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The population analysis along the intrinsic reaction coordinate (IRC) has been performed, taking 1,3-dipolar
cycloaddition as an example. By calculating the derivatives of the Mulliken atomic charge and the Giambiagi
bond order with respect to nuclear motions analytically, a decomposition of the derivatives into two components,
the density derivative term and the overlap derivative term, has been demonstrated. The density derivative
term represents the effect of redistribution of electrons due to the nuclear motion. By using this method, the
electronic character of asynchronous bond formation in 1,3-dipolar addition between fluminic acid and acetylene
has been revealed clearly.

1. Introduction have to ask here is, what is the cause of the change in these
. guantities along the reaction coordinate? The change originates
Quantum chemistry has developed remarkably and haSfrom two different contributions: the change in the bond-order

become a useful method in various areas of chem|stry. Not only matrix with keeping the overlap matrix unaltered and the change
the energies and structures of various molecular species but also

. . e - ~in the overlap matrix with keeping the bond-order matrix
reaction paths can easily be calculated with high accuracy, using . o
unaltered. The change in the bond-order matrix arises from the
recent powerful computers and many excellent methods of

A : electron redistribution caused by nuclear motions. On the other
calculations: Here, we should point out some problems that : S
. . o hand, the change in the overlap matrix arises from the LCAO
remain to be solved. The first point is that we have not

established yet the method for a qualitative understanding of formallsm. In usual quantum chemical calculations, each AQ

the wave function with high accuracy. The second point is that ,'[f]:efrlggﬁld ogrtbqgrlgﬁliﬁz Oflggeafw;?/’eeﬁgi?; fg;tthiﬁzzgstagh
we do not know how to connect the change in wave function 9 P :

along the reaction coordinate with the enhancement or delores_con'mbutlons must be classified. These kinds of divisions have

son of shemical eacity. To dary tese subjects, some 212 BT OOLEE I e bres ey e o
attractive attempts, such as the valence bond (VB) type 9 y P

approach, 7 the density functional approaéhand the atoms energy salisfying the Hellmanreynman theorem and dis-
in molecules (AIM) approachhave been made. cussed the role of each term in the second derivative of the

8
An attempt in this line is the population analysts3¢ This Hartree-Fock energy’ o i
concept was originally proposed by Mullikérand has been In the present study, the derivatives of the gross atomic
generalized and developed by other groups. Wiberg introducedcnarge, the bond order, and the atom valence with respect to
the bond order indices for the CNDO molecular orbital (MO) the nuclear positions are calculated analytically along the
method!! and this concept has been generalized by Armstrong intrinsic reaction coordinate (IRC). This method is applied to a
et all213 and independently by Borisova and Semetfv. simple 1,3-dipolar cycloaddition reaction between fulminic acid
Gopinathan and Jug also proposed the definition of valency of @nd acetylene. The 1,3-dipolar cycloaddition reactions not only
an atom within the framework of the zero-differential-overlap &€ important from a synthetic viewpoint but also have attracted
approximatiors On the other hand, Giambiagi et i theoretical interests with respect to the reactivity and the
proposed the bond order indices using the extendéckelu  regioselectivity. Some interesting studies have recently been
MOs, and Mayée#-22 has extended this idea to the ab initio done using the density functional theory (DFT) and a hard and
MOs. The multicenter bond indices have recently been SOft acids and bases principle (HSAB) model for 1,3-dipolar
proposed® 26 and their physical meanings and the relations Cycloaddition reaction®%° Chandra et af? investigated the
among those quantities have also been discl&séd. cycloaddition reactions between 1,3-dipoles and dipolarophiles
The population analysis has an advantage of its easy and observed that the hardness went through a minimum along
treatment. Therefore, it is often used to describe the formation the reaction coordinate. Melez et afi”have used the formalism
or cleavage of chemical bonds and the change in atomic charge®T interaction energy in terms of the density functional theory
along the reaction coordinat:36 When a linear combination and suggested that the electrophilic nature of the 1,3-dipole and
of atomic orbitals (LCAO) for MOs is used, both the gross the nucleophilic nqturg of dlpolarophneg were important.
atomic charge defined by Mulliken and the bond order suggestedFurthermore, they indicated that reshuffling of the charge
by Giambiagi et al. and Mayer are generally made up of the distribution should be more important than charge-transfer
bond-order matri% and the overlap matrix. The question we Processes. On the other hand, Karadakov et al. studied the
mechanism of 1,3-dipolar cycloaddition in terms of the valence-
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concluded that the following description | should be more V,= ;IAB (7)
plausible than Il, by which the mechanism of 1,3-dipolar =
cycloaddition was usually represented. Having their discussion

This corresponds to the partitioning of the exchange part of the

N/? v, ﬁIH N /O\ﬁH second-order density matrix:
G\ C N__c¢ 1
h2 H /C/ H N= Efpl(rl’rZ) p1(Vo:ry) drpdr, (8)
H H
D
EoY H ~_H Therefore, the relation between the atom valence and Mulliken’s
N/ |(|31 _N/ ﬁ gross atomic charge is given by
L\\é “n \\C/CH
/ / 20, =Vp+ Z\ (P9),,(P9),, 9)
H H (I [EA Ve

in mind, the reaction mechanism is investigated here by meansAlthough the population analysis by the partitioning of higher-
of the population analysis using the Hartrd@ock electron order density matrices has been propo&eéf it is beyond the

density. scope of this paper.
Now, the derivatives of the Mulliken gross atomic charge,
2. Methods of Calculation the Giambiagi bond order and the atom valence with respect to

the Cartesian coordinates of the nucleMs Vi, Z) (i = 1, 2,

In this study, the LCAO-MO approximation for the Roothaan .. N) are given by
aS
+ |P— (20)
e 8Xi 70

Hall equatio? is used:

o(r) = Z%Xu(r) 1) a& = ﬁ((fs
a X, T \\oX

wherec,; is the coefficient of the AQ,(r) in theith MO ¢i(r).

o ) X al
Within this formalism, the bond-order matrixconsists of the AB oP oP
elementsP,, with respect to the atomic orbital: X ZA EB((E)_S) (PS),, + (PS)‘W(—S +
X1 ueA ve X| uv i fvu
< PaS PS),, + (P9 PaS (12)
P/W - chﬂicvi @) %; )¢ v ks " X v,
According to the Mulliken’s population analysi$the gross The term which contains the derivatia®/3X; is called the
atomic charge of atom, ga, is density derivative term, while the contribution frod&/aX; is
called the overlap derivative term. Moreover, we have

A
qA = Z(Ps)ﬂ’u (3) 3VA aIAB
' % ik 2
whereS is the overlap matrix composed with the elemesits ! ~AT
The derivative of the overlap matriaS/oX; consists of the

Su = [1r) 2,(r) dr @ elements)S,/aX:
Therefore, the Mulliken gross atomic charge naturally corre- 9S 3
sponds to the partitioning of electron densify) with respect C=—= fX (r) x,(r) dr (13)
22 oX. oX. “ v
to AO: i ]
N = f (r) dr and the derivative of the bond-order matfii®/9X; consists of
-J°r the element$P,,/0X;, which can be solved analytically:

= fzz P,qu,u(r)Xv(r) dr HPW occ occ unocc
o ~ _ZZC/AICva#) + ZZ z ual(l)(cﬂlcva + C,Macvl) (14)
m a

PILE %
u v

whereS?Y is the derivative of the MO overlap integral between
= Z Oa (5) the MOs¢ and ¢ and uy@ is a mixing coefficient between
the occupied and unoccupied MOs. The valyé" is solved
by the coupled-perturbed HartreEock (CPHF) equatiofé—4°
Nakatsuiji et al. interpreted the physical meanings of each term
in eq 14 as the renormalization term and the relaxation term in
their force theory® The first term on the right-hand side in eq
14, which is called the renormalization term, works to keep the
— P9, .(PS (6) total wave fgnction normalized. The second term, which is called
AB Z id i the relaxation term, shows the rearrangement of the charge
UEA VE . . . . . D .
distribution in the reaction system by mixing the occupied and
and the total valence of the atofm unoccupied orbitals.

Another type of analysis was originally introduced by Wiberg
and generalized by other groups. Giambiagi et al. and Mayer
defined the bond-order index between the atdband the atom
B:
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It should be noted that the total of Mulliken gross atomic 0704 5934 6795 8.566
charges must be conserved,
all 3qA
a_)(i =0 (15 )
As shown in eq 10, the derivative of the Mulliken gross atomic 6853

charge is given by two different contributions. The first term
on the right-hand side represents the contribution from the
change in the bond-order matrix without the change in the
overlap matrix, that is to say, the redistribution of electrons due
to the nuclear motion. This term is called the density derivative
term. What is more, this term is able to be divided into two
terms: the renormalization term and the relaxation term. On
the other hand, the second term represents the contribution from
the change in the overlap without the change in AO coefficients,
and hence, this is called the overlap derivative term.

By transforming the derivatives with respect to thdl 3
Cartesian coordinates into those with respect to tRerass-
weighted Cartesian coordinategi =1, 2, ..., N), the derivative
of the Mulliken gross atomic charge with respect to the IRC is
given by 7.341

0.334 {2.146 2.213ff 0.253
\ /

s

da, 3V 9q, dx

ds & ox ds
N 9q, AVIaX,

= 16
&1 ox dv/ds (10)

whereV is the adiabatic potential of the reaction system and
where the IRC equatidh

P _ Vo i=1,2 N 17

== Ta- 1=

ds dV/dS ( ’ 1 ’ ) ( )
has also been used. In the same way, the derivative of the bond-igure 1. Optimized geometries. Bond lengths and bond angles are
order is given by given in angstroms and degrees, respectively. The bond orders are

represented in boldface, and the gross atomic charges are in italic.

N :
dIAB= O ag OVI0X (18) TABLE 1: Total Energies at the HF/6-31G** Level

ds & 9% dv/ds species symmetry  total energy (au)  ZREcal/mol)
L . . . 1HCNO Coov —76.82184 12.77
The derivatives of the atom valences are also defined in a similar 5 c,H, Do —167.63260 16.39
fashion. These derivatives are divided into the redistribution TS Cs —244.39925 29.84
part of the electron density(r) and the exchange part of the  3isoxazole Cs —244.59419 35.20
second-order density matrix along the IRC. a Zero-point energy (ZPE) scaled by a factor of 0.89.

The restricted HartreeFock scheme with Pople’s 6-31G**
basis séf was used for calculations. The 6-31G** basis set is Energy and Geometries.The optimized structures of the
known to give reliable results for the population analysis. The reactants, fulminic acid and acetylne2, the transition state
geometry optimization and analytical frequency analysis with T and the product, isoxazoR are shown in Figure 1. The
CPHF calculations were performed with th8aussian94 g energies are presented in Table 1. The activation energy
program packag®. The IRC calculations by the Gonzalez  of this reaction is 35.50 kcal/mol, and the reaction energy is
Schlegel algorithi#? with the step size 0.01 amt/2bohr were exothermic by 81.65 kcal/mol (including zero-point energy

done with theGAMESSprogram:? correction). In literature, it has been reported that the activation
. . energy is 26.0 kcal/mol and the reaction energy is 66.9 kcal/
3. Results and Discussion mol (exothermic) at the MRCI //IMCSCF/4-31G lev@lanother

Concerning the 1,3-dipolar cycloaddition reaction, Hui$gen study* has shown that the activation energy is 11.0 kcal/mol
proposed the concerted single step reaction mechanism, whileand the reaction energy is 77.7 kcal/mol (exothermic) at the
Fireston&? proposed that this reaction should take place in two MP4(SDTQ)/6-311G(d,p)//HF/6-311G(d,p) level. More recently,
steps via a biradical intermediate. Schlegel €€ gerformed it has been reported that the activation energy is 12.2kcal/mol
an MC—SCF study of three different 1,3-dipolar cycloaddition at the CASPT2//CAS(6,6)/6-31G* levél.
reactions and concluded that the concerted single step pathway Figure 2 shows the potential energy profile along the IRC.
was preferred to the biradical path. Therefore, the concerted At the points = 5.9, the IRC connects practically to the product.
single step reaction is considered here in our study. The changes in bond lengths and bond angles along the IRC
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Figure 2. Potential energy curve along the IRC.
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Figure 4. Gross atomic charge profile along the IRC.

coordinate § < —1.5), the bond length of £-Cs is shortened
rapidly, while the @—C,4 bond length does not become shorter
rapidly until the coordinate reaches the transition state 2.0).
These different shapes reflect nonsynchronous bond formations.
The bond angles dflCsCsC4 and[10O;C4Cs do not change much
along the IRC. Therefore, {and G atoms of fulminic acid
attack the carbon atoms of the acetylene from the same
directions, bending th&lO;N,C3 angle of the fulminic acid
along the IRC, as shown in Figure 3b. On the other hand, the
C4—Cs bond in acetylene and the;©N, and N—C3 bond in
fulminic acid are lengthened slightly after the transition state is
reached.

Mulliken Charges. Figure 4 shows the gross atomic charges
calculated along the IRC. The gross charge of thea@m,
go1, does not change so much except for the final stage on the
reaction coordinates(> 5.0). The gross charge of the &om
does not change much either. The largest change in the gross
charge in the fulminic acid part is seen on the &lom. The
chargeqgn; of the N, atom is 6.795 in fulminic acid and becomes
7.141 in the product. The &and G atoms of acetylene show
different charge profiles. The chargg, of the G atom
decreases monotonically. In contrast, the chaygeof the G
atom increases both at the initial stage and at the final stage on
the reaction coordinate.

To investigate the change in the gross charges of each atom
in detail, the derivatives of these gross charges, Onz2, and
Qca With respect to the IRC are shown in Figure 53
respectively. In the case of the Mulliken gross charge, it is shown
that the total derivative values behave in a way similar to the
density derivative term. Moreover, it is seen that the two
components of the density derivative term in the atomic charges
exhibit different patterns. In the density derivative term of the
N, atomic charge, both the relaxation term and the renormal-
ization term make the Natomic charge increase. On the other
hand, the decrease in the density derivative term of that@n
is dominated by the renormalization term. In the case of the
density derivative term of the {atomic charge, the renormal-
ization term and the relaxation term have different effects from

Figure 3. Geometrical changes along the IRC. The numbering of the each other. That is to say, the relaxation term reduces the atomic

atoms corresponds to those in Figure 1. The bond lengths are given incharge, while the renormalization term increases slightly the
angstroms and the bond angles in degrees.

atomic charge around the transition state. In addition, it should

are shown in Figure 3a,b, respectively. Here, the numbering of be noted that the trend of the charge redistribution in the final
the atoms is the same as in Figure 1. Although the bond lengthcoordinate region is different from that around the transition

of O;—C; is shorter than that of £2-Cs in the initial reaction

state.
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Figure 5. Derivatives of gross atomic charges (@), (b) qn2, and (c)

Jca With respect to the IRC, respsctively. The density derivative term,
which consists of the renormalization ternP{g.r) and the relaxation
term (Preiy, is plotted adl. The overlap derivative term is plotted as
@, and the total derivative values as

Bond Orders and Atom ValencesFigure 6 shows the bond
order profile along the IRC. In the fulminic acid part, the bond
order between the Qatom and the Natom, loing, is 1.366,
and the bond order between the &lom and the €atom,In203,

J. Phys. Chem. A, Vol. 104, No. 44, 20000005
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Figure 6. Bond order profile along the IRC.

increase along the IRC. It is found thiscs increases more
steeply thanoics As a result, the bond ordegscs is larger
thanloicain the product.

The derivatives of the bond ordenging, Inocs loics and
lcscs with respect to the IRC are shown in Figure—th
respectively. First, we examine the derivatives of bond orders
loinz and Inocs, Which decrease along the IRC. In these, the
overlap derivative term $lcontributes to the decrease in bond
orders on the whole reaction stage. On the other hand, the
density derivative term fl contributes to the decrease most
around the transition state, although the two term®sg-mand
dPrelax, Show different contributions. The renormalization term
increases the bond orders slightly, while the relaxation term
contributes intensely to a decrease in the bond orders. The
derivative value oflgine decreases and reaches the minimum
ats= 1.0. On the other hand, the derivativelQ$cz decreases
more steeply than that d§1n2 until the reacting system comes
to the transition state and reaches the minimuswa0.5, since
the large negative contribution of the relaxation term dominates
the density derivative term. Consequently, the-i83; bond is
more sensitive to the nuclear motion than the-®, bond is
around the transition state. This is connected withiedectron
state of the fulminic acid in the initial reaction coordinate.
Namely, a part of electrons utilized to form the-NC; triple
bond in the initial state should be converted to the lone pair of
electrons on the Natom in the product. After passing the
minimum point, the derivative dioin2 cOomes close to zero in
the product region, while that of.c3 comes close to zero at
= 3.0 and decreases again by the effect of the relaxation term
dPrelax. The derivative of cacsdoes not become zero in the final
stage on the reaction coordinate either.

We compare next the derivatives lgfic4 andlcscs In both
of the two terms, the overlap derivative ter8 contributes to
the increase in bond orders. As to the density derivative term,
the relaxation term Beax increases these bond orders, while
the renormalization termRjenorm decreases these bond orders.
As a result, the density derivative tern? ¢auses these bond

is 2.447. These values decrease gradually as the reactiororders to increase. Before the transition state, the derivative of

proceeds and the bond ordéssn, andlnzczbecome 0.955 and
1.642 in the product, respectively. The bond ordggs which

Icscsis larger than that dfo;caandlcscsincreases more steeply
than loice as noted above. In the final stage, both of the

represents the triple bond in acetylene, is 3.190 initially and is derivatives also increase. It is interesting to note that the trend

1.698 in the product. On the other hand, the bond ortgks,
and lc3cs which show the formation of new chemical bonds,

is different from that around the transition state. That is, although
the density derivative term is a main component until the
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Figure 7. Derivatives of bond orders (dpinz (D) In2ca (C) loics and (d)lcscs with respect to the IRC, respectively.
reacting system reaches the transition state, showing that the 1.200
electron redistribution forms new bonds, the overlap derivative
term is found to be the main part at the final stage. This shows Total
that the nuclear motion is forced to complete the bond formation ~ -09°
at the final stage.
Then, we have investigated components of the bond order 0.800
loicain detail. We divide the atomic orbitals of thee@nd G ’
atoms intos-type atomic orbitalsg), o-orbitals composed of 3
the p and d atomic orbitals, which have extension in tkg Eosoo
mirror.plane pd,), p andd orbitals Which are perpendicular to § /,,.-—»_.\.,\H [—
the mirror plane §d.), and other orbitals. We decompose the /
bond ordelp1c4into AO bond orders. Figure 8 shows the main 0.400
elements ofoica The major part ofoicais pd,—pds, lpdo—pdo,
until the transition state is reached. This shows that the original L
71— interaction in theCs plane initiates the bond formation at ~ %2% o T
an early stage. On the other hand, plde—pd, interaction which /'ﬂ'///,/f/‘dmlfndc
leads to formation of ther bond in the product is shown to 0,000 ,_.#sf"d il i
occur at the final stage. The major derivative term is the density -40 30 -20 -1.0 00 1.0 20 30 40 50 60
derivative ofl,q,-pds before the transition state. On the other samu™"%.bohr)

hand, the overlap derivative terms having large values are notrigure 8. Elements of the bond ordeésscs along the IRC.
ascribed to some particular atomic orbital at the final stage.

We have analyzed the derivatives of the bond order by of the density derivative term. That is, the change in bond orders
dividing them into the overlap derivative term and the density originates from the relaxation of electron density.
derivative term as mentioned above. We can discuss the bond The atom valences are shown in Figure 9. While the gross
formation also from another point of view. For the derivatives charge of the Matom increases gradually with the progress of
of bond orders presented in Figure 7, the overlap derivative the reaction, as shown in Figure 4, the atom valenge,
term dS and the renormalization termPg .« of the density decreases around the transition state. This indicates that the
derivative term exhibit the opposite behaviors, and they are second term of the right-hand side in eq 9 changes dynamically
nearly counterbalanced with each other along the IRC. There-to break the M—Cs triple bond and place a lone pair of electrons
fore, the total derivative value depends on the relaxation termon N,. The decrease inVy, is caused both by the
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Figure 9. Atom valence profile along the IRC.
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Figure 10. Derivative of No atom valence with respect to the IRC,

respectively. Figure 11. Contour maps of the density differential with respect to
the IRC X, ((dP:/d9)y:(r) xs(r) in (&) TS and (b)s = 5.5 on theCs
density derivative term and by the overlap derivative term, as plane. Contours are drawn by 0.3, 0.1, 0.03, 0.01, 0.003, and 0.001;
shown in Figure 10. The Patom valenceVo;, increases (--) 0.0; and {--) —0.001,—0.003,—0.01,—0.03,—0.1, and—0.3.
gradually along the IRC. Because the gross charge of this atom
changes little, the electron population of the lone-pair orbital recently. They treated the derivatives of the molecular valence,
decreases gradually. This gives rise to the electronic mechanismyhich consists of the sum of each atom valences, with respect
as described by I of the transition state, within the Hartree {5 the electron numbeX. The derivatives with respect to the

Fock scheme of electron density. IRC are investigated in the present study. We believed that
We also compare aspects of derivative values of bond orders, v sis of the variation in the electronic structure along the

to the contour map %Ervs(dprdds)xf(r)xsﬂ)’ which is called reaction coordinate is also importai€’ It is well-known that

:gfn??nnts#g g:zgLenqtg'plfo(fg;efﬁ?:?gjrteo ﬂz %e?sgycgﬁtrgvli“r\;zpsfMuIIiken’s population analysis gives strange results when diffuse

of the density differential with respect to the IRC at TS and at unctions are app“ed n the calculation of the wave function.
Some useful localization methods have been introduced to

s = 5.5 are shown, respectively. At the final stage arosn . 60 o
5.5, the decrease in electron density around the @ bond overcome this proble?-6° These localization methods may

area ofloics arises from the decrease in the density derivative de_scribe the var_iation of bonds along the reaction c_oordinate
term. In the present method, it is also possible to describe theSUitably. Extension of the present approach to multicentered

bond formation or cleavage in terms of the change in bond Pond-order indices which has been proposed recently is
orders between some particular pair of atomic orbitals. straightforwarc?3=26 The present calculation has been performed

Finally we refer to the other relevant study and mention a within the Hartree-Fock formalism. It is sometimes mentioned
limitation of the method used in this study. Balawender ébal. that the effect of electron correlation may play an important
have studied the derivatives of the molecular valence in order role in 1,3-dipolar cycloadditions. Therefore, it is desirable in
to measure the aromaticity of five-membered heterocycles our future study to express the electron reorganization in the
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course of reactions using the correlated wave functions. This
extension is worthwhile, but may encounter some difficulties

because the generation of the bond-order indices for correlated; q

wave functions is not yet completely cle®r.

4. Conclusion

The population analysis along the IRC has been investigated.
The derivatives of the Mulliken atomic gross charge and the
Giambiagi bond order with respect to the nuclear motion along
the IRC have been calculated analytically. These derivatives
have been divided into two components: the derivative term
of the density matrix and the derivative term of the overlap
matrix. Furthermore, the density derivative term has been shown
to be divided into two parts, namely, the renormalization term
and the relaxation term. The method has been applied to the
1,3-dipolar cycloaddition reaction between fulminic acid and
acetylene using the Hartre€ock electron density. Concerted
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Acknowledgment. The author would like to thank Professor
Hiroshi Fujimoto and Professor Akitomo Tachibana of Kyoto
University for their valuable discussion and comments. He also
thanks Professor Hiroshi Ichikawa at Hoshi College of Pharmacy
for his comments.

References and Notes

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

(2) Hiberty, P. C.; Leforestier, Cl. Am. Chem. Sod978 100, 2012.

(3) Shaik, S. S.; Hiberty, P. CTheoretical Models of Chemical
Bonding, Part 4 Maksig Z. B., Ed.; Springer-Verlag: Berlin, 1991.

(4) Cooper, D. L.; Gerratt, J.; Raimondi, NChem. Re. 1992 91,
929.

(5) Hirao, K.; Nakano, H.; Nakayama, K.; Dupuis, M.Chem. Phys.
1996 105 9227.

(6) Thorsteinsson, T.; Cooper, D. L.; Gerrat, J.; Karadakov, P. B.;
Raimondi, M.Theor. Chim. Actal996 93, 343.

(7) Goddard, W. A., Ill; Dunning, T. H., Jr.; Hunt, W. J.; Hay, P. J.
Acc. Chem. Red.973 6, 368.

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

(9) Bader, R. F. WAtoms in Molecules-A Quantum Thep@xford
University Press: New York, 1990.

(10) Mulliken, R. S.J. Chem. Phys1955 23, 1833.

(11) Wiberg, K. B.Tetrahedron1968 24, 1083.

(12) Armstrong, D. R.; Perkins, P. G.; Stewart, J. JJPChem. Soc.,
Dalton Trans.1973 838.

(13) Armstrong, D. R.; Perkins, P. G.; Stewart, J. JJPChem. Soc.,
Dalton Trans.1973 2273.

(14) Borisova, N. P.; Semenov, S. 8estn. Leningr. Uni. 1973 16,
119.

(15) (a) Gopinathan, M. S.; Jug, Rheor. Chim. Actdl983 63, 497.
(b) Gopinathan, M. S.; Jug, Ktheor. Chim. Actal983 63, 511.

(16) Giambiagi, D. M.; Giambiagi, M.; Grempel, D. R.; Heymann, C.
D. J. Chim. Phys1975 72, 15.

(17) Giambiagi, M.; de Giambiagi, M. S.; Filho, W. Ehem. Phys.
Lett. 1981, 78, 541.

(18) Mayer, I.Chem. Phys. Lett1983 97, 270.

(19) Mayer, I.Chem. Phys. Lett1984 110, 440.

(20) Mayer, I.Theor. Chim. Actdl985 67, 315.

1961.

(39) Chandra, A. K.; Nguyen, M. T. Phys. Chem. A998 102, 6181.

(40) Mendez, F.; Tamariz, J.; Geerlings, P Phys. Chem. A998 102,
6292.

(41) Karadakov, P. B.; Cooper, D. L.; Gerratt, Theor. Chem. Acc.
98 100, 222.

(42) (a) Roothaan, C. C. Rev. Mod. Phys1951, 23, 69. (b) Hall, G.
Proc. R. Soc. Londo951, A205 541.

(43) Pople, J. A.; Krishnam, R.; Schlegel, H. B.; Binkley, JIr8. J.

Quantum Cheml979 13, 225.

(44) Gerrat, J.; Mills, I. M.J. Chem. Phys1968 49, 1719.

(45) Gerrat, J.; Mills, I. MJ. Chem. Phys1968 49, 1730.

(46) Fukui, K.Acc. Chem. Re<d.98], 14, 363.

(47) Francl, M. M.; Pietro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon,
M. S.; Defrees, D. J.; Pople, J. 8. Chem. Phys1982 77, 3654.

(48) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.
A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94, Résion D.4 Gaussian,
Inc.: Pittsburgh, PA, 1995.

(49) Gonzalez, C.; Schlegel, H. B. Chem. Phys1989 90, 2154.

(50) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S. T.;
Gordon, M. S.; Jensen, J. H.; Koseki, S.; Matsunaga, N.; Nguyen, K. A;;
Su, S. J.; Windus, T. L.; Dupuis, M.; Montgomery, J.JAComput. Chem.
1993 14, 1347.

(51) Huisgen RAngew. Chem1963 2, 565.

(52) Firestone, R. AJ. Org. Chem1968 33, 2285.

(53) McDouall, J. J.; W. Robb, M. A.; Niazi, U.; Bernardi, F.; Schlegel,
H. B. J. Am. Chem. S0d.987 109, 4642.

(54) Sosa, C.; Andzelm, J.; Lee, C.; Blake, J. F.; Chenard, B. L.; Butler,
T. W. Int. J. Quantum Chenil994 49, 511.

(55) Balawender, R.; Komorowski, L.; DeProft, F.; Geerlings].FRhys.
Chem. A1998 102 9912.

(56) Tachibana, A.; Parr, R. Gnt. J. Quantum Cheni992 41, 527.

(57) Tachibana, A.; Nakamura, K.; Sakata, K.; Morisaki, Iiit. J.
Quantum Chem1999 74, 669.

(58) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88,
899.

(59) Mayer, I.Chem. Phys. Lettl995 242 499.

(60) Mayer, 1.J. Phys. Chem1996 100, 6249.

(61) Angyan, J.; Rosta, E.; Sung P. R.Chem. Phys. Letfl999 299,

1.

19

G.



