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Substituent resonance constant, rR is calculated from substituted benzenes using molecular electrostatic
potential (MESP). The reliability of rv

R is rigorously verified using isodesmic reactions and found that the
energy component of substituent resonance effect is proportional to rv

R. Thus the MESP approach enabled
the definition to an electrostatic scale of substituent resonance effect.

� 2009 Elsevier Ltd. All rights reserved.
Resonance effect is one of the most widely used qualitative
concepts in chemistry.1 Though it is not considered as an observa-
ble property, its use is wide spread to interpret molecular stability,
reactivities of conjugated molecules,2 rationalizing hydrogen
bonding3,4 and in understanding the co-ordination of ligands to
metals.5 Substituents (X) exhibit profound influence on the molec-
ular properties of attached molecular units and the resonance con-
tribution of ‘X’ is quantified as resonance constant (rR).6,7 Taft et al.
introduced the dual substituent parametric (DSP) equation
(rp = rI + rR) to derive the rR.6,8,9 However, Exner and B}ohm10

found that the validity of DSP equation is limited as the acceptor
substituents are properly not expressed by rR and suggested two
different resonance scales for both acceptors and donors. Several
scales have been proposed as alternative to resonance constants;
based on infrared intensities (IR),11–14 NMR chemical shifts9,15,16

and isodesmic reaction energies.1,17,18 The energies of resonance
substituent effects turned out to be an unsatisfactory scale,1,6 IR
scale requires detailed spectral analysis.19 Thus, to evaluate the
substituent resonance effect, an easy, reliable and efficient method
through an observable molecular property is yet to be established.
Since the substituent resonance effect depends on the extent of
interaction between ‘X’ and reaction centre,20 a resonance scale
must also interpret accurately the electron-donating as well as
electron-withdrawing ability of the ‘X’. In this Letter, we outline
a simple and meaningful approach to estimate rR from mono-
substituted benzenes using molecular electrostatic potential
(MESP). Previous work has shown that MESP is an excellent
descriptor to interpret the substituent effects.21–26 Since MESP is
ll rights reserved.
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an experimentally observable property27 and intimately related
to the electron distribution, the use of MESP will definitely change
the status of resonance effect from a qualitative concept to a quan-
titative concept.

The MESP can be computed using Eq. 1, where {ZA} is the nucle-
ar charge

VðrÞ ¼
XN

A

ZA

jr� RAj
�
Z

qðr0Þd3r0

jr� r0j ð1Þ

and q(r) is the electron density.28–30 The MESP is calculated at B3LYP/
6-31G(d,p) level31 using geometries optimized at the same level. For
all calculations, GAUSSIAN0332 suite of programs have been used. In
Figure 1, the MESP isosurfaces of four systems are shown to illustrate
the effect of substituent over the p-region of various carbon atoms of
the phenyl ring. In benzene, the D6h symmetry guarantees equal dis-
tribution of MESP in all the carbon atoms. In fluorobenzene and ani-
line, the most negative-valued MESP or the MESP minimum (Vmin)
is observed near the para carbon whereas in benzonitrile Vmin is
observed near the meta carbon. Vmin also indicate the electron-rich
character over the respective carbon atoms. In general, when an elec-
tron-donating substituent (EDS) is attached to the phenyl ring, the re-
gion close to ortho and para carbons is more electron rich33 than the
vicinity near meta carbon whereas in the case of electron-withdraw-
ing substituents (EWS) the meta carbons are the most electron rich
(Scheme S1). Similarly, the features observed over the p-region are
also reflected at the nuclei of carbon atoms of the phenyl ring. The
MESP at the meta carbon atom (Vm) is more negative than the MESP
at the para carbon atom (Vp) for EWS and Vp is more negative than
Vm for EDS. For instance, NH2 shows a Vm value of �9253.95 kcal/
mol and a Vp value of�9259.47 kcal/mol whereas CN shows Vm value



Figure 1. MESP isosurfaces of mono-substituted benzenes. (a) H, (b) F, (c) NH2 (d) CN. The isosurface values in kcal/mol are �16.32, �12.24, �23.03 and �2.95, respectively,
for H-, F-, NH2- and CN-substituted benzenes.

Table 1
Molecular electrostatic potential (MESP) at the meta (Vm) and para (Vp) carbons of
mono-substituted benzenes and MESP-derived resonance constants ðrv

RÞ

Substituent Vm Vp ro
R

a rv
R

H �14.7409 �14.7409 0.00 0.00
CH3 �14.7440 �14.7454 �0.10 �0.88
C2H5 �14.7448 �14.7466 �0.10 �1.13
CH(CH3)2 �14.7442 �14.7451 �0.12 �0.56
C(CH3)3 �14.7447 �14.7460 �0.13 �0.82
CH@CH2 �14.7392 �14.7390 �0.05 0.13
C6H5 �14.7395 �14.7400 �0.10 �0.31
CH2OH �14.7440 �14.7459 �0.06 �1.19
CH2SH �14.7366 �14.7368 — �0.13
CH2Cl �14.7306 �14.7300 �0.03 0.38
NH2 �14.7471 �14.7559 �0.47 �5.52
NHCH3 �14.7496 �14.7584 �0.52 �5.52
N(CH3)2 �14.7515 �14.7602 �0.53 �5.46
N@NH �14.7171 �14.7177 — �0.38
NHCOCH3 �14.7368 �14.7438 �0.42 �4.39
OH �14.7395 �14.7466 �0.40 �4.46
OCH3 �14.7420 �14.7487 �0.43 �4.20
OCH2CH3 �14.7430 �14.7498 �0.44 �4.27
OCH(CH3)2 �14.7435 �14.7518 �0.43 �5.21
OC6H5 �14.7391 �14.7464 �0.36 �4.58
OCOCH3 �14.7333 �14.7374 �0.24 �2.57
SH �14.7328 �14.7371 �0.19 �2.70
SCH3 �14.7376 �14.7419 �0.25 �2.70
F �14.7284 �14.7346 �0.34 �3.89
Cl �14.7248 �14.7281 �0.22 �2.07
Br �14.7251 �14.7279 �0.23 �1.76
CHO �14.7237 �14.7191 0.24 2.89
COCH3 �14.7301 �14.7254 0.22 2.95
CONH2 �14.7319 �14.7284 0.13 2.20
CSNH2 �14.7279 �14.7244 — 2.20
COOH �14.7283 �14.7241 0.29 2.64
COOCH3 �14.7307 �14.7274 0.16 2.07
CN �14.7133 �14.7115 0.09b 1.13
NO2 �14.7094 �14.7071 0.17 1.44
CF3 �14.7226 �14.7217 0.10 0.56
COCl �14.7139 �14.7091 0.21 3.01
Li �14.7804 �14.7776 0.14 1.76
SICl3 �14.7175 �14.7145 0.09 1.88
Si(CH3)3 �14.7437 �14.7416 0.03 1.32
PH2 �14.7354 �14.7369 �0.05 �0.94
P(CH3)2 �14.7401 �14.7413 �0.08 �0.75
NHNH2 �14.7506 �14.7598 �0.49 �5.77
SO2Cl �14.7131 �14.7113 0.11 1.13
SOCH3 �14.7259 �14.7258 �0.07 0.06
BCl2 �14.7237 �14.7168 0.30 4.33
NO �14.7152 �14.7105 0.25 2.95
CH2CHO �14.7317 �14.7324 �0.11 �0.44
CH2CH2CH3 �14.7440 �14.7451 �0.11 �0.69
CH2Br �14.7307 �14.7302 �0.02 0.31
CH2OCH3 �14.7449 �14.7450 �0.04 �0.06

Vm and Vp value are in au and rv
R in kcal/mol.

a Values are taken from Ref. 14.
b Value is taken from Ref. 7.

7352 F. B. Sayyed, C. H. Suresh / Tetrahedron Letters 50 (2009) 7351–7354
of �9232.74 kcal/mol and Vp value of �9231.61 kcal/mol. It may be
noted that the interaction of ‘X’ on the meta carbon is primarily due
to inductive effect (qIrI = 0.86qrm)34 while the effect of ‘X’ on the
para carbon comprises both resonance and inductive effects.35 Thus,
the difference between Vp and Vm is primarily due to the resonance
contribution of ‘X’. However, the substituent inductive effect is nearly
the same on all the carbons of aromatic ring as reported by More-
land.33 Following this argument, we define the MESP-based reso-
nance constant ðrv

RÞ as Vp � Vm. The Vp and Vm values are evaluated
for a set of fifty substituted benzenes (Table 1). Interestingly, substit-
uents classified as ‘ortho–para directing’ in electrophilic substitution
reactions showed a negative sign for rv

R and the rest (meta directing)
showed a positive sign. The linear correlation betweenrv

R andro
R (res-

onance constants derived from IR) shown in Figure 2 clearly suggests
that MESP is a vital tool for the estimation of the resonance effect of
substituents and serves as an alternate measure of the resonance
constants.

The efficacy of the rv
R is rigorously tested in substituted phenols

by considering 26 substituents using three sets of isodesmic reac-
tions36 (Scheme 1). The reaction energies of the isodesmic reactions,
(1), (2) and (3) are designated as DE1, DE2 and DE3, respectively. The
reaction (1) quantifies energy component of the resonance contribu-
tion of ‘X’ with the OH. The correlation between DE1 and rv

R

(r = 0.988) illustrates the use of rv
R as a measure of substituent effect

where the ‘through conjugation effect’ occurs between the reaction
centre and the substituent (Fig. 3a). Regarding isodesmic reaction
(2), the meta substituent can interact with ‘OH’ mainly through
inductive effect whereas the para substituent interacts with ‘OH’
through both inductive and resonance effects.34 Therefore, DE2 will
serve as a good measure of resonance effect of ‘X’. The linear correla-
tion betweenDE2 and rv

R (r = 0.987) strongly supports this argument
and validates the use of the MESP approach to estimate resonance
Figure 2. Correlation between the ro
R and MESP-derived rv

R values.



Figure 3. Dependence of isodesmic reaction energies (in kcal/mol) and the MESP-
derived resonance constants ðrv

RÞ.

Scheme 1. Isodesmic reactions studied to validate the electrostatic scale of
resonance effect. X = substituent.
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effects (Fig. 3b). The isodesmic reaction (3) corresponds to the rota-
tion of OH group wherein the OH group is rotated by 90� with respect
to the phenyl ring, the X� � �OH resonance interaction will be effec-
tively removed and no significant change will occur to the inductive
effect.2 The correlation of DE3 with rv

R is linear with r = 0.978
(Fig. 3c). Thus the three linear correlations of isodesmic reaction
energies with rv

R, suggest that rv
R is a reliable measure of substituent

resonance effect. The proposed electrostatic scale of substituent res-
onance effect is easy to compute and is expected to be useful in QSAR
and QSPR studies of organic molecules.
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