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The reaction of alkenes and alkynes with
ArS(ArSSAr)*BF,~, which was generated and accumulated
by the low-temperature anodic oxidation of ArSSAr in
BuyNBF,/CH,Cl,, led to the addition of an ArS group and
fluoride across the carbon—carbon multiple bond to give thio-
fluorinated compounds in good yields.

Organofluorine compounds attract significant research inter-
est in materials and pharmaceutical chemistry, because the intro-
duction of fluorine atom into an organic molecule often dramat-
ically changes its physical and chemical properties to give a new
function or a new biological activity.!> Thiofluorination of car-
bon—carbon multiple bonds serves as a useful method for synthe-
sizing organofluorine compounds,’® because an organosulfanyl
group can be utilized for future transformations. For instance,
PhSCI/Et;N-3HF,* MeS*SMe,/Et;N-3HF,> ArNHSPh/BF;—
OEt,,° or N-phenylsulfanylphthalimide/pridine—9HF’ has been
reported to effect thiofluorination reactions. However, these
methods require unstable and hazardous reagents.

Recently, we revealed that highly reactive arylbis(arylsulfa-
nyl)sulfonium ions [ArS(ArSSAr)*1® can readily be generated
by the low-temperature electrochemical oxidation’ of diaryl di-
sulfide!® in CH,Cl, using BuyNBF;, as supporting electrolyte,
and that ArS(ArSSAr)™ serves as an effective reagent to gener-
ate alkoxycarbenium ion pools!! from thioacetals.!> Herein we
report that ArS(ArSSAr)™ serves as an effective reagent for thio-
fluorination of alkenes and alkynes. The counter anion, BF,~
acted as a fluoride donor (Scheme 1).

A typical procedure is as follows. In the first step, a solution
of ArS(ArSSAr)T™BF,~ (Ar = p-FCgH,) was generated and ac-
cumulated by the anodic oxidation of ArSSAr (1.80 mmol) in
BuyNBF,/CH,Cl, (12mL) at —78°C (0.67 Fmol~").13 In the
second step, 1-octene (0.15 mmol) was added to the anodic solu-
tion (0.113 M ArS(ArSSAr)™ at —78°C, 4.0 mL, 0.45 mmol) at
0°C, and the solution was stirred for 10 min. Then, EtzN (1 mL)
was added to quench the reaction. The reaction gave thiofluo-
rinated compound 1a (Table 1, Entry 1) in 93% yield. It is note-
worthy that the regioselectivity is very high. The other re-
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Scheme 1. Thiofluorination reaction of carbon—carbon multiple bond
with electrogenerated ArS(ArSSAr)*.

Table 1. Thiofluorination of alkenes with electrochemically generated
ArS(ArSSAn)t 2
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2Typical procedure: ArSSAr (Ar = p-FC¢Hy; 1.80 mmol) was electro-
lyzed in 0.3M Bu4yNBF,/CH,Cl, (12mL) at —78°C by using 0.67
Fmol~! of electricity. The solution thus obtained (0.113M at —78°C,
4.0mL, 0.45 mmol) was allowed to react with an alkene (0.15 mmol)
at 0°C for 10min. Then the reaction was quenched with EN
(1.0mL). YArSSAr (Ar = p-CIC4H,) was used. “ArSSAr (Ar = p-
CH;3CgHy4) was used.
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gioisomer was not detected. The reactions of ArS(ArSSAr)*-
BF;~ (Ar = p-CIC¢H4 and p-CH3CgHy) also gave 1b and 1e
(Entries 2 and 3). The introduction of a cation-stabilizing elec-
tron-donating group such as CHj on the aromatic ring resulted
in lower yield of the product.

To examine the scope of the present reaction, the reactions
of ArS(ArSSAr)*BF,~ with various alkenes were examined at
0°C (Table 1). Terminal alkenes bearing benzyl and 4-bromobu-
tyl groups gave the corresponding thiofluoroinated products in
good yields (Entries 4 and 5). A 1,1-dialkyl-substituted alkene
also gave the corresponding products (Entry 6). Internal alkenes
such as cyclohexene and cyclopentene could also be used as sub-
strates (Entries 7 and 8). '"HNMR analysis of the product 1g in-
dicated the anti addition of ArS and F groups.

Although the detailed mechanism has not been clarified as
yet, the reaction seems to proceed by the initial reaction of
ArS(ArSSAr)*™ with an alkene to give an episulfonium ion inter-
mediate,'* which undergoes a nucleophilic substitution reaction
with BF4~ from the backside on the episulfonium carbon to give
the corresponding thiofluorination product (Scheme 2). The ster-
eochemistry of the product is consistent with this mechanism.
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Scheme 2. A proposed reaction mechanism.

Table 2. Thiofluorination of alkynes with electrochemically generated
ArS(ArSSAr)*?

Entry Alkyne Product Yield/%
Pr.  SAr
1 Pr—=——Fr = 2a 81
F Pr
Bu SAr
2 Bu—= >=< 2b 35
F
Bu F
>=< 2 2
ArS
CsHiy  SAr
OEt 511
3 ep— ):& 2d 86
st F OEt

aReactions were carried out using 1 equiv of ArS(ArSSAr)™ (Ar = p-
FCg¢H,).
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Scheme 3. Formation of the episulfonium ion intermediate having an
ethoxy group and its structure obtained by DFT calculation (B3LYP/
6-31G(d)).

The regiochemisry indicates that fluoride attacks on the more
substituted carbon preferentially. Presumably, the displacement
proceeds via a partially developed carbocation.

Next, the reactions of ArS(ArSSAr)*BF;~ with alkynes
were examined, and the results obtained are shown in Table 2.
4-Octyne, a symmetrically disubstituted alkyne, gave the corre-
sponding thiofluorinated product in 81% (Entry 1). The E stereo-
selectivity indicated that the reaction proceeded by anti addition.
The reaction with an unsymmetrically disubstituted alkyne gave
a mixture of two regioisomers (Entry 2). However, it is interest-
ing to note that the reaction with an unsymmetrical alkyne hav-
ing an ethoxy group in an appropriate position led to the forma-
tion of a single regioisomer (Entry 3). Presumably, the ethoxy
group serves as a directing group by coordinating the sulfur atom
of the episulfonium ion intermediate (Scheme 3).' In fact, the
DFT calculation of the episulfonium ion intermediate indicated
the interaction between sulfur and oxygen (3.369 A). The longer
bond length of C;-S (1.893 A) than C,—S (1.838 A) is consistent
with regioselective reaction at C;.

In conclusion, we have developed a convenient thiofluorina-
tion reaction of alkenes or alkynes using electrochemically gen-
erated ArS(ArSSAr)*BF,~.'® The reaction provides easy access
to organofluorine compounds, and the ArS group can be used for
further transformations. Further detailed mechanistic studies and
synthetic applications are currently in progress in our laboratory.

1187

This work was financially supported in part by a Grant-in-
Aid for Scientific Research from the Japan Society for the Pro-
motion of Science. K.M. acknowledges JSPS for financial sup-
port.

References and Notes

+  Present address: Division of Chemistry and Biochemistry, Graduate School
of Natural Science and Technology, Okayama University, 3-1-1 Tsushima-
naka, Kita-ku, Okayama 700-8530

1 a) M. Shimizu, T. Hiyama, Angew. Chem., Int. Ed. 2005, 44, 214. b) K.
Uneyama, Organofluorine Chemistry, Blackwell Publishing, Oxford, 2006.
c) D. O’Hagan, Chem. Soc. Rev. 2008, 37, 308. d) S. Purser, P. R. Moore,
S. Swallow, V. Gouverneur, Chem. Soc. Rev. 2008, 37, 320. e) H. Amii, K.
Uneyama, Chem. Rev. 2009, 109, 2119.

2 Electrochemical fluorination: a) T. Fuchigami, T. Tajima, in Current Fluo-
roorganic Chemistry, ed. by V. Soloshonok, ACS Book Series/949, Ameri-
can Chemical Society, Washington DC, 2007, Chap. 5. For recent reports,
see: b) S. Inagi, S. Hayashi, T. Fuchigami, Chem. Commun. 2009, 1718.
c) T. Sunaga, M. Atobe, S. Inagi, T. Fuchigami, Chem. Commun. 2009,
956. d) K. Suzuki, S. Inagi, T. Fuchigami, Electrochim. Acta 2009, 54,
961. See also: e) J. Yoshida, Y. Ishichi, S. Isoe, J. Am. Chem. Soc. 1992,
114, 7594.

3 a) Organofluorine Compounds, ed. by T. Hiyama, Springer, Berlin, 2000.
b) M. Kuroboshi, K. Kanie, T. Hiyama, Adv. Synth. Catal. 2001, 343,
235.

4 a) C. Saluzzo, G. Alvernhe, D. Anker, J. Fluorine Chem. 1990, 47, 467. See
also: b) S. Purrington, I. Correa, J. Org. Chem. 1986, 51, 1080.

5 a) G. Haufe, G. Alvernhe, D. Anker, A. Laurent, C. Saluzzo, Tetrahedron
Lett. 1988, 29, 2311. b) G. Haufe, G. Alvernhe, D. Anker, A. Laurent, C.
Saluzzo, J. Org. Chem. 1992, 57, 714.

6 a)L.Benati, P. C. Montevecchi, P. Spagnolo, J. Chem. Soc., Chem. Commun.
1987, 1050. b) L. Benati, P. C. Montevecchi, P. Spagnolo, J. Chem. Soc.,
Perkin Trans. 1 1990, 1691.

7  C. Saluzzo, A.-M. L. Spina, D. Picq, G. Alvernhe, D. Anker, D. Wolf, G.
Haufe, Bull. Soc. Chim. Fr. 1994, 131, 831.

8  Forexample: a) A. S. Gybin, W. A. Smit, V. S. Bogdanov, M. Z. Krimer, J. B.
Kalyan, Tetrahedron Lett. 1980, 21, 383. b) V. S. Bogdanov, A. S. Gybin,
E. G. Cherepanova, W. A. Smith, /zv. Akad. Nauk SSSR, Ser. Khim. 1981,
2681.

9 a) A. . Fry, Electroorganic Chemistry, 2nd ed., Wiley, New York, 1989. b)
K. D. Moeller, Tetrahedron 2000, 56, 9527. c¢) Organic Electrochemistry,
2nd ed., ed. by H. Lund, O. Hammerich, Dekker, New York, 2001. d) Elec-
troorganic Synthesis, ed. by R. D. Little, N. L. Weinberg, Dekker, New York,
1991. e) J. B. Sperry, D. L. Wright, Chem. Soc. Rev. 2006, 35, 605. f)
J. Yoshida, K. Kataoka, R. Horcajada, A. Nagaki, Chem. Rev. 2008, 108,
2265.

10 a) A. Bewick, D. E. Coe, J. M. Mellor, D. J. Walton, J. Chem. Soc., Chem.
Commun. 1980, 51. b) Q. T. Do, D. Elothmani, J. Simonet, G. Le Guillanton,
Electrochim. Acta 2005, 50, 4792, and references cited therein.

11 Electrochemical generation of alkoxycarbenium ion pools from thioacetals:
a) S. Suzuki, K. Matsumoto, K. Kawamura, S. Suga, J. Yoshida, Org. Lett.
2004, 6, 3755. Electrochemical oxidation of thioacetals: b) J. Yoshida, M.
Sugawara, N. Kise, Tetrahedron Lett. 1996, 37, 3157. c) J. Yoshida, M.
Sugawara, M. Tatsumi, N. Kise, J. Org. Chem. 1998, 63, 5950. See also:
d) S. Suga, S. Suzuki, A. Yamamoto, J. Yoshida, J. Am. Chem. Soc. 2000,
122, 10244.

12 a) S. Suga, K. Matsumoto, K. Ueoka, J. Yoshida, J. Am. Chem. Soc. 2006,
128,7710. b) K. Matsumoto, K. Ueoka, S. Fujie, S. Suga, J. Yoshida, Hetero-
cycles 2008, 76, 1103. ¢) K. Matsumoto, K. Ueoka, K. S. Suzuki, S. Suga,
J. Yoshida, Tetrahedron, in press. doi:10.1016/j.tet.2009.09.020 See also:
d) K. Matsumoto, S. Fujie, K. Ueoka, S. Suga, J. Yoshida, Angew. Chem.,
Int. Ed. 2008, 47, 2506. e) K. Matsumoto, S. Fujie, S. Suga, T. Nokami,
J. Yoshida, Chem. Commun. 2009, 5448.

13 The theoretical amount of electricity to convert ArSSAT to ArS(ArSSAr)™.

14 Forexample: a) W. A. Smit, R. Caple, I. P. Smoliakova, Chem. Rev. 1994, 94,
2359. b) D. J. Fox, D. House, S. Warren, Angew. Chem., Int. Ed. 2002, 41,
2462. ¢) S. E. Denmark, W. R. Collins, M. D. Cullen, J. Am. Chem. Soc.
2009, /31, 3490, and references therein.

15 Haufe et al. reported the possibility that hydroxy group serves as a directing
group in the seleno-fluorination reaction. See; Ref. 7.

16  Supporting Information is available electronically on the CSJ-Journal Web
site, http://www.csj.jp/journals/chem-lett/index.html.

Published on the web (Advance View) November 21, 2009; doi:10.1246/c1.2009.1186



