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Abstract—Tetrakis(triphenylphosphine)palladium(0) catalyzes a highly regioselective bisthiolation of terminal allenes with diphenyl
disulfide to afford the corresponding 2-(phenylthio)-substituted allyl sulfides in good yields. In addition, this reaction system can be

applied to the carbonylation under pressurized carbon monoxide.

© 2007 Elsevier Ltd. All rights reserved.

Heteroatom compounds can be employed as useful syn-
thetic intermediates in organic synthesis. Hence, it is of
great importance to develop atom-economically and
environmentally superior routes to various heteroatom
compounds. As one of the methods for realizing this
purpose, transition-metal-catalyzed addition reactions
of heteroatom compounds to carbon-carbon unsatu-
rated bonds are promising. However, group 16 hetero-
atom compounds have been believed to work as
catalyst poisons, and therefore, examples of transition-
metal-catalyzed addition of group 16 heteroatom com-
pounds to unsaturated bonds, especially carbon—carbon
double bonds, are still rare.!-

With the aim of extending the transition-metal-catalyzed
reactions of group 16 heteroatom compounds, we
reported the palladium acetate-catalyzed addition reac-
tions of benzenethiol and benzeneselenol to allenes as

activated double bond compounds, Eq. 1.2%53
R cat. Pd(OAc), R
“—e— 4+ PhYH — 2+ (1)
Y=8,Se YPh
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Furthermore, we have recently developed that the
addition of diphenyl diselenide to allenes takes place
regioselectively in the presence of tetrakis(triphenyl-
phosphine)palladium catalyst, Eq. 2.2 Previously, we
reported a similar bisselenation reaction of allenes with
(PhSe), proceeded with the same regioselectivity under
the photoirradiated radical conditions, Eq. 3.4

R cat. Pd(PPhg), R SePh

—=e= + (PhSe), — (2)
SePh

R hv(>300nm) R SePh

\—e=— + (PhSe), = (3)
SePh

In contrast, the photoinduced reaction of diphenyl disul-
fide with allenes resulted in a complex mixture, because
of the relatively lower carbon radical capturing ability of
(PhS), (compared with (PhSe),), Eq. 4.4

R hv (>300 nm)

NI (PhS), a complex (4)

mixture

Accordingly, the development of transition-metal-cata-
lyzed addition of disulfides to allenes is strongly desir-
able.’’ Herein, we report a highly regioselective
bisthiolation of allenes with diphenyl disulfide in the
presence of tetrakis(triphenylphosphine)palladium(0)
catalyst, Eq. 5.°
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Table 1. Transition-metal-catalyzed bisthiolation of cyclohexylallene

“Hex catalyst (5 mol%) “Hex SPh
\=o= + (PhS)Z y ( ) —
CH3CN, reflux, 12 h SPh
1a 2a
Entry Catalyst Yield® (%) (E/Z]
1 Pd(PPhs), 84® [62/38]
2 Pd(OAc), 12 [62/38]
3 PdCly(PPhs), Trace —
4 RhCI(PPhs)s 26 [38/62]
5 Pt(PPhj), No reaction —
6° Pd(PPh;), 75 [87/13]
7 No catalyst No reaction —

Reaction conditions: catalyst (5mol %), la (0.6 mmol), CH;CN
(0.5mL), (PhS), (0.5 mmol), 12 h.

2 Determined by 'H NMR.

®Isolated yield.

¢ Allene 1a (0.5 mmol).

R cat. Pd(PPhg), R SPh
—e— 4+ (PhS), —

(5)

SPh

We first examined the addition reactions of diphenyl
disulfide to cyclohexylallene by varying the catalysts
(Table 1).

Among the catalysts employed, tetrakis(triphenylphos-
phine)palladium(0) exhibited the highest catalytic activ-
ity toward the desired addition reaction of (PhS), to 1a
(entry 1). As for Pd(IT) complexes, Pd(OAc), also exhib-
ited catalytic activity toward this bisthiolation, whereas
PdCl,(PPhs), was ineffective (entries 2 and 3). In addi-
tion, RhCI(PPh;); exhibited catalytic activity toward
the bisthiolation (entry 4). Pt(PPhs)s did not catalyze
the reaction (entry 5). In the Pd(PPhj;)4-catalyzed reac-
tion, the use of slightly excess amounts of 1a to (PhS),
is effective (entries 1 and 6). In the absence of the cata-
lyst, no reaction took place (entry 7). These results
clearly demonstrate that the present bisthiolation of
allene 1a proceeds as a catalytic reaction of several tran-
sition metal catalysts.®

“Hex cat. Pd(PPhs), (5 mol%) “Hex. ~ SPh
\'=o= ‘2’_
+ (PhS),
CH3CN, reflux, 12 h SPh
1a, 1.8 mmol 1.5 mmol 2a
91% [E/Z = 67/33]
(6)
"Hex cat. Pd(PPhg),4 (5 mol%) "Hex SPh
\=e= 1 (PhS), =
CH3CN, reflux, 12 h SPh
1b, 1.8 mmol 1.5 mmol 2b
61% [E/Z = 56/44]
(7)
Ph cat. Pd(PPhg)s (5 mol%) Ph  SPh
\=e=1 (PhS) =
2 CHgCN, reflux, 12 h SPh
1c, 1.8 mmol 1.5 mmol 2c
93% [E/Z = 69/31]
(8)

Next, we examined the Pd(PPhj3)s-catalyzed addition of
(PhS), to several allenes.”-® Secondary alkyl substituted
allene 1a underwent regioselective bisthiolation with
(PhS), in high yield, Eq. 6.° Similar conditions could
be employed with primary alkyl substituted allene 1b,
Eq. 7, whereas no reaction was observed with tertiary
alkyl substituted allene such as ¢-butylallene. Phenyl-
allene (1c¢) also underwent bisthiolation regioselectively
in high yield, Eq. 8.

Ph 4 (PhS), cat. Pd(PPhg), (5 mol%)
CH3CN, reflux, 12 h
1.8 mmol 1.5 mmol
1d Ph)_( . Ph \7 (9)
SPh SPh
3d 4d
49% 25%

In the case of 1,1-disubstituted allene 1d, however, the
desired bisthiolation product was not obtained, and
instead, vinylic sulfide 3d and diene 4d were obtained
in 49% and 25% yields, respectively, Eq. 9.

Ph cat. Pd(PPhg)4 (5 mol%) ph S
N (Me—@—S) mz(_ (10)
e 2 CHgCN, reflux, 12 h @Me

0.6 mmol 0.5 mmol

1c

Table 2 summarizes the results of the palladium-cata-
lyzed bisthiolation of 1a in various solvents. Acetonitrile
and 1,2-dichloroethane worked as excellent solvents,
leading to the formation of 2a in high yield (entries 4
and 5). In other solvents, such as benzene, THF, pyri-
dine, and ethanol, 2a was obtained in moderate yield
(entries 1-3, 6).

80% [E/Z = 64/36]
5¢c

The optimized conditions for the bisthiolation of allenes
were employed for the bisthiolation of phenylallene (1c¢)
with other disulfides such as p-tolyl disulfide and dibutyl
disulfide. p-Tolyl disulfide could be used for the regio-
selective bisthiolation of phenylallene in high yield,
Eq. 10, whereas no reaction was observed with dibutyl
disulfide.
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Table 2. Influence of solvents on the palladium-catalyzed bisthiolation

®Hex cat. Pd(PPhg)4 (5 mol%) CHex SPh
\'=o= + (PhS)Z —_—
solvent, reflux, 12 h SPh
1a 2a

Entry Solvent Temperature (°C)  Yield* (%) [E/Z]

1 Benzene 80 69 [67/33]

2 THF 69 46 [69/31]

3 Pyridine 115 62 [58/42]

4 CICH,CH,Cl 83 88 [91/9]

5 CH;CN 82 88 [97/3]

6 EtOH 78 55 [90/10]
Reaction  conditions:  Pd(PPh;); (5mol %), cyclohexylallene
(0.6 mmol), solvent (0.5 mL), (PhS), (0.5 mmol).
2 Determined by 'H NMR.

PdL, (L = PPhg)
R SPh 2L 2L
\,:<; N (PhS),
PdL
SPh 2
R SPh)L,/ R SPh
Lo,Pd(SPh),

Pd(
=
B SPh

Pd(SPh)L,

Cc

A

Scheme 1. A possible pathway for bisthiolation of allenes.

Scheme 1 shows a possible reaction pathway, which
includes the following: (i) (PhS), adds oxidatively to
the low-valent palladium(0) complex, that is, Pd(PPhs),,
to generate an active catalyst A; (ii) allene coordinates to
the palladium species A and then thiopalladation of
allene takes place at the terminal carbon—carbon double
bond to form either vinylpalladium intermediate B or o-
allylpalladium intermediate C; (iii) reductive elimination
takes place to form the bisthiolation product with regen-
eration of the catalyst.

R SPh I
N— R SPh
Pd(SPh)L, Lo(PhS)Pd PhS
D E F
(11)

As shown in Eq. 11, if C is in equilibrium with m-allyl-
palladium intermediate D, D may generate c-allylpalla-
dium intermediate E to provide the corresponding
regioisomeric bisthiolation product F. However, no for-
mation of F was observed in the optimized conditions
for the bisthiolation of allenes.!? Thus, we estimate that
the reductive elimination of bisthiolation product from
c-allylpalladium intermediate C is very fast, not gener-
ating m-allylpalladium intermediate D.

(0]
cHex7\:z\:SePh “Hex SePh
SePh 1?=<—SePh
6a 7a

In our previous paper concerning the palladium-cata-
lyzed bisselenation of allenes with diphenyl diselenide,
we reported a preliminary result of the selenative car-
bonylation of allenes in the presence of carbon monox-
ide (30 atm), in order to clarify the reaction pathway for
the catalytic bisselenation of allenes. In this reaction in
CH;CN, the desired carbonylation product 6a was
obtained in a moderate yield (ca. 30%) along with bissel-
enation product 7a. Therefore, we were interested in
conducting the bisthiolation under the pressure of car-
bon monoxide.

Before examining the carbonylation of allenes with
(PhS), and CO, we examined the optimization of the sel-
enative carbonylation of allenes with (PhSe), and CO by
varying the catalysts, solvents, and some other condi-
tions (Tables 3 and 4). In the selenative carbonylation
of cyclohexylallene (1a), increase in the molar ratio of
allene/(PhSe), and prolonged reaction time improved
the yields of the carbonylation products 6a and 8a,
although carbon-carbon double bond isomerization
took place competitively (Table 3, entry 1). THF as a
solvent was ineffective (entry 2). The use of toluene as
the solvent suppressed the isomerization, affording the
desired selenative carbonylation product 6a in 70% yield
(entry 3).

Table 4 indicates the results of the carbonylation in the
presence of various transition metal catalysts. Tetra-
kis(triphenylphosphine)palladium(0)  exhibited  the
highest catalytic activity toward the carbonylative bissel-
enation of la (entry 3). The reaction did not finish for
9h completely (entry 4). Under the higher pressure
(60 atm) of carbon monoxide, the carbonylation pro-

Table 3. Influence of solvents on carbonylative addition of (PhSe),

cat. Pd(PPh3)4 (5 mol%)

C|
Hex 4 (PhSe), + CO

o

solvent, 110 °C, 18 h

1a
0] O,
CHex SePh  °Hex SePh  ‘Hex SePh
o + \ + “’7=<_
SePh SePh SePh
6a 8a 7a
Entry Solvent Yield* (%) [E/Z]
6a 8a Ta
1 CH;CN  39[33/67]  34[38/62] 21 [60/40]
2 THF 23 [30/70] 7 [1/99] 0
3 Toluene 70 [39/61] 16 [25/75] 8 [36/64]
Reaction  conditions: Pd(PPh3)y; (5mol%), cyclohexylallene

(1.5 mmol), solvent (0.5 mL), (PhSe), (1 mmol), CO (30 atm), 110 °C,
18 h.
 Determined by 'H NMR.
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Table 4. Transition-metal-catalyzed carbonylative addition of (PhSe), to cyclohexylallene

C
Hex. 4 (PhSe)p+ CO

1aO

catalyst (5 mol%)

toluene, 110 °C, 18 h

(0]
“Hex SePh  °Hex SePh  °Hex SePh
e + \ + lf-:&
SePh SePh SePh

6a 8a 7a

Entry CO (atm) Catalyst Yield* (%) [E/Z]
6a 8a Ta

1° 20 PdCI,(PPh;), 14 [43/57] Trace Trace
2 30 PdCly(PhCN), No reaction
3 30 Pd(PPh;), 70 [39/61] 16 [25/75] 8 [36/64]
4° 30 Pd(PPh3)4 51 [37/63] 15 [31/69] 3 [30/70]
5 60 Pd(PPh;), 51 [33/62] 36 [22/78] Trace
6 30 RhCI(PPh;); 0 0 12 [43/57]
7 30 RhH(CO)(PPhj;); A complex mixture
8 30 Pt(PPh3)4 0 0 18 [44/56]
9 30 No catalyst No reaction

Reaction conditions: catalyst (5 mol %), cyclohexylallene (1-1.5 mmol), toluene (0.5 mL), (PhSe), (1 mmol), CO (30 atm), 110 °C, 18 h.

2 Determined by 'H NMR.
® Cyclohexylallene (1 mmol).
‘9 h.

ceeded efficiently, but the double bond isomerization
took place competitively (entry 5). In the absence of
the catalyst, no reaction took place; these results indi-
cate that the present carbonylative bisselenation pro-
ceeds as a catalytic reaction by transition metal
complexes (entry 9).

cat. Pd(PPhg)4 (5 mol%)

n
Hex — , (Phse), + CO
—— toluene, 110 °C, 18 h
o)
”Hexﬁvgz\:SePh ”Hex\_z\:SePh "Hex  SePh
SePh SePh _Q—SePh
6b 7b
23% [39/61] 9% [42/58] 16% [33/67]
(12)

cat. Pd(PPhg)4 (5 mol%)

Ph—\_ .

+ (PhSe), + CO
toluene, 110 °C, 18 h

Ph—zezAz\: ePh Ph‘\_z\:SePh F’h—=.zL SePh

SePh SePh SePh
7e

16% [37/63]

(13)

28% [33/67] 10% [41/59]

Next, we examined the Pd(PPh;)4-catalyzed selenative
carbonylation of several allenes 1b and le. Both 1b
and 1le underwent the carbonylative bisselenation,
although the yields of the carbonylation products 6b
and 6e were moderate, Eqs. 12 and 13.

cat. Pd(PPh 5 mol%
CHex\_ + (PhS), + CO (PPh3)q ( o)
—e— toluene, 110 °C, 18 h
1.5 mmol 1 mmol 30 atm

1a 0 o
CHexLz\:SPh CHex\_z\:SPh
SPh \...sph
9a 10a
38% [E/Z = 37/63] 6% [E/Z =33/67]

(14)

The optimized conditions for the selenative carbonyl-
ation were employed for the corresponding thiolative
carbonylation of allenes with (PhS), and CO. The
desired thiolative carbonylation took place successfully,
but the yields of the carbonylation products 9a and 10a
are moderate, Eq. 14.

cat. Pd(PPhg)4 (5 mol%)

Ph
+ (PhS) + Cco
M=o 2 toluene, 110°C, 18 h
1.5 mmol 1 mmol 30 atm
1c
(0] (0]
PhLz\:SPh . Ph\_z\:SPh
SPh \ SPh
9c 10c

25% [E/Z=42/58]  33% [E/Z=7/93)]

(15)
In addition, we examined the Pd(PPhs),-catalyzed car-
bonylative addition of (PhS), to other allenes. Benzylal-
lene underwent carbonylative bisthiolation similarly to
the reaction with cyclohexylallene (1a). In the case of

phenylallene (1c), the double bond isomerised product
10c was obtained as the major product, Eq. 15.!!
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PdLy (L= PPhy)

aLf| 2
PdL, (PhS)z
Q
R Pd(SPh)L, PSP
G SPh
R
co R Pd(SPh)L ==

B SPh

Scheme 2. A possible pathway for carbonylative bisthiolation of
allenes with (PhS),.

Scheme 2 shows a possible reaction pathway for this car-
bonylative bisthiolation, which includes the following:
(1) After oxidative addition of (PhS), to Pd(PPhs),, thio-
palladation of allene takes place at the terminal carbon—
carbon double bond to form vinylpalladium intermedi-
ate B; (ii) carbon monoxide inserts into the Pd-C bond
to form acylpalladium intermediate G; (iii) reductive
elimination takes place to form the carbonylative bisthi-
olation product with regeneration of the catalyst. In this
carbonylation, the product H derived from the carbon-
ylation at the terminal carbon of allenes was not
obtained at all. This result suggests that the thiopal-
ladation of allenes takes place at the terminal carbon—
carbon double bonds to form vinylpalladium intermedi-
ate B.

R SPh
— SPh

H o}

In summary, we have developed highly regioselective
bisthiolation of allenes with diphenyl disulfide catalyzed
by palladium(0) complex. Since radical addition of the
disulfide to allenes affords a complex mixture, the present
transition-metal-catalyzed reaction is useful for provid-
ing bisthiolated adducts. In addition, the carbonylative
bisthiolation and bisselenation are investigated in detail.
We believe that these reactions expand the utility of the
transition-metal-catalyzed reactions of group 16 hetero-
atom compounds.
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