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Selective incorporation of a fluoroalkyl moiety to modulate the properties of an organic molecule has
become a frequently used strategy in life science- and materials science-related applications. In this
context, selective introduction of a (phenylsulfonyl)difluoromethyl group (PhSO,CF,) into organic
molecules has attracted much attention, since the PhSO,CF, group can be regarded as a “chemical
chameleon” that can be readily transformed into difluoromethyl (CF,H), difluoromethylene (-CF,-), and
difluoromethylidene (=CF;) functionalities. This article overviews the recent development of
(phenylsulfonyl)difluoromethylation reactions from 2003, including the nucleophilic (phenylsulfo-
nyl)difluoromethylations with PhSO,CF,H, PhSO,CF,SiMe; and PhSO,CF,Br reagents, free radical
(phenylsulfonyl)difluoromethylations with PhSO,CF,l reagent, and electrophilic (phenylsulfonyl)di-
fluoromethylations with a hypervalent iodine(IlI)-CF,SO,Ph reagent.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Since the selective incorporation of fluorinated moieties into
organic molecules can often bring about unique physical, chemical,
and biological properties, a variety of synthetic methods have been
developed for this purpose [1-10]. In this context, selective
(phenylsulfonyl)difluoromethylation reactions (the transfer of a
PhSO,CF, group into organic substrates) has been systematically
studied in recent years [11]. In retrospect, difluoromethyl phenyl
sulfone (1, PhSO,CF,H) was prepared by Hine and Porter during
their study of difluorocarbene chemistry in 1960 [12]. However,
the synthetic utility of compound 1 as a nucleophilic (phenylsul-
fonyl)difluoromethylation reagent was not recognized at that time,
although Hine and Porter realized that the (phenylsulfonyl)di-
fluoromethyl anion (PhSO,CF, ) was formed by deprotonation of 1
with a base such as sodium methoxide [12]. In 1972, Edwards and
co-workers claimed in a patent that PhSO,CF,~ anion (derived
from compound 1 and potassium tert-butoxide in diglyme/Et,0 at
—78°C) was able to undergo 1,4-addition to a cyclic «,3-
unsaturated ketone, but the chemical yield was not reported
[13,14]. In 1989, Stahly reported that the nucleophilic (phenyl-
sulfonyl)difluoromethylation of some aldehydes in a two phase
system (50% aqueous NaOH/CH,Cl,/Aliquat 336) gave correspond-
ing PhSO,CF,-containing carbinols in good yields [15]. In 1992,
McCarthy et al. succeeded in the nucleophilic (phenylsulfonyl)di-
fluoromethylation of a cyclic ketone, and they transformed the
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resulting carbinol product into a 1,1-difluoro alkene [16]. Although
McCarthy’s protocol was later applied by Boger and Jenkins in their
synthesis of fluorocyclopropane analogs of the Duocarmycins [17],
this method was proved unsuccessful in the synthesis of 3'-
difluoromethylene-3’-deoxythymidine and its derivatives [18].
By 2003, the synthetic potential of (phenylsulfonyl)difluor-
omethylation reactions had been largely overlooked, as evidenced
by only four research articles of this subject being available in the
literature [15-18]. Since 2003, the situation has been changed, and
a variety of (phenylsulfonyl)difluoromethylation reagents and
reactions have been systematically developed by Prakash, Olah, Hu
and their co-workers [11]. A major part of these (phenylsulfo-
nyl)difluoromethylations is based on nucleophilic reactions with
reagents such as PhSO,CF,H (1), PhSO,CF,Br (2), and PhSO,CF,.
SiMes (3). The free radical (phenylsulfonyl)difluoromethylation
has also been achieved by using PhSO,CF,l reagent (4). More
recently, the electrophilic (phenylsulfonyl)difluoromethylation
reactions with a hypervalent iodine(IllI)-CF,SO,Ph reagent (5)
were also developed by us. It has now been realized that the
importance of the (phenylsulfonyl)difluoromethylation lies in
three aspects: (a) the “chemical chameleon” [52] character of the
phenylsulfonyl group enables the transformation of the (phenyl-
sulfonyl)difluoromethyl group into other highly useful fluorinated
functionalities such as difluoromethyl (CF,H), difluoromethylene
(-CF,-), and difluoromethylidene (=CF,) groups (Scheme 1); (b)
the phenylsulfonyl group can not only remarkably increase the
thermal stability of the fluorinated carbanion (PhSO,CF, ™), but also
enhance the carbanion’s nucleophilicity toward many electro-
philes; (c¢) the nucleophilic, radical, and electrophilic (phenylsul-
fonyl)difluoromethylation reagents (such as compounds 1-5) can
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be easily obtained. This article overviews the development of
nucleophilic, radical, and electrophilic (phenylsulfonyl)difluoro-
methylation reactions as well as their synthetic applications in
organic synthesis since 2003.

2. Nucleophilic (phenylsulfonyl)difluoromethylation reactions
2.1. Using PhSO,CF,H reagent (1)
Difluoromethyl phenyl sulfone (1) is the most frequently used

nucleophilic (phenylsulfonyl)difluoromethylation reagent, par-
tially owing to its simple preparative procedure. Currently, reagent

in the presence of a base, followed by oxidation (Scheme 2, Eq. (1))
[12,19,20]. In 2003, following a serendipitous discovery of the
magnesium metal-mediated reductive tri- and difluoromethyla-
tion of chlorosilanes (Eq. (2)) [11,19] and potassium tert-butoxide-
mediated trifluoromethylation (Eq. (3)) with fluorinated sulfones
[21], we were interested in the similar type of nucleophilic
difluoromethylation reactions with difluoromethyl phenyl sulfone
(1) (Eq. (4)). The expected difluoromethyl carbinol products (6)
were not obtained. We quickly realized from Stahly’s previous
work [15] that the base (such as t-BuOK) would first deprotonate
the rather acidic reagent 1 to give PhSO,CF,~ anion, which
undergoes nucleophilic addition to carbonyl compounds to afford

1is commonly prepared via the reaction between PhSH and CHCIF, PhSO,CF,-containing carbinols. Considering that diphenyl
DMF, rt, 50 mi P
, it, 50 min Ph,SXS.Ph (eq. 5)
PhSSPR/1/-BUOK = 1:1:1.5 FF
ph-S 5™+ PhSOCFH + tBuOK — 7(91%)
1
DMF, rt,4 h _S S.
PhSXTPh (eq, 6)
PhSSPh/1/t-BuOK = 2:1:4 £
8 (99%)
Q0
g S Ph
¥y s, A F
Ph"y X 7Ph  —— | Phscr; | PS¢ Spn ea?)
tBuQ™ F F FF
7 8

Scheme 3.



1132 J. Hu/Journal of Fluorine Chemistry 130 (2009) 1130-1139

0 OH OH
)J\ tBUOK (3 equiv) - A €q.8)
PhSO,CF,H ——————— Ar r :
AH T 222 DMF, —50°C to rt £k
9 1 10 (racemic)
(3 equiv) (1 equiv)

(Ar = Ph, 4-C|-C6H4, 4-BT-C6H4,
4-Meo-CgHy4, 2-naphthyl, 4-Ph-

CeHy, 2-furyl-)
OH
Ph|/_|)\CF2802Ph * C'OCHO
1" 12
(1 equiv) (2 equiv)

tBuOK (3 equiv)
DMF, -50°C to rt

52-82% yields;
antilsyn = 93:7 to 97:3.

th (eq. 9)
FF
cl

13 (racemic)

76 % vyields;
anti/lsyn = 96:4.

Scheme 4.

disulfide (PhSSPh) is not sensitive to potassium tert-butoxide, we
chose PhSSPh as a model substrate to react with 1/t-BuOK in DMF
at room temperature [22]. The results were very intriguing
(Scheme 3): (a) as expected, the (phenylsulfonyl)difluoromethy-
lated product 7 (via the nucleophilic reaction between PhSO,CF,~
and PhSSPh) was obtained in 91% yield within 50 min when the
reactant ratio was PhSSPh/1/t-BuOK = 1:1:1.5 (Eq. (5)); (b) when
the electrophile (PhSSPh) and the base (t-BuOK) were added in
excess amount, an unexpected product 8 was formed in excellent
yield (Eq. (6)), which was possibly formed via a t-BuOK-mediated
S-C cleavage of intermediate 7 (Eq. (7)) [22]. These results suggest
that the reactivity of deprotonation and S-C bond cleavage are
different for compound 1, and these two steps can be controlled
selectively [22]. In this process, t-BuOK acts both as a base and as a
good nucleophile. However, Stahly [15] and McCarthy [16] did not
observe the S-C cleavage in their previous studies, implying that
the bases they used (NaOH and LiHMDS) were not able to cleave
the S-C bond. After we realized that reagent 1 can act as a
difluoromethylene dianion equivalent (“CF,2~") via selective
deprotonation and S-C cleavage, we applied it in the one-pot
synthesis of 2,2-difluorinated 1,3-diols (Scheme 4, Eq. (8)) [22]. It
was found that the PhSO,CF,H (1)/t-BuOK/DMF system was able to
couple two molecules of aryl aldehydes to give 2,2-difluoro-1,3-

diols (10) in 52-82% chemical yields and with high anti/syn ratio
(93:7 to 97:3). This observed high diastereoselectivity (anti/syn
ratio) is possibly attributed to the charge-charge repulsion effect
during the second addition step [22]. This method was also
applicable to the synthesis of unsymmetrical anti-2,2-difluoro-
propane-1,3-diols (Scheme 4, Eq. (9)) [22].

Encouraged by the one-pot synthesis of anti-2,2-difluoropro-
pane-1,3-diols from aryl aldehydes and 1, we applied the same
protocol to convert primary iodides to dialkylated difluoro-
methane products 15 (Eq. (10)). This reaction proved to be
unsuccessful, and we observed that Sy2 products 16 and 1,1-
difluoro alkenes 17 were formed in the reaction mixture. After
optimization of the reaction conditions, we found that the
nucleophilic (phenylsulfonyl)difluoromethylation of primary alkyl
iodides with PhSO,CF,~ anion (in situ generated from 1 and t-
BuOK) could smoothly proceed to afford the PhSO,CF,-containing
alkanes 16 in satisfactory yields (Scheme 5, Eq. (11)) [23]. Products
16 are highly useful precursors, which can either be subjected to
base-mediated dehydrosulfonylation to give 1,1-difluoro alkenes
17 in 55-88% yields (Eq. (12)) [23], or be subjected to reductive
desulfonylation to afford CF,H-containing alkanes 18 in 80-91%
yields (Eq. (13)) [24]. Therefore, in addition to its synthetic power
as a difluoromethylene dianion equivalent (“CF»2~") (Scheme 4),

tBuOK (4 equiv)
RN+ PhSOCRH —X— R X R (eq. 10)
DMF FF
14 1 DMF,-50 °C to rt
(3 equiv) (1 equiv) 15
tBUOK (2 equiv)
R>N  + PhSO,.CFH ——————— R7CF80,Ph  (€a. 1)
DMF,-50°C, 1h
14 1 16
(4 equiv) (1 equiv) (37-84% yield)
tBUOK, THF R/\rF
~20°Ctort F (eq. 12)
17 (55-88%
R”OCF,SO,Ph — ( )
16 Na(Hg), MeOH
Na2HPO4 R/\CFzH (eq 13)
-20°Cto 0°C

18 (80-91%)

Scheme 5.
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reagent 1 can also be regarded as both difluoromethylidene
equivalent (“=CF,”) and difluoromethyl anion equivalent
(“CF,H™”). It should be noted that one-pot conversion of alkyl
iodides (14) to 1,1-difluoro alkenes (17) by using PhSO,CF,H (1)
and t-BuOK was also possible, but the isolation of alkenes 17 from
unreacted 14 was problematic due to their similar polarity.
Based on our success in the synthesis of CF,H-containing
compounds from simple alkyl iodides using 1 as a nucleophilic
difluoromethylation reagent (Eq. (13)) [24], we became interested
in applying 1 as a robust CF,H-transferring agent to a broad range
of aldehydes and ketones. Although the Ruppert-Prakash reagent
(MesSiCF3) has been extensively used as a powerful nucleophilic
trifluoromethylation reagent [25-27], its analogous R3SiCF,H was
not effective in difluoromethylation (especially in the cases of
ketones) [28,29]. The Me3SiCF,SiMes reagent was also unable to
efficiently react with ketones [30]. We also realized that Stahly’s
(phenylsulfonyl)difluoromethylation procedure with 1 [15] could
not work with ketones and many enolizable aldehydes. McCarthy’s
(phenylsulfonyl)difluoromethylation protocol in the organic sol-
vent was only demonstrated in limited examples of cyclic ketones
[16-18,31]. Therefore, we embarked on a systematic study on the

potential of using reagent 1 as a nucleophilic difluoromethylation
(CFH-transferring) reagent for aldehydes and ketones through a
(phenylsulfonyl)difluoromethylation-reductive  desulfonylation
protocol (Scheme 6, Eq. (14)) [32]. This two-step difluoromethyla-
tion method was found to be amenable to a variety of structurally
diverse aldehydes and ketones. It is remarkable that even
enolizable ketones can be efficiently (phenylsulfonyl)difluoro-
methylated by 1/LiHMDs/HMPA system to give the PhSO,CF,-
containing carbinols (such as 19c in Scheme 6) in high yields. The
limitation of this method was that, the product yields for
enolizable aldehydes and sterically hindered ketones) were
somewhat lower (such as 19d and 19e in Scheme 6) [32]. The
PhSO,CF,- and CF,H-containing alcohols 19 and 20 were used by
us in the preparation of fluorinated amides via Ritter reaction
(Scheme 7, Eq. (15)) [33]. Since the Ritter reaction is believed to
proceed via a carbocation intermediate, an electron-withdrawing
group in the substrate usually decreases the product yield.
Therefore, the result in Scheme 7 indicates that the order of
electron-withdrawing ability of the three fluorinated groups
decreases in the following order: CF3; > PhSO,CF, > CF,H [33].
We also used (phenylsulfonyl)difluoromethyl alcohols 19 in the

OH (1) LHMDS, -78 °C, OBz
THF/HMPA, 30 min LIHMDS BzO F
R;)\CFZSOZPh R/)\szsozph —m e TN (ea16)
(2) PhCOCI, -78 °C H R E
2h
19 25 26
o ¢ Cl F
PCI LiHMDS
R/)\CFZSOZPh £ R/}\CF SOph ———— Y= (ea.17)
H HoTeE R F
19 27 28

Scheme 8.
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preparation of 2,2-difluoro enol esters 26 (Scheme 8, Eq. (16)) and
1-chloro-2,2-difluoro alkenes 28 (Eq. (17)) [34].

In 2005, we successfully applied reagent 1 in the stereoselective
synthesis of enantiopure o-difluoromethyl amines by using
Ellman’s (R)-N-tert-butylsulfinyl aldimines (29) [35]. The reaction
was compatible with different substituents in the substrates and
afforded the (phenylsulfonyl)difluoromethylated amines 30 in
excellent yields and with excellent diastereoselectivity (Scheme 9,
Eq. (18)). The sense of the diastereoselective induction was
depicted by a non-chelation-controlled transition state model [35].
After removal of the protective groups, enantiopure o-difluor-
omethyl amines (in salt form) 31 were obtained (Eq. (18)) [35]. The
same strategy was also used by us in the stereoselective synthesis
of difluoromethylated vicinal ethylenediamines (Scheme 9, Egs.
(19) and (20)) [36].

Although difluoromethyl phenyl sulfone (1) is an excellent
nucleophilic fluoroalkylation reagent (via PhSO,CF,~ anion), its
reaction with epoxides (or aziridines) has remained a challenging
task [37]. Inspired by Dolbier's work on nucleophilic trifluor-
omethylation of 1,2-cyclic sulfates [38], we have successfully
carried out an efficient nucleophilic fluoroalkylation of cyclic
sulfates 36 and sulfamidates 37 with PhSO,CF,H (1)/LiHMDS/
HMPA system (Scheme 10) [39]. These regioselective reactions
afforded corresponding [3-(phenylsulfonyl)-difluoromethylated
products 38 and 39 in excellent yields. Upon selective desulfonyla-
tion, compounds 38 and 39 were readily transformed into [3-
difluoromethylated and 3-difluoromethylenated alcohols (40 and

41) and amines (42 and 43), which are highly useful building
blocks for many applications in life science and materials science
(Scheme 10) [39].

Since (phenylsulfonyl)difluoromethyl carbanion (PhSO,CF;™)
belongs to hard nucleophiles, its reaction with o,-unsaturated
ketones (o, [3-enones) generally proceeds in a 1,2-addition mode
[32,40]. However, recently we found that both solvent and the
structure of o,[3-enones (44) can influence the 1,2-/1,4-addition
ratio (Table 1) [40]. When the reactions were carried out in THF-
HMPA solvent system, 1,2-addition products (45) were obtained as
the predominant products; however, when THF alone was applied
as solvent, in some cases the 1,4-addition products (46d-f) could
be formed in significant amount (Table 1). The structure of o,3-
enones 44 also affects the regioselectivity of the reaction; for
example, for the enones with an electron-donating methoxyl
group (44d-f), the tendency of 1,4-addition was increased (Table 1,
entries 4-6) [40].

With a chiral quaternary ammonium salt as a catalyst and KOH
as a base, we have also attempted the enantioselective nucleophilic
difluoromethylation of aromatic aldehydes with PhSO,CF,H (1)
reagent (Scheme 11) [41]. The enantioselectivity was found to be
substrate-dependent and for 2-chlorinated benzaldehyde an ee up
to 64% was obtained [41].

Difluoromethyl phenyl sulfone (1) can also be used to react with
elemental iodine and N-chlorosuccinimide (NCS) to give iododi-
fluoromethyl phenyl sulfone (4) and chlorodifluoromethyl phenyl
sulfone (49) in good yields, respectively (Scheme 12, Eqs. (27) and

OH
Mg, HOAc
_ 09, TOAC, CFH  (eq. 21
o\\s,,o (1) PhSO,CFH (1), LIHMDS OH NaOAc, DMF R/:/ (a2
| 7 0O
oS0 THF-HMPA, -78 °C . CF,S0,Ph —|
R) (2) Hz0* LHMDS OH F (eq. 22)
a1
Mg, HOAc, I;JHBn (eq. 23)
Q.0  (1)PhSO,CFH (1), LIHVMDS NHBn NaOAc, DMF RS/\/CFZH
BnN.s o THF-HMPA, 78 °C ~CF280,Ph —| 42
' 2) Hy0* LHMDS BnHN  F
R (2) Hy 19 | TS T (eq. 24)
37 Ry F
43

Scheme 10.
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Table 1
Nucleophilic (phenylsulfonyl)difluoromethylation of «,3-enones [40]
0 LiHMDS OH O  CF,S0,Ph
P + PhSOCFH ———— N 1~CF,S0.Ph * eq. 25
R1J‘I\/\R2 30 min R . 200> R! R2 {eq. 25)
44 1 45 46

Entry? Enone Products Overall yield (in THF) (%)>< Overall yield (in THF-HMPA) (%)“¢
1 R' CgHs, R? CgH; (44a) 45a 97 90
2 R' CgHs, R? 4-CICgH,4 (44b) 45b 91 95
3 R' 4-BrCgH,, R? CgHs (44c) 45¢ 93 93
4 R' CgHs, R2 4-MeOCgH, (44d) 45d, 46d 97 (68:32) 90 (>99:1)
5 R' 4-MeOCgH., R? CgHs (44e) 45e, 46e 95 (73:27) 98 (>99:1)
6 R' 4-MeOCgH,, R?> 4-MeOCgH, (44f) 45f, 46f 90 (68:32) 93 (>99:1)

¢ Molar ratio 44/1/LiHMDS 1.0:1.2:1.2.
b The reaction was performed at —98 °C.

¢ The overall yield of the isolated products. The number in parentheses refers to the ratio of 45:46, which was determined by '°F NMR analysis of the isolated product

mixture.
4 The reaction was performed at —78 °C.

(28)) [24,42]. Compound 4 has been successfully applied by us in
free radical (phenylsulfonyl)difluoromethylation reactions (see
Section 3). Chlorodifluoromethyl phenyl sulfone (49) is a robust
difluorocarbene reagent for O- and N-difluoromethylations
(Scheme 12, Egs. (29) and (30)) [42]. More recently, we also
developed an efficient method for the synthesis of (phenylsulfo-
nyl)difluoromethyl ketones (55) by nucleophilic (phenylsulfonyl)-
difluoromethylation of esters with reagent 1 (Scheme 13) [43]. The
yields were generally excellent, and this preparative method has
been scaled up to 10-20 mmol scale with reproducible product
yields [43].

2.2. Using PhSO,CF,SiMes reagent (3)

As an alternative nucleophilic (phenylsulfonyl)difluoromethy-
lation reagent to PhSO,CF,H (1), we also developed [(phenylsul-
fonyl)difluoromethyl|trimethylsilane (PhSO,CF,SiMes, 3) reagent.
Compound 3 was first prepared in 2003 via mCPBA-mediated
oxidation of PhSCF,SiMes in 51% yield [19]. In 2005, we improved
the synthesis of 3 (with 78% isolated yield) by the reaction of
PhSO,CF,Br (1 equiv.), n-BulLi (1.8 equiv.), and Me;SiCl (1.5 equiv.)
in THF at —78 °C [43]. In 2008, we further optimized the reaction
conditions and found that when the reactant ratio was changed to
PhSO,CF,Br/n-BuLi/MesSiCl = 1.0:1.1:1.5 and a subsequent acid-
quenching procedure was used, an excellent yield of 3 (87-98%)
could be obtained (Scheme 14, Eq. (32)) [44,43].

Compound 3 was successfully applied in the fluoride-initiated
nucleophilic (phenylsulfonyl)difluoromethylation of aldehydes
and ketones (Eq. (33)). Tetrabutylammonium triphenyldifluorosi-
licate (TBAT) and CsF are the two commonly used fluoride initiator,
and the use of CsF is preferred in the reactions with sterically
hindered ketones [43]. Unlike PhSO,CF,H (1), reagent 3 does not
need a strong base (such as LIHMDS) to facilitate the (phenylsul-
fonyl)difluoromethylation. Therefore, PhSO,CF,SiMe3 reagent (3)
has showed some advantages over PhSO,CF,H in the reactions

47 (10 mol%), KOH (4 equiv.)

o)
.+ PhSOCRH

Ar H PhCH3, —40 °C-RT, 12-48 h

9 1

I, tBUOK
PhSO,CF,l (eq. 27)
DMF, -30 °C ~-20 °C
4 (91%)
PhSO,CF,H —
1 LiHMDS, NCS
PhSO,CF,CI (eq. 28)
THF,-78 °C
49 (79%)
cl Cl
49 (2.3 equiv), KOH
OH Q (eq. 29)
CH3CN—H20 CFQH
o 50°C,5h 0
k/o K/O
50 51 (92%)
CFH
i 49 (2.3 equiv), KOH N
> /> (eg. 30)
N/ CH3CN-H,0 N
50°C,5h
52 53 (86%)
Scheme 12.

with base-sensitive substrates such as enolizable aldehydes
(Scheme 14) [43]. For example, in the (phenylsulfonyl)difluor-
omethylation of a-amino aldehyde 56, we found that PhSO,CF,H
(1)/LiHMDS reagent was not effective and only 46-52% product
yields were obtained [44]. When we used the PhSO,CF,SiMes (3)
reagent and TBAT as a fluoride initiator (5 mol%), the amino alcohol
product 57 can be obtained in 92% isolated yields with a syn/anti
ratio of 11:89 (Scheme 15, Eq. (35)). The anti-a-(phenylsulfonyl)-
difluoromethyl--amino alcohol (anti-57) was further trans-
formed to chiral difluoromethylated oxazolidinone 60 (Eq. (36))
[44]. The advantageous use of reagent 3 over reagent 1 has also

OH |
Ar)>CF2302Ph i
48 ‘

58-95% yield i
up to 64% ee

Scheme 11.
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(1) LHMDS, THF/HMPA 0 00
Q -98 °C, 30 min g
AL+ PhsOCRH - R' “Ph (eq. 31)
R OR (2) conc. HCI, =98 °C ~ rt FF
54 1 55

R' = Ph, 4-CI-CgHy, 4-Br-CgH,,
4-Meo-C6H4, CH3, C2H5, etc.;
R? = CHj3, CoHs.

80-96% yield

Scheme 13.

been demonstrated by us in the preparation of a hypervalent
iodine(IlI)-CF,SO,Ph compound [45]. Furthermore, we attempted
the use of reagent 3 in the enantioselective nulceophilic
(phenylsulfonyl)difluoromethylation of aromatic aldehydes, but
the enantioselectivity was only moderate [41].

2.3. Using PhSO,CF>Br reagent (2)

Bromodifluoromethyl phenyl sulfone (PhSO,CF,Br, 2) was first
reported by Burton and Wiemers [46], but the reports on its
synthetic utility are rare [19,47]. Inspired by Dolbier’s work that
tetrakis(dimethylamino)ethylene (TDAE) can act as an efficient
reducing agent to generate substituted difluoromethylated carba-
nions from halo-difluoromethyl precursors [48], Prakash et al. have
used PhSO,CF,Br/TDAE combination as a nucleophilic (phenyl-
sulfonyl)difluoromethylation reagent (Scheme 16) [47]. The
reactions were shown to be efficient with both aryl and alkyl
aldehydes, but not applicable to ketones. The obtained products 19
were able to be transformed to difluoromethyl alcohols 20 and 1,1-
difluoro alkenes 17 (Scheme 16) [47].

(1) n-BuLi (1.1 equiv)

3. Radical (phenylsulfonyl)difluoromethylation reactions

In 2007, we reported the first free radical (phenylsulfonyl)di-
fluoromethylation reaction with alkenes by using iododifluoro-
methyl phenyl sulfone (4) [49]. Compound 4 can be easily prepared
in excellent yield from PhSO,CF,H (1) and elemental iodine in the
presence of t-BuOK in DMF (Scheme 12, Eq. (27)) [24]. After trying
several radical initiators, we found that copper powder (Cu®),
Pd(PPhs),, and Na,S,0,4 were not suitable for the reaction, which is
surprisingly different from other known free radical polyfluoroalk-
ylation reactions [49]. It turned out that Et3B/air was an efficient
initiating system for the generation of (phenylsulfonyl)difluoro-
methyl radical (PhSO,CF,*) at low temperature (—30 °C). Therefore,
by using this EtsB/air-initiated radical (phenylsulfonyl)difluoro-
methylation with reagent 4, a variety of structurally diverse terminal
alkenes (61) were transformed to regioselective products 62 in 56—
78% yields (Scheme 17) [49]. The reaction was shown to be
compatible with different functionalities such as carbonyl, ester,
carboxylic acid, ether, and hydroxyl groups. This synthetic meth-
odology was also used in the one-pot regioselective preparation of

0. o Me3SiCl (1.5 equiv) 0. 0
i THF, -78°C 7 32
Ph””>CF,Br Ph” "~ CF,SiMe; (9. 32)
(2) cold 1 M HCI (aq.)
2 87% 3
(1) PhSO,CF,SiMes (3), "F (5 mol%)
0 THF, -78 °Ctor.t. HO_ ,CF,SO,Ph
R1J\R2 R1><R2 (eq. 33)
(2) n-BuyNF, THF-H,0
+
or H30 19
("F™" = TBAT or CsF)
OH OH
MCFZSOZPh HsCY%CﬁSOZPh /\/io)< CF,SO,Ph
5 CH
H CHs H 3
19h (73%) 19i (83%) 19j (79%)
OH OH
%\ Mg, HOAc, NaOAc 3
R'/ “CF,SO,Ph RT>CRH - (€9-34)
R2 DMF-H,O, rt R2
19 80-91% yield 20

Scheme 14.
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H
(eq. 35)

(1) TBAT(5 mol%) OH
CRSOPh . Ry cr,s0.en
NBn,

0
toluene, 0 °C R
H + PhSO,CF.SiMe—— >
(2) TBAF, H,0 NBn
anti-57

NBHZ
o
56 3 (92% yield) syn-57
syw/anti = 11:89
QH Mg, HOAc-NaOA: oH o
5 9, HOAC-NaOAc : Ha, PA(OH),/C 2
Ph CF,SOPh ——————— —2 2~ CFH
/\,!;n\ DMF, rt. Ph/\I/\CFzH CH3OH, 1.t Y e
2 NBn NH,
86% 2 95%
anti-57 58 59
(CCI30),CO
NEts, CH2Clz| 719%
rt
X
Q" NH  (eq. 36)
HF,C Bn
60
Scheme 15.
o)
Na(Hg), MeOH ):
MezN _ NM = eq. 37
caN="Ve2 Na,HPO, RT[CRH (00 37)
MezN  NMep OH 20
j\ (TDAE)
g Ny + PhSOLCFBr —>DMF R} CF2S0,Ph
2 ~30°C to rt 19 (53-82%) (1) MsCl, NEt R F
s 3
(R = aryl, alkyl) — (eq. 38)
(2) Na(Hg) H F
17
Scheme 16.
BusSnH
————— PhOSF,CTT (e 39)
Et,B/air 8
ao/al R
Ph El AN, ———— PhO,SF,C —
SOCFl  + Z R Ch.Ch 252 /\Ir
4 81 —30°C 62 (56-78%) DBU
- 0
L PhOSF,CT Y (eq. 40)
64
[Pd] R?
— e PhSOLCF Y (eq. 41)
R2B(OH), R!
Et;B/ai o
3B/air |
PhSO,CF)l + = R! ——— PhSO,CFy Y~ —|
CH,Cl, R! R3
-30°C F
4 65 Pd/Cu(l Zz
66 (55-85%) | [Parcul Phsozca/\/ (eq. 42)
ElIZ=2:1t09:1 =—RS R!
68
Scheme 17.
PhSO,CF,SiMe; (3)
TBAT (cat.), DMF, -16 °C \
AcO—I—0 e ——0
1% PhSO,CF,—|
(eq. 43)
PhSO,CFH (1), LIHMDS /
69 5
THF, -78 oC
18%

Scheme 18.



1138 J. Hu/Journal of Fluorine Chemistry 130 (2009) 1130-1139

PhSOZCFZ—l_O

5

CH,Cl,, -78°C, 3 h

/S\
R™™ "CF,SO,Ph (eq. 44)

71

©/SCFZSOZPh /©/SCF2802Ph /©/SCFZSOQPh

71a (75%)

C[scasozph SCF;S0,Ph NN
\
Cl Ph

71d (77%) 71e (85%)

71b (68%)

71c (72%)

\>,SCFZSOZPh
N~N

71f (80%)

SCF,S0O,Ph
©/\ 2850, @ />—SCF2802Ph OSCFQSOZPh

719 (87%) 71h (82%) 71i (80%)
SCF,S0,Ph OAc
/O ACO%SCF $OzPh
AcO 29V2
NO; AcO
71j (83%) 71K (78%)
Scheme 19.

PhSO,CF,-substituted alkanes (63) and in the regio- and stereo-
selective preparation of PhSO,CF,-substituted alkenes (64) with high
E[Z ratio (up to 100:1) (Scheme 17, Egs. (39) and (40)) [49]. More
recently, we extended this useful synthetic method in the radical
(phenylsulfonyl)difluoromethylation of terminal alkynes (Scheme
17, Egs. (41) and (42)) [50]. It turned out that by using EtsB/air as
radical initiator, PhSO,CF,I (4) was able to add to a variety of terminal
alkynes (65) to afford the corresponding products 66 in good yields
and with moderate to good E/Z stereoselectivity. The obtained
products 66 could be further utilized to undergo Suzuki or
Sonogashira coupling reactions to give products 67 and 68 in good
yields, respectively (Scheme 17, Egs. (41) and (42)) [50].

4. Electrophilic (phenylsulfonyl)difluoromethylation reactions

Inspired by the electrophilic trifluoromethylation work of Togni
and co-workers [51], we developed the electrophilic (phenylsul-
fonyl)difluoromethylation reaction with a hypervalent iodine(III)-
CF,SO,Ph reagent (5) [45]. The preparation of reagent 5 from
precursor 69 were tried using both PhSO,CF,SiMes; (3) and
PhSO,CF,H (1), and the product yields were 71 and 18%,
respectively (Scheme 18) [45]. Reagent 5 is a relatively stable
compound, which can be easily purified by silica gel column
chromatography. The electrophilic (phenylsulfonyl)difluoro-
methylation reagent 5 can efficiently transfer the PhSO,CF, moiety
to a diverse range of sulfur-nucleophiles under mild reaction
conditions (Scheme 19) [45].

5. Conclusions

This article overviews the nucleophilic, free radical, and
electrophilic (phenylsulfonyl)difluoromethylations with
reagents such as PhSO,CF,H (1), PhSO,CF,Br (2), PhSO,CF,SiMe3
(3), PhSO,CF,I (4), and the hypervalent iodine(IIl)-CF,SO,Ph
during the past 6-7 years. Nucleophilic (phenylsulfonyl)difluor-
omethylation has been most extensively studied in this category
(especially with PhSO,CF,H reagent), while both free radical and
electrophilic (phenylsulfonyl)difluoromethylations have also
been recently emerged. These reagents and reactions have
showed their power in the synthesis of many difluoromethyl-,
difluoromethylene-, and difluoromethylidene-containing
organic molecules. However, several issues in this (phenylsul-
fonyl)difluoromethylation chemistry need to be addressed,
including (a) how to achieve enantioselective (phenylsulfonyl)-
difluoromethylation in a practically useful level, (b) how to
remove the phenylsulfonyl group in a more efficient and
environmentally friendly way [53], (c) is it possible to discover
new ‘“chemical chameleon” [52] type of reactivity with
PhSO,CF,-containng compounds, (d) is it possible to use the
easily accessible PhSO,CF, group itself as a routine and useful
substituent in materials science- and life science-related
applications. There is no doubt that further exploration of
this interesting chemistry will provide new possibilities for
the application of PhSO,CF,-containing compounds in many
important fields.



J. Hu/Journal of Fluorine Chemistry 130 (2009) 1130-1139 1139

Acknowledgements

The author gratefully acknowledges all of his co-workers whose
names appeared in the cited references. Financial support by the
National Natural Science Foundation of China (20502029, 20772144,
20825209, 20832008), Shanghai Rising-Star Program (06QA14063),
and the Chinese Academy of Sciences (Hundred-Talents Program and
Knowledge Innovation Program) are gratefully acknowledged.

References

[1] P. Kirsch, Modern Fluoroorganic Chemistry, Wiley-VCH, Weinheim, 2004.
[2] R.D. Chambers, Fluorine in Organic Chemistry, Blackwell, Oxford, 2004.
[3] K. Uneyama, Organofluorine Chemistry, Blackwell, Oxford, 2006.
[4] T. Hiyama (Ed.), Organofluorine Compounds: Chemistry and Applications,
Springer, New York, 2000.
[5] V.A. Soloshonok (Ed.), Fluorine-Containing Synthons, ACS, Washington, DC, 2005.
[6] M. Hudlicky, Chemistry of Organic Fluorine Compounds, Ellis Horwood, New
York, 1976.
[7] M. Hudlicky, A.E. Pavlath (Eds.), Chemistry of Organic Fluorine Compounds II, A
Critical Review, ACS, Washington, DC, 1995.
[8] J.-P. Bégué, D. Bonnet-Delpon, Bioorganic and Medicinal Chemistry of Fluorine,
Wiley, New York, 2008.
[9] RE.Banks, B.E. Smart, ].C. Tatlow (Eds.), Organofluorine Chemistry: Principles and
Commercial Applications, Plenum, New York, 1994.
[10] R.E. Banks, D.W.A. Sharp, ].C. Tatlow (Eds.), Fluorine: The First Hundred Years
(1886-1986), Elsevier, New York, 1986.
[11] Some of the works were discussed in the following review article: G.K.S. Prakash,
J. Hu, Acc. Chem. Res. 40 (2007) 921-930.
[12] J. Hine, ].J. Porter, J. Am. Chem. Soc. 82 (1960) 6178-6181.
[13] J.A. Edwards, J.H. Fried, J.S. Mills, US 3,705,182 (1972).
[14] G.K.S. Prakash, J. Hu, Difluoromethyl Phenyl Sulfone, in: L.A. Parquette (Ed.), e-
EROS Encyclopedia of Reagents for Organic Synthesis, Wiley, New York, 2001.
[15] G.P. Stahly, J. Fluorine Chem. 43 (1989) 53-66.
[16] ].S. Sabol, J.R. McCarthy, Tetrahedron Lett. 33 (1992) 3101-3104.
[17] D.L. Boger, T.J. Jenkins, J. Am. Chem. Soc. 118 (1996) 8860-8870.
[18] P.J. Serafinowski, CJ. Barnes, Synthesis (1997) 225-228.
[19] G.KS. Prakash, J. Hu, G.A. Olah, ]. Org. Chem. 68 (2003) 4457-4463.
[20] B.R. Langlois, J. Fluorine Chem. 41 (1988) 247-261.
[21] G.K.S. Prakash, ]. Hu, G.A. Olah, Org. Lett. 5 (2003) 3253-3256.
[22] G.K.S.Prakash, ]. Hu, T. Mathew, G.A. Olah, Angew. Chem. Int. Ed. 42 (2003) 5216-
5219.

[23] G.KS. Prakash, J. Hu, Y. Wang, G.A. Olah, Angew. Chem. Int. Ed. 43 (2004) 5203-
5206.

[24] G.KS. Prakash, J. Hu, Y. Wang, G.A. Olah, Org. Lett. 6 (2004) 4315-4317.

[25] G.K.S. Prakash, A. Yudin, Chem. Rev. 97 (1997) 757-786.

[26] G.K.S. Prakash, M. Mandal, J. Fluorine Chem. 112 (2001) 123-131.

[27] G.KS. Prakash, J. Hu, in: V.A. Soloshonok (Ed.), ACS Symposium Series, vol. 911,
American Chemical Society, 2005.

[28] T. Hagiwara, T. Fuchikami, Synlett (1995) 717-718.

[29] R. Mogi, K. Morisaki, J. Hu, G.K.S. Prakash, G.A. Olah, ]. Fluorine Chem. 128 (2007)
1098-1103.

[30] AK.Yudin, G.K.S. Prakash, D. Deffieux, M. Bradley, R. Bau, G.A. Olah, J. Am. Chem.
Soc. 119 (1997) 1572-1581.

[31] J.-D. Ye, X. Liao, J.A. Piccirilli, J. Org. Chem. 70 (2005) 7902-7910.

[32] G.KS. Prakash, J. Hu, Y. Wang, G.A. Olah, Eur. J. Org. Chem. (2005) 2218-2223.

[33] J. Liu, C. Ni, Y. Li, L. Zhang, G. Wang, ]. Hu, Tetrahedron Lett. 47 (2006) 6753-6756.

[34] L. Zhang, Y. Li, J. Hu, Tetrahedron Lett. 128 (2007) 755-761.

[35] Y. Li, J. Hu, Angew. Chem. Int. Ed. 44 (2005) 5882-5886.

[36] J. Liu, Y. Li, J. Hu, J. Org. Chem. 72 (2007) 3119-3121.

[37] C. Ni, Y. Li, ]. Hy, ]. Org. Chem. 71 (2006) 6829-6833.

[38] N. Takechi, S. Ait-Mohand, M. Medebielle, W.R. Dolbier Jr., Org. Lett. 4 (2002)
4671-4672.

[39] C. Ni, J. Liy, L. Zhang, J. Hu, Angew. Chem. Int. Ed. 46 (2007) 786-789.

[40] C. Ni, L. Zhang, J. Hu, J. Org. Chem. 73 (2008) 5699-5713.

[41] C. Ni, F. Wang, ]. Hu, Beilstein J. Org. Chem. 4 (2008) 21.

[42] ]. Zheng, Y. Li, L. Zhang, J. Hu, G.J. Meuzelaar, H.-]. Federsel, Chem. Commun.
(2007) 5149-5151.

[43] C. Ni, L. Zhang, J. Hy, ]. Org. Chem. 74 (2009) 3767-3771;

C. Ni, J. Hu, Tetrahedron Lett. 46 (2005) 8273-8277.

[44] ]. Liu, C. Ni, F. Wang, ]. Hu, Tetrahedron Lett 49 (2008) 1605-1608.

[45] W. Zhang, ]. Zhu, J. Hu, Tetrahedron Lett. 49 (2008) 5006-5008.

[46] DJ. Burton, D.M. Wiemers, ]. Fluorine Chem. 18 (1981) 573-582.

[47] G.KS.Prakash, Y. Wang, ]. Hu, G.A. Olah, J. Fluorine Chem. 126 (2005) 1361-1367.

[48] M. Médebielle, K. Kato, W.R. Dolbier Jr., Tetrahedron Lett. 44 (2003) 7871-7873,
and the references cited therein.

[49] Y. Li, J. Liu, L. Zhang, L. Zhu, J. Hu, J. Org. Chem. 72 (2007) 5824-5827.

[50] Y. Li, H. Li, J. Hu, Tetrahedron 65 (2009) 478-483.

[51] (a) P. Eisenberger, S. Gischig, A. Togni, Chem. Eur. J. 12 (2006) 2579-2586;

(b) L Kieltsch, P. Eisenberger, A. Togni, Angew. Chem. Int. Ed. 46 (2007) 754-757;
(c) R. Koller, K. Stanek, D. Stolz, R. Aardoom, K. Niedermann, A. Togni, Angew.
Chem. Int. Ed. 48 (2009), doi:10.1002/anie.200900974.

[52] For the concept of “Chemical Chameleon”, see: B.M. Trost, Bull. Chem. Soc. Jpn. 61
(1988) 107-124.

[53] Some environmentally friendly reductive desulfonylation reagents such as Mg°/
HOAc/NaOAc/DMF and Mg®/MeOH have been developed, but some limitations of
their application still exist. See: Refs. [43,50].


http://dx.doi.org/10.1002/anie.200900974

	Nucleophilic, radical, and electrophilic (phenylsulfonyl)difluoromethylations
	Introduction
	Nucleophilic (phenylsulfonyl)difluoromethylation reactions
	Using PhSO2CF2H reagent (1)
	Using PhSO2CF2SiMe3 reagent (3)
	Using PhSO2CF2Br reagent (2)

	Radical (phenylsulfonyl)difluoromethylation reactions
	Electrophilic (phenylsulfonyl)difluoromethylation reactions
	Conclusions
	Acknowledgements
	References


