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Abstract 

In IR spectra of complexes of N-methyl- and N-phenylanthranilic acids with acceptors of the RCOOH. • • B type, the 
vNH band of the group taking part in the intramolecular hydrogen bond N H . . .  O=C shifts to lower frequencies with an 
increase of the proton accepting ability of B. The intermolecular hydrogen bond of the C=O. • • HX type of methyl esters 
of these acids with proton donors results in a decrease of the vNH frequency. The strengthening (weakening) of the 
intramolecular bond is caused by a shift of electron density towards (from) the proton accepting site under the influence 
of the external proton acceptor (donor). The whole effect of the cooperative and anticooperative influence of the 
intermolecular hydrogen bond on the intramolecular hydrogen bond reaches 100-130 cm -I. 

1. Introduction 

Studying the mutual  influence of  hydrogen 
bonds it is convenient to use compounds  whose 
functional groups take part  in intramolecular 
hydrogen bonds and can simultaneously form 
intermolecular bonds as proton donors or accept- 
ors. The efficacy of such an approach was demon- 
strated by Kleeberg, Luck and co-workers using 
the example of  diols in refs. 1-3. It  allows the 
study of  the diverse types of  complex, both with 
mutual  strengthening and weakening of  hydrogen 
bonds; here it is possible to vary independently the 
strength of  the intramolecular bonds on account of  
substituent groups, and the strength of  inter- 
molecular bonds on account of  the choice of  

1 Presented at the Xth Workshop "Horizons in Hydrogen Bond 
Research", Autrans, France, 12-17 September 1993. 
* Corresponding author. 

molecule partners. It  gives the possibility not only 
of estimating qualitatively the magnitude of second 
order effects in spectroscopy and the energetics of  
hydrogen bonds, but also of  ascertaining their 
quantitative properties. In refs. 4 -8  the results 
of  the spectral studies of  complexes of  ortho- 
substituted aromatic compounds with proton 
acceptors are described, which show the wide 
potential of  this method. 

2. Results and discussion 

In the present work the influence of the inter- 
molecular hydrogen bond R C O O H . . . B  on the 
intramolecular bond N H . . .  O = C  in complexes 
of  N-methyl- (MAA) and N-phenylanthran- 
ilic acid (PAA) with various proton acceptors 
has been studied by IR  spectra in CC14 and 
CHCI 3 solutions. 
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The strength of the intermolecular interactions 
in complexes has been estimated by the shift of 
the vNH band. At room temperature in a O.Ol- 
0.001 M solution, MAA exists mainly in the form 
of cyclic dimers; the monomer-dimer equilibrium 
shifts to monomers on heating or on strong dilu- 
tion of the solution. The position of the equilibrium 
can be monitored using the vC=O bands of the 
monomer at 1706 cm-’ and the dimer at 1666 cm’ 
(Fig. l), and also the vOH band of monomers at 
3547 cm-‘. In the presence of a proton acceptor the 
intensity of the bands of monomers and dimers 
decreases and new bands belonging to the complex 
of type I appear. Varying the concentration of 
acceptor the dimerization can be suppressed almost 
completely, as has been seen from the vC0 bands. In 
the spectrum of the solution of MAA in acetonitrile 
the frequency of the vC0 band is reduced by 11 cm-’ 
in comparison with the monomer, the structural 
band vOH of dimers in the region 2500-3300 cm-’ 
disappears and the band vOH of complexes of the 
acid with acetonitrile appears at 3270 cm-‘; Ayj2 z 
200 cm-‘. The uNH frequency of the group forming 
the intramolecular hydrogen bond in complexes with 
acetonitrile is practically the same as in monomers. In 
complexes with a stronger proton acceptor, methyl 
ethyl ketone, the YNH frequency is reduced by 
lOcm-’ in comparison with monomers (Table 1). 
With the growth of proton accepting ability of a 
partner the shift AvNH increases and reaches in 
complexes with hexametapol, (Me2N)sP0, 26cn-’ 
and with tributylamine (CCL, solution) 38 cm-‘. 
When passing from CCL to CHCls solutions the 
shifts AK=0 and AvNH of complexes of MAA 
with tributylamine strongly increase and become 
close to the corresponding shifts in complexes with 
dibutylamine (the spectra of complexes of MAA with 

dibutylamine in CHCls and in CCL, are virtually 
identical). It might be suggested that in CCL, solu- 
tion the complex of MAA with a tertiary amine still 
has a molecular structure, the more polar medium of 
CHCls stabilizing the ionic structure with proton 
transfer. But the complex with a secondary amine 
already in CCL is an ionic pair, since the frequencies 
in the carbonyl region of 1623 cm’ (tributylamine, 
CHCls) and 1620 cm’ (dibutylamine) are typical for 
the v,CO, carboxylate anion. 

With a considerable excess of proton acceptor 
there exists the possibility of formation of the 
complex to account for the NH group after 
the breaking of the intramolecular hydrogen bond. 
However the immediate participation of the NH 
group in the hydrogen bond NH.. . B should 
result in a much larger low-frequency shift of 
the vNH band than has been observed under the 
conditions of our experiments (Table 1). Hence 
the shifts obtained, AvNH, characterize the 
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Fig. 1. IR spectra of solutions of N-methylanthranilic acid in 

CC14 (1,2), CHsCN (3), CC4 in the presence of methyl ethyl 

ketone (4), tributylamine (5), dibutylamine (7), CHCls in the 

presence of dibutylamine (6). Concentrations, mol I-‘: acid 

0.002 (1,5,6,7), 0.0006 (2), 0.1 (3,4); acceptors 0.9 (4), 0.1 
(5,6,7). Temperature, “C: 25 (1,3-7), 72 (2). 



a CHCls solution. 

increase of the strength of the intramolecular 
hydrogen bond NH. . . O=C owing to the redistri- 
bution of electronic density in the carboxylic group 
and an increase of the proton accepting ability of 
the carbonyl oxygen atom resulting from the influ- 
ence of the intermolecular bond COOH . . . B. The 
shift, AvNH, and consequently the magnitude of 
the cooperative effect increases with the growth 
of energy of the complex in the row of proton 
acceptors (Table l), and reaches the largest 
values in ionic pairs with amines, where the intra- 
molecular hydrogen bond is strengthened to the 
greatest degree in consequence of the appearance 
of the negative charge on the oxygen atom of 
the anion of the acid. Similar measurements carried 
out with PAA show that the sequence of shifts, 
AvNH, in the complexes with proton acceptors is 
the same as in complexes of MAA, but the magni- 
tude of the shifts in complexes with the same accep- 
tor is more for PAA than for MAA (Table 1). 

Proton donating ability of these acids in inter- 
molecular hydrogen bonds is approximately the 
same; the enthalpies of their complexes of type I 
with tetrahydrofuran and hexametapol obtained 
by the procedure described in ref. 9 are 6.5 and 
8 kcal mol-’ for MAA and 6.3 and 7.0 kcal mol-’ 
for PAA respectively. However, the estimate of 
the strength of the intramolecular interaction 
NH.. . O=C in these compounds is a problem 
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Table 1 
Frequencies of the IR bands of N-methylanthranilic (MAA) and N-phenylanthranilic (PAA) acids and their complexes with proton 
acceptors (cm’; CC4 solutions) 

Proton acceptor MAA PAA 

I/NH AvNH UC0 vNH AvNH VCO 

- (Dimers) 3396 -13 1666 3344 -10 1667 
Acid monomers 3383 0 1706 3334 0 1707 
Acetonitrile 3383 0 1695 3320 14 1694 
Methyl ethyl ketone 3373 10 _ 3310 24 _ 

Diethyl ether 3371 12 1689 3309 25 1691 
Tetrahydrofuran 3370 13 1688 3306 28 1689 
Dimethylsulfoxide 3368 15 1676 3303 31 1678 
Tetramethylurea 3365 18 - 3300 34 _ 

Hexamethapol 3357 26 1675 3294 40 1678 
Tributylamine 3345 38 1665 3260 74 1662 
Tributylaminea 3323 60 1623 3240 94 1625 
Dibutylamine 3302 81 1620 3230 104 1630 

which is not simple and is not unequivocal. Never- 
theless it can be supposed qualitatively, proceeding 
from the notions of the influence of substituent 
groups CHs and CsH5, that in PAA the proton 
donating power of the NH group is higher than 
in MAA and the intramolecular bond is stronger. 
This also follows from the large difference in 
the frequencies vNH of monomeric molecules, 
although vC0 frequencies do not differ. If this 
is really the case, the larger magnitude of the 
cooperative effect in complexes with intermolecu- 
lar bonds of PAA in comparison with MAA corrobo- 
rates the conclusion, drawn in refs. 5 and 6 by 
studying aniline derivatives, that the cooperative 
effect increases with strengthening of inter- and 
intramolecular hydrogen bonds. 

In the cyclic dimers of MAA and PAA (II) each 
carboxylic group forms two hydrogen bonds; the 
bond formed by the proton donating OH group 

T 
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I 
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results in a strengthening of the intramolecular 
bond NH . . . O=C, as in complex I. However, the 
influence of this intermolecular bond, acting 
through the chain H-0-C=O, on the proton 
accepting ability of oxygen, is weaker than the 
influence of the second intermolecular bond, 
formed by the carbonyl oxygen, which also takes 
part directly in the intramolecular bond as the 
proton acceptor. Thus in the dimer the sign of 
the cooperativity is determined by the influence 
of the intermolecular hydrogen bond with the 
carbonyl oxygen; this bond reduces the electron 
density of the lone pair taking part in the intra- 
molecular bond and thus weakens this bond [lo]. 
The second intermolecular bond somewhat dimin- 
ishes this influence. Indeed, the frequencies vNH 
are lower in the spectra of the monomer than in 
those of the dimers (Table 1). 

The similar weakening of the intramolecular 
interaction NH S e . O=C resulting from the partici- 
pation of the second lone pair of the carbonylic 
oxygen in an intermolecular hydrogen bond has 
been observed in the complexes of methyl esters 
of MAA and PAA with proton donors HX (III). 
In the IR spectrum of the methyl ester of MAA in 
CC& solution the KO and vNH bands lie at 1690 
and 3386cm-‘: the spectrum does not depend on 
the concentration of the solute or on the tempera- 
ture. On passing to solution in CDCls the vC=O 
frequency decreases by 7cm-’ and vNH increases 
by 8 cm-’ (Fig. 2, Table 2). The principal cause of 
these changes is the formation of the intermolecu- 
lar hydrogen bond C=O.. . D-C with solvent 
molecules. In the presence of stronger OH proton 
donors in the CC14 solution of the ester the KO 
and vNH bands of free molecules weaken and new 
bands of complex III appear. In the region YNH 
the wide band vOH .. + 0 of the hydroxy group 

III R=CH3 

C6% 

3500 3400 1700 1600 
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Fig. 2. IR spectra of the methyl ester of N-methylanthranilic 
acid in CCL, (l), CDC13 (2), solutions of CF3CH20H (3), 
C6H50H (4), CbFsOH (5) in CC&. Concentrations, mall-‘: 
ester 0.06 (1,2), 0.15 (3-5); proton donors 0.4 (3), 0.3 (4,s). 

of proton donor ROH in complex III is observed, 
its frequency for donors used being 3470 
(CF3CH20H), 3420 (C6H50H), and 3300 cm-’ 
(C6F50H), the intensity of the z&H band of the 
free donor molecules at higher frequencies dimin- 
ishing. The identification of the vNH band of the 
complex, lying on the wing of a broad band 

Table 2 
Frequencies z&=0 and vNH in IR spectra of the methyl esters 
of N-methylanthranilic (MAA) and N-phenylanthranilic (PAA) 
acids and their complexes with proton donors (cn-‘) 

Proton donor MAA methyl ester 

vNH vco 

PAA methyl ester 

uNH VCO 

cc14 3386 1690 3328 1694 
CDC& 3394 1683 3336 1684 
CF3CH20H 341’5 1674 3365 1675 
CsHSOH 3415 1670 3365 1672 
CsFsOH 3417 1667 3367 1670 
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vOH . . . 0 near the vNH band of free molecules, 
could be performed by comparing the spectra in 
the vNH and KO region at different concen- 
trations of proton donor ROH. With the increase 
of proton donating ability of ROH the band 
vCO shifts to lower frequencies; unfortunately 
the precision of measurements of the vNH band 
position does not allow the confident determination 
of the tendency for change of this frequency for 
complexes of the ester of MAA with three OH 
donors. Analogous results have been obtained for 
the complexes of the methyl ester of PAA with 
proton donors (Table 2). With the strengthening 
of the intermolecular hydrogen bond the low- 
frequency shift of the vC0 band increases; for the 
same proton donors the shifts are similar for both 
esters, but the increase of vNH frequency is 
considerably larger for the ester of PAA. On the 
basis as the arguments used for acids (the difference 
of the vNH frequencies, 58 cm-‘, of free ester mol- 
ecules being greater than for monomers of acids, 
49cm-I), it can be assumed that the greater influ- 
ence of a given proton donor on the intramolecular 
bond in the ester of PAA than in the ester of MAA is 
caused by the greater strength of the interaction 
NH . . . O=C in the former ester molecule. 

The influence of the intermolecular hydrogen 
bond on the intramolecular bond OH ... O=C in 
complexes of ortho-hydroxy substituted aromatic 
acids is manifested in IR and NMR spectra in a 
similar manner [l 1, 121. With the strengthening of 
the intermolecular COOH ... B bond the vOH 
band of the hydroxy group forming the intra- 
molecular bond shifts to lower frequencies, and 
the proton signal of this group moves to a lower 
field. The maximum strengthening of intra- 
molecular bonds was observed in complexes with 
aliphatic amines which have the structure of an 
ionic pair. In these complexes the carboxylate 
anion takes part as a proton acceptor in interionic 
hydrogen bonds with NH+ and NH; groups of the 
cation in the corresponding salts of tertiary and 
secondary amines. These bonds perturb the elec- 
tronic structure of the carboxylate group differ- 
ently, and in salts with tertiary and secondary 
amines the magnitudes of the OH group pertur- 
bances are not the same. The spectral shifts 
AvOH and AsOH both increase when passing 

from tertiary to secondary amines. Therefore, 
when interacting with the R2NHl cation, the 
electronic density is fixed to a greater extent on the 
anion oxygen which takes part in the intramolecular 
hydrogen bond. By analogy with structures 
proposed in ref. 12 for ionic pairs of tetrafluoroan- 
thranilic acid with aliphatic amines, the following 
configuration for ionic pairs can be suggested. 

The maximum strength of an intramolecular 
bond is attained in the quaternary ammonium 
salts where the cation Alk4Nt virtually does not 
perturb the electronic structure of the anion at 
all: the proton accepting ability of the oxygen 
atom of the anion in the intramolecular hydrogen 
bond OH S e . O- is not subjected to the competitive 
influence of proton donating centers of the cation 
and is realized in a most effective way. 

As the cyclic dimer of the derivatives of salicylic 
and anthranilic acids is formed, the intramolecular 
hydrogen bond weakens compared with the mono- 
meric molecule, in a similar way to the N-substi- 
tuted anthranilic acids which were described 
earlier, and for the same reasons. A more compli- 
cated picture is observed in the IR spectra of 
2,6-dihydroxybenzoic (y-resorcylic) acid, since this 
molecule has two intramolecular bonds. Unlike the 
OH.. . O=C bond, which weakens when passing 
from monomer to dimer, the weaker OH.. .O < 
bond is strengthened; the 3497cm-’ band of this 
hydroxy group shifts to 3480 cm-i [ 121. In this case 
the sign of cooperativity is governed by the domi- 
nant influence of the nearby intermolecular bond in 
dimer IV, since this bond is formed with an oxygen 
of the hydroxy group taking part in the inter- 
molecular bond as a proton donor. 

The farther apart second intermolecular bond in 
which the carboxylic oxygen is a proton acceptor 
weakens the effect of the former bond by only a 
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