Folish J. Chem., 76, 325-329 (2002)

Angular Group Induced Bond Alternation (AGIBA).
Part VII. The Case of a Branched
Substituent — the Carboxylic Group

by T.M. Krygowski and E. Pindelska

Department of Chemistry, University of Warsaw, 02 923 Warsaw, Fasteura 1, Foland
(Received May 29th, 2001, revised manuscript October 3rd, 2001)

Angular groups attached to aromatic rings cause an increase of the double bond localiza-
tion, called Angular Group Induced Bond Alternation (AGIBA). The effect for the
groups with single bonds, X-Y, increases the double bond character of the cis CC bond in
the ring, whereas the groups with double bonds, X=Y, work in the opposite way. The
group with a branched structure, like the carboxylic one, should exhibit an enhancement
of'the AGIBA effect. Analyses of 61 geometries for p-substituted derivatives of benzoic
acid, as well as of the geometry of benzoic acid optimized at B3LYP/6-311G** level of
theory, show that there is no cooperative effect in this kind of substituent.
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Angular groups substituted to the monocyclic © electron systems like benzene or
s-triazine cause substantial structural consequences [1-4], known as the Angular
Group Induced Bond Alternation (AGIBA) [5—7]. These effects, documented by both
the experimental and computational studies [1-7], may be briefly presented by
Scheme 1: the single and double bonded groups cause a shortening and a lengthening,
respectively, of the cis — CC bond in the benzene ring.
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The local structural changes are then propagated over the whole aromatic rings,
like benzene or s-triazine, and are also observed in non-aromatic systems, like
borazine and boraxine [8,9]. Usually the effect is described either by the difference
between the C,C, and C4C, bond lengths, or by using the HOSE model [10,11], which
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allows us to estimate the weights of the canonical structures directly from the bond
length of a molecule or its fragment in question. Then the imbalance between two
Kekule structures of benzene manifests the AGIBA effect. For benzene derivatives
the Kekule structure imbalances for the whole ring and solely for the C,C, and C,Cq
bonds are practically the same [4]. The mechanism of the above described changes in
geometry is composed of two effects [4,5]: (1) A sigma electron one, being due to the
rehybridization at the substituted carbon, which according to the Bent-Walsh rule
[12,13], results from the increase of the bond angle XC,C,, which in consequence in-
creases the s-contribution to the sp2 orbital in the direction of the C,C, bond and
makes the bond shorter. This is well known for benzene annealed with small rings and
is often associated with the Mills-Nixon effect [ 14]. Recently, it has been nicely doc-
umented by X-ray determined structures [15] and also analyzed by computational ex-
periments [16-20]. (ii) A through space © electron interaction between the double
bonds in the X=Y group and the C,C, bond in the ring, leading to the lengthening of
the latter bond [4]. This effect is considerably stronger than (i) and shows that in spite
of the fact that the XC,C, bond angle is larger than 120° (and in principle similar as
those for X—Y substituted species) the C,C, bond is longer than C,Cq4 [5]. It might be
concluded from Scheme 1 that in the case of a branched group, like the carboxylic
one, which consists of two angular sub-groups: the X=Y type (the carbonyl) and the
X-Y type (the COH group), the AGIBA effect should be enhanced, since both these
groups work in line. The CO group should lengthen the C,C, bond and shorten the
C,Cs, in the same way as the COH group, which should make C,Cg¢ shorter and C,C,
longer.

The purpose of this paper is to answer the question, whether or not the above-
mentioned enhancement appears. p-Substituted benzoic acid derivatives are chosen
for this purpose, since there is a reasonably large amount of well done X-ray struc-
tures archieved in CSD [21]. Additionally a high level ab-initio optimization of ben-
zoic acid was carried out, in order to have a precise geometry of the molecule
examined without being perturbed by the adjacent molecules in the crystal lattice. As
it is known, exocyclic bond angles may be readily deformed by these kind of interac-
tions [22].

RESULTS AND DISCUSSION

Molecular geometry of 61 p-substituted derivatives of benzoic acid were re-
trieved from CSD and analyzed. The choice of the p-substituted derivatives results
from the recently documented fact [23] that the p-substituents, even if strongly inter-
acting with the counter-substituent, do notreduce the AGIBA effect in any significant
way. Moreover, the carboxylic group is known as a not too strong electron-accepting
substituent [24], and hence the p-substituted benzoic acids are the best group of sys-
tems for studying the title problem. The mean bond lengths calculated for C,C, and
C,C¢ bonds are 1.3882 A and 1.3881 A, respectively. Thus, the difference between
these two values is meaningless. The mean bond angles calculated for C,C,C, and
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C,C,Cg angles are 121.13° and 119.68°, respectively. The Student test [25] defines
the difference between these two values as significant at o = 0.01. This means that the
rehybridization effect should operate and the C;C, bonds should become shorter.
This is not observed. Fig. 1 presents scatter plots of C;C, and C;Cs bond lengths plot-
ted against C;C,C, and C;,C,C4 bond angle for the whole sample.
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Figure 1. Scatter plots of C;C,C, and C;C,Cg bond angles against C;C, and C;C4 bond lengths for 61
p-substituted derivatives of benzoic acid.

Application of the whole ring geometry and using the HOSE model [10,11] does
not change the result. The imbalance between two Kekule structures K1 and K2
(Scheme 2) is 50.17%:49.83% far below any significance.

Scheme 2

K1 K2

One could claim that most carboxylic acids dimerize in the crystalline state, [26]
however, from the point of view of crystallographic measurements the H-bonds in
these systems are usually weak, leading only to a subtle CO lengthening and COH
shortening. Hence, they should not influence the appearance of the AGIBA effects.
However, it should be added here, that the solid state NMR studies and quantum
chemical calculations bear a somewhat different picture: in some cases the dynamics
of protons is found or is expected in the carboxylic acid dimer [27]. However a similar
system, the cyclic N,N'-bisarylformamide dimers studied by the combined X-ray
diffraction and "N CPOMAS NMR techniques between 100-300 K, revealed that the
disorder observed in NMR measurements are associated with an equalization of C—N
and C=N in the amidine skeleton [28]. In order to consider the problem as free from
additional interactions, like intermolecular interactions in the crystalline state or
intramolecular ones due to a substitution, we have computed optimized geometry of
benzoic acid, benzylic alcohol and benzoic aldehyde.
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It results from the above-presented geometries that the formyl group causes a
weak AGIBA effect, since the C;C, bond is longer than C,C4 by 0.003 A. Similarly
the CH,OH group causes a weak effect in the same direction: C,;C, bond is longer than
C,C4 by 0.003 A. Since it is known that the AGIBA effect works in an additive way
[29], one could expect that the COH and CO groups in the carboxylic group should co-
operate, leading to an enhancement of the effect in the PhCOOH. However, the geom-
etry pattern of PhCOOH does not support this expectation. The C,C; bond length is
equal to that of C,Cs (1.402 A). The whole ring effect described by the imbalance of
the Kekule structures is also ambiguous: 50.86%:49.14% is very similar to that for a
statistical mean structure obtained from X-ray data: 50.2%:49.8%. In contrast to that,
the Kekule structure imbalance for PhnCHO and PhCH,OH follows the local and the
whole ring estimations of the AGIBA effect, which are 53.6%:46.4% and 52.5%:47.5%,
respectively. The molecule of PhCOOH, PhCHO and PhCH,OH optimized by use of
DFT at B3LYP/6-311G** level of theory applying Gaussian 94 [30] are planar with
the geometry shown in Fig. 2.
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Figure 2. Molecular geometry (bond lengths) of benzoic aldehyde, benzylic alcohol and benzoic acid
(both: bond lengths and bond angles).

The exocyclic bond angles at C1 in benzoic acid differ remarkably, they are
122.2° (under COH) and 117.9 © (under C=0). According to the Bent-Walsh rule, the
C,C¢ bond should become shorter. This effect should be even enhanced by the
through space m electron interaction from the C=0 group of the carboxylic group.
Nothing like this is observed — both C,C, and C,C¢ are of the same lengths.

The analyses of the experimental data for 61 p-substituted benzoic acid deriva-
tives, as well as of the theoretically computed geometry for benzoic acid as well as for
benzylic alcohol and benzoic aldehyde, lead to the same conclusion, namely that the
C-0 and C=0 groups work in the alcohol and aldehyde, but in the carboxylic group
they do not cooperate in terms of the AGIBA effect.

Note added in proof: Optimized geometry of the benzoic acid dimer at B3LYP/
6-311G* level of theory gave C,Cg and C;C, bonds of the same length equal to 1.400 A
indicating no AGiBA effect. The energy of the hydrogen bond is —11.1 kcal/mole taking
into account the basis set superposition error.
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