
Dynamic Article LinksC<Chemical Science

Cite this: Chem. Sci., 2012, 3, 2388

www.rsc.org/chemicalscience EDGE ARTICLE

Pu
bl

is
he

d 
on

 0
8 

M
ay

 2
01

2.
 D

ow
nl

oa
de

d 
by

 N
at

io
na

l U
ni

ve
rs

ity
 o

f 
Si

ng
ap

or
e 

on
 2

4/
09

/2
01

6 
12

:5
9:

11
. 

View Article Online / Journal Homepage / Table of Contents for this issue
A concise, efficient synthesis of sugar-based benzothiazoles through
chemoselective intramolecular C–S coupling†

Chao Shen,ab Haijun Xia,a Hua Yan,a Xinzhi Chen,b Sadananda Ranjit,c Xiaoji Xie,c Davin Tan,e

Richmond Lee,e Yanmei Yang,f Bengang Xing,f Kuo-Wei Huang,e Pengfei Zhang*a and Xiaogang Liu*cd

Received 28th February 2012, Accepted 8th May 2012

DOI: 10.1039/c2sc20248d
Sugar-based benzothiazoles are a new class of molecules promising for many biological applications.

Here, we have synthesized a wide range of sugar-based benzothiazoles from readily accessible glycosyl

thioureas by chemoselective, palladium-catalyzed C–S coupling reactions. Corroborated by theoretical

calculations, a mechanistic investigation indicates that the coordination to the palladium by a pivaloyl

carbonyl group and the presence of intramolecular hydrogen bonding play important roles in the

efficiency and chemoselectivity of reaction. These fluorescent glycoconjugates can be observed to

readily enter mammalian tumor cells and exhibit potential in vitro antitumor activity.
Introduction

Benzothiazoles are an important class of heterocycles which have

been identified in a broad range of biologically important

molecules.1,2 Representatives of this class of compounds exhibit

promising activity against diabetes,3 Alzheimer’s diseases,4 and

different cancers.5 Similarly, organic compounds containing

glycoconjugates have also generated significant attention for

their essential roles in many physiological processes and for their

potential applications as tumor markers, receptors and anti-

bodies.6 We herein report the synthesis of a series of compounds

that contain a combination of benzothiazole and glycosyl

moieties with potentially synergistic therapeutic properties.

Recent advances in carbon–heteroatom bond formation7 have

enabled several methods for the preparation of benzothiazoles

and their analogues. One representative method for the prepa-

ration of benzothiazoles involves metal-catalyzed cyclization of

ortho-halo substituted aromatic compounds.7g Alternatively,
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benzothiazoles can be prepared through either a C–H function-

alization/intramolecular C–S bond-formation process or decar-

boxylative cross-coupling of 2-nitrobenzoic acid with benzyl

thiol.7k,7n Despite the promise of these methods, there are

significant limitations typically associated with the need of ortho-

halo-substituted precursors and multi-step procedures under

stringent reaction conditions.7m,7t In particular, the synthesis of

sugar-based benzothiazoles is a substantially daunting task

because of the added functionality and stereochemical

complexity of carbohydrates.

Continuing our longstanding interest in developing novel C–S

bond-forming reactions for the efficient construction of hetero-

cyclic frameworks,7n,8 we envisioned a new, concise route to

sugar-based benzothiazoles as shown in Fig. 1. In this approach,

sugar-substituted N-arylthiourea substrates (4a–o) were sub-

jected to a palladium(II)-catalyzed C–H activation followed by an

intramolecular cyclization process to afford the corresponding

benzothiazoles (5a–o). To the best of our knowledge, the reaction

described herein is the first example of a tandem C–S coupling

reaction involving sugar moieties from easily accessible

substrates under relatively mild reaction conditions.
Results and discussion

Preparation of glycosyl benzothiazoles via thiourea precursors

Glycosyl thiourea precursors 4a–o could be readily prepared in

three steps from commercially available starting materials.

Bromination of pivaloylated sugar substrate (1) by using 33%

hydrobromic acid in acetic acid gave b-glycosyl bromide (2).6g A

subsequent step involving a phase-transfer reaction in the pres-

ence of potassium thiocyanate and tetrabutylammonium

bromide afforded N-glycoside (3). Treatment of the N-glycoside

3 with substituted phenylamines in acetonitrile at room
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 Synthetic strategy to access sugar-based benzothiazoles. Bromi-

nation of pivaloylated sugar substrate (1) gives gycosyl bromide (2).

A phase-transfer reaction in the presence of potassium thiocyanate and

tetrabutylammonium bromide as well as molecular sieves (4 �A) in toluene

leads to N-glycoside (3). Cross-coupling of compound 3 with substituted

phenylamines at room temperature results in sugar-substituted

N-arylthioureas (4a–o). Palladium-catalyzed intramolecular cyclization

of 4a–o enables access to glycosyl benzothiazoles (5a–o). Piv ¼ t-butyl

carbonyl.

Fig. 2 Regiochemistry of palladium-catalyzed intramolecular cycliza-

tion of sugar-substituted N-arylthiourea. (Inset) ORTEP diagram of 5a

showing atom-labelling scheme. Hydrogen atoms omitted for clarity.

Thermal ellipsoids are drawn at 30% probability.
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temperature led to the formation of sugar-substituted N-arylth-

ioureas 4a–o in high yield. Note that only the b-anomer was

observed in each step.

We next examined the conversion of N-arylthiourea 4a to

sugar-based benzothiazole (5a). After careful screening of

palladium and copper catalysts, solvents and reaction tempera-

tures, we found that the reaction with 10 mol% Pd(OAc)2 in

dimethyl sulfoxide (DMSO) under an oxygen atmosphere9 led to
Table 1 Screening of reaction conditions for the synthesis of sugar-based be

Entrya [Pd] Source (mol%) Reoxidant (mol%)

1 Pd(OAc)2 (10) O2

2 Pd(OAc)2 (20) O2

3 Pd(OAc)2 (10) Cu(OAc)2 (20)
4 Pd(OAc)2 (10) PhI(OAc)2 (100)
5 Pd(OAc)2 (10) PPh3 (20)
6 Pd(PPh3)4 (10) MnO2 (10)
7 Pd(OAc)2 (10) CuI(50)
8 Pd(OAc)2 (10) AgOAc (20)
9 Pd(OAc)2 (10) Cu(OTf)2 (20)
10 PdCl2 (10) O2

11 Pd(COD)Cl2 (10) O2

12 Pd(COD)Cl2 (10) Air
13 Pd(COD)Cl2 (5) O2

14 Pd(COD)Cl2 (10) O2

15 Pd(COD)Cl2 (10) O2

16 Pd(COD)Cl2 (10) O2

a All the reactions were carried out in presence of glycosyl thiourea 4a (0.14 mm
by 1H NMR spectroscopy. c Yield obtained through use of Bu4NBr (2 equiv

This journal is ª The Royal Society of Chemistry 2012
the desired product 5a in 38% yield after 12 h at 60 �C (Table 1,

entry 1). No C–S coupling product was obtained in the presence

of CuI (50 mol%) or AgOAc (20 mol%) as reoxidants after 12 h at
nzothiazolesa

Solvent T/�C Yield (%)b

DMSO 60 38c

DMSO 60 63c

DMSO 60 48c

PhMe 60 40
PhMe 60 35
CH3CN 60 36
DMSO 100 0c

DMSO 100 0
DMSO 100 53
DMSO 100 75
DMSO 100 85c

DMSO 100 80c

DMSO 100 60c

PhMe 100 72c

DMF 100 76c

CH3CN 100 67c

ol), a solvent (3 mL), and a palladium catalyst. b Conversion determined
alents) as an additive.

Chem. Sci., 2012, 3, 2388–2393 | 2389
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Table 2 Effect of the aryl substitutions on sugar-based benzothiazole formationa

Entry Substrate 4 Product 5 (Yield%)b

1

2

3

4

5

6

7

8

9

10

2390 | Chem. Sci., 2012, 3, 2388–2393 This journal is ª The Royal Society of Chemistry 2012
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Table 2 (Contd. )

Entry Substrate 4 Product 5 (Yield%)b

11

12

13

14

a All the reactions were carried out with glycosyl thiourea 4b–o (0.14 mmol each) in DMSO (3 mL) in the presence of Pd catalyst and Bu4NBr additive.
b Yields of isolated products are the average of at least two experiments.
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100 �C (Table 1, entries 7 and 8). Notably, the combination of

Pd(OAc)2 (10 mol%) and Cu(OAc)2 (20 mol%) gave an improved

yield of 5a of 48% (Table 1, entry 3). The alternative combination

of Pd(OAc)2 (10 mol%) and one equivalent of PhI(OAc)2 under

an oxygen atmosphere led to the formation of 5a in 40% yield

(Table 1, entry 4). The utilization of MnO2 (10 mol%) as the

reoxidant, previously employed by Batey et al.,10 did not give an

improved yield (Table 1, entry 6). However, the use of Cu(OTf)2
in this capacity resulted in the desired product 5a in 53% yield

(Table 1, entry 9). Alternative palladium catalysts such as PdCl2
and Pd(COD)Cl2 were more effective at 100 �C under an oxygen

atmosphere, providing 5a in 75% and 85% yield, respectively

(Table 1, entries 10 and 11). Further variation in solvents did not

lead to improvement in reaction yield (Table 1, entries 14–16).

The chemospecific formation of a C–S bond rather than the

alternative C–N bond, as confirmed by single-crystal X-ray

crystallography (Table S1, ESI†) of the as-synthesized benzo-

thiazole 5a, is striking considering that an intramolecular ami-

nation to give glycosyl benzimidazole (6) is quite feasible (Fig. 2).

Scope of chemoselective intramolecular C–S cross-coupling of

glycosyl thioureas 4b–o

In a further set of experiments, we investigated the scope and

generality of the method for a range of sugar-substituted

N-arylthioureas in the presence of Pd(COD)Cl2 as catalyst

(10 mol%) and tetrabutylammonium bromide (2 equivalents)

under an oxygen atmosphere. Substrates (4b–k) containing either
This journal is ª The Royal Society of Chemistry 2012
an electron donating (Table 2, entries 1–3) or withdrawing group

(Table 2, entries 4–7) at the 4-position showed similar reactivity

to the parent 4a, although yields were slightly lower for strongly

electron withdrawing groups (Table 2, entries 8–10). Substrates

4l–n with the substituent at the 3-position reacted regiospecifi-

cally at the sterically less-hindered 6-position. In all cases, no

regio- or stereoisomers were observed during the reaction

(Table 2, entries 11–13). In addition, we found that the ortho-

substitution of the thiourea with a bulky phenyl group at the

2-position had no significant effect on the reaction yield (Table 2,

entry 14).

Interestingly, palladium-catalyzed coupling reactions

involving non-carbohydrate thiourea derivatives (7–10) did not

proceed to give the benzothiazole products under standard

reaction conditions (Fig. 3). More surprisingly, a non-pivaloy-

lated glycosyl thiourea substrate (11) failed to undergo the C–S

coupling. By comparison, the reaction of a different pivaloylated

glycosyl thiourea (12) proceeded to afford the coupling product

in high yield (80%). Taken together with our data obtained from

previous metal-catalyzed asymmetric reactions involving piv-

aloylated sugars,11 these results suggest that the pivaloyl

carbonyl group might play a significant role in mediating the

intramolecular C–S coupling reactions.12

Mechanistic studies of C–S cross-couplings

A plausible mechanism for the Pd(II)-catalyzed C–S coupling is

proposed in Fig. 4 on the basis of our experimental observations
Chem. Sci., 2012, 3, 2388–2393 | 2391
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Fig. 3 Reactivity screening of various thiourea derivatives.

Fig. 5 Evaluation of cell staining of the cross-coupled products by

fluorescence microscopy. (a and c) Representative normal light contrast

images of C6 glioma cells loaded with 5f and 5o0 (80 mM each) in Hank’s

Balanced Salts Solution for 1 h at 37 �C. (b and d) The corresponding

fluorescence images of the cells loaded with 5f and 5o0, respectively.
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and density functional theory calculations. We suggest that the

Pd metal coordinates to both the S atom of the thiourea and O

atom of one of the neighboring pivaloyl carbonyl groups,

resulting in the formation of a Pd(II) arene complex A. Transient

intermediate A subsequently undergoes cyclopalladation to

afford intermediate C via stabilized cation B. Intramolecular

hydrogen bonding between the 2-O-pivaloyl carbonyl group and

the amide N–H group of the thiourea moiety assists in stabilizing

these conformations. Cyclopalladated intermediate C then

undergoes reductive elimination and the resulting Pd(0) species is

reoxidized to regenerate the Pd(II) catalyst by molecular oxygen

or another oxidant to complete the catalytic cycle.13 The pivaloyl

carbonyl groups serve as a ligand donor to the Pd center and as

a hydrogen bond acceptor of the thiourea’s N–H group to create

a coordination environment where the reactive functionalities are

brought into proximity for the coupling reaction to occur. The

selectivity of the C–S bond formation over the C–N bond is likely

a result of this lower energy reaction pathway via intermediates
Fig. 4 Proposed catalytic cycle for the synthesis of 5a.

2392 | Chem. Sci., 2012, 3, 2388–2393
B and C in the presence of intramolecular hydrogen bonds

(See ESI†).

Cytotoxicity analysis and cell staining/imaging study of the

cross-coupled products

We next assessed the cytostatic reactivity of our newly synthe-

sized sugar-based benzothiazoles and their de-pivaloylated

products towards a human myeloid leukemia cell line (HL-60

cells) and three cell lines derived from a gastric carcinoma

(BGC-823 cells), a liver carcinoma (Bel-7402 cells), and an oral

carcinoma (KB cells). This investigation revealed that sugar-

based benzothiazole 5a is a potent cytotoxic agent against these

cell lines. Compounds 5a0–o0, prepared by de-pivaloylation of the

corresponding sugar-based benzothiazoles,6a exhibited increased

cytotoxic potency (Table S2, ESI†). When used for cell staining

(C6 glioma cancer cell), fluorescent benzothiazole substrates 5f

and 5o0 exhibited potent growth inhibition. The retention of

fluorescence signals within these cells was not compromised even

after 1 h of incubation at 37 �C (Fig. 5).

Conclusions

In conclusion, we have developed a rather general, catalytic

method for the chemoselective synthesis of various substituted

sugar-based benzothiazoles from readily accessible glycosyl

thiourea precursors. Our mechanistic investigation suggests that

the unusual intramolecular C–S coupling reaction stems from the

metal–pivaloyl carbonyl coordination and may be assisted by the

presence of intramolecular hydrogen bonding. We have also

demonstrated antitumor activity and imaging in living

mammalian cells by these fluorescent glycoconjugates. Further
This journal is ª The Royal Society of Chemistry 2012
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studies to elucidate the reaction mechanism and explore the

biological activity of this new class of sugar-based benzothiazoles

are currently underway in our laboratories.
Acknowledgements

This study was supported in part by the Science and Technology

Plan of Zhejiang Province (No. 2011C24004), the Key-Sci-Tech

Innovation Team of Zhejiang Province (No. 2010R50017), the

Natural Science Foundation of China (No. 21076052), the Sin-

gapore Ministry of Education and the Agency for Science, and

Technology and Research (A*STAR). We are also grateful to

Prof. J. Zhang for providing the cytotoxicity analysis.
Notes and references

1 M. Anzini, A. Chelini, A. Mancini, A. Cappelli, M. Frosini, L. Ricci,
M. Valoti, J. Magistretti, L. Castelli, A. Giordani, F. Makovec and
S. Vomero, J. Med. Chem., 2010, 53, 734.

2 X. Wang, K. Sarris, K. Kage, D. Zhang, S. P. Brown, T. Kolasa,
C. Surowy, O. F. El Kouhen, S. W. Muchmore, J. D. Brioni and
A. O. Stewart, J. Med. Chem., 2009, 52, 170.

3 M. C. Van Zandt, M. L. Jones, D. E. Gunn, L. S. Geraci, J. H. Jones,
D. R. Swaicki, J. Sredy, J. L. Jacot, A. T. DiCioccio, T. Petrova,
A. Mitschler and A. D. Podjarny, J. Med. Chem., 2005, 48, 3141.

4 C. Rodr�ıguez-Rodr�ıguez, N. S�anchez de Groot, A. Rimola,
A. Alvarez-Larena, V. Lloveras, J. Vidal-Gancedo, S. Ventura,
J. Vendrell, M. Sodupe and P. Gonz�alez-Duarte, J. Am. Chem.
Soc., 2009, 131, 1436.

5 C. G. Mortimer, G. Wells, J. P. Crochard, E. L. Stone,
T. D. Bradshaw, M. F. G. Stevens and A. D. Westwell, J. Med.
Chem., 2006, 49, 179.

6 (a) R. M. Schmaltz, S. R. Hanson and C. Wong, Chem. Rev., 2011,
111, 4259; (b) P. H. Seeberger and W. C. Haase, Chem. Rev., 2000,
100, 4349; (c) P. Wang, X. Li, J. Zhu, J. Chen, Y. Yuan, X. Wu
and S. J. Danishefsky, J. Am. Chem. Soc., 2011, 133, 1597; (d)
J. Neyts, E. de Clercq, R. Singha, Y. H. Chang, A. R. Das,
S. K. Chakraborty, S. C. Hong, S. C. Tsay, M. H. Hsu and
J. R. Hwu, J. Med. Chem., 2009, 52, 1486; (e) A. P. Davis, Nature,
2010, 464, 169; (f) Q. Zhao, C. Shen, H. Zheng, J. Zhang and
P. Zhang, Carbohydr. Res., 2010, 345, 437; (g) K. Mori and
Z. Qian, Bull. Soc. Chim. Fr., 1993, 130, 382.

7 For reviews: see (a) J. F. Hartwig, Nature, 2008, 455, 314; (b)
I. P. Beletskaya and V. P. Ananikov, Chem. Rev., 2011, 111, 1596;
This journal is ª The Royal Society of Chemistry 2012
(c) A. Correa, O. G. Manche~no and C. Bolm, Chem. Soc. Rev.,
2008, 37, 1108; (d) R. Giri, B. Shi, K. M. Engle, N. Maugel and
J. Yu, Chem. Soc. Rev., 2009, 38, 3242; (e) T. W. Lyons and
M. S. Sanford, Chem. Rev., 2010, 110, 1147. For representative C–S
couplings: see (f) D. Ma, S. Xie, P. Xue, X. Zhang, J. Dong and
Y. Jiang, Angew. Chem., Int. Ed., 2009, 48, 4222; (g) G. Evindar
and R. A. Batey, J. Org. Chem., 2006, 71, 1802; (h) S. Murru,
H. Ghosh, S. K. Sahoo and B. K. Patel, Org. Lett., 2009, 11, 4254;
(i) J. Srogl, J. H�yvl, A. R�ev�esz and D. Schr€oder, Chem. Commun.,
2009, 3463; (j) K. Inamoto, Y. Arai, K. Hiroya and T. Doi, Chem.
Commun., 2008, 5529; (k) K. Inamoto, C. Hasegawa, K. Hiroya
and T. Doi, Org. Lett., 2008, 10, 5147; (l) C. S. Bryan,
J. A. Braunger and M. Lautens, Angew. Chem., Int. Ed., 2009, 48,
7064; (m) P. Saha, T. Ramana, N. Purkait, M. A. Ali, R. Paul and
T. Punniyamurthy, J. Org. Chem., 2009, 74, 8719; (n) Z. Duan,
S. Ranjit, P. Zhang and X. Liu, Chem.–Eur. J., 2009, 15, 3666; (o)
K. Inamoto, C. Hasegawa, J. Kawasaki, K. Hiroya and T. Doi,
Adv. Synth. Catal., 2010, 352, 2643. For other representative
carbon–heteroatom bond-forming reactions: see (p) D. C. Powers
and T. Ritter, Nat. Chem., 2009, 1, 302; (q) S. Ueda and
H. Nagasawa, Angew. Chem., Int. Ed., 2008, 47, 6411; (r) X. Chen,
X. Hao, C. E. Goodhue and J. Yu, J. Am. Chem. Soc., 2006, 128,
6790; (s) C. Sun, H. Li, D. Yu, M. Yu, X. Zhou, X. Lu, K. Huang,
S. Zheng, B. Li and Z. Shi, Nat. Chem., 2010, 2, 1044; (t) E. Alvaro
and J. F. Hartwig, J. Am. Chem. Soc., 2009, 131, 7858; (u)
G. Brasche and S. L. Buchwald, Angew. Chem., Int. Ed., 2008, 47,
1932; (v) L. Ackermann, R. Vicente and A. R. Kapdi, Angew.
Chem., Int. Ed., 2009, 48, 9792.

8 (a) Z. Duan, S. Ranjit and X. Liu, Org. Lett., 2010, 12, 2430; (b)
S. Ranjit, R. Lee, D. Heryadi, C. Shen, J. Wu, P. Zhang,
K. W. Huang and X. Liu, J. Org. Chem., 2011, 76, 8999; (c)
S. Ranjit and X. Liu, Chem.–Eur. J., 2011, 17, 1105; (d) S. Ranjit,
Z. Duan, P. Zhang and X. Liu, Org. Lett., 2010, 12, 4134.

9 (a) S. S. Stahl, Angew. Chem., Int. Ed., 2004, 43, 3400; (b) Y. Izawa,
D. Pun and S. S. Stahl, Science, 2011, 333, 209; (c) K. M. Gligorich
and M. S. Sigman, Chem. Commun., 2009, 3854; (d) K. Chen and
P. S. Baran, Nature, 2009, 459, 824; (e) M. S. Chen and
M. C. White, Science, 2007, 318, 783; (f) A. K. Persson and
J. E. B€ackvall, Angew. Chem., Int. Ed., 2010, 49, 4624.

10 L. L. Joyce and R. A. Batey, Org. Lett., 2009, 11, 2792.
11 (a) G. Zhou, P. Zhang and Y. Pan, Tetrahedron, 2005, 61, 5671; (b)

D. Wang, P. Zhang and B. Yu, Helv. Chim. Acta, 2007, 90, 938; (c)
J. Mao and P. Zhang, Tetrahedron: Asymmetry, 2009, 20, 566.

12 (a) B. Xiao, Y. Fu, J. Xu, T. Gong, J. Dai, J. Yi and L. Liu, J. Am.
Chem. Soc., 2010, 132, 468; (b) K. H. Ng, A. S. C. Chan and
W. Y. Yu, J. Am. Chem. Soc., 2010, 132, 12862.

13 J. E. Remias and A. Sen, J. Mol. Catal. A: Chem., 2002, 189,
33.
Chem. Sci., 2012, 3, 2388–2393 | 2393

http://dx.doi.org/10.1039/c2sc20248d

	A concise, efficient synthesis of sugar-based benzothiazoles through chemoselective intramolecular Ctnqh_x2013S couplingElectronic supplementary...
	A concise, efficient synthesis of sugar-based benzothiazoles through chemoselective intramolecular Ctnqh_x2013S couplingElectronic supplementary...
	A concise, efficient synthesis of sugar-based benzothiazoles through chemoselective intramolecular Ctnqh_x2013S couplingElectronic supplementary...
	A concise, efficient synthesis of sugar-based benzothiazoles through chemoselective intramolecular Ctnqh_x2013S couplingElectronic supplementary...
	A concise, efficient synthesis of sugar-based benzothiazoles through chemoselective intramolecular Ctnqh_x2013S couplingElectronic supplementary...
	A concise, efficient synthesis of sugar-based benzothiazoles through chemoselective intramolecular Ctnqh_x2013S couplingElectronic supplementary...
	A concise, efficient synthesis of sugar-based benzothiazoles through chemoselective intramolecular Ctnqh_x2013S couplingElectronic supplementary...

	A concise, efficient synthesis of sugar-based benzothiazoles through chemoselective intramolecular Ctnqh_x2013S couplingElectronic supplementary...
	A concise, efficient synthesis of sugar-based benzothiazoles through chemoselective intramolecular Ctnqh_x2013S couplingElectronic supplementary...


