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Synthesis and reactions of 5-tributylstannyl-4-fluoro-1H-pyrazole
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Abstract—The palladium-catalyzed cross-coupling reactions of 5-tributylstannyl-4-fluoro-1H-pyrazole with aryl iodides provided high
yields of the corresponding 5-aryl-4-fluoro-1H-pyrazoles. Furthermore, these cross-coupling reactions proceeded smoothly under an atmo-
sphere of carbon monoxide (CO) to afford the corresponding 5-acyl-4-fluoro-1H-pyrazoles as CO-insertion products.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Synthesis of nitrogen-containing heterocyclic compounds
has been a subject of great interest due to the wide application
in agrochemical and pharmaceutical fields.1 Some pyrazole
derivatives which belong to this category have certainly
been shown to exhibit biological activity.2 On the other
hand, it is well accepted that selective introduction of fluorine
to organic compounds often causes a marked effect on struc-
ture, stability, reactivity, and biological activity.3 For in-
stance, Celecoxib is a well-known anti-inflammatory agent
on behalf of selectively fluorinated pyrazole derivatives.4

It is therefore still of importance to develop simple and
effective methods for the synthesis of fluorine-containing
pyrazoles. Although there are many reports related to the
synthesis of pyrazoles in the literature,5 less study on the syn-
thesis of the fluorine-containing pyrazoles has been exam-
ined.6,7 A general approach to assemble such a fluorinated
structural unit may be considered to use the 1,3-dipolar
cycloaddition reaction of fluorinated acetylene derivatives
and diazomethane. On the basis of this idea, we have recently
reported the synthesis of 5-tributylstannyl-4-trifluoromethyl-
1H-pyrazole and its palladium-catalyzed cross-coupling
reactions.8 Thus, we have demonstrated that tributylstannyl-
pyrazoles bearing fluorines were suitable precursors for the
facile preparation of their derivatives. Our next attention
was paid to the synthesis of the corresponding ring-fluori-
nated pyrazoles. There are no reports concerning the cross-
coupling reaction of ring-fluorinated stannylpyrazole,

Keywords: Cross-coupling reaction; 1,3-Dipolar cycloaddition; 5-Tributyl-
stannyl-4-fluoro-1H-pyrazole; 5-Aryl-4-fluoro-1H-pyrazole; 5-Acyl-4-
fluoro-1H-pyrazole.
* Corresponding author. Tel.: +81 952 28 8704; fax: +81 952 28 8548;

e-mail: hanamoto@cc.saga-u.ac.jp
0040–4020/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2007.03.117
although some cross-coupling reactions of stannylpyrazoles
with aryl halides have been reported so far.9 In line with this
strategy, we have recently reported a facile method for the
preparation of 5-tributylstannyl-4-fluoro-1H-pyrazole and
its cross-coupling reaction catalyzed by palladium catalyst.10

As an extension of this work, we continued to examine the
palladium-catalyzed carbonylative cross-coupling reaction
using the fluorinated pyrazole with aryl halides. In this paper,
we wish to report in detail our study on both palladium-cata-
lyzed cross-coupling reaction as well as palladium-catalyzed
carbonylative cross-coupling reaction of 5-tributylstannyl-4-
fluoro-1H-pyrazole with aryl halides.

2. Results and discussion

We previously reported the one-pot preparation of 5-tributyl-
stannyl-4-fluoro-1H-pyrazole (3) from 1,1-difluoroethylene
(1) (Scheme 1).10,11 This method consists of the synthesis
of fluoro(tributylstannyl)acetylene (2) in situ and its succes-
sive 1,3-dipolar cycloaddition reaction with diazomethane.
Although attempts to isolate 2 invariably resulted in decom-
position owing to its thermal instability, this one-pot process
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Scheme 1. One-pot synthesis of 3.

mailto:hanamoto@cc.saga-u.ac.jp


5063T. Hanamoto et al. / Tetrahedron 63 (2007) 5062–5070
proceeded cleanly to afford the product (3) as a sole adduct
in 98% yield. The corresponding regioisomer was not
detected by GC–MS analysis in the crude reaction mixture.
The fluorinated pyrazole (3) thus produced can be stored in
the refrigerator at �20 �C at least for one month without
deterioration. To reproduce successful reaction the reaction
temperature must be kept below �105 �C in a cooling bath,
when argon was replaced with 1,1-difluoroethylene (1) for
the generation of the corresponding lithium species.

The regiochemistry of the cycloaddition was determined
as follows. After this isomer was transformed to the corre-
sponding destannylated pyrazole (4) via transmetallation–
protonation process, the structural assignment was performed
on the basis of the comparison of the corresponding 19F
NMR chemical shift value in the literature (Scheme 2).6n
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Scheme 2. Destannylation of 3.

Table 1. DFT calculations of HOMO and LUMO coefficients for diazo-
methane and (tributylstannyl)fluoroacetylene (2)

Bu3Sn F

C1 C2
CH2N2

HOMO LUMO+1 HOMO LUMO

N 0.5366 0.6168 C1(Sn) 0.2990 0.3087
C �0.5965 0.6264 C2(F) 0.3078 �0.5320
The observed regioselectivity can be explained in terms of
HOMO–LUMO interaction as discussed in the literature.12

We carried out the DFT calculations using Spartan ’04 at
the B3LYP/6-31G* level of theory.13 The HOMO coefficient
of diazomethane and the LUMO coefficient of (tributyl-
stannyl)fluoroacetylene (2) should support the observed
regioselectivity in this 1,3-dipolar cycloaddition reaction
(Table 1).

Table 2. Cross-coupling reaction of 3 with 40-iodoacetophenone (5) under
a variety of conditionsa

N
H

N

F

Bu3Sn N
H

N

F

3 6a

Ac

X

Ac

Pd(PPh3)4
+

5

additive

Entry X CuTCb

(mol %)
LiCl
(mol %)

Time
(h)

Solvent Temp
(�C)

Yieldc

(%)

1 I 5 — 89 DMF 25 44
2 I 5 — 18 DMF 80 Trace
3 I 5 20 37 DMF 25 0
4 I — — 13 DMF 100 40
5 I 5 100 39 DMSO 25 28
6 I 5 20 17 DMSO 25 100
7 I 5 — 18 DMSO 25 45
8 I — 20 2 DMSO 100 100
9 I — — 3 DMSO 100 100 (91)d

10e I — — 2 DMSO 100 84
11 Br — — 2 DMSO 100 Trace

a All reactions were conducted using 3 (1.0 equiv) with 5 (1.1 equiv) in the
presence of Pd(PPh3)4 (5 mol %).

b Cu(I) thiophene-2-carboxylate.
c GC yield.
d Isolated yield in parenthesis.
e PdCl2(PPh3)2 was used instead of Pd(PPh3)4.
Figure 1. Crystal packing of 6a. Hydrogen bonds are shown by dotted lines.
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With an aim to prove the role of 3 as a versatile precursor for
the synthesis of 4-fluoro-5-substituted-pyrazoles, the cross-
coupling reaction of the fluoropyrazole (3) with 40-iodoace-
tophenone (5) was next examined under a variety of reaction
conditions. As can be seen in Table 2, the best result was
obtained when the reaction was conducted in the presence
of a catalytic amount of [Pd(PPh3)4] (5 mol %) in DMSO
at 100 �C, affording the corresponding 5-(40-acetylphenyl)-
4-fluoro-1H-pyrazole (6a) in 91% yield (entry 9).

The structure of 6a was established on the basis of its X-ray
crystallographic analysis. A crystal packing drawing of 6a is
shown in Figure 1. This X-ray analysis added the unambig-
uous proof to the regiochemistry of the cycloaddition as has
been mentioned above.

The features of the reaction are as follows. (1) The use of
DMSO as a solvent was essential to the successful reac-
tion.14 (2) The corresponding aryl bromide was not effective
for this coupling reaction. (3) Addition of copper(I) thio-
phene-2-carboxylate (CuTC) and LiCl as additives to the
Table 4. CO-insertive cross-coupling reaction of 3 with 40-haloaceto-
phenone (5) under a variety of conditionsa

N
H

N

F

Bu3Sn N
H

N

F

3 7a

O
DMSO

+

5

CO
Ac

Ac

X

Entry X Pd (5 mol %) Time (h) Temp (�C) Yieldb (%)

1 I Pd(PPh3)4 2 60 0
2 I Pd(PPh3)4 24 60 4
3 I Pd(PPh3)4 24 80 85
4 I Pd(PPh3)4 2 100 61
5 I PdCl2(PPh3)2 24 80 82
6 I Pd(OAc)2 24 80 70
7 I Pd(OAc)2+4(PPh3)4 24 80 45
8 Br Pd(PPh3)4 24 80 Trace
9c OTf Pd(PPh3)4 24 80 32

a All reactions were conducted using 3 (1.0 equiv) with 5 (1.1 equiv) in the
presence of Pd catalyst (5 mol %).

b Isolated yield.
c The reaction was carried out in the presence of nBu4NI (2.5 eqiuv) under

the same conditions.
Table 3. Cross-coupling reaction of 3 with various aryl iodidesa

N
H

N

F

Bu3Sn N
H

N

F

Ar

3 6

Pd(PPh3)4 5 mol%
+ Ar-X

DMSO, 100 °C

Entry ArX Time (h) Product yieldb (%) Entry ArX Time (h) Product yieldb (%)

1

I

Ac
3 N

H

N

F

Ac
6a: 91

6
I

4 N
H

N

F

6f: 99

2

I

EtO2C
3 N

H

N

F

EtO2C
6b: 78

7

I

CO2Me
16 N

H

N

F
MeO2C

6g: 83

3

I

F3C
3 N

H

N

F

F3C

6c: 92

8

I

Cl
16 N

H

N

F
Cl

6h: 89

4

I

MeO
9 N

H

N

F

MeO
6d: 59

9

I

MeMe
3 N

H

N

F
Me

Me
6i: 94

5

I

O2N
5 N

H

N

F

O2N
6e: 84

10
IMeO

3 N
H

N

F

MeO

6j: 74

a All reactions were conducted using 3 (1 equiv) with aryl halides (1.1–1.3 equiv) in the presence of 5 mol % Pd(PPh3)4 in DMSO at 100 �C.
b Isolated yield.
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reaction mixture improved the yield at 25 �C, albeit trouble-
some procedure (entry 6).15 (4) The catalytic activity of
PdCl2(PPh3)2 was slightly inferior to that of Pd(PPh3)4.

The generality of the coupling reaction was then demon-
strated by the synthesis of other 5-aryl-4-fluoro-1H-pyr-
azoles (6). These results are summarized in Table 3. Aryl
iodides bearing not only an electron-withdrawing group
but also an electron-donating group were suitable for the re-
action. The substitution patterns on the aromatic ring did not
noticeably influence the product yield. The functional group
compatibility (ketone, ester, ether, nitro, halide) of the cou-
pling reaction is noteworthy.

After having accomplished the synthesis of 5-aryl-4-fluoro-
1H-pyrazoles (6), we focused our attention on the car-
bonylative cross-coupling reaction of 3.16 We have already
investigated the successful carbonylative cross-coupling
reaction of the tributyl(1-fluorovinyl)stannane with aryl
halides.17 Thus, the carbonylative cross-coupling reaction
of the fluoropyrazole (3) with 40-iodoacetophenone (5) was
initially examined under a variety of reaction conditions
(Table 4). The best result was obtained when the reaction
was conducted in the presence of a catalytic amount of
[Pd(PPh3)4] (5 mol %) in DMSO at 80 �C, affording the cor-
responding 5-(40-acetylbenzoyl)-4-fluoro-1H-pyrazole (7a)
in 85% yield (entry 3). These carbonylative coupling reac-
tions required the reaction temperature of 80 �C, and almost
no reaction took place at 60 �C (entries 1 and 2). The forced
conditions (at 100 �C) resulted in the decreased yield in
some degree (entry 4). With regard to the catalytic activity,
PdCl2(PPh3)2 was comparable to Pd(PPh3)4, however,
Pd(OAc)2 was slightly less effective than Pd(PPh3)4 (entries
5 and 6). Although the corresponding aryl bromide was less
Table 5. CO-insertive cross-coupling reaction of 3 with various aryl iodidesa

N
H

N

F

Bu3Sn N
H

N

F

3 7

O
DMSO, 80 °C

+
CO, Pd(PPh3)4 5 mol%

Ar-I
R

Entry Ar-I Product yieldb (%) Entry Ar-I Product yieldb (%)

1

EtO2C

I
N
H

N

F

O

7b: 91

EtO2C

7 I
Cl

N
H

N

F

O

7h: 36

Cl

2

F3C

I
N
H

N

F

O

7c: 67

F3C

8 I
F

N
H

N

F

O

7i: 16

F

3

NC

I
N
H

N

F

O

7d: 62

NC

9

Me

I
Me

N
H

N

F

O

7j: 95

Me

Me

4

O2N

I
N
H

N

F

O

7e: 47

O2N

10
MeO I

N
H

N

F

O

7k: 74

MeO

5
I

N
H

N

F

O

7f: 78

11
S I N

H

N

F

O

7l: 84

S

6 I
Et

N
H

N

F

O

7g: 83

Et
12

N I
N
H

N

F

O

7m: 35

N

a All reactions were conducted using 3 (1 equiv) with aryl iodides (1.1–1.3 equiv) in the presence of 5 mol % Pd(PPh3)4 in DMSO at 80 �C for 24 h.
b Isolated yield.
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effective for this carbonylative coupling reaction, the corre-
sponding triflate was also accessible in the presence of
nBu4NI albeit in low yield (entries 8 and 9).

The generality of the carbonylative coupling reaction was
then demonstrated by the synthesis of other 5-acyl-4-fluoro-
1H-pyrazoles (7). These results are summarized in Table 5.
The pyrazole (3) employed was completely consumed
during the reaction, and no ordinary cross-coupling products
were detected by GC–MS analysis in the crude reaction
mixtures. Although the product yields considerably varied
according to the aryl halides employed, these CO-insertion
products (7) are not easily accessible by other methods.18

As is the case of the above coupling reaction, the functional
group compatibility (ketone, ester, cyano, ether, nitro,
halide) of this carbonylative coupling reaction is also note-
worthy. It is additionally noted that the relevant heteroaro-
matic iodides gave the corresponding CO-insertion adducts
(entries 11 and 12).

Finally, in addition to the cross-coupling reaction, introduc-
tion of iodine to 3 was also examined.8,9e The reaction
smoothly proceeded to give the corresponding 4-fluoro-5-
iodo-1H-pyrazole (8) in 95% yield (Scheme 3).

N
H

N

F

Bu3Sn

3

N
H

N

F

I

8 (95%)

I2

THF, rt, 30 min

Scheme 3. Synthesis of 4-fluoro-5-iodo-1H-pyrazole.

In summary, we have demonstrated the facile one-pot syn-
thesis of 3 via 1,3-dipolar cycloaddition reaction of 2 with
diazomethane in excellent yield. The regiochemistry of the
cycloaddition was confirmed by chemical transformation
and X-ray crystallographic analysis. The cross-coupling re-
actions of 3 and a variety of aryl iodides smoothly proceeded
to give the corresponding 5-aryl-4-fluoro-1H-pyrazoles in
high yields. Furthermore, similar reactions were conducted
under an atmosphere of carbon monoxide to afford the cor-
responding 5-acyl-4-fluoro-1H-pyrazoles.

3. Experimental

3.1. General

Melting points are uncorrected. Infrared (IR) spectra are re-
ported in cm�1. 1H, 19F, and 13C NMR spectra were measured
in CDCl3 solutions. Chemical shifts were given by d relative
to that of an internal Me4Si (TMS) for 1H NMR and 13C NMR
spectra and benzylidyne trifluoride (CF3C6H5) for 19F NMR
spectra.

3.1.1. Preparation of 5-(40-acetylphenyl)-4-fluoro-1H-
pyrazole (6a). To a solution containing 117.1 mg
(0.312 mmol) of pyrazole 310 and 40-iodoacetophenone
(85 mg, 0.345 mmol) in DMSO (1 mL) was added Pd(PPh3)4

(18.1 mg, 5 mol %), and the whole mixture was heated to
100 �C. After being stirred for 3 h, the resulting mixture
was quenched with ethyl acetate and water, and extracted
with ethyl acetate. The combined organic layer was dried
over Na2SO4, and concentrated under reduced pressure. To
the residue was added ether (ca. 5 mL) and saturated aqueous
KF solution (ca. 5 mL), and the mixture stirred vigorously for
a few minutes. The ethereal layer was separated, dried over
Na2SO4, and concentrated under reduced pressure. The
residue was purified by silica gel column chromatography
(hexane/ethyl acetate/triethylamine¼200/20/1 then 200/
200/1) to give the desired compound (6a) as a white solid
(57.7 mg, 91%): mp 159.2–160.8 �C; IR (KBr) 3158, 3108,
2951, 1668, 1607, 1416, 1362, 1269, 941, 841 cm�1; 1H
NMR (CDCl3, 300 MHz) d 2.64 (3H, s), 7.55 (1H, d, J¼
4.2 Hz), 7.91 (2H, d, J¼8.4 Hz), 8.02 (2H, d, J¼8.4 Hz),
10.40 (1H, br s); 13C NMR (CDCl3, 150 MHz) d 26.6,
125.8, 128.9, 136.4, 148.0 (d, J¼250.4 Hz), 197.7; 19F
NMR (CDCl3, 283 MHz) d �176.2 (1F, s); GC–MS m/z
204 (37, M+), 189 (100), 188 (49), 161 (24), 134 (50), 108
(36). Anal. Calcd for C11H9FN2O: C, 64.70; H, 4.44; N,
13.72. Found: C, 64.60; H, 4.56; N, 13.57.

3.1.2. 5-(40-Ethoxycarbonylphenyl)-4-fluoro-1H-pyr-
azole (6b). White solid; yield 78%; mp 99.1–100.9 �C; IR
(KBr) 3106, 1285, 1712, 1694, 1557, 1484, 924, 859 cm�1;
1H NMR (CDCl3, 300 MHz) d 1.42 (3H, t, J¼7.2 Hz), 4.40
(2H, q, J¼4.2 Hz), 7.53 (1H, d, J¼3.5 Hz), 7.87 (2H, d,
J¼8.3 Hz), 8.10 (2H, d, J¼8.3 Hz), NH proton is missing;
13C NMR (CDCl3, 75 MHz) d 14.2, 61.1, 125.5 (d,
J¼3.7 Hz), 129.8, 130.1, 133.7, 149.2 (d, J¼249.1 Hz),
166.3; 19F NMR (CDCl3, 283 MHz) d �176.3 (1F, s); GC–
MS m/z 234 (1, M+), 233 (32), 188 (100), 160 (14), 134
(35), 107 (53), 75 (6). Anal. Calcd for C12H11FN2O2: C,
61.53; H, 4.73; N, 11.96. Found: C, 61.58; H, 4.73; N, 12.02.

3.1.3. 4-Fluoro-5-(40-trifluoromethylphenyl)-1H-pyr-
azole (6c). White solid; yield 92%; mp 109.2–110.1 �C;
IR (KBr) 3180, 2962, 1596, 1417, 1335, 1165, 1072, 937,
848, 790 cm�1; 1H NMR (CDCl3, 300 MHz) d 7.50 (1H,
d, J¼3.7 Hz), 7.63 (2H, d, J¼7.7 Hz), 7.85 (2H, d,
J¼7.7 Hz), 10.82 (1H, br s); 13C NMR (CDCl3, 75 MHz)
d 119.5 (d, J¼23.0 Hz), 122.2, 125.8 (q, J¼3.7 Hz), 126.0,
126.1, 130.2 (q, J¼33.0 Hz), 133.8 (d, J¼12.5 Hz), 147.7
(d, J¼249.7 Hz); 19F NMR (CDCl3, 283 MHz) d �64.0
(3F, s), �176.6 (1F, s); GC–MS m/z 230 (13, M+), 229
(100), 175 (9), 145 (26), 144 (36), 133 (9). Anal. Calcd for
C10H6F4N2: C, 52.18; H, 2.63; N, 12.17. Found: C, 52.49;
H, 2.67; N, 12.12.

3.1.4. 4-Fluoro-5-(40-methoxylphenyl)-1H-pyrazole (6d).
White solid; yield 59%; mp 91.7–92.5 �C; IR (KBr) 3238,
1614, 1587, 1546, 1463, 1243, 1185, 1039, 929, 836 cm�1;
1H NMR (CDCl3, 300 MHz) d 3.84 (3H, s), 6.93 (2H, d, J¼
8.3 Hz), 7.45 (1H, d, J¼4.4 Hz), 7.66 (2H, d, J¼8.3 Hz),
11.25 (1H, br s); 13C NMR (CDCl3, 75 MHz) d 55.2,
114.2, 121.6 (d, J¼4.4 Hz), 127.2, 127.3, 132.8, 146.6 (d,
J¼246.0 Hz), 159.5; 19F NMR (CDCl3, 283 MHz)
d �179.6 (1F, d, J¼4.4 Hz); GC–MS m/z 192 (100, M+),
191 (26), 177 (55), 176 (11), 149 (66), 101 (11), 75 (12).
Anal. Calcd for C10H9FN2O: C, 62.49; H, 4.72; N, 14.58.
Found: C, 62.33; H, 4.69; N, 14.56.

3.1.5. 4-Fluoro-5-(40-nitrophenyl)-1H-pyrazole (6e). Yel-
low solid; yield 84%; mp 195.1–196.1 �C; IR (KBr) 3269,
3156, 1603, 1504, 1346, 1330, 856 cm�1; 1H NMR
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(CDCl3, 300 MHz) d 7.57 (1H, d, J¼4.6 Hz), 8.04 (2H, dt,
J¼9.0, 2.2 Hz), 8.30 (2H, dt, J¼9.0, 2.2 Hz), 10.03 (1H, br
s); 13C NMR (CDCl3, 150 MHz) d 124.1, 126.4 (d,
J¼3.7 Hz), 147.2, 148.2 (d, J¼251.3 Hz); 19F NMR
(CDCl3, 283 MHz) d �175.4 (1F, d, J¼4.6 Hz); GC–MS
m/z 207 (100, M+), 206 (13), 177 (40), 149 (32), 134 (56),
107 (11), 75 (50), 50 (17). Anal. Calcd for C9H6FN3O2: C,
52.18; H, 2.92; N, 20.28. Found: C, 52.31; H, 2.99; N, 20.10.

3.1.6. 4-Fluoro-5-phenyl-1H-pyrazole (6f). White solid;
yield 99%; mp 82.5–83.3 �C; IR (KBr) 3166, 3140, 2890,
1600, 1532, 1447, 1363, 1187, 1097, 940, 759, 691 cm�1;
1H NMR (CDCl3, 300 MHz) d 7.33–7.47 (3H, m), 7.50
(1H, d, J¼4.4 Hz), 7.76 (2H, dt, J¼7.5 Hz), 10.35 (1H, br
s); 13C NMR (CDCl3, 75 MHz) d 121.1, 125.9 (d,
J¼3.7 Hz), 128.3, 128.9, 129.1, 147.2 (d, J¼247.9 Hz); 19F
NMR (CDCl3, 283 MHz) d �178.2 (1F, s); GC–MS m/z
162 (51, M+), 161 (100), 133 (11), 108 (47), 107 (68), 106
(18), 104 (15), 77 (67), 76 (35), 51 (22). Anal. Calcd for
C9H7FN2: C, 66.66; H, 4.35; N, 17.27. Found: C, 66.38; H,
4.44; N, 17.04.

3.1.7. 4-Fluoro-5-(20-methoxycarbonylphenyl)-1H-pyr-
azole (6g). White solid; yield 83%; mp 96.9–99.0 �C; IR
(KBr) 3316, 3170, 2953, 1728, 1587, 1435, 1296, 1263,
1129, 1092, 767, 720, 669 cm�1; 1H NMR (CDCl3,
300 MHz) d 3.81 (3H, s), 7.41–7.63 (4H, m), 7.87 (1H, d,
J¼7.7 Hz), 10.26 (1H, br s); 13C NMR (CDCl3, 75 MHz)
d 52.3, 119.1 (d, J¼21.2 Hz), 128.4, 128.8 (d, J¼3.7 Hz),
130.1, 130.25, 130.28, 130.4, 131.7, 147.1 (d,
J¼146.0 Hz), 168.5; 19F NMR (CDCl3, 283 MHz)
d �177.5 (1F, d, J¼5.8 Hz); GC–MS m/z 220 (11, M+),
189 (19), 188 (100), 133 (14), 132 (97), 131 (29), 106
(16), 75 (6), 50 (7). Anal. Calcd for C11H9FN2O2: C,
60.00; H, 4.12; N, 12.72. Found: C, 60.21; H, 4.42; N, 12.22.

3.1.8. 5-(20-Chlorophenyl)-4-fluoro-1H-pyrazole (6h).
White solid; yield 89%; mp 70.6–71.5 �C; IR (KBr) 3161,
3134, 2945, 1585, 1529, 1452, 1427, 1190, 1078, 937, 758,
741, 675 cm�1; 1H NMR (CDCl3, 300 MHz) d 7.31–7.59
(5H, m), 11.09 (1H, br s); 13C NMR (CDCl3, 75 MHz)
d 120.3, 126.8, 127.8 (d, J¼3.7 Hz), 129.99, 130.18,
131.05 (d, J¼2.5 Hz), 132.8, 147.1 (d, J¼247.9 Hz); 19F
NMR (CDCl3, 283 MHz) d �175.3 (1F, s); GC–MS m/z
196 (100, M+), 195 (12), 134 (25), 133 (12), 107 (16), 102
(9), 75 (12). Anal. Calcd for C9H6ClFN2: C, 54.98; H,
3.08; N, 14.25. Found: C, 55.31; H, 3.20; N, 14.07.

3.1.9. 4-Fluoro-5-(20,40-dimethylphenyl)-1H-pyrazole
(6i). White solid; yield 94%; mp 90.2–91.3 �C; IR (KBr)
3157, 3087, 2927, 1608, 1527, 1445, 1357, 1098, 941, 817,
675 cm�1; 1H NMR (CDCl3, 300 MHz) d 2.32 (3H, s),
2.36 (3H, s), 7.05–7.26 (3H, m), 7.45 (1H, d, J¼4.6 Hz),
10.44 (1H, br s); 13C NMR (CDCl3, 75 MHz) d 19.8 (d,
J¼3.7 Hz), 21.1, 121.8, 124.9, 129.52, 129.57, 131.3,
136.8, 138.8, 146.8 (d, J¼244.8 Hz); 19F NMR (CDCl3,
283 MHz) d �177.2 (1F, s); GC–MS m/z 190 (100, M+),
189 (17), 175 (13), 162 (30), 148 (21), 146 (11), 115 (11),
77 (10). Anal. Calcd for C11H11FN2: C, 69.46; H, 5.83; N,
14.73. Found: C, 69.43; H, 5.88; N, 14.74.

3.1.10. 4-Fluoro-5-(30-methoxylphenyl)-1H-pyrazole (6j).
White solid; yield 74%; mp 53.2–55.0 �C; IR (KBr) 3168,
3139, 2915, 1627, 1601, 1538, 1471, 1435, 1296, 1248,
1209, 1176, 1064, 1035, 941, 837, 768, 696 cm�1; 1H
NMR (CDCl3, 300 MHz) d 3.85 (3H, s), 6.89–6.94 (1H,
m), 7.32–7.39 (3H, m), 7.50 (1H, d, J¼4.6 Hz), 10.33 (1H,
br s); 13C NMR (CDCl3, 75 MHz) d 55.1, 111.1, 114.0,
118.3, 121.1 (d, J¼20.6 Hz), 129.9, 130.2, 133.2, 147.1 (d,
J¼247.9 Hz), 159.8; 19F NMR (CDCl3, 283 MHz)
d �177.2 (1F, d, J¼4.6 Hz); GC–MS m/z 192 (100, M+),
191 (33), 163 (19), 162 (22), 149 (24), 120 (6), 101 (7), 77
(13), 63 (4). Anal. Calcd for C10H9FN2O: C, 62.49; H,
4.72; N, 14.58. Found: C, 62.57; H, 4.82; N, 14.47.

3.1.11. Preparation of 5-(40-acetylbenzoyl)-4-fluoro-1H-
pyrazole (7a).19 To a solution containing 91.0 mg
(0.243 mmol) of pyrazole 3 and 40-iodoacetophenone
(65.2 mg, 0.265 mmol) in DMSO (1 mL) was added a cata-
lytic amount of Pd(PPh3)4 (14.1 mg, 5 mol %). After argon
in the flask was replaced with carbon monoxide (balloon),
the whole mixture was heated to 80 �C. After being stirred
for 24 h at this temperature, the resulting mixture was cooled
to room temperature. After removal of remaining carbon
monoxide, the reaction mixture was quenched with hexane/
ethyl acetate¼3/1 solution and brine, and then extracted
with ethyl acetate. The combined organic layer was dried
over Na2SO4, and concentrated under reduced pressure. To
the residue was added hexane/ethyl acetate¼3/1 solution
(ca. 5 mL) and saturated aqueous KF solution (ca. 5 mL),
and the mixture stirred vigorously for a few minutes. The or-
ganic layer was separated, dried over Na2SO4, and concen-
trated under reduced pressure. The residue was purified by
Florisil column chromatography (hexane/ethyl acetate/
triethylamine¼200/20/1, then 200/200/1) to give the desired
compound (7a) as a white solid (48.0 mg, 85%): mp 175.9–
176.6 �C; IR (KBr) 3269, 3148, 3117, 1657, 1574, 1504,
1470, 1278, 1143, 915 cm�1; 1H NMR (CDCl3, 300 MHz)
d 2.67 (3H, s), 7.59 (1H, d, J¼5.3 Hz), 8.04 (4H, br s),
10.66 (1H, br s); 19F NMR (CDCl3, 283 MHz) d �176.4
(1F, s); GC–MS m/z 232 (0.4, M+), 216 (100), 133 (46),
113 (65), 107 (19), 104 (31), 90 (24), 76 (62), 57 (24), 50
(32). Anal. Calcd for C12H9FN2O2: C, 62.07; H, 3.91; N,
12.06. Found: C, 61.70; H, 4.10; N, 11.97.

3.1.12. 5-(40-Ethoxycarbonylbenzoyl)-4-fluoro-1H-pyr-
azole (7b). White solid; yield 91%; mp 149.6–150.3 �C; IR
(KBr) 3188, 1717, 1634, 1567, 1448, 1280, 1201, 1023,
915, 831, 746, 722 cm�1; 1H NMR (CDCl3, 300 MHz)
d 1.43 (3H, t, J¼7.2 Hz), 4.43 (2H, q, J¼7.2 Hz), 7.58 (1H,
d, J¼4.6 Hz), 8.00–8.10 (2H, m), 8.15–8.20 (2H, m), 10.61
(1H, br s); 19F NMR (CDCl3, 283 MHz) d �168.3 (1F, s);
GC–MS m/z 262 (3.3, M+), 261 (30), 216 (100), 188 (48),
148 (46), 133 (40), 113 (74), 112 (90), 104 (56), 76 (69),
75 (79), 50 (43). Anal. Calcd for C13H11FN2O3: C, 59.54;
H, 4.23; N, 10.68. Found: C, 59.67; H, 4.52; N, 10.27.

3.1.13. 4-Fluoro-5-(40-trifluoromethylbenzoyl)-1H-pyr-
azole (7c). White solid; yield 67%; mp 154.8–156.3 �C; IR
(KBr) 3155, 1651, 1574, 1446, 1337, 1066, 1017, 956, 914,
860, 820, 783, 699, 666 cm�1; 1H NMR (CDCl3,
300 MHz) d 7.70 (1H, d, J¼4.6 Hz), 7.78 (2H, d, J¼
8.3 Hz), 8.12 (2H, d, J¼8.3 Hz), NH proton is missing; 19F
NMR (CDCl3, 283 MHz) d �64.4 (3F, s), �165.9 (1F, s);
GC–MS m/z 258 (0.9, M+), 257 (26), 173 (35), 172 (57),
145 (84), 144 (100), 113 (69), 112 (65), 95 (30), 75 (26),
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57 (26). Anal. Calcd for C11H6F4N2O: C, 51.17; H, 2.34; N,
10.85. Found: C, 51.46; H, 2.56; N, 10.64.

3.1.14. 5-(40-Cyanobenzoyl)-4-fluoro-1H-pyrazole (7d).
White solid; yield 62%; mp 207.5–210.0 �C; IR (KBr)
3243, 2231, 1651, 1568, 1348, 1284, 1144, 957, 918, 849,
772 cm�1; 1H NMR (CDCl3, 300 MHz) d 7.59 (1H, d, J¼
4.6 Hz), 7.75–7.85 (2H, m), 8.13 (2H, d, J¼8.1 Hz), 10.50
(1H, br s); 19F NMR (CDCl3, 283 MHz) d �170.4 (1F, s);
GC–MS m/z 215 (8, M+), 214 (18), 187 (5), 130 (76), 129
(76), 113 (43), 102 (100), 101 (81), 75 (30), 51 (17). Anal.
Calcd for C11H6FN3O: C, 61.40; H, 2.81; N, 19.53. Found:
C, 61.05; H, 2.86; N, 19.17; HRMS (FAB) m/z calcd for
C11H7FN3O: 216.0572 (M+H+). Found: 216.0573.

3.1.15. 4-Fluoro-5-(40-nitrobenzoyl)-1H-pyrazole (7e).
Pale yellow solid; yield 47%; mp 186.0–188.5 �C; IR
(KBr) 3255, 1652, 1520, 1457, 1348, 1285, 1148, 919,
850 cm�1; 1H NMR (CDCl3, 300 MHz) d 7.61 (1H, d,
J¼4.4 Hz), 8.21 (2H, d, J¼7.9 Hz), 8.36 (2H, d,
J¼7.9 Hz), 10.48 (1H, br s); 19F NMR (CDCl3, 283 MHz)
d �169.4 (1F, s); GC–MS m/z 235 (3, M+), 234 (22), 217
(17), 149 (39), 113 (79), 112 (100), 104 (56), 103 (71), 76
(49), 75 (67), 50 (39). Anal. Calcd for C10H6FN3O: C,
51.07; H, 2.57; N, 17.87. Found: C, 51.28; H, 2.62; N, 17.94.

3.1.16. 5-Benzoyl-4-fluoro-1H-pyrazole (7f). White solid;
yield 78%; mp 151.0–153.8 �C; IR (KBr) 3148, 3161,
1651, 1569, 1450, 1347, 1280, 1201, 1145, 957, 913, 817,
738, 699 cm�1; 1H NMR (CDCl3, 300 MHz) d 7.45–7.70
(3H, m), 7.57 (1H, d, J¼4.6 Hz), 7.95–8.10 (2H, m), NH
proton is missing; 19F NMR (CDCl3, 283 MHz) d �167.8
(1F, s); GC–MS m/z 190 (3, M+), 189 (16), 162 (3), 112
(9), 105 (73), 104 (100), 77 (56), 76 (58), 51 (25), 50 (21);
HRMS (FAB) m/z calcd for C10H8FN2O: 191.0620
(M+H+). Found: 191.0621.

3.1.17. 5-(20-Ethylbenzoyl)-4-fluoro-1H-pyrazole (7g).
White solid; yield 83%; mp 121.1–123.0 �C; IR (KBr)
3224, 3147, 3111, 2965, 2932, 2874, 1659, 1643, 1566,
1442, 1350, 1275, 1151, 915, 753 cm�1; 1H NMR (CDCl3,
300 MHz) d 1.23 (3H, t, J¼7.5 Hz), 2.80 (2H, q, J¼
7.5 Hz), 7.25–7.40 (2H, m), 7.42–7.51 (2H, m), 7.53 (1H,
d, J¼4.6 Hz), 10.97 (1H, br s); 19F NMR (CDCl3,
283 MHz) d �165.4 (1F, s); GC–MS m/z 217 (7, M+�1),
202 (24), 197 (24), 132 (37), 131 (30), 104 (84), 103 (100),
102 (65), 77 (98), 76 (50), 51 (35); HRMS (FAB) m/z calcd
for C12H12FN2O: 219.0933 (M+H+). Found: 219.0909.

3.1.18. 5-(20-Chlorobenzoyl)-4-fluoro-1H-pyrazole (7h).
White solid; yield 36%; mp 158.0–161.0 �C; IR (KBr)
3237, 1650, 1574, 1445, 1356, 1290, 1148, 1061, 957,
915, 759 cm�1; 1H NMR (CDCl3, 300 MHz) d 7.36–7.53
(4H, m), 7.55 (1H, d, J¼3.3 Hz), 11.01 (1H, br s); 19F
NMR (CDCl3, 283 MHz) d �166.3 (1F, s); GC–MS m/z
225 (4, M+), 223 (14), 188 (29), 139 (89), 138 (79), 113
(71), 111 (100), 75 (71), 74 (43), 50 (31). Anal. Calcd for
C10H6ClFN2O: C, 53.47; H, 2.69; N, 12.47. Found: C,
53.65; H, 2.82; N, 12.35.

3.1.19. 4-Fluoro-5-(20-fluorobenzoyl)-1H-pyrazole (7i).
White solid; yield 16%; mp 155.3–156.9 �C; IR (KBr)
3202, 3143, 3110, 1651, 1643, 1633, 1612, 1573, 1454,
1351, 1294, 1145, 957, 915, 828, 757 cm�1; 1H NMR
(CDCl3, 300 MHz) d 7.15–7.35 (2H, m), 7.50–7.70 (2H,
m), 7.55 (1H, d, J¼4.2 Hz), 10.77 (1H, br s); 19F NMR
(CDCl3, 283 MHz) d �114.8 (1F, s), �166.5 (1F, s); GC–
MS m/z 207 (11, M+�1), 123 (77), 122 (100), 112 (13), 98
(36), 94 (51), 75 (15), 74 (21). Anal. Calcd for
C10H6F2N2O: C, 57.70; H, 2.91; N, 13.46. Found: C,
57.66; H, 2.96; N, 13.67.

3.1.20. 4-Fluoro-5-(20,40-dimethylbenzoyl)-1H-pyrazole
(7j). White solid; yield 95%; mp 136.5–137.6 �C; IR
(KBr) 3191, 1636, 1569, 1346, 1202, 1159, 963, 890,
797 cm�1; 1H NMR (CDCl3, 300 MHz) d 2.39 (3H, s),
2.46 (3H, s), 7.05–7.20 (2H, m), 7.45–7.55 (1H, m), 7.52
(1H, d, J¼4.2 Hz), 10.73 (1H, br s); 19F NMR (CDCl3,
283 MHz) d �165.9 (1F, s); GC–MS m/z 217 (9, M+�1),
197 (21), 133 (42), 132 (67), 105 (63), 104 (100), 103
(61), 78 (48), 77 (66), 76 (51). Anal. Calcd for
C12H11FN2O: C, 66.05; H, 5.08; N, 12.84. Found: C,
65.90; H, 5.25; N, 12.65.

3.1.21. 4-Fluoro-5-(30-methoxylbenzoyl)-1H-pyrazole
(7k). White solid; yield 74%; mp 148.1–149.7 �C; IR
(KBr) 3209, 3157, 1651, 1645, 1568, 1456, 1349, 1283,
1158, 1136, 1038, 992, 876, 815, 768, 697 cm�1; 1H NMR
(CDCl3, 300 MHz) d 3.88 (3H, s), 7.15–7.30 (2H, m),
7.40–7.65 (2H, m), 7.58 (1H, d, J¼4.6 Hz), 11.44 (1H, br
s); 19F NMR (CDCl3, 283 MHz) d �165.3 (1F, s); GC–MS
m/z 220 (5, M+), 219 (50), 135 (70), 134 (100), 113 (21),
112 (30), 107 (61), 106 (77), 76 (53). Anal. Calcd for
C11H9FN2O2: C, 60.00; H, 4.12; N, 12.72. Found: C,
59.72; H, 4.15; N, 12.55.

3.1.22. 4-Fluoro-5-(thiophen-2-yl)-1H-pyrazole (7l).
White solid; yield 84%; mp 147.6–149.8 �C; IR (KBr)
3193, 3147, 1634, 1574, 1505, 1455, 1410, 1361, 1275,
1138, 1042, 898, 829, 786, 760, 725 cm�1; 1H NMR
(CDCl3, 300 MHz) d 7.21 (1H, dd, J¼3.9, 1.1 Hz), 7.58
(1H, d, J¼4.4 Hz), 7.77 (1H, dd, J¼5.0, 1.1 Hz), 8.18 (1H,
d, J¼3.9 Hz), 10.83 (1H, br s); 19F NMR (CDCl3,
283 MHz) d �165.7 (1F, s); GC–MS m/z 196 (2, M+), 195
(20), 112 (16), 111 (100), 110 (93), 83 (12), 57 (10);
HRMS (FAB) m/z calcd for C8H6FN2OS: 197.0185
(M+H+). Found: 197.0184.

3.1.23. 4-Fluoro-5-(pyridin-2-yl)-1H-pyrazole (7m).
White solid; yield 35%; mp 159.1–162.9 �C; IR (KBr)
3183, 1667, 1557, 1491, 1439, 1410, 1348, 1219, 1103,
1004, 946, 910, 845, 816, 742, 713 cm�1; 1H NMR
(CDCl3, 300 MHz) d 7.53 (1H, d, J¼4.2 Hz), 7.60 (1H,
ddd, J¼7.7, 5.0, 1.3 Hz), 7.99 (1H, dt, J¼5.0, 1.3 Hz),
8.31 (1H, dm, J¼7.7 Hz), 8.75 (1H, dm, J¼5.0 Hz), 13.30
(1H, br s); 19F NMR (CDCl3, 283 MHz) d �165.0 (1F, s);
GC–MS m/z 190 (2, M+�1), 163 (51), 113 (58), 112 (49),
107 (28), 79 (43), 78 (100), 51 (58). Anal. Calcd for
C9H6FN3O: C, 56.55; H, 3.16; N, 21.98. Found: C, 56.70;
H, 3.18; N, 21.83.

3.1.24. Preparation of 4-fluoro-5-iodo-1H-pyrazole (8).
To a solution containing 181.9 mg (0.312 mmol) of pyrazole
3 in THF (3 mL) was added iodine (150.0 mg, 0.59 mmol),
and the whole mixture was stirred at room temperature for
30 min. The resulting mixture was quenched with aqueous
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NaHSO3 solution, and extracted with hexane/ether¼3/1 so-
lution. The combined organic layer was dried over Na2SO4,
and concentrated under reduced pressure. The residue was
purified by silica gel column chromatography (hexane/ethyl
acetate¼9/1, then 1/1) to give the desired compound (8) as a
white solid (97.2 mg, 95%): mp 132.5–133.4 �C; IR (KBr)
3147, 3113, 2915, 1574, 1568, 1403, 1338, 1188, 1076,
1056, 934, 794, 658 cm�1; 1H NMR (CDCl3, 300 MHz)
d 7.46 (1H, d, J¼5.1 Hz), 12.27 (1H, br s); 13C NMR
(CDCl3, 75 MHz) d 80.9, 116.8, 151.9 (d, J¼246.7 Hz);
19F NMR (CDCl3, 283 MHz) d �171.9 (1F, br s); GC–MS
m/z 213 (M++2, 4), 212 (M++1, 100), 211 (M+, 9), 185
(19), 127 (26), 85 (9), 58 (44), 57 (10), 56 (10). Anal. Calcd
for C3H2FIN2: C, 17.00; H, 0.95; N, 13.22. Found: C, 17.38;
H, 0.98; N, 13.18.

3.2. Crystal data for 6a

(C11H9FN2O$H2O): M¼222.22, T¼93(2) K, triclinic, space
group P1, a¼8.329(15), b¼11.137(17), c¼11.87(3) Å,
a¼76.62(7)�, b¼73.46(7)�, g¼82.32(7)�, V¼1024(3) Å3,
Z¼4, Dx¼1.441 Mg m�3, m¼0.113 mm�1, l¼0.71075 Å,
qmax¼27.48�, 11,589 measured reflections, 4612 indepen-
dent reflections, 308 refined parameters, GOF¼1.019,
R[F2>2s(F2)]¼0.0778, wR(F2)¼0.2160. The intensity
data were collected on a Rigaku RAXIS-RAPID diffracto-
meter. The structure was solved by direct methods
(SHELXS-9720) and the non-hydrogen atoms were refined
anisotropically by full-matrix least-squares procedures on
F2 for all reductions (SHELXL-9721). All hydrogen atoms
were positioned geometrically and refined as riding.
CCDC-258756 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
via www.ccdc.cam.ac.uk/const/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12, Union Road,
Cambridge CB21EZ, UK; fax: (+44) 1223 336 033, or
deposit@ccdc.cam.ac/uk).
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