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Abstract: Reaction of dialkyl disulfides or disele-
nides with allenes is catalyzed by a rhodium-
phosphine complex and trifluoromethanesulfonic
acid giving (FE)-2-alkylthio(seleno)-1,3-dienes and
(E)-2-alkylthio(seleno)-2-alkenes. Unlike the reac-
tion of alkynes, the reaction of allene is accompanied
by hydride transfer.
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Reaction of organic disulfides or diselenides with
unsaturated compounds catalyzed by a transition metal
complex is becoming one of the important method-
ologies for the synthesis of organosulfur and organo-
selenium compounds.! The cis-addition of disulfides
and diselenides to alkynes and alkenes with S-S and Se-
Se bond cleavage has been studied by others? and by
us.’l We have shown that a catalyst system of a rhodium-
phosphine complex and trifluoromethanesulfonic acid
is effective not only for the addition of aromatic
disulfides to alkynes but also of aliphatic disulfides.?!
Notably, when allene is employed as the substrate,
concomitant hydride transfer takes place giving (E)-2-
alkylthio(seleno)-1,3-dienes and (E)-2-alkylthio(sele-
no)-2-alkenes. The results are contrasted to the fact
that organic disulfides and diselenides undergo 1,2-
addition to allenes under radical conditions.! Previous
syntheses of (E)-2-(alkylthio)alka-1,3-dienes employed
stepwise methods,>*! and the present reaction provides
a convenient access to such organosulfur and organo-
selenium compounds.

When undeaca-1,2-diene 1a was treated with dibutyl
disulfide 2a (0.5 equiv.) in the presence of RhH(PPh;),
(3 mol %), tris(p-tolyl)phosphine (12 mol %), and tri-
fluoromethanesulfonic acid (3 mol %) in refluxing ace-
tone for 2 h, (E)-2-(butylthio)undeca-1,3-diene (E)-3a
and (E)-2-butylthio-2-undecene (F)-4a were obtained
in 47% and 47% yields, respectively (Table 1, entry 1).
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The stereochemistry of (F)-3a was determined by the
"H-NMR coupling constant (J/=15.6 Hz) and that of
(E)-4a by the NOE between 1- and 4-protons. Both the
rhodium complex and trifluoromethanesulfonic acid are
essential, and no reaction occurs in the absence of either
of the reagents. Addition of tris(p-tolyl)phosphine
increases the yields (vide infra). Since allene 1a is used
for the acceptor of thiol giving (E)-4a, the yield of (E)-3a
does not exceed 50%. The mass balance, however, is
almost quantitative. The reaction can be applied to
various combinations of monosubstituted allenes and
aliphatic disulfides (Table 1). A 1,3-diene derived from
diphenyl disulfide is relatively unstable, and decom-
poses during silica gel chromatography (entry 8). A
cystine derivative (R,R)-2b gives the adducts (R,E)-3b
and (R,E)-4b without racemization (Scheme 1): Reac-
tion of (R,R)-2b containing 3% of meso-2b gives (R,E)-
3b and (R,E)-4b in more the 97% ee.

Alkyl diselenides react similarly. When 1a was treated
with dioctyl diselenide 5a (0.5 equiv.) in the presence of
RhH(PPh;), (5 mol %), tris(p-chlorophenyl)phosphine
(15 mol %), and trifluoromethanesulfonic acid (5 mol %)
in refluxing acetone for 30 min, (E)-2-(octylseleno)un-

Table 1. Rh-catalyzed addition of disulfides to allenes.

RhH(PPhz)4 (3 mol %)
TfOH (3 mol %) SR'

R+ (R, PN A2 MOl (T +R/\)\SR'

1 2 acetone, reflux, 2 h ©)-3 (E)-4
. Yield [%][@

entry R R E)3  (E)}4

1 n-C7Hi5(1a) n-C4Hg (2a) 47 (3a) 47 (4a)

2 C,Hs 46 41

3 n-CgH- 43 42

4 n-CgHyy n-C4Hg 43 43

5  HO(CHy) 42 42

6 t-BuMe,SiOCH, 40 40

7  PhCOOCH; HO(CH,)s 38 38

8 n-CsHis Ph 230! 23!

@l |solated yields.
bl 1H.NMR yields.
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RhH(PPhgs)4 (3 mol %)
TfOH (3 mol %)

NHBoc
-tol)3P (12 mol %
N-CoHyg == + CQOC)\/S (p-tol)sP (12 mol %)
3 (R) acetone, reflux, 2 h
la (R,R)-2b 2

(containing 3% meso-isomer)

(R)

COOCH
sTY 3 (R)
o S NHBoc +n-C7H15/\)\8/\(COOCH3
n-CrHis NHBoc
(R,E)-3b (R,E)-4b
42% (97% ee) 36% (98% ee)

Scheme 1.

Table 2. Rh-catalyzed addition of diselenides to allenes
RhH(PPhs), (5 mol %)

TfOH (5 mol %)
(p-CIC6H4)3P (15 mol %)

R ==+ (R'Se)

1 5 acetone, reflux, 30 min
SeR’
RSN R/\)\SeR R/\)LSeR
(E)-6 (E)-7
, Yield (%)[al

entry R R (E)-6 (E)-7 8

1 n-CsHys (1a)n—C4H9 37 28 4

2 n-CgHi7 (5a) 40 (6a) 28 (7a) 5 (8a)

3 PhCH,CH, 40 27 5

4 CHg(CHy)CH(CH,CH3)CH,41 29 9

5 (CHg)3CCH, 47 23 17

6 n-CsHqq n-CgHq7 37 26 -

7 BZO(CH2)2 n-C4Hg 33 26

8 n'C7H15 Ph g[b] Q[b]

@l |solated yields.

(] H-NMR yields.

deca-1,3-diene (E)-6a and (E)-2-octylseleno-2-unde-
cene (E)-T7a were obtained in 40% and 28% yields,
respectively (Table 2, entry2). A small amount of an exo-
olefin 8a (5%) was also formed. The stereochemistry of
(E)-6a was determined by the 'H NMR coupling con-
stant (/=15.6 Hz), and that of (E)-7a by the NOE
between the vinyl proton and a-CH, protons of the
selenium atom. Diphenyl diselenide gives the adducts in
low yields with the recovered starting materials (Table 2,
entry 8), which may be due to deactivation of the catalyst.

A proposed mechanism is shown in Scheme 2. Oxi-
dative addition of rhodium complex 9 and dialkyl
disulfides gives 10, to which allene 1 inserts forming a
n-allyl complex 11. p-Hydride elimination leading to 12
is more rapid than the reductive elimination giving 14,
and alkylthiol 13 is formed by the reductive elimination
of 12. 2-Alkylthioalkene (E)-4 is obtained by the
addition of 13 to 1, which is also catalyzed by rhodium.
Treatment of 1-octanethiol 15 and la with the same
catalyst system for 5 min gave adducts (E)-16, (Z)-16,
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RSSR R R T=°=
1
RS- RhL
R/Q\SR- 7’ n
(E)-4
TRh Rth Ln Rh—’ SR'—y~ /\)\,SR
14

RN'— + RSH
\Rs Rth/<

(E) -3
Scheme 2.
RhH(PPhgz)4 (3 mol %)
TfOH (3 mol %)
RSH + Rueo (p-tol)3P (12 mol %)
15 13_ acetone, reflux, 5 min
R = n-Octyl SR
RJLSR TRAL Y R\)LSR
(E)-16 (43%) (Z2)-16 (12%) 17
(20%)
Scheme 3.
Table 3. Effect of phosphine.
RhH(PPhg)4 (5 mol %)
TfOH (5 mol %)
ArsP (20 mol %
n-CsHis” ==+ (RY): 3P ( ) :
1 18 acetone, reflux, 30 min
YR
n-C7H15M +n-C7H15/\)\YR
(B)-19 (E)-20
Yield (%)
(RY)2 Ar ()19 (EF)-20 18 (recovery)
(n-C4HgS)» none 28 28 16
p-CH306H4 40 38 -
Ph 34 32 13
p-C|CeH4 15 14 48
(n-CgH{7Se), hone 31 28 18
p-CH306H4 28 20 50
Ph 32 33 10
p-CICeH4 40 28 -

and 17 in 43%, 12%, and 20% yields, respectively
(Scheme 3). Such adducts were not obtained in the
absence of the rhodium complex. Formation of (Z)-16
and 17 in the model reaction, however, suggests involve-
ment of slightly different catalyst species in the actual
reaction of 1 and 13 giving (E)-4 (Scheme 2). Phos-
phines exhibit different reactivities for disulfide and
diselenide (Table 3). Reaction of disulfide is promoted
by tri(p-tolyl)phosphine, and that of diselenide by tris(p-
chlorophenyl)phosphine. Some part of the mechanism
differs depending to the heteroatoms.
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Experimental Section

(E)-2-Butylthioundeca-1,3-diene [(E)-3a] and (E)-2-
Butylthioundec-2-ene [(E)-4a]

In a two-necked flask equipped with a reflux condenser were
placed tetrakis(triphenylphosphine)hydriderhodium (3 mol %,
17.1 mg), tris(p-tolyl)phosphine (12 mol %, 21 mg), trifluoro-
methanesulfonic acid (3 mol %, 1.4 uL), undeca-1,2-diene 1a
(0.5 mmol, 76.0 mg), and dibutyl disulfide 2a (0.25 mmol,
47.5 pL) in acetone (2.0 mL) under an argon atmosphere, and
the solution was heated at reflux for 2 h. Then, the solvent was
removed under reduced pressure, and the residue was purified
by flash chromatography on silica gel giving (E)-3a (56 mg,
47%) and (E)-4a (56 mg, 47%).

(E)-3a: 'THNMR (400 MHz, CDCl;): 6=0.88 (3H, t, J=
7.2Hz), 0.93 (3H, t, J=72Hz), 1.21-1.32 (8H, m), 1.39-
1.47 (4H, m), 1.64 (2H, quintet, J=7.2 Hz), 2.11 (2H, q, /=
7.2 Hz),2.74 2H, t,J=7.2 Hz), 4.89 (1H, s), 5.19 (1H, 5), 6.02
(1H, dt, J=15.6, 6.4 Hz), 6.13 (1H, d, J=15.2 Hz); C NMR
(100 MHz, CDCl,): 6 =13.8, 14.2, 22.3, 22.8, 29.2, 29.3, 29.3,
30.7, 31.0, 31.9, 32.7, 109.5, 129.8, 133.0, 142.1. IR (neat): V=
2957, 2925, 2855, 1568, 1465 cm~!; MS (EI): m/z =240 (M*,
36%), 183 (M*" — 57, 100%); HRMS: calcd. for C;sHyS:
240.1912; found: 240.1911.

(E)-4a: "H NMR (400 MHz, CDCl;): 6=0.88 (3H, t, J =
7.2 Hz),0.92 (3H,t,J =7.2 Hz),1.23-1.35 (12H, m), 1.42 (2H,
sextet,J =7.2 Hz), 1.57 (2H, quintet, J =7.2 Hz), 1.87 (3H, s),
2.06 (2H, q,/=7.2 Hz), 2.65 (2H, t,/ =7.2 Hz), 5.39 (1H, dt,
J=7.2,1.6 Hz); BC-NMR (100 MHz, CDCL,;): 6 =13.9, 14.3,
18.0,22.2,22.8,29.0,29.3,29.4,29.6,29.7,31.0,31.2,32.0,127.1,
128.7; IR (neat): v = 2956, 2924, 2854, 1465 cm~'. MS (EI): m/
z7=242 (M*, 44%), 185 (M* — 57, 100%); HRMS: calcd. for
CsH3,S: 242.2068; found: 242.2055.

Methyl (R, E)-2-(z-butoxycarbonylamino)-3-(undeca-
1,3-dienyl-2-thio)propanoate [(R,E)-3b]

The purity of the starting material (R,R)-2b was determined
by HPLC using Daicel Chiralcel OD-H (0.25 mL/min, hex-
ane/2-PrOH =5): (R,S)-2b: t;=16.86 min, (S.,5)-2b: t,=
21.92 min, (R,R)-2b: t;=24.27 min. HPLC conditions for
the separation of (R,E)-3b and (S,E)-3b are as follows: 0.5 mL/
min, hexane/2-PrOH = 10. (S,E)-3b: t, =8.10 min, (R, E)-3b:
t, =9.22 min.

(R,E)-3b: '"H NMR (400 MHz, CDCl;): $=0.88 (3H, t,J =
7.6 Hz), 1.23-1.31 (8H, m), 1.38-1.45 (2H, m), 1.45 (9H, s),
2.12(2H, q,J = 6.8 Hz),3.13(1H, dd,/=13.2,6.0 Hz),3.20 (1H,
dd,/=13.2,52 Hz),3.75 (3H, 5),4.59 (1H, q,/ =7.2 Hz), 5.11
(1H, s), 5.28 (1H, s), 5.30 (1H, d, J=8.0 Hz), 6.03 (1H, dt, J =
16.0, 6.8 Hz), 6.10 (1H, d, J=16.0 Hz); *C NMR (100 MHz,
CDCl): 0=14.2, 22.8, 284, 29.1, 29.2, 29.3, 31.9, 32.7, 34.1,
52.5, 52.9, 80.1, 113.5, 129.0, 134.3, 140.4, 154.8, 171.0; IR
(neat): v=23372, 2926, 2855, 1749, 1717, 1503, 1366, 1168,
1015 cm~'; MS (EI): m/z =385 (M*, 0.2%), 284 (M* — 101,
39%), 57 M+ - 328, 100%); HRMS: calcd. for C,yH;sNSO,:
385.2286; found: 385.2278; [a]E: 13.60 (¢ 0.6, CHCL,).
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Methyl (R,E)-2-(t-butoxycarbonylamino)-3-
(undecenyl-2-thio)propanoate [(R,E)-4b]

HPLC conditions for the separation of (R,E)-4b and (S,FE)-4b
are as follows: 0.25 mL/min, hexane/2-PrOH = 20: (S,E)-4b:
t, = 18.24 min, (R,E)-4b: t, = 19.58 min.

(R,E)-4b: 'H NMR (400 MHz, CDCL,): =0.88 (3H, t, J =
7.2 Hz), 1.24-1.36 (12H, m), 1.45 (9H, s), 1.90 (3H, s), 2.04
(2H,q,J=7.6 Hz),3.04 (1H,dd,J=15.2,5.2 Hz),3.09 (1H, dd,
J=15.2,52Hz),3.73 (3H, s), 4.53-4.57 (1H, m), 5.32 (1H, d,
J=72Hz), 5.66 (1H, t, J=6.8 Hz); B*CNMR (100 MHz,
CDCly): 6=14.2, 17.7, 22.8, 28.4, 29.2, 29.3, 29.3, 29.3, 29.5,
32.0,33.3,52.4,53.5,80.0, 127.1, 132.5, 154.9, 171.1; IR (neat):
v=3378, 2926, 2855, 1750, 1718, 1503, 1366, 1168, 1053,
1016 cm~Y; MS (EI): m/z =387 (M*, 14%), 152 (M* - 235,
69%), 57 (M* — 330, 100%); HRMS: calcd. for C,yH3;NSOy:
387.2443; found: 387.2423; [a]%: 27.20 (c 1.0, CHCL,).

(E)-2-(Octylseleno)undeca-1,3-diene [(E)-6a], (E)-2-
Octylselenoundec-2-ene [(E)-7a], and 2-
Octylselenoundec-1-ene (8a)

In a two-necked flask equipped with a reflux condenser were
placed tetrakis(triphenylphosphine )hydriderhodium (5 mol %,
28.8 mg), tris(p-chlorophenyl)phosphine (15 mol %, 27.4 mg),
trifluoromethanesulfonic acid (5 mol %, 2.2 uL), undeca-1,2-
diene 1a (0.5mmol, 76.1 mg), and dioctyl diselenide S5a
(0.25 mmol, 96.0 mg) in acetone (2.0 mL) under an argon
atmosphere, and the solution was heated at reflux for 30 min.
Then, the solvent was removed under reduced pressure, and
the residue was purified by flash chromatography on silica gel
giving (E)-6a (69 mg, 40%), (E)-7a (48 mg,28%), and 8a (9 mg,
5%).

(E)-6a: '"HNMR (400 MHz, CDCl;): 6=0.87 (6H, t, J=
7.2 Hz), 1.22-1.34 (16H, m), 1.35-1.42 (4H, m), 1.68 (2H,
quintet, J=7.2 Hz), 2.12 (2H, q, J=7.6 Hz), 2.72 2H, t, /=
7.2 Hz), 5.18 (1H,s), 5.57 (1H,s), 597 (1H, dt, J=15.2,
6.4Hz), 6.11 (1H, d, J=15.6Hz); *CNMR (100 MHz,
CDClLy): 6=14.2, 22.7, 25.6, 29.2, 29.2, 29.2, 29.8, 30.1, 31.9,
32.6,115.6,130.9, 135.0, 138.0. IR (neat): ¥ =2956, 2924, 2853,
1573, 1464, 954 cm~'. MS (EI): m/z =344 (M™, 46), 232 (M+ -
112,77),231 (M+-113, 66), 81 (M*+-263,82),69 (M*+-275,88),
67 (M*™-277,61),57 (M*-287,64),55 (M*-289,93),43 M+ -
301, 100), 41 (M* — 303, 82); HRMS: calcd. for C;yHjsSe:
344.1982; found: 344.1974.

(E)-7a: '"HNMR (400 MHz, CDCl;): 6=0.88 (6H, t, J=
72 Hz), 1.24-1.31 (20H, m), 1.33-1.41 (4H, m), 1.65 (2H,
quintet, J=7.2 Hz), 1.99 (3H, s), 2.05 (2H, q, /=7.6 Hz), 2.67
(2H, t, J=72Hz), 566 (1H, t, J=7.6Hz); SCNMR
(100 MHz, CDCly): 8 =14.2, 19.9, 22.7, 22.8, 25.0, 29.2, 29.3,
29.3,29.3,29.4,29.5,29.5,30.0,30.2,31.9,31.9, 123.9, 132.5; IR
(neat): v=2956, 2924, 2853, 1456 cm~'; MS (EI): m/z =346
(M, 14), 55 M+ =291, 77), 43 (M" - 303, 99), 41 (M*+ - 305,
100); HRMS: calcd. for C,gH3sSe: 346.2138; found: 346.2164.

8a: 'H NMR (400 MHz, CDCl,): 6 =0.87 (6H, t,J =7.2 Hz),
1.22-1.34 (20H, m), 1.38 (2H, quintet, J=6.4 Hz), 1.51 (2H,
quintet, J=7.2 Hz), 1.71 (2H, quintet, J=7.6 Hz), 2.27 (2H, t,
J=6.8 Hz), 2.70 (2H, t, J=7.6 Hz), 4.97 (1H, s), 5.39 (1H, s);
13C NMR (100 MHz, CDCly): 6 =14.2, 22.7, 22.8, 25.3, 29.0,
29.2,29.2,29.4,29.5,29.6,29.7,30.2,30.4, 31.0, 31.9, 31.9, 39.2,
111.3, 142.4; IR (neat): v =2956, 2925, 2853, 1464 cm~!; MS
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(EI): m/z =346 (M, 89),233 (M*"-113,100),97 (M*-249, 83);
HRMS: calcd. for C;yHjsSe: 346.2138; found: 346.2123.

Acknowledgements

This work was supported by JSPS (Nos. 14207094 and
13771323). M. A. expresses her thanks for financial supports
from New Energy and Industrial Technology Development
Organization (NEDO) of Japan (No. 02A44003d), and from
the Hayashi Memorial Foundation for Female Natural Scien-
tists.

References and Notes

[1] Reviews on transition metal-catalyzed additions of organ-
ic disulfides and diselenides to unsaturated compounds:
A. Ogawa, in Handbook of Organopalladium Chemistry
for Organic Synthesis, (Ed.: E. Negishi), John Wiley &
Son, New York, 2002, Chap. VII. 6, p. 2; H. Kuniyasu, in
Catalytic Heterofunctionalization, (Eds.: A. Togni, H.
Grutzmacher), Wiley-VCH, Weinheim, 2001, p.271; T.
Kondo, T. Mitsudo, Chem. Rev. 2000, 100, 3205; I
Beletskaya, C. Moberg, Chem. Rev. 1999, 99, 3435; L. B.
Han, M. Tanaka, Chem. Commun. 1999, 395; A. Ogawa,
N. Sonoda, J. Synth. Org. Chem. Jpn. 1996, 54, 894.

[2] H. Kuniyasu, A. Ogawa, S. Miyazaki, I. Ryu, N. Kambe,
N. Sonoda, J. Am. Chem. Soc. 1991, 113, 9796; T. Kondo,
S. Uenoyama, K. Fujita, T. Mitsudo, J. Am. Chem. Soc.
1999, 121, 482; L. B. Han, M. Tanaka, Chem. Commun.
1999, 395.

[3] M. Arisawa, M. Yamaguchi, Org. Lett. 2001, 3, 763.

[4] A. Ogawa, R. Obayashi, M. Doi, N. Sonoda, T. Hirao, J.

Org. Chem. 1998, 63, 4277; A. Ogawa, J. Synth. Org.
Chem. Jpn. 1995, 53, 869; S. Cabiddu, C. Fattuoni, M.
Lucarini, G. F. Pedulli, Tetrahedron 1994, 50, 4001; A.
Ogawa, K. Yokoyama, H. Yokoyama, M. Sekiguchi, N.
Kanbe, N. Sonoda, Tetrahedoron Lett. 1990, 31, 5931.

[5] a) Synthesis of 2-(alkylthio)buta-1,3-dienes: M. Hoshi, A.

Arase, J. Chem. Soc. Perkin Trans. 1 1993, 2693; M. Hoshi,
Y. Masuda, A. Arase, J. Chem. Soc. Chem. Commun.
1987, 1629; G. K. Musorin, S. V. Amosova, B. A. Trofi-
mov, M. V. Sigalov, J. Org. Chem. USSR 1984, 20, 2254;
G. K. Musorin, S. V. Amosova, V. V. Shcherbakov, G. A.
Kalabin, J. Org. Chem. USSR 1982, 18, 2305; b) Synthesis
of 2-(alkylthio)alka-1,3-dienes: E. Negishi, F. Lou, J. Org.
Chem. 1983, 48, 1560; H. E. Wijers, L. Brandsma, J. F.
Arens, Recl. Trav. Chim. Pay-Bas. 1966, 85, 601; c)
Synthesis of 2-(phenylthio)alka-1,3-dienes: S.S. P. Chou,
C. C. Hung, Synth. Commun. 2001, 31, 1097; T. S. Chou,
L.J. Hwang, C. H. Liu, N. C. Chang, Bull. Inst. Chem.,
Acad. Sin. 1989, 36, 17; S. S. P. Chou, C. Y. Tsai, C. M. Sun,
J. Chin. Chem. Soc. 1989, 36, 149; S. S. P. Chou, S. Y. Liou,
C.Y. Tsai, A.J. Wang, J. Org. Chem. 1987, 52, 4468; T.
Cohen, R. J. Ruffner, D. W. Shull, E. R. Fogel, J. R. Falck,
Org. Synth. 1980, 59, 202; T. Cohen, A. J. Mura Jr., D. W.
Shull, E. R. Fogel, R. J. Ruffner, J. R. Falck, J. Org. Chem.
1976, 41, 3218; E.N. Prilezhaeva, V. N. Petrov, A. N.
Khudyakova, Izv. Akad. Nauk SSSR, Ser. Khim., Engl.
Trans. 1968, 5, 1042.

[6] The synthesis of 2-phenylseleno-1,3-butadiene was re-

ported: E. Roversi, F. Monnat, P. Vogel, K. Schenk, P.
Roversi, Helv. Chim. Acta 2002, 85, 733; G. S. Bates, M. D.
Fryzuk, C. Stone, Can. J. Chem. 1987, 65, 2612.

Adv. Synth. Catal. 2003, 345, 560—-563 asc.wiley-vch.de

© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 563



