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Abstract Reactions of lithium halide (LiX, X = F, Cl, Br
and I) and methyl halide (CH3X, X = F, CL, Br and I) have
been investigated at the B3LYP/6-31G(d) level of theory
using the microhydration model. Beginning with hydrated
lithium ion, four or two water molecules have been
conveniently introduced to these aqueous-phase halogen-
exchange Sy2 reactions. These water molecules coordinat-
ed with the center metal lithium ion, and also interacted
with entering and leaving halogen anion via hydrogen bond
in complexes and transition state, which to some extent
compensated hydration of halogen anion. At 298 K the
reaction profiles all involve central barriers AE,.,, which
are found to decrease in the order F > C1 > Br > I. The same
trend is also found for the overall barriers (AE,,,) of the
title reaction. In the Sy2 reaction of sodium iodide and
methyl iodide, the activation energy agrees well with the
aqueous conductometric investigation.
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Introduction

Aqueous phase Sy2 reactions have been extensively studied
by experimental method, since great attention was paid to
gas-phase anion SN2 reactions experimentally and theoret-
ically [1-15]. Actual SN2 reactions involve neutral reactants
and some gas-phase ion pair reactions have been studied
theoretically [16-20]. It is well known that the appearance
of solvent can considerably change both the rate and order
of homogeneous chemical reactions and solvent effect
depends on charge types of SN2 reactions. Several types
of reactions affected by the solvent effect could be
classified: (I) neutral molecule—anion reaction, (II) neutral
molecule—neutral molecule reaction, (III) cation—anion
reaction, and (IV) cation—neutral molecule reaction [21].
Furthermore, Westaway proposed a “solvation rule” for Sy2
reactions, that the solvent will not change the structure of
the transition state for type I reactions, but will change it for
type II reactions [22, 23]. Only type II, where the reactants
are uncharged but the transition state has built up a charge,
is aided significantly by polar solvents.

Reactions of lithium halide (LiX, X = F, CI, Br and I) and
methyl halide (CH3X, X = F, Cl, Br and I) naturally belong
to charge type II, where both lithium halide and methyl
halide are neutral, and in transition states X is negatively
charged. Necessarily, due to its strong polar and hydrogen
bond donor, solvent water is very important for them. Along
with this kind of reaction process, lithium halide in aqueous
phase dissociates into free hydration structure of the lithium
ion, ie., water-separated ion. Thereafter, hydrated lithium
will interfere with halogen-exchanging reactions.

Recently, in view of involving neutral species through-
out the reaction and the polarized continuum model (PCM)
being less important there, an attractive treatment of
microsolvation model was carried out with metal coordi-
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nating solvent dimethyl ether to investigate the Sy2
reactions [24]. With introducing Li(H,0)," and Li(H,0),"
to title reactions, we explore the hydration energies,
potential energy surface of reactions and the role of
hydrogen bond interaction in constructing complexes and
transition states.

Methods
Computational details

The geometries of all the species were fully optimized
using the hybrid density functional method B3LYP with 6-
31G* basis sets [25-28]. All electron (AE) calculations
were run for species containing F and Cl, and effective core
potential (ECP) [29] for species containing Br and I.
Charge distributions were calculated by the natural popu-
lation analysis (NPA) at the B3LYP/6-31G* level [30-32].
In addition, the natural bond orbital (NBO) analysis was
also carried out to observe the bond order change in the
process of the reactions [9]. Reactants, products and
complexes have zero imaginary frequencies and each
transition state has only one imaginary frequency. The
pathways between the transition structures and their
corresponding minima have been identified by intrinsic
reaction coordinate (IRC) calculation [33]. Throughout this
paper, all inter-nuclear distances are in angstroms, all angles
are in degrees, and relative energies are all in kJ mol ™" at
298 K. All calculations were performed using GAUSSIAN
03 system of programs [34].

Results and discussion

It is well-known that the nature of double-well potential
curve comes to disappear when anion Sy2 reactions are
carried out in protic solvents [1-3]. As mentioned in gas-
phase anion S\2 reactions [5-11], the energy profile for

microhydrated nucleophilic substitution at carbon is de-
scribed by a double-well potential curve (Fig. 1). The
reaction involves the initial formation of a reactant dipole—
dipole complex Comp[rnH,O], with a complexation energy
AE,,,, relative to separated reactants Li(H,0),X and
CH;X (X =F, Cl, Br and I). This complex must overcome
an activation barrier that we term the central barrier, AE,.,;,
to reach a C,-symmetric transition structure TS[rnH,O],
which then breaks down to give another product dipole—
dipole complex Comp[nH,0]. Finally, the product dipole—
dipole complex dissociates into separated products Li
(H,0),X and CH3X. The overall barrier AE,,,, is designat-
ed to the gap between transition state TS[nH,O] and
separated reactants. For the set of identity reactions
described here, reactants and products, reactant complexes
and product complexes are of course identical. Total
energies of the optimized species concerned for the title
SN2 reactions are listed in Table 1.

A. Li(H50)," Structures. Hydrated geometries of lithium
ion with n=1~4 water molecules were calculated
(Fig. 2). The interaction between water and lithium
cation arises from the electrostatic attractability. The
hydration Li(H,0)," geometries with n=2, n=3 and n=
4 correspond respectively to linear, trigonal and tetra-
hedral structures. An obvious character is that with the
number of water increasing, the lengths of bond Li-O
increase from 1.839A (n=1) to 1.949A (n=4) and the
hydration energies also change from —180.3 kJ mol
(n=1) to —543.6 kI mol™' (n=4). The Li(H,0),"
provides the largest solvation energy and the tetrahedral
coordination of Li" in water has also been suggested by
some spectroscopic studies [35].

B. Li(H>0),X and CH;X (X = F CI, Br and I) Structures.
Calculated Li(H,0),X and Li(H,O);X geometries
indicate that in the presence of X , the linear Li
(H,0)," structures are distorted with angles 132.6° (F),
159.7° (Cl), 155.2° (Br), 153.7° (I) and the tetrahedral
structures of Li(H,0), " are also broken (Fig. 3).

Fig. 1 Schematic energy profile | C,TS[nH;0]
for the identity exchange reac- ’ < z .
tions Li(H20)nX + CH3X (n=2 AR
or4; X =F, Cl, Br and I) Li(H,0),X-+CH;X o Li(H,0),X+CH,X
b AE on .
AE omp
Comp|[rnH,0] Comp[rnH,0]
n=2or4
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Table 1 Total energies

(hartrees) for species and num- Species E (298 K) N Species E (298 K) N

ber of imaginary frequencies (V)
Li" —7.28313 0 Comp[2H,0] —1120.71511 0
Li(H,0)" —83.73318 0 Comp[4H,0] —1273.54049 0
Li(H,0)," —160.17439 0 TS[2H,0] —1120.66621 1
Li(H,0);" —236.60281 0 TS[4H,0] —1273.49936 1
Li(H,0)," -313.01917 0 X =Br
H,O —76.38495 0 Li(H,0),Br —173.62060 0
TS[2H,0](R) (X =F) —399.89538 1 Li(H,0),Br —326.44844 0
TS[4H,0] (X =F) —552.72494 1 CH;Br —53.04747 0
X=F Comp[2H,0] —226.67602 0
Li(H,0) ,F —260.26095 0 Comp[4H,0] —379.50198 0
Li(H,0)4F —413.09542 0 TS[2H,0] —379.46891 1
CH5F —139.69151 0 TS[4H,0] —226.63547 1
Comp[2H,0] —399.96877 0 X =1
Comp[4H,0] —552.79785 0 Li(H,0),1 —171.83377 0
TS[2H,0] —399.90029 1 Li(H,0),1 —324.66118 0
TS[4H,0] —552.73366 1 CH;l —51.26307 0
X=Cl Comp[2H,0] —223.10375 0
Li(H,0),Cl —620.63872 Comp[4H,0] —375.92995 0
Li(H,0),Cl —773.46685 TS[2H,0] —223.06883 1
CH;Cl1 —500.06739 0 TS[4H,0] —375.90141 1

Calculated CH3X geometry parameters were listed in
Table 2. It can be seen that they were in reasonable agreement
with experimental ones. The theoretical C—X bond lengths
differ from the experimental values by up to 0.037A (for
CHj3Br) while the largest deviation for the C—H bond lengths
is 0.007A (for CH;Br). The calculated #~XCH angles differ
from experimental values by up to 0.9° (for CH3I). We note
that B3LYP calculation with 6-31G* basis sets gives a good
agreement with experimental geometries for CH;X systems.

Calculated charge distributions in the CH3X molecules are
presented in Table 3. These data show that fluorine atom in
CH5F bears considerable negative charge, contrasted with
other CH;X molecules where chlorine and bromine have
almost zero charge while iodine a positive charge.

C. Complexes. The water around lithium cation binds
with the halogen in CH3X via hydrogen bond to form
a series of complexes. The effects of CH;X::-Li
(H,0)4X (X = F-I) complexation lie in 2-fold: (i)

Fig. 2 Hydration geometries of
lithium ion with n=1~4 water
molecules

1835 1.86 1300° o073
o-—simss : J106.0
127.1° y

[

Li(H,0)*

Li(H,0),"

increasing the C—X bond distance in the free reactants
CH;X from 1.383 to 1.428A (X = F), 1.803 to 1.822
A (X =Cl), 1.971 to 1.987A (X = Br) and 2.163 to
2.173 (X = 1), respectively, and (ii) increasing the
effective charge on the CH; group from +0.377 to
+0.426 ¢ for X = F, +0.082 to +0.129 e for X = Cl,
+0.013 to +0.062 e for X = Brand —0.075 to —0.026 ¢
for X =1, respectively. These two factors are favor-
able for the subsequent nucleophile attacking pro-
cess. The Wiberg bond indices of C—X are 0.7911
for X = F, 0.9981 for Cl, 1.0105 for Br and 1.0129
for I with NBO analysis. The complexation energies
AE_,, from X =F to I are found to decrease in the
order 30.2 kJ mol ' (F) > 17.3 kJ mol" (CI) >
16.8 kJ mol! (Br) > 15.8 kJ mol ' (I) (Table 4) and
show a very good linear correlation with their electro-
negativities of X using the Pauling (R*=0.922),
Mulliken (R*=0.898) (Fig. 4) or Allred-Rochow
(R*=0.933) scales [40].

127.0° L%

Li(H,0),*

Li(H,0)5*
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Fig. 3 Geometries of methyl halide, complexes and transition states

In CH3X--Li(H,0),X (X = F-I) complexes, C—X bonds are
elongated with one hydrogen of water binding halogen atom.
Compared with CH3X--Li(H,O)4X complexes, CH;X:Li
(H,0),X complexes indicate higher complexation energies
45.2 kJ mol ' (X =F), 24.9 kI mol ' (X = CI), 22.0 kJ mol

(X =Br) and 19.1 kJ mol ! (X = I), resulted from shorter H-
bonds 1.742A (X = F), 2.312A (X = Cl), 2.476A (X = Br)
and 2.687A (X = I). Complexation energies are found to
correlate well with H-bond lengths (R*=0.964) (Fig. 5) as
well as Mulliken electronegativity of X (R*=0.955) (Fig. 4).

Table 2 Calculated and

experimental geometries of Species Level n(C-X) (C-H) £XCH (dye)
CH;X (X = F, CL, Br and I)
CH;F B3LYP/6-31G(d) 1.383 1.097 109.6 1.714
B3LYP/6-31G+(d,p)* 1.396 1.092 108.6 2.085
expt® 1.383 1.086 108.8 1.858
CH;CI B3LYP/6-31G(d) 1.803 1.090 108.5 2.084
B3LYP/6-31G+(d.p)* 1.806 1.087 108.3 2.106
expt® 1.776 1.085 108.6 1.892
CH;Br B3LYP/6-31G(d)-ECP 1.971 1.089 107.8 2.075
*Erom Ref [14] B3L3(P/6-31G+(d,p)-ECP"’ 1.969 1.086 107.7 2.026
o Ref 36 expt 1.934 1.082 107.7 1.822
) CH;l B3LYP/6-31G(d)-ECP 2.163 1.088 107.7 1.853
dl; 22 ii Eg B3LYP/6-31G+(d,p)-ECP* 2.159 1.085 107.6 1.793
expt® 2.132 1.085 108.6 1.620

¢ From Ref [39]
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Table 3 NPA charge distributions for CH3X (X = F, Cl, Br and I)

Species aX) q(©) q(H)
CH;F -0.377 -0.183 0.186
CH;Cl —0.082 —0.650 0.244
CH;Br -0.013 -0.752 0.255
CH;I 0.075 -0.851 0.258

D. Transition states. Geometries of transition states, TS
[2H,0](I) (X = F) (Fig. 3) and TS[2H,0](R) (X = F)
(Fig. 6), with two water molecules represent respec-
tively inversion (I) and retention (R) approaches of the
reaction of Li(H,O),F and CHsF, and imaginary
frequencies 542.28i cm ' and 616.49i cm ' respec-
tively associate with their C—F stretching vibration
models. The former shows lower energies than the
latter by 15.4 kJ mol . Its conclusion is rationally
reverse to the gas ion pair Sy2 reaction [18]. The
presence of hydrogen bonding makes inversion struc-
ture a larger angle of F-C-F than retention one, and
weakens electrostatic repulsion between F®~ and F°~
to produce lower energy. Contrasted with TS[4H,O0]
(X =F) (Fig. 3), TS[4H,0]’ (X = F) (Fig. 6) lies two
H-bonds with F atoms. Four hydrogen bonds can
reduce the energy by 24 kJ mol™'. So, 4-hydrogen
bond TS with inversion configuration is favorable for
this series of Sy2 reactions.

In C,-symmetric transition states TS[4H,O], compared
with its complexes, the Wiberg bond indices of C-X
decrease and are 0.3992 for X = F, 0.4621 for X = ClI,
0.4775 for X = Br and 0.4889 for X = I, respectively. An
obvious geometrical feature is that angles X-C-X slightly
twist, different from linear structure in anionic Sy2
reactions X + CH3X, and decrease in the range of
9.9~15.5°, resulted from 4-hydrogen bond bridging. Li"
cation is surrounded by water molecules, which are almost
in a plane structure furthest to form 4 hydrogen bonds. The
deformation of X-C-X would be responsible for the higher
central barrier than the gas-phase anion Sy2 reaction [5—11].

Table 4 Complexation energies (AE,,,,), central barriers (AE..,,)
and overall barriers (AE,,,) of reactions Li(H,0),X + CH3X (n=2 or
4, X =F, Cl, Brand I)

SPeCieS AEﬂomp AEcenl AEovr

n=2 n=4 n=2 n=4 n=2 n=4
X=F —45.2 -30.2 189.7 177.8 144.5 147.5
X=Cl —24.9 -17.3 135.4 113.9 110.5 96.6
X =Br -22.0 -16.8 112.3 91.6 90.3 74.8
X = -19.1 -15.8 96.7 79.1 77.6 63.3

-20.0 -+

-30.0 A

AE_,p, (kJ mol )

-40.0 ~

-50.0 T T
2.0 3.0 4.0 5.0

Mulliken Electronegativity

Fig. 4 Plots of complexation energies vs Mulliken electronegativity of X
(X =F, Cl, Br and I). Symbol m represents the reactions Li(H,O),X +
CH3X, Symbol ¢ represents the reactions Li(H,0),X + CHzX.
Definition of Mulliken electronegativity is xy = (I + A4)/2, where /
and A are experimental ground state first ionization potentials and
electron affinities, respectively. Pauling units (X values from [40])

Another distinct change is the elongation of bond C—X of
TSs relative to CH3X moieties of complexes and the percent
of elongation %C—X" is 30.3 for X = F, 29.5 for Cl, 27.0 for
Br and 25.3 for I, respectively.

The central activation barriers AE,.,, in the reactions are
all positive, varying from 79.1 kJ mol™' for X = I up to
177.8 kJ mol ™' for X = F (Table 4). Some factors that might
influence the barrier heights have been discussed. A very

3.0
L
25 4
L 2
5
.
K
= 20 A
5
A
Jusi
R?2=0.964
1.5
1‘0 T T T T
15.0 22.0 29.0 36.0 43.0 50.0
AE py (kJ mol L)

Fig. 5 Plot of complexation energies vs the lengths of hydrogen bond
HOH XCH; (X = F, Cl, Br and I) in the Comp[2H,0]
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good linear relationship between the central barriers and the
experimentally available bond dissociation energies D¢ _x is
found (R?=0.986) [41]. The Mulliken electronegativity of
X has a good linear relationship with central activation
barrier AE,.,, (R°=0.988) (Fig. 7). The percent of elonga-
tion %C—X” shows a correlation of R’=0.756 with the
central barrier. Since it may be an artifact of the RRKM
model and the Marcus analysis, a linear correlation between
the experimental central barriers and the methyl cation
affinities (MCAs) of X'has been previously noted [42]. We
find a linear correlation between our calculated central
barriers and the experimental MCAs of X (R*=0.993)
(Fig. 8) [41]. The overall barriers AE,,, are also found to
correlate well with experimental MCAs of X (R*=0.993).

In C,-symmetric transition states TS[2H,O], the angles
X-C-X vary from 170.9 for X =1to 173.7 for X = F. Only
two H-bonds in TS[2H,0] are responsible for the higher
central barrier than that in the TS[4H,O]. The central
activation barriers AE,,,, are all positive, varying from

195.0

170.0 1

145.0 +

120.0 4

AE,; (kKJ molt)

a
70.0 T T

20 3.0 4.0 5.0
Mulliken Electronegativity

Fig. 7 Plots of central barriers vs Mulliken electronegativity of X (X =F,

Cl, Br and I). Symbol m represents the reactions Li(H,0)4,X + CH;X,
Symbol ¢ represents the reactions Li(H,0),X + CH3X
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MCA (X°) (kJ mol?)

Fig. 8 Plots of central barriers vs methyl cation affinities (MCAs) of X
(X =F, Cl, Br and I). Symbol m represents the reactions Li(H,O),X +
CH;X, Symbol ¢ represents the reactions Li(H,0),X + CH3X

96.7 kJ mol ! for X =T up to 189.7 kJ mol ' for X = F, and
is also found to be in very good linear relationships with the
experimentally available bond dissociation energies D¢ x
(R*=0.997), the experimental MCAs of X (R’=0.981)
(Fig. 8) and the Mulliken electronegativity of X (R?=0.995)
(Fig. 7). The overall barriers AE,,, also have good linear
relationships with experimental Dc x (R?=0.996) and
MCAs of X~ (R*=0.953).

In reactions Na(H,0),X + CH3X, the decreasing
activation energies and Gibbs free energy and increasing
reaction rate from X = F to X = I are demonstrated in
Table 5. Compared with the structure of TS[4H,0] (X =1)
(Fig. 3), substitution of sodium ion with bigger ion radius
obtains larger angle (X-C-X) of 172.4° and shorter C--X
distance of 2.718A. In the reaction of sodium iodide and
methyl iodide, the activation energies and Gibbs free
energy both reduce, larger reaction rate is attained, and
reaction activation energy (77.2 kJ mol™') is found to be
very close to the experimental result (77.6+0.9 kJ mol ') in
aqueous-phase reaction [1], which suggests the rationality
of our proposed pseudo-aqueous model.

Table 5 Relative parameters for series of reactions

X AE, o (298K) %C-X*  AG.on (298K) Lnk
F 177.5 30.3 192.4 -19.2
cl 112.9 29.5 127.7 -84
Br 916 27.0 104.3 45
I 79.1 253 92.6 26
P 77.2 (77.6+0.9) 25.1 79.7 -0.5

 Treatment of sodium iodide and methyl iodide. Value of experimental
activation energy in bracket
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Summary and conclusions

DFT calculations were carried out on the reactions of
lithium halide (LiX, X = F, CI, Br and I) and methy] halide
(CH5X, X =F, Cl, Br and I). The stationary geometries of
various involved species were fully optimized at the
B3LYP/6-31G(d) level of theory. At 298 K the reaction
profiles introducing Li(H,0)," all involve central barriers
AE,.,, which decrease in the order F (177.8 kJ mol ") > Cl
(113.9 kJ mol™") > Br (91.6 kJ mol ") > 1 (79.1 kJ mol ).
The overall barriers relative to the reactants (AE,,,) are
147.5 kJ mol™' (X = F), 96.6 kI mol' (X = CI),
74.8 kJ mol™' (X = Br), 63.3 kJ mol' (X =I), respectively.
The stabilization of the complexes decreases in the
following order, F (30.2 kJ mol™") > CI (17.3 kJ mol ") >
Br (16.8 kJ mol ") > I (15.8 kJ mol ") and shows a very
good linear correlation with electronegativity of X using
Pauling (R?=0.922), Mulliken (R*=0.898) or Allred-
Rochow (R*=0.933) scale. Activation energies decreasing
from X = F to I linearly correlate with the experimental
MCAs of X (R*=0.993). Introduction of linear Li(H,0),"
leads to similar results. Furthermore, compared with
conductometric result (77.6+0.9 kJ mol ") of activation
energy in aqueous-phase reaction, reaction between Nal
and CH;l was examined and provided close activation
energy of 77.2 kJ mol '. Next work is still under way to
design and further understand the solution-phase Sy2
reaction.
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