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A novel iron-catalyzed direct difunctionalization of alkenes
with sulfinic acids and dioxygen for the synthesis of β-
ketosulfones has been developed under mild conditions. The
present protocol, which utilizes inexpensive iron salt as the
catalyst, readily available benzenesulfinic acids as the10
sulfonylating reagents, and dioxygen as the oxidant and
oxygen source, provides a cost-effective and environmentally
benign approach to access various β-ketosulfones.

As an important class of biological molecules, sulfone-containing
organic compounds are widely used in the organic synthesis,15
materials, and pharmaceuticals.1 The introduction of sulfone
functionality into organic frameworks via C-S bond formation
has thereby drawn great attentions of chemists in view of their
important biological properties and widespread synthetic
applications.2 In the past few decades, various functionalized20
sulfonyl precursors such as sulfonyl halides,3 sulfonyl selenides,4
sulfonyl cyanides,5 sulfonylazides,6 sulfonyl hydrazides,7
thiophenols,8 sulfinates9 and dimethyl sulfoxide10 have emerged
for the synthesis of organic sulfone compounds. Nevertheless,
most sulfonylation reactions usually suffer from low atom-25
efficiency, relatively complex reaction conditions, stoichiometric
amount of oxidants such as TBHP, H2O2, K2S2O8, copper(II),
manganese(III) and cerium(IV) salts, and undesired side-
products.3-9 The development of convenient, efficient, atom-
economic, and, especially, environmentally-benign methods30
using simple sulfonylating agents to access sulfone-containing
compounds still remains a highly desirable but challenging task
in the modern organic chemistry.
Recently, sulfinic acids as simple, stable and readily available

solid sulfonylating source have been empolyed for constructing35
sulfone-containing compounds via functionation of alkynes or
alkenes with high atom-efficiency.11-15 In 2013, Lei and co-
workers reported an elegant work for the aerobic oxidaitve
synthesis of β-ketosulfones from alkynes and sulfinic acids in the
presence of pyridine (Scheme 1, Path A).11 Copper-catalyzed40
direct hydrosulfonylation of alkynes with arylsulnic acids was
achieved in our group for the construction of (E)-vinyl sulfones
with a high atom economy 12 (Scheme 1, path B). Very recently,
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Jiao et al13 and our group14 presented independently the
arylsulfonylation of activated alkenes with sulfinic acids to access
sulfonated oxindoles (Scheme 1, path C). Also, Lei’s group1550
reported a aerobic oxysulfonylation of alkenes with arylsulfinic
acids leading to β-hydroxysulfones in the presence of
stoichiometric amounts of pyridine and PPh3 (Scheme 1, path D).
To the best of our knowledge, however, there is no example
describing the direct aerobic oxidative difunctionalization of55
alkenes catalyzed by eco-friendly iron salt using sulfinic acids as
sulfonylating reagents to access β-ketosulfones, the key structural
motifs of many natural products, biological active molecules,
clinical pharmaceuticals and synthetic intermediates.16

60
Scheme 1. Methods for the synthesis of sulfone-containing compounds
from sulfinic acids.

With continuous efforts to the copper-catalyzed synthesis of
sulfone-containing organic compounds,12,17 here, we report
alternatively a more atom-economic and highly efficient iron-65
catalyzed direct oxysulfonylation of alkenes with sulfinic acids
towards β-ketosulfones via cascade C–S and C=O bond formation
simply by using dioxgyen as the oxidant and oxygen source
(Scheme 1, path E). The present synthesis methodology provides
a desirably convenient and green approach to a diverse range of70
β-ketosulfones in moderate to excellent yields with high-atom
efficiency and the sole byproduct of water.
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Table 1 Optimization of the reaction conditionsa

Entry Catalyst Solvent Yield (%)b
1 Cu(OAc)2 EtOH 47
2 CuBr EtOH 41
3 CuBr2 EtOH 47
4 CuCl2 EtOH 53
5 CuI EtOH 61
6 Cu(OTf)2 EtOH 49
7 Fe(NO3)3 EtOH 41
8 Fe(acac)2 EtOH 60
9 FeSO4 EtOH 72
10 FeBr3 EtOH 77
11 FeCl2·4H2O EtOH 92
12 FeCl2·4H2O MeOH 67
13 FeCl2·4H2O 1,4-dioxane trace
14 FeCl2·4H2O THF 87
15 FeCl2·4H2O DME 59
16 FeCl2·4H2O DMSO 61
17 FeCl2·4H2O DMF 35
18 FeCl2·4H2O CH3CN 50
19 FeCl2·4H2O Toluene 33
20 FeCl2·4H2O H2O 36
21 FeCl2·4H2O EtOH 47c
22 FeCl2·4H2O EtOH 54d
23 FeCl2·4H2O EtOH 88e
24 -- EtOH 42
25 FeCl2·4H2O EtOH tracef

a Reaction conditions: 1a (0. 5 mmol), 2a (1 mmol), catalyst (5 mol %),
solvent (2 mL), O2 (balloon), 16. b Isolated yields based on 1a. c catalyst
(1 mol %). d catalyst (2 mol %). e catalyst (10 mol %). f N2.5

For purpose of comparison to the copper-catalyzed
oxysulfonylation of alkenes with sulfonylhydrazides,16 initially,
the reactions of styrene 1a and benzenesulfinic acid 2a catalyzed
by various Cu salts (5 mol%) were performed in EtOH at 70oC
under dioxygen. Low to moderate yields were obtained for the10
desired products (Table 1, entries 1-6). Instead, iron salts were
introduced as the catalysts into these reactions. To our delight,
significantly improved reaction efficiencies were obtained, and
FeCl2·4H2O was found to be the best catalyst to afford the desired
product 3aa in 92% yield (Table 1, entries 7-11). Furthermore, a15
range of reaction solvents were screened, with EtOH being the
superior for the formation of product 3aa (Table 1, entries 12-20).
The effects of catalyst loadings were also examined and 5 mol%
of catalyst was found to the best choice (Table 1, entries 21-23).
Notably, the desired product could be obtained in 42% yield20
when the reaction was conducted in the absence of catalyst (Table
1, entry 24). In contrast, only a trace amount of 3aa was detected
when the reaction occurred in the absence of dioxygen. It
indicates that dioxygen could play the key role in the formation
of β-ketosulfone (Table 1, entry 25).25

With the optimized conditions in hand, the scope of the
reaction with respect to various alkenes and sulfinic acids were
investigated (Table 2). Generally, aromatic alkenes containing
electron-donating or withdrawing groups on the aryl rings were
also suitable for this process, with the corresponding products in30
moderate to good yields (3aa-3ja). Also, functional groups such
as halogen, chloromethyl, and cyano groups (3ea-3ka) were all
well tolerated, which corresponding products could be applied

Table 2 Results for iron-catalyzed difunctionalization of alkenes with
dioxygen and sulfinic acidsab,35

a Reaction conditions: 1 (0.5 mmol), 2 (1 mmol), FeCl2·4H2O (5 mol %),
EtOH (2 mL), 16-24 h, O2 (balloon). b Isolated yields based on 1.

in further modifications. It is noteworthy that internal alkenes40
such as (E)-prop-1-enylbenzene and (E)-1,2-diphenylethene)
could be compatible with this protocol, with the desired products
(3ka and 3la) in 53% and 12% yields, respectively.
Heteroaromatic alkene (i.e., 4-vinylpyridine) could also be used
in the reaction to give the product 3ma in 42% yield. Moreover,45
investigations of different arylsulfinic acids showed that the
substrates bearing with electron-rich and electron-deficient
groups were all suitable for this reaction to give the
corresponding products in good yields (3ab-3ag). Notably, the
transformation could be sterically dependent, as confirmed by the50
moderate yield obtained when 2-bromobenzenesulfinic acid was
employed as the substrate (3af). Interestingly, naphthalene-2-
sulfinic acid could be used in the reaction to give the desired
product 3ah in 90% yield.
To gain further insights into this reaction, several control55

experiments were conducted as shown in eqns 1-3. It is well
known that sulfonyl radical species are easily formed from
sulfinic acids in the presence of dioxygen or transition metals.10-14
Therefore, a radical pathway might also be involved in this
reaction system. As shown in eqn (1), when TEMPO (2,2,6,6-60
tetramethyl-1-piperidinyloxy, a well-known radical scavenger)
was added into the reaction system, the present reaction was
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completely inhibited. Accordingly, this transformation reaction is
thought to involve a radical pathway. Furthermore, 18O-labeling
experiment was performed to elucidate the origination of the
carbonyl oxygen atom of β-ketosulfones. Considering that H2O
would be formed in the present reaction system to exert the5
possible effect on the judgement of the origin of carbonyl oxygen
atom of β-ketosulfone, 4 Å MS was added into the reaction of 1a
and 2a under 18O2 to eliminate water generated in the this reaction
system. As demonstrated in eqn (2), the experimental result
showed that the carbonyl oxygen atom of β-ketosulfone came10
from dioxygen (HRMS spectrum see ESI.†). In addition, when
the reaction with β-hydroxysulfone 8aa was performed under the
standard conditions, the desired product 3aa could not be
obtained (eqn (3)), indicating that β-hydroxysulfone might not be
an intermediate in the present reaction system.15

Although the detailed reaction mechanism is still unclear at the
present stage, on the basis of above observations and previous
studies,11-15,17,18 a tentative reaction pathway is proposed as shown
in Scheme 2. Firstly, the sulfonyl radical 4 could be easily20
produced via the single electron transfer (SET) and deprotonation
process in the presence of iron salt and dioxgyen.11-15
Subsequently, the sulfonyl radical addition to alkene 1 gives the
alkyl radical 5, which is captured by dioxygen to generate peroxy
radical 6. Next, peroxy radical 6 interacted with •OOH to form25
monoalkyl tetroxide intermediate 7, which would be decomposed
into product 3 with the release of dioxygen and water.17,18

Scheme 2. Possible reaction pathway.

In conclusion, we have successfully developed a simple and30
efficient iron-catalyzed oxidative synthesis of β-ketosulfones
via direct difunctionalization of alkenes with sulfinic acids
and dioxygen. Taking into account the combination of
advantages, such as readily available starting materials, cheap

catalyst, operation simplicity, high atom efficiency, clean35
reaction byproduct (water), and environmently-benign
conditions, this synthesis system is expected to provide an
alternative and green approach to a series of β-ketosulfones.
Further studies of the detailed reaction mechanism and the
synthetic application are ongoing.40

This work was supported by the National Natural Science
Foundation of China (No. 21302109, 21302110, and 21375075),
the Taishan Scholar Foundation of Shandong Province, the
Excellent Middle-Aged and Young Scientist Award Foundation
of Shandong Province (BS2013YY019), and the Scientific45
Research Foundation of Qufu Normal University (BSQD
2012020).

References
1 For selected examples, see: (a) N. S. Simpkins, Sulfones in

Organic Synthesis Pergamon Press, Oxford, 1993; (b) W. M.50
Wolf, J. Mol. Struct. 1999, 474, 113; (c) K. G. Petrov, Y. Zhang,
M. Carter, G. S. Cockerill, S. Dickerson, C. A. Gauthier, Y. Guo,
R. A. Mook, D. W. Rusnak, A. L. Walker, E. R. Wood and K. E.
Lackey, Bioorg. Med. Chem. Lett. 2006, 16, 4686; (d) M. N.
Noshi, A. El-Awa, E. Torres and P. L. Fuchs, J. Am. Chem. Soc.55
2007, 129, 11242; (e) J. N. Desrosiers and A. B. Charette,
Angew. Chem., Int. Ed. 2007, 46, 5955; (f) R. Ettari, E. Nizi, M.
E. Di Francesco, M.-A. Dude, G. Pradel, R. Vicik, T.
Schirmeister, N. Micale, S. Grasso and M. Zappala, J. Med.
Chem. 2008, 51, 988; (g) S. Kotha and A. S. Chavan, J. Org.60
Chem., 2010, 75, 4319.

2 For selected examples, see: (a) F. Hof, A. Schutz, C. Fah, S.
Meyer, D. Bur, J. Liu, D. E. Goldberg and E. Diederich, Angew.
Chem., Int. Ed. 2006, 45, 2138; (b) C. Cassani, L. Bernardi, F.
Fini and A. Ricci, Angew. Chem., Int. Ed. 2009, 48, 5694; (c) V.65
Sikervar, J. C. Fleet and P. L. Fuchs, Chem. Commun. 2012, 48,
9077; (d) V. Sikervar, J. C. Fleet and P. L. Fuchs, J. Org. Chem.
2012, 77, 5132; (e) E. A. Rodkey, D. C. McLeod, C. R. Bethel,
K. M. Smith, Y. Xu, W. Chai, T. Che, P. R. Carey, R. A.
Bonomo, F, Akker and J. D. Buynak, J. Am. Chem. Soc., 2013,70
135, 18358; (f) E. J. Emmett, B. R. Hayter and M. C. Willis,
Angew. Chem., Int. Ed., 2013, 52, 12679.

3 (a) S.-K. Kang, H.-W. Seo and Y.-H. Ha, Synthesis, 2001, 1321.
(b) K. Thommes, B. Icli, R. Scopelliti and K. Severin, Chem.
Eur. J. 2007, 13, 6899; (c) H.-H. Li, D.-J. Dong, Y.-H. Jin and75
S.-K. Tian, J. Org. Chem., 2009, 74, 9501; (d) H. Jiang, Y.
Cheng, Y. Zhang and S. Yu, Eur. J. Org. Chem., 2013, 5485.

4 (a) D. H. R. Barton, M. S. Csiba and J. C. Jaszberenyi,
Tetrahedron Lett., 1994, 35, 2869; (b) M. Yoshimatsu, M.
Hayashi, G. Tanabe and O. Muraoka, Tetrahedron Lett., 1996,80
37, 4161; (c) H. Qian and X. Huang, Synthesis, 2006, 1934.

5 (a) J.-M. Fang and M.-Y. Chen, Tetrahedron Lett., 1987, 28,
2853; (b) L. R. Reddy, B. Hu, M. Prashad and K. Prasad, Angew.
Chem., Int. Ed., 2009, 48, 172.

6 N. Mantrand and P. Renaud, Tetrahedron, 2008, 64, 11860.85
7 (a) T. Taniguchi, A. Idota and H. Ishibashi, Org. Biomol. Chem.,

2011, 9, 3151; (b) X. Li, X. Xu and C. Zhou, Chem. Commun.,
2012, 48, 12240; (c) X. Li, X. Xu and Y. Tang, Org. Biomol.
Chem., 2013, 11, 1739; (d) T. X. Li, X. Shi, M. Fang and X. Xu,
J. Org. Chem. 2013, 78, 9499; (e) X. Li, X. Xu, P. Hu, X. Xiao90
and C. Zhou, J. Org. Chem., 2013, 78, 7343.

8 Q. Xue, Z. Mao, Y. Shi, H. Mao, Y. Cheng and C.
Zhu, Tetrahedron Letters, 2012, 53, 1851.

9 (a) N. Taniguchi, Synlett 2012, 1245; (b) N. Samakkanad, P.
Katrun, T. Techajaroonjit, S. Hlekhlai, M. Pohmakotr, V.95
Reutrakul, T. Jaipetch, D. Soorukram and C. Kuhakarn,
Synthesis, 2012, 1693; (c) R. Chawla, A. K. Singh and L. D. S.
Yadav, Eur. J. Org. Chem. 2014, 2032; (d) A. K. Singh, R.
Chawla and L. D. S. Yadav, Tetrahedron. 2014, 55, 2845; (e) T.
Mochizuki, S. Hayakawa and K. Narasaka, Bull. Chem. Soc.100

Page 3 of 4 Organic & Biomolecular Chemistry

O
rg

an
ic

&
B

io
m

ol
ec

ul
ar

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



4 | Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year]

Jpn., 1996, 69, 2317; (f) S.-F. Wang, C.-P. Chuang, J.-H. Lee
and S.-T. Liu, Tetrahedron, 1999, 55, 2273; (g) A. K. Singh, R.
Chawla and L. D. S. Yadav, Tetrahedron Lett 2014, 55, 4742.

10 X. Shi, X. Ren, Z. Ren, J. Li, Y. Wang, S. Yang, J. Gu, Q. Gao
and G. Huang, Eur. J. Org. Chem. 2014, 5083.5

11 Q. Lu, J. Zhang, G. Zhao, Y. Qi , H. Wang and A. W. Lei, J. Am.
Chem. Soc. 2013, 135, 11481.

12 W. Wei, J. Li, D. Yang, J. Wen, Y. Jiao, J. You and H. Wang, Org.
Biomol. Chem., 2014, 12, 1861.

13 T. Shen, Y. Yuan, S. Song and N. Jiao, Chem. Commun. 2014, 50,10
4115.

14 Wei W, J. Wen, D. Yang, J. Du, J. You and H. Wang, Green Chem,
2014, 16, 2988.

15 Q. Lu, J. Zhang, F. Wei, Y. Qi, H. Wang, Z. Liu and A. W. Lei,
Angew. Chem., Int. Ed., 2013, 52, 7156.15

16 (a) C. Curti, M. Laget, A. O. Carle, A. Gellis and P. Vanelle, Eur. J.
Med. Chem., 2007, 42, 880; (b) H. Yang, R. G. Carter and L. N.
Zakharov, J. Am. Chem. Soc., 2008, 130, 9238; (c) R. E. Swenson,
T. J. Sowin, H. Q. Zhang, J. Org. Chem. 2002, 67, 9182; (d) A.
Kumar and M. K. Muthyala, Tetrahedron Lett. 2011, 22, 1287; (e)20
Y. M. Markitanov, V. M. Timoshenko and Y. G. J. Shermolovich,
Sulfur Chem. 2014, 35, 188.

17 W. Wei, C.Liu, D. Yang, J. Wen, J. You, Y. Suo and H. Wang,
Chem. Commun., 2013, 49, 10239.

18 (a) Y. Su, X. Sun, G. Wu and N. Jiao, Angew. Chem. Int. Ed. 2013,25
52, 9808; (b) G. A. Russell, J. Am. Chem. Soc. 1957, 79, 3871; (c) J.
A. Howard and K. U. Ingold, J. Am. Chem. Soc. 1968, 90, 1058; (d)
M. Nakano, K. Takayama, Y. Shimizu, Y. Tsuji, H. Inaba and T.
Migita, J. Am. Chem. Soc. 1976, 98, 1974; (e) S. Riyas, G. Krishnan,
P. N. Mohan and J. Braz. Chem. Soc. 2008, 19, 1023; (f) M. Catir, H.30
Kilic, V. Nardello-Rataj, J. Aubry and C. Kazaz, J. Org. Chem.
2009, 74, 4560.

35

Page 4 of 4Organic & Biomolecular Chemistry

O
rg

an
ic

&
B

io
m

ol
ec

ul
ar

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t


