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Group Electronegativities from Benzene Ring Deformations: A Quantum Chemical Study

Anna Rita Campanelli
Department of Chemistry, Usersity of Rome “La Sapienza”, 1-00185 Rome, Italy

Aldo Domenicano* and Fabio Ramondo
Department of Chemistry, Chemical Engineering and Materialspéhsity of L’Aquila, 1-67100 L’Aquila, Italy

Istvan Hargittai

Institute of General and Analytical Chemistry, Budapestd@rsity of Technology and Economics and
Structural Chemistry Research Group of the Hungarian Academy of Sciencésvas Emiversity,
H-1521 Budapest, P.O. Box 91, Hungary

Receied: January 12, 2004; In Final Form: March 19, 2004

We propose a new scale of group electronegativities, derived from benzene ring deformationrsXin Ph
molecules. A recent analysis of such deformations (Campanelli, A. R.; Domenicano, A.; Ramoiddo, F.
Phys. Chem. 2003 107, 6429) has shown that two orthogonal linear combinations of the internal ring
angles, terme&: and g, are directly related to the electronegativity and resonance effects of the substituent,
respectively. In the present paper, we show taihcreases linearly with the electronegativity of X within
each of the first two rows of the periodic table, acting as a sensitive indicator of the polarity of th¢ Ph
bond. By using: values from ab initio quantum chemical calculations, we have derived the electronegativities
of 100 organic and inorganic groups. Nonbonded interactions with the ortho hydrogens and carbons may
fictitiously alter the electronegativity of a group; in most cases, however, they are easily eluded by changing
the conformation of the substituent with respect to the benzene ring. Although the atom directly linked to the
ring tends to dominate the electronegativity of a group, the role of its adjacent atoms is also important. Their
effect depends markedly on the nature of chemical bonding and electron density distribution within the group.

1. Introduction parameter quantifying the ionicity of the boft{v) Suresh and
Koga’s scalé? derived from the molecular electrostatic potential
at the C-X bond critical point in Me-X molecules, combined
with the distance of the critical point from the methyl carbon;
(vi) Marriott et al.’s scalé® based on the hydrogen charge
densities in H-X molecules, as determined by Mulliken
population analysis; (vii) the intrinsic group electronegativity
scale proposed by De Proft et &l.pased on the ionization
energies and electron affinities of radicals, as determined by
MO calculations at the CISD level; (viii) the empiricakcale
introduced by Inamoto and Masuéfamodeled on a method
originally developed by Gordy The agreement between these
various scales is far from excellent.

Estimating electronegativities on the basis of geometrical
variations has been an attractive approach because molecular
geometries could be determined reliably. An early attempt
utilized the experimentally determined variations of theCs
bond distances in XS£¥ sulfones to estimate the electro-
negativities of the X and Y group8.In general, however, the
uncertainties in the experimental results and the fact that some
derived from a topological property of the electron density 'MPortant groups may not be amenable to experimental deter-
distribution of the H-X bond (where X is the group for which mination presents limitations in such an approach.
the electronegativity is determined), namely, the position of its ~ The substituted benzene derivatives are one of those series
critical point; (iv) Reed and Allen’s scalé based on the bond  Of substances whose molecular geometry has been extensively
polarity index of the Me-X bond, a quantum-mechanical investigated. When a hydrogen atom of the benzene molecule
is substituted by a different atom or group, changes occur in

* Corresponding author. Fax: 39-0862-433753. E-mail: domenica@ the ring geometry. In the majority of cases, the deformation
univag.it. conforms toC,, symmetry and is most pronounced in the ipso
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The concept of electronegativity, defined by Pauling as “the
power of an atom in a molecule to attract electrons to itself”,
is one of the most widely used concepts in chemistry and has
allowed the correlation and explanation of an impressive number
of observations. Although originally considered as an invariant
property of atomg;5 electronegativity was soon deemed to
depend on hybridizatidrand oxidation stafe-in other words,
on the nature and number of surrounding atoms in the molecule.
During the 1960s, Jaffand co-workers introduced the idea of
orbital electronegativity,implying that the electronegativity of
an atom depends on the nature of the orbitals involved in
bonding and on the partial charge residing on it.

The extension of the concept of electronegativity from atoms
to groups of atoms developed naturally from these idéaany
scales measuring the electronegativity of groups have been
proposed, based on a variety of methods, including (i) Huheey's
scalel® based on complete equalization of electronegativity for
all atoms within the group; (ii) Mullay’s scafé,based on partial
electronegativity equalization; (iii) Boyd and Boyd's sc#le,
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b constructing a group electronegativity scale. Its values span a
considerably wide range, more than°18eing orthogonal to
c a S, it is not affected by resonance interactions, insofar as these
are not affecting the electronegativity of the group. It is easily
determined by standard geometry optimization, also for experi-
mentally unaccessible species and conformations. In the present
paper, we show the is linearly related to Pauling’s electro-
Figure 1. Lettering of the G-C bonds and €C—C angles in a negativity in each of the first two rows of the periodic table.
monosubstituted benzene ring ©f, symmetry. Using these linear relationships, we derive a new scale of group
electronegativities from the ring angles of 100 monosubstituted
region; it involves bond distances as well as angles. The overall benzene derivatives, as determined by ab initio MO calculations
deformation depends on the nature of the substituent, reflectingat the HF/6-31G* level.
its o electronegativity, and to a lesser extentsitdonor/acceptor
ability.2° The changes of the angle and of tha bond distances 2. Factors Affecting the S¢ Parameter
(Figure 1) can be explained in terms of hybridization effects at
the ipso carbot?22lor valence-shell electron-pair repulsiofia.
In 1975, a linear correlation was shown to exist between the
o angle and the electronegativity of the substiti#ht)sing
many experimental structural results on the phenyl derivatives

of second-row elementS.Going from Al to Cl causest to decreases by 2.4& going from the orthogonal to the coplanar

'r:]grgﬁs.?ezyosfongoesﬁg?rg g]r']z golrfrerlgrt]lzz, g;; 2&2:;:?52&(9 dconformation of the molecule, due to strongly repulsive inter-
gatvit phosphoru uiiurin sev actions between the hydrogens of the ortho bays. On the other
compounds and individual molecules could be evaluated.

Extension to first-row substituents proved difficult, however, hand, strongly attractive interactions involving the ortho hy-

since the pattern of benzene ring deformations was com IicatedOlrogens may lead to the opposite effect. This occurs, for
P 9 P example, in the benzoate anion, wh&sencreases by 0.78n

by resonance gffects. These_are generally more pronounced Wiﬂboing from the orthogonal to the coplanar conformation, due
first-row substituents than with second-row ones. Nevertheless,to attractive interactions between the ortho hydrogens and the

D e e ool NeGaINel charged oxygen atoms o e carboate oéun
With third-row substituents thge available str <F:)t ral data ere. In the majority of cases, repulsive or attractive interactions
: : W substitu ’ val uctu w between the ring and the substituent are easily eluded by

scanty .and Ies§ reliable, but again, 'Fh.ey showetb b.e an changing the conformation of the substituent with respect to
increasing function of the electronegativity of the substitdént. the benzene ring

Onstﬁgeg:::ggn%f ﬁr!eCtrggr?]ge?:N:/tvégnai;?es\;)en daﬁlc%gilf;?gas ﬁcnng Two further effects may cause tl§e parameter to vary. They
the statistical analgs?s of a I);\r e sample of monos'ubgtituted are subtle consequences of resonance interactions; their very
. y 9 mp .~ existence points to the fact that electronegativity is not un-
benzene rings, the structures of which had been determined
experimentally with reasonable accuracy. Most of the structures affected by resonance.
P y Y. The first effect originates from the transfer afelectrons.

were f.rom X-ray crystal_lograph|c studies. By using symmetry Interaction with the benzene ring diminishes the negative charge
distortion coordinates, it was found that the angular variance .
of a & donor substituent antas a consequenesuch a

of monosubstutedbenzene s s descrbd b 0 OGOV appears o b o secvonegaive. Toe convay i
P ' gang g true of azr acceptor substituent.

ratios. The component accounting for most of the variance is =~ o .00 oge i due to the shortening of the carbon-to-

related to ther ele_ctronegatwlty of the substituent, _v_vh|le the substituent (G X) bond as its double-bond character increases.
other component is related to thedonor/acceptor ability. The . .
This leads to a decrease afand increase of (hence to a

separation of the two components was not based on chemical

. . . . S . decrease 0%, according to eq 1), irrespective of whether the
g?r:s:edir;tzlions but originated directly from the statistical analysis substituent is a donor or ar acceptof%224The enhancement

A recent analysis of the structures of 74 monosubstituted of electron density along the-&X bond-as it becomes shorter

benzene derivatives, as determined by ab initio MO calculations makes'x less electronegative. The two effects are generally
at the HF/6-31G* leveté substantially improved and augmented small since ther charge transferred from the substituent to the
the results of ref 23 ,Two orthogonal linear combinations of benzene ring (or vice versa) seldom exceeds 0.15 electrons, and

. . : 9 . the shortening of the €X bond upon conjugation usually
the internal ring angles, the structural substituent parameters

S and &, were shown to be related to the electronegativity amaunts fo only a few hundredths of an angstroith
and resonance effects of a substituent, respectigland S acceptor groups, the two effects act concurrently and may cause

. . T S to decrease somewhat, while withdonor groups, they act
values are obtained from the following equations: ; - . )
in a competing fashion and partially cancel each other. For

_ _ nonlinear groups, the variation & caused by these effects
S = 0.7080a. — 0.95615 + 0.044Ay + 0.20600 (1) can be substantially reduced by selecting a conformation with

Sk =0.031Ac + 0.291A8 — 0.99Ny + 0.677A0 + 0.2¢ ~ Minimum resonance interactions.

Although the polarity of the PhX bond is the main factor
affecting &, other factors also play a role. Short contacts
between the ortho hydrogens and/or carbons and the substituent
cause a decrease &4 leading to fictitiously low electro-
negativity values. Biphenyl is a conspicuous case, wigre

@ 3. Analogies with Pauling’s Procedure
where Ao = o — 120, A = p — 120, etc., for a The present procedure for determining the electronegativity
monosubstituted benzene ring ©f, symmetry?> of groups has some analogy with that adopted by Patdifay

The & parameter is a sensitive indicator of the polarity of determining the electronegativity of atoms. Pauling suggested
the PR-X bond and promises to be particularly well-suited for that the difference between the electronegativities of atoms A
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and B is proportional to the square root of the difference between uration with a lone electron pair at the top of the pyramid. A

the energy of the AB bond and the mean energy of the-A pyramidal conformation is denoted as p when the lone pair axis
and B-B bonds,AEpg protrudes from the plane of the benzene ring, as in the
equilibrium structure of aniline. It is denoted aswhen the
An — Xg = kAEAB”2 3) lone pair axis lies in the ring plane, as in the equilibrium

structure of phenylphosphine.
Let us now consider a monosubstituted benzene derivative

Ph—X, and let us increase the electronegativity of X in a regular 5. Calculations
fashion, starting from the point where the electronegativity of
X equals that of the phenyl groupgx = xpn As the polarity of
the Ph-X bond increases, the geometry of the substituted
benzene ring is increasingly distorted along Skecoordinate.
It is in line with Pauling’s ideas to assume that the electro-
negativity difference is proportional to the square root of the
deformation energy

Xx — Xph— kAEdefllz 4)

In turn, the deformation energy is proportional to the square
of the deformation in the harmonic approximation, as measured
by the change in th& coordinate

Ab initio MO calculations were carried out at the Hartree
Fock (HF) level with the 6-31G* basis g&tand gradient
optimization?® using theGaussian 9%ackage®® The HF level
and the 6-31G* basis set were chosen for consistency with our
previous work* and for their widespread use in the study of
molecules of intermediate size. Their suitability to the scope of
the present study was checked by HF and MP2(f.c.) level
calculations with the 6-3H1+G** basis set, carried out on a
large subset of the molecules investigated. Apart from the
symmetry constraints specified in Table 1, geometry optimiza-
tion was otherwise complete. The molecular geometry of
biphenyl in its coplanar, orthogonal, and equilibrium conforma-
tion (dihedral angle 49 was taken from the literatuf@ Natural

AE, = KAS? ) bond orbital analysé3 were carried out using theIBO 3.0
ef program32 Most calculations were run on an Alpha AXP-3000/
whereK is a force constant. It follows that 500 cluster at the University of Rome “La Sapienza”.
%x — xon=K'AS: (6) 6. Group Electronegativity Scale

. . To express our group electronegativities in Pauling units, we

Note that the origin of the deformation scale should not be st calibrate the scale. The anomalous position of the point
set at unsubstituted benzerfé (= 0) but rather at the point ¢, nsubstituted benzene along tBeaxis—close to electro-
where the electronegativity of the substltgent quals that of the negative groups such as CHO, COOH, and COCI, see Figure 6
phenyl group. The orthogonal conformation of bipher§d of ref 24—strongly suggests that tf& parameter may depend
—1.6Z), where the geometry of the benzene ring is NOt 4t only on the electronegativity of the substituent but also on
perturbed by steric hindrance, is the obvious origin for first- ha row of the periodic table to which the first atom of the
row groups. substituent belongs. Further support to this idea comes from
the following observation. The variation & as one goes from
Li to F amounts to 10.3% the corresponding change in atomic

The substituents considered in the present study are listed inelectronegativity isAy = 3.00 Pauling units. Going from Na
Table 1. They were chosen so as to include most of the commonto Cl causess: andy to vary by 9.18 and 2.10 Pauling units,
organic functional groups, as well as many inorganic groups. respectively. Thus, the relative variations &f are 3.45 and
Also included are groups bearing a positive or negative charge 4.37 per Pauling unit, respectivetyif linearity is assumed. We
or showing interesting chemical effects. Less common groups have therefore made separate calibrations of the electronegativity
figuring in other electronegativity scales were included for scale for first- and second-row functional groups.
comparison. Substituents containing atoms heavier than chlorine The dependence & from the row of the periodic table to
have not been considered, as they are less amenable to HF/6which the first atom of the substituent belongs is not unexpected
31G* calculations. Among the PhHX species considered are since a similar dependence was observed with the experimental
several molecules that we have studied experimentally by gas-values of theo. angle?°®:34 This is easily explainédP in the
phase electron diffractiof. light of the VSEPR mode¥ If X and Y are two atoms of equal

Many Ph-X molecules were studied in more than one electronegativity, belonging to different rows of the periodic
conformation, to prove the effect of conformational changes table and having, therefore, different covalent radii, the spatial
on group electronegativity. To identify the conformation of a requirements of the bonding electron pair will not in general
nonlinear group with respect to the benzene ring, we make usebe the same for the €X and C-Y bonds. This will cause
of the following terms and abbreviationSoplanar conforma- different deformations of the benzene ring.
tion (c): this term applies to planar substituents that are coplanar The calibration for second-row groups was carried out by
with the benzene ring. It also applies to nonplanar substituentsassigning the atomic electronegativities of Na, Mg, Al, Si, P,
having Cs (or Cz,) symmetry, if their symmetry plane (or one S, and Cl, as given by Pauliddo the substituents Na, MgMgH,
of their symmetry planes) coincides with the plane of the ring. Al(AIH 7),, Si(SiHs)s, P(PH)2, SSH, and Cl, respectively. The
Orthogonal conformation(o): this term applies to planar group electronegativities of MgMgH, Al(Alk)2, Si(SiHs)s,
substituents when the substituent plane is orthogonal to the planed?(PH,),, and SSH are expected to match the atomic electro-
of the ring and passes through the ipso and para carbons. Itnegativities of Mg, Al, Si, P, and S, respectively, because the

4. Selection of Groups

also applies to nonplanar substituents havigg (or Cg,) effect of the terminal H atoms across the-X bonds (X =
symmetry, if their symmetry plane (or one of their symmetry Mg, Al, Si, P, S) is presumably quite small. Indeed, the seven
planes) is orthogonal to the plane of the rirgyramidal data points are well-aligned in th&y plane (Figure 2; the

conformation(p and p): we use this term specifically when  correlation coefficient is 0.9985), ascertaining the linearity of
the first atom of the substituent has a pyramidal bond config- the present group electronegativity scale.
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TABLE 1: Structural Substituent Parameters Sg (deg) and Group Electronegativitiesy (Pauling Units), from ab Initio MO
Calculations at the HF/6-31G* Level on Monosubstituted Benzene Derivativés

molecular

molecular

molecular

substituert  symmetry S %& substituert ~ symmetry S %& substituert ~ symmetry S Pt
H Den 0.00 COOMe(d) Cs 0.10 3.3 SiHF(c) Cs —2.23 203
Li Ca, —-7.27 1.03 CCH Coy —-0.64 2.92 SiHE(0) Cs —-192 210
Be" Co, —-0.80 2.87 CN Co, 0.81 3.33 SiHEK(c)f Cs —-2.05 207
BeH Cav 432 1.87 NH(p) Cs -1.48 2.68 SiE(0) Ce -155 218
BeF Ca —4.00 1.96 NH(c) Ca -164 263 Sig(c) Cs -163 217
BeCl Cay —4.01 1.96 NH(p')! Cs -129 273 SikCl(0) Cs —2.19  2.04
BeBeH Co —459 1.79 NH(o) Co —-1.74 2.60 SiHCI(c)f Cs —2.24 202
BH(c) Ca —2.93 226 NMe(p) Cs —3.26  2.17*  SiCk0) Cs -164 2.16
BHa(0) Ca —2.61 2.36 NMe(p')f Ce -1.32 272 SiGc)f Cs -1.63 217
BF,(c) Ca -1.70  2.62*  NMe(c) Ca —3.01 2.24*  SiPh(e) S -331 178
BF,(0)f Ca —2.00 253 =) Cs 240 3.78 Si(Sik)s(c) Cs -311 1.82
BClx(c) Ca, —2.60 236"  NR(p) Cs 1.84 3.62 Si(Sik)s(0)f Cs -314 1.82
BCl,(0)f Ca -1.72 261 NGi(p) Cs 1.29 3.47 Pip) Cs -1.85 211
B(BH2)2(c) Ca —-4.03 1.95 NCA(p)f Ce —-059 2.93*  PHyp) Cs -1.80 213
BH3~(0) Cs —-6.63 1.21 NHNH(e) C: ~1.47 268 PHo) Co -157 218
BH3 (c)9 Cs —-6.64 1.21 NHNH(ey C1 —-1.00 2.82 PH(c)" Co —-1.04 2.30
BPhs~ (e) S -6.30 1.30 N(NH)(e) C -1.67 262 PHP) Cs —0.47 243
CHz™(c) Ca -0.25 3.03 N(NH)2(p)? Cs -1.09 279 PHp)? Cs -0.66 2.39
CHz*(0)f Ca 324  4.02 NHCOMe(c) Ce —0.65 2.91* PCh(p) Cs -0.39 245
CHa>(c) Ca, -7.96 0.83 NHCOMe(d) Cs -022 3.04 PCAp) Ce —1.07 2.29%
CHy~(p)f Cs -7.19 1.05 NH*(0) Cs 429 4.32 P(PHa(e) C -1.88 211
CH,~ (o) Ca -820 0.76 NH*(c) Cs 424 431 PH*(0) Cs 1.68 2.93
Me(o) Cs —227 245 NQ(c) Ca 315 4.00% PH*(c) Cs 1.63 291
Me(cy Ce —2.26  2.46 NG(o) Ca 3.83 4.19 PPt (e) S -0.35 246
CH;Me(0) Cs —2.30 244 NNH(c) Cs 0.52  3.25** Co =545 1.29
CHaMe(cy Ce —2.68 234"  NNH(oJ Cs 1.02  3.39 SH(o) Cs -0.36 246
CMes(c) Cs —3.67 2.05* NC Co 1.32 348 SH(d) Cs —0.53 242
CMes(o)f Cs -3.86 2.00** N Cy, 7.26 517 SMe(0) Cs -0.73 237
CH,NH(0) Ce —2.17 248 o Ca —7.44  0.98 SMe(é) Cs —~1.06  2.30%
CHoNHa(c)e Cs —236 243 OH(c) Cs 038 321 SF(0) Cs -0.17 250
CH;0~(c) Ce —2.99 225*  OH(0) Cs 048 3.24 SF(¢) Cs 074 271
CH0(o)f Cs -4.09 1.93 OMe(c) Cs —0.13  3.06*  SCl(0) Cs 033 262
CH;OH(€) C -151 267 OMe(d) Cs 044 3.23 scl(d) Cs 037 263
CH,OH(c) Cs -1.30 273 OF(0) Ce 257 3.83 SSH(e) C -0.07 252
CH,OH(oYf Cs —-159 265 OF(d) Cs 270 3.87 SSH(d) Cs 0.14 257
CHaF(e) C -0.92 2.84*  OCl(0) Ce 2.08 3.69 SH (P Ce 3.87 343
CHF(c)f Cs -0.90 2.84*  OCI(c) Cs 156 3.54**  SH*(p) Cs 428 352
CH.F (oY Cs —-1.40 2.70 OOH(e) C 157 3.5 SOMe(e) C 1.34 2.85
CHR(0) Ce -0.22 3.04 OOH(¢) Cs 159 3.55 SGMe(0) Cs 1.80 2.95
CHFRy(c)? Cs —-0.19 3.05 OH*(p') Cs 8.24 545 SeMe(c) Cs 097 2.76**
CR(0) Ce 041 322 OH*(o)f Ca 8.17 5.43 SGF(0) Cs 262 3.14
CRs(c)f Cs 047 3.23 O+ (p)f Cs 829 5.46 SGF(cy Cs 216 3.04
CH.Cl(0) Ce -1.18 276 OH*(c)h Ca 8.38 5.49 SGCi(0) Cs 295 3.22
CH.CI(c)f Cs -1.42 270 F Ca 3.08 3.98 SGCI(c)f Cs 1.91 2.98%
CCls(c) Cs —0.95 2.83* Na Co —7.42 0.83 Cl Co 1.76 294
CCl3(o)f Cs -1.09 279 Mg" Co, —0.05 253 ClO(c) Cs 441  3.55*
CHCHa(e) C —2.26 246 MgH Ca —541  1.30 clo(d) Cs 3.04 324
CHCHy(c)f Cs —242 241* MgF Ca —5.04 1.38 Cla(p) Cs 5.06 3.70
CHCHs(o)' Cs -1.64 263 MgCl Ca —491 141 Cl(p)! Cs 511 3.72
Ph(e) D> —2.15  2.49 MgMgH Ca -5.68 1.23 Clg(o) Cs 573 3.86
Ph(o) Dag -162 264 AlH(c) Ca -367 1.70 clq(cyf Cs 574 3.86
Ph(c) D2n —4.10 1.93*  AlHy(o) Ca —4.07 160

CHNH(c) Cs -0.83 2.86 AlR(c) Ca —2.78  1.90*

CHNH(oy Cs -0.88 2.85 AlR(o) Ca -337 176

CHO(c) Cs —0.03 3.09 AIC)(c) Co —2.84 1.89

CHO(o) Cs -021 3.04 AlCK(o) Ca -3.16 181

COMe(c) Cs —1.06 2.80*  Al(AlH2)x(e) Co —454 150

COMe(of Ce —-0.48 2.96 Si*(c) Ca —0.49 243

COF(c) Ce 052 3.25 Si(o)f Ca 0.33 2.62

COF(o) Ce 0.65 3.29 SiH=(p) Cs -6.00 1.16

CoCl(¢) Cs 0.02 3.11*  Sikh(p) Cs -5.86 1.19

COClI(o) Cs 0.94 3.37 Sik~(c) Ca -6.36 1.08

CONHy(e) C -0.64 2.92 SiH-(o)" Ca -6.04 1.15

COO(c) Ca, —222 247 SiH(0) Cs -2.70  1.92

CoO (o) Ca —-3.00 2.25 Sik(c) Ce —273 191

COOH(c) Cs 0.16 3.15 SiMe(c) Cs -355 172

COOH(o] Cs 026 3.17 SiMe(o)f Cs -359 171

COOMe(c) Ce -0.02  3.09 SiHF(0) Ce —2.44  1.98

aUnless otherwise specified, the entries of this table correspond to potential energy minima, as shown by harmonic normal-modeTanalysis.
identify the conformation of a nonlinear group with respect to the benzene ring, we make use of the terms coplanar (c), orthogonal (0), and
pyramidal (p and p, as defined in section 4. By (e), we denote a conformation that corresponds to a potential energy minimum but is neither
coplanar nor orthogonal nor pyramidal. Different conformations of the same group are listed in order of increasing Syangyetry constraint
imposed in the optimization of molecular geomethZalculated from eq 1. Whenever necessary, the geometry of the monosubstituted benzene
ring has been made consistent with symmetry by using average values/gf andAy. € Calculated from eqgs 7 or 8. Starred values are unreliable
for the present purpose, as they are either lowered by steric hindrance (double star) or increased by attractive interactions ($iRigt-star
saddle point? Higher energy minimum? Second-order saddle pointAll possible conformations of this group have the same energy at the HF/
6-31G* level of calculation.
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Figure 2. Calibration linesy vs & for first- and second-row groups. 3 3
The substituents Li, B(B,, OOH, F, Na, MgMgH, Al(AlH),, Si-
(SiHs);, P(PH)2, SSH, and CI have been assigned electronegativity
values equal to the atomic electronegativities of Li, B, O, F, Na, Mg,
Al, Si, P, S, and ClI, respectively, as given by Paufinthe groups
BeBeH, CMg, and N(NH). have not been included (see text). 2 1 i
A similar procedure was adopted for first-row groups, based
on the substituents Li, B(Bph, OOH, and F (Figure 2). The
CMe; group was not considered since the distortion of the 1 1 -
benzene ring occurring itert-butylbenzene is due not only to
the electronegativity of the substituent but also to steric effécts.
The BeBeH and N(Nb), groups had to be excluded because Xatom
the effect of the terminal H atoms across the X bonds was 0 T T T
not negligible. 0 1 2 3 4
The equations of the two least-squares lines are Figure 3. Plots of the electronegativity of Xtgroups (0< n < 3) vs
the atomic electronegativity of XThe groups have been considered
y=0.285-+3.10 @) in their minimum energy conformation. (a) Li through F. (b) X=

Na through CI.
for first-row groups, and
along the first and second rows of the periodic table and from
x =0.2305 +2.54 (8) the fact that the electronegativity of an Xbroup is determined
primarily by the electronegativity of X. The contribution of the
for second-row groups. Egs 7 and 8 were used to calculate theq atoms cannot be ignored, however, and shows up clearly in
group electronegativities given in Table 1. Figure 3. Note that the electronegativity of a first-row group
XH, is always larger than that of the corresponding second-
row group, as expected from the atomic electronegativities of
We start our discussion with a comment on conformational X.
considerations (but see more in section 7.2). For those groups The electronegativity of an Xjgroup invariably increases
that we have studied in more than one conformation, the if one or more hydrogen atoms are replaced by more electrone-
electronegativity used in the present discussion is that of the gative atoms or groups, such as, for examplepNBH, and F.
minimum energy conformer. A different conformer has been Note the gradual increase along such series as (i @H5),
chosen only for those molecules that are sterically hindered in CH2NH: (2.48), CHOH (2.67), CHF (2.70); (ii) CHs (2.45),
their minimum energy conformation or show attractive inter- CHF (2.70), CHE (3.04), Ck (3.22); and (iii) Sik (1.92),
actions between the ring and the substituent. All such moleculesSiHzF (1.98), SiHE (2.10), Sik (2.18).
are duly identified in Table 1. The formation of dative (or double) bonds with oxygen atoms
7.1. Chemically Relevant TrendsThe group electronega-  substantially increases the electronegativity of a group, as
tivities obtained by the present procedure show a number of exemplified by the following two series: SMe (2.37), SOMe
general trends expected from chemical intuition. An impressive (2.85), SOMe (2.95) and Cl (2.94), CIO (3.24), C)d3.70),
trend is the regular increase pfalong the two series of XH ClOs (3.86).
groups (0< n < 3): Li, BeH, BH,, CHs, NH,, OH, F and Na, The electronegativity of a carbon atom is expected to increase
MgH, AlH,, SiHs, PH,, SH, Cl, see Figure 3. This follows from  as its hybridization state changes fron3 &psg and sp, due to
the monotonic increase in atomic electronegativity that occurs the increased s character of the hybrid orbit€lsSThe elec-

7. Discussion
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TABLE 2: Electronegativity Changes (Pauling Units) upon TABLE 3: Correlation of Group Electronegativities from

Protonation/ Deprotonation of XH, Groups? Benzene Ring Deformations with Those of Other Scalés
group Axprot Aydeprot number of correlation
CHs 162 scale common groups coefficient
NH, +1.64 Huheey 51 0.904
OH +2.24 —2.23 Mullay®© 24 0.881
SiHs —0.76 Boyd and Boyd 53 0.736
PH, +0.82 Reed and Alleh 23 0.896
SH +0.97 —-1.17 Suresh and Koda 40 0.941

I g
a All the groups used for the compilation of this table have been I\Dﬂgglg;t%tegh g 8223
considered in their minimum energy conformations. Inamoto and Masuda 47 02812
tronegativities of C—CHj (2.44), CH=CH; (2.63), and & aFor those groups that we have studied in more than one conforma-

tion, the electronegativity of the minimum energy conformer has been
CH (2.92), as well as those of GHNH; (2.48), CH=NH used in the correlation. A different conformation has been chosen only

(2.86), and &N (3.33), are in line with the expected trend. In  for species with steric hindrance or in the presence of attractive
both series, the electronegativity change is somewhat moreinteractions. The CMgand CC} groups have not been included as the
pronounced in going from 8pto sp hybridization than from  Ph—CMe; and PR-CCl; molecules are sterically hindered in all possible
sp*to si, due to the larger increase in s character of the hybrid conformations? Data from Tables 43 of ref 10a and Table 3 of ref
orbitals of carbon (Sh 25% s character; 8p33.3%: sp: 50%). 10b. ¢ Data from Tables 3 and 4 of ref 11Data from Table 1 of ref

o 12. ¢ Data from Table 5 of ref 13.Data from Tables 1, 3, and 4 of ref
+ il i)
The electronegativities of two charged groups,”N5.17) 15.9 Data from Table 4 of ref 16! Data from Table 2 of ref 17.Data

and O (5.45), substantially exceed the electronegativity of fom Table 2 of ref 181 The correlation coefficient increases to 0.932
fluorine. Also hlgh is the value for NH, 4.32. The electro- when the negatively charged groups (CO@~, and S) are not
negativity changes that occur upon addition of a proton to some included.
XH, groups are given in Table 2. It is seen that adding a proton
to a first-row XH, group may causg to increase by as much  (CHCH;,, Ph, NC}, OCI, PCh, SMe, SGMe, and SQCI), the
as 2.2 Pauling units. Opposite changes occur when a proton iscoplanar or pyramidal (p) conformations are less strongly
removed from the group. The variations occurring with second- stabilized by resonance interactions (or more strongly destabi-
row groups are less pronounced, about one-half of those of thelized by steric hindrance) and become saddle points in the
corresponding first-row groups, as expected from the increasedpotential energy hypersurface.
atomic sizes and screening effects by the core electrons. The presence of a partial negative charge on one or more
7.2. Group Electronegativities and Conformational atoms of the substituent is expected to result in attractive
Changes. The procedure described in the present paper is interactions with the ortho hydrogens. It appears, however, that
particularly well-suited for investigating whether the electro- only in a few instances are such interactions strong enough to
negativity of a group attached to the benzene ring is affected cause an apparent increase in the electronegativity of the
by conformational changes. Table 1 shows that the electro- substituent. The most conspicuous cases are the coplanar
negativities of groups havin@s, symmetry appear insensitive  conformations of CHO~, COO", and CIO.
to such changes. The largest variations, amounting to—0.04 When a substituent havir@y, or Cs symmetry is not involved
0.05 Pauling units, occur with CMeand CC}. The GHs— in strongly repulsive or attractive interactions, the dependence
CMe; and GHs—CCl; molecules are sterically hindered in all  of electronegativity on conformation is smallSuffice it to
possible conformations; this results in fictitiously low elec- mention that the four different conformations of aniline con-
tronegativity values. However, the effect of steric hindrance is sidered in the present study yield electronegativity values of
somewhat less pronounced when one of theMe (or C—ClI) the NH; group ranging from 2.60 to 2.73.
bonds lies in the plane of the benzene 1#hghus, the coplanar 7.3. Comparison with Other Group Electronegativity
conformation is the potential energy minimum, while the ScalesThe correlation of our group electronegativity scale with
orthogonal conformation is a first-order saddle point, lying only the other scales mentioned in the Introduction is shown in Table
a few kJ mot! above the minimum. With both groups, the less 3. The best correlationR= 0.941 on 40 data points) is with
hindered coplanar conformation has the highest apparent elec-Suresh and Koga’s scalederived by combining the molecular
tronegativity. electrostatic potential at the-X bond critical point in Me-X
When the group ha€,, or Cs symmetry, the variation of  molecules with the distance of the critical point from the methyl
electronegativity with conformation may not be negligible. In carbon. A plot of Suresh and Koga’s electronegativities against
the majority of cases, this is due to steric effects affecting the ours is shown in Figure 4. It appears that opposite deviations
S parameter, as discussed in section 2. Repulsive interactionsfrom the regression line occur with somelonor andr acceptor
between the ring and the substituent are responsible for thefunctional groups, such as, for example, N&hd NQ.
apparent lowering of the electronegativities of several groups Of the other group electronegativity scales, we compare only
(BCl,, CH,Me, CH,CI, CHCH,, Ph, COMe, COCI, NHCOMe,  two with ours in some detail, as they show opposite systematic
NOz, NNH, OMe, OCI, SMe, SeMe, and SQCI), as they go differences. One is Huheey's scafebased on complete
from the orthogonal to the coplanar conformation. Similarly, equalization of electronegativity for all atoms within the group;
the pyramidal conformations of NMeNCl,, and PCJ are more the other is Boyd and Boyd’s scaléderived from the position
sterically hindered and appear less electronegative when the axi®f the H-X bond critical point in H-X molecules.
of the lone pair lies in a plane orthogonal to the plane of the A plot of the group electronegativities calculated by HuReey
ring (p) rather than in the plane of the rind)dn some cases, against those obtained by the present procedure is shown in
the sterically hindered species is still the potential energy Figure 5. The agreement between Huheey’s values and ours is
minimum, being stabilized by resonance interactions betweengood for the groups composed of atoms having similar elec-
the ring and the substituent. This occurs with BGTOMe, tronegativities. But if the first atom of a group is less
COCIl, NMe, NHCOMe, NQ, and OMe. In other cases electronegative than the others, the data point lies above the
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Figure 4. Plot of Suresh and Koga's group electronegativifias
those of the present scale.
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Figure 5. Plot of Huheey’s group electronegativitléss those of the
present scale.

regression line of Figure 5 (i.e., Huheey electronegativity is

larger than ours). This occurs with a number of groups, the most

prominent of which are CN, N© SiF;, and PE. The reverse is

true when the first atom is more electronegative than the others,

as in OMe, NH", and OH™. These deviations follow from
the fact that-in Huheey’s procedurethe electronegativities are
equalized for all atoms within the group; while, in most cases,
the first atom contributes more than the others to the electro-
negativity of the group.

Huheey was fully aware of the limitations of his model. In
his paper on the electronegativity of multiply bonded grot¥ps,
he pointed out that the values obtained for the more electro-
negative groups (such as, e.g., CN andN@ere rather high
in comparison with previous estimates, as well as with the
electronegativities of individual atoms. He concluded that “the
assumption of electronegativity equalization is an oversimplified,
though useful, description of the polarity within the grodf.
Introducing partial equalization by means of an appropriate
equalization coefficient improves the quality of the res@lsit
not without considerable arbitrariness.

A plot of Boyd and Boyd’s group electronegativitléagainst
those obtained here is shown in Figure 6. The majority of the
data points are arranged in nearly horizontal, parallel lines. This

Campanelli et al.
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Figure 6. Plot of Boyd and Boyd's group electronegativifi¢gs those
of the present scale.

is a consequence of the fact that Boyd and Boyd’'s method
greatly underestimates the effect of those atoms of the group
that are bonded to the first atom, as well as the effect of positive
and negative charges. For instance, groups as different as NH

NNH, and NH* are assigned electronegativity values as close

as 3.12, 3.15, and 3.21, respectively.

The present group electronegativity scale has some advantages
over those proposed by other auth#tst®

(1) Electronegativity values from benzene ring deformations
can be determined not only from MO calculations but also from
experiment. A phenyl group is easily attached as a probe to
many groups, including metal complexes and organometallic
systems. Moreover, the phenyl group is a fairly rigid system,
which helps in deriving accurate experimental values of the
internal ring angles, provided enough effort is put in correcting
for the various systematic errors inherent to each technique of
structure determinatioff.

(2) The procedure described in the present paper can be
applied to charged groups. It can also be applied to experimen-
tally inaccessible molecules and different conformations of the
same molecule.

(3) Electronegativity values forr donor andsz acceptor
functional groups are obtained in a straightforward fashion since
the ring deformation measured by the structural substituent
parametelS is orthogonal to that caused by resonance inter-
actions. However, strong resonance interactions might affect
the electronegativity of the group.

(4) Group electronegativities determined by measuring a
physical property of a probe attached to different groups depend
on the nature of the probggroup interaction. Strictly speaking,
they are not probe-independent. The position of the phenyl group
right in the middle of the electronegativity scale makes it well-
suited for acting as a probe.

7.4. Can Group Electronegativities Be Evaluated by
Averaging Atomic Electronegativities?Several authof8 have
suggested that the electronegativity of a group be evaluated by
averaging the electronegativities of the component atoms.
Geometric3® harmonic3® and weighted arithmeti®d means
have been proposed for this purpose. We find, however, that
the BeF and BeCl groups have equal electronegativities (1.96
from Table 1), although fluorine is substantially more electro-
negative than chlorine. The electronegativities of the magnesium
analogues, MgF (1.38) and MgCl (1.41), are also surprising.



Group Electronegativities from Benzene Ring Deformations J. Phys. Chem. A, Vol. 108, No. 22, 2004947

Further inspection of Table 1 shows that the electronegativities eluded by changing the conformation of the substituent with
of many XF, groups differ only slightly from those of the respect to the ring.
corresponding XGlgroups. We attribute this intriguing result (4) Although the atom directly linked to the benzene ring
to the different lengths of the XF and X-Cl bonds. The less  usually dominates the electronegativity of a group, the role of
polar, but longer, X-Cl bond appears to be as effective as the its adjacent atoms is also important. Their effect cannot be
more polar, but much shorter,>€ bond in removing electron  evaluated by averaging the electronegativities of the component
density from the valence shell of the X atdfithis results in atoms because it depends markedly on the nature of chemical
nearly equal electronegativities for the two groups. bonding and electron density distribution within the group.

Stereoelectronic effects also play an important role in  (5) Group electronegativities from benzene ring deformations
determining the electronic structure of some of these species.in Ph—X molecules correlate well with those derivédrom
Natural bond orbital (NBO) analysis shows that in8iYs the molecular electrostatic potential at the-X bond critical
molecules (Y= F, Cl), electron density is transferred from the point in Me—X molecules, combined with the distance of the
lone pair orbitals of the halogens into the larger lobes of the critical point from the methyl carbon.
polar 6*(Si—C) and o*(Si—Y) orbitals and also into the d
orbitals of silicon. The resulting accumulation of negative charge References and Notes
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