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afforded the corresponding dithioacetals in good yields at 0 �C in 5 min.
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Table 1
Screening of the reaction conditionsa

Ph
+

5 mol% catalyst

CH2Cl2, rt, 5 min
PhSH Ph+

1a 2a 3a 4a

Ph
SPh
SPh

SPh

Entry Catalyst Yieldb (%) 3a Yieldb,c (%) 4a Yieldb (%) 1a

1 AuBr3 80d Trace 0
2 AuBr3 (1 h) 32 47e 0
3 AuBr3 (0 �C) 84d 0 0
4 AuBr3 (�20 �C) 45 50 0
5 AuBr3 (3 mol %) 19 67 0
6 AuBr3 (1 mol %) Trace 80 0
7 AuCl3 Trace 37 41
8 AuCl 0 12 58
9 AuClPPh3/AgOTf 14 15 45

10 AuClPPh3/AgBF4 0 13 60
11 InBr3 16 15 51

a To a mixture of CH2Cl2 (2 mL, 0.2 M) and catalyst (5 mol %) were added 2a
(1.2 mmol) and 1a (0.4 mmol) and the mixture was stirred at room temperature for
The use of gold catalysts in organic transformations has
received much attention in recent years due to their unique elec-
tronic structure and soft carbophilic nature, which can activate
unsaturated C–C bonds toward nucleophilic attack.1 Among them,
gold-catalyzed hydrofunctionalization, such as hydroamination1,2

and hydroalkoxylation,1,3 toward an unsaturated C–C bond, in both
an intra- and intermolecular manner, represents an efficient and
direct method for the synthesis of various heterocycles and hetero-
atom-containing compounds.4 However, because of the high affin-
ity of sulfur to transition metals, especially gold,5 catalytic
hydrothiolation has been explored to a lesser extent than hydro-
amination and hydroalkoxylation. Nonetheless, several novel
metal catalytic hydrothiolations of alkynes and alkenes have
been developed.6 However, the metal-catalyzed hydrothiolation
of allenes is rarely reported. Ogawa reported that palladium-
catalyzed intermolecular addition of thiols to allenes gave vinyl
sulfides,7 and Krause reported the first gold-catalyzed intramolec-
ular cycloisomerization of thioallenes.8

R1
+ R2NH

10 mol% AuBr3

THF, 30 ºC R1 R3

R2 R3 NR2R2
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R1
+

5 mol% AuClPPh3
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R2 R3 ORR2
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Recently, we reported the gold-catalyzed intermolecular
hydroamination and hydroalkoxylation of allenes, which afforded
allylic amines and allylic ethers, respectively, in high yields under
mild reaction conditions (Eqs. 1 and 2).9 In continuation of
these investigations on gold catalysis, we report the gold-catalyzed
regiospecific intermolecular hydrothiolation of aromatic allenes, in
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which the corresponding dithioacetals were obtained efficiently,
under mild conditions (Eq. 3):

Ar
+ Ar'SH

5 mol% AuBr3 Ar
SAr'
SAr'

CH2Cl2, 0
oC, 5 min

ð3Þ

Initially, we focused on screening various gold catalysts for the
hydrothiolation of phenylallene (1a) with 3 equiv of thiophenol
(2a) in CH2Cl2 at room temperature (Table 1). When 5 mol % of
AuBr3 was used as the catalyst, the reaction reached completion
in 5 min at room temperature, giving the corresponding dithioace-
tal 3a in 80% yield along with a trace amount of vinyl sulfide 4a
5 min.
b 1H NMR yields determined using dibromomethane as an internal standard.
c A mixture of E and Z isomers.
d Isolated yield.
e E/Z ratio is 2:1.
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Table 2
AuBr3-catalyzed intermolecular hydrothiolation of allenes 1 with thiols 2a

R1
+

5 mol% AuBr3

CH2Cl2, 0 ºC, 5 min
RSH

1 2 3

R1

SR
SR

Entry R1 R Product Yieldb (%)

1 4-F–C6H4 (1b) Ph (2a) 3b 76
2 4-Cl–C6H4 (1c) Ph (2a) 3c 71
3 4-Me–C6H4 (1d) Ph (2a) 3d 66
4 4-Me–C6H4 (1d) 3-Me–C6H4 (2b) 3e 61
5 Ph (1a) 4-Me–C6H4 (2c) 3f 80
6 Ph (1a) 3-Me–C6H4 (2b) 3g 66
7 Ph (1a) 4-Br–C6H4 (2d) 3h 67
8 Ph (1a) 3-Cl–C6H4 (2e) 3i 76
9 Ph (1a) Cyclohexyl (2f) 3j 0

10 Cyclohexyl (1e) Ph (2a) 3k 0

a To a mixture of CH2Cl2 (2 mL, 0.2 M) and AuBr3 (5 mol %) were added 2
(1.2 mmol) and 1 (0.4 mmol) and the mixture was stirred at 0 �C for 5 min.

b Isolated yield.
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Scheme 1. Proposed mechanism.

4628 Menggenbateer et al. / Tetrahedron Letters 51 (2010) 4627–4629
(entry 1). It is noteworthy that, when the reaction was carried out
for 1 h at room temperature, a mixture of 3a and 4a (E/Z = 2/1)10

was obtained (entry 2). As expected, treatment of the dithioacetal
3a with 5 mol % of AuBr3 produced a mixture of 3a and 4a, which
indicated that 3a and 4a must be in equilibrium under the reaction
conditions at higher temperatures (Eq. 4). Consequently, the reac-
tion was carried out at a lower temperature. For example, the reac-
tion at 0 �C afforded the corresponding dithioacetal 3a in 84% yield
in 5 min without detection of 4a, although at �20 �C a mixture of
3a and 4a was obtained (entries 3 and 4). The results suggest that
the reaction may proceed through the initial formation of vinyl sul-
fide 4a. The use of lower amounts of AuBr3 (3 mol % and 1 mol %)
gave the vinyl sulfide 4a as the major product (entries 5 and 6).
Other catalysts, such as AuCl3, AuCl, AuClPPh3/AgOTf, AuClPPh3/
AgBF4, and InBr3,6g were ineffective (entries 7–11). The results
indicate unambiguously that AuBr3 was the best catalyst for this
catalytic hydrothiolation.

3a

Ph
SPh
SPh Ph

4a 25% (E /Z = 2/1)

SPh5 mol% AuBr3

CH2Cl2, rt, 1 h
3a

64%

+ ð4Þ

The scope of the AuBr3-catalyzed hydrothiolation of allenes 1 is
summarized in Table 2.11 All the reactions were carried out in the
presence of 5 mol % of AuBr3 in CH2Cl2 at 0 �C for 5 min. The reac-
tions of thiophenol (2a) with mono-substituted allenes having an
electron-withdrawing aromatic ring at R1 (1b and 1c) gave the
corresponding dithioacetals 3b and 3c in 76% and 71% yields,
respectively (entries 1 and 2). Allene 1d, substituted with an elec-
tron-donating aromatic ring at the allenyl terminus, reacted with
arylthiols 2a and 2b, affording the desired products 3d and 3e in
good yields (entries 3 and 4). We also investigated the reactivity
of substituted thiophenols. The reaction of phenylallene (1a) with
substituted arylthiols 2 bearing an electron-donating or an elec-
tron-withdrawing group on the benzene ring afforded the corre-
sponding dithioacetals 3f–i in good yields (entries 5–8). The
electronic characteristics of the aromatic ring did not exert a signif-
icant influence on the yield of 3. However, the reaction of phenylal-
lene (1a) with cyclohexyl thiol (2f) and the reaction of cyclohexyl
allene (1e) with 2a resulted in no reaction and the starting allenes
were recovered (entries 10 and 11). It is also noteworthy that reac-
tions of 1,1- or 1,3-disubstituted allenes with 2a did not produce
any of the desired products. Thus, aryl allenes and aryl thiols
proved to be suitable substrates for the present hydrothiolation.

A proposed reaction mechanism is shown in Scheme 1. (1) The
gold sulfide complex is formed in situ through ligand exchange
between AuBr3 and PhSH along with concomitant formation of
HBr. (2) Coordination of the allene double bond, having higher elec-
tron density, to the gold complex affords the intermediate A. (3) Both
syn- and anti-addition of PhS to the central carbon of the allene
would give a (r-allyl)gold intermediate B. (4) Protonation of B by
PhSH produces a mixture of E and Z isomers of 4a with regeneration
of the gold catalyst. (5) Further coordination of the gold catalyst to
the electron-rich vinyl sulfide forms a stable carbocation C. (6) Addi-
tion of PhSH to C produces the dithioacetal intermediate D, which is
followed by immediate protonation to give 3a.

In summary, we have developed an efficient AuBr3-catalyzed
regiospecific intermolecular hydrothiolation of aryl allenes with
aryl thiols under mild reaction conditions. In contrast to our previ-
ously reported hydroamination and hydroalkoxylation, the present
hydrothiolation took place selectively at the central carbon of
allenes to produce the dithioacetal products. Further investigation
of the mechanistic details and gold-catalyzed hydrofunctionaliza-
tion are in progress.

General procedure for hydrothiolation of an allene: To a CH2Cl2

(0.2 M, 2 mL) solution of AuBr3 (5 mol %, 8.7 mg) were added thio-
phenol (2a) (1.2 mmol, 0.123 mL) and phenylallene (1a) (0.4 mmol,
46.4 mg) under an Ar atmosphere. The reaction mixture was stir-
red at 0 �C for 5 min then filtered through a short Florisil pad using
Et2O as the eluent. After evaporation, the residue was purified by
column chromatography to give 3a in 84% yield (113 mg).
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