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According to the Lewis model, valence electrons in closed-shell atoms and molecules can be arranged into
pairs of electrons shared between bonded atoms and lone pairs that belong to a single atom. Within this
scheme, ionic bonding arises from the transfer of electrons between atoms, while covalent bonding is related
to the sharing of electrons between atoms. Over the years, this simple model has proven to be extremely
useful for the description of the bonding patterns in many molecules, and to describe the electronic
rearrangements taking place during chemical reactions. However, a physically accurate description of the
electron pairing in atoms and molecules has to be based on the electron-pair density. Within the theory of
atoms in molecules, one can define atomic localization and delocalization indices which describe the intra-
and interatomic distribution of the electron pairs in a molecule. Therefore, these indices can be considered as
a physically sound and numerically accurate extension of the Lewis model. In this paper, we use localization
and delocalization indices to study the electron-pair reorganization taking place in five different reactions:
two intramolecular rearrangements, a nucleophilic substitution, an electrophilic addition, and-aAliels
cycloaddition. For each reaction, we perform a comparative analysis of the electron-pairing patterns in reactants,
transition states, and products. The evolution of electron-pairing along the reaction path is also studied. In all
cases, the use of localization and delocalization indices provides useful insights on the electronic rearrangements
taking place during the reactions.

Introduction structure of atoms and molecules: this is the case of the
Hartree-Fock (HF) approximation. However, post-HF methods,
such as MgllerPlesset (MP) or configuration interaction (Cl),
Tonsider also Coulomb correlation between electrons of different
spin. In this case, one can refer to the corresponding hole density
function as the exchange-correlation hole.

At any level of theory, by means of the one and two-electron
ensity functionse’(r) andI'?(r,r»), respectively, one can
efine a functionf 2(ry,ry), ag®

The basic assumption of the Lewis model is to consider that
valence electrons in atoms and molecules are arranged in pair
of electrons of different spin, which can be classified as shared
or lone pairs. Accordingly, covalent bonds are formed by
sharing electron pairs between atoms, while ionic bonds are
associated with the transfer of electrons from electropositive to d
electronegative elements. Between the two extremes of covalentd
and ionic bonding, one can have different degrees of polar
bonding. The Lewis model has become de facto the basis for oo’ = or o7 —° o
the chegmical language, and reasonings based on this simple Porr) =207 r) = e (r)e"(r) @
model are still widely used for understanding the electron wheres andg’ are the spin coordinates pr ) of the electrons
reorganization processes taking place in chemical reactions. andf 2o(r4,r,) is the Fermi or exchange density, while?' (r 1,1 ),

To study the patterns of electron pairing in atoms or molecules with o = ¢’, is the Coulomb density. At the HF level of theory,
from a physical point of view, one has to resort to the electron- f @5(r,,r,) = 0. The total exchange-correlation density is defined
pair density? The formation of ¢,5) pairs of electrons is due by
to the antisymmetry of the electronic wave function with respect
to the interchange of the spaespin coordinates of any pair of ~ f(ry,r,) = f“*(ry,r,) + £ “(r,r,) + 7% y,r,) + 171 )
electrons. This is a consequence of the Pauli exclusion principle, )
which states that two same-spin electrons cannot be at the same
time at the same position of space. In practice, this creates awit
Fermi or exchange hole density function around each electron;
that is, there is a region surrounding each electron where the ff(rl,rz) dr,dr, =—N @)
probability of having a second electron with the same spin is The f o (r,r5) function can be used to define the Fermi=
very low. The Fermi hole around each electron, which integrates o) or Couiomb ¢ = ') hole density functions as
to —1 throughout all the space, accounts for the pairing of

electrons of different spif? _ _ i CFryry) 20y,

Fermi correlation between same-spin electrons is often h* (r,r,) = - = - —p7(ry)
sufficient to get a reasonable description of the electronic p°(ry) p°(ry)
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corresponding to the reference electron, whereas coordipate
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and virtually nor electron density localized in C. Even though

shows in which regions of real space takes place the exclusiononly approximately 0.5ty (or my) electrons are delocalized

of electrons with spim’. Pictures of hole density functions have

between C and O, there are indeed apend onery electron

been used to illustrate how electrons are more or less localizedpairs involved in the €0 bonding in this molecule. A similar

in different regions of real spaéé.For instance, Fermi hole
functions,h?(r1,r»), show that core electrons are usually highly

reasoning applies to the density in this molecule.
Recently, localization and delocalization indices were cal-

localized around atomic nuclei and are not correlated with culated for a number of diatomic and po|ya‘[0mic molecules, at
valence electrons. On the contrary, when one considers athe HF and CISD levels of theoRjt was found that the patterns

reference electron at a point between two atoms forming a of electron pairing predicted by means of the Lewis model were
covalent bond, one finds that the corresponding hole density isgenerally in good agreement with results obtained at the HF
spread along a large region. Furthermore, the atoms in moleculeseve| of theory, especially for diatomic molecules. Indeed, the

theory (AIM)é allows to define weighted atomic holes which

fact that the HF approximation does not consider Coulomb

do not depend on the position of a reference electron, but rathercorrelation overestimates the pairing of electrons of different

on the electron density associated to an atdvimreover, plots
of the Laplacian of the electron densi®2p(r), or the electron

spin. Taking into account Coulomb correlation at the CISD level
yields results that are less in agreeement with the simple Lewis

localization function (ELF) also reveal regions of maximal  model, especially for covalent interactions, where interatomic
electron pairing, which can be usually associated to core, valencedelocalization decreases strongly, with respect to HF. Recently,
lone pair, and valence shared electrons. Bader and Baylé$ have used these indices to investigate the
Pictures of then”(ry,r2), V2p(r), or ELF functions provide  transferability of electron delocalization in methylene and
a convenient way to obtain visual information on the electron Si|y|ene groups in hydrocarbons and 0|igosy|anesy respective|y,
localization patterns at different points of real space. However, ysing the HF approximation. It is worth mentioning that at the
they do not yield quantitative information on the actual degree SCF level, the delocalization indices in eq 6 reduce to Wiberg
of electron pairing or correlation within atoms or between atoms. indiced! if the exact integration over the atomic basins is
An alternative quantitative approach is the definition of atomic replaced by the Mulliken-like approximation of the correspond-
localization and delocalization indicéﬂ,sing the atoms defined ing in’[egra|s_ Using this approxima’[ion' Ponec and co-wotkers
in the AIM theory® According to this theory, atomic basins have reported calculations of localization and delocalization
are regions in real space bounded by zero-flux surfaces in thejndices at the semiempirical and HF levels of theory.
one-electron density. Thus, one can obtain an atomic localization Furthermore, several authors have used the HF definitions
index, A(A), by integrating the Fermi or exchange-correlation of 4 and & (see below) with KohrSham wave functions

density within the atomic basin of atom A obtained with the B3LYP functionaf*However, the HF-like
pair density obtained from the KohtBham determinant can
be considered only as a first approximation to the real electron-
pair density’® Therefore, one can expect DFTando values
obtained in this way to be artificially close to the HF values.

In addition, several authors have proposed definitions closely
related to the indices used in the present paper. For instance,
Angyan et al'® have defined valence and bond-order indices,
and Fulto”” has defined a sharing index. Both definitions are
equivalent to thél ando indices used in this paper only at the
HF level of theory. Cioslowski and Mixdfiuse an alternative

fB L« f(ry,rp) dr,dr, = —2];\ fB f(r,.r,) dr,dr, (6) expression to define.a pond-order index vyhich erqnds on a
particular orbital localization procedure and is not invariant with

A(A) gives the number of electrons that are localized in A. In respect to unitary transformations of the orbitals. Yamasaki and
the limit of an atom with totally closed-shell interactions with C0-Workers® have used the bond-order index definition in ref
its neighbors(A) should approach the atomic electron popula- 16 to study bond orders in the transition states of some reactions
tion, N(A). This ideal case corresponds to a situation where there @nd have performed a statistical analysis to determine the degree
is no exchange or correlation between electrons in A and of correlation between bonds in a molecule. Finally, it has also
electrons in other atoms. In real systems, there is always someP€€n recently shown that electron populations obtained from
degree of electron delocalization between pairs of neighboring INtégration of the one-electron density over bonding domains
atoms. Maximal electron delocalization takes place for open- d€fined according to the ELF can be correlated to the delocal-
shell (covalent) homonuclear interactions. Thus, for a pair of |zat|onlind|ces used in the present paper, especially for nonpolar
electrons shared between two identical atoms, the maximal20nds:

possible delocalization correspondsi@\,A’) = 1, with A(A) A ando calculations in ref 9 always refer to molecules at the
= A(A") = 0.5, and the number of electron pairs shared between energetic minimum of the potential energy hypersurface.
the atoms is equivalent to the delocalization index. This is the However, one could also use localization and delocalization
case of the bimolecule at the HF level of theory. However, indices to. study thg electron pair reorganization taklng place
for electrons shared between different atoms, or beyond the HFalong a given reaction path. On one hand, bond breaking and
approximation, one can no longer consider thg,B) yields formation processes have important consequences for the pairing
the number of electron pairs involved in the bond. For instance, Of the electrons in the atoms involved in the reaction. On the
each of the electron pairs participating in theandzy bonds ~ other hand, electron pairing can be expected to remain nearly

AA) = — [, f(ryry) drr, (5)
while an atomic delocalization index between a pair of atoms,
0(A,B), can be obtained by integrating the two electron
coordinates inf(rq,r;) over the atomic basins of A and B,
respectively

O(AB) =~ [, [, f(ry,ry)drydr,—

in CO is shared in the following way (at the HF level of
theory): A(C) = 0.04,1(0) = 1.50,6(C,0) = 0.46, revealing

that these electron pairs are localized mainly on the O atom,

constant for the rest of atoms, unless long distance effects are
important.

The aim of this paper is to investigate the electron pair

with some part of the electron pair shared between both atomschanges taking place in five well-known reactions in the gas



2054 J. Phys. Chem. A, Vol. 105, No. 10, 2001 Poater et al.

phase. The idea of monitoring the course of the reaction by the However, for some of the calculations, especially at the CISD
value of bond orders or some other related bond indices haslevel, the summation of the localization and delocalization
been applied in the past by several auti#8f Our work differs indices produces errrors of ca. 0.05 electrons.

from these earlier studies in that it replaces the previously used At the HF level, in some cases, one can split thand o
Wiberg indices or effective pair populations by the delocalization indices into contributions from molecular orbitals belonging to
indices calculated within Bader’s AIM theory. In particular, two  different symmetry species. For this partition to be possible,
intramolecular rearrangements involving H-transfer, @ S  one needs all the overlaps over atomic basins between orbitals
nucleophilic substitution, an electrophilic addition, and a Diels  of different symmetry to be zero. This can be done easily for
Alder cycloaddition have been studied. For all these reactions, partitioning the indices inte- andsr contributions for linear or
atomic populations and localization indices were calculated for planar molecule8 but may be not feasible or less accurate for
each atom, and delocalization indices for each pair of atoms, atmolecules with more complex symmetries. When necessary, the
several points along the reaction coordinate, paying special separate contributions of different symmetry species to atomic
attention to the stationary points corresponding to reactants, populations, localization, and delocalization indices are speci-

products, and transition states. fied.
) The 6-31G* basis s&twas used throughout, except for the
Computational Methods Sn2 reaction, where diffuse s and sp functions were added to

The electron-pair analysis was carried out for five different the hydrogen and heavy atoms, respectively (6-8G* basis
reactions: the CNH to HCMN25 and HSO to HSOH426 set). The programs Gaussian®®&nd GAMESS? were used
intramolecular rearrangements, the2Substitution of Clby F for the HF and CISD calculations, respectively. Location of
in CHsCl,27 the addition of hydrogen fluoride to ethe?feand critical points on the one-electron density and integrations of
the Diels-Alder cycloaddition of ethene to butadieffe® For atomic properties were performed by means of the AIMPAC
all these reactions, HF wave functions and localization and collection of programd?
delocalization indices were calculated for the optimized geom-
etries corresponding to reactant, transition state (TS), andResults and Discussion
product, and for a number of points along the intrinsic reaction e yaiyes of localization and delocalization indices for
path (IRP) obtained using mass-weighted coordin#tiean- reactants, transition states, and products are presented for all

yvg[le CISD calcglaétlions fOf Ic};calizlatli;n and dglocalizatiqn the reactions, in Tables35. Moreover, CISD values are also
indices were carried out for the CISD-optimized geometries roooreq in Tables 1, 2, and 4. Scheme 1 depicts the HF

corr_espondllng tlo reactant, transition s_tate, ar(;d hprocljuct Ofr:_?egeometries of the reactants, transition states, and products for
two intramolecular rearrangement reactions and the electrophilic  he reactions (when possible, CISD values have also been

addition. I\(;ote that, for thedD|e+sAIde[)lcyclo?ddl'?on, the oy INCluded). In all cases, reactants and products are defined as to
reactants do not correspond to a stable molecular complex; 51 the reaction exothermic. The evolution of selected

|nste_ad,_they consist qf two separate molecules. In this case,,calization and delocalization indices along the IRP at the HF
localization and delocalization indices were calculated separately o q| is presented in Figures-5. The discussion of the results
for each of the reactant molecules, assuming that delocalization i e carried out separately for each reaction.

indices between atoms in the two molecules are exactly zero at A. CNH — HCN Intramolecular Rearrangement. This is

long distance. L N the simplest of the reactions studied, in terms of number of
At the HF level, Ioc_;ahzatlon and delocahzatlon_ indices can atoms, and will be used to illustrate in detail the methodological
be calculated according to the following expressions analysis performed. Table 1 gathers atomic populations and
2. . localization and delocalization indices for the reactant, TS, and
AA) = _z (SJ (A)% o(AB) = _22 SJ' (A)SJ(B) ) product for this reaction, while Scheme 1 depicts the geometry
. Y of these structures, and Figure 1 shows the evolution of the
whereS;(A) corresponds to the overlap integral of the molecular three delocalization indices along the IRP. First of all, we will
orbitalsi and] within the atomic basin of A. These values can discuss the electronic differences between the CNH and HCN
be obtained by means of the Proaim program in the AIMPAC Molecules at the HF level (see Table 1a). Second, the TS and
package? At the CISD level, one must consider explicitly the ~the evolution of delocalization indices along the reaction path
matrix elements of the second-order densiy,,, and the will be studied. Finally, we will use the CISD results (see Table

following expressions are obtained 1b) to discuss the effect of Coulomb correlation on the electron
pairing.
AA) = — Z D W(SW(A))ZJ Atomic populations in CNH show a charge transfer from C
wVro ! ‘ and H toward N; i.e., the atomic populations for C, N, and H
5(AB) = —2 D, .. S,.(A)S.(B) (8) are 4.78, 8.80, and 0.42, which correspond to atomic charges
’ Lo gy s AT of +1.22,—1.80, and+0.58, respectively. For HCN, the atomic

charge in C is nearly the same as in CNH1(24) while the
TheD,,1, matrix elements can be obtained from the GAMESS charges in N and H decrease in magnitued.@8 and+0.24,
programs® after some minor modifications, while the atomic respectively), reflecting a higher polarity of the- M bond in
overlaps between basis functios,(A), can be calculated from  front of the C-H bond. An analysis of the andsr contributions
the §;(A) overlaps. (7rx andsry contributions are equivalent for linear molecules) to

The accuracy of the atomic integrations for a given molecule the atomic populations shows more differences between the

can be assessed by checking that both the summation of theCNH and HCN molecules. Thus, the CNH HCN rearrange-
atomic populations and the summation of all fhend¢ indices ment leads to a decrease of thdensity in C (-0.53 e) and an
produce the number of electrons in the molecule. For most of increase in N 40.20 e) and H{0.33 e), while, at the same
the calculations reported in this paper, both summations yield time, for each of thery and zy electron pairs, there is a
the number of electrons with errors of less than 0.01 electrons. redistribution of 0.52 e from N to C. The density within the



New Insights in Chemical Reactivity J. Phys. Chem. A, Vol. 105, No. 10, 2002055

SCHEME 1: HF-Optimized Geometries for Reactants, Transition States, and Products of the Five Reactions Analyzed
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aBond lengths are given in A and angles in degrees. Values in italics refer to geometries obtained at the cisd level of theory.

TABLE 1: Atomic Populations (N), Localization (4), and Delocalization @) Indices for the Reactant, Transition State, and
Product of the CNH — HCN Intramolecular Rearrangement Reaction, Calculated at the HF/6-31G* and CISD/6-31G* Levels
of Theory?

(a) HF/6-31G*

reactant TS product
total s A alA" total A A" total s A /A"
N(N) 8.803 5.461 8.803 3.342 8.352 6.764 1.588 8.481 5.664 8.481 2.817
N(C) 4,776 4132 4777 0.645 4,960 4.586 0.399 4,761 3.599 4,761 1.162
N(H) 0.421 0.408 0.421 0.013 0.683 0.668 0.014 0.758 0.737 0.758 0.021
A(N) 7.635 4.843 6.239 1.396 7.181 5.920 1.261 7.323 5.339 6.331 0.992
A(C) 3.927 3.823 3.875 0.052 3.791 3.712 0.079 3.191 2.853 3.022 0.169
A(H) 0.083 0.083 0.083 0.000 0.206 0.206 0.000 0.271 0.271 0.271 0.000

(b) CISD/6-31G*

reactant TS product
N(N) 8.614 8.258 8.249
N(C) 4.940 5.081 4.995
N(H) 0.446 0.661 0.756
A(N) 7.559 7.283 7.299
A(C) 4.178 4.121 3.685
A(H) 0.119 0.239 0.315
O(N,C) 1.490 1.515 1.819
O(N,H) 0.619 0.445 0.081
o(C,H) 0.034 0.411 0.800

aFor the HF calculations, the separate contributions of orbitals belonging to different symmetry species are also presented.

H basin is very low (0.01 and 0.02 e for reactant and product, the contrary, CNH presents larggN) andA(C) values (7.63
respectively). and 3.93, respectively) than HCN (7.32 and 3.19, respectively).
According to the Lewis model, both CNH and HCN can be Finally, 5(N,C) is clearly smaller for CNH (1.68) than for HCN

considered formally to have three pairs of electrons shared (2.24). Thus, it is clear that the-EN bond is more polar in
between the C and N atoms, and another electron pair sharedCNH than in HCN.

between the H atom and one of the heavy atoms. However, the It is also interesting to compare the values of the atomic
A ando indices exhibit significant differences in electron pairing localization indices to the associated atomic populations. For

between the two molecules. For instand;,H) in HCN (0.90) instance, thé.(H) values in the two molecules are quite small,
is larger thand(N,H) in CNH (0.66), in agreement with the and the ratiol(H)/N(H) is of 20% and 36% in CNH and HCN,
higher electronegativity of N in front of C. Accordingly(H) respectively, while the corresponding value for N is ca. 86% in

is also much larger (0.27) for HCN than for CNH (0.08). On the two molecules, and for C, 82% in CNH and 67% in HCN.
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Figure 1. Evolution of the values of delocalization indices along the
CNH — HCN rearrangement reaction, calculated at the HF/6-31G*
level of theory. Negative and positive values of the reaction coordinate
(Ry correspond to reactant (CNH) and product (HCN), respectively.
The TS is located &R = 0.

Poater et al.

density is localized on C (0.05). In contrast, for the HCN
molecule, ther, contributions tot*(N), A7(C), andé™*(N,C) are
0.99, 0.17, and 0.82, respectively, showing thatthéand the

my) electron pair is shared more evenly between C and N in the
HCN molecule, compared to CNH. Thus, the separate analysis
of the o and = densities reveals that the differences in the
covalent character of the-N bond in the reactant and product
molecules are due to changes in the localization ofttdensity.

Within the molecular orbital (MO) approximation used
throughout this paper, the different polarities of the Cbond
in HCN and CNH can be rationalized by considering the effect
of adding a proton to a CNmolecule on ther MO'’s of this
molecule. First of all, an analysis of the MO coefficients of the
7« orbital in CN~ shows that the contribution of the ptomic
orbital (AO) of the N atom is larger than that of the AO of
the C atom. This is the result of the different energies of the p
AO in C and N, the latter being significantly more stable.
Adding a proton to the C atom to form the HCN molecule

Thus, not only do electronegative atoms have more electronschanges this situation, leading to a larger stabilization of the p

in their basins, but also such electrons are more localized.

Altogether, results in Table 1 point out that, compared to CNH,

AO of the C atom that is closer to the proton, and therefore, to
a more even patrticipation of thg PO of C and N to themry

HCN presents less electron transfer between atoms, and a higheMO. In contrast, when the proton is added to the N atom to

degree of electron sharing between bonded atoms.

form the CNH molecule, it is the,pAO of the N atom that is

Further insight on the electronic differences between reactantsmore stabilized, and the difference in the contributions of the

and products can be gained by analyzingdtendsr contribu-

tions to the atomic populations and indices. First of all, ¢the
density includes the contribution of tleere electrons in C and
N. Although the contributions ofore and valence electrons

two atoms to ther, MO is increased with respect to CNThe

same reasoning can be used for #yeMO. Thus, the different
contributions of N and C to the orbitals in HCN and CNH
account for the differences in tk€(N,C) values for these two

cannot be separated strictly, one can assume that there is alwaysolecules: for HCN, ther bond is formed by mixing AO of

one pair ofcore electrons on C and another on N, which are

similar energy, leading to an even sharing of theslectron

nearly uncorrelated to the rest of electrons in the molecule and pairs between the two atoms. In contrast, for CNH, the

do not play any role in the rearrangement reactforhis leaves
a total of sixo valence electrons, corresponding formally to
two bonding pairs and one lone pair. Thus, thelectronic

contribution of the AO’s in N is more important and, therefore,
the & electron pair is more localized in the N atom.

Once the electronic structure of reactant and product has been

rearrangement taking part in the reaction can be depicted analyzed, we will discuss the electronic features of the TS. In

schematically as

|IC—N—H—H—C—N|

this structure, the three atoms are organized in a triangular shape,
with H—C and H-N distances and HCN angle of 1.16 A, 1.45
A, and 77.5, respectively (see Scheme 1). The delocalization

According to this scheme, and assuming that the lone-pair iNdex of H with each one of the heavy atoms is ca. 0.47.

electrons contribute mainly t&°(C) in CNH, and toA°(N) in
HCN, one can predict that the rearrangement will involve an
increase inA°(N) and a decrease in°(C). This is actually
confirmed by the numerical calculations, which reveal an
increase oft+0.50 inA9(N) and a decrease 6f0.97 in1°(C)
between reactant and product. Howevé(N) is always larger
than A9(C), even for CNH, because the two bonded electron

Although the values foi(C) (3.79),A(H) (0.21), andd(N,C)
(1.86) are intermediate between those of CNH and HGN)

is minimal at the TS (7.18). Since the TS h@ssymmetry,
while the reactant and product molecules are linear, a compari-
son of different symmetry contributions to the localization and
delocalization indices in the three structures can be performed
by considering only theCs symmetry elements, which are

pairs are differently shared between C, N, and H, and becausecommon to the three structures. Thus, Table 1 reports also the

the lone pair is more localized in HCN than in CNH. Indeed,
only the contribution of ther density is relevant foi andd
indices involving the H atom. Therefore, the changes“ii),
0?(N,H) andd?(C,H) are exactly those discussed above for the
indices corresponding to the total density; i.e., theHCelectron
pair in HCN is shared more evenly than the-N pair in CNH.
Interestingly, the value af’(N,C) remains almost constant (0.60
and 0.61, for CNH and HCN, respectively), revealing that the
C—N o electron pair is shared in the same way in the two
molecules. This finding is in agreement with the results obtained
by Rao using bond-order indicés.

The analysis of ther density is easier, because there is only
one electron pair for each of thg ands, symmetries, which

contributions of the 12 electrons belonging to tHespmmetry
species and the 2 electrons belonging to tHespmmetry. Note
that, for the linear molecules, the"'Asymmetry species is
equivalent to ther, one, while the A symmetry collects the
contributions fromo and sy electrons, assuming that the
molecule lies on thgzplane. In general, the comparison of the
A’ and A’ contributions to thel and ¢ indices of the three
structures shows that, in both cases, the arrangement of the
electrons in the TS is intermediate between the reactant and
product. The only exception is for the Bontribution toA(N),
which is minimal at the TS (5.92) with respect to the reactant
(6.24) and product (6.33). This is the same trend found for the
total A(N) index above.

are equivalent. Moreover, each of these electron pairs is shared The evolution ofd(N,C), 6(N,H), andd(C,H) along the IRP

only between C and N. For CNH, most of the(or 7zy) density
is localized mainly within the N atom (1.40), whereas 0:54
electrons are delocalized between C an N, and very litfle

is depicted in Figure 1. Mixing of the andx densities leads
initially to a slight decrease iBd(N,C), at the same time that
d0(N,H) andd(C,H) increase. This trend changes approximately
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at the pointR;, = —1. Then, a sharp electronic reorganization
begins. The main changes in electron pairing that are required
to evolve from thgC=N-H to the H-G=N]| structure take place

in a relatively small region of the IRP centered around the TS.

J. Phys. Chem. A, Vol. 105, No. 10, 2002057

TABLE 2: Atomic Populations (N), Localization (4), and
Delocalization @) Indices for the Reactant, Transition State,
and Product of the H,SO — HSOH Intramolecular
Rearrangement Reaction, Calculated at the HF/6-31G* and
CISD/6-31G* Levels of Theory

In fact, the position of the TS in the IRP coincides with the

crossing of thed(N,H) and 6(C,H) curves. However, the reactant s product
catastrophe point which, according to the AIM theory, indicates (a) HF/6-31G *
the change in molecular connectivity from-Gl—H to H—C— “Eﬁ)l) 1(?}2822 1055912 115'031609
N, is located clearly before the 'IﬁS;ct_uaIIy, such a catastrophe N(H>) 0.884 0.583 0.390
point corresponds to a structure with an HNC angle between  ;(0) 8.433 8.081 8.356
66° and 62, at aboutR, = —0.75, a point in the IRP where the A(S) 13.410 14.005 14.309
electron-pair reorganization is still relatively small with respect A(Hy) 0.354 0.445 0.458
to CNH. Remarkably, the system does not have a ring critical fﬁ(gZ)H g'ggg 8'(1)‘7‘1' 8-823
point in any point of the IRP. 6EOIH3 0.089 0232 0.617
Another point of interest is the comparisoniodindd indices o(S,Hy) 0.920 1.015 1.036
in the reactant, TS, and product, in order to determine if the  9(S.H) 0.920 0.638 0.022
reaction follows the Hammond postulate, from the point of view O(H1,Hz) 0.052 0.012 0.001
of the electron-pair distribution. Indeed, most of th&nd 6 (b) CISD/6-31G*
values in Table 1 reveal that the TS is closer to CNH than to “(g) 1%-11%%% 1%’1%% 1%141852
HCN. The same result was reported by Rao from the value of NEH)l) 0.879 0.976 0.982
the C-N bond ordef! A recent study found that, from a N(H>) 0.879 0.640 0.420
structural point of view, this reaction also presents Hammond A(0) 8.413 8.180 8.312
behavior, with the TS being closer to CNH than to the more 11(3) 13-133 l;fglzf% 151;159364
4 . : .
Staple HCN: ) AEH3 0.406 0.216 0.107
Finally, calculations at the CISD level of theory are used to 5(0,9) 1.226 1.111 0.959
analyze the effect of Coulomb correlation on the electron pairing 6(0,Hy) 0.086 0.078 0.066
for this reaction. Previous studies have shown that, even though  6(O,Hy) 0.086 0.232 0.582
the HF method is accurate enough to provide a qualitatively gg&g 8-282‘ 8-282 8-ggg
correct picture of the electron pairing taking place in many S(HuH) 0.055 0022 0.007

molecules, consideration of Coulomb correlation generally leads
to an increased localization of the electrons in each basin, and
a subsequent decrease of theindices. These trends are
confirmed for CNH, the TS structure, and HCN: in all cases,
0(N,C) decreases considerably when going from the HF to the
CISD level, especially for HCN, where there is a difference of
ca. 0.4 electrons between the HF (2.24) and the CISD (1.82)
values. Delocalization indices between the H atom and the
neighboring atom also decrease upon consideration of Coulomb
correlation. In general, interatomic distances also increase
slightly at the CISD level of theory, in agreement with the
decrease in interatomic delocalization. However, delocalization
indices between nonbonded atoms, thad{§;,H) for CNH and
o0(N,H) for HCN, show a slight increase at the CISD level, in
spite of having larger interatomic distances. Finally, we have
to mention the close similarity between our CISD-optimized
geometry of the TS, with HC and H-N distances and HCN
angle of 1.18 A, 1.41 A, and 73 1respectively (see Scheme
1), and the values obtained by Rao et'abf 1.18 A, 1.39 A,

and 71.9, respectively, at the QCISD/TZ2P(d,f) level of theory.

B. H,SO — HSOH Intramolecular Rearrangement. This
reaction consists of the transfef @ H from S to O through a

formal charges oft-1 and—1 for S and O, respectively, and a
second one with a double-® bond, and 10 valence electrons
on the hypervalent S atom. In contrast, for HSOH, the Lewis
model predicts a single-80 bond and no formal charges for
the S and O atoms. The HF results (Table 2a) reveal that, for
these two molecules, some of the predictions obtained by means
of the Lewis model are confirmed within the AIM theory, at
least in a qualitative sense. First of all,$O presents charges
of +0.98 and—1.21 for the S and O atoms, respectively, which
are qualitatively in agreement with the formal charges in the
first of the two Lewis structures possible for this molecule.
Moreover, S and O preserit values of 13.41 and 8.43,
respectively, which reveal that the electron population is sligthly
more localized in O (91.6%) than in S (89.3%). Moreover, the
value of 1.38 ford(O,S) reveals some double bond character
for the S-O bond, which can be related to the contribution of
the second Lewis structure. In fact, th@,S) value is far from

2 because of the different electronegativities of the atoms
involved. For the HSOH molecule, the Lewis model predicts
no formal charges; however, the AIM charges for S and O are
—1.23 and+0.63, respectively. This is just a consequence of

TS state in which the H being transferred,JHorms a ring  the fact that the Lewis model does not consider the different
with the S and O atoms (see Scheme 1). Thus, in many aspectsg|ectronegativities of the S and O atoms. With respect to the
this reaction is similar to the CNH to HCN rearrangement reactant mo|ecu|e’{'(o) decreases (836), in Spite of the O atom
discussed above. For instance, the different energy levels tha\/ing the same popu|ation in both m0|ecu|e5, Wfﬂl(§)
the AO's in the S and O atoms and their effects on the polarities jncreases (14.31). Thus, in this case, the electron population of
of the SH and OH bonds account for most of the electronic s js more localized (93.1%) than that of O (90.5%). Tk®,S)
differences between reactant and product for this reaction. Noteyalue of 1.06 is consistent with a covalent single bond between
also that, while the p8O molecule ha<’;, symmetry, no s and O; however, the fact th&¢O,S) is slightly larger than 1,
symmetry elements are found for the HSOH system, the TS, in spite of the different electronegativities of these atoms, might
and the rest of structures along the IRP. Thus, no analysis inpe indicative of some double-bonding character between S and
terms of symmetry contributions is performed in this case. 0.

According to the Lewis model, two different structures can  The H atoms also change significantly between reactants and
be drawn for HSO, one predicting a single-% bond and products. First of all, in KSO, both H atoms are equivalent.
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A(H) ando(S,H) values are 0.35 and 0.92, respectively, revealing
that the S-H bond is covalent but polarized toward S. The
atomic charges in the H atoms-Q.12) also show a slight
transfer of charge from the H's to the SO group. However, the
situation is quite different for HSOH. Here, the two H’s are no
longer equivalent, and the localization and delocalization indices
show significant differences between the-1%; and O-H,
bonds. On the one hand, the values of §(@.01),A(H;) (0.46),

and o(S,H:) (1.04) associated to the SH fragment correspond
to a nearly perfect covalent bond. On the other hand, the OH
bond appears to be very polar. For instance, the atomic
population on His only 0.39 (a charge 0f0.61), andi(H,) is

also very small (0.07), whilé(O,H,) is 0.62. Finally, it is worth

remarking that delocalization indices between nonbonded atoms

always have small values; however, fop3OD, thed indices

Poater et al.
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Figure 2. Evolution of the values of selected delocalization indices

between nonbonded atoms sum up to a total of 0.23 electrons.along the HSO— HSOH rearrangment reaction, calculated at the HF/

The TS structure presentsando values that are intermediate
between those of reactants and products. The most significan
ones are the delocalization indices between the H being
transferred and the heavy atoms: 0.64 and 0.23{®rH,) and
0(0O,Hy), respectively, which show that, at the TS, the charge
density associated toztk delocalized between the three atoms
directly involved in the reaction. Note that the value®($,H,)
ando(O,Hy) in the TS are closer to the values in the reactant

6-31G* level of theory. Negative and positive values of the reaction
coordinate Ry) correspond to reactant §50) and product (HSOH),

trespectively. The TS is located B = 0.

topology of the electron density and in the electron pairing
patterns are restricted to a small region of the IRP around the
TS (betweerR, = —1 andR = +1). Within this region, there

is a sudden decrease &fS,H,) at the same time that(O,H,)
increases, corresponding to the transfer fldm S to O. This

than in the product (see Table 2). The same trend is found alsoyansfer has also a small effect on the delocalization between S

for 6(0O,S) which is 1.38, 1.37, and 1.06 for the reactant, TS,
and product, respectively. THéH,), A(Hz), andA(S) at the TS
are also intermediate between those ipSB and HSOH.

and H. Thus, 6(S,H) increases slightly when going from
reactants to products. Finally, there are also significant changes
in 6(0,S) during the rearrangement process. First ob&,S)

However, in these cases, the values at the TS are closer 10 thgycreases slightly when going from the reactant to the TS, where

product than to the reactant. Finally(O) is minimal at the
TS. Interestingly, N(O) is also minimal at the TS, while N(S)
is maximal. Thus, at the TS, the charge transfer from Sto O is
minimal.

The A and 6 values discussed above, especiall{s,H,),
0(0O,Hy), and4(0,S), seem to indicate that the TS is closer to
H,SO than to HSOH, from the point of view of the electron-
pair distribution. At this point, it is interesting to recall that
previous studie3®?* using a measure of structural proximity

it reaches a maximum value. Thei{O,S) decreases again to
reach a value of 1.06 at the product molecule.

Finally, comparison of HF and CISD results (see Table 2b)
shows that, in general, Coulomb correlation reduces the charge
transfer between atoms, increases the atomic localization,
decreases the delocalization between bonded atoms, and in-
creases slightly the delocalization between nonbonded atoms.
Moreover, CISD also increases slightly the interatomic distances
(see Scheme 1). In general, the HEISD differences ol and

based on similarities between one-electron densities, found any indices are not larger than 0.1 electrons, except{@,S),

anti-Hammond behavior for this reaction, with the TS being where the differences are ca. 0.15, 0.25, and 0.10 electrons for
structurally closer to the more stable HSOH. Moreover, the the reactant, TS, and product, respectively. Thus, at the CISD
geometrical parameters of the three structures discussed confirmevel, regarding thé(0,S) value, the differences betweep H
that, from a geometrical point of view, the TS is also more SO and the TS become larger, while the differences between
similar to HSOH than to K5O (see Scheme 1). For instance, the TS and HSOH become smaller, compared to the HF results.
the S-O distance, the SH; distance, and the HSOH dihedral  |n summary, from an electron-pairing perspective, CISD moves
angle in the TS and in HSOH are very similar. Thus, according the structure of the TS toward the reactant. However, the main
to these results, the evolution from$D to the TS implies a  conclusions of the analysis of the reaction at the HF level are
significant geometrical rearrangement, including an increase of also valid at the CISD level of theory.
0.16 A in the S-O distance and ca. 90n the dihedral angle, C. CHsCl + F~ — CI~ + CH3F Nucleophilic Substitution.
while the geometrical reorganization needed to go from the TS Thjs reaction consists of theys nucleophilic substitution of
to HSOH is much smaller. In contrast, the changes in electron the C| atom in CHCI by a F atom. Reactant and product
pairing are more important when going from TS to product than mgjecules correspond to the [CIGHF] and [Cl+++CHsF]
from reactant to TS. complexes, respectively, while the TS corresponds to a
More insight on the electron-pair processes taking place along[Cl---CHgz:+-F]~ structure (see Scheme 1). The reaction proceeds
the reaction can be obtained by following the evolution of the through a progressive lengthening of the Cl distance, at the
delocalization indices along the reaction path (Figure 2). Three same time that the €F distance decreases and there is an
different topological structures are found along the IRP. First, inversion of the umbrella in the GHyjroup. The [Cl--CHz--F]~
for all structures between the reactant and TS, analysis of theTS structure corresponds to a point where the Cland C-F
electron density yields three bond critical points, associated to distances are very similar (2.13 and 2.12 A, respectively) and
two H—S and one SO bonds. In contrast, the first point after the CH; group is slightly bend in the direction of the smaller F
the TS R = 0.20) shows a ring structure between S, O, and atom (the H-C—CI angle is ca. 9%. In the reactant complex
H,, with H; attached to S. Finally, from the next poirR(= (RC), the distance between C and F is 2.6 A, while theQC
0.40) to the end of the IRP, the molecular graph corresponds todistance in the product complex (PC) is 3.4 A. Finally, even
H—S—O—H. Figure 2 shows that both the changes in the though theCs, symmetry is preserved along all the reaction



New Insights in Chemical Reactivity J. Phys. Chem. A, Vol. 105, No. 10, 2002059

TABLE 3: Atomic Populations (N), Localization (4), and
Delocalization @) Indices for the Reactant, Transition State, tr
and Product of the CH;Cl + F~ — CI~ + CH3F Nucleophilic

Substitution Reaction, Calculated at the HF/6-31G* Level of 0.75
Theory -’
d o5

reactant TS product
N(CI) 17.491 17.681 17.980 0.25
N(C) 5.799 5.745 5.374 M“F
N(H) 0.910 0.882 0.962 ° i i . i i , .
N(F) 9.981 9.926 9.760 3 2 A 0 1 2 3 4 5 6
A(CI) 16.939 17.274 17.922 Rx
A(C) 3.904 3.928 3.603 —a—(C1,C)
A(H) 0.375 0.354 0.424 —a&—(CH)
A(F) 9.894 9.740 9.304 —e—(CF)
ggg:ﬁg 88;8 8828 88332, Figure 3. Evolution of the values of selected_ delocalization indices
8(C ’H) 0.934 0.927 0.929 along the FCH + CI- — F~ + CH3Cl S\2 reaction, calculated at the
5((:’,:) 0.080 0.229 0.714 HF/6-31++G* level of theory. Negative and positive values of the
6(H:H) 0.026 0.023 0.030 reaction coordinateRy) correspond to reactant ([FGH-CI]~) and
S(H,F) 0.027 0.035 0.064 product ([F--CHsCI]~) complexes, respectively. The TS is located at

= 0.

paths, the contributions of electrons belonging to different
symmetry species cannot be separated in this case.
According to the HF results (Table 3), both the [CIEHFT]
and [CI---CHsF] complexes present an anion; fer Cl-,
forming a long distance closed-shell interaction with the;CH
Cl or CHsF molecule, respectively. Thus, both the F atom in
[CICH3:--F] and the CI atom in [Cl---CH3F] have atomic
charges 0f-0.98 electrons. Moreover, comparison of the atomic
populations to the correspondii¢~) andA(Cl) indices reveal
that more than 99% of the electronic population in each of the ) -
anions is localized in its own atomic basin. Delocalization geometry and electron-pair structure, the TS is closer to the

indices between the anion and the C atom are small in both theRC .than to the PC. . o
RC (0.08) and the PC (0.04). Figure 3 shows the evolution of selected delocalization indices
According to thel andd indices for the CHCI and CHF along the reaction path, confirming tha(Cl,C) andd(C,F) -
moieties within the RC and PC, both molecules present three @ccount for most part of the electron-pair reorganization taking
covalent G-H bonds, plus a polar €CI or C—F bond.% and place during the reaction. Moreover, it is also made evident
o indices confirm that the €CI bond in CHCI is less polar that the TS occurs early in the reaction path and close to the

than the G-F bond in CHF. Thus, for the RC, atomic charges RC: Indeed, the point in the IRP where the values(®@l,C)
are+0.20 and—0.49 on C and Cl, respectively, whitdC,Cl) andd(C,F) are approxmatgly the average of the corresponding
is 0.91. Furthermore, the PC shows a larger degree of chargev@lues at the RC and PC is found after the Ryda. +0.40),
transfer between C+0.63) and F £0.76), and a smaller while the crossing betweei{CI,C)_andc‘}(C,F) takes place Iater_
electron delocalization between these atof(€(,C) = 0.71). (R« ca. +1.00). Furthermore, this graph shows also that, in
In contrast, the H atoms are found to be very similar in the contrast to the rearrangement reactions discussed above, the
reactant and product complexes. For instance, in both cases€l€ctron-pair reorganization in thisyS reaction takes place
the H atoms present small positive charges (less th@rt), gradually along the reaction pa_th; that is, there is a large region
A(H) values of ca. 0.4 and(C,H) values of 0.93. Finally, itis N the IRP where there is significant €C and FC delocal-
worth pointing out that, in both complexes, there is some degree 1Ztion at the same time. Moreover, the molecular connectivity
of electron delocalization between the H atoms themselves and!S Preserved along the reaction, and no catastrophe points are
between each of the H atoms and the F and Cl atoms. Evenfound. N N _
though thed values corresponding to these kind of interactions ~ D. HF + CoH,4 — CoHsF Electrophilic Addition. For this

are quite small (between 0.02 and 0.06), there is a total of ca.reaction, the RC consists of a HF molecule with the H atom
0.35 electrons delocalized between nonbonded atoms in bothpointing toward the double bond inzB4, with the H atom in

rest of atoms are always intermediate between the values at the
RC and PC. In particulaB(CI,C) andd(C,F) are 0.63 and 0.23

at the TS, respectively, revealing that the TS is electronically
closer to the RC. Interestingly, despite the similarity between
the C-Cl and C-F distances at the TS(CI,C) is larger than
do(C,F), which can be attributted to the diffuse nature of the
valence orbitals in Cl. Moreover, the-HC—CI angle (97)
denotes that, at the TS, the gtimbrella is still pointing toward

the F atom. All in all, these data reveal that, in terms of both

complexes. HF (Hs) located at approximately 2.5 A from the two C atoms
Once the electronic structure of the RC and PC has beenin CHa. The HF molecule is located in the symmetry plane
discussed, we proceed to analyze the {€lHs-+-F]~ complex bisecting the gH, molecule, with the F atom deviating slightly

corresponding to the TS. First of afl(C,H) has approximately ~ from the perpendicular to the-€C bond. The reaction proceeds
the same value (0.93) as in the RC and PC, revealing that thethrough a TS state with the two C atoms, F, angdfétming a
sharing of the electron pairs between C and each of the H atoms'ing. The product corresponds to theHgF molecule in a

is preserved along the reaction. However, Hé(H) (0.88) and ~ staggered conformation (see Scheme 1).

A(H) (0.35) are minimal at the TS with respect to the RC and At the Hartree-Fock level of theory, atomic populations, and
PC. As for the C atom, even thoug¥(C) at the TS (5.75) is localization and delocalization indices for the HF molecule in
intermediate between tigC) values at the reactant and product the RC show that the electron pair shared betwegartd F is
complexes, A(C) is maximal at the TS (3.93); thus, the heavily polarized toward F. Thus, there is a transfer of ca. 0.7
percentage of electron localization at the C atom is maximal at electrons from Hto F, andi(Hs) is very small (0.03). However,
the TS, which can be attributed to the fact that bothFCand there is a still nearly half an electron (0.44) delocalized between
C—Cl interactions are weak at the TN.andZ values for the F and H (see Table 4a). As for the 8, molecule, there is
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TABLE 4: Atomic Populations (N), Localization (4), and

Delocalization @) Indices for the Reactant, Transition State, 2

and Product of the HF + C,H, — C,HsF Electrophilic - "‘\

Addition Reaction, Calculated at the HF/6-31G* and 1.5

CISD/6-31G* Levels of Theory \.“

reactant TS product 5 1 2
(a) HF/6-31G * e atthtel
N(Cy) 6.051 5.887 5.305
N(Hs) 0.967 0.967 1.012
N(Hs) 0.277 0.453 1.002
N(Fe) 9.754 9.791 9.747 :
N(H>) 0.964 0.890 1.003 Rx
A(Cy) 4.061 4.198 3.922 Lo
(C») 4.053 4.017 3.482 +:cz}.5;
A(H3) 0.428 0.422 0.464 ’
A(Hs) 0.032 0.085 0.455 M
A(Fe) 9.511 9.379 9.262 X HSFE)
A(H7) 0.425 0.370 0.466 Figure 4. Evolution of the values of selected localization and
0(CLC) 1.893 1.338 0.972 delocalization indices along the,ds + HF — CHsF reaction,
0(Ca,Hs) 0.970 0.970 0.965 calculated at the HF/6-31G* level of theory. Negative and positive
0(Cy,Hs) 0.023 0.382 0.962 values of the reaction coordinatB) correspond to reactant complex
gggi:;'s) 883; gggg 88?3 (RC2:4(~)--HF) and product (eHsF), respectively. The TS is located at
8(Ca,Hy) 0.968 0.936 0.918 T
O0(Hs,Fs) 0.435 0.243 0.008 . .
while the two H atoms in the C#ff group have a lowed(C,H)
(b) CISD/6-31G* value (0.92)

N(Cy) 6.107 6.248 6.023 ’ ’ .. . .
N(Cy) 6.107 5.905 5.414 In general, the electron-pairing pattern in the TS structure is
N(H3) 0.937 0.944 0.982 intermediate between the RC and the product. This is especially
N(Hs) 0.310 0.472 0.972 true for most of delocalization indices undergoing major changes
HEE@) g;gg g;gg gg?i during the reaction, that i%)(C1,C2), 9(C,Hs), 9(Cz,Fs), and
A(Cy) 4.474 4313 3.845 _(S(HS,FG). The 6(Cl,C2_) value in the TS (1.34) is c!oser to t_hat
A(Hs) 0.451 0.451 0.488 in the product than in t_he_reactant; _however, this trend is not
A(Hs) 0.054 0.113 0.480 shared by the rest af indices mentioned above. Therefore,
A(Fg) 9.480 9.293 9.224 according to these indices, one cannot decide clearly whether
g('éﬂc 2'13411 8-‘1‘(1)8 g-gg(l’ the TS is closer to the RC or the product, from an electronic
6EC?H§)) 0.834 0837 0.815 point of view. Furthermore, some of tikand4 values in the
8(CuHs) 0.034 0.345 0.813 TS are not intermediate between those in the RC and the
O(Cz,Hs) 0.034 0.072 0.034 product.N(Cy), N(Fe), andA(C;) are maximal at the TS, while
0(Ca,F) 0.033 0.333 0.667 A(Hs) and A(H;) are minimal. Interestinglyd(Cy,Hs) is also
0(Cz,H7) 0.834 0.793 0.773 maximal at the TS (0.09).
0(Hs,Fs) 0.441 0.268 0.019

Figure 4 shows the evolution of some significant delocaliza-
significant electron delocalization between each C atom and its tion indices along the IRP. For a large region of the IIRR €
neighbor H’s (0.97), as well as between the two C atoms (1.89). —1), which corresponds to HF approachingHz, thed indices
Moreover, all the atomic charges are very small, and the change slowly. Then, in a small region around the 3 (<
localization indices are ca. 4.05 and 0.43 for the C and H atoms, R« < +1), thed(C1,C3), 6(C1,Hs), 6(Cz,Fs), andd(Hs,Fs) indices
respectively. Altogether, these data reveal that each C atom issuffer a rapid evolution. Furthermoré(Cz,Hs), which has
sharing an electron pair with each of its bonded H’s, and the negligible values all along the IRP, increases slightly in this
two C atoms are sharing two pairs of electrons. In all these region. This corresponds to the process of maximal electron-
cases, the electrons are shared equally between each pair gpair reorganization, where sHis transferred from F to £
bonded atoms. Finally, delocalization indices between atomsthrough a TS in which His located relatively near to C
in the GH4 and HF molecules are very small, revealing that Finally, the last part of the IRP basically corresponds to the
the interaction between the two molecules in the complex is geometrical reorganization needed for theH§F molecule to
weak. reach the final staggered conformation. The topology of the
Table 4a also gathers the results for thesCHyF molecule electron density is not constant throughout the reaction. For the
resulting from the addition reaction. Thé and A values for RC, the interaction between the two molecules takes place
the C atoms reflect that, compared tgHg, the C atoms in Cht through a G-Hs bond, while in the TS the two C atoms and
CH,F have lower atomic populations and localization indices, the HF molecule form a ring, while there are no rings in the
especially the C atom bonded to F. In contrast, with respect to product molecule. Other topologies are found between the RC
the HF molecule, the F atom has nearly the same atomic and the TS; indeed, there are five catastrophe points during the
population (ca. 9.7), but has a lower localization index (9.26 in reaction.
front of 9.51). Accordinglyp(Cy,Fs) in CH3CHF is much larger Table 4b gathers the CISD results for this reaction, which
(0.72) tharv(Hs,Fg) in HF (0.44), in agreement with the different  are qualitatively equivalent to the HartreBock ones. The main
polarities of the FH and FC bonds compared. Although there  effects of including Coulomb correlation, with respect to the
are three classes of nonequivalent H's indCH,F, all of them HF reference, are those already found in other cases; in general,
present similar characteristics, that is, atomic populations of ca. CISD yields larger interatomic distances, reduces the charge
1.0 and localization indices of 0.46. All the H's in the €H  transfer between atoms, increases the atomic localization, and
group present a delocalization index of 0.96 with the C atoms, reduces the electronic delocalization between pairs of bonded
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TABLE 5: Atomic Populations (N), Localization (4), and
Delocalization @) Indices for the Reactants, Transition State,
and Product of the GH,4 + C4Hg — CgH 1o Diels—Alder
Cycloaddition Reaction, Calculated at the HF/6-31G* Level
of Theory

reactants
butadiene ethylene TS product
N(Cy) 6.010 5.992 6.056
N(Cs) 6.035 6.030 5.911
N(Cs) 6.033 6.039 5.909
N(Ho) 0.979 0.988 1.027
N(H12) 0.983 0.981 1.036
N(H13) 0.983 0.990 1.035
N(Ha4) 0.985 0.981 1.027
N(His) 0.994 1.000 1.001
ACy) 3.960 3.928 3.998
A(Cs) 4.042 3.976 3.846
A(Ce) 4.037 3.990 3.846
A(Ho) 0.437 0.442 0.475
A(H12) 0.441 0.431 0.481
A(H13) 0.441 0.439 0.483
A(H1a) 0.438 0.424 0.473
A(H1s) 0.450 0.454 0.455
0(C1,Cy) 0 1.068 1.347 1.828
0(C,Gg) 0 1.839 1.438 1.008
0(CsCs) 0 1.924 1.455 0.978
0(Cs,Cg) 0 0.397 0.976
0(Cy,His) 0.959 0.961 0.963
0(Cs,H1o) 0.972 0.960 0.945
0(Cs,H19) 0.972 0.959 0.951
0(Cs,Ho) 0.972 0.967 0.946
0(Cs,H14) 0.965 0.942 0.941
0(C1,Cy) m 0.067 0.073 0.043
0(C,Cy) p 0.086 0.009
0(C,C) m 0.050 0.059
0(C3,Ce) p 0.072 0.103 0.014
0(Cs,C) m 0.042 0.059

a0, m, and p are used to denote pairs of atoms that are in ortho,
meta and para, respectively, in the TS.

atoms. Moreover, at the CISD level, the HF molecule in the
RC is exactly perpendicular to the-C bond.

E. CoH4 + C4He — CgHyo Diels—Alder Cycloaddition. The
Diels—Alder reaction between butadiene and ethylene to yield
hexadiene is often taken as the prototype of a pericyclic
concerted reaction (see Scheme 1 for a description of the RC
TS, and product involved in this reaction).

Table 5 gathers atomic populations and localization indices

for all nonequivalent atoms of the reactants, TS, and product

for the concerted DietsAlder reaction, calculated at the HF
level of theory. Delocalization indices are reported only for
relevant nonequivalent pairs of atoms. First of all, the atomic

populations reveal that the charge transfer between atoms i
virtually inexistent in the three structures. Thus, populations for

all the C and H atoms are always ca. 6.0 and 1.0, respectively.

Moreover,/ indices range between 0.4 and 0.5 for the H atoms,
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The 6(C,H) indices have values between 0.9 and 1.0,
corresponding to a rather apolar sharing of the electrons between
the C and H atoms, and also remain nearly constant throughout
the reaction. Indeed, the most significant changes during the
Diels—Alder reaction are found in thé(C,C) indices. For the
three structures, pairs of C atoms that are formally single-bonded
present values a#(C,C) between 1.0 and 1.1, while formally
double-bonded C atoms correspond{€,C) values between
1.8 and 1.9. For the reactants, it is interesting to remark that
d0(C,C) values between double-bonded atoms are lower for
butadiene (1.83) than for ethene (1.92), whilC,C) values
between single-bonded atoms in butadiene are slightly larger
than 1 (1.07), revealing, as expected, that theGChonds in
butadiene have intermediate character between a single and a
double typical bond. Moreover, delocalization indices between
nonbonded C’s in butadiene reveal that 1,4 delocalization
(60(C3,Cg) = 0.072) is slightly more important than 1,3 delo-
calization ¢(Cs,Cg) = 0.067).6(C,C) values for reactants and
products are consistent with the formation of a new bond
between the €and G atoms (and the equivalent;@nd G
atoms). At the same time, the (C, single bond of the butadiene
molecule evolves to a double bond in the hexadiene molecule,
while the G_Cs double bond in ethene and the Cs and G-Cs
double bonds in butadiene are transformed to formal single
bonds in hexadiene.

The TS in this reaction corresponds to a nonplanar structure
with the six carbon atoms forming a ring. This structure is
usually considered to be aromatic, and theoretical calculations
of magnetic susceptibilities art chemical shifts support this
point of view3° Indeed, according to the localization and
delocalization indices reported in Table 5, the TS is clearly
aromatic. First of all, one must take into account that there are
three nonequivalent C atoms (e.gs, Cs, and G). Therefore,
there exist the following pairs of nonequivalent C pairs: four
ortho pairs, three meta pairs, and two para pairs (see Scheme
1). For the ortho pairs, the associat®C,C) indices are ca.
1.4, except ford(Cs,Cs), and the equivalend(Cs,Cy), which
are ca. 0.40. Therefore, from an electronic point of view, this
structure is nearly equivalent to that of the benzene molecule,
with the difference that there is nobonding associated to the

,C3-C4 and G-Cs pairs. Moreover, values fa¥(C,C) indices

associated to pairs of C atoms in meta are rather small (ranging
from 0.04 to 0.07), while pairs of atoms in para present slightly
largerd(C,C) values (0.09 and 0.10). The fact that there is more
delocalization between atoms in para than between atoms in
meta, in spite of the larger interatomic distance between atoms
in para, is characteristic of aromatic systethghus, according

to the 6(C,C) values discussed above, one can consider that
he TS presents a set of six electrons delocalized between
the six C atoms, although the nonplanar character of this
structure prevents from separating strictly the electronsdnto
andz sets. Furthermore, the fact that different C distances

and between 3.8 and 4.0 for the C atoms. Indeed, the majorgyist (ca. 1.4 A for ther bonded atom pairs, and ca. 2.2 A for

changes along the reaction involve a slight decrease of ca. 0.2

e inA(Cs) andA(Cg), which correspond to the C atoms involved
in the formation of new bonds, and an increase of 0.07 e in
A(Cy). Interestingly, slightly differeni(C) andA(H) values are
obtained for aliphatic and olefinic atoms. For instance, in the
hexadiene molecule}(C) is 3.85 for the aliphatic £and G
atoms, and 4.00 for the olefiniciGtom. The reverse trend is
found for the hydrogen atomsi(H) takes values of 0.48 for
the Hi» and H3 atoms, respectively, and 0.47 for the &ind

Hi4 atoms, respectively, while it is 0.45 for the olefiniggH
atom.

the G_C,4 and G-C;s pairs) leads to slightly different delocal-
izations for the different ortho, meta, and ortho pairs; however,
it is remarkable that the main electron delocalization patterns
associated to aromaticity take place in spite of the largeog

and G_Cg distances. A comparison of the different orth(&,C)
values reveals that the electron delocalization is slightly larger
between the €.Cs, C4—Cs, and G-Cg pairs. Hence, from an
electronic point of view, the TS is closer to the reactant than to
the product. Moreover, an analysis of the-C distances in the
reactants, TS, and product reveals that this reaction does also
follow the Hammond principle from a structural point of view.



2062 J. Phys. Chem. A, Vol. 105, No. 10, 2001 Poater et al.

curately the changes in electron pairing that takes place along

W the reaction path for a number of reactions in the gas phase.
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