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Thermochemistry and structures of solvated SN2 complexes
and transition states in the gas phase: experiment and theory
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Abstract

The standard enthalpy and entropy changes (�H◦ and�S◦) for the formation of solvated SN2 complexes (S)X−(RY) (X, Y = Cl, Br;
R = (CH3)2CH; S = CH3OH, CH3CN, (CH3)2CO, CH3CF2H) have been determined by pulsed-ionization high pressure mass spectrometry.
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ot surprisingly, solvent effects are evident even at this mono-salvation level. Structures of solvated SN2 complexes and transition states for
l−(S) + CH3Cl SN2 reaction (S = H2O, H2S, NH3, PH3, SO2) have also been determined at the MP2/6-31+G(d) level of theory. A large var
olvent dependent structures have been obtained, showing solvent reorganization upon going from the complex to the transition sta
inding and activation enthalpies (�H◦

298 and�H
‡
298) were determined at the MP2/6-311+G(3df,2p)//MP2/6-31+G(d,p) level of theor

he Cl−(H2O) + CH3Br and Br−(H2O) + CH3Cl reactions, structures and enthalpies were calculated at the MP2/[6-31+G(d)/LanL2D
nd MP2/[6-311+G(3df,2p)/LanL2DZ(spdf)]//MP2/[6-31+G(d)/LanL2DZ(spd)] level of theory. For the Cl− + CH3Br and Cl−(H2O) + CH3Br
eactions potential energy surface scans were performed at the MP2/[6-31+G(d)/LanL2DZ(spd)] level of theory. Formation of the tw
ets of solvated products, Br−(H2O) + CH3Cl and Br− + (CH3Cl)(H2O) proceeds through two different surfaces. Water transfer to the le
roup can be facilitated by rotation of the Br−(CH3Cl) part in the exit channel Br−(CH3Cl)(H2O) complex. Finally, for the Cl− + CH3Cl
eactions in the condensed phase, complexation and activation energies (�E(ε) and�E‡(ε)) were determined for a variety of solvents
he MP2/6-31+G(d) level of theory using the isodensity polarized continuum model. A linear correlation between−�E(ε) and�E‡(ε) was
btained, and a similar correlation exists for the mono-solvated gas phase SN2 reaction, indicating that mono-solvation already exhibits s

eatures of the condensed phase reaction.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Bimolecular nucleophilic displacement (SN2) reactions in
he condensed phase are among the most important reactions
n chemistry (Eq.(1)), and have been studied from the 1930’s
nward, initially by Ingold[1], and followed by many others

2–10].

− + RY → XR + Y− (1)

∗ Corresponding author. Tel.: +1 519 888 4591; fax: +1 519 746 0435.
E-mail address:mcmahon@uwaterloo.ca (T.B. McMahon).

The acronym SN2 comes from the fact that the rates of s
reactions were found to be first order in both the nucleop
and substrate concentrations, [X−] and [RY], respectivel
(Eq.(2), making the overall reaction second order.

rate= k[X−][RY] (2)

In Fig. 1 schematic potential energy profiles for four
pothetical condensed phase and gas phase SN2 reactions ar
shown. For all four situations the transition state corresp
to a penta-coordinated complex, [XRY]−‡. The increase i
the barrier height on going from the gas phase to the
densed phase is mainly due to the differential solvatio

387-3806/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2004.12.018
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Fig. 1. (a) Condensed phase unimodal reaction energy profile (R = reactants, TS = transition state, P = products); (b) condensed phase double-well reaction
energy profile for weak solvation (RC = reactants complex, PC = products complex); (c) condensed phase double-well reaction energy profile for strong and
asynchronous desolvation and ion–molecule complexation (desolv = desolvation) and (d) gas phase double-well reaction energy profile.

the reactants and the transition state. This is caused by the
greater extent of delocalization of charge in the transition
state as opposed to the significantly more localized charge
situation in the isolated nucleophile. A large variety of bar-
rier heights have been determined, and these are very much
solvent dependent[1–6,9]. Unfortunately, the extent of solva-
tion of the nucleophile and transition state for various solvents
may be different, and in addition the solvation of the substrate
must also be considered[5,6]. The effects of counter ions and
competitive reactions may also play a role and these should

also be accounted for. In the condensed phase, SN1 and E2
reactions may compete with SN2 reactions, and the extent to
which this occurs is very sensitive to the nature of the alkyl
group, R.

In order to bridge the gap between the gas and condensed
phases, studies of prototype micro-solvated SN2 species have
been performed in the gas phase (Eq.(3)) using a variety of
experimental techniques[11–26]. By performing these kinds
of experiments it is hoped to gain additional insight into the
intrinsic contribution of the solvent molecules to the progress
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Table 1
Overview of published work on solvated SN2 reactions in the gas phase

X−(S)n RY n Method Quantity Reference

OH−(H2O)n CH3Br 0–3 FA k300 K [11]
OH−(H2O)n CH3Br 1 SIFT k300 K [12]
OH−(H2O)n CH3Cl 0–2 Bq σ(ET) [13]
RO−(ROH)n CH3Cl 0–3 FA k295 K [14]
RO−(ROH)n CH3Br 0–3 FA k295 K [14]
F−(ROH)n CH3Cl 0–3 FA k295 K [15]
F−(ROH)n CH3Br 0–3 FA k295 K [15]
Cl−(ROH)n CH3Br 0–3 FA k295 K [15]
OD−(D2O)n CH3Cl 0–2 VT-SIFT k200–500 K [16]
OH−(H2O)n CH3CN 1 VT-SIFT k240–363 K [17]
OH−(H2O)n CH3CN 0–2 SIFT k298 K [17]
Cl−(CHCl3)n CH3Br/CH3I 0–2 KIMMS k398 K [19]
F−(H2O/D2O)n CH3X/CD3X 0,1 FA-SIFT k302 K, kH/kD [20]
OH−(H2O)n CH3Cl 0–2 Bq σ(ET) [21]
OH−(H2O)n CH3Br 0,1 Bq σ(ET) [21]
OH−(H2O)n CH3Br 0–4 VT-SIFT kT [22]
F−(H2O)n CH3Br 0–5 VT-SIFT kT [24]
Cl−(H2O)n CH3Br 1–3 VT-SIFT kT [25]

of these reactions.

X−(S)n + RY → Y−(S)m + RX + (n − m)S (3)

In Table 1an overview is given of those systems that have
been investigated experimentally to date in the gas phase.
As can be seen, the main focus has been on obtaining kinetic
data, although isotope effects, cross sections, and product ion
distributions were also studied and reported. The main con-
clusion of this body of work has been that dramatic changes
in reactivity can be observed, even with the addition of a
single solvent molecule. Further, most reactions become too
slow for their rate constants to be measurable with the ad-
dition of two or more solvent molecules. With respect to
the product ion distributions some interesting results have
also been reported. For most mono-solvated reactions only
a small fraction of the leaving groups are solvated (Eq.(4))
[11–16,19–22,24,25], even though this reaction pathway is
more exothermic than formation of the non-solvated leaving
group (Eq.(5)).

X−(S) + RY → Y−(S) + RX (4)

X−(S) + RY → Y− + RX + S (5)

For more extensively solvated nucleophiles (n≥ 2), com-
plex formation (Eq.(6)) and ligand-switching (Eq.(7)) be-
c

X

X

f
a
c S
i

C

This was the result of intramolecular micro-solvation of
the SN2 transition state, facilitated by the presence of the
remote functional group and the consequent through-space
ion–dipole stabilization interactions.

As can be seen fromTable 1, most solvated nucleophiles
studied to date involve water or other strongly bound protic
solvents. However, in actual condensed phase work, it has
been known that SN2 reactions proceed much faster in polar,
aprotic solvents[5,6]. Similar trends can be observed for the
growing, but still relatively small number of published the-
oretical studies on solvated SN2 reactions. Morokuma[27]
showed that for Eq.(9) (n= 1, 2) solvent transfer can take
place before, after, and during the Walden inversion of the
methyl group.

Cl−(H2O)n + CH3Cl → Cl−(H2O)n + CH3Cl (9)

Hu and Truhlar[28] have calculated transition state theory
rate constants and kinetic isotope effects at the MP2/aug-
cc-pVDZ level of theory for Eqs.(10) and (11), and found
excellent agreement with the experimental data from O’Hair
et al.[20].

F−(H2O) + CH3Cl → Cl−(H2O) + CH3F (10)

F−(H2O) + CH3Cl → Cl− + CH3F + H2O (11)

ate,
[
w ated
t the
E r-
v
p . Re-
c shed
t ula-
t the
r e
ome more important[24,25].

−(S)n + RY + M → (S)nX−(RY) + M (6)

−(S)n + RY → (S)n−1X−(RY) + S (7)

Craig and Brauman[23,26] showed that introduction o
n �-substituent (X = CN, Cl, OH) onto a primaryn-alkyl
hloride significantly enhanced the rate of gas phaseN2
dentity chloride displacement reactions (Eq.(8)).

l− + ∗Cl(CH2)nX → ∗Cl− + Cl(CH2)nX (8)
In addition, the energy of the solvated transition st
(H2O)FCH3Cl]−‡, was calculated to be−2.2 kcal mol−1

ith respect to the reactants. Bickelhaupt et al. investig
he effect of solvation by one to four HF molecules on
2 and SN2 reaction of F− and C2H5F [29]. The main obse
ation was the increased importance of the SN2 over the E2
athway as the number of solvent molecules increased
ently, several very interesting articles have been publi
hat reported results on ab initio molecular dynamics sim
ions of solvated SN2 reactions. Tachikawa showed that
eaction between F−(H2O) and CH3Cl can proceed via thre
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pathways (Eqs.(12)–(14)), and that the branching ratios are
dependent on the centre-of-mass collision energy[30,31].

F−(H2O) + CH3Cl → Cl− + CH3F + H2O (12)

F−(H2O) + CH3Cl → Cl−(H2O) + CH3F (13)

F−(H2O) + CH3Cl → Cl− + (CH3F)(H2O) (14)

At a collision energy of 10.0 kcal mol−1, the branching
ratios are 0.55:0.04:0.41, while at 17.7 and 25.0 kcal mol−1

they are 0.46:0.18:0.36 and 0.35:0.43:0.22, respectively[31].
These results thus clearly show that solvent transfer can
be increased with increased kinetic energy which evidently
aids in passage over a barrier. It was also shown that sol-
vent transfer only takes place in a very narrow range of the
HO H· · ·F−· · ·CH3Cl angles, thereby explaining why sol-
vent transfer in these reactions has been observed so seldom
in experiments. Finally, Raugei et al.[32] have reported data
on the potential energy profiles and stationary points for Eq.
(15) (n= 0–2).

Cl−(H2O)n + CH3Br → products (15)

By molecular dynamics (MD) computations these au-
thors were able to confirm reports by Seeley et al.[25]
on similar reactions. They observed for ligand switching
for both n= 1 and 2. In addition, for then= 1 S 2 reac-
t d,
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o ried
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Surprisingly, no experimental thermochemical data on
important cluster ions of this type have been reported to
date. As noted above, most computational data on solvated
SN2 reactions have involved water as the solvent and, it
would seem logical to extend such investigations to more
commonly employed solvent types as well.

In the present work, a combined PHPMS and computa-
tional ab initio study is presented to add information on the
thermochemistry and structures of solvated SN2 complexes
and transition states. Various solvents have been investigated
to gain insight into the intrinsic nature of solvent effects at
the micro-solvation level. Some of the solvents studied, both
in the experiments and the computations, are not necessarily
commonly employed but they do serve as useful models for
various solvent types.

2. Experimental

All measurements were carried out on a pulsed-ionization
high pressure mass spectrometer (PHPMS), configured
around a VG 8-80 mass analyzer. The instrument, constructed
at the University of Waterloo, has been described in detail
previously[40].

Gas mixtures were prepared in a 5 L heated stainless steel
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N
ion an activation energy of 2.5 kcal mol−1 was measure
hile at the B3LYP/6-311+G(d,p) level of theory a va
f −1.9 kcal mol−1 was found. Mohamed and Jensen car
ut DFT and ab initio computations at the B3LYP/6-31+G
nd MP2/6-31+G(d)//B3LYP/6-31+G(d) levels of theory

he micro-solvated reactions, Eq.(16),

l−(S)n + RCl → ClR + Cl−(S)n (16)

ith R = CH3, CH3CH2, (CH3)2CH, (CH3)3C; S = H2O,
H3OH, CH3CN, (CH3)2CO, (CH3)2O, CH3CH2CH3,
= 0–2, 0–4 (S = H2O only) [33]. In addition, to include ef

ects of bulk solvation, the reactions were also studied u
he polarizable continuum model (PCM) at the B3LYP
1+G(d) level of theory. Not surprisingly, it was found t

or all solvents used the barrier heights increase with the
er of solvent molecules and that, except for R = (CH3)3C, the

ransition state structures do not change substantively
olvation. The PCM model has been shown to underest
he trend in increase of activation energies relative to the
hase, which depends on the dielectric constant of the
ent. Finally it should be noted that other studies of solv
N2 reactions have been reported, but their main focus
een on equilibrium and non-equilibrium solvent effects,
inetic solvent isotope effects[34–39]. These topics, whil

nteresting and important, will not be discussed, within
ontext of the present work.

As can be seen inFig. 1b and c and from Eq.(6), the
olvated SN2 complexes, (S)nX−(RY), are intermediate
n the potential energy surfaces of SN2 reactions in th
ondensed phase and in micro-solvated gas phase rea
 .

eservoir at 350–380 K, by using CH4 as the bath gas at a pre
ure of 300–800 Torr. Chloride ion was generated from t
mounts of CCl4 by dissociative electron capture of therm

zed electrons from 50 to 500�s pulses of a 2 keV electro
un beam. Two different methods were used to generate
ide ion. In the first, bromide ion was generated from C4
y dissociative electron capture, in analogous fashion t
eneration of chloride ion, by injecting 3�l of a CBr4/C6H6
olution, with a CBr4 concentration of 0.287 M, into the res
oir. The second method, which generates bromide ion
fficiently, involves the SN2 reaction between Cl− andn-butyl
romide (Eq.(17)).

l− + CH3CH2CH2CH2Br

→ Br− + CH3CH2CH2CH2Cl (17)

The two alkyl halides ((CH3)2CHCl and (CH3)2CHBr)
nd the four solvents (CH3OH, CH3CN, (CH3)2CO, and
H3CF2H) were added in a wide variety of relative amou
epending upon the ion source temperature and the nat

he experiment involved. The ion source pressure and
erature ranged from 4.0 to 7.5 Torr and 300 to 380 K
pectively.

Time intensity profiles of mass selected ions were m
ored by using a PC based multi-channel scalar (MCS)
cquisition system, configured at 50–200�s dwell time pe
hannel over 250 channels. Additive accumulations o
ignals from 1000 to 2000 electron gun beam pulses
sed.

Equilibrium constants (Keq) at different absolute tempe
tures for the various halide ion–solvent (Eq.(18)), solvated
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SN2 (Eq. (19)), and SN2 complex solvation (Eq.(20))
clustering equilibria were determined from Eqs.(21)–(23),
respectively.

X− + S � X−(S) (18)

X−(S) + RY � (S)X−(RY) (19)

X−(RY) + S � (S)X−(RY) (20)

Keq,18 = Int(X−(S))

Int(X−)
· Po

PS,source
(21)

Keq,19 = Int((S)X−(RY))

Int(X−(S))
· Po

PRY,source
(22)

Keq,20 = Int((S)X−(RY))

Int(X−(RY))
· Po

PS,source
(23)

In Eqs. (21)–(23) Int(X−(S))/Int(X−), Int((S)X−(RY))/
Int(X−(S)), and Int((S)X−(RY))/Int(X−(RY)) are the ion in-
tensity ratios of the X−(S) and X−, (S)X−(RY) and X−(S),
and (S)X−(RY) and X−(RY) ions at equilibrium, respec-
tively; Po is the standard pressure (1 atm), andPS,source, and
PRY,sourceare the partial pressures (in atm) of the solvent (S)
and the SN2 substrate (RY) in the ion source, respectively.

From the equilibrium constants the standard Gibbs’ free
e ◦ (
c
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Equilibrium constants were calculated from the ex-
perimental data for various isotope pairs. For example,
the ratios 35Cl−(S)/(S)35Cl−(R35Cl) and 35Cl−(S)/
(S)35Cl−(R37Cl), and 35Cl−(S)/(S)35Cl−(R79Br) and
35Cl−(S)/(S)35Cl−(R81Br) would be measured and then
these data were statistically corrected using the appropriate
isotopic composition of the ions and neutral molecules
involved in the equilibrium.

Carbon tetrabromide,iso-propyl bromide and chloride,n-
butyl bromide, and 1,1-difluoroethane were obtained from
Aldrich Chemical Company Inc., acetonitrile and benzene
from BDH, acetone and methanol from Fisher Scientific, car-
bon tetrachloride from J.T. Baker Chemical Co., and methane
from Praxair. All chemicals were used as received

3. Computational

All computations were performed using the Gaussian 98
and 98W suites of programs[41]. Geometries were optimized
using the HF[42] and MP2(fc)[43] methods in combination
with the 6-31+G(d,p) (a) [44–48] basis set. Normal mode
vibrational frequencies were calculated at the HF level of
theory, scaled by 0.8930[49–51], while for some systems
the MP2 level of theory was used, scaled by 0.90[49]. Single
p (fc)
l (
[ s-
t ions
w ]
b Br
a ated
a de
v
s , the
L unc-
t f
t rmed
a t-
a s of
i
t d
a n
t ction
p

tial
e
t wing
f ef-
f using
t
M ove
m nzene,
c SO,
a n by
i

nergy changes (�G ) at different absolute temperaturesT)
an be calculated from Eq.(24).

G◦ = −RT ln(Keq) (24)

By combining Eqs.(24) and (25)the van’t Hoff equation
q.(26), can be obtained.

G◦ = �H◦ − T�S◦ (25)

n(Keq) = �S◦

R
− �H◦

R

1

T
(26)

By plotting ln(Keq) versus 1/T, �H◦ and�S◦ can be ob
ained directly from the slope and the intercept, respecti

hile both�H◦ and�S◦ values may have a temperat
ependence the application of the van’t Hoff equation
lies that they are constant throughout the temperature
xamined (21–112◦C). Moreover, our analysis of our exp

mental data for many different types of association equ
ia, with the aid of ab initio calculations, has revealed
ven though individual�Hf andSf may be strongly tem
erature dependent, the association reaction�H◦ and�S◦
re not and thus the reported experimental data will, w

he experimental error, reflect the corresponding�H◦
298 and

S◦
298 values. Hence comparison of the experimental

ith ab initio calculated�H◦
298 and�S◦

298 is expected t
e valid. Relative experimental errors reported are the r
f the precision of the equilibrium constant measurem
btained through regression analysis while the some

arger absolute experimental errors contain contribut
rom estimated uncertainties in temperature and pre
easurements.
oint energy computations were performed at the MP2
evel of theory in combination with the 6-311+G(3df,2p)b)
45–48,52]basis set, using the MP2/a geometry. For the sy
ems containing bromine and iodine, similar computat
ere performed, except that the 6-31+G(d) (c) [44–48,53
asis set was used for H, C, N, O, and Cl, while for
nd I a modified LanL2DZ ECP basis set, here indic
s LanL2DZ(spd) (d) [54,55], was used. The normal mo
ibrational frequencies were scaled by 0.8970[49]. For the
ingle point energy computations for bromine and iodine
anL2DZ(spd) basis set was used, including an extra f f

ion, indicated as LanL2DZ(spdf) (e) [54,55]. For some o
he systems investigated, computations were also perfo
t the G2(MP2) level of theory[56] to further test the sui
bility of the above mentioned method on the system

nterest. For the Cl− + CH3Br and Cl−(H2O) + CH3Br reac-
ions, potential energy surface scans[57] were performe
t the MP2/[c/d] level of theory to obtain information o

he reorganization of the solvent molecule as the rea
roceeds.

For the Cl− + CH3Cl reaction in the gas phase, a poten
nergy scan was performed at the MP2/c level of theory with

he Cl· · ·C distance as an adjustable parameter and allo
ull optimization of all other degrees of freedom. Solvent
ects in the condensed phase were taken into account by
he isodensity polarized continuum (IPC) model[58] at the
P2/c level of theory on optimized structures from the ab
entioned scan. The solvents used were heptane, be

hloroform, THF, acetone, methanol, acetonitrile, DM
nd water. The solvent was specified in the computatio

ncluding the dielectric constant (ε). For the Cl− + CH3I and
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I− + CH3Cl reactions in acetone, and for the F− + CH3Cl,
F− + CH3Br, F− + CH3I, Cl− + CH3Br,

Br− + CH3Br, and I− + CH3F reactions in water, the acti-
vation energies were determined at the MP2/cand MP2/[c/d]
levels of theory using the IPC model.

4. Results and discussion

4.1. Structures

In Table 2it can be seen that in general the MP2 optimized
geometries for the three methyl halides and the five solvent
molecules agree well with available experimental data[59].
The results from the HF geometries also show acceptable
agreement. It should be noted that higher levels of theory
would most probably give results that are in closer agree-
ment with experimental data, but for the objectives of this
study the results obtained are sufficiently accurate to provide
good qualitative and quantitative insights. Upon chloride ion
complex formation, some geometrical changes take place in
the solvent molecules, but no dramatic or unexpected changes
are observed. These results are summarized inTable 3. It is
interesting to note that chloride ion interacts with only one
h o
h

c he
l sets
[ l

Table 3
Computational MP2/a structural data for the chloride ion–solvent molecule
complexes

Complex Length (̊A)/angle (◦) MP2

Cl−(H2O) Cl−· · ·H 2.191
O H 0.986/0.963
H−O−H 101.5

Cl−(H2S) Cl−· · ·H 2.169
S H 1.368/1.330
H S H 93.1

Cl−(NH3) Cl−· · ·H 2.246
N H 1.025/1.014
H N H 105.2/106.1

Cl−(PH3) Cl−· · ·H 3.109/3.210
P H 1.398/1.418
H P H 95.8

Cl−(SO2) Cl−· · ·S 2.667
S O 1.492
O S O 115.2

Br−(H2O) Br−· · ·H 2.456
O H 0.989/0.971
H O H 101.5

to the results from the extensive studies of Glukhovtsev et
al. [61,63].

The solvated SN2 complexes, (S)X−(CH3Y) are far
more interesting from a chemical point of view, and a large
variation in structures can actually be observed. InFig. 2the
MP2 structures of the (S)Cl−(CH3Cl) complexes (S = H2O,
H2S, NH3, PH3, SO2) are shown. These reveal very different
bonding characteristics particularly relative to the Cl−(S)

T
C tructural data for the solvent and methyl halide molecules studied

M HF MP2 Experimenta

C 1.078 1.085 1.11± 0.01
1.786 1.778 1.784± 0.003

110.6 110.0 110± 2

C 1.076 1.088 1.086
1.954 1.952 1.933

111.1 110.9 111.2

C 1.077 1.088 1.084
2.148 2.146 2.132

111.2 111.0 111.2

H 0.943 0.963 0.958
107.1 105.4 104.45

H 1.327 1.331 1.3455
94.4 92.9 93.3

N 1.

108.

P 1.

95.

S 1.
118.
ydrogen atom of NH3, while it actually interacts with tw
ydrogen atoms of PH3.

Many results on the geometries of the SN2 ion–molecule
omplexes X−(CH3Y) have previously been reported in t
iterature using a large variety of methods and basis
60–64]. The present results inTable 4are almost identica

able 2
omputational HF/a, HF/[c/d], MP2/a, and MP2/[c/d] and experimental s

olecule Length (̊A)/angle (◦)

H3Cl C H
C Cl
H C H

H3Brb C H
C Br
H C H

H3Ib C H
C I
H C H

2O O H
H O H

2S S H
H S H

H3 N H
H N H

H3 P H
H P H

O2 S O
O S O

a From ref.[59].
b [c/d].
000 1.012 1.008± 0.004
9 108.1 107.3± 0.2

405 1.406 1.415± 0.003
7 94.7 93.3± 0.2

415 1.482 1.4321
6 119.3 119.536
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Table 4
Computational MP2/a and MP2/[c/d] structural data for the solvated and unsolvated SN2 complexes

X−(CH3Y) Length (Å) MP2 (S)X−(CH3Y) Length (Å) MP2 (S)X−(CH3Y) Length (Å) MP2

Cl− (CH3Cl) Cl· · ·C 3.256 (H2O)Cl−(CH3Cl) Cl· · ·C 3.269 (H2O)Cl− (CH3Br) Cl· · ·C 3.233
C Cl 1.808 C Cl 1.804 C−Br 1.983

Cl− (CH3Br) Cl· · ·C 3.201 H· · ·Cl 2.198 H· · ·Cl 2.239
C Br 1.990 (H2S)Cl−(CH3Cl) Cl· · ·C 3.265 (H2O)Br− (CH3Cl) Br· · ·C 3.455

Br− (CH3Cl) Br· · ·C 3.453 C Cl 1.804 C−Cl 1.804
C Cl 1.808 H· · ·Cl 2.195 H· · ·Br 2.482

(NH3)Cl−(CH3Cl) Cl· · ·C 3.261
C Cl 1.806
H· · ·Cl 2.423

(PH3)Cl−(CH3Cl) Cl· · ·C 3.261
C Cl 1.806
H· · ·Cl 2.502

(SO2)Cl−(CH3Cl) Cl· · ·C 3.512
C Cl 1.799
S· · ·Cl 2.651

complexes, but also relative to Cl−(CH3Cl), especially in the
case of (SO2)Cl−(CH3Cl). For S = H2O, H2S, NH3, and PH3
the Cl−(CH3Cl) moiety does not change significantly relative
to isolated Cl−(CH3Cl). However, for (SO2)Cl−(CH3Cl)

a large increase in the Cl−· · ·CH3Cl distance takes place,
from 3.256 to 3.512̊A. Other interesting features in this
structure are the interaction of the two oxygen atoms of SO2
with two hydrogen atoms of CH3Cl (R(O· · ·H) = 2.368Å),

F
O

ig. 2. Optimized MP2/a structure of (a) (H2O)Cl−(CH3Cl); (b) (H2SCl−(CH3Cl)
ptimized MP2/[c/d] structure of (f) (H2O)Cl−(CH3Br) and (g) (H2O)Br−(CH3Cl
; (c) (NH3)Cl−(CH3Cl); (d) (PH3)Cl−(CH3Cl) and (e) (SO2)Cl−(CH3Cl).
).
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as well as the interaction of the chloride ion with the third
hydrogen atom (R(Cl−· · ·H) = 3.046Å). H2O and H2S
bind almost identically to Cl−(CH3Cl), although the MP2
structures are quite different from the HF structures, with
the latter being more symmetric. Except for S = H2O, the
other three hydrogen bonding solvents show an expected
increase in the Cl−· · ·H distance. In contrast to Cl−(PH3), in
(PH3)Cl−(CH3Cl) the PH3 molecule is bonded to chloride
ion by only one hydrogen atom. Surprisingly, for the
(H2O)Cl−(CH3Br) complex a more symmetric structure was
obtained (Fig. 2(f)). However, it should be emphasized that
the potential energy surface for the solvent molecule motion
is fairly flat, and consequently the solvent molecule will
be fairly mobile, giving rise to various shallow minima and
considerable freedom of movement of the solvent molecule
within the complex. Similarly to the chloride ion complex,
the (H2O)Br−(CH3Cl) complex (Fig. 2(g)) has a symmetric
structure with the Cl−(CH3Br) and Br−(H2O) moieties in
this complex being almost identical to those in the isolated
complexes.

For the transition states [XCH3Y]−‡ similar comments can
be made to those advanced for the analogous ion–molecule
complexes. The structures of the solvated SN2 transition
states [(S)ClCH3Cl]−‡ are shown inFig. 3 and some of the
key bond distances are summarized inTable 5. For S = H2O
a . In
[ cts
w ight
s t for
S hile
t This
t
h
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t des.
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N

sition states. As in the solvated SN2 complex, PH3 only binds
via a single hydrogen atom in the solvated transition state.
The binding of SO2 in [(SO2)ClCH3Cl]−‡ is very different
than that in (SO2)Cl−(CH3Cl). As expected, R(S· · ·Cl) has
increased, from 2.651 to 2.959Å and only one oxygen atom
interacts with one hydrogen atom at R(O· · ·H) = 2.731Å.
From all of these structures it seems that upon going from
the solvated SN2 complex to the transition state, for all
solvents, a significant reorganization in the relative orien-
tation of the solvent molecule takes place. Transition state
structures [(H2O)nClCH3Cl]−‡ with n= 1–3 have also been
reported, and various isomers are possible[34,38]. It seems
reasonable to assume that in the condensed phase extensive
solvation of the transition state occurs, and that solvent
reorganization is very complex. Nonetheless, information
on the mono-solvated transition state may still provide some
insight into the bulk behaviour, and even at this level reveals
differences among solvents. For the water mono-solvated
[ClCH3Br]−‡ transition state, two isomers are possible,
[(H2O)ClCH3Br]−‡and [(H2O)BrCH3Cl]−‡ (Fig. 3(f) and
(g)). The halide bonded to the water molecule has a shorter
distance to the carbon atom than that in [ClCH3Br]−‡, while
the other halide atom will be further away from the carbon
atom. As expected, R(H· · ·X) will be shorter for X = Cl than
for Br, and this will have consequences for the solvation
e sing
t onal
i ules
i s.
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g ture
a f the
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T
C nd uns

[ Lengt

[ Cl· · ·C
C· · ·C

[ H· · ·C
Cl· · ·C

[ C· · ·C
H· · ·C

[ Cl· · ·C
C· · ·C
H· · ·C
Cl· · ·C
C· · ·C
H· · ·C
Cl· · ·C
C· · ·C
S· · ·C
nd H2S relatively symmetric structures are obtained
(H2S)ClCH3Cl]−‡ the hydrogen atom not only intera
ith the chloride on the left side, but also with that on the r
ide. However, it cannot be confidently concluded tha
= H2S transfer of the solvent molecule from the nucleop

o the leaving group would necessarily be more facile.
ype of structure is not seen in these calculations for S = H2O,
owever Morokuma[27] and Tucker and Truhlar[34] did
nd a bridge-like transition state for S = H2O, in which the
wo hydrogen atoms are interacting with the two chlori
ttempts to find similar structures failed at the MP2/a level
f theory. The bonding of NH3 and PH3 is very different, with
H3 bonding being more like that in the H2O and H2S tran-

able 5
omputational MP2/a and MP2/[c/d] structural data for the solvated a

XCH3Y]− Length (Å) MP2 [(S)XCH3Y]−

ClCH3Cl]− Cl· · ·C 2.310 [(H2O)ClCH3Cl]−
C· · ·Cl 2.311

ClCH3Br]− Cl· · ·C 2.371
C· · ·Br 2.430 [(H2S)ClCH3Cl]−

ClCH2CNBr]− Cl· · ·C 2.365
C· · ·Br 2.440

ClCH3I]− Cl· · ·C 2.414 [(NH3)ClCH3Cl]−
C· · ·I 2.588

[(PH3)ClCH3Cl]−

[(SO2)ClCH3Cl]−
nergy (see below). Finally, it should be noted that increa
he number of solvent molecules could provide additi
nsight in the cooperative binding of the solvent molec
n both the ion–molecule complexes and transition state

.2. Experimental thermochemistry

In Tables 6–9the experimental PHPMS thermochem
ata derived from this work on solvated SN2 complexes to
ether with that for other relevant species from the litera
re shown. The corresponding van’t Hoff plots for each o
lustering reactions studied are shown inFig. 4. Iso-propyl
hloride and bromide were chosen as the proto

olvated SN2 transition states

h (Å) MP2 [(S)XCH3Y]− Length (Å) MP2

2.265 [(H2O)ClCH3Br]− Cl· · ·C 2.317
l 2.348 Cl· · ·Br 2.474

l 2.294 H· · ·Cl 2.308
2.277 [(H2O)BrCH3Cl]− Br· · ·C 2.394

l 2.333 Cl· · ·Cl 2.398
l 2.443 H· · ·Br 2.582

2.288 [(H2O)ClCH2CNBr]− Cl· · ·C 2.317
l 2.329 C· · ·Br 2.476
l 2.536 H· · ·Cl 2.453

2.288
l 2.332
l 2.650

2.232
l 2.387
l 2.959
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Fig. 3. Optimized MP2/a structure of (a) [(H2O)ClCH3Cl]−‡; (b) [(H2S)ClCH3Cl]−‡; (c) [(NH3)ClCH3Cl]−‡; (d) [(PH3)ClCH3Cl]−‡ and (e)
[(SO2)ClCH3Cl]−‡. Optimized MP2/[c/d] structure of (f) [(H2O)ClCH3Br]−‡ and (g) [(H2O)BrCH3Cl]−‡.

Table 6
Experimental PHPMS thermochemistry for the X− + S � X−(S) (X = Cl, Br; S = CH3OH, CH3CN, (CH3)2CO, CH3CF2H) and X− + RY � X−(RY) (X,
Y = Cl, Br; R = (CH3)2CH) clustering equilibria

System# Clustering equilibrium �H◦ (kcal mol−1) �S◦ (cal mol−1 K−1) Reference

Cl− + (CH3)2CHCl� Cl−((CH3)2CHCl) −14.7 −23.3 [65]
Cl− + (CH3)2CHBr� Cl−((CH3)2CHBr) −15.2 −24.0 [65]
Cl− + CH3OH� Cl−(CH3OH) −17.5 −24.0 [71]
Cl− + CH3CN� Cl−(CH3CN) −15.8 −18.7 [65]

1 Cl− + (CH3)2CO� Cl−((CH3)2CO) −14.1 −20.2 This work
2 Cl− + CH3CF2H � Cl−(CH3CF2H) −12.8 −18.4 This work

Br− + (CH3)2CHCl� Br−((CH3)2CHCl) −12.4 −20.6 [65]
Br− + CH3OH� Br−(CH3OH) −14.5 −21.9 [73]
Br− + CH3CN� Br−(CH3CN) −14.3 −18.7 [65]

3 Br− + (CH3)2CO� Br−((CH3)2CO) −11.2 −15.9 This work
4 Br− + CH3CF2H � Br−(CH3CF2H) −10.6 −15.7 This work

Estimated relative errors:�H◦ ±0.2 kcal mol−1; �S◦ ± 1.0 cal mol−1 K−1. Estimated absolute errors:�H◦ ± 0.4 kcal mol−1; �S◦ ± 2.0 cal mol−1 K−1.
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Fig. 4. van’t Hoff plots for (a) the Cl− + S� Cl−(S) (S = (CH3)2CO,
Cl−(S) + RCl� (S)Cl−(RCl) and Cl−(RCl) + S� (S)Cl−(RCl) (S = CH3OH;
R = (CH3)2CH) clustering equilibria; (e) the Cl−(S) + RCl� (S)Cl−(RCl) and
Cl−(RCl) + S� (S)Cl−(RCl) (S = CH3CF2H; R = (CH3)2CH) clustering equilib
the Cl−(S) + RBr� (S)Cl−(RBr) and Cl−(RBr) + S� (S)Cl−(RBr) (S = CH3CN
R = (CH3)2CH) clustering equilibria; (k) the Cl−(S) + RBr� (S)Cl−(RBr) and C
o
m
e
try

2
4
1
(2
0
0
5
)
2
0
5
–
2
2
3

CH3CF2H) clustering equilibria; (b) the Br− + S� Br−(S) (S = (CH3)2CO, CH3CF2H) clustering equilibria; (c) the
R = (CH3)2CH) clustering equilibria; (d) the Cl−(S) + RCl� (S)Cl−(RCl) and Cl−(RCl) + S� (S)Cl−(RCl) (S = CH3CN;
Cl−(RCl) + S� (S)Cl−(RCl) (S = (CH3)2CO; R = (CH3)2CH) clustering equilibria; (g) the Cl−(S) + RCl� (S)Cl−(RCl) and

ria; (h) the Cl−(S) + RBr� (S)Cl−(RBr) and Cl−(RBr) + S� (S)Cl−(RBr) (S = CH3OH; R = (CH3)2CH) clustering equilibria; (i)
; R = (CH3)2CH) clustering equilibria; (j) the Cl−(S) + RBr� (S)Cl−(RBr) and Cl−(RBr) + S� (S)Cl−(RBr) (S = (CH3)2CO;
l−(RBr) + S� (S)Cl−(RBr) (S = CH3CF2H; R = (CH3)2CH) clustering equilibria.
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Table 7
Experimental PHPMS thermochemistry for the Cl−(S) + RCl� (S)Cl−(RCl) and Cl−(RCl) + S� (S)Cl−(RCl) (S = CH3OH, CH3CN, (CH3)2CO, CH3CF2H;
R = (CH3)2CH) clustering equilibria

System# Clustering equilibrium �H◦ (kcal mol−1) �S◦ (cal mol−1 K−1)

5 Cl−(CH3OH) + (CH3)2CHCl� (CH3OH)Cl−((CH3)2CHCl) −11.0 −18.1
6 Cl−((CH3)2CHCl) + CH3OH� (CH3OH)Cl−((CH3)2CHCl) −14.6 −20.3
7 Cl−(CH3CN) + (CH3)2CHCl� (CH3CN)Cl−((CH3)2CHCl) −11.0 −18.5
8 Cl−((CH3)2CHCl) + CH3CN� (CH3CN)Cl−((CH3)2CHCl) −11.7 −13.8
9 Cl−((CH3)2CO) + (CH3)2CHCl� ((CH3)2CO)Cl−((CH3)2CHCl) −11.7 −19.7

10 Cl−((CH3)2CHCl) + (CH3)2CO� ((CH3)2CO)Cl−((CH3)2CHCl) −10.5 −14.4
11 Cl−(CH3CF2H) + (CH3)2CHCl� (CH3CF2H)Cl−((CH3)2CHCl) −11.3 −18.4
12 Cl−((CH3)2CHCl) + CH3CF2H � (CH3CF2H)Cl−((CH3)2CHCl) −10.9 −17.5

Estimated relative errors:�H◦ ± 0.2 kcal mol−1, �S◦ ± 1.0 cal mol−1 K−1. Estimated absolute errors�H◦ ± 0.4 kcal mol−1; �S◦ ± 2.0 cal mol−1 K−1.

Table 8
Experimental PHPMS thermochemistry for the Cl−(S) + RBr� (S)Cl−(RBr) and Cl−(RBr) + S� (S)Cl−(RBr) (S = CH3OH, CH3CN, (CH3)2CO, CH3CF2H;
R = (CH3)2CH) clustering equilibria

System# Clustering equilibrium �H◦ (kcal mol−1) �S◦ (cal mol−1 K−1)

13 Cl−(CH3OH) + (CH3)2CHBr� (CH3OH)Cl−((CH3)2CHBr) −11.8 −21.0
14 Cl−((CH3)2CHBr) + CH3OH� (CH3OH)Cl−((CH3)2CHBr) −14.8 −22.9
15 Cl−(CH3CN) + (CH3)2CHBr� (CH3CN)Cl−((CH3)2CHBr) −12.3 −21.1
16 Cl−((CH3)2CHBr) + CH3CN� (CH3CN)Cl−((CH3)2CHBr) −13.9 −21.5
17 Cl−((CH3)2CO) + (CH3)2CHBr� ((CH3)2CO)Cl−((CH3)2CHBr) −11.9 −19.4
18 Cl−((CH3)2CHBr) + (CH3)2CO� ((CH3)2CO)Cl−((CH3)2CHBr) −11.9 −20.0
19 Cl−(CH3CF2H) + (CH3)2CHBr� (CH3CF2H)Cl−((CH3)2CHBr) −11.9 −18.8
20 Cl−((CH3)2CHBr) + CH3CF2H � (CH3CF2H)Cl−((CH3)2CHBr) −12.4 −23.4

Estimated relative errors:�H◦ ± 0.2 kcal mol−1; �S◦ ± 1.0 cal mol−1 K−1. Estimated absolute errors:�H◦ ± 0.4 kcal mol−1; �S◦ ± 2.0 cal mol−1 K−1.

alkyl halides for this study in order that the binding energetics
of the three component complexes would be sufficient to per-
mit equilibrium measurements to be made over an adequate
temperature range. In addition, in order that the SN2 dis-
placement reaction of the unsolvated species be sufficiently
slow that no complications due to its occurrence interfere
with the clustering measurements,iso-propyl bromide was
taken as the only viable choice for the non-identity reac-
tion. This is a consequence of the fact that the barrier to
this reaction lies above the energy of reactants whereas for
both methyl and ethyl bromides the barrier lies below the
energy of reactants. For solvents, methanol was chosen as
a prototypical protic species, acetonitrile and acetone were

chosen as typical dipolar aprotic solvents and CH3CF2H
was chosen as an, albeit poor, model of a hydrocarbon
solvent.

In previous work from this laboratory Li et al.[65]
determined the well-depths and transition state energies for
several SN2 reactions using similar PHPMS experiments and
some of these data relevant to the present study are also sum-
marized inTable 6. As noted above, there are two different
reactions that can take place leading to the solvated SN2 com-
plex (S)X−(RY), Eqs.(3) and (4). A thermochemical cycle
for the formation of the (S)X−(RY) complex from separated
reactants, X−, RY, and S, which relates the thermochemical
values for the two different routes to the solvated complexes

Table 9
Experimental PHPMS thermochemistry for the Br−(S) + RCl� (S)Br−(RCl) and Br−(RCl) + S� (S)Br−(RCl) (S = CH3OH, CH3CN, (CH3)2CO, CH3CF2H;
R = (CH3)2CH) clustering equilibria

Clustering equilibrium �G◦
300 (kcal mol−1) �H◦ (kcal mol−1) �S◦ (cal mol−1 K−1)

Br−(CH3OH) + (CH3)2CHCl� (CH3OH)Br−((CH3)2CHCl) −4.9 −10.6 −18.0
Br−((CH3)2CHCl) + CH3OH� (CH3OH)Br−((CH3)2CHCl) −7.0 −12.4 −18.0
Br−(CH3CN) + (CH3)2CHCl� (CH3CN)Br−((CH3)2CHCl) −4.5 −9.9 −18.0
Br−((CH3)2CHCl) + CH3CN� (CH3CN)Br−((CH3)2CHCl) −6.4 −12.0 −18.0
Br−((CH3)2CO) + (CH3)2CHCl� ((CH3)2CO)Br−((CH3)2CHCl) −5.0 −10.4 −18.0
Br−((CH3)2CHCl) + (CH3)2CO� ((CH3)2CO)Br−((CH3)2CHCl) −5.3 −10.7 −18.0
Br−(CH3CF2H) + (CH3)2CHCl� (CH3CF2H)Br−((CH3)2CHCl) −5.0 −10.4 −18.0
B − − −4.8

E ; �S◦ ±
�

r ((CH3)2CHCl) + CH3CF2H � (CH3CF2H)Br ((CH3)2CHCl)

stimated relative errors:�G◦
300± 0.2 kcal mol−1; �H◦ ± 0.5 kcal mol−1

H◦ ± 1.0 kcal mol−1; �S◦ ± 2.0 cal mol−1 K−1.
−10.2 −18.0

1.0 cal mol−1 K−1. Estimated absolute errors:�G◦
300± 0.4 kcal mol−1;
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Fig. 5. Thermochemical cycle for the formation of solvated SN2 complexes.

is shown inFig. 5. Using the data inTables 6–9the energetics
for the formation of the solvated SN2 complexes can be
calculated by the two different routes. For the Cl−/CH3OH,
CH3CN and (CH3)2CO/(CH3)2CHCl systems the agreement
following these two pathways is generally very good and
the conclusion can be drawn that the structures of the
solvated SN2 complexes formed are independent of the
path followed. However, the same cannot be said for the
Cl−/CH3CF2H/(CH3)2CHCl, Cl−/CH3CF2H/(CH3)2CHBr
and Br−/(CH3)2CO, CH3CF2H/(CH3)2CHBr systems.
These cases represent situations where the alkyl halide
binds the relevant halide ion more strongly than the solvent
molecule. It might then be anticipated that the addition of
the solvated halide ion to the alkyl halide is accompanied
effectively by a halide ion transfer to the alkyl halide and
subsequent solvation of that complex. The fact that the two
routes through the thermochemical cycle do not give the same
energetic changes would suggest that possibly the situation
is not this simple. A comparison of the data inTables 8 and 9
reveals that the enthalpy changes for complexation for the
four special cases above are less favourable than expected,
which leads to the possibility that this halide ion transfer
is not occurring and that more than one possible structure
of the solvated complex might be formed. It is known that
proton transfer involving carbon acids frequently involves
s lkyl
h h a

T
C he X+ S� X−(S) and X− + CH3Y � X−(CH3Y) (X = Cl, Br; Y = Cl, Br, I; S = H2O,
H

C �

H◦ (kcal mol−1)
�S◦

298
(cal mol−1 K−1)

�S◦
(cal mol−1 K−1)a

PHPMS HF PHPMS

C −14.7b −17.5 −19.7b

C −17.5
C −8.2c −14.9 −15.4c

C
C −
C
C −
C −
C
B −
B −
a fFrom r

Table 11
Computational MP2//MP2∆Hcirc

298 values for the X−(S) + CH3Y �
(S)X−(CH3Y) and X−(CH3Y) + S� (S)X−(CH3Y) (X = Cl, Br; Y = Cl, Br,
I; S = H2O, H2S, NH3, PH3, SO2, CH3OCH3) clustering equilibria

Clustering equilibrium �H◦
298,

MP2//MP2
(kcal mol−1)

Cl−(H2O) + CH3Cl � (H2O)Cl−(CH3Cl) −8.5
Cl−(CH3Cl) + H2O� (H2O)Cl−(CH3Cl) −12.6
Cl−(H2S) + CH3Cl � (H2S)Cl−(CH3Cl) −8.3
Cl−(CH3Cl) + H2S� (H2S)Cl−(CH3Cl) −10.7
Cl−(NH3) + CH3Cl � (NH3)Cl−(CH3Cl) −8.9
Cl−(CH3Cl) + NH3 � (NH3)Cl−(CH3Cl) −6.6
Cl−(PH3) + CH3Cl � (PH3)Cl−(CH3Cl) −9.6
Cl−(CH3Cl) + PH3 � (PH3)Cl−(CH3Cl) −4.5
Cl−(SO2) + CH3Cl � (SO2)Cl−(CH3Cl) −9.1
Cl−(CH3Cl) + SO2 � (SO2)Cl−(CH3Cl) −20.0
Cl−(H2O) + CH3Br � (H2O)Cl−(CH3Br) −8.3
Cl−(CH3Br) + H2O� (H2O)Cl−(CH3Br) −12.4
Cl−(CH3OCH3) + CH3I � (CH3OCH3)Cl−(CH3I) −9.8
Cl−(CH3I) + CH3OCH3 � (CH3OCH3)Cl−(CH3I) −7.1
Br−(H2O) + CH3Cl � (H2O)Br−(CH3Cl) −8.4
Br−(CH3Cl) + H2O� (H2O)Br−(CH3Cl) −10.9

substantial barrier between the minima is not unreasonable.
Unfortunately the substantial computer resources necessary
to test this hypothesis via ab initio calculations were not
available to us. It is quite noteworthy however that the trends
in energetics with changing solvent for analogous reactions
reveals no strong differences among the four prototypical
solvents investigated.

4.3. Computational thermochemistry

In Table 10, the computational thermochemistry for a large
variety of halide ion–solvent molecule and SN2 substrate
clustering equilibria, together with available experimental
data[65,66] are shown. In general, the agreement between
�H◦

298 values from the MP2/b//MP2/a and G2(MP2)

ubstantial barriers and thus a complex of halide ion, a
alide and solvent which exists in a double well wit

able 10
omputational and experimental literature thermochemical data for t−

2S, NH3, PH3, SO2, CH3OCH3) clustering equilibria

lustering equilibrium �H◦
298 (kcal mol−1)

MP2//MP2 G2(MP2)

l− + H2O� Cl−(H2O) −14.5 −14.2
l− + H2S� Cl−(H2S) −12.8 −12.5
l− + NH3 � Cl−(NH3) −8.1 −8.0
l− + PH3 � Cl−(PH3) −5.3 −6.0
l− + SO2 � Cl−(SO2) −21.3 −21.8
l− + CH3OCH3 � Cl−(CH3OCH3) −7.6
l− + CH3Cl � Cl−(CH3Cl) −10.4 −10.7
l− + CH3Br � Cl−(CH3Br) −10.4
l− + CH3I � Cl−(CH3I) −7.6
r− + H2O� Br−(H2O) −13.2
r− + CH3Cl � Br−(CH3Cl) −10.7

MP2/a, bFrom ref.[72], cFrom ref.[73], dFrom ref.[74], eFrom ref.[65],
−14.0
22.2c −21.4 −21.6c

−7.5d −19.0a −15.3d

10.4e −14.6 −15.3e

12.5e −14.9
−9.8f −14.9a

11.7b −16.4 −14.7b

10.9e −13.6 −20.3e

efs.[75,76].
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computations and�H◦ values from PHPMS experiments are
good to excellent. This gives some confidence that the results
from the MP2/b//MP2/a for the solvated SN2 systems should
also give reliable results and trends. Entropy data are calcu-
lated using the standard statistical thermodynamic formu-
lations for a rigid rotor, harmonic oscillator species. For the
�S◦

298 values from HF/a computations and�S◦ values from
PHPMS experiments the agreement is very much system
dependent. Systems containing bromine and iodine atoms
gave varying results. In general however, for most systems
studied, the agreement with other available computational
data was good. For some of the more weakly bound systems
the calculated�S◦

298 values show substantial inconsistencies
with the experimental PHPMS data. This is particularly true
for the larger, more complex substrates. This is more than
likely the result of the failure of the calculations to accurately
reproduce low frequency intermolecular vibrational modes
as well as the fact that treatment of these modes by the
standard procedures does not take account of their anhar-
monic character. Additionally, particularly for more complex
systems, the possibility of the presence of more than one
conformational form could also contribute to any differences.

In Table 11the�H◦
298values for the formation of solvated

SN2 complexes from the MP2/b//MP2/a computations are
shown. For the reasons noted above�S◦

298 values are not
r ince
o n
i cycle
i take
p nt
m
�

Tucker and Truhlar[34] found a �H◦
298 value of

−10.1 kcal mol−1, at the MP2/6-31G(d,p) level of the-
ory, for Eq. (27a) while for Eq. (27b) a �H◦

298 value of
−9.3 kcal mol−1 was obtained.

Cl−(H2O) + CH3Cl � (H2O)Cl−(CH3Cl) (27a)

Cl−(H2O)2 + CH3Cl � (H2O)2Cl−(CH3Cl) (27b)

No other computations with other solvents than water are
available for the X−(S) + RY reactions.

In Table 12the results of the�H
‡
298 values to go from the

reactants to the transition states for selected unsolvated and
solvated SN2 reactions (Eqs.(28) and (29)) are given.

X− + CH3Y � [XCH3Y]−‡ (28)

X−(S) + CH3Y → [(S)XCH3Y]−‡ (29)

The present values for Eq.(28) give reasonable to good
agreement with available experimental and computational
data. It can be seen that the�H

‡
298 values for S = H2O and

H2S are nearly identical, while the same is true for S = NH3

and PH3. Tucker and Truhlar[34] found a�H
‡
298 value of

+5.4 kcal mol−1 for Eq. (30) at the MP2/6-31G(d,p) level of
theory, while for Eq.(31) a value of +10.7 kcal mol−1 was
obtained.

C

C

ore
s
i

T
C + Y = C

R P2//M

C
C
C
C
B
B
C
C
C
C
C
C
C
B

eported as they are expected to be significantly in error. S
nly one structure of the solvated SN2 complex has bee

nvestigated, these values all satisfy the thermochemical
n Fig. 5. As noted above, some structural changes can
lace in the X−(RY) complexes after addition of a solve
olecule, and this may give rise to unexpected�H◦ and
S◦ values.

able 12
omputational MP2//MP2�H

‡
298 and experimental�H‡ values for the X−

eaction �H◦
298, M

l− + CH3Cl → [ClCH3Cl]− +4.5
l− + CH3Br → [ClCH3Br]− +2.9
l− + CH3I → [ClCH3I]− −0.1
l− + CH2CNBr→ [ClCH2CNBr]− −5.6
r− + CH3Cl → [ClCH3Br]− +3.1
r− + CH2CNCl→ [ClCH2CNBr]− −6.5
l−(H2O) + CH3Cl → H2O)ClCH3Cl]− +9.0
l−(H2S) + CH3Cl → H2S)ClCH3Cl]− +9.3
l−(NH3) + CH3Cl → [(NH3)ClCH3Cl]− +7.2
l−(PH3) + CH3Cl → [(PH3)ClCH3Cl]− +7.3
l−(SO2) + CH3Cl → [(SO2)ClCH3Cl]− +15.5
l−(H2O) + CH3Br → [(H2O)ClCH3Br]− +7.0
l−(H2O) + CH2CNBr→ [(H2O)ClCH2CNBr]− −1.3
r−(H2O) + CH3Cl → [ClCH3Br(H2O)]− +6.1

a From ref.[77].
b From ref.[78].
c From ref.[79].
d From ref.[80].
e From ref.[81].
f From ref.[65].
g From ref.[82].
h From ref.[25].
i From ref.[83].
l−(H2O) + CH3Cl → [(H2O)ClCH3Cl]−‡ (30)

l−(H2O)2 + CH3Cl → [(H2O)2ClCH3Cl]−‡ (31)

Introducing more solvent molecules will give rise to m
olvated transition states as shown by Morokuma[27]. For
nstance, for Eq.(31), [(H2O)ClCH3Cl(H2O)]−‡ would also

l, Br, I; Z = H, CN, S = H2O, H2S, NH3, PH3, SO2) reactions

P2 (kcal mol−1) �H#, experiment (kcal mol−1)

+1.0± 1.0a, +3.1b, +2.5c, 2.9± 1.0d

−1.8e, −1.8f ,−1.7d, −1.5g, −1.1c, −4.7h

−4.6± 0.5d, −2.7i

−6.1c

+5.7f
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Fig. 6. Plot of−�H◦
298 for the formation of Cl−(S) vs.−�H◦

298 for the
formation of (S)Cl−(CH3Cl) and [(S)ClCH3Cl]− (S = H2O, H2S, NH3, PH3,
SO2).

be a valid alternative. A different picture emerges if�H◦
298

for Eq.(32) is taken instead of�H
‡
298 for Eq.(29).

[ClCH3Cl]−‡+ S � [(S)ClCH3Cl]−‡ (32)

For S = H2O, H2S, NH3, PH3, and SO2 �H◦
298 values of

−9.9,−8.0,−5.3,−2.4, and−11.2 kcal mol−1, respectively,
can be found. A plot the−�H◦

298 values for Eq.(33) versus
the−�H◦

298values for Eqs.(32) and (34), is shown inFig. 6.

Cl− + S � Cl−(S) (33)

Cl−(CH3Cl) + S � (S)Cl−(CH3Cl) (34)

Interestingly, both plots show a linear correlation, except
for the transition state solvation by SO2. From these plots
it can be seen that the solvation of the transition states is
less exothermic than the solvation of the SN2 ion–molecule
complexes, which is in turn less exothermic than the solvation
of the bare halide ion.

In Fig. 7all data for Eqs.(17)–(19)from Tables 10–12are
shown together as schematic potential energy profiles. With
the exception of PH3 the transition states [(S)ClCH3Cl]−‡ can
all be seen to be lower in�H◦

298 value than the separated in-
dividual reactants, Cl− + CH3Cl + S. This means that it could
be possible to kinetically excite35Cl−(S), for instance, and
to monitor formation of37Cl− and/or37Cl−(S) from these
e

3

3

gies
f ion
(
a

3

3

Fig. 7. Schematic MP2/b//MP2/a potential energy profiles for the
Cl− + CH3Cl and Cl−(S) + CH3Cl reactions (S = H2O, H2S, NH3, PH3,
SO2).

For the water mono-solvated transition state of
[ClCH3Br]−, two isomers are possible, [(H2O)ClCH3Br]−
and [(H2O)BrCH3Cl]−. At the MP2/[b/e]//MP2/[c/d] level
of theory, including zero-point energies and thermal correc-
tions at the MP2/[c/d] level of theory, the first of these is
only 0.4 kcal mol−1 more favorable than the second. Still,
the barrier, if present, for the water transfer reaction, will be
expected to be considerably higher in�G◦

298, mainly due to
the unfavorable entropy associated with the bridged transition
state for water transfer. Seeley et al.[25] found an activation
energy for Eq.(38)of +2.7 kcal mol−1.

Cl−(H2O) + CH3Br → Cl−(CH3Br) + H2O (38)

Correcting the calculated activation energy (+2.9 kcal
mol−1) for the non-solvated SN2 reaction to match the ex-
perimental value of−1.8 kcal mol−1, and applying this cor-
rection to the calculated activation energy for Eq.(38) gives
a value of +2.5 kcal mol−1. Even though the agreement is
very close, the values cannot really be compared since they
represent different processes. From the potential energy sur-
face discussed below it can be seen that ligand switching is
indeed energetically more favorable than the solvated SN2
reaction.

The main question then is, are there, besides the sol-
vated SN2 reactions mentioned in the introduction, other sys-
t e
o e that
m ese
a o the
c ental
nergetic collisions with CH3Cl (Eq.(35a) and (35b)).

5Cl−(S) + CH3
37Cl → 37Cl− + CH3

35Cl + S (35a)

5Cl−(S) + CH3
37Cl → 37Cl−(S) + CH3

35Cl (35b)

Unfortunately, at lower centre-of-mass kinetic ener
or 35Cl−(S), simple collision induced dissociation (react
36)) or chloride ion transfer to CH3Cl (reaction(37)) may
lso occur.

5Cl−(S) + CH3Cl → 35Cl− + S + CH3Cl (36)

5Cl−(S) + CH3Cl → 35Cl−(CH3Cl) + S (37)
ems possible for which true solvated SN2 reactions can b
bserved? It does not seem unreasonable to assum
ono-solvated SN2 reactions in the gas phase, if even th
re possible to perform, are the closest one can get t
ondensed phase counterparts. Obtaining such experim
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Fig. 8. MP2/[c/d] potential energy profiles for the Cl− + CH3Br →
Br− + CH3Cl and Cl−(H2O) + CH3Br → Br− + (CH3Cl)(H2O) and
Br−(H2O) + CH3Cl reactions.

data is quite necessary to test the computational data, which
can often be very method and/or system dependent. The re-
activity of most larger clusters investigated to date show no
SN2 processes taking place. Producing less strongly bound
clusters that could still show some reactivity seems unpro-
ductive since these do not relate well to the actual solution
phase solvents used.

4.4. Potential energy surfaces

In Fig. 8the results for potential energy surface scans for
Eqs.(39)–(41)are shown.

Cl− + CH3Br → Br− + CH3Cl (39)

Cl−(H2O) + CH3Br → Br− + (CH3Cl)(H2O) (40)

Cl−(H2O) + CH3Br → Br−(H2O) + CH3Cl (41)

The reaction coordinate was taken to be the difference
in the C Br and C Cl distances. For Eq.(39) the expected
qualitative profile has been obtained, even though the barrier
height relative to the reactants does not seem to agree with
many experimental data or with various computational results
that support the experimental data. For Eqs.(40) and (41),
two different potential energy surfaces have been obtained,
however this difference is only evident on the product side of
t be
u n
g
d d be

Fig. 9. MP2/c and MP2/c IPCM potential energy surface scan plots of the
gas phase and water phase Cl− + CH3Cl SN2 reactions, respectively.

taken into account. This transfer might simply be viewed as a
rotation of the Br−(CH3Cl) part of the complex. This would
seem to be an accessible alternative to the symmetric bridge-
like transition state that connects the [(H2O)ClCH3Br]−‡
and [ClCH3Br(H2O)]−‡ transition states. The expected in-
crease in the transition state energy for the solvated SN2
reaction is clearly observable. The occurrence of rotations
in ion–molecule clusters to facilitate isomerization is not
uncommon. For example, the unimolecular dissociation of
the Cl−(HOCF3) complex into Cl−(HF) and CF2O has been
shown to take place through a series of steps that include in-
ternal rotations in some of the intermediates (scheme(42))
[67].

Cl−(HOCF3) → [CF3O−(HCl)] → −OCF3(HCl)

→ Cl−(HF)(CF2O) → (FH)Cl−(CF2O)

→ Cl−(HF) + CF2O (42)

It does not seem unlikely, if the lifetime of the Y−(RX)(S)
complex is sufficient and excess internal energy can be re-
distributed efficiently, for isomerization to the more stable
(S)Y−(RX) complex to become possible, and consequently
the relative amount of observable solvated product ions,
Y−(S), may increase.

4 se
S

an at
t e
he profile. For Eq.(40) the same reaction coordinate can
sed like for Reaction 39. For Eq.(41)on the other hand, upo
oing from Br−(CH3Cl)(H2O) to (H2O)Br−(CH3Cl) an ad-
itional reaction coordinate for the water transfer shoul
.5. Gas phase mono-solvation versus condensed pha
N2 reactions

In Fig. 9 the gas phase potential energy surface sc
he MP2/c level of theory for Eq.(43) is shown, together th
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Table 13
Computational MP2 IPCM�E‡(ε) and �E(ε) values for the Cl−(S)∞ +
CH3Cl(S)∞ → [ClCH3Cl]−‡ (S)∞ and Cl−(CH3Cl)(S)∞ condensed phase
SN2 reactions for a variety of solvents

Solvent ε �E#(ε) (kcal mol−1) �E(ε) (kcal mol−1)

Gas phase 1.00 +7.7 −9.6
Heptane 1.92 +16.0
Benzene 2.247 +17.4 −4.6
Chloroform 4.9 +21.7 −2.6
THF 7.58 +22.5 −2.1
Acetone 20.7 +24.5 −1.4
Methanol 32.63 +24.8
Acetonitrile 36.64 +24.8
DMSO 46.7 +25.0
Water 78.3 +25.1 −1.2

condensed phase analog in water (Eq.(44))

Cl− + CH3
∗Cl → ∗Cl− + CH3Cl (43)

Cl−(H2O)∞ + CH3
∗Cl(H2O)∞

→ ∗Cl−(H2O)∞ + CH3Cl(H2O)∞ (44)

As expected, and as shown previously, the barrier in the
condensed phase has increased dramatically, and the well-
depths of the ion–molecule complexes have been reduced
considerably[68–70]. In addition, there is a small barrier,
corresponding to partial desolvation prior to formation of the
ion–molecule complex. It was assumed that the transition
state geometries in the gas and condensed phase are identi-
cal, and this was mainly done for CPU time saving purposes.
The results for the various MP2/c IPCM barrier heights and
well-depths,�E‡(ε) and�E(ε), respectively, in a variety of
solvents spanning a large range of dielectric constants,ε, are
shown inTable 13. The results are plotted inFigs. 10 and 11.
It can be seen that in going from the gas phase to THF as
solvent, a large increase in�E‡(ε) is observed, while upon
going from acetone to water it levels off. A similar but inverse
trend is observed by plottingε versus−�E(ε), with a large
drop going from the gas phase to THF, while from acetone
to water it levels off. Plotting−�E(ε) versus�E#(ε) gives a
n -
s other
c xperi-
m
s d ex-
c ri-
m
t ghes
a ost
e ol-
v red
t rders
o no-
s
a
f

Fig. 10. Plot of the dielectric constant (ε) vs. the MP2/cactivation energy for
the Cl− + CH3Cl SN2 reaction,�E‡(ε)MP2(fc)/6-31+G(d), in various solvents.

Fig. 11. Plot of the dielectric constant (ε) vs. the negative MP2/c complex-
ation energy for the Cl− + CH3Cl SN2 reaction,−�E(ε)MP2(fc)/6-31+G(d), in
various solvents.
early linear correlation (Fig. 12). To see how well the cho
en method actually performs, computations on various
ondensed phase systems were performed for which e
ental activation energies are known. The results inTable 14

how that good to excellent agreement can be obtaine
ept for systems where F− is the nucleophile. The expe
ental results for the Cl− + CH3Br and Br− + CH3Br reac-

ions may be inaccurate, as discussed by Moelwyn-Hu
nd co-workers[2–4]. As noted above, the results for m
xperiments inTable 1show that even the addition of one s
ent molecule will dramatically slow the reaction compa
o the non-solvated gas phase reaction by almost two o
f magnitude. It would be interesting to see if for mo
olvated SN2 reactions the linear correlation fromFig. 12
lso applies. InFig. 13a plot of−�H◦

298versus�H
‡
298, both

rom MP2/b//MP2/a computations for Eqs.(45) and (46),
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Fig. 12. Plot of−�E(ε)MP2(fc)/6-31+G(d)vs. �E‡(ε)MP2(fc)/6-31+G(d) for the
Cl− + CH3Cl SN2 reaction in various solvents.

respectively, is shown (S = H2O, H2S, NH3, PH3)

Cl−(S) + CH3Cl � (S)Cl−(CH3Cl) (45)

Cl−(S) + CH3Cl → [(S)ClCH3Cl]− (46)

In Fig. 14 a plot of −�H◦ for Eq. (47), from PHPMS
results of this work, versus�E‡ for Eq.(48), from Mohamed
and Jensen[33], is shown (S = CH3OH, CH3CN, (CH3)2CO).

Cl−(S) + (CH3)2CHCl � (S)Cl−((CH3)2CHCl) (47)

Cl−(S) + (CH3)2CHCl → [(S)ClCH(CH3)2Cl]− (48)

The �E‡ values were obtained as follows:�E‡ values
for [ClRCl]− (R = Me, Et, i-Pr, t-Bu) were taken as av-
erages from B3LYP/c and MP2/c//B3LYP/c computations,

Table 14
Computational MP2 IPCM�E‡ and experimental Ea values for
X−(S)∞ + CH3Y(S)∞ → [XCH3Y]−‡(S)∞ (X, Y = F, Cl, Br, I; S = H2O,
(CH3)2CO) condensed phase SN2 reactions

X− CH3Y Solvent �E#

(kcal mol−1)
Ea

(kcal mol−1)
Reference

Cl− CH3I Acetone +17.0 +16.5 [2]
I− CH3Cl Acetone +18.1 +18.0 [2]
Cl− CH3Br Acetone +20.6 +15.7 [84]
B −
F
F
F
C
B
I

Fig. 13. Plot of the MP2/b//MP2/a −�H◦
298 vs. −�H

‡
298 results for the

Cl−(S) + CH3Cl mono-solvated SN2 reaction.

Fig. 14. Plot of the PHPMS−�H◦ vs. the calculated�E‡ results for the
Cl−(S) + (CH3)2CHCl mono-solvated SN2 reactions.
r CH3Br Acetone +19.4 +15.8 [85]
− CH3Cl Water +14.9 +26.9 [3]
− CH3Br Water +14.2 +25.2 [3]
− CH3I Water +11.4 +25.2 [3]
l− CH3Br Water +21.2 +24.6 [3]
r− CH3Br Water +20.0 +23.7 [9]

− CH3F Water +25.1 +23.1 [3]
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and these values (3.5, 7.2, 10.0, and 17.4 kcal mol−1, re-
spectively). The�E‡ values for [(S)ClCH3Cl]− were es-
timated by taking the B3LYP/c �E‡ values and adding
5.0 kcal mol−1, a value based on the average of the�E‡

values for [(H2O)ClRCl]−. This gives �E‡ values for
S = CH3OH, CH3CN, and (CH3)2CO of 15.5, 14.6, and
13.4 kcal mol−1, respectively. It seems that the�H◦ value
for S = CH3OH should be around−10.1 kcal mol−1. In addi-
tion, for S = CH3CF2H a �E‡ value of 14.1 kcal mol−1 can
be estimated from interpolation of the fitted line. The latter
two values are indicated by white dots inFig. 14. In Fig. 13
the results for S = NH3 and PH3 are somewhat off the line,
but the overall result and conclusion do not change. These
results seem to indicate that from a thermochemical point of
view, mono-solvated SN2 reactions in the gas phase already
show features of their condensed phase counterparts.

5. Conclusion

In this work various aspects of the structures and thermo-
chemistry of solvated SN2 complexes and transition states
have been investigated using both experimental, PHPMS and
ab initio computational methods.

The structures of solvated S2 complexes, (S)X−(CH Y),
a t
b ent,
X e
s

vent
e
p o-
c hem-
i may
p ms.

de
c ta for
t
t
s r
b -
v e
M

o
a
[ for
�

ated
S
( u-
o l and
i

a e

MP2/[c/d] level of theory, show that formation of Br− and
Br−(H2O) proceeds through two different profiles. Isomer-
ization from Br−(CH3Cl)(H2O) to (H2O)Br−(CH3Cl) can
be accomplished by a rotation of the Br−(CH3Cl) part. This
process is energetically favorable and leads to a net solvent
transfer.

For the condensed phase Cl− + CH3Cl SN2 reactions in
a variety of solvents, the MP2/c IPCM −�E(ε) and�E‡(ε)
values show a leveling off as the dielectric constant increases
to around 20 (acetone). Plotting−�E(ε) versus�E‡(ε)
gives a linear correlation, and similar behavior is observed
for the MP2/b//MP2/a computations of the Cl−(S) + CH3Cl
reactions (S = H2O, H2S, NH3, PH3, SO2), and PHPMS
results and computations from Mohamed and Jensen for
the Cl−(S) + (CH3)2CHCl reactions (S = CH3OH, CH3CN,
(CH3)2CO). This may indicate that, in addition to dramatic
changes in the kinetics upon mono-solvation, the thermo-
chemistry may also begin to adopt condensed phase features.
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