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Abstract—The difficulties to obtain convenient monocrystals of the important fungicide RPA 406194 have been overcome by a combination
of solid state 13C NMR, X-ray powder diffraction and molecular modeling. The compound, a 3-aryl tautomer, crystallizes forming infinite
chains of molecules bonded by N–H· · ·N hydrogen bonds, leading to needle-shaped crystals. The tautomerism (equilibrium constant and
energy barrier) of this compound in solution has been studied. q 2003 Elsevier Science Ltd. All rights reserved.

1. Introduction

The search of new compounds for the protection of plants
against fungal diseases led some of us to the discovery of a
family of 1H-3(5)-arylpyrazoles bearing different substitu-
ents on the phenyl and the pyrazole rings.1 – 4 Amongst the
most active compounds are the derivatives 1–4 and
particularly 1 (RPA 406194), represented below as 3-aryl
derivatives, according to the rule that the most stable
tautomer should be considered.5 – 7 In this work we will
discuss the structure of 1 and report some NMR data for the
other three.

2. Results and discussion

Compounds 1–4 were described in Ref. 1 (the synthesis of 1
will be reported in Section 4). When we tried to obtain
single crystals of 1 for X-ray diffraction, we encountered
great difficulties. In general 1H-pyrazoles crystallize easily
forming N–H· · ·N hydrogen-bonded networks.8 In some
cases, the structure is difficult to solve (twins; several, up to
12, independent molecules in the unit cell, unstable
polymorphs) but the crystals are always well shaped,
transparent and of appropriate size. Compound 1 has a
very strange behaviour which has consequences for its
commercialization. Depending on the solvent used for its
crystallization, the white powder has good (acetone),
medium (acetonitrile) or bad (chloroform) properties. In
the last case, the fluffy material forms a gel when mixed
with water (suspension). However, the powder diffraction
data of all samples are identical, excluding a problem of
polymorphism.
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2.1. NMR study and the tautomerism of 3(5)-
arylpyrazoles

Previous studies of the tautomerism of 3(5)-arylpyrazoles
(including 4-halo derivatives) have shown that, in solution
these compounds are mixtures of 3- (a) and 5-aryl tautomers
(b) with predominance of tautomer a9 – 13 (Scheme 1). In the
solid state, several situations have been found: pure a, pure
b, and 50:50 mixtures of a and b.8,10,12,14

The 13C chemical shifts of pyrazoles 1–4 are gathered in
Table 1.

For compounds 1, 2 and 4 the spectra correspond to
mixtures of both tautomers. The signal at 129.4 ppm (C–H)
of compound 3 corresponds to tautomer 3a.9 – 13 Probably,
the electron withdrawing character of the nitrodichloro-
phenyl substituent stabilizes 3a with respect to 3b. To
determine the proportions of a and b, the 1H spectrum of 1
was recorded at low temperature in CD3OD.

The proton spectra of 1 in CD3OD at various temperatures
are reported in Table 2. At 218C (294 K) the spectrum
consists of two separate singlets. At 0 8C (273 K) it consists
of three lines. Finally, the spectrum at 243 K showed six
signals, three from the major tautomer (1a) and three from
the minor tautomer (1b). Spectrum at 243 K was subjected
to deconvolution in order to determine the population of the
two tautomers (82.2% 1a and 17.8% 1b, KT¼4.6, average
on three pairs of signals). Assignment was based on
previous works.9,10,14 These spectra were analyzed using
the DNMR program (see Section 4). Barriers were estimated
at 14.35 (294 K), 13.90 (273 K) and 13.2 kcal mol21

(243 K), within the range of those determined for other
pyrazoles.7

The lines corresponding to carbon atoms directly bonded to
non-exchangeable protons were assigned from a 1H–13C
g-HSQC spectrum (Table 3). This experiment was particu-
larly useful since signals of the minor tautomer were hidden
in the monodimensional spectra.

It is possible to use the 13C NMR chemical shifts in
methanol of Table 1 (average) and Table 3 (individual
tautomers) to determine the equilibrium constant by
interpolation. The best fit is obtained for almost exactly
the same constant as that determined from 1H NMR data
(82.7% 1a and 17.3% 1b, KT¼4.8). This allows to predict
that the missing values of the minor tautomer 1b should be

under the signals of the major one at 148.2, 109.3 and
136.7 ppm.

Having determined the tautomeric structure in solution of
compound 1 (82% 1a–18% 1b), as well as the predomi-
nance of 2a over 2b, the large excess of 3a (.95% 3a) and
the predominance of 4a over 4b, we have studied these
compounds by 13C CPMAS NMR in the solid state (Table
4).

Some quaternary signals are not observed, e.g. the C–Cl
one, split by scalar coupling with the quadrupolar chlorine
atom linked to it.16,17 The most important observation,
based mainly on the 13C–H chemical shifts, is that the four
major tautomers (1a, 2a, 3a and 4a) are 3-aryl derivatives.
Therefore, in the solid state, C–aryl is C-3, C–Cl is C-4 and
C–H is C-5.

2.2. X-Ray powder diffraction diagram of compound 1

The diagram corresponding to compound 1 is represented in
Figure 1. We have not solved the structure using the
Rietveld refinement procedure,18 but we have instead used
the following approach, based on the CERIUS2 package.19

(i) Building of a starting structure for 1a. (ii) Selection of a
force field, Dreiding 2.21, which yields acceptable results in
calculating crystal systems.20 (iii) Optimization of molecu-
lar geometry. (iv) Minimization of the crystal lattice energy
by means of CERIUS2. (v) Analysis of the final structure
(crystal planes, hydrogen bonds, …). Out of the 230 space
groups, we limited our search to the five most common in
organic crystals (65% of all structures):21 P212121 (ortho-
rhombic), P21/c (or P21/a), P21, C2/c (monoclinic) and P1̄
(triclinic).

(i)–(iii) Conformation of RPA 406194. The minimization of
the energy of RPA 406194 by means of the Dreiding 2.21
force field leads to the structure represented in Figure 2.
There is a torsion angle of 33.38 between the phenyl and

Table 1. 13C chemical shifts of pyrazoles 1–4 (i, ipso; o, ortho; m, meta; p, para)

Compound Solvent C–aryl C–Cl C–H Aryl group

1a CD3OD 145.3 109.1 132.6 135.4 (i) 125.4 (o) 136.4 (m)
128.9 (p)

2 CDCl3 142.1 107.8 135.3 128.8 (i) 125.0 (o) 138.3 (m)
130.5 (p) 21.3 (Me)

3 CDCl3 146.5 108.6 129.4 127.3 (i) 126.8 (o H) 140.2 (o NO2)
136.0 (m H) 128.8 (m NO2) 128.3 (p)

4 CDCl3 N.o. 109.2 133.5 (br) 113.4 (i) 122.3 (o H) 140.1 (o O)
123.8 (m H) 143.9 (m O) 109.4 (p)
131.3 (CF2)

a Broad signals; to observe those reported for C–aryl and C-5 a small amount of CF3CO2H has been added. N.o. not observed.

Table 2. 1H chemical shifts of tautomers 1a and 1b in CD3OD

Compound Temperature (K) C–H C-ortho C-para

1a 294 7.82 7.82 7.46
1b 294 7.82 7.82 7.46
1a 273 7.89 7.83 7.48
1b 273 7.89 7.83 7.48
1a 243 7.95 7.84 7.51
1b 243 7.68 7.75 7.59
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pyrazole planes, which makes the compound chiral. This
conformation corresponds to the isolated molecule in vacuo.
We will assume that it will be maintained in the crystal.

(iv) Structure of RPA 406194 in the crystal. Using
CERIUS2 we have calculated dhkl, the spacing of the (hkl)
set of planes, for structure 1 and compared them with the
powder diagram (Fig. 1). The results are reported in Table 5
for the best solution.

Like biphenyl derivatives,22 compound 1 presents axial
chirality, thus existing in two conformations, R and S
separated by a low energy barrier, that is, racemizing
very quickly in solution. In our modelling work, we have
assumed that the helix is formed exclusively by one
enantiomer (R or S). It is evident that a crystal obtained
from a racemic compound like 1 should contain the same
number of R and S enantiomers. For a helix that means
three possibilities: (i) helix formed by pairs of enantio-
mers (R,S)n; (ii) a crystal containing both (R)n and (S)n

helices; (iii) crystals formed by (R)n helices and crystals
formed by (S)n helices (spontaneous resolution). In our
review of the crystallization modes of NH-pyrazoles,
there are two examples of non-planar phenylpyrazoles
(compounds 19, PAZDPY, and 31, FAQSOF).8 The first
(torsion angle 48) is an example of case (iii) while the
second one (torsion angle ^46.78) is an example of case
(ii). Recently, we have determined the structure of 5-
phenylpyrazole and it also belongs to case ii (torsion
angle ^17.78).14 Since case (i) was never observed, we
decided to assume that all the molecules in the chain
have the same configuration.

The agreement between calculated and experimental dhkl

values is very good. In principle, it is possible to associate
an experimental peak to each face. But, since some
calculated dhkl are very close: 5.7057, 5.7081 and 5.7811;
8.0382 and 8.0482, we have assigned them identical

experimental dhkl: 5.7071 and 8.0021. These experimental
values correspond to 5.5 and 7.768 angles. The atom
coordinates in the unit cell are available from one of us (N.
G.). In Figure 3 the location and orientation of the two
independent, identical molecules of RPA 406194 in the unit
cell are represented.

The structure of RPA 406194 corresponds to a chain
(catemer) of N–H· · ·N hydrogen bonded molecules. This is
one of the motifs expected for 3-arylpyrazoles (the other is a
cyclic trimer).8

In principle, it is possible to use molecular simulations to
predict the morphology of crystals grown in vacuo if the
space group and the crystal parameters are known. The
method is based on the attachment energy, this magnitude
being correlated to the growth rate of the different faces.
Hartman’s periodic bond chain (PBC)23,24 theory (also
called ‘Hartman–Perdok-roughening-connected net’)25

classifies the crystal faces in three groups: F (flat) faces
where the surface structure contains, strong intermolecular
bonds (PBC) between atoms, ions or molecules of the
crystal at least. In two non-parallel directions; S (stepped)
faces corrugated, in one direction and with only one
strong bond direction, and K (kinked) with no PBC, that
are irregular with growth sites of vertex or edge types.
The growth rates (in a perpendicular direction), Vi, for
these faces are very different (VKqVSqVF). To determine
the morphological importance of these faces, the attach-
ment energy Ehkl (negative) of the face (hkl) is calculated
by molecular simulation from the crystal energy (Ecr) and
the slice energy (Esl(hkl)): Ehkl¼1/2 (Ecr2Esl(hkl)).

24

Moreover, when the crystal grows in spiral (BCF model),26

that is, when the supersaturation is weak or moderate, Vhkl is
an analytical function of Ehkl.

28,29 For a narrow range of
attachment energies, the following relationship holds:27

Vhkl– lEhkll. This relationship implies that the lower the

Table 3. 13C chemical shifts of tautomers 1a and 1b in CD3OD

Compound C–aryl C–Cl C–H Aryl carbon atoms

ipso ortho meta para

1a Experimental 148.2 109.3 131.0 136.7 126.8 136.7 129.3
Predicteda 149.9 108.5 134.7 136.5 123.0 135.5 126.9

1b Experimental N.o.b N.o.b 142.0c 130.1c 126.7c N.o.b 129.5c

Predicteda 141.3 108.5 139.5 131.9c 123.0c 135.5c 129.2

a Predictions based on 3(5)-phenylpyrazole14 and chlorine effects on benzene.15

b N.o.—not observed.
c Determined from a 1H–13C g-HSQC spectrum.

Table 4. 13C chemical shifts of pyrazoles 1–4 (i, ipso; o, ortho; m, meta; p, para) in the solid state

Compd. C–aryl C–Cl C–H Aryl group

1 146.1 105.8 132.6 136.9 (i) 125.0 (o) 136.0 (m) 130.1 (p)
111.0

2 N.o. N.o. 135.8 128.2 (i) 125.3 (o) 137.7 (m) 128.2 (p)
21.8 (Me)

3 145.3 N.o. 129.7 N.o. (i) 128.0 (o H) 143.0 (o NO2) 135.0 (m H)
132.0 (m NO2) 128.0 (p)

4 N.o. N.o. 133.5 113.6 (i) 122.4 (o H) 139.9 (o O)
126.0 (m H) 142.9 (m O) 115.0 (p)

N.o. (CF2)

N.o.—not observed.
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attachment energy of a (hkl) face in absolute value, the
larger this face will be.

In Figure 4 the growth morphology in vacuo of a crystal of
RPA 406194 is represented. Even if the solvent effect on
morphology30 – 35 has not been considered, the theoretical
morphology has an elongated shape similar to the
experimental morphologies (very fine needles in the best
case, acetone). Probably this solvent, of moderate polarity,
will increase the surface areas of the 1̄00, 001 and 101 faces,
elongating the crystals.

3. Conclusion

The fungicide RPA 406194 corresponds, in the solid state,
to the tautomer 3-(3,5-dichlorophenyl)-4-chloro-1H-pyra-
zole that crystallizes in the monoclinic P21 space group. The
predicted elongated crystals are consistent with the fine
needles observed.

4. Experimental

4.1. General procedures

Most NMR spectra in solution were recorded with a Bruker
AC 250 instrument (Aventis). The solid state spectra were
obtained from a Bruker MSL 400 spectrometer (CSIC). The
1H and 13C NMR spectra of compound 1 were taken on a

Varian Unity-500 spectrometer with a 5 mm inverse-
detection H-X probe equipped with a gradient coil. The
1D spectra of 1 in CD3OD were measured in the
temperature interval 243–295 K with a digital frequency
resolution of 0.1–0.2 Hz per point. The 2D g-HSQC
spectrum was obtained using the standard Varian pulse
sequence. The data were collected with 2048£128 data
points, 8 scans for each increment. Spectral widths of 5000
and 30,000 Hz were used in the F2 (1H) and F1 (13C)
domains, respectively. The calculation of the full shape of
the 1H NMR spectrum line was performed with the use of
the gNMR v 4.0 program.36 Activation parameters of the
dynamic process were determined from the Eyring plot of
the determined rate constants vs temperature (K).
Calibration of the thermostat was performed by the
registration of 1H NMR spectra of methanol. A SEIFERT
XRD 3000 TT diffractometer was used for the powder
diffraction data collection.

4.1.1. 3-(3,5-Dichlorophenyl)-4-chloro-1H-pyrazole (1).
The condensation of 10 g (0.053 mol) of 30,50-dichloroace-
tophenone was carried out with 50 mL of DMF dimethyl-
acetal during 2 h at 90 8C. After concentration of the
reagent, 150 mL of heptane were added. 10.0 g of 1-(3,5-
dichlorophenyl)-3-dimethylamino-2-propen-1-one were
recovered after filtration (mp 1008C). 2.4 g (0.05 mol) of
hydrazine hydrate were slowly added at room temperature
to a solution of 9 g (0.0369 mol) of the enaminone in
100 mL of ethanol. After 2 h, the reaction mixture was

Figure 1. Powder diffraction diagram of compound 1.

Figure 2. Minimum energy conformation of compound 1.

Figure 3. Calculated crystal structure of compound 1.

Figure 4. Growth morphology of compound 1.
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concentrated to dryness and the residue was triturated in
hexane to give 7.1 g (mp 1568C) of 3-(3,5-dichlorophenyl)-
1H-pyrazole. This pyrazole (2.3 g, 0.0152 mol) was chlori-
nated at room temperature in 300 mL of dichloromethane
with 2.07 g (0.016 mol) of N-chlorosuccinimide during 4
days. The reaction mixture was then concentrated and the
residue chromatographed on silica gel (heptane/ethyl
acetate 70/30 v/v) to give 1.4 g of 1 (mp 1928C). Exact
mass, calculated 247.95183, determined by mass spec-
trometry 247.95437. 1H NMR (DMSO-d6) 13.58, bs, NH;
8.07, s, C5-H; 7.81, d, J¼1.8 Hz, 2H; 7.61, t, J¼1.8 Hz, 1H.
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