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Structural aspects of the intermolecular
hydrogen bond strength: H-bonded
complexes of aniline, phenol and
pyridine derivatives

Halina Szatylowicz®*

This short review is devoted to the description of the effect of the nature and the strength of intermolecular hydrogen
bonds on structural properties of H-bonded complexes of aniline, phenol and pyridine derivatives. Several hundreds
of such complexes, playing an important role in organic chemistry and biochemistry, have been identified and
described in the literature. In the introductory part, the idea of the H-bond is discussed in terms of its historical
development, followed by presently accepted classification of H-bonds. Critical review of quantum methods usually
used for the calculations of the geometry of H-bonded complexes and the energies of H-bonds is then presented. In
the second part, the H-bond-induced geometrical, hybridization and aromaticity index changes are discussed. All
correlations based on quantum calculations are compared with those derived from the available crystal structure
data. Although the experimental data are more scattered than the calculated ones, their agreement is impressive. This
unequivocally shows the power of the calculation methods developed in recent years. Copyright © 2008 John Wiley &
Sons, Ltd.

Supplementary electronic material for this paper is available in Wiley InterScience at http.//www.mrw.interscience.wiley.com/
suppmat/0894-3230/suppmat/
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INTRODUCTION

'Hydrogen bond’ is one of the most important terms used in
chemistry," ! biochemistry™*®' and related fields.”® The effect
of H-bond on the reactivity, chemical, physical and structural
properties of various types of matter has been increasingly widely
studied. In the past 10 years the number of papers devoted to
diverse aspects of the H-bond, published yearly, increased two
times, reaching 9472 articles in 2007.”!

The phenomenon of the hydrogen bond formation was
mentioned for the first time by Nernst'® in 1891 as ‘dimeric
association of molecules with hydroxyl group’ Huggins
claimed™" that he had used the name - hydrogen bridge -
for the first time in 1919.'% He was the author of the first review
concerning hydrogen bridges,'® which ended with the following
statement: 'The writer ventures to predict that the most fruitful
applications of hydrogen-bridge theory will be to better
understanding of the nature and behavior of complicated
organic substances such as gels, proteins, starch, cellulose, sugars
and other carbohydrates, chlorophyl, hemoglobin and related
substances, etc.’

The first monograph on this subject was published by Pimentel
and McClellan.™ According to these authors the H-bond exists
when (i) there is evidence of bond formation, and (ii) there is
evidence that this bond specially involves a hydrogen atom
already bonded to another atom. Lately, Steiner’ proposed to
modify the second point: ‘An X-H---A interaction is called a

"hydrogen bond’, if 1. it constitutes a local bond, and 2. X-H acts
as proton donor to A.”Nowadays the strict definition is still under
discussion by a specially established IUPAC task group,”> which
in 2006 decided to propose a short definition and a list of criteria
and characteristics for the hydrogen bond. The core, following
closely the definition given by Pimentel and McClellan,”" was
given"® The hydrogen bond is an attractive interaction
between a group X-H and an atom or a group of atoms Y, in
the same or different molecule(s), when there is evidence of bond
formation.’ The principal problem is associated with choosing the
appropriate evidence of H-bond formation. As the most
important, the following criteria have been proposed: (i) the H
atom in the X-H group is more electropositive than X and (ii) the
physical forces involved in H-bonding should include attractive
electrostatic forces, this means that they should not be primarily
dispersive ones. The latter suggests a directionality of inter-
actions, which is a very important term in distinguishing between
hydrogen bonds and van der Waals forces."”?

_____________________________________________________________]
* Correspondence to: H. Szatytowicz, Faculty of Chemistry, Warsaw University of
Technology, Noakowskiego 3, 00-664 Warsaw, Poland
E-mail: halina@ch.pw.edu.pl

a H. Szatytowicz
Faculty of Chemistry, Warsaw University of Technology, Noakowskiego 3,
00-664 Warsaw, Poland

J. Phys. Org. Chem. 2008, 21 897-914

Copyright © 2008 John Wiley & Sons, Ltd.




Journal of Physical
Organic Chemistry

H. SZATYLOWICZ

The next problem to be considered is the energy borders
setting for strong, moderate, and weak H-bonds. Even the most
recent articles!'®'?! show different energy values for H-bond
energy gradation, especially for the energy of weak H-bonds,
which are close to van der Waals interactions. Parthasarathi
et all"® have shown that there is a smooth change in the nature
of the interaction from van der Waals to classical H-bonding and,
subsequently, to strong H-bonds. Hydrogen bonds in crystals
span energies between 0.2 and 40 kcal/mol." In the case of gas
phase the upper limit increases (up to about 60 kcal/mol for
[F---H---F]~ system!"?). Summarizing, a hydrogen bond, D—H---A,
is an interaction where the hydrogen atom is attracted by two
atoms, one being a part of D—H bond and another one (A), which
is the attractor of proton. This attractive interaction increases with
increasing electronegativity of the participants, D and A. From the
classical point of view, the H-bonding interactions are mainly
electrostatic in nature, but sometimes may be partly covalent.
Nowadays, the concept of a hydrogen bond includes also weaker
interactions, which in the limiting cases have considerable
dispersive-repulsive character, and merge into van der Waals
interactions. Desiraju,?” highlighting some features common to
all these bonds, suggested that the term ‘hydrogen bridge’ is a
better descriptor for them: ‘Such a descriptor recognizes an
interaction without borders and one that admits of much
variation in its relative covalent, electrostatic, and van der Waals
content.’ He proved it by showing the interplay between effects
for a number of hydrogen bonds described in the literature; his
approach is schematically presented in Fig. 1. The diagram
demonstrates H-bond as a borderless interaction: electrostatic
with variation toward covalent character (the case of very strong
H-bonds) and electrostatic with variation toward van der Waals
interaction (the case of weak H-bonds). The central region of the
sketch (Fig. 1) corresponds to the classical (conventional)
hydrogen bond. A covalent and noncovalent character of the
interaction quantify the proton acceptor distance.?'’ Moreover,
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Figure 1. The hydrogen bridge. The composite nature of the interaction
is highlighted by the three extreme situation of widely differing energies.
The sketch is not strictly quantitative but the coloring attempts to provide
a visual scale of energies. The figure serves as a rough guide to the
balance of electrostatic, Van der Waals nature, and covalency in any
X-H---A interaction. For the weak interaction, the covalent character is
very small and may be interpreted as charge transfer. A Van der Waals
interaction is considered to have dispersive and repulsive components
[Reprinted with permission from Ref. %, Copyright (2002) American
Chemical Society] [This figure is available in color online at www.inters-
cience.wiley.com/journal/poc.]
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the intermolecular distance, between the proton donor and
proton acceptor, and the model of the H-bond (e.g. charge,
resonance, polarization-assisted H-bonds, Table 1) are also used
to determine nature and strength of the interaction.?%%*

In the discussion about the power of a given hydrogen bond,
two aspects should be distinguished: (i) effects of hydrogen
bonding on physicochemical properties of the interacting

Table 1. Classification of hydrogen bonds (HB) on the basis of their selected features; energy (i.e. dissociation energy) in units taken
from original works (1 cal =4.184)J)
Very strong Strong Moderate Weak
Energy®/kJ/mol 50-100 30-50
Energy®/kcal/mol 15-40 4-15 1-4
do...a °/A 22-25 25-32 >3.2
du..a °/A 12-15 15-22 >2.2
Energy</kcal/mol 30-40 15-30 4-15 0.25-4
Energy%/kcal/mol >10 5-10 <5
Model Low-barrier HB Charge-assisted HB Polarization-assisted Isolated HB (IHB)f
(LBHB)® (CAHB)f HB (PAHB)'
Single-Well HB Resonance-assisted
(SWHB)? HB (RAHB)'
Bond Critical Point V2 pgcp <0 V2 pgcp >0 V2 pgcp >0
(BCP) Criteriah HBCP <0 HBCP <0 HBCP >0
Energy"/kcal/mol >24.0 12.0-24.0 <120
Degree of covalence' Covalent Partially covalent Noncovalent
dpoa<12A 12A<dy..a<1.8A dp.a>18 A
Interaction) Shared-Share (SS) Intermediate CS Closed-Share (CS)
Covalence degree Softening degree
a Ref. [95]; bRef. [3]; C Ref. [18,20]; d Ref. [96]; e Ref. [23]; fRef. [97, 98]; g Ref. [99]; h Ref. [100]; iRef. [21]; j Ref. [91].
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molecules, that is the proton donor and the proton acceptor, and
(ii) multiplication factor, that is the number of coexisting H-bonds.
The last case could be compared to a typical human-group-like
behavior. As separated they may be weak, easy to break,
sometimes hard to detect, but acting together they become
much stronger and support themselves, that is cooperate. One of
the best examples of these effects is the noncovalent synthesis
using hydrogen bonding (for review see Prins et al?*).
Cooperativity effect in hydrogen bond interactions was con-
firmed both in the gas phase (H,CO---(HF),, n=1,..9,
complexes;®*! chain of 4-pyridones;?® B-sheets of protein’?”-%),
in liquid (solutions of H-bonded system of poly(4-vinylpyridine)
and acids as proton donor?®) and in the solid state.'* H-bonds
may not only enhance”! but also reduce the strength of each
other. The latter effect, called ’anticooperativity, has been
investigated surprisingly little." From the point of view of
medicinal and supramolecular chemistry, the G-quadruplex,
schematically presented in Fig. 2, seems to be the most important
example of the cooperativity.*” Guanine®'! (deposited onto an
inert substrate) self-assembles into hydrogen-bonded network of
quartets (Fig. 2, R=H). The obtained G-quartet structure
(observed in a high-resolution variable-temperature STM) is
the same as found in quadruplex telomeric DNA (for review see
Davis®?). Furthermore, results of DFT calculations®" confirm
the strong preference of guanine to form quartets (the average
energy per hydrogen bond increases from 5.1 kcal/mol in the
dimer to 7.1kcal/mol in the trimer and 9.7 kcal/mol in
the quartet). The strengthening of the H-bonds within G-quartet
network relative to those in an isolated dimer arises from the
cooperative effect.

Recently, it has been found that quadruplexes (four-stranded
structures) prevail in the human genome[33] and, moreover, are
suspected of regulating telomer replication. Thus, a new rule, rule
of ‘four, was announced by Armitage.*%

Intermolecular H-bonds are the main interactions deciding
about the molecular architecture and properties of a large variety
of materials.**8 They occur independently on the state of the
matter. Structural rearrangements may take place at different
stages of the material formation: during evaporation and
condensation®®” and in solutions.*%~**!

The aim of this article is to review effects of the nature and the
strength of intermolecular hydrogen bonds on physicochemical
and structural properties of H-bonded complexes. Three aspects
should be considered: (i) changes in the region of the interaction,
that is ‘center of the reaction’; (i) the response of the directly
interacting chemical moieties to these changes; (iii) the response
of the remaining part of the molecule to the H-bond stimuli.

H

PN
i

/Y /H

_§_<
el

H

H%/ x/H

Figure 2. Hydrogen-bond pattern in G-quartet

Knowledge concerning short-and long-distance consequences
should allow to explain and/or predict properties of more
complicated systems.

For this review, benzene derivatives containing H-bond donors
and acceptors have been selected. These derivatives not only
play an important role in organic chemistry and in biochemistry
but also are crucial constituents of more complicated systems
such as biologically active molecules (macromolecules), functio-
nalized polymers, supramolecular aggregations and others. In
addition, their chemical constitution facilitates direct investi-
gation of the three aspects of the H-bond formation listed above.
Finally, H-bonds involving oxygen- or nitrogen-containing groups
constitute a large majority of H-bond-type interactions existing in
nature. In particular, hydroxybenzene (phenol) derivative,*4=4¢
aminobenzene (aniline) one™”’ and derivatives of pyridine™*® are
discussed. In the last case, the nitrogen atom, participating in the
formation of the H-bond, is an inherent part of the aromatic ring.
For this reason it is possible to follow the transmission of the
H-bond-induced effects directly to this chemical moiety.

As it has already been stated (vide supra), phenol, aniline,
pyridine and their derivatives are involved in the formation of a
large variety of H-bonded complexes. Taking into consideration
their interactions with oxygen and nitrogen atoms as acceptors
or donors, they can act as organic acids or bases. The collected
X-ray data (CSD™?') cover more than 600 structures of H-bonded
phenols,*® 300 of anilines™" and about 400 of pyridines®>?
investigated in the past 30 years. The studied systems interact
with a great variety of bases (acids) that differ not only in their
basicity (acidity) but also in other properties affecting the H-bond
interactions. It is not possible to study experimentally H-bonded
complexes with controlled and gradually changing basicity
(acidity) of the interacting counterparts. In this case, compu-
tational methods exploiting an appropriate model of H-bond
interactions, in which interactions are varied in a gradual way, are
irreplaceable. Such computational investigations enable the
prediction of other properties of given H-bonded complexes,
both in close vicinity of the bond formation area as well as at
longer distances (short- and long-distance consequences of
H-bond formation).

HOW TO MEASURE EFFECTS ORIGINATING
FROM THE HYDROGEN BONDING

Generalities

Different experimental techniques are used to study
H-bonding,”® for review see Refs.”>=® Invaluable sources of
data are results of X-ray and neutron diffraction measurements,
collected in the Cambridge Structural Database.* A great
disadvantage of the most popular X-ray diffraction method is that
it does not allow for the precise determination of the positions of
protons in a given complex,””’ but in some cases this obstacle
can be overcome.® It is noteworthy to stress that H-bonds
interactions (especially weak, noncovalent) have not always been
considered in the original papers presenting the X-ray data.”

Rich source of information concerning hydrogen bonding are
quantum chemical calculations.”® Their results not only allow to
find out the geometries of H-bonded complexes, the energy of
the interactions and molecular vibrations, but also give
supplementary information that can provide insights into the
fundamental nature of this phenomenon (covalent, noncovalent,
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electrostatic). Today, the accuracy of the computational methods
can approach that of the experiments.”” In this respect,
appropriate selection of the theoretical level (method and basis
set) of the calculations is of crucial importance,®>66961
particularly in the case of weak interactions.®**®! The secon-
d-order Mgller-Plesset perturbation method®*®*! (MP2) and
Becke-style 3-parameter density functional method using the
Lee-Yang-Parr correlation functional®®°°! (B3LYP) are recom-
mended. The used basis set should include polarization and
diffuse functions. It should be stressed that in the case of weak
interactions, DFT (Density Functional Theory) procedures may be
deficient due to their inability to take into account the dispersion
energy.®>’% |n the case of the energetic study of H-bonded
complexes, it is necessary to take into consideration the basis set
superposition error””"7? (BSSE).

A very useful tool to characterize atomic and molecular
interactions is the topological analysis. The Bader's approach,”*!
Atom in Molecules theory (AIM), is widely used to study H-bonds.
Unquestionable advantage of an analysis of the electron density
distribution is the possibility of the comparison of its findings
with results of the traditional experiment”* (accurate X-ray
measurements) and vice versa,”>”! for review see Bertini
et al”® For 83 experimentally studied H-bonds (Y—H---0, Y =C,
N, O, X-ray diffraction experiments), Espinosa et al.’*! have shown
that the length of the H-bond (distance between the proton and
its acceptor atom) summarizes essential features of these
interactions. The obtained topological properties of the electron
density at critical points (CP) of H-bonds (the kinetic and potential
energy density) and the strength of the interaction (the
dissociation energy of H-bond) depend exponentially on the
H---O distance. Similar relations have been found for dihydro-
gen-bond systems”® and many other classes of compounds such
as Schiff bases and proton sponge complexes, to name a
few,8%7831 where interactions are much more diverse than those
existing in the systems described by Espinosa.l””

Alkorta et al®®* demonstrated that logarithmic relationships
between the bond length and the electron density at the bond
critical point are capable of explaining simultaneously the
features of covalent bonds and H-bond. Moreover, the same
applies to both the inter- and intramolecular interactions.’®%53!

The AIM theory was applied, for the first time, to H-bond
complexes by Bader et al.®> Subsequently, an additional set of
topological criteria, which a bond must fulfill in order to be
considered as H-bond, have been proposed by Popelier and
coworker.®8%71 The topological and energetic properties in the
H-bond critical point are used as a measure of the H-bonding
strength!'8757988-921 and the nature of the interactions./2’%%4

Modeling H-bonded systems with gradually varying energy
of interactions

In order to consider structural changes of systems involved in
H-bond complexation for simplicity and clarity, it is useful to
model the interactions in the way permitting a gradual change in
their strength. For this reason, the modeling in accordance with
Schemes 1-3 was introduced in a series of papers dealing with
various complexes of aniline, phenol and pyridine derivatives.
In the case of intermolecular hydrogen bond, proton donor
and proton acceptor in the H-bonded complex belong to
different molecules, either of the same type or different ones.
Intermolecular H-bonded complexes of pyridine and para-

B B
H !
-B B ! :
H ‘n | nH
H.p H Hoy™ H.H H. M
X X X X

(a) (b) () (d)

Scheme 1. H-bonded complexes of aniline derivatives

X X X
(a) (b) (©)

Scheme 2. H-bonded complexes of phenol derivatives

B
H+
|

Q O
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Scheme 3. H-bonded complexes of pyridine derivatives

substituted aniline and phenol are presented in Schemes 1-3.
Particularly rich in different kinds of interactions is the case of the
amino group (Scheme 1). It can be both a proton donor,
Scheme 1(a), and a proton acceptor, Scheme 1(c). Their
conjugated forms are the anilide anion, Scheme 1(b), and the
anilinium cation, Scheme 1(d), respectively. In the case of phenol
derivatives (Scheme 2) and pyridine (Scheme 3), two principal
processes can be envisioned; these molecules can act as proton
donors (phenol or the pyridinium cation) or proton acceptors
(phenolate and pyridine), (@) and (b) in Schemes 2 and 3,
respectively. The oxygen atom of the hydroxyl group may be a
proton acceptor in H-bonded complexes' " too (Scheme 2c¢), but
it is mainly realized as its second H-bond. All possibilities of the
H-bonded complexes formation follow the scheme of inter-
actions between the Broensted acids and bases, but not always
with a final proton transfer; thus they cover two generalized
(appearance of ionic forms is not shown) reactions:

RY ~=H+B—RY—H---B (1)
and

RY +HB — RY---HB, (2)

where: RY—H means aniline, the anilinium cation, phenol or the
pyridinium cation, and RY - the anilide anion, aniline, phenolate
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or pyridine, respectively. B indicates base (acceptor of proton),
and HB its acid form (donor of the proton).

The acidities of RY—H and HB decide which of the H-bonded
system, that is RY—H---B or RY---HB, will be formed.['®?! Obviously,
a stronger acid (RY—H, HB) is a better proton donor, and a
stronger base (B, RY) is a better acceptor, but increasing acidity

has a limit, since eventually proton transfer occurs,['%'% 5o the
reactions (1) and (2) could be jointly written as
RY—H---B< RY---HB (3)

This reaction may take place when acidities (proton affinity in
the gas phase, pK; in solution) of the participants are comparable,
that is their difference is close to zero. The proton transfer
reactions are widely studied.®>'%31%! |ntermolecular distances
in the H-bonded systems formed according to the reaction (3)
should be short enough to exhibit low barrier for the proton
transfer. Such H-bonds are strong or very strong (Table 1) and are
known as low-barrier H-bonds (LBHB) or charge-assisted H-bonds
(CAHB). The LBHBs are believed to play an important role in
enzymatic reactions,?¥°”1%7=1%81 bt the opposing views on this
idea can also be found in the literature.'%'%

According to the above-mentioned results,”>! the dissociation
energy increases with the shortening of the hydrogen bond. The
length of the H-bond may be expressed by the intermolecular
distance between heavy atoms, that is proton donor and proton
acceptor, dy...g, or by proton-acceptor H-bond distance, dy...5. The
latter one is mainly used in the discussion of the calculation
results and in the case of accurate experimental data, for example
in the work of Espinosa et al.””! Nowadays, dy...s as the H-bond
length is more frequently used for the comparison of the strength
of the interaction (Table 1). It mainly comes from numerous
(fruitful) studies of the electron density properties in the critical
point of the hydrogen bond.?'7984190111  gimylation of
H-bonded complexes with controlled and gradually changing
strength of the interaction can be performed by controllable
changing length of the hydrogen bond for all complexes shown
in the reactions (1)-(3). The first two, (1) and (2) can be modeled
by gradual varying of the length of the H-bond, dy;..g or dy..., with
concomitant full optimization of the remaining geometric
parameters of the system. A more appropriate method for
simulation of proton transfer, Eqn (3), is changing the distance
between hydrogen and proton acceptor, dy..s for constant
intermolecular distance between heavy atoms, dy..s. Repeating
calculations for different separation distances of heavy atoms
(dy...s) allows to observe modifications in the energy change
profile: the number of minima (one or two potential wells) and
their mutual relation (a barrier between them). An elegant
illustration of this methodology is the work of Scheiner and
Kar,"'® where the idea of LBHBs in enzymatic catalysis was
studied.

In all the above-mentioned methods, the change of the
H-bond length, resulting in the modification of the strength of
the interaction, implies a simultaneous variation in the proton
affinity of the interacting counterpart(s). This is the case of proton
transfer reaction (3) where shortening (or lengthening) of dy...s,
for constant dy..., gives this effect. In the case of the reaction (1),
calculations of the complex RY—H:--B, for progressively
shortened intermolecular distances between the heavy atoms
(dy...), correspond to modeling interaction of RY—H with
increasingly stronger base B. Analogous calculations for the
RY---HB system, reaction (2) simulate interaction of the proton

acceptor RY with stronger acid HB. For both cases the binding
energy increases with increasing basicity (acidity) of the
interacting counterparts (e.g. relationships found for
Ph—NH,---F7, Ph—OH:-F~ and Ph—NH;---HF, Ph—O™---HF
which are presented in Fig. 3). It is noteworthy to mention
again that in the overwhelming majority of cases it is not possible
to study experimentally H-bonded complexes with controlled
and gradually changing interactions of the H-bonding type.

Modeling of H-bonded complexes with a wide range of
strengths of the interaction (from weak to strong HB) has been
used mainly to study topological properties of hydrogen
bonding. For that purpose, the best objects are small systems,
such as hydrogen fluoride®®®°" or water."'? In the first case the
variation of the energy of interaction was simulated by changing
the dy..p distance, in the second one - the intermolecular
distance between heavy atoms, do...o. The last method was tested
for H-bonded systems of para-substituted derivatives of
phenol"™® and then successfully applied for pyridine and
aniline®" derivatives. Comparison of the dependence between
the total energy of the interaction (binding energy) and
the hydrogen bond length, di..g for experimental data””!
and computational results, both simulated®®"""®! and opti-
mized,?"?" is presented in Fig. 3. Binding energy for PANH,---F~
and H,0---HOH complexes,''? as a function of the intermole-
cular distance between heavy atoms is depicted in Figs. 4 and 5,
respectively.

First, a great variety of homo- and heteronuclear hydrogen
bonds, particularly in the case of fully optimized systems,
presented in Fig. 3, should be pointed out. Moreover, the
calculations whose results are shown in Figs. 3-5 were performed
using different computational methods. CASSCF/6-311++G**
was applied by Espinosa et al®" for simulation of interaction
within the HF---HF system and optimization of XH---FY complexes.
H-bonded complexes of phenol, aniline and pyridine derivatives
with F~ and/or HF (Schemes 1-3) were simulated!"'® at B3LYP/

A
Xy Xa ’EQ
-10 4 L
A
: 0 aR48%
e Q
g
s -~ &
=
(T}
<] A PhNH,..F
-50 - ¢ Py HF 4 PhNH,..HF
¥ FH. FH A PhNH™ .. HF
- + XH. FY o PhOH...F -
= Ref [21] o FhO™ .. HF
=70 T v T T v
0.9 1.4 1.9 2.4 29 3.4
du.glA

Figure 3. Relationship between the H-bond energy, AE, and their length,
dh..s. Curve represents exponential fitting”>' for 83 experimentally
observed (Y-H---O, Y=C, N, O) hydrogen bonds. Circles, triangles and
diamonds denote simulated H-bonded complexes of phenol,"'? ani-
line!** and pyridine, respectively, with B=F~ and HB=HF (Schemes
1-3). Asterisks and pluses mean simulated (HF---HF) and optimal
(Y-F---H-X) H-bonded systems.”"’ Minuses indicate 34 complexes ana-
lyzed by Grabowski et a/2!
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Figure 4. Change in the total energies, AE, intermolecular, AE;,,, and
deformation, Afqe;, energies, and BSSE for Ph-NH,--F~ complexes as a
function of the N---F separation, dy...."'>"
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Figure 5. Change in the total (bold), AE, internal, AE(A) and AE(D), and
intermolecular, E(A|D), energies of water dimer relative to two free waters
and as a function of O---O separation [Reprinted with permission from
Ref.[""®), Copyright (2000) John Wiley & Sons, Inc.]

6-3114+G** level. For modeling H,0---HOH and [HOH.--OH]~
systems'''? MP2/6-311++G(2d, 2p) scheme was used. Full
optimization of 34 complexes (the largest variety of H-bond type,
with dihydrogen bond and H---7 interaction inclusive) was
performed by Grabowski et al.®" using MP2/6-311++G**. Solid
curve in Fig. 3 represents exponential fitting"”*' for experimentally
observed Y—H---O (Y=C, N, O) hydrogen bonds.

In spite of a large variety of interacting molecules and applied
methods, the results of the simulation are in line with
experimental data. The strength of the intermolecular interaction
increases with the shortening of the hydrogen bond. Further-
more, the same rule seems to apply for equilibrium (fully
optimized) complexes formed with a large variety of proton
donors and acceptors. A systematic study of this phenomenon
has not yet been undertaken.

Energy of hydrogen bond

The strength of the intermolecular H-bond is usually calculated as
the difference between the energy of the complex and the
energies of the isolated monomers, that is as the energy of the
reaction:

A+B—A---B )

For energetically stable systems, the estimated energy of the
interaction is negative. Positive values (absolute values) are often
presented for convenience of the discussion (Fig. 1). They can be
considered as corresponding to the process inverse to reaction
(4), that is the dissociation of the complex (Table 1). As mentioned
above, the energy should be corrected for BSSE.””"”? For even
greater accuracy, the energy should be also corrected for the
zero-point vibrational energies (ZPE). To compare the compu-
tational result with the available experimental data,®" the
thermal energy correction should be included.”"*

The process of H-bond formation may be conceptually divided
into two processes: (i) changes in geometry of A and B from the
optimized ones to their geometry in the complex (A---B), and (ii)
electronic redistribution between the product and the substrates
of reaction (4) for all their geometries as in the optimal complex.
The first process is called deformation and its energy can be
expressed as follows:

AEger = En(basisa; opty..g) — Ea(basisa; opt,)
+ Eg(basisg; opt,..g) — Es(basisg; optg) (5)

The second one is ‘pure’ interaction and is known as the
supermolecular approach:

AEin: = EA...B(basisA...B; optAmB) — EA(baSiSA.,,B; optA,,,B)

— EB(baSiSA...B; OptA___B) (6)
where Ep(basis,...s; Opta...s) means that the energy of molecule A,
Ea, is calculated using internal coordinates of the A and B
molecules, basisa...5 (i.e., a ghost basis set at the B molecule is
included), and for their geometry obtained during optimization
of the A---B complex, opta..g. The other terms in Eqns (5) and (6)
should be understood in the same way.
Therefore, the total energy (or binding) of the reaction (4) is the
sum:

AE = AEdef + AEint (7)

The first term, deformation energy, is always positive because it
refers to optimal structures of A and B. The second one,
intermolecular energy, for interacting counterparts is negative.

Substituting Egns (5) and (6) to (7) we obtain the well-known
expression:

AE = Ep_g(basisa_p;0pts g) — Ea(basisa; opta)
— Eg(basisg; opt 5) + BSSE (8)
where
BSSE = Ep(basisa; opta g) — Ea(basisa_g;0pta g)
+ Eg(basisg; opt,_g) — Eg(basisa..5; 0Pta _g)

This equation is used to calculate the BSSE value by the
Gaussian 03 suite of programs.!'’

Individual components of the H-bond energy, Eqn (7), cannot
be experimentally measured. However, the described calculation
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enables to look into H-bond formation, which can be considered
as the result of the competition between the deformation and the
interaction processes. The results for simulated Ph—NH,---F~
complexes (Scheme 1a, B=F") are shown in Fig. 4. In this system
the deformation process takes place only in the aniline molecule.
For long hydrogen bonds, the dy..r distance in the range 3 + 4 A,
their strength (binding energy) is almost equal to the
intermolecular energy, whose absolute value increases with
shortening of the H-bond length. The deformation energy is of
the order of BSSE values or lower. In the case of shorter H-bonds
(dn.g<3 A approaching of the proton acceptor (F ) results in an
increase of both the deformation energy and the absolute value
of the intermolecular energy, but the former one increases faster.
As a consequence, the sum of the energy parts, Eqn (7), reaches
minimum for the fully optimized Ph—NH,---F~ complex
(AEges = 11.67 kcal/mol and AE;,; = —42.49 kcal/mol). This large
value of the estimated deformation energy can be explained by
the delocalization of the lone pair of the nitrogen atom by the
C—N bond to phenyl ring (vide infra).

In spite of the simplicity of the above presented model, the
obtained results are in line with the energy decomposition using
localized charge distribution!'>'"7"8 whose representative
example (H-bonding in water) is presented in Fig. 5. The total
energy of the interaction arises from two competing contri-
butions: the internal energies of the donor and acceptor
molecules [AE(D) and AE(A)] and their intermolecular energy
[E(A|D)I. The latter dominates for large values of the inter-
molecular distance between the oxygen atoms (Roo), the former
is more pronounced for short Rop values. The minimum of the
total energy indicates fully optimized water dimer complex.

EFFECT OF H-BONDING ON STRUCTURAL
PROPERTIES

Generalities

To quantify the strength of H-bond in terms of structural
parameters vicinal to hydrogen bond, the plot of the estimated
binding energy, Eqn (7), against C—N(O) bond length and ipso
angle «, is shown in Fig. 6. Two structural parameters were used
for H-bonded complexes of pyridine and phenol and aniline
derivatives (the C—Y bond length and the ipso angle of the ring,
for its definition see Charts 1 and 2) in order to compare the
range of their variability induced by the H-bond interactions.
Since the C—N bond in pyridine constitutes an inherent part of
the aromatic ring, its length is little dependent on the strength of
the H-bond (the mean value was used in Fig. 6a). Therefore, the
dependence of the « angle, presented in Fig. 6b, seems to be in
this case a better measure of the H-bond energy. Obviously, for
H-bonded systems of aniline and phenol derivatives, the ipso
angle is a distant (by one bond) structural parameter.

In complexes discussed here, the length of the C—Y (Y =0 or
N) and the ipso angle, « clearly depend on the strength and the
nature of the corresponding H-bond. Two cases can be
distinguished, in which opposite tendencies can be noticed: (i)

Y N
a @ dex
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Figure 6. Dependence of the estimated H-bonding energy, Eqn (7), on
(@) C-N or C-O bond length, (b) « angle for the B3LYP simulated
interaction of aniline (triangles and squares), pyridine (diamonds) and
phenol (circles) derivatives with B=F~ or HB = HF, Schemes 1-3. Cases in
which N or O constitute a part of proton-donating groups are indicated in
yellow. The presented data are a compilation of published®''2%13% 3nd
unpublished results obtained by the author and her coworkers [This
figure is available in color online at www.interscience.wiley.com/journal/
poc.]

when the Y atom is a part of the proton donor group (notation
PhNH,---F, PhNH3+~~~F’, PhOH---F~, PyH+~~~F’, respectively,
yellow-filled signs in Fig. 6); (ii) when the Y atom is a proton
acceptor (PhNH;---HF, PhNH™---HF, PhO™---HF, Py---HF, gray
triangles and empty triangles, circles and diamonds, respectively
in Fig. 6). In the first case shortening of the C—Y bond gives rise to
a strengthening of the corresponding H-bond. The reverse trend
is observed in the second case. Lengthening of the C—Y (Y =0,
N) bond results in an increase of the strength of the interaction.
The direction of the ipso angle, ¢, variability is consistent with the
change of the C—Y bond length. Note that for all presented cases
of the H-bonded complexes, the relationship between the
strength of the H-bond and its length is of the same nature
(Figs. 3 and 4) and only the responses of the C—Y bond length
and the « angle are different in both discussed cases.
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Properties changes in the region of H-bond interactions

The relationship between the strength of the H-bonding and the
C—N bond length (Fig. 6a) for simulated Py---HF and PyH"---F~
complexes suggests that a change of the bond length as a
function of its energy is rather small. In the case of noninteracting
pyridine and pyridinium cation,”? the corresponding bond
lengths are equal to 1.337 Aand 13514, respectively. For the fully
optimized system, Py---HF, its length amounts to 1.338A. An
increase of the binding energy in the PyH--.F~ system (modeled
by approaching fluoride to the nitrogen atom of the pyridinium
cation, linearity of the H-bond assumed) results in a shortening of
the C—N bond length up to dey=1.338A (for the shortest
intermolecular N---F distance of 2.909A, before the proton
transfers from nitrogen to fluoride). Results of the simulation are
in agreement with the X-ray structural data presented in Fig. 7.
Analysis of the experimental geometry of H-bonded complexes
of variously substituted pyridine and pyridinium derivatives®?
shows a very small variation of all bond lengths in the ring and
substantial changes in the values of the « angles. The a-bonds
lengths (in pyridine and pyridinium a=dcy) are almost in the
same range for both the pyridine and pyridinium complexes,
whereas the « values differ significantly (Fig. 7). Furthermore, for
para- and poly-substituted systems, the difference of the « angles
in pyridine and pyridinum derivatives also exists in spite of
various additional perturbations. Summarizing, the magnitude
of the ipso angle, «, at N may be considered as a useful indicator
of the proton position (formally N---H or NH).

An analysis of H-bonded complexes of pentachlorophenol with
various bases!'® shows that the changes of the ortho-ipso bond
lengths are due to the mesomeric effect and the electronega-
tivity, both working in the same direction but the mesomeric
effect predominates. Following an analysis of the substituent
effect on the ring geometry in mono-substituted benzene
derivatives, it can be postulated that a change in the o angle
represents a change in the hybridization of the ipso atom!"2%2"]
(see below) and, as a consequence, also a change in its
electronegativity.'>*'?*! Moreover, the angular deformations in
the ring have recently been used for defining a new scale of
electronegativity.'>* Therefore, changes of the ortho-ipso bond
lengths, a, may be due to a blend of two factors: changes in the
electronegativity and in the mesomeric effects, whereas changes

of the « angle are mostly caused by changes in the
electronegativity.

Approaching proton to the nitrogen atom in pyridine (Py---HF,
Scheme 3b, HB = HF) increases its electronegativity, hence the «
angle becomes larger (Fig. 6b). The lack of a difference between
the ipso-ortho bond lengths (dcy=a) support the hypothesis
that the 2p-type electron in the nitrogen atom is weakly involved
in mesomeric effect due to the H-bond formation N---HB or
NH---B.

A new way of estimating group electronegativity, x, from
angular geometry of the ring in mono-substituted benzene
derivatives has been proposed.'>* This method is based on the
results of the application of the principal component analysis
(PCA).1251281 |t has been found that the main component,
describing the observed geometrical changes in the ring,!'*!
almost solely depends on the changes in the @ and 8 angles
(Chart 1) and can be correlated with many scales of electro-
negativity. In consequence, Domenicano and coworkers!'?
introduced the group electronegativity concept (Fig. 8b) in the
Pauling electronegativity scale'?”’ For geometrical reasons,
the changes in « and 8 angles (Chart 1) mutually depend due to
the constraint of the hexagon planarity.'*® Thus, it has been
found that it is sufficient to use only « angle to estimate the
electronegativity of the group.'**'*% For example, the deter-
mined correlation coefficient (R) for the linear regression of
electronegativity, x> versus ipso angle!'*q, relation, was
0.998 for 53 mono-substituted benzene derivatives with 'the first
row’ substituents (i.e. substituents linked to the benzene ring
through an element of the Li—F row of the periodic table).

X = —41.00(+0.03) + 0.3678(40.0086) o 9)

In parenthesis of the Eqn (9) are given confidence intervals for
the significance level of 0.01.

For H-bonded complexes of phenol and aniline derivatives, the
variations of the « angle, alike the C—Y (Y =0, N) bond length
(Fig. 6), are strongly influenced by the binding energy. Therefore,
a significant change of the electronegativity of the substituent,
arising from its participating in the H-bond, was found. Influence
of H-bonding in phenol/phenolate complexes on the electro-
negativity of OH/O~ groups!'?® is similar to the below presented
case of aniline derivatives.['>”

Figure 8a shows the effect of the nature and the strength of the
H-bonding in anilide/aniline/anilinium complexes on the elec-
tronegativity of NH™/NH,/NH; groups."*® Varying the nature of
the H-bonding (PhNH,---F~, PhNHJr -F7, and PhNH™---HF,
PhNH,---HF systems) generates different possibilities of the
electron delocalization from the nitrogen atom toward the C—N
bond and further to the benzene ring. Nevertheless, the C—N
bond lengths and electronegativity of the NH™/NH,/NH3 groups
involved in H-bonding are mutually interrelated. Black squares in
Fig. 8a denote noninteracting derivatives: anilide anion
(x=0.89""3%) aniline and anilinium cation (x equal to 2.63
and 4.32, respectively!®¥). For the PhNH™---HF complexes, the
range of x(NH™) variations extends from 0.90 to 1.26. When the
amino group acts as a proton donor in the PhNH,:--F~ complexes,
the x(NH,) value ranges from 1.77 to 2.52; however, if it plays the
role of a proton acceptor from hydrofluoric acid (PhNH,---HF
complexes), the calculated x(NH,) range is from 2.74 to 2.99. In
the case of H-bonded complexes containing the anilinium cation
the x(NHJ) values change from 4.20 up to 4.48. All simulated
systems are denoted by crosses in Fig. 8a. Empty squares indicate
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Figure 8. (a) Dependence of the group electronegativity, x, for various H-bonded complexes of the anilide/aniline/anilinium cation with Broensted
bases and acids on the C-N bond length, dcy; black squares mean not interacting derivatives, empty squares denote the optimized H-bonded complexes,
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the fully optimized complexes of aniline interacting, via the
hydrogen bond, either with a base B (B=F~, CN~, OH,) or with an
acid HB (HB = HF, HCN, H,0), and for the H-bonded complex of
the anilinium cation with water. The relationships between
electronegativity and the C—N bond length for both types of
complexes, that is those with constrained N---F interatomic
distance and the fully optimized ones, lead to an equivalent
shape of the function presented as a third degree polynomial.
Moreover, the range of the x-values variability for the NH,
and NH3 groups involved in H-bond complexation, estimated by
computational modeling, is in line with that extracted from the
X-ray geometry data, as shown in Fig. 9.

Experimental geometries of aniline/anilinium cation in their
H-bonded complexes with various oxygen or nitrogen acids and
bases were retrieved from CSD.”*? It should be stressed that in a
large majority of crystal structures, the amino group forms more
than one H-bond. The maximum number is three (Chart 3). In the

case of the NH, group involved in two H-bonds, they could be of
the same type or of different one (i.e. in one of them nitrogen is a
proton donor and in the second acts as a proton acceptor). For
this reason the number of points in Fig. 9b is larger than in
Fig. 9a. Note that H-bond formation in which the NH, group is a
proton donor induces opposite changes as compared to the case
when it is a proton acceptor. Additionally, in the crystal structure,
one of these interactions may be superior to the other. Then the
appropriate dy..g (B=0 or N) distance may be substantially
shorter (suggesting a stronger hydrogen bond) and, in con-
sequence, this interaction may determine the electronegativity of
the whole group. Let us consider the optimized H-bonded
systems of aniline. In general, a modification of the chemical
nature of the base (B=F~, CN~, OH,) interacting with aniline
results in a more pronounced electronegativity and C—N bond
length variations as compared to the case of the interacting acid
(HB =HF, HCN, H,0). In the former, the electronegativity changes
by 0.73 and the bond length by 0.04 A, whereas in the latter by
0.18 and 0.01 A, respectively. The change of the intermolecular
N---B distance is roughly similar for both cases (0.64Aand 0.55 A,
respectively). The strongest hydrogen bond and the shortest
N---B distance are observed for aniline interacting with F~ (as the
base) and with HF (as the acid). Their energies are equal to —30.83
and —9.80 kcal/mol, respectively. The former complex is the case
of CAHB.'#! If the water molecule, which can be both an acceptor
and a donor of proton, interacts with aniline, the estimated
H-bonding energy amounts to —3.55 and —4.82kcal/mol,
respectively. Contrary to the case of PhNH,---F~ and PhNH,---HF,
in the complexes of water with aniline (PhNH,---OH, and
PhNH,---HOH), a shorter intermolecular N---B distance is observed
for the complex in which the water molecule acts as a proton
donor. This is in agreement with the experimental CSD data,
which suggest stronger H-bonding for the PhNH,---HO(N)base
interaction (Fig. 9b).">"

From crystal engineering point of view, the consecutive,
interesting and important question is how does the nature and
strength of H-bonding affect the shape of the amino group? Its
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Figure 9. Relationship between the group electronegativity, x, and (a)
the C-N bond length, dcy, (b) the N---B interatomic distance, dy...s, for
experimental (retrieved from CSD, empty signs) and simulated (black
signs, squares denote PhNH,---B, diamonds indicate PhNH,---HB, triangles
mean PhNH;---B systems) H-bonded complexes of aniline and the
anilinium cation with Broensted bases and acids [Reprinted from
Ref 3% Copyright (2007) with permission from Elsevier]

shape can be described by the dihedral angle ® (Chart 4), the
sum of the bond angles, 3, for bonds linking the nitrogen atom to
two H atoms and to the carbon atom (Chart 4), or as dihedral
angle t between the plane of the amino group (H—N—H) and
the ring plane. For planar NH,, their values are 180, 360 and 0 deg,
respectively. The geometry of the NH, group in aniline has been a
subject of intensive studies, with a particular interest in its
pyramidalization. For aniline, microwave studies!*" lead to
T=37.5+2 deg, however a careful reanalysis of the data by
Roussy and Nonat!'*? gives the value of 42.4+0.3 deg, in
agreement with the results of other groups.'*'** A slightly
higher value, 44.30(16) deg, was derived from a semirigid bender
analysis!">*! of the far-infrared data.!"*® Thoroughgoing analysis
of gas phase electron diffraction data and ab initio molecular
orbital calculations at the HF and MP2 levels of theory yielded!'3”!
44+ 4, 41.8 and 43.6 deg, respectively. The estimated 2, value
varies depending on the calculation method applied: 336.2 deg

(estimated on the basis of the data presented by Schultz
et all®”), 3393 deg,!"*® 3435 and 3375 deg (calculated
using B3LYP/6-311+G** and MP2/aug-cc-pVDZ results,'>"
respectively).

It is well known that the substituent influences the properties
of aniline via intramolecular interactions. The presence of an
electron-attracting group, for example the nitro group,”*” in the
para-position of the ring results in a substantial intramolecular
charge transfer from the amino group through the ring to the
nitro group. This transfer leads to changes in the pK, values of the
amino group of substituted anilines, for all geometry parameters
applied (2 =351.6 and 342.0 deg for B3LYP/6-311+G"* and MP2/
aug-cc-pVDZ calculations,"*®! respectively) and affects the
charge distribution."*'="*8 The influence of various substituents
on structural parameters and cyclic w-electron delocalization in
aromatic systems has recently become subject of increased
interest.!4°!

H-bonding, as intermolecular interaction, affects the geometry
and the electronic structure of the amino group as well. A
comparison of both types of the interactions (intra- and inter-
ones) is shown in Fig. 10. This figure presents the dependence of
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Figure 10. Dependence of 3 on the C-N bond lengths, dcy, for (a)
experimental data (CSD) and (b) optimized (B3LYP/6-311+G**) molecules
of para-X-aniline (X=NO, NO,, CN, CHO, H, CHs, OCHs, OH) and its
(X=NO, NO,, CHO, H, OH) derivatives involved in H-bond complexation
[Reprinted (from Supporting Information) with permission from Ref.'*%],
Copyright (2007) American Chemical Society]
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the pyramidalization of the NH, group, expressed by ¥, on the CN
bond length, dcy, for experimental data retrieved from CSD™?!
and for modeled data computed at B3LYP/6-311+G"** level of
theory. The experimental data represent H-bonded complexes of
different oxygen and nitrogen acids/bases with variously
substituted aniline. Optimization was performed for p-X aniline
(X=NO, NO,, CN, CHO, H, CH;, OCH;, OH) and its (only
X=NO, NO,, CHO, H, OH) H-bonded systems according to the
Scheme 1(a-c), B=F, CN™, OH,; HB=HF, HCN, HOH). Both
theoretically and experimentally obtained structural parameters
for aniline, its substituted derivatives and H-bonded complexes
present a coherent view. Moreover, findings of the B3LYP/
6-3114+G™ and MP2/aug-cc-pVDZ computational methods are
also in a good qualitative agreement with each other!"*% A
decrease in pyramidalization of the NH, group is related to an
increase of m-electron accepting power of the para-substituent
and the H-bonding complexation N—H---B. The reverse trend is
observed for N:--HB interactions with electron donating
substituents. The analysis based on geometrical parameters
leads to the same picture as that obtained by Natural Bond
Orbital (NBO) studies. The stronger is the through-resonance
(intermolecular charge transfer) of the NH, group with a
counter-substituent, and the more is involved the N—H bond
in the interactions with bases, the more planar is the NH, group.
For CN bond length shorter than 1.35 A, there appears a high
occupancy of the 7 orbital of this bond.

Pyramidalization of the NH, group is related to the C—N bond
length (Fig. 10) and associated with a decrease of X, and ® values,
indicating a change in the hybridization of the nitrogen atom
orbitals from sp? toward sp®. The electronegativity, x, of the
amino group also depends on the C—N bond length
(Figs. 8a and 9a). To sum up the above discussed findings, x
increases with pyramidalization of the NH, group of aniline
involved in the H-bond formation.!*”

Another interdependence of the local properties of the H-bond
is the correlation between the 'H NMR chemical shift of the
proton involved in this interaction and the C—Y (Y =N, O) bond
length. Such relation determined for para-substituted phenol
derivatives complexes with fluoride and hydrofluoric acid">® is
presented in Fig. 11. Two reverse dependences are apparent
again (compare Fig. 11 and Fig. 6a). Forming H-bond shifts the
proton magnetic resonance toward lower field. If the oxygen
atom is a proton donor, para-X-PhOH---F~ complexes
(Scheme 2a), an increase in the strength of the interaction
results in a shortening of the C—O bond length (the positive
slope of the linear correlation of dc.o vs. "H-NMR chemical shift).
The reverse trend (the negative slope), that is an increase of the
C—O bond length, is observed for para-X-PhO™---HF systems,
where oxygen acts as a proton acceptor.

The next dependence, shown in Fig. 12, is predicted by a model
based on the relation between bond distances and '‘bond orders’
(valences), s, and an additional bond order conservation rule (for
the hydrogen atom involved in H-bond: sy_y+sy.g=1).
Steiner!™" has shown that the valence model of the hydrogen
bond correctly works for the geometries of a number of hydrogen
bonds (high-precision data retrieved from CSD). The coupling
constants have been related to the hydrogen bond geometries
and NMR chemical shifts by applying the valence bond order
model">? for both experimental and calculated (DFT method)
data. This model was successfully used in the low temperature
NMR studies of H-bonded complexes of colloidine with carboxylic
acids,"">>">* and small complexes formed between water and
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the absolute value of chemical shift of the proton involved, "H-NMR, and
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pyridine derivatives in solid and liquid phases.l'>! For the closed
values of bond orders of Y—H and H---B bonds, the proton
transfer reaction takes place.">7'>® Lengthening of the covalent
bond, Y—H, induces shortening of the hydrogen bond. Results of
the simulated H-bonded complexes of aniline, phenol and
pyridine derivatives follow the relation predicted by the valence
model for hydrogen bond.
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<28 A PhNH,..HF
w A PhNH .. HF
I @ PhNH;..F

23 o PhOH...F

o PhO __HF

| ¢ Py HF
184 | % ¢ PyH' .. F
1.3 1
i
T o —
0.8 r T . v
0.8 1.3 1.8 2.3 2.8
O-H or N-H O. . Hor N..H/A

Figure 12. Lengthening of the Y-H (Y =N, O) bond induced by Y-H---F
hydrogen bonds and of the F-H bond induced by F-H---Y H-bonds for the
B3LYP simulated interaction of aniline (triangles and squares), pyridine
(diamonds) and phenol (circles) derivatives with B=F  or HB=HF,
Schemes 1-3, drawn in common diagram. The curve is a fit against
the valence model for hydrogen bond (parameters for N-H---O and
N---H-O H-bonds were used)!'>"

J. Phys. Org. Chem. 2008, 21 897-914

Copyright © 2008 John Wiley & Sons, Ltd.

www.interscience.wiley.com/journal/poc




Journal of Physical
Organic Chemistry

H. SZATYLOWICZ

Short-distance consequences of H-bonding

As it has already been stated, the H-bond-induced changes
involve lengthening or shortening of the C—Y bond (Y=0, N)
and an increase (or a decrease) of the ipso bond angle, depending
on the role of the substituent in the intermolecular interaction
(proton acceptor or proton donor). Simultaneously, an increase in
the electron charge (Mulliken charges'>) at the atom (Y =N, O)
participating in H-bonding is observed.”" H-bond interactions
also lead to substantial changes in the hybridization of the
Y-atom orbitals. This effect will be discussed in detail. An
increase in the negative charge at the Y atom causes changes in
the hybridization at the carbon atom following Bent-Walsh
rulel'?12" The rule relates an increase (or a decrease) of
electronegativity of the substituent Y (i.e. NH, involved in
H-bonding, Scheme 4, or OH) with an increase (or a decrease) of
the 2p orbital contribution to sp> hybridized carbon atom
directed to Y and a decrease (or an increase) of this contribution
to bond orbitals in two other directions (ortho-ipso CC bonds).
This, in turn, results in a lengthening (or shortening) of the C—Y
bond, shortening (or lengthening) of both ipso-ortho CC bonds
and an increase (or a decrease) of the ipso bond angle. Scheme 4
shows how this rule works in the case of aniline involved in
H-bonding. A contribution of mesomeric effect cannot be
excluded, but there is no clear relation between C—N bond
length and « angle for this kind of interactions.

It was found that Bent-Walsh interrelations appropriately
describe both the experimental data and the computational
results in H-bonded complexes of aniline®" and phenol®%'¢%
derivatives. Structural modifications resulting from the proton
transfer in complexes of phenols with pyridines,!"'®? trimethy-
lamine!®®! and N-methylmorpholine'®* also follow the Bent-
Walsh rule.

Figure 13 shows the relationships between the « angle (Chart
1), the C—N bond length, dcy, and the ortho-ipso bond length, g,
for optimized geometry of 4-substituted aniline, anilide anion
and anilinium cation, and their H-bonded complexes. Alike
dependences were found for experimental geometries of
variously substituted aniline/anilinium cation derivatives in their
H-bonded complexes (retrieved from CSD). Obviously, the
dispersion of the X-ray data is broader than that of the results
obtained for optimized systems.*" It results from a variety of
substituents, their positions and numerous and diversified
interactions in the crystal lattice. In spite of this, all inter-
dependences are statistically significant. Computational results
show a good qualitative agreement with those based on the
X-ray data.

+5 HB
H H :
I H
\N/ H\N/
-8
sp?
Sp2+2x
sp2 sp? sp2x

SpZ—x

For the H-bonded pyridine and pyridinium complexes, no
relation between the C—N bond length and the « angle was
found (Fig. 7).°%

Long-distance consequences of H-bonding

Apart from the above-mentioned consequences of intermole-
cular H-bond interactions that are rather local, long-distance
structural changes can also be observed. A common part of
aniline, phenol and pyridine derivatives is the ring, which is
characterized by the cyclic m-electron delocalization, that is
closely related to aromaticity."'®>~'%®! Another factor that could
be associated with m-electron delocalization is the substituent
effect."? This effect leads to the interaction between the
electron-accepting and electron-donating groups, which in turn
causes an intramolecular charge transfer, also described as the
substituent delocalization effect.['®”

Taking into consideration experimental data (geometry
retrieved from CSD), the most appropriate index of aromaticity
seems to be the HOMA index!"”” (Harmonic Oscillator Model of
Aromaticity). This geometry-based index of aromaticity serves as
a convenient, reliable!"®® and easily accessible (for any type of
structural data) quantitative measure of m-electron delocaliza-
tion"®”) in the aromatic ring. The formula for HOMA reads

1< 2
HOMA = 1 — E;ai(Ropu —R) (10)

where: n is the number of bonds taken into the summation; «; is a
normalization constant (for CC and CN bonds acc =257.7 and
acny=93.52) fixed to give HOMA =0 for a model nonaromatic
system and HOMA = 1 for the system with all bonds equal to the
optimal value Ry assumed to be realized for fully aromatic
systems (for CC and CN bonds Rypcc is equal to 1.388 and
Roptcn=1.334 A); R; stands for a running bond length.

As previously pointed out, the effect of the strength of
H-bonding in complexes of aniline, phenol and pyridine
derivatives can also be observed by variability of the C—Y
(Y=0 or N) bond length or the « angle (Fig. 6). Undoubtedly,
trends of the change depend on the nature of the H-bond, that is
whether the Y atom is a proton donor or a proton acceptor, but
the C—Y bond length can be used as a convenient H-bond
strength parameter for aniline and phenol derivative systems. For
these complexes, a clear dependence of HOMA index on the
C—N and C—O bond lengths is observed. Figure 14 presents
results obtained for optimized geometry of para-X-substituted
aniline, anilide anion and anilinium cation and their H-bonded

5 -7 ®
+ -
H H -
H
\N - H ~ N ~
sp? -8

Sp2—2x

sz Sp2 Sp2+x Sp2+x
—_—

Scheme 4. Changes in hybridization at the carbon atom as a result of changes in electronegativity of the nitrogen atom in aniline molecule involved in

two kinds of H-bonding.
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Figure 13. Interrelations between (a) « and C-N bond length, dcy, (b) a
and C-N bond length, (c) a bond length and « for optimized geometry of
p-X-substituted aniline, anilide anion and anilinium cation (X=NO, NO,,
CN, CHO, H, CHs, OCHs, OH), and their H-bonded complexes (only for
X=NO, NO,, CHO, H, OH) [Reprinted with permission from Ref[*".
Copyright (2007) American Chemical Society]

complexes.”" The relationship between the C—N bond length
and the HOMA index, found for variously substituted aniline and
anilinium cation derivatives in their H-bonded complexes (the
former retrieved from CSD), is shown in Fig. 15. No crystal-
lographic data for H-bonded anilide anion derivatives are
available.

Organic Chemistry
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Figure 14. Scatter plot of HOMA versus C-N bond length, dcy, for B3LYP
optimized geometry of p-X-substituted aniline, anilide anion and anili-
nium cation (X=NO, NO,, CN, CHO, H, CHs, OCHs, OH), and their
H-bonded complexes (only for X=NO, NO,, CHO, H, OH) [Reprinted with
permission from Ref>'\. Copyright (2007) American Chemical Society]
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Figure 15. Dependence of HOMA on C-N bond length, dcy, for variously
substituted aniline/anilinium cation derivatives in their H-bonded com-
plexes (experimental geometry retrieved from CSD) [Reprinted with
permission from Ref ", Copyright (2007) American Chemical Society]

Similar to the case of the relations presented in Fig. 13, the
dispersion of the data from the ab initio optimization (Fig. 14) is in
general smaller than that observed for the experimental scatter
plots (Fig. 15). The trends of the dependences of HOMA versus
dcn, determined from the calculated optimized data using B3LYP/
6-311+G** (Fig. 14) and MP2/aug-cc-pVDZ,>'"% and those
based on the experimental solid state X-ray data (Fig. 15) are very
similar. Furthermore, alike relations are observed for H-bonded
complexes of phenol derivatives,*%'%0171172) saa Fig. 16. In both
cases, namely aniline and phenol H-bonded complexes, short-
ening of the C—Y (Y =0 or N) bond length induces lowering of
the HOMA values. Also, magnetism-based index of aromati-
city,"*) NICS, used only for optimized and simulated geometries
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Figure 16. Dependence of HOMA on C-O bond length, dco, for
H-bonded complexes of seven types substituted phenol derivatives®™®
[Reprinted with permission from Ref."*”. Copyright (2005) American
Chemical Society]

of the system, indicates a more limited rr-electron delocalization
in the ring.”""”" Furthermore, mutual relation between HOMA
and NICSs"7#'7%) confirms their equivalence.

For the H-bonded pyridine/pyridinium systems, the differences
in mean C—N (a) bond lengths are very small but a wide range of
variability of the o angle is noticed,*? (Fig. 7). In spite of these
strong variations, no dependence between the HOMA index and
the changes in the bond angle at the N-atom, «, is observed. This
confirms the thesis that 2p-type electron in the nitrogen atom is
weakly involved in the mesomeric effect, and hence, its effect on
mr-electron delocalization in the ring is much smaller. In the cases
of aniline and phenol derivatives, two 2p-type electrons may be
involved in the mesomeric effect, leading to significant changes
in the m-electron structure in the ring.

What about the substituent effect? Let us consider the
substituent effect as a long-distance factor. Obviously, substituent
influences both the aromaticity of the ring and the strength of
H-bonding. As a consequence, it changes the acidity of phenol or
aniline derivatives. The analysis of the experimental geometry of
H-bonded complexes of substituted phenol derivatives shows a
significant dependence of the mean C—O bond length, for a
given type of substituted phenol, on its pK,.”® The more acidic is
the phenol derivative, the shorter is the C—O bond.

Hammett-type approach is a well-known empirical way of
estimating the electronic influence of a substituent on the
reaction site or another functional group.l'”67'78 This influence is
numerically expressed by substituent constants o, defined in
most cases for disubstituted benzene derivatives.'4%179181)

Which interactions, intra- (the substituent effect) or inter-
molecular (hydrogen bond), have ‘'more power’? Effect of both on
the shape of the amino group!**is shown in Fig. 17. The range of
variation ® (2, in parentheses) in aniline H-bonded complexes of
NH---B type is ca 27 (12) and 49 (20) deg and for N---HB one, ~4 (4)
and 4 (5) deg (calculated using B3LYP and MP2, respectively).
Obviously, this range is wider if all studied systems are
considered: for NH---B ca 47 (17) and 53 (23) deg, for N---HB
~12 (11) and 9 (9) deg (calculated using B3LYP and MP2,
respectively). This is due to an increase in the donating power of
nitrogen if the amino group is involved in the H-bonding. The
change in pyramidalization of the amino group, as a result of the
substituent effect, is significantly smaller (for ® it is ~20 and 9
deg, in the case Y it is ~13 and 8 deg, from B3LYP and MP2

360

NH...F~

330 T T T T
-0.5 0.0 0s . 1.0 1.5

Figure 17. Dependence of 3, for B3LYP/6-311+G"* optimized molecules
of para-X-aniline (crosses) and its derivatives involved in H-bond
complexation: N™---HF, N-H---B and N---HB on the substituent constant
o, . Black triangles and diamonds stand for B=F" and HB = HF, gray ones
for B=CN~ and HB =HCN and empty ones for B=HB = OH, [Reprinted
(from Supporting Information) with permission from Ref.'*®). Copyright
(2007) American Chemical Society]

calculations, respectively). The answer to the question is not
surprising —'small’ is powerful, particularly when the amino group
acts as a proton donor in H-bonded complexes. Similar response
suggests changes of the other geometrical parameters for aniline
and phenol derivatives and their H-bonded complexes.”''%% For
example, an interesting trend can be observed for relations of the
a angle versus the C—N bond length, and a versus « (Fig. 13a and
). The substituent effect, for a given kind of systems (labeled
inside the figure as triangles, squares, pluses, etc.), has its slope
opposite to the general trend (for all data points). Moreover, the
variability of the C—N bond length, « angle and the ortho-ipso
bond length, a, due to substituent effects (in subsystems), is
dramatically smaller than that for the whole data set. Alike was
found for phenol derivatives.'®”

In the case of simulated H-bonded complexes of para-
substituted phenol derivatives, the substituent similarly effects
the relation between the parameters in the center of the
reaction,”’>® that is the dependence of the C—O bond length on
the "H-NMR chemical shift of the proton involved in the H-bond
(Fig. 11). For para-X-PhOH---F~ complexes, the slope of the
regression line is equal to 0.0038 and 0.0036 for the nitrozo and
hydroxyl substituents. In para-X-PhO™---HF systems, its value
amounts to —0.0018 and —0.0019, respectively. The OH---F~
interactions are twice more sensitive to the substituent effect.
Simultaneously, changes of the m-electron delocalization in the
ring are observed. The slope of the regression lines of the HOMA
values versus 'H-NMR chemical shift is 0.0112 and 0.0039 for
—NO and —OH as substituent in para-X-PhOH---F~ complexes,
whereas —0.0172 and —0.0094 in para-X-PhO™---HF systems,
respectively. Stronger electron-accepting substituent (—NO)
induces a wider variation of the m-electron delocalization.
Moreover, the changes of the HOMA index are significantly
greater in the case of the O™ ---HF interactions. In both OH---F~
and O™ ---HF interactions, stronger electron-withdrawing power
of the substituent lowers the HOMA value. Approaching fluoride
to the OH group increases the strength of the interaction, which
results in a lower value of the H-chemical shift. The more electron
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donating is the oxygen atom in the system, the greater is the
contribution of the quinoid structure which leads to a lowering of
the HOMA index. As a consequence, lower aromaticity of the ring
is observed. A reverse trend is observed for para-X-PhO™---HF
systems. In this case approaching HF to the oxygen atom results
in an increase of H-bond strength and in a decrease of the
'H-NMR chemical shift. The resulting HOMA value increases.
Effects of the substituent in the para- position of the ring and the
strength of H-bonding are interrelated. Both are connected by
the ring, which has the capability of self-adapting via appropriate
changes in its 7-electron delocalization.

SUMMARY

This brief review devoted to H-bonded complexes of pyridine and
derivatives of aniline and phenol — well known components of
important supramolecular associations — enables us to draw the
following conclusions:

(i) The type of interactions and their strength in H-bonded
complexes of the above derivatives depend dramatically
on the nature, the number and the position of the substi-
tuents attached to the ring.
Gradual changes of the H-bond strength, simulated by a
modification of the intermolecular distance between the
heavy atoms of the H-bond, are manifested in various proper-
ties of the system. The obtained relationships agree with the
results of the fully optimized computational data and, which
is even more important, with the crystal structure data
retrieved from the Cambridge Structural Database.

The strength of the H-bonding influences the geometric

parameters of the H-bond, the electronegativity of

the O"/OH and NH’/NHz/NH3+ groups, the "H-NMR chemical
shift of the proton involved in the H-bond and the shape of
the amino group.

The trend of the mutual relation depends on the nature of

the interaction. When the Y atom (nitrogen and oxygen) acts

as a proton donor, an increase in the strength of the
interaction induces a shortening of the C—Y bond length.

The opposite is observed when the Y atom is a proton

acceptor. The above-mentioned local parameters of the

H-bond change adequately to the nature of interactions.

(v) In the case of aniline and phenol derivatives, the effect of
H-bonding is transferred to the ring following the Bent-
Walsh rule. For H-bonded systems of pyridine and pyridinium
derivatives, the ipso angle, o, at N may be useful indicator of
the proton position (formally N---H or NH).

(vi) The H-bonding also influences a variation of properties of
groups located outside the region of the interaction, such as
the aromatic ring. H-bond-induced changes in its w-electron
delocalization are an instructive example of this effect.
Mutual interrelations between the H-bond strength, local
structural parameters, aromaticity of the ring by means of the
HOMA index and by NICS are observed.

(ii

=

(iii

=

=

(iv

LIST OF SYMBOLS AND
ABBREVIATIONS USED

AIM atom in molecules theory
B3LYP Becke's 3-parameter hybrid functional using the
Lee-Yang-Parr correlation functional

BCP bond critical point

BSSE  basis set superposition error

CAHB  charge-assisted hydrogen bond

csD Cambridge Structural Database

DFT density functional theory

HOMA harmonic oscillator model of aromaticity
IHB isolated hydrogen bond

LBHB  low-barrier hydrogen bond

MP2  second-order Mgller-Plesset perturbation method
NBO  natural bond orbitals

NICS  nucleus independent chemical shift
PAHB  polarization-assisted hydrogen bond
PCA principal component analysis

RAHB resonance-assisted hydrogen bond
SWHB single-well hydrogen bond
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