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Three archetypal ion pair nucleophilic substitution reactions at the methylsulfenyl sulfur atom LiX+ CH3SX
f XSCH3 + LiX (X ) Cl, Br, and I) are investigated by the modified Gaussian-2 theory. Including lithium
cation in the anionic models makes the ion pair reactions proceed along an SN2 mechanism, contrary to the
addition-elimination pathway occurring in the corresponding anionic nucleophilic substitution reactions X-

+ CH3SX f XSCH3 + X-. Two reaction pathways for the ion pair SN2 reactions at sulfur, inversion and
retention, are proposed. Results indicate the inversion pathway is favorable for all the halogens. Comparison
of the transition structures and energetics for the ion pair SN2 at sulfur with the potential competition ion pair
SN2 reactions at carbon LiX+ CH3SX f XCH3 + LiXS shows that the SN2 reactions at carbon are not
favorable from the viewpoints of kinetics and thermodynamics.

1. Introduction

In the past decade, nucleophilic substitution reactions at
formal neutral sulfur have become the focus of attention
because of their synthetic, biochemical, and theoretical
importance.1 Displacement reactions at heteroatoms, fea-
tured widely in both organic and bioorganic compounds, are
the most important processes in metabolism.1b There are
indications that the mechanisms are different between
first- and second-row atoms. A classic SN2 mechanism is evi-
dent for anionic nucleophilic substitution at carbon [SN2(C)],2

at nitrogen [SN2(N)],3 and at oxygen [SN2(O)],4 but an ad-
dition-elimination (A-E) pathway occurs for substitution at
silicon5 and phosphorus.6 As for substitution at sulfur, there
are two mechanisms proposed by different research groups.
Experimental studies of nucleophilic substitution at dicoor-
dinated sulfur in benzene by Ciuffarin et al. argued that
the relative reaction rates are best interpreted via an
A-E mechanism.7 Ciuffarin also measured the effect of the
basicity of the leaving group in the reaction of pyri-
dine and butylamine with para-substituted Ph3CSO-
C6H4X and revealed a mechanistic dependence on the
nucleophile and the leaving group.8 Kice et al. exa-
mined the nucleophilic substitution at sulfenyl,
sulfinyl, and sulfonyl centers, and concluded that substitu-
tion at sulfenyl center may proceed with an A-E
pathway.9 However, thiolate and cyanide attack of the sul-
fenyl center of phenyl benzenethiosulfonate shows evi-
dence of an SN2 mechanism.10

Theoretically, Bachrach et al. made various compre-
hensive studies on the mechanism of anionic substitu-
tion reactions at sulfur.11 In 1996, they examined
three gas-phase thiolate-disulfide exchange reactions

(eq 1)11a using ab initio method. Their results indicate that the

reaction mechanism depends on the theoretical level and size
of R2. At the HF/6-31+G* level, the above three reactions
proceed via an SN2 mechanism. However, a triple-well potential
energy surface (PES) is found when a correlation function is
used, indicating that the reaction pathway will follow an A-E
mechanism (Chart 1a). Structural and energetic results do
suggest that as R2 becomes larger, the reaction may not proceed
via an addition-elimination pathway and the SN2 mechanism
(Chart 1b) will operate. They also investigated the nucleophilic
substitution reactions involving simple species (Cl-, PH2

-,
MeO-, HO-, NH2

-) as nucleophiles and leaving groups in
methylsulfenyl derivatives (X- + CH3SY f YSCH3 + X-) at
B3LYP/aug-cc-pVDZ.11c The results show that the gas-phase
reactions proceed along an A-E pathway as long as the
nucleophile is not too strong base. Recently, the reaction of
cyclo-L-cystine with thiolate was calculated at the B3LYP/6-
31+G* level by Bachrach and his co-workers.11e The model
system embeds the disulfide bond within a protein-like environ-
ment. The computations therefore suggest that gas-phase nu-
cleophilic substitution at sulfur in proteins and gliotoxin will
occur by the A-E mechanism. More recently, we performed a
theoretical study on the four reactions X- + CH3SCl (X ) F,
Cl, Br, and I) at B3LYP/6-311+G (2df, p) and compared three
possible reaction channels, including substitution at sulfur (eq
2), substitution at carbon (eq 3), and deprotonation (eq 4).12
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R1S
- + R2SSR3 f R1SSR2 + R3S

-(i-iii) (1)

where (i) R1 ) R2 ) R3 ) H; 1(ii) R1 ) R3 )
Me, R2 ) H; and (iii) R1 ) R3 ) H, R2 ) Me

X- + CH3SCl f CH3SX + Cl- (2)

X- + CH3SCl f XCH3 + SCl- (3)
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Our calculated results indicate that X- (X ) Cl, Br, and I)
preferably attacks sulfur instead of the carbon atom of CH3SCl
and the substitution reactions at sulfur follow an A-E mech-
anism. However, the deprotonation pathway is much more
favorable for the reaction of F- with CH3SCl because of the
stronger basicity of fluoride anion.

However, many important reactions in organic chemistry take
place in nonpolar or lower polarity solvents and generally
involve neutralcontact, or tight ion pairs as reactants instead
of free ions.13,14Thecontaction pair (called ion pair hereinafter)
will have significant ionic character, but the ions are not
separated by solvent. The reactivity of the ion pair is expected
to be rather different from that of the anion species, but
theoretical treatments of the ion pair SN2 reactions are scarce.
The systematic studies on the ion pair SN2 reactions may begin
from the work of Streitwieser and co-workers.15 They calculated
some unsolvated identity ion pair SN2(C) reactions and got some
interesting results.15a These identity reactions MX+ CH3X (X
) F and Cl; M ) Li and Na) involve preliminary encounter
dipole-dipole complexes and then proceed via a cyclic inversion
or retention transition structure (TS) with highly bent X-C-X
bonds behaving as assemblies of ions. They also extended the
work to the higher alkyls and discussed some steric effects for
the ion pair SN2(C)reactions.15b More recently, Ren et al.
reported a series of theoretical studies on the ion pair SN2(C)16

and SN2(N)17 and addressed the influence of Li+ on the
geometries and relative energies of the stationary points on the
PESs.

The ion pair bimolecular nucleophilic substitution reactions
at sulfur [SN2(S)] can be widely applied in the synthesis of
compounds containing an-S- functional group, e.g., unsym-
metrical disulfides (eq 5) and thiosulfonates (eq 6),18 but no

theoretical studies were found until now. Before the more
realistic systems are studied, it is helpful and useful to investigate
the generality of ion pair SN2(S) reactions using the simple
models. In the present study, we report theoretical investigations
on the three symmetric and thermoneutral ion pair substitution
reactions between lithium halides and methylsulfenyl halides
in the gas phase (eqs 7-9).

Our objectives here are to explore the possible mechanisms
of these archetypal reactions, compare the mechanistic differ-
ences between ion pair and anionic substitution reactions, and
try to address the origin of SN2 mechanism with the ion pair as
nucleophile. We will also discuss the potential competition
reactions with these ion pair substitution reactions at sulfur.

The present work represents the computational study of the
fundamental ion pair SN2(S) reactions at a high level and will
hopefully provide reliable energy parameters.

2. Computational Details

Modified Gaussian-2 theory19 (G2M) was extensively used
in the study of the reaction mechanisms.20 Martin et. al21 pointed

out that the diffusion function is necessary in the structural
optimization for the SN2 reaction. Therefore, when the G2M
method was applied to this work, all geometries were fully
optimized at the B3LYP level22 with the 6-311+G(d,p) instead
of 6-311G(d,p) basis sets in the original G2M. Vibrational
frequencies were employed to characterize stationary points, and
the unscaled zero-point energies were included in the compari-
son of relative energies. Electron correlation effect was evaluated
using coupled cluster calculation including triple excitations
noniteratively [CCSD(T)]. This level of theory is termed as
G2M(+) in the present study. The G2M(+) method has been
used in our previous theoretical studies on ion pair SN2(C)16a

and SN2(N)17 reactions.
All-electron basis sets were used for all first- and second-

row atoms, while Hay and Wadt effective core potentials23 were
used for the third- and fourth-row atoms, referred to as G2M-
(+)-ECP. Charge distributions were calculated by natural
population analysis (NPA)24 at the MP2/6-311+G(3df,2p) level
on B3LYP/6-311+G(d,p) geometries. All calculations were
performed with Gaussian 98.25

Throughout this paper, all internuclear distances are in
angstroms (Å) and bond angles are in degrees (°). Unless other
noted, relative energies correspond to enthalpy changes at 0 K
[∆H(0 K)] in kilojoules per mole (kJ/mol).

3. Results and Discussion

The energy profile for the ion pair SN2(S) reactions (eqs 7-9)
can be described by a symmetrical double-well-potential curve,
which is the characteristic curve for all the classic SN2 reactions
of first-row atoms, including carbon,2 nitrogen,3b and oxygen.4b

Two possible reaction pathways, corresponding to different
mechanisms, inversion and retention, are proposed. The inver-
sion pathway involves the initial formation of a prereaction
dipole-dipole complex1. This complex must then overcome
the central barrier to reach a symmetrical inversion TS2. The
latter then breaks down to give the product dipole-dipole
complex, accompanying the transfer of lithium from incoming
halogen to outgoing halogen atom. The product dipole-dipole
complex subsequently dissociates into the separate products. For
the retention pathway, the complex and TS are denoted as1′
and 2′, respectively. The key energetic quantities involved in

reactions (eqs 7-9), as depicted in Scheme 1, are labeled as
follows: ∆Hcomp is the complexation energy for the dipole-
dipole complex, here defined as [H(com)- H(LiX) - H(CH3-
SX)]. ∆Hq

cent is the reaction barrier with respect to the complex,

X- + CH3SCl f HX + -CH2SCl (4)

RSNa+ R′SX f RSSR′ + NaX (5)

RS(dO)ONa+ R′SCl f RS(dO)OSR′ + NaCl (6)

LiCl + CH3SCl f ClSCH3 + LiCl (7)

LiBr + CH3SBr f BrSCH3 + LiBr (8)

LiI + CH3SI f ISCH3 + LiI (9)

CHART 1: Schematic Drawings of PESs for the Identity
Anionic Nucleophilic Substitution Reactions at Sulfur:
A-E Mechanism (a) and SN2 Mechanism (b)
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called the central barrier.∆Hq
ovr is the overall activation barrier

relative to the free reactants.
The main geometries of optimized reactants, dipole-dipole

complexes, and TSs are shown in Tables 1-3 and Figure 1.
All of the energetics involved in eqs 7-9 are listed in Table 4.

3.1. Reactants.Predicted properties of LiX (X) Cl, Br, and
I) are compared with experimental and MP2 results in Table 1.
The geometries of LiX at the B3LYP/6-311+G(d,p) level agree
well with the available experimental26 and MP2(full)/6-31+G-
(d) data.27 All frequencies and dipole moment values for LiX
are reproduced by DFT method. The Li-X bond dissociation
energies compare favorably with experimental and G2M(+)
values with errors less than about 10 kJ/mol. B3LYP/6-311+G-
(d,p) optimized geometric parameters for CH3SCl also agree
reasonably well with the MP2(full)/6-31G(d) values.28

3.2. Dipole-Dipole Complexes.Reactions of LiX with CH3-
SX (X ) Cl, Br, and I) start with the formation of prereaction
complexes. The lithium cation can coordinate with sulfur,
forming the inversion complexes XLi‚‚‚S(CH3)X (1a-c), or
with halogen, leading to the retention complexes CH3SX‚‚‚LiX
(1′a-c). G2M(+) complexation energies,∆Hcomp, for 1a-c and
1′a-c vary in a range of just about 3 kJ/mol, much smaller
than that (about 20 kJ/mol) for the ion-dipole complexes
X-‚‚‚CH3SX. The∆Hcomp values decrease in the order X) I
(59.2 kJ/mol)> X ) Br (57.9 kJ/mol)> X ) Cl (56.6 kJ/mol)
for 1a-c and X ) I (63.9 kJ/mol)> X ) Br (61.9 kJ/mol)>
X ) Cl (61.2 kJ/mol) for1′a-c, in contrast to the situation in
the anionic nucleophilic substitution at sulfur, where the halide
ion coordinates with one hydrogen atom in CH3SCl and the
complexation energies for X-‚‚‚CH3SCl (X ) Cl, Br, and I)
tend to increase in the order I- < Br- < Cl-.12 The complex-
ation of LiX with CH3SX make the S-X bond distances in the
free reactants slightly elongate from 2.093 to 2.115 Å in1a or
2.115 Å in1′a, from 2.250 to 2.271 Å in1b or 2.253 Å in1′b,
and from 2.438 to 2.458 Å in1c or 2.443 Å in1′c, which is
favorable for the proceeding of the subsequent nucleophilic
attack.

3.3. Transition State Structures and Central Barrier
Heights. The inversion TSs LiX/CH3SX (X ) Cl, Br, and I)
(2a-c) haveCs symmetry, where lithium coordinates with sulfur
and acts as a bridge connecting both halogen atoms. The
inversion TSs with inclusion Li cation show smaller deformation
from the stable intermediate found in the anionic substitution
reactions at sulfur.12 The bridging actions of Li cation only cause
two halogen anions to bend toward it with a decrease of the
X-S-X angle by about 35°, which is much smaller than that
in the inversion TSs LiX/CH3X in the ion pair SN2(C),16awhere
there is a remarkable deformation from the linear TS geometry

[X ‚‚‚CH3‚‚‚X]- q found in the anionic SN2(C) reactions and the
Li cation causes a large decrease of the X-C-X angle by about
90°. These may be the main reasons the central barrier heights
in the inversion pathway,∆Hq

cent(inv), for the ion pair SN2(S)
are much lower than those in the ion pair SN2(C) reactions (see
Table 4). Calculated G2M(+) ∆Hq

cent(inv) values for the ion
pair SN2(S) reactions are significantly lower than those in the
corresponding ion pair SN2(C) reactions by more than 100 kJ/
mol (Table 4), decreasing in the order X) Cl (90.6 kJ/mol)>
X ) Br (69.7 kJ/mol)> X ) I (53.3 kJ/mol).

In the retention pathway, the coordination of the lithium cation
is on the same side of sulfur to both entering and leaving halide
ions (see Figure 1,2′), which is similar to the geometries of
retention TSs in the ion pair SN2(C) reactions.16aThere are more
elongations of S-X bond distances (0.337-0.363 Å) and
remarkable decreases of X-S-X angles (54.2-76.6°) in the
retention LiX/CH3SX TSs (2′a-c) relative to the inversion TSs
(2a-c), respectively. These geometric characteristics indicate
the retention TSs will be much less stable than the inversion
ones.

The retention central barriers,∆Hq
cent(ret), are much higher

than the corresponding∆Hq
cent(inv) values, and the energy

differences [∆Hq
cent(ret)- ∆Hq

cent(inv)] are equal to 87.7, 102.6,
and 120.8 kJ/mol for X) Cl, Br, and I, respectively. This
probably originates in large part from the stronger electrostatic
repulsion between two halide anions and more elongation of
the S-X (X ) Cl, Br, and I) bonds in the retention TSs (2′a-
c). Accordingly, we will focus on the inversion pathway in the
following discussions.

The main geometric features of inversion TSs (2a-c) are
the simultaneous elongations of the Li-X and S-X (X ) Cl,
Br, and I) bonds relative to the dipole-dipole complexes. We
can easily characterize the geometric looseness of Li-X and
S-X bonds by parameters %Li-Xq and %S-Xq, in a way
similar to that proposed for the anionic SN2 reactions.2a,3b

whererq(Li-X), rq(S-X) andrcomp(Li-X), rcomp(S-X) are the
Li-X and S-X bond lengths in the inversion TS2 and dipole-
dipole complex1, respectively.

The search for relationships between transition state structures
and reaction barriers is an important aspect of physical organic
chemistry. Such relationships are of particular interest because
of their extensive use by experimentalists. The geometric
looseness in the inversion TSs gives an indication of the extent
of bond weakening. Computations on the ion pair SN2 reactions
at carbon16a and at nitrogen17b revealed that the geometric
looseness of TS could correlate with the magnitude of the central
barrier. Present results show that a larger barrier is associated
with a TS having a higher percentage of Li-X and S-X bonds
lengthening and the sum of %Li-Xq and %S-Xq correlates
well with the magnitude of∆Hq

cent(inv) (R2 ) 0.999). This
correlation indicates that the stretching of the cleaving Li-X
and S-X bonds is the major factor determining the∆Hq

cent-
(inv) values. The other factors may be dissociation energies for
the Li-X and S-X single bonds (see Tables 1 and 2). This is
reasonable because the central barrier heights in the LiX+ CH3-
SX (X ) Cl, Br, I) reactions should be also governed by these
dissociation energies. There is still a good linear relationship
(R2 ) 0.999) between∆Hq

cent and (%Li-Xq)DLi-X + (%S-
Xq)DS-X.

SCHEME 1: Schematic PES for the Identity Ion Pair
SN2(S) Reactions (eqs 7-9)

%Li-Xq ) 100[rq(Li-X) - rcomp(Li-X)]/ rcomp(Li-X)]
(10)

%S-Xq ) 100[rq(S-X) - rcomp(S-X)]/ rcomp(S-X)]
(11)
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3.4. Overall Barriers and the Factors That Might Influ-
ence Their Heights.The overall barrier(∆Hq

ovr) is decisive for
the rate of chemical reactions in the gas phase, particularly if
they occur under low-pressure conditions in which the reaction
system is (in good approximation) thermally isolated.29 As
shown in Table 4, the∆Hq

ovr(inv) values for the LiX+ CH3-
SX reactions are positive for X) Cl and Br and negative for
X ) I, decreasing in the order 34.6 kJ/mol (X) Cl) > 11.8
kJ/mol (X ) Br) > -6.0 kJ/mol (X ) I), implying that the
reaction of LiI+ CH3SI is more facile than the other two. The

overall barrier differences between the two pathways [∆Hq
ovr-

(ret) - ∆Hq
ovr(inv)] increase in the order X) Cl (82.4 kJ/mol)

< X ) Br (98.6 kJ/mol)< X ) I (116.2 kJ/mol), suggesting
that the inversion pathway is much more favorable for the
present systems (eqs 7-9).

Now, we discuss some factors that might influence the overall
barrier heights of the inversion pathway. NPA analysis for the
inversion TSs (2a-c, Table 5) shows a substantial positive
charge on the CH3SLi moiety and can be readily modeled as
triple ion valence bond configuration [X-‚‚‚(CH3SLi)+‚‚‚X-]q,

TABLE 1: Predicted Bond Lengths (Å), Vibrational Frequencies (cm-1), Dipole Moments (D), and Dissociation Energies
(kJ/mol) of LiX (X ) Cl, Br, I)

species level r(X-Li) ν µ DLi-X

LiCl G2M(+) 2.024 (2.056)a 640 7.080 470.4
exptlb 2.021 643 7.085 469.0 ((13)c

LiBr G2M(+)-ECP 2.191 555 7.210 408.6
exptl 2.170 563 7.226 418.8 ((4.2)

LiI G2M(+)-ECP 2.397 496 7.338 344.4
exptl 2.392 498 7.428 345.2 ((4.2)

a From ref 15b, at MP2(full)/6-31+G(d)level.b From ref 26.c At 298 K, from ref 27, pp 9-105-9-107.

TABLE 2: Main Geometries for CH 3SX and Dissociation Energies (kJ/mol) for the S-X Bonds (X ) Cl, Br, I)

r(C-S) r(S-X) ∠C-S-Cl DS-X

CH3SCl 1.817 (1.799)a 2.093 (2.048) 100.0 (99.4) 271.8
CH3SBr 1.821 2.250 100.6 224.4
CH3SI 1.827 2.438 101.4 187.7

a The values in parentheses are the MP2(full)/6-31+G(d) optimized results from ref 28.

TABLE 3: Main Geometries for the Inversion Dipole-Dipole (1a-c) and Retention Dipole-Dipole Complexes (1′a-c),
Inversion TSs (2a-c), and Retention TSs (2′a-c)

r(X-Li) r(Li-S) r(S-X) r(C-S) ∠X-S-X

inversion complexes XLi‚‚‚S(CH3)X
X ) Cl (1a) 2.066 2.432 2.106 1.822 151.0
X ) Br (1b) 2.238 2.416 2.271 1.828 151.7
X ) I (1c) 2.441 2.417 2.458 1.834 144.0

retention complexes CH3SX‚‚‚LiX
X ) Cl (1′a) 2.069 2.588 2.115 1.820 79.4
X ) Br (1′b) 2.229 2.474 2.253 1.828 101.5
X ) I (1′c) 2.436 2.455 2.443 1.834 110.8

inversion TSs [X‚‚‚CH3SLi‚‚‚X] q

X ) Cl (2a) 2.739 2.184 2.446 1.832 144.5
X ) Br (2b) 2.808 2.210 2.616 1.835 141.1
X ) I (2c) 2.921 2.239 2.824 1.840 138.6

retention TSs [CH3S‚‚‚X2Li] q

X ) Cl (2′a) 2.154 2.784 3.411 1.790 77.9
X ) Br (2′b) 2.328 2.954 3.550 1.796 81.1
X ) I (2′c) 2.539 3.188 3.715 1.803 84.4

TABLE 4: G2M( +) Energetics [∆H(0 K), kJ/mol] of the Reactions LiX + CH3SX f XSCH3 + LiX (X ) Cl, Br, I; Entries S)
for the Two Possible Pathways, Inversion and Retention, and Comparison with Reactions LiX+ CH3X f CH3X + LiX a

∆Hcomp ∆Hq
cent ∆Hq

ovr

X pathway S C S C S C

Cl inversion 56.0 56.4 90.6 203.6 34.6 146.9
retention 61.2 178.3 207.7 117.0 151.3

Br inversion 57.9 55.8 69.7 174.7 11.8 119.0
retention 61.9 172.3 199.6 110.4 143.8

I inversion 59.2 53.4 53.3 150.7 -6.0 97.3
retention 63.9 174.1 195.8 110.2 142.4

a Entries C are from ref 36.

TABLE 5: NPA Charge Distributions of the Inversion TSs (2a-c) in the Reactions LiX + CH3SX f XSCH3 + LiX (X ) Cl,
Br, I) at the MP2/6-311+G(3df,2p)//B3LYP/6-311+G(d,p) Level

[X ‚‚‚CH3SLi ‚‚‚X] q

X CH3 S Li X CH3SLi

Cl (2a) -0.015 0.294 0.939 -0.609 1.218
Br (2b) -0.015 0.194 0.918 -0.549 1.098
I (2c) -0.019 0.017 0.861 -0.430 0.859
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although there is no doubt that the covalency plays a significant
role in bonding to the entering and leaving groups in the ion
pair SN2(S) TSs. This implies that the contribution of electro-
static interaction may be one of the factors for stabilizing the
inversion TSs. Meanwhile, the Li-X bonds in 2a-c are
significantly elongated, and the looseness parameters %Li-Xq

decrease in the order X) Cl (32.6)> X ) Br (25.5)> X )
I (19.7). The data in Tables 1 and 4 indicate that the role of
Li-X bond dissociation energies seems to override the elec-
tronic interactions and may play a dominant role in determining
the overall barrier heights, leading to the highest∆Hq

ovr(inv)
for inversion TS LiCl/CH3SCl (2a) because of the strongest Li-
Cl bond and the largest %Li-Clq value. The weakest Li-I bond
and the smallest %Li-Iq value may be responsible for the lowest
overall barrier for the inversion LiI/CH3SI TS.

3.5. Possible Origin of the SN2 Mechanism in the Ion Pair
Substitution at Sulfur. As pointed out above, the ion pair
nucleophilic substitution at sulfur follows an SN2 mechanism,
in contrast to the A-E mechanism occurring in the correspond-
ing anionic substitution reactions. In this section we will try to
analyze the origin of the SN2 mechanism involved in the ion
pair substitution reaction at sulfur from the steric and electronic
factors by comparing the geometries and relative energies of
the saddle points on the PESs, and address how the stable
intermediate in the anionic reaction becomes the transition state
in the ion pair reaction. We will take the reactions of Li+ +
Cl- + CH3SCl (eq 12) and LiCl+ CH3SCl (eq 7) as examples

and put the two PESs in Scheme 2, in which the upper and
lower PESs represent the anionic and ion pair reactions,
respectively, and Li cation is just a spectator to be added in the
two sides of the anionic reaction (eq 2) to keep the same
stoichiometry for the comparison of total energies. The opti-
mized geometries of species involved in the anionic reaction
are presented in Figure 2.

The energies of all the species in Scheme 2 are relative to
the free reactants (LiCl+ CH3SCl) in eq 7. It is worth noticing
that the energy of incoming TS [Cl-‚‚‚CH3SCl]q (4a) relative
to the incoming ion-dipole complex Cl-‚‚‚CH3SCl (3a) is ∆H(0
K) ) -1.1 kJ/mol and∆G(298 K) ) 3.8 kJ/mol in eq 12, so
the relative energies for all species in Scheme 2 are represented
by ∆G(298 K). In this way, the PES for eq 12 is a classical

triple-well curve, indicating that the anionic substitution reaction
at the methylsulfenyl sulfur atom follows an A-E mechanism.
It is found from Scheme 2 that the relative Gibbs free energy
for the free reactants (Li+ + Cl- + CH3SCl) is 618.8 kJ/mol,
which is actually the heterolytic cleavage energy for the Li-Cl
bond in terms of∆G(298 K).

The combination of Li+ with Cl- in 3a and 4a will make
them collapse to become the inversion dipole-dipole complex
ClLi ‚‚‚S(CH3)Cl (1a), whereas the lithium cation binding
simultaneously with sulfur and two chlorine atoms in the stable
intermediate [Cl‚‚‚CH3S‚‚‚Cl]- (5a) will lead to the inversion
TS LiCl/CH3SCl (2a) due to the significant decrease of the Cl-
S-Cl bond angle from 177.9° in 5a to 144.5° in 2a. In view of
the electronic effect, the chloride anion with a localized charge
in 3aand4awill be more stabilized by Li cation than the stable

Figure 1. B3LYP/6-311+G(d,p) optimized structures of the reactants, dipole-dipole complexes, and TSs in the ion pair SN2(S) reactions LiX+
CH3SX f XSCH3 + LiX (eqs 7-9). The geometric parameters for all species are listed in Tables 1-3.

SCHEME 2: Schematic Potential Energy Surface for
the Anionic Substitution Reaction Li+ + Cl- + CH3SCl
f ClSCH3 + Cl- + Li + (upper) and Ion Pair
Substitution Reaction LiCl + CH3SCl f ClSCH3 + LiCl
(lower)a

a All of the numbers in roman type represent∆G(298 K) values
relative to free reactants (LiCl+ CH3SCl) and the boldface numbers
in parentheses are the∆G(298 K) values relative to Li+ + Cl- +
CH3SCl.Li+ + Cl- + CH3SCl f CH3SCl + Cl- + Li+ (12)
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intermediate (5a) bearing more dispersed charge, thus transfer-
ring the stable intermediate in the anionic reaction into a
transition state in the ion pair reaction. Therefore, some simple
interaction from Li+ can result in a qualitative modification of
the PES from anionic to ion pair reaction.

3.6. Ion Pair SN2 at Carbon: Potential Competition
Reaction. When the nucleophile LiX reacts with CH3SX, ion
pair SN2(C) reaction is another possible reaction channel, in
which nucleophile attacks carbon instead of sulfur atom on the
substrate CH3SX, implying that the ion pair SN2(C) reactions
can compete potentially with SN2(S). In this section, we will
compare the possible competition reaction channel from the
viewpoints of kinetics and thermodynamics using the reaction
of LiCl with CH3SCl. Our studies show that the reaction
enthalpy for the ion pair SN2(C) reaction (eq 13) is highly

endothermic (∆Hovr ) 73.2 kJ/mol). The calculated overall
barrier for eq 13 is 155.6 kJ/mol, much higher than that in the
corresponding ion pair SN2(S) reaction (eq 7) by 121.0 kJ/mol.
These results indicate that the SN2(C) reaction is kinetically and
thermodynamically unfavorable. This conclusion can be also
applied to other halogens. The substantially larger geometric
looseness of the C-S bond (%C-Sq ) 46.6) in the ion pair TS
(Figure 3) may be responsible for the higher overall barrier for
the ion pair SN2(C) reaction (eq 13). Moreover, the heterolytic
cleavage energy for CH3SCl f CH3S+ + Cl- [∆Hhet(S-Cl) )
800.8 kJ/mol] is much lower than that for CH3SCl f CH3

+ +
ClS- [∆Hhet(C-S)) 993.0 kJ/mol] at the G2M(+) level, which
relates the better leaving ability of Cl- than that of ClS-.

Therefore, ion pair nucleophilic substitution at sulfur is much
more favorable than at carbon and the ion pair SN2(C) reactions
can be ignored in the present work.

4. Conclusions

Application of G2M(+) theory to the symmetric ion pair
exchange reactions on the methylsulfenyl sulfur atom (eqs 7-9)
in the gas phase leads to the following conclusions:

(1) The energy profiles are described by double-well curves,
indicating the gas-phase ion pair substitution reactions at sulfur
proceed along an classic SN2 pathway. There are two possible
reaction channels via different dipole-dipole complexes and
different transition structures. Predicted reaction pathways are

(2) The large energy gaps between two possible pathways
[∆Hq

ovr(ret) - ∆Hq
ovr(inv) ) 82.4 kJ/mol (X) Cl), 98.6 kJ/

mol (X ) Br), and 116.2 kJ/mol (X) I)] imply that the
inversion pathway is much more favorable for all halogens.

(3) The G2M(+) central barriers for the inversion TSs [X‚
‚‚CH3SLi‚‚‚X] q increase in the order 90.6 kJ/mol (X) Cl) >
69.7 kJ/mol (X) Br) > 53.3 kJ/mol (X) I) and are found to
correlate well with the geometric looseness of the transition state
%Li-Xq + %S-Xq and bond dissociation energiesDLi-X and
DS-X.

(4) Even though the ion pair SN2(C) reaction (eq 13)
potentially competes with the ion pair SN2 (S) reaction (eq 7),
calculated results show that the former one is much less
favorable from the viewpoints of kinetics and thermodynamics.
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