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Abstract In the present study, the zinc-catalyzed

deoxygenation of aliphatic and aromatic sulfoxides in

the presence of 4,4,40,40,5,5,50,50-octamethyl-2,20-bi-1,3,

2-dioxaborolane [B(Pin)]2 as reducing reagent to produce

the corresponding sulfides has been investigated. After

examination of various reaction parameters the abilities of

catalytic amounts of Zn(OTf)2 has been proven in the

deoxygenation of various sulfoxides. Especially, a high

functional group tolerance was noticed for the Zn(OTf)2/

B(Pin)2 system.

Keywords Catalysis � Zinc � Deoxygenation � Sulfoxide �
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1 Introduction

During the last decades several approaches have been

accounted on the deoxygenation of sulfoxides to produce

the corresponding sulfides. Especially, the deoxygenation

of sulfur-based compounds is an essential process in bio-

logical systems (e.g., dimethylsulfoxide-, biotin-, and

methionine sulfoxide reductase) and furthermore of impor-

tance in organic chemistry [1–39]. Nowadays for organic

and industrial synthesis the application of cheap and low

toxic metals is highly requested [40–68]. Recently, we

have studied the deoxygenation of sulfoxides with silanes

and different cheap and abundant metal catalysts (e.g., Mo,

Fe, Cu, Zn) [69–72]. In case of zinc excellent yields have

been realized under mild reaction conditions (Fig. 1).

Noteworthy, the application of hydrosilanes displayed

difficulties with respect to selectivity. In more detail,

functional groups, e.g., alkenyl, alkinyl, carbonyl and

amide are reduced along with the sulfoxide by the zinc

catalyst and the hydrosilane. Moreover, we could demon-

strate that hydroboranes are suitable reagents for the

deoxygenation of sulfoxides [73]. To overcome the limi-

tations in functional group tolerance novel systems are

highly desired. Interestingly, as additional products silox-

anes (R3SiOSiR3) or bisborane oxides (R2BOBR2) are

obtained, which are containing the oxygen of the former

sulfoxide. The structural motif can be rationalized as an

insertion of oxygen in R3Si–SiR3 or R2B–BR2 bonds.

Hence, the reaction of sulfoxides with R3Si–SiR3 or

R2B–BR2 as reductants to form the sulfide and R3SiOSiR3

or R2BOBR2 could avoid the reduction of functional

groups and increase the chemoselectivity.

Based on that concept we report herein our investiga-

tions on the zinc-catalyzed deoxygenation of sulfoxides to

generate the corresponding sulfides with [B(Pin)]2 as

reductant.

2 Results and Discussion

Initially, the deoxygenation of p-tolyl sulfoxide (1) with an

excess of hexamethyldisilane (TMS–TMS) was studied

(Table 1, entry 1–3). For our initial study a catalytic

loading of 5 mol% of Zn(OTf)2 was used. However, no

product formation was obtained under described conditions

even in the presence of tetra n-butylammonium fluoride

(TBAF) to activate the disilane. Replacement of the disi-

lane by 1.2 equivalents 4,4,40,40,5,5,50,50-octamethyl-

2,20-bi-1,3,2-dioxaborolane [B(Pin)]2 at 100 �C in toluene
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resulted in the formation of sulfide 2 (Table 1, entry 4). An

increased yield of 81–82 % was observed by increasing the

temperature to 160 �C applying tetraglyme or mesitylene

as solvent (Table 1, entries 6 and 8). Furthermore, a

decrease of activity (51 %) was attained with ZnCl2 as pre-

catalysts, while in the absence the corresponding sulfide

was formed in 23 % yield (Table 1, entries 7 and 9). In the

absence of any zinc source and [B(Pin)]2 small amounts of

sulfide 2 (5 %) were detected (Table 1, entry 9). A similar

result was observed in the presence of catalytic amounts of

Zn(OTf)2, but in the absence of [B(Pin)]2 (Table 1, entry

11). To clarify the role of the zinc, the deoxygenation was

performed in the presence of catalytic amounts of trifluo-

romethanesulfonic acid (TfOH), which can be potentially

formed by decomposition of Zn(OTf)2 (Table 1, entry 12).

However, no product formation was observed; hence the

zinc should play an important role during catalysis.

After investigation of the reaction conditions the scope

and limitations of the zinc-catalyzed deoxygenation of

various sulfoxides, including aromatic and aliphatic sulf-

oxides, using [B(Pin)]2 as reducing reagent were studied

(Table 2). For obtaining higher yields of the products the

reaction time was elongated to 48 h. In case of our model

substrate 1 full conversion was attained (Table 2, entry 1).

In addition, biaryl sulfides 3a and 4a were obtained in good

yields (Table 2, entries 2 and 3). Substitution of one aryl

unit by an alkyl group demonstrated excellent performance

of the combination of Zn(OTf)2 and [B(Pin)]2 (Table 2,

entry 5). Noteworthy, in case of an olefin attached to the

sulfur the desired product was not obtained (Table 2, entry

6). Furthermore, good to excellent yields were obtained for

alkyl based sulfides (Table 2, entries 4, 7, 8 and 9).

In order to study the selectivity of the process different

substrates containing functional groups sensitive to

reduction in combination with the sulfoxide 1 were reac-

ted with [B(Pin)]2 in the presence of zinc(II) triflate

(Table 3). Excellent selectivity ([99 %) for the deoxy-

genation of the S=O bond was observed in the presence of

esters, amides sulfonyl, and alkynyl functional groups.

Noteworthy, the application of hydrosilanes as reductant

resulted in the attack of amides and alkynyl functions

[70].

Table 1 Investigation of the influence of the reaction conditions in the zinc-catalyzed deoxygenation of sulfoxides

Entry Pre-catalyst Reagent Solvent T (�C) Yield (%)a

1 Zn(OTf)2 MeSi–SiMe3
b – 100 \1

2c Zn(OTf)2 MeSi–SiMe3
b – 100 \1

3c – MeSi–SiMe3
b – 100 \1

4 Zn(OTf)2 [B(Pin)]2 Toulene 100 8

5 Zn(OTf)2 [B(Pin)]2 Tetraglyme 130 40

6 Zn(OTf)2 [B(Pin)]2 Tetraglyme 160 82

7 ZnCl2 [B(Pin)]2 Tetraglyme 160 53

8 Zn(OTf)2 [B(Pin)]2 Mesitylene 160 81

9 – [B(Pin)]2 Tetraglyme 160 23

10 – – Mesitylene 160 5

11 Zn(OTf)2 – Mesitylene 160 5

12 TfOH – Mesitylene 160 \1

Reaction conditions: 1 (0.72 mmol), Zn(OTf)2 (5 mol %), [B(Pin)]2 (1.2 equiv. 0.80 mmol), solvent (2.0 mL), 24 h
a Determined by GC methods and 1H NMR
b 1.0 mL of Me3Si–SiMe3

c 10 mol% TBAF

Fig. 1 Recent achievements in the zinc-catalyzed deoxygenation of

sulfoxides to sulfides
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Based on the obtained results we propose that the zinc

acts as a Lewis-acid catalyst (Scheme 1). Initially, the

sulfoxide coordinates to the zinc (intermediate A) thus an

activation of the S=O bond occurs and enhances the

susceptibility of the sulfur for reduction [70, 73, 74].

Subsequently, the [B(Pin)]2 reacts with the intermediate

A via the intermediate B. The sulfur is reduced by the

[B(Pin)]2 and the oxygen is transferred to the borons of

the previous [B(Pin)]2 to form the desired sulfide and the

O[B(Pin)]2. The formation of O[B(Pin)]2 was clarified by

11B NMR studies, since a characteristic signal was

observed at d = 22.4 ppm. The chemical shift is in

agreement to literature reports [75]. The sulfide is

replaced by a substrate molecule to re-create the starting

complex A.

In summary, we have set up a protocol for the

deoxygenation of sulfoxides to the corresponding sulfide

with [B(Pin)]2 as oxygen scavenger in the presence of

straightforward and abundant zinc(II) triflate. Note-

worthy, various aryl and alkyl based sulfoxides were

Table 2 Scope and limitations of the zinc-catalyzed deoxygenation of sulfoxides

R1
S

R2

O 5 mol% Zn(OTf)2

mesitylene, 48 h, 160 °C R1
S

R2

1, 11-17 6, 11a-17a

1.2 equiv. [B(Pin)]2

Entry Substrates Product Yield (%)a

1 2 98

2 3a 83

3 4a 92

4 5a 89

5 6a 98

6 7a \1b

7 8a 97

8 9a 85c

9 10a 87c

Reaction conditions: substrate (0.72 mmol), Zn(OTf)2 (5 mol%), [B(Pin)]2 (1.2 equiv.), mesitylene (2.0 mL), 48 h, 160 �C
a Isolated yield
b Decomposition
c Determined by GC methods and 1H NMR
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converted to the corresponding sulfides in good to excellent

yields.

3 Experimental Section

3.1 General Procedure for the Deoxygenation

of Sulfoxides

A pressure tube was charged with an appropriate amount

of Zn(OTf)2 (0.036 mmol, 5.0 mol%), the corresponding

sulfoxide (0.72 mmol) and the borane (1.2 equiv.,

0.86 mmol). After addition of mesitylene (2.0 mL) the

reaction mixture was stirred in a preheated oil bath at

160 �C for 48 h. The mixture was cooled on an ice bath

and biphenyl (internal standard) was added. The solution

was diluted with dichloromethane and an aliquot was taken

for GC-analysis (30 m Rxi-5 ms column, 40–300 �C). The

solvent was removed and the residue was purified by col-

umn chromatography. The analytical properties of the

corresponding sulfides are in agreement with literature data

[69–73].

Table 3 Zinc(II) triflate-catalyzed reduction of sulfoxide 1 in the presence of additional substrates sensitive to reduction

Entry Substrates Yield (%)a

1 [99/\1b

2 [99/\1b

3 [99/\1

4 [99/\1

5 98/\1

6 [99/\1

7 [99/\1

8 [99/\1

9 [99/\1b

Reaction conditions: sulfoxide 1 (0.72 mmol), Zn(OTf)2 (5 mol%), [B(Pin)]2 (1.2 equiv.), 0.72 mmol of the second substrate, mesitylene

(2.0 mL), 48 h
a Determined by GC–MS
b The second substrate was not detectable, probably due to decomposition
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