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The mutual influence of two hydrogen bonds formed by a proton-donor group XH 2 with pro- 
ton acceptors was established as a result of theoretical investigations of water, its self- 
associates, and its complexes in [1-4]. It was shown that the energy of each bond in a com- 
plex of water with two acceptor molecules is smaller than the energy in the equimolar com- 
plex. When the second hydrogen bond is formed, the force constant increases, and the length 
of the OH bond forming the complex decreases. Studies of the IR spectra of complexes of wa- 
ter with proton acceptors having i:i and 1:2 compositions make it possible to detect this 
difference on the basis of the magnitude of the shifts of vibrational bands in a number of 
cases, although the differences frequently do not exceed the accuracy of the experiment [5- 
8]. There are no experimental data on the energy of such complexes mainly due to the low 
proton-donor ability of water and its poor solubility in inert solvents. Greater possibil- 
ities for such investigations are provided by the amines RNH2, whose proton-donor ability 
can be varied over a broad range by varying the radical R. It was found in [9] that the 
energy of a single NH...0 hydrogen bond in the 1:2 complex of the fluorinated amine t-C4FsNH 2 
with the strong proton acceptor hexametapol is appreciably smaller than that in the I:i com- 
plex. In the present work we studied the energetics and spectral properties of the i:i and 
1:2 complexes of fluorinated aromatic amines [pentafluoroaniline C~FsNH 2 (I), tetrafluoro-4- 
aminopyridine 4-H2NCsF4N (II), tetrafluoro-4-nitroaniline 4-NO2C~F~NH 2 (III)] with the use of 
tetrahydrofuran (THF) and hexametapol (HMP) as the proton acceptors. 

The IR spectra of solutions of the amines in CCI 4 and in mixtures of CCI 4 with the pro- 
ton acceptors in the region of the bands assigned to the stretching and deformation vibra- 
tions of the NH 2 group were investigated. The experimental techniques were the same as in 
[9], the concentration of the amines was varied in the range from 0.001 to 0.5 M, the con- 
centration of THF was varied from 0.02 to 11.3 M, and the concentration of HMP was varied 
from 0.002 to 5.3 M. At a concentration above 0.i M, the spectrum of II displays a band as- 
signed to the ~(NH) vibrations of the associates (3380 cm-l); apparently, the proton-acceptor 
center utilized for self-association is the pyridine nitrogen atom, since self-association 
does not influence the frequency of the stretching vibrations of an NH group not bonded by 
means of its hydrogen atom. In all the experiments the ratio between the concentrations of 
amine II and the proton acceptor was such that the concentration of the free molecules of II 
did not exceed 0.i M. Amine I does not display any signs of association in the concentration 
range studied, and amine III was investigated at concentrations below 0.01 M, at which it is 
not associated, due to its low solubility in CCI 4. Amines I-III were synthesized according 
to the methods described in [i0], and their purity was equal to 99.9%. 

In the spectrum of a solution of I in the region for ~(NH 2) there are bands assigned to 
the symmetric (~s f) and antisymmetric (Vas f) vibrations of a free NH 2 group with maxima at 
3408 and 3500 cm -I (the types of stretching vibrations of NH in a free NH 2 group and in com- 
plexes with acceptors were presented in [9]), as well as a weak band assigned to the 2~(NH 2) 
overtone at 3195 cm -I and a very weak band assigned to an overtone of the ring vibrations at 
3280 cm -I (Fig. la). In the presence of }IMP, the spectrum displays a band assigned to the 
~l vibration of the complex (3180 cm -l) and a doublet assigned to v 2 (3283, 3310 cm-1), the 
form of whose contour and the position of whose center of gravity vary as the concentration 
of HMP is increased, the doublet being converted into a singlet at 3330 cm -I. In addition, 
there is a band for the free NH group of the i:i complex (~f = 3480 cm -I) (Figs. ib-d). As 
the concentration of HMP is increased, the intensity of the vf band at first increases and 
then decreases, pointing out the formation of 1:2 complexes at the expense of i:i complexes, 
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Fig. 1 Fig. 2 
Fig. I. Spectra of solutions of I in CCI~ with additions of HMP. Concentra- 
tions of I and HMP, M: a) 0.23 and 0; b) 0.22 and 0.23; c) 0.19 and 1.6; d) 
0.45 and 5.3. T = 25 (i) and 72~ (2). 

Fig. 2. Spectra of solutions in CC14: i, i') I; 2, 2') II; 3, 3') III in the 
presence of THF (1-3) and HMP (1'-3'). The concentrations of the proton do- 
nor and acceptor were equal to 0.3 and 0.8 (I), 0.4 and 0.3 (2), 0.5 and 0.4 
(3), 0.2 and 0.2 (i'), and 0.01 and 0.01 M (2', 3'). The temperature was 25~ 

while the intensities of the q I and v 2 bands continue to increase. The vl band and the v 2 
doublet are present in the spectrum of dilute solutions of I and in solutions with a shortage 
of HMP, in which the probability of the formation of 1:2 complexes is very small. This pro- 
vides some basis to assign them to the vb vibration of the bound NH group in the I:i complex. 
The complicated structure of the ~b band is clearly a consequence of Fermi resonance with 
overtones, i.e., the splitting into the two components vl b and v2 b is caused by the inter- 
action with 26(NH 2) (as in CF3CH2NH 2 [ii]), and the doublet structure of v2 b is probably 
caused by an interaction with an overtone of the ring vibrations. As the concentration of 
HMP is increased, the absorption of the 1:2 complex, the frequencies of whose bands vsb = 
3170 cm -I and Vas b = 3330 cm -l are close to the frequencies of ~i b and v2 b, respectively, 

begins to make increasingly greater contribution to the ~i and v2 bands. Thus, the v] band 
is formed by vb and v~, and the v2 band is formed by v2b and Vas b. 

A similar spectral picture is observed for the other systems investigated: the spectra 
of the solutions of aromatic amines I-III with proton acceptors contain a band assigned to 
vf, which is located between the Vsf and Vas f bands, and two bands of complexes assigned to v and v 2, 
which, as in the case of the complexes of I with HMP, consist of several components and both 
of which have contributions from the absorption of both the I:i and 1:2 complexes. The 
spectral parameters of the bands are presented in Table i. 

Figure 2 presents the spectra of solutions of amines I-III with additions of THF and HMP. 
The concentrations of the proton donor and acceptor were selected in such a manner that there 
would be a predominance of i:i complexes (about 60%) and free molecules in the solution and 
the percentage of 1:2 complexes would be small. It is seen that the v b band of the I:I com- 

b and plexes of all the amines with the proton acceptors is split into the two components Vl 
~2 b as a consequence of a resonance interaction, with the 26(NH 2) vibration (in the spectra 
of the solutions of II and III this band lies at 3195 and 3200 cm -I, respectively). In the 
case of the complexes of I with THF, which are the weakest among the systems investigated, 
the intensity of the low-frequency ~l b band is small, and its frequency is close to the fre- 
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TABLE i. Spectral Characteristics of Pentafluoroaniline (I), 
Tetrafluoro-4-aminopyridine (II), Tetrafluoro-4-nitroaniline 
(III) and Their Complexes with Tetrahydrofuran (THF) and 
Hexametapol (HMP) 

Proton 
donor 

II 

II 

II 

I II  

III  

III  

Proton 
acceptor 

THF 

HMP 

THF 

HMP 

Vibration v, Cm -I 

\~ 3408 

V~s 3500 

v f 3480 

v 2 (v~ ; ~,b ) 3335--3345 
_ as 

"VI('V~; ':}) 3210--3225 J 

v f 3480 

v~(4 ; v~s) i 3280--3330 

vl(v~; 'vts) 3170--3180 

cm- 1 ,v,-l/2, g , liter" S,~.'~o-t 
mole -I "cm- 1 liter-mole -1- 

[ cm- 2 

0 63 

0, (~6 

0,68 

0,6 

v~s 
vf 

vi(v~ ; v~s) 
v~(v~; v~) 

vY 

V2(u ;%'b)as 
v l ( ~ ;  v~) 

3424 

3524 

3492 

3335--3345 

3210 

3487 

3295--3305 

3130--3140 

18 340 

23 210 

35 

~70 

~45 

35 
80--120 --- 

~90 

2I 510 

25 270 

26 

~90 

25 

70--130 

150--190 

1,3 

O, 89 

0,87 

0,9 

THF 

% 

vf 

vf 

3419 

3517 

3488 

3330--3340 

3200 

3483 

3290 

3000--3115 

18 

24 

30 

NS0 

~60 

27 

65--I25 

N 170 

730 

290 

1,7 

0,84 

1,0 

1,1 

quency of the 26(NH 2) vibration (Fig. 2, curve i). In this case, the frequencies of the un- 
perturbed v b band and the overtone differ strongly, and thus the Fermi resonance between 
them does not result in appreciable repulsion of the bands, and it only increases the inten- 
sity of the overtone. As the hydrogen bond is strengthened upon the transition from THF to 
HMP and from I to II and III, the frequency of the unperturbed vb band decreases, that of the 
2~(NH 2) band increases, the interaction between the vibrations is enhanced, and the splitting 
between v1 b and 92 b increases. In addition, due to the increase in the strength 
of the hydrogen bond, both the 91b band and the ~2 b band undergo shifts to lower frequencies; 

however, the frequency of the v2 b band decreases to a lesser extent than does that of the ~i b 

band, since it is influenced by two opposing factors: the increase in the strength of the 
hydrogen bond lowers the frequency, but the Fermi-resonance interaction increases it. At 
the same time, the integrated intensity of the vl b band increases considerably (Fig. 2). 

The spectra of the complexes are distorted somewhat as a result of the Fermi resonance 
with the overtone of the stretching vibrations of the ring; the frequency of the maximum 
of this band in the spectra of II and III is equal to 3260 cm -I This resonance is weaker 
than the resonance with the 26(NH2) vibration, since the interaction between the vibrations 
takes place through the C-N bond. In the case of the complexes of I with HMP, more favor- 
able conditions for resonance are apparently realized: the approach of the frequencies of the 
unperturbed overtone of the stretching vibrations of the benzene ring and the ~2 b vibration 
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TABLE 2. Thermodynamic Characteristics of Complexes of Pen- 
tafluoroaniline (I), Tetrafluoro-4-aminopyridine (II), and 
Tetrafluoro-4-Nitroaniline (III) with Tetrahydrofuran (THF) 
and Hexametapol (HMP) 

Proton 
donor 

II 
II 

III 
III 

Proton 
acceptor 

THF 
HMP 

THF 
HMP 

THF 
HMP 

liter/mole, 25~ 

2,1 0,42 
42 0,96 

5,9 0,62 
200 2,3 

5,0 0,52 
310 2.1 

- - A H 1  I - -AH~ 

3,3 
5,3 

3,7 5,7 
3,9 
6.0 

kcallmole 

2,8 
3,2 

2,9 
3,0 

2,7 
3,i 

-AHav 

3,05 
4,25 

3,3 
4,35 

3,3 
4,55 

3f. lO-~ liter'mole- l'cm -2 
170@~ b 

;a. 
a 

07!0 

o,s ~,o 7,0 _ 2 , 0  -i 5S f'70 t liter'mole "cm -I 
Fig. 3. Plots of the dependence of S f on Ssf 

Sf = 1 O_dv, - -  S ln--7- dv 
b.fA0] ~ b [A0] vf v~ 

f o r  t h e  I I  + THF ( a ,  b) and I I I +  HMP ( c ,  d) 
s y s t e m s .  T = 25 ( a ,  c )  and 72~ (b ,  d ) .  

i s  maximal ,  and t h e  v2 b band i s  s p l i t  i n t o  two components  o f  e q u a l  i n t e n s i t y  ( F i g .  2, c u r v e  
i'), while the overtone is located on a wing of the v2b band and is only slightly enhanced 
in the case of the other systems. 

The spectrum of a solution of I in CCI 4 contains a band at 1605 cm -I, which corresponds 
to the deformation vibration of a free NH 2 group. When HMP is added to the solution, the in- 
tensity of the band at 1605 cm -l decreases, and a new band, which is assigned to the 6(NH 2) 
vibration of the complex, appears at 1630 cm -I. In addition, when the complexes are formed, 
the intensity of the band of the ring vibrations with a maximum at 1670 cm -I increases. In 
contrast to the case of I, the 6(NH 2) band of the complex cannot be singled out in the spec- 
tra of II and III, since it overlaps the band of the ring vibrations. 

In order to calculate the constants K I and K 2 of the equilibria 

Aq- B ~  AB, (i) 

ABq-B~-AB~ (2) 

it is sufficient to determine the concentrations of the free molecules of the proton donor 
[A] and the i:i complexes [AB], and then the concentrations of the free molecules of the 
proton acceptor [B] and the 1:2 complexes [AB2] can be found from the balance equations 

[Ao] ~: [A1 ~- !AB] v- [AB~], (3 )  

iB,,I =- IBI + lAB1 -L 2- lABel,  (4) 
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where [A 0] and [B 0 ] are the initial concentrations of the donor and the acceptor. It is 
convenient to determine the concentrations [A] and [AB] from the data on the Vsf and vf 
bands, respectively. The extinction coefficient Csf of the first band is known from the 
spectra of solutions which do not contain an acceptor, and the extinction coefficient sf 
of the vf band was determined by extrapolation according to the following scheme. 

After (3) is represented in the form 

D~ D ~ [ABd 
1 ~  e~.b-[Aol + et.b-[Aol ? [Ao~-' (5) 

it is easily seen that the points plotted in Dsf/b.[A0] versus Df/b.[A0] coordinates lie 
on a straight line with y intercepts equal to the extinction coefficients, if the concen- 
tration of the 1:2 complexes [AB2] is negligibly small (here Ds f and D f are the optical den- 
sities of the Vsf and v f bands; b is the optical path). As the concentration of the acceptor 
in the solution is increased, the redistribution of the intensity between the ~s f and v f 
bands takes place according to a linear law until the AB 2 complexes begin to appear in ap- 
preciable amounts. Then the increase in the intensity of the vf band is slowed, and it sub- 
sequently begins to decrease. A tangent drawn on the segment along which the concentration 
of the acceptor is small, i.e., the segment adjacent to the Dsf/b'[A0] axis, cuts off a seg- 
ment equal to the extinction coefficient of the v f band on the Df/b.[A0] axis. A similar 
procedure can be carried out to determine the integrated extinction coefficient of the ~f 
band. Such constructions were performed for all the systems investigated at temperatures 
equal to 25 and 72~ after the graphical isolation of the Vs f and ~f bands. The results are 
illustrated in Fig. 3, in which the corresponding plots of the II + THF and III+ HMP systems 
were constructed on the basis of the integrated intensities. It is seen that the accuracy of 
the extrapolation increases as the proton-donor and proton-acceptor abilities of the partners 
are increased and that it decreases as the temperature is raised; the extinction coefficients 
are 1-9% smaller at 72~ than at 25~ The values obtained are presented in Table i. 

The concentrations [A] and [AB] were determined for each experiment on the basis of the 
intensities of the Vs f and vf bands, and then the values of [AB 2] and [B] and the equilibrium 
constants K I = [AB]/[A]-[B] and K~ = [AB2]/[AB]-[B] were calculated according to Eqs. (3) 
and (4) with the introduction of corrections for the dependence of the density of the solvent 
on the temperature. The averaged values of the constants from five to eight experiments are 
presented in Table 2. The accuracy of their determination was estimated to be 20-30%. 

The heats of formation of the first (AH I) and second (AH2) hydrogen bonds of the NH 2 
group with molecules of the acceptors were determined from the temperature dependence of the 
equilibrium constant. The results obtained are presented in Table 2, which also presents 
the heat of formation of one hydrogen bond in the AB 2 complex AHav = (AH I + ~H2)/2. The ac- 
curacy of the absolute values of these heats of formation may be estimated to be ~20%, and 
for the relative positions of the values of AH obtained according to a single method in the 
series investigated, it is apparently permissible to take an accuracy of 7-10% for AH l and 
an accuracy of about 15% for AH2, since the error in K 2 (and, therefore, in AH 2) is deter- 
mined mainly by the error in the value of [AB2], which is significant due to the fact that 
[AB 2] is calculated as a difference from Eq. (3). It is seen from the data in Table 2 that 
the proton-donor ability of aromatic amines increases along the series I < II <III, al- 
though the differences between them are small. 

It is seen that [AHll > IAH21 for the complexes of all the amines investigated with HMP, 
i.e., the formation of the first hydrogen bond causes redistribution of the electron density 
in the NH 2 group, which results in a decrease in the proton-donor ability of the second NH 
group. When the second hydrogen bond is formed, the strength of the first decreases, and the 
energy of one hydrogen bond in the 1:2 complex is found to be smaller than the energy of the 
first bond in the i:i complex (IAHav I < IAHII). The mutual influence of the two hydrogen 
bonds is greater in the complexes of the stronger proton donors. For example, the difference 
between AH I and AH 2 for the I + THF system does not exceed the experimental errors, while the 
differences between AH I and AH= for the complexes of the stronger donor II and especially of 
III with THF are significant. This effect is even stronger in the complexes with the stron- 
ger acceptor HMP: in the III+ HMP system the energy of the first hydrogen bond is almost two 
times greater than the energy of the second hydrogen bond. 

The results obtained are in qualitative agreement with the data from [12, 13], in which 
the values of the equilibrium constants for the formation of the complexes of the NH 2 group 
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in a dialkylammonium cation R2NH ~ with one and two molecules of a proton acceptor and the 
shifts of the v(NH) bands in the vibrational spectrum were analyzed and a decrease in the 
proton-donor ability of the second NH group as a result of the formation of the first hydro- 
gen bond was demonstrated. P. Huyskens believes that this effect has a predominantly covalent 
character, although the theoretical treatment in [2] led to a conclusion that the nonadditi- 
vity is of an electrostatic nature. Apparently, this question must be resolved on the basis 
of a theoretical analysis of experimental data which pertain mainly to the energetics of com- 
plexes of different composition. 
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SOLVATOCHROMISM OF 8-AZASTEROID ~-PYRIDONES 

V. Z. Kurbako and N. I. Garbuz UDC 543.422:547.68 

The problem of the correct quantitative separation and evaluation of the contributions 
of the various components of the universal van der Waals and specific intermolecular inter- 
actions to the shifts in the electronic spectra of compounds dissolved in inactive media or 
in active media (which are inclined to form donor-acceptor complexes or intermolecular hy- 
drogen bonds with molecules of the solute) is still a crucial and experimentally complica- 
ted problem [I, 2]. As was shown in [3], a satisfactory solution for enaminocarbonyl and 
enaminodicarbonyl derivatives of the 8-azasteroid series can be achieved in the framework of 
the conceptual model proposed in [i]. 

The purpose of the present work was to investigate the role of the various types of com- 
ponents of the universal intermolecular interactions to the solvatochromism of 8-azasteroid 
y-pyridones 1-5 in aprotic media which are inactive with respect to their molecules, as well 
as to separate the contributions of the universal and specific intermolecular interactions 
in proton-donor solvents which form strong intermolecular H bonds with molecules 1-5. The 
electronic absorption spectra of compounds 1-5 were recorded on a Specord UV-VIS spectro- 
photometer in the 25,000-50,000-cm -l region. Solvents purified according to thestandard 
methods in [4] were used for the quantitative measurements. 

Bands A and B in the absorption spectra of 7-pyridones, which correspond to allowed ~-~* 
transitions and have the character of "negative" and "positive" intramolecular charge-transfer 
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