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Highly Regioselective Palladium-Catalyzed Thiocarbonylation of
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A series of mono- and di-substituted allenes underwent direct thiocarbonylation with thiols and
carbon monoxide to form the corresponding f,y-unsaturated thioesters in 73—94% yields. This
reaction requires catalytic quantities of Pd(OAc), (3 mol %) and triphenylphosphine (12 mol %) in
THF under an atmosphere of CO (400 psi) at 100 °C for 48 h. Other palladium catalyst systems
such as Pd,(dba)s;*CHCI;—PPhs, Pd(PPh3),, and Pd(OAc),—dppp are also effective for this reaction.
The thiocarbonylation reaction is believed to proceed via an allylpalladium intermediate. The
reaction exhibits high regioselectivity, in which the thiophenyl group adds to the less substituted
double bond of allenes to give ,y-unsaturated thioesters.

Introduction

Sulfur-containing compounds have long been known
to act as a poison for noble metal catalysts because of
their strong coordinating and adsorptive properties,
which cause them to block the reactive sites of metals.!
That is why organic sulfur compounds have been widely
employed as the sources of ligands for various transition
metals,>'2 but there have been relatively few investiga-
tions of metal-catalyzed synthetic reactions involving
organosulfur compounds as reactants.® On the contrary,
a variety of transition-metal-catalyzed carbonylation
reactions of sulfur-containing compounds,3~ and the
thiocarbonylation of thiols to various substrates,3" have
been extensively developed during the past decade. For
instance, one of us reported that a series of allyl aryl and
allyl alkyl sulfides can be carbonylated to the correspond-
ing thioesters catalyzed by both palladium and ruthe-
nium systems.3 It was found that even acyclic carbon—
heteroatom bonds could be carbonylated using [Rh-
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Table 1. Palladium-Catalyzed Thiocarbonylation of
Allene la with Thiophenol?

PhSH co Catalyst Q
+ + _
< Ligand, THF Phs)‘\/\(
400psi, 100°C
isolated
entry catalyst additive time (h) yield (%)
1 none none 48 0
2 Pd(PPhsz)4 none 48 67
3 Pd(OACc), none 60 37
4  Pd(OAc), 4 equiv of PPh3 48 94
5 Pd(OAc), 2 equiv of dppp 48 88
6 Pd(OAC), 2 equiv of dppb 48 72
7 Pd(dba), none 48 52
8 Pd,(dba);*CHCI; none 48 56
9 Pdy(dba);*CHCI; 4 equiv of PPhs 48 90
10 [RhCI(COD)]. none 48 13
11 RhCI(PPhg)s3 none 48 5
12 Co02(CO)s none 60 3
13 NiClx(PPhs), none 48 0
14  RuCly(PPhg)s 2 equiv of PPh3 48 21

a Reaction conditions: 3-methyl-1,2-butadiene (3 mmol), thiophe-
nol (2 mmol), catalyst (0.06 mmol), PPhz (0.24 mmol, if used), dppp
or dppb (0.12 mmol, if used), 400 psi CO, 100 °C, THF (7 mL).

(COD)CI]; as a catalyst,*" and this is the first example of
the insertion of CO into an acyclic carbon heteroatom
bond that did not involve the formation of a z-allylic
intermediate. Recently we reported a palladium-cata-
lyzed carbonylative coupling reaction of propargyl alco-
hols and thiols¥ in which we believe an allene species is
a possible intermediate. Therefore, we decided to exam-
ine the palladium-catalyzed reactions of allenes with
thiols and carbon monoxide. We now report our discovery
that palladium catalyst systems such as Pd(OAc),—PPh;
indeed catalyze the carbonylative addition of thiols and
CO to allenes, leading to the regioselective formation of
B,y-unsaturated thioesters.

Results and Discussion

We chose 3-methyl-1,2-butadiene (1a) as a model
substrate and investigated its reaction with thiols, CO,
and catalytic quantities of a variety of metal complexes.
The results are summarized in Table 1. Initial catalyst
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Table 2. Solvent Effect for Palladium-Catalyzed
Thiocarbonylation of Allene 1la with PhSH?2

isolated
entry solvent time (h) yield(%)
1 THF 48 94
2 DME 60 83
3 CHCl; 48 92
4 benzene 72 76

a Reaction conditions: 3-methyl-1,2-butadiene (3 mmol), thiophe-
nol (2 mmol), Pd(OAc); (0.06 mmol), PPh3 (0.24 mmol), 400 psi
CO, 100 °C, solvent (7 mL).

screening indicated that use of palladium(0) and palla-
dium(Il) complexes with added phosphine ligands dis-
played the highest catalytic activity toward the formation
of 2a in THF (entries 4—6 and 9 in Table 1). In par-
ticular, the use of 3 mol % palladium acetate (relative to
thiol) with 4 equiv of triphenylphosphine was the most
effective catalyst system for the formation of 2a in 94%

yield (eq 1).
Pd(OAC), 0
1a 400psi, 100°C 2a

Pd(PPhj), is also a good catalyst for this reaction (entry
2 in Table 1). However, other palladium(0) catalysts
without added phosphine ligands, such as Pd(dba), (entry
7 in Table 1) and Pd,(dba)s;-CHCI; (entry 8 in Table 1),
were less effective for this transformation. Although
palladium acetate does catalyze the thiocarbonylation,
the reaction afforded 2a in low yield (entry 3 in Table
1). In addition to triphenylphosphine, the bidentate
phosphines, 1,3-bis(diphenylphosphino)propane (dppp)
and 1,4-bis(diphenylphosphino)butane (dppb), were also
effective as an added ligands for the Pd(OAc),-catalyzed
reactions (entries 5 and 6 in Table 1).

Other metal systems which are known to insert into
C—S bonds were also examined. [Rh(COD)CI],, which
is active for the carbonylation of sulfur-substituted
heterocycles,** and RuCl,(PPhs)s, which can catalyze the
insertion of CO into allylic carbon—sulfur bonds,? were
ineffective catalysts for the present carbonylation reac-
tion (entries 10 and 14 in Table 1). NiCly(PPhs),, which
has been reported to catalyze the cross coupling of allyl
sulfides and Grignard reagents,* did not promote the
thiocarbonylation (entry 13 in Table 1). In addition,
RhCI(PPhgs); and Co,(CO)s were also ineffective in this
case even using stoichiometric amounts of the transition-
metal complexes (entries 11 and 12 in Table 1). Starting
material was recovered when the reaction was performed
in the absence of the catalyst (entry 1 in Table 1).

The effect of the solvent in the carbonylative coupling
reaction of 1a with thiophenol and CO was also studied,
and the results are illustrated in Table 2. Using the
Pd(OAc),—PPh; catalyst system, we found that the reac-
tion works well in THF, 1,2-dimethoxyethane (DME), or
dichloromethane but less so in benzene (Table 2). Also,
CO pressures of 400—800 psi gave 2a in similar yields.
Prolonged heating did not increase the reaction yield (76
h versus 48 h), while a decrease (to 50 °C) or increase
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Scheme 1
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(to 150 °C) in the reaction temperature resulted in a
reduction of the yield of 2a.

The carbonylative coupling reaction of a series of
allenes (1a—h) was effected using 1 equiv of thiols or
mercaptans, 3 mol % of Pd(OAc),, and 12 mol % of PPhs,
in THF at 400 psi CO for 48 h at 100 °C. The fB,y-
unsaturated thioesters were isolated in 73—94% vyields
(Table 3). The reaction exhibits highly regioselectivity.
The 1,1-disubstituted allene, 1a, and monosustituted
allenes, 1b, 1f, and 1g, reacted with thiols and CO
affording j,y-unsaturated thioesters as the sole product,
in which the phenylthiocarbonyl group added to the
unsubstituted part of the allene (entries 1-7, 11, and 12
in Table 3). The reaction is slower when the allene
contains an electron-withdrawing group, but the regio-
selectivity is unaffected in this case (entry 12 in Table
3). 1,3-Disubstituted unsymmetrical allenes such as 1d
and le undergo thiocarbonylation preferentially at the
less bulkier of the two double bonds (entries 9 and 10 in
Table 3), while symmetrical internal allenes can, of
course, only afford one product (entries 8 and 13 in Table
3). Note that monosubstituted and 1,3-disubstituted
allenes react with thiophenol and CO to give a mixture
of E and Z thioesters (entries 7—12 in Table 3) in which
the E isomers predominate.

A possible pathway for the reaction may include the
formation of an H—Pd—SR species via oxidative addition
of RSH to Pd(0).5¢ The mechanism outlined in Scheme
1 merits consideration and comprises the following steps:

(1) formation of Pd(0) as the active catalyst (Pd(OAc),,
which is easy reduced to Pd(0) in the presence of
phosphine ligands with CO);”

(2) oxidative addition of Pd(0) by RSH to give H—Pd—
SR;

(3) coordination of the allene double bond and subse-
guent insertion into a Pd—H bond to form a o-thiopal-
ladium intermediate;

(4) coordination and CO insertion resulting in the
formation of a carbonylthio species;

(5) Grushin, V. V. Chem. Rev. 1996, 96, 2011.
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Table 3. Palladium-catalyzed Thiocarbonylation of Allenes with Thiols?

entry Allene thiol product (E/Z) b yield (%) ©
1d = CeHsSH 94
1a 231
2 1a p-BrCgH4SH p-BrCgH4S X 73
2ay
3 1a p-MeOCgH4SH p-MeOCgH,4S X 76
233
4 1a p-MeOCgH4CHoSH  p- MeOCGH4CH28 83
5 1a CgH17SH CgH17S )J\/\’/ 77
2as
0
6 1a 92
Cq2H25SH C12H258)‘\/\(
2ag
OMe CeH5S
7 — CeHsSH 7 "OMe (4 g.1)
1b ° 83
Pr Pr
Vo CeHsS
8 Pl CeH5SH 6"s \”/‘\/“*/\ (1.4:1) 86
CGH/\=-=1,L CeHsS
9 1 CeHsSH 675 CeHs (2.7:1) 83
CeH
10 U CgHs5SH JJ_)\H/ 9:1) 87
1e CeHs
CeH13
1 CeHsSH CeHsS ") 80
1f of C6H13
CO,Et
12¢ CeH5SH CgHsS (2.2:1) 88
19 COgEt
SCgHs
13 92
@ CgHsSH 5
1h 2h

a Reaction conditions: allene (2 mmol), thiol (2 mmol), CO 400 psi, Pd(OAc); (0.06 mmol), PPhz (0.24 mmol), THF (7 mL), 100 °C, 48
h. ® The ratio of E to Z is measured by *H NMR. ¢ Based on the thiophenol employed. 9 The mole ratio of 1a to PhSH is 3:2. ¢ Reaction

time: 60 h.

(5) quenching the carbonylthiopalladium complex by
RSH and regeneration of a Pd(0) species.

An equilibrium between two o-allylthiopalladium spe-
cies (which are formed when the thiocarbonylation takes
place to the external or the internal double bond) may
occur under the reaction conditions. Other isomers were
not observed in the reaction.

Conclusions

Palladium catalysts such as Pd(OAc),—PPh;, Pd(P-
Ph3)s, and Pdy(dba)s;-CHCI;—PPh; are effective for the

L. L 1 /'\(R1 R1
Pd R RS
RS \/\'/2 e : //—FRZ
R RS- PdLH L-Pld'SR
L

thiocarbonylation of allenes with thiols and carbon
monoxide. The reaction is completely regioselective, in
which the thiophenyl group added to the less substituted
double bond of the allene to give the §,y-unsaturated
thioester. These reactions further demonstrate the ef-
ficacy of palladium catalysts in synthetic reactions of
thiols.
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The clarification of the precise mechanism of this
reaction and the development of new transition-metal-
catalyzed reactions of sulfur compounds is now under
investigation.

Experimental Section

General Methods. 'H NMR and *C NMR spectra were
recorded on Varian Gemini 200 and Bruker AMX 250 spec-
trometers. Chemical shifts were reported in ppm (6) relative
to tetramethylsilane (TMS), and J values are given in hertz.
Chemical shifts in 13C NMR were measured relative to CDCls.
IR spectra were recorded on a Bomem MB 100-C15 Fourier
transform spectrometer and are reported in wavenumbers
(cm™). Mass spectra were obtained on a VG 7070E spectrom-
eter. Thin-layer chromatographic (TLC) analyses were per-
formed on silica gel Merck 60 Fis4 plates (250 um layer
thickness). A Fisher-Johns apparatus was used for melting
point determinations. Elemental analyses were performed by
the elemental analysis service of the department of chemistry
at the University of Ottawa.

THF, DME, and benzene were distilled from sodium ben-
zophenone ketyl prior to use. CH,Cl, was distilled from CaH-
under N prior to use. Thiophenol, 4-bromothiophenol, 4-meth-
oxybenzenethiol, 4-methoxy-a-toluenethiol, 1-octanethiol, and
3-methyl-1,2-butadiene (1a) were purchased from Aldrich and
were used as received. Methoxyallene (1b),® 3,4-heptadiene
(1c),° 1-phenyl-1,2-butadiene (1d),° 1-phenyl-2,3-pentadiene
(1e),® 1,2-nonadiene (1f),%° ethyl 1,2-butadienoate (1g),* 1,2-
cyclononadiene (1h),*2 Pd,(dba)s-CHCI3,'% and [Rh(COD)CI],
were prepared according to the literature methods.

General Procedure for the Palladium Thiocarbony-
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1973; Collect. Vol. V, p 306.
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lation of Allenes with Thiols. To a 45 mL Parr autoclave
fitted with a glass liner and stirring bar were added Pd(OAc),
(0.06 mmol), PPh3 (0.24 mmol), allene (2.0 mmol), thiol (2.0
mmol), and dry THF (7 mL). The CO line was flushed three
times with CO, the autoclave was fill-vented three times with
CO to displace the air, and subsegently the pressure was
increased to 400 psi. The mixture was stirred in the autoclave
at 100 °C (oil bath temperature) for 48 h. After cooling, the
excess CO was released. The reaction mixture was filtered
through Florisil, and the solvent was removed by rotary
evaporation. The residue was separated by PTLC (silica gel,
eluant: n-hexane/ethyl acetate 10:1).

Phenyl 4-methyl-3-pentenethioate (2a;): oil; IR (neat)
1708 cm™* (C=0); *H NMR (200 MHz, CDCl3) 6 1.70 (s, 3H),
1.78 (s, 3H), 3.35 (d, 2H, J = 7.4 Hz), 5.36 (t, 1H, J = 7.4 Hz),
7.30—7.49 (m, 5H); *3C NMR (50 MHz, CDCl3) ¢ 18.10, 25.76,
43.10, 115.10, 127.76, 128.68, 129.07, 133.27, 137.82, 196.36;
MS (El) m/z 206 (M*); HRMS calcd for C;,H140S 206.0765,
found 206.0790.
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