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The thiocarbamoylation of internal alkynes to produce
tetrasubstituted p-aminocarbonyl vinyl sulfides was
demonstrated using a nickel catalyst. This reaction was
successful with a wide variety of substituents, and gave the
syn-adducts exclusively.

Vinyl sulfides are versatile and important synthetic intermediates in
organic chemistry;' therefore, numerous synthetic methods have
been reported.” Among these methods, the transition metal-catalysed
synthesis of vinyl sulfides has attracted increased attention in the last
few decades. The reported transition metal catalysed methods are
classified into two groups. The first is the cross-coupling of vinyl
halides with thiols® or metal thiolates (Scheme 1 (a)).* The second is
the addition of an S—X bond (X = H’B°C P} or S9) to alkynes
(Scheme 1 (b)). The latter method is more attractive because it is
more atom-economic and can give highly functionalized vinyl
sulfides from readily available and simple compounds.
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Scheme 1. Transition metal-catalysed synthesis of vinyl sulfides.

In 1991, the Sonoda group reported a pioneering study on the
palladium-catalysed addition of disulfides to terminal alkynes.”®
Since this report, many reactions that introduce sulfur
simultaneously with various heteroatoms or hydrogen to alkynes
have been repor‘[ed.s’6’8_10 In 2001, the Tanaka and Kurosawa groups
independently reported carbothiolation reactions of terminal alkynes
via the activation of a carbon—sulfur bond,”*® and they and others
have intensely developed various transition metal catalysed and
mediated carbothiolation reactions.’ Although these reactions are
valuable methods for the synthesis of highly functionalized vinyl
sulfides, it is still difficult to synthesize tetrasubstituted vinyl
sulfides because internal alkynes have lower reactivity than terminal
alkynes; the utilization of internal alkynes in this type of reaction
remains a research topic to be developed.’®’"7™7-7%7!
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Recently, we reported the nickel-catalysed cycloaddition of
thiophthalic anhydrides with alkynes to selectively produce
thiochromones, benzothiophenes, or thioisocoumarins by changing
the reaction conditions; internal alkynes could be applied in these
reactions.'' Based on this result, we hypothesized that it is possible
to add S—C bonds to internal alkynes by using nickel catalysts and
that tetrasubstituted vinyl sulfides could be obtained. Herein, we
report the nickel-catalysed thiocarbamoylation of internal alkynes to
produce tetrasubstituted vinyl sulfides. To the best of our knowledge,
this is the first example of the direct intermolecular
thiocarbamoylation of internal alkynes. Meyer and co-workers
reported that this reaction did not proceed with palladium catalysts,
even when a more reactive terminal alkyne was used,'? whereas
Kambe and co-workers showed a single example of palladium-
catalysed intramolecular thiocarbamoylation of a terminal alkyne.”

Table 1. Optimization of reaction conditions.”

o br I(izgglé/st 10 mol% Pr
)]\ + / — > Pr NMe,
PhS™ “NMe, Pr toluene Phs O
1a 2a 130 °C, time 3aa
entry cat. ligand (mol%) time [h] conc. [M]’ yield [%]
1 Ni(cod), PMe; (20) 12 0.2 12
2 Ni(cod), PPr; (20) 12 0.2 25
3 Ni(cod), PCy; (20) 12 0.2 11
4 Ni(cod), PPh; (20) 12 0.2 4
5 Ni(cod), dcype (10) 12 0.2 2
6 Ni(cod), IPr (10) 12 0.2 trace
7Y Ni(cod), PPr; (20) 12 1.0 53
8° Ni(cod), PPr; (20) 12 2.0 63
9°  Ni(cod), PPr; (40) 12 2.0 73
10° Ni(cod), PPr; (40) 24 2.0 86
11 Pd(PPh;), —_ — 24 2.0 trace
12° PyPPhy), — — 24 2.0 0

“Reactions were carried out using catalyst (10 mol%), ligand, S-
phenyl-N,N-dimethyl thiocarbamate 1a (0.2 mmol; 1 equiv.) and 4-
octyne 2a (0.4 mmol; 2 equiv.) in 1.0 mL of toluene at 130 °C.
’Concentration of thiocarbamate 1a. “Determined by 'H NMR. “0.5
mmol of 1a was used. ‘1.0 mmol of 1la was used. dcype = 1,2-
bis(dicylohexylphosphino)ethane. IPr = 1,3-bis(2,6-diisopropyl-
phenyl)imidazole-2-ylidene.

J. Name., 2012, 00, 1-3 | 1



ChemComm

Initially, we chose S-phenyl-N,N-dimethylthiocarbamate (1a) and
4-octyne (2a) as model compounds for the optimization of reaction
conditions. First, the reaction was performed in toluene at 130 °C for
12 h in the presence of 10 mol% bis(1,5-cyclooctadiene)nickel and
20 mol% trimethylphosphine, and the desired product 3aa was
obtained in 12% yield (Table 1, entry 1). We then surveyed various
ligands, such as PPr3, PPh;, PCys, 1,2-
bis(dicyclohexylphosphino)ethane  (dcype), and  1,3-bis(2,6-
diisopropylphenyl)imidazole-2-ylidene (IPr) (entries 2—6), and found
that PPr; gave the best result, albeit with a low yield (entry 2). In the
course of our optimization studies, we realized that the concentration
of the substrates was a significant factor in this reaction system.
When the concentration of 1a was 1 M, the yield increased to 53%
(entry 7). Moreover, when the concentration 1a was 2 M, the desired
product was obtained in 63% yield (entry 8). Unfortunately, higher
concentrations or neat conditions gave inferior results. Under
conditions of 2 M 1a, the yield was improved when 40 mol% PPr;
was used (entry 9), and a prolonged reaction time gave the highest
yield of 86% (entry 10). In accordance with previous reports,
palladium or platinum catalysts did not give the desired product,
even when the reactions were performed with 2 M 1a (entries 11 and
12). Based on the '"H NMR analyses of the crude mixtures and NOE
analysis of isolated 3aa, only the syn-adduct was produced under all
reaction conditions.

Table 2. Scope of alkynes.”
Ni(cod), 10 mol%

2
o) /Rz PPr3 40 mol% R R NM
+ Pz €2
Z %
PhS )kNMez R1 toluene [2 M]
130 °C, 24 h Phs O
1a 2 3
Products”

Pr Ph Me
Pro_A_NMe, Ph._A__NMe, Ph\%\[(NMez
PhS O PhS O PRS O

3aa; 84% 3ab; 80% 3ac; 79% (1/1)¢
CFs
Me Me MeO ‘
H1105%NM62 "Pr\%\(NMez S NMe,
PhS O PhS O PhS O

3ad; 83% (1/1)°¢ 3ae; 70% (1/1)¢ 3af; 72% (1/1)¢

“Reactions were carried out using Ni(cod), (10 mol%), PPr; (40
mol%), 1a (1.0 mmol; 1 equiv.) and alkyne (2.0 mmol; 2 equiv.) in
toluene (0.5 mL) at 130 °C for 24 hours. “Isolated yields are given.
“Ratio of regioisomers.

Using the optimized reaction conditions, we investigated the
scope of the reaction using various alkynes and 1a (Table 2). We
found that not only dialkyl acetylenes but also diaryl acetylenes
could be applied to this reaction to give the corresponding
tetrasubstituted products in high yields (3aa: 84%, 3ab: 80%). When
1-phenyl-1-propyne was used, the desired product 3ac was obtained
in 79% yield. Asymmetric dialkyl acetylenes also gave the
corresponding products 3ad and 3ae in 83% and 70% yields,
respectively. An electronically biased diarylalkyne reacted with 1a
smoothly (3af: 72%). Although various substituted alkynes gave the
desired compounds in high yields, this reaction showed no
regioselectivity and each product was obtained as a 1:1 ratio of the
regioisomers.
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Next, we surveyed the effect of the substituent on the sulfur of the
thiocarbamates (Table 3). The compounds with 2-naphthyl or p-tolyl
substituents gave the corresponding products 3ba or 3ca in high
yields. Although the thiocarbamate with a p-anisyl group on sulfur
gave the desired product 3da in 78% yield, the substrate with a 4-
trifluoromethylphenyl group gave product 3fa in low yield. Product
3ea was obtained in 72% yield, indicating that compounds with
sterically demanding substituents can also participate in this reaction.
S-(3-thienyl)-N,N-dimethylthiocarbamate also gave the desired
product 3ga in 76% yield.

Finally, we investigated the scope of the substituents on the
nitrogen of the thiocarbamates (Table 3). The thiocarbamate with a
diethylamino group gave the corresponding vinyl sulfide 3ha in high
yield. Even when the substrate had sterically demanding substituents
on nitrogen, the desired product was obtained in acceptable yield
(3ia: 50%). Benzyl groups on nitrogen survived under the reaction
conditions (3ja). Thiocarbamates obtained from cyclic amines did
not suppress the reaction and gave the corresponding products in
high yields (3ka: 76%, 3la: 85%).

Although the exact reaction mechanism remains unknown at this
point, a possible mechanism is shown in Scheme 2 that is based on
the previously proposed mechanisms for similar reactions.”’%7""
First, thiocarbamate 1 oxidatively adds to nickel centre to give
complex 4. Then, the migratory insertion of the alkyne into this
complex occurs, followed by reductive elimination to give the
product and the regenerated nickel catalyst to close the catalytic
cycle.

Table 3. Scope of substituents of thiocarbamates.”

Ni(cod), 10 mol% Pr

(0] /Pr PPr3 40 mol% b NR4
- A

Z =

R3S J\ NR4, Pr toluene [2 M] s
130 °C, 24 h RS O
1 2a 3
Products”
Pr Pr Pr

Pr\%\ﬂ/NMez Pr%(NMez Pr\%\WNMeZ
SO ARG
= Me MeO

3ba; 79% 3ca; 79% 3da; 78%

Pr Pr Pr

oo ™" WNMEZ

S O

3ea; 72% 3fa; 37% 3ga; 76%
pr B pr HPr Pr
Pr N Pr N Pr N
Z “Et Z ~iPr Z
PhS O PhS O PhS O
3ha; 82% 3ia; 50% 3ja; 45%
Pr O Pr (\ o
R o
PhS O PhS O
3ka; 76% 3la; 85%

“ Reactions were carried out using Ni(cod), (10 mol%), PPr; (40
mol%), 1 (1.0 mmol; 1 equiv.) and 4-octyne 2a (2.0 mmol; 2 equiv.)
in toluene (0.5 mL) at 130 °C for 24 hours. " Isolated yields are
given.

This journal is © The Royal Society of Chemistry 2012

Page 2 of 4



Page 3 of 4

Ni(0)
Pr o
Pr NMe,
%{ PhS)kNMeZ
PhS O Reductive Oxidative
3aa Elimination Addition 1a
Pr o
Ni__NMe
P 2
'~F Ni)J\NMeg phs”
PhS (0]
5 4
Insertion
Pr
Z
Pr 2a

Scheme 2. Plausible reaction mechanism.

In summary, we developed  the  nickel-catalysed
thiocarbamoylation of internal alkynes. In this reaction,
tetrasubstituted vinyl sulfides could be obtained in a single step from
a diverse selection of thiocarbamates and alkynes. Only the syn-
adducts were obtained, and their stereoisomers were not detected.
Further efforts to expand the scope of the chemistry and studies on
the detailed reaction mechanism are currently underway in our
laboratories.

This work was supported by JST, ACT-C, and Grants-in-Aid from
the Ministry of Education, Culture, Sports, Science and Technology,
Japan. T.K. acknowledges the Asahi Glass Foundation. T.I. also
acknowledges the Japan Society for the Promotion of Science for
Young Scientists for fellowship support.

Notes and references

¢ Department of Material Chemistry, Graduate School of Engineering,
Kyoto University, Kyotodaigaku-Katsura, Nishikyo-ku, Kyoto 615-8510,
Japan. E-mail: kurahashi.taskuya.2c@kyoto-u.ac.jp, matsubara.seijiro.2e
@kyoto-u.ac.jp; Fax: +81 75 383 2438; Tel: +81 75 383 2440

» JST, ACT-C, 4-1-8 Honcho, Kawaguchi, Saitama 332-0012 (Japan).

1  Electronic Supplementary Information (ESI) available: [details of any
supplementary information available should be included here]. See
DOI: 10.1039/c000000x/

1 For reviews, see (a) S. Oae, Organic Sulfur Chemistry: Structure and
Mechanism, CRC Press, Boca Raton, FL, 1991; (b) R. J. Cremlyn,
An Introduction to Organosulfur Chemistry, Wiley & Sons, New
York, 1996; (¢) C. A. Woodland, G. C. Crawley, R. C. Hartley,
Tetrahedron Lett. 2004, 45, 1227.

2 For reviews, see; (a) N. V. Zyk, E. K. Beloglazkina, M. A. Belova, N.

S. Dubinina, Russ. Chem. Rev. 2003, 72, 769; (b) T. Kondo, T.
Mitsudo, Chem. Rev. 2000, 100, 3205.

3 Coupling with thiol; (a) G. Y. Li, J. Org. Chem. 2002, 67, 3643; (b)
C. G. Bates, P. Saejueng, M. Q. Doherty, D. Venkataraman, Org.
Lett. 2004, 6, 5005; (¢) J. C. Namyslo, C. Stanitzek, Synthesis, 2006,
20, 3367; (d) S.-R. Guo, Y.-Q. Yuan, Synth. Commun. 2008, 38,
2722; (e) Q. Zhao, L. Li, Y. Fang, D. Sun, C. Li, J. Org. Chem.
2009, 74, 459; (f) V. P. Reddy, K. Swapna, A. V. Kumar, K. R. Rao,
Synthesis, 2009, 17, 2783; and cited therein.

4 Coupling with thiolate; (a) S.-I. Murahashi, M. Yamamura, K.-i.
Yanagisawa, N. Mita, K. Kondo, J. Org. Chem. 1979, 44, 2408; (b)
H. J. Cristau, B. Chabaud, R. Labaudiniere, H. Christol, J. Org.
Chem. 1986, 51, 875; (¢) A. M. Rane, E. 1. Miranda, J. A.
Soderquist, Tetrahedron Lett. 1994, 35, 3225; (d) T. Ishiyama, M.

This journal is © The Royal Society of Chemistry 2012

ChemComm

Mori, A. Suzuki, N. Miyaura, J. Organomet. Chem. 1996, 525, 225;
(e) J. C. Arnould, M. Didelot, C. Cadilhac, M. J. Pasquet,
Tetrahedron Lett. 1996, 37, 4523; (f) 1. G. Trostyanskaya, D. Y.
Titskiy, E. A. Anufrieva, A. A. Borisenko, M. A. Kazankova, I. P.
Beletskaya, Russ. Chem. Bull., Int. Ed. 2001, 50, 2095; (g) J.-Y. Lee,
P. H. Lee, J. Org. Chem. 2008, 73, 7413; (h) W. You, X. Yan, Q.
Liao, C. Xi, Org. Lett. 2010, 12, 3930; and cited therein.

5 Addition of S-H; (a) H. Kuniyasu, A. Ogawa, K.-i. Sato, I. Ryu, N.
Kambe, N. Sonoda, J. Am. Chem. Soc. 1992, 114, 5902; (b) J.-E.
Backvall, J. Org. Chem. 1994, 59, 5850; (¢) V.-H. Nguyen, H.
Nishino, S. Kajikawa, K. Kurosawa, Tetrahedron, 1998, 54, 11445;
(d) A. Ogawa, T. Ikeda, K. Kimura, J. Hirao, J. Am. Chem. Soc.
1999, /121, 5108; (e) L.-B. Han, C. Zhang, H. Yazawa, S. Shimada, J.
Am. Chem. Soc. 2004, 126, 5080; (f) V. P. Ananikov, D. A.
Malyshev, I. P. Beletskaya, G. G. Aleksandrov, I. L. Eremenko, Adv.
Synth. Catal. 2005, 347, 1993; (g) C. Cao, L. R. Fraser, J. A. Love, J.
Am. Chem. Soc. 2005, 127, 17614; (h) V. P. Ananikov, L. V. Orlov,
1. P. Beletskaya, Organometallics, 2006, 25, 1970; (i) D. A.
Malyshev, N. M. Scott, N. Marion, E. D. Stevens, V. P. Ananikov, I.
P. Beletskaya, S. P. Nolan, Organometallics, 2006, 25, 4462; (j) L.
R. Fraser, J. Bird, Q. Wu, C. Cao, B. O. Patrick, J. A. Love,
Organometallics, 2007, 26, 5602; (k) A. Kondoh, H. Yorimitsu, K.
Oshima, Org. Lett. 2007, 9, 1383; (/) S. Shoai, P. Bichler, B. Kang,
H. Buckley, J. A. Love, Organometallics, 2007, 26, 5778; (m) V. P.
Ananikov, N. V. Orlov, 1. P. Beletskaya, V. N. Khrustalev, M. Y.
Antipin, T. V. Timofeeva, J. Am. Chem. Soc. 2007, 129, 7252; (n) A.
Sabarre, J. Love, Org. Lett. 2008, 10, 3941; (o) J. Yang, A. Sabarre,
L. R. Fraser, B. O. Patrick, J. A. Love, J. Org. Chem. 2009, 74, 182;
(p) C.J. Weiss, S. D. Wobser, T. J. Marks, J. Am. Chem. Soc. 2009,
131, 2062; (¢) S. Ranjit, Z. Duan, P. Zhang, X. Liu, Org. Lett. 2010,
12, 4134; (r) C. J. Weiss, S. D. Wobser, T. J. Marks,
Organometallics, 2010, 29, 6308; (s) J. Zhou, G.-L. Zhang, J.-P.
Zou, W. Zhang, Eur. J. Org. Chem. 2011, 3411; (t) Y. Yang, R. M.
Rioux, Chem. Commun. 2011, 47, 6557; (u) S. Nurhanna Riduan, J.
Y. Ying, Y. Zhang, Org. Lett. 2012, 14, 1780; (v) 1. G.
Trostyanskaya, 1. P. Beletskaya, Synlett, 2012, 535; (w) R. Sarma, N.
Rajesh, D. prajapati, Chem. Commun. 2012, 48, 4014; (x) V. P.
Ananikov, N. V. Orlov, S. S. Zalesskiy, 1. P. Beletskaya, V. N.
Khrustalev, K. Morokuma, D. G. Musaev, J. Am. Chem. Soc. 2012,
134, 6637; (v) A. Di Giuseppe, R. Castarlenas, J. J. Perez-Torrente,
M. Crucianelli, V. Polo, R. Sancho, F. J. Lahoz, L. A. Oro, J. Am.
Chem. Soc. 2012, 134, 8171; (z) R. Gerber, C. M. Frech, Chem. Eur.
J. 2012, 18, 8901.

6 Addition of S-B; T. Ishiyama, K.-i. Nishijima, N. Miyaura, A.
Suzuki, J. Am. Chem. Soc. 1993, 115, 7219.

7 Addition of S—C; (a) R. Hua, H. Takeda, S.-y. Onozawa, Y. Abe, M.
Tanaka, J. Am. Chem. Soc. 2001, 123, 2899; (b) K. Sugoh, H.
Kuniyasu, T. Sugae, A. Ohtaka, Y. Takai, A. Tanaka, C. Machino,
N. Kambe, H. Kurosawa, J. Am. Chem. Soc. 2001, 123, 5108; (¢) T.
Hirai, H. Kuniyasu, N. Kambe, Chem. Lett. 2004, 33, 1148; (d) M.
Toyofuku, S.-i. Fujiwara, T. Shin-ike, H. Kuniyasu, N. Kambe, J.
Am. Chem. Soc. 2005, 127, 9706; (e) 1. Kamiya, J.-i. Kawakami, S.
Yano, A. Nomoto, A. Ogawa, Organometallics, 2006, 25, 3562; (f)
R. Hua, H. Takeda, S.-y. Onozawa, Y. Abe, M. Tanaka, Org. Lett.
2007, 9, 263; (g) M. Toyofuku, S.-i. Fujiwara, T. Shin-ike, H.
Kuniyasu, N. Kambe, J. Am. Chem. Soc. 2008, 130, 10504; (h) Y.
Minami, H. Kuniyasu, K. Miyafuji, N. Kambe, Chem. Commun.
2009, 3080; (i) Y. Minami, H. Kuniyasu, A. Sanagawa, N. Kambe,
Org. Lett. 2010, 12, 3744; (j) T. Ozaki, A. Nomoto, I. Kamiya, J.-i.
Kawakami, A. Ogawa, Bull. Chem. Soc. Jpn. 2011, 84, 155; (k) M.
Arisawa, Y. Igaraashi, Y. Tagami, M. Yamaguchi, C. Kabuto,
Tetrahedron Lett. 2011, 52, 920; (/) M. Iwasaki, D. Fujino, T. Wada,
A. Kondoh, H. Yorimitsu, K. Oshima, Chem. Asian. J. 2011, 6,
3190; (m) S. Kundu, W. W. Brennessel, W. D. Jones,
Organometallics, 2011, 30 5147; (n) J. F. Hooper, A. B. Chaplin, C.
Gonzalez-Rodriguez, A. L. Thompson, A. S. Weller, M. C. Willis, J.

J. Name., 2012, 00, 1-3 | 3



ChemComm Page 4 of 4

Am. Chem. Soc. 2012, 134, 2906; (o) M. Arambasic, J. F. Hooper,
M. C. Willis, Org. Lett. 2013, 15, 5162.

8 Addition of S—P; L-B. Han, M. Tanaka, Chem. Lett. 1999, 863.

9  Addition of S-S; (a) H. Kuniyasu, A. Ogawa, S.-i. Miyazaki, I. Ryu,
N. Kambe, N. Sonoda, J. Am. Chem. Soc. 1991, 113, 9796; (b) M.
Arisawa, M. Yamaguchi, Org. Lett. 2001, 3, 763; (¢) V. P.
Ananikov, N. V. Orlov, M. A. Kabeshov, 1. P. Beletskaya, Z. A.
Starikova, Organometallics, 2008, 27, 4056; (d) H. Kuniyasu, K.
Takekawa, F. Yamashita, K. Miyafuji, S. Asano, Y. Takai, A.
Ohtaka, A. Tanaka, K. Sugoh, H. Kurosawa, N. Kambe,
Organometallics, 2008, 27, 4788; (e) V. P. Ananikov, K. A.
Gayduck, N. V. Orlov, I. P. Beletskaya, V. N. Kharustalev, M. Y.
Antipin, Chem. Eur. J. 2010, 16, 2063.

10 Other examples of transitiom metal catalyzed carbothiolation reaction
of alkynes; (@) A. Ogawa, M. Takeba, J.-i. Kawakami, I. Ryu, N.
Kambe, N. Sonoda, J. Am. Chem. Soc. 1995, 117, 7564; (b) T. Hirai,
H. Kuniyasu, N. Kambe, Tetrahedron Lett. 2005, 46, 117; (¢) H.
Kuniyasu, T. Kato, S. Asano, J.-H. Ye, T. Ohmori, M Morita, H.
Hiraike, S.-i. Fujiwara, J. Terao, H. Kurosawa, N. Kambe,
Tetrahedron Lett. 2006, 47, 1141; (d) 1. Nakamura, T. Sato, Y.
Yamamoto, Angew. Chem. Int. Ed. 2006, 45, 4473; (e) R. Hua, H.
Takeda, S.-y.Onozawa, Y. Abe, M. Tanaka, Org. Lett. 2007, 9, 263;
(f) I. Nakamura, T. Sato, M. Terada, Y. Yamamoto, Org. Lett. 2008,
10, 2649; (g) M. Tobisu, S. Ito, A. Kitajima, N. Chatani, Org. Lett.
2008, /0, 5223; (h) 1. Nakamura, M. Okamoto, T. Sato, M. Terada,
Heterocycles, 2010, 82, 689; (i) T. Yamamoto, H. Katsuta, K.
Toyota, T. Iwamoto, N. Morita, Bull. Chem. Soc. Jpn. 2012, 85,
613; (j) F. Yang, Q. Wang, B. Yu, Tetrahedron Lett. 2012, 53, 5231;
(k) M. Nishi, Y. Kuninobu, K. Takai, Org. Lett. 2012, 14, 6116; (/)
C.-H. Lin, C.-C. Chen, M.-J. Wu, Chem. Eur. J. 2013, 19, 2578.

11 (a) T. Inami, Y. Baba, T. Kurahashi, S. Matsubara, Org. Lett. 2011,
13, 1912; (b) T. Inami, T. Kurahashi, S. Matsubara, Org. Lett. 2014,
16, 5660.

12 D.J. Knapton, T. Y. Meyer, J. Org. Chem. 2005, 70, 785.

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012



