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The deformation of the carbon skeleton of the benzene ring under substituent impact has been analyzed from
the structures of 74 monosubstituted derivatives, as determined by ab initio MO calculations. The geometry
of the substituted ring is shown to contain valuable information on the electronegativity, resonance, and
steric effects of the substituent, and also on other, more subtle effects, affecting primarily the length of the
Cipso—Corno bonds. The results obtained substantially augment previous knowledge from the analysis of
experimental geometries (Domenicano, A.; Murray-Rust, P.; Vaciagdcta Crystallogr., Sect. B983

39, 457). Varying the electronegativity of the substituent causes a concerted change of the ring angles at the
ipso, ortho, and para positions, coupled with a change in fage-Coino bond length. The values of the ipso

angle span a remarkably wide range, +126°. Enhancing the resonance interaction between a substituent
and the ring causes a complex pattern of angular distortions, arising from the superposition of two separate
effects. The first originates from the decreased length of th&X Gond, and consists primarily in a concerted
change of the ipso and ortho angles. It occurs irrespective of whether the substituentdisnar or ax
acceptor. The second effect is associated wittharge alternation on the ring carbons. It involves all the
internal ring angles, and depends on the substituent beindanor or ar acceptor. These angular changes

are generally accompanied by changes in allCbond lengths, as expected from an enhanced contribution

of polar canonical forms to the electronic structure of the molecule. By using symmetry coordinates, we have
derived two orthogonal linear combinations of the internal ring an§lemndSz, measuring the electronegativity

and resonance effects of a substituent, respectively, as seen from their impact on the ring g&raetty.

S values are affected in a typical way by steric effects.

1. Introduction was found that the angular variance of monosubstituted benzene
rings is described by two orthogonal components of distortion,
involving angular changes in different ratios. The component
accounting for most of the variance appears to be related to the

A prototypal organic molecule may be conceived as consisting
of a hydrocarbon framework bonded to a substituent. The

physical and chemical properties of the molecule, including its o-electronegativity of the substituent, the other tasitdonor/

detailed structure, are determined by the valence electron .
A . acceptor power. The separation of the two components was not
distribution. It is expected that the geometry of the framework . . . -
based on chemical assumptions, but originated directly from

Is perturbed by the presence of the substituent, and may rBerCtthe statistical analysis of the data. The interpretation of bond-

such effects as (i) the exchange of electron density betweenlen th variation in chemical terms was less successful, however
substituent and framework, (ii) the redistribution of electron singe most of the bond-lenath variance was found to’ori inate,
density within the framework, and (iii) the steric interaction from svstematic errors sugch as uncorrected thermal r%otion
between substituent and framework. y . ( - .

The deformation of the regular hexagonal geometry of the e_ffects) and other inhomogeneities of the samp_le. using a
benzene ring under substituent impact was first reported in 1956 different approach, attempts were also made to interpret the
. g und . P P "actual geometry of the substituted benzene ring in terms of a
in an electron diffraction study of the molecular structure of = - ; e

. primary distortion (such as the change of the hybridization
phenylsilané.Reports from crystallograpHi@and spectroscopic . _
. : - ; angles at the ring carbons from MO calculations), damped by
studies followed during the 1960s. Some important conclusions : 14 T _
. . - the effect of geometrical constrairfs1* This hypothesis was
were drawn in the 1970s through the systematic analysis of .
found to be tenable for some substituents but not for others,

many experimental geometriés® Substantial progress was . - .
made in 1983, through the statistical analysis of a large sample,[]hoetat?elﬁg?]zerﬁ?gjs'ng perturbations in thelectron system of

of monosubstituted benzene rings, the structures of which had : )
been determined experimentally with reasonable accdrilost Molecular orbital (MO) calculations have been used repeat-

of these structures were from X-ray crystallographic studies. It €dly to study the deformation of the benzene ring caused by
substitutiont®1315The direct separation of the various compo-

* Corresponding author. Fax: 39-0862-433753. E-mail: domenica@ Ne€nts of geometrical distortion was never attempted, however.
univag.it. The present paper reports an analysis of the geometry of a large
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sample of monosubstituted benzene rings from MO calculations. b
It is aimed at providing a detailed picture of the way in which

the electronegativity, resonance, and steric effects of the c
substituent influence the skeletal geometry of the benzene ring.

It is expected that the highly homogemeous nature of the data

may disclose effects that were not revealed by the analysis of

experimental data.

2. The Data Set

_ ) Figure 1. Lettering of the CG-C bonds and €C—C angles in a
2.1. Origin of the Data. The structural data used in the monosubstituted benzene ring @, symmetry.

present study refer to 74 monosubstituted benzene derivatives

(plus unsubstituted benzene), the geometries of which have been 3 > Treatment of the Data.The deformation of the carbon
determined by ab initio MO calculations at the HF/6-31G* level. gkeleton of the benzene ring caused by substitution usually
This level was chosen because of its widespread use in the study:onforms toC,, symmetry (Figure 1). Small deviations from
of molecules of intermediate size. Its suitability to the scope of ¢, symmetry are known to occur with substituents lacking a
the present study was checked by HF/6-8%15** calculations, 2-fold axis of symmetry® This is the case of substituents having
carried out on a large subset of the molecules investigated, andc symmetry (e.g., CHCKH CHO, OMe) orCs, symmetry (e.g.,
also by MP2(f.c.)/6-31++G** calculations. An effort has been  BH;~, Me, SiFs). When such substituents assume the coplanar
made to construct a data set which is as much representative aggnformation the Gso+*Cparaline is no longer a 2-fold axis of

possible of the different types of substituents, including extreme symmetry. The differences between correspondingCEC
cases of inductive and resonance effects, sterically hinderedang|es on opposite sides of thgG++Cparaline (5 — ' and
species, and experimentally unaccessible conformations. In-|y — y']) are generally small, only a few tenths of a degree; the
cluded are neutral molecules as well as anionic and cationic largest values in the present data set occur with CHNH(cJ, 0.5
species. Substituents containing atoms heavier than chlorine haVQ)Me(c), 0.8, and NHCOMe(c), 1.3 The differences in length
not been considered, as they are less amenable to HF/6-31G}etween corresponding—@C bonds on opposite sides of the
calculations than substituents consisting entirely of light atoms. Cipso*Cparaline (ja — &/, |b — b'[, and|c — c'|) are also small,
Only part of the entries of the data set are potential energy the largest values occurring with Cie) and PH(e), 0.007
minima; many are saddle points on the potential energy A BPhs(e), 0.009 A, and OMe(c), 0.013 A.
hypersurface, as shown by harmonic normal-mode analysis. When a substituent havings or Cs, symmetry adopts the
We are aware, of course, that some of the optimized orthogonal conformation, then the primed and unprimed pa-
geometries in our data set may differ from true equilibrium rameters remain equivalent, but the exact coplanarity of the ring
geometries, due to inadequacies in the basis set used and neglegtoms is lost. Deviations from planarity also occur when the
of electron correlation. This may especially apply to derivatives ring symmetry is lowered t&;, or Cy. In the present data set
with negatively charged substituents. There is no doubt, the deviations of the ring carbons from their least-squares plane
however, that the various trends in structural variation emerging are invariably small. The largest values, 0.6@5006 A, occur
from the present study are all firmly established. Not only are with BPhs~(e), CONHy(e), SH(0), and SeMe(0).
they confirmed by the additional calculations mentioned above  Benzene ring deformations not conforming@g, symmetry
but also many of them have the support of experiniefih span a much smaller range than those conformingCip
analysis of the (minor) differences in structural variation symmetry, at least as far as the carbon skeleton is concerned.
resulting from the use of the 6-3t1G** basis set at the HF,  Moreover, their actual extent deperesmmetimes criticalf—
MP2, and DFT levels of theory is currently underway and will  on the level of the MO calculations. For these reasons, and to
be the subject of a future paptr. simplify the analysis of the data, we have treated all benzene
To identify the different conformations assumed by a rings in our data set as having idealiz€d, symmetry, by
nonlinear substituent, we make use of the following terms and averaging appropriate internal cooordinates and ignoring any
abbreviationsCoplanar conformatior(c): This term applies out-of-plane deformation. A general distortion of a monosub-
to planar substituents that are coplanar with the benzene ring,stituted benzene ring can indeed be represented by three
and also to substituents havi@g, symmetry when one of their  orthogonal components: (i) a distortion conforming @g,
symmetry planes coincides with the plane of the ridghogo- symmetry; (ii) a distortion fronC,, symmetry retaining the
nal conformation(o): This term applies to planar substituents horizontal symmetry plane; (iii) a distortion fro@p, symmetry
when the substituent plane is orthogonal to the plane of the retaining the vertical symmetry plane. The present procedure
ring and passes through the ipso and para carbons. It also appliegiscards the second and third components and reveals the first
to substituents havinGs, symmetry when one of the symmetry  exactly.
planes of the substituent is orthogonal to the ring plane. The data set is presented in Table 1, giving also the molecular
Pyramidal conformatiorfp): We use this term specifically when  symmetry imposed in the optimization, the netcharge
the first atom of the substituent has a pyramidal bond config- transferred from the benzene ring to the substituent (or vice
uration with a lone electron pair protruding from the ring plane, versa), and the structural substituent paramefemsnd S, as
as in the equilibrium structure of anilinEquilibrium conforma- defined in section 5.6z-Charges have been derived from the
tion (e): We restrict the use of this term to the case of an occupancies of the natural atomic orbitals of the ring carbons.
equilibrium conformation that is neither coplanar nor orthogonal For planar substituents, we have introduced the coplanar and
nor pyramidal. orthogonal conformations as separate entries, as they always
All but three of the structures included in the data set have differ appreciably in energy and ring geometry. For substituents
been optimized in our laboratory. The structure of biphenyl in havingCs, symmetry, we have found, however, that the coplanar
its coplanar, orthogonal, and equilibrium conformations has beenand orthogonal conformations are so close in energy and ring
taken from the literaturé’. geometry that it would be inappropriate to treat them as separate
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TABLE 1: C —C Bond Distances, Internal Ring Angles, Net Charge Transferred from the Substituent into ther System of the
Benzene Ring, or Viceversa, and Structural Substituent ParameterSe and Sg in Monosubstituted Benzene Derivatives, from ab
Initio MO Calculations at the HF/6-31G* Levelab

molecular

substituerft symmetry a b c o p y o] AQL® S S

H Den 1.3862 1.3862 1.3862 120.00 120.00 120.00 120.00 00.00 0.00 0.28
Li Co 1.4059 1.3879 1.3855 114.43 123.28 119.99 119.02+0.01s —7.27 0.41
Be" Co 1.4082 1.3792 1.3895 119.02 120.31 119.69 120.98+0.06 —0.80 1.31
BeH Co 1.4015 1.3851 1.3860 116.61 121.97 119.81 119.82+0.01 —4.32 0.82
BH(c) Co 1.4004 1.3832 1.3874 117.66 121.40 119.56 120.41+0.09 —2.93 1.33
BH2(0) Co 1.3945 1.3854 1.3852 117.94 121.10 120.19 119.48-0.0% —2.61 —0.01
BH5(0) Cs 1.4018 1.3869 1.3870 114.97 122.89 120.43 118.39-0.0% —-6.63 —0.56
BPh(e) S 1.4005 1.3874 1.3851 115.19 122.74 120.38 118.56+0.00, -6.30 —0.43
BCl,(c) Co 1.4003 1.3824 1.3864 117.86 121.17 119.80 120.20+0.10, —2.60 0.89
BCl,(0) Ca 1.3933 1.3846 1.3854 118.60 120.73 120.06 119.82+0.0L -1.72 0.27
CH,*(c) Co 1.4365 1.3622 1.4030 119.12 120.16 118.87 122.81+0.55 —-0.25 3.33
CH,*(0) Co 1.3933 1.3838 1.3859 122.10 118.28 120.44 120.470.00 325 -0.28
CHz(c) Ca 1.4482 1.3691 1.3993 113.13 122.54 122.86 116.07-0.52 —7.96 —4.71
CH,(0) Co 1.4115 1.3879 1.3867 113.66 123.56 120.43 118.37-0.0% -8.20 -041
Me(0) Cs 1.3902 1.3855 1.3852 118.27 120.97 120.21 119.37-0.00 —-2.27 —-0.13
CMe;(c) Cs 1.3937 1.3855 1.3839 117.16 121.54 120.40 118.96-0.0G; —3.68 —0.46
CMe;(0) Cs 1.3941 1.3856 1.3836 117.01 121.61 120.45 118.88-0.0G; -3.86 —0.55
CHCH(c) Cs 1.3935 1.3837 1.3855 118.09 121.01 120.23 119.43+0.0G —-242 -0.10
CHCH(0) Cs 1.3907 1.3856 1.3853 118.71 120.68 120.17 119.59-0.00; —-1.64 -0.01
Ph(c) Dan 1.3962 1.3838 1.3836 116.79 121.68 120.53 118.80 00.00-4.10 —0.67
Ph(o) Dad 1.3907 1.3858 1.3854 118.72 120.67 120.17 119.59 00.00-1.62 —-0.01
Ph(e) D, 1.3927 1.3847 1.3853 118.30 120.88 120.25 119.44 00.00—2.15 —0.15
CCH Ca 1.3924 1.3835 1.3861 119.39 120.20 120.16 119.88+0.0%; —0.64 0.08
CHNH(c) Cs 1.3907 1.3838 1.3865 119.32 120.36 119.98 120.00+0.03 —0.83 0.38
CHNH(o) Cs 1.3885 1.3853 1.3854 119.29 120.35 120.12 119.75+0.0G —0.88 0.07
CN Ca 1.3905 1.3830 1.3865 120.48 119.58 120.02 120.33+0.03 0.81 0.38
CHO(c) Cs 1.3899 1.3834 1.3873 119.94 120.06 119.77 120.41+0.05 —0.03 0.80
CHO(0) Cs 1.3879 1.3851 1.3855 119.79 120.05 120.10 119.91+0.00; -0.21 0.13
COCl(c) Cs 1.3918 1.3826 1.3863 119.89 119.95 119.98 120.26+0.06 0.02 0.46
COCl(o) Cs 1.3862 1.3846 1.3856 120.64 119.52 120.11 120.10+0.00 0.94 0.12
CONH(ey C 1.3901 1.3841 1.3860 119.45 120.27 119.99 120.03+0.0% —0.64 0.37
COOH(c) Cs 1.3901 1.3833 1.3865 120.03 119.92 119.91 120.31+0.05, 0.16 0.56
COOH(0) Cs 1.3864 1.3849 1.3855 120.16 119.84 120.10 119.97-0.00; 0.26 0.12
COO (c) Co 1.3900 1.3868 1.3869 118.36 120.99 120.12 119.43+0.0G; —2.22 0.01
COO (o) Ca 1.3918 1.3858 1.3865 117.73 121.25 120.42 118.92-0.02 -3.00 -0.58
CFR(0) Cs 1.3864 1.3844 1.3856 120.27 119.79 120.04 120.08+0.02 0.41 0.24
NHa(c) Ca 1.3957 1.3825 1.3859 118.54 120.37 121.10 118.51-0.13 —1.64 —1.76
NHz(0) Ca 1.3903 1.3858 1.3855 118.65 120.75 120.11 119.63-0.0Q —-1.74 0.10
NHa(p) Cs 1.3926 1.3835 1.3855 118.74 120.39 120.86 118.76-0.09 —-1.48 —1.34
NH3*(0) Cs 1.3792 1.3851 1.3866 123.25 117.98 120.12 120.54+0.00; 4.34 0.04
NC Co 1.3867 1.3836 1.3860 120.90 119.28 120.30 119.93-0.0G; 132 -0.25
NP Ca 1.3894 1.3789 1.3915 125.22 116.61 119.96 121.64+0.1% 7.27 0.61
NHCOMe(c) Cs 1.3918 1.3840 1.3845 119.32 119.98 120.91 118.90-0.06 —-0.65 —1.40
NHCOMe(o) Cs 1.3857 1.3851 1.3855 119.84 120.08 120.07 119.86-0.00, -0.22 0.13
NO2(c) Ca 1.3832 1.3833 1.3866 122.31 118.52 120.09 120.470.05 3.15 0.15
NO,(0) Co 1.3781 1.3852 1.3859 122.89 118.21 120.18 120.33-0.00 3.83 -0.11
(On Ca 1.4393 1.3759 1.3943 113.63 122.53 122.16 116.99-0.3% —7.44 —3.38
OH(c) Cs 1.3869 1.3842 1.3857 120.20 119.60 120.72 119.16-0.08 0.38 —-1.12
OH(0) Cs 1.3848 1.3855 1.3859 120.34 119.68 120.35 119.60-0.03% 0.48 —0.42
OMe(c) Cs 1.3896 1.3845 1.3852 119.75 119.77 120.88 118.97-0.08, -0.13  —-1.37
OMe(0) Cs 1.3856 1.3854 1.3860 120.30 119.69 120.36 119.59-0.03% 0.44 -0.44
OH;"(c) Co 1.3692 1.3877 1.3865 126.37 116.09 120.43 120.59-0.0% 8.38 —0.69
OH"(0) Ca 1.3725 1.3864 1.3879 126.19 116.25 120.14 121.03+0.006 8.18 —0.06
F Co 1.3783 1.3857 1.3863 122.34 118.47 120.50 119.71-0.05 3.08 -0.79
Na Co 1.4051 1.3889 1.3855 114.34 123.33 120.09 118.82+0.0% —7.42 0.18
SiH,*(c) Co 1.4155 1.3741 1.3931 119.17 120.21 119.43 121.55+0.2%, —0.49 1.93
SiH;"(0) Co 1.4010 1.3814 1.3876 119.93 119.76 119.91 120.74+0.03, 0.33 0.80
SiH; (c) Co 1.4148 1.3787 1.3907 114.88 122.39 121.45 117.44-0.25 —6.37 —2.37
SiH; (o) Co 1.4032 1.3886 1.3850 115.32 122.64 120.24 118.92+0.0% —-6.04 -0.07
SiHz(0) Cs 1.3956 1.3853 1.3855 117.86 121.21 119.94 119.84+0.0% —2.70 0.52
SiMes(0) Cs 1.3969 1.3857 1.3851 117.20 121.60 119.99 119.62+0.0%s —3.59 0.41
SiPhy(e) S 1.3975 1.3858 1.3852 117.38 121.46 120.02 119.6740.02 -3.31 0.38
SiF5(0) Cs 1.3958 1.3840 1.3860 118.69 120.70 119.83 120.25+0.0% —1.55 0.78
PH(c) Ca 1.3927 1.3836 1.3852 119.05 120.22 120.71 119.08-0.09% —-1.04 -1.02
PH,(0) Ca 1.3957 1.3849 1.3856 118.66 120.67 119.96 120.09+0.02 —-1.57 0.53
PHx(p) Cs 1.3914 1.3851 1.3851 118.57 120.73 120.22 119.52-0.02 -1.80 -0.10
PHg(e) Cs 1.3925 1.3855 1.3854 118.53 120.81 120.01 119.82+0.00, —1.85 0.34
PHs*(0) Cs 1.3957 1.3811 1.3881 121.02 119.18 119.88 120.87+0.04, 1.68 0.78
PPh*(e) S 1.3952 1.3835 1.3862 119.54 120.08 120.04 120.23+0.03 —0.35 0.40
S Co 1.4062 1.3836 1.3879 115.68 122.12 121.06 117.97-0.15 -5.45 -1.67

SH(c) Cs 1.3889 1.3846 1.3849 119.50 120.06 120.53 119.32-0.06, —-0.53 -0.71
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TABLE 1: (Continued)
molecular

substituerft ~ symmetry a b c o p y o AQ.® S S

SH(o) Cs 1.3887 1.3855 1.3854 119.66 120.11 120.11 119.90-0.0% —0.36 0.12
SOMe(o) Cs 1.3868 1.3845 1.3864 121.28 119.14 119.99 120.45+0.0% 1.82 0.38
Cl Co, 1.3830 1.3855 1.3854 121.28 119.07 120.40 119.77-0.04 176 -051
ClOs(0) Cs 1.3784 1.3847 1.3866 124.26 117.33 120.16 120.770.0Q, 5.73 0.00

aWhenever necessary, the geometry of the monosubstituted benzene ring has been made consiStesymithetry by averaging appropriate
geometrical parametersBond distances are given in A, angles and structural substituent parameters inafegges in electron§.To identify
the conformation of a nonlinear substituent with respect to the benzene ring we make use of the abbreviations (c), (0), (p), and (e). Of these, (c),
(0), and (p) denote the coplanar, orthogonal, and pyramidal conformations, respectively, as defined in section 2.1, irrespective of whether they ar
minima or saddle points in the potential energy hypersurface. The abbreviation (e) denotes an equilibrium conformation that is neither coplanar nor
orthogonal nor pyramidal Symmetry constraint imposed in the optimization of molecular geome#ypositive sign indicates that electron density
is transferred from ther system of the benzene ring into an appropriate orbital of the substituent; the opposite transfer is indicated by a negative
sign.f In the minimum energy conformation of biphenyl, the two benzene rings are twisted by°c&.ldéhe minimum energy conformation of
benzamide, the CONfyroup is twisted by ca. 22about the exocyclic €C bond." In the minimum energy conformation of phenylphosphine, the
plane of the PH group is perpendicular to the ring plane, and makes an angle of 21686 the Gyse'**Cortno line. ' In this conformation of
methylphenyl sulfone (corresponding to the potential energy minimum), the S-Me bond lies in a plane orthogonal to the ring plane, and one of the
C—H bonds of the methyl group is syn to the-Bh bond.

entries. So we have entered in the data set only the orthogonalgeous to usénternal distortion coordinateswhich we define
conformation of these substituents. We made an exception foras follows:
tert-butylbenzene, where the close proximity of the ortho

hydrogens to some of the H atoms of the substituent makes the Aa=a— 1.3862 A, etc. 3)
orthogonal conformation more sterically hindered than the Ao = a — 120, etc. (4)
coplanar®

2.3. Calculations.MO calculations were carried out at the Here 1.3862 A is the length of the- bond in benzene from
Hartree-Fock (HF) level with the 6-31G* basis gétand both HE/6-31G* and HE/6-31H+G** calculations

gradient optimizatiod? using_theGaus;i_an 9$)ackage?.3Apart 3.2. Symmetry Coordinates. To describe the skeletal
from t.he symmetry constraints specified in Table 1, geometry geometry of a monosubstituted benzene rin@gf symmetry
optimization was otherwise complete. For 38 appropriately we might arbitrarily select five internal coordinates, eay.b,

seIt()ecFed specollz_s_ (|ncllu|_c|i'|:ng P'nle .W'th a negatlv_elé/ charg(;d o, v, andd. It may not be obvious, however, whether this is
substituent) additional HF calculations were carried out with o' gt hossible choice or not. This is by no means a minor

the 6'3ll+_+.G*.* bgsis set. These were often followed by problem, since an inappropriate choice may bias the analysis
eometry optimization at the second order of the Mgllelesset ; ;

9 bry_ P h MP2. f L N | and perhaps obscure chemically relevant trends. The importance

perturbation theof (MP2, frozen-core approximation). Natural ¢ oo metrical constraints in determining the actual geometry

atomic and bond orbital analy§és_7vere carried out using the of the substituted benzene ring has been pointed out repeat-
NBO 3.0program?® Most calculations were run on an Alpha edly 1114

AXP-3000/500 cluster at the University of Rome “La Sapienza”. To form an unbiased, orthogonal basis for describing the

geometry of monosubstituted benzene rings we have to make
3. The Geometrical Parameters use ofsymmetry coordinate3 hese are symmetry-adapted linear
combinations of the internal coordinates, transforming as the
3.1. Internal Coordinates. The carbon skeleton of a mono- irreducible representations of the molecular point grég.

substituted benzene ring 6%, symmetry has, in general, three A description of the in-plane distortion of a benzene ring in
different bond distancesa(b, andc) and four different angles  terms of nine symmetry coordinates, based on the irreducible
(a, B, y, and o), i.e., seveninternal coordinates(Figure 1). representations of th®g, point group, has been given by

These coordinates are not independent, due to two equationsviurray-Rust?® If the distorted ring retain€,, symmetry, as

of geometrical constraint, expressing the conditions of planarity assumed in the present study, four of these coordinates vanish.
and ring closure. One of the equations is linear and imposesThe remaining five can be written as

the constancy of the sum of the angles:

—_127\1/2
a+28+2y+0="4n (1) D, = (19" @+ b+ ()
__ n—1/2,
The other is nonlinear and involves bond distances as well as D;=3 "(—a+2b—¢) (6)
angles: B
’ D,=3"a—f—y+09) @)

asin(/2) + b sing + a/2 — 1) = c sin(6/2) (2) D, = 3_1,2((1 +h—y—0) ®)

In a statistical analysis of the internal coordinates the equations 1

of geometrical constraint will introduce correlation. For instance Dg=6 "(a—28+2y —9) 9)

o + O correlates exactly witt + y, due to eq 1. If the

constraint is nonlinear, the correlation will be nonlinear, but It is easily seen thaDs;, Ds, Ds, and Dg are symmetry

for small distortions of a benzene ring frdbg, symmetry, linear distortion coordinatesi.e., they express the deviation of the

relationships give excellent approximaticis. ring geometry from that of unsubstituted benzene. To change
To describe the deviation of the ring geometry from the D;into a symmetry distortion coordinate we should modify eq

reference geometry of unsubstituted benzene, where all angles by subtracting three times the-C bond distance in benzene

are 120 and all C-C bonds have equal length, it is advanta- froma+ b + c.
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TABLE 2: Univariate Statistics for Internal and Symmetry ———
Coordinates 124
minimum maximum L
parameter valueét valuet meart variancé 2
a 1.3692 1.4482 1.3945 0.000166
b 1.3622 1.3889 1.3838 0.000016 1 r
c 1.3836 1.4030 1.3867 0.000009 120 - L
a 113.13 126.37 119.04 7.07
p 116.09 123.56 120.38 231 1 I
y 118.87 122.86 120.26 0.29 118 A -
0 116.07 122.81 119.69 1.01 |
D1 3.3831 3.4428 3.4007 0.000104 2 ort
D3 —0.0665 0.0114 —0.0078 0.000159 116 - . °
D4 —9.35 6.25 —-1.11 8.90 - O‘ ( )‘ _
Ds —1.88 0.83 —0.30 0.19 112 114 116 118 120 122 124 126 128
De 4.56 590 0.37 420 Figure 2. Scattergram of the ring anglg vs o. The correlation
aValues fora, b, ¢, D1, andDs are given in A; those fow, 5, v, 9, coefficient isr = —0.989 on 74 data points. The 23 nonresonant
D4, Ds, andDs, in deg.? Values fora, b, ¢, D1, andDs are given in &; substituents used to trace the electronegativity line (see text) are marked
those fora, 3, y, 0, D4, Ds, andDs, in deg. with filled circles. The arrows connect the orthogonal and coplanar
conformations of a few representative planar substituents, the arrowhead
4. Statistics pointing toward the coplanar conformation. Also shown is the reference

position of unsubstituted benzene (H).

Univariate statistics for the seven internal coordinates and
five symmetry coordinates are presented in Table 2. Inspection 5.1. Thef vsa Scattergram. The existence of a correlation
of the table shows that, among bond angles, the largest variancdetween and a, with Af ~ —Ao/2, was recognized quite
occurs witha, and the smallest witly, in agreement with the early? and has a clear structural implication. It points to the
results obtained from the analysis of experimental 8aa. fact that the angular deformation of the benzene ring occurring
regards bond distances, the variance bf far outweights that ~ at the ipso position under substituent impact is largely com-
of b andc, in contrast with the results of ref 9. This is not Pensated by a deformation of opposite sign at the ortho positions,
surprising, since most of the experimental bond distances usedWith only little distortion extending further to the opposite part
in ref 9 were from room-temperature X-ray diffraction studies, ©f the ring. This is also reflected by the variancesoofs, y,
and are thus substantially affected by thermal motion effects. ando in Table 2.
The librational rigid-body motions of a phenyl group that occur A scattergram off vs a. for the present data set is shown in
in the crystal cause an apparent shortening of all the ring bond Figure 2. We discuss the relationship betwgeanda in some
distancesy and particu|ar|y of tledistance$. Bond distances detail, not Only in view of its structural relevance but also
are also affected by nonrigid-body motich©f course, the because of its common introduction as a constraint in the least-
actual extent of the shortening depends on the nature andsduares refinement of molecular models in gas-phase electron
amplitude of these motions, and varies greatly from one diffraction work9:20:30
molecule to another. Solid-state thermal motions also affect bond ~ Inspecting the distribution of data points on thg plane
angles, though to a lesser extent than bond distahces. reveals that the majority of them align almost exactly along a

If normalized data are used, the varianceaois 5.6 times straight line, with the least electronegative substituents at one
that of thea bond distance. This reflects the fact that stretching €nd, and the most electronegative at the otbkecfronegatity

a C-C bond by one hundredth of its |ength is energetica”y ||ne) Of the I’elallvely few Outliers, none lies S|gn|f|cant|y above
more demanding than Changing a—C—C ang|e by one this line3! Among the outliers are all those substituents which

hundredth of its valué® donate more than 0.06 electrons to theystem of the benzene
ring, namely CH~(c), NHx(c), NHx(p), NHCOMe(c), O, OH-
5. Results and Discussion (c), OMe(c), SiH™(c), PHy(c), S, and SH(c); the most
prominent of these are identified in Figure 2. The deviations
Although we have optimized at the HF/6-3t+G** level from the electronegativity line are generally small; they tend to

the geometries of a substantial proportion of the 74 molecular increase as tha-donor character of the substituent increases.
species considered in the present study, we have chosen to bas@/eakerr donors, such as, e.g., BH F, and OH"(c), virtually

the discussion on the results of HF/6-31G* calculations. We lie on the electronegativity line.

have found that the two basis sets give closely similar ring  The situation is more complex witir-acceptor substituents.
geometries for most of the molecules investigated. It is only Only those bearing a positive chargeamely, B&, CH,"(c),
with two of the negatively charged groups (£Hand Sik™) N2*, SiH;"(c), PHt, and PPE"—are appreciably off the
that some geometrical differences emerge. In no case, howeverelectronegativity line. Surprisingly, the functional groupsCH
do these differences affect the conclusions of the present study.and Sib* are displaced from the electronegativity line even
Also the net charge transferred from the substituent into the when they are in the orthogonal conformation. Note that the
m-system of the benzene ring (or vice versa) is only marginally functional groups Nkt™, OH,™(c), and OH™*(o)—which are not
affected. Using the 6-31G* basis set has proved to be am acceptorsare not displaced. This implies that the sole
reasonable compromise between accuracy and computationapresence of a positive charge on the substituent is not the reason
effort—at least with the present class of molecules. for its being off the electronegativity line.

To present and discuss our results we make use of various When the conformation of a planardonor functional group
scattergrams of the internal and symmetry coordinates, basedcchanges from coplanar to orthogonal, the corresponding data
on all entries of the data set. The scattergrams have been selectegoint moves in thexs plane, reaching (or approaching closely)
so as to convey important chemical information in a clear and the electronegativity line. With most planamacceptors the same
effective way. conformational change causes the data point to move nearly
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parallel to the electronegativity line. A few of such data point 146 L
shifts are indicated by arrows in Figure 2, the arrowhead pointing @ |
toward the coplanar conformation. (A)
The remaining outliers are functional groups that give rise "**
to repulsive H--H interactions involving the ortho hydrogens, .
namely Ph(c) and, to a lesser extent, Gidgand CMe(0). 142 ]
To trace the electronegativity line in Figure 2, we have chosen
to use only those substituents for which the metcharge
received or donated by the benzene ring (as calculated at thet.40
HF/6-31G* level, see Table 1) does not exceed 0.01 electrons.
We have also excluded GHo) and the sterically hindered
substituents Ph(c), CMg), and CMeg(0). This leaves a total
of 23 data points, through which a least-squares line has been
traced; the correlation coefficient is = —0.9996. It is 136 — , :
convenient to express the equation of the electronegativity line 112 114 116 118 120 122 124 126 128
in terms of the internal distortion coordinatdg and Ao

a

1.38 A

_ o c
AB = —0.595(3Aa — 0.087(107 (20) 1.40 1 °“20_ s . I
c | QY, Sikg__ Be,,o"?z\aw - L
Equation 10 can be compared to the corresponding experi- (A) M, B o - e d oo GodNre 00— : T
mental equations from ref 9, namely 138 1 a ()
AB = —0.591(7Ao — 0.301(15) (11) tz 114 M6 18 120 122 124 126 128
for first-row substituent$? and 1"};’ - b
(A) 1 I P ousv:" et E Mg ciog «00H,"
Ap = —0.615(11M0 — 0.384(19) (12) 138 4 / g{ s ST .
0= iHy f N,
for second-row substituents. While the difference in the angular 1 Sonr Sz
coefficient is marginal, the intercept of eq 10 differs significantly 36 | S a () L

from those of eqs 11 and 12. Note that the reference point of T T T T T T T T T T
unsubstituted benzendo. = AS = 0, is closer to the present "2oom4 16 me 1200 122 124 126 128
electronegativity line than to the experimental lines. Figure 3. (a, b, c) Scattergrams of the ring-© bond distances, b,

It could be argued that eqs 11 and 12 were obtained from all @1d¢ vs the angle. For each scattergram an electronegativity line
data points in the respective data sets, while eq 10 has beerhas been trac_ed 'ghrough 23 nonresonant substituents (see text); these

. . . are marked with filled circles. The arrows connect the orthogonal and

obtained from a subset of_data points, excludirgcceptor and coplanar conformations of a few representative planar substituents, the
m-donor substituents. This cannot be the sole reason for thearrowhead pointing toward the coplanar conformation. Also shown is
discrepancy, however, since the regression line through all 74 the reference position of unsubstituted benzene (H).
data points in Figure 2 has an intercept-69.161(29).

To check the effect that using a more extended basis set may
have on the electronegativity line we have reoptimized at the If the substituent has filled or unfilled orbitals of suitable
HF/6-31H+G** level 17 out of the 23 benzene ring geometries size and symmetry available for mixing with theorbitals of
used to define that line. The regression line through these pointsthe benzene ring, a certain amountwobonding may build up
has an angular coefficient 6f0.595(4) and an intercept of in the carbon-to-substituent bond;-&. In valence bond (VB)
—0.082(11), with a correlation coefficient = —0.9997 — formalism, this is described in terms of contributions from polar
virtually the same values as in eq 10. Calculations at the MP2- canonical forms to the electronic structure of the molecule. This
(f.c.)/6-31H+G** level indicate that correcting for electron leads to a decrease of theangle and lengthening of the
correlation has only a limited effect on these figures. It is likely bonds as the €X bond order increaseggsonance effejt
that most of the difference between the intercepts of the irrespectve of whether the substituent is/adonor or ax
theoretical and experimental lines is due not to inadequacies inacceptor* Again, a correlation betweemando. is expected to
the MO calculations but rather to systematic errors in the exist.
experimental data of ref 9, such as the asphericity shifts of the A very poor correlation betweemanda (r = —0.56 for 149
atomic positions from X-ray crystallography and the effects of substituents) was reported for the experimental data of ref 9. A
solid-state thermal motions. detailed analysis proved impossible since most of the variance

5.2. The a vs a Scattergram. The rationalization of the of a was apparently due to uncorrected thermal motion effects
benzene ring deformation caused by substitution in terms of and other inhomogeneities of the sample.
hybridization effects* implies the existence of a correlation A scattergram oh vs o for the present data set (Figure 3a)
between the length of the bonds and the angle. A shift of shows that electronegativity and resonance effects are well
electron density from the ipso carbon te-#lectron-withdraw- separated in thea plane. While the bulk of the data points are
ing substituent is most effectively accomplished through an reasonably well aligned and exhibit the expected trend with
increase in the p character of the? ¢yybrid orbital of carbon increasing substituent electronegativity, a number of egregious
pointing toward the substituent. This implies a decrease in the outliers—all above the electronegativity linrgeveal the reso-
p character of the other two hybrid orbitals of carbon and leads, nance effect.
therefore, to a larges. angle and shortest bonds électrone- To trace the electronegativity line, we have used the same
gativity effec). The opposite is true for a-electron-releasing  nonresonant substituents as in thevs o scattergram. The
substituent. equation of the line is best expressed in terms of internal
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distortion coordinates:

Aa= —0.00272(11)a + 0.0015(3) A (13)
The correlation coefficient is = —0.982 on 23 data points.
Equation 13 implies that an increasewfy 1° is associated
with a decrease af by 0.0027% A; the same result was obtained
by applying factor analysis to a set of 149 experimental
geometries, see Table 6¢ of ref 9. HF/6-3HG** calculations

zn 17 out of the 23 data points yield a similar figure, 0.0028

For some representative planar substituents in Figure 3a the
data point associated with the orthogonal conformation (where
resonance is not generally expected to occur) is connected b
an arrow to the corresponding data point for the coplanar
conformation (where resonance is expected to be at a maxi-

mum). This displays the concerted variationacdinda. caused

by increasing resonance interactions, superimposed onto th

electronegativity effect.

Most outliers in Figure 3a correspond to substituents that we

know from Table 1 to be strong donors orz acceptors, such
as CH(c), O, SiH,(c), S, BHz(c), BCh(c), SiH;*(c), CHy*-

(c), and N*. The separation of electronegativity and resonance
effects originates from the fact that in the resonance effect the

increase ofa associated with a given decrease aef is
substantially greater than the corresponding increaseatiing
the electronegativity line; it also varies widely from a substituen
to another. The decrease af and increase o& caused by

resonance effects depend to some extent on the amount of charg

accepted or donated by the system of the benzene ring. It

appears, however, that geometrical changes are generally mor

conspicuous withr-acceptor substituents than withdonors.

€
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as compared to thefeis—H bonds. Similar distortions occur
with CgHs—BeH. Lengthening tha bonds reduces the repulsive
interaction and stabilizes the molecule.

N2™. The m-acceptor character of this charged substituent
stems from a transfer of electron density from theystem of
the benzene ring into the* orbital of the substituent perpen-
dicular to the ring plane. Yet another effect contributes to the
lengthening of th@ bonds: it is the transfer of electron density
from the o(Cipso—Cortho) Orbitals into thes* orbital of the
substituent in the ring plane, and from theorbital of the
substituent in the ring plane into the(Cipso—Corno) Orbitals.

PHs™ and PPhg™. Substituents possessing a positively
charged phosphorus atom arme acceptors, due to electron

ydensity transfer from the system of the benzene ring into the

o*(P—H) or o*(P—C) and (to a lesser extent) d(P) orbitals. The
effect has been termed “negative hyperconjugatfrit.also
occurs with SiH and SiPB,3* which are isoelectronic with PH
and PPB", respectively. However, the lack of a positive charge
on the silicon atom makes the effect less pronounced than in
phosphorus compounds. Part of the lengthening oathends
in CgHs—PHz™ and GHs—PPR™ is likely to arise from the
repulsive interaction between the ortho hydrogens and the
positively charged P atom, as ingkls—Bet and GHs-BeH.
SiHz*, Orthogonal Conformation. It is at first surprising
that the data point corresponding to $fb) is so much

¢ displaced from the electronegativity line in Figure 3a. The

perpendicular conformation of the substituent should prevent
any transfer of electron density from thesystem of the benzene
ring into the empty p orbital of silicon. However, NBO analysis

Shows that the Sipt group acts as a acceptor even when it

assumes the orthogonal conformation, theharge lost by the

We wish to point out that in most cases the lengthening of 2€nzene ring amounting to 0.03 electrons (to be compared to
the a bonds due to resonance interactions is a relatively small 0-21 €lectrons in the coplanar conformation). This is due to

effect. It may reach 0.030.04 A with some charged substituents
[CH2(c), O, CHy*(c)], but is less than 0.010 A for neutral
functional groups. For instance, it is only 0.006 A in phenyl-

borane, 0.005 A in aniline, and 0.004 A in anisole. Such small
changes are easily masked by other interactions involving the

a bonds; see later on in this section.
A number of data points in Figure 3a deserve specific

comment. Most of our comments are based on the results of

natural bond orbital (NBO) analys?§,a technique that has
proved instrumental in revealing how electron density is

negative hyperconjugation, as the tw#t(Si—H) orbitals [and,
to a lesser extent, a d(Si) orbital] drain electron density from
the = system of the benzene rifg A further reason for the
lengthening of thea bonds is again the repulsive interaction
between the ortho hydrogens and the positively charged Si atom.
The Grng—H bonds are bent by 22&way from the substituent,
and lengthened by 0.003 A as compared to the£H bonds.
CHy*", Orthogonal Conformation. Also the data point
corresponding to the orthogonal conformation of the benzyl
cation is remarkably displaced from the electronegativity line

transferred from the benzene ring to the substituent or vice versa.in Figure 3a. Here, however, the ring-substituent interaction is

All the results discussed below are confirmed by HF/6-
311++G** calculations. The small changes in the geometry
of the Grng—H bonds are also confirmed by calculations at the
MP2(f.c.)/6-31H-+G** level.

CH5~, Orthogonal Conformation. The slight displacement
of this data point from the electronegativity line is due in

more complex than in the previous case. The;@Hl) group is
involved in both hyperconjugation (i.e., electron density transfer
from the o(C—H) orbitals of the substituent into the system

of the benzene ring) and negative hyperconjugation (i.e., electron
density transfer from the system of the benzene ring into the
o*(C—H) orbitals of the substituent). The two effects cooperate

part to hyperconjugation, some electron density (0.02 electrons)in making thea bonds longe?® But two additional effects

being transferred from the(C—H) orbitals of the substituent
into the = system of the benzene ring, and in part to the
interaction of the substituent lone pair with & Cipso—Cortho)
orbitals.

contribute to the lengthening of the bonds. They are as
follows: (i) the transfer of electron density from théCipso-Cortho)
bonding orbitals into the empty p orbital of the substituent in
the ring plane, and (ii) the repulsive interaction between the

BeH, Be'. The z-acceptor character of these substituents is Ortho hydrogens and the positively charged substituent.

due to electron density transfer from theystem of the benzene
ring into an empty p orbital of the beryllium atom. The

Fluorine. The position of the F data point in Figure 3a is
puzzling, as it lies slightly below rather than above the

resonance effect is more pronounced in the charged specieselectronegativity line. Fluorine is a relatively weakdonor,
due to the lower energy of the acceptor orbital. A further reason the transfer of electron density into thesystem of the benzene

for the lengthening of the bonds is probably the repulsive

ring amounting to 0.05 electrons from the present calculations.

interaction between the ortho hydrogens and the positively Therefore, the lengthening of tleebonds in fluorobenzene due

charged substituent. IngBs—Be" the Ging—H bonds are bent

to resonance effects should be smallfew thousandths of an

by 2.0 away from the substituent and lengthened by 0.002 A angstrom-but still observable in Figure 3a. A rationale for the
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anomalous behavior of fluorine could be that the ortho 124 —
hydrogens are strongly attracted by the fluorine atom (they are 5 ) chgt 3
actually bent toward fluorine by 22 A shortening of thea
bonds—and, to a lesser extent, of the{—H bonds—would
favor this stabilizing interaction; indeed, thg{—H bonds in
fluorobenzene are 0.001 A shorter than thg«&H bonds, at 120 1
all levels of calculation. A similar effect occurs with the OH- .
(0) and OMe(o) groups, which also lie slightly below the ;|
electronegativity line of Figure 3a.

OH,", Coplanar and Orthogonal Conformations. The
OH,* substituent is anomalous in that théonds are shortened
by 0.003 A, rather than lengthened, in going from the orthogonal S L
to the coplanar conformation. The anomaly survives at all levels ~ ''2 ™4 16 18 120 12z 24 126 128
of calculation. 124

5.3. Theb vs o and c vs a. Scattergrams. Scattergrams of E
b andc vsa are reported in Figure 3, parts b and c, respectively. ,,, |
As in Figure 3a, the arrows connect data points associated with
a few representative planar substituents in the coplanar and
orthogonal conformations, the arrowhead pointing toward the 120 -
coplanar conformation. Electronegativity lines have been traced
through the data points associated with the same 23 nonresonangg | = =
substituents as in Figures 2 and 3a. The two scattergrams show 112 114 116 118 120 122 124 126 128
that the lengths of the andc bonds are scarcely affected by Figure 4. (a, b) Scattergrams of the ring angtesandy vs a. The 23
changes in the electronegativity of the substituent but vary nonresonant substituents used to trace the electronegativity lines are
appreciably as the resonance interaction between the ring andnarked with filled circles. The arrows connect the orthogonal and
the substituent increases. The variation consists of a shortenin&op'?gartgorgg%fgiggsIg’r:a‘:aégon”fzr%irt‘%rnsL_‘r?lse“tr‘;?e”rt:hg‘ee %g_‘:?’g:e;d

H oimnti Wi on. I

of the b bonds, {.jmd Igngthenlng of thebonds, by .amounts Ensubs%ituted benzenepis marked with an open square. P
that are almost invariably less than the lengthening ofahe
bonds. This is in line with an increased contribution of polar deviations from 129 is
canonical forms to the electronic structure of the molecule. Note
that the data point corresponding to £ib) lies close to the A0 = 0.205(97Aa — 0.14(3y (14)
electronegativity lines of Figure 3, parts b and c, at variance

with Figure 3a. This supports the view that the lengthening of . L . . .
g P g g Equation 14 implies that increasingby 1° cause® to increase

h inth h | f i f th | cati ;
thea bonds in the orthogonal conformation of the benzyl cation by 0.2°. HF/6-311+G** calculations on 17 out of the 23

is primarily due to effects other than resonance interactions (see . X o ;
serétion Sé) ( data points yield a similar figure, 0.38 These results should

. . be compared with that obtained by applying factor analysis to
NBQ analysis shows that the small Iengthe.n'mg .‘""‘"!’@“qs 149 expperimental geometries, O?J.érorglp'l)'/ab?e 6c of ref g
ggc_urrmg tat bOtlh etnds_ of tfrf1e tekletct_roréegailwtyl Ilnte n glgur_te All major outliers in Figure 4a correspond to substituents that
tranlsfea; ;:r;e?faffcro?('; bin?j?n'g orlsitalu?nt: tﬁ:jf(gm ENSIY are eitherr-electron donors (lying below the electronegativity
. Y - ortho - line) or n-electron rs (lyin ve the electronegativi
Cmetg Orbitals when X is highly electropositive and from the e) or z-electron acceptors (lying above the electronegativity

. . ! . line). Unlike previous scattergrams, the present one makes a
— * —
0(Cortng—Cmetd bonding orbitals into the*(C —X) orbital when clear distinction between-donor andz-acceptor substituents.
X is highly electronegative.

) ) o ) A discussion of several intriguing outliers is deferred to section
No information on the variation df andc with the nature 55

of the substituent could be obtained from the statistical analysis A scattergram of vs a is shown in Figure 4b. This time the

of the experimental daté. . electronegativity line is virtually horizontal, i.e., a change in

5.4. Thed vsa and y vsa Scattergrams.An early analysis  the electronegativity of the substituent has no effect on the value
of structural results from monosubstituted benzene rings, basedof y. 7-Donor andr-acceptor substituents lie on opposite sides
on a limited number of accurate, low-temperature X-ray of the electronegativity line, as in thievs o scattergram. We

116 A

with a correlation coefficient 0f-0.980 on 23 data points.

diffraction studies, showed that the internal ring angieand thus confirm that the ring angle is the bestsingle angular
y are affected by perturbations occurring in thesystem of parameter to describe resonance effécts.
the benzene rin§.A small, but significant decrease @— In Figure 4, the concerted variation &f y, anda. caused by

accompanied by a similar increase pf-was observed with  increasing resonance interactions is shown by arrows connecting
severalz-donor substituents; the effect disappeared when the the orthogonal and coplanar conformations of various planar
conformation of the substituent was unfavorable to conjugation. substituents. The relative angular changes vary appreciably from
Evidence for an increase af occurring with z-acceptor a substituent to another, in contrast with changes associated with
substituents was also given. Later on, it was shown that the electronegativity effect.
increases slightly with increasing substituent electronegafivity. 5.5. The D4 vs Dg Scattergram. A scattergram of the

A scattergram ofd vs o is shown in Figure 4a. The symmetry coordinate®, vs Dgis shown in Figures 5 and 6. In
electronegativity and resonance effects are well separated, asome way it resembles tlevs o scattergram of Figure 4a, but
they give rise to differently concerted changes of the two angles. the resolution of the electronegativity and resonance effects is
The data points of the nonresonant substituents align well alongmuch better. This is due to the fact it andDe are mutually
an electronegativity line, stretching from Na and Li to €O orthogonal, unlike the internal coordinatesandd. Thus, the
and OH™(0). The equation of the line, expressed in terms of D4 vs Dg correlation does not contain contributions from the
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B — a sharp cut betweem-donor andr-acceptor substituents. The
1D, - few exceptions are discussed below, together with some
1 D.0) N intriguing outliers. At variance with the results of ref 9, there

" appears to be no reason for separating the substituents into two
groups, according to the row of the periodic table to which the
first atom of the substituent belongs.

BH3;~. The small deviation of this data point from the
electronegativity line is due to hyperconjugation, i.e., electron
density transfer (0.02 electrons) from tl€B—H) bonding
orbitals into ther system of the benzene ring. The same effect
occurs with the orthogonal conformation of the benzyl anion,
CH,(0); see section 5.2.

BCl,, Orthogonal Conformation. Negative hyperconjugation
causes the B@o) group to act as a weak acceptor: 0.01
electrons are transferred from thesystem of the benzene ring
r into the o*(B —Cl) orbitals.

1 r CF3; and SiFs. These are again cases of negative hypercon-
-8 1 o° r jugation. The transfer of electron density from theystem of
1 CHg Ds(°) the benzene ring into the* orbitals of the substituents amounts
—— to 0.02 electrons in both cases.

6 -4 -2 0 2 4 6 The Carboxylate Group. The COO group is the only planar
Figure 5. Scattergram of the symmetry coordin@gvs De. The 23 substituent in our data set to act ag donor when it assumes
nonresonant substituents used to trace the electronegativity line arethe orthogonatrather than coplanarconformation. The charge
marked with filled g:lrcles. The_ arrows connect the orthogonal and transferred to ther system of the benzene ring, 0.03 electrons
coplanar conformations for various planar substituents, the arrowhead . ' !
pointing toward the coplanar conformation. The reference position of comes from the lone electron ,pa'rs of the oxygen atom§.
unsubstituted benzene is marked with an open square. However, the coplanar conformation corresponds to the potential
energy minimum, while the orthogonal conformation is a first-
order saddle point, lying 33 kJ mdl above the minimuni®
The coplanar conformation is apparently stabilized by the
strongly attractive interactions that occur between the ortho
hydrogens and the negatively charged oxygen atoms. These
cause the Gino—H bonds to bend by 3?3oward the substituent
and to shorten by 0.005 A as compared to thgSH bonds.

Biphenyl. Going from the orthogonal to the coplanar
L conformation of biphenyl causes the corresponding data point

to shift considerably in th®gD4 plane; see Figures 5 and 6.
L The deviation from the electronegativity line is not due to
resonance effects, but rather to strongly repulsive interactions
between the ortho hydrogens in the coplanar conformation of
2 -1 0 1 2 the molecule (the H-H distance in the ortho bays is only 1.97
Figure 6. Enlarged view of the central area of Figure 5, showing the A from HF/6-31G* calculationd? much less than twice the van
coordinate system used to define the structural substituent parametergjer \Waals radius of hydrogen, 2_43% The effect of H--H
S and & (see text). interactions on the internal coordinates consists of a marked
decrease of the angle (-1.9°), coupled with a lengthening of
thea bonds ¢0.006 A), and smaller changes of the other ring
angles 1.0, +0.4, and—0.8 for 3, y, andd, respectively).

1

14

-2

purely geometrical constraint expressing the constancy of the
sum of ring angles (eq 1). A contribution from this constraint

is undoubtedly present in the correlationdofvith o, and even ! ) )
more so in the correlation ¢f with o..11:13 tert-Butylbenzene. H---H repulsive interactions are also

The electronegativity line in Figure 5 is the major axis of responsible for the deviation of the two data points, Gde
the D4/Ds distribution for the data points of the same 23 and CMe(0), from the electronegativity line of Figure 5. The

nonresonant substituents used in previous scattergfaitss, ~ deviation is slightly more pronounced in the orthogonal
conformation, which is more sterically hindered than the

equation is
coplanar?
D, = 1.29(3D4 — 0.45(6} (15) PH,, Coplanar and Orthogonal Conformations. The PH
substituent acts assaelectron donor when it is coplanar with
with a correlation coefficient = +0.996. HF/6-31%++G** the benzene ring, due to the transfer of 0.10 electrons from a
calculations on 17 out of the 23 data points yield virtually the 3p orbital of phosphorus into thesystem of the benzene ring.
same resultsls = 1.26(2)Dg — 0.48(5Y, with r = +0.998]. It becomes ax acceptor when it assumes the orthogonal

As in previous figures, the orthogonal and coplanar confor- conformation, due to the transfer of 0.02 electrons fromsthe
mations of a planar substituent are connected by arrows, thesystem of the benzene ring into tle&(P—H) orbitals. This
arrowhead pointing toward the coplanar conformation. It appears explains the relative positions of the two data points(€H
that most of the arrows have their origin on, or very close to, and PH(0), on opposite sides of the electronegativity line in
the electronegativity line: i.e., most planar substituents show Figure 6.
no resonance effect when they are forced to assume the OH and OMe, Orthogonal Conformation. The deviation
orthogonal conformation. Thus, the electronegativity line makes of these data points from the electronegativity line is due to
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electron density transfer from an hybrid orbital of oxygen into
thesr system of the benzene ring. The charge actually transferred
amounts to 0.04 electrons for both OH(0) and OMe(0), as
compared with 0.08 electrons for the coplanar conformations
of the two molecules. That the OMe and OH groups could act
as s donors also when in the orthogonal conformation was
recognized quite early, from IR intensity measurements on
methoxyduren®4! and STO-3G MO calculations of charge
distribution in orthogonal phendt.

OH,", Coplanar Conformation, and F. The anomalous
behavior of these substituents in tes a scattergram of Figure
3a does not seemingly affect their symmetry coordin&gs
andDe. The two data points are found at their expected positions
in the D4 vs Dg scattergram.

CH*, Orthogonal Conformation, and N,*. The anomalous
position of the CH™(0) data point in théD, vs Dg scattergram
is likely to arise from the remarkable lengthening of &ieonds
occurring in this species (see section 5.2). Lengtheningathe
bonds (without changingt) implies a decrease ¢ and an
increase ofy, causing theDg symmetry coordinate to become
more positive without any change iDs. A similar effect
apparently occurs with §t, making the corresponding data point
closer to the electronegativity line than one would expect from
ther charge actually lost by the benzene ring, 0.12 electrons.

5.6. Structural Substituent Parameters.The good separa-
tion of electronegativity and resonance effects inEhess Dg
scattergram suggests a straightforward procedure for quantifying
these effects. Let thBgD4 reference system be changed into
an Sk reference system (Figure 6), where8y lies on the
electronegativity lineSk is orthogonal tcS:, and the origin is
set at the point where unsubstituted benzedg=£ Dg = 0)
projects onto the electronegativity lin®{ = —0.17, D¢ =
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Figure 7. Plot of the structural substituent paramedevs the inductive
parameteF (values from Table 1 of ref 45). The correlation coefficient
is +0.922 on 31 data points.
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0.22). It is natural to useS: and S values to measure the

electronegativity and resonance effects of a substituent, respecFigure 8. Plot of the structural substituent paramey vs the

resonance parameteg’, as obtained from infrared intensities (values
from Tables 5 and 6 of ref 41 and from ref 46). The correlation
coefficient is+0.907 on 33 data points; it increases#6.959 when
the charged substituents 0S-, and NH* are not included.

tively, as seen from their impact on the benzene ring geometry.
The term structural substituent parameterappears to be
appropriate for these quantitie and S values are calculated
from the following equations:

changée’ The accumulation of electron density along theXC
bond as it becomes shorter makes X less electronegative.
Structural substituent parameters for all substituents in our
data set are reported in Table 1. TBe values correlate
reasonably well with traditional inductive parameters from
reactivity data, such as** or F;*> see Figure 7S values are
best compared tor? parameters from infrared intensiti&s,
since these, lik&g, are derived from a physical property of the
Equations 16 and 17 are strikingly similar to the correspond- monosubstituted benzene ring. The correlatiorgpfvith og°
ing equations from the experimental study (eqs 43 and 44 of is indeed reasonable, see Figure 8, and improves substantially
ref 9), notwithstanding the different nature of the two data sets when some of the charged substituents are excluded. It should
and the different procedure used to separate electronegativityof course be considered th& and & values from MO
and resonance effects. calculations measure the effect of a substituent on the carbon
In the above treatment the coordin&eis orthogonal tcs:. skeleton of the benzene ring in a particular conformation of a
This fits the idea that electronegativity and resonance effects, motionless, isolated molecule, whie (or F) andog® measure
as determined from reactivity data, are mutually independent the substituent effect for a real, vibrating molecule in the solution
and can thus be represented on orthogonal #xdswever, it state. The electronic effects of charged substituents may be
appears from Figures 5 and 6 that the arrows connecting theconsiderably altered by interactions with counterions and polar
orthogonal and coplanar conformations of planar functional solvent molecules, particularly in hydrogen-bonded solvents.
groups are seldom orthogonal to the electronegativity axis; Althoughs-donor andz-acceptor substituents lie on opposite
rather, they tend to be more or less bent toward lower sides of the electronegativity axis of Figures 5 and 6 and thus
electronegativities. This is by no means surprising. It is expected have Sg values of opposite sign, there is no doubt that the
that both the electronegativity and resonance effects of a planaramount of charge accepted or donated bystheystem of the
group X change continuously with the twist angle, since as the benzene ring is not the only factor determining the valugof
C—X bond becomes shorter due to increasing double-bond Other factors, which are currently being investigated, are also
character the shape and size of &#(€—X) bonding orbital also of importance.

S = 0.79M, + 0.61D,

= 0.706Aq — 0.956A8 + 0.044Ay + 0.206A0
S, = 0.61D, — 0.79D, + 0.28

= 0.031Ac + 0.291A8 — 0.99Ay + 0.677A0 + 0.28
a7

(16)
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The use of structural substituent parameters from MO of thea bonds, and shortening of thebonds, as expected from
calculations as a measure of electronic substituent effects inan enhanced contribution of polar canonical forms to the
benzene derivatives has some definite advantages over the uselectronic structure of the molecule.
of other, traditional measurements of substituent effects. (1) (4) A number of planar substituents are capable of interacting
Structural substituent parameters are obtained directly from thewith the z-electron system of the benzene ring also when they
geometries of monosubstituted benzene rings, with no need ofassume the orthogonal conformation. Some of them act as
introducing a second substituent to act as a probe, as is generallylonors, either by way of hyperconjugation or by using ap-
the case in reactivity studies. The presence of the secondpropriately oriented lone electron pairs. Others actmas
substituent may influence the interaction of the first substituent acceptors, due to negative hyperconjugation. These effects also
with the ring. (2) They do not originate from a specific site of occur with tetrahedral substituents.
the benzene ring; instead, they express the overall angular (5) The electronegativity and resonance effects of a substituent
distortion of the carbon skeleton under substituent impact. (3) are best separated in a scattergram of the symmetry coordinates
They refer to the isolated molecule and so are free of interferenceD, and De. The data points of those substituent which are not
from solvent effects. These can of course be modeled by sterically hindered and are neitherdonors norz acceptors
introducing solvent molecules at appropriate positions in the align nicely along an electronegativity axis. The resonant
MO optimization. (4) They are easily calculated for different substituents are scattered on each side of that axis, according
conformations of the same molecule, including conformations to their beingr acceptors orr donors. This makes it possible
(and molecules) not easily amenable to experimental structuralto associate to each substituent two orthogosialictural
studies. substituent parameter§&: and Sz, measuring its electronega-

We realize, of course, that the actual valuesSpfand Sk tivity and resonance effects, respectively, as seen from their
from MO calculations may depend on the level of calculation. impact on the benzene ring geometf and Sg values for
On the other hand, experimental geometries of adequatecommon functional groups correlate reasonably well with
accuracy to derive reliable structural substituent parameters areraditional measurements of inductive and resonance effects,
presently only available for a limited number of free molecules. respectively. They have the advantage of having been derived
This points to the need of further, more accurate experimental from a physical property of the monosubstituted benzene-ring
and computational studies of the structure of monosubstituted namely, its angular distortion under substituent impatd of

benzene derivatives. being free of interference from solvent effects.
(6) Steric hindrance resulting from short contacts between
6. Conclusions the ortho hydrogens and some of the hydrogen atoms of the

substituent gives rise to a marked decreas§-p€oupled with

a lesser decrease &, causing the data point to shift below
. X . ) Mhe electronegativity line in th®gD,4 plane. Associated with
MO calgu!atlons, contains valuab[e information on the glec- these changes is an appreciable lengthening ofthends.
tronegativity, resonance, and steric effects of the substituent, (7) There is evidence that the length of takonds is affected

and_ also on other, more subtle effects. The result_s obtained arot only by the electronegativity, resonance, and steric effects
outlined below; they improve, revise, and substantially augment of the substituent but also by other, more subtle effects. These

previous knowledge from the analysis of experimental geom- include (i) electron density transfer from tgCipso—Cortno)

iacd
etrlis.G ing f | | . | bonding orbitals into an empty orbital of the substituent lying
(1) Going from a less electronegative t0 a more electrone- j, yhe plane of the benzene ring, (ii) electron density transfer

gative §ubstitu¢nt causes a remarkable increase of the ring anglg 5y, 4 filled orbital of the substituent lying in the ring plane
at the ipso positiony. The range of values is 1¥326". As o into the 0*(Cipso—Corthg) Orbitals, and (ii) electrostatic inter-

increases by the following changes occur concertedly inthe 5 iong petween the ortho hydrogens and the substituent. The
geometry of the carbon hexagomp N —0.593, A6 = . role of these effects in determining the length of thbonds
+0.205, Aa= —0.00272 A. No appreciable change occurs in cannot generally be ignored.

the internal coordinateg, b, andc. (8) Subtle stereoelectronic effects influence the length of the

(2) An excellent linear correlation exists between the ring 1, yongs; they are only appreciable with the most electropositive
angless anda (the correlation coefficient is= —0.989 on 74 or electronegative substituents.

data points). Among the relatively few outliers are the strong

(and moderately strongg-electron donors, the chargedelec-

tron acceptors, and the sterically hindered substituents. _
(3) Enhancing the resonance interaction between a substituent_ (1) Keidel F. A, Bauer, S. H. Chem. PhysL956 25, 1218. A recent

. reinvestigatiof® confirms the results of this early study.

and the benzene ring causes a complex pattern of angular () Carter, O. L.; McPhail, A. T.; Sim, G. Al. Chem. Soc. A966

distortions, arising from the superposition of two separate 822.

effects. The first originates from the decreased length of the <t (i)lg%%agrg,o Ia: Bojesen, |.; Pedersen, T.; Rastrup-AndersénMbl.
_ . . o . ruct. ) .

C—Xbond. It C0n$IStS prlm_arlly in a decreasecoéind .Increa.se (4) Domenicano, A.; Vaciago, A.; Coulson, C. Acta Crystallogr.,

of B, and occurs irrespective of whether the substituentsis a  gect. B1975 31, 221

donor or am acceptor. The second effect is associated with (5) Domenicano, A.; Vaciago, A.; Coulson, C. Acta Crystallogr.,

m-charge alternation on the ring carbons. It involves all the Sect. B197531 1630.

internal ring angles, and depends on the substituent being a (&) Domenicano, A.; Vaciago, Mcta Crystallogr., Sect. B979 35,

donor or ar acceptorzz-Donor substituents cause a decrease (7) Domenicano, A.; Mazzeo, P.; Vaciago, Petrahedron Lett1976

of # andd and an increase af andy; the reverse is true for ~ 1029.

m-acceptor substituents. As the two effects are superimposed, (8) Domenicano, A.; Murray-Rust, Hetrahedron Lett1979 2283.

the variation of andj is exalted withr-acceptor substituents ¢ nggg%’g%”écigg' A.; Murray-Rust, P.; Vaciago, Acta Crystallogr.,

and depressed with-donor substituents. The angular changes ~(10) campos, J. A.; Casado, J:0B M. A. J. Am. Chem. Sod.980

are generally accompanied by lengthening ofthed especially 102, 1501.

The present analysis shows that the geometry of the carbon
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