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Fluorine atoms in vinylic and allylic positions are highly
versatile substituents.[1] Among the compounds bearing these
fluorine atoms, 2-trifluoromethyl-1-alkenes and 1,1-difluoro-
1-alkenes are attractive as building blocks for organic
syntheses.[2] Because these fluoroalkenes are electron-defi-
cient, they inherently react with nucleophiles instead of
electrophiles. 2-Trifluoromethyl-1-alkenes are subjected to
nucleophilic attack at the carbon atom in the position g with
respect to the fluorine substituents (Scheme 1A).[2] Succes-

sive elimination of fluoride ions proceeds, which is caused by
migration of the double bond, resulting in the formation of
1,1-difluoro-1-alkenes (SN2’-type reaction).[3] On the other
hand, nucleophilic substitution occurs in the 1,1-difluoro-1-

alkenes at the vinylic CF2 carbon atom (Scheme 1B).[2] This
substitution provides monofluorinated and non-fluorinated
alkenes through an addition–elimination process (SNV reac-
tion).[4] Both substitutions have been useful in organic
syntheses.[5–9]

On the basis of the concept of combining these two
substitutions, we adopted a simple method of constructing
fluorinated ring systems using bifunctional nucleophiles (XH-
YH, Scheme 1C). In the proposed ring constructions, SN2’-
type reactions of 2-trifluoromethyl-1-alkenes would proceed
with one of the nucleophilic centers (XH-) to give the
corresponding 1,1-difluoro-1-alkenes, and the 1,1-difluoro-1-
alkenes formed would then be subjected to intramolecular
SNV reactions with the other nucleophilic moiety (-YH), to
give ring-fluorinated cyclic compounds. In this sequence, the
substitution of two fluorine atoms in a trifluoromethyl group
could be used to construct two bonds, which would promote
an unprecedented ring formation.

Herein, we report a simple method for the synthesis of 3-
fluoropyrazoles using hydrazines as bifunctional nucleophiles.
Pyrazoles bearing fluoroalkyl groups have been synthesized
for their use in agrochemicals and pharmaceuticals.[10] In
contrast, methods for the synthesis of ring-fluorinated pyr-
azoles have not been extensively studied and have not been
well developed to date.[11–13]

SN2’-type reactions of trifluoromethylstyrene 1a with
substituted hydrazines were examined (Table 1). When meth-

Scheme 1. Background and concept of our ring construction. Table 1: SN2’-type reactions of trifluoromethylstyrene 1a.[a]

Entry R Base Conditions Yield [%]

1 Me nBuLi �78 8C, 2 h 66 (55:45)[b]

2 Ac NaH reflux, 4.5 h 11[c]

3 Bz NaH 55 8C, 24 h –
4 Ts nBuLi �78 to 0 8C, 3 h –
5 Boc, 2a[d] NaH 0 8C, 1 h 92, 3a
6 Ph, 2b nBuLi �60 8C, 2 h 75,[c] 3e ; 6,[c] 4e

[a] THF = tetrahydrofuran. [b] The regioisomeric ratio was determined by
19F NMR spectroscopy. The regiochemistry was not assigned. [c] Yield as
determined by 19F NMR spectroscopy. [d] 2a (1.8 equiv.) and NaH
(1.8 equiv.).
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ylhydrazine was used, the corresponding substitution prod-
ucts 3 were obtained as a roughly 1:1 mixture of regioisomers
in terms of the hydrazine nitrogen atoms (66% yield, entry 1).
SN2’-type reactions with acetyl (Ac), benzoyl (Bz), and p-
toluenesulfonyl (Ts, tosyl) hydrazines were tested without
success (entries 2–4). However, tert-butoxycarbonyl (Boc)
hydrazine 2a regioselectively gave 1,1-difluoro-1-alkene 3a,
which is the desired SN2’-type product with a Boc group on the
inner nitrogen, in 92 % yield (entry 5). Phenylhydrazine 2b
was also subjected to the regioselective SN2’-type reaction
using treatment with butyllithium at�60 8C to give 3e in 75%
yield (entry 6) with a small amount of the overreaction
product 4e (6%).[14]

Similarly, several 2-trifluoromethyl-1-alkenes 1 were sub-
jected to SN2’-type reactions with Boc- and arylhydrazines 2 to
form difluorostyrenes 3, the tosylation of which gave the
corresponding tosylhydrazides 5 (Figure 1 and Table 2). The

rates of the SN2’-type reactions were significantly affected by
the substituent: the electron-donating methoxy group on 1b
decreased the rate of the SN2’-type reaction (7 hours, 95%
yield, entry 2) and the electron-withdrawing bromo- and
trifluoromethyl groups on 1c and 1d increased the rate of the
reaction (0.5 hours each, 72 % and 79% yields, entries 3 and
4, respectively). Tolylhydrazines 2c and 2d, each bearing an
electron-donating methyl group, gave the corresponding SN2’-
type products 3 f and 3 g in 80% and 88% yields, respectively
(entries 6 and 7), while 2e bearing an electron-withdrawing
trifluoromethyl group gave 3h in 32 % yield (entry 8).

The difluoroalkenes 3 formed were tosylated without
purification on their terminal nitrogen atom to give tosylhy-
drazides 5a–h in excellent yield. Hydrazides 5 were expected
to afford aromatized 3-fluoropyrazoles directly through
intramolecular SNV reactions and elimination of p-toluene-
sulfinic acid.

When tosylhydrazide 5a was treated with NaH
(2.2 equiv.) in refluxing THF, ring closure proceeded to give
the cyclized product, dihydropyrazole 6a in 10 % yield and
the desired aromatized 3-fluoropyrazole 7a in 11% yield
(Table 3, entry 1). The yield of the desired 7a was remarkably

improved to 86% by conducting the reaction in DMF as
opposed to other solvents (entries 2–4). Lithium hexamethyl-
disilazide (LHMDS) and KH were found to be less effective
as bases for the reaction than NaH (entries 5 and 6).[15]

Ring closure and elimination reactions completed our
sequential synthesis of 3-fluoropyrazoles (Table 4). Boc-
hydrazides 5a–d were treated with NaH in DMF to give the
corresponding 3-fluorinated N-Boc-pyrazoles 7a–d in 55–
86% yields (entries 1–4). Arylhydrazides 5e–h also afforded
the corresponding 3-fluorinated N-arylpyrazoles 7e–h in 96–
98% yields (entries 5–8). These products 7 and 6 were
obtained as single regioisomers.[16]

Synthesis of 4-unsubstituted 3-fluoropyrazoles was also
accomplished by using 2-silylated trifluoromethylalkenes
(Scheme 2). Although the parent, 2-unsubstituted 3,3,3-tri-
fluoropropene was not a suitable substrate for the SN2’-type
reaction with hydrazines,[17] 2-silylated trifluoropropene 1e
was readily subjected to SN2’-type reactions with Boc- and
phenylhydrazines, 2a and 2b.[3a] Desilylation occurred during
cyclization to give 3-fluoropyrazoles 7 i and 7j in high yields.

To elucidate the cyclization mechanism, we performed
several experiments. When the isolated dihydropyrazole 6c
was treated with NaH, 7c was not obtained [Eq. (1)]. This
suggests that the formation of fluoropyrazoles 7 proceeds

Figure 1. List of substrates.

Table 2: Regioselective SN2’-type reaction and tosylation.

Entry 1 2 Conditions[a] 3 [%][b] 5 [%][c]

1 1a 2a A, 1 h 97, 3a 96 [89], 5a
2 1b 2a A, 7 h 95, 3b 99 [88], 5b
3 1c 2a A, 0.5 h 72, 3c 98 [72], 5c
4 1d 2a A, 0.5 h 79, 3d quant. [69], 5d
5 1a 2b B, 2 h 76, 3e 92 [63], 5e
6 1a 2c B, 2 h 80, 3 f 96 [57], 5 f
7 1a 2d B, 2 h 88, 3g 83 [73], 5g
8 1a 2e B, 2 h 32,[d] 3h 94 [30], 5h

[a] Condition A: 2a, NaH (1.8 equiv.), THF, 0 8C. Condition B: 2b–e,
nBuLi (1.8 equiv.), THF, �78 to �55 8C. [b] Yield as determined by
19F NMR spectroscopy. [c] Yield as determined by 19F NMR spectroscopy
for tosylation step. Yield of the isolated product over two steps is shown
in square brackets. [d] �98 8C.

Table 3: Cyclization and elimination reactions of 5a.

Entry Base Solvent[a] Conditions 6a [%][b] 7a [%][b]

1 NaH THF reflux, 9 h 10 11
2 NaH HMPA RT, 12 h 4 32
3 NaH DMA RT, 12 h 13 68
4 NaH DMF RT, 5 h 12[c] 86[c]

5 LHMDS DMF RT, 20 h 6 47
6 KH DMF RT, 6.5 h 8[c] 56[c]

[a] HMPA= hexamethylphosphoramide; DMA = N,N-dimethylaceta-
mide; DMF= dimethylformamide. [b] Yield as determined by 19F NMR
spectroscopy. [c] Yield of the isolated product.
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through a pathway other than the originally assumed SNV
process of 5 (Scheme 3a).[18] One possible alternative is the
pathway involving nitrene intermediates 8 (Scheme 3 b).
However, this is not true because the separately-formed
nitrene 8 a generated by treating 3a with iodosylbenzene[19]

gave the [2,3]-rearrangement product 9 a along with only
a trace amount of 7a [Eq. (2)]. Therefore, we propose that the
cyclization proceeds through azomethine imine intermediates

10 (Scheme 3c).[20] Azomethine imines are normally prepared
from hydrazine derivatives and aldehydes and have been used
mainly in 1,3-dipolar cycloadditions to prepare pyrazolidines
and dihydropyrazoles.[21] The pyrazole ring formation ach-
ieved in this study provides a novel use for azomethine imines
in organic synthesis.

Thus, we have achieved substitution of two fluorine atoms
in a trifluoromethyl group by combining two substitutions of
allylic and vinylic fluorine atoms, which allows the regiose-
lective synthesis of 3-fluoropyrazoles: 1) the SN2’-type reac-
tion of 2-trifluoromethyl-1-alkenes with lithio- or sodio-
hydrazines gave 1,1-difluoro-1-alkenes and 2) the cyclization
of tosylated 1,1-difluoro-1-alkenes afforded 3-fluoropyrazoles
in good to excellent yield. We hypothesize that the cyclization
process proceeds via azomethine imine intermediates, which
will potentially promote the use of azomethine imines in
organic synthesis.

Experimental Section
Synthesis of tosylhydrazide 5a (Condition A): Sodium hydride
(43 mg, 1.8 mmol) was added to a THF (2.0 mL) solution of a-
trifluoromethylstyrene (1a, 172 mg, 1.00 mmol) and Boc-hydrazine
(2a, 239 mg, 1.80 mmol) at 0 8C. After the mixture was stirred for 1 h
at 0 8C, phosphate buffer (pH 7) was added to quench the reaction.
Organic materials were extracted with ethyl acetate three times. The
combined extracts were washed with brine and dried over anhydrous
sodium sulfate. After removal of the solvent under reduced pressure,
the residue was transferred to a reaction flask with ethyl acetate for
the following tosylation step. Ethyl acetate was removed under
vacuum and the residue was azeotropically dehydrated with pyridine
under reduced pressure three times to give crude 3a.

Tosyl chloride (515 mg, 2.70 mmol) was added to a pyridine
(2.0 mL) solution of the crude 3a at room temperature. After the
mixture was stirred for 2.5 h at room temperature, phosphate buffer
(pH 7) was added to quench the reaction. The mixture was filtered,
and organic materials were extracted with ethyl acetate three times.
The combined extracts were washed with brine and dried over
anhydrous sodium sulfate. After removal of the solvent under
reduced pressure, the residue was purified by column chromatog-
raphy (hexane/AcOEt 4:1) on silica gel. After removal of the solvent
under reduced pressure, hexane was added to the viscous liquid. The
obtained solid was washed with hexane three times, and tosylhydra-
zide 5a was obtained as a white powder (390 mg, 89%, two steps).

Synthesis of 3-fluoropyrazole 7a : Sodium hydride (24 mg,
1.0 mmol) was added to a DMF (0.9 mL) solution of tosylhydrazide

Table 4: Synthesis of 3-fluoropyrazoles.[a]

Entry 5 t [h] 7 [%] 6 [%]

1 5a 5 86, 7a 12, 6a

2 5b 72 85, 7b –

3 5c 14 55, 7c 20, 6c

4 5d 14 56, 7d 23, 6d

5 5e 6 98, 7e –

6 5 f 6 98, 7 f –

7 5g 6 96, 7g –

8 5h 6 97, 7h –

[a] Conditions: 5, NaH (2.2 equiv.), DMF, RT.

Scheme 2. Synthesis of 4-unsubstituted 3-fluoropyrazoles.

Scheme 3. Plausible mechanism for pyrazole formation.
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5a (200 mg, 0.456 mmol) at room temperature. After the mixture was
stirred for 5 h at room temperature, phosphate buffer (pH 7) was
added to quench the reaction. Organic materials were extracted with
ethyl acetate three times. The combined extracts were washed with
brine and dried over anhydrous sodium sulfate. After removal of the
solvent under reduced pressure, the residue was purified by column
chromatography (hexane/AcOEt 10:1) on silica gel to give fluoro-
pyrazole 7a (104 mg, 86 %) and dihydrofluoropyrazole 6a (23 mg,
12%) as colorless liquids.

Received: August 28, 2012
Published online: October 19, 2012

.Keywords: cyclization · fluorine · fluoroalkene ·
nucleophilic substitution · pyrazole

[1] a) R. D. Chambers, Fluorine in Organic Chemistry, Blackwell
Publishing, Oxford, 2004 ; b) Organofluorine Chemistry, Princi-
ples and Commercial Applications (Eds.: R. E. Banks, B. E.
Smart, J. C. Tatlow), Plenum, New York, 1994.

[2] a) G. Chelucci, Chem. Rev. 2012, 112, 1344 – 1462; b) H. Amii, K.
Uneyama, Chem. Rev. 2009, 109, 2119 – 2183.

[3] a) J. Ichikawa, H. Fukui, Y. Ishibashi, J. Org. Chem. 2003, 68,
7800 – 7805, and references therein; b) J.-P. B�gu�, D. Bonnet-
Delpon, M. H. Rock, J. Chem. Soc. Perkin Trans. 1 1996, 1409 –
1413; c) T. Kitazume, T. Ohnogi, H. Miyauchi, T. Yamazaki, J.
Org. Chem. 1989, 54, 5630 – 5632; d) T. Fuchikami, Y. Shibata, Y.
Suzuki, Tetrahedron Lett. 1986, 27, 3173 – 3176.

[4] a) G. Landelle, P. A. Champagne, X. Barbeau, J.-F. Paquin, Org.
Lett. 2009, 11, 681 – 684; b) Y. Gimbert, A. Moradpour, G. Dive,
D. Dehareng, K. Lahlil, J. Org. Chem. 1993, 58, 4685 – 4690; c) K.
Okuhara, J. Org. Chem. 1976, 41, 1487 – 1494.

[5] Whereas 5-endo-trig cyclization is a disfavored process in
Baldwin�s rules, we already reported that 2-trifluoromethyl-1-
alkenes and 1,1-difluoro-1-alkenes are suitable substrates to
accomplish 5-endo-trig ring closures. For an account of our
syntheses of fluorinated cyclic compounds based on nucleophilic
5- or 6-endo-trig cyclizations of fluoroalkenes, see: J. Ichikawa,
Chim. Oggi 2007, 25 (4), 54 – 57.

[6] For our cyclizations of 2-trifluoromethyl-1-alkenes, see in
particular: a) J. Ichikawa, J. Synth. Org. Chem. Jpn. 2010, 68,
1175 – 1184; b) J. Ichikawa, Y. Iwai, R. Nadano, T. Mori, M.
Ikeda, Chem. Asian J. 2008, 3, 393 – 406; c) R. Nadano, Y. Iwai,
T. Mori, J. Ichikawa, J. Org. Chem. 2006, 71, 8748 – 8754.

[7] For our cyclizations of 1,1-difluoro-1-alkenes, see in particular:
a) J. Ichikawa in Fluorine-Containing Synthons (ACS Sympo-
sium Series), Vol. 911 (Ed.: V. A. Soloshonok), Oxford Univer-
sity Press and American Chemical Society, Washington, DC,
2005, pp. 262 – 275; b) J. Ichikawa, Org. Synth. 2011, 88, 162 –
167; c) J. Ichikawa, Y. Wada, H. Kuroki, J. Mihara, R. Nadano,
Org. Biomol. Chem. 2007, 5, 3956 – 3962; d) J. Ichikawa, Y.
Wada, M. Fujiwara, K. Sakoda, Synthesis 2002, 1917 – 1936.

[8] For cationic cyclizations of 1,1-difluoro-1-alkenes, see: a) K.
Fuchibe, H. Jyono, M. Fujiwara, T. Kudo, M. Yokota, J.
Ichikawa, Chem. Eur. J. 2011, 17, 12175 – 12185; b) W. Naka-
nishi, T. Matsuno, J. Ichikawa, H. Isobe, Angew. Chem. 2011, 123,
6172 – 6175; Angew. Chem. Int. Ed. 2011, 50, 6048 – 6051; c) H.
Isobe, S. Hitosugi, T. Matsuno, T. Iwamoto, J. Ichikawa, Org.
Lett. 2009, 11, 4026 – 4028; d) J. Ichikawa, M. Yokota, T. Kudo, S.
Umezaki, Angew. Chem. 2008, 120, 4948 – 4951; Angew. Chem.
Int. Ed. 2008, 47, 4870 – 4873.

[9] For metal-catalyzed substitution reactions of fluoroalkenes, see:
[2-trifluoromethyl-1-alkenes] a) T. Miura, Y. Ito, M. Murakami,
Chem. Lett. 2008, 37, 1006 – 1007; b) J. Ichikawa, R. Nadano, N.
Ito, Chem. Commun. 2006, 4425 – 4427. [1,1-difluoro-1-alkenes]
c) H. Tanabe, J. Ichikawa, Chem. Lett. 2010, 39, 248 – 249; d) J.

Ichikawa, K. Sakoda, J. Mihara, N. Ito, J. Fluorine Chem. 2006,
127, 489 – 504; e) K. Sakoda, J. Mihara, J. Ichikawa, Chem.
Commun. 2005, 4684 – 4686.

[10] See for example: a) S. Fustero, R. Rom�n, J. F. Sanz-Cervera, A.
Sim�n-Fuentes, A. C. CuÇat, S. Villanova, M. Murgu�a, J. Org.
Chem. 2008, 73, 3523 – 3529; b) P. J. Skinner, M. C. Cherrier, P. J.
Webb, Y.-J. Shin, T. Gharbaoui, A. Lindstrom, V. Hong, S. Y.
Tamura, H. T. Dang, C. C. Pride, R. Chen, J. G. Richman, D. T.
Connolly, G. Semple, Bioorg. Med. Chem. Lett. 2007, 17, 5620 –
5623; c) S. M. Sakya, K. M. Lundy DeMello, M. L. Minich, B.
Rast, A. Shavnya, R. J. Rafka, D. A. Koss, H. Cheng, J. Li, B. H.
Jaynes, C. B. Ziegler, D. W. Mann, C. F. Petras, S. B. Seibel,
A. M. Silvia, D. M. George, L. A. Lund, S. S. Denis, A. Hickman,
M. L. Haven, M. P. Lynch, Bioorg. Med. Chem. Lett. 2006, 16,
288 – 292.

[11] [3-fluoropyrazoles] a) D. A. Clark, G. P. Lahm, B. K. Smith, J. D.
Barry, D. G. Clagg, Bioorg. Med. Chem. 2008, 16, 3163 – 3170;
b) F. Fabra, J. Vilarrasa, J. Coll, J. Heterocycl. Chem. 1978, 15,
1447 – 1449. [4-fluoropyrazoles] c) R. Surmont, G. Verniest,
N. D. Kimpe, Org. Lett. 2010, 12, 4648 – 4651, and references
therein; d) J. Qian, Y. Liu, J. Zhu, B. Jiang, Z. Xu, Org. Lett.
2011, 13, 4220 – 4223; e) T. Hanamoto, T. Suetake, Y. Koga, T.
Kawanami, H. Furuno, J. Inanaga, Tetrahedron 2007, 63, 5062 –
5070. [5-fluoropyrazoles] f) K. Makino, H. Yoshioka, J. Fluorine
Chem. 1988, 39, 435 – 440.

[12] For our previous synthesis of 3- and 5-fluoropyrazoles based on
substitution and dehydration of 2,2-difluorovinyl ketones, see:
a) J. Ichikawa, M. Kobayashi, Y. Noda, N. Yokota, K. Amano, T.
Minami, J. Org. Chem. 1996, 61, 2763 – 2769. See also: b) J.-N.
Volle, M. Schlosser, Eur. J. Org. Chem. 2000, 823 – 828.

[13] For general reviews on syntheses of nonfluorinated pyrazoles,
see: a) S. Fustero, M. S�nchez-Rosell�, P. Barrio, A. Sim�n-
Fuentes, Chem. Rev. 2011, 111, 6984 – 7034; b) K. Makino, H. S.
Kim, Y. Kurasawa, J. Heterocycl. Chem. 1999, 36, 321 – 332.

[14] Use of NaH as a base for the reaction of 2b at 0 8C gave a 41%
yield of 3e and a 20 % yield of 4e. It is likely that performing the
reaction at �60 8C suppressed the overreaction to form 4e as
shown in entry 6 of Table 1.

[15] Non-tosylated hydrazine 3a gave only 15% yield of cyclized
product upon treatment with NaH (DMF, RT).

[16] X-ray crystal structure analysis of 7c confirmed that 7c has
a fluorine substituent at the C3 position. Comparison of 1H and
19F NMR spectra of other fluoropyrazoles suggests that all of the
products listed in Table 4 have the same C3-fluorinated skel-
etons. CCDC 889343 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

[17] SN2’-type reactions of 2-unsubstituted 3,3,3-trifluoropropene
have been limited. See: a) D. A. Kendrick, M. Kolb, J. Fluorine
Chem. 1989, 45, 265 – 272; b) D. E. Bergstrom, M. W. Ng, J. J.
Wong, J. Org. Chem. 1983, 48, 1902 – 1903; c) T. Hiyama, M.
Obayashi, M. Sawahata, Tetrahedron Lett. 1983, 24, 4113 – 4116.

[18] It seems that the electron-withdrawing bromo and trifluoro-
methyl groups on 5c and 5d accelerate the SNV reaction to form
6c and 6d, respectively, which are unreactive toward elimina-
tion.

[19] B. F. Strick, D. A. Mundal, R. J. Thomson, J. Am. Chem. Soc.
2011, 133, 14252 – 14255.

[20] For generation and cyclization-ring opening sequence of azo-
methine imines, see: a) K. Burger, H. Schickaneder, C. Zettl,
Angew. Chem. 1977, 89, 61; Angew. Chem. Int. Ed. Engl. 1977,
16, 55 – 56; b) L. A. Carpino, J. Ferrari, S. Goewecke, S.
Herliczek, J. Org. Chem. 1969, 34, 2009 – 2011; c) D. M. Lemal,
T. W. Rave, J. Am. Chem. Soc. 1965, 87, 393 – 394.

[21] B. Stanovnik, B. Jelen, C. Turk, M. Žličar, J. Svete, J. Heterocycl.
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