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1. Introduction: Definitions, Commonness, and
Importance in Natural Sciences

Among many various kinds of molecular interac-
tions, the H-bond has a special position. The term is
ubiquitous in the world that surrounds us, but also
it is often applied in different ways. The H-bond is
of great importance in natural sciences. This relates
particularly to biological aspects, such as molecular
recognition that could be a basis for the creation of
life,'* formation of higher order structures of pep-
tides and nucleic acids,? and biochemical processes,
particularly the enzymes catalyzed.>” One can say
that the H-bond plays a double role in biological
systems: on one hand, as a relatively strong direc-
tional interaction, it leads to relatively stable supra-
molecular structures, and on the other hand, because
of dynamic features of the proton, it is an active site
for initiation of chemical reactions.

H-bonds are the source of specific properties of
associated liquids, with water being the most popular
among them.® Water as a medium in which life was
most probably created is saturated by H-bonds with
highly mobile protons in between, even in the solid
state.?

In many crystal lattices of organic compounds, the
H-bonds are a decisive factor governing packing.!® In
designing new interesting crystal structures, which
is the subject of fast developing crystal engineer-
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Also, the field of hydrogen-bonded functional ma-
terials, first of all ferroelectrics and ferroelastics as
well as superprotonic conductors, is of great impor-
tance.!”!® Finally, one should mention hydrogen-
bonded photoactive materials in which the optical
excitation leads to proton transfer.’® Such phenomena
play an important role in biological systems and can
be used in various applications.202!

The IUPAC definition?? is “the hydrogen bond is a
form of association between an electronegative atom
and a hydrogen atom attached to a second, relatively
electronegative atom. It is best considered as an
electrostatic interaction, heightened by a small size
of hydrogen, which permits proximity of the interact-
ing dipoles or charges. Both electronegative atoms
are usually (but not necessarily) from the first row
of the Periodic Table, i.e., N, O, or F. With a few
exceptions, usually involving fluorine, the associated
energies are less than 20—25 kcal/mol. Hydrogen
bonds may be intermolecular or intramolecular”. This
definition is limited to an already classical conception
of this specific molecular interaction. It does not
embrace cases such as m-electron systems as proton
acceptors, charge-assisted H-bonds of the OHO™ and
OHO~ type, and finally unconventional so-called
blue-shifting H-bonds. Moreover, in cases of strong
H-bonds, a covalent nature of interaction is revealed.
According to Pauling’s definition?® “under certain
conditions an atom of hydrogen is attracted by rather
strong forces to two atoms, instead of only one, so
that it may be considered to be acting as a bond
between them. This is called the hydrogen bond”.
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Table 1. H-Bond Energies (Eugs) Corrected for BSSE
(in kcal/mol); HF/6-311++G(d,p) and MP2/
6-311++G(d,p) Results Are Given®

complex acceptor—donor Eup(HF) Eup(MP2)
(F---H---F)~ —40.5 —-39.9
(F---H-CI)~ —-19.4 —-20.9
CHz0O---HF —-6.1 —5.4
H.O---HF —8.2 —=7.5
H;3;N---HF —10.2 —11.2
HLi---HF —10.6 —-12.6
m(CoHy)+--HF? —-2.7 —-3.2
H;0---HOH —4.3 —4.5
HCOOH---HCOOH —-6.1 -5.9
H20:--HCCH —-2.5 —-2.5
ﬂ(Csz)"'HQOb -1.4 —-1.8
7(CoHy)---HCCH? —-0.7 -1.1
LiH---HCCH*® -3.1 —3.7
H;N---H,O -5.0 —5.8

@ The results of H-bond energies taken from ref 25.° T-
shaped configuration. ¢ Dihydrogen bond.

Pauling also states that the hydrogen bond “is formed
only between the most electronegative atoms.”?® The
terms “typical hydrogen bond” or “conventional hy-
drogen bond” are related in this review to the Pauling
definition of hydrogen bonding.

The H-bond is most often formed between atoms,
which have already saturated valencies. Moreover,
unlike typical chemical bonds, the H-bond ranges
over a large scale of energy, from very weak ones,
with the energy around a fraction of kcal/mol, up to
very strong ones, with the energy around a few dozen
kcal/mol.24726 This is illustrated in Table 1, which
presents the binding energies for different kinds of
complexes connected through conventional H-bonds
as well as some unconventional ones. Also see Table
1 in ref 27, where the weakest interaction cited was
for CH4---FCHj3, with the energy equal to 0.2 kcal/
mol. It should be mentioned here that for the
intermolecular H-bond the stabilization energy be-
cause of its formation is usually calculated as the
difference between the energy of the complex and the
energies of the isolated monomers (Euyg = Eap — Ea
— Eg).2® Hence, for the energetically stable systems,
such a difference is negative. For the convenience of
discussion, the absolute positive values of H-bond
energies (—Eup) are presented in the text, while Eup
values are given in tables and are presented in
figures.

There is a variety of typical H-bonds, for example,
O—H---O existing for water dimer and formic acid
dimer, or charge-assisted (F---H---F)~, as well as non-
conventional H-bonds, such as the one for acetylene—
water dimer (C—H---O), C—H---x for T-shaped con-
formation of hydrogen fluoride and acetylene, dihy-
drogen bonds, etc.

Figure 1 shows three cases of hydrogen-bonded
complexes: linear-trans configuration of the water
dimer often treated as a reference species in com-
parative studies on H-bonds,?>?° the centrosymmetric
dimer of formic acid, where two equivalent O—H:--O
bonding forms exist, and the unconventional F—H---x
H-bond for T-shaped configuration of the complex
CoHy—HF 303! It is worth mentioning that the formic
acid dimer represents the pattern often existing
within crystal structures of carboxylic acids, espe-
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*

Figure 1. H-bond patterns; (a) linear-trans water dimer,
(b) centrosymmetric dimer of formic acid, and (¢) T-shaped
complex of acetylene and hydrogen fluoride.

cially the derivatives of benzoic acid,*?233 and also
that, because of resonance effects, the O—H---O
interactions belong to moderate or even strong H-
bonds. According to Gilli,?* the centrosymmetric
dimers of carboxylic acids are attributed to inter-
molecular resonance-assisted hydrogen bonds. This
topic will be described in detail in the next sections
of our review.

The HF and MP2 results of Table 1 show the
importance of the electron-correlation energy contri-
bution, which, for example, for HyO---HF complex,
amounts to ca. 10% of the total binding energy, while
for the water dimer it may be estimated as ap-
proximately 5%.

One can see that there is a tendency to extend the
definition of hydrogen bonding,?53¢ but our consid-
erations in this review are in principle limited to
conventional H-bonds, close to Pauling’s or at most
to the IUPAC definition, which can be written in the
form

o—  oF
Rl - A - H"'B - R2 (1)

where A and B are more electronegative atoms than
the hydrogen atom. Most often A and B contain 2p,-
type electrons, and hence, they may be conjugated
with R; and Ry, if they are m-electron systems. It is
worth mentioning that structural consequences of the
H-bond interaction are extended beyond the A and
B bridge atoms embracing all (or at least part of) the
R; and R; groups.

Two different cases have to be considered (i) with
intermolecular H-bond in which R; and Ry may
function almost independently and (ii) with intra-
molecular H-bond, which, owing to charge redistribu-
tion caused by the bonding, may exert substantial
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Table 2. AG and AH Values of the Reaction AH = A~ +
H' in the Gas Phase (in kcal/mol)

AH AG AH
CH;sCHs 411.7 420.1
CH.CH, 401.0 409.4
CHCH 370.0 379.0

structural effects on R; and Rs. They may be cor-
related via the spacer, because R; and R; are in this
case linked by a chemical bond and may be involved
in a variety of interactions. Some aspects of these
interactions are associated with Gilli’s resonance-
assisted hydrogen bond (RAHB) model.?”

In both cases, the geometry patterns in R; and Ry
change, and this reflects the changes in m-electron
delocalization. Those changes are often discussed in
terms of aromaticity indices.?® 4! In the present re-
view, the above-mentioned aspects will be discussed
as one of the important subjects of investigation.

It was pointed out*? that the H-bond could be
treated as an acid—base interaction in the Brgnsted—
Lowry formulation.*® If the acidity of the proton-
donor bond A—H and the basicity of the proton-
acceptor B are strong, then a case where a proton
transfer from A to B occurs and the creation of
another kind of H-bond takes place A—H:--B <
A~ ---HB" with reverse proton-donor—acceptor func-
tion of the bridge A and B atoms. In many cases, as
will be shown later, there is equilibrium between two
protonic states described by a double minimum
potential for the proton motion. A can be any atom
that can form a polar A°"—H" bond, thus, the atom
of any element more electronegative than hydrogen.
This is nicely illustrated by an increase in bond
polarity and Brgnsted acidity of the C—H bond in
alkane, alkene, and alkine. In this sequence, electro-
negativity (in the Pauling scale)?? of the carbon atom
increases: 2.48, 2.75, and 3.29 for sp?, sp?, and sp
hybridized atomic orbitals, respectively.* This may
be compared with the value for hydrogen electro-
negativity equal to 2.2.2% The acidity increases in the
same direction as may be described by a decrease of
the changes in free energy AG and enthalpy AH of
deprotonation of ethane, ethylene, and acetylene in
the gas phase given® in Table 2.

This is also illustrated for the complexes of meth-
ane, ethylene, and acetylene (Figure 2) connected
with water through the C—H---O H-bonds. Their
binding energies calculated at the MP2/6-31+G(d,p)
level of theory amount to 0.29, 0.86, and 2.51 kcal/
mol, respectively.??#6 Figure 2 presents the latter
complex, where the binding energy is the greatest.

B as an acceptor can be any atom with a lone
electron pair. The negatively charged hydrogen atom
can also play a role in the proton acceptor. In such a
case, the so-called dihydrogen bond is formed.*’%° On

OO - - -

Figure 2. Complex of acetylene with water. The C—H---O
H-bond is indicated.

Sobczyk et al.

(a)

(b) ’ -

Figure 3. (a) T-shaped configuration of acetylene dimer.
(b) 7t electrons as an acceptor of proton for the complex of
water with acetylene.

the other hand, the m-electron systems, such as
acetylene, may act as the proton-acceptor centers,
forming A—H--- bridges,’! and even the T-shaped
configuration of acetylene dimer is energetically
stable because its binding energy calculated at MP2/
aug-cc-pVDZ level of theory (BSSE included) amounts
to 1.4 kcal/mol.’? Figure 3 presents the above-
mentioned systems.

It shows two examples of complexes where x
electrons act as an acceptor of the proton within
weak, unconventional C—H-7x and O—H---x H-
bonds. For the latter complex, the water molecule
acts as a donor of the proton. Another configuration
is known (see Figure 2) where the acetylene molecule
is a proton donor and the water molecule is an
acceptor. These two configurations were investi-
gated,?® and it was pointed out that the C—H---O
H-bond, where water acts as an acceptor, is stronger
than the O—H---x H-bond, where the water molecule
is a proton donor. Other z-electron systems are also
known to act as the proton acceptors, such as for
example aromatic moieties.?35*

Extensive literature is already available relating
to the H-bond.35-36:55-63 Note that since 1977 every 2
years an international conference, Horizons in Hy-
drogen Bond Research, has been organized, the last
of which was held in 2003 in Berlin. The proceedings
of those conferences have been published in special
issues of J. Mol. Struct. (last issue, see ref 64).
Recently, several review papers have also been
published.26-27.65-73 Of particular interest seems to be
the review devoted to intramolecular H-bonds,™
strongly related to the subject of the present review.

2. Nature, Variety of Appearance, and Properties
Associated with the H-Bond

As it was pointed out in many theoretical stud-
1es,8065.75,76 in H-bonds, the same forces are mani-
fested as in other molecular interactions. Those forces
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are electrostatic in nature. However, one can distin-
guish a few specific features that make it possible
to discriminate H-bond complexes from the uni-
versal van der Waals associates and electron-donor—
acceptor (EDA), named usually charge-transfer (CT)
complexes.

The easiest, most important, and widely applicable
is a geometric criterion. When the H-bond is com-
pared with the van der Waals interaction, the equi-
librium distance between H and B atoms is dramati-
cally different. In the case of van der Waals inter-
actions, the distance between H and B is close to the
sum of van der Waals radii,”” whereas in the case of
H-bond, the H---B distance is much smaller. Thus,
for instance, the H---O distance in the most fre-
quently observed O—H:---O bridges ranges between
1.6 and 2.2 A while from summing the H (~1.2 A)
and O (1.52 A) van der Waals radii, one obtains for
Ru..o ca. 2.7 A. Thus, a dramatlc shortening is
observed. This effect is even more remarkable for
strong OHO bridges for which the distance between
oxygen atoms, Ro...0, ~2.4 A. Note that the sum of
van der Waals radii of two oxygen atoms is of 0.6 A
greater than this value and amounts to ~3 Al Hence,
the H atom (or more precisely, an almost bare proton)
is hidden in the electron clouds of both oxygen atoms
approached so near!

It is worth mentioning that the van der Waals
cutoff works very well for conventional H-bonds, both
weak and strong, but it is criticized in many studies
because of weak unconventional hydrogen bonds. The
hydrogen bond is mostly an electrostatic interaction
and acts far beyond the cutoff mentioned above. This
is very important for the proton-acceptor distances,
which are approximately equal or even greater than
the corresponding sum of van der Waals radii. Hence,
the use of the geometrical criterion described above
may lead to the nonclassification of weak and un-
conventional C—H---Y interactions as H-bonds.3¢

This simple picture is well-supplemented by a more
subtle criteria of the H-bond, which results from the
application of the AIM theory™ or experimental
charge-density studies (for recent review, see ref 79).
Even if these criteria, because of a high level of
theoretical or experimental procedures, may be ap-
plied only to a limited number of systems, they give
a much deeper insight into the nature of charge
distribution in the region of the H-bond. Koch and
Popelier® used the AIM theory,”® providing a few
necessary criteria to allow the conclusion that hy-
drogen bonding is present. A more detailed analysis
of the application of the Bader theory to study H-bond
interactions is performed in the next sections of the
present review.

Coming back to purely geometric features, it was
already pointed out by Morokuma®! that such un-
usual relations for geometrical parameters of the
H-bond result from the particular repulsion potential
when the A—H bond is polarized and the molecular
contact undergoes via the H atom. A simplified
demonstrative illustration of the situation is shown
in Figure 4, in which a less steep repulsion potential
is visualized as compared with the usual van der
Waals interaction. For simplification, it was assumed
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Figure 4. Attraction (A) and repulsion potentials for the
van der Waals interaction (B) and H-bond (C).

that the attraction potential is the same in both
cases. The unusual repulsion potential seems to be
understandable if one takes into account the fact that
the hydrogen atom is the only one which, when
deprived of the electron, becomes itself a naked
nucleus. If the AH bond is polarized, the interaction
in the bridge leads to further polarization.

In Figure 4, one can see that the minimum on the
total energy curve is shifted to shorter distances and
the potential well becomes much deeper. The interac-
tion energy of the typical H-bond is a few times
higher than that of the van der Waals interaction.?*
A particular interaction potential of hydrogen bond-
ing can easily be expressed in an analytical form by
using the Lennard—dJones potential.82:83

ER=-44+8 @)

7' rt

Although the Lennard—dJones equation has to be
treated as semiquantitative, its simple form demon-
stratively illustrates the “softness” of the repulsion
potential in the H-bond interaction.8

In the cases of the van der Waals interaction, the
exponent n = 12. However, in the case of the H-bond,
this exponent is much smaller, approximately on the
order of 8—10.% The mutual approach of interacting
atoms to a much smaller distance than the sum of
van der Waals radii causes on one hand some
increase of the A parameter in eq 2 and, on the other
hand, what is more important, a decrease of the n
exponent because of further polarization of the A—H
bond.

A peculiar interaction potential in H-bonds finds
some reflection in high-pressure studies. From the
analysis performed by Katrusiak,888 it follows that
at medium high pressures the compressibility through
the van der Waals contacts is decisive, but it is highly
nonlinear. At higher pressures around 2 GPa, this
van der Waals compressibility becomes comparable
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with that of H-bonds. The fact that the compression
at lower pressures undergoes mainly on van der
Waals contacts results from various effects such as
the molecule deformation, reduction of rotation of
some groups, and dynamical disorder of molecules.
When the compression reaches a saturation con-
nected with those effects, the repulsion potential
becomes steeper than that of the H-bond.

The softness of H-bonds is also manifested in
intramolecular steric phenomena and lattice effects.
One can consider such effects in terms of the internal
pressure. It has been proved that chemically the
same or very similar H-bond systems can differ
markedly in geometry depending upon the environ-
ment. Particularly convincing are data collected for
the charge-assisted (NHN) bridges. It seems that we
should always take into account some discrepancies
when comparing the H-bond lengths in various
crystals.

The quantum mechanical calculations enable es-
timation of the contributions of various effects to the
total interaction energy. For example, it was shown
early by Jeziorski and van Hemert® that, in the case
of the water dimer, in which the H-bond is moder-
ately strong, the exchange (repulsive) energy Eexen ~
+5 kcal/mol and the attractive contributions Eectr
~ —7 kcal/mol, E;, = —1.6 kcal/mol, and Eg, = —1.5
kcal/mol. The relatively high value of the repulsive
term E..n is balanced by large attractive effects at
small distances. The authors applied a basis set
(11,7,2/6,1) contracted to (4,3,2/2,1) within the ex-
change perturbation formalism.?? Similar results
were obtained after applying other interaction energy-
partitioning schemes; for example, for the most
frequently applied Morokuma partitioning scheme,??
the interaction energy terms calculated for the water
dimer at the MP2/6-31+G(d,p) level of theory amount
to Eexen = +4.24 kcal/mol, Egectr = —7.58 keal/mol,
Epq = —0.71 kcal/mol, Ecr = —0.93 kcal/mol, and E o
= —0.30 kcal/mol.?? The correlation energy E ... was
calculated as a difference between the MP2 energy
and the one estimated at the Hartree—Fock level of
theory. One can see that the electrostatic energy is
the most important attractive term, which outweighs
the repulsive exchange energy; it is often true for
conventional hydrogen bonds that the first-order
energy contribution is attractive (Eexen + Eelectr) and
that the electrostatic term is the most important.
This is also in line with the Pauling definition of the
H-bond interaction.?® A slightly different picture is
usually obtained for weak H-bonds with szz-electrons
as proton acceptors. For the T-shaped dimer of
acetylene,®? the following contributions to the inter-
action energies are calculated within the Morokuma
scheme at the MP2/6-311++G(d,p) level: Eeen =
+2.1 kcal/mol, Egectr = —2.2 keal/mol, E,q = —0.3
kcal/mol, Ecr = —0.5 kecal/mol, and E,. = —0.4 kcal/
mol. One can see comparable values of exchange and
electrostatic energy terms; similar decomposition was
obtained for the benzene—water dimer where x
electrons of benzene are the proton acceptor and the
water molecule is a proton donor and where the
exchange repulsive term is approximately equal to
the attractive electrostatic term.? Hence, for these
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cases of unconventional hydrogen bonds, the T-
shaped complex of acetylene and benzene---water
complex, the electrostatic attractive interaction is
compensated by the exchange interaction energy
term and the other attractive terms are very impor-
tant to stabilize the systems. Among these terms,
there is the correlation energy. The Hartree—Fock
method does not include the electron correlation;
MP2 is one of methods where these effects are
included. One should mention here the DFT (density
functional theory) methods,?*?® which are often used
in studies on H-bonds.®?% DFT methods are often
applied because they are much less computationally
demanding than beyond Hartree—Fock methods.
DFT methods work well for H-bond systems in terms
of geometries’ reproduction, dipole moments, and
vibrational properties. DFT energy includes an ex-
change term and a contribution to the electron
correlation energy. It is worth mentioning that none
of the most often applied functionals of DFT describes
the London dispersion energy, and hence, the corre-
sponding DFT calculations are not suitable for weaker
molecular complexes and also for large systems of
biological importance.%?

The very characteristic feature of hydrogen bonds
is associated with a possibility of appearance of two
potential wells.?” The shape of the double minimum
potential can vary depending upon the chemical
nature of interacting components expressed by means
of the acid—base parameter ApK,, which is defined
in a thermodynamic approach as pK.,(B*—H) —
pK.(AH) for water solutions. This parameter was
introduced for the first time by Huyskens and
Zeegers—Huyskens*? to analyze the proton-transfer
phenomena in hydrogen-bonded systems. Interpreta-
tion of this parameter is clear: the greater the
Brgnsted acidity of A—H (lower pK value), the
stronger the binding effect with a base B becomes
and the greater the Brgnsted basicity of the base B
is. In other words, the greater the pK value and the
smaller the acidity of the Brgnsted conjugated acid
B—H, the stronger the tendency to create the H-bond
is. For ApK, = 0, the proton is statistically located
on both centers in equal weight. In media other than
water, the ApK, values determined in water should
be corrected and the normalized parameter ApKy was
proposed ApKyx = ApK, — ApK, (crit), where ApK,
(crit) refers to the condition where Kpr (proton-
transfer equilibrium constant) is equal to 1.%8

The evolution of the potential energy surfaces for
the proton motion in AH:--B hydrogen bonds is
presented in a simplified manner in Figure 5. This
presentation does not take into account the two-
dimensional shape of the potential and a continuous
change of the A---B distance. In the critical region
with the centralized proton localization, the bridges
are the shortest ones and the mutual coupling
between both moieties of the H-bond complex be-
comes the strongest one. The complete proton trans-
fer leads to state F, which is a mirror image of state
A; the H-bond with reverse functions of B and A
atoms is formed. The overall energy of the system
after proton transfer is accompanied by the Coulomb
interaction between the counterions.
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E F

Figure 5. Evolution of the one-dimensional potential for
the proton motion with the increasing ApKy, from the usual
H-bond (A) through the double minimum (C) or from the
single minimum (D) to the H-bond ion pair (F).

A special treatment is needed in cases of sym-
metrical or nearly symmetrical potential energy
curves C and D. In cases of different A and B atoms,
we are dealing in fact with a quasisymmetrical
situation. True symmetrical bridges are formed in
charge-assisted hydrogen bonds or within the mol-
ecules of the ketoenol type.

The proton potential in HFy~ and H5;0." ions was
theoretically analyzed by Kollman and Allen,?® while
that in the H3NHNH3;" cation was theoretically
analyzed by Scheiner.’®® The results of Scheiner’s
calculations are illustrated in Figure 6. They nicely
show how much the barrier can be changed for the
proton motion and overall energy depending upon the
distance between the A and B bridged atoms. As it
was shown, the minimum of the overall energy
corresponds to rather long distances and medium
high barriers. Simultaneously, these results show
how easily the H-bond length can be changed, so
that they show how soft the repulsion potential is.
Scheiner has shown later!®! that low-barrier hydro-
gen bonds (LBHB) are not particulary stabilized in
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Figure 6. Symmetrical potential for the proton motion in
charge-assisted [HsNHNHs]"™ H-bond for four different
N:-:-N distances. Energies are all shown relative to that of
the fully optimized structure (R = 2.73 A, and r = 1.087
A). Reprinted with permission from (Scheiner, S. J. Phys.
Chem. 1982, 86, 376), copyright 1982, American Chemical
Society, Washington, DC.

enzymatic processes as postulated earlier.® It seems
that the importance of such LBHBs consists of high
polarizability and strong coupling of two moieties of
homo- or heteroconjugated ions.

Here, we would like to mention the interesting
problem of the potential energy shape for the proton
movement when the barrier is sufficiently low and
the vibration zero-point energy is located close to the
barrier top. Such a situation is certainly taking place
in protonated naphthalene proton sponges and par-
ticularly in 2,7-disubstituted 1,8-bis(V,N-dimethyl-
amino)naphthalene.'%21% The short distance between
the nitrogen atoms is constrained by the steric
conditions. The shortest Rx...x values are on the order
of 2.54—2.55 A. The double minimum potential in
such cases was evidenced by using various methods
including ab initio and DFT theoretical methods.
Most convincing conclusions come from isotope effects
in NMR spectra.’% Using the IR spectra, it was
shown that the isotopic ratio vg/vp (ISR) exceeds
markedly v2 and the highest value reported to date
equals to 2.08.1% This means an inverted anhar-
monicity of the potential resembling a rectangular
potential well. The calculations confirmed the dis-
tribution of the excited protonic levels expected in
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such a case. There are increasing energy differences
between those levels for higher quantum numbers.

One should mention here also other interesting
aspects of the situation when the depths of two
minima are similar and the barrier for proton trans-
fer is low as it was pointed out in the extensive
literature'% and the other studies of this series.!06:107
Because of proton tunneling, such systems are char-
acterized by unusual polarizability that was evi-
denced by both theoretical and experimental stud-
ies.19%8-111 One can look for some analogy to the hard/
soft acid—base interaction in the Lewis formula-
tion,'? a concept based on the polarizability of
interacting atoms. In cases of H-bond systems, we
are dealing with atomic, i.e., vibrational polarizabil-
ity, which, according to Whiffen,''® is related to
vibrational frequencies and integrated intensities of
IR absorption bands. The systems with LBHB are
characterized by very high intensities of continuous
absorption extended to an extremely low-frequency
region.

One should mention here another parameter de-
scribing precisely the proton-donor—acceptor proper-
ties of interacting components. It is based on experi-
mentally determined proton affinities (PA) in the gas
phase. The thermodynamics of H-bond formation in
the gas phase and in the solution was analyzed by
Zeegers—Huyskens!'411% based on the APA param-
eter. In the studies on XH (X = F, Cl, Br, and I)
complexes with bases (B) in the low-temperature
argon matrices, Pimentel''6 introduced a normalized
proton-affinity parameter defined as

A PA(B) — PAKX")
" PA(B) + PAX))

(3

where PA(B) and PA(X™) are proton affinities of the
base and X".

Our considerations in this review are based mainly
on the ApKy parameter, which can be applied to
various systems in condensed phases. Using such a
parameter, it was possible to describe numerous
physical properties of hydrogen-bonded complexes in
various conditions. As an example, we present in
Figure 7 the dependence of the interaction dipole
moment Ay (increase of the dipole moment along the
bridge) on ApKy for various phenol—amine com-
plexes. Note that the Az value is a quantity describ-
ing the change of charge distribution as a result of
H-bond formation and may be assumed as an electron
delocalization parameter for the region building up
the H-bond.

To obtain a strictly quantitative description, an
additional parameter £ < 1 was introduced, so that
the general expression of log Kpr was formulated in
a useful form

log Kpr = EApKy (4)

The & parameter can be related to softness of the
H-bond interaction, i.e., to the barrier height for
proton transfer.%

Similar correlations were accomplished for other
physical properties such as 3°Cl nuclear quadruple
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Ap/D
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Figure 7. Dependence of the polarity of OH-:N H-bond
(Au) expressed as a vector of the increase of the dipole
moment, on ApKy; lowest values of Az correspond to
nonproton-transfer species governed by the electrostatic
inductive effect, while the highest polarity relates to the
proton-transfer state. Reprinted with permission from
(Huyskens, P.; Sobczyk, L.; Majerz, 1. J. Mol. Struct. 2002,
615, 61), copyright 2004, Elsevier, Amsterdam, The Neth-
erlands.

resonance in the solid state for various chlorine-
containing proton donors,''” N nuclear magnetic
resonance in complexes of carboxylic acids with pyr-
idines!!8119 expressed in chemical shifts, and coupling
constants J('H, 15N); the geometry of hydrogen-
bonded complexes formed between phenols and amines
reflected in the dependence of the C—O bond length
on ApK.'?° In the cases of the 'TH NMR chemical shift
of the bridge proton'?-122 position of broad protonic
bands in IR spectra'?® and the intensity of broad
continua,!?* extrema are observed exactly when ApKy
=0.

As an example, we show in Figure 8 the depend-
ence of the intensity of broad (continuous) absorption
on ApKy for octylamine-substituted phenol systems.
The maximum of intensity corresponds to the critical
region where the proton-transfer degree is close to
unity.124

Another example, which we would like to present
and which, as will be seen, is related to the main
subject of our review, is the interrelation between
ApKyx and the geometry of hydrogen-bonded com-
plexes. In Figure 9, the correlation between the C—0O
bond length in 2,6-dichloro-substituted phenols com-
plexed with N bases and ApKy is presented. One can
see a typical sigmoidal plot that can be fitted to the
curve analogous to that for Az, i.e., formally to the
degree of proton-transfer according to eq 4. The state
without proton transfer (HB) corresponds to d(CO)
= 1.330 A, whereas that after proton transfer (PT)
= 1.268 A, with & being equal in this case to 0.78.

The conditions when ApKx = 0 can be treated as
critical are when the proton occupies either one broad
minimum or is equally distributed between the donor
and acceptor atoms. One should also note that the
critical point is also well-reflected in the plot of AH
(enthalpy of H-bond formation) versus ApKy.!??

Some discontinuity in the evolution of charge
distribution (expressed in the dipole moment) in
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Figure 8. Proton-transfer degree (A) and absorbance of
continuous IR absorption (B) plotted against ApKy for
trioctylamine-substituted phenols systems. Reprinted with
permission from (Albrecht, G.; Zundel, G. J. Chem. Soc.,
Faraday Trans. I 1984, 80, 553), copyright 2004, Royal
Society of Chemistry, London, U.K.

H-bond complexes, which will be discussed later, as
compared with the CT complexes is a consequence
of the appearance of the second potential minimum.
Huyskens!?® suggested that it is the reason of the
exceptional properties of H-bonds. The existence of
a double minimum potential for the proton motion
prompted the investigators to search for the best
expression of such a potential in an analytical form.
One should mention here two useful empirical func-
tions. The best seems to be the Lippincott—Schroeder
potential?"128 that was fitted successfully for various
types of H-bonds. Of some importance seems to be
also the simple potential of Somorjai and Hornig.!?
A very approximate expression estimating the energy
of interactions A—H-+-B (B= O, N, and CI) was given
by a simple exponential formula well fitted to the
Lippincott—Schroeder potential.l30-132

At the present time, when it is possible to calculate
both adiabatic and nonadiabatic paths of proton
transfer with a high level of accuracy, the potential
can be approximated by using an n-order polynomial,
e.g., via fitting of the ab initio energy for a varying
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Figure 9. Correlation between the C—0 bond length and
ApKXy for complexes of pentachlorophenol and 2,6-dichloro-
4-nitrophenol. Reprinted with permission from (Majerz, I.;

Malarski, Z.; Sobezyk, L. Chem. Phys. Lett. 1997, 274, 361),
copyright 2004, Elsevier, Amsterdam, The Netherlands.

position of the proton by using the six-order poly-
nomial.!33

The specific interaction via H-bond is manifested
in several physical properties of systems. The phe-
nomena observed in IR absorption spectra related to
stretching v(AH), 6(AH), and y(AH) bending vibra-
tions are most characteristic. Undoubtedly, these
phenomena are due to the changes in charge distri-
bution, which may be related to electron delocaliza-
tion. Because both heavy-atom components usually
contain electrons described by np orbitals (or similar
ones, able to conjugate with ;-electron systems), the
IR spectroscopy gives some indirect information
about m-electron delocalization. The spectacular red
shift of the »(AH) band and an increase of its
intensity and width (in many cases accompanied by
a substructure) are considered by the majority of
specialists as a basis of the operational definition of
conventional (proper) H-bonds. The behavior of H-
bond systems in the IR spectra is explained by taking
into account a decrease of the force constant of v(AH)
vibrations, an increase of anharmonicity of those
vibrations, which leads to stronger coupling with low-
frequency [mainly bridge o(A---B) vibrations] modes
and the coupling of Fermi resonance type, an increase
of the polarizability of the H-bond, particularly when
approaching the critical region with a double mini-
mum potential, a remarkable increase of the inten-
sity of IR v(AH) bands, the possibility of a deviation
from the Born—Oppenheimer approximation, and
some coupling of the proton and electron motions.
The last factor is particularly important when con-
sidering the phenomena that are in focus of our
interest in this review.

A decrease (sometimes drastic) of the force constant
of v(AH) vibrations and an increase of the force
constants of 6(AH) and y(AH) vibrations seem to be
natural if one remembers the polarization of the AH
bond and a shift of the proton toward the proton
acceptor. Extensive literature is available related to
the coupling effects; here, we only refer to the main
discussion and review.!347137 We would also like to
mention here that there are attempts to understand
the broad IR protonic bands by assuming overdamp-
ing of low-frequency modes and a stochastic approach
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both for weak and strong hydrogen bonds in con-
densed media®®140 or taking into account the un-
usual polarizability of hydrogen bonds that can
govern the relaxation mechanism of librational en-
ergy.19%141 One should remember that we are dealing
in this case with vibrational, atomic polarizability.

From the point of view of the problem of the
hydrogen-bond effect upon s-electron distribution,
which is the main topic of the present review, of
special importance seems to be the concept of the
coupling of proton and electron motions expressed in
Witkowski papers.'#%143 In the approach to the sepa-
ration of electronic and nuclear motion, Witkowski
went beyond approximation of infinitely quick elec-
trons by including into the Hamiltonian the change
of the nuclear coordinate as a function of the ratio of
the nuclear to electronic velocity. In such a way, the
Hamiltonian of a quantum harmonic oscillator may
be considered as corrected by a quadratic time-
dependent term, the strength of which depends on
the velocity ratio. This effect should appear first of
all in vibrations of the lightest nucleus, performing
large amplitudes and in contact with electrons, which
can easily be displaced. It seems that such conditions
are present in hydrogen-bonded systems. Naturally,
the effect is mass-dependent and should be dimin-
ished by substitution of hydrogen by deuterium. This
may cause an anomalous intensity isotope effect in
the IR spectra. The unusual electrical anharmonicity
of proton vibrations in hydrogen-bonded systems
could find a physical explanation.44145

The polarization of the AH bond and the shift of
the proton toward the B atom finds a spectacular
manifestation in 'H magnetic resonance. The value
of the chemical shift, exceeding in very strong H-
bonds 20 ppm, correlates very well with the strength
of interaction and IR spectral characteristics, which
are reflected in extensive literature on the sub-
ject. 121,122,146,147 Quhstantial information on charge
distribution (as well as proton distribution) is pro-
vided by the NMR spectra of the bridge B atoms, e.g.
N isotope.'819 Of particular importance is the
value of the J('H!N) coupling constant, which in-
forms us about the dynamical proton distribution and
thus about the shape of the potential for the proton
motion.*814° However, most attractive from the point
of view of charge distribution in s-electron systems
seems to be the information provided by the studies
of the isotope H/D effect on 3C chemical shifts in
m-electron systems.!5%151 Exchanging H for D causes
either a weakening or a strengthening of H-bonds!52
(see anomalous isotope effects in hydrogen bonds,
which are reflected in subtle but well-measurable
effects in 12C chemical shift). Let us mention here
that other isotope effects such as in IR spectra,® the
geometry of hydrogen bonds,'®* H/D exchange equi-
libria fractionation factor,'®® or phase transitions!%®
are also spectacularly reflected in hydrogen bonds.

Dipole moments are directly connected with the
charge distribution in H-bond systems. The detailed
studies of dipole moments were carried out for both
intra- and intermolecular hydrogen bonds, leading
to important conclusions that are summarized in ref
157.
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Thus, in agreement with theoretical analysis, the
change of the dipole moment expressed as a vector
directed along the A---B bridge arises in cases of weak
hydrogen bonds almost entirely from the electrostatic
(inductive) effects. The results of dipole moment
studies appeared to be very convincing for numerous
complexes, which showed that the Au value for
weaker complexes did not depend on proton-donor—
acceptor properties of the interacting components.158

Aji
A-H---B (5)

Only for stronger complexes, one observes a nearly
linear dependence of Au on ApK, of the interacting
components.’® In a particular region (called critical),
a stepwise increase of Au is observed, which is
ascribed to the appearance of proton-transfer equi-
librium with the formation of A~--*H—B™ ion pairs.?117
The proton jumping is connected with complete
reorganization of charge distribution both in donor
and acceptor molecules. This is strongly manifested
in aromatic systems, particularly with intramolecular
hydrogen bonds, such as those in Schiff bases and
related systems. It seems important to note here that
in electron-excited states one observes in H-bonds the
photoinduced proton transfer. Extensive literature is
available on the subject.!9160

Also electron absorption spectra, both related to the
donor (AH) and acceptor B, are sensitive to hydrogen-
bond formation.'¢! Thus, the H-bond causes a batho-
chromic shift of the 7 — 7* band of a proton donor,
frequently with a remarkable increase in intensity
because of enhancement of the transition dipole
moment. The bathochromic shift of the 7 — 7* bands
can be very large, giving evidence that H-bond causes
a substantial change in charge distribution, particu-
larly in the excited state. In the case of the proton-
acceptor molecules involved in the H-bond, a hypso-
chromic shift of the n — 7* transition (transition of
the electron from the lone electron pair to the excited
a* level) is very characteristic. This results in a
natural way from the engagement of the lone electron
pair in the formation of the H-bond.

The intramolecular H-bonds playing the role of
the m-electron-conjugating element deserve special
treatment. Such a role was already discussed during
the first international meeting on the H-bond in
Ljubljana in 1957. Nowadays, it is commonly ac-
cepted to call such hydrogen bonds as resonance
assisted (RAHBs).371627164 The z-electron conjugation
via H-bonds occurs in all systems when both AH and
B groups are coupled with a joint z-electron-conju-
gated system. Chart 1 presents the system with an
intramolecular resonance-assisted hydrogen bond
and representing enolones. One can see (Chart 1) the
0=C—-C=C—0O(H) m-electron-conjugated bonds; such

Chart 1
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Figure 10. Molecular structure of benzylacetone. The
crystal structure was determined by Madsen et al. (ref 165),
and the crystal data needed to draw that structure were
taken from Cambridge Structural Database. Non-hydrogen
atoms are labeled, while hydrogen ones are not.

conjugation is enlarged, owing to the intramolecular
O—H:--O H-bond formation.

If Ri, Ry, and Rs are H atoms, then Chart 1
represents malonaldehyde. RAHBs are often de-
scribed in studies on crystal structures of organic
compounds. Gilli et al. classify enaminones, enamino-
imines, and enol-imines as intramolecular RAHBs
and amide dimers, amide—amidine complexes, as
well as DNA H-bond base pairs as intermolecular
H-bonds.!%? Figure 10 presents the benzoylacetone
molecule taken from the crystal structure.'%> There
is the equalization of CC and CO bonds because of
the 7z-electron conjugation within the chelate H-bond
ring; the hydrogen atom of the proton-donating OH
bond is shifted toward the middle of the O---O
distance.

One can observe that the benzylacetone—RAHB
system nicely corresponds to Chart 1 because Ry, Ry,
and Rs are methyl, hydrogen, and phenyl substitu-
ents, respectively. The characteristic of RAHB is one
of the main topics of the present review. Although it
is impossible to estimate directly whether the H-bond
itself in such cases is stronger or weaker, there are
various attempts to evaluate its strength approxi-
mately’1%6 and there is no doubt that the whole
system with a resonance-assisted hydrogen bond is
markedly more stable as compared with the com-
plexes with intermolecular H-bonds. Moreover, it is
worth mentioning that intramolecular hydrogen bonds
differ substantially from intermolecular ones, ir-
respective of whether or not they are coupled with
the m-electron system.

m-Electron delocalization in the hydrogen-bonded
systems, as presented in eq 1, may be considered in
three ways: (i) when the delocalization is considered
within the H-bond itself, i.e., in the A°—H%-:-B
system, (ii) when the more distant structural conse-
quences are taken into account; the changes in
m-electron delocalization in R; and Ry of eq 1 are
considered, and (iii) when a mutual interaction
between these two kinds of delocalizations is consid-
ered.

All of these three kinds of relations between the
H-bond and m-electron delocalization will be consid-
ered in the present review.
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3. Methods Applied to Study Electron
Delocalization in H-Bond Systems

3.1. IR and NMR Spectroscopies Based on
Analysis of Charge Delocalization in H-Bond
Systems

It is commonly accepted that the most character-
istic appearances of H-bond interactions are visible
in the IR spectra. This relates to the stretching v(AH)
vibration frequency and the intensity of IR v(AH)
bands. The deformation in-plane 6(AH) vibrations are
less characteristic because they are, as a rule, coupled
with vibrations of other atoms. The red shift of v(AH)
vibrations and their IR band intensity are frequently
treated as a criterion of formation of conventional
H-bonds.

The formation of such bondings weakens the A—H
bond and decreases the force constant of vibrations,
the coordinate of which is the A—H bond axis. Note
that these vibrations are characterized by a large
amplitude. The increase of intensity of the IR v(AH)
band is a consequence of the increase of du/d@ (@,
the coordinate of vibrations, which in the case of
v(AH) vibrations is the A—H distance). A “neat”
protonic vibration is also y(AH). Its frequency in-
creases with an increase of interaction strength, but
this quantity is rarely used in estimation of the
H-bond energy. A sensitive measure of H-bond energy
is the NMR 'H chemical shift 'H of the bridge
proton. The conventional H-bonds lead as a rule to
an increase of 9'H (deshielding), reaching in several
cases of critical range the values above 20 ppm.

Approximately linear correlations between the
H-bond energy and various physical parameters
describing the interaction are fulfilled for concrete
types of H-bonds and limited energy ranges. How-
ever, even then, some exceptions should be expected.
As a good example, the comparison of H-bonds in
RNA and DNA manifested in NMR data can be
mentioned.’®” These data show that the NMR shield-
ing does not reflect univocally the H-bond stability.

In most cases, linear correlations between the
energy of H-bond and Av(AH), Ay(AH), 6'H, as well
as integrated intensity (A) of v(AH) bands were
analyzed.?868168-170 Tt seems interesting to note that
a linear correlation between the Av(AH) and basicity
of the proton acceptor expressed in pK, was reported
very early.l™

One should remember that all such simplified
approaches are limited to weak and medium strength
H-bonds. Limitations arise from the fact that for
stronger H-bonds very broad bands are observed.
Moreover, when we approach the critical range of
interaction (see the previous section of this review),
there are no IR or NMR correlations with the energy
at all.

In early studies, in the mid-fifties, peculiar features
of H-bonds were observed if the A—H bond and B
acceptor were linked to the 7-electron systems. Then,
this had become a subject of interest for a long time.
During the first international conference devoted to
H-bonds at Ljubljana in 1957, a few papers dealing
with that problem were presented.!”™ Already since
that time, special names for this type of H-bonds were
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proposed, such names as “pseudoaromatic hydrogen-
bonded rings” or “conjugate—chelate systems”. How-
ever, according to researchers dealing with the
problem of aromaticity, these kinds of interactions
are named more properly as quasiaromatic,'”® be-
cause pseudoaromatic are considered nonbenzenoid
compounds exhibiting aromatic properties, such as
asulene, etc.1” Therefore, to avoid the double mean-
ing, the terms “quasiaromatic” or better “conjugate—
chelate” are preferred in this review. One should
remember, however, that all such terms do not define
satisfactorly the nature of the phenomenon as pointed
out in the new literature.?7-162-16417 Peculiar behavior
of such systems, as it will be shown, is revealed for
instance in vibrational spectra, mainly in the region
of v(AH) vibrations, in the charge distribution ex-
pressed by dipole moments, and in unusual stability,
independent of the fact that all intramolecular H-
bonds are thermodynamically more stable than in-
termolecular ones because of the entropy contribution
to the free energy.

2-Nitrophenol and its derivatives occupy an im-
portant place among the systems considered. Accord-
ing to the behavior of nitrobenzene as a base, the
nitro group belongs to weak proton acceptors, so that
the intermolecular hydrogen bonding with participa-
tion of this group is very weak. The m-electron
coupling presented schematically in Chart 2 leads to

Chart 2
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a particular kind of stability. The estimated enthalpy
for transition from the closed (cis) to the broken trans
conformation of o-nitrophenol equals 6.2 kcal/mol.176
In the IR spectra, as shown by Schreiber,!”” the
following features of H-bond in I are visible.

If one compares the v(OH) band of I with that of
phenol itself or p-nitrophenol measured in CCly, the
frequency is shifted by 350—370 cm™! to lower
frequencies, which corresponds to rather strong H-
bonds. This shift is markedly smaller for the phenol
in nitrobenzene solution, although it is known that
intramolecular H-bonds as bent species are charac-
terized by a small frequency shift. As already men-
tioned, the v(OH) band shift is taken as a measure
of H-bond strength (this is commonly accepted);
hence, the peculiar stability of H-bond in I is well-
reflected. Another even more important feature of
H-bonds is a remarkable increase of the intensity of
v(AH) bands. However, in our case of molecule I, the
integrated intensity of the »(OH) band is only neg-
ligibly higher as compared with that of phenol itself
and many times lower as compared with H-bonds in
the systems with similar shifts of v(OH) bands. If we
link the integrated band intensity with the dipole
moment induced in the lone electron pair and the OH
bond polarization, the conclusion should be drawn
that this dipole moment is compensated by the dipole
moment induced in the conjugate—chelate system. In
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more quantitative considerations, as it will be shown
later, one should take it into account that intra-
molecular H-bonds are not linear; i.e., the OH group
is oriented by ~130° with respect to the lone electron
pair axis.

A direct analysis of molecular dipole moments is
burdened with considerable uncertainty arising from
the assumption about the additivity of bond and
group moments that may not be fulfilled in all cases.
However, the comparison performed for the charge
distribution in 2-nitro- and 2-chlorophenol (Chart 3)

Chart 3
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seems to be very interesting.!'’® The analysis has
shown that the sense of the vector of the induced
dipole moment is entirely different in both cases.

In case b, the vector of the interaction dipole
moment is directed “normally” along the bridge and
results from the usual electrostatic inductive effect,
whereas in case a, this moment is directed from the
benzene ring toward the quasiaromatic hydrogen-
bonded ring, which shows electron-accepting proper-
ties as a whole. Such a charge distribution based on
the electronic spectra was suggested by Burawoy and
Chamberlain.'™

With respect to the stability of the H-bond in
2-nitrophenol, the analysis of a situation when the
additional di-N-alkylaminomethyl group is intro-
duced in the ortho position (IT) seems to be interest-
ing (Chart 4), where a competition between two

Chart 4

He
TR
_N CH, N
0 0

(I D)

H. - Hix -

(I) N—

b &
CHz O//N\©/CH2
(v)

different proton acceptor centers could be expected.
In the case of intermolecular hydrogen bonds, the
amino group is among the strongest proton acceptors.
However, in our case, it appeared that in nonpolar
solvents the molecules are exclusively in conforma-
tion II. Only in strongly polar solvents or in the solid
state, the proton transfer takes place and the forma-
tion of the tautomeric ion pair (IV) is observed. The
IR protonic bands of IT and IV forms are located in
different regions, and their integrated intensities
differ by 1 order of magnitude.!®® Similar results were
obtained by Lutskii et al.!8! for di- and trinitro
derivatives of phenol studied in solutions with ali-
phatic and aromatic amines. The general conclusion
can be drawn from these results that the intra-
molecular H-bond to nitro groups is weaker but the
whole 7-electron system is markedly stabilized. With

|
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Table 3. Physical Properties of Nitrophenols
u (D)* solubility M (dm3 )*

mp (°C)* (benzene) (water) (benzene) pK,*
ortho 43—45 3.08 £ 0.05 0.02 4.6 7.21
meta 94-95 3.92 £+ 0.02 0.077 0.216 8.39
para 110—114 5.0+0.1 0.084 0.097 7.15

@The mp, u, M, and pK, values were taken from Merck
KGaA, Darmstadt, Germany, 2002 (www.chemdat.de), A. L.
MecClellan, Tables of Experimental Dipole Moments, Rahara
Enterprises, El Cerrito, CA, 1989,T. Dziembowska, Intramo-
lecular Hydrogen Bonds (in Polish), D.Sc. Thesis, Agriculture
Academy, Szczecin, Poland, 1990, G. Kortum, W. Vogel, and
K. Andrussow, Dissociation constants of organic acids
in aqueous solution, Butterworths, London, U.K. 1961,
respectively.

respect to these results, the data related to macro-
scopic properties of nitrophenols collected in Table 3
seem to be interesting.

The data in Table 3 clearly show unusual behavior
of ortho-nitrophenol as compared with meta and para
derivatives, which can be ascribed to the increase of
lipophilicity. Particularly expressive are data related
to the solubility in water and benzene. Less expres-
sive are data related to the acidity, but also in this
case, a strikingly high value of pK, as compared with
para-nitrophenol is visible. One could expect much
higher acidity because of the proximity of the strongly
affecting highly polar nitro group. The example of
o-nitrophenol seems to be very important because one
observes in this case a dramatic decrease of hydro-
philicity and a simultaneous increase of lipophilicity.

Qualitatively similar results were obtained for
other chelate H-bonds such as in salicylaldehyde,
enolized -diketones,'82 and peri-hydroxyquinones. 8318
In peri-hydroxyquinones, the intensity of v(OH)
bands is so low that it can be observed only with very
thick layers of solution. HadZi et al. discussed the
behavior of other systems with an intramolecular
H-bond of this type.!36.182

Very suggestive results were published by Taka-
suka and Matsui'®® who compared the behavior of
several ortho-substituted phenols and in particular
V and VI (Chart 5).

Chart 5

/H‘. /H‘\
070 0”0
o CH,

_CH,

V) (V1)

Although the H-bond in V is markedly stronger,
the intensity of the v(AH) band is much lower than
that of VI. Takasuka and Matsui have shown for the
first time the difference between conjugate—chelate
and nonconjugate intramolecular H-bonds expressed
in the relationship between the integrated intensity
and the red shift of the v(OH) bands. Such relation-
ships are shown in Figure 11.

In several papers by Shigorin et al.!857188 related
to numerous examples of intramolecular H-bonds
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Figure 11. Integrated intensity of the vog band plotted
versus frequency shift Avoy for two types of intramolecular
H-bonds: conjugate chelate (II) and isolated (I). Reprinted
with permission from (Takasuka, M.; Matsui, Y. J. Chem.
Soc., Perkin Trans. 2 1979, 1743), copyright 2004, Royal
Society of Chemistry, London, U.K.

with participation of m-electron conjugation, it was
shown that the interaction energy can be approxi-
mated in agreement with the already cited literature
by a simple equation (eq 6)

Eyp =

14y ®)
14

K

where v is the frequency of v(AH) vibrations and K
is a constant. For intermolecular H-bonds, another
equation (eq 7) was proven, namely

where A is the integrated intensity of the v(AH) band
and K' is another constant. It was shown that in the
case of intramolecular sz-electron conjugate H-bonds
this relation is not fulfilled.

Brzezinski and Zundel’®® have shown that in the
case of certain compounds such as 2-quinuclidine-
carboxylic acid N-oxide (VII) (Chart 6) a continuous

Chart 6
o @)
N C\\O [NOIC\\O
CH,
(VI (VI

intense IR absorption is observed that can be inter-
preted in terms of high polarizability of a low-barrier
H-bond. In the case of compound VIII with a conju-
gate—chelate H-bond, this continuous absorption
either drops in intensity or disappears. Again, we are
dealing with a phenomenon of the coupling between
proton vibrations and ;-electron density distribution.

Of great importance in recognition of unusual
behavior of 7-electron-conjugated H-bonds can be the
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Chart 7
/H~ /H\
‘rlxlj/ 0 ry(
CH(CH,) CH,
(1X) (X)

comparison of Schiff (IX) and Mannich (X) bases
(Chart 7) that was done in several papers by Koll et
],.190-195

The m-electron coupling of the imino group in IX
causes the planarity of the chelate ring in contrast
to the Mannich base X, where the nitrogen atom is
located out of the benzene ring plane, independent
of the strength of the H-bond (after proton transfer,
too). Even more, the exchange of the hydrogen atom
at the bridge carbon atom for the bulky alkyl or aryl
group does not disturb the planarity of the chelate
ring, while the distance between the H-bridge O and
N atoms undergoes a decrease. This is excellent
evidence of the softness of the repulsion potential.
The shortening of H-bond can reach 0.1 A. This is
reflected in spectroscopic behavior; namely, the IR
v(AH) band is shifted to lower frequencies interpreted
by the cited authors as the strengthening of the
H-bond.

The most important quantitative results in papers
by Koll et al. are related to integrated intensities of
v(AH) bands for four groups of H-bond systems,
namely, Mannich bases, Schiff bases, and complexes
with intermolecular hydrogen bonds composed of
related phenols with N,N-dimethylbenzylamine and
N-benzylidenemethylamine. The collected results are
illustrated in Figure 12, where the correlations
between AAY?2 and (Av)? are presented for four
discussed systems. Av. is the shift of the center of
gravity of the v(AH) band, whereas A is the inte-
grated intensity of that band. The interpretation of
the results is as follows. The intensity of intra-
molecular H-bonds is markedly lower as compared
with intermolecular ones because of some unfavor-
able geometry. The polarizability tensor of the lone
electron pair of the nitrogen atom is not a sphere.
Therefore, in a bent H-bond typical of an intra-
molecular bridge, the induced dipole moment in the
proton acceptor should be lower as compared with a
linear intermolecular bridge. However, as can be
deduced from data in Figure 12, in addition to the
geometrical decrease of intensity, a remarkable de-
crease of intensity in Schiff bases should be ascribed
to the formation of the quasiaromatic H-bond ring.

The impact of the H-bond on charge distribution
over the whole interacting systems is well-reflected
in NMR spectra of various nuclei and particularly
based on H/D isotope effects. In NMR spectra of
H-bond systems, one can distinguish a few H/D
isotope effects that are suitable in the charge distri-
bution analysis. In the case of the primary H/D
isotope effect, a basic is the change in chemical shift,
i.e., the A6(*H,2H) value that informs about changes
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Figure 12. AA;2 versus (Av,)"? for (O) complexes of
phenols with N,N-dimethylbenzylamine (AA;Y¥2 =
11.04(Av,,)V2 — 75.36, R2 = 0.9503, n = 16); (@) complexes
of phenols with N-benzylidenemethylamine (AA;Y2 =
6.33(Avee)? + 60.29, R?2 = 0.8487, n = 11); (®) Mannich
bases (AA;2 = 8.16(Av)? — 77.02, R? = 0.8903, n = 16;
and (©) Schiff bases (AA;2 = 6.29(Av,)V? — 92.13, R? =
0.9622, n = 8). Reprinted with permission from (Filarowski,
A.; Koll, A. Vibr. Spectr. 1998, 17, 123), copyright 2004,
Elsevier, Amsterdam, The Netherlands.

in H-bond itself after deuteration. The source of such
changes can be either an increase (weak H-bond) or
a decrease of the interaction strength (strong H-bond,
particularly of LBHB type). In the case of a double
minimum potential, a strong isotope effect can ap-
pear, named equilibrium isotope effect: deuteration
leads to a change in the population of two minima.
The analysis of secondary isotope effects consisting
of a change of the chemical shift of nuclei participat-
ing in the H-bond or located far from the bridge
separated by two or more bonds can be very useful.
Deuteration can lead to substantial changes in
chemical shifts of such nuclei (most frequently ana-
lyzed 3C isotopes). If one takes into account the high
precision of NMR measurements, they are of primary
importance in analysis of the H-bond influence on the
charge distribution.

There is extensive literature related to this problem
both for inter- and intramolecular H-bonds.150:196-199
Most of the papers are devoted to intramolecular
H-bonds, which is due to the thermodynamic stability
of such species and a marked reduction of additional
effects connected with the association and con-
formation equilibria. Numerous papers deal with
primary and secondary H/D isotope effects for various
nuclei.??9-212 Because the H/D exchange leads to a
marked change in the H-bond strength, the isotope
effect yields direct information on the H-bond influ-
ence on charge distribution.

In the case of strong H-bonds, the proton-transfer
equilibrium can appear and one should expect over-
lapping of the two effects, the intrinsic and equilib-
rium isotope effects. The latter effect is particularly
strong when the contribution of zwitterionic and
nonproton-transfer states are comparable. In many
cases, one can easily estimate the contribution of the



Interrelation between H-Bond and sz-Electron Delocalization

proton-transfer state based on the correlations be-
tween chemical shifts of the interacting atoms or
coupling constants. For instance, in the case of
O—H-**N hydrogen bonds (Chart 8), the J(*H, '°N)

Chart 8

value appeared to be very useful. The overall effect
in the Schiff base for the secondary C2 deuterium
isotope effect can be approximated in the form?2!°

"AC-2(XD),, = (1 — )" AC-2(XD),, +
K"AC-0(XD);(, + Ay (6C-205 — 0C-25p) (8)

intr
where y is the mole fraction of the proton-transfer
state, while Ay is the change in the mole fraction
upon deuteration. The dependence of the observed
secondary isotope effect on y has an S-shaped depend-
ence as shown in Figure 13 for the carbon atom in
position 2 in Schiff bases.?1°

This type of correlation has a general character,
but for various atoms, the local maxima and minima
can interchange. Exactly the same picture is observed
for intermolecular H-bonds in complexes of carboxylic
acids with pyridine when correlating 'A®N (D) with
the proton-transfer degree.!'® To show the intercor-
relation between the H-bond and charge delocaliza-
tion reflected in the secondary 3C H/D isotope effect,
it seemed justified to look again into the situation in
the Schiff and Mannich bases. The Schiff bases were
studied by several authors, whereas data for Mannich
bases (incomplete) resulted from only one paper. The
main difference between the simplest Schiff and
Mannich bases arises from the mesomeric forms
presented in Chart 9. In these forms, those present
in the phenol molecule itself are omitted.

Thus, in Schiff bases, the keto form occupies a
marked place after proton transfer. In the cases of
Mannich bases, the mesomeric effect is localized only

Chart 9
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Figure 13. Dependence of the secondary H/D isotope effect
for the carbon atom in position 2 in Schiff bases on the
mole fraction of the proton transfer state. Reprinted
with permission from (Rozwadowski, Z.; Majewski, E.;
Dziembowska, T.; Hansen, P. E. J. Chem. Soc., Perkin
Trans. 2 1999, 2809), copyright 2004, Royal Society of
Chemistry, London, U.K.

within the phenol ring and, after proton transfer, the
positive charge is localized on the nitrogen atom.

Because a strictly quantitative comparison of
Mannich and Schiff bases is not possible as a result
of different steric conditions and the resulting dif-
ference in H-bond energies as well as because of
limited data for Mannich bases and some complica-
tions arising from association phenomena, only some
general conclusions can be drawn.

It seems that analogously to other isotope phenom-
ena, the primary and secondary NMR isotope effects
are of vibrational nature. Generally, the H/D isotope
effects in H-bond systems, as it was shown, % consist
of three parts. The first part is connected with the
deformation vibrations of the proton-donor group:
because the deuteronic vibrations are characterized
by smaller amplitude deuteration, this leads to a
strengthening of the H-bond. The opposite effect
comes from the stretching vibrations because of their
marked anharmonicity. The third contribution can
appear in the cases of LBHBs connected with tun-
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neling: in this case, deuteration leads to a weakening
of H-bonds. The vibrational source of isotope effects
was analyzed in several papers.196213214 Ag argued
earlier,?’® the isotope substitution should cause the
change of charge distribution. In the case of some
Mannich bases, a linear correlation was shown?16
between the 3C (H,D) isotope effect and the calcu-
lated charge distribution, which is in agreement with
the prediction of Karplus and Pople.?!”

When comparing the behavior of Mannich and
Schiff bases, the most characteristic is the difference
in the value of "AC-2(D) for the proton-transfer state
and more exactly in the depth of the minimum shown
in Figure 13. For Mannich bases, the minimum is
about 2 times deeper as compared with Schiff bases,
and this is best evidence of the role of the keto form
in Schiff bases after proton transfer.

3.2. Diffraction Methods in the Study of H-Bond
Systems

Crystallography provides very powerful experimen-
tal techniques, which may be applied to study hy-
drogen bonds in crystals. X-ray and neutron diffrac-
tion crystal structures’ analyses allow us to get an
insight not only into the symmetry of crystal lattices
but also into geometries of species constituting
crystals. Because the symmetry relations are pro-
vided by X-ray and neutron diffraction measure-
ments, it is also possible to analyze the intermolecu-
lar contacts, among them hydrogen bridges. It is very
important that these two diffraction techniques allow
us to obtain the full information on geometries of
molecules and hence also on H-bonds; it is usually
not common for the other experimental tools. How-
ever, one should mention important differences be-
tween X-ray diffraction and neutron diffraction re-
sults. Such differences are analyzed and described
in detail in numerous monographs?3536.218 and review
articles.?”73219 Hence, they are only briefly mentioned
in this review. Strickly speaking, one may mention
that for the X-ray measurement there is the diffrac-
tion of X-rays on electrons, and hence, one obtains
as a result the positions of the maxima of electron
densities attributed to positions of atoms. For the
neutron diffraction technique, there is the diffraction
of neutrons on nuclei, and hence, one obtains directly
their positions. Of course that is the simplification
of the description of these two important crystal-
lographic techniques, but it allows us to indicate the
main results’ differences. For X-ray diffraction mea-
surements, for heavy, non-hydrogen atoms, the elec-
tron-density maxima are practically at the same
positions as corresponding nuclei. However, for the
hydrogen atom “possessing one electron”, the electron-
density maximum is significantly shifted, usually
toward the heavy atom connected by a covalent or
polar bond with hydrogen. Hence, the effect of the
shorter distances between the electron-density maxima
than the corresponding distances between nuclei for
A—H covalent and polar bonds is very well-known
for X-ray measurements. Additionally, one should
mention the other effect of the X-ray diffraction
technique, that is, the lower accuracy of the deter-
mination of the positions of the electron-density

Sobczyk et al.

maxima for H atoms in comparison with such posi-
tions for non-hydrogen atoms. It is connected with
the limits of the X-ray technique,??° that is, different
for neutron difraction measurements, where exactly
the distances between nuclei are determined and
where the accuracy of the positions of H atoms is of
the same order as for the other atoms. The differences
between X-ray and neutron diffraction results are
sumarized by Jeffrey.3®

The information on the crystal structures of organic
and metallorganic compounds is accessible from the
Cambridge Structural Database (CSD).?2! This base
contains information on the symmetry of crystals as
well as on positions of atoms in crystal structures.
Hence, it is a very useful tool to analyze hydrogen
bonds in crystals. X-ray and neutron diffraction
results are collected there. At present, the base
contains over 300 000 crystal structures, mainly
X-ray measurements as the number of neutron
diffraction structures amounts to about 1200. Hence,
if one describes hydrogen bonds for the selected
related crystal structures, then the sample of neutron
diffraction results may be not sufficient for statistical
analyses. Also, there is the necessity to analyze X-ray
diffraction data to enlarge the data sample. There
are different approaches to correct inaccurate X-ray
A—H bonds. In the normalization procedure, the
distances obtained in an X-ray analysis are corrected
by extending the A—H bond to the average neutron-
derived A—H bond length or to the values known
from gas-phase spectroscopy experiments.?® For ex-
ample, the standard, normalized bonds listed by
Desiraju and Steiner®*® amount to 1.083, 1.009, and
0.983 A for C—H, N—H, and O—H bonds, respec-
tively. Such an approach is justified for weak C—H---O
and even N—H---O hydrogen bonds, where the effect
of the lengthening of the proton-donating A—H bond
is negligible!$321% but not for stronger O—H-:-O
H-bonds. The lengthening of the proton-donating
O—H bonds for species taken from CSD was analyzed
in detail.??2 The refined normalization of A—H bonds
within A—H---B bridges for strong hydrogen bonds
was proposed by Steiner.?23

It was mentioned above that CSD is a useful tool
to analyze hydrogen bonds in crystals. One can
mention numerous examples of statistical analyses
of such interactions with the use of crystal data taken
from CSD. First of all, there is the very important
study of Taylor and Kennard,?** where the CSD was
used and further the statistical approaches were
applied to prove the existence of C—H:--B (B = O, N,
and S) hydrogen bonds in crystals. Since that time,
the number of studies on so-called weak and uncon-
ventional (i.e., with the C—H bond as the proton
donor) hydrogen bonds increased rapidly. Before the
appearance of the study of Taylor and Kennard, the
existence of such hydrogen bonds was the subject of
controversy. There are the other studies on H-bonds
with the use of CSD or where at least the X-ray or
neutron diffraction data are used. One can mention
the topics considered by Desiraju and Steiner3® such
as effects of donor acidity and acceptor basicity,
statistical studies and distance cutoffs, angular prop-
erties of H-bonds, etc. Among them, there are the
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studies on correlations between geometrical param-
eters of hydrogen bonds? as for example between
O—H bonds and H---O distances within O—H---O
H-bonds,” the lengthening of the C=0 bond because
of the complexation if it is the proton acceptor in
C—0—H:--O=C H-bond systems,??> the attempt of
substantiation that for the weak C—H---O bonds
there is the lengthening of the C—H bond as an effect
of the complexation, similarly as for the conventional
H-bonds,?8 etc.

The charge-density studies, where X-ray and neu-
tron diffraction measurements are applied, were
performed for a number of crystal structures, also
those containing hydrogen bonds. In such studies,
very often, a deformation electron density is calcu-
lated that allows us to gain insight into the nature
of the H-bond interaction. Recently, the number of
studies where the topological Bader theory is applied
for experimental electron densities increases rapidly.
Such experimental approaches are not analyzed in
this review in detail because they were described in
the other monographs?®® and studies.” However, the
results of calculations based on the Bader theory are
described in the next and further sections.

3.3. Use of the Bader Theory for Studies on
Hydrogen Bonds

There are different tools to detect the H-bond
interaction and to estimate its strength;53673 they
have been mentioned in the first section of this
review. However, in the past few years, the Bader
theory (“Atoms in Molecules” theory, AIM) has be-
come a powerful method to study different kinds of
interactions, especially hydrogen bonding.”® It seems
that the characteristics of critical points derived from
AIM are particularly useful as such descriptors of
interactions. For the critical points (CPs), the gradi-
ent of electron density p(r) vanishes,?267228 which may
be expressed by eq 9

Vp(r,)=0 (9)

CPs are classified according to the number of nega-
tive eigenvalues of the Hessian of p (matrix of partial
second derivatives with respect to {x, y, z})

2

hpq apaqp(rc) p’ q x’ y} Z (10)
Stable critical points fall into one of four categories:
the maxima in p(r) correspond to attractors, which
are almost always attributed to nuclei, whereas the
minima correspond to cage critical points (CCPs),
bond critical points (BCPs), or ring critical points
(RCPs).

Another important feature of the electron-density
function p is that its Laplacian V?p determines where
the electronic charge is concentrated and where the
electronic charge is locally depleted. For the former,
V2p is negative, and for the latter, it is positive. The
sign of Laplacian of the electron density at the critical
point of the pair of atoms considered is often treated
as decisive of the kind of interaction. In principle, the
negative value of Laplacian corresponds to the co-
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Figure 14. Relief map of the electron density of the Li—
H---H—F complex (atoms order is the same as that in the
picture).

Figure 15. Molecular graph of styrene. Big circles cor-
respond to attractors attributed to nuclei, and small ones
correspond to critical points. Reprinted with permission
from (Grabowski, S. J.; Pfitzner, A.; Zabel, M.; Dubis, A.
T.; Palusiak, M. J. Phys. Chem. B 2004, 108, 1831),
copyright 2004, American Chemical Society, Washington,
DC.

valent bond-shared interaction, while the positive
Laplacian value showing the depletion of the electron
density corresponds to the interaction of closed-shell
systems: ionic interaction, hydrogen bond, and the
van der Waals interaction.??® Figure 14 shows the
electron-density relief map of the Li—H:--H—F com-
plex considered previously in detail using ab initio
methods as well as the AIM theory.*® One can see
that there are considerable differences between the
shared H—F interaction on one hand (V?pgcp < 0) and
the ionic Li—H and H---H interactions (VZpgcp > 0)
on the other.

Figure 15 presents the molecular graph of sty-
rene,? where the attractors attributed to nuclei are
designated as big circles and small circles represent
the bond and ring critical points. One of the ring
critical points is connected with the benzene ring and
the second one with the C(aromatic)—C(aromatic)—
C=C—H---H—C pseudoring of the typical covalent
bonds and the H---H interaction.

Owing to the wide application of the AIM theory
to H-bond systems, there has been a substantial
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development as far as the formation of various
criteria of this kind of interaction is concerned. Koch
and Popelier proposed eight criteria based on the
AIM theory to detect hydrogen bonds:89229 (1) there
is a BCP for the H---B (proton---acceptor) contact,
which topologically proves the existence of a hydrogen-
bonding interaction; (2) the value of electron density
at the BCP of H:--B (pu...5) lies within the range of
0.002—0.040 au; (3) the corresponding Laplacian
(V2pn.-s) is in the range from 0.024 to 0.139 au; (4)
there is a “mutual penetration” of the hydrogen and
acceptor atoms; (5) there is a loss of charge of the
hydrogen atom; (6) there is energetic destabilization
of the hydrogen atom. This means that the atomic
energy of hydrogen decreases in the hydrogen bond
because of the complexation (page 152 of ref 229); (7)
a decrease of dipolar polarization of the hydrogen
atom; and (8) a decrease of the hydrogen atom’s
volume.

One should mention here that the criteria proposed
by Koch and Popelier were intended to discriminate
weak and very weak hydrogen bonds from van der
Waals interactions. However, they are not applicable
for stronger hydrogen bonds where the characteris-
tics of proton---acceptor (H---B) bond critical points
are often outside of the limits proposed; i.e., electron
density at BCP is greater than 0.139 au and the
Laplacian of the electron density at BCP has a
negative value as was stated for covalent and polar
bonds. This is in line with the electrostatic covalent
H-bond model (ECHBM).163231 According to this
model, one can state the covalent nature for some
strong and very strong H-bonds. That statement was
supported by accurate X—N electron-density mea-
surements, which showed such covalency along the
H:--O interaction in negative charge-assisted hydro-
gen bonds (—)CAHB?32233 and RAHBs.1%5

Among the criteria given by Koch and Popelier, the
first three are most frequently applied in the studies
on the hydrogen-bonding interaction. Besides, they
are very useful because the geometrical criteria are
sometimes not sufficient to decide if the hydrogen
bonding exists. For example, the topological criteria
were applied to detect C—H-++-O hydrogen bonds®® or
to characterize dihydrogen bonds.?3* The character-
istics of the H---B bond critical point seem to be the
most frequently used. For example, it was pointed
out for clusters of water with methanol that there is
a good linear correlation between the charge density
at H---B BCP and the strength of hydrogen bond-
ing.235.236 Tt has been detected many times that the
electron density at H---B BCP and its Laplacian
correlate well with the hydrogen-bond energy;237-242
the relationships between the H-bond energy and the
characteristics of the proton-donating bond are also
known for various groups of compounds.?® Hence, the
Bader theory provides additional topological param-
eters that may be applied to determine the hydrogen-
bond strength: electron densities at the BCP of the
proton-donating bond and at the BCP of the proton—
acceptor contact, as well as the Laplacians of these
densities. Roughly speaking, the increase of the
H-bond strength is connected with the elongation of
the proton-donating bond A—H, the shortening of
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the proton---acceptor distance, and the change of the
corresponding topological parameters.”® Certainly,
the correlations between the geometrical, energetic,
and topological parameters are in force only for
groups of related compounds. However, one can
observe that the topological parameters, such as for
example electron densities at BCPs, are less sensitive
to the diversity of the species analyzed than the
geometrical parameters. For example, the complexes
of hydrogen fluoride and hydrogen chloride molecules
as the proton-donating moieties with the species
containing the N=C group as the proton acceptor
were investigated.?*® For the relationship between
the H---N (N atom as the proton acceptor) distance
and the H-bond energy, two separated regression
lines were obtained, one connected with FH---N=
C—R complexes and the other with ClH:--N=C—-R
ones. However, while the relationship between the
electron density at H:--N BCP and the H-bond energy
was analyzed, the single regression line was obtained
for both subgroups of complexes with the linear
correlation coefficient of 0.991.

There are also other properties of the BCP, the
electronic energy density H¢ of the charge distribu-
tion, which may be expressed as??7-228

He=Gg+V, (11)

where G¢ is a local one-electron kinetic energy
density and V¢ is the local potential energy density.
The relation between the Laplacian and the compo-
nents of local energy density Hc is given by the
equation

(h¥4m)VPp(rpep) = 2G + Vi (12)
or in atomic units
(1/4)V*0(rgep) = 2G¢ + Vi (13)

The sign of Laplacian at a specific point determines
whether the negative potential energy or the positive
kinetic energy is in excess of the virial ratio amount-
ing to 2. In negative regions of Laplacian, the
potential energy dominates, whereas in positive
regions, the kinetic energy dominates. It was pointed
out that, in bonds with any degree of covalent
character, |V¢| is greater than G¢ and H¢ is less than
0. Bonds in which this condition holds and where |V¢|
is less than 2G¢ have been attributed to being
partially covalent, while H¢ > 0 corresponds to purely
closed-shell interactions.?*4#24> Rozas et al. have in-
troduced a new classification of hydrogen bonds
according to their strength.?3® Weak hydrogen bonds
show both V 2p(rgcp) and Hc values as being positive.
For medium H-bonds, V2o(rgcp) is greater than 0 and
H¢ is less than 0. For strong hydrogen bonds, the
electron energy density as well as the Laplacian
value are negative because these interactions are
often classified as covalent or at least partly covalent
in nature,163244-246

It is worth mentioning that the features of ring
critical points may also be applied to characterize
intramolecular H-bonds. The ring critical point (RCP)
is a point of the minimum electron density within
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Figure 16. Molecular graph of the o-hydroxybenzaldehyde
indicates a noncentric position of RCP for a pseudo-ring
containing H-bond.

the ring surface and a maximum on the ring. For
example, in the case of benzene, the RCP lies in the
center of the ring, owing to symmetry constraints.
In the absence of symmetry, an RCP can be found
anywhere inside the ring.

Figure 16 shows the molecular graph of the o-
hydroxybenzaldehyde, bond paths, bond critical points
and two RCPs: one for the benzene ring and the
other for the ring created owing to the intramolecular
H-bond formation. This moiety and the other related
fluoroderivatives were investigated,?” and it was
found that the characteristics of RCP created because
of intramolecular H-bond formation correlate well
with the strength of such an interaction. In other
words, the features of such an RCP may be treated
as new measures of hydrogen-bonding strength.
These finding were confirmed for intramolecular
H-bonds (IHBs) of enaminones.?*® Because IHBs for
enaminones represent the resonance-assisted hydro-
gen bonds existing partly because of the effect of
m-electron delocalization, therefore, their description
will be the subject of the next few sections.

Since 1995, numerous applications have been
published about the AIM theory to multipole-modeled
experimental densities in crystals.” The studies on
electron density in crystals of 1,8-bis(dimethylamino)-
naphthalene?*® and its ionic complexes with different
acids?®°252 are one of the examples. For the ionic
complex of 1,8-bis(dimethylamino)-naphthalene with
1,2-dichloromaleic acid,?*° the proton in the cation is
covalently bonded to one of the nitrogen atoms
because the electron density at N—H BCP is high,
as for typical covalent bonds, and its Laplacian is
negative. In the case of the second H:--N interaction,
the electron density at the corresponding BCP is
lower and its Laplacian is positive, indicating the
closed-shell interaction. In the case of the O-:-H---O
hydrogen bond in the 1,2-dichloromaleic acid anion,
both Laplacians of the electron density at O---H BCPs
are negative, suggesting covalent in nature interac-
tions.
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Another early example of the AIM application to
the experimental electron density concerns the crys-
tal structure of methylammonium hydrogen succin-
ate monohydrate,?3? where the symmetric O++-H--O
hydrogen bond exists because the H atom is at the
inversion center and the H::-O distance amounts to
1.221 A. The high value of electron density at H---O
BCP and the negative Laplacian show the covalent
character of this interaction.

It is also possible to evaluate the local energetic
electron-density properties at BCP from the electron-
density distribution. Abramow has proposed the
relation between electron density and the local
electronic kinetic energy density at BCP.?%3

G = 3/10(37%%2p™® + 1/6V7p (14)

In such a way, many of the characteristics of the
H-bond may be obtained from experimental electron
density. Espinosa et al. have found the exponential
relationships between the H---O distance and V¢ and
G topological energetic parameters as well as be-
tween the H---O distance and dissociation energy for
83 A—H---O (A = C, N, and O) hydrogen bonds that
were observed experimentally by accurate X-ray
diffraction measurements.?3” The authors also pro-
posed a relationship between the H-bond energy and
the potential electron energy density at H---O BCP
because it fits well into the experimental systems
considered.

Eyp = 12V (15)

For the experimental charge density distributions
in ionic complexes of 1,8-bis(dimethylamino)-naph-
thalene, the characteristics of the variety of interac-
tions such as [O---H:--O]", C—H---O, [N—H---N] T,
O—H:--0, C—H:**N, Cs***Nzx, Cz*++Cxr, and C—H---Cl
were investigated.?’! The authors have found expo-
nential relationships between different properties of
BCP and the length of the interaction line. For
example, the Morse-type dependence between the
length of the interaction line and the Laplacian of
the electron density at BCP allowed them to divide
the plot into three regions of the H---Y distance (Y
designates here the acceptor center if the H-bond
systems are taken into account). For this distance,
smaller than 1.3 A, there is the region of covalent
bonds with the negative Laplacian value; within the
range of the H---Y distance from 1.3 to 2.1 A, there
is the transition region from the covalent to ionic
interactions; and if that distance is greater than 2.1
A, there are closed-shell interactions. A division of
this type was proposed by Espinosa et al. on the basis
of the H---F distance versus the Laplacian relation-
ship for A—H---F—Y interactions considered theoreti-
cally.?>* This is also in line with the experimental
X-ray electron-density investigations on the O—H:--O
systems. Thus, one can see that the Bader theory is
also a powerful tool to analyze experimental electron
density. The applications of the AIM theory to study
m-electron effects will be discussed in the next sec-
tions.
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4. Electron Delocalization in the Region of the
H-Bond

4.1. Intramolecular O —H-+-O Resonance-Assisted
Hydrogen Bonds —Assumptions and Descriptions

There are two aspects of hydrogen-bond cooperat-
ivity. The first one concerns molecules with multiple
o bonds, and it is usually designated as resonance-
assisted hydrogen bond; the second one concerns
continuous chains or cycles of the hydrogen-bonded
functional groups having both donor and acceptor
properties.?® The latter occurs mainly between hy-
droxyl groups and was first found in the crystal
structures of carbohydrates,?®® although there are
experimental and theoretical studies on the other
functional groups participating in H-bonds for this
kind of cooperativity. For example, hydrogen-bond
cooperativity and electron delocalization in hydrogen
fluoride clusters were studied,??® and it was pointed
out that the binding energy per hydrogen bond
increases with the increase of cluster size; other
measures of the H-bond strength also confirm such
a tendency because electron density at the monomer-
bond critical point decreases with cluster size and the
density at the hydrogen-bond critical point increases.
The authors of this study??® also pointed out that the
short H-bond interactions in chains of hydrogen
bonds in crystals could be explained by an increase
of the electric field felt by each molecule because of
the polarization of its neighbors. It was also pointed
out that cooperativity enhancement occurs in C—H---B
weak hydrogen bonds.?® Among numerous cases of
such cooperativity, one can mention the hydrogen-
bond chain C=C—-H:--O—H--C=C—H:--:O—H in the
crystal of danazole.??” One of the recent studies nicely
shows the importance of the cooperative effect be-
cause both the experimental approach (rotational
spectroscopy) as well as ab initio calculations were
applied to investigate the complexes of HsN—HF and
H;N—HF—HF in the gas phase.?®® The experimental
results show the N-:--H hydrogen-bond length of
1.693(42) A for the first complex, whereas for the
second one, this distance amounts to 1.488(12) A, a
value that is shorter by 0.205(54) A.

The aim of this section is to present the first kind
of cooperativity existing for the so-called RAHBs.
This kind of hydrogen bond is connected with the
occurrence of two interrelated effects: m-electron
delocalization and that the species analyzed may be
treated as mixtures of resonance forms. The influence
of these effects on the hydrogen-bonding strength was
pointed out early; however, a detailed description of
this kind of cooperativity was given by Gilli and co-
workers.3” The first observations related to the
concept of RAHB are those of Higgins?® who found
the O—H---O=C chains in carboxylic acids and car-
boxylate hydrates. Coulson?®® has pointed out that
because of the chains of molecules connected through
the O—H-+-O bonds for -oxalic acid the O---O dis-
tance is decreased from 2.8 to 2.5 A and hence the
H-bonds are stronger. It was pointed out that there
are strong intramolecular H-bonds for o-nitrophenol
because of the contribution of the following resonance
form (see Chart 10).261
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It was also pointed out that for the cyclic dimers
of carboxylic acids the double hydrogen bonding is
stronger, owing to the effect of resonance, resulting
from the existence of two resonance forms.3%33.262 A
case of centrosymmetric dimers of carboxylic acids
(Chart 11) was later classified as one of the most

Chart 11

O-H---O 0O---H-0
o Sn = w
O---H-O O-H---O

frequently occurring types of the resonance-assisted
hydrogen bond.?3!

Emsley has found that for the HOCR=CR—-CR=0
system the s-electron delocalization is greater if the
intramolecular H-bond or the chain of intermolecular
H-bonds exists.?2 Gilli and co-workers have investi-
gated in detail the case of intramolecular hydrogen
bond, where two oxygen atoms are interconnected
through the system of conjugated single and double
bonds.37.162.163,264 Syuch a situation occurs for malon-
aldehyde and its derivatives (Chart 1).

The increasing s-electron delocalization is con-
nected with the increased contribution of the ionic
resonance form (Chart 12).

Chart 12

The following characteristics for the O—H:---O in-
tramolecular resonance-assisted hydrogen bond
were observed and summarized;?’ the increase of
m-electron delocalization and hence the changes of
geometrical parameters were described. (1) The
equalization of C—0O and C=O bonds, i.e., the de-
crease of the g1 = dy — d4 value (see Chart 1), (2) the
equalization of C—C and C=C bonds, i.e., the de-
crease of the g2 = d3 — ds value (Chart 1), (3) the
decrease of O+:-O and H::+O distances, in the case of
0---O down to about 2.4 A, and (4) the elongation of
the O—H proton-donating bond, for the extreme cases
of full delocalization, the shift of the H atom toward
the midpoint of the O---O distance.

The correlation between symmetry coordinates q;
and g2 mentioned above was observed and the @ =
g1 + g2 parameter, which may be treated as a
measure of m-electron delocalization, was intro-
duced.?” The value of @ is smaller for the greater
m-electron delocalization and up to 0 for the full
delocalization, resulting in complete equalization of
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the corresponding bonds. It was pointed out that the
@ parameter interconverts the enol—keto form into
the keto—enol one through the totally delocalized
form, where @ is equal to 0.

The ground state of the RAHB system may be
treated as a linear combination of tautomeric forms
I (enol—keto) and II (keto—enol) (see Chart 13), A I

Chart 13
P CH. Ho
(0] |O (0] (0] | (0]
- -
R1J\H\R3 R1J\%R3 1J\KKR3
R? R? R?

+ (1 — A) II, and A is a coupling parameter, 1 = (1 —
Q/Q0)/2. @ is the parameter described earlier in this
section, while the Qo corresponds to the standard
smgle and double CO and CC bonds. d; = 1.37 A ds
= 133A ds = 148A and d4 = 120A thus, Qg
0.320 A. One can see that for the enol— keto form,
the 1 parameter is equal to 1 for the keto—enol form,
is it equal to 0, and for the fully delocalized structure,
it is equal to 0.5. Because it is often unimportant
whether one considers the enol—keto form or the
keto—enol one (they are indistinguishable for malon-
aldehyde and when R; = Ry), it is rather the degree
of m-electron delocalization that is important; thus,
the A4 parameter is often given as |1 — Q/Qo|.25° In
such a case, the full delocalization corresponds to the
value of 1 of unity and the lack of this effect is
connected with 4 being equal to 0.

Very recently another parameter, A,p, describing
m-electron delocalization as an effect of the formation
of the intramolecular H-bond, was introduced.?®® To
define the A,, parameter, the geometry of the so-
called “open conformation” is needed, where the
intramolecular H-bond does not exist (Chart 14).

Chart 14

This conformation is often treated as a reference
state to estimate the strength of the intramolecular
H-bond and may be obtained from the “closed”
conformation after the rotation of O—H 180° around
the vicinal C—O bond and then the full geometry
optimization using ab initio or DFT methods. Hence,
the roughly estimated H-bond energy is the difference
between the energies of the closed and open confor-
mations.?67268 Coming back to the A,, parameter, if
we consider the differences between the correspond-
ing C—0, C=0 and C—C, C=C bonds for the open
conformation, we can write

Adl’ = d3' - d2'
Ady =dy —d, (16)

d values of eq 16 correspond to those presented in
Chart 1 but for the open conformation.
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The same equations may be written for the closed
conformation

Ad, =d; — d,

The resonance parameter describing the changes
connected with the transformation of the open con-
formation into the closed one was defined.2%6

Ady)/Ad,]
(18)

A, =120 (Ady — Ady/Ad, + (Ady —

One can point out the main differences between the
A parameter and A,, one. The latter refers to the
changes between two conformations: closed and
open, whereas the former considers the differences
between the reference system with single and double
CC and CO bonds not perturbed by any kind of
delocalization (hence, the @, value within the defini-
tion of the 1 parameter) and the analyzed system
with the intramolecular H-bond. It is worth mention-
ing that for the open conformation there is also
s-electron delocalization but not as strong as for the
closed system, where the H-bond formation makes
this effect stronger.26¢ A, is equal to 0 if there is no
difference between the closed and open conformation,
in other words, if the formation of the intramolecular
H-bond does not cause any further m-electron de-
localization and it is equal to unity if there is full
equalization of C=0, C—0 and C—C, C=C bonds.
One can see that the physical meaning of the A,
parameter is similar to that of 1. It has been shown
very recently?® that both parameters, 1 and A,
correlate mutually for different groups of RAHB
systems. It should be mentioned here that the
A, parameter correlates well with the other mea-
sures describing the H-bond strength.?¢6 For example,
it was pointed out that for the simple chloro and
fluoro derivatives of malonaldehyde for which full
geometry optimizations were performed at the MP2/
6-311++G(d,p) level A,, correlates with electron
density at the H---O bond critical point; the linear
correlation coefficient for this relationship is equal
to 0.997.

It seems that if there is the effective mixing of two
enol—keto and keto—enol forms, then there is also
greater m-electron delocalization.?3! Hence, according
to the valence bond theory, the RAHB system may
be described by the wave function being a linear
combination of wave functions of two forms: W =
c1W1 + coWs. Referring to the coupling parameter
described earlier, this may also be expressed as
follows: W = AW; + (1 — 1)W,.37

It was pointed out that for intramolecular RAHBSs,
such as malonaldehyde and its derivatives, or for the
other similar systems different effects might make
H-bonds stronger. Owing to such effects, there is a
more efficient mixing of two resonant forms and
hence the 7-electron delocalization becomes greater.

R; and Rj; substituents (Chart 1) influence on the
m-electron delocalization within the RAHB system
and hence on the O—H-:-O hydrogen bonding.'6? The
similar influence is observed if the oxygen-accepting
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center (O=) is additionally involved in the inter-
molecular H-bond.'%2 The influence of R substituents
on the H-bond strength has been investigated for
malonaldehyde and its simple derivatives at the
MP2/6-311++G(d,p) level of theory.?68

4.2. Geometrical and Energetic Consequences of
the Existence of RAHBS

The correlations between geometrical parameters
of RAHBs were found in crystal structures of organic
compounds, such as for example the relationship
between the O—H bond length and H---O distance.
This correlation is very well-known for different
samples of O—H---O bonds, not only those concerning
RAHB systems.3573:225

The other relationships between H-bond energy,
geometrical, and topological parameters derived from
the Bader theory have been found for derivatives of
malonaldehyde mentioned in the previous section as
an example. The factor analysis was applied for this
sample, and it was pointed out that, for such param-
eters as the elongation of the O—H bond, the H---O
distance, H-bond energy, electron densities at the
O—H and H---O bond critical points, and their Lapla-
cians, the main factor covers over 91% of the total
variance.?® This means that, similarly as for typical
O—H:--0 intermolecular H-bonds, for intramolecular
RAHBS, the interrelations between different param-
eters describing the H-bond strength exist. It seems
that the hydrogen-bonded systems where proton
transfer is detected may be classified as RAHBs
because in such a case there should be an effective
mixing of resonance forms. Such a situation exists
for example for C=0---H—0O—C systems, where the
following proton-transfer process may be observed:

C=0-:--H-0-C < C—-0—H:--0=C (19)
form A form B

One may expect that the analyzed system is an
effective mixture of forms A and B. It is worth men-
tioning that the proton-transfer process for malon-
aldehyde and its derivatives may also be described
by the reaction mentioned above. The reaction path
for this kind of proton transfer was investigated with
the use of high-precision neutron diffraction data.2?

It was stated that correlations between structural
parameters of molecules are reminiscent of structural
changes occurring during chemical reactions. This
concept named the “principle of structural correla-
tion” was introduced by Biirgi and Dunitz?'%271272 and
may be applied to many different reactions, among
them to the proton-transfer process. The idea of Birgi
and Dunitz may be summarized for practical use in
the following way. If someone is interested in the
changes of a selected molecular fragment or more
generally a geometrical fragment of the more complex
system, then it is possible to find such a fragment
within the greater set of crystal structures and to
analyze its changes. In particular, the changes during
the proton-transfer reaction of the C=0---H-—0—-C
geometrical fragment were analyzed.?’® Therefore,
the neutron diffraction (ND) data of high accuracy
was taken from CSD (e.s.’s < 0.005 A, and R < 8%)
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Figure 17. Reaction path for the proton-transfer reaction,
with the variables corresponding to coordinate axes in A
and O representing the ab initio results for formic acid
dimer. The solid line corresponds to the BV model as well
as the broken line; however, for the latter, the constants
proposed by Gilli et al. were applied (see the text).

to view different stages of the reaction process. It was
very important to use the ND results but not the
X-ray measurements because it is well-known that
X-rays are scattered at the electron shells and the
positions of H atoms are not well-determined.?”
Neutrons are scattered at the atomic nuclei, and
hence, the positions of H atoms are of similar ac-
curacies as the other atoms. This was explained in
the previous section. Figure 17 shows the dependence
between the positions of protons measured from the
middle part of the O---:O distance and the O-:-O
distance; they are denoted by full circles. The solid
line that was obtained from the bond number con-
servation rule (BNC)21827427 ig in good agreement
with the ND results, particularly for shorter O---O
distances. The broken line was also obtained from
the BNC rule. However, the other constants proposed
by Gilli et al. were applied in this case.'%3 Figure 17
was obtained in the same way as it was earlier
done?™ for the accurate neutron diffraction data
taken from CSD; however, in this case (Figure 17),
the recent CSD release (CSD, November 2004 re-
lease) was applied.

The BNC rule is based on the concept of the bond
number n originally introduced by Pauling for metal
crystal structures,?’¢

r,—ri=Ar=—clogn (20)

where r, is the considered interatomic distance for
which the bond number is equal to n, ¢ is the
constant, and r; is the reference distance for which
the bond number is usually equal to unity. The bond
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number may be understood as the number of electron
pairs attributed to the considered pair of atoms, and
it usually correlates with the strength of the inter-
action. On the other hand, n may also be under-
stood as a numerical measure of the electron de-
localization observed in the given bond. The bond
number idea and particularly BNC rule were often
applied in many chemical problems such as for
example the analysis of chemical reactions, the
construction of reaction paths, and the correlation
analysis for geometrical parameters of the systems
considered.??2.271.272.277-280 Rigure 17 presents one of
the applications of the bond number idea, particularly
BNC, and concerns the proton-transfer reaction. The
bond number concept and BNC rule are also useful
for studies of intra- and intermolecular interac-
tions,?8! and they are frequently used to study
hydrogen-bond interactions. For example, for the
O—H bond undisturbed by any kind of intermolecular
interactions, the bond number is equal to unity.
When the O—H bond interacts with the oxygen atom
being the proton-acceptor center within the O—H---O
H-bond, then it is elongated and the n value de-
creases according to eq 20. However, the decrease of
n is compensated by the H---O contact. The sum of
bond numbers of O—H and H:--O should be equal to
unity. It is known as the bond number conservation
rule mentioned above.?!8

A similar and more general idea of bond valence
was developed by Brown?82284 within the consistent
and simple model known as the bond valence (BV)
model. According to the BV model, the BNC rule is
only the particular case of the more general valence
sum rule. The BV model was also frequently applied
in physical and chemical problems as well as de-
scribed in reviews and monographs.219.223.28

The solid line of Figure 17 was obtained in ac-
cordance with the constants of Dunitz,?!® the length
of the single O—H bond ry = 0.957 A and ry; = 1.22
A, the length of the partial OH bond for which the
bond number is equal to 0.5. Figure 17 also presents
the broken line corresponding to the constants pro-
posed by Gilli and co-workers: ro = 0.925 A, and ry
= 1.22 A.163 Gilli and co-workers claimed that such
an attitude is in better agreement with the character
of interactions within the O—H-:-O systems because
the electrostatic part of the interaction is greater for
greater O---O distances and the use of such constants
takes this into account.

Figure 17 may be generally understood in the
following way. The contour of the experimental
neutron diffraction results represents possible geom-
etries of C—O—H:--O=C bonds during the proton-
transfer process. It was pointed out?’® that this
contour is in line with high-level ab initio results on
formic acid dimer.?%¢ In Figure 17, O represent the
pretunneling, post-tunneling, and energetic stable
configurations of the formic acid dimer (FAD). The
same or similar configurations during the proton-
transfer exist for the other carboxylic acids. For
example, the benzoic acid dimer in the solid state was
investigated extensively.287

It was demonstrated®’® that the proton-transfer
reaction path presented in Figure 17 also shows
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approximately the potential barrier height for this
process. The greater the differences between configu-
rations for which the proton-transfer reaction occurs,
the greater is the way within the contour of Figure
17 and the greater is the barrier height. Hence, the
distribution of theoretical points representing the
formic acid dimer configurations (Figure 17) confirms
the high barrier of 8.9 kecal/mol as it was calculated
by Kim.?" Figure 17 also shows the area of the so-
called LBHBs for which the O-+O distance is usually
less than 2.5 A and the potential energy barriers are
of about ~1 kecal/mol or even less.2887291 The species
corresponding to single well hydrogen bonds may also
be indicated in Figure 15. For O---O distances shorter
than about 2.5 A, one can see the concentration of
points representing neutron diffraction results (@);
there are systems described above in this region. The
similar approaches to analyze reaction paths for the
proton-transfer reactions of N—H---O, O—H---N, and
N—H---N H-bond systems were used by Limbach and
co-workers; the BNC rule was also applied in these
studies.!07.118

There are also examples of low-barrier and very
strong O—H---O hydrogen bonds investigated with
the use of the AIM theory to multipole-modeled
experimental densities in crystals (see the previous
section). In the crystal structure of methylammonium
hydrogen maleate,?3® the asymmetric unit contains
a methylammonium ion and two hydrogen maleate
ions. The latter contains O-+-H---O H-bonds, because
both H atoms are at the mirror planes and oxygen
atoms of H bridges are symmetry-related. The O---H
contacts for both maleate ions have the covalent
character because the electron densities at H---O
BCPs are equal to 0.167 and 0.162 au, while the
corresponding Laplacians are equal to —0.245 and
—0.295 au, respectively. The study on the crystal
structure of benzoylacetone,!% mentioned briefly in
the previous section, provides excellent justification
of the RAHB model. One can observe for this struc-
ture considerable equalization of the correspond-
ing CC and CO bonds, and what is most important,
one can analyze the topological parameters of the
O-+-H---O H-bond. The system is almost symmetric
with the O---H distances of 1.25(1) and 1.33(1) A, and
the electron densities for the corresponding BCPs
amount to 0.132 and 0.113 au, respectively, whereas
the Laplacians are equal to —0.378 and —0.187 au,
indicating the covalent character of both contacts.

The same type of the reaction path as for C—O—
H:--O=C bonds, obtained from ND results taken from
the Cambridge Structural Data,??? was investigated
for the deuterated C—O—D---O=C systems.?® It was
found that the differences between the O—H---O
geometries and the O—D---O ones are in agree-
ment with the geometrical changes known as the
Ubbelhode effect.??429 It was also pointed out that
the geometrical parameters for the O—H-:-O H-bonds
as well as for the O—D---O ones correspond to the
relationships obtained from the bond number con-
servation rule.??® Figure 18 presents the relationship
investigated previously?®® and based on the results
taken from CSD. However, in this review, the last
release of CSD was used (November 2004 release of
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Figure 18. Relationship between H(D):--O distance and
O—H (O—D) bond length (both variables in A) for O—H--
‘0O (O—D---0) systems taken from neutron diffraction
results. The solid line corresponds to the BV model as well
as the broken line; however, for the latter, the constants
proposed by Gilli et al. were applied (see the text).

CSD). The solid line of Figure 18 corresponds to the
relationship obtained from the BNC rule; the empty
points correspond to the O—D---O systems, and the
full ones correspond to the O—H---O systems. It is
worth mentioning that the relationship between the
H:--O distance and the O—H bond length is well-
known and has been frequently cited in the literature
since it was found.3%5°

4.3. Very Strong O —H---O Bonds and the
Electrostatic Covalent H-Bond Model

RAHBs described in previous sections may often
be classified as strong or very strong hydrogen bonds.
This is rather true for homonuclear O—H---O sys-
tems. The strong hydrogen bonds are also often
related to LBHBs?%2%7 or to single well hydrogen
bonds, where the hydrogen atom is located in the
middle of the O---O distance or nearly so. These
systems are often important in many chemical and
biochemical processes as the other weaker H-bonds.
For example, the attempts to explain the catalytic
activity of enzymes owing to the existence of LBHBs
are known.296:298-300 However, there are also opposite
opinions about the nonexistence of specially stabilized
and strong H-bonds in enzymes.1%%:391 This problem
was discussed in detail by Perrin and Nielson,” and
the authors conclude that “the LBHB is probably not
the key feature for enzymatic acceleration, which
instead is probably the sum of many different con-
tributions, including hydrogen bonds, electrostatic
and hydrophobic interactions, and the proper posi-
tioning of substrates on the enzyme”.

The situation of the existence of one potential
minimum occurs for the [H—O--H---O—H] ™ ion in the
crystal structure of the mixed salt Nas[EtsMeN]-
[Cr(PhC(S)=N(0)s] x /2NaH30; x 18H,0, where the
O---O distance amounts to 2.29(2) A.3023% This salt
contains sodium and triethylmethylammonium cat-
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ions and tris(thiohydroximato)chromate(III) and hy-
droxide anions. These are the X-ray crystal structure
results. However, there is no doubt as to the central
position of the proton exactly in the middle of the
0O---O distance because it lies in the special position
(the center of inversion). There are also other ex-
amples of symmetrical [O---H:--O]~ hydrogen bonds
in crystals from neutron diffraction studies, such as
imidazolium hydrogen maleate,?** potassium hydro-
gen maleate,?* potassium hydrogen chloromaleate,?%
and lithium hydrogen phthalate methanolate®'” In all
of these cases, the proton is not lying in the special
position; however, the difference between the O—H
and H---O bond lengths is less than 30; all H---O and
O—H distances are in the range of 1.195—1.206 A.
There are also neutron diffraction examples of sym-
metrical or nearly so [O---H---O]" hydrogen bonds.
For the crystal structure of phenylsulfonic acid
tetrahydrate,?°® the H---O distances amount to 1.128
and 1.301 A, and in the crystal structure of the
diaquohydronium ion in yttrium oxalate trihy-
drate,?* the proton lies in the special position and
both H---O distances are equal to 1.221 A.

The explanation of the nature of strong and espe-
cially LBHBs seems to be important here because
RAHBs for which there is the effective mixing of
resonance forms as a result of 7-electron delocaliza-
tion often become also very strong H-bonds with low-
energy-barrier height for the proton-transfer reac-
tion. The covalent nature of very strong H-bonds and
hence LBHBs was suggested many times in some of
the investigations.%9:310-314

A more general explanation of the resonance-
assisted hydrogen bonds was given by Gilli and co-
workers within their so-called electrostatic covalent
H-bond model (ECHBM),1%3231 where the following
statements were pointed out: weak hydrogen bonds
are electrostatic in nature, and their covalent nature
increases with the increase of their strength; very
strong H-bonds are three-center-four-electron cova-
lent bonds; and the strongest H-bonds are homo-
nuclear and symmetrical because only for such a case
the corresponding VB resonance forms are isoener-
getic and their effective mixing is possible. The last
statement may be expressed in terms of the condition
of the minimum difference between proton affinities
(APA) of the proton-donor and proton-acceptor atoms
or of the minimum difference between pK values.
There are three ways to have the O—H:--O hydrogen
bond very strong by making the proton-acceptor and
proton-donor atoms of identical or similar proton
affinity. It is the addition of an electron, its removal,
or the connection of oxygen atoms by the system of
m-conjugated atoms. In such a way, we have the
following types of very strong hydrogen bonds: ()
negative-charge-assisted H-bonds, (—)CAHB; (ii) posi-
tive-charge-assisted ones, (+)CAHB; and (iii) the
resonance-assisted hydrogen bonds, RAHBs.

The last mentioned H-bonds, which are the subject
of our special attention, in the case of O—H---O bonds,
may be designated as O=R,,—OH. R, designates the
above-mentioned resonance spacer of n atoms. For
malonaldehyde and its derivatives (Chart 1), n is
equal to 3, whereas for the centrosymmetric dimers
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of carboxylic acids, one has a +-*O=R;—OH--- motif
(Chart 11). Different types of O—H---O RAHBs with
different values of n were classified, among them the
+«O=R;—0—H--- motif existing for the structure of
2,3-diacetyl-5-nitrocyclopentadiene and the O---O
distance of 2.446 A.315

4.4, z-Electron Delocalization for Intramolecular
Resonance-Assisted Hydrogen Bonds (IRAHBs)

For the intramolecular resonance-assisted hydro-
gen bonds, the following scheme (Chart 15) is often
presented to show that the m-electron delocalization
and, consequently, the electron movement within the
ring created makes the equalization of appropriate
bonds.?7

Chart 15
_H

- Joe

N
R"w2Y a3 R

R2

Hence, the redistribution of the electronic charge
for the RAHB systems seems to be of great impor-
tance for the properties of these species. It is well-
known that for the intermolecular H-bonds there is
the transfer of electron charge from the proton-
accepting molecule to the proton-donating one.%° For
example, for the linear (trans) water dimer, there is
the transfer of 19 mé (1€ = 1000 meé) from the proton-
donating water molecule to the accepting one be-
cause of complexation; it was obtained from the
calculations performed at the MP2/6-311++G(d,p)
level of theory.?16

MP2/6-311++G(d,p) calculations have been per-
formed, and the Bader theory has been applied
recently to deepen the nature of 7-electron delocal-
ization.28¢ The fluoro and chloro derivatives of malon-
aldehyde were considered, i.e., the systems where Ry,
Ro, and Rj substituents are H, F, and Cl atoms (see
Charts 1 and 15). The net atomic charges for these
systems were compared with the same charges for
the corresponding “open” conformations (Chart 14).
Table 4 shows the differences between the charges
of the corresponding atoms of “open” and “closed”
conformations. The following observations can be
made. There is an increase of electron density for
both oxygen atoms while comparing the closed con-

Table 4. Changes of Atomic Charges (in me) for the
Change of the Open Conformation into the Closed
One*

Aq Aq Aq
Ri, Re, Rs [O(HD)] [H] [0(=)]

Agq Aq
[OH] [C(R1)C(R2)C(R3)]

H,HH 53 —37 68 16 —84
H F,H 42 20 82 22 —-104
H,CLH 45 —-37 178 8 -86
H H,F 25 -9 56 16 72
H, H, Cl 23 -18 65 5 -70
F,H, H 55 —70 80 —15 —65
ClLH H 81 -89 T4 -8 —66
H,HOH 40 -22 59 18 -7

a

)

ata taken from ref 266.
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figuration with the open one. There is a correspond-
ing decrease of electron density for the H atom as a
component of the O—H---O bridge; however, if one
considers the OH proton-donating bond as a whole,
there is also an increase of electron density. In other
words, one can say that there is “the outflow” of
electrons from carbon atoms into the O—H---O H
bridge. Table 4 also shows the decrease of electron
density for the CR;=CRy;—CR;3 fragment.

It was pointed out?%® that a similar interpretation
could be made if one considered the integrated atomic
charges®'” derived from the Bader theory.”® For
example, for the results of unsubstituted malon-
aldehyde, there are the following changes of these
charges after the change of the open conformation
into the closed one; Ag(O—) = 57 me, Ag(H) = —55
me, and Ag(O=) = 36 me. This means that there is
an increase of electron charge for both oxygen atoms
of the O—H---O bond and a decrease of this charge
for the hydrogen atom; there is also a decrease of
electron charge for the remaining part of the molecule
(the R{C—CRy=CR; fragment), 38 me. It is worth
mentioning that similar conclusions on the redis-
tribution of electronic charge because of the creation
of the ring system may be drawn for the other
intramolecular hydrogen bonds. Even for intra-
molecular dihydrogen bonds, an increase of electronic
charge within the A—H---H region was observed.?18

The following approach was also applied in the
studies cited here.?’® The changing of the open
conformation into the closed one may be considered
as consisting of two stages. The first stage is the
rotation of the O—H bond 180° around the C—-O
single bond (Chart 14), as a result of which the closed
conformation is obtained (Chart 15). The second stage
is connected with changes of the geometry of the
system because of the process of -electron delocal-
ization; thus, the previous molecular structure ob-
tained after the rotation of the OH bond is optimized.
Hence, one can see the following energies of the
systems considered: for the open conformation (Eo),
the closed one without any change of geometry (E')
and the most stable conformation existing after the
system is closed, as well as the optimization of
geometry (E¢). Therefore, the modulus of the energy
difference between the closed configuration and the
open one, |Ec—o|, consists of two terms; |E' — Eo| and
|[Ec — E'|, with the first one being the result of the
closing of the system and the second one being the
result of the change of geometry after the closing of
the system. It is very interesting to note that for
every system the first term connected only with the
closing of the system is approximately 3—4 times
greater than the second term.2%® For example, for
malonaldehyde, the first term amounts to 9.4 kcal/
mol and the second one to 2.7 kcal/mol, whereas for
the fluoro derivative of malonaldehyde (R; = F, Chart
15) these terms amount to 9.3 and 4.2 kcal/mol,
respectively. Additionally, |E' — Eo| does not correlate
with the electron density at the H---O bond critical
point, pg...0, because the linear correlation coefficient
amounts to 0.641, similarly as for the correlation
between E¢—o and pg...0o. The Ec—o energy is often
treated as a measure of the strength of intramolecu-
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lar H-bonds. It only roughly corresponds to the
H-bond energy because a lot of additional effects
disturb the real H-bond interaction, as for example
the additional repulsion between oxygen atoms for
the “open” conformation.268319,320

However, |[Ec — E'| correlates with pg..o (R =
0.981). Because the electron density at H---B BCP
within the A—H:--B hydrogen bonds is often treated
as a good measure of the H-bond strength,? thus,
the results presented show that for the RAHBs the
H-bond energy depends mainly on s-electron de-
localization. These results also show that the Ec—o
energy should not be treated as one that describes
the H-bond strength. The main part of Ec_o, |[E' —
Eo|, is connected with the lowering of the energy of
the system because of its closing; such lowering may
be connected with the lowering of oxygen-:-oxygen
repulsion.

4.5. Heteronuclear Resonance-Assisted Hydrogen
Bonds

The previous considerations on RAHBs were mainly
connected with the homonuclear O—H---O systems.
It was pointed out that the heteronuclear A—H---B
RAHB is intrinsically weaker than the A—H---A
homonuclear one. The difference between proton
affinities (PA) of H-bond donor and acceptor atoms
results in a less effective mixing of the A—H---B <
A---H—B resonance forms than for the A—H---A <
A---H—A ones.??! Different kinds of heteronuclear
RAHBs were investigated, of which the N—H---O one
seems to be the most important because it plays a
crucial role in protein folding and DNA pairing and
its role in crystal engineering also seems to be very
important.’? Hence, the studies of N—H---O RAHBs
were performed for the crystal structures of f-enami-
nones,???2 B-ketoarylhydrazones,??' ketohydrazone-
azoenol?%* system and a lot of other crystal structures.

Recent studies on two crystal structures of phos-
phorohydrazide derivatives of chromone, (E)-3-{ [(di-
phenoxyphosphoryl)-2-methylhydrazone]-methyleno}-4-
hydroxy-2H-1-benzopyran-2-ne (1) and 3-{ [(diphenoxy-
thio-phosphoryl)-hydrazine]-methylidene} -3,4-dihydro-
2H-1-benzopyran-2,4-dione (2),24® are very interesting
because they present the evidence of the existence
of O—H--N and N—H---O intramolecular RAHBs.
These H-bonds correspond to two tautomeric forms
that are the stages of the proton-transfer reaction:
N—H:--O < O---H—N. It is in line with the statement
of Biirgi and Dunitz?”? described in the previous
section that the molecular fragments found in crystal
structures may correspond to the frozen stages of the
appropriate chemical reactions. Figure 19 shows
molecular structures for both crystals considered.

It is worth mentioning that the OH:--N interaction
in 1 was the first case of such an intramolecular
hydrogen bond in pyrane derivatives observed in the
crystal structures; for the other cases, such as the
search through the Cambridge Structural Data-
base,?2 there were intramolecular N—H-:-O hydro-
gen bonds.?*® This is connected with the observation
that the species with the N—H---O hydrogen bonds
are usually of lower energy than the corresponding
tautomeric forms with the N---H—O hydrogen bonds
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Figure 19. (a) Molecular structure of 1; the displacement
ellipsoids are drawn at a 30% probability level. (b) Molec-
ular structure of 2; the displacement ellipsoids are drawn
at a 30% probability level. Reprinted with permission from
(Rybarczyk-Pirek, A. J.; Grabowski, S. J.; Malecka, M.;
Nawrot-Modranka, J. J. Phys. Chem. A 2002, 106, 11956),
copyright 2002, American Chemical Society, Washington,
DC.

despite the finding that contrary O—H-:-N bonds are
stronger than the corresponding N—H---O ones. This
topic is described in detail in the next section. The
analysis of molecular structures 1 and 2 show that
both intramolecular H-bonds are of resonance-
assisted type. For 1, there is the H—-O—C=C—-C=N---
system of z-conjugated bonds with the C—O bond
equal to 1.335(3) A; C=C, 1.365(3) A; C—C, 1.454(3)
A; and C=N, 1.284 (3) A. For the molecular structure
2, there is the :-*O=C—C=C—N—H system of bonds
with C=0 amounting to 1.247(3) A; C—C, 1.433(3)
A; C=C, 1.389(3) A; and C—N, 1.306(3) A. One can
see the shortening or lengthening of the appropriate
bonds when one compares them with pure single- and
pure double-bond distances: C(sp?)=0, 1.20 A; C(sp®)—
C(sp?), 1.48 A; and C(sp?)=C(sp?), 1.33 A.323 The
O-++N distances for 1 and 2 are equal to 2.586(3) and
2.609(3) A, respectively. This means that the OH:--N
H-bond for 1 should be stronger than the NH---O
bond for 2 because for the latter the N:--O distance
is longer. However, this probably does not correspond
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Figure 20. Dimer within the crystal structure of (E)-3-
{[(diethoxythiophosphoryl)-hydrazon]-methyl}-4-hydroxy-
2H-1-benzopyran-2-one. Reprinted with permission
from (Rybarczyk-Pirek, A. J.; Grabowski, S. J.; Nawrot-
Modranka, J. J. Phys. Chem. A 2003, 107, 9232), copyright
2003, American Chemical Society, Washington, DC.

to m-electron delocalization. One can only compare
the equalization of C—C and C=C bonds; the differ-
ence between them amounts to 0.089 and 0.044 A for
1 and 2, respectively. One can see that there is no
relationship between the equalization of CC bonds
as a measure of m-electron delocalization and the
H-bond strength. This is probably connected with the
fact that different types of H-bonds are considered:
N—-H:--O and O—H:--N.

The other crystal structures of chromone deriva-
tives containing intramolecular RAHBs were inves-
tigated, but only N—H:--O bonds were detected.3?*
The other cases of O—H---N hydrogen bonds for
chromone derivatives were not found. However, a
group of benzopyrane derivatives substituted with
phosphorohydrazide in position 3 has been investi-
gated recently®? for which bifurcated hydrogen bonds
exist with one acceptor center, oxygen atom, and with
two proton-donating bonds, N—H and C—H. Three
crystal structures were investigated, and for one of
the cases considered, the crystal structure of (E)-3-
{[(diethoxythiophosphoryl)-hydrazon]-methyl}-4-hy-
droxy-2H-1-benzopyran-2-one, there is an additional
resonance-assisted O—H---N hydrogen bond. Figure
20 shows the dimer of this species where the bifur-
cated hydrogen bonds are visible as well as the above-
mentioned intramolecular H-bond. This IRAHB,
O—H---N, affects strongly the strength of the bifur-
cated H- bond the N+-O donor—acceptor distance for
this structure amounts to 2.895(4) A, whereas for the
other two related structures Wlthout RAHBsS, these
values within the corresponding bifurcated H-bonds
amount to 2.956(3) and 2.911(3) A. This means that
IRAHB causes an increase of the acidic character of
the N—H bond for the first species. Additionally, the
N—H---O contact within the bifurcated H-bond for the
structure with additional RAHB is close to linearity,
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174(4)°, whereas for the other cases, such angles are
equal to 165(3)° and 167(3)°.

Another example is the structural evidence for
resonance-assisted O—H---S hydrogen bonding in-
vestigated by Steiner.3?¢ The author has claimed that
the shortest hydrogen bonds of the O—H-:-S type
occur in monothio-3-diketones and related sub-
stances, for which the H:--O distances are of about
1.9—-2.0 A. As evidence that they are RAHBs, two
relationships for the species taken from Cambridge
Structural Database are given,?°? the first one be-
tween g; and g2 and the second one between the @
value and the O---S distance, where q1, g2, and @
were described before. However, the relationships
presented are based only on six points. Additionally,
q1 is the difference between different types of bonds
C—0 and C=S, and the parameter @ was defined for
homonuclear O—H---O RAHBs.?” Despite these res-
ervations, it seems that the systems studied are
really RAHBs because one can see considerable
equalization of CC bond lengths, the elongation of
the proton-accepting C=S bond, and the shortening
of C—0 bond. For example, for the molecular struc-
ture of mercapto-1,2-diphenylprop-2-en-1-one deter-
mined by neutron diffraction, there are the following
bond lengths C—-0O, 1.321 A; C=C, 1.396 A; C—C,
1.410 A; and C=S, 1.675 A, showing m-electron
delocahzatlon and equalization of CC bonds (the
difference amounts to 0.014 A). Detailed studies on
this type of intramolecular H-bonds, O—H---S, and
additionally on the related interactions, S—H---O,
were performed by Gonzilez et al.??” The authors
performed B3LYP/6-31G(d) calculations on thio-
malonaldehyde and its simple derivatives. The sub-
stituent effects on the strength of intramolecular
hydrogen bonding were also studied. The species
were not investigated in terms of RAHBs, but the
results show that they may be classified as such
systems and that they do follow the features de-
scribed in the previous sections. If one considers the
Z-enethiol form with the S—H-:-O H-bond (see Chart
16), then there are the following bond lengths of the

Chart 16

ring system: di, 1.741 A; dy, 1.358 A; d, 1.455 A; d,,
1.232 A, and the H---O distance is equal to 1.898 A.
The electron density at H---O BCP is equal to 0.034
au.

According to the statement of Bertolasi et al.,'62 the
electron-withdrawing R; or the electron-donating R;
substituents for O—H---O IRAHB (Chart 1) influence
the strength of the H-bond. This is in force here
because for the monofluorine derivative of Z-enethiol
the H---O distance amounts to 1.785 A and the
electron density at the corresponding BCP is equal
to 0.043 au, if Ry = F. The H:--O distance and the
electron density at BCP amount to 2.015 A and 0.026
au, respectively, if R3 = F. Hence the F substituent



3540 Chemical Reviews, 2005, Vol. 105, No. 10

makes the H-bond stronger for the former case and
weaker for the latter, because the H---O distance may
be treated as an approximate measure of the H-bond
strength. On the other hand, if one considers the
Z-enol form (see Chart 17), then similar findings may
be pointed out.

Chart 17

For the unsubstituent species, the H-+-S distance
is equal to 2.062 A and the electron density at H:--S
BCP is equal to 0.041 au, whereas for R; = F, the
corresponding values are equal to 1.961 A and 0.050
au, respectively. For R3 = F, one can have H:--O
equal to 2.118 A and the corresponding electron
density at BCP equal to 0.036 au. The equalization
of bond lengths is the greatest for R; = F because
the difference between C—C and C=C bonds amounts
to 0.028 A; the same difference for R3 = F is equal to
0.050 A.

Recently simple systems with intramolecular hy-
drogen bonds have been analyzed with the use of
DFT and ab initio methods.??8 BSLYP/6-311++G(d,p)
and MP2/6-311++G(d,p) calculations were per-
formed. The OH, SH, NHy, and CHj; groups were
selected as proton donors, and N, O, and S atoms
were selected as the accepting centers. Systems
similar to malonaldehyde (see Chart 1; R; = Rs = Rg3
= H) were investigated in this study. Malonaldehyde
was investigated as the species with the O—H proton-
donating bond; the oxygen atom was investigated as
an acceptor center (Chart 1); and the other species
were investigated with the mentioned donors and
acceptors. The systems with two types of C—H
proton-donating bonds were analyzed, with one of
them originating from the CH; group and the other
from O=C—H. For some of the systems calculated at
the MP2/6-311++G(d,p) level of theory, the optimized
molecular structures were not obtained, and hence,
the description presented here is based only on DFT
results. However, the MP2 results are in line with
the DFT ones.

On the basis of the results reported earlier,3?8 Table
5 presents some geometrical and topological results
concerning the systems mentioned above. The H---B
(where B designates the acceptor center) distances,
C—C and C=C bond lengths, as well as electron den-
sities at H---B BCPs are given. If one assumes that,
for H---B, the electron density at the corresponding
BCP, and its Laplacian are the rough estimators of
the H-bond strength, the conclusions are as follows.
The proton-donor strength may be ordered in the
following sequence (Table 5): OH > SH > NH, > CH.

The sulfur atom may be the stronger or weaker
proton acceptor than the oxygen acceptor; it depends
on the kind of donor. The S—H---S hydrogen bond is
stronger than S—H---O, but O—H---0 is stronger than
O—H---S. These results are supported by other
topological parameters; the greater pg...s values cor-
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Table 5. Geometrical (in 10\) and Topological
Parameters (in au) of the Intramolecular Hydrogen
Bonds; H---B Distances, C—C and C=C Bond Lengths,
and the Electron Densities at H---B BCPs and Their
Laplacians Are Given®

R(C—C)—
system H--B C=C C-C r(C=C) PH-B

CHs**N 2.380 1.344 1.468 0.124
NH;:-*N 1.969 1.368 1.437  0.070
OH:-*N 1.680 1.362 1.439  0.077
SH--*N 1.879 1.355 1.450  0.094
O=CH--N 2.425 1.346 1.473  0.127
CHs--O 2.316 1.345 1475 0.130
NHz---O 1.973 1371 1.436  0.065
OH---O 1.701 1.364 1.438 0.074
SH:--O 1.931 1.357 1.453  0.097
O=CH---O 2.343 1.346 1.487 0.141
NH;---S 2.261 1.382 1.412  0.030
OH:---S 2.053 1.373 1416  0.043
O=CH---S 2.762 1.351 1.456  0.105
SH---S 2.136 1.369 1424 0.054

Vsz...B

0.0139 0.0465
0.0296 0.0973
0.0566 0.1110
0.0384 0.0984
0.0130 0.0429
0.0143 0.0485
0.0267 0.0980
0.0487 0.1347
0.0307 0.0976
0.0139 0.0466
0.0275 0.0597
0.0428 0.0547
0.0112 0.0333
0.0381 0.0564

¢ The results in this table are summarized from the values
given in ref 328.
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Figure 21. Relationship between the CC bond lengths’
difference (in A) and the electron density at the H:--B BCP
(in au). @, B, and A correspond to N, O, and S acceptors,
respectively, and O, O, and A correspond to those where
the NH; group is the proton-donating one.

respond to stronger H-bonds; also, Laplacian VZpy...s
correlates with the H-bond strength. However, it
should be mentioned here that homonuclear H-bonds
are usually stronger than the heteronuclear ones.%3
The results within Table 5 also show that the OH
bond is the strongest proton donor and the nitrogen
center is the strongest acceptor. There are also
differences between the C—C and C=C bond lengths
included within Table 5, which show that the systems
analyzed are resonance-assisted intramolecular hy-
drogen bonds. The equalization of CC bonds within
the system briefly correlates with the corresponding
H-bond strength. However, such rough relationships
are fulfilled within the sample of the same type of
acceptor. Additionally, the species with the NHo-
donating group are out of these correlations. Figure
21 shows those dependences. Hence, the difference
between the CC bond lengths (C—C and C=C, i.e.,
ACC) is the approximate measure of the degree of
m-electron delocalization and reflects the H-bond
strength. Thus, one can expect that for the stronger
H-bonds there is the more efficient mixing of reso-
nance forms.
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In recent years, some other intramolecular H-bond
systems, for which the effect of w-electron delocal-
ization may be detected, have also been investigated.
For example, for the A—H---B systems where A = O
and S and B=Se and Te, high-level G2(MP2) ab initio
and DFT B3LYP/6-311+G(3df,2p) calculations have
been performed.??° The effect of m-electron delocal-
ization was even detected for intramolecular dihy-
drogen bonds.318

4.6. Strength of Resonance-Assisted Hydrogen
Bonds and the Principle of the Minimum  APA

It is well-known that homonuclear O—H---O H-
bonds are stronger than the relative heteronuclear
N—H:--O ones. This is particularly evident for the
intramolecular resonance-assisted hydrogen bonds.
Gilli and co-workers claimed!? that O—H---O RAHBs
are stronger than the related N—H---O systems
because for the latter the symmetry is broken and
there is no effective mixing of two resonance forms;
such mixing leads to m-electron delocalization and the
enhancement of hydrogen bonding. This statement
was developed later within the so-called ECHBM.?3!
According to this model, the strong O—H---O RAHBs
are partly if not mainly covalent interactions, whereas
the N—H:--O bonds are more electrostatic in nature,
not covalent, and hence are weaker.

The nature of the RAHBs may also be explained
within the principle of the minimum difference
between A and B proton affinities APA within the
A—H---B H-bond or of the minimum ApK,, where
ApK, is the difference between the two interacting
groups as measured in a proper polar solvent.330-333
According to this principle, the heteronuclear reso-
nance-assisted N—H---O hydrogen bonds may be
enhanced if, for the —IN(R)H, proton-donating group,
the R substituent is electron-attracting, which means
it is able to decrease the APA value and hence
increase the acidity of the NH bond. This statement
was confirmed many times by various experimental
and theoretical results. For example, the proton-
transfer process within simple enaminones was
investigated using the MP2/6-311++G(d,p) and MP4/
6-311++G(d,p) levels of theory, and the Bader theory
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was also applied in that bonds’ analysis.?*® Generally,
the results indicate that the systems with the
N—H:---O intramolecular hydrogen bonds are more
stable than those containing O—H-:N bonds, al-
though the O—H---N H-bonds of analogous tauto-
meric forms are stronger. However, the inclusion of
the proper R substituent within the —N(R)H, proton-
donating group, may change this relation.

The enol and keto forms of simple enaminones were
considered in the mentioned study,?*8 the transition
states for those tautomers were also taken into
account (Chart 18). In the case of two tautomeric

Chart 18
H. R H._ _R* H 4
o IN/ o™ N | \N/R
R1J§/kR3 R1J\%kR3 1J\%\R3
R R? R?
(a) TS (b)

forms, iminoenol and enaminone (with Ry = Ry = R3
= R4 = H), and their transition state, the calculations
were performed at MP2/6-311++G(d,p) and MP4/6-
311++G(d,p) levels of theory. Additionally, the MP2/
6-311++G(d,p) calculations were performed for such
derivatives where Ry = F, Rs = F, and Ry = F or Li.
Table 6 presents the selected geometrical, energetic,
and topological parameters of the systems analyzed.
If one considers the energies of the whole species with
intramolecular H-bonds, one can see that for R; =
Rs = R; = R, = H the system with the N—H---O
H-bond (enaminone) is energetically more stable; for
all of the systems considered, the enaminone tauto-
meric form exists, whereas the iminoenol form does
not always exist. This is in line with most of the
crystallographic studies on the related systems be-
cause in organic crystals the enaminone form is more
common than the iminoenol one.?*® The situation
changes if one considers the derivative with Ry = F
because in such a case the form a (see Chart 18) is
more stable because of the substituent effect. The
fluorine atom is the electron-withdrawing substitu-
ent, which lowers the proton affinity of the nitrogen

Table 6. Selected Geometrical (in A), Energetic (in kcal/mol), and Topological (in au, e/a,®) Parameters of the
Simple Iminoenol and Enaminone Derivatives; for the a Form, There Is the O—H---N H-Bond, and for the b Form,

the N—H:--:O One®

R1,R2,R3,R4 tautomeric form d(O,N) Rc-c — Re—c energy® V2001 V2o N
H,HH,H a 2.580 0.077 5.87 —-2.175 0.117
TS 2.390 0.024 8.43 —-0.379 —0.863
b 2.705 0.070 0 0.102 —1.825
HHHH a¢ 2.650 0.099 5.97 —2.392 0.115
TSe 2.387 0.029 11.12 -0.331 —-0.261
be 2.744 0.084 0 0.092 —1.811
F,H,HH b 2.765 0.070 0 0.084 ~1.812
HHJFH a 2.635 0.078 0.05 —2.288 0.113
TS 2.397 0.006 5.17 —0.140 —0.390
b 2.682 0.072 0 0.108 —1.819
H,H,HF a 2.668 0.088 0 -2.413 0.108
TS 2.367 0 11.82 0.083 —0.086
b 2.591 0.062 8.80 0.112 —1.975

H,H,H,Li b 2.813 0.036 0 0.0292 0.3234

@ The results in this table are summarized from the values given in ref 248. ® The difference in energy between the system
considered (tautomer or TS) and the related tautomer of the lowest energy. ¢ MP4 results.
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atom. This finding strongly confirms the above-
mentioned principle of the minimal value of APA. For
Ry = Li, only the form b exists because Li, the
electron-donating substituent, causes a substantial
increase of proton affinity of the nitrogen atom, which
is reflected in the increase of the APA value, and
hence the tautomeric form a does not exist at all. The
calculations were performed for the tautomer a with
R4 = Li, but the optimized structure always collapsed
into the b one. Table 6 also presents the O---N
distances that may be treated as an approximate
measure of the H-bond strength; for the shorter O---N
distances, i.e., the stronger H-bonds, the whole
systems are characterized by greater energy. In the
case of transition states of the highest energies, there
are the strongest H-bonds studied.?*® Such a situation
was also analyzed for the molecules of the keto-
hydrazone-azoenol series,?** and it was pointed out
that it expresses the Hammond postulate3?® and leads
to the rule stating that the less stable form, being
closer on the reaction path to the transition state,
always contains the stronger (shorter) H-bond. Hence,
the H-bond of the transition state is the strongest
one in comparison with the other H-bonds of the
same system.

The results of Table 6 approximately confirm the
previous findings®”1%3 that the greater m-electron
delocalization and further equalization of C—C and
C=C bonds, the stronger is the hydrogen bond. One
can see the greatest equalizations for transition
states. This is also reflected in the values of Lapla-
cians for BCPs of H---O(N) contacts that are negative,
as for covalent bonds. This is in line with the
electrostatic covalent model of the hydrogen bond
because it shows that for very strong H-bonds the
H---B interaction is partly covalent in nature.

For the same group of species, the correlation
between descriptors of H-bond strength was found,
i.e., the dependence between electron density at H---B
BCP and electron density at RCP existing in the

o DA o
“’.

0 005 01 015 02 025
electron density at H...O(N) BCP

Figure 22. Correlation between the electron density at
the ring critical point (RCP) of the ring created because of
the formation of intramolecular H-bond (in au) and the
electron density at H---B BCP (in au). (®) H---N contacts,
(m) H---O contacts, and (O and O) same values of the
transition states. Reprinted with permission from
(Rybarczyk-Pirek, A. J.; Grabowski, S. J.; Matecka, M.;
Nawrot-Modranka, J. J. Phys. Chem. A 2002, 106, 11956),
copyright 2002, American Chemical Society, Washington,
DC.
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pseudoring with the intramolecular H-bond. Figure
22 shows this dependence. One can observe that the
greatest values of both electronic densities correspond
to the strongest H-bonds for the transition states.

4.7. Diversity of Resonance-Assisted Hydrogen
Bonds

There are different kinds of hydrogen bonds as-
sisted by resonance, both intermolecular as well as
intramolecular ones. In one of their previous studies
on RAHBS, Gilli and co-workers collected the molec-
ular fragments that may be implemented in the
phenomenon of RAHB.3” The following species
were indicated as intramolecular H-bond systems:
enolones, enaminones, enamino-imines, and enol-
imines, and the following ones as intermolecular
hydrogen bonds: amide—amidine coupling, amide
dimers, and thymine—adenine and cytosine—guanine
couplings. In those studies, the next cases supported
by X-ray crystal structure investigations and the
search through the Cambridge Structural Database
were indicated.?3® Among the systems indicated and
investigated to a greater or smaller extent, the
dimers of the Watson—Crick AT and GC base pairs
seem to be the most important because of their great
importance in biological processes. It was shown that
AT and GC base pairs are in essence electrostatic
interactions with substantial resonance assistance
from the 7 electrons.?3” The authors performed BP86/
TZ2P calculations (TZ2P designates a triple { plus
double polarization type basis?®), and finally, they
concluded that hydrogen bonding in DNA base pairs
is not only an electrostatic phenomenon. This inter-
action also contains the charge-transfer contribution,
owing to donor—acceptor orbital interactions between
the oxygen or nitrogen atom lone pairs, and N—H ¢*-
acceptor orbital interactions, being of the same order
as the electrostatic interaction. The effect of polariza-
tion within the m-electron system provides an ad-
ditional stabilizing interaction. This effect is respon-
sible for a decrease of the H-bond length by about
0.1 A. The authors have concluded that in the
hydrogen bonds charge-transfer and electrostatic
interaction are of the same order of magnitude. There
is also assistance by the 7 system through a delocal-
ization; however, an order of magnitude smaller than
the two attractive interactions mentioned above.
Furthermore, the authors have shown with the
change in the Voronoi deformation density (VDD)
charges?3 that there occurs charge transfer in the o
system and delocalization in the & system, counter-
acting the charge flow of the o system. Therefore,
these hydrogen bonds can be named RAHBs. How-
ever, the authors also found that there is no syner-
getic interplay between the ¢ system and the x
system in the meaning of enlarging the interaction
of the other by acting simultaneously.

Another type of intermolecular RAHBs is that of
carboxylic acid dimers. It is well-known from earlier
studies on the crystal structures of carboxylic acids
that these species in the solid state often form
centrosymmetric dimers (Chart 11).3%33 Usually, for
such dimers, there occurs a considerable change of
geometrical parameters in comparison with the single
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carboxylic acid molecules existing for example in the
gas phase.?? Among various geometrical changes,
there is also the equalization of C—0O and C=0 bonds
of the carboxylic group. There are different effects
causing such equalization: mesomeric effect of the
carboxylic group, dynamic and static disorder en-
hanced in crystals by the lattice forces, etc.2’® How-
ever, such equalization, in accordance with the
electrostatic covalent model of hydrogen bonding,23!
may be explained in terms of the existence of reso-
nance forms, s-electron delocalization, and further
the resonance-assisted H-bonds for dimers of car-
boxylic acids.

The features of intermolecular resonance assisted
hydrogen bonds existing within carboxylic acid dimers
were investigated extensively for the pyrrole-2-car-
boxylic acid molecules.?4%341 Monomeric and dimeric
forms of this species were investigated using infra-
red and Raman spectroscopic experimental tech-
niques as well as DFT and ab initio calculations
performed at different levels of theory: B3LYP/6-
311+G(d), BSLYP/6-311++G(d,p), MP2/6-311+G(d),
and MP2/6-311++G(d,p). The crystal and molecular
structure of pyrrole-2-carboxylic acid was also deter-
mined by single-crystal X-ray diffraction.?4!

Chart 19 shows which types of dimers of pyrrole-
2-carboxylic acid were investigated theoretically.?4!
The strongest H-bonds were detected in this study
for the A and B dimers; H-bonds for the C dimer

Chart 19
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are weaker. This was confirmed by energetic, geo-
metric, and topological (AIM) results. It was also
checked that the H-bonds for A and B are stronger
than those of the formic acid dimer, because the
corresponding H-bond energies calculated at the
MP2/6-311++G(d,p) level of theory and corrected for
BSSE amount to 7.9, 7.4, and 6.6 kcal/mol, respec-
tively (energies of the single O—H---O bonds; all
dimers are centrosymmetric and hence contain two
equivalent H-bonds). Hence, one may conclude that
pyrrole rings would affect the geometry of pyrrole-
2-carboxylic acid molecules; i.e., there would be
additional m-electron delocalization, which makes
H-bonds of A and B stronger.

5. Distant Consequences of the H-Bond on the
st-Electron Delocalization

Resonance-assisted hydrogen-bond cooperativity®”
takes into account distant interactions that associate
the H-bond region with the remainder of the system.
The Gilli @ or 1 parameter?” or Grabowski A,
parameter?®® describe m-electron delocalization in the
m-electron spacer, linking the proton-donating and
proton-accepting parts of the H-bond. Gilli et al. in a
collection of papers?37.162.163,175,.264,322.334 haye shown
numerous dependences of the 4 parameter on various
parameters of the H-bond, indicating in this way
association of the m-electron delocalization in the
spacer with the nature of the H-bond. Moreover,
geometry-based analyses applying a simple descrip-
tion by use of canonical forms allowed to show some
distant consequences of the H-bond.175264,322,334

The aim of this chapter is to show how the H-bond
of various kinds and strengths affect m-electron
delocalization in the remainder of the system, which
may be not only the m-electron spacer but also
aromatic moieties. In particular, an attention is paid
for the relations between s-electron delocalization of
the aromatic part of the system and the nature of
the H-bond. For this purpose, indices of aromaticity
will be used,*® which well describe z-electron delo-
calization and allow one to relate their magnitudes
to the values for well-known aromatic systems.

5.1. Aromaticity Indices as a Measure of
m-Electron Delocalization

m-Electron delocalization is revealed in various
ways, and many chemical and physicochemical prop-
erties of chemical compounds are associated with this
phenomenon. One of the most important terms in
organic chemistry, the aromaticity,?*? refers directly
to m-electron delocalization observed in cyclic sys-
tems. The definition reads:34>73% a cyclic m-electron
compound is aromatic if there appears a measurable
m-electron delocalization in the ground state of the
molecule. This is associated with (i) an increase of
stability related to the system without cyclic 7-elec-
tron delocalization. In this way, the concept of
resonance energy (abbreviated as RE) was de-
fined?46347 and had served very early as a quantita-
tive measure of aromatic stabilization.?3348 Actually,
this quantity is defined in a more refined way and
named as the aromatic stabilization energy (abbrevi-
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ated hereafter ASE);3° for an extensive review, see
the paper by M. K. Cyranski, this issue; (ii) inter-
mediate bond lengths, close to the mean value of the
length for the typical single and double bonds. The
first quantitative approach was done by Julg and
Francoise,?® and then it was refined in various
ways.3%07353 For the most extensive review see, ref
354; and (iii) m-electron ring current formation when
the molecule is exposed to the external magnetic
field 3557359 that is associated with an anisotropy of
magnetic susceptibility, an increase of exaltation of
magnetic susceptibility, and typical 'TH NMR chemi-
cal shifts.?%% A nucleus-independent chemical shift,
hereafter abbreviated NICS,361362 is also frequently
used to describe this property.

On the basis of the above presented features of
aromatic molecules, many numerical descriptors of
aromaticity, named aromaticity indices, have been
introduced and applied in numerous discussions of
m-electron delocalization (e.g., ref 40).

Even if the aromaticity indices are not equiva-
lent,3637369 in the case of a family containing very
similar structural patterns, they may inform equally
well about the changes in sz-electron delocaliza-
tion.369-371

There are many quantitative measures of aroma-
ticity, which in principle are strongly associated with
m-electron delocalization.?4° The choice made in the
present review is based on a frequency of their use
for the title problems and availability of the data in
the literature.

The geometry-based aromaticity index HOMA (ab-
breviation from harmonic oscillator model of aroma-
ticity) works on the assumption that geometry is
strongly related to electron distribution. This is
supported by the Hellmann—Feynman theorem,3"
which may be formulated as follows: distribution of
electronic density in the molecule determines the
forces acting on the nuclei, which in turn define the
geometry of the molecule in question. Thus, geometry
may provide reliable information about the electron
distribution, and when employing appropriate refer-
ences, it may be used to describe s-electron delocal-
ization. The HOMA index is defined as below (eq
21),%50 extended later into m-electron systems with
heteroatoms?52

HOMA =1 — %z(Ropt ~R)? (21)

where n is the number of bonds taken into the
summation and a is a normalization constant (for CC
bonds o = 257.7) fixed to give HOMA = 0 for a model
nonaromatic system (the Kekule structure of ben-
zene) and HOMA = 1 for the system with all bonds
equal to the optimal value, Ry, assumed to be
realized for full aromatic systems. For CC bonds, Ryt
is equal to 1.388 A; this bond length differs from the
most precise value for the CC bond in benzene, which
amounts to 1.397 A3 R, is a quantity that is
obtained by the use of a model allowing the users of
the HOMA index to estimate the values of R,y for a
collection of 7 bonds (CC, CO, CN, NN, and NO).352
R; stands for a running bond length.
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The HOMA index can be analytically dissected into
two independent terms,®”* named GEO and EN,
describing quantitatively whether the decrease of
m-electron delocalization is due to an increase of bond
alternation (GEO) or the elongation of the mean bond
length (EN). The definition of this form of HOMA
index is as below (eq 22)

_1_ _ 2 4 & — R =
HOMA =1 a(ROpt Rav) + nz(Rav Rl) ]
1 - EN — GEO (22)

R,y stands for the average bond length.

There are many quantitative measures of aroma-
ticity; however, in the past decade, the nucleous-
independent chemical shift (abbreviated hereafter as
NICS)%62375 has deserved substantial attention.
NICS?62 and NICS(1)?"® are defined as the negative
values of absolute shielding in the center of the ring
(NICS) and 1 A above this [NICS(1)], respectively.
Very recently, the idea of NICS was a subject of a
vivid disputation at the European Science Founda-
tion Exploratory Workshop, Exeter, U.K., July 5—9,
2003,%76 and as a consequence, an improved version
of NICS was presented. It was already suggested
earlier for the studies of s-electron delocalization in
antiaromatic systems to use the component of the
NICS tensor corresponding to the principal axis
perpendicular to the ring plane, NICS(1),,.3"" This
idea found substantial support in the discussion as
a better measure for the characterization of the &
system of the ring.3”® In all of the cases, the more
negative were the NICS values and the more aro-
matic was the m-electron system.

5.2. Intermolecular H-Bond Systems and
Modeling of the o~ and s&-Electron Interactions
between the H-Bond and Aromatic Ring

The problem of distant structural consequences of
the H-bond on R; or Ry (eq 1 in chapter 1) im-
mediately raises a question: what kind of interaction
causes the changes in geometry? Generally, this
problem has not been solved yet, but for some cases,
attempts have been made. An approximate answer
was given by a systematic study of pentachlorophenol
H-bond complexes with various bases. It was shown
that a-bond lengths, o angle, and CO bond lengths
(for labeling, see Chart 20) are nicely correlated with
each other and with the correlation coefficient (or its
absolute value, because it depends upon the sign of
the slope) at the level of 0.94 or better.3™

Chart 20

V) (n
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One of these dependences, viz. the C—O bond
lengths dc-o versus a(av), (the averaged value of a;
and ag) allows one to build up a qualitative model
describing the o-electronic (Chart 20) and mesomeric,
i.e., m-electronic (Chart 21) effects on the geometry
patterns in the ring.

Chart 20 also shows limiting resonance structures
for H-bond interactions between the hydroxy group
of phenol and the basicity center of the proton-
acceptor B for the o-electronic mechanism of interac-
tions. The effects on ring geometry and basicity
centers are not shown.

Chart 21 shows the resonance structures describ-
ing the consequences of sz-electron delocalization
because of H-bond interactions between the hydroxyl
group of phenol and the basicity center of the proton-
acceptor B for the mesomeric, i.e., m-electronic mech-
anism of interactions.

In both cases, the shortening of CO bond length
leads to a lengthening of both a bonds. Thus, the dif-
ferentiation may be done by analysis of the magni-
tude of the slope of R(CO) versus a(av) dependences.
The procedure for estimating the values of the slopes
for these two cases is based on a model in which the
limiting cases for CO and a(av) bonds are ap-
proximated by situations in which mostly the o- or
m-electronic mechanisms operate.3” Apart from the
intermolecular case used for testing the model, it was
also shown that, in the intramolecular H-bond sys-
tem, N-salicylideneanilines, the dominant changes in
geometry in the ring are due to the mesomeric
effects.380

To differentiate the structural consequences of o-
or s-electronic mechanisms of the H-bond affecting
the ring, the following approximate approach was
applied.?” Chart 20 presents two canonical struc-
tures describing the enol tautomer of the hydrogen-
bonded system that allows us to describe the differ-
ence in electron distribution because of the H-bonding
of the OH group. The increase in strength of the
OH---B interaction increases the weight of canonical
structure II, which then describes more adequately
the system in question.

If the negative charge at the oxygen is not de-
localized, its increase implies a decrease of the oxygen
atom’s electronegativity.3®! Application of the Walsh—
Bent rule38238 postulates that the decrease of elec-
tronegativity causes a decrease of the 2p orbital
contribution to the hybrid orbital along the CO bond
(sp? — sp?™) and an increase along both a bonds (sp?
— sp?™2), Chart 22 presents a scheme of the changes
in hybridization at the carbon atom as a result of the
increase of a negative charge at the oxygen atom. In
consequence, the CO bond length should be shortened
and C,Cq and C:Cg bonds (i.e., bonds a1 and ag, Chart
20) should be lengthened (and the a angle should
become sharper).

Chart 22
+0
H -5 .7 H
sp? 0 sp2x
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In a limiting case, when x = 1, the model situation
reads as follows: the CO bond length for C(sp?1 =
sp) is as in the case of the CO, molecule (1.165 A),384
whereas the CC bond length for C(sp?™2) may be
taken as a mean value from the CC bond length in
ethane (1.534 A)384 and the central bond in buta-1,3-
diene (1.465 A). Thus, the CC(sp®*2) bond length is
appr0x1mated by 1.4995 A. Another limiting situation
is for the CO bond length with C(sp?*'! = sp?) that
may be modeled by the CO bond length from metha-
nol (1.421 A)3# and the mean value of the central
bond lengths from buta-1,3-diene (1.465 A)384 and
buta-1,3-triene (1.284 A), Wthh equals 1.4245 A. In
the system of coordinates Rco and Rec for these two
limiting cases, the straight line is defined as

This equation describes the situation in which the
o-electron effect causes the changes of the CO and
both a bond lengths.

Chart 21 presents the canonical structures that
show the m-electron distribution because of the H-
bond of the OH group and delocalized over the ring.
Two limiting situations may be defined. For one
situation, the Rc—o and Rc¢-c are taken from the
geometry of acroleine (1.271 and 1.484 A),3% respec-
tively. For the other one, the C—OH and CC bond
lengths are taken from phenol386 with the values
1.3745 and 1.3912 A, respectively. The equation for
the straight line for these two points is

RCO = _1'7RCC + 3.74 (24)

In both cases, of the o- and z-electron models of
interactions, the changes are qualitatively alike and
only the numerical values of the slopes may be given
a chance to show which of them is dominating. The
analysis of Reo versus Rgc for 12 pentachlorophenol
H-bond complexes gave the regression line Rco =
—1.6Rcc + 3.5 with a correlation coefficient = —0.941.
Thus, it was concluded that, at least for penta-
chlorophenol complexes with N and O bases, the
m-electron model of interactions is decisive.3”

Recently, a much more extended study was carried
out on the interrelation between the geometric pa-
rameters of the ring and the strength of the H-bond
in variously substituted phenol derivatives interact-
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Figure 23. Rc-o bond lengths versus mean a-bond
lengths, correlation coefficient = —0.952. Reprinted with
permission from (Szatylowicz H.; Krygowski, T. M. Pol. J.
Chem. 2004, 78, 1719), copyright 2004, Polish Chemical
Society, Warsaw, Poland.

ing with various N and O bases.?®” Figure 23 shows
this scatter plot with the regression line that has the
form R(CO) = —1.918a + 4.025.

As we can see, the slope is close to that for the
model system presented for the s-electron model of
interactions, although it is slightly greater. This
means that, even for such a diversified collection of
H-bond systems based on the geometry patterns
retrieved from the Cambridge Structural Database
(variously mono- and poly-substituted derivatives of
phenol with substituents such as halogens, —NO,,
—NH,;, —COOH, —CONH,, —COCH;, —COOCHs,
—CHO, —OH, —SH, —N=0, —Me, —iPr, —tBu, —Ph,
—CPhgs, —SiMes, —SO3H, and —H) and very different
bases, the main kind of H-bond effect on the geometry
of the ring is mesomeric in nature, although some
contribution from the electronegativity effect cannot
be excluded.

It is worth mentioning that other dependences,
such as Rgo versus ipso angle a and o versus a(av)
are equally good, as it is shown in Figure 23.3%7 This
finding is in line with the interrelation between a
versus a(av) found for 74 monosubstituted benzene
derivatives (optimized at the HF/6-31G* level of
theory).?®® The same kind of observation was even
found for monosubstituted derivatives of tert-butyl,3%?
supporting a o-electron nature of the deformation.3%

5.3. Changes in m-Electron Delocalization in the
Ring of Phenol Derivatives Interacting via
H-Bonds with Various Bases

Application of HOMA index (eq 21) and its ex-
tended form (eq 22) revealed how z-electron delocal-
ization depends upon the strength of the H-bond, at
least in the case of a large group of H-bond complexes
of phenol derivatives. Parts a—c of Figure 243°1 show
the dependences of HOMA, GEO, and EN indices on
the C—O bond length, i.e., the approximate value of
the H-bond strength.392

It results from the scatter plot in Figure 24a that
the intermolecular H-bond of variously substituted
phenol derivatives with a variety of bases affects
dramatically with the aromatic character of the
phenolic ring. The stronger the H-bond (the shorter
dc-o0), the greater is the decrease of aromaticity.

Because of the form of the extended HOMA (eq 22),
the scatter plots of HOMA (Figure 24a) and GEO
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Figure 24. Relationship between (a) HOMA, (b) GEO, and
(¢) EN terms and C—O bond length, dc-o, for H-bond
complexes of variously substituted phenols. Reprinted with
permission from (Krygowski, T. M.; Szatylowicz H.;
Zachara J. E., J. Chem. Inf. Comput. Sci. 2004, 44, 2077),
copyright 2004, American Chemical Society, Washington,
DC.

(Figure 24b) versus d¢-o, are almost complementary;
a mediating term of EN in eq 22 is practically
negligible, as shown in Figure 24c. Thus, the changes
in the bond lengths alternation are the most impor-
tant structural consequences of the H-bond, and the
changes are remarkable. The HOMA index varies
from 1.0 to about 0.5, i.e., half of the scale between
the aromatic and nonaromatic systems! Substantial
dispersion of points in scatter plots in parts a—c of
Figure 24 results not only from a large variation of
the kind of substitution of the ring but also from
intermolecular interactions in the crystal, often
referred to as crystal-lattice-packing forces. For a
more detailed inspection, Figure 25 presents the
dependence of HOMA on CO bond lengths for seven
types of substituted phenols (for which the number
of hits in CSD is greater than 10).3% When the
OH---base interactions were modeled by pX—Ph—
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Figure 25. Dependence of HOMA on C—O bond length,
dc-o, for 7 types of substituted phenol. Reprinted with
permission from (Krygowski, T. M.; Szatylowicz H.;
Zachara J. E. J. Chem. Inf. Comput. Sci. 2004, 44, 2077),
copyright 2004, American Chemical Society, Washington,
DC.
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Figure 26. Plot of HOMA, GEO, and EN mean values
versus pKj, for seven types of substituted phenol. Reprinted
with permission from (Krygowski, T. M.; Szatylowicz H.;
Zachara J. E. J. Chem. Inf. Comput. Sci. 2004, 2004, 44,
2077), copyright 2004, American Chemical Society, Wash-
ington, DC.

O---H-:--F~ complexes, the HOMA versus dco plots
had a much more precise shape.3%*

We should note that the scatter of the points for
different complexes of a given group might result
from the difference in the kind of bases interacting
with the OH group of the phenol derivative.

The H-bond strength depends on the pK, of the
proton-donating system,*? which in turn depends
upon the kind of substituent and the nature of
bases. The first factor is taken into account by
averaging the data for a given group. The mean
values of the HOMA, GEO, and EN indices plotted
against pK, values of a particular phenol derivative
(i.e., uniquely substituted phenol derivative for which
CSD gave more than 10 hits) give a convincing
argument as to how aromaticity patterns depend
upon the H-bond strength, as shown in Figure 26.
The stronger acidity of the proton-donating substi-
tuted phenol, the stronger the H-bond is formed and
the greater the loss of aromatic character of the ring,
i.e., the lower the HOMA value. Once again, the bond
lengths alternation term (GEO) is revealed as the
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Figure 27. Dependence of first principal component of
PCA (when bond lengths of the ring were taken into
account) on CO bond length for variously substituted
phenols, cc = —0.902. Reprinted with permission from
(Krygowski, T. M.; Szatylowicz H.; Zachara J. E. J. Chem.
Inf. Comput. Sci. 2004, 2004, 44, 2077), copyright 2004,
American Chemical Society, Washington, DC.

most important in determining aromaticity of the
ring in H-bond complexes of phenol derivatives,
whereas the role of the EN term is chaotic and hence
negligible.

It should be emphasized here that the geometry
pattern of the molecules estimated by use of the X-ray
crystallographic technique may be biased by crystal-
packing forces. However, the bond lengths are the
hardest structural parameters, and in most cases,
they are less sensitive to deformation.?*® Application
of the principal component analysis (PCA)396:397 to a
set of H-bond phenol derivatives of the ring bond
lengths of 664 data set has revealed that the first
principal component (PC) explains 47% of the total
variance, and five more components are necessary to
explain 98.2% of the total variance. Thus, undoubt-
edly the side effects affect the structural data of the
ring. However, when the first PC is plotted against
the C—O bond length, dc-o, the dependence is
encouraging, as shown in Figure 27. This means that
the first PC is related to changes in the geometry
parameters of the ring caused by the H-bond of which
the strength is approximated by dco values.?2 Elimi-
nation of the sources resulting from the different kind
of substitution and using only the data for p-nitro-
phenol H-bond complexes showed again that the first
principal component explains only 51.4% of the total
variance.?®! The remaining part of variance may be
attributed to intermolecular interactions in the crys-
tal lattice. However, despite side effects resulting
from crystal-packing forces, it may be concluded that
the main effect is due to the H-bond.

5.4. Ab Initio Modeling of the H-Bond Effect on
thﬁ Rir|1g in the Para-Substituted Derivatives of
Pheno

Modeling of the OH---base interactions with a
purpose of analysis of H-bond effects on the aroma-
ticity of the ring in phenol and its para-substituted
derivatives was carried out using the Lee—Yang—
Parr correlation functional and 6-311+G** basis set
[B3LYP/6-311+G(d,p)].398~401 Two systems of H-bond
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complexes are considered: (PhO---H:--F)~ and (p-
NOsPhO---H:*-F)~, each in two situations. One of
them deals with a stronger interaction (25a) and the
other, with a weaker one (25b). Ar stands for Ph— or
p-NOzPh_

ArOH---F (25a)

ArO ---HF (25b)

The modeling was applied to the phenol— and p-
nitrophenol—fluoride complexes: the fluoride is ap-
proaching the molecule of p-nitrophenol/phenol along
the line, being a prolongation of the OH-bonding
direction, as shown in Chart 23. Partial geometry

Chart 23
F~ _F
It _H
/H’ =’
X X X = H, NO,
(a) (b)

optimization (because the O---F distance was con-
trolled and linearity of O---H---F is assumed) was
performed for all of the complexes: ArOH with F~
and ArO~---HF.

Chart 23 shows a structural scheme of the compu-
tational model: (a) fluoride approaches the oxygen
atom in hydroxyl group, and (b) hydrofluoric acid
approaches the oxygen atom in phenolate anion. The
shortening of the O---F distance is in case a associ-
ated with an increase of the energy of interactions
because of an increase in the strength of the H-bond
and in consequence with a shortening of the C—0O
bond length,??? as shown in Figure 28. In case b, the
opposite is true. The values of dc—o have already been
used as a convenient estimate of the strength of the
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Figure 28. Calculated values of interaction energy as a
function of CO bond lengths (M). Reprinted with permission
from (Krygowski, T. M.; Zachara, J. E.; Szatylowicz H. J.
Phys. Org. Chem. 2005, 18, 110), copyright 2005, J. Wiley,
New York.
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Figure 29. Calculated values of E;,; (eq 26), Eqer (eq 27),
and the sum of these terms plotted versus CO bond lengths
for the variation of O---F. Reprinted with permission from
(Krygowski, T. M.; Zachara, J. E.; Szatytowicz H. J. Phys.
Org. Chem. 2005, 18, 110), copyright 2005, J. Wiley, New
York.

H-bond in phenol complexes,!®! and recently, the
dependence of dc-o on pK, of phenols was also
found.*02

However, it is worth mentioning that the H-bond
interactions shown in Chart 23(a) are associated with
the deformation of the molecule involved, and the
energy of this change of geometry may be computed.
Equations 26 and 27 present electronic energy of
interaction and deformation, respectively.

E, . = E g(basis,g;0ptap) — E,(basis,p;optap) —
Eg(basis,p;opt,p) (26)

E ;s = E(basis,;opt,p) — Ej(basisy;opty)  (27)

where A is p-nitrophenol, B is F-, and
Ex(basisa;optap) means that the energy of mole-
cule A was calculated using internal coordinates
of the A molecule and for the geometry obtained
during optimization of complex A—B. Note that this
approach takes into account the correction for the
basis set superposition error.*®® Figure 29 presents
variation of energies of interaction and deformation
and their sum plotted against the changes of CO bond
lengths for the variation of O-:-F.

Closer inspection of Figure 29 shows that the
deformation energy decreases with the decrease of
the H-bond strength. Note that in this direction the

Chart 24

long O...F distance short O...F distance

NO; NO,
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Chart 25

NO,

ring becomes more similar to that in benzene itself;
the decrease of the quinoid structure weight is
expected as illustrated in Chart 24, which shows a
scheme of canonical structures associated with the
geometry changes in the ring because of the forma-
tion of the H-bond (Chart 23) for extreme values of
O---F distances.

Very recently an analysis of the dependences of
structural changes and s-electron delocalization on
the strength of the H-bond has been performed, and
three kinds of approaches were investigated:4%* (i)
energetic by the use of the homodesmotic reaction
(scheme in Chart 25) proper for substituent effects,40?
hereafter abbreviated as SESE (from substituent
effect stabilization energy) shown by the scheme in
Chart 25; (i) magnetism-based index NICS-
(1),,,%62375:378 and (iii) geometry-based index HOMAS37
(egs 21 and 22).

An energetic characteristic of the substituent effect
associated with the H-bond is shown by means of
variation of the SESE values in dependence on the
O---F distance. The changes for these two systems
(eqs 25a and 25b) differ significantly, as shown in
Figure 30a.

From the point of view of stabilization because of
the substituent effect, the case of O ---HF interac-
tions exhibits higher energy (21—25 kcal/mol) than
the other one, OH:--F~ (7—15 kcal/mol). This is due
to a much stronger through-resonance effect of O~
than OH as substituents interacting with the p-nitro
group. The appropriate substituent constants for
—NO,, —OH, and —O~ are ¢,” = 1.27 and ¢g," = —0.92
and —2.3, respectively.4’® In the case of the O~ ---HF
interaction, one may visualize it by a scheme in Chart
24.

The changes in H-bond strength (resulting from
and dependent on the O---F distance) cause signifi-
cant changes in aromaticity indices, HOMA (Figure
30b) and NICS(1),, (Figure 30c).

Clearly, the ArO~---HF interactions lead to a much
greater variation in the values of both NICS and
HOMA indices than the ArOH---F~ ones, in agree-
ment with the much expected stronger through-
resonance effects of substituents in the first case. The
resonance effect is also seen for phenol itself.

When the NICS and HOMA values are plotted
directly against the “strength” of the H-bond, namely,
against dc-o,%?2 the dependences are still more con-
vincing, as shown in parts a and b of Figure 31. The
H-bond affects substantially s-electron delocalization
in the ring in phenol and its p-nitro-derivative

Chemical Reviews, 2005, Vol. 105, No. 10 3549

Q
N
(4]

o
o)

»°°%°

[
(=]
1

* 0 ..HF

SESE /kcal mal ™
x
x
x

24 2.8 3.2 3.6 40
O...F distance /A

b. 1.0 —
a0o A A
L ArOH...
4

o
o
o

Mpe

0.8 1 Saq

“Aa R ArQ . HF

1a p-nitrophenol

= phenol
0-5 + L) L) Ll

24 28 32 36 4.0
O...F distance /A

12 1 A

A A
s &40

A p-nitrophenol
9 phenol

o o © ©° ©°

&

0t
\000

=27 T T

2.4 2.8 3.2 36 4.0
O...F distance /A

NICS(1) 2z
>C

Figure 30. (a) Scatter plots of SESE values (Chart 25)
for two kinds of H-bond (eqs 25a and 25b) versus the O---F
distance. Variation of (b) HOMA values and (¢) NICS(1)zz
values for ArOH:--F~ and ArO—---HF interactions for
p-nitrophenol (A) and phenol (O) complexes. Reprinted
with permission from (Krygowski, T. M.; Zachara, J. E.;
Szatytowicz H. J. Org. Chem. 2004, 69, 7038), copyright
2004, American Chemical Society, Washington, DC.
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Figure 31. Plots of (a) HOMA and (b) NICS(1),, values
versus C—O bond length for p-nitrophenol and phenol
complexes with fluoride. Two kinds of interactions are
taken into account (eqs 25a and 25b). Reprinted with per-
mission from (Krygowski, T. M.; Zachara, J. E.; Szatylowicz
H. J. Org. Chem. 2004, 69, 7038), copyright 2004, American
Chemical Society, Washington, DC.

complexes with fluoride. Again, the ArO~---HF com-
plexes exhibit a stronger variation of HOMA and
NICS indices than ArOH:--F~, following the reason-
ing presented for interpretation of parts b and ¢ of
Figure 30.

In the case of p-nitrophenol, we were able to
compute the SESE values and intercorrelation be-
tween the energetic characteristic and geometry- and
magnetism-based indices was made possible. Parts
a and b of Figure 32 show those relationships.

In both cases of relations between the substituent
stabilization effect measured by SESE and aroma-
ticity indices HOMA and NICS, a clear monotonic
dependence is observed. The strongest interaction is
observed for the systems with the least aromatic
character of the ring. This observation is in line with
the former interpretation: for (X)ArO—---HF, a strong
through resonance between X = nitro group and O~
groups takes place and hence increased stabilization
occurs.

Recently, more detailed computational [BSLYP/6-
311+G(d,p) level of approximation] analysis of the
H-bond strength affecting z-electron delocalization
in the ring was carried out for [p-X—Ph—Q---H---F~]
complexes supported fully by the experimental data
and findings discussed formerly and leading to ad-
ditional observations. When the O---F distance is
shortened (see Chart 23), at some value of the
distance, the proton transfer from ArOH:--F~ to
ArO~---HF occurs. This distance depends linearly
upon op-substituent constants with a correlation

Sobczyk et al.
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Figure 32. Relationships between SESE and (a) HOMA
and (b) NICS(1)zz. Two kinds of interactions were taken
into account (eqs 25a and 25b). Reprinted with permission
from (Krygowski, T. M.; Zachara, J. E.; Szatylowicz H. J.
Org. Chem. 2004, 69, 7038), copyright 2004, American
Chemical Society, Washington, DC.

coefficient of 0.996, indicating an increase of stability
to transfer (a larger O---F distance) with an increase
of electron-accepting power of the substituent. Simi-
larly good dependences were observed for d¢o versus
op scatter plots for ArOH-:-F~ and ArO—---HF com-
plexes, with correlation coefficients of —0.993 and
—0.995, respectively. Finally, very good monotonical
dependences of dco versus 'H NMR chemical shifts
(Figure 33a) and HOMA versus 'H NMR chemical
shifts (Figure 33b) showed a good mutual relation-
ship between the approximate measure of H-bond
strength (dco), magnetic property, 'TH NMR chemical
shifts, and geometry-based aromaticity index HOMA.

It results from all of the presented scatter plots
(Figure 30a, parts a and b of Figure 31, and parts a
and b of Figure 33) that zz-electron delocalization in
the ring of phenol and its derivative depends signifi-
cantly upon the strength of the H-bond.

In the case of OH---F~ interactions, the stronger
the H-bond, the lower is sz-electron delocalization
detected by aromaticity indices. In the case of the
hydroxy group as a proton-donating one, a decrease
of the aromatic character of the ring is caused by an
increase in double character of the CO bonds as a
result of the H-bond with fluoride. This kind of
decrease of aromaticity was also observed in the case
of pyrrole rings in porphyrines: the CC bonds in the
bridges between the pyrrole rings, C—CH—-C, are
relatively short, leading in consequence to low HOMA
values for pyrrole, in the range of 0.4—0.6 units,*7
whereas for the isolated pyrrole ring (or substituted
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Figure 33. (a) Dependence of two empirical measures of
H-bond strengths: the H NMR chemical shift of the proton
involved and C—O bond length, d¢c-o, for [p-X—PhO---
H---F]~ complexes. (b) Dependence of HOMA value on 'H
NMR chemical shift of the proton involved in [p-X—
PhO:---H---F]~ complexes. Reprinted with permission from
(Krygowski, T. M.; Szatylowicz H.; Zachara, J. E. J. Chem.
Inf. Model. 2005, 45, 652), copyright 2005, American
Chemical Society, Washington, DC.

by a group linked by a single bond) HOMA =
~>().9,407,408

A substantial change (an increase) in aromaticity
was observed in the heterocyclic bases of DNA and
RNA as a consequence of H-bond formation in the
Watson—Crick pairs. The effect was found for both,
the experimental geometries retrieved from CSD and
the ab initio optimized systems [at the MP2/6-
311+G(d,p) level of approximation].**® Figure 34
presents the dependence of global HOMA values of
the whole molecule in the DNA or RNA bases on the
number of C=0 or C=N bonds attached to the ring.
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Figure 34. Dependence of the global (i.e., over all mol-
ecule) aromaticity index HOMA on the number of C=0 and
C=N bonds attached to the ring systems. Reprinted with
permission from (Cyranski, M. K.; Gilski, M.; Jaskoélski,
M.; Krygowski T. M. J. Org. Chem. 2003, 68, 8607),
copyright 2004, American Chemical Society, Washington,
DC.

(a

Figure 35. Bond lengths (A) and bond angles (deg) of
pyridine and pyridinium cation (Majerz, I.; Koll, A. Acta
Crystallogr., Sect. B: Struct. Sci. 2004, 60, 406) and of
phenol and phenolate (Szatylowicz, H.; Zachara, J. E.,
private communication).

When the pair of bases is formed via the H-bond,
the double-bonded N or O atoms become the proton
acceptors and the bonds become longer. In conse-
quence, the aromatic character of the ring to which
the bonded N or O atoms are linked increases.

The H-bond complex of pyridine with substituted
phenol derivatives has been analyzed recently*l®
describing the changes in perturbation of the geom-
etry of the ring because of H-bond formation by use
of a function of variance for the CC-bond lengths.
Application of the HOMA index to the optimized
geometry [BSLYP/6-31G(d,p) level of approximation]
of both rings for the limiting situation, i.e., for
pyridine and its protonated form,*° and phenolate
and phenol (Figure 35) led to the following HOMA
values: pyridine (0.991), pyridinium cation (0.978),
phenol (0.971), and phenolate anion (0.577). Ad-
ditionally, the geometry of phenol and phenolate
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anion and HOMA values for these systems are
given.*!! The difference in m-electron delocalization
is negligible in the case of proton transfer in the
pyridine/pyridinium anion pair, whereas in the case
of the phenol/phenolate pair, the effect is dramatic.
This may be interpreted as follows: the basic atom
in pyridine interacts with the proton via the lone
electron pair lying in the plane of the molecule; the
nitrogen, containing only one 7-type electron, affects
weakly the ring m-electron structure. A different
situation is in the case of the phenol/phenolate pair:
the lone pair accepting proton lies also in the plane
of the molecule, but the oxygen atom contains a pair
of m-type electrons able to conjugate with the ring.
Hence, they present some kind of “surplus” and
interact stronger with the s-electron structure of the
ring, which causes a greater change in sz-electron
delocalization.

When we look at the changes of the ipso angle in
proton-donor and proton-acceptor molecules for both
pairs presented in Figure 35, it may be noticed that
the same change in both cases, namely, the accepta-
tion of a proton, increases the angle by about 7°. The
difference is observed for ipso-ortho bond lengths. In
the case of the pyridine—pyridinium cation pair, the
difference in this bond after proton transfer is less
than 0.02 A, whereas for the pair phenolate anion—
phenol, the difference is slightly greater than 0.05
A. In the case of both pairs, proton transfer to the
base leads to an increase of electronegativity of the
proton-accepting site (oxygen and nitrogen atoms)
and hence to a substantial change in the ipso angle;
the Walsh—Bent rule works.*** In the case of bond
lengths, the effect is associated not only with the
changes in electronegativity but also, even to a
greater extent, with the mesomeric effect, in other
words, with a possibility of m-electron delocaliza-
tion.37?

5.5. Intramolecular H-Bond Systems

Molecules or molecular ions containing the intra-
molecular H-bond consist of two kinds of intra-
molecular interactions, the H-bond itself and the
interactions because of the nature of the spacer. This
is a case where in eq 1 (chapter 1) R; and Ry are
linked with each other. The part linking A and B is
called a spacer.

Chart 26 presents a typical situation, in which B
is a basic atom with a lone pair (most often oxygen

Chart 26
R—B”

H—A

or nitrogen atoms) that may be involved in the
acceptation of the proton from the A—H group. The
BCCCA fragment is named a spacer. This part may
be but not necessarily a s-electron system.

Only a few attempts have been made to estimate
m-electron delocalization in the spacer applying stan-
dard descriptors, such as for instance aromaticity
indices. Application of the HOMA index to experi-
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mental geometry of cyclic thioamide $-diketone de-
rivatives,*2 in which the spacer is a m-electron
system, gave somewhat unexpected results. The
m-electron delocalization in the sulfur-containing
(H)OCCCS system is greater than in the oxygen/
nitrogen (HINCCCO---H one (Chart 27); the ranges

Chart 27

_H
o) S

N/Ph
R I

R=H, Me H
R o)

of HOMA values for these two cases are 0.47—0.75
and 0.12—0.40, respectively. It is rather not probable
that the NH---O hydrogen bond is weaker than
OH---S;3?8 thus, a different factor must work here.
In the case of the (HJYOCCCS system, there is no
double-bonded group attached to the spacer, whereas
in the case of the (H)INCCCO---H system, the C=S
group induces a stronger localization of the z-electron
system; hence, there is weaker 7z-electron delocaliza-
tion in the (H)NCCCO---H system.

The H-bond in ortho-hydroxy derivatives of Schiff
bases is a model kind of interaction for the intra-
molecular H-bond systems.*!? In most bases of this
kind studied so far in the crystalline state, the proton
is localized at the oxygen atom, but in some cases,
the proton position is disordered over two sites, at
the nitrogen and oxygen atoms. Hence, the problem
of m-electron delocalization in ortho-hydroxy Schiff
bases is well-represented in the literature. Applica-
tion of the HOMA index to the experimental geom-
etry of the spacer for seven systems of the shape as
in Chart 2844 gave the range of values 0.20—0.59.

Chart 28
H
\
quﬁ
0.
H/
Y
N7 1.X=Y=Cl
\ 2.X=0CH,, Y=H
O._o X

H

However, these relatively high values of HOMA
result rather from the push—pull interaction between
C=N and OH groups, which simultaneously are the
proton-accepting and proton-donating groups. Opti-
mization of the model system at the B3LYP/6-
311+G(d,p) level of approximation and computation
of NICS for the quasi-ring built up of the spacer and
the OH-:*N gave values in the range of 1.8—2.5
(depending upon the conformation of OH and NH
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groups), indicating a rather anti-aromatic character
of this system. Interestingly, when proton in the
model system was replaced by lithium cation, Li,
the NICS values became negative (—1.79) and HOMA
for the spacer rose to 0.945. Note that lithium has
an empty 2p, orbital that may be used for 7-electron
conjugation, whereas the energy of this orbital in the
hydrogen is much higher.

A much more representative sample (n = 47) of
experimental geometries of ortho-hydroxy Schiff bases
was used to study m-electron delocalization of the
spacer built up of N=C and two CC and CO bonds
between the H-bond-donating OH group and H-bond-
accepting nitrogen atom in the C=N bond, leading
to a similar conclusion. Moreover, no dependence
of HOMA on the N---O interatomic distance was
found.*1%

The first experimental detection of the ionic H-bond
in ortho-hydroxy Schiff bases in the crystal state was
done for 5-nitro-N-salicydeneathylamine.‘’® It re-
vealed a substantial decrease of aromaticity in the
ring for the ionic form, HOMA = 0.732. Polysubsti-
tution of benzene usually decreases the ring aroma-
ticity;*17 the mean HOMA value for 154 molecular
geometries of 1,2,4-trisubstituted benzene derivatives
(topologically equivalent to the studied Schiff base)
equals 0.96, which is in line with the value for the
neutral form, estimated for an averaged structure of
147 neutral Schiff bases, for which the HOMA =
0.972. Thus, the decrease of 7-electron delocalization
in the ring is unexpectedly large and is due to an
increase of weight of the keto form of canonical
structures. These changes are accompanied with the
opposite tendency of HOMA values for the spacer,
0.622 for the ionic form and 0.324 for the neutral one.
Interestingly, the decrease of aromaticity in the ionic
form is dominantly due to the increase of bond-length
alternation (GEO term = 0.24), similarly as the
decrease of z-electron delocalization in the spacer of
the neutral form (GEO = 0.44). Chart 29 presents

Chart 29
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Table 7. HOMA Values for the Ring and for the
Spacer for Enol-imine (Abbreviated e-i) and
Keto-amine (k-a) Form of Orthohydroxy*

HOMA HOMA HOMA HOMA
e-i/ring k-a/ring e-i/spacer k-a/spacer

level of calculation

B3LYP/6-31G(d,p)® 0.928  0.626 0.284 0.680
B3LYP/6-311+G(d,p) 0.925  0.388 0.382 0.571
B3LYP/aug-ccpVDZ  0.899  0.386 0.341 0.564
MP2/aug-cc-pVDZ 0.845 0.426 0.195 0.585

@ Schiff bases estimated at different levels of computation.
b Methyl group attached to the N atom of the base.

canonical structure weights estimated by the use of
the HOSE model.*1841° The ionic form of the H-bond
is caused by a strong through-resonance effect be-
tween the 4-nitro and 1-hydroxy groups, because of
their strong electron-accepting and -donating power,
respectively.

A recent comparative structural study on neutral
and ionic H-bonds in ortho-hydroxy Schiff bases
included not only the analysis of geometry patterns
but also the experimental charge density studies.”™
The low-temperature, high-resolution X-ray studies
employed dianil of 2-hydroxy-5-methylisophthal-
aldehyde (the case of the neutral H-bond system), 3,5-
dinitro-N-salicylidenoethylamine, and 3-nitro-N-
salicylidenocyclo-hexylamine (both ionic H-bond sys-
tems).*?° It was concluded that, according to the
geometric and bond critical point (BCP) parameters,
the neutral OH:--N hydrogen bonds seem to be
stronger than the ionic ones. Elipticities in BCPs of
CC bonds in the ring in a neutral H-bond system
(dianil of 2-hydroxy-5-methylisophthalaldehyde) are
smaller than in the case of ionic systems. This is in
line with the geometry-based conclusion resulting
from HOMA values made earlier.4'® The HOMA
values for the ring in these three systems (dianil of
2-hydroxy-5-methylisophthalaldehyde, 3,5-dinitro-IV-
salicylidenoethyl-amine, and 3-nitro-N-salicylideno-
cyclo-hexylamine) are 0.92, 0.62, and 0.60, respec-
tively. The changes of HOMA in the spacer are
opposite in the sequence: 0.35, 0.49, and 0.55,
respectively.

Theoretically based modeling of the consequences
of ionic/neutral hydrogen-bonded systems on the
m-electron delocalization parameters of the simplest
case of ortho-hydroxy Schiff base with O---H---N
hydrogen bonding*2%4?2 is presented in Table 7.

A few conclusions result from the data of Table 7.
First, the level of theory does not change substan-
tially the qualitative picture of the changes in the
m-electron delocalization in the ring and spacer.
Second, there is an approximate relation between the
m-electron delocalization in the ring and spacer, as
it was also found in experimental analyses.46:423 In
the case of neutral systems (or enol—imino systems),
high values of the indices in the ring correspond to
low values in the spacer. An opposite situation is
observed for the keto—amine states (close to ionic
states): low values of the indices in the ring cor-
respond to higher values in the spacer.

Recently, an analysis of z-electron delocalization
in the aromatic moiety and in the chelate chain was
carried out*?* for the H-bond systems as ortho-
hydroxy ketimines*?® and ortho-hydroxy ketones.*2¢
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(@) (b)
Figure 36. Structures of H-bond in (a) 2-hydroxyaceto-
naphthone and (b) ortho-hydroxyacetonaphthone-imine(2-
[1E)]-1-methylimono)ethyllnaphthalen-1-olate.

Geometry-based parameters were used, with HOMA
for estimation of the aromatic character of the ring
and plotted against the aromatic stabilization energy
(ASE) of the spacer for the H-bond system, leading
to an approximate linear dependence.*!® It results
from this dependence that an increase of the aromatic
character of the ring in phenol is associated with a
decrease of stability of the chelate chain. When
HOMA is plotted against dom, which reflects the
strength of the H-bond well, then the increase of the
H-bond strength is associated with the decrease of
aromaticity monitored by HOMA values.

Application of the same procedure to a system in
which the chelate chain belongs partly to naphtha-
lene gives information about how the H-bond interac-
tion affects ;-electron delocalization in a more distant
ring. 424

In the crystal structure of 2-hydroxyacetonaph-
thone (Figure 36a), the prevailing position of the
proton is at the hydroxylic oxygen atom, whereas
in ortho-hydroxy acetonaphthone-imine [2-[(1E)]-1-
(methylimino)ethyl] naphtha-len-1-olate (Figure 36b),
the proton resides at the nitrogen atom. The observed
differences bear substantial consequences as far as
m-electron delocalization is concerned. In the first
case, the aromaticity of the ipso ring is only slightly
lower than in naphthalene itself, HOMA = 0.746
(naphthalene = 0.827),*2” whereas for the second
ring, the aromaticity is more distant, HOMA = 0.873,
even exceeding the value for naphthalene itself. A
dramatic difference is observed in the case of the
ortho-hydroxy acetonaphthone-imine derivative (Fig-
ure 36b), with the HOMA value for the first ring =
0.310, whereas for the second one, it is almost the
same as for 2-hydroxyacetonaphthone, 0.878. Again,
we observe that in the ionic-like H-bond (the case of
ortho-hydroxy acetonaphthone-imine) system, the
m-electron rings become much less aromatic than in
the case of typically covalent H-bond systems.
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Figure 37. Dependences of electron density in BCP of
O—H bond (A) and O---H bond (O) on HOMA values for
substituted derivatives of malonaldehyde. Correlation coef-
ficients are —0.989 and 0.990, respectively. Reprinted with
permission from (Krygowski, T. M.; Zachara, J. E., Theor.
Chem. Acc., in press), copyright Springer, New York.

Another systematic study of the m-electron de-
localization is associated with differently substi-
tuted (F and Cl in three different positions) deriva-
tives of malonaldehyde.?47266268 The schemes in
Charts 14 and 15 present labeling and two conform-
ers of malonaldehyde: the bridged and “open” con-
formers.

Table 8 presents the obtained values of HOMA,
EN, and GEO calculated from geometry,?®® the elec-
tronic density (in e/a,3), and Laplacian in bond
critical points (abbreviated BCP) of O—H and O---H
and in ring critical point (RCP); all of them were
obtained from the optimization made at the MP2/6-
311++G(d,p) level of approximation.

Looking at the HOMA values and its components,
it is clear that the dominant contribution to the
variation in HOMA values results from the changes
in bond alternation (GEO term), whereas the EN
term is almost negligible. When the electron densities
in BCP of OH and H---O, the p(O—H) and p(O---H),
are plotted against HOMA, the scatter plots are as
presented in Figure 37.4%8

Surprisingly good are also the dependences of
electron density and its Laplacian in ring critical
points on HOMA values, as shown in parts a and b
of Figure 38. This means that s-electron delocaliza-
tion, which is undoubtedly monitored by electron
density and its Laplacian at the ring critical point is
well-correlated with the geometry-based index HOMA
(correlation coefficient of 0.98 or better). Similar
relationships, although slightly worse, were also

Table 8. Labeling of the Substituted Derivatives of Malonaldehyde, Values of HOMA, EN, and GEO, Electronic
Density (in au, e/a,®) and Laplacian (in au, e/a,’) in Bond Critical Points of O—H and O-:-H and in Ring Critical
Ponts, and Energy of H-Bond, Results Obtained at the MP2/6-311++G(d,p) Level of Approximation

Ri,Re,R3 HOMA EN GEO p(O—H) 0(O-+-H) p(RCP) V2p(H---0) V2p(RCP) Eug Eug®

HHH 0.61 0.06 0.33 0.326 0.05 0.0205 0.1387 0.1277 —12.15 —10.41
HFH 0.51 0.05 0.43 0.335 0.04 0.0185 0.1232 0.1126 —9.73 —8.38
H,CLH 0.51 0.07 0.41 0.331 0.046 0.0197 0.1349 0.1215 —10.83 —9.68
HHF 0.46 0.02 0.51 0.341 0.035 0.0186 0.1161 0.1096 —9.14 —9.14
H,H,Cl1 0.51 0.03 0.46 0.339 0.038 0.0189 0.1222 0.1136 —9.24 —8.63
F.HH 0.87 0.02 0.11 0.27 0.091 0.0257 0.1386 0.1647 —13.47 —8.67
CLH,H 0.76 0.04 0.2 0.296 0.072 0.0237 0.1499 0.1509 —12.49 —8.82

@ HF/6-311++G(d,p) results.
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Figure 38. Dependence of (a) electron density and (b)
Laplacian of the electron density in RCP on HOMA values;
the linear correlation coefficients are equal to 0.988 and
0.990, respectively. Reprinted with permission from
(Krygowski, T. M.; Zachara, J. E., Theor. Chem. Acc., in
press), copyright Springer, New York.

Chemical Reviews, 2005, Vol. 105, No. 10 3555

sents this dependence. Interestingly, if the com-
putations are carried out at the HF/6-311++G(d,p)
level of approximation (O in the figure), thus neglect-
ing almost completely the electron correlation, there
is practically no correlation. When the MP2/6-
311++G(d,p) level of approximation is employed,
which takes into account electron correlation, the
correlation is quite acceptable, with a correlation
coefficient = —0.92.

Recently, aromaticity of pyromeconic acid and its
derivatives has been studied*3® in three states of
charging: as cations, a neutral molecule, and anions
(see Chart 30).

Chart 30
(0]
H o
H (0] R
cation neutral molecule anion

R=H - pyromeconic acid
R =CH; - maltol
R = C,H; - ethylmaltol

The substituent effect was not significant, but the
effect of charge associated with the possibility of
H-bond formation was dramatic. Table 9 presents
aromaticity indices for pyromeconic acid; the data for
both derivatives are very similar.

Independently of the method of optimization ge-
ometry, the sequence of aromaticity index HOMA is
always the same: the most aromatic is the cation,
followed by a neutral molecule, and finally the anion.
This finding undoubtedly points nicely to a substan-
tial influence of the H-bond on s-electron delocaliza-
tion in the pyran ring. Interestingly, if the derivatives
of maltol are complexed with oxovanadium(IV) ion,*3!
then the 7-electron delocalization in the pyran ring
resembles a situation between that in the maltol
cation and a neutral molecule. The spacer OCCO
behaves as in the case of the maltol cation, indicating
an important role played by oxovanadium(IV) ion in
these complexes.

Table 9. Aromaticity Data for Pyromeconic Acid
Determined by Four Different Models of Calculation®

-8
]
o o [u]
8 A
A/
< 10 4
)
E A
8
£
W .42 A A
A MP2/6-3114+G**
O HF/6-311++G* &
-14 T T
0.4 0.6 0.8 1.0
HOMA

Figure 39. Dependence of H-bond energy on HOMA
values for two levels of theory employed: HF/6-311++G(d,p)
() and including the electron correlation, MP2/6-
311++G(d,p) (a). Correlation coefficient for the latest
relationship —0.920. Reprinted with permission from
(Krygowski, T. M.; Zachara, J. E., Theor. Chem. Acc., in
press), copyright Springer, New York.

found for 18 individual rings in 10 benzenoid hydro-
carbons.*?

The HOMA values are also well-correlated with the
energy of H-bond computed as the difference of
energy between the bridged and open conformers of
malonaldehyde (Charts 14 and 15). Figure 39 pre-

aromaticity
index HF SVWN B3LYP BILYP

neutral molecule

HOMA —0.16 0.47 0.16 0.18

GEO 1.15 0.52 0.78 0.75

EN 0.02 0.01 0.06 0.07
cation

HOMA 0.73 0.85 0.82 0.77

GEO 0.29 0.15 0.18 0.24

EN -0.02 0.00 0.00 -0.01
anion

HOMA —0.66 -0.07 —0.48 -0.47

GEO 1.34 0.71 0.93 0.94

EN 0.33 0.35 0.55 0.52

@ All computations were carried out by use of 6-311++G(d,p)

basis set.
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6. Conclusions

The earliest used criterion for the recognition of
A—H---B H-bonds was IR spectroscopy and particu-
larly the intensity and location of the v(AH) band.
The changes of these parameters are undoubtedly
associated with the changes in charge distribution
in the region of the H-bond. The 'H and bridge atoms
NMR chemical shifts as a measure of magnetic
shielding are also associated with the changes in
electron distribution. In both cases, they reveal
mainly local electron delocalization.

Sharp changes of IR and NMR parameters are
observed when approaching the so-called critical
region of the proton-donor—acceptor region associated
with the appearance of a double minimum potential
for the proton motion. In this region, one observes a
jump of the dipole moment connected with complete
reorganization of charge distribution. The existence
of the double minimum for the proton motion is one
of the most characteristic features of H-bonds.

In principle, the H-bond reveals a situation in
which a more or less ionized hydrogen atom is
immersed in electron clouds of the two closest nega-
tively charged atoms belonging to different or the
same molecule (inter- and intramolecular H-bonds).
The location of the hydrogen atom and its interac-
tions with both neighboring atoms is undoubtedly
associated with electron delocalization. This may be
both local and/or observed over a longer distance in
the systems involved in the H-bond. The latter may
be associated with cooperative interactions discussed
in terms of the resonance-assisted H-bond, which
lead to s-electron delocalization of distant bonds built
of atoms bearing 7 electrons. Formation of conjugate—
chelate rings in which the proton is formally consid-
ered as one of the members of the ring leads to some
unique features. If the H-bond ring is fused to the
aromatic system, it may affect dramatically m-elec-
tron delocalization in the aromatic part of the system.
These phenomena are revealed in the AIM and
aromacity parameters as well as 3C NMR chemical
shifts discussed in detail in this review.
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8. Note Added in Proof

Since the completion of this manuscript, a paper
appeared dealing with the tautomeric equilibria,
H-bond, and sz-electron delocalization in o-nitroso-
phenol.*3? It has shown that aromaticity of the phenyl
ring plays a principal role in stability of the favored
tautomer of o-nitrozophenol. Localization of the
m-electron structure because of a strong push—pull
effect of ortho substituents destabilizes the system.
H-bond decreasing the push—pull effect interaction
between the electron-donating group (OH or O~) and
the electron-accepting group (NO or NOH™ groups)
stabilizes the system and increases m-electron de-
localization.
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