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Abstract — 3,5-Dimethylpyrazole and halogen-containing carboxylic acids in solution give rise to equilib-
rium between the free molecules and 1: 1 and 1: 2 H-complexes. These complexes either have a ion pair-like
structure with two equivalent hydrogen bonds O~---HN* (1:1) or include homoconjugate anion with strong
hydrogen bond C-O-H---O-C (1:2). At low temperatures, 2: 1 complexes were detected. The structure and
harmonic vibration frequencies of the complexes were calculated in terms of the density functional theory.

An important role of strong hydrogen bonds in
enzymatic catalysis [1-3] and molecular self-organiza-
tion [4-6] stimulates studies in this line. The problem
is complicated by the fact that H-bond systems
involved in both cases strongly interact with each
other and are dependent on the molecular environment.
Pyrazoles are promising model compounds and con-
venient components for building up supramolecular
systems. Due to the presence of an =NN(H) fragment,
pyrazole derivatives possess a unique ability to form
various self-associates (linear chains, cyclic dimers,
trimers, and tetramers, and complexes with proton
donor and proton acceptors) in the gaseous phase, in
crystal, and in solution [7-10]. Structural diversity of
such associates and considerable differences in their
spectral parameters make it possible to examine the
effect of substituents on the geometry and thermo-
dynamic properties of the complexes, interactions
between several hydrogen bonds, and specific be-
havior of IR absorption bands typical of N-H stretch-
ing vibrations, chemical shifts and coupling constants
in NMR spectra, and H/D-isotope effects.

In the present work we examined H-complexes
derived from 3,5-dimethylpyrazole (1) and a number
of strong carboxylic acids: trifluoroacetic acid (I1),
trichloroacetic acid (111), and dichloroacetic acid (1V).
Molecule | possesses lone electron pairs on the nitro-
gen atom and proton-donor NH group, which could
ensure formation of cyclic complexes involving the
hydroxy and carbonyl groups of carboxylic acids, as
well as of more complex cyclic associates consisting
of more than one molecule of one or another com-
ponent. Practical importance of our study follows
from wide application of pyrazole derivatives in
pharmacology as nonnarcotic analgetics. In order to
attain the best effect, composite preparations including
several compounds of this group (sometimes in com-
bination with barbiturates or caffein [11]) are used.

We previoudly studied self-association of 3,5-di-
methylpyrazole (1) and its complex formation with
proton donors in solution and in the gaseous and solid
phases. According to the IR data and quantum-che-
mical calculations [12], in methylene chloride free
3,5-dimethylpyrazole molecules occur in equilibrium
with the corresponding trimer. Interaction with a
strong proton donor, pentachlorophenol, gives rise to
open-chain dimers with OH---N hydrogen bond, while
the reaction of | with HBr leads to formation of
H-bonded ion pairs consisting of one or two pyrazole
molecules | and one HBr molecule. The complex
derived from | and AcOH has a cyclic structure with
two hydrogen bonds. OH--N and C=O---HN. The
spectral data indicated proton transfer in the reaction
of I with trifluoroacetic acid (I1); on the other hand,
the calculations predicted that the molecular structure
is preferred. We aso studied interactions of pyrazole
I, diphenyltriazene, and substituted amidines with
various acids by NMR and IR spectroscopy [13, 14]
and found that the energies of hydrogen bonds in the
cyclic complex of | with formic acid are 33 (OH---N)
and 13 kJmol™ (NH---O=C [14]; these values satis-
factorily agree with the overall enthalpy of complex
formation equal to 45+4 kJmol™ [13].

The goal of the present work was to study the
structure and spectral and thermodynamic parameters
of Hcomplexes derived from 3,5-dimethylpyrazole
and halogenated carboxylic acids RCO2H (R = CF3,
CCl;, CHCI,) in solution using IR and low-tempera-

ture 'H and ®™N NMR spectroscopy, as well as quan-
tum-chemical calculations.

We examined the IR spectra of solutions of pyra-
zole | and acid Il in methylene chloride. The con-
centration of compound | was maintained constant,
while the concentration of acid Il was varied from
less than equimolar amount to excess. The spectra of
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Fig. 1. IR spectra of solutions in CH,Cl, containing (1) 0.02 mol =1 of 11, (2) 0.02 mol I of I and 0.02 mol 11 of 11, and

(3) 0.02 mol I"Y of I and 0.04 mol 71

of Il (vertical dashed lines bound the solvent absorption regions).

(b)

Fig. 2. Structures of the (a) molecular and (b) ionic -1l complexes according to the B3LYP/6-31G**+ calculations.

solutions with excess pyrazole | (Fig. 1) contain a
broad band in the region 3300-2100 cm™, which may
be assigned to longitudina vibration of the hydrogen
atom in the O---HN" hydrogen bond [12]. This
suggests formation of a 1:1 complex by compounds |
and 11 with proton transfer from acid |1 to base |. As
shown in [12, 14], such structure of the complex
(Fig. 2b) isintrinsic just to complexes of difunctional
nitrogen-centered bases with strong carboxylic acids,
in contrast to complexes of | with acetic and chloro-
acetic acids, which have a cyclic molecular structure.
The formation of H-bonded ion pair in solution is
additionally supported by the presence in the IR spec-
trum of a band at 1680 cm™, which belongs to
v,(COy) vibrations in the trifluoroacetate ion [15].

Addition of excess acid to a solution of compound
| leads to appearance in the IR spectrum of v,(CO,)

bands at 1800 and 1785 cm™* due to monomeric acid
I and its dimer, respectively; this means that the
solution contains free molecules of acid 11, i.e., those
not involved in complex formation with pyrazole I.
Addition of acid aso induces other changes in the
spectral pattern, in particular, increase of background
abeorptl on in the range from 2000 to 500 cm* (which
is typical of a considerable contribution of proton
motion), complete disappearance of the band at
1570 cm™* belonging to free base |, appearance of
several new broad bands at 1750, 1665 1608, 1540,
and 1350 cm‘1 and low-frequency shift of the band at
1680 cmL. These findings suggest formation of a new
complex. Presumably, it has a composition of 1:2,
i.e., two molecules of acid Il per molecule of pyrazole
I. The existence of such complex is confirmed by
guantum-chemical calculations (see below), and its
structure is shown in Fig. 3.
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The spectral patterns characterizing intermolecular
interactions in solution with acids Il and 1V as
proton donors are similar to that described above. We
can conclude that, according to the IR spectral data,
3,5-dimethylpyrazole (1) with acids [1-1V in solution
a room temperature gives rise to 1:1 and 1:2
H-complexes which have the structure of H-bonded
ion pairs formed via proton transfer from the acid to
the nitrogen atom of pyrazole 1.

L ow-temperature NMR spectra. The behavior of
the pyrazole |-acid systems at Iow temperatures was
studied by analyzing the *H and >N NMR spectra of
a mixture of compound | and acid 11l in a Freon
mixture.

Liquid Freons and their mixtures are convenient
solvents for low-temperature NMR studies; they are
inert, transparent, and low-viscous down to 100 K and
lower [16]. The temperature range from 100 to 150 K
ensures slow migration of protons between molecules
in a complex; therefore, resonance signals from com-
plexes having different compositions can be observed
separately. The stoichiometry of the complexes was
determined via partial deuteration (replacement of
labile protons by deuterium). A small weakening of
hydrogen bond as a result of deuteration leads to
change of the strength of the neighboring bonds, and
the 'H NMR spectrum displays additional splitting of
signals due to vicinal [10] isotope effects.

1823

Fig. 3. Structure of the 1:2 pyrazole 1-2RCO,H
complex.

Figure 4 shows the 'H and ©®N NMR spectra of a
solutlon containing acid 111 and pyrazole | labeled
with N at both nitrogen atoms. The solution contains
several different complexes whose ratio depends on
the concentration ratio of acid Il and pyrazole |I.
Addition of acid Il1 to a solution of | in Freons leads
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Fig. 4. (a b) IH and (c-d) 15N NMR spectra of (1) pyrazole | homoassociates, (2) 1:1 complex 1111, and (3) 2:1 complex

I-111 [0.02 mol I of | and (a c, d) 0.03 and (b, d) 0.05 mol I"L of 111].
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Fig. 5. IH NMR spectra of solutions of deuterated complexes I-I11 in Freons at 110 K; deuterium concentration, %: (1) O,

(2) 15, (3) 25, and (4) 70.

to formation of 1:1 complexes including two equi-
valent O™--HN" hydrogen bonds, as follows from the
presence in the *H NMR spectrum of a doublet at &
16 ppm with 13, = 102 Hz (Fig. 4a). Molecule | is
protonated by acid 111 to give Hbonded ion pair. In
the N NMR spectrum, we observe a signal at Sy
-85.5 ppm due completely protonated nitrogen atom
(Fig. 4c, d).

Systems |-111 containing excess pyrazole | aso
showed in the low-temperature NMR spectra signals
of complexes consisting two molecules of | and one
molecule of acid I11. Proton transfer from the acid
gives rise to ion pair with homoconjugate bisdimethyl-
pyrazolium. The H-bond ring includes one NH---N
and two O---HN" hydrogen bonds. Two signals are
present in the *H NMR spectrum (Figs. 4a, 4b). The
signal at & 18.2-17.9 ppm corresponds to the NH---N
bridging proton, and it is split into a triplet ({3, =
47 Hz) due to fast motion of the proton in a sym-
metric potential with two potential wells. The other
signal at & ~14.5 ppm is adoublet (13, = 103 Hz); it
was assigned to the bridging protons in the O™---HN*
bond. The intensity ratio of these signals (1:2) sug-

gests the presence of 2:1 complexes of | with II1,
which is fully consistent with the >N NMR spectra
gFi gs. 4c-4e). In fact, the 2: 1 complex shows in the
°N NMR spectrum a doublet with 1J,,; = 103 Hz in
the region corresponding to completely protonated
nitrogen atom (5 —82 ppm) and a doublet at dy
—44 ppm (Y34 47 = Hz), i.e, in the region inter-
mediate between those typical of protonated and non-
protonated nitrogen atoms.

Cooperativity of hydrogen bonds in the 2:1 com-
plex was additionally studied by partia deuteration.
As a result, three new signals appeared in the H
NMR spectrum (Fig. 5, Table 1). These signals were
assigned to different isotopomers by calculating their
relative intensities upon variation of the overall
concentration od deuterium and H/D ratio. Taking into
account symmetric structure of the complex and the
fact that the completely deuterated complex gives no
signals in the 'H NMR spectrum, we can observe five
isotopomers. HHH, DHH, HDH, DDH, and DHD
(here, the first and the last symbols refer to the
O --HN™ hydrogen bonds, and the middle, to the
central NH---N bond). Four isotopomers (HHH, DHH,
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HDH, and DDH) contribute to the signal at &
~145 ppm, and three isotopomers (HHH, DHH,
DHD), to that at § ~18.2 ppm (Fig. 5). The O --HN*
hydrogen bridges are strongly interacting bonds since
deuteration of one of these necessarily leads to con-
siderable change in the position of the signal from the
other: the signals of DDH and DHH are displaced
downfield by ~0.6 ppm relative to that of the HHH
isotopomer.

The negative sign of the above vicinal effect proves
the existence of a2: 1 complex between | and I11: The
O---HN™ hydrogen bonds are anticooperative. On the
other hand, their interactions with the NH---N bond
are much weaker: the signals from the HDH and HHH
isotopomers are poorly resolved. An analogous pattern
is observed for the NH---N hydrogen bridge. Pre-
sumably, H-D exchange almost does not affect the
remaining nondeuterated hydrogen bonds provided
that the symmetry of the 2:1 complex does not
change.

Specific interaction between different hydrogen
bonds in the 2:1 complex can aso be illustrated by
the >N NMR spectra. Insofar as we failed to distin-
guish signals from different isotopomers in the region
corresponding to completely protonated nitrogen
atoms (O™---HN" bonds), let us consider the §,, range
from -50 to —40 ppm which is typical of nitrogen
atoms involved in the NH---N bond (Fig. 6). The ex-
pected intensities of signals from each isotopomer can
be estimated using a simple statistic model, according
to which the intensity of asignal is proportiona to the
population of the corresponding isotopomer; the latter
were measured as (1 — x5)° for HHH, 2(1 — x5), for
DHH, (1 — xp)x3 for HDH, 2(1 — xp)x3 for DDH,
(1 - xp)x3 for DHD, and x5 for DDD, where x;, is the
concentration of deuterium, %. The signal in the °N
NMR spectrum were assigned on the basis of the
above listed populations (Fig. 6). As in the H NMR
spectra, symmetric H/D-exchange éHHH — DHD) does
not change the position of the °N signal to an ap-
preciable extent. The secondary isotope effect
Sn(HDH) — 8\ (HHH) is positive, and its absolute
value approaches that of the negative vicinal isotope
effect 5y(DHH) — 8y (HHH). Thus, both effects in the
DDH isotopomer compensate each other, and the
DDH signa position is close to that of HHH.

Quantum-chemical calculations of the com-
plexes. Caculation of 1:1 and 1:2 complexes of
pyrazole | with carboxylic acids is a difficult task, for
these systems include more than 25 atoms. Therefore,
all calculations were performed in two steps. In the
first step, stationary geometric parameters of the
complexes were calculated at a relatively low level,

1825
Table 1. NMR spectra of the 2:1 I-111 complex
Parameter | sotopomer Value
Hydrogen bond NH---N

8(*H) +0.02, ppm HHH 18.16
DHH 18.25
DHD 18.16

Dy 1, Hz HHH 48
DHH 47
DHD 48

8(*°N) +0.1, ppm HHH —44.6
DHH -35.9
HDH 531
DHD —44.9
DDH 455
DDD -55.0

Hydrogen bond O~---HN*

8(*H) +0.02, ppm HHH 14.31
DHH 14.78
HDH 14.36

Dy +1, Hz DDH 14.90
HHH 104
DHH 101
HDH 102
DDH 101

3(*°N) +0.1, ppm HHH -81.8
DHH a
HDH a
DHD a
DDH a
DDD a

@ Unresolved bands.

and the parameters thus obtained were used in the
second step to calculated more precisely their struc-
ture and vibrational freguencies in the harmonic
approximation.

Optimization of the electronic energy of |-RCO,H
complexes gave two equilibrium configurations:
RCO,H + | (Fig. 28) and RCOO™ + | -H* (Fig. 2b).
The first of these corresponds to the molecular com-
plex [according to the B3LY P/6-31G+** calculations,
the O-H bond length R(OH) is 1.06 A], while the
second is aionic structure with R(OH) = 1.50 A.

Different basis sets were used in the calculations of
1:1 I-RCO,H complexes. As shown in [12], the
shape of the potential energy surface is quite sensitive
to the basis set used and the calculation procedure.
According to the results obtained for bimolecular
complexes using different basis sets, such complexes
could have either only molecular (complex 1-1V) or
both molecular and ionic structure (I-I1 and 1-111).
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Fig. 6. 1°N NMR spectra of solutions of deuterated
complexes |I-111 in Freons at 110 K; deuterium con-
centration, %: (1) 0, (2) 20, (3) 70, and (4) 85.

Table 2 contains the parameters of moleular and ionic
complexes formed by compounds | and |1, calculated
a the B3LYP/6-31G+** level. The molecular com-

Table 2. Calculated (DFT/B3LYP/6-31G**+) geometric

parameters of the 1:1 I-I1 complexes

lonic complexP

Molecular calculation

Parameter complex?| isolated | according to

structure | the Onsager
model
R(O-HY), A 1.06 1.51 1.71
RHL-NY), A 1.52 1.09 1.04
R(O%*-H?), A 2.02 1.60 1.69
R(H?-N?), A 1.01 1.06 1.05
R(O-NY), A 2.57 2.55 2.68
R(O*-N?), A 2.86 2.59 2.67
R(C-0OY, A 1.30 1.26 1.25
R(C-0?), A 1.22 1.25 1.25
20N, deg | 1725 160.0 155.4
ZOPH2N?, deg | 139.9 155.6 155.4
ZHININ?, deg | 1129 1135 115.1
ZH?N?NY, deg | 1168 1135 115.1
20CCO? deg | 127.9 128.8 130.2

a See Fig. 2a P See Fig. 2b.
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plex is more energetically favorable by 5.5 kJ mol™.
In the ionic structure, both protons are located more
closely to the nitrogen atom, i.e,, it is an ion pair with
two intermolecular hydrogen bonds (Fig. 2Db).

According to the calculations performed with the
use of the Onsager and Tomasi models, both minima
in the two-well potential or the minimum correspond-
ing to the molecular complex become deeper, and an
additional minimum due to the ionic complex appears
(if the isolated complex has a single-minimum
potential). Such behavior of the system is normal, for
proton transfer from the donor to the acceptor (pro-
vided that solvent effect is taken into account)
requires a lesser energy since the relative depth of the
potential minima and the height of the barrier change.
For example, the B3LYP/6-31G** caculation with
account taken of the solvent effect according to the
Onsager model (CH,Cl,, € = 8.9) gives a minimum
corresponding to the ionic I-11 complex, which is
lower by 6 kJmol™ than that corresponding to the
molecular complex. In the calculations according to
the Tomasi model using the same dielectric constant,
the ionic structure of the I-111 complex is more fa
vorable than the molecular one by 7.6 kimol™. The
geometric parameters of the ionic 1-I1 complex, cal-
culated according to the Onsager model, are give in
Table 2; it is seen that the intermolecular hydrogen
bonds are extended.

As shown above, the experimental data indicate
the existence of complexes consisting of two acid
molecules and one molecule of pyrazole | in solution
containing excess acid. The 1:2 complex 1-2I1 was
calculated by the DFT/B3LYP/6-31G** method. We
thus obtained three different configurations A, B, and
C which are shown in Fig. 7. All these structures
include |-H" cation and bis-trifluoroacetate homo-
conjugate with a very short and strong O*-H>...O®
hydrogen bond, the distance R(O*-O%) being 2.45-
251 A. Complex C is energetically more stable, and
it has an asymmetric structure. The calculated energy
of formation of structure C is 165 kJ mol™, while the
energies of formation of isomers A and B are lower
by 19 and 21 kdmol™, respectively. Complex C is
characterized by the smallest dipole moment (n =
8 D) and the shortest O-H bond (1.03 A) in the
O-H---O hydrogen bond, but the latter is not linear.

Calculations of vibration frequencies in the har-
monic approximation revealed a series of strong bands
in the region 1700-1200 cm™ (Table 3); however,
only isomer C gives rise to five strong bands in that
region. Their intensity is determined by the joint
contribution of vibrations of the CO; group and
proton in the O-N---O hydrogen bond.
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Table 3. Calculated and experimental frequencies and intensities (in parentheses, km/mol) of harmonic vibrations of

isomers A-C of the 1:2 I-Il complex
A B C
calculation, . calculation, . calculation, . Experiment
1 assignment ) assignment 1 assignment
cm cm cm
1820 (290) [v(CO4)s + v(OH) [1800 (1070) |v(COys9)4s 1810 (580) [v(CO,9)s + 3(OH) 1753
1700 (620) [3(NH,) + v(OH) +[1660 (110) |3(NH,) 1700 (360) [6(NH,9 1665
V(CO49)as

1680 (840) [8(NH, + 3(OH) 1620 (500) [8(NHy + 1680 (370) [v(CO.9)as + S(NH,) + 1608
3(OH) 3(OH)

1610 (170) [8(NHy) 1550 (90) |[3(NH,) + |1590 (90) |3(NH) 1540
3(OH)

570 (0) |[3(OH) - - 1535 (20) |3(OH) -

Table 4 contains the geometric parameters of 1:2
complexes for al the examined acids (for atom
numbering, see Fig. 3). It is seen that the lengths of
hydrogen bonds and the corresponding bond angles in
the complexes formed by acids 11, 111, and IV differ
only dlightly. On the other hand, the N-H bond in the
O™-H-N" moiety of the 1:2 complexes (I-2RCO,H)
is longer than in monomeric, dimeric, and trimeric
species of | [12]. The O-H component of the O-H---O
hydrogen bond in the complexes is longer by 0.06 A
than that in the unassociated acid molecules and is
1.03 A.

The results of our quantum-chemical calculations
confirmed the possibility for formation of a 2:1
complex from pyrazole | and trichloroacetic acid (111),

which was detected by NMR spectroscopy (see above).

The structure of that complex is similar to the struc-
ture of the complex of | with HBr, which was des-
cribed in [12]. The complex contains three hydrogen
bonds. one NH--N and two O--HN". According to

A

Table 4. Calculated (B3LYP/6-31G**) geometric param-
eters of the 1:2 I-acid complexes, monomeric acids, and
cyclic self-associates |

RCO,H
Parameter
IV 11 Il
R(N-H1), A 1.10 1.08 1.09
Z(NH?0), deg 144.7 145.0 144.2
R(O*-0%), A 2.52 2.51 2.51
R(O%*-H3), A 1.02 1.03 1.03
Acid
Z(COH), deg 106.9 106.8 107.1
R(O-H), A 0.97 0.97 0.97
| [12]
| Monomer | Dimer |  Trimer
R(N-H), A 1.01 1.02 1.04

2

B

Fig. 7. Structures of isomers A-C of the I-2RCO,H complex.
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the B3LYP/6-31G** calculations, the NH---N hydro-
gen bond is asymmetric and almost linear: Z/NHN =
175°, R(N-H) = 1.08 A, R(N--N) = 2.72 A. The
molecules of | in the 2:1 complex 2I-111 do not lie
in a single plane: the corresponding dihedral angle is
29°; therefore, the arrangement of the acid molecule is
also nonplanar.

EXPERIMENTAL

The IR spectraof solutions were recorded in the fre-
guency range from 4000 to 370 cm™ ! on aBruker IFS
28 Fourier spectrometer at a resolution of 1 cmt
(20°C). Samples were placed in standard cells with
KBr or fluorite windows (layer thickness 0.125 to
0.55 mm). Methylene chloride or carbon tetrachloride
were used as solvents. The NMR spectrawere obtained
on a Bruker AMX-500 spectrometer from solutions in
a Freon mixture (CDF5 + CDFZCI) |n the temperature
range from 150 to 110 K [13]; the °N chemical shifts
were measured relative to the signal from the non-
protonated nitrogen atom in self-associate |.

3,5-Dimethylpyrazole and 1,2-[*°N],-3,5-dimethyl-
pyrazole (from Aldrich) were used without additional
purification; the acids were purified and dried if
necessary. Deuterated samples of compound | for
NMR studies were prepared by repeated dissolution
of 1 in methanol-d, followed by distillation of the
solvent under reduced pressure. Trihaloacetic acids
were deuterated in a similar way. The overall con-
centration of deuterium in the hydroxy group of the
acids was determlned from the OH/CH; signal in-
tensity ratio in the *H NMR spectra.

Quantum-chemical calculations were performed in
terms of the density functional theory (DFT/B3LY P/
6-31G**) using GAUSSIAN-98 software package [17].
The B3LYP hybrid exchange functional [18-20] with
the extended 6-31G Gauss-type basis set was supple-
mented by heavy-atom d orbitals, hydrogen p-orbitals,
and diffuse functions; the latter were Gauss functions
with very small exponents, which slowly decreased
as the distance from the nucleus increased (they are
important for correct description of anions and weak
hydrogen bonds). The calculations were limited to
vibrational frequencies in the harmonic approximation.
Solvent effects were taken into account using the
Onsager and Tomasi models [21, 22] which ensured
fairly good results (i.e,, consistent with the experi-
mental data) even when applied to large systems [23].
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