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Identity S\2 Reactions X~ + CH;X—XCH;+ X" (X=F, Cl, Br, and I) in
Vacuum and in Aqueous Solution: A Valence Bond Study
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Abstract: The recently developed (L.
Song, W. Wu, Q. Zhang, S. Shaik, J.
Phys. Chem. A 2004, 108, 6017) valence
bond method coupled with a polarized
continuum model (VBPCM) has been
applied to the identity S\2 reaction of
halides in the gas phase and in aqueous
solution. The barriers computed at the
level of the breathing orbital VB
method (P. C. Hiberty, J. P. Flament, E.

259), BOVB and VBPCM//BOVB, are
comparable to CCSD(T) and
CCSD(T)//PCM results and to experi-
mentally derived barriers in solution
(W.1. Albery, M.M. Kreevoy, Adv.
Phys. Org. Chem. 1978, 16, 85). The re-
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activity parameters needed to apply
the valence bond state correlation dia-
gram (VBSCD) method (S. Shaik, J.
Am. Chem. Soc. 1984, 106, 1227), were
also determined by VB calculations. It
has been shown that the reactivity pa-
rameters along with their semiempiri-
cal derivations provide a satisfactory
qualitative and quantitative account of
the barriers.

Noizet, Chem. Phys. Lett. 1992, 189,

Introduction

Nucleophilic substitution (Sy2) reactions have been exten-
sively studied both experimentally™® and theoretically?®"
because of their great importance in organic chemistry and
biological systems. One of the interesting issues in the field
is the significant difference between the reactions in the gas
phase and in solution.">'! In the gas phase, the reactions in-
volve double well potentials with ion-molecule complexes
residing in the deep minima of the profile, while in a solvent
medium the energy profile is flattened to the verge of elimi-
nating the minima. The other important aspect is that the
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activation barrier of these reactions is strongly affected by
solvent polarity."' Finally, the Sy2 mechanism is extremely
important since it constitutes textbook material that is
taught at various levels of chemical education.””) Under-
standing the reactivity patterns of Sy2 reactions both in the
gas phase and in solution has therefore become a goal of
considerable practical and conceptual importance.

As one of the modern theories of chemical bonding, va-
lence bond (VB) theory is a relatively simple and straight-
forward tool for gaining insights into chemical prob-
lems.?'2%) Unfortunately, the use of VB theory for the quan-
titative assessment of mechanisms has been traditionally
hampered by the amount of computer time required for the
calculations. This is true in particular for the quantitative
modeling of reactions in solution. However, in the last three
decades VB theory has been enjoying some resurgence
thanks to rapid developments in computer science, which
has allowed the inclusion of solvent effects in VB calcula-
tions.”?! This has given us an opportunity to include solva-
tion effects in the VB calculations of barriers and at the
same time to project the insight that VB theory brings into
reactivity problems. As such, our approach was two-
pronged: 1) initially all the barriers were calculated by
means of a VB theory that includes solvation terms and 2)
subsequently, the VB state correlation diagram (VBSCD)P"!
was used to model and reproduce computed barriers with
the aim of gradually establishing a general structure-reactiv-
ity expression for this important reaction.
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The computational approaches for the inclusion of solva-
tion effects can roughly be divided into two categories, one
implicit and the other explicit. The polarizable continuum
model (PCM)P3 belongs to the first category and is one of
the most widely used methods in the framework of dielectric
continuum models. Recently, we developed the VBPCM
method which incorporates the PCM into modern VB calcu-
lations.”” In a similar fashion to the MO-based PCM ap-
proaches, the VBPCM method achieves self-consistency be-
tween the charge distribution of the solute and the reaction
field of the solvent. However, the VBPCM method has an
important conceptual bonus since it enables us to compute
energy profiles for the full state as well as for the individual
VB structures. In so doing, the VB calculations reveal the
effect of solvent on the constituents of the wave function,
thereby providing a useful insight into the reaction in solu-
tion.

Although many S\2 reactions have been studied exten-
sively by theoretical methods,'*!® this was not done using
VB theory, and especially not by the use of the higher levels
of VB methodology. To our knowledge, except for recent
MO-VB-type calculations,” there has been no pure ab
initio VB study of Sy\2 reactions that has included solvent ef-
fects. The aim of this study was to apply breathing orbital
VB (BOVB)* and VB configuration-interaction (VBCI)B
methods coupled with the recently developed VBPCM
method?” to understand the origin of barriers and their de-
pendence on the nature of X in identity Sy2 reactions

[Eq. (D].

X +CH;X - XCH; + X~  (X=F,ClLBr,1I) (1)
This paper is organized as follows: It starts with brief re-
views of the VB methodologies employed. The VB compu-
tational results for the reaction in the gas phase are reported
in the next section and these are followed by the results of
calculations in solution. Subsequently, the application of the
VBSCD model to the origin of the reaction barriers and
their dependence on the identity of the halogen is reported.

Theory and Methodology

VB procedures: In VB theory, the state wave function, ¥, is
expressed as a linear combination of VB structures, @
[Eq. (2)], where @ are VB structures that correspond to all
the modes of distributing the “active electrons” that partici-
pate in the interchanging bonds and ¢y are the correspond-
ing structural coefficients.

Y= XK: cx Py 2)

In the VBSCF procedure,® both the VB orbitals and the
structural coefficients are optimized simultaneously to mini-
mize the total energy. As such, the VBSCF method takes
care of the static electron correlation; however, it lacks the
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dynamic correlation that is absolutely essential for obtaining
quantitative accuracy.

The breathing orbital VB (BOVB)®! method improves
the VBSCF method by introducing a dynamic correlation.
In the BOVB method, the orbitals are allowed to be differ-
ent for different VB structures. In this manner, the orbitals
respond to the instantaneous fields of the individual VB
structures rather than to an average field of all the struc-
tures. As such, the BOVB method accounts for part of the
dynamic correlation, while leaving the wave function as
compact as in the VBSCF method.

The VB configuration-interaction (VBCI)®¥ method uses
a configuration interaction technique to account for the
missing dynamic correlation in a VBSCFP! calculation. A
VBCI calculation involves the entire set of fundamental and
excited VB structures. In a similar manner to MO-based CI
methods, in the VBCI method, the excited VB structures
are generated by replacing occupied orbitals with virtual or-
bitals. The virtual orbitals are strictly localized on precisely
the same fragment as the corresponding occupied orbitals.
In this manner, by merging all the excited VB structures
into the corresponding elementary structure of the same
electron occupancy and pairing, the entire VBCI wave func-
tion is condensed to a linear combination of the same mini-
mal number of VB structures as in the VBSCF and BOVB
methods.

The weights (w) of the VB structures are determined by
use of the Coulson-Chirgwin formulal® [Eq. (3)], which is
the equivalent of a Mulliken population analysis in VB
theory.

we =c’+ Y cxer (Di|Py) 3)

L#K

The VB structure set: For an S\2 reaction, structures 1-6 in
Scheme 1 describe all the possible ways of distributing the
four electrons of the anion X:~ and the H;C—X bond among
the three fragments (X, CH;, X). Structures 1 and 4 corre-
spond to the covalent Heitler-London (HL) structures,
which describe the spin pairing in the C—X bonds of the re-
actants and products, respectively. Structure 3 is the most
stable triple-ion configuration with a positive charge on the
central methyl moiety and one negative charge on each hal-
ogen atom. In structure 5, known as the “long-bond struc-
ture”, the odd electrons on the two X atoms are spin-paired

X8 sCHy X7

1 2

Xe—eCH; X

3 4

- + . - ew-

Xe $CHi X X" 3CH; 3X
5 6

Scheme 1. VB structures for the Sy2 reaction.
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and there is a negative charge on the methyl moiety. The re-
maining structures 2 and 6, with a negative charge placed on
the methyl moiety and a positive charge on one of the X
atoms, have an unfavorable charge arrangement and are of
high energy. The computational study and the discussion of
the results in terms of the VBSCD model have been carried
out with these six structures. On occasions [see, for example,
the derivation of Eq. (18)], approximate quantities can be
obtained by considering 1, 4, and 3 as the main structures.

The VBPCM method: In the framework of a standard po-
larizable continuum method, the solute molecule is studied
quantum mechanically and the interaction between solute
and solvent is represented by an interaction potential, Vy,
which is treated as a perturbation on the Hamiltonian of the
solute molecule [Eq. (4) and Eq. (5), where H° is the Hamil-
tonian of the solute molecule in a vacuum, ¥° and ¥ are the
state wave functions of the solute in the gas phase and in
solution, respectively, and E° and E are their respective en-
ergies]. The interaction potential can be expressed as Equa-
tion (6), where the first term depends explicitly on the wave
function of the solute, while the second term is independent
of the wave function. Equation (5) can be solved by mini-
mizing the function G by using the constraint condition (¥|
¥)=1 [Eq. (7)]. The contribution to the interaction poten-
tial is usually given by the sum of electrostatic, dispersion,
and repulsion components [Eq. (8)]. In principle, the above
three terms depend on the charge distribution of the solute.
However, for simplicity, the treatment reduces the interac-
tion potential to the electrostatic component in the QM cal-
culation, while the contributions from the other terms are
based on empirical parameters. Therefore, the total free
energy can be written as in Equation (9), where Vyy is the
nuclear repulsion energy and G, stands for the contribu-
tions from nonelectrostatic components. The factor of '/,
that multiplies (V}) accounts for the energy change in the
solvent as a result of its polarization by the solute.

HW® = EY° (4)
(H° + V)W = EW (5)
Vi = Vi(¥) + Vi (6)
G = (W|H°+V§+%V§(¥/)\¥/) (7)
Ve =Va+ Vi + Vi (8)

4 1 !
G = (WIH W) + (W|Ve|¥) + 5 (FIVR(P)E) + Vix + Gua
©)

To implement the PCM in a VB scheme, the VBPCM
method expands the state wave function, ¥, in terms of the
usual VB structures, as in Equation (2). And, now, these VB
structures are optimized and allowed to interact with one
another in the presence of a polarizing field of the solvent.
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In a similar fashion to the MO-based PCM method, the in-
teraction between the solute and the solvent depends on the
electron density of the solute and is expressed in the form
of one-electron integrals which are used in the standard
PCM procedure. Adding the integrals to the original elec-
tronic integrals, a standard VB procedure then follows and
optimizes the VB orbitals. The final energy of the system in
solution is given by Equation (10).

1
E=(V|H +5Vi|¥) (10)

By performing the above procedures, the solvent effect is
taken into account in the VB calculations. The type of calcu-
lation will be henceforth designated by the level of calcula-
tion, for example, as VBPCM//VBSCF, VBPCM//BOVB, or
VBPCM//VBCIL.

Computational Details

In this paper, the PCM part of the calculation was performed with the
GAMESSP” package (version: 20 June 2002 (R2)) and the VB part was
carried out using the Xiamen VB (XMVB)"! package. An interface was
written to transfer to input/output files between the two codes.

The integral equation formalism (IEF) PCM model® was adopted in
this work. In our previous work that introduced the VBPCM method, the
molecule cavity was defined in terms of van der Waals radii. However,
test calculations showed that the use of van der Waals radii does not pro-
vide good quantitative accuracy for the dissociation energy curves of C—
X bonds produced by the VBPCM method. By using VB theory with in-
clusion of solvation effects, the bond dissociation curves result in hetero-
lytic cleavage of the bond to C* and X™. As such, taking constant values
for the atomic radii along the reaction coordinate, as was done before,
grossly elevates the energy of the ionic fragments and the “more ionic”
parts of the curves. A more careful treatment should use variable values,
depending on the charges of the fragments, as a function of the progress
along the reaction coordinate. In this work, we used the UAHF model of
Tomasi and co-workers.*”) In this model the atomic radii of the spheres
used to build the molecular cavity are adjusted by introducing chemical
considerations such as hybridization, formal charge, and the first-neigh-
bor inductive effect. Thus the correction for the atomic radius is given by
Equation (11), where ¢q is the formal charge carried by the atom at a
given point of the reaction coordinate and r, is a scale factor that is dif-
ferent for anions and cations. In this work, the values of g were taken
from the Mulliken charge given by CCSD(T) calculations in the gas
phase. Hence, different values of atomic radii were used for the reactant
and transition state. For example, for the identity Sy2 reaction with X=
F, the value of R(F) is 1.50 A for the neutral fluorine atom in the reac-
tants, R(F") is 1.20 A for the anion, and 1.27 A in the transition state
(TS) for which the fluorine Mulliken charge is —0.53. The atomic radii
are listed in Table S1 of the Supporting information.

R(X) = R(X) +r,lq| (11)

To obtain quantitative accuracy, the gas-phase calculations were carried
out with the BOVB method, and the solution phase study with VBPCM//
BOVB. The inner electrons were frozen at the Hartree-Fock level, leav-
ing 22 valence electrons (10 o electrons and 12 m electrons) to be treated
in the VB computation. Test calculations showed that dynamic correla-
tion of the m electrons varies very little along the entire reaction path. To
reduce the computational cost, in the BOVB calculation, only the o va-
lence orbitals, which are directly involved in the formation and breakage
of the C—X bond, were defined as “breathing orbitals”. The other orbi-
tals remained common to all the VB structures.

Chem. Eur. J. 2006, 12, 7458 — 7466
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The 6-31G* basis set was employed for the H, C, F, and CI atoms, while
for the Br and I atoms we used the Los Alamos effective core potential
and matching basis set, LANL2DZ,*!! to which we added d-polarization
functions taken from the literature!? (henceforth ECP-31G*). The barri-
er calculations performed with the 6-31+ G* basis set were subsequently
used to test the basis set dependence of the VB computed barriers.

The geometries of the CH;—X molecules, the ion-molecule complexes
X™-CH;—X, and the transition states (listed in Table 1) were optimized
at the MP2 level of theory. In the gas phase, the ion—-molecule complex is
considered to be the reactant state and the calculated reaction barrier
refers to the “central barrier” between the reactant and product complex.
On the other hand, no such complex exists in the aqueous phase, and the
reactant state is made up of the separate X~ and CH;—X species. As the
geometric relaxation of the transition states and CH;—X molecules was
found to be rather small in aqueous solution, the gas-phase geometries
were kept unchanged for the VBPCM//BOVB calculations.

Table 1. C—X bond lengths [A] for the CH;—X molecules, the respective
ion—molecule clusters (RS), and the transition states of the identity reac-
tions.[*!

X CH;—X RS (gas phase) TS (X--CHjX)
F 1.393 1.443,2.429 1.784
Cl 1.778 1.814, 3.163 2.310
Br 1.945 1.982, 3.270 2.463
I 2.144 2.180, 3.533 2.669

[a] Calculated at the MP2/6-31G* (X=F, I) and MP2/ECP-31G* (for
X =Br, I) level of theory.

Results

The reaction barriers in the gas phase are listed in Ta-
ble 2a,b. It can be seen from Table 2a that the results of the
MO-based calculations, HF, MP2, and CCSD(T), are in
good agreement with each other. The trend in the values of
the barriers is F < Cl > Br>1. The VBSCF barriers are much
higher than those of the MO-based methods and the trend
in the barriers is different. The barriers of the higher levels
of the VB methods, BOVB, VBCIS, and VBCISD, are im-
proved relative to the simple VBSCF method and are in
good agreement with one another and with the MO-based
results.

Table 2b shows the barriers determined with the 6-31+
G* basis set. It can be seen that these barriers are slightly
higher than the corresponding values obtained with the 6-
31G* basis set, but all the trends remain the same. For the

Table 2. S\2 reaction barriers [kcalmol™'] in the gas phase computed
with various methods.

HF MP2 CCSD(T) VBSCF BOVB VBCIS VBCISD
a) 6-31G*
F 116 115 113 254 14.0 126 134
Cl 142 153 137 212 14.0 13.1 139
Br 113 117 105 159 114 11.0 115
I 105 100 91 143 104 102 10.7
b) 6-31 4+ G*
F 177 122 120 30.4 14.1
c o158 170 153 2.7 143
Br 134 133 119 184 124
I 123 114 102 16.3 113
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sake of simplicity, we focus henceforth on the BOVB re-
sults.

Table 3a and b list the reaction barriers in aqueous solu-
tion determined by the MO-based and various VBPCM
methods with the 6-31G* and 6-31+ G* basis sets, respec-
tively. As can be seen from Table 3a, unlike in the gas

Table 3. S\2 reaction barriers [kcalmol™'] in aqueous solution.

HF MP2 CCSD(T) VBSCF BOVB exptl®
a) 6-31G*
F 379 286 28.6 52.3 32.0 31.8
cl 286 301 28.6 36.1 26.8 26.5
Br 243 24.6 23.7 30.3 23.8 23.7
I 22.5 224 21.8 32.7 22.6 232
b) 6-31+G*
F 389 304 30.2 51.3 37.7
cl 288 293 27.6 34.7 26.1
Br 209 218 20.6 26.5 21.0
I 200 202 19.2 24.5 20.3
[a] Ref. [7].

phase, all the sets of reaction barriers share the same trend,
that is, F>Cl>Br>1. Once again, the VBPCM//VBSCF
barriers are relatively high compared with experimental
values,”? while the VBPCM//BOVB barriers provide excel-
lent agreement with experiment. Table 3b lists the barriers
determined with the 6-31+ G* basis set and shows that the
values of the barriers for X=F for all methods are higher
than the corresponding values obtained with the 6-31G*
basis set, while for X=1, the 6-31 + G* quantities are a bit
lower than those determined with 6-31G*. However, the de-
viations can still be considered acceptable.

Table 4 lists the solvation energies of all the species. The
solvation energies of X~ are fairly close to the experimental
values."*! Thus, the PCM method affords good quantitative
comparison with experiment for ionic solvation. Hence, cou-
pled with BOVB, the VBPCM method yields reasonable
barrier data. On the other hand, the nonequilibrium solva-
tion values for the CH;X™ species are almost comparable to
the equilibrium values, while they should be much lower, by
almost a factor of 2.2 Generally speaking, continuum-
based solvation models cannot treat nonequilibrium solva-
tion well unless some construction is added to change the di-
electric constant of the solvent between the static and opti-
cal limits."?! This will pose some constraints on the applica-
tion of the VBSCD method with VBPCM values to the sol-
vation of the CH;X™ species (see later).

Table 5 and Table 6 give the weights of the six VB struc-
tures [see Eq. (3)] described in Scheme 1. It can be seen that
the weights of the two covalent structures 1 and 4 are signif-
icant, but it is the triple-ion structure 3 that makes the most
important contribution to the wave function of the TS for
all systems. The weight of this structure decreases in the
order of descending X electronegativity. The weights of
structures 2 and 6 are virtually zero as the charge distribu-
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Table 4. Desolvation energies of all species [kcal mol '] [

Neutral Anion Anion —AG,,L (XHM
6-31G* 6-31G* 6-31+G*

F 0.3 111.5 102.8 113 (104.3)

cl 0.5 71.3 73.5 83

Br 0.6 72.7 67.7 77

I 0.6 63.4 60.0 68

CH,F 27 67.0 (64.7)

CH,Cl 2.1 64.6 (60.6)!

CH;Br 2.1 62.7 (59.1)l

CH,I 1.8 56.9 (53.5)

TS(F) - 72.4

TS(Cl) - 57.1

TS(Br) - 52.7

TS(I) - 46.5

[a] The desolvation energies refer to the process X(aq)—X(g), where X
is one of the species in the Table. [b] These absolute —AG,,* values are
taken from ref. [43]. The value in parentheses for F~ is from ref. [44].
[c] The values not in parentheses refer to equilibrium solvation values.
Those in parentheses are the solvation energies calculated using the same
radii as the ground states species, that is, CH;X™ has the same radius as
CH;X.

Table 5. Weights of VB structuresi®) obtained by BOVB calculations in
the gas phase.

X Species®™ 1 2 3 4 5 6

F TS 0228 0.002 0507 0228 0033  0.002
RS 0492  0.046 0462  0.000  0.00  0.000

ca TS 0253  0.003 0451 0253 0036  0.003
RS 0.612 0121 0267 0000 0.000  0.000

Br TS 0273 0.003 0403 0273 0045  0.003
RS 0.634 0102 0265 0000  0.000  0.000

I TS 0293  0.004 0351 0293 0055  0.004
RS 0.653 0139 0208  0.000  0.000  0.000

[a] The structure numbers are shown in Scheme 1. The basis set is 6-
31G*. [b] TS is the transition state, RS is the reactant state.

Table 6. Weights of VB structuresi®) obtained by BOVB calculations in
aqueous solution.

X Species® 1 2 3 4 5 6

F TS 0216  0.002 0537 0216  0.028  0.002
RS 0481  0.029 0490  0.000  0.000  0.000

ca TS 0239  0.003 0488 0239 0029  0.003
RS 0.640  0.097 0263  0.000  0.000  0.000

Br TS 0261  0.002 0436 0261 0038  0.002
RS 0.659  0.079 0262  0.000  0.000  0.000

I TS 0285 0.004 0375 0285 0048  0.004
RS 0.688 0117 0195 0000  0.000  0.000

[a] The structure numbers are shown in Scheme 1. The basis set is 6-
31G*. [b] TS is the transition state, RS is the reactant state.

tion pattern of these structures is the most disfavored
among the VB structures. The weights of structure 3 for all
the X atoms are higher in aqueous solution (Table 6) than in
the gas phase. This trend makes physical sense as the solvent
affects the energies of the polar structures more than those
of the covalent structures.

Because the weights of the two covalent structures are
equal in the transition states, and since the reactant state is
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dominated by a single covalent structure, it is clear that the
VB calculations correspond to a VB avoided-crossing situa-
tion as described originally by the VBSCD model.*” The
VBSCD model has been amply discussed in the literature
and Figure 1 illustrates the corresponding diagrams for the
identity reaction in the gas (Figure 1a) and aqueous phases
(Figure 1b). In these diagrams, the barrier arises from the

a)
CI"---[CH3CI” [CICH4]™---CI’
CI™+-CH,CI CICH3-CI”
reaction coordinate ——
b)
CI'--[CH5CI” [CICH,]---CI’
CI™--CH,CI CICH3-CI”

reaction coordinate ———

Figure 1. A qualitative curve crossing diagram for the identity Sy2 proc-
ess: X;+CH;X,—X,CH;+ X, (X;=X,=F, Cl, Br, I). a) Gas phase; b)
aqueous phase.

avoided crossing of two diabatic curves, one representing
the energy variation of the reactant’s diabatic state along
the reaction coordinate, the other representing the product’s
state. Thus, the reactant’s diabatic curve is calculated as an
optimized mixture of structures 1, 2, 3, and 5, while the
product’s diabatic curve is made up of structures 3, 4, 5, and
6. Both diabatic curves rise continuously from their mini-
mum and correlate with the respective charge-transfer state
(X'4+CH;X", where structure 5 mixes in to delocalize the
extra electron in the CH;X™ species). As such, the two
curves cross in the middle of the diagram. At the crossing
point, the diabatic curves mix to generate the ground state
of the transition state, which is the top of the reaction pro-
file (dark curve) in Figure la,b. The quantities that deter-
mine the barrier height are the promotion gap, G, which is
the charge-transfer energy, the fraction f of the gap that is
below the crossing point, and the resonance energy, B, of
the transition state. Thus, a general expression for the barri-

Chem. Eur. J. 2006, 12, 7458 — 7466
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er is given by Equation (12), which can be used to estimate
the values of the central barriers.

AE* = fG—B (12)

Table 7 lists the computed parameters of the VBSCD in the
gas phase. The promotion gap, G, is the difference between
the energy of the reactant state (the ion-molecule complex

Table 7. Computed parameters of the VBSCD method in the gas phase
(BOVB/6-31G*).lY

VBSCD quantity F Cl Br I

B 292 212 21.1 20.2
G 2189 194.6 164.6 129.0
AE, 432 352 324 30.6
f 0.197 0.181 0.197 0.237
D(BOVB) 101.1 76.3 63.8 54.7
D[CCSD(T)] 105.2 78.4 68.7 58.4
AEg " 241.7 167.4 137.3 108.8
D(TS)! 66.7 46.1 41.7 356
AEg(TS) 114.2 73.5 63.3 53.4

[a] All energies in kcalmol ™. [b] CCSD(T) values.

in the gas phase, the separate reactants in the aqueous
phase) and the energy of the charge-transfer state. It is seen
that, in accord with qualitative considerations, this quantity
is around twice the bond energy of CH;—X.P! The reso-
nance energy B is 29.2 kcalmol™! for the reaction with X =
F, while for X=Cl, Br, and I, it is around 20-21 kcalmol .
These values are not too far from previous estimates based
on semiempirical treatments of the VBSCD.*!

The VB-computed parameters in aqueous solution are
collected in Table 8. It can be seen that the solvent has the

Table 8. Parameters computed with the VBSCD method in aqueous solu-
tion (VBPCM//BOVB, 6-31G*).1

VBSCD quantity F Cl Br I

B 25.1 16.9 17.8 16.3

G 268.0 222.6 188.6 1452

AE, 57.1 437 41.6 38.8
0.213 0.196 0.221 0.267

D! 108.0 83.4 715 61.1

AE " 243.7 168.2 137.9 109.3

[a] All energies in kcalmol ™. [b] CCSD(T) values.

effect of increasing the G values and consequently also the
corresponding heights of the crossing points (AE,). The rise
in G is due to the impaired solvation of the charge-transfer
excited states in Figure 1 relative to the reactant state (com-
pare the solvation energies of the CH;X™ anions with those
of the X~ anions in Table 4), and this carries over to the AE,
values, and hence also to the transition states. From Table 8
we also find the resonance energies of the transition states
in aqueous solution to be around 3—4 kcalmol™! smaller
than those in the gas phase (Table 7). This illustrates that
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the solvent effect modulates the mixing energy due to the
interaction between the two Lewis structures. This reduction
in resonance energy follows previous qualitative analyses
with the VBSCD,F®%-4 which predicted that whenever the
transition state acquires a higher triple-ion character its res-
onance energy will diminish. Nevertheless, modulation of
the resonance energy of the TS is small and one is still justi-
fied in neglecting this effect in qualitative considerations.

Discussion

By using the recently developed semiempirical VB theo-
ry,%47 we can derive an expression for B by using the
mixing of the two covalent VB structures 1 and 4 [Eq. (13)
and Eq. (14)]. Here @}, and @}, are the covalent structures
of the reactants and products, respectively, the orbitals a, b,
and c are the active orbitals of the nucleophile, central
carbon, and leaving group, respectively, and Ny; is a nor-
malization factor. If one neglects the long-range overlap s,
and monoelectronic Hamiltonian matrix element #4,,, as well
as the higher order products (e.g., overlap squared, like s,,%,
SaSpe), one has Equation (15), Equation (16), and Equa-
tion (17).

@}, = Ny (|aabe| ~|aabe]) (13)

@}y, = Ny (|ceab|~|ceab)) (14)

Ny, = i (15)
NG

S = (Big [By) = dNysp5h = 0 (16)

H;-[I)L = <(erL|H|(pII:IL> = 4N12~IL(habsbc + hbrsab) = 4habsbc (17)

The difference between the positive and negative combina-
tions of the two functions is given by Equation (18).

2 Hrp _El' TP
ap = 2R Pl _ opm — s, (18)
(Si)

While a precise treatment requires the inclusion of all six
VB structures, one can still obtain a reasonable approxima-
tion for B by also including the triple-ionic structure 3, @,
which is the most important VB structure. Based on the re-
sults of the structural weights (Table 6) we can suppose that
the wave function of the TS is expressed by a combination
of only three structures, 1, 3, and 4, given by Equation (19),
with @, and @, expressed by Equation (20). The normaliza-
tion factors N; (N,) are given by Equation (21).

Y = N[D, + &,] = N[y, + P} + AD] (19)

A
Dy = N[ Py + 3 2 (20a)
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A
D, = Ny[@}, +5 )] (20b)

2

N =Ny=——n©n__|
L A AS+ 2

S = (D, |P,;) ~040  (21)

Recalling the fact that the overlap between the covalent
structures, Si},, can be neglected [Eq. (16)], the overlap be-
tween the two intersecting states is then given by Equa-
tion (22).

408 + A?

L 2
i ais+ (22)

S, = <451|(152>

Based on previous considerations,*>*! the quantity B would
be related to the singlet-to-triplet excitation (AEg) of the
CH;—X bond in the transition state’s geometry by Equa-
tion (23), and thus Equation (24).

1
B = E(l_SIZ)AEST (23)
2AEg
— L 24
B=4taos+r (24)

The parameter 4 in Equation (24) can be estimated from the
charge on CH; through Equation (20) by using Equa-
tion (25), where Q is the charge on CH; in the TS.

20

For the sake of simplicity, Equation (24) can be turned to a
more compact approximate expression based on the recog-
nition that B decreases with increasing Q, the positive
charge on the CHj; group. One can then show (see the Sup-
porting information for a complete derivation) that B is
roughly proportional to 1—(Q, and since the singlet-to-triplet
excitation is proportional to the bond dissociation
energy, ! one obtains the simple expression given in
Equation (26), where D is the corresponding C—X bond
energy for the CH;—X molecule in the reactant state and a
factor of 0.5 is chosen so as to best fit the accurately calcu-
lated values of B.

B = (1-0)0.5D (26)

According to the results of ab initio VB calculations, the
overlap integral S [between the covalent (HL) and ionic

Table 9. Resonance energy values, B, calculated from semiempirical Equations (24) and (26).1!

structures; see Eq. (21)] is around 0.4 for the entire series,
and Q can be obtained either from CCSD(T) or BOVB cal-
culations. Then one can estimate the transition-state reso-
nance energy using Equations (24)—(26). Table 9 shows these
B values and the ab initio BOVB barriers for comparison.
The fit is seen to be reasonably good; thus either Equa-
tion (24) or the simpler Equation (26) provides good ap-
proximations for estimating the value of the avoided cross-
ing interaction (Figure 1), which is the resonance energy at
the transition state.

As has been shown previously,''*12# the reaction barriers
in solution can be estimated from the VBSCD in Figure 1b
by considering the effect of the solvent on the promotion
energy gap, G. Thus, in the ground state of Figure 1b, one
considers a strongly solvated X~ anion and a weakly solvat-
ed CH;X molecule. In the charge-transfer excited state
above it, there are two species, X' and CH;X; both are sol-
vated with the same solvent configurations as for the ground
state, that is, they are in a state of nonequilibrium solvation.
This leads to an increase in the promotion gap relative to
that in the gas phase equivalent to the difference between
the desolvation energies [S in Eq. (27)] of the ground and
excited charge-transfer species. The order of magnitude of
the solvent effect on the promotion energy, G, can be esti-
mated by Equation (27).

G. = G, + S(X /CH;X)~S[X"*/(CH,X) ¥ 27)

The asterisk on the excited-state species signifies that the
charge-transfer state is in a nonequilibrium solvation. Al-
though this equation does not take into account the fact that
the reactant is the ion-molecule complex in the gas phase
and separate species in the aqueous phase, one can see that
it reproduces fairly well the increase in G due to the solvent
effect by comparing the data in Table 7 and Table 8. Now,
from the desolvation energies that are collected in Table 4,
one can see that the VBPCM accounts only slightly for the
nonequilibrium solvation effects by using the same values of
the radii [Eq. (11)] for the excited state species as for the
corresponding ground state. This is because the method
does not account for the large destabilization of the X™* spe-
cies which possesses the same solvent configuration as the
strongly solvated X:~ anion in the ground state."'**%! Ag
such, the promotion gap in a solvent is underestimated by
the VBPCM method, and will be so by any method coupled
with a continuum solvation model.

We may circumvent this problem and use reliable equi-
librium solvation energies to estimate the nonequilibrium
values as was done
before.'>*#4! By using Equa-

Qccspm Osovs Beeso)” Byovs!” Becspm” Brovs!” VB>C0mPut[e]d tion (12), the general expres-
[Eq. 24)] [Eq. 24)] [Eq. (26)] [Eq. (26)] B(BOVB) sion for the reaction barrier,
F 0.53 0.4 264 30.1 247 283 292 we obtain Equation (28) for
Cl 0.45 0.40 19.1 20.5 21.6 22.9 21.2 the barrier in a solvent
Br 0.41 0.35 17.4 18.8 20.3 20.7 21.1 ’
1 0.37 0.29 15.5 17.1 18.4 19.4 20.2

[a] For the gas-phase transition states. [b] The subscript signifies the origins of the calculated charge used in

the corresponding equation. [c] These are the actual BOVB calculated values.
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As has been shown previously!'>**! the simplest approxi-
mation for the promotion gap in a solvent is given by Equa-
tion (29), where Sy is the desolvation energy of X~ (see
Table 4). p is the solvent reorganization factor, which can be
quantified from the static and optical dielectric constants of
the solvent by Equation (30), where ¢,,=n” and n is the re-
fractive index of the solvent.

G, ~ G, +2pSx (29)
P = (e=€op)/[Eapt(e—1)] (30)

With water as solvent the value of p is 0.56. The reorganiza-
tion factor takes into consideration the fact that the species
in the excited state are not solvated in their equilibrium sol-
vent configurations, but in the same ones as the ground-
state species beneath them.

By using the barrier expressions Equations (12) and (28)
and by assuming the same values of f and B as in the gas
phase, we obtain Equation (31) for the barrier in solution,
with the first term representing the gas-phase barrier.
Table 10 shows barriers calculated by using Equation (31).

Table 10. Barriers estimated in solution using Equation (31), and BOVB
calculated and experimental values [kcalmol '].

F cl Br I
AE*J 14.0 14.0 114 104
AE*,[Eq. (31)] 38.6(36.819) 29.7 (29.214) 26.6 (26.6!) 27.2 (27.214)
AE* [ 32.0 26.8 23.8 232
AE* M 37.7 26.1 21.8 20.3
AE* 31.8 26.5 23.7 232

[a] BOVB/6-31G* values. [b] BOVB/6-314+G* values. [c] Experimental
values. [d] Barriers not in parentheses/in parentheses use 6-31G*/6-314
G* solvation energy values, Sy, , respectively, in Equation (31).

These estimated values are seen to be in fair agreement
with the BOVB barriers, and to be consistently higher by 3—
4 kcalmol . Some improvement in the semiempirical values
can be achieved by considering the reorganization energy
term for the geometry of the ion-molecule cluster, and since
this term is sensitive to the distance between the centers in
between which the charge is transferred, it will be reduced,
thereby also reducing the barrier.'**) This however is not
absolutely necessary since Equation (31) provides correct
trends and reasonable estimates.

AE" = AE*, +2fpSx- (31)

Conclusion

We have investigated the identity Sy2 reaction X +
CH;X—XCH;+ X~ (X=F, Cl, Br, and I) in a vacuum and
in solution. To our knowledge, this is the first ab initio VB
study of S\2 reactions with inclusion of solvent effects. The
BOVB and BOVB//VBPCM methods give reasonable reac-
tion barriers and other VB parameters in both phases. This
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has enabled VB state correlation diagrams (VBSCD) to be
generated quantitatively, which in turn provide an insight
into the reaction barriers and solvent effects.

The difference between the reactions in the gas phase and
in aqueous solution revealed by these methods shows the
correct trends, which make physical sense. In aqueous solu-
tion the weighting of the triple-ion structure increases and
causes a decrease in the resonance energy. This shows that
the solvent effect contributes not only to the energies of the
Lewis structures but also to the interaction between the two
Lewis structures.

The VBSCD analysis has some affinity with the activation
strain model which combines molecular orbital theory and a
fragment interaction approach to analyze the barriers of Sy2
and elimination reactions." In this model, solvation effects
can be viewed as an interaction between the LUMO of the
substrate and the HOMO of the nucleophile. As the latter is
stabilized by the solvent, the substrate-nucleophile interac-
tion is weakened, resulting in a higher barrier. This model
also predicts that the HOMO-LUMO gap in the transition
state is higher in the condensed phase than it is in the gas
phase. As the resonance energy of the transition state [the B
quantity in Eq. (12)] has been shown to be proportional to
the HOMO-LUMO gap,t™ the activation strain model in-
directly confirms our finding that solvation reduces the reso-
nance energy.

Based on the semiempirical VB theory, we have proposed
an expression for the resonance energy [Eq. (26)], which has
been shown to be a good approximation. A complete semi-
empirical scheme derived from the VBSCD model, which
only requires the properties of the reactants, has also been
tested. It produces the reaction barriers quite well
(Table 10). Thus, it has been shown that a complex computa-
tional scheme can be combined with a qualitative model to
reveal the trends of the reaction barriers and show their de-
pendence on the fundamental properties of the reactants.
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