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Abstract: A simple and practical NaI-catalyzed direct C�H
sulfenylation of arenes has been developed under air. In
this reaction, aryl sulfides were obtained in moderate to
excellent yields with high regioselectivity from readily
available aromatic compounds and aryl/alkyl thiols, even
on gram scale. To demonstrate the practicability of this re-
action, two bioactive compound skeletons were synthe-
sized in good yields. This method can also be used to
late-stage modification of curcumin.

Aryl sulfides are ubiquitous structural motifs existing in many
natural products, biologically active compounds, and organic
materials.[1] Thus, the formation of C�S bonds has garnered
much attention.[2] Among them, C(sp2)�S bond formation is
one of the most important and fundamental reactions for the
synthesis of these sulfide compounds (Scheme 1). Classical
transition-metal-catalyzed cross-coupling reactions of prefunc-
tionalized arenes[1c, 3] (e.g. , aryl halides) with various sulfur-
based partners were mediated by palladium,[4] copper,[5]

nickel,[6] iron,[7] cobalt,[8] rhodium[9] and gold.[10] Subsequently,
direct C�H thioarylation was also achieved in the presence of
suitable metal catalysts.[3c, 11] Since thiol(ate) anions deactivate
the catalysts[12] and disulfide formation in the presence of oxi-
dants,[13] the general applicability of these metal-catalyzed pro-
cedures has been limited. Typically toxic matters[14] and heavy-
metal-salt waste produced were also serious problems in those

reactions. In recent years, with the emergence of the concepts
of “atom economy”and “green chemistry”, metal-free C�H thio-
arylation of electron rich arenes and heteroarenes using (thio)-
succinimides,[15] sulfonyl hydrazines,[16] and other precursors[17]

can circumvent some of the problems of transition-metal-
mediated transformations. Considering the highly active oxi-
dants and intermediates, these methodologies, however, often
suffer from low functional-group tolerance and multistep prep-
arations of the coupling precursors. In addition, the direct
metal-free conversion of C�H bonds into C�S bonds using
thiols has been reported as an efficient alternative approach,[18]

but such approaches used toxic and volatile iodine, which lim-
ited the applicability. It is desirable in the medicinal industry
that reactions are conducted under metal-free and non-toxic
conditions. A metal-free electrophilic phosphination reaction
has been recently achieved.[19] Therefore, developing a practi-
cal and economic approach to aryl sulfides directly from
arenes and aryl/alkyl thiols is a challenging and urgent task.
Herein, we report an efficient, metal-free, practical, and simple
route for the synthesis of unsymmetrical aryl sulfides by oxida-
tive dehydrogenation in the presence of inexpensive and envi-
ronment friendly NaI, using air as the oxidant.

According to our previous work,[20] the bromide anion can
be oxidized to bromine (Br2) under air, and subsequently oxi-
dize an S�H bond to an S�Br bond, while the umpolung of
aryl thiols could be attacked by the nitrogen atom of an intra-

Scheme 1. Examples of C�S bond formation reactions.
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molecularly formed amide S�N bond. Thus, 10 mol % KBr with
equal amounts of 1 a and 2 a as starting materials were tested
in DMF at 120 8C (Table 1, entry 1). Only 5 % of the desired pro-
duct 3 a was obtained in this trial. Therefore, we chose the
more easily oxidized iodide as catalyst in this reaction. To our
delight, when the reaction was carried out in the presence of
10 mol % NaI in DMF at 120 8C, the yield of 3 a slightly im-
proved to 26 %. The following control reactions in the absence
of O2 and NaI (Table 1, entries 3 and 4, respectively), showed
no traces of 3 a, indicating that both NaI and oxygen are nec-
essary in these transformations. Then various solvents were
screened and the reaction proceeded well in highly polar
DMSO (Table 1, entry 7). Subsequently, we tried to increase the
yield of 3 a by enhancing the concentration of the reaction
(Table 1, entries 8, 9) or prolonging the reaction time (Table 1,
entry 13), and only a slightly increase occurred. A series of
iodide salts (Table 1, entries 10, 11, 12) were also tested but
failed to provide more favorable outcomes. However, when in-
creasing the amount of NaI to 20 and 50 mol %, 3 a was ob-
tained in 90 and 93 % yield (Table 1, entries 14 and 15, respec-
tively) ; for environmental concerns, 20 mol % NaI was used.
The effect of temperature was also examined (Table 1, en-
tries 16 and 17) and 120 8C was found to be the best. A similar
yield was observed when the reaction was carried out under
air (Table 1, entry 18).

With the optimized reaction conditions in hand, a range of
arylthiols bearing an alkyl substituent were examined (Table 2)
giving the corresponding products 3 b–3 d in good to excellent
yields (80–93 %). Notably, when the arenes had two ortho-alkyl

substituents, the yield of corresponding sulfenylated arene 3 e
was 70 %. Aryl thiols having electron-withdrawing halo groups
at the 2 or 4 position 1 f–h, 1 k afforded the thiolated pro-
ducts 3 f–3 h, 3 k in 86–94 % yields. However, those having
electron-donating groups at the 2 or 4 position 1 i, 1 j, and 1 l
gave slightly lower yields than those with electron-withdraw-
ing groups, which might be caused by the lower reactivity of
sulfur cation intermediates. Moreover, alkylthiols 1 m and 1 n
reacted smoothly and provided the desired products 3 m, 3 m’
and 3 n in 71, 75 and 83 % yield, respectively. Further investiga-
tions showed that heterocyclic thiols such as pyridine-2-thiol
1 o and benzo[d]thiazole-2-thiol 1 p also reacted well. In addi-
tion, this reaction also proceeded well on gram scale for 3 a
(82 % yield).

On the basis of the results obtained in the case of carbon
nucleophile N,N-dimethylaniline 2 a, we further extended this
strategy to investigate the nucleophile partners (Scheme 2).
For this purpose, the arylthiolation of pyrrole 2 b was initially
carried out under the aforementioned conditions, providing
the corresponding sulfide 4 b in 85 % yield. In addition, it is
noteworthy that indoles could couple with aryl (alkyl) thiols,
giving the expected products 4 ca and 4 cb in excellent yield.
Furthermore, indoles with methyl group 2 d and moderate

Table 1. Reaction optimizations.[a]

Entry Solvent T [8C] Catalyst [mol %] Oxidant Yield[a] [%]

1 DMF 120 KBr (10) O2 5
2 DMF 120 NaI (10) O2 26
3 DMF 120 NaI (10) No 0
4 DMF 120 No O2 0
5 NMP 120 NaI (10) O2 0
6 toluene 120 NaI (10) O2 0
7 DMSO 120 NaI (10) O2 54
8[b] DMSO 120 NaI (10) O2 60
9[c] DMSO 120 NaI (10) O2 61
10 DMSO 120 KI (10) O2 57
11 DMSO 120 CuI (10) O2 23
12 DMSO 120 TBAI (10) O2 53
13[d] DMSO 120 NaI (10) O2 60
14 DMSO 120 NaI (20) O2 90
15 DMSO 120 NaI (50) O2 93
16 DMSO 100 NaI (20) O2 20
17 DMSO 90 NaI (20) O2 trace
18 DMSO 120 NaI (20) air 85

[a] Unless otherwise noted, the reactions were performed in a Schlenk
tube with 1 a (0.1 mmol), 2 a (0.1 mmol), and O2 (balloon pressure) in
1 mL (0.10 mmol mL�1) solvent for 16 h. All yields listed are isolated
yields. [b] 0.2 mmol mL�1. [c] 0.5 mmol mL�1. [d] 24 h.

Table 2. Substrate scope of thiols.[a,b]

Entry Thiol Product Yield[%][b]

– –

1[c] R1 = H 1 a 3 a 93
2 R1 = 2-Me 1 b 3 b 80
3 R1 = 3-Me 1 c 3 c 90
4 R1 = 4-Me 1 d 3 d 87
5 R1 = 2,6-dimethyl 1 e 3 e 70
6 R1 = 4-F 1 f 3 f 94
7 R1 = 4-Cl 1 g 3 g 93
8 R1 = 4-Br 1 h 3 h 87
9 R1 = 4-OMe 1 i 3 i 84
10 R1 = 4-tBu 1 j 3 j 76
11 R1 = 2-Cl 1 k 3 k 86
12 R1 = 2-NH2 1 l 3 l 78
13 R = Me 1 m 3 m 71
14 R = Ph 1 m’ 3 m’ 75

15 1 n 3 n 83

16 1 o 3 o 86

17 1 p 3 p 92

[a] Conditions:1 (0.1 mmol), 2 a (0.1 mmol), NaI (0.02 mmol), DMSO
(1.0 mL), 120 8C, 16 h, under oxygen. [b] Isolated yield based on 2 a.
[c] The reaction can also be performed on gram scale. 1 a (1.10 g) with
2 a (1.21 g) gave 3 a 1.87 g (82 % yield).
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electron-withdrawing acetyl group 2 e substituents were toler-
ated and afforded the corresponding diaryl sulfides 4 d and 4 e
in 89 and 65 % yield rather than a iodination products.[21] The
thiolation of 1,3,5-trimethoxybenzene 2 f and 2-naphthol 2 g
also afforded the thiolated products 4 f and 4 g in 82 and 87 %
yield, respectively.

To demonstrate the practicability of this reaction, two com-
plex bioactive compounds were synthesized using our ap-
proach (Scheme 3). AZD4407 is a known 5-lipoxygenase inhibi-
tor.[22] Methyl 5-methoxy-3-((3,4,5-trimethoxyphenyl)thio)-1H-
indole-2-carboxylate (4 h) shows excellent antitumor activities

as a potent inhibitor of tubulin polymerization.[23] Both of them
were synthesized previously in low yields and many steps.[17d, 22]

Notably, by using the method we developed, the two bioactive
compounds were successfully prepared in 65 and 72 % yield,
respectively. The metal-free protocol was also applied to late-
stage modification of curcumin, an extensive pharmacological-
ly active compound,[24] leading selectively to monosulfide 4 j in
76 % yield. In addition, when the reaction was conducted with
diphenyl diselenide 1 q,[25] it proceeded smoothly and gave the
product in 89 %.

A primary mechanism research was also conducted. Previous
results indicated NaI and oxygen are necessary in these trans-
formations. Then, to further elucidate the mechanism, some
control experiments were carried out (Scheme 4). Thiols could

be absolutely transferred to disulfide 5 a in the absence of aro-
matics (Scheme 4 a). Disulfide 5 a reacted well with 2 a giving
the product in 93 % yield. However, the reaction could not
conduct in the absence of NaI (Scheme 4 b). On the other
hand, when the reaction time was shortened to 6 h, disulfide
5 a and product 3 a were observed in 63 and 35 % yield, re-
spectively (Scheme 4 c). All of these reactions indicated that
both thiols and disulfides could be converted to the desired
products. Besides, when using I2 as oxidant or catalyst (Sche-
me 4 d,e), 3 a was obtained in a slightly lower yield (79 and
67 % respectively), which uncovered that I2 is a very important
oxidant intermediate.

A proposed mechanism for the formation of sulfides is
shown as follows (Scheme 5): (1) I� is oxidized to I2 by molecu-
lar oxygen; (2) the nucleophilic arylthiol attacks the electrophil-
ic iodine leading to the formation of electrophilic intermediate
Ar�SI via elimination of one molecule of HI; (3) the species Ar�
SI is attacked by electron-rich arenes or arylthiols forming de-
sired compounds or disulfides, upon elimination of HI; (4) the
disulfide is oxidized by I2 to an activated intermediate 4 ; (5) 4

Scheme 2. Substrate scope of the arene and heteroarene coupling partners.
Conditions: 1 d (0.1 mmol), 2 (0.1 mmol), NaI (0.02 mmol), DMSO (1.0 mL),
120 8C, 16 h, under oxygen. Isolated yields based on 1 d or 1 m.

Scheme 3. Syntheses of two bioactive compound skeletons.

Scheme 4. Control experiments.
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is then converted into the desired product and 2 by a direct
nucleophilic substitution.

In summary, an operationally simple and environmentally
friendly method of direct C�H thioarylation of arenes and het-
eroarenes with high regioselectivity was developed. In this re-
action, cheap and safe NaI was used as catalyst and air as oxi-
dant, affording sulfenylated arenes in good to excellent yields,
even on gram scale. The reaction had high functional group
tolerance and a broad substrate scope. The developed method
was also successfully utilized in the syntheses of two biologi-
cally active compounds and late-stage modification of the
pharmacologically active compound curcumin. Further studies
on sulfur cations and applications of this reaction are under in-
vestigation.

Experimental Section

General procedure for the synthesis of N,N-dimethyl-4-(phe-
nylthio)aniline (3 a):

A mixture of thiophenol (11.0 mg, 0.1 mmol) with N,N-dimethylani-
line (12.1 mg, 0.1 mmol), NaI (2.98 mg, 0.02 mmol) and DMSO
(1.0 mL) was stirred at 120 8C in a Schlenk tube for 16 h under dry
air conditions. The mixture was then cooled to room temperature,
diluted with water, extracted with ethyl acetate, dried over sodium
sulfate and concentrated. The crude products were purified by
column chromatography on silica gel to give the corresponding
products.

Acknowledgements

We thank Prof. Yong-Min Liang and Chun-An Fan for helpful
discussions. Financial support was provided by the Recruit-
ment Program of Global Experts (1000 Talents Plan) and Fun-
damental Research Funds for the Central Universities (lzujbky-
2016-153).

Keywords: aryl sulfides · C�H sulfenylation · cross-coupling ·
regioselectivity · sodium iodide

[1] For recent examples, see: a) H. Iino, T. Usui, J.-i. Hanna, Nat. Commun.
2015, 6, 6828; b) H. Wu, S. Bock, M. Snitko, T. Berger, T. Weidner, S. Hol-
loway, M. Kanitz, W. E. Diederich, H. Steuber, C. Walter, D. Hofmann, B.
Weißbrich, R. Spannaus, E. G. Acosta, R. Bartenschlager, B. Engels, T.

Schirmeister, J. Bodem, Antimicrob. Agents Chemother. 2015, 59, 1100 –
1109; c) I. P. Beletskaya, V. P. Ananikov, Chem. Rev. 2011, 111, 1596 – 1636.

[2] Z. Qiao, X. Jiang, Org. Biomol. Chem. 2017, 15, 1942 – 1946.
[3] For reviews on metal-catalyzed C�S bond formation, see: a) I. P. Belet-

skaya, V. P. Ananikov, Eur. J. Org. Chem. 2007, 3431 – 3444; b) S. V. Ley,
A. W. Thomas, Angew. Chem. Int. Ed. 2003, 42, 5400 – 5449; Angew.
Chem. 2003, 115, 5558 – 5607; c) C. Shen, P. Zhang, Q. Sun, S. Bai, T. S. A.
Hor, X. Liu, Chem. Soc. Rev. 2015, 44, 291 – 314.

[4] For selected examples, see: a) M. A. Fern�ndez-Rodr�guez, Q. Shen, J. F.
Hartwig, J. Am. Chem. Soc. 2006, 128, 2180 – 2181; b) G. Bastug, S. P.
Nolan, J. Org. Chem. 2013, 78, 9303 – 9308; c) J. Mao, T. Jia, G. Frensch,
P. J. Walsh, Org. Lett. 2014, 16, 5304 – 5307; d) M. Murata, S. L. Buchwald,
Tetrahedron 2004, 60, 7397 – 7403; e) M. Iwasaki, M. Iyanaga, Y. Tsuchiya,
Y. Nishimura, W. Li, Z. Li, Y. Nishihara, Chem. Eur. J. 2014, 20, 2459 – 2462.

[5] For selected examples, see: a) Z. Qiao, N. Ge, X. Jiang, Chem. Commun.
2015, 51, 10295 – 10298; b) C. Uyeda, Y. Tan, G. C. Fu, J. C. Peters, J. Am.
Chem. Soc. 2013, 135, 9548 – 9552; c) C.-K. Chen, Y.-W. Chen, C.-H. Lin,
H.-P. Lin, C.-F. Lee, Chem. Commun. 2010, 46, 282 – 284; d) C. G. Bates, P.
Saejueng, M. Q. Doherty, D. Venkataraman, Org. Lett. 2004, 6, 5005 –
5008.

[6] For selected examples, see: a) Y. Zhang, K. C. Ngeow, J. Y. Ying, Org. Lett.
2007, 9, 3495 – 3498; b) X.-B. Xu, J. Liu, J.-J. Zhang, Y.-W. Wang, Y. Peng,
Org. Lett. 2013, 15, 550 – 553; c) S. Jammi, P. Barua, L. Rout, P. Saha, T.
Punniyamurthy, Tetrahedron Lett. 2008, 49, 1484 – 1487.

[7] a) J.-R. Wu, C.-H. Lin, C.-F. Lee, Chem. Commun. 2009, 4450 – 4452; b) A.
Correa, M. Carril, C. Bolm, Angew. Chem. Int. Ed. 2008, 47, 2880 – 2883;
Angew. Chem. 2008, 120, 2922 – 2925.

[8] Y.-C. Wong, T. T. Jayanth, C.-H. Cheng, Org. Lett. 2006, 8, 5613 – 5616.
[9] M. Arisawa, T. Suzuki, T. Ishikawa, M. Yamaguchi, J. Am. Chem. Soc.

2008, 130, 12214 – 12215.
[10] M. Jean, J. Renault, P. van de Weghe, N. Asao, Tetrahedron Lett. 2010,

51, 378 – 381.
[11] For selected examples, see: a) S. V�squez-C�spedes, A. Ferry, L. Candish,

F. Glorius, Angew. Chem. Int. Ed. 2015, 54, 5772 – 5776; Angew. Chem.
2015, 127, 5864 – 5868; b) Y. Yang, W. Hou, L. Qin, J. Du, H. Feng, B.
Zhou, Y. Li, Chem. Eur. J. 2014, 20, 416 – 420; c) L. Chu, X. Yue, F.-L. Qing,
Org. Lett. 2010, 12, 1644 – 1647; d) P. Peng, J. Wang, C. Li, W. Zhu, H.
Jiang, H. Liu, RSC Adv. 2016, 6, 57441 – 57445; e) S. Ranjit, R. Lee, D. Her-
yadi, C. Shen, J. E. Wu, P. Zhang, K.-W. Huang, X. Liu, J. Org. Chem. 2011,
76, 8999 – 9007; f) H. Tian, C. Zhu, H. Yang, H. Fu, Chem. Commun. 2014,
50, 8875 – 8877.

[12] R. Hughes, Chem. Eng. J. 1986, 33, 183.
[13] For selected examples, see: a) L. Wang, W. He, Z. Yu, Chem. Soc. Rev.

2013, 42, 599 – 621; b) C.-F. Lee, Y.-C. Liu, S. S. Badsara, Chem. Asian J.
2014, 9, 706 – 722.

[14] �. Usluer, M. Abbas, G. Wantz, L. Vignau, L. Hirsch, E. Grana, C. Brochon,
E. Cloutet, G. Hadziioannou, ACS Macro Lett. 2014, 3, 1134 – 1138.

[15] For selected examples, see: a) T. Hostier, V. Ferey, G. Ricci, D. G. Pardo, J.
Cossy, Chem. Commun. 2015, 51, 13898 – 13901; b) H. Tian, H. Yang, C.
Zhu, H. Fu, Adv. Synth. Catal. 2015, 357, 481 – 488; c) T. Hostier, V. Ferey,
G. Ricci, D. Gomez Pardo, J. Cossy, Org. Lett. 2015, 17, 3898 – 3901.

[16] An example: X. Kang, R. Yan, G. Yu, X. Pang, X. Liu, X. Li, L. Xiang, G.
Huang, J. Org. Chem. 2014, 79, 10605 – 10610.

[17] a) Q. Wu, D. Zhao, X. Qin, J. Lan, J. You, Chem. Commun. 2011, 47,
9188 – 9190; b) F. Xiao, S. Chen, J. Tian, H. Huang, Y. Liu, G.-J. Deng,
Green Chem. 2016, 18, 1538 – 1546; c) W. Ge, Y. Wei, Green Chem. 2012,
14, 2066 – 2070; d) H. Qi, T. Zhang, K. Wan, M. Luo, J. Org. Chem. 2016,
81, 4262 – 4268; e) J. A. Fern�ndez-Salas, A. P. Pulis, D. J. Procter, Chem.
Commun. 2016, 52, 12364 – 12367.

[18] a) S. K. R. Parumala, R. K. Peddinti, Green Chem. 2015, 17, 4068 – 4072;
b) Y. Liao, P. Jiang, S. Chen, H. Qi, G.-J. Deng, Green Chem. 2013, 15,
3302 – 3306; c) S. Saba, J. Rafique, A. L. Braga, Catal. Sci. Technol. 2016,
6, 3087 – 3098; d) X. Liu, H. Cui, D. Yang, S. Dai, G. Zhang, W. Wei, H.
Wang, Catal. Lett. 2016, 146, 1743 – 1748.

[19] a) L. Huang, J. Gong, Z. Zhu, Y. Wang, S. Guo, H. Cai, Org. Lett. 2017, 19,
2242 – 2245; b) Y. Unoh, K. Hirano, M. Miura, J. Am. Chem. Soc. 2017,
139, 6106 – 6109.

[20] T.-Q. Yu, Y.-S. Hou, Y. Jiang, W.-X. Xu, T. Shi, X. Wu, J.-C. Zhang, D. He, Z.
Wang, Tetrahedron Lett. 2017, 58, 2084 – 2087.

[21] Y. Zi, Z.-J. Cai, S.-Y. Wang, S.-J. Ji, Org. Lett. 2014, 16, 3094 – 3097.

Scheme 5. Proposed mechanism.

Chem. Asian J. 2017, 00, 0 – 0 www.chemasianj.org � 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim4&&

�� These are not the final page numbers!

Communication

https://doi.org/10.1038/ncomms7828
https://doi.org/10.1038/ncomms7828
https://doi.org/10.1128/AAC.03543-14
https://doi.org/10.1128/AAC.03543-14
https://doi.org/10.1128/AAC.03543-14
https://doi.org/10.1021/cr100347k
https://doi.org/10.1021/cr100347k
https://doi.org/10.1021/cr100347k
https://doi.org/10.1039/C6OB02833K
https://doi.org/10.1039/C6OB02833K
https://doi.org/10.1039/C6OB02833K
https://doi.org/10.1002/ejoc.200700119
https://doi.org/10.1002/ejoc.200700119
https://doi.org/10.1002/ejoc.200700119
https://doi.org/10.1002/anie.200300594
https://doi.org/10.1002/anie.200300594
https://doi.org/10.1002/anie.200300594
https://doi.org/10.1002/ange.200300594
https://doi.org/10.1002/ange.200300594
https://doi.org/10.1002/ange.200300594
https://doi.org/10.1002/ange.200300594
https://doi.org/10.1039/C4CS00239C
https://doi.org/10.1039/C4CS00239C
https://doi.org/10.1039/C4CS00239C
https://doi.org/10.1021/ja0580340
https://doi.org/10.1021/ja0580340
https://doi.org/10.1021/ja0580340
https://doi.org/10.1021/jo401492n
https://doi.org/10.1021/jo401492n
https://doi.org/10.1021/jo401492n
https://doi.org/10.1021/ol502470e
https://doi.org/10.1021/ol502470e
https://doi.org/10.1021/ol502470e
https://doi.org/10.1016/j.tet.2004.05.044
https://doi.org/10.1016/j.tet.2004.05.044
https://doi.org/10.1016/j.tet.2004.05.044
https://doi.org/10.1002/chem.201304717
https://doi.org/10.1002/chem.201304717
https://doi.org/10.1002/chem.201304717
https://doi.org/10.1039/C5CC03038B
https://doi.org/10.1039/C5CC03038B
https://doi.org/10.1039/C5CC03038B
https://doi.org/10.1039/C5CC03038B
https://doi.org/10.1021/ja404050f
https://doi.org/10.1021/ja404050f
https://doi.org/10.1021/ja404050f
https://doi.org/10.1021/ja404050f
https://doi.org/10.1039/B918117B
https://doi.org/10.1039/B918117B
https://doi.org/10.1039/B918117B
https://doi.org/10.1021/ol0477935
https://doi.org/10.1021/ol0477935
https://doi.org/10.1021/ol0477935
https://doi.org/10.1021/ol071248x
https://doi.org/10.1021/ol071248x
https://doi.org/10.1021/ol071248x
https://doi.org/10.1021/ol071248x
https://doi.org/10.1021/ol303366u
https://doi.org/10.1021/ol303366u
https://doi.org/10.1021/ol303366u
https://doi.org/10.1016/j.tetlet.2007.12.118
https://doi.org/10.1016/j.tetlet.2007.12.118
https://doi.org/10.1016/j.tetlet.2007.12.118
https://doi.org/10.1039/b907362k
https://doi.org/10.1039/b907362k
https://doi.org/10.1039/b907362k
https://doi.org/10.1002/anie.200705668
https://doi.org/10.1002/anie.200705668
https://doi.org/10.1002/anie.200705668
https://doi.org/10.1002/ange.200705668
https://doi.org/10.1002/ange.200705668
https://doi.org/10.1002/ange.200705668
https://doi.org/10.1021/ol062344l
https://doi.org/10.1021/ol062344l
https://doi.org/10.1021/ol062344l
https://doi.org/10.1021/ja8049996
https://doi.org/10.1021/ja8049996
https://doi.org/10.1021/ja8049996
https://doi.org/10.1021/ja8049996
https://doi.org/10.1016/j.tetlet.2009.11.025
https://doi.org/10.1016/j.tetlet.2009.11.025
https://doi.org/10.1016/j.tetlet.2009.11.025
https://doi.org/10.1016/j.tetlet.2009.11.025
https://doi.org/10.1002/anie.201411997
https://doi.org/10.1002/anie.201411997
https://doi.org/10.1002/anie.201411997
https://doi.org/10.1002/ange.201411997
https://doi.org/10.1002/ange.201411997
https://doi.org/10.1002/ange.201411997
https://doi.org/10.1002/ange.201411997
https://doi.org/10.1002/chem.201303730
https://doi.org/10.1002/chem.201303730
https://doi.org/10.1002/chem.201303730
https://doi.org/10.1021/ol100449c
https://doi.org/10.1021/ol100449c
https://doi.org/10.1021/ol100449c
https://doi.org/10.1039/C6RA04388G
https://doi.org/10.1039/C6RA04388G
https://doi.org/10.1039/C6RA04388G
https://doi.org/10.1021/jo2017444
https://doi.org/10.1021/jo2017444
https://doi.org/10.1021/jo2017444
https://doi.org/10.1021/jo2017444
https://doi.org/10.1039/C4CC03600J
https://doi.org/10.1039/C4CC03600J
https://doi.org/10.1039/C4CC03600J
https://doi.org/10.1039/C4CC03600J
https://doi.org/10.1016/0300-9467(86)80018-1
https://doi.org/10.1039/C2CS35323G
https://doi.org/10.1039/C2CS35323G
https://doi.org/10.1039/C2CS35323G
https://doi.org/10.1039/C2CS35323G
https://doi.org/10.1002/asia.201301500
https://doi.org/10.1002/asia.201301500
https://doi.org/10.1002/asia.201301500
https://doi.org/10.1002/asia.201301500
https://doi.org/10.1021/mz500590d
https://doi.org/10.1021/mz500590d
https://doi.org/10.1021/mz500590d
https://doi.org/10.1039/C5CC05421D
https://doi.org/10.1039/C5CC05421D
https://doi.org/10.1039/C5CC05421D
https://doi.org/10.1002/adsc.201400929
https://doi.org/10.1002/adsc.201400929
https://doi.org/10.1002/adsc.201400929
https://doi.org/10.1021/acs.orglett.5b01889
https://doi.org/10.1021/acs.orglett.5b01889
https://doi.org/10.1021/acs.orglett.5b01889
https://doi.org/10.1021/jo501778h
https://doi.org/10.1021/jo501778h
https://doi.org/10.1021/jo501778h
https://doi.org/10.1039/c1cc13633j
https://doi.org/10.1039/c1cc13633j
https://doi.org/10.1039/c1cc13633j
https://doi.org/10.1039/c1cc13633j
https://doi.org/10.1039/C5GC02292D
https://doi.org/10.1039/C5GC02292D
https://doi.org/10.1039/C5GC02292D
https://doi.org/10.1039/c2gc35337g
https://doi.org/10.1039/c2gc35337g
https://doi.org/10.1039/c2gc35337g
https://doi.org/10.1039/c2gc35337g
https://doi.org/10.1021/acs.joc.6b00636
https://doi.org/10.1021/acs.joc.6b00636
https://doi.org/10.1021/acs.joc.6b00636
https://doi.org/10.1021/acs.joc.6b00636
https://doi.org/10.1039/C6CC07627K
https://doi.org/10.1039/C6CC07627K
https://doi.org/10.1039/C6CC07627K
https://doi.org/10.1039/C6CC07627K
https://doi.org/10.1039/C5GC00403A
https://doi.org/10.1039/C5GC00403A
https://doi.org/10.1039/C5GC00403A
https://doi.org/10.1039/c3gc41671b
https://doi.org/10.1039/c3gc41671b
https://doi.org/10.1039/c3gc41671b
https://doi.org/10.1039/c3gc41671b
https://doi.org/10.1039/C5CY01503K
https://doi.org/10.1039/C5CY01503K
https://doi.org/10.1039/C5CY01503K
https://doi.org/10.1039/C5CY01503K
https://doi.org/10.1007/s10562-016-1798-2
https://doi.org/10.1007/s10562-016-1798-2
https://doi.org/10.1007/s10562-016-1798-2
https://doi.org/10.1021/acs.orglett.7b00726
https://doi.org/10.1021/acs.orglett.7b00726
https://doi.org/10.1021/acs.orglett.7b00726
https://doi.org/10.1021/acs.orglett.7b00726
https://doi.org/10.1021/jacs.7b02977
https://doi.org/10.1021/jacs.7b02977
https://doi.org/10.1021/jacs.7b02977
https://doi.org/10.1021/jacs.7b02977
https://doi.org/10.1016/j.tetlet.2017.03.065
https://doi.org/10.1016/j.tetlet.2017.03.065
https://doi.org/10.1016/j.tetlet.2017.03.065
https://doi.org/10.1021/ol501203q
https://doi.org/10.1021/ol501203q
https://doi.org/10.1021/ol501203q
http://www.chemasianj.org


[22] M.-L. Alcaraz, S. Atkinson, P. Cornwall, A. C. Foster, D. M. Gill, L. A.
Humphries, P. S. Keegan, R. Kemp, E. Merifield, R. A. Nixon, A. J. Noble,
D. O’Beirne, Z. M. Patel, J. Perkins, P. Rowan, P. Sadler, J. T. Singleton, J.
Tornos, A. J. Watts, I. A. Woodland, Org. Process Res. Dev. 2005, 9, 555 –
569.

[23] a) G. De Martino, G. La Regina, A. Coluccia, M. C. Edler, M. C. Barbera, A.
Brancale, E. Wilcox, E. Hamel, M. Artico, R. Silvestri, J. Med. Chem. 2004,
47, 6120 – 6123; b) G. La Regina, M. C. Edler, A. Brancale, S. Kandil, A. Co-
luccia, F. Piscitelli, E. Hamel, G. De Martino, R. Matesanz, J. F. D�az, A. I.
Scovassi, E. Prosperi, A. Lavecchia, E. Novellino, M. Artico, R. Silvestri, J.
Med. Chem. 2007, 50, 2865 – 2874.

[24] R. Wilken, M. S. Veena, M. B. Wang, E. S. Srivatsan, Mol. Cancer 2011, 10,
12.

[25] M. Iwasaki, Y. Tsuchiya, K. Nakajima, Y. Nishihara, Org. Lett. 2014, 16,
4920.

Manuscript received: August 12, 2017

Revised manuscript received: September 11, 2017

Version of record online: && &&, 0000

Chem. Asian J. 2017, 00, 0 – 0 www.chemasianj.org � 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim5 &&

These are not the final page numbers! ��

Communication

https://doi.org/10.1021/op0500483
https://doi.org/10.1021/op0500483
https://doi.org/10.1021/op0500483
https://doi.org/10.1021/jm049360d
https://doi.org/10.1021/jm049360d
https://doi.org/10.1021/jm049360d
https://doi.org/10.1021/jm049360d
https://doi.org/10.1021/jm061479u
https://doi.org/10.1021/jm061479u
https://doi.org/10.1021/jm061479u
https://doi.org/10.1021/jm061479u
https://doi.org/10.1186/1476-4598-10-12
https://doi.org/10.1186/1476-4598-10-12
https://doi.org/10.1021/ol502439m
https://doi.org/10.1021/ol502439m
http://www.chemasianj.org

