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Abstract

A quantitative analysis of the changes induced by solvation and static uniform electric fields on the potential energy surface
of the S\2 Menshutkin-type reaction between ammonia and methyl chloride has been performed with the help of different
indexes. These indexes have been defined to account for the structural and electronic degree of advance of the transition state
with respect to the reactant complex and ion pair product through the use of geometrical parameters, dipole moments and
electron density distributions. Indexes reveal that external perturbations yield transition states which are both electronically and
structurally advanced as compared to the transition state in the gas phase. The overall study is complemented with HOMO—
LUMO orbital considerations, quantification of the global charge density redistributions by means of quantum molecular self-
similarity measures and an analysis of the topoiogical features of electron density distributions.
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1. Introduction

Menshutkin’s landmark study [1,2] on the second-
order rate constant for the quaternization of triethyla-
mine with ethyl iodide (Eq. (1)) using 22 solvents, is
one of the first systematic analyses of solvent effects
on reaction rates. These studies pointed out for the
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first time that the polarity of the solvent can modify
dramatically the reaction rate.

(CyH5)3N + CHsI — (CHs),N" 1~ Y]

Since Menshutkin’s original work, there has been a
large number of experimental studies aiming to ratio-
nalize and estimate the possible changes in transition
state (TS) structures induced by different solvents,
nucleophiles and leaving groups. A recent and
extensive review of experimental data referred to
Menshutkin’s reaction (MR) can be found in
Ref. [3]. Analyses of experimental kinetic data,
which have been more indicative rather than con-
clusive, have been usually performed within the
framework of transition state theory {4], followed by
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Brgnsted—Hammett treatments [5,6]. The results
obtained have been interpreted in the light of the pre-
dictions made by Leffler—Hammond [7], Thoraton [8]
and Kurz [9].

The MR is a special type of Sy2 reaction [10],
where the reactants are neutral, as opposed to most
usual Sn2 reactions, where one of the reactants is
charged. Thus, while along the reaction coordinate
of usual Sy2 reactions there is a charge migration,
in MRs there is a creation of two ions of opposite
sign, followed by their separation. This process is
extremely unfavourable in the gas phase due to
attractive Coulombic interactions. Indeed to date,
only an experimental study on MRs in the gas
phase has been reported [11], where crossed mole-
cular beams were used to study the dynamics of the
MRs between different alkyl iodides and quinucli-
dine, pyridine and tri-n-propylamine. These results
[11] suggest that, on the reactant side, the covalent
surface is lower than the ionic surface and that it is
relatively flat until the reactants meet. After that, it
becomes repulsive. On the product side, the ionic
surface is lower in energy and it is strongly attrac-
tive due to the Coulomb attraction between the
ions. The reaction has been interpreted in terms
of covalent and ionic curves crossing and a
harpoon-like mechanism.

The situation in the gas phase changes dramatically
in the presence of the solvent. In solution, exothermi-
city [12], sensitivity to steric effects [12] and inverse
a-deuterium isotope effects [13] for this reaction were
found to be consistent with a crowded TS in which
bond making between the nucleophile and the alkyl
group is more advanced than bond breaking between
the alkyl group and the halide. As expected, it is found
[12] that most of the influence of the solvent on the
MR is exerted on the TS and the products rather than
on the reactants.

These experimentally observed effects and also
some specific features of the MRs have been put
forward through computational studies [14-21].
Among these works, the investigation by Bertrdn
et al. [16] was the first to introduce solvent effects
in a theoretical study of a MR. In particular, that
work analyzed solvent intervention in the reaction
between ammonia and methyl bromide. Their main
results, confirmed by subsequent research [17-21},
revealed that when going from the gas phase to

solution there is: first, a progressive stabilization
of the chemical system along the reaction coordi-
nate, which translates into an increased exothermi-
city; second, an advance of the TS along the
reaction coordinate in agreement with the Leffler—
Hammond postulate [7]; and third, a polarization of
the solute due to the reaction field which leads to a
charge transfer that, with respect to the gas phase,
favours the reaction. All these features of MRs were
rationalized by a Shaik-type state correlation diagram
[16,22].

Therefore, as shown by Bertran et al. [23] in differ-
ent studies, solvation is able to modify extensively the
potential energy surface (PES) of some reactions. This
is especially true in the case of MRs. From the ener-
getic and structural points of view, the TS of MRs in
solution is found earlier along the reaction coordinate.
On the other hand, from an electronic point of view,
since the electronic structure of TSs in the gas phase
and in solution contains similar contributions of reac-
tant and product configurations [3,16,20], the TS does
not vary too much with solvation. This last fact
explains the success of Kirkwood’s equation [24,25]
in MRs as incorporated into transition state theory, i.c.
in solution the TS becomes energetically and structu-
rally reactant-like, whereas with respect to charge
transfer remains product-like [3,16,20]. Experimen-
tally, there is also some controversy about the nature
of the TS in MRs [3,12,13,26].

The aim of the present work is to discuss the
advance of the TS along the reaction coordinate of a
MR due to external perturbations through use of dif-
ferent indexes that quantify the “‘earliness’” of the TS
with respect to parameters like the geometry, dipole
moments and electron density distributions. Changes
in electron density distributions can be quantified
through use of quantum molecular similarity mea-
sures (QMSM) [27-32]. It has been shown that
QMSMs are especially well-suited to accurately quan-
tify the advance of the TS along the reaction coordi-
nate in an unambiguous way [27] and, for this reason,
they will be used in the present work. Finally, the
effect of external perturbations on the electron density
of the stationary points is also analyzed with the help
of HOMO-LUMO orbital analysis, electron density
difference maps [33] and Bader’s analysis of the
topological features of electron density distributions
[34).
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2. Methodological details

Since the main characteristics of the reaction
between ammonia and methyl chloride are similar to
those between ammonia and methyl bromide or
methyl iodide [19], for computational reasons we
have selected the former reaction as a model for the
study of MRs. The C3, symmetry of the MR between
H;3N and CH;Cl was maintained during the geometry
optimizations. The three heavy atoms, N, C and Cl,
were constrained to be collinear along the C; symme-
try axis. It can be safely assumed that evolution from
reactants to the TS is linear. In fact, the intrinsic reac-
tion path (IRP) for the Hi;N + CH;Br MR confirmed
the connection between linear structures of the reac-
tant complex, transition state and ion pair product
[16]. Nevertheless, it must be noted that a nonlinear
ion pair product has been found to be more stable than
the linear structure [19]. This nonlinear ion pair pro-
duct is stabilized by the formation of a hydrogen bond
between the halide ion and one of the hydrogen atoms
of the ammonium group.

Wave functions for the different species have been
computed at the ab initio Hartree—Fock (HF) and second
order Mgller—Plesset (MP2) levels using the termed
3-21+G") [35] basis set. In this basis set diffuse func-
tions are included for C, N and Cl, while a polarization
function is only considered for second row atoms, i.e.
Cl. Stationary points in the gas phase and in the pre-
sence of electric fields have been fully optimized under
the symmetry restrictions mentioned above. To analyze
the changes of the PES in solution, at each point of the
IRP computed in vacuo, the effect of solvation has been
included in terms of Gibbs energy of solvation by
means of the self-consistent reaction field (SCRF)
method developed by Miertus, Scrocco and Tomasi
[36]. In this way, we have located in an approximate
but reliable manner the stationary points in the PES
modified by the solvent.

The reactant-like or product-like character at each
point on a PES is usually assigned depending on the
sign of a structural reaction coordinate (g) parameter
which, in this particular case, is defined as

h
(rc_a-tn-cli-(rcoa-rn-cfs "
) @

(rc_a+rn-ch ’
where the TS in the gas phase has been taken as the
reference point to define the reaction coordinate at any

point i on the PES. Assuming that variations of rc_¢
and ry_c are the most important structural changes as
the reaction goes through, the r¢_¢ -~ ry_c difference
is a good approximation to the global reaction coordi-
nate involving the change of the full set of geometrical
parameters.

In order to quantify the reactant-like or product-like
character of the TS we have defined three indexes that
are used to reflect the proximity of the TS to the
reactant complex and ion pair product complexes
based on geometrical parameters, dipole moments
and electron density distributions. These indexes
take values that lie in a range of [~1,1]. If the
TS is closer to the reactant complex than to the
ion pair product the index is negative (but positive
otherwise).

On this basis, a structural proximity index (3°) has
been defined as

5s=2qu-<IRC -1 3)
qipp — 4rC
where ¢ is computed through Eq. (2). Accordingly, an
electronic proximity index (8°) is defined by the
expression
’Be___zl"'TS'I"RC_l (@)
Hipp ~ MRC
p being the dipole moment of the species considered.
Finally, an electron density proximity index (3%

can be derived following the definition due to
Cioslowski [37] as

drc, s = dipp, 15
S (5)
drc, ipp
In this expression, dap is the euclidean distance

between A and B molecular electronic distributions
[28], expressed as

das =[ZA,A +Zp B '2ZA,B]1/2 (6)

In Eq. (6), Z g is the QMSM between species A and B
[28]. If A and B have electron densities pA(r) and
pp(r), their QMSM is given by the expression

Zn= | palr) 0 a6 %)
The value Z, g depends on the relative spatial orien-

tation of molecular electron distributions p(r) and
pp(r). Therefore, the electron distribution pp(r) must
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Fig. 1. Relative position of the gas phase reactant complex and
transition state which maximizes their quantum molecular similarity
measure.

be moved with respect to p o(r) in order to maximize
the Z , p value. For instance, Fig. 1 depicts the relative
position between the gas phase reactant complex and
TS that maximizes their QMSM. In Fig. 1, the chlor-
ine atoms of the TS and the reactant complex are
perfectly superimposed, since the main contribution
to the final Z 4 g value comes from the overlap between
the two chlorine atoms. For a given charge distribu-
tion A, the Z, 4 value represents its quantum molecu-
lar self-similarity measure (self-QMSM). This
appears to be an interesting molecular descriptor,
because it has been recently shown that this self-
QMSM is a measure of how concentrated the electron
density is in this particular density distribution [38].
Definitions more general than that of Eq. (7) have
been also proposed, based on nth-order density
matrices [29].

The computation of wave functions and electron
densities was performed with the help of the Gaus-
SIAN 94 program [39]. The gas phase IRP was con-
structed using the GaMEss program [40] going
downhill from the TS in mass-weighted cartesian
coordinates [41]. Calculations of exact and atomic
shell approximated (ASA) [42] QMSM were done
by means of the aSAc program [43]. All reported
QMSM are exact, although for computational reasons,
optimizations of the relative spatial orientation of the
two molecules in QMSM calculations were carried
out using ASA-QMSM. Under this approximation,
electron densities in Eq. (7) are expressed as linear
combinations of spherical Gaussian functions with all
coefficients of the expansion restricted to be positive
[42]. Computation of the topological features of elec-
tron density distributions (location and characteriza-
tion of bond critical points) and electron density
difference maps were carried out with the program
ELECTRA [44].

3. Results and discussion

In this section, the global changes produced on the
gas phase PES of the MR by the effect of external
perturbations are studied. These effects have been
simulated by the application of uniform electric fields
(EF) of strengths 0.001 and 0.005 au (1 au =5.14218 x
10" V. m™) and by a continuum solvent model using
dielectric constants of 1.88 (n-hexane) and 78.36
(water). The changes which occurred on the structures
and energies and on the electronic density distri-
butions of the stationary points will be analyzed
separately.

3.1. Analysis of the structural and energetic changes

Table 1 gathers the main structural parameters (the
rn_c and re_q distances and the ZHcCN angle) of the
five stationary points together with the relative ener-
gies with respect to reactants at the gas phase and
when external perturbations were applied. Also
included are those values derived from the structural
parameters: which can be called the structural skele-
ton of each stationary point (ry_¢ + rc_cy), the struc-
tural reaction coordinate (g) and the structural
proximity index (8°).

Referring first to energetic considerations, the gas
phase energy profile for the studied MR is shown in

—-552.62 -F
—~552.64 4
-552.66
E(au)

-552.68 7

—552.70 ﬂ

-552.72 T T T T
-3.0 -2.0 -1.0 0.0 1.0 2.0 3.0

R.(A)

Fig. 2. Energy profile for the MR between H3N and CH;Cl in the
gas phase.
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Table 1

Values of the most important geometric parameters, structural reaction coordinate (g), structural skeleton distance (rc_¢; + I'n_¢), structural
proximity index (3°) and relative energies referred to separated reactants, for the different external perturbations considered. The gas phase MP2
results are given in parentheses. Distances in A, angles in degrees and energy differences in kcal mol ™

Species rn_c re.a /HCN Feoa + Paoc q B* AE?
Gas phase
R 3 1.806 0.0
() (1.816) (0.0
RC 3.596 1.813 71.7 5.409 -0.426 -19
(3.488) (1.822) (71.5) (5.310 (-0.439) (-2.5)
TS 1.932 2451 95.5 4383 0.000 0.434 27.8
(1.866) (2.459) 97.7) (4.325) (0.000) (0.551) (27.3)
IPP 1.599 2.868 107.1 4.466 0.168 229
(1.625) (2.778) (106.7) (4.403) 0.127) (25.2)
P 1.545 w 107.8 102.0
(1.559) (=) 107.7) (106.5)
f=0.001
R o 1.808 0.0
RC 3.564 1.816 71.8 5.380 -0.421 -2.1
TS 1.958 2.435 94.6 4393 -0.010 0.379 25.5
IPP 1.593 2.896 107.3 4.489 0.175 19.4
p® 1.546 = 107.8 62.1
f=0.005
R % 1.817 0.0
RC 3.456 1.829 72.0 5.285 ~0.406 -25
TS 2.054 2378 91.8 4.432 -0.044 0.189 17.2
IPP 1.576 3.029 107.8 4.605 0.203 5.14
TS 1.547 6.410 107.9 7.957 0.611 17.9
p® 1.546 ES 107.7 -346
g =188
R 2 1.806 0.0
RC 3.596 1.813 71.7 5.409 -0.426 ~1.7
TS 2.060 2.350 90.6 4.410 -0.052 0.201 24.1
PP 1.584 3.007 107.8 4591 0.197 8.5
p 1.546 * 107.8 27.0
e = 7836
R o 1.806 0.0
TS 2242 2.199 83.9 4.441 20.7
P 1.546 o 107.8 -55.7

“ The reference energies are: Egypnase = ~552.6937 au, Ef .01 = =552.6952 au, E¢ g g05 = =552.7022 au, E . gz = -552.6971 au, £ .33 =

-552.7045 au.
® [onic products separated by 20 A.

Fig. 2. This is the well-established asymmetric
double-well potential with five stationary points,
corresponding to separated reactants (R), the
dipole—dipole reactant complex (RC), the transition
state (TS), the ion pair products (IPP) and finally the
separated ionic products (P). This highly endothermic
energy profile is consistent with experimental data
obtained from crossed molecular beams [11]. The

HF gas phase calculated reaction energy of
102.0 kcal mol™ does not differ much from the
experimental value of 110 = 5 kcal mol™ [17]
obtained from the standard Gibbs energies of forma-
tion of reactants and products. Inclusion of correlation
energy by means of the MP2 method improves the gas
phase reaction energy yielding 106.5 kcal mol™,
although it does not alter the general picture of the
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asymmetric double-well potential observed at the HF
level and, therefore, it validates the results obtained at
this level of theory.

As can be extracted from AFE values in Table 1, the
shape of the gas phase double-well energy profile is
substantially changed when an external perturbation is
applied. In general, the energy barrier at the TS
diminishes and the exothermicity of the reaction
increases. Comparing the effects of applying an EF
or a continuum solvent model, the simulated solvent
effect due to n-hexane is found to be midway between
the two selected EF strengths, both from the TS
energy barrier and the exothermicity of the process.
Interestingly, in water solution the reaction is exother-
mic by -55.7 kcal mol ', which means that the ionic
products have been stabilized by 157.7 kcal mol™
with respect to the gas phase reaction. This value is
not far from the experimental standard Gibbs energy
of the MR between ammonia and methyl chlorine in
water which is 34 + 10 kcal mol " and the -37 + 2
kcal mol ™ obtained with Monte Carlo statistical cal-
culations [17]. Further, the energy barrier of 20.7
kcal mol™' agrees with the experimental activation
barrier of 23.5 kcal mol™ for the MR between ammo-
nia and methyl iodide in water [45]. This represents a
lowering of the gas phase barrier height by 9.0 kcal -
mol ™ caused by hydration. Thus it seems that, as far
as energetic considerations are concerned, both theo-
retical models of the introduction of the effect of
external perturbations are able to qualitatively repro-
duce the observed experimental facts.

With respect to the HF and MP2 gas phase struc-
tural parameters, it is interesting to note that, along the
reaction coordinate, the increase of the ry.¢ bond
length and the decrease of the ry_c distance is fol-
lowed by the typical umbrella inversion about the
carbon atom, as revealed by the opening of the
ZHCN angle. At the TS, the umbrella inversion is
almost completed, the C—Cl bond is fairly broken and
the C—N bond is partially formed, the Pauling bond
orders [46] for these bonds being 0.116 and 0.275,
respectively, at the HF level. These facts provide us
a first clue on the structural product-like nature of the
gas phase TS. This statement is reinforced by the rc_¢
- rn_c value in the gas phase TS which is 0.519 Aat
the HF level and 0.593 A at the MP2 level. For the
sake of comparison with the structures obtained when
an external perturbation is applied, the structural

reaction coordinate (q) was standardized with respect
to this value (Eq. (2)), so it becomes zero for the TS
point at the gas phase. Furthermore, the structural
proximity of the process is clearly unbalanced to the
product site, as derived from the positive value of 3°
On the other hand, another aspect that supports the
structural product-like nature of the TS at the gas
phase is the structural skeleton of the different station-
ary points along the reaction coordinate. For this par-
ticular reaction, it is found that the structural skeleton
is remarkably compressed when going from the RC to
the TS (see Table 1) while it is kept almost constant
when going downhill to the IPP. All these structural
considerations are in accordance with the Leffler-
Hammond [7] postulate, due to the energetic
proximity of TS and IPP. For the EF of 0.005 au,
besides the TS corresponding to the MR, we have
located another TS between the IPP and the ionic
products, corresponding to the overcoming of
Coulombic interactions between the two created
ions of opposite sign.

As regards the structural changes occurring upon
solvation when compared to the gas phase process,
the most relevant result turns out to be the fact that,
on the structural reaction coordinate, RC and IPP are
both delayed (i.e. more product-like), while the TS is
advanced (i.e. more reactant-like). For the sake of
clarity, this general trend of external perturbation
effects on the structure of the different stationary
points has been qualitatively depicted in Scheme 1.
This result is confirmed from the inspection of g
values, which ultimately reflect the changes on ry_¢
and r¢_¢ distances. Thus, for RC and IPP, more posi-
tive g values are obtained while slight negative ¢
values emerge for TS. Closely related to this is the
fact that, under the effect of external perturbations, the
process experiences an important gain in its structural
proximity, as derived from the smaller values.

Another aspect that deserves special mention in this
case is the evolution of the so-called structural skele-
ton (rn_c + rc_qp) under the effect of an external per-
turbation. It is found that, while RC is compressed, TS
and IPP are structurally expanded, the TS being the
tightest species along the reaction coordinate. From
the ensemble of this consideration and the above-
mentioned structural trends, a question arises on
which can be considered the reference structural
point on the reaction coordinate or, in other words,
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““is the TS becoming RC-like?’’ or should we con-
sider that ‘“is it the RC which is becoming TS-like?"’
On this question, a recent work [27] reported that the
advancement of the TS in the F~ + CHF S\2 reaction
under the effect of uniform electric fields can be better
explained when considering that the RC is becoming
more TS-like, rather than, as usually stated, the TS is
becoming more RC-like. In the case of the MR this is
not as clear as it was for the F~ + CH;F S\2 reaction.
Taking as an example, the effect caused by an EF of
strength 0.005 au, several factors have to be consid-
ered: (i) the internal structural change (measured by
Ag) is -0.044 for TS and +0.020 for RC, which
would be in agreement with the TS becoming more
RC-like; (ii) connected with this internal structural
change, the ~H-CN umbrella angle is substantially
altered in the TS while it almost does not change in the
RC, which reinforces the idea of the TS becoming
more RC-like; however, (iii) from the structural
skeleton viewpoint, the TS becomes slightly looser
(+0.049 /0\) while the RC is -0.124 A compressed.
Thus, on this basis, it is the RC which is experiencing
the most important evolution. As can be seen, for this
particular reaction, both RC and TS approach each

Table 2

other. However, changes in the geometrical para-
meters that are more relevant in the definition of the
global reaction coordinate (¢ and ~HcCN) indicate
that the TS becomes RC-like rather than otherwise.
This is another aspect that differentiates Sy2 reactions
from MRs. It can be rationalized by the Shaik-type
state correlation diagram for a MR [16], because the
product diabatic curve is much more stabilized than
the reactant diabatic curve due the presence of exter-
nal perturbations, thus leading to a RC which is some-
what delayed and a TS which is quite advanced along
the reaction coordinate.

3.2. Analysis of the electronic changes

Table 2 collects the self-QMSMs and dipole
moments of the RC, TS and IPP stationary points
together with the values of the electronic and electron
density proximity indexes for the different external
perturbations considered. Also included are the
HOMO and LUMO energies and the hardness para-
meter derived from them.

It has been shown in the last section that the reac-
tion coordinate and the structural proximity index

Self-QMSMs (au), dipole moments (au), electronic and electron density proximity parameters, HOMO and LUMO energies (eV), and the
hardness parameter in the gas phase and for the electric fields and solvents studied

Species Zpa I B B 4 £HoMO £LUMO 7’
Gas phase

RC 1058.033 1.73 -0.420 0.098 0.259
TS 1058.073 5.19 0.301 0.204 -0.328 0.022 0.175
IPP 1058.017 7.05 -0.268 -0.006 0.140
f=0.001

RC 1058.035 1.80 -0.416 0.094 0.255
TS 1058.070 5.14 0.242 0.172 -0.334 0.028 0.181
IPP 1058.011 7.17 ~0.288 -0.001 0.143
f=0.005

RC 1058.038 2.07 ~0.398 0.075 0.237
TS 1058.059 4.96 0.034 0.058 ~0.354 0.051 0.202
IPP 1057.990 7.66 ~0.297 0.016 0.157
e =188

RC 1058.031 1.73 ~0.420 0.098 0.259
TS 1058.089 4.62 -0.012 0.007 ~0.349 0.033 0.191
IPP 1057.997 7.58 ~0.291 -0.002 0.145
e =78.36

TS 1058.079 3.71 -0.379 0.048 0.214

* 1 = (E Lumo~E vomo)/2
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indicate the product-like nature of the TS in the gas
phase. From an electronic point of view, the gas phase
TS has also a product-like character. The Mulliken
charge on chlorine is -0.711 au and the value of the
electronic proximity index is 0.301, while the electron
density proximity parameter is 0.204. Such structurally
and geometrically ‘‘late’” TS for this highly endother-
mic reaction is in agreement with the predictions based
on the Leffler—Hammond postulate.

The self-QMSM in the gas-phase TS is the largest
one along the reaction coordinate from the RC to the
IPP. As mentioned above, the larger the self-QMSM,
the higher the electron charge concentration, so a
large self-QMSM in the TS is consistent with the
picture of a crowded TS. Inspection of the ry_c+
rc_c values in Table 1 reveals that TS is the tightest
species along the reaction coordinate, although it
becomes looser with the increase in the strength of
the EF applied, whereas the RC becomes tighter.
The Z, 4 values globally exhibit these two effects:
first, self-QMSM for the TS are larger than for the
RC, which is related to a larger concentration of elec-
tronic charge in the TS; second, for the RC Z, 4
increases with the intensity of the EF, while for the
TS, Z s a becomes smaller. In solution, Z 4 4 values do
not exactly follow this second trend. As found above,
self-QMSM for the TS in n-hexane is larger than that
in water. However, both values are larger than in gas
phase TS, despite the TS in solution being looser. This
fact can be attributed to the special charge redistribu-
tion induced by the solvent on each particular side of
the complex which, for anionic species, may result in
increased self-QMSM {32].

The last section has shown that MRs are catalyzed
by the presence of well-oriented EFs and by solvents.
Both EFs and solvents act through polarization of the
clectron density, hence favouring the reaction. How-
ever, there is a difference between polarization
induced by EFs and that by solvents. The electric
field generated by the polarized solvent is known as
the reaction field. Interestingly and in contrast to EFs
which are kept constant, the reaction field induced by
solvents depends on the polarization of the solute and
therefore increases along the reaction coordinate. This
reaction field exerts a feedback effect leading to
further polarization of the solute, which in turn
increases the polarization of the solvent. Accordingly,
the ionic products originate more intense fields and

therefore are more stabilized by solvents than the
reactants.

From an electronic point of view, every point in the
IRP becomes more product-like when an external per-
turbation is applied. Further, the stabilization by
external perturbations increases when going from
the reactants to the products, due to the increased
charge separation. This leads to the consequence
that geometrical changes suffered by minima will
represent a delay along the reaction coordinate,
while changes suffered by maxima will suppose an
advancement. Indeed, as shown in the last section,
while the RC and the IPP follow the opposite direc-
tion, the geometrical changes of the TS follow the
direction of advancement (see Scheme 1). This results
in a TS with a somewhat advanced electronic distri-
bution as compared to the gas phase TS, despite all
points in the IRP being electronically retarded.

This point is confirmed by the charges on the chlor-
ine atom for the TSs, which are — 0.711 au in the gas
phase, -0.705 and -0.685 au for EFs of 0.001 and
0.005 au, and -0.637 and —0.490 au in solution of n-
hexane and water. These charges, together with the
evolution suffered by the dipole moment values col-
lected in Table 2, show that, from an electronic point
of view, the TS is somewhat advanced (i.e. more reac-
tant-like). This is specially true for solvents, since in
this case the reaction field increases along the reaction
coordinate. On the other hand, electronically, both the
RC and particularly the IPP follow the opposite direc-
tion and become more product-like.

Energy

Reaction coordinate

Scheme 1.
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The values for the structural, electronic and elec-
tron density proximities at the TSs are 0.379, 0.242
and 0.172 when an EF of 0.001 a.u. is applied, 0.189,
0.034 and 0.058 for an EF of 0.005 au, and 0.201,
—0.012 and 0.007 in solution of n-hexane. Since the
RC is not a stable species in water solution, we have
not determined the proximity indexes in this case. As
compared to the values for the gas phase (0.434, 0.301
and 0.204), all proximity parameters reflect the elec-
tronic and geometrical advancement of the TS with
respect to the RC.

Another aspect worth being analyzed is the change
in hardness owing to external perturbations. Hardness
values [47] have been collected in Table 2 for the RC,
the TS and the IPP, and for different external pertur-
bations considered. The principle of maximum hard-
ness (PMH) [47] states that systems with constant
chemical potential, temperature and external poten-
tial, tend to a state of maximum hardness. Apart
from temperature, no restriction imposed by the
PMH is accomplished in our system, although Pear-
son has shown a number of cases [47] in which the
PMH is more general and less restrictive. This turns
out to be the present case. The RC, which is the most

Table 3

stable species, has the largest hardness in all cases
considered. However, the RC becomes softer with
larger EFs, which leads to the RC being more reactive
and hence to smaller energy barriers. The opposite
trend is observed for the TS and the IPP, which
become more stable and, as the PMH asserts, harder
with the applied EF. The difference between the hard-
ness of the RC and those of the TS and IPP,
diminishes with the increase in the intensity of the
EF. Hence, for EFs of enough strength, the hardness
of TS and IPP should become larger than the hardness
of the RC. One can expect that in this situation, the RC
may spontaneously evolve to the IPP, The hardness of
the TS in n-hexane is intermediate between those cor-
responding to EFs of 0.001 and 0.005 au, while the TS
in water, which is found to be the most stable, has also
the larger hardness.

The analysis of the electronic changes induced by
the effect of an external perturbation was also carried
out from the point of view of the topological features
of charge density distributions. Special attention
was focused on the two mainly intervening bonds
in the transfer of the methyl group, namely, the
forming bond (N-C) and the breaking bond (C-Cl).

Location from the carbon atom (r, in A), electron density (p, in au), Laplacian of the electron density (V2p, in au), and ratio between
perpendicular and parallel curvatures (IA1l/A;) on the N—C and C-Cl bond critical points at reactant complex, transition state, and ion pair

product for different uniform electric fields and solvents

Species rNC o€ vipN-C NI r& @ oY 72 NI/,
Gas phase

RC 1.7221 0.0038 0.0148 0.1021 0.7149 0.1551 -0.1587 0.8142
TS 0.8171 0.0782 0.1211 0.2668 1.0392 0.0393 0.0932 0.1852
IPP 0.5796 0.1507 0.0158 0.4712 1.2605 0.0176 0.0611 0.0978
f=0.001

RC 1.7028 0.0041 0.0156 0.1029 0.7144 0.1536 -0.1527 0.8035
TS 0.8328 0.0745 0.1220 0.2593 1.0306 0.0404 0.0930 0.1906
IPP 0.5762 0.1529 0.0092 0.4833 1.2751 0.0167 0.0579 0.0961
f=0.005

RC 1.6360 0.0050 0.0186 0.1054 0.7137 0.1473 -0.1274 0.7574
TS 0.8877 0.0624 0.1204 0.2352 0.9988 0.0448 0.0928 0.2089
IPP 0.5675 0.1605 -0.0168 0.5295 1.3416 0.0131 0.0444 0.0919
e =188

RC 1.7222 0.0039 0.0149 0.1034 0.7164 0.1553 ~0.1607 0.8178
TS 0.8956 0.0612 0.1300 0.2231 0.9832 0.0478 0.0901 0.2248
PP 0.5741 0.1585 -0.0199 0.5357 1.3326 0.0139 0.0467 0.0951
£ =7836

TS 1.0015 0.0436 0.1263 0.1754 0.9015 0.0652 0.0725 0.3063
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Evaluation of the changes which occurred in the elec-
tronic nature of these two bonds on each point along
the reaction coordinate, was assessed by localizing
and characterizing the corresponding bond critical
points (BCPs).

Table 3 collects the positions in bonds where the
different BCPs are located (r, distance from the
carbon atom), together with their electron density
(0) and Laplacian (V %p) values, and the ratio between
the perpendicular and the parallel eigenvalues of the
Hessian of the electron density (I\;l/A;), at the
optimized RC, TS and IPP for the different cases
studied.

At RCs, the values of p, V2p and |\,I/\; for the C—
Cl bonds are consistent with the existence of an inter-
mediate interaction between these two atoms [34]; the
location of the BCPs is closer to the C atom than to the
Cl atom and they are characterized by charge density
values of about 0.15 au and by negative values of the
Laplacian of ca. -0.16 au. The effects of external
perturbations on this bond are to approach the position
of the BCP still closer to the C atom, to reduce its
charge density values and to yield less negative Lapla-
cian values, showing the reduction of the C~Cl bond
strength. Also, the I\;l/A; ratio is decreased, this result
being consistent with the trend of this interaction evol-
ving towards a more ionic interaction. These electro-
nic trends just reflect the structural result that uniform
electric fields give larger C—Cl distances at the RC
(Table 1).

Moreover, the characteristic values of p, V2p and
IN1I/\; of the BCP for the N—C bond at the RCs show
a clear long-range interaction between both atoms; the
position of the BCPs is slightly closer to the C atom
than to the N atom, the amount of electron density on
the BCPs is practically negligible, small positive
Laplacian values are found and this results in small
IN1I/\; values. The effect of an external perturbation
on the N~C bond is far less important than it was for
the C—Cl bond, because of the large separation and
the weak interaction between both atoms, denoting
that the main electron density redistribution is taking
place on the C~Cl side at this point of the reaction
coordinate. In particular, the BCP is translated to a
closer position with respect to the C atom and a
small amount of electron density on this BCP is appre-
ciated, together with the obtainment of larger IA;l/A3
values. This electronic behaviour may be in part due

to the structural fact that the RC becomes tighter
under the effect of an external perturbation (Table 1).

As the reaction goes through, the situation at the TS
differs completely from the one observed at the RC.
At this point of the reaction coordinate, closed-shell
interactions [34] are established between the C atom
and the Cl atom, on one side, and the N atom, on the
other side. The relative strength of these two inter-
actions at each particular phase is found to be struc-
turally linked to the distance values obtained for ry_¢
and rc_cy (Table 1); the shorter the distance, the stron-
ger the interaction. The effect of EFs and solvent on
this relative strength can be mainly analyzed by com-
parison of the p and I\;I/\; values in each case. The
general trend is that differences between interactions at
both sides of the C atom are reduced under the presence
of an EF and even interchanged when solvent effects
where introduced. On one side, both p and I\ (/A3 values
become larger for the C—Cl interaction (which means
weaker closed-shell character), while on the other side
these p and I\;l/\; values become smaller for the N—-C
interaction (which means stronger closed-shell charac-
ter). An extreme case is found in water solution where
the situation turns out to be electronically completely
opposite to that in gas phase.

Finally, as the reaction reaches the IPP, the electro-
nic characteristics of the N-C and C-Cl bonds
become interchanged with respect to those observed
at RC, in accordance with the structural parameters at
this point of the reaction coordinate (Table 1). First, p,
V?%p and |\;1/\; values for the BCP of the N—C bond
evidence an intermediate interaction between both
atoms [34] and second, a long-range interaction is
now established between C and Cl atoms. Further-
more, application of an external perturbation tends
to reinforce the N—C bond while yielding a weaker
C—Cl bond. In this sense, for the BCP in the N-C
bond, larger values of p and IX\|/A; are obtained and
negative Laplacian values are developed while con-
trary to this, for the BCP in the C—Cl bond, smaller
values of p and I\;l/\; are progressively found.

Analysis of the electronic changes on the gas-phase
TS structure, when an external perturbation is applied,
allows us to understand the electronic redistribution
occurring when only electronic relaxation is
permitted. Table 4 collects the most important
topological features of electron density distributions
at the gas phase TS geometry (as presented in Table 3
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Table 4

Location from the carbon atom (r, in /3;), electron density (p, in au), Laplacian of the electron density (V?%p, in au), and ratio between
perpendicular and parallel curvatures (I\,1/A3) on the N—C and C-Cl bond critical points at the gas phase optimized transition state geometry

for different uniform electric fields and solvents. Mulliken charge population on chlorine (in au) is also included

9a N pN-C 72N-C s po-a pC-C 72,00 Ny RS
Gas phase  -0.711 0.8171 0.0782 0.1211 0.2668 1.0392 0.0393 0.0932 0.1852
f=10.001 -0.722 0.8164 0.0783 0.1188 0.2694 1.0395 0.0391 0.0943 0.1826
f=10.005 -0.765 0.8137 0.0791 0.1094 0.2805 1.0412 0.0382 0.0988 0.1732
e=1.88 -0.754 0.8134 0.0782 0.1151 0.2717 1.0393 0.0382 0.0979 0.1739
e =78.36 -(.843 0.8060 0.0783 0.1028 0.2833 1.0721 0.0358 0.1075 0.1522

for the optimized structures), together with the
Mulliken atomic charges on chlorine.

As can be observed, when the wave function is
allowed to relax under the effect of external perturba-
tions, the charge on the CI atom increases hence indi-
cating an electronic product-like evolution of the TS.
This is exactly opposite to the electronic trend found
when the TS at the gas phase was completely reopti-
mized (i.e. nuclear relaxation was allowed) under the
presence of an external perturbation. In this case, the
location of the BCPs becomes closer to the Cl atom
than to the C atom. Furthermore, the electron density
distribution is reorganized to give a slightly reduced
interaction between the C and Cl atoms than that
obtained from the gas phase electron density distribu-
tion, as deduced from the smaller values obtained for
p and I\;l/A3, and the more positive Laplacian value.
The opposite is true for the N—C bond. Therefore, the
external perturbation favours the charge separation
and promotes the C-Cl bond breaking and N-C
bond formation.

In order to understand how the electron density is
being locally redistributed at the TS under the
presence of either uniform electric fields or solvents,
electron density difference maps have been con-
structed. In all cases, the gas phase TS optimized
geometry is taken as the reference structure and thus
no nuclear relaxation is allowed when the external
perturbations are applied. Fig. 3 shows the electronic
redistribution due to a uniform electric field of
0.005 au (a) and that induced by the effect of a
water solution (b). Similar electronic redistributions
were obtained when a uniform electric field of
0.001 au and a nr-hexane solution were considered.
As found above, the general trend observed in these
two figures is a displacement of the electron density
towards the chlorine atom. The main reason for this

redistribution is the reduction in the energy gap
between the HOMO of the NH; and the LUMO of
the CH;Cl [3] under the effect of external pertur-
bations, which favours the charge transfer. The charge

5588 =60

Fig. 3. Difference maps between the electron densities obtained in
gas phase and (a) in the presence of a uniform electric field of 0.005
au or (b) in water solution, both at the gas phase optimized transition
state geometry, The minimum contour is 1 x 10~ au and they
increase to 2, 4, 8... x 10~ au. Solid lines correspond to positive
values, that is, points where the gas phase electron density is larger.
In this map the nitrogen atom is on the left, the carbon atom in the
centre, and the chlorine atom on the right.
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redistribution increases the electron density in the
region of the N—C bond and reduces it in the C-~Cl
bond, thus favouring the breaking of the C—Cl bond
and the formation of the N-C bond, as can be
observed in Fig. 3.

4. Conclusions

In this work we have analyzed the effects of uni-
form electric fields and solvents on the MR between
ammonia and methyl chlorine. The discussion has
been based on three indexes which give the proximity
of the TS to the RC in terms of geometries, dipole
moments and electron density distributions.

As compared to usual SN2 reactions, i.e. Sy2 reac-
tions where one of the reactants is charged, MRs
exhibit several significant differences, which arise
from the fact that solvent stabilizing effects in MRs
are more relevant on the TS and IPP than on the RC.
This results in MRs being catalyzed by solvents
whereas usual Sy2 reactions are inhibited. Also, in
Sn2 reactions changes on RC are more relevant than
in the TS, while the opposite is true for MRs.

The gas phase TS of the NH; + CH3Cl MR has a
product-like nature, both in structural and electronic
terms. External perturbations, like uniform electric
fields and solvents, lead to an important stabilization
of the products and a significant decrease of the bar-
rier height. From an electronic point of view, every
point in the IRP becomes more product-like when an
external perturbation is applied. Further, the stabiliza-
tion by external perturbations increases along the
reaction coordinate, due to the increased charge
separation. This leads to the consequence that geome-
trical changes suffered by minima will represent a
delay along the reaction coordinate, while changes
suffered by maxima will suppose an advance. Indeed,
as shown in the last section, while the RC and the IPP
follow the opposite direction, the geometrical changes
of the TS follow the direction of advance. This results
in a TS with a somewhat advanced electronic distri-
bution as compared to the gas phase TS, despite all
points on the IRP being electronically delayed.

The overall analysis of the changes induced by
external perturbations on the topological features
of electron density distributions covers the above-
mentioned electronic effect that while RC and IPP

are electronically delayed, the TS is advanced and
reduces its original product-like electronic nature.
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