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Application of the Domenicano et al. method of estimating group electronegativity from angular geometry of
the ring in monosubstituted benzene derivatives allowed us to find how the electronegativity of Gidl@s

in H-bonded complexes of phenol and phenolate depends on the nature and strength of H-bond. For complexes
in which the OH group is only proton donating in the H-bond, a linear dependence of the estimated
electronegativity on @-O(N) interatomic distance was found for experimental (CSD base retrieved) data.
The following rule is observed: the weaker the H-bond is, the more electronegative the OH group is. If apart
from this kind of interaction the oxygen is proton accepting, then an increase of electronegativity is observed.
Modeling (B3LYP/6-31#G**) the variation of the strength of the H-bond by the fluoride anion approaching

the OH leads to qualitatively the same picture as the scatter plots for experimental data.

Introduction CHART 1
. : . X
Electronegativity is a frequently used chemical term, describ-
ing “the power of an atom in a molecule to attract electrons to
itself”.3 There have been many attempts, based on different

assumptions, to define numerically the magnitude of the property g . .
that this term tentatively describe&:® It has generally been  hexagori? it might be reasonable to consideras a sufficient

accepted that this quantity should be described in the numerical9€ometrical parameter describing the electronegativity of the
scale introduced by Paulifg® Early on, the term was  9roupin question. To gheck this hypothe5|s.,.we have ploited.
considered as an invariant property of atof&and then itwas ~ @ngles versus Domenicano’s electronegativity. The regression
found that it depends on hybridizatiéhoxidation staté?and ~ Of x versusa. for 53 monosubstituted benzene derivatives with
the number and nature of surrounding atoms in the molecule. 'St row” substituents (that is, substituents linked to the
The concept, initially defined for atoms, was extended into P€Nzene ring through an element of the-Eirow) with a few
groups88:2213Even if the basic idea for all those approaches is C2S€S considered in orthogonal, pIana_r, and pyramldal c_onfor-
common, the mutual relationships between numerical values of Mations taken from papers by Domenicano €tialshown in
electronegativities are far from excellént. Figure 1.

In 1975, the existence of a correlation between ipso angle The regression line reads
and the atom electronegativifyand then the group electrone- x = —41.00+ 0.3678« (1)
gativity of the substituefitemerged from experimental data of
monosubstituted benzene derivative®ecently, Domenicano  with correlation coefficient ce= 0.998.
et al. repeated this kind of study employing ab initio (HF/6-  This means that, as a good approximatiarvalues may be
31G*) optimized geometries of 75 monosubstituted benzene used to estimate the electronegativity of the groups for which
derivatives and obtained even more convincing redfiits. this angle is known, and also that the greaterdhangle is for
Consequently, they introduced a new way of estimating group a given monosubstituted benzene derivative, the greater the
electronegativity, , based on application of the principal group electronegativity for the substituent is.
component analysiéto geometry (bond angles) of the ring in It has been observed recently that in phenol/phenolate systems
monosubstituted benzene derivatives. The first principal com- involved in H-bond formation the ipso angte, changes within
ponent, directly related to electronegativity, accounts for most a great rangé®2° Thus, following the Domenicano et &l.
of the variance and depends almost entirely on variatiom in ~ treatment on group electronegativity, these changes may be
andf angles (for labeling see Chart 1). interpreted as representing the changes in electronegativity of
Since the changes i@ and angles depend on each other OH/O™ groups involved in an H-bond. Obviously, the magnitude

for geometric reasons because of the constraint of the planarOf €lectronegativity is dependent on the nature and strength of
H-bonding. The main purpose of this paper is to show how the

*To whom correspondence should be addressed. E-mail: halina@ above factors affect the electronegativity of the OH ard O

chemix.ch.pw.edu.pl. Fax:+48) 22-628-27-41. Phone:+@8) 22-660-  Jroups in cases when they are involved in H-bonded complex-
77-55. ation, and to describe these effects in a more quantitative way.
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Figure 1. Linear regression for the electronegativity, vs ipso anglé$

o. For labeling, see Chart 1.
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CHART 2
4" F7
CHART 3
/H/F
_Of‘
Methodology

To simulate a wide range of H-bond strength, a simplified
model system [Ph©-H---F~] with controlled O--F distance
was used??! The idea is shown in Chart 2 for GHF~ and
Chart 3 for O ---HF.

The fluoride anion approaches the molecule of phenol along
the line of prolongation of the ©H bond direction (Chart 2).
The O--F distance was controlled, and the linearity of
O:--H---F and planarity of the phenyl ring were assumed. For
the PhOH:-F~ complexes, the ©-F distance was varied from
4.0 A up to a distance when the proton transfers from phenol
to F~. In the case of the PhO--HF complexes (Chart 3), the
range of the ©@-F distance was slightly wider and started from
the distance for the optimal geometry of the system.

Becke-style 3 parameter density functional theory using the
Lee—Yang—Parr correlation functional and 6-31G** basis
set (B3LYP/6-31%G**) were used to optimize the geometries
of the molecules and complexes and to calculate vibrational
frequencies. Optimal geometries of molecules and H-bond
complexes (without the ©F distance constrained) and
PhO™---HF complexes with ®-F distance in the range 24
2.8 A have no negative frequencies. Only one negative
frequency was found for the other complexes, indicating the
proper route of the proton on the path realized by H-bonding
of the system under consideration.

All calculations were performed using tBaussian9&eries
of programg?

To estimate the interaction energy, €42 used, employing
the counterpoise correction method which eliminates basis se
superposition errors:

E = Exc(basigc; optac) —
E, (basis; opty) — Ec(basis.; opl) (2)
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Figure 2. Dependence of energy of interactid),on CO bond lengths,
dco (opt denotes the optimal H-bonded complex).

where, for interactions described by Chart 2, A is phenol and
C is F. Ea(basigc; opta) means that the energy of molecule
A, Ea, was calculated using internal coordinates of the A and
C molecules, basig, and for the geometry obtained during
optimization of molecule A, opt The other terms in eq 2 should
be understood in the same way. For interactions described by
Chart 3, A is phenolate anion and C is hydrofluoric acid.
Geometries of H-bonded complexes of phenol and phenolate
anion with various oxygen and nitrogen bases/acids were
retrieved from CSE.The searches were performed for phenol
(phenolate) interacting with a nitrogen or oxygen base (acid)
with an intermolecular contact between the oxygen of phenol
(phenolate) and the nearest O or N atom in base (acid) equal to
or less than the sum of their van der Waals ratlin the case
of phenolate H-bonded complex the angle between the oxygen
of phenolate, the proton and O or N of the acid (proton donor)
was limited from 90 to 180 degrees. The searches were restricted
to structure measurements with the reported mean estimated
standard deviation (esd) of the CC bosd.01 A (there is no
structure of the phenolate with esd0.005 A in the database),
not disordered, without errors and 3D coordinates determined.
Sometimes the molecules of the solvent were present in the
crystal lattice.

Results and Discussion

The CO bond lengths may be considered as an estimate of
H-bond strength. For PhOHF~ interaction! the shorter the
CO bond length is, the stronger the H-bond is. However, in the
case of CO---HF interactions, a reverse situation occurs: the
longer the CO bond length is, the stronger the H-bond is. This
is shown in scatter plots in Figure 2, where the energy of
interaction,E, described by eq 2 is plotted against CO bond
length, dco.

The two different physical situations mentioned above are
represented by different changes in energy of H-bonding as a
function of CO bond lengths. The limiting cases of the CO bond
length are in the PhOH (the maximal value) and in the PhO
(the minimal one) not complexed by a hydrogen bond. In our
model system, it means that Rand HF, respectively, are in
infinity. For OH---F~ interactions, an increase in energy of
H-bonding is associated with a shortening of the CO bond. This

tis due to the fact that the fluoride approaching the proton in

the OH group causes lengthening of the OH bond leading to a
more negative charge settled at the oxygen. This may cause
mesomeric interactions with theelectron structure of the ring.
In consequence, the CO bond may become shorter. A reverse
situation occurs for PhO--HF interactions. The shorter the
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Figure 3. (a) Dependence of group electronegativjtyfor various H-bonded complexes of phenol and phenolate anions witist bases and
acids (as shown in the box, CSD indicates experimental geometry retrieved frod) @800 bond lengthdco. (b) For comparison, a histogram
of y values for various groups known as typical substituents is shown.

distance between the proton of HF and the oxygen of phenolate
is, the stronger the H-bond and the longer the CO bond become.
The approaching proton attracts electrons from the partly double
bond leading to elongation of the CO bond.

Undoubtedly, the different kind of H-bonding in those two
cases generates different possibilities of electron delocalization
from the oxygen atom toward the CO bond and further to the

benzene ring. Nevertheless, the CO bond lengths and electrone-

gativity of the OH/O groups involved in H-bonding are
mutually related, as shown by Figure 3. The range of variation
of ¥(O7) in O~---HF complexes is betweer0.9 and 1.6. For
OH-:-F~ complexes(OH) ranges from 2.2 to 3.2. For OH
and O not interacting with anything, i.e., for isolated (ab initio
optimization) phenol and phenolate, the valueg afe known,
being equal to 3.21 and 0.98, respectiveljhus, the observed
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Figure 4. Dependence of energy of interacti@,on O-F interatomic

x values for interaction schemes as in Charts 2 and 3 should bedistance do...r (opt denotes the optimal H-bonded complex).

in the range 0.983.21.

Figure 3a presents the variation pfvalues, depending on
CO bond lengthdco, which in turn depends on the nature of
OH---F~ and O ---HF interactions: the scale of the magnitude
is from 0.9 to 3.2. The circles denote the electronegativities of
phenol and phenolate H-bonded complexes estimated from
experimental geometriédt should be noted that in these cases
variation in H-bond strength depends only on the nature of base
(acid) in the complex. The observed variation of electronega-
tivity for H-bonded complexes of phenol and phenolate is not
large (2.73.5 and 1.72.0, respectively). Despite a reasonable
picture of the observed changes in electronegativity, for crystal
diffraction determination of geometry it should always be taken
into account that the geometry may be affected by crystal
packing forceg/ particularly in the case of bond angisand

CHART 4
_.-OorN base
O'H
CHART 5
acid OH or NH _.-OorNbase
o

©

mental geometries of phenol in its H-bonded complexes with

random and systematic errors in X-ray crystal structure deter- various bases. The data were retrieved from CSD.

mination (including, e.g., uncorrected thermal motion effects).
Figure 3b presents the changes of electronegativity for typical

Two cases have to be distinguished:
(i) The hydroxyl group of phenol is proton donating in the

substituents; for comparison, there is the same range of variationH-bonded complex with bases (Chart 4).

in electronegativity as that for model data of Figure 3a.
In many cases, the strength of intermolecular H-bonding is

(i) The hydroxyl group of phenol is involved in two
H-bonding interactions; in one, the OH of phenol is proton

approximated by an interatomic distance between heavy atomsdonating, and in the other, the oxygen of the OH group is proton

participating in a joint interaction with the proton in betwéén.
Figure 4 presents the dependence of energy of interadfon,
on O--F interatomic distancelo...r. Again, we observe two
lines, one for OH-F~ interactions and the other for®-HF
interactions, the former being stronger H-bonding.

The way of estimating electronegativity of the OH group
involved in H-bond presented above is now applied to experi-

accepting (Chart 5).

In the second case (the OH group involved in both kinds of
interactions, Chart 5), the same value of the estimatesl
associated with two values dp...onn): one (labeled d2, Figure
5) for the hydroxyl acting as the proton donor and the other
(labeled a2, Figure 5) for the OH, i.e., the oxygen, acting as
the proton acceptor in the H-bonded complex.
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polymorph is completely different from that of the former one.
n Both H-bonding interactions (d2 and a2, Figure 5) are weaker
K (the ambient pressure hydrogen b&refrength is approximately
3.11 s Ba 8% greatet® than that in the high-pressure phase), characterized
¢ = as a longer ©-0O interatomic distance. This leads gevalues
close to the one obtained for an isolated molecule of phenol (
™26 1 =3.21).
®di Conclusions
e ©co0o 8 d2 The most important conclusion of this report is that the
aa2 substituent property as the group electronegativity depends
o o0 strongly on interactions with the environment and that H-bond
1.6 y T J complexation may cause substantial changes in this property.
& 2 e et o This kind of effect was already discussed eatfién regard to

specific substituentsolvent interactions affecting the acidity

interatomic distanced, (experimental geometry retrieved from of phenol derivatives. Differences in acidities in the gas phase
CSD?). d1 stands fodgms((,z‘)) in tt?e case of gn OH g?Ioup involved in and solution measurements of phenols have been attributed to

one H-bond with OH being the proton donating group; d2 and a2 are the specific solventsubstituent intera_ctions. _

the cases whereb...oy) stands for the distances of interactions where  In the present report, the changes in substituent property due
oxygen in the OH group is proton accepting a2 and OH is proton to H-bonded complexation of OH/Care given numerically by
donating d2. The circles are for phenolate anion involved in one or group electronegativity expressed in the Pauling stadlbe

more H-honds. important thing to add is that these changes are very big and

Figure 5 presents the dependence of estimated electronethsja‘-j‘apend on the nature and strength of H-bonding.

tivity, x, on the interatomic distance O (from OH/@roups)
and oxygen or nitrogen atoms from bases/adilds,on.

It follows from Chart 4 that the stronger the H-bond is,
approximated by interatomic distancée...on),?® the more
negative charge is on the oxygen atom and the lower the value
of electronegativity should be. This is in line with the regression
line in Figure 5 for points labeled by d1 for which correlation
coefficient cc= 0.90. They values are mostly lower than the
value for phenol itself = 3.21) and drop down te-2.6.

In the case of the OH group involved in two H-bonds, Chart
5, the consequence may be a lowering of electron charge at
oxygen and hence an increase of electronegativity of the OH.
It is worth mentioning thay for PhOH* is 5.46 and hence
the approach of the proton donating group to the oxygen atom
of OH (shorter however than the sum of van der Waals #dii
should lead to an increase of electronegativity. Note that another
H-bond in which OH is proton donating acts in the opposite
direction. In a real crystal structure, one of these interactions (1) Campanelli, A. R.; Domenicano, A.; Ramondo, F.; Hargittal, .
may be superior to the other one, and then, the appropriatePnys: Chem. 2004 108 4940-4948. .
do-~0(N) value may be substantially shorter. This interaction may 200(52.) The Cambridge Structure Database, the 5.27 version; November
determine the electronegativity of the OH group. For these cases,  (3) pauling, L.The Nature of the Chemical Bon@rd ed.;. Cornell
there are two values alo...o(v) given, indicated in Figure 5 by University Press: Ithaca, NY, 1960; p 88.
different symbols: d2 and a2. For clarity, two examples are | L(‘_l)Rgac)h’(\)"v‘\Jl”'Ee’g?-Iﬁgr-gcml‘l- ?:?Slnigé ;57%%—43%8(*3) Allred,
discussed more in detail. One of them is the low-temperature (’5) @ Go’rdy, W.Phys. Re. 1946 69, 604-607. (b) Walsh, A. D.
measurement (123 K) crystal data for pherfdlts molecules  proc. R. Soc Londod951, A207, 13-30. (c) Gordy, W.J. Chem. Phys
form a hydrogen-bonded chain where the phenols are arrangedL951 19, 792-793. (d) Sanderson, R. T. Chem. Physl95§ 23, 2467
in approximately 3-fold helices. In this case, three independent Zf;‘%so-y(g? gf'tj"_t‘%g} |:l|.ISOG S‘E'J””gr’]e %.%?13?1'922' %2,555358%—75%%87.8(3)
molecules of phenol are in the asymmetric part of the elementary czkowski, R. P.; Margrave, J. L. Am. Chem. Sod961, 83, 3547-3551.
cell, and hence, three pairs dé...on) and angles values are (6) (a) Huheey, J. E1. Phys. Chenl965 69, 3284-3291. (b) Huheey,
given: (2.655, 2.664, and 2.693 ,é\) and (121.220.7, and J. E.J. Phys. Cheml966 70, 2086-2092.

120.2). However, precision of measurements is not sufficiently I£|7ir)12(ea) J'”_“J’g}?éo'HN'l;_G"a:;‘qd%éﬁragggrggz'-gglgg’_ﬁ?_3290'

Figure 5. Estimated values of electronegativigy,(eq 1) plotted against
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