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Structural Features of Crystalline Hydrates 
of "-Substituted Benzohydrazides and their 
Reflection in IR-Spectra 
E. G. ATOVMYAN, S. M. ALDOSHIN and L. 0. ATOVMYAN 
Institute of Chemical Physics of the USSR Academy of Sciences, Chernogolovka, Moscow Region, 
142432, USSR 

(Received March 31, 1989) 

The present paper gives a detailed discussion of the crystal structure features of "-substituted ben- 
zohydrazide hydrates. The relation is found to exist between the hydration susceptibility and substituents 
nature, conformation and electron structure of their molecules. An assignment of the 0-H stretching 
vibration bands of water molecules in IR-spectra is made. The condition of water in crystalline hydrates 
and its role in crystal stabilization is studied. 

The study by single crystal X-ray diffraction analysis and IR-spectroscopy methods 
has shown that "-derivatives of benzo-hydrazides (BH) I-IV (the Table) form 
crystalline hydrates of the 1:l  and 1:2 composition and/or anhydrous products 
depending on solvent composition and/or substituents nature. - 9  

An amide group in all the structurally investigated BH has trans-conformation 
to the C,-N, bond. Water molecules in crystalline hydrates participate in forming 
the intermolecular hydrogen bonds between amide groups of the neighbouring 
molecules. 

Hydrates of benzo-hydrazides in which water molecules form molecular com- 
plexes with hydrophilic centres of BH molecules resemble some biological sub- 
stances. lo Therefore, this work reports mainly the structural features of BH crys- 
talline hydrates, the dependence of BH hydration ability on substituents nature, 
conformation and electronic structure of their molecules. Based on the structural 
analysis data, the assignment of OH stretching vibrations bands of water molecules 
is made. The condition of water in crystalline hydrates and its role in stabilizing 
the crystal structure is studied. 

EXPERIMENTAL 

IR-spectra of I-IV BH pressed into KBr pellets were recorded on a UR-20 spec- 
trophotometer. In order to reduce a diffusion band caused by absorption of ad- 
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N’-SUBSTITUTED BENZOHYDRAZIDES 233 

sorbed water, the spectra were recorded against KBr pellets. Full X-ray analysis 
data on BH are given in References 1-9. Calculation of distribution of the mo- 
lecular electrostatic potential is performed using the semiempirical CNDOn method.” 

DISCUSSION 

The crystallization of BH from aquo-organic solvents gives clear yellow or yellow- 
brown crystals suitable for X-ray analysis, the BH I and I1 forming crystalline 
hydrates and BH I11 and IV crystallizing without water. Infrared bands of vOH 
for water molecules lie within the 3200-3800 cm-1 region. The vNH bands of 
amide groups in the BH spectra are in the 3200-3300 cm-’ region and, while BH 
is not a crystalline hydrate, the 3300-3800 cm-’ region is optically clear (Figure 
1, spectrum 1). In this region, the BH I1 and I crystalline hydrates have vOH water 
bands (Figure 1, spectra 2, 3, 5, 6) disappearing on heating BH up to 90-110°C.’ 
Dehydration of BH is followed by rearrangement of the crystal structure and 
monocrystals destruction. Anhydrous BH I produced by crystallization from dry 
organic solvents is also fine-crystalline. Some special conditions are evidently nec- 
essary to produce high-quality single crystals. Such crystals have not been yet 
produced and the structure of anhydrous BH I and I1 is not studied. 

IR-spectra of BH Ia-f crystalline hydrates always give a very narrow intensive 
band in the 3600-3627 cm-’ region. Due to this fact the BH Ia-f are isolated into 
a separate group. Figure 1 gives a spectrum (3) of BH Ic. Spectra shapes of BH 
Ia and b in the vOH water region are similar to that of Ic. All of them consist of 
two bands: a very narrow one in the 3600 cm-’ region and a broader one within 
the 3400-3500 cm-’ interval. The frequencies of these bands maxima are listed in 
the Table. 

X-ray analysis of BH Ia-c has shown them to be 1:l crystalline hydrates. In 
crystals the BH molecules are realized in a polar syn-( OlN20,03)-conformation 
(Figure 2). The water (w) molecule is located in the BH molecule plane and forms 
a hydrogen bond by one of its hydrogen atoms, H1,,, with a carbonyl atom of 
oxygen, O1. The geometrical parameters of this H-bond are listed in the Table. 
The second hydrogen atom, H2,,, is directed toward oxygen atoms O2 and O3 of 
the nitrofuran fragment. Judging by distances to these atoms (the Table) which are 
close to upper limits of such distances in crystalline hydrates (H, . . . . . . 0 - 2.4 
8, and 0, . . . 0 3.37 A),12 the oxygen atoms of the nitrofuran fragment can be 
only weakly H-bonded with 0,. An oxygen atom of the water molecule 0, is H- 
bonded with a nitrogen atom N1 of the neighbouring molecule amide group (Figure 
2). As a result, one-dimensional chains of amidohydrate H-bonds by the following 
scheme: 

. .  

are formed 

I I 
. H-Nl-C1=O1.. . H 1 4 , .  . . H’-N1’41’=01’. . . 

I I I 
between BH molecules in the BH Ia-c crystals. According to the de- 
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234 E. G. ATOVMYAN, S. M. ALDOSHIN AND L. 0. ATOVMYAN 

4% - 
- 

30M 3500 3600 c A - f  

FIGURE 1 IR-spectra of BH IV (l), I1 (2), Ic (3), Ie (6) ,  If (5) and a dilute solution of wet DMSO 
in CC1, (4). 
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N'-SUBSTITUTED BENZOHYDRAZIDES 

7 
3400- 

235 

FIGURE 2 A drawing of H-bonds in monohydrates of BH I. 

termined structure, the broad band in the 3400-3500 cm-l region should be as- 
signed to vOH of water participating in the H-bond Cl=O1 . . . H1-O,. As is 
seen from Figure 3, there is a linear dependence between the frequency and the 
O1 . . . 0, distance in BH I a - c .  The narrow band in the 3600-3630 cm-1 region 
should be assigned to the 0,-H, stretching vibration. As has been mentioned 
above, the position of H,,, and the corresponding distances to O2 and O3 allow us 
to assume a weak bifurcated hydrogen bond. However, if band broadening is 
thought to be one of the spectral evidences of the H-bond presence, then the shape 
of the observed band does not suggest any disturbance of the 0,-H, stretching 
vibration by a hydrogen bond. In any case, the character of the 0,-H2 interaction 
with 0, and O3 is the same as, for example, with CC14 in solutions containing 

FIGURE 3 Frequencies for ~(0,-H) versus the 0, . . . 0, distance for BH I. 
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236 E. G .  ATOVMYAN, S. M. ALDOSHIN AND L. 0. A T O W A N  

HOH molecules that are asymmetrically H-bonded with some proton-acceptor.I3 
The similarity between the water molecules spectra in such solutions and in the 
crystals Ia-c can be seen in Figure 1 where a spectrum (4) of a dilute solution of 
wet DMSO in C C 4  is presented. In this spectrum, the narrow band due to a “free” 
proton vibration of the water molecule is at 3680 cm-’. In more polar 1,Zdich- 
loroethane this band is shifted toward lower frequencies (3657 crn-’).l4 In BH I 
crystalline hydrates the electrostatic interaction of 0,-H2 with the environment 
shifts this band even more, however, not altering the interaction nature. Thus we 
believe that the narrow band in the 3600-3630 and the broad one in the 3400- 
3500 cm-’ region in the BH I spectra testify for the presence of water molecules 
located in the plane of the BH molecules having a syn-(OlN20203)- confor- 
mation. 

Let us examine what interactions may lead to a formation of such a hydroas- 
sociate. The syn-conformation of BH must be unfavourable from the point of view 
of electrostatic repulsion of the syn-located atoms 01N20203. To denote the causes 
of formation of strong hydroassociates by BH I syn-conformers we have evaluated 
the electrostatic potential (EP) distribution about a BH model molecule in 
syn--(OlN2020,)-and syn-(OlN2)-anti(N202)-conformations. Figure 4 (a,b) 
shows the maps of EP distribution in the plane of these molecules where, due to 
the program restriction,” the phenyl fragment is replaced by a methyl one. In the 
EP map of the syn-conformer (Figure 4a) in the heteroatom region, there is a 
negatively charged cavity whose inner size, as seen from the Figure, corresponds 
to the water molecule size. Such an EP distribution should apparently be responsible 
for the formation of the strong hydroassociates of the “key-lock” type and rigid 
fixation of the water molecule in the BH molecule plane. Such an interlocation of 
the BH and water molecules provides colinearity of their dipole moments resulting 
in increasing the sum dipole moment of the BH- H20 associate. Really, the 
calculations by the Xa method15J6 have shown4 that the dipole moment of the 
model syn-conformer BH I hydroassociate (the phenyl fragment is replaced by a 
hydrogen atom) is greater than in the absence of water (4.30 and 3.17 D, respec- 
tively). The increase of the dipole moment, in its turn, increases the energy of 
dipole-dipole interactions of the neighbouring molecules connected by a chain of 
amidohydrate H-bonds, that makes an additional contribution in stabilization of 
the crystalline structure as a whole. 

According to the EP distribution (Figure 4b), the syn-anti-conformers should 
not be inclined to specific association with water, since the anti-located negative 
EP regions of the keto-hydrazone and nitrofuran fragments are surrounded by vast 
positive regions. The estimation of the dipole moment of the model syn-anti- 
conformer BH I has shown that its small value is practically unchanged in hy- 
droassociation (- 0.4 and 0.5 D, respectively). That means that the additional 
stabilization due to dipole-dipole interactions is absent in this case. BH I11 may 
serve as an example of a benzohydrazide where a polar syn-conformer cannot exist 
owing to steric hindrances (RFCH,). This compound crystallizes in the form of 
non-polar syn-anti-conformers only that do not actually give any hydrates. 

Thus, in the case of BH I crystalline hydrates we have shown the interaction of 
a large organic molecule with a water molecule leading to hydroassociate formation: 
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238 E. G. ATOVMYAN, S. M. ALDOSHIN AND L. 0. ATOVMYAN 

the syn-conformer BH I lends an energetic cavity to location of the water molecule 
stabilizing, in its turn, an energetically less favourable syn-conformation. 

However, as our calculations have shown, the differences in energy of the syn- 
(01N20203)- and syn-(01N2)-anti- (N202)-conformers are not very large and the 
barrier of the syn -P syn-anti transition of BH I evaluated by the CND0/2 and 
INDO methods is sufficiently low. That suggests that in solutions the BH I con- 
formers are in equilibrium, the shift of the latter to and fro depending on the 
solvent composition. 

In the BH Id crystal structure we have found a proof of an unhindered syn + 
syn-anti transition in solution. It is a cocrystallization of the syn- and syn-anti- 
conformers of BH Id forming 1:l hydroassociates. It is assumed that the formation 
of the non-polar syn-anti-conformer hydroassociate in this case is explained by the 
molecule packing effects in the crystal. Really, the BH Id molecules form uniform 
dense stacks of alternating parallel-arranged syn- and syn-anti-conformers packed 
“head-over-tail”. The water molecules w and w’ are located one over another in 
the channels formed between the stacks, and their dipole moments vectors are 
antiparallel. The molecule w occupies a position typical for monohydrates in the 
syn-conformer plane. The wr molecule is oriented nearly in the same way with 
respect to the syn-anti-conformer in the neighbouring stack, besides that the 
Hl-OwI-H2 atoms go out of the syn-anti-conformer’s plane by 0.46, 0.69, and 
0.26 A, respectively. The fact that the w’ molecule goes out of the syn-anti-con- 
former’s plane can be explained, on the one hand, by the absence of the orientating 
influence of the O2 and O3 atoms of the nitrofuran fragment and, on the other 
hand, by steric and electrostatic repulsions between H2,,, and H4 in the furan ring. 
The ejection of the w’ molecule out of the syn-anti-conformer’s plane results in 
the pairwise mutual approach of w and wr in the channels up to a distance of 2.94 
A. (The w’ . . . w distance is 4.33 A.) Such an arrangement of the water molecules 
in the channel provides an interaction of their antiparallel dipoles making an ad- 
ditional contribution into the energy of interactions in the crystal. 

All the above-stated suggests that the formation of the syn-anti-conformer hy- 
droassociate occurs at the crystallization stage. 

Stretching vibrations of the four non-equivalent hydrogen atoms of different 
water molecules in the BH crystalline hydrate were to give four well-resolved bands 
in the IR-spectrum, since the geometry of the H-bonds -0 . . . H1-O,,,. and 
the surroundings of 0,,,.-H2 are considerably different. However, there are only 
three bands observed: the narrow one at 3600 cm-1 and two broader ones at 3483 
and 3385 cm-’. In analogy with BH I a - c  and according to the linear dependence 
of v(0H) on lo,,, . . . O1 the bands at 3385 and 3600 cm-’ should be assigned to 
the H1-0,-H2 stretching vibrations of the water molecule located in the syn- 
conformer’s plane. Then the band at 3483 cm-’ should be assigned to v(O,~-H,) 
of the water molecule interacting with O1 of the syn-anti-conformer. The high 
frequency, in spite of a relatively small distance 0,. . . . O1 (2.835 A), is obviously 
due to the fact that the w’ molecule goes out of the syn-anti-conformer’s plane. 

A narrow band that should have been corresponding to v(OW0-H2) is absent in 
the spectrum, that may be associated with the differences in the polarity of the 
W H 2  bond in w and w‘. The calculations have actually shown that the values of 
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N’-SUBSTITUTED BENZOHYDRAZIDES 239 

the positive (per H,) and negative (per 0,) charges in the syn-conformer hydrate 
are considerably greater than in the syn-anti-conformer. In the latter case, the 
intensity of the ~(0,-H,) band is assumed to be very weak and it does not appear 
in the spectrum. 

It has been demonstrated above that the absence of the orientating effect of the 
oxygen atoms O2 and O3 of the nitrofuran fragment leads either to the absence of 
BH association with water (BH 111) or to the water molecule going out of the BH 
molecule plane (BH Id). BH I1 and IV are the other examples of the observed 
effect. 

BH 11, where the nitrofuran fragment is replaced by an p-nitrophenyl one, forms 
a 1:l crystalline hydrate in which the BH molecules are stacked. 

The absence of the specific influence of the nitrofuran fragment has led not only 
to the water molecule going out of the BH molecule plane but also to the Hz,w 
atom rotation about the Hl-Ow axis in the direction of another stack of the BH 
I1 molecules and the formation of one more H-bond Ow-H, . . . O1”;L: (Figure 
5) .  Thus the water molecule has appeared to be included into two amidohydrate 
H-bonds between the BH molecules of the neighbouring stacks: 
C1=O1 . . . H 1 4 ,  . . . H-N,’, and between pairs of molecules inside the stack: 
N,’-H . . . O,-H, . . . O1”=C1”. In the hydrogen bond system formed the water 
molecule is pyramidally three-coordinated and the oxygen atom of the carbonyl 
group is two-coordinated as distinct from the above crystalline hydrates. The water 
molecule hydrogen atoms are involved in the H-bonds of the same type but geo- 
metrically nonequivalent, forming a centrosymmetric cyclic structure. In the IR- 
spectrum of BH I1 (Figure 1, spectrum 2) the vOH bands merge into one broad 
band with a common maximum at 3480 cm-’. 

In the molecules of BH IV there is a vinyl group located between benzohydrazide 
and nitrofuran fragments of the molecule. However, BH IV does not form crys- 
talline hydrates, although crystallizing in syn-conformation. The increase of the 
distance between the 0,, N, and O,, O3 is assumed to lead to decreasing the 
electrostatic repulsion between these atoms and, hence, to the possibility of existing 
of the polar syn-conformation without additional stabilization by the water mole- 
cule. 

The BH IV molecules in the crystal are bonded by a linear chain of amide H- 
bonds in which the dipole moments vectors of the amide groups are uniformly 
directed. The vNH band at 3277 cm-l is intensive, comparatively narrow, with a 
sharp peak that distinguishes it from vNH bands of the above BH whose spectra 
in the region of 3180-3300 cm-l usually show a poorly resolved doublet with 
sloping peaks and optical density in the maximum (D) comparable with D of the 
vCH band of the furan ring (3140-3160 cm-’). This character of the band is 
obviously accounted for by the syn-phase vibration of NH in the chain H-bonding 
the identical molecules. 

The crystalline hydrates BH Ie,f of the 1:2 composition are interesting examples 
of a polar syn-conformer association with a water dimer, Owl . . . H2-Ow2. The 
BH Ie,f molecules in the crystal are stacked. The character of amidohydrates H- 
bonds formation is the same as in BH 11: infinite H-bonds chains bind BH molecules 
of the neighbouring stacks and inside the stacks the centrosymmetric cyclic H-bond 
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t 

FIGURE 5 Projection of the BH I1 crystalline hydrate on the ab plane. 

system pairs the BH molecules. The difference between BH Ie and If is in the fact 
that in BH Ie the water dimer is between the neighbouring stacks, and in BH If 
it is inside the stack. 

In BH Ie (Figure 6 )  one water molecule, wl, occupies a position typical for 
monohydrates of the BH I syn-conformers in the BH molecule plane and is plane- 
coordinated. Two bands, broad at 3463 cm-' and narrow at 3627 cm-', are assigned 
to v(Owl-H1) and v(OW1-H2), respectively (Figure 1, spectrum 6). The second 
water molecule wz, linearly H-bonded to wl,Owl . . . H2-OW2, is turned with re- 
spect to w1 by 68" and forms two more H-bonds with amide groups of two BH 
molecules of the neighbouring stack:O, . . . H-N,' and Ow,-H, . . . O1"=C1" 
(O1=Cl) (Figure 6) .  

It has been found that in the formed system of hydrogen bonds, the 
Ow, . . . 0, distance is very short (2.658A). This value is shorter than both the 
theoretically calculated (2.740-3.035 A)ll and experimentally found (2.98 & 0.04 

values in an isolated dimer, (Hz0)2, which is altogether not so surprising.l0 
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FIGURE 6 Projection of the BH Ie structure on the nb plane. 

However, this distance has appeared to be shorter than that usually observed in 
proteins (2.79 & O.O8A).'O In the IR-spectrum the broadest and lowest frequency 
band of the four vOH bands should be assigned to v(Ow2-H2). The frequency of 
the maximum for this band (3325 cm-l) is more than 200 cm-' lower than for the 
isolated dimer (3548 cm-'),l0 that is partially caused by a shorter 0,' . . . Ow2 
distance. 

The Ow2 . . . N1' distance (2.739 A) is much shorter than in all the BH inves- 
tigated (2.83-3.13 A). The narrow intensive vNH band (3097 cm-') that is mark- 
edly shifted to the low frequency region from the typical range of 3180-3300 cm-' 
testifies for increasing of the proton-acceptor capability of the Ow2 atom as com- 
pared with the oxygen atom in the monomeric water molecule. Thus, the geometric 
and spectral data are an evidence of an increase of intermolecular interactions in 
the one-dimensional H-bond system with the participation of the water molecule 
linear dimer. 

The band at 3595 cm-' should be assigned to v(O,,-HI). The geometry of the 
H-bond Ow,-H, . . . 01" is such that theH,,,, atom is in the plane that is almost 
perpendicular to the carbonyl group plane, i.e. is affected by the o---C bond n- 
electrons. In Reference 18 it was shown that, under similar conditions, when the 
X-H . . . 0 atoms are located linearly, there appears a comparatively strong H- 
bond. In this case, due to the small angle Ow2- HI . . . 0''' (135") the disturbing 
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effect of the carbonyl group .rr-electrons on the electrons of the 0-H bond is 
insignificant, despite the comparatively short 0, . . . 0,” (0,) distance of 2.93 A. 
Therefore, the v(OW2-H,) band is observed at rather high frequencies, nearly in 
the region of the “free”H,,,, stretching vibrations. However, the band broadening 
proves the existence of the H-bond OW2-H, . . . 0,”. 

Figure 6 shows that the w, molecule participates in two types of amidohydrate 
H-bonds: in the infinite one-dimensional H-bond chain between the BH molecules 
stacks and in the cyclic system pairing the BH molecules inside the stack. 

In the crystalline hydrate BH If the dimeric water associate w1 . . . w2 is included 
in the cyclic system of the amidohydrate H-bonds inside the stack, only one w2 
water molecule participating in the chain of H-bonds between the stacks (Figure 
7). The w1 molecule occupies a position typical for BH I in the chelate cavity. The 
IR-spectrum shows the v(O,,-H,) and v(OWz-H2) bands (the Table, Figure 1, 
spectrum 5 ) .  The w2 molecule bound with w1 by the H-bond Ow,- H2 . . . Owl is 
not only turned relative to the [BH-w,] complex plane by 89” but also goes out of 
it by 2.13 A (H2,w2), 2.88 8, (0,) and 3.25 A respectively. As a result, 
the Ow, atom has a pyramidal coordination with theO,, . . . OW2 distance of 2.766 
A. This distance is longer than that in the water dimer of BH Ie. Here, the maximum 
of the v(OW2-H2) band is shifted toward the greater frequency region (3360 cm-’). 
The bands at 3425 and 3480 cm-’ should be respectively assigned to the u(OW2-H1) 
and v(O,,-H,) in agreement with theOw2 . . . 0, (2.795 A) ando,, . . . 0: (0,) 
(2.867 A) distances. 

An analysis of the frequency for v(0,-H) plotted against the 0, . . . O1 dis- 
tance displays some definite correlations. In monohydrates with a one-coordinated 
oxygen atom of the carbonyl group there is a linear dependence between the 
frequency and the 0, . . . 0, distance. In the case of the two-coordinated atom 
0, such a strict regularity is not observed, the interval 1, . . . o1 is narrower and 
all the frequencies for v(0,-H) are much higher than in the linear dependence 

FIGURE 7 The H-bond system in the BH If crystalline hydrate. 
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for monohydrates. High frequencies testify for a weaker interaction of 
Ow-H . . . O1=C1 in the case of the two-coordinated O1 atom. 

CONCLUSION 

It has been mentioned in the Introduction that the investigated BH may be viewed 
upon as models of proteins, peptides and some other biological substances. It is 
known that the interaction between amides and water is stronger than amide-amide 
interactions and the hydrophilic character of the amide groups is provided by the 
presence of a carbonyl oxygen atom, rather than an NH group.l0 

The present investigation of the structures of BH crystalline hydrates has allowed 
us to elucidate the fact that the presence of the amide group is a necessary but 
insufficient condition for hydration. The existence of some peculiarities in molecular 
and crystal structure of BH crystalline hydrates favours their formation. Such 
features include the existence of several hydrophilic centres and the conformational 
mobility promoting the formation of chelate complexes [H,O-BH]. Stack-packing 
of the BH molecules, with water molecules located in channels between them, also 
makes a contribution into the processes of formation of crystalline hydrates. In 
some BH both the factors participate in crystalline hydrates formation. As in 
proteins,1° the additional H-bonds in the presence of water molecules increase the 
stability of the crystalline structure as a whole, saturating other, than amide, ac- 
ceptor centres. 

The IR spectroscopic investigations of BH crystalline hydrates are of special 
interest as it enables us to evaluate the energetics of interactions, that is very 
difficult to do when studying hydrogen bonds in proteins, peptides, etc. Thus, it 
has been shown that some hydrophilic centres, or rather their combinations, in the 
BH molecule produce only an orienting effect on a water molecule, not forming 
H-bonds. It has also been found that very strong intermolecular interactions arise 
when the water dimer is involved in the linear chain of amide H-bonds. 

We may conclude that the results obtained make a definite contribution into 
understanding the hydration of complex organic molecules. 
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