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Abstract: An efficient and operationally simple method for the 
reduction of sulfoxides to sulfides has been developed using 
bis(catecholato)diboron (B2cat2) as a reducing agent. The present 
method accommodates various functional groups which are 
generally prone to reduction: halides, alkynes, carbonyls, nitriles, 
and heterocycles are totally intact, and only sulfoxide moieties 
undergo reduction chemoselectively. Moreover, the remaining 
diboron and the resulting boron-containing wastes are readily 
removable, the practicality of this protocol being thus demonstrated.  

Organosulfur compounds have occupied important positions 
as bioactive entities, functional materials, and useful building 
blocks or reagents in organic synthesis.[1] Among organosulfur 
compounds, sulfoxides have attracted attention of synthetic 
chemists because of the unique reactivity as is seen in Swern 
oxidation[2] and Pummerer-type reactions.[3] Besides these 
classical reactions, sulfoxides are also utilized in asymmetric 
transformations as chiral auxiliaries.[4] Moreover, owing to the 
coordination ability to transition metals, sulfoxides promote 
catalytic C−H functionalizations as directing groups.[5] After 
these reactions, the sulfoxide moiety can be removed, which 
often accompanies the reduction of sulfoxides to sulfides and 
subsequent desulfurization. From that perspective, reduction of 
sulfoxides to sulfides is a simple yet important process in 
organic synthesis.[6] Although there are many reports on 
reduction of sulfoxides by means of metal hydrides[7] or low-
valent transition metals,[8] these reactions intrinsically suffer from 
competing reduction of other functionalities such as carbonyls. 
Sulfur(II) coumpounds[9] and phosphines[10] are also known to 
promote the reduction of sulfoxides, but they often encounter 
purification problems. In the former case, separation of the 
resulting sulfide products from the remaining sulfur(II) reductants 
such as thiols and sulfides can be problematic. The latter faces 
the formation of phosphine oxides as byproducts that are 
tedious to remove. Efficient methods achieving good functional 
group tolerance and facile purification of the products are of high 
demand. 

 

Scheme 1. Reduction of sulfoxides using diboron reagents 

Recently we have been interested in the development of 
reductive transformations using diboron reagents.[11] During our 
investigation, we found that sulfoxides were reduced to the 
corresponding sulfides by means of diborons. Although there are 
two reports on the reduction of sulfoxides with 
bis(pinacolato)diboron (B2pin2) as a deoxygenating reagent,[12] 
catalysts, long reaction time, and/or high reaction temperature 
are required (Scheme 1a and 1b). Herein, we report an efficient 
and operationally simple method for the chemoselective 
reduction of sulfoxides to sulfides (Scheme 1c). The use of 
stable yet fairly reactive bis(catecholato)diboron (B2cat2) allowed 
additive- and catalyst-free reduction of high efficiency.[13]−[15] 

By employing diphenyl sulfoxide (1a) as a model substrate, 
we conducted optimization of the reaction conditions (Table 1). 
First, reaction temperature was examined. At 60 °C or 80 °C, 1a 
was not fully consumed even with prolonged reaction time 
(entries 1−3). Full conversion of 1a was accomplished at 100 °C 
to afford the corresponding sulfide 2a quantitatively (entry 4). 
Next, we investigated the effect of solvents. As with toluene, the 
use of non-polar solvents such as octane achieved a high 
conversion (entry 5). On the other hand, coordinating solvents 
such as DMF and 1,4-dioxane were less effective for the 
reduction (entries 6 and 7). The employment of B2cat2 was 
indispensable; the yield of 2a significantly dropped with less 
Lewis acidic B2pin2 and bis(neopentyl glycolato)diboron (B2nep2) 
(entries 8 and 9). The screening of solvents and diboron 
reagents indicates that coordination of the oxygen atom of 
sulfoxide to the boron atom of diboron would be important, and 
the use of coordinating solvents or less Lewis acidic diboron 
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reagents[16] would thus decrease the yield (See Scheme 3 for 
mechanistic discussions). 

Table 1. Optimization study 

 

entry temp.  diboron solvent yield (%)[a] 

1 60 °C B2cat2 toluene 54 

2 80 °C B2cat2 toluene  65 

3[b] 80 °C B2cat2 toluene  88 

4 100 °C B2cat2 toluene 100 (97)[c] 

5 100 °C B2cat2 octane 95 

6 100 °C B2cat2 DMF 80 

7 100 °C B2cat2 1,4-dioxane 65 

8 100 °C B2pin2 toluene 10 

9 100 °C B2nep2 toluene 27 

[a] Determined by GC with tridecane as an internal standard. [b] For 29 h. [c] 
Isolated yield.  

Having optimized reaction conditions (Table 1, entry 4), we 
next investigated the reaction scope. Various diaryl sulfoxides 
1a−1e possessing electron-donating or -withdrawing groups 
afforded the corresponding sulfides 2a−2e in excellent yields. 
Sterically hindered ortho-substituted diaryl sulfoxide 1f could be 
reduced quantitatively. It is worth noting that the present 
reduction method accommodates a wide range of functional 
groups which are potentially reducible. For example, halogen 
(2d and 2n), alkyne (2g), ketone (2h), ester (2i and 2j), amide 
(2k), and nitrile (2l) were intact during the reaction, and the 
sulfoxide moieties were reduced chemoselectively. Moreover, a 
non-protected phenolic hydroxy group of 2m was well-tolerated. 
Surprisingly, the C(sp3)−Cl bond in 1o, which is significantly 
susceptible to reductive conditions, was totally inert under the 
reaction conditions. In addition, heteroaryl sulfoxides 1p and 1q 
successfully underwent the reaction to furnish 2p and 2q in 
excellent yields. Not only aryl sulfoxides but also dialkyl 
sulfoxides 1r and 1s were applicable to the present reaction. 
Unfortunately, formyl-substituted sulfoxide 1t and sulfilimine 3 
gave complex product mixtures. Sulfone 4 did not undergo the 
reaction and was fully recovered. Of note, in some cases in 
Table 2, purification by column chromatography was not 
necessary. Simple filtration with a pad of alumina successfully 
removed the remaining B2cat2 and byproduct (catB)2O[17] to 
afford analytically pure products 2 (See Experimental Section for 
details). 

By means of the present method, we attempted formal C8-
selective C−H alkoxylation of 9-(methylsulfanyl)phenanthrene (5) 
(Scheme 2). Because the sulfanyl moiety is readily oxidized, 
oxidative C−H functionalization of 5 is difficult. However, 
sulfoxide 6 prepared from 5 uneventfully underwent C8-selective 
C−H alkoxylation[5f] to afford 1u in 83% yield. Finally, the present 
reduction was applied to 1u to furnish 2u in 91% yield. 

Table 2. Scope with respect to sulfoxides[a] 

 

[a] Reaction conditions: 1 (0.50 mmol), B2cat2 (0.55 mmol), toluene (1.2 mL), 
at 100 °C under air for 8 h. [b] Analytically pure products were obtained 
without purification by column chromatography. [c] 1.5 equiv of B2cat2 were 
used.  

 

 

Scheme 2. Formal C8-selective C−H alkoxylation of 9-
(methylsulfanyl)phenanthrene (5). [a] Analytically pure product was obtained 
without purification by column chromatography. 

In order to gain mechanistic insights, we plotted time profiles 
of the reduction of several diaryl sulfoxides. Figure 1 indicates 
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that electron-rich sulfoxides reacted faster than electron-poor 
ones. This implies that the easier the complexation of a sulfoxide 
to a diboron is, the faster the reaction proceeds. 

 

Figure 1. Reaction time profile according to the para-substituents on diaryl 
sulfoxides 

As is shown in Scheme 3, the reaction would be initiated 
with reversible coordination of the oxygen atom of 1 to the boron 
atom of B2cat2 to generate intermediate A. Subsequently, 1,2-
migration of the terminal boryl moiety to the oxygen would give 
reduction product 2 accompanied by the formation of 
(catB)2O.[15a] To facilitate the formation of A, the use of B2cat2, 
more Lewis acidic than B2pin2 and B2nep2, would be vital. Given 
the time profile depicted in Figure 1, electron-rich sulfoxides 
would shift the equilibrium toward A, which resulted in 
acceleration of the reaction. 

 

 

Scheme 3. A possible mechanism. 

In conclusion, we have developed an efficient and 
operationally simple method for reduction of sulfoxides to 
sulfides with B2cat2 as a reducing agent. This user-friendly 
protocol is characterized by high functional group tolerance and 
easy purification process. 

Experimental Section 

General procedure for the reduction of sulfoxides 1 

A 10-mL reaction tube was charged with sulfoxide 1 (0.50 mmol), B2cat2 
(0.13 g, 0.55 mmol), and toluene (1.2 mL) under air. The resulting 
mixture was stirred at 100 °C for 8 h. The mixture was directly passed 
through a pad of alumina (8.8 g, ϕ = 22 mm, H = 25 mm) with ethyl 
acetate (20 mL) as an eluent, and concentrated under reduced pressure 
to give product 2. If necessary, purification was done by column 
chromatography on silica gel (hexane/ethyl acetate). 

Acknowledgements 

This work was supported by JSPS KAKENHI Grant Numbers 
JP16H04109, JP18H04254, JP18H04409, JP19H00895, and 
JP18K14212 as well as JST CREST Grant Number 
JPMJCR19R4. We also thank CENTRAL GLASS CO., LTD. for 
providing (CF3)2CHOH. 

Keywords: Bis(catecholato)diboron • Chemoselective • 
Reduction • Sulfide • Sulfoxide 

[1] a) R. J. Cremlyn, An Introduction to Organosulfur Chemistry, Wiley, 
New York, 1996; b) J. L. G. Ruano, B. C. de la Plata, in Organosulfur 
Chemistry I (Ed.: P. C. B. Page), Springer, Heidelberg, 1999, p 1; c) N. 
Furukawa, S. Sato, in Organosulfur Chemistry II; (Ed.: P. C. B. Page), 
Springer, Heidelberg, 1999, p 89; d) C. M. Rayner, Advances in Sulfur 
Chemistry, JAI Press, Greenwich, 2000, Vol. 2; e) Sulfur Compounds: 
Advances in Research and Application (Ed.: A. Q. Acton), Scholarly 
Eds., Atlanta, GA, 2012. 

[2] a) T. T. Tidwell, Org. React. 1990, 39, 297−572. b) N. M. Ahmad, 
Swern oxidation. In Name Reactions for Functional Group 
Transformations (Eds.: J. J. Li, E. J. Corey), John Wiley & Sons, 
Hoboken, NJ, 2007, pp 291−308. 

[3] a) S. K. Bur, A. Padwa, Chem. Rev. 2004, 104, 2401−2432; b) K. S. 
Feldman, Tetrahedron 2006, 62, 5003−5034; c) S. Akai, Y. Kita, Top. 
Curr. Chem. 2007, 274, 35−76; d) L. H. S. Smith, S. C. Coote, H. F. 
Sneddon, D. J. Procter, Angew. Chem. Int. Ed. 2010, 49, 5832−5844; 
e) A. Shafir, Tetrahedron Lett. 2016, 57, 2673−2682; f) H. Yorimitsu, 
Chem. Rec. 2017, 17, 1156−1167; g) T. Yanagi, K. Nogi, H. Yorimitsu, 
Tetrahedron Lett. 2018, 59, 2951−2959; h) D. Kaiser, I. Klose, R. Oost, 
J. Neuhaus, N. Maulide, Chem. Rev. 2019, 119, 8701−8780. 

[4] a) G. H. Posner, Acc. Chem. Res. 1987, 20, 72−78; b) G. Solladié, in 
Comprehensive Organic Synthesis (Eds.: B. M. Trost, I. Fleming), 
Pergamon, Oxford, 1991, Vol. 6, pp 148−157; c) A. J. Walker, 
Tetrahedron: Asymmetry 1992, 3, 961−998; d) M. C. Carreño, Chem. 
Rev. 1995, 95, 1717−1760.  

[5]  Reviews: a) A. P. Pulis, D. J. Procter, Angew. Chem. Int. Ed. 2016, 55, 
9842−9860; b) K.-X. Tang, C.-M. Wang, T.-H. Gao, L. Chen, L. Fan, L.-
P. Sun, Adv. Synth. Catal. 2019, 361, 26−38; Selected recent 
examples: c) K. Nobushige, K. Hirano, T. Satoh, M. Miura, Org. Lett. 
2014, 16, 1188−1191; d) Q. Dherbassy, J.-P. Djukic, J. Wencel-Delord, 
F. Colobert, Angew. Chem. Int. Ed. 2018, 57, 4668−4672; e) Y.-C. Zhu, 
Y. Li, B.-C. Zhang, F.-X. Zhang, Y.-N. Yang, X.-S. Wang, Angew. Chem. 
Int. Ed. 2018, 57, 5129−5133; f) T. Sato, K. Nogi, H. Yorimitsu, 
submitted. 

[6] Reviews: a) M. Madesclaire, Tetrahedron 1988, 44, 6537−6580; b) V. V. 
Kukushkin, Coord. Chem. Rev. 1995, 139, 375−407; c) H. Firouzabadi, 
A. Jamalian, J. Sulfur Chem. 2008, 29, 53−97; d) A. -C. Gaumont, M. 
Gulea, S. Perrio, V. Reboul, in Comprehensive Organic Synthesis II 
(Ed.: P. Knochel), Elsevier, Amsterdam, 2014, Vol. 8, pp 535−546; e) S. 
C. A. Sousa, A. C. Fernandes, Coord. Chem. Rev. 2015, 284, 67−92; 
Selected recent examples: f) S. C. A. Sousa, A. C. Fernandes, 
Tetrahedron Lett. 2009, 50, 6872−6876; g) N. García, P. G.-García, M. 
A. F.-Rodríguez, R. Rubio, M. R. Pedrosa, F. J. Arnáiz, R. Sanz, Adv. 
Synth. Catal. 2012, 354, 321−327; h) A. Chardon, O. Maubert, J. 
Rouden, J. Blanchet, ChemCatChem 2017, 9, 4460−4464; i) Y. 
Kuwahara, Y. Yoshimura, K. Haematsu, H. Yamashita, J. Am. Chem. 

0

10

20

30

40

50

60

70

80

90

100

0 1 2 3 4 5 6 7 8

G
C

 y
ie

ld
 (

%
)

time (h)

2a 2c 2e



COMMUNICATION          

4 
 

Soc. 2018, 140, 9203−9210; j) A. Bhattacharjee, H. Hosoya, T. Yurino, 
H. Tsurugi, K. Mashima, Chem. Lett. 2019, 48, 888−890. 

[7] a) H. C. Brown, B. C. S. Rao, J. Am. Chem. Soc. 1960, 82, 681−686; b) 
T. H. Chan, A. Melnyk, D. N. Harpp, Tetrahedron Lett. 1969, 10, 201−
204; c) T. H. Chan, A. Melnyk, J. Am. Chem. Soc. 1970, 92, 3718−
3722; d) T.-L. Ho, C. M. Wong, Org. Prep. Proced. Int. 1975, 7, 163−
164; e) J. Drabowicz, M. Mikolajczyk, Synthesis 1976, 527−528; f) B. 
Karimi, D. Zareyee, Synthesis 2003, 335−336. 

[8] a) G. A. Olah, G. K. S. Prakash, T.-L. Ho, Synthesis 1976, 810−811; b) 
J. Drabowicz, M. Mikolajczyk, Synthesis 1978, 138−139; c) Y. Handa, J. 
Inanaga, M. Yamaguchi, J. Chem. Soc. Chem. Commun. 1989, 
298−299; d) H. Firouzabadi, B. Karimi, Synthesis 1999, 500−502; e) K. 
C. Nicolaou, A. E. Koumbis, S. A. Snyder, K. B. Simonsen, Angew. 
Chem. Int. Ed. 2000, 39, 2529−2533; f) A. C. Fernandes, C. C. Romão, 
Tetrahedron 2006, 62, 9650−9654. 

[9] a) F. G. Bordwell, B. M. Pitt, J. Am. Chem. Soc. 1955, 77, 572−577; b) 
T. J. Wallace, J. Am. Chem. Soc. 1964, 86, 2018; c) S. Oae, Y. 
Tsuchida, M. Nakai, Bull. Chem. Soc. Jpn. 1971, 44, 451−454; d) S. 
Oae, T.Yagihara, T. Okabe, Tetrahedron 1972, 28, 3203−3216; e) R. 
Tanikaga, K. Nakayama, K. Tanaka, A. Kaji, Chem. Lett. 1977, 
395−396; f) N. Iranpoor, H. Firouzabadi, H. R. Shaterian, J. Org. Chem. 
2002, 67, 2826−2830. 

[10] a) S. K. Ray, R. A. Shaw, B. C. Smith, Nature 1962, 196, 372; b) E. H. 
Amonoo-Neizer, S. K. Ray, R. A. Shaw, B. C. Smith, J. Chem. Soc. 
1965, 4296−4300; c) I. Granoth, A. Kalir, Z. Pelah, J. Chem. Soc. C 
1969, 2424−2425; d) S. Oae, A. Nakanishi, S. Kozura, Tetrahedron 
1972, 28, 549−554; e) R. G. Micetich, Tetrahedron Lett. 1976, 13, 
971−974; f) M. Wakisaka, M. Hatanaka, H. Nitta, M. Hatamura, T. 
Ishimaru, Synthesis 1980, 67−68.   

[11] F. Takahashi, K. Nogi, T. Sasamori, H. Yorimitsu, Org. Lett. 2019, 21, 
4739−4744. 

[12] a) S. Enthaler, Catal. Lett. 2012, 142, 1306−1311; b) G. Wang, H. 
Zhang, J. Zhao, W. Li, J. Cao, C. Zhu, S. Li, Angew. Chem. Int. Ed. 
2016, 55, 5985−5989.  

[13] Although it is briefly mentioned that sulfoxides are slowly reduced by 
B2cat2, no details of the reaction are described: C. A. G. Carter, K. D. 
John, G. Mann, R. L. Martin, T. M. Cameron, R. T. Baker, K. L. Bishop, 
R. D. Broene, S. A. Westcott, Bifunctional Lewis Acid Reactivity of Diol-
Derived Diboron Reagents. In Group 13 Chemistry (Eds.: P. J. Shapiro, 
D. A. Atwood), American Chemical Society, Washington, DC, 2002, pp 
70−87.  

[14] Instead of B2cat2, catecholborane promotes reduction of sulfoxides to 
sulfides while long reaction times (e.g. >500 hours for the reduction of 
diphenyl sulfoxide) is necessary: D. J. Harrison, N. C. Tam, C. M. 
Vogels, R. F. Langler, R. T. Baker, A. Decken, S. A. Westcott, 
Tetrahedron Lett. 2004, 45, 8493−8496. 

[15] Diboron reagents are also capable of reducing amine- and pyridine-N-
oxides: a) H. P. Kokatla, P. F. Thomson, S. Bae, V. R. Doddi, M. K. 
Lakshman, J. Org. Chem. 2011, 76, 7842−7848; b) A. T. Londregan, D. 
W. Piotrowski, J. Xiao, Synlett 2013, 24, 2695−2700. 

[16] The higher Lewis acidity of B2cat2 than that of B2pin2 can be deduced 
from the reported behavior of diboron-NHC adducts. For B2pin2∙Cy2Im 
(Cy2Im = 1,3-bis(cyclohexyl)imidazolin-2-ylidene), rapid dissociation of 
Cy2Im is observed at room temperature. a) C. Kleeberg, A. G. Crawford, 
A. S. Batsanov, P. Hodgkinson, D. C. Apperley, M. S. Cheung, Z. Lin, T. 
B. Marder, J. Org. Chem. 2012, 77, 785−789. On the other hand, no 
dissociation event was observed with B2cat2∙Me4Im (Me4Im = 1,3,4,5-
tetramethylimidazolin-2-ylidene). b) S. Pietsch, U. Paul, I. A. Cade, M. J. 
Ingleson, U. Radius, T. B. Marder, Chem. Eur. J. 2015, 21, 9018−9021. 
A comprehensive review on diboron compounds: c) E. C. Neeve, S. J. 
Geier, I. A. I. Mkhalid, S. A. Westcott, T. B. Marder, Chem. Rev. 2016, 
116, 9091−9161. 

[17] Identified by 11B NMR analysis. After the reaction, the signal 
corresponding to B2cat2 (δ = 35.9 ppm) disappeared and a new sharp 
signal attributed to (catB)2O (δ = 22.2 ppm) emerged. For the reported 
11B NMR chemical shifts of (catB)2O in various solvents, see: a) S. 
Chakraborty, J. Zhang, J. A. Krause, H. Guan, J. Am. Chem. Soc. 2010, 
132, 8872−8873; b) S. C. Sau, R. Bhattacharjee, P. K. Vardhanapu, G. 
Vijaykumar, A. Datta, S. K. Mandal, Angew. Chem. Int. Ed. 2016, 55, 

15147−15151; c) S. R. Tamang, M. Findlater, Dalton Trans. 2018, 47, 
8199−8203. 



COMMUNICATION          

5 
 

 
Entry for the Table of Contents 
 

Key Topic: Chemoselective Reduction 

 

 
 
An efficient and operationally simple method for the reduction of sulfoxides to sulfides using bis(catecholato)diboron as a reducing 
agent is described. This user-friendly protocol is characterized by high functional group tolerance and easy purification process.  

Institute and/or researcher Twitter usernames: @yorimitsu_lab 


