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ABSTRACT

An indium triiodide-catalyzed substitution of the acetoxy group in alkyl acetates with thiosilanes provides access to a variety of thioethers. The
method is efficient for a wide scope of acetates such as primary alkyl, secondary alkyl, tertiary alkyl, allylic, benzylic, and propargylic acetates.

The development of the synthetic method for thioethers
is a significant issue because various organosulfur com-
pounds play important roles in organic synthesis, bio-
organic, and medicinal chemistry.1 The reaction between
alkyl halides and metal thiolates is a classical route to
thioethers.2 However, thesemethods have drawbacks such
as a requirement for a strong base and inherent byproduc-
tion of an equimolar amount of metal halides. To

overcome these problems, the replacement of alkyl halides
with other electrophiles, such as alkyl alcohols, ethers, or
esters, is promising because of their availability and stabil-
ity and the fact that they are environmentally benign.

Several procedures have been presented, but they still
have a limitation in the scope of applicable electrophiles.3�7

In particular, the employment of alkyl acetates remains
relatively undeveloped despite their high convenience for
organic synthesis. Transition-metal-catalyzed reactions
are limited to allylic acetates because of the generation of
π-allylic metal intermediates.4d�f While some Lewis acid

Figure 1. Syntheses of thioethers by direct coupling using alkyl
acetates.
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catalyzed SN1 reactions were also reported, only benzylic
acetates, which easily generate the corresponding carbo-
cations, were used.3d,6j,6k There are only SN2 reactions using
specifically activated acetates such as β-nitro acetates,6b,c

β-acetoxyR-diazo carbonyl compounds,6h andR-amideR-
acetoxy esters.6g In these reaction systems, the scope of
applicable alkyl acetateswas strictly limited by the reaction
mechanism. In addition, the substitution of simple alkyl
acetates, which requires harsh conditions, has not been
much developed because of the risk of undesired transfor-
mation of esters into thioesters. Herein, we present a
general route to thioethers in which a direct coupling
between alkyl acetates and thiosilanes was effectively
catalyzed by InI3. Various types of acetates such as pri-
mary, secondary, tertiary, allylic, benzylic, andpropargylic
acetates were readily applicable. As far as we could ascer-
tain, the present reaction system has the widest scope of
alkyl acetates among reported procedures (Figure 1).
First, the screening of catalysts was carried out in the

model reaction of 2-acetoxyoctane 1a with trimethyl-
(phenylthio)silane 2a (Table 1). InI3 was found to promote
most effectively the direct substitution of the acetoxy
group by 2a at 90 �C in toluene, furnishing the desired
thioether 3aa in 77% yield (entry 1). InBr3 also showed a
moderate catalytic effect (entry 2).8 The use of InCl3 and
In(OTf)3 resulted in no reaction (entries 3 and 4). The

representative oxophilicLewis acids suchasBF3 3OEt2 and
AlCl3 afforded no desired thioether (entries 5 and 7).
Interestingly, a stoichiometric amount of BF3 3OEt2 or
AlCl3 promoted a type of transesterification to produce
silyl ether 4 and thioester 5 (entries 6 and 8). These results
strongly indicated a sharp contrast in activation mode of
acetoxy moiety between indium triiodide and the repre-
sentative Lewis acids. Moreover, the employment of ZnI2,
which was reported to be effective in the synthesis of
thioethers by the reaction between thiols and alcohols,3a

resulted in only 8% yield (entry 9). B(C6F5)3 and Bi(OTf)3
were ineffective, although they accelerated coupling reac-
tions of alkyl acetates with allylic silanes and silyl enolates,
respectively (entries 10 and 11).9,10 Sc(OTf)3 also gave no
product (entry 12). ClCH2CH2Cl and hexane were also
found to be suitable solvents (entries 13 and 14). In contrast,
coordinative solvents like acetonitrile and DMF did not
furnish the desired reaction (entries 15 and 16).

We next surveyed the scope of applicable thioethers. As
Table 2 shows, a variety of alkyl acetates were employed
smoothly. Primary and tertiary alkyl acetates (1b and 1d)

Table 1. Screening of Catalysts and Solventsa

yieldb (%)

entry catalyst 3aa 4c 5

1 InI3 77 0 0

2 InBr3 49 0 0

3 InCl3 0 0 0

4 In(OTf)3 0 0 0

5 BF3 3OEt2 0 0 5

6d BF3 3OEt2 0 34 35

7 AlCl3 0 0 0

8d AlCl3 0 30 20

9 ZnI2 8 0 0

10 B(C6F5)3 0 0 0

11 Bi(OTf)3 0 0 0

12 Sc(OTf)3 0 0 0

13e InI3 66 0 0

14f InI3 64 0 0

15g InI3 0 0 0

16h InI3 0 0 0

a 1a (1 mmol), 2a (2 mmol), catalyst (0.1 mmol), toluene (1 mL),
90 �C, 3 h. bYields were determined by analysis of 1H NMR spectra of
product mixtures prior to purification. cThe yield of 4 was determined
after the hydrolysis of 4 to 2-octanol with 1 M HCl aq. dCatalyst
(1 mmol). e1,2-DCE solvent. fHexane solvent. gCH3CN solvent. hDMF
solvent.
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as well as a secondary substrate 1c were utilized to give the
corresponding thioethers in high yields (entries 1�3). The
reaction of 1-adamantyl acetate 1e proceeded in excellent
yielddespite possessing significant sterichindrance (entry 4).
Benzylic acetates bearing both electron-donating and -with-
drawing groups were found to be reactive electrophiles
(entries 5�9). This reaction system was applicable for
large-scale synthesis (entry 6). (2-Thienyl)methyl acetate 1j
furnished the desired product 3ja in 87% yield (entry 10).
The substitutions of allylic and propargylic acetoxy groups
(1k and 1l) were achieved (entries 11 and 12). R-Acetoxy
ketone 1mwas also applicable to furnish the corresponding
R-thio ketone 3ma in 67% yield (entry 13). Ferrocene,
alkene, and phthalimide moieties tolerated the reaction
conditions (entries 14�16).11 It was notable that the acetoxy
group was substituted in preference to the chloro group to
give 5-chloropentyl phenyl thioether 3qa in 49%yield in the
reaction using 5-chloropentyl acetate 1q, although a 10%
yield of 1,5-bis(phenylthio)pentane 6 was observed (entry
17). The intramolecular competitive reaction using com-
pound 1r showed that the tertiary alkyl acetate has a higher
reactivity than the primary counterpart (entry 18).
Scheme1 shows the effect of substituents in thiosilanes 2.

In the reaction with benzylic acetate 1f, both arylthiosilanes
bearing electron-donating and withdrawing groups gave
satisfying results at room temperature (3fb and 3fc).
Primary- and secondary alkyl thiosilanes also furnished
the corresponding thioethers in high yields, respectively, at
90 �C (3fd and 3fe). The difference in reaction temperature
indicated the higher reactivity of arylthiosilanes as com-
pared to alkylthiosilanes.
The reaction using optically active alkyl acetate, (S)-

2-acetoxyoctane (S)-1a, proceeded with racemization to give
the thioether 3aa in only 4% ee, which suggested that the
reaction is likely proceeding through an SN1 mechanism
via a carbocation intermediate (eq 1). However, the effec-
tive reaction using primary alkyl acetates and R-acetoxy
ketone, which cannot be expected to generate a stable
carbocation, is consistent with the reaction proceeding
through an SN2mechanism. Therefore, the reactionmech-
anism would depend on the type of alkyl acetates.

Themixture of InI3, n-hexyl acetate 1s, and thiosilane 2a
in toluene-d8 solvent was monitored by 13CNMR at room
temperature, in which these conditions caused no substitu-
tion reaction of 1s with 2a. The considerable change of
signals of both acetate 1s and thiosilane 2awere observed,
which indicated that InI3 interacts with both alkyl acetate
and thiosilane.12 In addition, no transmetalation between
thiosilane 2a and InI3 was detected.

13 In contrast, AlCl3

Table 2. Substitution ofOAcGroup inVariousAlkyl Acetates 1
with Thiosilane 2aa

a
1 (1 mmol), 2a (2 mmol), InI3 (0.1 mmol), toluene (1 mL), room

temperature, 3 h. bYields of crude products determined by 1H NMR
spectroscopy using 1,1,2,2-tetrachloroethane as the internal standard.
Values in parentheses are yields of isolated products. cThe reaction was
carried out at 90 �C. dLarge-scale synthesis 1 (20 mmol), 2a (40 mmol),
InI3 (2 mmol), toluene (20 mL). Isolated yield is shown. eThe reaction
was carried out from 0 �C to room temperature. f InI3 (0.2 mmol).

(11) The difference between an NMR yield and an isolated yield was
caused by the difficult separation of the product from byproduct,
PhSSPh.

(12) See the Supporting Information for details of the NMR study.
(13) When an equivalent amount of InI3 and thiosilane 2awas mixed

in toluene-d8, no transmetalation was observed by 13C NMR.
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and BF3 3OEt2 easily transmetalated with 2a to generate
thioaliminum and thioborane, respectively.14 These metal
thiolates may cause a type of transesterification to give
thioesters (Table 1, entries 6 and 8).
On the basis of the above controlled studies, a tentative

mechanism is presented in Scheme 2. InI3 is coordinatedby
both the carbonyl oxygen of alkyl acetate 1 and the sulfur
atom of thiosilane 2 to form complex 6. In the case of
secondary alkyl, tertiary alkyl, benzylic, propargylic, and
allylic acetates, an SN1-type substitution proceeds. On the
other hand, reactions of primary alkyl acetates and R-
acetoxy carbonyl compounds occur in SN2-type mecha-
nisms because of instability of the corresponding carbo-
cation. Finally, thioether 3 and trimethylsilyl acetate are

produced with regeneration of InI3. InI3 brings alkyl
acetate 1 close to thiosilane 2 in complex 7, which would
contribute to the widespread scope of alkyl acetates. The
Lewis acidity of the indium center is not decreased due to
no transmetalation between InI3 and thiosilane to activate
alkyl acetate 2 effectively.
To expand the present procedure, the reaction of lac-

tones with thiosilane 2 was examined (Scheme 3).15 γ-
Butyrolactone 7 smoothly underwent the ring-opening
reaction to give the corresponding thiocarboxylic acid 10

in 73% yield. δ-Valerolactone 8 and ε-caprolactone 9 also
furnished the desired products 11 and 12 in excellent yields,
respectively.

In conclusion, we have developed an effective and prac-
tical synthesis of thioethers by the InI3-catalyzed substitu-
tion reaction between alkyl acetates and thiosilanes. The
generality of alkyl acetates is remarkably widespread: pri-
mary alkyl, secondary alkyl, tertiary alkyl, allylic, benzylic,
and propargylic acetates, and R-acetoxy ketones were all
applicable. This reaction system was compatible with a
diverse range of functional groups including alkene, alkyne,
ferrocene, phthalimide, and ketone groups. Mechanistic
studies revealed the interesting feature of InI3 that acceler-
ates both mechanisms of SN1 and SN2 types.
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Scheme 1. Examination for Scope of Thiosilane 2.a

aReaction conditions: 1f (1 mmol), 2 (2 mmol), InI3 (0.1 mmol),
toluene (1 mL), 3 h. Yield of products after purification. bAt room
temperature. cAt 90 �C.

Scheme 2. Tentative Mechanism

Scheme 3. Ring-Opening Reactions of Lactones with
Thiosilane 2aa

aYield of products after purification.
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