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IF5epyridineeHF, an air- and moisture-stable solid, can be used as a fluorination reagent for
the introduction of fluorine atoms to the a-position of the sulfur atom in sulfides. The de-
sulfurizingefluorination reactions of benzylic sulfides, thioacetals, and 2-(methylthio)-1,3-dithiane
derivatives were also performed using this reagent.

� 2012 Elsevier Ltd. All rights reserved.
Scheme 1. Reactivity of IF5epyridineeHF in fluorination of sulfide 1.
1. Introduction

Organofluorine compounds are widely used, as medicines, pes-
ticides, functional materials, and so on.1 They are generally prepared
artificially by using fluorination reagents because organofluorine
compounds are rare in nature. Therefore, the role of the fluorination
reagent is important for making the desired organofluorine com-
pounds, and many fluorination reagents have been produced and
used.1b,2 However, most of them are sensitive to air and moisture,
and special skills and equipments are required for their use. There-
fore, more stable fluorination reagents that can be usedwithout such
skills and equipments are desired.3 We previously reported fluori-
nation reactions using IF5 for the selective introduction of fluorine
atoms to a substrate.4 However, IF5 is also unstable in air and de-
composes, generating HF. During our continuous study of fluorina-
tion reactions using IF5, we found that upon mixing IF5 with
pyridineeHF (HF 50mol %, pyridine 50 mol %), an air-stable white
solid was formed.5 Herein, we report the fluorination reactions using
this stable fluorination reagent, IF5epyridineeHF.6

2. Results and discussion

Initially, we compared the reactivity of IF5epyridineeHF with
that of IF5. In the reaction of IF5 with ethyl 2-(arylthio)propionate 1,
a poly-fluorination reaction took place with the migration of an
arylthio group to give ethyl 3-(arylthio)-2,2,3-trifluoropropionate 2
.hokudai.ac.jp (S. Hara).
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selectively.4f On the other hand, when 1was added to a suspension
of IF5epyridineeHF in CH2Cl2,8 the color of the mixture changed to
dark red, and mono-fluorination occurred at the a-position of the
sulfur group, giving ethyl 2-(arylthio)-2-fluoropropionate 3. Under
these conditions, 2 was not formed at all (Scheme 1).
In the reaction of decyl 2-arylthioacetate 4 with 2 equiv of
IF5epyridineeHF, the mono-fluorinated product was obtained in
63% yield, with a 17% yield of the difluorinated product 5; it was
difficult to obtain the mono-fluorinated product selectively. On the
other hand, when 4 equiv of IF5epyridineeHF were used, 5 was
formed selectively in 54% yield, and the yield of the mono-
fluorinated product was only 3%. From 2-(arylthio)cyclohexanone
6, the mono-fluorinated product 7 was obtained in 76% yield, as
shown in Table 1.
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Table 1
Fluorination of a-(arylthio)carbonyl compounds using IF5epyridineeHFa

Substrate IF5epyridineeHF
/substrate

Product Yieldb %

4.0 54c

2.0 76

a The reaction was carried out in CH2Cl2 at room temperature for 24 h, Ar¼p-
CleC6H4.

b Isolation yield based on substrate.
c Mono-fluorinated product was also formed in 3% yield.

Table 2
Desulfurizingedifluorination of benzylic sulfides using IF5epyridineeHFa

Entry Substrate Reaction
conditions

Product Yieldb

%

1 rt, 5 h 88

2 rt, 24 h 89c

3 rt, 5 h 79

4 40 �C, 24 h 98d

5 40 �C, 24 h (99)d

a If otherwise not mentioned, the reaction was carried out in CH2Cl2 using 2 equiv
of IF5epyridineeHF.

b Isolation yield based on substrate, in parenthesis, 19F NMR yield.
c
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The desulfurizingedifluorination reaction of benzylic sulfide is
one of the typical reactions of IF5.4e When 2-(arylthio)-1,2-
diphenylethanone 8 was subjected to the reaction with IF5 at 0 �C
for 5 h, the desulfurizingedifluorination reaction took place to give
2,2-difluoro-1,2-diphenylethanone 9 exclusively. On the other
hand, in the reaction of IF5epyridineeHF with 8 under the same
conditions, the yield of 9 was only 5% and formation of a new
fluorine compound was observed. From chemical shift in 19F NMR
spectra, the new compound was estimated to be mono-fluorinated
compound 109 and its yield was 63%. In the desulfur-
izingedifluorination reaction of 8, 10 was formed initially as a pre-
cursor of 9.4e Therefore, in the reaction of 8 with IF5epyridineeHF,
the desulfurizingedifluorination was not yet completed under
these conditions, and the reactivity of IF5epyridineeHF was found
to be lower than that of IF5 (Scheme 2).
Scheme 2. Reactivity of IF5epyridineeHF in desulfurizingedifluorination reaction of 8.

IF5epyridineeHF (1.5 equiv) was used.
d IF5epyridineeHF (3 equiv) was used.

Table 3
The reaction of naphthaldehyde dithioacetals with IF5epyridineeHFa

Entry R Yieldb %

1 e(CH2)2e 57
2 e(CH2)3e 50
3 C6H13 59
4 Ph 74

a The reaction was carried out in CH2Cl2 using 2 equiv of IF5epyridineeHF.
b Isolation yield based on dithioacetal used.
Although the desulfurizingedifluorination reaction of 8 with

IF5epyridineeHF was slow at 0 �C, the reaction was completed at
room temperature in 5 h, and 9 was obtained in 88% yield (entry 1
in Table 2). Similarly, the reactions of various benzylic sulfides (11,
13, 15, and 17) with IF5epyridineeHF proceeded at room temper-
ature or at 40 �C to give the corresponding desulfur-
izingedifluorination products (12, 14, 16, and 18) in good yields.

The conversion of carbonyl dithioacetal to gem-difluoride is
commonly used to introduce fluorine atoms selectively at desired
positions in the molecules; many fluorination reagents have been
used for this conversion.10 Therefore, we applied IF5epyridineeHF
to the reaction with the carbonyl dithioacetal. The reactions of
various 1-naphthaldehyde dithioacetals with IF5epyridineeHF
were examined. When the 1,3-dithiolane derivative was used, the
desired gem-difluoride was obtained in 57% yield, and 1-
naphthaldehyde was also formed in 10% yield (entry 1 in Table 3).
Similar results were obtained with the 1,3-dithiane derivative and
bis(hexylthio)methane derivative (entries 2 and 3). However, when
the bis(phenylthio)methane derivative was used, the gem-difluor-
ide was obtained in the highest yield of 74% (entry 4) (Table 3).

From various bis(phenylthio)acetals of aromatic aldehydes and
ketones, the corresponding gem-difluorides were obtained in good
yields. A dithioacetal of an aliphatic ketone, such as adamantanone,
is also applicable to this reaction, and 2,2-difluoroadamantane 32
was obtained (entry 7 in Table 4). However, in the reactionwith the
bis(phenylthio)acetal of acetophenone, which has protons at the
a-position of the carbonyl group, the desired gem-difluoride was
not obtained, but a complex mixture was formed.

The introduction of the trifluoromethyl group to an aromatic
ring is an important reaction, and many methods for this have been



Table 4
The reaction of aldehyde and ketone dithioacetals with IF5epyridineeHFa

Entry Product Yieldb %

1 74

2 91

3 75

4 70

5 92

6 82

7 62

a The reaction was carried out in CH2Cl2 at room temperature for 24 h using
2 equiv of IF5epyridineeHF.

b Isolation yield based on dithioacetal used.

Table 5
Conversion of aldehyde thioacetal to trifluoromethyl group

Ar Yield of 34,
%a

Reaction
conditions

Yield of 35,
%b

87 rt, 12 h 78

92 rt, 24 h 83

61c 40 �C, 48 h 54

61 rt, 24 h 62

71 rt, 7 h 60

a Isolated yield based on thioacetal 33.
b Isolated yield based on thioorthoformate 34. 3 equiv of IF5epyridineeHF to 34

was used.
c LDA was used as a base instead of BuLi.
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reported.11 We planned to make a trifluoromethyl compound by
the reaction of the 2-methylthio-1,3-dithiane derivative 34 with
IF5epyridineeHF. The starting compound 34 was prepared from
the 1,3-dithiane derivative 33 of an aromatic aldehyde by metal-
ationwith BuLi, followed by reaction with dimethyl disulfide.12 The
reaction of the 2-(methylthio)-1,3-dithiane derivative of 1-
naphthaldehyde 34a with IF5epyridineeHF was completed at
room temperature in 12 h, and 1-trifluoromethylnaphthalene 35a
was obtained in 78% yield.13 When an electron-donating group was
attached to the aromatic ring (34e), the reaction with
IF5epyridineeHF was fast and the reaction was completed in
a shorter time. On the other hand, when an electron-withdrawing
group was attached (34c), the reaction was slower and a higher
temperature (40 �C) was required to obtain the trifluoromethyl
product 35c, as shown in Table 5. The application of the present
method to an aliphatic aldehyde was not successful and the
corresponding trifluoromethyl derivative was not formed by the
reaction of the 2-(methylthio)-1,3-dithiane derivative of the ali-
phatic aldehyde with IF5epyridineeHF.
3. Conclusion

IF5epyridineeHF, prepared by mixing IF5 with pyridineeHF, is
an air- and moisture-stable white solid. Although its reactivity is
lower than that of IF5, it can be used safely for fluorination re-
actions, such as the introduction of one or two fluorine atoms to the
a-position of the sulfur atom in sulfides, and the introduction of
two or three fluorine atoms by the desulfurizingefluorination re-
action of benzylic sulfides, thioacetals, and 2-(methylthio)-1,3-
dithiane derivatives.
4. Experimental section

4.1. General methods

The melting points were measured with a Yanagimoto micro
melting-point apparatus. The IR spectrawere recorded using a JASCO
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FT/IR-410. The 1H NMR (400 MHz) spectra, 19F NMR (376 MHz)
spectra, and 13C NMR (100 MHz) were recorded in CDCl3 on a JEOL
JNM-A400II FT NMR and the chemical shift, d, is referred to TMS (1H,
13C) and CFCl3 (19F), respectively. The EI-high-resolutionmass spectra
were measured on a JEOL JMS-700TZ. IF5 in a cyclinder was supplied
by Asahi Glass Co., Ltd. Although IF5epyridineeHF can be handled in
air without special care, IF5 is hygroscopic and decomposes in air.
Therefore, when IF5epyridineeHF is prepared, IF5 should be handled
in bench hood with rubber gloved hands. The reaction using
IF5epyridineeHF was performed in a Teflon� FEP centrifuge tube
with a tight screw cap or a reactor made of polyethylene. Silicate
glassware is slightly damaged by it.

4.2. Preparation of pyridineeHF (HF 50 mol %, pyridine
50 mol %)

PyridineeHF was prepared by the addition of freshly distilled
pyridine to an equimolar amount of anhydrous HF at 0 �C. As it is
highly exothermal, slow and careful addition of pyridine is re-
quired. More conveniently, it can be prepared by dilution of com-
mercial pyridineeHF (HF 70 wt % pyridine 30 wt %) with calculated
amount of pyridine at 0 �C. It is also exothermal but milder.

4.3. Preparation of IF5epyridineeHF

From a cylinder, IF5 (30 g, 135 mmol) was transferred through
a Teflon� tube into a 500 mL round bottomed flask made of Tef-
lon� PFA under an N2 atmosphere. The flask was cooled with ice
bath and CCl4 (135 mL) was introduced. Then, pyridineeHF
(13.38 g, 135 mmol) was added dropwise at 0 �C. A white solid
appeared immediately and the resulting mixture was stirred at 0 �C
for 30 min and at room temperature for 2 h. The solid was sepa-
rated by filtration using filter funnel made of polyethylene and filter
paper made of Teflon�, washed with CCl4 (150 mL�2). The
remained solvent was removed under vacuum to give 41 g of
a white solid (95% yield), which can be handled in air and kept in
a Teflon� bottle. IF5epyridineeHF decompose gradually above
100 �C, and it is soluble in DMF, slightly soluble in CH3CN, and in-
soluble in hexane; 1H NMR (400 MHz, CD3CN) d 8.75e8.72 (m, 2H),
8.60e8.55 (m, 1H), 8.60e8.55 (m, 2H). 19F NMR (376 MHz, CD3CN)
d �149.17 (s).

4.4. Fluorination of sulfide with IF5epyridineeHF

4.4.1. Ethyl 2-[(4-chlorophenyl)thio]-2-fluoropropanoate (3). To
aCH2Cl2 solution (2 mL) of ethyl 2-[(4-chlorophenyl)thio]propanoate
(1) (122 mg, 0.5 mmol) was added at room temperature
IF5epyridineeHF (370 mg,1.15 mmol), and themixturewas stirred at
room temperature for 24 h. The resulting dark red solution was
poured intowater (20 mL) and extractedwith CH2Cl2 (20 mL�3). The
combinedorganic layerwaswashedwithaqNaHCO3 andaqNa2S2O3,
and dried overMgSO4. After concentration under reduced pressure, 3
was isolated in 89% yield by column chromatography (silica gel/
hexane/ether); IR (neat) 2985,1754 (C]O),1476,1279,1127 cm�1; 1H
NMR (400 MHz, CDCl3) d 7.48 (d, J¼8.4 Hz, 2H), 7.32 (d, J¼8.3 Hz, 2H),
4.10e3.98 (m, 2H), 1.90 (d, J¼18.3 Hz, 3H), 1.11 (t, J¼7.2 Hz, 3H); 19F
NMR (376 MHz, CDCl3) d �127.1 (q, J¼18.5 Hz, 1F); 13C NMR
(100 MHz) d 167.7 (d, 2JFeC¼30.6 Hz), 136.9 (2C), 136.3, 129.1 (2C),
127.5, 101.6 (d, 1JF-eC¼233.7 Hz), 62.2, 24.2 (d, 2JFeC¼24.8 Hz), 13.8;
HRMS (EI) calcd for C11H12ClFO2S 262.02306, found 262.02227.

4.4.2. Decyl 2-[(4-chlorophenyl)thio]-2,2-difluoroacetate (5). IR
(neat) 2926, 2855,1767,1293,1113 cm�1; 1H NMR (400 MHz, CDCl3)
d 7.55 (d, J¼8.4 Hz, 2H), 7.38 (d, J¼8.4 Hz, 2H), 4.21 (t, J¼6.7 Hz, 2H),
1.65e1.62 (m, 2H), 1.29e1.27 (m, 14H), 0.89 (t, J¼6.7 Hz, 3H); 19F
NMR (376 MHz, CDCl3) d �82.57 (s, 2F); 13C NMR (100 MHz) d 161.5
(t, 2JFeC¼32.2 Hz), 137.8 (2C), 137.3, 129.5 (2C), 123.2 (t,
3JFeC¼2.8 Hz), 119.7 (t, 1JFeC¼288.0 Hz), 67.8, 31.9, 29.5, 29.4, 29.3,
29.1, 28.1, 25.5, 22.7, 14.1; HRMS (EI) calcd for C18H25ClF2O2S
378.1232, found 378.1230.

4.4.3. 2-[(4-Chlorophenyl)thio]-2-fluorocyclohexanone (7). White
solid; mp 54.5e55.5 �C. IR (KBr) 2950, 1729, 1477 cm�1; 1H NMR
(400 MHz, CDCl3) d 7.45e7.42 (m, 2H), 7.33e7.29 (m, 2H), 2.91e2.82
(m, 1H), 2.50e2.34 (m, 2H), 2.25e1.90 (m, 4H), 1.77e1.65 (m, 1H);
19F NMR (376 MHz, CDCl3) d �128.13 (d, J¼12.4 Hz, 1F). 13C NMR
(100 MHz) d 200.3 (d, 2JFeC¼20.0 Hz), 136.1 (2C), 129.4 (3C), 126.4
(d, 3JFeC¼1.9 Hz), 105.2 (d, 1JFeC¼238.6 Hz), 38.9, 38.7 (d,
2JFeC¼20.1 Hz), 26.7, 23.1 (d, 3JFeC¼6.7 Hz); HRMS (EI) calcd for
C12H12ClFOS 258.0281, found 258.0281.

4.5. Desulfurizingedifluorination of a benzylic sulfide with
IF5epyridineeHF

4.5.1. 2,2-Difluoro-1,2-diphenylethanone (9). To a CH2Cl2 solution
(2 mL) of the 2-[(4-chlorophenyl)thio]-1,2-diphenylethanone (8)
(169 mg, 0.5 mmol)was added at room temperature IF5epyridineeHF
(322mg, 1 mmol). The mixture was stirred at room temperature for
5 h. The resulting dark red solutionwas poured intowater (20 mL) and
extracted with CH2Cl2 (20mL�3). The combined organic layer was
washedwith aq NaHCO3 and aq Na2S2O3, and dried overMgSO4. After
concentration under reduced pressure, 9 was isolated in 88% yield by
column chromatography (silica gel/hexane/CH2Cl2); IR (neat) 1703
(C]O), 1450, 1256, 1135 cm�1; 1H NMR (400MHz, CDCl3) d 7.43e7.61
(m, 8H), 8.02e8.04 (m, 2H); 19F NMR (376MHz, CDCl3) d�98.12 (s, 2F)
{lit14 �98.44 (s, 2F)}; 13C NMR (100MHz, CDCl3) d 116.88 (t,
1JCeF¼253.9 Hz), 125.59 (t, 3JCeF¼5.8 Hz, 2C), 128.62 (2C), 128.81 (2C),
130.25 (t, 4JCeF¼2.9 Hz, 2C), 130.91, 132.10, 133.08 (t, 2JCeF¼24.9 Hz),
134.20, 188.94 (t, 2JCeF¼30.7 Hz); HRMS (EI) calcd for C14H10F2O: (Mþ)
232.0700. Found: 232.0683.

When the reaction was carried out at 0 �C for 5 h, two singlet
peaks appeared at �98 ppm for 9 and at �128 ppm for 109 in 19F
NMR. Their yields were determined to be 5% (9) and 63% (10) by
using fluorobenzene as an internal standard. During the isolation
by silica gel column chromatography, 10 was decomposed and its
isolation was failed.

4.5.2. Butyl 2,2-difluoro-2-phenylacetate (12). IR (neat) 2963, 1764
(C]O), 1265, 1105 cm�1; 1H NMR (400 MHz, CDCl3) d 7.62e7.60 (m,
2H), 7.49e7.45 (m, 3H), 4.24 (t, J¼6.6 Hz, 2H), 1.68e1.60 (m, 2H),
1.37e1.28 (m, 2H), 0.90 (t, J¼7.4 Hz, 3H); 19F NMR (376 MHz, CDCl3)
d �104.65 (s, 2F); 13C NMR (100 MHz) d 164.3 (t, 2JFeC¼35.7 Hz),
132.8 (t, 2JFeC¼25.8 Hz),130.9,128.6 (2C),125.4 (t, 3JFeC¼6.2 Hz, 2C),
113.4 (t, 1JFeC¼251.9 Hz), 66.8, 30.2, 18.9, 13.5; HRMS (EI) calcd for
C12H14F2O2 228.09619, found 228.09563.

4.5.3. N,N-Diethyl-2,2-difluoro-2-phenylacetamide (14). IR (neat)
2979, 1669 (C]O), 1452, 1364, 1260, 1178, 1093, 858, 775, 700,
642 cm�1; 1H NMR (400 MHz, CDCl3) d 7.56 (d, J¼7.0 Hz, 2H),
7.44e7.49 (m, 3H), 3.42 (q, J¼7.2 Hz, 2H), 3.25 (q, J¼7.2 Hz, 2H), 1.17
(t, J¼7.2 Hz, 3H), 1.03 (t, J¼7.0 Hz, 3H); 19F NMR (376 MHz, CDCl3)
d �95.41 (s, 2F); 13C NMR (100 MHz, CDCl3) d 162.7 (t,
2JCeF¼29.7 Hz), 133.9 (t, 2JCeF¼23.6 Hz), 130.7 (t, 4JCeF¼1.9 Hz, 2C),
128.7, 125.1 (t, 3JCeF¼5.8 Hz, 2C), 115.5 (t, 1JCeF¼251.5 Hz), 42.0 (t,
4JCeF¼3.8 Hz), 41.4, 13.7, 12.2; HRMS(EI) calcd for C12H15F2NO
227.1122, found 227.1128.

4.5.4. 1-(Perfluoroethyl)naphthalene (16). IR (neat) 3059,
1133 cm�1; 1H NMR d 7.52e7.62 (m, 3H), 7.83 (d, J¼7.3 Hz, 1H), 7.92
(d, J¼8.3 Hz, 1H), 8.04 (J¼8.2 Hz, 1H), 8.24 (d, J¼8.3 Hz, 1H); 19F
NMR d�83.97 (s, 3F),�108.90 (s, 2F), (lit.15�83.8 (3F, s),�108.9 (2F,
s)); 13C NMR d 134.1, 133.3, 129.9, 129.0, 127.6, 127.4 (t,
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3JCeF¼9.5 Hz), 126.4, 124.7e124.8 (m), 124.3, 124.2 (t,
2JCeF¼21.7 Hz), 119.7 (tq, 2JCeF¼39.3 Hz, 1JCeF¼287.0 Hz), 115.3 (tq,
1JCeF¼255.3 Hz, 2JCeF¼39.4 Hz).

4.5.5. 1,4-Dimethyl-2-(perfluoroethyl)benzene (18). IR (neat) 2931,
1207, 1187 cm�1; 1H NMR d 7.14e7.31 (m, 3H), 2.43 (t, J¼3.0 Hz, 3H),
2.36 (s, 3H); 19F NMR d �85.24 (s, 3F), �111.07 (s, 2F), (lit.4g �84.86
(s, 3F), �110.94 (s, 2F)); 13C NMR d 135.8, 134.7 (t, 3JCeF¼2.2 Hz),
132.5, 132.4, 128.5 (t, 3JCeF¼8.6 Hz), 126.6 (t, 2JCeF¼21.7 Hz), 119.7
(tq, 2JCeF¼40.1 Hz, 1JCeF¼286.1), 115.0 (tq, 1JCeF¼254.2 Hz,
2JCeF¼38.2 Hz), 20.7, 19.7e19.8 (m).

4.6. Desulfurizingefluorination of dithioacetal with
IF5epyridineeHF

4.6.1. 1-(Difluoromethyl)naphthalene (20). To a CH2Cl2 solution
(1.0 mL) of naphthaldehyde diphenyl dithioacetal (19) (179 mg,
0.5 mmol) was added at room temperature IF5epyridineeHF
(321 mg,1 mmol) and themixturewas stirred at room temperature
for 24 h. The resulting dark red solution was poured into water
(20 mL) and extractedwith ether (20 mL�3). The combined organic
layer was washed with aq NaHCO3 and aq Na2S2O3, and dried over
MgSO4. After concentration under reducedpressure, 20was isolated
by column chromatography (silica gel/hexane/CH2Cl2) in 74% yield;
IR (neat) 1514,1349,1242 cm�1; 1H NMR d 8.19e7.49 (m, 7H), 7.14 (t,
J¼55.8 Hz, 1H); 19F NMR d �111.48 (d, J¼56.0 Hz, 2F) (lit.16 �111.1);
13C NMR d 133.7, 131.5, 129.7, 129.5 (t, 2JCeF¼21.1 Hz), 128.7, 127.1,
126.4, 124.8 (t, 3JCeF¼8.6 Hz), 124.6, 123.5, 115.4 (t, 1JCeF¼239.5 Hz).

4.6.2. 4-(Difluoromethyl)-1,10-biphenyl (22). White solid. Mp
71e72 �C (lit.17 77.0e77.5 �C); IR (KBr) 1414, 1380, 1226, 1077, 1024,
767 cm�1; 1H NMR d 7.69e7.39 (m, 9H), 6.70 (t, J¼56.5 Hz, 1H); 19F
NMR d�110.98 (d, J¼57.3 Hz, 2F); 13C NMR d 143.7 (t, 5JCeF¼1.9 Hz),
140.2, 133.2 (t, 2JCeF¼22.1 Hz), 128.9 (2C), 127.9, 127.4 (2C), 127.2
(2C), 126.0 (t, 3JCeF¼6.2 Hz, 2C), 114.7 (t, 1JCeF¼238.5 Hz).

4.6.3. Methyl 4-(difluoromethyl)benzoate (24). White solid. Mp
38 �C (lit.18 36.5e37.0 �C); IR (KBr) 1724 (C]O), 1442, 1281 cm�1;
1H NMR d 8.13 (d, J¼8.0 Hz, 2H), 7.59 (d, J¼8.1 Hz, 2H), 6.70 (t,
J¼56.7 Hz, 1H), 3.95 (s, 3H); 19F NMR d �112.86 (d, J¼57.9 Hz, 2F);
13C NMR d 166.2, 138.4 (t, 2JCeF¼22.5 Hz), 132.3 (t, 4JCeF¼1.9 Hz),
129.9 (2C),125.6 (t, 3JCeF¼6.3 Hz, 2C),114.0 (t, 1JCeF¼240.9 Hz), 52.3.

4.6.4. 4-(Difluoromethyl)benzyl acetate (26). IR (neat) 2961, 1743
(C]O), 1380, 1227 cm�1; 1H NMR d 7.51 (d, J¼8.2 Hz, 2H), 7.44 (d,
J¼8.1 Hz, 2H), 6.65 (t, J¼57.0 Hz, 1H), 5.14 (s, 2H), 2.12 (s, 3H); 19F
NMR d �111.35 (d, J¼56.0 Hz, 2F); 13C NMR d 170.7, 138.7 (t,
5JCeF¼1.9 Hz), 134.2 (t, 2JCeF¼22.8 Hz), 128.2 (2C), 125.8 (t,
3JCeF¼6.2 Hz, 2C), 114.4 (t, 1JCeF¼240.0 Hz), 65.5, 20.8; HRMS (EI)
calcd for C10H10F2O2 200.06489, found 200.06395.

4.6.5. Difluorodiphenylmethane (28). IR (neat) 1453, 1274,
1223 cm�1; 1H NMR d 7.51e7.41 (m, 10H); 19F NMR d �89.43 (s, 2F)
(lit.10f �89); 13C NMR d 137.6 (t, 2JCeF¼28.3 Hz, 2C), 129.8 (t,
3JCeF¼1.9 Hz, 4C), 128.4 (2C), 125.8 (4C), 120.7 (t, 1JCeF¼243.0 Hz).

4.6.6. 9,9-Difluoro-9H-fluorene (30). White solid. Mp 46e48 �C
(lit.19 47e48 �C). IR (KBr) 1918, 1454, 1261 cm�1; 1H NMR d 7.62 (d,
J¼7.0 Hz, 2H), 7.56 (d, J¼7.3 Hz, 2H), 7.45 (dd, J¼7.5, 7.5 Hz, 2H), 7.33
(dd, J¼7.6, 7.6 Hz, 2H); 19F NMR d�112.12 (s, 2F); 13C NMR d 139.4 (t,
3JCeF¼5.3 Hz, 2C), 137.9 (t, 2JCeF¼25.1 Hz, 2C), 132.0 (2C), 128.7 (2C),
123.7 (2C), 123.2 (t, 1JCeF¼244.0 Hz), 120.3 (2C).

4.6.7. 2,2-Difluoroadamantane (32). White solid. Mp 102e103 �C
(lit.4d 104e105 �C); IR (KBr) 2938, 2917, 1389, 1121 cm�1; 1H NMR
d 2.18 (br s, 2H), 1.97 (br s, 2H), 1.94 (br s, 2H), 1.86 (br s, 2H),
1.78e1.72 (m, 6H); 19F NMR d �100.41 (s, 2F); 13C NMR d 125.5 (t,
1JCeF¼248.2 Hz), 36.6 (2C), 35.8 (t, 2JCeF¼4.0 Hz, 2C), 34.0 (t,
3JCeF¼4.0 Hz, 4C), 26.4.

4.7. Methylthiolation of 1,3-dithiane derivatives

4.7.1. 2-(Methylthio)-2-(naphthalen-1-yl)-1,3-dithiane (34a). To
a THF solution (6 mL) of 2-(naphthalene-1-yl)-1,3-dithiane (33a)
(246 mg, 1 mmol) was added at �30 �C a 1.6 M hexane solution of
BuLi (0.63 mL, 1 mmol), and the mixture was stirred at 0 �C for
1.5 h. Then, dimethyl disulfide (188 mg, 2 mmol) was added and the
mixture was stirred at 0 �C for 2 h and at room temperature over
night. The reaction mixture was poured into water (20 mL) and
extracted with ether (20 mL�3). The combined organic layer was
dried over MgSO4, and concentrated under reduced pressure. Pu-
rification by column chromatography (silica gel/hexane/ether) gave
34a in 87% yield; White solid, mp 104e105 �C; IR (KBr) 2912,
783 cm�1; 1H NMR d 9.49 (d, J¼8.6 Hz, 1H), 8.16 (d, J¼7.3 Hz, 1H),
7.84 (dd, J¼7.5, 7.4 Hz, 2H), 7.54e7.42 (m, 3H), 3.58 (ddd, J¼11.7,
11.6, 2.6 Hz, 2H), 2.81 (ddd, J¼14.4, 5.1, 3.2 Hz, 2H), 2.25e2.17 (m,
1H), 2.11e2.00 (m, 1H), 1.94 (s, 3H); 13C NMR d 135.1, 134.4, 130.4,
130.3, 128.8, 128.4, 127.4, 125.5, 124.4, 124.1, 64.4, 29.0 (2C), 24.5,
16.2; HRMS (EI) calcd for C15H16S3, 292.0414, found 292.0408.

4.7.2. 2-[(1,1 0-Biphenyl)-4-yl]-2-(methylthio)-1,3-dithiane
(34b). White solid. Mp 93e94 �C; IR (KBr) 2903, 1481, 1401,
1272 cm�1; 1H NMR d 8.00 (d, J¼7.7 Hz, 2H), 7.61 (d, J¼13.9 Hz, 4H),
7.46e7.34 (m, 3H), 3.44e3.37 (m, 2H), 2.80e2.74 (m 2H), 2.17e2.13
(m, 1H), 2.03e1.92 (m, 1H), 2.02 (s, 3H); 13C NMR d 141.0, 140.3,
139.8, 128.7 (2C), 128.2 (2C), 127.4, 127.1 (2C), 127.0 (2C), 63.7, 28.8
(2C), 24.3, 16.3; HRMS (EI) calcd for C17H18S3, 318.0571, found
318.0570.

4.7.3. Methyl 4-[2-(methylthio)-1,3-dithian-2-yl]benzoate (34c).
White solid. Mp 51e52 �C; IR (KBr) 2910, 1719 (C]O), 1283,
1114 cm�1; 1H NMR d 8.05e7.99 (m, 4H), 3.92 (s, 3H), 3.41e3.34 (m,
2H), 2.77e2.72 (m, 2H), 2.17e2.10 (m, 1H), 1.97 (s, 3H), 1.94e1.87 (m,
1H); 13C NMR d 166.4, 145.8, 129.8, 129.6 (2C), 127.8 (2C), 63.4, 52.1,
28.7 (2C), 24.1, 16.1; HRMS (EI) (Mþ�SMe) calcd for C12H13O2S2,
253.03570, found 253.03503.

4.7.4. 2-(4-Isobutylphenyl)-2-(methylthio)-1,3-dithiane (34d). IR
(neat) 2952, 2912, 1410 cm�1; 1H NMR d 7.81 (d, J¼8.3 Hz, 2H), 7.15
(d, J¼8.3 Hz, 2H), 3.43e3.36 (m, 2H), 2.77e2.71 (m, 2H), 2.47 (d,
J¼7.1 Hz, 2H), 2.17e2.11 (m,1H), 1.96 (s, 3H), 1.94e1.83 (m, 2H), 0.90
(d, J¼6.7 Hz, 6H); 13C NMR 141.9, 138.0, 129.1 (2C), 127.3 (2C), 63.7,
44.9, 30.0, 28.7 (2C), 24.4, 22.3 (2C), 16.2: HRMS (EI) (Mþ�SMe)
calcd for C14H19O2S2, 251.09282, found 251.09223.

4.7.5. 5-[2-(Methylthio)-1,3-dithian-2-yl]benzo[d][1,3]dioxole
(34e). White solid. Mp 73e74 �C; IR (KBr) 2899, 1484, 1254,
1034 cm�1; 1H NMR d 7.49 (d, J¼1.7 Hz, 1H), 7.45 (dd, J¼1.8, 8.2 Hz,
1H), 6.78 (d, J¼8.3 Hz, 1H), 5.98 (s, 2H), 3.36 (dd, J¼11.4, 11.6 Hz,
2H), 2.77e2.71 (m, 2H), 2.16e2.10 (m, 1H), 1.99 (s, 3H), 1.95e1.86
(m, 1H); 13C NMR d 147.7, 147.4, 134.6, 121.6, 108.5, 107.3, 101.3, 63.6,
28.9 (2C), 24.2, 16.2; HRMS (EI) (Mþ�Me) calcd for C11H11O2S3,
270.9911, found 270.9917.

4.8. The desulfurizingefluorination reaction of 2-(methyl-
thio)-1,3-dithiane derivatives with IF5epyridineeHF

4.8.1. 1-(Trifluoromethyl)naphthalene (35a). To a CH2Cl2 solution
(2 mL) of 34a (146 mg, 0.5 mmol) was added at room temperature
IF5epyridineeHF (482 mg, 1.5 mmol), and the mixture was stirred
at room temperature for 12 h. The mixture was poured into water
(20 mL) and extracted with CH2Cl2 (20 mL�3). The combined
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organic layer was washed with aq NaHCO3 and aq Na2S2O3, and
dried over MgSO4. After concentration under reduced pressure, 35a
was isolated by column chromatography (silica gel, hexane/CH2Cl2)
in 78% yield; IR (neat) 3060, 1515, 1316, 1119 cm�1; 1H NMR d 8.19
(d, J¼8.5 Hz, 1H), 8.03 (d, J¼8.3 Hz, 1H), 7.93 (d, J¼8.0 Hz, 1H), 7.87
(d, J¼7.3 Hz, 1H), 7.65e7.49 (m, 3H); 19F NMR d �60.39 (s, 3F), (lit.20

�59.72), (s, 3F); 13C NMR d 133.8, 132.7, 128.9, 128.7, 127.6, 126.6,
126.0 (q, 2JCeF¼30.5 Hz), 124.7 (q, 3JCeF¼5.7 Hz), 124.6 (q,
1JCeF¼273.4 Hz), 124.2 (q, 3JCeF¼2.6 Hz), 124.1.

4.8.2. 4-(Trifluoromethyl)-1,10-biphenyl (35b). White solid. Mp
68e69 �C (lit.21 69e70 �C); IR (KBr) 1614, 1334, 1116 cm�1; 1H NMR
d 7.68 (s, 5H), 7.58e7.38 (m, 4H); 19F NMR d�63.83 (s, 3F); 13C NMR
d 144.7, 139.7, 129.3 (q, 2JCeF¼32.6 Hz), 129.0 (2C), 128.2, 127.4 (2C),
127.2 (2C), 125.7 (q, 3JCeF¼3.8 Hz, 2C), 124.3 (q, 1JCeF¼271.8 Hz).

4.8.3. Methyl 4-(trifluoromethyl)benzoate (35c). IR (neat) 2957,1731
(C]O), 1328, 1282, 1131 cm�1; 1H NMR d 8.16 (d, J¼8.0 Hz, 2H), 7.71
(d, J¼8.1 Hz, 2H), 3.96 (s, 3H); 19FNMR d�63.73 (s, 3F) (lit.22�62.9 (s,
3F)); 13C NMR d 165.8, 134.4 (q, 2JCeF¼32.9 Hz), 133.3, 129.9 (2C),
125.4 (q, 3JCeF¼3.6 Hz, 2C), 123.6 (q, 1JCeF¼272.8 Hz), 52.5.

4.8.4. 1-Isobutyl-4-(trifluoromethyl)benzene (35d). IR (neat) 2960,
1327, 1124 cm�1; 1H NMR d 7.52 (d, J¼8.9 Hz, 2H), 7.25 (d, J¼8.9 Hz,
2H), 2.53 (d, J¼7.2 Hz, 2H), 1.92e1.85 (m,1H), 0.91 (d, J¼6.5 Hz, 6H);
19F NMR d �62.87 (s, 3F); 13C NMR d 145.8, 129.3 (2C), 128.0 (q,
2JCeF¼32.2 Hz), 125.0 (q, 3JCeF¼3.7 Hz, 2C), 124.4 (q,
1JCeF¼271.8 Hz), 45.2, 30.1, 22.2 (2C); HRMS (EI) calcd for C11H13F3
202.09693, found 202.09653.

4.8.5. 5-(Trifluoromethyl)benzo[d][1,3]dioxole (35e). IR (neat) 2911,
1449,1317,1265,1119 cm�1; 1H NMR d 7.14 (d, J¼8.2 Hz,1H), 7.03 (d,
J¼1.6 Hz, 1H), 6.86 (d, J¼8.2 Hz, 1H) 6.04 (s, 2H); 19F NMR d �62.03
(s, 3F) (lit.22 �61.3 (s, 3F)); 13C NMR d 150.3, 147.9, 124.2 (q,
2JCeF¼33.2 Hz), 124.1 (q, 1JCeF¼270.9 Hz), 119.8 (q, 3JCeF¼4.1 Hz),
108.2, 105.8 (q, 3JCeF¼2.8 Hz), 101.9.

Acknowledgements

We are grateful to Asahi Glass Co., Ltd. for their donation of IF5.

References and notes

1. (a) Kirsh, P. In Modern Fluoroorganic Chemistry; Wiley-VCH: Weinheim, 2004;
p 203; (b) Hiyama, T. In Organofluorine Compounds; Yamamoto, H., Ed.;
Springer: Heidelberg, 2000; p 212; (c) Anderson, R. F.; Punderson, J. O. In Or-
ganofluorine Chemicals and Their Industrial Applications; Banks, R. E., Ed.; Ellis
Horwood LTD.: Chichester, UK, 1979; p 235.

2. Recent reviews and books on fluorination reagent, see: (a) Singh, R. P.; Shreeve,
J. M. Synthesis 2002, 2561; (b) Kirk, K. L. Org. Process Res. Dev. 2008, 12, 305; (c)
Al-Maharik, N.; O’Hagan, D. Aldrichimica Acta 2011, 44, 65; (d) Uneyama, K.
Organofluorine Chemistry; Blackwell: Oxford, 2006.

3. Air stable fluorination reagents. ArIF2: (a) Motherwell, W. B. Aldrichimica Acta
1992, 25, 71; (b) Sawaguchi, M.; Hara, S.; Yoneda, N. J. Fluorine Chem. 2000, 105,
313; (c) Hara, S. In Advances in Organic Synthesis; Laali, K. K., Ed.; Bentham
Science LTD: Hilversum, 2006; p 49; Selectfluor: (d) Singh, R. P.; Shreeve, J. M.
Acc. Chem. Res. 2004, 37, 31; (e) Nyffeler, P. T.; Dur�on, S. G.; Burkart, M. D.;
Vincent, S. P.; Wong, C.-H. Angew. Chem., Int. Ed. 2005, 44, 192 XtalFluos: (f)
Beaulieu, F.; Beauregard, L.-P.; Courchesne, G.; Couturier, M.; LaFlamme, F.;
L’Heureux, A. Org. Lett. 2009, 11, 5050; (g) L’Heureux, A.; Beaulieu, F.; Bennett,
C.; Bill, D. R.; Clayton, S.; LaFlamme, F.; Mirmehrabi, M.; Tadayon, S.; Tovell, D.;
Couturier, M. J. Org. Chem. 2010, 75, 3401 Fluolead: (h) Umemoto, T.; Singh, R.
P.; Xu, Y.; Saito, N. J. Am. Chem. Soc. 2010, 132, 18199; (i) Singh, R. P.; Umemoto, T.
J. Org. Chem. 2011, 76, 3113.

4. (a) Ayuba, S.; Yoneda, N.; Fukuhara, T.; Hara, S. Bull. Chem. Soc. Jpn. 2002, 75,
1597; (b) Ayuba, S.; Fukuhara, T.; Hara, S. Org. Lett. 2003, 5, 2873; (c) Ayuba, S.;
Hiramatsu, C.; Fukuhara, T.; Hara, S. Tetrahedron 2004, 60, 11445; (d) Hara, S.;
Aoyama, M. Synthesis 2008, 2510; (e) Fukuhara, T.; Hara, S. Synlett 2009, 198; (f)
Fukuhara, T.; Hara, S. J. Org. Chem. 2010, 75, 7393; (g) Tahara, R.; Fukuhara, T.;
Hara, S. J. Fluorine Chem. 2011, 132, 579; (h) Imagawa, Y.; Yoshikawa, S.; Fuku-
hara, T.; Hara, S. Chem. Commun. 2011, 9191.

5. As for the solid prepared from IF5 and Me4NF, see: Mahjoub, A. R.; Seppelt, K.
Angew. Chem., Int. Ed. Engl. 1991, 30, 323.

6. Previously, IF5eEt3Ne3HF was reported as a stable, non-hazardous, and easy to
handle reagent.4a,7 However, IF5eEt3Ne3HF is less stable than
IF5epyridineeHF, and decomposes in air under emitting HF.

7. Yoneda, N.; Fukuhara, T. Chem. Lett. 2001, 222.
8. IF5epyridineeHF is soluble in polar solvent, such as acetonitrile and DMF, and

poorly soluble in CH2Cl2 and hexane. However, in the polar solvents, the
fluorination reaction of 1 did not proceed.

9. Structure of 10 was estimated from the chemical sift of that of a previously
reported similar compound, see: Brigaud, T.; Laurent, E. Tetrahedron Lett. 1990,
31, 2287.

10. Xþ/pyridineeHF(70%): (a) Sondej, S. C.; Katzenellenbogen, J. A. J. Org. Chem.
1986, 51, 3508; (b) Hird, M.; Toyne, K. J.; Slaney, A. J.; Goodby, J. W.; Gray, G. W. J.
Chem. Soc., Perkin Trans. 2 1993, 2337; (c) Prakash, G. K. S.; Hoole, D.; Reddy, V.
P.; Olah, G. A. Synlett 1993, 691; (d) Kuroboshi, M.; Hiyama, T. J. Fluorine Chem.
1994, 69, 127 Xþ/TBAþH2F3�: (e) Kuroboshi, M.; Hiyama, T. Synlett 1991, 909
NOþ/pyridineeHF (70%): (f) York, C.; Prakash, G. K. S.; Olah, G. A. Tetrahedron
1996, 52, 9 Xþ/hexafluoropropene-diethylamine: (g) Shimizu, M.; Maeda, T.;
Fujisawa, T. J. Fluorine Chem. 1995, 71, 9 F2/I2: (h) Chambers, R. D.; Sandford, G.;
Atherton, M. J. Chem. Soc., Chem. Commun. 1995, 177; (i) Chambers, R. D.;
Sandford, G.; Sparrowhawk, M. E.; Atherton, M. J. J. Chem. Soc., Perkin Trans. 1
1996, 1941 Selectfluor/pyridineeHF (70%): (j) Reddy, V. P.; Alleti, R.; Peram-
buduru, M. K.; Welz-Biermann, U.; Buchholz, H.; Prakash, G. K. S. Chem. Com-
mun. 2005, 645 ArIF2: (k) Motherwell, W. B.; Wilkinson, J. A. Synlett 1991, 191
BrF3; (l) Sasson, R.; Hagooly, A.; Rozen, S. Org. Lett. 2003, 5, 769; (m) Cohen, O.;
Rozen, S. Tetrahedron 2008, 64, 5362; (n) Cohen, O.; Hagooly, Y.; Rozen, S.
Tetrahedron 2009, 65, 1361; (o) Hagooly, Y.; Rozen, S. Org. Lett. 2012, 14, 1114
Elecrochemical method: (p) Yoshiyama, T.; Fuchigami, T. Chem. Lett. 1992, 1995;
(q) Fuchigami, T.; Fujita, T. J. Org. Chem. 1994, 59, 7190; (r) Fujita, T.; Fuchigami,
T. Tetrahedron Lett. 1996, 37, 4725.

11. For the recent reviews of aromatic trifluoromethylation, see: (a) Tomashenko,
O. A.; Grushin, V. V. Chem. Rev. 2011, 111, 4475; (b) Roy, S.; Gregg, B. T.; Gribble,
G. W.; Le, V.-D.; Roy, S. Tetrahedron 2011, 67, 2161.

12. Ellison, R. A.; Woessner, W. D.; Williams, C. C. J. Org. Chem. 1972, 17, 2757.
13. Preparation of trifluoromethyl compounds from trialkyl oththothio esters: (a)

Matthews, D. P.; Whitten, J. P.; McCarthy, J. R. Tetrahedron Lett. 1986, 27, 4861
From dithiocarboxylate: (b) Zupan, M.; Bregar, Z. Tetrahedron Lett. 1990, 31,
3357; (c) Kuroboshi, M.; Hiyama, T. Chem. Lett. 1992, 827; (d) Furuta, S.; Kur-
oboshi, M.; Hiyama, T. Bull. Chem. Soc. Jpn. 1999, 72, 805; (e) Cohen, C.; Mishani,
E.; Rozen, S. Tetrahedron 2010, 66, 3579.

14. Prokopcov�a, H.; Ramírez, J.; Fern�andez, E.; Kappe, C. O. Tetrahedron Lett. 2008,
49, 4831.

15. Freskos, J. N. Synth. Commun. 1988, 18, 965.
16. Middleton, W. J. J. Org. Chem. 1975, 40, 574.
17. Fujikawa, K.; Fujioka, Y.; Kobayashi, A.; Amii, H. Org. Lett. 2011, 13, 5560.
18. Furuya, T.; Fukuhara, T.; Hara, S. J. Fluorine Chem. 2005, 126, 721.
19. Ray, F. E.; Albertson, C. E. J. Am. Chem. Soc. 1948, 70, 1954.
20. Xu, J.; Luo, D.-F.; Xiao, B.; Liu, Z.-J.; Gong, T.-J.; Fu, Y.; Liu, L. Chem. Commun.

2011, 4300.
21. Kiss, �A.; Hell, Z.; B�alint, M. Org. Biomol. Chem. 2010, 8, 331.
22. Chu, L.; Qing, F.-L. Org. Lett. 2010, 12, 5060.


	IF5–pyridine–HF: air- and moisture-stable fluorination reagent
	1. Introduction
	2. Results and discussion
	3. Conclusion
	4. Experimental section
	4.1. General methods
	4.2. Preparation of pyridine–HF (HF 50mol %, pyridine 50mol %)
	4.3. Preparation of IF5–pyridine–HF
	4.4. Fluorination of sulfide with IF5–pyridine–HF
	4.4.1. Ethyl 2-[(4-chlorophenyl)thio]-2-fluoropropanoate (3)
	4.4.2. Decyl 2-[(4-chlorophenyl)thio]-2,2-difluoroacetate (5)
	4.4.3. 2-[(4-Chlorophenyl)thio]-2-fluorocyclohexanone (7)

	4.5. Desulfurizing–difluorination of a benzylic sulfide with IF5–pyridine–HF
	4.5.1. 2,2-Difluoro-1,2-diphenylethanone (9)
	4.5.2. Butyl 2,2-difluoro-2-phenylacetate (12)
	4.5.3. N,N-Diethyl-2,2-difluoro-2-phenylacetamide (14)
	4.5.4. 1-(Perfluoroethyl)naphthalene (16)
	4.5.5. 1,4-Dimethyl-2-(perfluoroethyl)benzene (18)

	4.6. Desulfurizing–fluorination of dithioacetal with IF5–pyridine–HF
	4.6.1. 1-(Difluoromethyl)naphthalene (20)
	4.6.2. 4-(Difluoromethyl)-1,1′-biphenyl (22)
	4.6.3. Methyl 4-(difluoromethyl)benzoate (24)
	4.6.4. 4-(Difluoromethyl)benzyl acetate (26)
	4.6.5. Difluorodiphenylmethane (28)
	4.6.6. 9,9-Difluoro-9H-fluorene (30)
	4.6.7. 2,2-Difluoroadamantane (32)

	4.7. Methylthiolation of 1,3-dithiane derivatives
	4.7.1. 2-(Methylthio)-2-(naphthalen-1-yl)-1,3-dithiane (34a)
	4.7.2. 2-[(1,1′-Biphenyl)-4-yl]-2-(methylthio)-1,3-dithiane (34b)
	4.7.3. Methyl 4-[2-(methylthio)-1,3-dithian-2-yl]benzoate (34c)
	4.7.4. 2-(4-Isobutylphenyl)-2-(methylthio)-1,3-dithiane (34d)
	4.7.5. 5-[2-(Methylthio)-1,3-dithian-2-yl]benzo[d][1,3]dioxole (34e)

	4.8. The desulfurizing–fluorination reaction of 2-(methylthio)-1,3-dithiane derivatives with IF5–pyridine–HF
	4.8.1. 1-(Trifluoromethyl)naphthalene (35a)
	4.8.2. 4-(Trifluoromethyl)-1,1′-biphenyl (35b)
	4.8.3. Methyl 4-(trifluoromethyl)benzoate (35c)
	4.8.4. 1-Isobutyl-4-(trifluoromethyl)benzene (35d)
	4.8.5. 5-(Trifluoromethyl)benzo[d][1,3]dioxole (35e)


	Acknowledgements
	References and notes


