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The applicability of bond order profiles as a new tool for the interpretation and the visualization of electron
reorganization during chemical reactions is examined, with emphasis on (i) the sensitivity to the particular
choice of the definition of bond order, (ii) the sensitivity to the quality of the computational methods used,
comparing HF and post-HF (MP2, SC and CASSCEF) levels of theory, and (iii) the possibility of a mechanistic
interpretation of bond order profiles in terms of the Hammond postulate. The systems studied are the dissociation
of molecular hydrogen, the conrotatory ring opening of cyclobuter@stbutadiene, and the $ s Diels-

Alder cycloaddition reaction of butadiene and ethene.

Introduction of bond ordert2% which is the theoretical counterpart of the

. . . classical concept of bond multiplicity. Several reports were

Chemistry is a science of molecular change, and understand- ; ; ; ;

ina th y I ¢ . h g€, h .~ published in recent years, in which such approaches were used
|r}g the ftrutctgr? transdort[na.tlonst atf a}t(:cothparltyt € ﬁonﬁrs'gnfor the interpretation and visualization of electron reorganization
Off retachan S :cn 0 pro UES IS (()ine (i éstu |rr|1a % gtpa s.f E[JC in the course of chemical reactions by monitoring the variation
eflort ‘has ol course been adevoted 1o elucidaling 1actors o ,0nq orders or other related guantities, such as valences, along
governing the course of cht_em!cal reactions. A_Ithough Itis true 4o reaction path. Such dependencies, known as bond order (BO)
that.a great deal .of qualitative understanding was already profiles, have been investigated by various grotip® The
provided b_y classical strgctural thedr_ythe contemporary most important conclusion of such studies is that the breaking
understanding of the principles governing chemical reactivity of disappearing bonds is often synchronized with the formation

is closely tied with the progress of chemical theory. - .
h ical o f chemical . q | of new ones-the phenomenon anticipated on the basis of an
Theoretical descriptions of chemical reactivity tend to rely empirical rule known as the BEBO relationstfp?2

on Eyring’s theory of absolute reaction ratesijth its idea of
the transition state as a saddle point on the potential energy
surface (PES). Another important theoretical characteristic

Another important observation reported in those studies
concerns the empirical finding that the position of the transition
closely related to the concept of the PES is the tenet of the state, which is intuitively considered as a species in which the

bonding pattern changes from the one corresponding to the

intrinsic reaction coordinate, IR€as the minimum energy path . ; .
connecting the transition state with the energy minima charac- reactants to that characteristic of the products, is often localized
in the vicinity of the inflection point on the bond order

terizing the reactants and products. Based on such concepts,’ . A : .
the standard quantum chemical description of chemical reactivity profiles?72%390ne aim of the present study is to address this
typically starts with the calculation of the geometries, energies, €MPpirical observation in more detail.
and wave functions of decisive critical species lying on the IRC  In addition to examining two genuine chemical reactions, we
of a given reaction. report here the analysis of bond order profiles for the simplest
Although it is true that very important information about bond-breaking process, namely, the dissociation of the H
chemical reactions can be obtained in this way, and also from molecule. Such a process is interesting because despite the
dynamics calculations run on the computed PES, it is neverthe-absence of any special point on the corresponding potential
less true that purely numerical approaches are not completelyenergy curve, the bond order profile shows one of the same
satisfactory from the chemical point of view. The reason is that features as for ordinary chemical reactions, namely, the existence
chemists usually think of molecules and reactions in terms of of an inflection point or even abrupt changes at the internuclear
classical concepts of bonds, bond orders, valences, LewisdistanceR, at which the electron reorganization is occurring
structures, and so on, whose relation to “high accuracy”, but most rapidly. We then examine the utility of BO profiles for
abstract, quantum chemical descriptions is not immediately two representatives of the broad class of symmetry-allowed gas-
obvious. An important task for chemical theory thus consists phase pericyclic reactions: the conrotatory ring opening of
of designing appropriate auxiliary tools that allow us to cyclobutene tocis-butadiene and the $ s cycloaddition of
transform quantum chemical descriptions into a language closerbutadiene to ethene (Dietg\lder reaction). As is well-known,
to classical chemical thinking. An important example in this the theoretical description of multibond processes can be very
respect is the introduction of the quantum chemical definition sensitive to the quality of the computational methods used, and
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it could be somewhat e to expect realistic results at the HF  to the quality of the wave function, as opposed to the indirect
level. Instead, we mostly examine results of CASSCF and MP2 effects of changes to the geometries.

quality. In the first part of this study, we compare the following
definitions of bond order:
Theoretical Section (i) the generalized Wiberg index (eq 2) as the representative

of the approach that has been most often used in previous studies
of bond order profiles and
(i) the Cioslowski covalent bond ordéf defined according

Bond orders represent the theoretical counterpart of the
classical concept of bond multiplicity, and their variation along
the reaction path allows one to visualize the more abstract
“electron reorganization” in terms that are closer to classical to
chemical thinking. The introduction of the concept of bond order c _ 2. .
can be traced back to Paulfhgnd to Coulsof,but these early Bas = Zn‘ micATmitg (3)
definitions were restricted mainly tor-electron aromatic '
systems. The need to generalize the idea of bond order beyondvhich was originally introduced within the framework of AIM
the scope of such a restricted class of systems stimulated thetheory#3 For the sake of consistency with the Wiberg definition,
systematic effort of many groups and a plethora of definitions we used here a simplified approach in which the integrals over
of bond order has been proposed! The definition most widely ~ atomic basins were replaced by an appropriate Mulliken-like
used in the analysis of bond order profiles is due to Mayer approximation:
who defined the bond order between atoms A and B as

m“ Q = CliCViS v (4)
B =3 3 [(PS).(P'S), + (P'9).(P'S),] () ZAZ e

‘ A specific feature of this particular bond order is that molecular

in which P* and P# are spin-dependent one-particle density orbitalsi anql the occupation numben,sente.ring into definition .
matrixes,S is the overlap matrix, ang andv are label basis 3 are not in fact the usual natural orbitals and occupation
functions. In the case of closed-shell systems at the SCF leve|numbers but are obtained from them by applying the so-called
of the theory, this definition reduces to the well-known Wiberg- iSopycnic transformanon, Whlc_:h Ieave; invariant the first-order
indices® which were generalized for nonorthogonal basis sets density matrixi* Values of Cioslowski bond orders are not
by Giambiagi and co-workefsand also to the so-called effective ~ invariant with respect to transformations pf the orb|ta'l set.
pair populationg® There is now a relatively broad consensus ~ We also examine here the quanti®y defined according to
that Wiberg indices represent the “best” definition of bond order
at the SCF level of the theory. However, satisfactory descriptions Q= f f p(r,r)p(r',r)dr' dr = Tr[(PS(PS]  (5)
of chemical reactivity usually involve going beyond the scope
of the SCF approximation, so that reliable applications of bond
order profiles depend crucially on the appropriate generalization
of the bond order concept to correlated, post-HF levels.

One of the simplest possibilities is, of course, the straight-
forward use of formula 1, which, for the case of singlet states,
reduces to what could be called the “generalized” Wiberg index:

We have previously used the dependenc&ain internuclear
distance,R, to monitor the dissociation of chemical borf@s.
This quantity is closely related to the so-called density of
unpaired electron8(r) (eq 6), originally introduced by Takat-
sukd® and more recently explored by othéfsb!

U(r) = 2p(r,r) = fp(r,r)e(r'r) dr’ (6)

W
Bag = Z (PS)W(PS)W @) Of course, Tr{) is simply 2N — Q, whereN is the number of
ueAre electrongt-51

in which P is the total (spinless) one-particle density matrix
corresponding to the correlated wave function.

This straightforward approach was recently reconsidered by 1. Dissociation of Molecular Hydrogen.The dissociation
various authors, and several alternative definitions of correlatedof H, represents the simplest example for testing various
bond orders were proposét 19224 Most, such as the defini-  definitions of correlated bond order and their eventual impact
tions of Cioslowski” and of Fulton® also rely only on on the picture of electron reorganization accompanying such a
knowledge of the (correlated) first-order density. Given that most process. The main goal of this part of the study was to
of the existing studies of BO profiles are based on bond orders investigate the extent to which the interpretation can be affected
derived from the first-order density, we confine ourselves in by the particular choice of definition. For this purpose, various
the present study to definitions of this type. We note, however, BO profiles, and related quantities, are depicted in Figure 1.
also the proposal to use the so-called “fluctuation” bond order, These were generated from correlated first-order densities
which is defined in terms of the two-patrticle density ma#fix2> calculated from CASSCF(2,2) wave functions in a 6-311G**

Not only do numerical values of individual bond orders often basis using the Gaussian98 progrZm.
differ quite considerably between different definitions, but so It is clear that the numerical values, as well as the forms of
do the shapes of the corresponding bond order profiles. Such athe associated bond orddbond length dependencies, differ
situation is, of course, rather unsatisfactory and it casts doubtconsiderably. Nonetheless, the two BO curves display a common
on the whole approach. One aim of the present study is to feature, in the sense that the inflection point for the Wiberg
compare different definitions of BO profiles, and related definition of bond order occurs at the same internuclear distance
guantities, so as to check to what extent the particular choiceas the sharp drop in the analogous dependence for the
can affect or bias the mechanistic picture that emerges. In Cioslowski bond order. This is clear not only from visual
addition we compare results obtained with HF and post-HF inspection of the figures but also from numerical differentiation.
(MP2, SC, and CASSCF) wave functions. The main emphasis Additionally, as is shown in Figure 1c, the so-called localization
is to assess the extent to which differences reflect direct changesndex, introduced some time ago by Cioslow$kalso shows

Results and Discussion
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Figure 1. Rdependence of bond orders and other quantities for the dissociation détied from CASSCF(2,2) wave functions with a 6-311G**
basis. (a) Generalized Wiberg bond order; (b) Cioslowski covalent bond order; (c) Localization ind€x; Kdjther details are provided in the
text. The vertical dotted lines in frames (a) and (d) identify the position of the point of inflection, as determined by numerical differentiation.

a similar dramatic drop at essentially the same distance, andall. Provided that sufficiently reliable computational methods
this may even be interpreted as the actual splitting efHH are used, it is possible that practically any of the existing
bond. TheR dependence of2 for the dissociation of Kl is definitions could be used to construct a useful BO profile.
depicted in Figure 1d. Yet again, the position of the inflection 2. Thermally Allowed Conrotatory Ring Opening of
point coincides with those in the BO profiles. An alternative Cyclobutene to cis-Butadiene. As a second example we
definition of bond order proposed by Fulf§was found to be examine BO profiles for a genuine chemical reaction, namely,
somewhat more linear in this region, but numerical differentia- the thermally allowed gas-phase conrotatory ring opening
tion again placed the inflection point at the same valu®of  cyclobutene tais-butadiene. An extensive theoretical study of
The problem of generalizing the concept of bond order the reaction mechanism of this pericyclic process was performed
beyond the scope of the HF approximation was recently some time ago by Spellmayer and Hddkwho reported a
addressed by various authdf€224 without leading to any  systematic investigation of the effect of electron correlation on
definitive answer. It is a general observation that there is the geometries and energetics. A comparison was made of
considerable scatter in the values from different definitions and various semiempirical and ab initio methods at HF and post-
so it has proved difficult to attribute much physical or chemical HF (MP2, TCSCF) levels of theory. A general conclusion was
meaning to correlated bond orders. Such a situation is morethat geometrical parameters were reproduced reasonably well
than a little disappointing, given that HF values of bond orders by nearly all the methods, but that the accurate calculation of
(Wiberg indice&% 1) are known to more or less coincide, at activation energies and reaction energies requires a realistic
least for stable molecules close to equilibrium geometries, with treatment of electron correlation.
classical bond multiplicities. This fortunate coincidence is  Our main goal in investigating this reaction was to examine
somewhat accidental and, apparently, it is related to the the extent to which BO profiles based on generalized Wiberg
remarkable parallel between the Lewis electron pair model and indices (eq 2) are sensitive to the quality of the wave functions
the pairing of electrons with opposite spin due to Fermi from which they are derived. There are two key aspects to
correlation?®52 The inclusion of Coulomb correlation in post-  consider, namely, the effect of the geometry changes between
HF treatments partially destroys the ideal pairing suggested by IRCs calculated with different approaches and the effect of using
the Lewis model, and it leads to significant changes to the valuesdifferent wave functions along the same IRC. We use the
of correlated bond orders. notationx/y to denote a BO profile calculated with methrd
Although the different definitions of bond orders, and related along an IRC generated with methgd Calculations were
guantities, certainly lead to numerical values which differ performed by using PCGamé3¢HF) and Gaussian98(MP2,
considerably from case to case, we find in the present work CASSCF(4,4)) with a 6-31G* basis. The resulting CASSCF/
that the positions of the inflection points are practically invariant. CASSCF and MP2/MP2 profiles are shown in Figure 2, in
This observation is important because it implies that the which negative IRC values are toward products and positive
particular choice of definition might not be so important after values toward reactants, so that the ring opening runs from right



Electron Reorganization in Chemical Reactions J. Phys. Chem. A, Vol. 107, No. 12, 200&103

18 on the IRC in the vicinity of—0.45 am&? bohr (rounded to
fm the nearest 0.05). This result is entirely consistent with a
!///23 previous modern valence bond study, based on spin-coupled
1 65 P (SC) theory®57 in which it was found that the most rapid
L r'd / changes to the wave function took place in this same region of
2 the IRC. A SC wave function for a system witd active
15 \\ i / electrons closely resembles the corresponding many-configu-
/ @) ration “N electrons irN orbitals” CASSCH{,N) wave function,
but it is much more compact, and it is easy to interpret in terms
T of changes in the shapes of nonorthogonal orbital and the modes
I of spin couplingf®5°
' I In the case of the dissociation of molecular hydrogenRhe
' 1 dependence of bond orders, and related quantities, could be used
to monitor the splitting of the HH bond. The situation with
i \“‘_‘_\‘ chemical reactions is of course usually more complex, simply
' 12 because of the active involvement of more than one bond.
Moreover, especially in the case of allowed pericyclic processes,
the splitting of old bonds strongly benefits from the concert
15 12 09 06 03 0 03 06 09 12 1§ with the formation of new ones, so that none of the chemical
IRC (amu'? bohr) bonds are actually completely split near the transition state. The
question thus naturally arises as to what physical or chemical
meaning is to be attributed to the inflection points on the BO
/14 profiles in such a case. The answer to this question is that the

Bond order (Wiberg)

position of the inflection point on the IRC coincides with the
723 region along the IRC in which the bonding pattern undergoes
5| ™ i the fastest change from the one characteristic of the reactants
1 . .
: ‘\ f‘, ,,"r into the one corresponding to products. Such a structural change
! x

A
A

\_\ g /r (b) is often intuitively expected to take place at the transition state
’ For some systems, the shifts of the inflection points away from

A
135 5%
ﬂ\l\ the transition state can be quite considerable.
12 e . . .
// 2 ) In the present case, the shift in the positions of the inflection
{ points on the CASSCF/CASSCF bond order profiles (Figure
105 2a) is toward the negative side of the IRC, which is in the
direction of products. Such a shift implies that the transition
19 12 state, characterized by an IRC value of zero, falls into the region
' where the electronic structure is still characteristic of the bonding
pattern of the reactant, cyclobutene. In another words, the
075 electronic structure of the transition state can be expected to be
b A2 49 08 B 0 08 08 03 02 08 more “similar” to that of cyclobutene than to that of the product,
IRC (amu™~ bohr) . . . e h
cis-butadiene. This is of course a specification which very
Figure 2. Bond order profile calculated at (a) CASSCF/CASSCF and C|Ose|y resembles the |anguage of the Hammond posﬁﬂate’
(b) MP2/MP2 levels of theory for the gas-phase symmetry-allowed \\ hichcharacterizes the structure of transition states in terms
conrotatory ring opening of cyclobutene ¢@-butadiene. The atoms f th I doth icitv of th i Taki
are numbered sequentially clockwise, such that the vaIuB‘é@f ,0 € overall exo- or en. 0 er'm|C|.y 0 _e regc lon. ‘faking
(Wh|Ch has been increased by unity, SO as to put |t on the same Sca|e|nt0 aCCOUI’]t that the reaCtIOﬂ ertten n the dll‘eCtIOH CyC|ObUtene
as the others) corresponds to héond being broken. Negative IRC ~ — cis-butadiene (which runs from right to left in the figures) is
values are toward products and positive values toward reactants, soexothermic, the Hammond postulate predicts the transition state
_tgat t_?; ’;1”9 opening rfunhs from ”ghtft‘? 'f‘left' The vert:jcal dotted dhrlles to be “reactant-like”. It is evident that the classification of the
identify the vicinity of the points of inflection, as determine y . . .
numerical differentiation. transition state rgsult!ng from the anegS|s of CASSCF/ CASS(?F
bond order profiles is in accord with the expectations of this

to left. The atoms are numbered sequentially clockwise, such Postulate. In this connection it is, perhaps, fair to say that the
that the value oBY (which has been increased by unity, so as possible connection of these two concepts was already men-
to put it on the same scale as the others) corresponds to the tioned in earlier studié& ! but that the straightforward relation
bond being broken. The vertical dotted lines identify the vicinity Petween the position of the inflection point and the nature of
of the points of inflection, as determined by numerical dif- the transition state is explicitly formulated for the first time here.
ferentiation. The Hammond postulate has of course proved very useful,
The various BO profiles all show that the weakening of old especially in organic chemistry, but it is important to note that
bonds in the reactant is accompanied by a complementarymany systems are known which show intermediate or even anti-
strengthening of new bonds in the product, as expected, butHammond behavior. One such example is the Didller
the inflection points are not located at the transition state. The reaction$* which we consider later. For such systems, we do
most dramatic shifts are observed for the CASSCF/CASSCF not expect any relation between the position of the inflection
case (Figure 2a), for which all the inflection points are localized point and the overall exo- or endothermicity, but we do expect

165

but, as has been shown here, this is not necessarily the case.

Bond order (wiberg)
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that the position of the inflection point will still correspond to 16
the region in which electron reorganization is occurring most
rapidly.

Returning to the ring opening of cyclobutene to butadiene,
inspection of Figure 2b shows that there is a smaller shift toward 1A
the same (negative) side of the IRC for the MP2/MP2 profiles,
which have inflection points in the vicinity 0f0.10 ami?
bohr. On the other hand, the analogous MP2/CASSCF profiles
exhibit inflection points near-0.25 ami/2 bohr, so that only
some of the difference between CASSCF/CASSCF and MP2/
MP2 can be attributed to geometric changes. To investigate this
further, we considered HF values along these two IRCs. In the
case of HF/CASSCEF, the inflection points are in practically the
same location-£0.45 ami2 bohr) as for the CASSCF/CASSCF
profiles. On the other hand, the HF/MP2 inflection points are
shifted to positive valuest-0.25 amé’? bohr, which makes us i
a little suspicious of the utility of the geometries along the IRC
calculated at the MP2 level. Finally, we also examined HF/HF
profiles, despite our expectations that an IRC calculated at such
a low level might not be too reliable. Unlike HF/MP2, the 1
H i H H H H 075 0B 045 D3 05 0 0.15
I(Tlg_i“sogn?e%nkt)ihar;_e again on the negative side of the IRC IRC (amu'? bohr)

Comparing all of these various calculations, we conclude that Figure 3. Bond order profile calculated at the SC/CASSCEF level of

- o . . . theory for the gas-phase symmetry-allowed+s s Diels—Alder
the main effect on the position of the inflection points of cycloaddition of ethene to butadiene. The atoms are numbered

including mostly nondynamical correlation via the CASSCF  gequentially clockwise, with 24 on butadiene and-% on ethene.
methOd |S Indll’eCﬂy, Vla the geometl’les, I’athel’ than dlreCt|y The value OfBX\GIS (Wh|Ch Corresponds to one of the newly formed
from the wave function itself. On the other hand, there appears bonds in cyclohexene) has been increased by unity, so as to put it on
to be both a direct and an indirect (i.e., geometric) effect of the same scale as the others. Negative IRC values are toward products
including mostly dynamical correlation via the MP2 method. and pfositiv_e K?Luﬁsfttov%lﬁrd reatl'Ctalnc;S’t tS% tlhat th_g gg’t?f';?ﬁgi\t/i%”n?teag]fion
: . . runs from right to left. The vertical dotted lines i

WCIose IUvspectllon of Figure 2a shows that' the shapes of they, points o% inflection, as determined by numerical diﬁerentiati)(/)n.
B,, and B;, profiles (for & bonds) are practically the same,
essentially being mirror images of each other. On the other hand
the corresponding SC/CASSCF curve for ihdond B\z’\’g) is

Bond order (Wiberg)

03 0.45 0E 075

'bonds in cyclohexene. The valueBﬁs has been increased by

. 8 i ; ) unity, so as to put it on the same scale as the others. The vertical
slightly different, suggesting that the making/breaking ofthe  jqiteq lines identify the vicinity of the points of inflection, as
bonds initially lags behind the breaking of the bond. determined by numerical differentiation.

Nonetheless, the fastest changes in all of these bonds occur in' |t is clear from Figure 3 that the SC/CASSCF bond order

the same region of the IRC. This distinction betweeand profiles for all disappearing and newly formed bonds have much
bonds is not apparent in the MP2/MP2 profiles (see Figure 2b), the same shape and that they do indeed exhibit a point of

suggesting that all of the bond making and breaking is strictly jnfection that is again at or very close to the transition state, as
in concert. Further calculations, such as CASPT2 or CASSCF- o might have anticipated from the previous studféwhich
MRCI, that incorporate dynamical correlation with a multicon- g 5\wed that this is in the region along the IRC in ;/vhich the

figuration reference function would be required to settle which bonding pattern undergoes the fastest change. As was mentioned
qf these two scenarios is the more accurate qualitative descrip-ear”er, this is a system that is already known not to show
tion. Hammond behavior, according to which the transition state
3. Symmetry-Allowed (s + s) Diels-Alder Addition of should be cyclohexene-like. We also ran HF calculations along
Ethene to Butadiene.As a further example, we examined the  the same IRC, and found the positions of the inflection points
preferred concerted reaction mecharf$of another pericyclic in the HF/CASSCEF profiles to be practically indistinguishable
process, namely, the symmetry-allowed gas-phaset43s from those observed in Figure 3.
cycloaddition of ethene to butadiene, which represents the pespite our serious reservations about the validity for this
simplest example of the broad family of Dieldlder reactions. system of an IRC calculated at just the HF level, we also
The choice of computational methods was motivated by the examined the HF/HF bond order profiles. For the bonds being
possibility of direct comparison with our previous studiés? broken (GC, and GCs), the inflection point is near-0.15
in which analysis of changes to the spin-coupled (SC) wave am2 bhohr, and for those being formed C; and GCg) it is
function along the CASSCF(6,6) IRC suggests that the systemnear—0.30 amd’2 bohr, suggestirig—2° some asynchronicity
passes through a structure, at or very close to the transition statejn the splitting and formation of different bonds. Comparison
that has certain similarities to the aromatic ring in benzene. For wjth the HF/CASSCF profile, which shows much the same
the sake of comparison with previous studig®we used the  inflection points as SC/CASSCF, leads us to believe that the
same 4-31G basis. shifts seen at the HF/HF level are nothing more than artifacts
The resulting SC/ICASSCF bond order profile is depicted in arising from calculating the IRC at such a low level of theory.
Figure 3, in which negative IRC values are toward products In the case of the positions of the points of inflection, we observe
and positive values toward reactants, so that the cycloadditionthat the main effect of including mostly nondynamical correla-
reaction runs again from right to left. The atoms are numbered tion via the SC or CASSCF methods is indirectly, via the
sequentially clockwise, with 14 on butadiene and-5% on geometries, rather than directly from the wave function itself,
ethene, so th%‘l"{3 corresponds to one of the newly formed just as in the case of the conrotatory ring opening of cyclobutene
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to cis-butadiene. Our findings cast serious doubts on the utility
of previous studies of BO profiles that followed multibond
reactions along IRCs that were calculated only at the HF level
of theory.

Conclusions

We find for the process of dissociating, Hhat although

different definitions of bond orders, and related quantities, based

on the first-order density lead to numerical values which differ
considerably from case to case, the positions of the inflection
points are practically invariant. Of course, to be sufficiently

reliable, bond order (BO) profiles for chemical reactions need

to be calculated at a post-HF level of theory that can describe

properly the making and breaking of chemical bonds. In

particular, the geometries along an IRC calculated at the HF

level are somewhat unlikely to be realistic.

The positions of the inflection points on the BO profiles
coincide with the critical structure at which the bonding pattern
is changing most rapidly from the one characteristic of the
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(41) Truhlar, D. GJ. Am. Chem. S0d.972 94, 7548.

(42) Polanyi, J. C. In The Chemical Bond, Structure and Dynamics;

the Hammond postulate except, of course, for reactions that doZewail, A., Ed.; Academic Press: New York, 1992; Chapter 7.

not show Hammond behavior.
For the chemical reactions studied here, in which the splitting

of old bonds is accompanied by the concerted formation of new

ones, the main effect on the positions of the inflection points
due to the inclusion of mostly nondynamical correlation, via a
SC or CASSCF treatment, is mostly indirect, via the geometries.
At least for the cyclobutene teis-butadiene reaction, the
inclusion of mostly dynamical correlation, via MP2, has both
direct and indirect effects on the positions of the inflection

points. Further studies with highly correlated treatments based

on multiconfiguration reference functions would seem worth-
while, in this context.
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