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Heterogeneously Catalyzed Direct C—H Thiolation of Heteroarenes**
Suhelen Viasquez-Céspedes, Angélique Ferry, Lisa Candish, and Frank Glorius*

Abstract: The first general methodology for the direct
thiolation of electron-rich heteroarenes was developed by
employing Pd/Al,O;, a recoverable and commercially avail-
able heterogeneous catalyst, and CuCl,. This method repre-
sents an operationally simple approach for the synthesis of
these valuable compounds. Preliminary mechanistic studies
indicate a heterogeneous catalytic system, in which both metals
play a complementary role in the formation of the thiolated
products.

The formation of C—S bonds is important because of their
prevalence in many biologically active compounds and
organic materials.!! Sulfenylated heteroarenes can be found
in molecules such as AZD4407, a 5-lipoxygenase inhibitor,?
and thienoacene-based materials (Figure 1).F!
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Figure 1. Examples of sulfenylated heterocycles used in pharmaceutical
and materials chemistry.

The thiolation of heteroarenes usually involves a transi-
tion-metal-catalyzed cross-coupling reaction between an
organic halide or boronic acid and thiols or disulfides.[!
These methods have the disadvantage of employing prefunc-
tionalized substrates and usually require ligands and numer-
ous additives for efficient reaction. While numerous
approaches to C—N or C—C bond formation through direct
C—H functionalization have been reported in recent years,”!
reports of analogous C—S bond formation through direct C—H
thiolation remain scarce. This is presumably due to the
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poisoning effect on some reagents and transition metals by
sulfur compounds.®! Pioneering work by the group of
Inamoto in 2008 utilized palladium to synthesize heterocycles
through homogeneous C—H thiolation in an intramolecular
fashion.”! Cu, Rh, and Ru catalysts have also proven to be
successful at promoting this transformation.” Nevertheless,
a directing group free® general method for the direct C—H
functionalization of electron-rich heteroarenes, such as thio-
phene, benzo[b]thiophene, or benzofuran, remains elusive.”
Indeed, only few examples of non-directed C—H thiolation
exist in the literature and they usually require very specific
sulfenylating agents that are not commercially available. In
2001, Kita and co-workers reported the first sulfenylation of
electron-rich (hetero)arenes through the use of a quinone-
derived thiolation reagent (Figure 2)."" In 2011, Yamaguchi
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Figure 2. Conversion of heteroarene C—H bonds into C—S/C—Se
bonds. dppe =1,2-bis(diphenylphosphanyl)ethane, Tf=trifluorometh-
anesulfonyl, TMSOTf=trimethylsilyl trifluoromethanesulfonate.

and co-workers reported a rhodium-catalyzed C—H thiolation
of heteroaromatic compounds that makes use of a-(phenyl-
thio)ketones as the thiol source, however, only single
examples of an electron-poor benzo[b]thiophene and thio-
phene were described."!! The Prabhu group developed the
direct benzoxazolethiolation of hetero(arenes) by utilizing
a benzoxazolethione under strongly oxidizing conditions."”
Some reports in the literature refer to the undirected C—H
functionalization of electron-rich arenes from disulfides,"”
however these methods suffer from limited scope and
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selectivity and have not been applied to electron-rich
heteroarenes.'"! Therefore, the development of general con-
ditions for the direct C—H thiolation of electron-rich hetero-
arenes with high selectivity, from ubiquitous thiol or disulfide
precursors, is desirable.

Heterogeneous catalysis has potential advantages includ-
ing the easy removal of transition metals from reaction
mixtures and the possibility to recycle the catalyst. Our group
recently reported the Pd/C-catalyzed regioselective arylation
of (hetero)arenes.'”! Following these results, we decided to
focus on the formation of more challenging C-heteroatom
bonds through C—H functionalization. Indeed, to the best of
our knowledge, no heterogeneously catalyzed methodology
exists for direct C—H thiolation on electron-rich heteroar-
enes.'® Herein, we present a general method involving
palladium/copper(II) catalysis for the direct thiolation of
different heteroarenes through the use of disulfides, and the
extension of this method to the synthesis of selenated
compounds through the use of diselenides.

Following our previous results based on the activation of
heteroarenes by heterogeneous catalysts,[***! we expected to
be able to perform the more challenging C—H thiolation by
using easily available diphenyldisulfide (2a) as the sulfur
source. After extensive screening (see the Supporting Infor-
mation), we successfully realized a highly selective CS5-
thiolation of 2-n-butylthiophene (1a) to afford 3a by using
Pd/Al,O; (Acros Organics: 5wt% Pd/AlLO;, dry) in the
presence of CuCl, (Scheme 1).

With the optimized conditions in hand, we explored the
scope of the reaction (Scheme 1). Satisfyingly, we found
a broad range of thiophenes substituted with electron-
donating and electron-withdrawing groups to be suitable
substrates for the reaction, although it was apparent that the
reaction was enhanced by electron-donating substituents on
the thiophene (see 3b versus 3c¢).

Pleasingly, the high selectivity was maintained with all of
the 2-substitued thiophenes (3a-3h). High yield and selec-
tivity for monosulfenylation on the 3-position was also
obtained when a 2,5-disubstituted thiophene was employed
(3d). Halogens and a carboxyl ester were also tolerated,
which would allow for further derivatization (3¢, 3h, 3p).
Notably, the 3-substituted thiophenes proved to be more
challenging compared to the 2-substituted ones (3b versus 31).
In the case of bulkier substituents in the 3-position, decreased
selectivity was also observed (3j, 3k). We next explored
different heteroarenes and were pleased to find that N-
methylindole and 5-iodo-N-methylindole reacted with high
selectivity and gave good yields (31, 3m). The reactivity of
benzo[b]thiophene and benzofuran were also investigated,
however only low yields of the products were obtained under
the optimized reaction conditions. Increasing the amount of
CuCl, and using toluene as the solvent resulted in the
formation of the thiolated products in modest to good yields
and with high selectivity in the case of benzo[b]thiophenes
(3n-3p). Interestingly, employing a benzofuran substituted at
the 2-position led to the formation of the sulfenylated product
3s in quantitative yield.

Next, we explored the scope in terms of the disulfide 2
(Scheme 2). Electronically diverse disulfides were found to be
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Scheme 1. Phenylthiolation of different heteroarenes. Ratios deter-
mined by GC-MS analysis of the crude mixture and yields of isolated
product are given. [a] General procedure A: heteroarene (2.5 equiv),
diphenyldisulfide (0.5 equiv=1 equiv of thiol), Pd/Al,O; (10 mol %),
and CuCl, (1 equiv) in 1,2-dichloroethane (DCE) at 80°C. [b] 0.5 equiv
of CuCl,. [c] 100°C in DCE. [d] Isolated as a mixture of isomers.

[e] General procedure B: heteroarene (2.5 equiv), diphenyldisulfide
(0.5 equiv), Pd/Al,O; (10 mol %) and CuCl, (2 equiv) in toluene at
130°C. Ar=p-OMeC¢H,.

efficient coupling partners, although a preference for elec-
tron-rich disulfides was observed for coupling with 1a (4ab,
4ac, 4ae). Disulfides containing ortho and para substitution
on the arene were well tolerated (4ag), as were aryl disulfides
with electron-withdrawing groups such as Cl and Br (4ad, 4 af,
4ch, 4dd)."” Moreover, the high selectivity for the sulfenyl-
ation of N-methylindole, benzo[b]thiophene, and benzofuran
was not affected when we changed the electronic properties of
the disulfides (Scheme 2). Furthermore, we applied a robust-
ness screen (see the Supporting Information) to further
explore the functional-group tolerance of this reaction.!"?

We extended the scope of the reaction to include the
formation of C—Se bonds (Scheme 3). Organoselenium com-
pounds are relevant in medicinal chemistry owing to their
biological activity, specifically their antitumor and anticancer
properties."”! The selenated heteroarenes (6a-6d) were
obtained in moderate to good yields and with high selectivity.
This seems to represent the first C—H selenation of the
benzo[b]thiophene core.

To demonstrate the utility of our transformation, we
prepared an extended sulfur based heterocycle, a common
motif of organic semiconductors.'*?! We subjected the
benzo[b]thiophene thiolated product 4ch to a palladium-
catalyzed intramolecular arylation to obtain BTBT in 79 %
yield (Scheme 4).1'Y

Given that the palladium source utilized in the thiolation
reaction was heterogeneous in nature, we were interested to
understand whether the catalytic system was also heteroge-
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Scheme 2. Arylthiolation with different disulfides. Ratios determined by
GC-MS analysis of the crude mixture and yields of isolated product
are given. [a] General procedure A: See Scheme 1. [b] 1:1 ratio of
starting materials. [c] 100°C in DCE. [d] Isolated as a mixture of
isomers. [e] General procedure B: See Scheme 1. [f] Isolated by
preparative HPLC. [g] 5.0 mmol scale.
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Scheme 3. Phenylselenation of heteroarenes. Ratios determined by
GC-MS analysis of the crude mixture. [a] General procedure A:
heteroarene (2.5 equiv), diphenyldiselenide (0.5 equiv), Pd/Al,O,

(10 mol %), and CuCl, (1 equiv) in DCE at 80°C. [b] General procedure
B: heteroarene (2.5 equiv), diphenyldiselenide (0.5 equiv), Pd/Al,O,
(10 mol %), and CuCl, (0.5 equiv) in toluene at 130°C. [c] 1:1 ratio of
starting materials. Ar=0-BrCgH,.
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Scheme 4. Application of the synthetic methodology to the synthesis
of [1]benzothieno[3,2-b][1]benzothiophene (BTBT).

neous. Therefore, we employed two common procedures to
explore the heterogeneity of the reaction.” The hot-filtration
test indicated no further increase in product formation after
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filtration and the three-phase test suggested that no active
homogeneous palladium species were formed (see the
Supporting Information).

The presence of metals in the solution was measured by
Total reflection X-Ray Fluorescence (TXRF)?! for both
catalytic systems (DCE and toluene). Copper was found to be
insoluble and palladium was detected in solution in different
amounts depending on the reaction time (see the Supporting
Information). However, heterogeneity tests (see above)
indicated that this leached Pd is not the active catalytic
species.

These results, along with the observation of the depend-
ence of the reaction on rapid stirring rates, suggest that the
catalytically active system is heterogeneous in nature. The
recycling of Pd/Al,O; was also investigated, however
a decrease in yield was found for the second (63%) and
third (42 %) cycles.

To investigate the role of the metals in the activation of
the heteroarene, a series of experiments were performed. H/
D exchange was observed when the standard substrate 1a was
treated with the catalytic system in presence of an excess of
CD;0D (Scheme 5a). A lesser degree of deuteration was also

a)
Pd/Al,05 (10 mol%)
CuCl, (1 equiv), 7\
nBu/@\H —>2( quiv) - nBu’Q\H/D
S [D4]methanol (3 equiv)
DCE, 80°C,5h 55:45
Without CuCl, 100:0
b)
0,
2, 2a PUA0;(10mom . /©/+ 2 + 2
1equiv  1equiv  CuCl, (1 equiv) Ph” ™S
DCE, 80°C, 16 h 2i

Scheme 5. Deuteration and scrambling experiments.

observed when using only CuCl,. However, no deuteration of
1a was found when employing only Pd/Al,O; (Scheme 5a).
No kinetic isotope effect (KIE) was observed when 2-n-
butylthiophene and 2-n-butyl-4-deuterothiophene were
employed under the reaction conditions in parallel and
competition experiments (KIE =0.95 and 1.2, respectively),
thus suggesting that C—H bond cleavage is not rate determin-
ing.”” Moreover, a sigmoidal reaction profile indicates the
formation of an active catalytic species from the precursors.

The importance of the metals for the activation of the S—S
bond was investigated through scrambling and competition
experiments (see the Supporting Information). In the reaction
of two disulfides (2a and 2c¢), we observed significant
formation of the mixed disulfide 2i when employing either
our catalytic system or only an equivalent amount of Cu
(Scheme 5b). The use of only Pd/ALO; did not result in
formation of the mixed disulfide. In a competition experi-
ment, 1a was reacted with an equivalent mixture of two
electronically different disulfides (2¢ and 1,2-bis(4-bromo-
phenyl)disulfane) under the optimized reaction conditions.
After 2h, we detected the formation of the sulfenylated
thiophene 4ac and the mixed disulfide as the major product.
In addition, a Hammett plot for the reactionbetween 1a and
different disulfides gave a p value of —2.5, thus suggesting the
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buildup of a positively charged transition state in the rate-
determining step of the catalytic cycle.”!

At this stage, it would be speculative to provide a reaction
mechanism for this transformation. Nevertheless, we consider
the formation of a highly electrophilic species from the
disulfide or an oxidative addition of the active catalytic
species to the S—S bond to be key steps in the reaction. The
data obtained enable the preliminary proposal of two
alternative reaction pathways (see the Supporting Informa-
tion).

In summary, a new C—H functionalization of heteroarenes
to synthesize different sulfenylated and selenated compounds
was developed by using a recoverable heterogeneous catalyst
and readily available materials. This strategy provides
a method for the direct selective C—H thiolation/selenation
of electron-rich heteroarenes with disulfides or diselenides in
an operationally simple approach for the preparation of these
valuable molecules.

Keywords: C—H functionalization - disulfides - heteroarenes -
heterogeneous catalysis - thiolation

How to cite: Angew. Chem. Int. Ed. 2015, 54, 5772-5776
Angew. Chem. 2015, 127, 58645868

[1] a) A. Casini, J. Y. Winum, J. L. Montero, A. Scozzafava, C. T.
Supuran, Bioorg. Med. Chem. Lett. 2003, 13, 837; b) M. Mellah,
A. Voituriez, E. Schulz, Chem. Rev. 2007, 107, 5133; c) A. R.
Murphy, J. M. J. Fréchet, Chem. Rev. 2007, 107, 1066; d) T. Mori,
T. Nishimura, T. Yamamoto, I. Doi, E. Miyazaki, I. Osaka, K.
Takimiya, J. Am. Chem. Soc. 2013, 135, 13900.

a) S. Pasquini, C. Mugnaini, C. Tintori, M. Botta, A. Trejos, R. K.

Arvela, M. Larhed, M. Witvrouw, M. Michiels, F. Christ, Z.

Debyser, F. Corelli, J. Med. Chem. 2008, 51, 5125; b) 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; c) R. L. Beard, D. F. Colon,

T. K. Song, P.J. A. Davies, D. M. Kochhar, R. A. S. Chandrar-

atna, J. Med. Chem. 1996, 39, 3556; d) Y. Huang, S. A. Bae, Z.

Zhu, N. Guo, B. L. Roth, M. Laruelle, J. Med. Chem. 2005, 48,

2559.

[3] a) K. Takimiya, I. Osaka, T. Mori, M. Nakano, Acc. Chem. Res.
2014, 47, 1493; b) T. Okamoto, C. Mitsui, M. Yamagishi, K.
Nakahara, J. Soeda, Y. Hirose, K. Miwa, H. Sato, A. Yamano, T.
Matsushita, T. Uemura, J. Takeya, Adv. Mater. 2013, 25, 6392;
c¢) K. Takimiya, S. Shinamura, 1. Osaka, E. Miyazaki, Adv. Mater.
2011, 23, 4347, d) J. E. Anthony, Chem. Rev. 2006, 106, 5028.

[4] L. P. Beletskaya, V. P. Ananikov, Chem. Rev. 2011, 111, 1596.

[5] Recent reviews on C—H activation: a)D. A. Colby, R.G.
Bergman, J. A. Ellman, Chem. Rev. 2010, 110, 624; b) T. W.
Lyons, M. S. Sanford, Chem. Rev. 2010, 110, 1147; c) S. H. Cho,
J. Y. Kim, J. Kwak, S. Chang, Chem. Soc. Rev. 2011, 40, 5068; d) J.
Wencel-Delord, T. Droge, F. Liu, F. Glorius, Chem. Soc. Rev.
2011, 40, 4740; e) O. Baudoin, Chem. Soc. Rev. 2011, 40, 4902;
f) L. Ackermann, Chem. Rev. 2011, 111, 1315; g) L. McMurray,
F. O’Hara, M. J. Gaunt, Chem. Soc. Rev. 2011, 40, 1885; h) C. S.
Yeung, V. M. Dong, Chem. Rev. 2011, 111, 1215; i) B.-J. Li, Z.-J.
Shi, Chem. Soc. Rev. 2012, 41,5588;j) M. C. White, Science 2012,
335, 807; k) Z. Shi, C. Zhang, C. Tang, N. Jiao, Chem. Soc. Rev.
2012, 41, 3381;1) K. M. Engle, T.-S. Mei, M. Wasa, J.-Q. Yu, Acc.
Chem. Res. 2012, 45, 788; m) S. R. Neufeldt, M. S. Sanford, Acc.
Chem. Res. 2012, 45,936; n) G. Song, F. Wang, X. Li, Chem. Soc.

2

—_—

Angew. Chem. Int. Ed. 2015, 54, 57725776

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Ang

Internatic

Rev. 2012, 41, 3651; 0) J. Wencel-Delord, F. Glorius, Nat. Chem.

2013, 5, 369; p) R. Rossi, F. Bellina, M. Lessi, C. Manzini, Adv.

Synth. Catal. 2014, 356, 17; q)S. De Sarkar, W. Liu, S. L

Kozhushkov, L. Ackermann, Adv. Synth. Catal. 2014, 356,

1461; r) N. Kuhl, N. Schroder, F. Glorius, Adv. Synth. Catal.

2014, 356, 1443. For a specific review on non-chelate assisted C-

H activation, see: s) N. Kuhl, M. N. Hopkinson, J. Wencel-

Delord, F. Glorius, Angew. Chem. Int. Ed. 2012, 51, 10236;

Angew. Chem. 2012, 124, 10382. Direct C—S formation: t) C.

Shen, P. Zhang, Q. Sun, S. Bai, T. S. Andy Hor, X. Liu, Chem.

Soc. Rev. 2015, 44, 291.

a) T. Kondo, T. Mitsudo, Chem. Rev. 2000, 100, 3205; b) L. L.

Hegedus, R. W. McCabe in Catalyst Poisoning, Marcel Dekker,

New York, 1984; c) A. T. Hutton in Comprehensive Coordina-

tion Chemistry (Eds.: G. Wilkinson, R. D. Gillard, J. A. McClev-

erty), Pergamon, Oxford, UK, 1984.

[7] K. Inamoto, Y. Arai, K. Hiroya, T. Doi, Chem. Commun. 2008,
5529.

[8] a) Y. Yang, W. Hou, L. Qin, J. Du, H. Feng, B. Zhou, Y. Li, Chem.
Eur. J. 2014, 20, 416; b) X.-B. Yan, P. Gao, H. B. Yang, Y. X. Li,
X.Y. Liu, Y. M. Liang, Tetrahedron 2014, 45, 8730; c) F.-J. Chen,
G. Liao, J. Wu, B. F. Shi, Org. Lett. 2014, 16, 5644.

[9] a) P. Saravanan, P. Anbarasan, Org. Lett. 2014, 16, 848; b) G.
Yan, A.J. Borah, L. Wang, Org. Biomol. Chem. 2014, 12, 9557.
Pd-catalyzed C—H bond functionalization of heteroarenes: c) J.
Zhou, P. Hu, M. Zhang, S. Huang, M. Wang, W. Su, Chem. Eur. J.
2010, 76, 5876; d) P. Hu, M. Zhang, X. Jie, W. Su, Angew. Chem.
Int. Ed. 2012, 51, 227; Angew. Chem. 2012, 124,231; ¢) X. Jie, Y.
Shang, P. Hu, W. Su, Angew. Chem. Int. Ed. 2013, 52, 3630;
Angew. Chem. 2013, 125, 3718. For a recent report on Pd/C
catalyzed C-H activation see: f) Z. Shu, W. Lei, B. Wang,
ChemCatChem 2015, 7, 605.

[10] M. Matsugi, K. Murata, K. Gotanda, H. Nambu, G. Anilkumar,
K. Matsumoto, Y. Kita, J. Org. Chem. 2001, 66, 2434.

[11] M. Arisawa, F. Toriyama, M. Yamaguchi, Tetrahedron Lett. 2011,
52, 2344,

[12] B. Vasanthkumar Varun, K. R. Prabhu, J. Org. Chem. 2014, 79,
9655.

[13] Selected references: a) T. Mukaiyama, K. Suzuki, Chem. Lett.
1993, 22, 1; b) H. Takeuchi, T. Hiyama, N. Kamai, H. Oya, J.
Chem. Soc. Perkin Trans. 2 1997, 2301; c) S. Zhang, P. Qian, M.
Zhang, M. Hu, J. Cheng, J. Org. Chem. 2010, 75, 6732; d) X.-L.
Fang, R.-Y. Tang, X.-G. Zhang, J.-H. Li, Synthesis 2011, 1099;
e) Y. Matsumoto, Y. Kozuki, S. Ashikari, S. Suga, S. Kashimura,
J.-1. Yoshida, Tetrahedron Lett. 2012, 53, 1916; f) C. Prasad, S. J.
Balkrishna, A. Kumar, B. S. Bhakuni, K. Shrimali, B. Kaustubh,
B. Soumava, K. Sangit, J. Org. Chem. 2013, 78, 1434.

[14] Selected references for methods applied to indoles: a) X.-L.
Fang, R.-Y. Tang, P. Zhong, J.-H. Li, Synthesis 2009, 4183; b) Z.
Li, J. Hong, X. Zhou, Tetrahedron 2011, 67, 3690; c) W. Ge, Y.
Wei, Green Chem. 2012, 14,2066; d) D. Huang, J. Chen, W. Dan,
J. Ding, M. Liu, H. Wu, Adv. Synth. Catal. 2012, 354,2123;¢) L.-
H. Zou, J. Reball, J. Mottweiler, C. Bolm, Chem. Commun. 2012,
48,11307; f) E-L. Yang, S.-K. Tian, Angew. Chem. Int. Ed. 2013,
52,4929; Angew. Chem. 2013, 125, 5029; ¢) F. Xiao, H. Xie, S.
Liu, G.-J. Deng, Adv. Synth. Catal. 2014, 356, 364; h)J. B.
Azeredo, M. Godoi, G. M. Martins, C. C. Silveira, A. L. Braga, J.
Org. Chem. 2014, 79, 4125.

[15] a) D.-T. D. Tang, K. D. Collins, J. B. Ernst, F. Glorius, Angew.
Chem. Int. Ed. 2014, 53, 1809; Angew. Chem. 2014, 126, 1840;
b) D.-T. D. Tang, K. D. Collins, F. Glorius, J. Am. Chem. Soc.
2013, 735, 7450; c) K. D. Collins, R. Honeker, S. Visquez-
Céspedes, D.-T. D. Tang, F. Glorius, Chem. Sci. 2015, 6, 1816.

[16] An example of the thioetherification of thiazole rings by using
copper nanoparticles: A. R. Rosario, K. K. Casola, C. E. Oli-
veira, G. Zeni, Adv. Synth. Catal. 2013, 355, 2960.

[6

—_

www.angewandte.org

die

Chemie

5775


http://dx.doi.org/10.1016/S0960-894X(03)00028-3
http://dx.doi.org/10.1021/cr068440h
http://dx.doi.org/10.1021/cr0501386
http://dx.doi.org/10.1021/ja406257u
http://dx.doi.org/10.1021/jm8003784
http://dx.doi.org/10.1021/op0500483
http://dx.doi.org/10.1021/jm960386h
http://dx.doi.org/10.1021/jm0400808
http://dx.doi.org/10.1021/jm0400808
http://dx.doi.org/10.1021/ar400282g
http://dx.doi.org/10.1021/ar400282g
http://dx.doi.org/10.1002/adma.201302086
http://dx.doi.org/10.1002/adma.201102007
http://dx.doi.org/10.1002/adma.201102007
http://dx.doi.org/10.1021/cr050966z
http://dx.doi.org/10.1021/cr100347k
http://dx.doi.org/10.1021/cr900005n
http://dx.doi.org/10.1021/cr900184e
http://dx.doi.org/10.1039/c1cs15082k
http://dx.doi.org/10.1039/c1cs15083a
http://dx.doi.org/10.1039/c1cs15083a
http://dx.doi.org/10.1039/c1cs15058h
http://dx.doi.org/10.1021/cr100412j
http://dx.doi.org/10.1039/c1cs15013h
http://dx.doi.org/10.1021/cr100280d
http://dx.doi.org/10.1039/c2cs35096c
http://dx.doi.org/10.1126/science.1207661
http://dx.doi.org/10.1126/science.1207661
http://dx.doi.org/10.1039/c2cs15224j
http://dx.doi.org/10.1039/c2cs15224j
http://dx.doi.org/10.1021/ar200185g
http://dx.doi.org/10.1021/ar200185g
http://dx.doi.org/10.1021/ar300014f
http://dx.doi.org/10.1021/ar300014f
http://dx.doi.org/10.1039/c2cs15281a
http://dx.doi.org/10.1039/c2cs15281a
http://dx.doi.org/10.1038/nchem.1607
http://dx.doi.org/10.1038/nchem.1607
http://dx.doi.org/10.1002/adsc.201300922
http://dx.doi.org/10.1002/adsc.201300922
http://dx.doi.org/10.1002/adsc.201400197
http://dx.doi.org/10.1002/adsc.201400197
http://dx.doi.org/10.1002/anie.201203269
http://dx.doi.org/10.1002/ange.201203269
http://dx.doi.org/10.1039/C4CS00239C
http://dx.doi.org/10.1039/C4CS00239C
http://dx.doi.org/10.1021/cr9902749
http://dx.doi.org/10.1039/b811362a
http://dx.doi.org/10.1039/b811362a
http://dx.doi.org/10.1002/chem.201303730
http://dx.doi.org/10.1002/chem.201303730
http://dx.doi.org/10.1021/ol5027156
http://dx.doi.org/10.1021/ol4036209
http://dx.doi.org/10.1039/C4OB01992J
http://dx.doi.org/10.1002/chem.201000529
http://dx.doi.org/10.1002/chem.201000529
http://dx.doi.org/10.1002/anie.201106451
http://dx.doi.org/10.1002/anie.201106451
http://dx.doi.org/10.1002/ange.201106451
http://dx.doi.org/10.1002/anie.201210013
http://dx.doi.org/10.1002/ange.201210013
http://dx.doi.org/10.1002/cctc.201403059
http://dx.doi.org/10.1021/jo001710q
http://dx.doi.org/10.1016/j.tetlet.2011.02.077
http://dx.doi.org/10.1016/j.tetlet.2011.02.077
http://dx.doi.org/10.1021/jo501793q
http://dx.doi.org/10.1021/jo501793q
http://dx.doi.org/10.1039/a702909h
http://dx.doi.org/10.1039/a702909h
http://dx.doi.org/10.1021/jo1014849
http://dx.doi.org/10.1016/j.tetlet.2012.01.131
http://dx.doi.org/10.1021/jo302480j
http://dx.doi.org/10.1016/j.tet.2011.03.067
http://dx.doi.org/10.1039/c2gc35337g
http://dx.doi.org/10.1002/adsc.201200227
http://dx.doi.org/10.1039/c2cc36711d
http://dx.doi.org/10.1039/c2cc36711d
http://dx.doi.org/10.1002/anie.201301437
http://dx.doi.org/10.1002/anie.201301437
http://dx.doi.org/10.1002/ange.201301437
http://dx.doi.org/10.1002/adsc.201300773
http://dx.doi.org/10.1021/jo5000779
http://dx.doi.org/10.1021/jo5000779
http://dx.doi.org/10.1002/anie.201309305
http://dx.doi.org/10.1002/anie.201309305
http://dx.doi.org/10.1002/ange.201309305
http://dx.doi.org/10.1021/ja403130g
http://dx.doi.org/10.1021/ja403130g
http://dx.doi.org/10.1039/C4SC03051F
http://dx.doi.org/10.1002/adsc.201300497
http://www.angewandte.org

Angewandte

Communications

[17] Our attempts to react alkyl disulfides under the optimized  [20] Application and limitations: a) R. H. Crabtree, Chem. Rev. 2012,

reaction conditions were unsuccessful. Conversion of less than 112,1536; b) J. A. Widegren, R. G. Finke, J. Mol. Catal. A 2003,
10% was observed in the case of dibutyldisulfide. 198, 317, and references therein.

[18] For more details on the robustness screen, see the Supporting ~ [21] M. Holtkamp, C. A. Wehe, F. Blaske, C. Holtschulte, M.
Information and: a) K. D. Collins, F. Glorius, Nat. Chem. 2013, 5, Sperling, U. Karst, J. Anal. At. Spectrom. 2012, 27, 1799 -1802.
597; b) K. D. Collins, F. Glorius, Tetrahedron 2013, 69, 7817;  [22] E. M. Simmons, J. F. Hartwig, Angew. Chem. Int. Ed. 2012, 51,
¢) K. D. Collins, A. Riihling, F. Glorius, Nat. Protoc. 2014, 9, 1348 3066; Angew. Chem. 2012, 124, 3120.

d) K. D. Collins, F. Glorius, Acc. Chem. Res. 2015, DOI: 10.1021/  [23] a) T. Lowry, R. Schuller, Mechanism and Theory in Organic
ar500434f. . Chemistry, Harper and Row, New York, 1987; b) C. Hansch, A.
[19] a) L. Castla, M. J. Perkins in The Chemistry of Organic Selenium Leo, R. Taft, Chem. Rev. 1991, 91, 165.

and Tellurium Compounds (Ed.: S. Patai), Wiley, New York,

1987; b) C. W. Nogueira, G. Zeni, J. B. T. Rocha, Chem. Rev. =~ Received: December 14, 2014
2004, 104, 6255. Revised: January 28, 2014
Published online: March 17, 2015

5776 www.angewandte.org © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2015, 54, 5772-5776


http://dx.doi.org/10.1038/nchem.1669
http://dx.doi.org/10.1038/nchem.1669
http://dx.doi.org/10.1016/j.tet.2013.05.068
http://dx.doi.org/10.1038/nprot.2014.076
http://dx.doi.org/10.1021/cr0406559
http://dx.doi.org/10.1021/cr0406559
http://dx.doi.org/10.1021/cr2002905
http://dx.doi.org/10.1021/cr2002905
http://dx.doi.org/10.1016/S1381-1169(02)00728-8
http://dx.doi.org/10.1016/S1381-1169(02)00728-8
http://dx.doi.org/10.1039/c2ja30117b
http://dx.doi.org/10.1002/anie.201107334
http://dx.doi.org/10.1002/anie.201107334
http://dx.doi.org/10.1002/ange.201107334
http://dx.doi.org/10.1021/cr00002a004
http://www.angewandte.org

