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Density functional theory computations at the B3LYP/6-3T(2d,2p) and BPW91/6-311G(d,p) levels

were carried out for a series of 15 monosubstituted benzene derivatives to study dependencies between
electronic structure parameters and experimental reactivity constants. An efficient and accurate
computational approach for the evaluationo8fsubstituent constants for substituted benzene systems is
outlined. It is based on the excellent linear correlation between the experimental reactivity constants and
the theoretical electrostatic potential values (EPN) at the carbon atoms in the para and meta positions.
The results underline the usefulness of the EPN as a local reactivity descriptor. Theoretical computations
to assess the influence of water solvent using the SCIPCM method showed that the solvent enhances the
overall effect of polar substituents by about 30%. The results obtained indicate also that the relative
values of theo® constants are predominantly determined by intramolecular influences.

Introduction dynamics and kinetics of numerous organic reactions provided
by the Hammett approach has also played a significant role in
elucidating the mechanisms of the reactions studied. The
determination of different types of substituent constants from
experimental kinetic or thermodynamic studies has also con-
tributed to the clear definition of important phenomena such as
t University of Sofia. inductiveffield effects, resonance effects, and other intramo-

* University of Georgia. lecular influence$ 13
(1) Hammett, L. PJ. Am. Chem. S0d.937, 59, 96.
(2) Jaffe, H. H.Chem. Re. 1953 53, 191.

For many years the Hammett equation was a significant
driving force behind the development of organic chemistry as
a quantitative science’® The characterization of the influence
of structural variations, or substituent effects, on the thermo-

(3) McDaniel, D. H.; Brown, H. CJ. Org. Chem1958 23, 420. (9) Correlation Analysis in Chemistrhapman, N. B., Shorter, J., Eds.;
(4) Yukawa, Y.; Tsuno, YBull. Chem. Soc. Jpri959 32, 971. Plenum: London, 1978.
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(6) Wells, P. R.Linear Free Energy Relationship&\cademic Press: Reference to Multiple RegressjdResearch Studies Press: New York, 1982.
London, 1968. (11) Lowry, T. H.; Richardson, K. Svlechanism and Theory in Organic
(7) Shorter, JCorrelation Analysis in Organic Chemistry: An Introduc-  Chemistry 3rd ed.; Harper Collins: New York, 1987.
tion to Linear Free-Energy RelationshipSlarendon Press: Oxford, 1973. (12) Exner, O.Correlation Analysis of Chemical Datd&lenum Press:
(8) Ehrenson, S.; Brownlee, R. T. C.; Taft, R. Rtog. Phys. Org. Chem. New York, 1988.
1973 10, 1. (13) Hansch, C.; Leo, A.; Taft, R. WChem. Re. 1991, 91, 165.
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The progress of computational quantum chemistry has offered substituted phenols, anilines, and benzoic acids in a comparative

alternative possibilities for rationalizing the reactivity of organic

context with the performance of the empirieatonstants. In

molecules. Theoretically evaluated charge density parametersthe case of substituted benzoic acitftlollingsworth, Seybold,
frontier orbital energies, and other electronic structure parametersand Hadad considered several types of atomic charges, as well

have found wide application in interpreting the effects of

as the Wiberg bond index. The correlation coefficients for the

structural variations on the kinetics and thermodynamics of relationship between the experimentaK;pvalues and the

chemical reaction’¥*"19 Significant progress has also been
achieved via the electronic reactivity indexes defined in the
framework of density functional theo®j- 8 Despite these new

opportunities, there is a continuing interest in applying the

theoretically estimated parameters ranged from 0.956 to 0.989.
The total Lawvdin charge on the carboxylic group appeared to
be the best parameter describing the variations of the benzoic
acid K, values. A similar study on thei values of substituted

different types of substituent constants in analyzing chemical anilineg® considered, in addition to atomic charges, several
reactivity because of the simplicity of the approach and the other types of theoretical quantities: the relative proton-transfer

prevailing trust of many chemists in experimentally derived
parameters such as the Hammettconstants. The current

enthalpies, the minima in the molecular surface local ionization
energies, as well as the molecular electrostatic potential (MESP)

importance of the substituent constants is further underlined by total and surface minima. The correlation coefficienjsélating

their key application in the field of structurgproperty and
structure-activity studieg®2% Despite the accumulation of
reactivity constants for a considerable variety of substitU€ts,

these quantities and th&pvalues were 0.957 for the natural
charges, 0.960 for the relative proton-transfer enthalpies, 0.974
for the minima in the molecular surface local ionization energies,

the number of available parameters is restricted by the necessity0.972 for the MESP minima, and 0.965 for the MESP surface

to carry out a series of kinetic or chemical equilibrium studies

minima. Morao and Hilliet®hfound linear correlations between

in their experimental determination. Spectroscopic data such astheo™ constants and NBO bond orders and charges, the nuclear-

NMR chemical shifts, vibrational frequencies, and IR intensities

independent chemical shifts, and the LUMO energies in the case

have also been utilized in deriving correlation equations for the of para-substituted benzyl cations. The correlation coefficients

evaluation of reactivity constants of new substituehits’

(r) for these dependencies were somewhat low, ranging from

Relationships between substituent constants and electronic0.89 to 0.94. Barbour and Kaff discussed the acidities of

structure parameters have been found in numerous €&Gesss
and Seyboléfb-¢ considered correlations between electronic
structure parameters and the experimentkl, walues of

(14) Fukui, K. Theory of Orientation and Stereoselectid®pringer-
Verlag: Berlin, 1975.

(15) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JARInitio
Molecular Orbital Theory Wiley: New York, 1986.

(16) Parr, R. G.; Yang, WDensity Functional Theory of Atoms and
Molecules Oxford University Press: Oxford, 1989.

(17) Shaik, S. S.; Schlegel, H. B.; Wolfe, $heoretical Aspects of
Physical Organic Chemistry. Thg@&MechanismWiley-Interscience: New
York, 1992.

(18) Reviews of Modern Quantum Chemistrgen, K. D., Ed.; World
Scientific: Singapore, 2002; Vol. 2.

(19) Nalewajski, R. F.; Korchowiec, KCharge Sensitity Approach to
Electronic Structure and Chemical Readty; World Scientific: Singapore,
1997.

(20) Structure-Activity Correlation as a Predictie Tool in Toxicology
Goldberg, L., Ed.; Hemisphere Publishing: Washington, DC, 1983.

(21) Hansch, C.; Leo, AExploring QSAR: Fundamentals and Applica-
tions in Chemistry and BiologyAmerican Chemical Society: Washington,
DC, 1995.

(22) Hansch, C.; Hoekman, D.; Gao, Bhem. Re. 1996 96, 1045.
(23) Predicting Chemical Toxicity and Fat€ronin, M. T. D., Living-
stone, D. J., Livingstone, D., Eds.; CRC Press: Boca Raton, FL, 2004.
(24) Exner, O. InCorrelation Analysis in ChemistryChapman, N. B.,

Shorter, J., Eds.; Plenum: London, 1978; Chapter 10.

(25) Cralik, D. J.; Brownlee, R. T. ®rog. Phys. Org. Chenl983 14,
1.

(26) Katritzky, A. R.; Topsom, R. DChem. Re. 1977, 77, 639.

(27) (a) Topsom, R. DProg. Phys. Org. Cheml983 14, 193. (b)
Velcheva, E. A.; Juchnovski, I. N.; Binev, |. Gpectrochim. Acta, Part A
2003 59, 1745. .

(28) For recent studies, see: (a) Exner, O.; Ingr, Masky, P.J. Mol.
Struct. (THEOCHEM)1997, 397, 231. (b) Gross, K. C.; Seybold, P. G.
Int. J. Quantum ChenR00Q 80, 1107. (c) Gross, K. C.; Seybold, P. G.
Int. J. Quantum Chen2001, 85, 569. (d) Hollingsworth, C. A.; Seybold,
P. G.; Hadad, C. MiInt. J. Quantum Chen2002 90, 1396. (e) Gross, K.
C.; Seybold, P. G.; Peralta-Inga, Z.; Murray, J. S.; Politzed, Prg. Chem.
2001, 66, 6919. (f) Ertl, P.Quant. Struct.-Act. Relatl997, 16, 377. (9)
Sullivan, J. J.; Jones, A. D.; Tanji, K. K. Chem. Inf. Comput. S&@00Q
40, 1113. (h) Morao, |.; Hillier, I. HTetrahedron Lett2001, 42, 4429. (i)
Barbour, J. B.; Karty, J. MJ. Phys. Org. Chen2005 18, 210. (j) Elango,
M.; Parthasarathi, R.; Narayanan, G. K.; Sabeelullah, A. M.; Sarkar, U.;
Venkatasubramaniyan, N. S.; Supramania, V.; Chattaraj, . IChem.
Sci.2005 117, 1. (k) Domingo, L. P.; Pez, P.; Contreras, R. Org. Chem
2003 68, 6060.

para-substituted phenols anghra-alkylphenols in terms of
inductive/field and resonance parameters. In a recent study,
Elango et aP8i discussed the relationships among the Parr
electrophilicity index?® Hammett constants, and nuclear-
independent chemical shif8.Domingo et ak® studied the
relationship betweeu, constants and the electrophilicity index
for a series of substituted ethylenes.

A direct theoretical approach in deriving substituent constants
was also proposed by Topsom and co-workérshe method
employs theoretically estimated atomic charges as well as other
theoretically derived quantities in evaluating substituent con-
stants. A quantum chemical approach was recently applied by
Wiberg in rationalizing the nature of intramolecular effects
induced by the substituent$The Hammett equation was also
interpreted by Liu and co-workers in terms of the Paulings
electronegativity equatiof?.

In the present study, we outline a computational approach
for the evaluation of reactivity constants based on relationships
between the experimental constants and theoretically estimated
values for the electrostatic potential at nuclei (EPN) for a series
of 15 monosubstituted benzenes. Two types of atomic charges
were also considered for similar relationships. Recent studies
showed that the electrostatic potentials at nuclei can be employed
as an excellent local reactivity descripfér3® Minima and

(29) Parr, R. G.; Szentpa L. v.; Liu, S. J. Am. Chem. S0d.999 121,
1922.

(30) Schleyer, P. v. R.; Maerker, C.; Dransfeld, A.; Jiao, H.; Hommes,
N. J. R. v. EJ. Am. Chem. S0d.996 118 6317.

(31) (a) Marriott, S.; Topsom, R. DI. Am. Chem. Sod.984 106, 7.
(b) Marriott, S.; Topsom, R. D]. Chem. Soc., Perkin Trans1885 1045.
(c) Hehre, W. J.; Pau, C. F.; Headley, A. D.; Taft, R. W.; Topsom, R. D.
J. Am. Chem. S0d.986 108 1711.

(32) (a) Wiberg, K. BJ. Org. Chem2002 67, 1613. (b) Wiberg, K. B.
J. Org. Chem2002 67, 4787. (c) Wiberg, K. BJ. Org. Chem2003 68,
875. (d) Lee, J. Y.; Mhin, B. J.; Kim, K. SJ. Phys. Chem2003 107,
3578.

(33) Liu, L.; Fu, Y.; Liu, R.; Li, R.-Q.; Guo, Q.-XJ. Chem. Inf. Comput.
Sci. 2002 44, 652.

(34) Bobadova-Parvanova, P.; GalabovJBPhys. Chem. A998 102
1815.
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maxima of MESP have been shown to describe satisfactorily of atoma. In a series of studies, Bruns et5&lshowed that the
chemical reactivity in generdf—43 mean dipole derivatives (or GAPT atomic charges) can be suc-
cessfully employed in characterizing electric charge properties in
a number of molecules.

Electrostatic Potentials at Nuclei.The electrostatic potential

Theoretical Methods Employed Full geometry optimization at a nucleus (EPN) was also evaluated. The electrostatic potential
of the 15 monosubstituted benzene derivatives studied was carriedat a particular nucleusd] is defined by eq 2 at = Ry (radius
out via density functional theory computations using the Gaussian vector of the respective nucleus) as the terRat Ra is dropped
94 program packag®.The theoretical calculations were performed out#%:53
employing the B3LYP hybrid function& with the 6-31%-G(2d,-
2p) basis séf and using the BPW91 gradient-corrected functithal
combined with the 6-31G(d) basis set® Harmonic vibrational
frequency computations were also carried out to verify that all
optimized structures were true minima on the respective potential
energy surfaces and also to evaluate the dipole moment derivative
matrixes.

Atomic Charges.Atomic charges from two different partitioning
methods were obtained. Natural bond orbital (NBO) chédffes
the carbon atoms situated in the meta and para positions with respec
to the substituents were determined. The NBO charges have bee
extensively used in describing charge distributions in molecules. |
Atomic charges derived from dipole moment derivatives (atomic
polar tensors) were also evaluated. The mean dipole derivtives
or generalized atomic polar tensor (GAPT) chaf§espresent the
trace of the matrix of the dipole derivatives associated with a
particular atono in the molecule:

apJIX, IPJIY, Ipdoz,
P = |opfox, dpJay, op/ 9z, @
apJox, dpJay, Ipliz,

In eq 1, py py, and p, are the Cartesian components of the
molecular dipole moment, whereas Y., andz, are the coordinates

Computational Methods

Zy p(r)
VY:V(RY)_;lRY—RM _flRY—r'\dr @

In this equationZ, is the charge on nucledswith radius vector
Ra, p(r) is the electronic density of the molecule, ahds a dummy
integration variable. Equation 2 is written in atomic units and
ontains a summation over all atomic nuclei, treated as positive
oint charges, as well as integration over the continuous distribution
f the electronic charge. It should be emphasized that, within the
evel of electronic structure theory employed, the EPN values reflect
perfectly accurately the changes in the electronic density at the
atomic sites induced by structural variations. From a theoretical
point of view the EPN should, therefore, be considered superior as
a local reactivity index in describing the Coulombic attraction
between the reactants compared to the differently defined atomic
charges that are always evaluated via approximate partitioning
schemes.

Results and Discussion

The effect of substituents on electronic parameters character-
izing the para and meta positions in the aromatic ring was

(35) Galabov, B.. Bobadova-ParvanovaJPPhys. Chem. 4999 103 assessed by computations at two Igvels of. density fgnctlonal
6793, theory, as discussed in the preceding section. A series of 15

(36) Dimitrova, V.; llieva, S.; Galabov, Bl. Phys. Chem. 2002 106, monosubstituted benzenes were studied. The molecules treated
118??71-6 abov. B.: Bobadova.p b lieva. S.- Dimi . aregivenin Table 1. The results from the B3LYP/6-313-

Mo(l. S)tru"(’:‘té(?;'EdCHoan%‘gg G%r(‘l’afgi’_a' - llieva, S.; Dimirova).V. 54 21) computations involving the -4 bond in the para

(38) Galabov, B.; Cheshmedzhieva, D.; llieva, S.; Hadjieval.Bhys. position to the substituents are presented in Table 1. The
Chem. A2004 108, 11457. o ) ) electronic parameters evaluated are as follows: the electrostatic
Veﬁf‘fg).Sé;?ﬁﬁ"’lS;gT%mg%s" J. Popics in Current ChemistnSpringer-  hotential values for the carbon and hydrogen atoms, the NBO

(40) Chemical Applications of Atomic and Molecular Electrostatic Cha.rge.S at the same atoms, and the mean dipole moment
Potentials Politzer, P., Truhlar, D. G., Eds.; Plenum Press: New York, derivatives or GAPT atomic charge for the hydrogen atom of
19{(311) Politzer, P.; Murray, J. S. IReviews in Computational Chemistry the para €H bonds. The theoretical values are compared to
Lipkowitz, K. B‘., F;oyd, D. B Eds.; VCH Publishers: New York, 1991. two types of Su,bs“tl_]em ConStantS' The standard Hammett

(42) Naray-Szabo, G.; Ferenczy, G.GBem. Re. 1995 95, 829. constants are given in the penultimate column of Table 1. The
£ (43_)MofcultardElectfloséathC PotentiajsMurray, J. S., Sen, K., Eds.;;  last column contains the? constants introduced by Van Bekkum

sevier: msterdam, . 54 5 0 :

(44) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.: et al>* and Taft> The ¢” constants are defined to reflect the
Johnson, B. J.: Robb, M. A.: Cheeseman, J. R.: Keith, T.; Petersson, G.iSolated effect of individual substituents unperturbed by possible
A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, resonance interactions with a second substituent.

V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.; i it

Nanayakkara, A.: Challacombe, M.: Peng, C. V.. Ayala. P. Y. Chen, W.: It follows from thIS.defInItIOI’l that .theao constants are
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L., €XPected to represent in a more plausible way the effect of the
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head- polar groups in the monosubstituted benzenes. The standard
Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94revision C.3; Gaussian, Hammett constants were taken from the review of Hansch et
Inc.: Pittsburgh, PA, 1995. 13 0 -

(45) (a) Becke, A. DJ. Chem. Phys1993 98, 5648. (b) Lee, C.: Yang, al.l®* The ¢° constants .for_ the para and meta substituents were
W.; Parr, R. GPhys. Re. B 1988 37, 785. taken from the compilation of Exnét.The two rows at the

(46) (a) Curtiss, L. A.; McGrath, M. P.; Blaudeau, J.-P.; Davis, N. E.; bottom of the table contain the correlation coefficienty (

Binning, R. C., Jr.; Radom, L1. Chem. Phys1995 103 6104. (b) Clark, ;
T.; Chandrasekar, J.; Spiznagel, G. W.; Schleyer, P. J. Romput. Chem. between the theoretical parameters and the two sets of

1983 4, 294.
(47) Becke, A. DPhys. Re. A1988 38, 3098. (b) Perdew, J. P.; Wang,
Y. Phys. Re. B 1992 45, 13244.

(52) (a) Guadagnini, P. H.; Oliveira, A. E.; Bruns, R. E.; Neto, BJB.
Am. Chem. Soc997, 119, 4224. (b) Oliveira, A. E.; Haiduke, R. L. A;;

(48) Petersson, G. A.; Al-Laham, M. A. Chem. Physl991, 94, 6081.

(49) (a) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88,
899. (b) Carpenter, J. E.; Weinhold,F .Mol. Struct. (THEOCHEM)988
169 41.

(50) Cioslowski, JJ. Am. Chem. S0d.989 111, 8333.

(51) Newton, J. H.; Person, W. B. Chem. Physl1974 61, 1040.
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Bruns, R. E.J. Phys. Chem. £00Q 104, 5320. (c) Haiduke, R. L. A,;
Oliveira, A. E.; Moreira, N. H.; Bruns, R. El. Phys. Chem. 2004 108
866. (d) Haiduke, R. L. A.; Bruns, R. B. Phys. Chem. 2005 109, 2680.
(53) Wilson, E. B., JrJ. Chem. Physl962 36, 2232.
(54) Van Bekkum, H.; Verkade, P. E.; Wepster, B.Recl. Tra,.. Chim.
1959 78, 815.
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TABLE 1. Experimental Reactivity Constants and Theoretical Parameters for the para G-H Bond in Monosubstituted Benzenes from
B3LYP/6-311+G(2d,2p) Computations

Ve V2 V¢ soP V4 sob gc (NBO) gn (NBO)

[au] [au] [au] [au] [e] [e] g+ (GAPT) 0p° o™
—H —14.77568 —1.11031 —14.77912 —1.10875 —0.20356 0.20355 0.03175 0 0
—CHs —14.78082 —1.11381 —14.78544 —1.11376 —0.20983 0.20250 0.03074 —-0.17 —-0.12
—0OCHs —14.78389 —1.11533 —14.78832 —1.11494 —0.23644 0.20466 0.03398 -0.27 -0.13
—NH; —14.78970 —1.12017 —14.79790 —1.12398 —0.24596 0.20356 0.03180 —0.66 -0.33
—F —14.76831 —1.10237 —14.76788 —1.09690 —0.22005 0.20775 0.03981 0.06 0.20
—ClI —14.76459 —1.09929 —14.76354 —1.09310 —0.20709 0.20806 0.03920 0.23 0.24
—CN —14.74692 —1.08484 —14.74050 —1.07388 —0.17764 0.21012 0.04388 0.66 0.71
—CHO —14.75382 —1.09184 —14.74958 —1.08266 —0.17035 0.20756 0.03989 0.42 0.47
—NO2# —14.74255 —1.08122 —0.16875 0.21106 0.04689 0.78 0.81
—COOH —14.75834 —1.09562 —14.75776 —1.08927 —0.17417 0.20669 0.03842 0.45 0.44
—COF —14.74695 —1.08553 —14.74042 —1.07407 —0.16534 0.20916 0.04318 0.70 0.70
—COCI —14.74579 —1.08432 —14.73840 —1.07210 —0.16212 0.20952 0.04313 0.61 0.69
—CCH —14.76657 —1.10214 —14.76694 —1.09703 —0.19381 0.20589 0.03590 0.23 0.22
—CHR, —14.76266 —1.09829 —14.76352 —1.09315 —0.19185 0.20704 0.03745 0.32 0.35
—CRs —14.75484 —1.09158 —14.75196 —1.08450 —0.18302 0.20856 0.04090 0.54 0.53
r (op) 0.980 0.975 0.973 0.970 0.940 0.872 0.883
r (Upo) 0.996 0.996 0.994 0.994 0.921 0.920 0.937

aElectrostatic potential at nuclei.Obtained using the SCIPCM method for water solutiern=(78.39) and full geometry optimizatiof From Hansch
et all® dFrom Exne?* €The SCIPCM computations for nitrobenzene did not converge.

’ — e the o’ constants { = 0.994). TheVc/on? plot is shown in

-14.74 1 Figure 2. The dependence betweéénand o’ has a slightly
[ lower correlation coefficientr(= 0.987). It can be seen that

v e the NBO charges for the hydrogens of the metatCbond
C_M 76 | follow closely the variations of the,,° constantsi(= 0.991).
| Somewhat unexpectedly, the NBO charges atntleéacarbon
1477 F atom do not correlate linearly with the respectiyg constants

- (r = 0.367). The reason can be sought in the participation of

-14.78 [ the carbon atoms in the conjugated system and the resulting

I inaccuracies in the partitioning of the electron charge density

-14.79 between the atoms in such systems. Wietahydrogen atoms,

) ) ) ) ) ) . on the other hand, are isolated from these effects and experience
04 -02 00 02 04 06 08 10 the distant influence of the polar substituents.

The correlation between GAPT charges and substituent
constants is less satisfactory.

FIGURE 1. Relationship between the theoretical electrostatic potential It is certainly of interest to plot simultaneously the electro-
at the para-carbon atom in monosubstituted benzenes andotfie static potential values for both para and metatChonds. The

constants. following linear regression was obtained:

(o]
Sp

constants. The best correlations are found for the relationships Ve= 0.044° — 14.777 3)
between the theoretically estimated electrostatic potential at the

carbon and hydrogen atoms and the respeefi\@@nstants. The  andn = 29, r = 0.995, ands = 0.001.

linear plot with the standard constants is less satisfactory. This relationship is illustrated in Figure 3. The quality of the
The correlations between substituent constants, the naturalinear dependence between #fesubstituent constants and the
charges at the carbon and hydrogen atoms, and the GAPTiheoretically estimated EPN values for the carbon atom in the
charges at the hydrogen atoms of the paraHCbond reveal para and meta positions of the aromatic ring indicates that the
that overall linearity between the theoretical and experimental rejationship found offers a useful computational approach for
quantities exists, though the respective correlation coefficients he evaluation of reactivity constants. The results from the

are low. . present study emphasize also the accuracy of the electrostatic
The excellent linear plot between the carbon EPN valMegs ( potential at nuclei as a local reactivity descriptbr®
and theo,? constants is illustrated in Figure 1. In view of the It should be emphasized that théconstants are determined

usual experimental errors in determining the reactivity constants from solution kinetic and chemical equilibrium studfe¥. It

as well as the approximations inherent in the theoretical methods;g therefore, quite surprising to find such a nearly perfect linear

employed itis not reasonable to expect a better linear correlationcorrelation between these experimental quantities and the

between these two quantities. _ theoretical EPN values obtained without consideration of the
Analogous results from theoretical computations for the meta sojvent effect. To analyze the influence of solvent, computations

C—H bonds in monosubstituted benzenes and the respectiveamploying the SCIPCM meth&% were carried out. Full

experimental reactivity constants are presented in Table 2ageometry optimization for the molecules studied at the B3LYP/

Again, the best correlation between theoretical parameters an

experimental reactivity constants is found for the linear plot  (55) Foresman, J. B.; Keith, T. A.; Snoonian, J.; Frisch, M1.Phys.

between the electrostatic potential at the carbon aidshdnd Chem 1996 100, 16098.
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TABLE 2. Experimental Reactivity Constants and Theoretical Parameters for the meta €H Bond in Monosubstituted Benzenes from
B3LYP/6-311+G(2d,2p) Computations

Ve V2 V¢ soP V4 sob gc (NBO) g+ (NBO)

[au] [au] [au] [au] le] [e] gx (GAPT) On® om
—H —14.77568 —1.11031 —14.77912 —1.10874 —0.20356 0.20355 0.03175 0 0
—CHs —14.77890 —1.11321 —14.78312 —1.11264 —0.19341 0.20187 0.02650 —-0.07 —0.07
—0OCH;s; —14.77681 —1.11253 —14.78019 —1.11059 —0.18538 0.20415 0.03063 0.12 0.06
—NH; —14.78071 —1.11596 —14.78761 —1.11796 —0.18129 0.20194 0.02918 -0.16 —0.09
—F —14.76184 —1.09893 —14.76209 —1.09351 —0.18425 0.20762 0.03967 0.06 0.33
—ClI —14.76104 —1.09930 —14.76076 —1.09134 —0.18562 0.20891 0.03386 0.37 0.38
—CN —14.74846 —1.08502 —14.74407 —1.07546 —0.19691 0.21288 0.04235 0.56 0.65
—CHO —14.75821 —1.09508 —14.75514 —1.08538 —0.20131 0.20907 0.03586 0.35 0.41
—NO2® —14.74474 —1.08249 —0.19586 0.21398 0.04396 0.71 0.71
—COOH —14.76230 —1.09829 —14.76296 —1.09330 —0.20485 0.20899 0.03672 0.37 0.35
—COF —14.75127 —1.08788 —14.74700 —1.07846 —0.20359 0.21196 0.04240 0.55 0.55
—COClI —14.75031 —1.08674 —14.74538 —1.07680 —0.20258 0.21244 0.03908 0.53 0.53
—CCH —14.76706 —1.10226 —14.76844 —1.09794 —0.19958 0.20747 0.03213 0.21 0.20
—CHFR, —14.76276 —1.09868 —14.76352 —1.09450 —0.19570 0.20770 0.03578 0.29 0.32
—CR —14.75545 —1.09187 —14.75402 —1.08515 —0.19556 0.21011 0.03985 0.43 0.46
r (om) 0.947 0.946 0.939 0.941 0.481 0.967 0.850
r (omd) 0.994 0.987 0.989 0.987 0.371 0.991 0.941

aElectrostatic potential at nuclei.Obtained using the SCIPCM method for water solutiern=(78.39) and full geometry optimizatiof From Hansch
et all® 9From Exne?* € The SCIPCM computations for nitrobenzene did not converged.

The regression equation obtained is as follows:

14751 Ve = 0.05%° — 14.780 (4)

A4.76 andn = 27,r = 0.993, ands = 0.002.

Comparison between eqs 3 and 4 reveals that the water
solvent enhances the overall effect of the substituents by about
30%. It is important to point out, however, that the theoretical
results show that the relative influence of the substituents does
_ not change with the transition from isolated molecules to

solutions. The data obtained illustrate the influence of the overall
0.0 0.2 0.4 0.6 0.8 polarity of the water solvent on the electronic parameter
G2 evaluated. As is known, the different SCRF methods incorpo-
rated in the electronic structure software packages do not reflect
FIGURE 2. Relationship between the theoretical electrostatic potential the specific interactions between substituents and polar solvents,
at the metacarbon atom in monosubstituted benzenes andotie such as hydrogen bonding or other types of local interactions.
constants. Such effects are expected to influence the experimental reactivity
constants. The high correlation coefficients for the linear

-14.77 |

-14.78 |-

-14.74 dependencies between electronic parameters obtained without
consideration of the possible specific interactions between
Ve TS solvent and aromatic substituents indicate that the role of these
14761 intermolecular effects on the relative values of teeactivity
constants for the treated series of benzene derivatives may not
1477} be too significant. Pears#hpointed out that the electronic
chemical potential and the global hardness do not change
1478} substantially upon solvation. It is certainly well-known from
14790 both experiment and theory that solvents may induce consider-

able changes in the energy profiles of chemical reactions. The
L detailed analysis of the solvent influence on the relative effects
of substituents on reactivity deserves, therefore, special attention.
c° The problem is beyond the scope of the present study.
FIGURE 3. Dependence between the theoretical electrostatic potential o verlfy the reliability of the. results obtained, analogous
at themeta andpara-carbon atoms in monosubstituted benzenes and co_mputatlons on.the monosubstituted benzenes were perfprmed
the o® constants. using an alternative DFT method as well as a smaller basis set.
The results from BPW91/6-311G(d,p) computations on mono-
6-311+G(2d,2p) level of theory was performed. The results substituted benzenes are presented in Table 3.
obtained for the theoretical EPN values of tinetaand para The correlation coefficients given in the two bottom rows
carbon and hydrogen atoms in the case of water solvent areshow that the established linear relationship betweencthe
given in Tables 1 and 2. It is seen from the correlation constants and the respective carbon EPN values is confirmed
coefficients obtained that the excellent linear dependence
betweenVc andVy and the respective® constants is retained. (56) Pearson, R. Gl. Am. Chem. Sod 986 108 6109.
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TABLE 3. Experimental Reactivity Constants and Theoretical TABLE 4. Predicted ¢° Constants Using Eq 3
Parameters for the para and meta C-H Bond in Monosubstituted

i 0 0
Benzenes from BPW91/6-311G(d,p) Computations substituent para \c [au] meta \¢ [au] % Im
—CH,CI —14.766347  —14.766594 0.24 0.23
Ve [au] Vii® [au] G (GAPT) —CH,OH —14.775841  —14.776238 002 001
H —14.7842 —1.1089 0.02724 —CONH, —14.762773  —14.765865 0.32 0.25
p-CHs —14.7890 —1.1120 0.02496 —NCS —14.760351  —14.757927 0.37 0.43
p-OCH;s —14.7932 —1.1143 0.02854 —NHOH —14.783846  —14.775668  —0.16 0.02
p-NH> —14.8008 —1.1058 0.02628 —OCFR; —14.758756  —14.755801 0.41 0.48
p-F —14.7780 —1.1018 0.03587 —OCN —14.753583  —14.747275 0.53 0.67
p-Cl —14.7726 —1.0972 0.03563 —0OCOCH —14.771655  —14.768148 0.11 0.19
p-CN —14.7561 —1.0840 0.04058 —ONO, —14.754753  —14.753540 0.50 0.53
p-CHO —14.7629 —1.0910 0.03601
p-NO, —14.7531 —1.0816 0.04381
p-COCOH —14.7686 —1.0957 0.03420 theoretical predictions of reactivity than electronic parameters
p-COF —14.7568 —1.0853 0.03973 ) ; o )
p-COCI 147527 10815 0.04090 evaluated following approximate procedures. This is confirmed
p-CCH —14.7751 ~1.1006 0.03166 by the results of the present study.
p-CHR —14.7724 —1.0980 0.03339 In view of the importance of the Hammett type of constants
p‘%’ﬁ :ii-;g‘?‘g :i-?ﬂ? 8'82183 for organic chemistry and their wide QSAR and QSPR
mocﬁ_h 147866 11121 0.02566 application, a similar study on di- and poly-substituted benzene
m-NH, —14.7923 ~1.1169 0.02313 derivatives would be important.
m-F —14.7719 —1.0989 0.03633
m-Cl —14.7690 —1.0951 0.03093 ;
mCN ~14.7573 ~1.0840 0.03937 Conclusions
m\:l(")'o :ii-;ggz j-gggg 8-8%?? An efficient and meaningful computational approach for the
m_COZOH _147719 ~1.0979 0.03218 evaluation ofe® substituent constants for substituted benzene
m-COF —14.7604 —1.0872 0.03881 systems is outlined. It is based on the linear relationship between
m-COCI —14.7566 —1.0833 0.03649 experimental constants and the theoretical EPN at the carbon
m-CCH —14.7755 —1.1008 0.02848 atoms in the para and meta positions for a series of monosub-
mgga :ii';ggi :i'ggﬁ’ 8'832?2 stituted benzenes. The results emphasize the reliability of EPN
. 0'962 0'9 ° 0'8 ° as a local reactivity descriptor. Theoretical computations to
; E?’)a 0988 0'9g2 0'938 assess the influence of water solvent using the SCIPCM method

showed that the solvent enhances the overall effect of polar

2 Correlation coefficients for the dependencies between the electronic g\ pstituents by about 30%. The results obtained indicate also
parameters and the ando® constants as given in Tables 1 and 2. that the relative values of the® constants are predominantly
determined by intramolecular influences.

at this level of theory as well. The use of lower levels of
electronic structure theory is very often desirable if substituents
of larger size or large numbers of substituents need to be g,

quantitatively characterized by the respectiveonstants in view University of Georgia, where some of the present computations
of possible application in QSAR and QSPR studies. By using \yere carried out. The research in Georgia was supported by
eq 3 a number 06° constants were predicted for substituents, the National Science Foundation, Grant CHE-0451445. The
for which no such data are available. These values are reportedtesearch in Sofia was supported by the National Science Fund
in Table 4. (Bulgaria), Grant VU-980/05.

It is certainly of interest to discuss the physicochemical
grounds for the established linear dependence between the Supporting Information Available: Cartesian coordinates for
theoretically evaluated electrostatic potential at nuclei and the B3LYP/6-31HG(2d,2p) and BPW91/6-311G(d,p) optimized ge-
reactivity constants. As stressed earlier, the EPN values reflectometries of the monosubstituted benzenes. Cartesian coordinates
accurately the variation of the electron densities at the atomic for BLYP/6-311G(2d,2p) optimized structures in water solvent
sites in the respective reaction centers. The relationship betweer!Sing the SCIPCM method. This material is available free of charge
charge densities and chemical reactivity is quite clear. It is, via the Intemet at http://pubs.acs.org.
therefore, not surprising that EPN values offer more accurate JO00605288
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