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DMSOwas found to activate arylisothiocyanates for self-nucleophilic addition. A subsequent intramolecular

C–H sulfurization catalyzed by PdBr2 enables access to a wide range of 2-aminobenzothiazole derivatives

in moderate to good yields. This is the first example of a DMSO-mediated Pd-catalyzed synthesis of 2-

aminobenzothiazoles through cyclization/C–H sulfurization of two isothiocyanates.
2-Aminobenzothiazole derivatives are privileged scaffolds
which have been widely used in medicine and agricultural
chemicals (Scheme 1a).1 Signicant effort has been devoted to
the development of synthetic methodologies for the preparation
of such species.2 Thioureas,3,4 isothiocyanates,5,6 and benzo-
thiazoles7 are effective reaction partners for the synthesis of 2-
aminobenzothiazole derivatives via cross-coupling reactions or
C–H functionalization. Intramolecular C–H sulfurization of N-
arylthioureas is an effective strategy for the synthesis of 2-ami-
nobenzothiazoles. Such a transformation can be achieved
through metal-catalyzed C–H activation3 or via radical reac-
tions.6 For example, Doi and coworkers reported a Pd-catalyzed
intramolecular C–H sulfurization of arylthiourea using O2 as an
oxidant.3c Metal-free iodine-catalyzed intramolecular C–H sul-
furization also provides an effective pathway to 2-amino-
benzothiazoles.6e Zhu et al. developed an efficient oxidative
radical strategy for the synthesis of 2-aminobenzothiazoles via
an aminyl radical addition to aryl isothiocyanates followed by
C–H sulfurization in the presence of n-Bu4NI and TBHP.6c

Interestingly, Lei et al. reported a “green” synthesis of 2-ami-
nobenzothiazoles by employing electro-catalysis technology for
an external oxidant-free intramolecular C–H sulfurization.6d In
terms of metal-catalyzed C–H sulfurization,8 palladium-
catalyzed C–H sulfurization has not been widely reported
because thioureas are oen strong metal-chelating species that
may lead to poisoning of palladium catalysts. Thus, only a few
hemical Biology, Ministry of Education,

ngzhou 510642, China. E-mail: hhxu@

of Materials and Energy, South China

China

and Utilization of Subtropical Agro-

ersity, Guangzhou 510642, China

tion (ESI) available. See DOI:

hemistry 2019
examples of Pd-catalyzed protocols have been reported (Scheme
1b).3b,c,e Therefore, the development of novel palladium-
catalyzed C–H sulfurization reaction is of great interest. As
a continuation of our interest in sulfur chemistry and C–H
sulfurization,9 we attempted to transform isothiocyanates into
sulfur-containing compounds.10 Unexpectedly, a newly formed
2-aminobenzothiazole was observed for the reaction of a phe-
nylisothiocyanate. Encouraged by this discovery, we developed
a new, facile and efficient DMSO-mediated palladium-catalyzed
C–H sulfurization/cyclization of two isothiocyanates for the
synthesis of 2-aminobenzothiazoles (Scheme 1c).

Our study began with the reaction of phenyl isothiocyanate
(1a) with PdCl2 in different solvents (Table 1). Solvents
including toluene, chlorobenzene, DCE, CH3CN, DMF, NMP (N-
methyl-2-pyrrolidinone), and DMSO, were examined (Table 1,
entries 1–7). Only highly polar solvents, such as DMF, NMP, and
DMSO were suitable for this reaction; however, DMF and NMP
Scheme 1 Biological application and synthetic methods for the
preparation of 2-aminobenzothiazoles.
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Table 1 Screening of reaction conditionsa

Entry Catalyst Solvent Yieldb (%)

1 PdCl2 Toluene 0
2 PdCl2 Chlorobenzene 0
3 PdCl2 DCE 0
4 PdCl2 CH3CN 0
5 PdCl2 DMF 12
6 PdCl2 NMP 16
7 PdCl2 DMSO 72
8c PdCl2 DMSO 32
9d PdCl2 DMSO 58
10 PdBr2 DMSO 82
11 Pd(OAc)2 DMSO Trace
12 Pd(PPh3)2Cl2 DMSO Trace
13e PdBr2 DMSO 70
14 — DMSO 0
15f PdBr2 DMSO/CH3CN 55
16g PdBr2 DMSO/CH3CN 23
17h PdBr2 DMSO/H2O 61
18i PdBr2 DMSO/H2O 75

a Reaction conditions: 1a (0.4 mmol), [Pd] (10 mol%), stirred at 80 �C in
solvent (2 mL) for 24 h. b Isolated yield. c At 100 �C. d At 60 �C. e PdBr2
(5 mol%). f DMSO/CH3CN¼ 1 : 1. g DMSO/CH3CN¼ 1 : 4. h DMSO/H2O
¼ 10 : 1. i DMSO/H2O ¼ 20 : 1.

Table 2 The scope of 2-aminobenzothiazolesa

a Reaction conditions: 1 (0.4 mmol), PdBr2 (10 mol%), stirred at 80 �C in
DMSO (2 mL) for 24 h.

Scheme 2 PdBr2-catalyzed cross-reaction of two different
isothiocyanates.
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gave low yields of the desired product (entries 5 and 6). DMSO
was found to be the preferable solvent for the reaction giving the
desired product 2 in 72% yield in the presence of 10 mol%
PdCl2 at 80 �C over 24 hours (entry 7). Increasing or decreasing
the reaction temperature led to lower yields (e.g. 32% at 100 �C
and 58% at 60 �C) (entries 8 and 9). Next, other palladium
catalysts, such as PdBr2, Pd(OAc)2, and Pd(PPh3)2Cl2, were
evaluated (entries 10–12). Compared with PdCl2, PdBr2 was
more effective affording product 2 in 82% yield (entry 10).
However, Pd(OAc)2 and Pd(PPh3)2Cl2 were not suitable catalysts
for this reaction (entries 11 and 12). The yield of the desired
product decreased to 70% when the reaction was conducted in
the presence of 5 mol% PdBr2 (entry 13). The reaction did not
proceed in the absence of PdBr2 (entry 14). When the reaction
was carried out in a mixed DMSO/CH3CN solvent system, lower
yields of product were obtained (entries 15 and 16). The inu-
ence of water was also examined. The addition of water facili-
tated the formation of thiourea, but reduced the yield of target
product (entries 17 and 18).

With the optimized reaction conditions in hand, the reaction
scope was investigated (Table 2). Initially, 4-substituted aryli-
sothiocyanates were subjected to the reaction conditions.
Substituents, including methyl, ethyl, butyl, t-butyl, methoxy,
ethoxyl, bromo, and iodo groups, were all tolerated. Electron-
donating substituents promoted the reaction, affording their
corresponding products 2–8 in moderate to good yields.
Although both the C–Br and C–I bonds are reactive units for
cross-coupling reactions, the C–H sulfurization was selectively
carried out to afford products 9 and 10 in 38% and 34% yields,
3404 | RSC Adv., 2019, 9, 3403–3406
respectively. However, the electron-withdrawing cyano group
was not amenable to the reaction conditions (products 11). This
suggests that the reaction may involve an electrophilic cyclo-
palladation process and the electron-withdrawing group would
thus decrease the reactivity.

Ortho-substituents, such as methyl, methoxy, methylthio,
and phenyl, which increase steric hindrance, still performed
well to give their corresponding products in moderate to good
yields (products 12–20). For reactions involving ortho-
This journal is © The Royal Society of Chemistry 2019
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Scheme 4 A possible mechanism.
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substituted substrates, a small amount of brominated by-
product similar to compound 19 was observed; however, the
majority of these by-products were obtained in far lower yield
than 19. To our delight, a naphthyl isothiocyanate also under-
went reaction smoothly to give product 22 in 77% yield. 3-Iso-
thiocyanatopyridine was also subjected to the reaction
conditions. However, no cyclization/C–H sulfurization
occurred; the electron-decient pyridine ring is not reactive
enough for C–H sulfurization. The reaction of meta-substituted
methyl phenylisothiocyanates provided two isomers which
could not be easily puried.

To prove the feasibility of the cyclization of two different aryl
isothiocyanates, a cross-reaction between 4-methyl-
phenylisothiocyanate and 4-nitro-phenyliso-thiocyanate was
conducted. The cross-reaction product 23, was obtained in 27%
yield with compound 3 being formed as the main product in
52% yield (Scheme 2). The strong electron-withdrawing nitro
group greatly reduces the electron density of the benzene ring,
thus C–H sulfurization is disfavored; C–H sulfurization only
occurred on the methyl-substituted benzene ring.

To gain insight into the reaction mechanism, control
experiments were conducted, as shown in Scheme 3. In the
absence of PdBr2, thiourea 24 was obtained in 35% yield for the
reaction of 4-methyl phenylisothiocyanate in DMSO at 80 �C
over 24 hours (Scheme 3, eqn (1)). This suggested that the
thiourea may be the reaction intermediate; however, when
thiourea 24 was subjected to reaction with PdBr2, product 3 was
obtained in only 16% yield (Scheme 3, eqn (2)). Aryl iso-
thiocyanate may decompose to aniline, and react with iso-
thiocyanate for C–H sulfurization. However, only a trace
amount of product 25 was observed in the reaction between 4-
methylphenyl isothiocyanate and aniline (Scheme 3, eqn (3)).
None of the target product 26 was observed for the reaction of
benzothiazole with 4-methyl phenylisothiocyanate, suggesting
Scheme 3 Control experiments.

This journal is © The Royal Society of Chemistry 2019
that benzothiazole is not a reaction intermediate (Scheme 3,
eqn (4)). To our delight, a mass peak corresponding to inter-
mediate 27 was observed with real-time ESI-MS when phenyl-
isothiocyanate was stirred in DMSO at 60 �C (Scheme 3, eqn (5))
(see the ESI, Fig. S1†). Based on theoretical calculations,11 the
dipole moment of the DMSO molecule is 3.9274 debye (gas) or
5.1281 debye in solvent form. Natural bond orbital analysis
shows the differences in the charge distribution on the O and S
atoms. Obviously, the polarity of the S–O bond increases and
a greater distribution of the negative charge on the O atom leads
to an improvement in its nucleophilic character. The oxygen
atom attacks the carbon atom with the most positive NBO
charge in PhNCS (see the ESI, Fig. S2 and S3†). These results
indicate that DMSO acts as a nucleophilic agent for the activa-
tion of arylisothiocyanates for C–H sulfurization.

Based on the above results and previous work,3 a possible
reaction mechanism has been proposed and is shown in
Scheme 4. Firstly, the polarized DMSO undergoes a nucleophilic
addition with phenylisothiocyanate to afford the active inter-
mediate A, which then reacts with another equivalent of phe-
nylisothiocyanate to produce an intermediate B. Intermediate B
chelates with PdBr2 to form an intermediate C. Subsequent
elimination of HBr leads to the formation of intermediate D,
which undergoes reductive elimination to afford the desired
product 2. The Pd(0) is oxidized by DMSO to PdBr2 for the next
catalytic cycle.
Conclusions

In summary, a DMSO-mediated PdBr2-catalyzed synthesis of 2-
aminobenzothiozoles via the cyclization/C–H sulfurization of
two aryl isothiocyanates has been developed for the rst time. In
the presence of DMSO and PdBr2, a variety of aryl iso-
thiocyanates underwent reaction to afford the corresponding 2-
aminobenzothiozoles in moderate to good yields. In this
tandem reaction, DMSO acts as a key initiator for the activation
of aryl isothiocyanates, although the exact role of DMSO is
unclear.
RSC Adv., 2019, 9, 3403–3406 | 3405
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