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Some exact conditions for the extremals of the electrophilicity index, %25 (Parr, R. G.; von Szentpha

L.; Liu, S. J. Am. Chem. S0d.999 121, 1922), along an arbitrary reaction coordinate, have been carefully
examined. Implications within the widely used finite difference approximation for the density-functional based
reactivity descriptors, their relationship with the maximum hardness principle, and the reliability of the general
relationships have been tested in the framework of computational evidence for some simple systems of chemical
interest.

I. Introduction It was shown by von Szentpyathat o is an essential
component of several models for the charge dependence of total
ground-state energy of chemical systén@hattaraj and Maiti
have reported dynamic profiles of this index in the framework
of time-dependent density functional thedripaez et al. have
also reported detailed studies concerning the solvent effects on
the electrophilicity!® Chattaraj et al. have undertaken recently
the variation of thew index along the intrinsic reaction

The study of changes in the global and local reactivity profiles
of a reacting system is important to understand the reactivity
of the total chemical process. A great deal of work concerning
the evolution of density-functional theory basegbbal quanti-
ties such as the chemical potential,and the hardnesg, as
well as changes of local descriptors such as the Fukui function,
f(r), and the local softness(r), have been reportedFor ; h .
instance, a careful examination of the conditions corresponding co0rdinate for the intramolecular rearrangement reactians:-
to the critical points obtained for the chemical potential and N2H4_’1C'S'_N2H4 and KS, — FSSF in both the gas and solution
the global hardness along an arbitrary reaction coordinate hasPhases! Given the actual available evidence concerning the
been recently performed by Chandra and Uchintafitheir electrophilicity index defined by eq,?it appears of general
work, based on a finite difference approximation to these global mtergst to study in more detail its variations alc_>ng an arblltrary
reactivity indexes, pointed out that the operational hardness réaction pathway. In this work we have examined the simple
passes through a minimum at the transition state (TS) position €Xact gond|t|ons thqt glectroph|I|C|ty mde.x_ must satisfy to ob.taln
for a symmetric reaction coordinate, although it is not possible @ maximum or a minimum of electrophilicity along a reaction
to generalize these results for arbitrary (i.e., nonsymmetrical) Path. It will be clear that a simple connection with a general
chemical reactiond? Closely related in the context of global ~Maximum hardness principle (MHP)could be rationalized.
guantities of chemical reactivity (i.e., thermodynamic), the
elusive concept of electrophilicity takes a fundamental ptace. [I. Theory
Parr et aP have recently defined an index for the global

electrophilicity power of a system in terms of its chemical ~ T0 analyze the stationary points @falong the reaction path,
potential, and chemical hardness as s, it is necessary to start from the following expression, which

is the simple derivative ob» with respect tcs, o'

w = & (1) ] 30) ,u r 1 ;u 2 4
2 o= ) @
Such an index is intended to be a measure of the energy lowering
of the chemical species due to maximum electron flow from a = . L :
donor environmerft,and it is a quantitative formulation of the ~ With respect to the reaction pats, it is simple to denote this
model proposed previously by Maynard ef &lhat is,w is a derivative by primed symbols.
measure of the capacity of species to accept an arbitrary number Leaving the trivial case of constaat for constaniu andz,

Because, in this subsection, all the derivatives will be taken

of electrons. the simultaneous extremalsgrandz, imply, therefore, that of
w1114t is clear that an extremum on the electrophilicity along
* Corresponding author. E-mail: echamorro@unab.cl. the reaction patl, i.e.,w' = 0, will occur when the following
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condition in eq 2 is satisfied:

’ /u r

=2 3

u

Becauseu < 0 and#n > 0 due to convexity in energythe
extremum of the electrophilicity index occurs when the slope

of the variation of the chemical potential and the hardness along
the reaction coordinate are of the opposite sign. As reported by

Chandra and Uchimaruthis will be the general case for a

noncomplete symmetrical reaction pathway. Equation 3 can also
be satisfied at any other point of the reaction pathway. Of course,

one cannot exclude a priori more than one extrerdtim.

It is also clear from eq 3, that under the conditions for the
existence of a MHPSi.e., constants andu(r), there is also a
minimum electrophilicity principle. Notice, however, that except

for redox reactions, the condition of constant chemical potential

is difficult to find in a chemical reactionu(r) is the external

potential which, in absence of an electrical or magnetic potential,

is the Coulomb potential due to the nucleus.
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must also have an energy extremum at this fixed geometry. This
is an improbable result that indicates the need for a critical
reexamination of validity of finite difference approximations
widely employed, and of the quality of the calculations of the
energy of the cation and the anion. In general, at the TS position,
the following exact condition must be satisfied

2y —u) _ En-1lts
2n + #J Entilrs

(10)

Evidently, the general conditions far to be a maximum or a
minimum could be inferred directly from the sign of its second
derivative with respect ts, viz.,

Uy 14°

— 5 N
72,

(11)
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Hence, validity of MHP implie¥’ thatu is a constant ang is

It is convenient to recall that eq 1 has been proposed from aa maximum for the reactant, thg product oran in.te'rmediate and
second-order expansion of energy in terms of the number of @ minimunt®at the TS, which dictates thatis a minimum for

electronsN and that approximate expressions forcan be

the reactant/product/intermediate and a maximum at the TS. If

obtained once we choose the model to be used for the totalboth x and# are maxima (minima) at any poistalong the

energy in function of the number of electro&§N).6 Former
approximationsto the chemical potential and hardness, in terms
of the ionization potential,, and the electron affinityd, yield
simply

1+A

ux—— (4)

which under a finite difference approximatidrprovides the
following operational formulas:

1 1
u==- E(l +A) = E(ENJrl =)

1 1
n= E(' —A)= E(EN—H + By — 2B %)
whereEy, En-1, andEn+1 represent the energy of the systems
with N, N — 1, andN + 1 electrons, respectively. Inserting eq
5 into eq 3 we immediately obtain

U 1 U U
Enia — ”7 + 5‘4 By tuEy=0 (6)

=

The last equation can be also easily rearranged in terms of the

ionization potential as

(217 — wln' — (27 + w)I" = uEy )
or in terms of the electron affinitA as
[217 + plu' +uA =0 (8)

Within these approximations to the reactivity descriptors, it is
clear that at the TS position, eq 7 will reduce simply to

(9)

Therefore, assuming the validity of MHP at TS with the
necessary condition @f being constad#!®or an extremum at
the TS positiord16the electrophilicity,w, will be always an
extremum at TS (eq 3). This implies that the systems With

1 and withN — 1 electrons, under a finite difference approach,

(27 — ulrgrts — [27 + ul7dlts= 0

reaction coordinatap will be a minimum (maximum) at that
point becausg < 0 andy > 0. Relative magnitudes of the last
two terms of eq 11 will determine the exact nature of extremals
in @ in casex is a maximum angj is a minimum or vice versa.

Canonical Ensemble Description of Variations of Electro-
philicity. We recall that from a first-order functional expansion
of w = w[N,u(r)], we can write

ow ow
do =|=—= dN+
v [aN]v(r) f[é?f(r) N

where the derivatives can be straightforwardly obtained in terms
of previously reported high-order electronic descriptors of
chemical reactivity such ag'”i.e., one-third of the derivative

of 1 with respect to the electron numbir

ou(r) dr (12)

dw 2

ONJu(r)

3u

=2u- 2—772)/ (13)

and the first derivative of the Fukui function with respeciNo
f(Z)(r)’lS

[a” (14)

_ gy _ 110
s 0 a? O
where former definitions:18for the reactivity indexes have been
used.

It is to be expected that higher order derivatives will be
retained only as small contributions to the global and local
changes in the electrophilicity. These relationships, therefore,
emphasize that the global variation in the electrophilicity index
will be modulated through the chemical potential and that the
corresponding local variations will be mapped in the more
reactive site, as indicated through the Fukui function. Further-
more, the electrophilicity index defined in eq 1 can always be
written!® in terms of contributions of local (i.e., within a
condensed-to-centers model) electrophilic Fukui quantities

.= of’ (15)

which means that the variation of the electrophilic power will
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Figure 1. Global reactivity indices, i, y, w, anddw/dN, using the

parameter set of ref 17, for neutral atoms from He to Kr. All numbers
in electronvolts within a finite difference scheme model.

be directed to the sites where the Fukui function for nucleophilic

attacks is important?

Chamorro et al.

[ll. Computational Details

To test the numerical reliability of the above points, various
different examples will be discussed. First, the calculation of
all global indicesu, », y, w, and dw/oN for atomic systems
has been done using the parameter set of ref 17. Then for

molecules, we have studied at the B3LYP/6-3#1G(2dp,p)

level of theory the variation of the chemical potential, hardness,
and electrophilicity indexes along the intrinsic reaction coor-
dinate of the benchmark rearrangement of HCN to CNH.
Finally, we have also examined in detail some simple proton-
transfer reactions from oxygen to oxygen and from oxygen to
sulfur in the HO—C(=0)—C(=S)—OH and HS—C(=0)—
respectively. All
calculations have been performed with the Gaussian 98 package

C(=S)—OH thioxalic acid derivatives,

of program&!

IV. Results and Discusion

Figure 1 shows the values @f 7, y, w, anddw/oN for neutral
atoms from He to Kr. It is clear that the hardness presents a
minimum for the alkaline metal atoms and a maximum for the
noble gas atoms. The electrophilicity indexfollows clearly
the hardness trend. It is important, however, to notice that the
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Figure 2. Change in the chemical potential, hardness, and electrophilicity at the B3LYP#+3&(2d,p) level of theory along the IRC pathway
corresponding to the CNH- HCN isomerization reaction. Negative valuessaforresponds to the evolution of the CNH species toward the TS
(s = 0), and the positive ones to their transformation toward the HCN system.
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Figure 3. Change in the chemical potential, hardness, and electrophilicity at the B3LYP#6&#p) level of theory along the IRC pathway
corresponding to the symmetric oxygen to oxygen proton-transfer reactionttQheC(=0)—C(=S)—OH system. Negative values storrespond

to the evolution of theHO—C(=0)—C(=S)—OH system toward the symmetrical T$= 0), and the positive ones to their transformation toward
the isomericO=C(—OH)—C(=S)—OH system.
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Figure 4. Change in the chemical potential, hardness, and electrophilicity at the B3LYP/#6&3#l1p) level of theory along the IRC pathway
corresponding to the sulphur to oxygen proton transfer irH8e-C(=0)—C(=S)—OH system. Negative values sfcorrespond to the evolution

of the S=C(—OH)—C(=S)—OH species toward the asymmetric TS=f 0), and the positive ones to their transformation toward the isomeric
HS—C(=0)—C(=S)—OH system.

maxima forw are at atomic numbers corresponding to the clear from the above framework that the global changes in the
halogen atoms instead of the noble gas atoms, as expected fronelectrophilic power will be directed by the sites where the Fukui
chemical experience. Because thevalues are small, the function for nucleophilic attacks is important (eq 16). Some
variation ofw with respect toN resembles the values of general reacting systems have been used to test these general
Figure 2 depicts the variation of chemical potential, hardness, principles.
and electrophilicity indexes along the rearrangement of HCN
to CNH. The extremals fap appears on the IRC pathstalues
close to—1.75,—0.5, and+0.75 amu®2 bohr. For—1.75 and ~ vided by FONDECYT (Fondo de Desarrollo Cientifico y
—0.5, 1 andz show also an extremal, whereas at 0.75 aHiu ~ Tecnologico, Chile) through Grants No. 1030173 and No.
bohr,  andz show opposite slopes (eq 3). We can also note 1010649. E.C. appreciates also the support from Universidad
that hardness is not a minimum at the transition state but the Andrés Bello, project UNAB DI 11-02. P.K.C. thanks CSIR,
three indexes are rapidly varying near this stationary point. New Delhi, for financial assistance. We thank Professor's A.
From Figure 3 we observe the change of global reactivity Cedillo, M. Galvan, J. Garza, and R. Vargas at UAM (Mexico)
indexes along the IRC path for the oxygen to oxygen symmetric for many helpful discussions and comments.
proton-transfer reaction in tHdO—C(=0)—C(=S)—OH sys-
tem. This picture exemplifies the trivial case of eq 3 where
is going to be maximal at the TS position, and wherand (1) Parr, R. G.; Yang, WDensity-Functional Theory of Atoms and
also show extremals at this particular point. The sulfur to oxygen Molecules Oxford University Press: New York, 1989.

i ~ ; ; (=) — (2) For some recent examples see for instance (and references
intramolecular proton-transfer reaction in this—C(=0) . therein): Uchimaru, T.; Chandra, A. K.; Kawahara, S.; Matsumura, K;

C(=S)—OH system, constitutes an interesting case because itTsuzuki, S.; Mikami, MJ. Phys. Chem. 2001 105 1343. Peez P.; Toro-
is an example for a non trivial asymmetric reaction pro8ss. Labbg A. Theor. Chem. Ac@001, 105 422. Sicilia, E.; Russo, N.; Minerva,

i i iti T. J. Phys. Chem. 2001 105, 442. Nguyen, L. T.; Le, T. N.; De Proft,
I:t:orlrll?FIguri 4fthh‘? chang_es in tluenl,'fangw quamltlles al?ng F.; Chandra, A. K.; Langenaeker, W.; Nguyen, M. T.; Geerlingd, Rm.
the IRC path of this reaction exemplify the general conclusions cpem, Socl1999 121, 5992. Nguyen, M. T.; Chandra, A. K.; Sakai, S.;

drawn above. Morokuma, K.J. Org. Chem1999 64, 65.
The present analysis furthermore explains and generalizes the (3 Chandra, A K, Uchimaru, T. Bhys. Chem, 2001, 105 3578,
results obtained by Chattaraj etalfor intramolecular rear- (4) pearson, R. ermical nardnessyviiey-vn: vweinheim,

- Germany, 1997.
rangement reactions, who showed that #, and o are (5) See for instance: Mayr, H.; Bug, T.; Gotta, M. F.; Hering, N.

respectively maximum, minimum, and minimum at the TS for Irrgang B.; Janker, B.; Kempf, B.; Loos, R.; Ofial, A. R.; Remennikov, G.;
the (trans)-NH, — (cis)-N;H, reaction whereas they are Schimmel, H.J. Am. Chem. So001, 123 9500. Mayr, H.; Patz, M.

. c L . Angew.Chem., Int. Ed. Engl1994 33, 938. Bader, R. F. W.; Chang, C.
respectively minimum, minimum, and maximum at the TS for j j Phys. Chem989 93, 5095. Roy, R. K.: Krishnamurti, S.; Geerlings,

the RS, — FSSF reaction as would have been predicted by P.; Pal, SJ. Phys. Chem. A998 102 3746.
egs 3 and 12. (6) Parr, R. G.; Szenfpa L.; Liu, S. J. Am. Chem. Sod 999 121,
1922.
(7) Maynard, A. T.; Huang, M.; Rice, W. G.; Covell, D. Broc. Natl.
Acad. Sci. U.S.A1998 95, 11578.
(8) von Szentplg, L. Int. J. Quantum. Chen200Q 76, 222.

In the present work, we have explored the exact conditions  (9) Chattaraj, P. K.; Maiti, BJ. Phys. Chem. 2001, 105, 169.
(10) Peez P.; Toro-Labbé\.; Contreras, RJ. Am. Chem. So2001

for which the electrophilicity indexyp = u?/2x, will experience 125 sk27

an extremum along an arbnrary reaction path. Some relatlon_shlps (11) CHa’[taraL P. K. Rez, P.. Zevallos, J.; Toro-Labbk. J. Phys.

in the framework of an approximated, but commonly used, finite chem. A2001, 105, 4272.

difference operational scheme have been explicitly developed (12) For reported appli;(:ations of the definiti&g (ref 6), see”for
i iti instance: Cases, M.; Frenking, G.; Duran, M.; Séfa Organometallics

and relate_d with the MHP. Wg found that under the conditions 2002 21 4182, Schindele, C.. Houk, K. N.: Mayr, H. Am. Chem. Soc.

for the existence of a MHP, i.e., constamtsand u(r), there

! o e v e 2002 124, 11208. Frantz, S.; Hartmann, H.; Doslik, N.; Wanner, M.; Kaim,
will also be aminimum electrophilicity principlelndeed, it is W.; Kummerer, H. J.; Denninger, G.; Barra, A. L.; Duboc-Toia, C.; Fiedler,
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