more, the alkyl hydrazide such as formyl hydrazide (2u), valeryl
hydrazide (2v) also afforded the corresponding products in 49–
54% yields. Surprisingly, thiophene-2-carbohydrazide (2w)
picolinohydrazide (2x) failed to produce the requisite disuldes.

To understand the mechanism of the reaction, several control
experiments were carried out (Scheme 2). First, product 2a was
not obtained without Ag2CO3 (Scheme 2a), which indicated that
Ag2CO3 was crucial to facilitate this reaction. Second, we found
that the desired product 2a was only slightly decreased when the
radical scavenger such as TEMPO was added to the reaction
mixture (Scheme 2b). The result indictates that a free radical
pathway might be ruled out in this transformation. Third,
replacing (E)-N0-benzylideneacetohydrazide with (E)-N0-benzyli-
denebenzohydrazide produced the desired compound 2s in 65%
yield under the standard conditions. Additionally, the product 4
was not observed when (E)-1-benzylidene-2-phenylhydrazine 3
was used as the substrate under the standard reaction conditions
(Scheme 2c). Furthermore, when (E)-1-benzylidene-2-
methylhydrazine was used in the reaction, the target product 5
was not detected (Scheme 2d). Based on these results, we knew
that the acetyl group was essential for the reaction and an oxygen
atom of acetyl group was also necessary. Additionally, the reac-
tions carried out under O2 and air atmosphere have slightly
decreased the yields of the product and the by-products increased
(Table 1, entries 18 and 19).

On basis of these preliminary studies and previous
reports,21–28 a plausible pathway for the preparation of 2a from
(E)-N0-benzylideneacetohydrazide is proposed in (Scheme 3).
Initially, Ag2CO3 react with 1 to produce the intermediate (A).
Next, A reacts with S8 to provide the intermediate B. The inter-
mediate C is then produced through an electrophilic attack of
elemental sulfur.21,22 Finally, 2a was obtained via facile oxidative
coupling of the intermediate C.
Conclusions

In summary, we have developed a silver-mediated oxidative
coupling reaction for N–S/S–S bond formation using (E)-N0-
benzylideneacetohydrazide and S8 as the starting materials
under neutral conditions. In these processes, N,N0-disulfanediyl
bis(N0-((E)-benzylidene) acetohydrazides have been successfully
synthesized. Moreover, this method provides a direct way to
form the disuldes in moderate yields.
RSC Adv., 2020, 10, 41041–41046 | 41043
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and D. Sriramd, Synthesis of disulde-bridged N-phenyl-N0-
(alkyl/aryl/heteroaryl) urea derivatives and evaluation of
their antimicrobial activities, Chem. Biodiversity, 2019, 16,
e190046.

5 (a) J. N. Zhao, F. Yang, Z. Y. Yu, X. F. Tang, Y. F. Wu, C. F. Ma
and Q. W. Meng, Copper(I)-catalyzed sulfenylation of 1,3-
dicarbonyl substrates with disuldes under mild
conditions, Synlett, 2019, 30, 2295; (b) J. N. Zhao, F. Yang,
Z. Y. Yu, X. F. Tang, Y. F. Wu, C. F. Ma and Q. W. Meng,
Visible light-mediated selective a-functionalization of 1,3-
dicarbonyl compounds via disulde induced aerobic
oxidation, Chem. Commun., 2019, 55, 13008; (c)
Z. H. Shang, Q. Y. Chen, L. L. Xing, Y. L. Zhang, L. Wait
and Y. F. Du, In situ formation of RSCl/ArSeCl and their
oxidative coupling with enaminone derivatives under
transition-metal free conditions, Adv. Synth. Catal., 2019,
361, 4926; (d) M. Mesgar, J. Nguyen-Le and O. Daugulis,
1,2-Bis(arylthio)arene synthesis via aryne intermediates,
Chem. Commun., 2019, 55, 9467; (e) C. C. Xia, Z. J. Wei,
Y. Yang, W. B. Yu, H. X. Liao, C. Shen and P. F. Zhang,
Palladium-catalyzed thioetherication of quinolone
derivatives via decarboxylative C–S cross-couplings, Chem.–
Asian J., 2016, 11, 360.

6 (a) P. Kumar, B. Liu and G. A. Behl, A comprehensive outlook
of synthetic strategies and applications of redox-responsive
nanogels in drug delivery, Macromol. Biosci., 2019, 19,
1900071; (b) B. Sui, C. Cheng and P. Xu, Pyridyl disulde
functionalized polymers as nanotherapeutic platforms,
Adv. Ther., 2019, 2, 1900062; (c) J. F. Quinn,
M. R. Whittaker and T. P. Davis, Glutathione responsive
41044 | RSC Adv., 2020, 10, 41041–41046
polymers and their application in drug delivery systems,
Polym. Chem., 2017, 8, 97; (d) M. H. Lee, Z. Yang,
C. W. Lim, Y. H. Lee, S. Dongbang, C. Kang and J. S. Kim,
Disulde-cleavage-triggered chemosensors and their
biological applications, Chem. Rev., 2013, 113, 5071; (e)
J. K. Oh, Disassembly and tumor-targeting drug delivery of
reduction-responsive degradable block copolymer
nanoassemblies, Polym. Chem., 2019, 10, 1554; (f)
H. Mutlu, E. B. Ceper, X. Li, J. Yang, W. Dong,
M. M. Ozmen and P. Theato, Sulfur chemistry in polymer
and materials Science, Macromol. Rapid Commun., 2019, 40,
1800650; (g) S. Pottanam-Chali and B. J. Ravoo, Polymer
Nanocontainers for intracellular delivery, Angew. Chem.,
Int. Ed., 2020, 59, 2962.

7 R. Bej, P. Rajdev, R. Barmana and S. Ghosh, Hyperbranched
polydisulde, Polym. Chem., 2020, 11, 990.

8 (a) F. E. Adelowo, I. A. O. Ojo and O. S. Amuda, Synthesis and
fungicidal activity of some sulphide derivatives of O-phenyl-
N-substituted phenylcarbamates, Adv. Biol. Chem., 2011, 1,
122; (b) R. F. Sun, Y. L. Zhang, L. Chen, Y. Q. Li, Q. S. Li,
H. B. Song, R. Q. Huang, F. C. Bi and Q. M. Wang, Design,
synthesis and insecticidal activities of new N-benzoyl-N0-
phenyl-N0-sulfenylureas, J. Agric. Food Chem., 2009, 57,
3661; (c) P. Ramaraju, D. Gergeres, E. Turos, S. Dickey,
D. V. Lim, J. Thomas and B. Anderson, Synthesis and
antimicrobial activities of structurally novel S,S0-
bis(heterosubstituted) disuldes, Bioorg. Med. Chem. Lett.,
2012, 22, 3623.

9 (a) A. I. Uraev, S. E. Nefedov, K. A. Lyssenko, V. G. Vlasenko,
V. N. Ikorskii, D. A. Garnovskii, N. I. Makarova,
S. I. Levchenkov, I. N. Shcherbakov, M. R. Milenković and
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M. M. Navarro and D. Witt, Diastereoselective synthesis of
Z-alkenyl disuldes from thiophosphorylated ketones and
thiosulfonates, Adv. Synth. Catal., 2020, 362, 533.

11 (a) S. M. S. Chauhan, A. Kumar and K. A. Srinivas, Oxidation
of thiols with molecular oxygen catalyzed by cobalt(II)
phthalocyanines in ionic liquid, Chem. Commun., 2003, 18,
2348; (b) J. A. Fernández-Salas, S. Manzini and S. P. Nolan,
Efficient ruthenium-catalysed S–S, S–Si and S–B bond
forming reactions, Chem. Commun., 2013, 49, 5829; (c)
M. Li and J. M. Hoover, Aerobic copper-catalyzed
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra08441g


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
N

ov
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 1

2/
9/

20
25

 7
:0

5:
48

 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
decarboxylative thiolation, Chem. Commun., 2016, 52, 8733;
(d) Y. Dou, X. Huang, H. Wang, L. Yang, H. Li, B. Yuan
and G. Yang, Reusable cobalt-phthalocyanine in water:
efficient catalytic aerobic oxidative coupling of thiols to
construct S–N/S–S bonds, Green Chem., 2017, 19, 2491; (e)
W. P. Sohtun, A. Kannan, K. H. Krishna, D. Saravanan,
M. S. Kumar and M. Velusamy, Synthesis, characterization,
crystal structure and molecular docking studies of a S-
methyldithiocarbazate derivative: bis[2-hydroxy-
benzylidenehydrazono) (methylthio) methyl]disulde, Acta
Chim. Slov., 2018, 65, 621; (f) Y. H. Zhang, D. W. Yang,
Y. Li, X. Y. Zhao, B. M. Wang and J. P. Qu, Biomimetic
catalytic oxidative coupling of thiols using thiolate-bridged
dinuclear metal complexes containing iron in water under
mild conditions, Catal. Sci. Technol., 2019, 9, 6492.

12 (a) A. Dhakshinamoorthy, M. Alvaro and H. Garcia, Aerobic
oxidation of thiols to disuldes using iron metal–organic
frameworks as solid redox catalysts, Chem. Commun., 2010,
46, 6476; (b) M. Oba, K. Tanaka, K. Nishiyama and
W. Ando, Aerobic oxidation of thiols to disuldes catalyzed
by diaryl tellurides under photosensitized conditions, J.
Org. Chem., 2011, 76, 4173; (c) A. Corma, T. Ródenas and
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