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Abstract

We have determined the enthalpies of sublimation of
3,5-di-tert-butylpyrazole (3), 3,5-diphenylpyrazole
(4), 4-nitropyrazole (5), 3,5-dimethyl-4-nitropyrazole
(6), 3,5-di-tert-butyl-4-nitropyrazole (7) and 3,5-
diphenyl-4-nitropyrazole (8); those of pyrazole (1)
and 3,5-dimethylpyrazole (2) were already known.
The effect of the C-substituents (Me, Bu’, Ph and
NO,) on the enthalpies of sublimation of pyrazoles
and benzenes are additive and linearly related. More-
over, we report the structure of three of these 4-
nitropyrazole derivatives, (5), (7) and (8), which have
been solved by X-ray crystallography; those of the
remaining five compounds were already known.
Except for (8), there appears to be an opening of the
intramolecular angle at C(4) due to the presence of
the nitro group, that, on the other hand, seems to
have no correlation with the presence of the hydro-
gen H(1)/H(2) disorder. Crystal structure diagrams
and intermolecular contacts were analysed for either
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pyrazole derivatives with and without nitro sub-
stituents. There appear to be two general modes of
packing: the first is based upon a secondary structure
of trimers in sheets, which distorts into helices; the
second is made of dimers, which then pack into
sheets. The nitro group seems to have no influence in
the packing, which is more controlled by the sub-
stituents at C(3) and C(5). Although only partly
successful, we have established some relationships
between crystallographic results and thermodynamic
properties. First, between the planarity or not of the
4-nitro group and the acid and basic pK,’s, and
second, between some packing descriptors and the
sublimation enthalpies.

Introduction

We are in the process of carrying out a systematic
study of the properties of NH-pyrazoles in the solid
state by X-ray crystallography (Llamas-Saiz, Foces-
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Foces, Elguero & Meutermans, 1992; Foces-Foces,
Cano & Elguero, 1993; Foces-Foces, Llamas-Saiz,
Claramunt, Lopez & Elguero, 1994; Llamas-Saiz,
Foces-Foces & Elguero, 1995), '*C and '’N solid-
state CPMAS NMR (Smith et al., 1989; Aguilar-
Parrilla, Scherer er al, 1992; Aguilar-Parrilla,
Cativiela et al, 1992) and thermochemistry
(Colomina, Jiménez & Turrién, 1982; Jiménez, Roux,
Turrion & Gomis, 1987; Elguero et al., 1991;
Jiménez, Roux & Turridn, 1992). Due to the lack of
studies relating these properties of the solid state, it
is necessary to compare a set of compounds large
enough to have a chance of discovering some general
rules. In the present paper, a series of four pyrazole
pairs, without and with a 4-nitro substituent, will be
examined.
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The aims of this study are: (i) to discuss the
molecular geometries with special stress on the effect
of the nitro group; (ii) to classify the eight pyrazoles
(1-8) according to packing patterns, particularly
N—H-N hydrogen bonds (secondary structure);
(iii) to try empirical relationships between the crystal
structure and some thermodynamical properties,
such as solution pK,’s and heats of sublimation.

Experimental

Compounds (5)«8) were prepared according to
known procedures; the first three by a nitration of
the corresponding pyrazoles (1-3) and the last one
by oxidation of 3,5-diphenyl-4-nitropyrazole [nitra-
tion of 3,5-diphenylpyrazole (4) leads to nitrophenyl
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SOLID-STATE STRUCTURE OF 4-NITROPYRAZOLES

Table 1. Vapor pressures

T (K) 1(s) 4m (mg)  p (Pa) 10°x 8p (p) T (K) t(s) 4m (mg)  p (Pa) 10% x 5p (p)
3,5-Di-tert-butylpyrazole (3)
323.56 14 760 1.72 0.468 +0.503 334.52 12 600 4.64 1.50 +0.558
326.76 12 840 2.10 0.656 -0.526 331.73 11 340 5.74 2.07 +0.0980
329.96 16 500 3.77 0.923 —0.503 340.81 11220 7.66 2.81 -0.104
33243 16 260 4.80 1.20 -0.149
3,5-Diphenylpyrazole (4)
386.02 27 180 3.28 0.0553 —-0.438 395.94 26 880 8.90 0.153 —0.201
389.30 26 580 4.52 0.0782 -0.270 399.39 21 600 10.32 0.223 +2.02
392.50 27 000 6.50 0.111 +1.68 402.78 20 940 13.50 0.302 —0.964
4-Nitropyrazole (5)
318.60 29 820 2.01 0.0391 +0.360 330.69 18 360 4.57 0.147 ~0.542
322.08 22 020 217 0.0577 -0.132 333.56 24 420 8.20 0.200 +0.0123
324.56 30 120 393 0.0765 +0.507 336.15 18 000 7.94 0.263 +0.558
327.67 24 240 441 0.107 +0.0802
3,5-Dimethyl-4-nitropyrazole (6)
326.76 21 600 3.25 0.0792 —0.164 337.56 23 940 11.46 0.256 +0.859
329.61 19 440 4.09 0.111 +2.18 340.63 17 713 11.31 0.343 -1.59
331.74 20 280 5.12 0.134 =212 343.41 11 580 9.74 0.454 -1.78
334.68 19 380 6.96 0.191 +1.86 347.34 18 180 23.39 0.698 +2.10
3,5-Di-tert-butyl-4-nitropyrazole (7)
340.63 24 600 372 0.0644 +0.822 353.35 25 680 15.31 0.258 +0.182
344.18 21 960 4.84 0.0943 -0.987 356.43 20 640 16.82 0.355 —0.165
347.39 29 580 9.50 0.138 +1.68 359.47 19 200 2141 0.487 +0.148
350.31 24 900 10.78 0.187 +0.398
3,5-Diphenyl-4-nitropyrazole (8)
407.34 26 580 2.29 0.0370 -0.451 422.05 18 480 7.69 0.182 +1.40
410.60 23 880 2.98 0.0538 +0.932 424.64 26 400 14.34 0.238 +1.64
421.38 26 700 3.07 0.0658 +1.92 428.06 18 300 13.87 0.333 +1.10
416.45 27 120 6.21 0.0993 ~0.556 431.27 16 560 17.06 0.454 -0.414
418.86 26 040 7.58 0.127 -1.37

Table 2. Molar enthalpies of sublimation

AnH, () AuH(298.15K) T(0.5Pa) Ay H(Tys )

Compound 6 (K) A B (kJ mol™ ") (kJ mol ™) (K) (kJ mol ")
Pyrazole (1) 27543 14.32 £0.07 —3882.5+19.2 743+04 74.0 = 0.4* 265.54 74.7
3.5-Dimethylpyrazole (2) 30092 14.64 +0.03 —43509 =89 83.3+0.2 83.3+0.2¢ 291.20 83.7t
3,5-Di-terr-butylpyrazole (3) 332,19 15.10 £ 0.05 —49932+154 95.6 £ 0.3 96.8 0.3 32421 95.98
3,5-Diphenylpyrazole (4) 39440 16.52+0.17 —6861.0%68.1 131.4%13 135.1 % 1.3 407.88 130.8§
4-Nitropyrazole (5) 327.38 1443 +0.04 —5046.2+13.6 96.6+0.3 97.4+03 342.56 96.1§
3,5-Dimethyl-4-nitropyrazole (6) 337.05 14.69 +0.15 —5158.5 + 52.1 988 = 1.0 999=x1.0 344.11 98.6§
3,5-Di-tert-butyl-4-nitropyrazole (7)  350.05 15.63 +0.09 —5729.5+31.3 109.7+0.6 1144 0.6 359.64 109.0§
3,5-Diphenyl-4-nitropyrazole (8) 41931 18.19+0.11 —7992.2+449 153.0+09 160.2 £ 0.9 432.22 159.3§

* Jiménez, Roux, Turrién & Gomis (1987).

+ Estimated assuming a variation of the sublimation enthalpy of 0.04 per K.

1 Elguero er al. (1991).

§ Determined from the sublimation enthalpies at 8 temperature and from the values of C, in the condensed phase determined in our
laboratory by DSC and the values of C, in the gas phase calculated with the group contributions of Rihani & Donaiswamy (1965).

derivatives: (5) (Hiittel, Biichele & Jochum, 1955), (6)
(Elguero, Jacquier & Tien Duc, 1966), (7)
(Habraken, Beenaker & Brussee, 1972) and 8)
(Hiittel, Biichele & Jochum, 1955; Babar, Desai &
Shinde, 1983)].

Enthalpies of sublimation

The enthalpies of sublimation of (3)«8) were
obtained from vapor pressures determined by the
Knudsen effusion method, using a technique and
procedure previously described (Colomina, Jiménez

& Turrion, 1982; Elguero et al., 1991). The details of
the two orifices employed were as follows: orifice
area (7.99=0.03) x 10"*cm? and Clausing coeffi-
cient W,=0958=x0.009 for 3,5-di-tert-butyl-
pyrazole; orifice areas (0.69 = 0.01) x 102 ¢m? and
Clausing coefficient W, =0.986 + 0.003 for the
remaining compounds. The results of the Knudsen
effusion experiments are summarized in Table 1, in
which values of temperature, time and mass of sub-
limed substance are collected, an equation of the
type Ilg(p/Pa)= ~B(T/K)"'+ A4 was fitted to the
results of Table 1 by a least-squares method. The
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Table 3. Crystal analysis parameters at room temperature

)

C;H,N,0,

Colorless needle

0.12 x 0.05 x 0.05
Triclinic, PT
Least-squares fit from 66
reflections (8 < 45°)

Crystal data

Formula

Crystal habit

Crystal size (mm)
Symmetry

Unit-cell determination:

Unit-cell dimensions

Y ®

C,H\,N,0,

Yellow plate

0.33 x 0.33 x 0.03
Monoclinic, P2,/c
Least-squares fit from 78
reflections (6 < 457)

CsH,N;0,

Colorless prism

0.30 x 0.17 x 0.10
Monoclinic, P2,/c
Least-squares fit from 71
reflections (8 < 45°)

a(A) 9.8831 (7) 10.6407 (4) 18.1399 (16)
b (A) 9.6688 (7) 9.6180 (4) 12.0814 (9)
c(A) 8.3417 (4) 12.6649 (5) 11.5184 (7)
a () 81.139 (4) 90 90
B ) 100.076 (4) 107.962 (3) 99.339 (7)
() 105.966 (6) 90 90
Packing: V (A%, Z 749.8 (1), 6 1233.0 (1), 4 24909 (3), 8
D, (g cm™*), M, F(000) 1.503, 113.08, 348 1.214, 225.29, 488 1.415, 265.27, 1104
u(em™) 10.71 6.56 7.56
Experimental data
Technique Four circle diffractometer: Philips PW1100, bisecting geometry
Graphite-oriented monochromator: Cu Ka
/26 scans, scan width: 1.5°
Detector apertures 1 x 1°; 1 min/reflex, O = 65°
Number of reflections
Independent 2217 2101 4231
Observed 1737 [3o(]) criterion) 1778 [3o() criterion] 2380 [3o(J) criterion]
Range:
h 0—10 0—-11 0—21
k -10—10 011 0—13
1} -9—+9 -14—14 -13—+13
Standard reflections 2 reflections every 90 min; no variation
Solution and refinement
Solution SIR88 SIR88 SIR88 + DIRDIF
Refinement:
Least-squares on F, Full-matrix Full-matrix Two blocks
Parameters:
Number of variables 265* 221 494*
Degrees of freedom 1472 1557 1886
Ratio of freedom 6.6 8.0 48
H atoms From difference synthesis
Final shift/error 0.05 0.02 0.16

Weighting scheme

Max. thermal value (A?) Up,|O(8A4)] = 0.166 (3)

Empirical as to give no trends in (wA’F) versus (| F.u) and (sin 6/A)

U,[0(11)] = 0.117 (2) U,,[C(303)] = 0.21 (1)

Final 4p (e A3 +0.33 +0.20 +0.42
Final R and wR 0.063, 0.071 0.049. 0.051 0.082, 0.087
S 1.12 1.03 0.95

* See text.

coefficients 4 and B of the equations concerning the
studied compounds are shown in Table 2. The
enthalpies of sublimation of the compounds, corre-
sponding to the mean temperature 8 of its experi-
mental range, have been calculated from the
corresponding B values and are also collected in
Table 2. The uncertainties assigned to the values of
AH?,, are based on the standard deviations of B
values. The values for the enthalpies of sublimation
298.15 K have been computed from the C9, (cr)
values determined by DSC and C9 ,, (g) values calcu-
lated using the group-contribution scheme of Rihani
& Donaiswamy (1965). Control of purity, assessed
by DSC using the fractional-fusion technique (Marti,
1973) indicated that the mole fraction of impurities
of (3), (4), (6) and (7) was less than 0.001. The
method cannot be used for compounds (5) and (8),
since they decompose on melting.

X-ray structure determination. Table 3 contains the
crystal data and refinement parameters for (5), (7)
and (8). The structures were solved by direct
methods and refined by least-squares procedures.
The calculations were performed on a VAX6410
computer using the following set of programs: SIR88
(Burla et al., 1989), DIRDIF (Beurskens et al., 1984),
XRAY80 system (Stewart et al., 1976), XTAL3.2
(Hall, Flack & Stewart, 1993), PESOS (Martinez-
Ripoll & Cano, unpublished) and PARST (Nardelli,
1983). The metric of (5) is obviously pseudo-
rhombohedric; proofs on the symmetry rejected the
possibility of a rhombohedral cell, the slight varia-
tions being enough to keep this structure as triclinic.
The structure of (8) was solved in the P2, space
group, but the four independent molecules obtained
in this way did not refine properly. The molecules
were related in pairs by symmetry centers, but its
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relative position was incompatible with other space
groups of higher symmetry. The correct solution was
found in P2,/c, with one ‘complete’ molecule and
two halves related by a pseudo-symmetry center at
(%,0,3‘) in the asymmetric unit. Each of these half
molecules generates a model of disorder through a
crystallographic symmetry center. The atomic scat-
tering factors were taken from International Tables
Sfor X-ray Crystallography (1974, Vol. 1V). Fractional
atomic coordinates for (5), (7) and (8) are given in
Tables 4-6.*

Results and discussion
Thermodynamics

The values of 4,,,H° (in kJ mol™ ') for benzene
33.8 (Osborne & Ginnings, 1947), toluene 38.0 (Scott
et al., 1962), tert-butylbenzene 48.1 (Prosen, Johnson
& Rossini, 1946), phenylbenzene (biphenyl) 81.8
(Montgomery & Rossini, 1978) and nitrobenzene
56.1 (Lebedeva, Katin & Akhemedora, 1971) have
been reported. Since we have a collection of aromatic
compounds (mono-substituted benzenes and disub-
stituted pyrazoles) with the same series of substit-
uents, we have represented in Fig. 1. the differences
in sublimation enthalpies of pyrazoles [64,,,H° =
AsubH?iisubstiluted pyrazole Asulez)arenl pyrazole] againSt
those of benzenes (84, H® =2 X (4,,,-
H?’nonosubstilu(cd benzene Avapngnzene ilself)]' For
instance, for the methyl group, A4,,,H juene = 38.0,
AvapHPenzene = 33.8,  84,,,H® =2 x (38.0 — 33.8) =
8.4 kJ mol ™' (in this case the experimental value for
the disubstituted benzene is known and the additivity
can be tested, m-xylene, 4,,,H° =427, i.e. 54,,,H°
=89kJmol™'). The reasoning behind Fig. 1
assumes that there is a direct relationship between
enthalpies of sublimation and enthalpies of vapori-
zation, i.e. that enthalpies of melting are constant or
proportional to the enthalpies of vaporization.
Although the model is rather rough, the result is
surprisingly good, and some small deviations are
noted that we will try to explain based on crystal-
lographic evidence (see ‘Relationships between crys-
tallography and thermodynamic properties’).

X-ray crystallography

Molecular structure. The structures of the fol-
lowing pyrazoles have been published: (1) (LaTour &
Rasmussen, 1973), (2) (Smith er al, 1989)
(3) (Aguilar-Parrilla, Limbach, Foces-Foces, Cano &

* Lists of structure factors, anisotropic displacement param-
eters, H-atoms parameters, complete geometry, torsion angles and
least-squares planes data have been deposited with the IUCr
(Reference: HE0089). Copies may be obtained through The Man-
aging Editor, International Union of Crystallography, 5 Abbey
Square, Chester CH1 2HU, England.

SOLID-STATE STRUCTURE OF 4-NITROPYRAZOLES

Table 4. Final atomic coordinates and U, for (5)

Uey = (1/)HZ[U,a*a*aa; cos (a,.a)] < 10%

x y z Ueq
N(14) 0.0375 (3) 03279 (3)  -0.0574 (4) 53 (1)
N(24) 0.1002 (3) 0.4612 (3) -0.1237 (3) 52 (1)
C(34) 0.0139 (3) 0.5006 (3) —0.2498 (4) 53(1)
C44)  —0.1074 (3) 03895(3)  —0.2653 (3) 47 (1)
C(54) —0.0887 (3) 0.2832 (3) -0.1425 (4) 52 (1)
N(64) ~0.2303 (3) 0.3848 (4) —0.3837 (4) 70 (1)
O(74) —0.3288 (3) 0.2741 (4) -0.3770 (4) 99 (2)
O(84) -0.2322 (4) 0.4897 (5) —0.4850 (4) 114 (2)
N(1B) 0.3096 (3) 0.2559 (3) 0.2909 (3) 53 (1)
N(2B) 0.1740 (3) 0.1941 (3) 0.2316 (3) 54 (1)
CGB) 0.1318 (3) 0.0688 (3) 03199 (4) 53 (1)
C(4B) 0.2420 (3) 0.0490 (3) 0.4374 (3) 46 (1)
C(5B) 0.3532 (3) 0.1702 (3) 0.4151 (4) 54 (1)
N(6B) 0.244]1 (4) —0.0686 (3) 0.5593 (4) 64 (1)
O(78) 03543 (4)  —0.0673 (4) 0.6540 (4) 95 (1)
O8B) 0.1340 (8)  —0.1671 (3) 0.5638 (4) 96 (1)
N(1C) 0.3742 (3) 0.6109 (3) 0.0312 (3) 50 (1)
N(2C) 0.4432 (3) 0.5436 (3) 0.1582 (3) 49 (1)
C(30) 0.5695 (3) 0.6305 (3) 0.2011 (4) 50 (1)
C4C) 0.5803 (3) 0.7566 (3) 0.0968 (4) 45 (1)
C(50) 0.4547 (3) 0.7403 (3) —0.0085 (4) 51 (1)
N6C) 0.6989 (3) 0.8796 (3) 0.0952 (4) 67 (1)
O(70) 0.6886 (4) 0.9823 (3) -0.0079 (5) 99 (1)
O80C) 0.8028 (3) 0.8753 (4) 0.1975 (5) 101 (2)

Table 5. Final atomic coordinates and U., for (7)
Ue = (113)2[U;a*a*aa;cos (a.a)] x 10

X y z U
N(D) 0.3863 (1) 0.3877 (2) 0.4378 (1) 352 (4)
N(2) 0.5104 (1) 0.3429 (1) 0.4467 (1) 364 (4)
C@3) 0.4965 (1) 0.2322 (2) 0.3811 (1) 309 (5)
C(4) 0.3595 (2) 0.2093 (2) 0.3316 (1) 315 (5)
C(5) 0.2909 (1) 0.3095 (2) 0.3707 (1) 312 (5)
C(6) 0.1450 (1) 0.3389 (2) 0.3513 (1) 367 (5)
C(n 0.0882 (2) 0.2282 (3) 0.4106 (2) 604 (9)
C(8) 0.0709 (2) 0.3398 (2) 0.2262 (2) 520 (7)
C9) 0.1282 (2) 0.4814 (2) 0.3988 (2) 465 (6)
N(10) 0.3010 (1) 0.1057 (2) 0.2493 (1) 426 (5)
o(11) 0.2098 (2) 0.0360 (2) 0.2595 (2) 751 (D)
0(12) 0.3442 (2) 0.0922 (2) 0.1714 (1) 730 (7)
c(13) 0.6162 (2) 0.1499 (2) 0.3752 (1) 369 (5)
C(14) 0.6528 (3) 0.1934 (3) 0.2719 (2) 597 (9)
C(15) 0.7330 (2) 0.1797 (3) 0.4780 (2) 659 (9)
C(16) 0.5889 (2) —0.0064 (2) 0.3710 (2) 538 (8)

Elguero, 1994), (4) (Aguilar-Parrilla, Scherer ez al.,
1992) and (6) (Foces-Foces, Cano & Elguero, 1993).
Selected geometrical parameters for (5)~(8) are given
in Table 7 {the geometry of the disordered molecules
of (8) is omitted).

The only significant difference amongst the three
independent molecules of (5) is the C(4)—C(5) bond
distance of molecules 4 and B, as tested by half-
normal probability plots (Abrahams & Keve, 1971).
Their pyrazole rings do not deviate significantly from
planarity (x> in the range 0.25-0.86 versus the tabu-
lated value of 5.99). The presence of bulky substit-
uents (fert-butyl or phenyl groups) in positions 3 and
5 causes the loss of planarity of the pyrazole ring
[x> =83.17 and 49.72 in (7) and (8)]. The increase of
the torsion angles of the phenyl rings when (4) and
(8) are compared is related to the esteric and elec-
tronic effects of the nitro group (see below).
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Table 6. Final atomic coordinates and U, for (8)

U., = (1/3) U a*a*aa;cos (a.a)] x 10°.

x y z Ueq
N(101) 0.0111 3) 0.3725 (3) 0.0517 (4) 56 (2)
N(102) —0.0402 (3) 0.3818 (4) -0.0467 (4) 60 (2)
C(103) ~0.0418 (3) 0.2831 (4) —0.0997 (4) 41 (1)
C(104) 0.0109 (3) 0.2113 (3) —0.0289 (4) 37 (1)
C(105) 0.0453 (3) 0.2778 (3) 0.0660 (4) 40 (1)
C(106) ~0.0964 (3) 0.2565 (4) ~0.2057 (4) 4(2)
C(107) ~0.1084 (3) 0.3375 (5) -0.2933 (5) 53 (2)
C(108) ~0.1619 (3) 0.3216 (5) ~0.3903 (5) 53 (2)
C(109) -0.2043 (4) 0.2283 (5) —0.3986 (5) 63 (2)
Cc(110) ~0.1956 (3) 0.1562 (5) —0.3165 (5) 53 (2)
caln —0.1432 (3) 0.1597 (4) -0.2106 (5) 48 (2)
c(112) 0.1017 (2) 0.2586 (4) 0.1720 (4) 42(1)
C(113) 0.1004 (3) 0.1606 (4) 0.2393 (4) 47 (2)
C(114) 0.1502 (3) 0.1550 () 0.3457 (5) 53 (2)
C(115) 0.1981 (4) 0.2407 (7) 0.3825 (6) 75 (3)
C(116) 0.2002 (3) 0.3271 (5) 0.3203 (5) 53 (2)
c(117) 0.1539 (3) 0.3443 (4) 0.2051 (5) 46 (2)
N(118) 0.0361 (2) 0.1101 (3) —0.0624 (3) 39 (1)
0o(119) 0.0122 (2) 0.0734 (3) —0.1637 (4) 61 (1)
0(120) 0.0839 (3) 0.0577 (3) 0.0048 (4) 66 (1)
N(201) 0.5108 (6)  —0.1203 (7) 0.5521 (9) 56 (3)
N(202) 0.4575 (5) —0.1257 (6) 0.4525 (7) 46 (3)
C(203) 04565 (3)  —0.0041 (7) 0.4183 (5) 69 (2)
C(204) 0.5123 (5) 0.0380 (7) 0.4714 (8) 35(3)
C(206) 04007 3)  —0.0049 (4) 0.3115 (5) 4 (2)
C(207) 03918 (3)  —0.0902 (5) 0.2309 (7) 68 (2)
C(208) 0.3392 (5) —0.0823 (9) 0.1313 (8) 99 (4)
C(209) 0.2943 (4) 0.0066 (7) 0.1073 (5) 70 (3)
C(210) 0.3031 (4) 0.1010 (5) 0.1894 (5) 60 (2)
C(211) 0.3579 (3) 0.0868 (4) 0.2819 (4) 44 (2)
N(218) 0.5405 (5) 0.1438 (6) 04327 (1) 38 (3)
0(219) 0.5157 (4) 0.1749 (5) 0.3359 (6) 46 (2)
0(220) 0.5878 (4) 0.1923 (5) 0.5025 (6) 52 (2)
N(301) 0.4803 (5) —-0.1267 (7) -0.0472 (9) 53 (3)
N(302) 0.5367(5)  —0.1325 (6) 0.0513 (7) 48 (3)
C(303) 0.5435(4)  —0.0048 (10) 0.0807 (6) 107 (4)
C(304) 0.4882 (5) 0.0350 (6) 0.0263 (8) 33 (3)
C(306) 0.6000 3)  —0.0072 (4) 0.1884 (5) 51(2)
C(307) 0.6468 (4) 0.0783 (4) 0.2113 (5) 55(2)
C(308) 0.7031 (3) 0.0922 (5) 0.3034 (5) 57 (2)
C(309) 0.7064 (3) 0.0027 (6) 0.3907 (5) 62 (2)
C(310) 0.6551 (4)  —0.0835(7) 0.3704 (8) 86 (3)
C(311) 0.6044 (3) —0.0885 (5) 0.2714 (7) 68 (2)
N(@318) 0.4651 (6) 0.1429 (6) 0.0625 (9) 111 (4)
0(319) 0.4898 (4) 0.1761 (5) 0.1610 (6) 48 (2)
0(320) 0.4170 (5) 0.1945 (5) ~0.0070 (6) 54 (2)

The tert-butyl substituent closes the angles at C(3)
and C(5) in (3) with respect to the pyrazole itself (1)
(La Tour & Rasmussen, 1973). The opening of the
angle at C(4) due to the nitro group (see below)
increases, in (7), the effect of the rert-butyl group at
C(3) and C(5) (Table 7). The methyl and phenyl
groups in the series (1, 2, 6) and (1, 4, 8) follow the
same tendency, considering the mean values of
angles at C(3) and C(5) [the averaging is necessary in
the case of pyrazoles with disordered N—H hydro-
gen, since this disorder symmetrizes the pyrazole ring
in compounds (5) and (6)]. In 3,5-dimethylpyrazole
(2) and its corresponding nitro derivative (6), only
one half of the molecule is crystallographically
independent.

There is no relationship between the presence or
absence of the nitro group and the hydrogen disorder
of N—H. All possible combinations H-ordered/H-
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disordered are present in the four pairs of com-
pounds (1-5, ... 4-8). When the H atom is localized
at N(1) it is involved in hydrogen bonds with the
nitro group.

The influence of a 4-nitro group on the geometry of
pyrazoles. To discuss this point, we will follow the
same procedure that we have already used for N-
substituted pyrazoles (Llamas-Saiz, Foces-Foces &
Elguero, 1995). In order to differentiate between
intrinsic effects, that is, effects which are characteris-
tic of the isolated molecule, and crystal packing
effects, high-level ab initio calculations are necessary
to determine the geometry of the isolated molecule.
According to Pople (Hehre, Radom, Schleyer &
Pople, 1986), 6-31G**//6-31G** calculations provide
good-to-excellent molecular geometries.

Using the Gaussian92 series of programs (Frisch et
al., 1992), the geometry of 4-nitropyrazole (5)
planar and perpendicular (¢ = 0 and 90°) was calcu-
lated (Table 8). Nitrobenzene, with the same confor-
mation, was also calculated for comparative
purposes. The nitrobenzene geometries were identical
to those obtained at the 6-31G*//6-31G* level
(Ritchie, 1988). The most characteristic effects of the
nitro group in benzenes are the angular deforma-
tions; in crystals these deformations amount to
29(2), —1.9(1), 0.3(1) and 0.4 (2)° for C,p0, Corinos
Cpea and C,,,, respectively (Domenicano &
Murray-Rust, 1979). The corresponding 6-31G**
values (Table 8) are 2.4, —1.5, 0.1 and 0.5° [the
underestimation of 4C,,,, has already been noticed
(Ritchie, 1988)].

SAH(Pz) = 3.5436 + 0.6702 SAH(Bz); R = 0.99
100

SAH; (Pyrazoles)

100

120
SAl-lvap(Bcnzcnes)

Fig. 1. Plot of 84H,,(pyrazoles) versus 84H,,,(benzenes) (all
values in kJ mol ™).
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Table 7. Geometrical parameters for (5)8)

The numbering system is not necessarily coincident with that used in the crystallographic work [only the geometry of the ordered
molecule in (8) has been included].

I;U
C4
R\CS/ \CB/R
/
NI—N2
/
H
(5, R=H (6), R = CH, (7), R=C(CH,), (8), R=CeH,
N(1)—N(2) 1.345 (3) 1.348 (3) 1.339 (4) 1.339 (11) 1361 (2) 1.350 (6)
N@)—C(3) 1.312 (4) 1.318 (4) 1.323 (4) 1.318 (12) 1.329 (2) 1.339 (6)
C3y—C(@) 1.374 (4) 1.367 (4) 1.375 (4) 1.388 (13) 1415 (2) 1.443 (6)
C(4)—C(5) 1.362 (4) 1.382 (4) 1.375 (4) 1.388 (13) 1.389 (2) 1.417 (6)
C(Sy—N(1) 1317 4) 1312 (4) 1.314 (4) 1.318 (12) 1337 2) 1.299 (6)
CG3)—R — — — 1.502 (13) 1.523 (2) 1.477 (6)
C(5—R — — — 1.502 (13) 1.522 (2) 1.479 (6)
C@y—N@) 1.420 (4) 1.407 (4) 1.422 (4) 1412 (17) 1.437 (2) 1.382 (6)
N@3)—O0(1) 1.217 (5) 1.235 (4) 1.221 (4) 1.209 (15) 1218 (3) 1.257 (5)
N@3)»—0(2) 1.235 (4) 1.226 (5) 1.224 (4) 1.209 (15) 1.219 (3) 1.239 (5)
C(S)—N(1)—N(Q2) 108.8 (3) 109.2 3) 109.4 (3) 109.8 (8) 113.6 (1) 115.4 (4)
N()—N(@2)—C(@3) 108.9 (3) 108.5 (3) 109.0 (3) 109.8 (8) 106.5 (1) 105.7 (4)
N(2)—C(3)—C(4) 107.8 (3) 108.4 3) 107.3 (3) 106.7 (7) 107.7 (1) 108.3 (4)
C(3)—C(4)—C(5) 106.6 (3) 106.2 (3) 106.7 (3) 107.0 (6) 108.4 (1) 105.3 (4)
C(4y—C(5}—N(1) 108.0 (3) 107.8 (3) 107.5 (3) 106.7 (7) 103.8 (1) 105.1 (4)
N2 —C(3)—R — — — 121.7 (9) 120.9 (1) 122.2 (4)
C(dy—C(3)—R — — — 131.7 (10) 131.3 (1) 129.1 (4)
N(1)—C(5)—R — - — 121.7 9) 1222 3) 119.7 (4)
C(4y—C(5—R — — — 131.7 (10) 133.9 (1) 135.0 (4)
C(3)—C(4)—N(3) 127.5 (3) 1279 (3) 127.0 (3) 126.5 (4) 126.0 (2) 126.3 (4)
C(5—C(4)—N(3) 125.9 (3) 126.0 (3) 1263 (3) 126.5 (4) 125.5 (1) 126.4 (4)
C(4y—N@3)—0(1) 1183 (4) 117.5 (3) 1175 (3) 118.1 (6) 1183 (2) 119.4 (4)
Ci4y—N(3)—0(2) 117.6 (3) 1183 (3) 117.5 (3) 118.1 (6) 119.1 (2) 120.4 (4)
O(1)—N(3)—0(2) 124.2 (4) 1242 (3) 125.0 (3) 123.8 (9) 1226 (2) 120.1 (4)
C3y—C@#)—N@)—0(l) -02(6) -03(5) -0.7 (5) -24(13) -45.7(3) -0.2(6)
N@)—C(3)—C—C — — — — 200 (2) 439 (7)
N()—C(5)—C—C — - — — 11.5 (2) -443 (7)

For (1)-(4): N(2)—C(3)—C(4) = 112.3 (5), 107.8 (8), 109.9 (4) and 107.9 (3)°; C(3)—C(4)—C(5) = 105.0 (5), 103.6 (6), 105.8 (4) and
106.3 (3)°; N(1)—C(5—C(4) = 106.6 (5), 107.8 (8), 106.7 (4) and 107.8 (3)°, respectively. The N(2)—C(3)—C—C/N(1)—C(5)—C—C
angles are 18.8 (5)/ —7.3(5)° and —15.7 (5)/35.7 (6)° for the two independent molecules in (4), while in (3), the ters-butyl groups are

twisted by —52.9 (8) and [47.0 (14), — 1.6 (9)°], the latter being disor

Torsion of the nitro group in nitrobenzene has
little influence on the benzene geometry [the C(1)—
N(3) bond length is increased by 0.005 A], although
resonance interaction is lost in the ¢ = 90° confor-
mation. The situation in 4-nitropyrazoles is different,
since pyrazoles are w-electron-rich compounds
(Elguero, 1984) and, consequently, charged reso-
nance forms like (5b) are more important than the
corresponding resonance form in nitrobenzene.

O\

\

dered.

The calculated geometry for 4-nitropyrazole ¢ =
0°, which corresponds to the energy minimum, is in
excellent agreement with the average experimental
geometry of (5) (Table 7). This shows that packing
effects can be neglected in a first approximation. The
calculated effect of the nitro group on the C(3)—
C@4)—C(5) angle is 2.1°, a little smaller than in
benzene, but a pentagon is more difficult to deform
than a hexagon. The experimental effect depends on
pyrazole pairs (when several independent molecules
are present in the unit cell the average value has been
calculated): (5) (106.5°H1) (104.4°)=2.1°, (6)
(107.0°)+2) (106.3°) =0.7°, (7) (108.4°)~(3) (105.8°)
=2.6° and (8) (105.3°)(4) (106.7°) = —1.4°. For
pyrazole itself, pair (1, 5), the ab initio calculated and
the crystallographically determined differences coin-

N—-N N——N + cide (2.1°). For 3,5-di-tert-butylpyrazole, pair (3, 7),
\ \ the value of 2.6° is consistent, taking into account

H H the non-neglible effect of two tert-butyl groups. For

(5a) (5b) 3,5-dimethylpyrazole, pair (2, 6), the effect, 0.7°, is
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Table 8. Geometrical parameters resulting from a HF/6-31G** calculation of 4-nitropyrazole (5) and

nitrobenzene
4-Nitropyrazole  4-Nitropyrazole Nitrobenzene Nitrobenzene
Geometry Pyrazole (1)* (¢ =0°% (¢ =90°)% Geometry (p =08 (@ =90°)9
N(1)—N@2) 1.330 1.340 1.327 C(h—C(@2) 1.383 1.378
N(@2)—C(3) 1.302 1.296 1.300 C(2)y—C@3) 1.383 1.385
C(3y—C4) 1.413 1.410 1.406 C(3)—C4) 1.386 1.386
C(4)y—C(5) 1.363 1.366 1.357 C4)—C(5) 1.386 1.386
C(5—N(1) 1.341 1327 1.338 C(5)y—C(6) 1.383 1.385
C(4—N(3) — 1.419 1.447 C(6)—C(1) 1.383 1.378
N(3)—0(1) — 1.192 1.192 C(1)—N(@3) 1.459 1.464
N(3)—0(2) — 1.192 1.192 NQ@3)>—O(1) 1.194 1.192
C(5)—N(1)—N(2) 112.79 113.52 113.29 CQ)y—C(1)—C(6) 122.36 122.94
N(1)—N(@2)—C@3) 104.99 105.56 105.72 C3y—C)—C(1) 118.48 118.18
N(Q2)—C(3—C(4) 111.68 109.93 109.87 C(4)—C(3—C(2) 120.10 120.19
C(3r—CM@)y—C(5) 103.91 105.97 106.10 C(5—C(4)—C(3) 120.48 120.32
C@—C(5)—N(1) 106.63 105.01 105.02 C(4)—C(5)—C(6) 120.10 120.19
C(5)—C(4—N(@3) 126.11 126.74 C(5y—C(6)—N(1) 118.48 118.18
C(4)—N@3)y—0(1) — 117.41 117.23 C(2)—C(1—N(3) 118.82 118.53
C(4)—N(@3)—0(2) — 117.30 117.23 C(H)—N@3)>—O(1) 117.70 117.13
O(1)—N(3)—0(2) — 125.29 125.53 O(1)—N(3)—0(2) 124.60 125.74
C(3y—C(4)—N@3)y—0O(1) 0.00 90.00 C(2—C(1)y—N@3)—0O(1) 0.00 90.00

* From Llamas-Saiz, Foces-Foces & Elguero (1995).
+ E= —428.2724 hartrees.
t E= —428.2552 hartrees.

§ E= —434.1843 hartrees; nitrobenzene from CSD: C(2y—C(1)—C(6) = 122.9°, C(3)—C(2)—C(1) = 118.1°, C(4—C(3)—C(2) =

120.3°, C(5)—C(4)—C(3) = 120.4°.
€ E = —434.1722 hartrees.

too small, maybe due to the fact that these com-
pounds show proton disorder which affects the
uncertainty of the difference (Smith er al., 1989;
Foces-Foces, Cano & Elguero, 1993). Finally, the
value for (8) (105.3°) is abnormally low; this com-
pound with its very short C(4)—N(3) bond length
(1.382 A) and its very long N(3)—O(1,2) bond length
(1.248 A) behaves as a pyrazole with an exaggerated
mesomeric effect [as if resonance form (5b) would be
more important than that in 4-nitropyrazole itself].
This could be related to the small value of the
C(3)—C(4)—C(5) angle and with the angular torsion
of the phenyl substituents. Other nitropyrazoles, like
the pair of tautomers of 3,5-methyl-4-nitropyrazole
(Foces-Foces, Llamas-Saiz, Claramunt, Lopez &
Elguero, 1994), show C(3)—C(4)—C(5) angles simi-
lar to those of (5) and (6).

The torsion of the nitro group produces modifi-
cations of the calculated geometry of 4-nitropyra-
zole. Comparing the ¢ = 0° and ¢ = 90° geometrical
parameters of Table 8, some differences can be
noted, the most significant being the expected length-
ening of the C(4)—N(3) bond, +0.028 A, due to the
suppression of the resonance interaction. The effect
is 5.6 times larger than in nitrobenzene. Assuming a
sin’p variation, the experimental and calculated
value for ¢ = 0° (AR[C(4)—N(3)] =0 A), the calcu-
lated value for ¢ =90° (AR=10.028 A) and the
experimental value for ¢ =45.7° [(7-5), 4AR=
0.011 A] are related by AR(A)= —0.001+
0.028 sin’¢, r* = 0.98.

Crystal packing

The packing of the eight structures could be classi-
fied into two main general modes. The first is present
in (1), (2), (5) and (6) and the second in the rest of
the structures, (3), (4), (7) and (8), see Figs. 2-9.
Tables 9 and 10 describe the main interactions
involved in the packings, including the hydrogen
bonds, according to the numbering system given in
the Introduction. We will describe the packing in
terms of structural levels: atoms form molecules
(primary structure, lry S), molecules interact
strongly to produce groups (through, for example,
hydrogen bonds) of molecules, which form the
secondary structure (2ry S); these groups associate in
motifs through less strong, yet directional forces
(tertiary structure, 3ry S), which give rise to the
crystal (quaternary structure, 4ry S) by means of
weaker and isotropic interactions; some levels may
be absent.

The first model mentioned is based upon the sym-
metrical packing presented by structure (2) (Fig. 2),
the others being viewed as deformations of this. The
secondary structure, built by the strongest inter-
actions, is formed by trimers through hydrogen
bonds involving the disordered H atoms; the next
step in the packing (3ry S) is due to H---H contacts
between trimers to form sheets perpendicular to the
c-axis; the sheets are compacted, one with each
other, to give the crystal (4ry S) by H--ring inter-
actions (see Table 8) and an intersheet distance of
3.499 A.
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Table 9. Main interactions building the packing in the structures of (1), (2), (5) and (6), showing the symmetry
involved in the interaction and, in parentheses, the corresponding structural level

IT represents the centroid of the indicated ring. C, is the packing coefficient as measured by the ratio: van der Waals’ molecular
volume/unit-cell volume.

Interatomic distances (A)

Interaction (X—H--Y) XY H-Y X—H-Y (°) Symmetry of Y Structural level
(2): C.=0.68

NQ2)—H(2)'N(2) 2.899 (14) 2.12(12) 168 (6) 2-x,1-x+y,1—z )
NQ)y—H(2)---1(1-5) 4.041 (11) 3.1709) 170 (9) 2-x+y,1-x,2 A3)
C(6)—H(61)-H(4) 3.20 (8) 2.65(12) 118 (9) 1-x,x-y,z 3)
C(6y—H(61)--H(61) 2.96 (8) 2.04 (12) 172 (10) 2-x, 1l-x+y3-z 3)
C(6)—H(63)--H(63) 3.41 (9) 2.56 (11) 119 (7) f+y,3-x+p1-2 (6))
C(6)—H(63)--H(63) 3.36 (10) 2.56 (12) 139 (6) I+x-y —t+xi-2 3)
C(6)—H(61)--TI(1-5) 37219 3.58 (8) 92 (5) i-x,1-y,1-z @)
C(6)—H(61)T1(1-5) 4.459 (9) 3.92(8) 120 (6) I+x-y —1+xi-2 )
C(6)—H(62)-11(1-5) 3.721 (9) 3.13(8) 121 (1) i-x,i-yi-z )
(5): C,=0.66

N(14)—H(14)-N(2B) 2.858 (4) 1.87 (9) 168 (6) X Pz 2)
N(1B)y—H(1B)--N(Q20) 2.872 (4) 2.02(9) 159 (8) X, ¥,z ?)
N(1C)—H(1C)"N(24) 2.880 (3) 1.97 (9) 167 (6) X0,z Q)
NQA)—H(24)--N(IC) 2.880 (3) 1.96 (8) 177 (9) X Pz @
N@2B)—H(2B)-N(14) 2.858 (4) 2.15(8) 172 (9) X, ¥, Z )
NQ@2C)y—HQ2C)"N(1B) 2.872 (4) 2.16 (8) 167 (7) X, 0z ?2)
C(3A4)—H(34)O(8B) 3.341 (4) 2.51 (4) 168 (3) x, 14y —1+z 3)
C(54)—H(54)~0(7C) 3.302 (4) 2.44 (4) 167 (5) ~1+x, ~1+y,z 3)
C(3By—H(3B)-O(8C) 3.347 (4) 2.45(4) 174 (4) —1+4x, —14yz 3)
C(5By—H(5B)0O(74) 3.285 (4) 2.43 (4) 176 (4) 1+x,9,1+z 3)
C(3C)—HBO)-0(84) 3.336 (5) 2.40 (4) 169 (3) 1+x,p 14z 3)
C(5C)—H(5C)-O(71B) 3.286 (4) 2.34 (4 172 (3) x,1+y —1+z 3)
N(1A)—H(1 4)-T(1-5)4 3.617 (4) 3.78 (10) 73 (5) ~x, 11—y, ~z @)
NQ2A)—H(24)-TI(1-5)4 3.355(4) 3.27 (10) 87 (7) -x,l—-y -z @)
N1 O)—HC)TK1-5)4 3.961 (3) 3.57 (12) 108 (7) -x,1-y ~z @)
C(5A)—H(54)--T(1-5)B 4.482 (4) 3.85(5) 131 (4) -X, —y, —z “)
N(1By—H(1B)--TI(1-5)C 3.971 (3) 3.60 (10) 108 (8) 1-x,1-y -z @)
N(1O—HU1O)+1I(1-5)C 3.620 (4) 3.72 (12) 77 (7) I-x,1-y -z @)
NQC)»—HQ20)1(1-5)C 3.361 (4) 3.29 (9) 89 (7) l-x,1-y, -z )
M(1-5)4--TI(1-5)4 3.688 (2) — 0 -x,1-y -z @)
(1-5)C-+1(1-5)C 3.737 (2) — 0 1-x,1-y, -z @)
6): C, =0.65

N(I)—H(1)N(2) 2.889 (14) 2.12(12) 168 (6) yox, 11—z @
C(7—H(7B)-0(9) 3.455 (20) 2.55 (24) 140 (12) l1-x,1-x+y,1—z @A)
C(7y—H(74)--H(7A4) 3.29 (15) 2.59(12) 140 (10) »xl-z 3)
(1): C,=0.66

N(14)—H(14)-N(2B) 2.914 (6) 1.90 (8) 164 (7) X Pz @
N(1By—H(1B)-N(24) 2.902 (6) 1.89 (8) 179 (7) X3~y —4+z @
C(3A)—H(3A4)(1-5)4 3.688 (6) 2.64 (2) 165 (1) x,i-x 3+z @)
C(5B—H(5B)--NI(1-5)B 3.554 (6) 2.55(2) 151 (1) x 3i-x, —1+z )
C(3By—H(@3B)NI(1-5)A4 3.926 (6) 2.99 (2) 145 (1) j+x, l—y 1-2z 3)
C(5A)—H(54)+N(1-5)B 3.681 (6) 2.67(1) 151 (1) —d+x,1-p —z 3)

The packing in the structure of (§) is a slight
deformation of that of (2) and yet dramatically
changes the descriptive symmetry. This packing of
(5) is pseudo-rhombohedral, with new axes A=c—b,
B=a+band C=b+c—a (see Table 11 and Fig.
3), very similar to those of (2), which lacks the NO,
group but bears methyl groups at positions 3 and .
The packing also presents sheets of trimers; there are
six sheets per C axis, giving 3.193 A intersheets and
119.87 A? per trimer (the pseudo-hexagonal base
area). Again the trimers (see Table 9), including the
disordered H atoms, are held by hydrogen bonds,
while here the sheets are formed by C—H---O,N
interactions (3ry S) and the sheets are compacted to

give the crystal by ring/H--ring interactions. All
trimers are equally oriented within a sheet; the center
of trimers and the orientation of them with respect to
the 4 axis (+ or —, one with respect to each other
sheet as in the star of David) in the six sheets are:
(2/3,0;—), (0,1/3;+), (1/3,1/3;—), (2/3,2/3;+),
(0,2/3;—) and (1/3,0,+), while for (2) the positions
and orientations are: (2/3,1/3;+), (0,0;-)
(1/3,2/3;+), (2/3,1/3;-), (0,0;+) and (1/3,2/3;-),
both having in the middle a center of symmetry.
Opening the trimers of (2) and rearranging the
hydrogen bonds (2ry S) we obtain the packing of (6),
which is very similar, in the projection along c, to a
sheet of (2) (see Fig. 4) and with similar a- and b-axes
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Table 10. Main interactions building the packing in the structures of (3), (4), (7) and (8), showing the symmetry
involved in the interaction and, in parentheses, the corresponding structural level

I1 represents the centroid of the indicated ring. C, is the total packing coefficient as measured by the ratio: van der Waals’ molecular
volume/unit-cell volume.

Interatomic distances (A)

Interaction (X—H---Y) XY H-Y X—H--Y (°) Symmetry of Y Structural level
(7): Ce = 0.67

N(1)—H(1)-"N(Q2) 3.012 (2) 2.32 (3) 141 (2) l-x, 1~y 1~z )
N(1)—H(1)--0(12) 3.132 (3) 2.69 (3) 115 (2) x3-p i+z 3)
C(9)—H(9B)-0(12) 3.580 (2) 2.62 (3) 155 (2) X, 1-y i+z 3)
C(9)—H(4)0(11) 3.575(2) 2.68 (3) 148 (3) —x, ity i-z 3)
C(8—H(8B)~0(11) 3.584 (3) 2.73 (4) 149 (3) -x, 3ty i-z 3)
C(14)—H(144)--0(11) 3.676 (3) 2.73 (4) 158 (3) 1-x,4+p 32 3)
C(8)—H(84)H(94) 3.63(3) 2.75 (5) 151 (3) -x, ~3+yp 31—z (3) or (4)
C(8)—H(8C)--H(140) 3.60 (4) 2.74 (6) 140 (3) l-x,3+y, 12 (3) or (4)
C(8)—H(8C)--H(16C) 3.51 (4) 2.69 (6) 136 (3) l-x,3+y, 35—z (3) or (4)
C(7—H(74)H(15C) 3.43 (4) 2.70 (6) 132 (3) -1+x,yz (3) or (4)
C(9)—H(9B)-H(15B) 2.84 (4) 2.43 (5) 103 (2) 1-x,1-y, 1-z (3) or (4)
C(9—H(9C)--H(15B) 2.84 (4) 2.46 (5) 101 (2) 1-x,1-y,1-z (3) or (4)
C(9—H(9C)-~H(14C) 3.37 (5) 2.43 (6) 153 (3) 1-x,3+y,3-2 (3) or (4)
C(14) — H(144)-H(164) 3.22 (4) 2.62 (5) 118 (3) 1-x,d+y1-2 (3)or (4)
C(16)—H(16B)---H(16B) 3.40 (6) 2.60 (8) 147 (4) 1-x, -y, 1-z (3) or (4)
(3): C,=0.57

N(1)—H(1)--N(2) 2.900 (5) 1.99 (-) 149 (-) 1-x, -y, 1-z ()
C(11)—H(114)-C(8) 3.916 (19) 3.16 () 131 () i+x,i-pl1-z (3) or (4)
C(11)—H(11B)--C(9") 3.800 (25) 3.40 () 105 (-) X i-y 1+z (3) or (4)
C(12)—H(124)--C(8) 3.956 (21) 3.16 (-) 154 (<) i+x, 13-y, 1-z (3) or (4)
C(12)—H(128)--C(9") 3.728 (24) 3.13 () 121 () i+x, 33—z (3) or (4)
C(12)—H120)-C(9) 3.728 (24) 3.17 () 114 () Jtx, p -z (3) or (4)
C(12)y—H(12C)--C(8) 4.176 (22) 3.35(-) 136 (-) itxpi-z 3)to (4
C(13—H(13B)-C(9) 3.857 (29) 3.08 (-) 137 (-) i—x, —p itz (3) or (4)
C(13)—H(130)-~C(10") 4.066 (25) 3.03 (-) 168 (-) 1-x, —p, 1 -z (3) or (4
8): C,=0.71

N(101)—H(101)---N(102) 3.017 (6) 232(7) 124 (5) -x,1-y -z ¥))
N(201)—H(201)---N(302) 3.023 (12) 233(-) 132 (-) X, —3—-y 3+z ¥)
N(301)—H(301)--N(202) 3.020 (12) 231 () 134 (-) x, —d—y —4+:2 )
N(101)—H(101)---0O(119) 3.340 (6) 2.68 (7) 123 (5) xi-pi+y 3)
N(201)—H(201)-~0(319) 3.374 (13) 2.85(-) 118 () 1-x, -y, 1-z 3)
N(301)—H(301)--0(219) 3.388 (13) 297 (-) 110 (=) 1-x, -y, -z 3)
C(111)—H(111)--0(120) 3.583 (7) 2.55(7) 167 (6) -x, -y, —z @)
C(108)—H(108)--0(120) 3.533(7) 2.79 (11) 136 (8) -x, 3ty —i-z )
C(211)—H(211)--0(320) 3.633 (8) 2.65 (6) 158 (4) X i-y itz 4)
C(208)—H(208)--0(220) 3.494 (3) 2.76 (13) 140 (10) 1-x, —3+y, 31—z )
C(310)—H(310):-0(320) 3.472 (12) 2.76 (9) 138 (6) l-x, —i+y i-2 “)
C(308)—H(308)--T1(106-111) 3.664 (7) 2.88 (8) 136 (6) 1+x -y d+z @)
C(116)—H(116)-T1(306-311) 3.759 (7) 2.84 (9) 146 (6) l-x3+p 13-z )
C(110)—H(110)--11(206-211) 3.737.(7) 2.94 (8) 140 (7) -x, -y, ~z “@)

4): C, = 0.66

N(1A)—H(14)"N(14) 2.892 (3) 1.90 (O 154 (-) l-x,p. 4~z ¥
N(Q2A)—H(24)N(2B) 2.835 (3) 1.90 (-) 154 (-) 1-x,y,3—z (v))
N(18—H(1B)--N(1B) 2915 (3) 192 () 165 (-) l-x,pi-z 7))
N(2By—H(Q2B)"N(2A4) 2.835 (3) 187 (9 156 (-) l-x,y,3-z 05
C(16By—H(16B)--11(6-11)4 3.742 (6) 3.18 (5) 118 (3) X )z 3
C(9By—H(9B)-11(6-11)4 4.593 (6) 3.69 (5) 152 (3) f4xi—y ~4+z 3)
C(9AY—H(94)-TI(12-17)4 3.784 (6) 3.02 (4) 139 (3) 1—x, -ty i-z 3)
C(11A—HO14)-TI(12-17)4 4.453 (4) 3.55(4) 152 (3) S—x iy —z 3)
C(13By—H(13B)--11(6-11)B 3.529 (5) 3.00 (4) 175 (2) l-x, -y -2 &)
C(9B)—H(9B)--N(6-11)4 4.593 (6) 3.69 (5) 152 (3) J+x, 35—y —1+z 3)
C(4A4)—H(44)-TI(6-11)B 4.436 (3) 3.54 (4) 157 (3) 1—x, -y, —z 3)
C(114)—H(114)--Ti(6-11)B 4.157 (4) 3.53 (4) 123 (3) i-x,i-y, -z 3)
C(144y—H(14A4)--TI(12-17)B 4.010 (5) 3.28 (4) 135 (3) 1I-X,3-y —z 3)
C(10B)—H(10B)--11(12-17)B 4.054 (4) 3.18 (4) 144 (3) X, —y, —1+z 3)
C(8A)y—H(84)-TI(12-17)B 4.830 (5) 3.97 (6) 139 (4) X, —y 3tz 3)
C(8Ay—H(8A)-T(12-17)4 4.022 (6) 3.49 (6) 112 (3) f—x, ~i+ypi-z 3)

(see Table 11). Packing of (6) presents a secondary 9) and producing a crystal with no quaternary struc-
structure of a helix along the c-axis through hydro- ture. The packing presents three molecules per c-axis,
gen bonds, with a tertiary structure linking the each corresponding to one sheet of (2); which gives
helices by H--H and H---O,N interactions (see Table 1.361 A interlevels and 129.43 A2 per helix (the base
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Table 11. Unit-cell parameters of the eight compounds
presented in this work

For (5), the table shows the parameters for the pseudo-
rhombohedral cell (*).

Lattice Angles Symmetry

1) 8.232  12.840 7.054 90.0 90.0 90.0 P2cn
(6) 12.225 12.225 4.083 90.0 90.0 1200 P3,21
(5) 9.883 9.669 8.342 81.1 100.1 106.0 P

(5)* 11.757 11.773  19.158 91.6 99.1 1200 R

(2) 11.775 11775 20991 90.0 90.0 120.0 R3c
(3) 11.478 21.100 9.980 90.0 90.0 90.0 Pbca
(7) 10.641 9.618  12.665 90.0 108.0 90.0 P2,/c
(8) 18.140 12.081 11518 90.0 99.4 90.0 P2,/c
4) 16923 17.143 17.640 90.0 109.6 90.0 C2/c

E 52 Eé é é i: E Eé (b)
0 b Fig. 3. (a) Same as Fig. 2, but for (5), in the pseudo-rhombohedral
unit cell (A =c—b, B=a+b and C=b + ¢ — a), showing the
Fig. 2. Two views of the packing of (2), showing the six sheets per shift in the sheets with respect to that of (2). (b) A sheet of (5),

¢ axis. One isolated sheet is very similar to the projection of the that referred to as (2/3,0;—), showing the positions of the
structure of (6) shown in Fig. 4. trimer.
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area). So, it seems that the helix would collapse into
one of the sheets of (2), since leaving out the methyl
groups provides more space.

Again, in (1), the secondary structure is formed by
two hydrogen bonds (see Table 9 and Fig. 5), which
give rise to a helix along the c-axis that hold four
units per c-axis. The helices are joined to give the
crystal (3ry S with no 4ry S) through two
C—H-'ring interactions (see Table 9); the other two
ring interactions reinforce the helix system, twisting
it so as to give the eight shaped chains. The structure
can be considered as having a noncrystallographic
rhombic base, with 24=a+ b, 2B=a—b and C=
c, A=B= 7626A and y’ = 114.67°, so as to give
1.7864 A per unit as the pitch value and 52.58 A? per
helix.

A different mode of packing is present in the
structures of (3), (4), (7) and (8); it consists of dimers
[or a tetramer in (4)] for the secondary structure;
these form tertiary sheets; the crystal is then built
(4ry S) by compacting the sheets.

Compound (7) presents a secondary structure
formed by dimers through hydrogen bonds (see
Table 10 and Fig. 6). The presence of NO, groups
allows these hydrogen bonds to bifurcate in planes
parallel to b,c to form sheets (3ry S), reinforced by
some H--H contacts. The sheets build the crystal

Fig. 4. The packing of (6), showing the helices of the secondary
structure, while the projection along c is like a sheet in (2) or

(5).
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(4ry S) through a methyl-crowded zone perpendicu-
lar to the g-axis.

Compound (3) presents a packing quite similar to
that of (7) (see Table 10 and Fig. 7), with a second-
ary structure made of dimers through hydrogen
bonds, sheets parallel to the a,b-plane, as in the
tertiary structure, and a methyl-full zone perpendicu-
lar to c.

Compound (8) has a packing made of slabs across
a, alternately ordered and disordered (see Fig. 8).
Here, again, we have a secondary structure made of
dimers produced by hydrogen bonds. The dimers
link among themselves by H---O,N interactions, pro-
ducing sheets parallel to the b,c-plane. The rest of the
interactions, see Table 10 (including the phenyl-
phenyl interactions, which are of the ‘T’-type with an
average angle of 55°), link the different sheets along
the (101) direction, asymmetrizing the molecular
interactions around the ordered molecule, while the
disordered interactions present a symmetric neigh-
borhood.

The structure of (4) is made of sheets approxi-
mately normal to (101) (see Fig. 9). The secondary
structure is made of tetramers, in an ‘eight’-like

RN S
ﬂ%ﬁ{”ﬁ”

Fig. 5. The packing of (1). The helices are distorted from those of
(6) so as to give a quite different projection along c.
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fashion, that links two adjacent sheets. Within each
sheet, the H:--phenyl interactions (see Table 10) are
linking the molecules, which are in a quasi-
perpendicular situation. The sheets present indivi-
dually the same structure, but one is sheared with
respect to the other.

Relationships between crystallography and thermo-
dynamic properties

The structural information gathered from the X-ray
analysis is relevant both to the molecular properties
of the isolated molecules and to those of the solid.
Among the first are the acid-base properties of
pyrazoles (Catalan, Abboud & Elguero, 1987). We
report in Table 12 the pK, corresponding to equili-
bria pzH + H*" &2 pzH, (basic pK,) and pzHe=pz"
+ H~* (acid pK,), where pzH is any NH-pyrazole.
The values in italics in Table 12 have been calculated

Fig. 6. The packing of (7), showing the secondary structure due to
hydrogen-bonded dimers and the methyl-crowded zone.
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Table 12. Acid-base equilibria of pyrazoles

Acid-base properties Basic pX, Acid pK,
Pyrazole (1) 248 1421
3,5-Dimethylpyrazole (2) 4.06 15.00
3,5-Di-tert-butylpyrazole (3) 394 15.13
3,5-Diphenylpyrazole (4) 1.75 13.03
4-Nitropyrazole (5) =20 0.64
3,5-Dimethyl-4-nitropyrazole (6) -0.45 10.65
3,5-Di-tert-butyl-4-nitropyrazole (7) -0.12 11.29

3,5-Diphenyl-4-nitropyrazole (8) — —

from (1), which relates both pK,’s
acid pK, = 11.4 + 0.946 basic pK,, r*=0.98. (1)

Unfortunately, the data for (8) are missing and
cannot be estimated.

From the pairs (1)-(5) and (2)H6) the effect of a
4-nitro substituent on the acid-base equilibria can be
calculated: Basicity 8pK, = —4.50, acidity opK,=
—4.46. In the case of the (3)+7) pair, these values
are —4.06 and —3.84, respectively. We assign these
differences (886pK, = +0.44 and +0.62) to the twist
of the nitro group in (7) [0 = C(3)—C(4)—N@3)—
O(1) = 45.7°], which modifies its electronic proper-
ties. When 6 changes from near 0°, (5) and (6), to

Fig. 7. Same as in Fig. 6 but for (3).
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46°, (7), the nitro group loses part of its electron-
withdrawing ability and the pyrazole becomes rela-
tively more basic and less acidic in character. Con-
cerning the (4)~«8) pair, since the nitro group is
almost planar (6 ~ 0°), one may expect dpK, values
near —4.5 units. The twist of the phenyl rings,
greater in (8) and (4) (Table 7), could affect the pK,
values.

Concerning the thermodynamical properties of the
crystal as a whole, we have tried to link up the heats
of sublimation and the crystal structure. This is an
old and difficult problem. The enthalpy of subli-
mation at a given temperature is related to the lattice
energy U by (2) (Giacovazzo et al., 1992)

A WH® m(T) = U + K, + 2RT, )

Fig. 8. The packing of (8), showing the alternate ordered and
disordered sheets. The methyl-crowded zones have been substi-
tuted by phenyl-crowded ones.
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where K, the zero-point energy, is usually very small
and 2RT =5 kJ mol ™" at 298.15 K. Thus, in a first
approximation, the data of Table 2 can be trans-
formed into lattice energies by simply adding
5 kJ mol ™' to each value. This is not necessary, since
we will discuss only relative values, d4,,,H °m(T) =
oU.

The lattice energy can be decomposed into three
terms (Giacovazzo et al., 1992)

U =nonbonded energy + clectrostatic energy
+ hydrogen bonding 3)

Instead of calculating these terms, we will try an
empirical approach, our goal being to estimate the
hydrogen-bonding term (Eyg hereinafter), since the
most characteristic property of the NH-pyrazoles is

PO :o\Be Wave o
$\Fae< _fé“?&:g‘% _‘g\,“’
i e YT D~ &Sk
R s ’%gt: :
O o aC i

Fig. 9. The slabs in the packing of (4). One sheet (sheet 1) is shown
beneath, the other being this one shifted so as to superimpose
molecule 4 with molecule B.
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the hydrogen-bond network they form when crystal-
lizing.

One first possible approach is to search for rela-
tionships between the sublimation enthalpies and
some global crystallographic property, such as den-
sity, packing function, cell volume etc. This
approach, for homologous series, is not as far-
fetched as it may appear. For heats of vaporization,
it has been shown (Cox & Pilcher, 1970) that (4)
holds for families of compounds

[L] = M, x AH**/(D,; — Dy), “

where L is a constant, characteristic of the family,
M,, is the molecular weight, and D, — D, are the
densities of the liquid and vapor. A similar equa-
tion for the heat of sublimation of crystals would
have the form of (5), assuming that D, >>> D,

Asub}{0 = ([L] x Dc)/Mw (5)

We have represented in Fig. 10 the scatterplot of
AwH? versus D./M,. Some trends are apparent:
pyrazoles substituted by H, CH; and ‘C,H, groups
[(D, (2) and (3)] are situated in a straight line with
the slope [L] = — 1828, i.e. when the ratio density/
molecular weight increases, the heat of sublimation
decreases. The introduction of a nitro group at posi-
tion 4 [(5), (6) and (7)] displaces the line towards
higher values of A4,,,H°, but clearly all these com-
pounds belong to the same family. This is not the
case for 3,5-diphenyl derivatives (4) and (8), which
behave differently. In all cases, the introduction of a
nitro group increases the sublimation enthalpy with-
out modifying the D./M, ratio (3-7, 4-8) or even
decreasing it (1-5, 2—6). More examples are needed

180
160 4 8
140 - 4
Ig 1201
< 7
[ 6
100 1 a
3 \ 5
801 2 1
60 T
0.00 0.01 0.02
D./M,,

Fig. 10. Plot of A,,,H° versus D./M for pyrazoles (1)~(8).
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to confirm these observations or to find another
trend.

The relationships represented in Fig. 1 and (3) are
mutually consistent only if the Eyp term, absent in
benzenes, is constant for all the eight pyrazoles. The
two compounds which show the largest deviation
from the regression line are (5) (84,,,H®), higher
than expected, and (4) (84, H°), lower than
expected. If these differences arise from the Eyp
term, then in (4) (3,5-di-tert-butylpyrazole), the HB
network is weaker than in other pyrazoles and the
opposite for (5) (4-nitropyrazole).

The possibility that the Eyy term is not constant,
but too small to be significant, can be ruled out on
the following considerations. No direct deter-
mination of the strength of the hydrogen bonds in
NH-pyrazoles is known, but it is possible to estimate
its energy by molecule. The N—H--N bond in
ammonia (it is important to use neutral molecules)
amounts to 16 kJ mol~! (Bradley & Cleasby, 1953),
37kJmol™ ! in the imidazole catamer (ab initio
calculations) (Brédas, Poskin, Delhalle, André &
Chojnaki, 1984) and for pyrazole we have calculated
18 kJ mol ' (Clementi, Corongiu, de Paz & Elguero,
1995). Since 4,,,H? of pyrazole is 74 kJ mol ™!, it is
evident that the contribution of Eygto U is impor-
tant and cannot be neglected. Recently (da Silva &
Monte, 1992), it has been described that for a series
of six halogen-substituted 8-hydroxyquinolines,
there is linear relationship between [Ag,H?,
(To.s pa)’kJ mol ™ '] and T (0.5 Pa), where T (0.5 Pa) is
the temperature at which the equilibrium pressure of
each substance is 0.5 Pa. To check if this empirical

160

1404

120"

AsubHam (TO S Pa)

1004

80 1

60 Ll )
200 300 400
T (0.5 Pa).

500

Fig. 11. Dependence of the standard molar enthalpy of
sublimation 4,,.H;, (To.s pa) On the temperature of sublimation
T (0.5 Pa).
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relationship is followed by pyrazoles we have calcu-
lated these values (Table 2). The corresponding plot
(Fig. 11) shows two perfect straight lines, one for
H-4 pyrazoles [AqoH°,(Tos ps)/kJ mol™!= —31.57
+0.3968 T (0.5Pa), n=4, R=1.00] and the other
for 4-nitropyrazoles [AywH®.(To.s pa)/kJ mol™! =
—141.75 + 0.6966 + 0.3968 T (0.5Pa), n=4, R=
1.00]. In the case of da Silva & Monte (1992), the
slope is 0.313.

Concluding remarks

NH-Pyrazoles are some of the simplest bifunctional
heteroaromatic compounds (others include NH-
imidazoles): they have a hydrogen-bond donor group
(HBD), the N—H, and a hydrogen-bond acceptor
group (HBA), the N(2) atom, which are of
paramount importance for determining their solid-
state secondary structure. Nevertheless, the case of
compounds (1-8) proves to be too complex for quan-
titative analysis. Not only as many packing patterns
as different pyrazoles were observed, but no rules
have been found to predict the order—disorder
dichotomy of the N—H---N intermolecular hydrogen
bond, which determined the dynamic properties of
these crystals (Part II, Limbach et al., 1995). More-
over, the challenge of establishing relationships
between the heats of sublimation and the crystal
structure has been only partly met.

Thanks are given to the DGICYT of Spain
(Project Number PB93-0125) and to the EEC
[Science Program, Project Number SCI.0045C(H)]
for financial support. We also thank one of the
referees to point out to us the reference by da Silva &
Monte (1992), which led to Fig. 11.
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Abstract

The crystal structures have been determined for
racemic and two optically active samples of 3-(2-
chloro-2’-phenylethyl)-2-thiazolidiniminium  p-tolu-
enesulfonate (C,,H,,CIN,S*.C,H,0,S7) from low-
temperature (122 K) X-ray diffraction data. The
three crystal structures are virtually identical. The
racemate crystallizes in the space group P2,/n, Z = 4,
with unit-cell dimensions a=8.5016 (10), b=
8.2803 (11), ¢=127.447(3)A and B =96.478 (9)°.
The cation displays disorder of the Cl atom and the
C atom to which it is bonded. The disorder can be
rationalized in terms of the presence of two partially
populated enantiomers with different conformations.
The two optically active salts contain both enantio-
mers of the chiral cation. The ratios between the R-
and S-enantiomers were estimated to be 0.944 (7)/
0.056 (7) and 0.860 (7)/0.140 (7). Both salts crystal-
lize in the space group P2, with unit-cell dimensions
almost identical to those of the racemate. The two
independent anions and the ring systems of the
cations are related by pseudoinversion symmetry.
One of the independent cations has a disorder similar

* Deceased.
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to that found for the racemate. The system of hydro-
gen bonds connecting two cations and two anions
into 12-membered rings is identical in the racemic
and in the optically active crystals. Additional evi-
dence for the formation of a solid solution between
the enantiomers and the racemate is provided by
thermoanalytical and IR measurements. The crystal
structures of 64 pairs of racemate and its corre-
sponding enantiomer have been analysed. Relations
similar to that observed for the salts in the present
study were found for six of the pairs. For another
eight pairs, there is a great resemblance between the
packing of the racemate and the corresponding
enantiomers.

Introduction

One of the most effective anthelmintic agents
is 6-phenyl-2,3,5,6-tetrahydroimidazof2,1-b]thiazole.
Hydrochlorides of the racemate and the S-
enantiomer are used as drugs and marked under the
names Tetramisole and Levamisole, respectively
(Negwer, 1978). The S-enantiomer is several times
more potent but no more toxic than the R-isomer
and is the one used to treat humans. The activity of
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