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a b s t r a c t

Herein, we report a borane-promoted reductive deoxygenation coupling reaction to synthesize sulfides.

This reaction features excellent functional group compatibility, high efficiency, broad substrate scope, and

application in late-stage functionalization of biomolecules. Preliminary mechanistic studies suggest di-

aryl sulfides are the intermediates of this reaction. Moreover, the real active aryl sulfide anions may be

generated in situ with the aid of B2pin2 and react with alkyl tosylates through a concerted SN2 pathway.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Organosulfur compounds, the indispensable chemical sub-

stances in our lives, are widely present in many biologically ac-

tive molecules, materials science, medicine, and agriculture [1–3].

Therefore, the carbon-sulfur bonds formation has attracted much

attention in organic synthesis [4–8]. Undoubtedly, the most clas-

sic and important synthetic method for building the C(sp3)-S bond

is the substitution reaction of alkyl halides with mercaptans in the

presence of strong bases (Scheme 1A) [9,10]. However, this strategy

suffers from poor compatibility of functional groups and limited

substrate scope. Transition metal-catalyzed cross-coupling of aryl

halides with alkyl thiols or alkyl halides with aryl thiols has made

great progress so far [11], but the undesirable β-hydride elimina-

tion and the metal poisoning problem also restrict its wild ap-

plications. Importantly, most mercaptans having unpleasant smells

are not commercially available and highly toxic, greatly limiting

their applications in organic synthesis. In view of these limitations,

much effort has been paid to find new sulfurating agents to replace

mercaptans.

In recent years, the use of inorganic sulfur compounds as sulfu-

rating agents has been an alternative strategy for building carbon-

sulfur bonds (Scheme 1B) [12–15]. For example, a copper-catalyzed

coupling reaction of aryl iodides and alkyl halides with sulfur pow-
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der was reported by Ma [16]. In 2018, the Jiang group reported

the palladium-catalyzed C-S bond formation using KSAc as a sulfur

source [17]. Zhou and coworkers also realized a similar transfor-

mation by employing KSCN [18]. Na2S2O3 as a sulfurating agent

for the construction of carbon-sulfur bonds has also been achieved

by Jiang [19]. Another practical protocol is to convert alkyl thiols

into electrophiles for the carbon-sulfur bonds formation. For in-

stance, organometallic reagents can react with benzenesulfonoth-

ioates to deliver the sulfides through nucleophilic substitution re-

actions [20]. Nevertheless, most organometallic reagents are sen-

sitive to air and moisture, which restricts this method’s applica-

tion (Scheme 1C). In 2018, a mild and efficient nickel-catalyzed re-

ductive thiolation reaction employing S-phenyl benzenesulfonoth-

ioate as the sulfurating electrophiles was reported by Ji and Wang

(Scheme 1D) [21]. At present, although metal-free and transi-

tion metal-catalyzed methods as mentioned above for the C(sp3)-S

bond formation have made great developments, it is still very nec-

essary to develop simple, environmentally friendly, safe, and prac-

tical methods for the C(sp3)-S bond formation.

Very recently, Radosevich and coworkers found that

organophosphines could promote the deoxygenation of sul-

fonyl chlorides to afford the sulfenyl electrophiles [22]. Inspired

by Radosevich’s work as well as the role of borane reagents in

reductive cross-coupling reactions [23–25], we envisioned that

the sulfurating electrophiles would be generated in situ from

aryl sulfonyl chlorides [26–30] and then underwent the reduc-
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Scheme 1. Methods for the C(sp3)-S bond formation.

tive cross-coupling reaction with alkyl halides with the aid of

the reducing agent boranes (such as B2pin2) (Scheme 1E). To

our continuing interest in green chemical synthesis [31–38], we

sought to develop the first example of borane-promoted reductive

deoxygenation coupling reaction of aryl sulfonyl chlorides with

alkyl halides and alkyl tosylates for the construction of C(sp3)-S

bond.

With these considerations in mind, we set out to investigate the

reductive deoxygenation coupling reaction of aryl sulfonyl chlo-

rides. To our delight, as we anticipated, when B2pin2 and PPh3

were used as additives, this transformation could proceed, and af-

forded the desired product 1 in 6% yield (Table 1, entry 1). Then,

other bases were evaluated, and the best result, 32% yield was pro-

vided in the presence of NaOH (Table 1, entry 2; for details, please

see Supporting information). We thought that the amount of PPh3

might be critical to this reaction. Therefore, the loading of PPh3

was checked, and 48% yield was obtained when 2.0 equiv. of PPh3

was employed (Table 1, entry 3). Furthermore, increasing the load-

ing of PPh3 to 3.0 equiv., the 86% yield of desired product was de-

livered (Table 1, entry 4). After screening other solvents, DME af-

forded this desired product in 98% yield (Table 1, entries 5 and 6;

for details, please see Supporting information). Subsequently, vari-

ous borane reagents were tested as well. B2cat2 and B2oct2 could

also promote this reaction smoothly, resulting in the correspond-

ing product in moderate yields (Table 1, entries 8 and 9; for details,

please see Supporting information). Control experiments were con-

ducted to reveal the importance of the borane reagent and PPh3

(Table 1, entries 10–12). It was found that the efficiency of this re-

action was dramatically affected by the amount of B2pin2 (Table

1, entry 10). The desired product 1 was not observed in the ab-

sence of the borane reagent and PPh3, thus demonstrating the ne-

cessity of the borane reagent and PPh3 (Table 1, entries 11 and 12).

Gratifyingly, the more commonly used inert substrate, cyclopentyl

4-methylbenzenesulfonate, proved to be a suitable substrate, yield-

Table 1

Representative results for the optimization of the reaction of aryl sulfonyl chlo-

ride 1a with alkyl bromide 2aa.a

Entry Borane reagents (equiv.) PPh3 (equiv.) Solvent Base Yield (%)b

1 B2pin2 (2.0) 1.5 THF KOH 6

2 B2pin2 (2.0) 1.5 THF NaOH 32

3 B2pin2 (2.0) 2.0 THF NaOH 48

4 B2pin2 (2.0) 3.0 THF NaOH 86

5 B2pin2 (2.0) 3.0 DMF NaOH 50

6 B2pin2 (2.0) 3.0 DME NaOH 98 (98)

7c B2pin2 (2.0) 3.0 DME NaOH 96

8 B2cat2 (2.0) 3.0 DME NaOH 60

9 B2oct2 (2.0) 3.0 DME NaOH 60

10 B2pin2 (1.0) 3.0 DME NaOH 56

11 without 3.0 DME NaOH 0

12 B2pin2 (2.0) without DME NaOH 0

a Reaction conditions (unless otherwise specified): 1a (0.2mmol, 1.0 equiv.),

bromocyclopentane 2aa (0.3mmol, 1.5 equiv.), B2pin2 (0.4mmol, 2.0 equiv.),

PPh3 (0.3mmol, 1.5 equiv.), base (1.0mmol, 5.0 equiv.), solvent (1.0mL), room

temperature, 15h.
b Determined by 1H NMR using mesitylene as an internal standard. The iso-

lated yield is shown in parentheses.
c Cyclopentyl 4-methylbenzenesulfonate (0.3mmol, 1,5 equiv.) was used.

ing the corresponding product 1 in 96% yield (Table 1, entries 7).

Remarkably, this transformation can be carried out in undried DME

under air conditions without losing its efficiency.

After the reaction conditions were established, we tried to ex-

amine the scope of this reaction. As shown in Scheme 2, various

aryl sulfonyl chlorides underwent this transformation smoothly,

delivering the thiolated products in moderate to excellent yields.

Notably, this borane-promoted thiolation reaction features excel-

lent functional group tolerance. Functional group such as F, Cl, Br,

I, CN, CF3, NO2, OTs, alkenyl, carboxylate, and amine (4–11, 23,

29, 33, 34) could be compatible. Notably, iodo and nitro groups

that are always sensitive in transition metal-catalyzed reactions,

could be well-tolerated in this protocol (7, 96%; 11, 36%). Sub-

strates bearing an electron-withdrawing group (such as CN, CF3) on

the aromatic ring performed this reaction well, providing the cou-

pling products in excellent yields (9, 96%; 10, 94%). It was worth

mentioning that examples with steric hindrance exhibited good ef-

ficiency as well. For instance, aryl sulfonyl chlorides having two

groups at ortho-position of sulfonyl group were suitable for this

transformation, affording the desired products in excellent yields

(3, 85%; 8, 95%; 18, 83%). Moreover, the heteroaromatic sulfonyl

chlorides were good coupling partners, delivering the desired prod-

ucts in moderate to good yields (14–18, 57%−83%). With respect to

another coupling partner, various alkyl tosylates were further eval-

uated. The primary and secondary alkyl tosylates carried out this

reaction well, while tertiary alkyl tosylates were unsuitable for this

conversion. This reaction could proceed using alkyl tosylates con-

taining sensitive groups (such as ester and amine) as substrates,

and the synthetically useful yields were obtained (33, 38%; 34,

34%). Additionally, to demonstrate the generality of this borane-

promoted thiolation reaction, other alkyl electrophiles were also

investigated using 4-methylbenzenesulfonyl chloride 1a as the cou-

pling partner. Like alkyl bromides, cyclopentyl iodide showed ex-

cellent reactivity, affording the desired product in 98% yield, while

cyclopentyl chloride only provided 35% yield. However, tertiary

alkyl bromides are not suitable for this transformation.

A gram-scale synthesis was carried out to demonstrate the ex-

cellent applicability of this borane-promoted thiolation reaction.

As shown in Scheme 3, this transformation proceeded well on a

1-gram scale, and 96% yield was afforded. Furthermore, we also
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Scheme 2. Scope of the borane-promoted thiolation of (hetero)aryl sulfonyl chlorides. Reaction conditions: aryl sulfonyl chlorides (0.2mmol, 1.0 equiv.), alkyl tosylates

(0.3mmol, 1.5 equiv.), B2pin2 (0.4mmol, 2.0 equiv.), PPh3 (0.6mmol, 3.0 equiv.), NaOH (1.0mmol, 5.0 equiv.), DME (1.0mL), 24h.

Scheme 3. Gram-scale synthesis and late-stage functionalization of biomolecules.

investigated the late-stage thiolation of biomolecules (Scheme 3).

The cholesterol derivative underwent this reaction smoothly, pro-

viding the desired product in an acceptable yield (36, 50%). The

substrate with steric hindrance derived from menthol could re-

act well, and a moderate yield was afforded (37, 66%). The cit-

ronellol derivative bearing an alkenyl group successfully carried

out this coupling reaction, delivering the corresponding product in

good yield (38, 73%). Notably, when the icaridin derivative contain-

ing an ester group was used as the substrate, a reasonable yield

was provided (39, 50%). These results indicate that this borane-

promoted thiolation reaction could provide an efficient method to

access valuable molecules in medicinal chemistry.

To understand the mechanism of this borane-promoted cross-

coupling reaction, some critical experiments were conducted. In

the presence of a radical scavenger TEMPO (50 mol%) or a radi-

cal inhibitor BHT (100 mol%), this reaction proceeded well without

loss of efficiency (Scheme 4A). Moreover, a radical clock experi-

ment was performed as well, and the coupling product 41 could

be obtained in excellent yield instead of the ring-opening product

(Scheme 4B). The outcomes suggest that free radicals may not be

involved in the reaction system. Furthermore, the EPR experiment

also supported no free radical in this reaction (for details, see Sup-

porting information).
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Scheme 4. Mechanistic studies.

Scheme 5. Investigation of the borane effect (A) and the potential intermediate (B).

In our initial studies, we found that the borane reagent was

necessary to this reaction. Therefore, control experiments were

carried out to illustrate the role of B2pin2. Without the borane

reagent, the diaryl sulfide 42 could be isolated in 65% yield

(Scheme 5A); meanwhile, no thiolated product 1 was obtained.

Furthermore, when diaryl sulfide 42 was used as the substrate, the

coupling product 1 could be afforded in 71% yield. These results

reveal that diaryl sulfide 42 might be an intermediate of this re-

action. In addition, we also monitored this reaction and found that

in the initial stage of this reaction, intermediate 42 was rapidly

formed and then converted into the desired product 1 (Scheme

5B). Importantly, in the presence of B2pin2, diaryl sulfide 42 could

convert into 4-methylbenzenethiol 43, which readily reacted with

2aa to produce the thiolated product 1 in excellent yield. Never-

theless, only a trace amount of 4-methylbenzenethiol 43 was ob-

served in this reaction. Therefore, these results suggest that the

aryl sulfide anion might be the real active species generated in situ

with the aid of B2pin2.

Scheme 6. Proposed mechanism.

According to these preliminary results, the mechanism of this

borane-promoted thiolation reaction was proposed, as shown in

Scheme 6. Firstly, the aryl sulfonyl chloride was reduced by PPh3

to form a diaryl sulfide, which could be observed in this reac-

tion [39,40]. Subsequently, the resulted diaryl sulfide might react

with B2pin2 to offer an intermediate I [41], which then was trig-

gered by NaOH to deliver a boronate complex II. Finally, the in-

situ-generated aryl sulfide anion reacted with the alkyl bromide

through a SN2 pathway to produce the desired sulfide.

In conclusion, we have developed an efficient borane-promoted

reductive deoxygenation coupling reaction to construct the C(sp3)-

S bond. This transformation without the use of unpleasant mer-

captans exhibits excellent functional group tolerance and a wide

range of substrates, thus providing an excellent strategy to ac-

cess the valuable sulfide compounds. Moreover, this reaction

has also shown good applications in the late-stage thiolation of

biomolecules and offers a good platform for drug discovery and

development.
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