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ABSTRACT: The α-effectenhanced reactivity of nucleo-
philes with a lone-pair adjacent to the attacking centerwas
recently demonstrated for gas-phase SN2 reactions of HOO−,
supporting an intrinsic component of the α-effect. In the
present work we explore the gas-phase reactivity of micro-
solvated nucleophiles in order to investigate in detail how the
α-effect is influenced by solvent. We compare the gas-phase
reactivity of the microsolvated α-nucleophile HOO−(H2O) to
that of microsolvated normal alkoxy nucleophiles, RO−(H2O),
in reaction with CH3Cl using a flowing afterglow-selected ion
flow tube instrument. The results reveal enhanced reactivity of HOO−(H2O) and clearly demonstrate the presence of an α-effect
for the microsolvated α-nucleophile. The association of the nucleophile with a single water molecule results in a larger Brønsted
βnuc value than is the case for the unsolvated nucleophiles. Accordingly, the reactions of the microsolvated nucleophiles proceed
through later transition states in which bond formation has progressed further. Calculations show a significant difference in
solvent interaction for HOO− relative to the normal nucleophiles at the transition states, indicating that differential solvation may
well contribute to the α-effect. The reactions of the microsolvated anions with CH3Cl can lead to formation of either the bare Cl

−

anion or the Cl−(H2O) cluster. The product distributions show preferential formation of the Cl− anion even though the
formation of Cl−(H2O) would be favored thermodynamically. Although the structure of the HOO−(H2O) cluster resembles
HO−(HOOH), we demonstrate that HOO− is the active nucleophile when the cluster reacts.

■ INTRODUCTION

Gas-phase ion-molecule studies provide a means to investigate
the intrinsic factors that affect reactions in a solvent free
environment or in an environment with a controlled number of
solvent molecules, also referred to as microsolvation. Drastic
differences are observed between gas-phase and condensed-
phase reactivity, as rate constants of gas-phase ion-molecule
reactions exceed those in solution by as much as 16 orders of
magnitude.1 Gas-phase studies of microsolvated ions are
essential to provide insight into the role of the solvent in a
given reaction and may shed light on the transition between gas-
phase and condensed-phase reactivity.
The SN2 reaction is a fundamental process in organic

chemistry, and numerous experimental1−11 and computa-
tional9−15 studies have examined the reactivity of microsolvated
anions in SN2-type reactions. Nucleophilic substitution of methyl
chloride is a prototypical SN2 reaction, with no competing
reaction pathways (no proton abstraction or adduct formation),
and investigation of the relative nucleophilicity of different
anions is straightforward, making this substrate ideal for the
investigation of an α-effect for microsolvated anions.
α-Nucleophiles possess a lone pair of electrons adjacent to the

attacking center, e.g. ionic nucleophiles such as the hydrogen
peroxide and hypochlorite anions, or neutral nucleophiles such as

hydrazine and hydroxylamine. In solution, α-nucleophiles have
been shown to display enhanced nucleophilicity relative to that of
normal nucleophiles of similar basicity, and the term α-effect16

has been used to describe this deviation in reactivity relative to
that expected from Brønsted-type correlations. The α-effect has
been observed in several different types of reactions including
SN2 reactions.17−23 The magnitude of the α-effect for reaction
with specific substrates can be determined as the ratio of rate
constants for the reactions of an α-nucleophile (kα) and a normal
nucleophile (knormal) of similar basicity.

24 α-effects (kα/knormal) in
the range of 5−1000 have been reported for numerous reactions
in such diverse solvents as H2O, DMSO, and CH3CN.

25 This has
led to an active controversy about whether the α-effect is
controlled by inherent properties of the α-nucleophile or by
external solvent effects.
Gas-phase studies provide a vital link to resolving the intrinsic

nature of the α-effect. The experimental search for a gas-phase α-
effect began with studies of DePuy et al.26 who found that the
hydrogen peroxide anion (HOO−) does not show enhanced
reactivity relative to hydroxide (HO−) in reactions with methyl
formate. The authors concluded that a gas-phase α-effect could
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not be observed. This was subsequently questioned, since the
gas-phase basicity of HO− far exceeds that of HOO−, and similar
behavior would imply enhanced reactivity of the α-nucleophile.27

Also, increased single-electron-transfer in the HOO− transition
state led Patterson and Fountain27 to support the existence of an
α-effect. However, an experimental study of the gas-phase
reactivity of the α-nucleophiles HOO−, ClO−, and BrO− with a
comprehensive series of oxygen-centered normal nucleophiles in
SN2 reactions with methyl chloride revealed no gas-phase α-
effect.28 It was recognized that the high exothermicity of these
reactions might obscure the properties of the intrinsic barriers.
Subsequent studies of similar SN2 reactions with reduced
reaction exothermicity definitively showed reactivity enhance-
ments by factors of 2.3−50 when comparing HOO− to the
normal nucleophiles HO−, methoxide (CH3O

−), ethoxide
(C2H5O

−), and 2-propoxide (i-C3H7O
−) in reactions with

methyl fluoride, anisole, and fluoroanisole.29 These results
demonstrate the existence of an intrinsic component of the α-
effect. Recent studies clearly also show the presence of an α-effect
in addition-elimination reactions on carbonyl carbon.30 In
addition, McAnoy et al.31 report a gas-phase α-effect when
comparing the reactions of HOO− and CH3O

− with dimethyl
methylphosphonate, based on major differences in the product
branching ratios for the two ions.
Recent theoretical studies support the premise that the α-effect

has a component that can be attributed to intrinsic properties of
the nucleophile.27,32−37 Ren and Yamataka34−37 investigated the
reactivity of the α-nucleophiles, HOO−, ClO−, and BrO−, with a
series of alkyl chlorides by calculating the reaction barrier heights
using the composite G2(+) method and comparing the results to
those for normal nucleophiles. While the normal nucleophiles
display a linear correlation between anion basicity and reaction
barrier height, reactions of the α-nucleophiles appear to have
lower barriers than predicted by this linear basicity-barrier
relation, supporting an intrinsic component of the α-effect.
The α-nucleophile investigated in this study is the micro-

solvated hydrogen peroxide anion, HOO−(H2O). The structure
of this cluster ion has been mentioned briefly by Anick38 in a
comprehensive computational study on the incremental
solvation of the HOO− anion. However, to the best of our
knowledge this is the first experimental study of the gas-phase
reactivity of the α-nucleophile HOO−(H2O). We report overall
rate constants and reaction efficiencies along with product
distributions for the reactions of HOO−, HO−, CH3O

−, C2H5O
−,

and i-C3H7O
− with methyl chloride in the presence of a single

water molecule. We investigate the α-nucleophilicity of
HOO−(H2O) by comparing the reaction efficiency to that of
the microsolvated normal nucleophiles. The absence of an α-
effect for HOO− in previous gas-phase studies of nonsolvated
anions with methyl chloride was ascribed to the large reaction
efficiency. Incremental microsolvation has previously been
shown to significantly decrease the reaction efficiency,1−6 and
we exploit the lower reactivity of the microsolvated anions to
investigate the presence of an α-effect in SN2 reactions with
methyl chloride.

■ EXPERIMENTAL SECTION
The experiments were carried out with a flowing afterglow selected-ion
flow tube (FA-SIFT) mass spectrometer at the University of Colorado,
Boulder. Details of the instrument and methods have been presented
elsewhere.39,40 Briefly, the instrument consists of the following four
sections: an ion-source flow tube, an ion-selection region, a reaction flow
tube, and a detection region. The ions are produced in a flowing

afterglow ion source and are mass selected using a quadropole mass filter
prior to injection into the reaction flow tube. HO− was prepared by
electron ionization (70 eV) of methane and nitrous oxide (2:1 ratio) in
helium buffer gas. HOO− was prepared by proton abstraction from
H2O2 by NH2

−, which was prepared by electron ionization of NH3. All
other anions were generated by proton abstraction of the corresponding
neutrals by HO−. The microsolvated ions were prepared by introducing
a mixture of H2O in tetrahydrofuran slightly downstream of the
production of bare ions. In previous studies, tetrahydrofuran was shown
to enhance the formation of microsolvated ions.41 Upon injection of the
mass-selected ions into the reaction flow tube the ions are entrained in a
flow of helium (∼0.5 Torr), which assures a thermal energy distribution
of the reactant ions prior to reaction with the neutral reagent. A known
flow of neutral reagent is added through a series of equidistant inlets
along the reaction flow tube, and finally ionic reagents and products are
analyzed in the detection region using a quadrupole mass filter coupled
to an electron multiplier.

The decrease in reactant ion signal is monitored as a function of
reaction distance (which is directly correlated to the reaction time), and
a rate constant is derived by assuming pseudo-first-order kinetics
(reactant ion ∼105 ions cm−3, neutral reagent ∼1011 molecules cm−3).
All reported reaction rate constants and product distributions represent
the average of at least three individual measurements. Reaction
efficiencies are the ratio between the experimental rate constant (kexp)
and the collision rate constant (kcol). Collision rate constants are
calculated from parametrized trajectory collision rate theory.42 Product
distributions are determined by extrapolating the product yields to zero
reaction time in order to exclude any secondary reaction products. The
product distributions were corrected for reactions of the bare ion, which
was always present as a result of collision-induced dissociation upon
injection of the microsolvated ion into the reaction flow tube. Mass
discrimination was minimized, and no corrections were applied to the
data. Absolute uncertainties with respect to the rate constants are±30%,
and with respect to the product distributions they are ±50% due to
uncertainties in pressure, flow, and temperature. All reagents were
obtained from commercial sources and are used without further
purification: methyl chloride (CH3Cl, Matheson, 99.5%); hydrogen
peroxide (H2O2, Sigma-Aldrich, 50 wt % solution in water); methanol
(CH3OH, Honeywell B&J, 99.9%); ethanol (C2H5OH, Decon
Laboratories, 200 proof); isopropanol (i-C3H7OH, Fisher Scientific,
99.9%), tetrahydrofuran (THF, Sigma Aldrich, 99.9%), ammonia (NH3,
Airgas, 99.9995%). Helium buffer gas (He, Airgas, 99.995%) was
purified by passage through a molecular sieve trap immersed in liquid
nitrogen.

■ COMPUTATIONAL METHODS
Minimum and transition-state structures were localized as stationary
points on the MP2/6-311++G(d,p) potential energy surface. Harmonic
vibrational frequencies were obtained at the same level and used to verify
the nature of the stationary points as minima and first-order saddle
points, respectively. The structure of the HOO−(H2O) cluster was
further optimized using B3LYP/6-311++G(d,p), MP2/aug-cc-pVTZ,
and CCSD(T)/ aug-cc-pVTZ. Thermodynamic properties were
calculated using a modified version of the composite G3 method in
which all geometry optimizations and harmonic vibrational frequency
calculations were carried out with the 6-31+G(d) basis set instead of the
default 6-31G(d). The diffuse functions were included to allow a better
description of the anions. This treatment is comparable to the G2(+)
method which has successfully been employed in previous studies of SN2
reactions involving anions.36,43 All MP2, B3LYP and composite
calculations were carried out with theGaussian 09 program.44 CCSD(T)
calculations were carried out with Molpro 2010.1.45

Proton affinities (PA) of the microsolvated nucleophiles correspond
to the calculated reaction enthalpies at 298 K for the reaction:

+ →− +Nu (H O) H NuH(H O)2 2 (1)
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■ RESULTS AND DISCUSSION
Reaction Efficiencies. The measured rate constants and

reaction efficiencies for the SN2 reactions of microsolvated
anions with methyl chloride are displayed in Table 1, together
with calculated reaction thermodynamics and proton affinities of
the microsolvated nucleophiles. Since the reaction with methyl
chloride proceeds exclusively by an SN2 process, the overall
efficiencies can be compared directly; there is no loss of reactant
from competing reaction pathways to take into account. Figure 1

shows a Brønsted-type plot of the reaction efficiency versus the
proton affinity of the microsolvated anions. Efficiencies for
reactions of unsolvated nucleophiles are included for compar-
ison. The result is clear: the reaction efficiency of HOO−(H2O)
reacting with methyl chloride is more than an order of magnitude
larger than would be expected from the rate-energy relationship
found for the normal microsolvated nucleophiles. The micro-

solvated hydrogen peroxide anion definitively shows an α-effect
in the SN2 reaction with methyl chloride.
When comparing the reaction efficiencies of the microsolvated

nucleophiles with the reaction efficiencies previously reported for
the corresponding nonsolvated nucleophiles28 (Table 2), it is

evident that the association of just a single water molecule has a
drastic effect on the reactivity. The reaction efficiencies of the
nonsolvated nucleophiles are all large and quite similar (between
0.67 and 0.52) despite a proton affinity range of more than 55 kJ/
mol. In contrast, the reaction efficiencies of the microsolvated
nucleophiles vary by a factor of 50 (from 0.15 for HO−(H2O) to
0.003 for i-C3H7O

−(H2O)), despite a smaller proton affinity
span.
Incremental microsolvation has previously been shown to

significantly decrease the reaction efficiency,1−6 and indeed,
associating the nucleophile with even a single water molecule
lowers the reaction efficiency and results in large reactivity
differences across the series of nucleophiles; thus, the presence of
an α-effect is revealed, which was not apparent for reactions of
the unsolvated nucleophiles.

Product Distributions. While gas-phase SN2 reactions of
unsolvated nucleophiles with methyl chloride produce only the
bare Cl− ion, reactions of microsolvated nucleophiles have an

Table 1. Thermodynamic data, kinetic data, and product distributions for the SN2 reactions of microsolvated anions with methyl
chloride: Nu−(H2O) + CH3Cl

thermodynamic dataa kinetic datab product distributionc

PA ΔHhydr ΔHr kexp (× 10−11) Eff Cl− Cl−(H2O)

HO−(H2O) 1538 −112 −101/−161 36d 0.15 0.85e 0.15e

CH3O
−(H2O) 1520 −99 −103/−164 10 ± 1 0.049 0.78 0.22

C2H5O
−(H2O) 1511 −92 −95/−155 3.3 ± 0.1 0.016 0.47 0.53

i-C3H7O
−(H2O) 1505 −89 −82/−143 0.54 ± 0.05 0.0028 0.42 0.58

HOO−(H2O) 1493 −106 −80/−140 9.3 ± 0.3 0.044 0.72 0.28
aThermodynamic data in units of kJ/mol calculated using G3; proton affinities (PA) of the microsolvated anions; hydration enthalpy (ΔHhydr);
reaction enthalpies (ΔHr) displayed for Cl

− and clustered Cl−(H2O) products respectively (Cl
−/Cl−(H2O)).

bOverall rate constant (kexp) in units of
cm3 molecule−1 s−1. Error bars represent one standard deviation, absolute uncertainty is ±30%. Reaction efficiency (Eff) is the ratio of the overall
experimental rate constant (kexp) to the collision rate constant (kcol) calculated using parametrized trajectory collision theory.

42 cProduct distributions
are determined by extrapolating the product yields to zero reaction time; absolute uncertainty is estimated as ±50%. dRate constant for DO−(D2O)
+ CH3Cl obtained from ref 46; standard deviation not reported; deuteration was used to distinguish the reactant and product ion masses. eProduct
distribution is obtained from ref 3.

Figure 1. Reaction efficiency (kexp/kcol) vs anion proton affinity (PA) for
the SN2 reactions of unsolvated and microsolvated anions with methyl
chloride. Normal nucleophiles are displayed in blue, and α-nucleophiles,
in red. The linear trend lines are fits to the normal nucleophile data sets.
The reaction efficiency is the ratio of the overall experimental rate
constant (kexp) to the collision rate constant (kcol), calculated using
parametrized trajectory collision theory.42 Reaction efficiencies for the
unsolvated anions are obtained from ref 28. The anion PAs are
calculated using G3. The vertical error bars represent the absolute
uncertainty of ±30%. The horizontal error bars represent the
experimental uncertainty in the PA of the bare ion, against which the
computed PAs are benchmarked.

Table 2. Thermodynamic Data, Reaction Efficiencies and
Calculated Bond Lengths for the Transition States of the SN2
Reaction of Unsolvated Anions with Methyl Chloride: Nu− +
CH3Cl

PAa ΔHr
a Effb RNu−C

c RC−Cl
c

HO− 1635 (1633) −214 0.67 2.158 2.090
CH3O

− 1601 (1598) −202 0.60 2.127 2.069
C2H5O

− 1584 (1585) −187 0.60 2.109 2.088
i-C3H7O

− 1574 (1576) −171 0.54 2.084 2.109
HOO− 1574 (1575) −186 0.52 2.115 2.076

aThermodynamic data in units of kJ/mol calculated using G3;
calculated proton affinities (PA) of the anions with experimental
values in parentheses;47 calculated reaction enthalpies (ΔHr) displayed
for Cl− product formation. bReaction efficiency (Eff) is the ratio of the
overall experimental rate constant (kexp) to the collision rate constant
(kcol) calculated using parametrized trajectory collision theory;42

reaction efficiencies are obtained from ref 28. cGeometries are
optimized at the MP2/6-311++G(d,p) level of theory; transition state-
bond lengths (RNu−C and RC−Cl) in units of Å.
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additional product channel in which the solvated Cl−(H2O) ion
is formed:

+ → + +

→ +

− −

−

Nu (H O) CH Cl NuCH Cl H O (2a)

NuCH Cl (H O) (2b)

2 3 3 2

3 2

The product distributions for formation of Cl− and Cl−(H2O)
for the series of microsolvated nucleophiles are shown in Table 1.
Themicrosolvated product ion is formed in the more exothermic
process and this channel could well be expected to be dominant.
Nonetheless, unsolvated Cl− is the main product of the reaction
of the microsolvated HOO−, HO−, and CH3O

− ions with methyl
chloride, and reactions of the microsolvated C2H5O

− and i-
C3H7O

− ions form approximately equal amounts of the solvated
and nonsolvated Cl−.
Previous investigations of SN2 reactions involving micro-

solvated nucleophiles and methyl chloride have shown similar
product distributions in which formation of the nonsolvated
product dominates.3,4 We find that the relative yield of solvated
product, Cl−(H2O), tends to increase with increasing size of the
nucleophile and with decreasing reaction exothermicity. Several
factors may contribute to the preferred formation of the
thermodynamically less favorable nonsolvated product; explan-
ations suggesting steric properties,8 product dynamics in a
postreaction complex,10 as well as redistribution of excess
reaction energy48 have been proposed. In the present study we
obtain a similar product distribution for the microsolvated α-
nucleophile, HOO−(H2O), as that found for the microsolvated
normal nucleophiles, which leads us to conclude that the
enhanced reactivity of HOO−(H2O) is not reflected in
differences in the product distribution.
Water Cluster Structures. Representative calculated

structures of the microsolvated anions are shown in Figure 2.

All normal-nucleophiles form clusters in which the water
molecule has one hydrogen oriented toward the anionic center.
The computed hydration enthalpy (ΔHhydr) is obtained as the
enthalpy difference between the water cluster and the isolated
species (Table 1). The magnitude ofΔHhydr varies in the series of
normal nucleophiles from −112 kJ/mol for HO−(H2O) to −89
kJ/mol for i-C3H7O

−(H2O) tracking the decreasing proton
affinity for the isolated anions.
Compared to the normal nucleophiles, the HOO−(H2O)

cluster has a high ΔHhydr of −106 kJ/mol, even though the
proton affinity of the HOO− anion is similar to that of the i-
C3H7O

− anion. The optimized structure of microsolvated
HOO− is displayed in Figure 3 along with geometrical
parameters. The HOO−(H2O) cluster is distinctly different
from the water cluster of the normal anions in that it appears to
resemble HO−(HOOH), in which the HOOH behaves as a
bidentate hydrogen donor toward HO−. The structure is almost
symmetrical, with nearly identical hydrogen bond lengths and
hydrogen bond angles. The most conspicuous geometrical
feature is the structure of the HOOH moiety, which is

completely planar, whereas isolated hydrogen peroxide possesses
a staggered conformation. This structure is even more
remarkable considering that the proton affinity of HO− (1633
kJ/mol)47 is higher than that of HOO− (1575 kJ/mol).47

This peculiar structure of the microsolvated HOO− has been
addressed briefly by Anick38 in a comprehensive computational
study on the incremental solvation of the HOO− anion. In
agreement with his results we find that two minima can be found
when the structure is optimized with B3LYP/6-311++G(d,p),
one corresponding to a HOO−(H2O) structure and one
corresponding to a HO−(HOOH) structure. The two isomers
are separated by only a small barrier of 7 kJ/mol. When MP2/6-
311++G(d,p), MP2/aug-cc-pVTZ or CCSD(T)/aug-cc-pVTZ
is employed only the HO−(HOOH) structure represents a
stationary point.
It is pertinent to consider whether the reactive nucleophile

should be described as HOO− solvated by a water molecule or as
HO− solvated by hydrogen peroxide. In the experiment the
reactant ion is selected solely on the basis of mass, which does not
distinguish between the two structures. Upon injection of the
cluster into the reaction flow tube collision-induced dissociation
results only in the formation of the bare HOO−; no HO− is
observed (Figure 4). Accordingly, dissociation of the adduct into

HOO− and H2O is 60 kJ/mol more favorable than dissociation
into HO− and H2O2 based on experimental heats of formation
for the separated species.47 The calculated CCSD(T)/aug-cc-
pVTZ energy difference between the two dissociation channels is
similar (58 kJ/mol). However, this does not prove the identity of
the reactive nucleophile in the cluster.
The experimental product distributions provide us with direct

evidence to support the contention that HOO− is the reactive

Figure 2. Lowest-energy structures of the microsolvated anions
HO−(H2O), CH3O

−(H2O), and CH3CH2O
−(H2O) optimized at the

MP2/6-311++G(d,p) level of theory.

Figure 3. Lowest-energy structure of the microsolvated anion
HOO−(H2O) optimized at the CCSD(T)/aug-cc-pVTZ level of theory.

Figure 4. The mass selected spectrum of the microsolvated hydrogen
peroxide anion HOO−(H2O) (m/z 51). The bare HOO

− ion (m/z 33)
was always present as a result of collision-induced dissociation upon
injection of the microsolvated ion into the reaction flow tube.
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nucleophile. It is not possible to directly demonstrate whether
methyl hydrogen peroxide or methanol is formed since only the
ionic products are monitored. Fortunately, the clustered ionic
products differ depending on whether HOO− or HO− is the
active nucleophile:

+ → +− −HOO (H O) CH Cl HOOCH Cl (H O)2 3 3 2 (3)

+ → +− −HO (HOOH) CH Cl HOCH Cl (HOOH)3 3 (4)

The reaction of microsolvated HOO− with methyl chloride
produces 28% Cl−(H2O); formation of a Cl−(HOOH) product
is not observed (Figure 5). This result indicates that the attacking

nucleophile is in fact HOO−. Nevertheless, as noted by a
reviewer, we cannot rigorously exclude the possibility that some
of the unsolvated Cl− is formed through a reaction in which HO−

is the reactive nucleophile. However, when the HOO−(H2O)
cluster reacts with methyl formate the products formed are solely
the peroxyformate anion and clusters thereof, conclusively
demonstrating that HOO− is the only reacting nucleophile in the
cluster ion.49 Furthermore, reaction paths for reactions of
HOO−(H2O) and HO−(HOOH) with methyl chloride were
examined computationally (Figure 6). The enthalpy of the
transition state corresponding to HOO−(H2O) attack is 17 kJ/
mol below that of the transition state for HO−(HOOH) attack.
This is consistent with the experimental results, supporting that
HOO− is the reactive nucleophile in the HOO−(H2O) cluster.
This in turn supports that the enhanced reactivity of
HOO−(H2O) can indeed be ascribed to the α-nucleophilic
character of the HOO− anion.
An intrinsic reaction coordinate (IRC) calculation was

performed to investigate how the transition state corresponding
to HOO− attack connects to the HO−(HOOH) structure in
Figure 3. As shown in Figure 6 (black line) the HOO−(H2O)
transition state connects to a prereaction complex in which the
structure of the attacking cluster is closely related to that found in
the transition state. However, in the prereaction complex we see
that the hydrogen bonding OH of the water molecule is
elongated, suggesting incipient proton transfer. Upon further
increase of the distance between HOO−(H2O) and CH3Cl the
proton is completely transferred from the water to the HOO−

and the attacking cluster converts into the HO−(HOOH)
cluster.
Transition-State Structures. Representative calculated

transition-state structures are displayed in Figure 7. In the SN2
reactions examined the nucleophile attacks the methyl chloride
opposite to the leaving chloride group, forming a trigonal

bipyramidal transition state. Throughout the reaction the water
molecule retains one hydrogen pointing toward the nucleophilic
center. The distances between the nucleophile and the carbon
center (RNu−C) and between the leaving group Cl− and the
carbon center (RC−Cl) are displayed in Table 3. The transition-
state bond lengths vary only little between the different

Figure 5. The product mass spectrum for the reaction between
HOO−(H2O) and CH3Cl. Only two ionic products are detected: Cl

− at
m/z 35/37 and Cl−(H2O) at m/z 53/55. Residual reactant ion,
HOO−(H2O) is seen at m/z 51.

Figure 6. IRC surfaces (solid lines) for reaction of the microsolvated
hydrogen peroxide anion with methyl chloride calculated using MP2/6-
311++G(d,p). The black surface corresponds to HOO− attack, the
purple surface corresponds to HO− attack. The dotted line only serves
to illustrate a connection to the reactants. The structures represent
MP2/6-311++G(d,p) optimized transition states (TS), prereaction
complexes (RC) and reactants. In parentheses are the transition state
enthalpies calculated using G3.

Figure 7. Transition-state structures for the SN2 reaction of the
microsolvated anions HOO−(H2O) and HO−(H2O) with methyl
chloride optimized at the MP2/6-311++G(d,p) level of theory. The
bond lengths RNu−C, RC−Cl, and RNu−O, and the vibrational frequencies of
the hydrogen-bonded OH stretch, νOHb, are found in Table 3 for all
anions.

Table 3. Calculated Bond Lengths, Vibrational OHb
Stretching Frequencies and OHb Red Shifts for the Transition
State of the SN2 Reaction of Microsolvated Anions with
Methyl Chloride: Nu−(H2O) + CH3Cl

RNu−C
a RC−Cl

a RNu−O
a νOHb

b ΔνOHbb

HO−(H2O) 2.062 2.157 2.602 2961 991
CH3O

−(H2O) 2.044 2.133 2.593 2964 986
C2H5O

−(H2O) 2.030 2.151 2.604 2999 947
i-C3H7O

−(H2O) 2.026 2.157 2.617 3043 904
HOO−(H2O) 2.023 2.141 2.637 3127 820

aGeometries are optimized and vibrational frequencies calculated at
the MP2/6-311++G(d,p) level of theory; bond lengths are in units of
Å, and frequencies and red shifts are in units of cm−1; RNu−C, RC−Cl,
RNu−O, and νOHb are indicated in Figure 7. bThe red shifts of the
bonded OH stretching frequency (ΔνOHb) are calculated relative to
the frequency of the free OH stretch (νOHf) in the attached water
molecule (ΔνOHb = νOHf − νOHb). Deuterated alkoxy groups were used
in the frequency calculation to avoid coupling between the OHb- and
CH-stretches.
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nucleophiles, although the HOO−(H2O) cluster has a slightly
tighter transition state in which bond formation has progressed
most (shortest RNu−C). The corresponding geometrical param-
eters for the transition states of unsolvated nucleophiles are
displayed in Table 2. It appears that the presence of a single water
molecule results in a later transition state with more advanced
Nu−C bond formation. A direct relationship between the
magnitude of the α-effect and the extent of bond formation in the
transition state has previously been established for condensed-
phase reactions of other systems.21 The Brønsted βnuc parameter,
which is the slope of a Brønsted plot, is also known to be directly
related to the extent of bond formation in the transition state.
This in turn implies that the α-effect is directly related to the
magnitude of the βnuc value.

21 Furthermore, it has been argued
that the βnuc value reflects the amount of single-electron-transfer
(SET) in the transition state,50−52 and that enhanced SET
character would be directly related to a larger α-effect.27,53 The
slopes of the Brønsted plot shown in Figure 1 provide qualitative
βnuc values for reactions of the unsolvated and microsolvated
nucleophiles. Although the data for the microsolvated
nucleophiles exhibit some deviation from a straight line, a
qualitative comparison demonstrates that the βnuc value for the
microsolvated nucleophiles is significantly larger than the βnuc
value for the unsolvated nucleophiles. The drastic change of the
βnuc value uponmicrosolvation is in complete agreement with the
experimental finding that there is no apparent α-effect for the
unsolvated nucleophiles, whereas the effect strongly influences
the reactions when even a single water molecule is present.
To investigate the interaction with the solvent water molecule

in the transition state, the distance between the nucleophilic
center and the oxygen of the water molecule (RNu−O) as well as
the frequency (νOHb) and red shift (ΔνOHb) of the hydrogen-
bonded OH stretch in the water molecule are displayed in Table
3. It is well established that the IR red shift can be used to assess
the strength of the hydrogen bond, as a larger red shift
corresponds to a stronger hydrogen bond.54 For the normal
nucleophiles the red shifts are between 1000 and 900 cm−1,
decreasing from HO−(H2O) to i-C3H7O

−(H2O). The red shift
calculated for the HOO−(H2O) transition state (ΔvOHb = 820
cm−1) is lower, corresponding to a weaker hydrogen bond to the
water molecule in the transition state. This is in accordance with
the transition state of HOO−(H2O) having a slightly longer
distance to the water molecule than do the normal nucleophiles.
Although the HOO−(H2O) cluster has the second-highest
hydration enthalpy (Table 1), surpassed only by that of the
HO−(H2O) cluster, it exhibits the weakest hydrogen bond to the
water molecule in the transition state. This implies that the
solvent interactions for the α-nucleophile differ from those of the
normal nucleophiles, and indicates that, in addition to inherent
properties of the α-nucleophile, differential solvation may well
contribute to the α-effect.
Formation of the clustered product Cl−(H2O) could also

proceed through a transition state in which the water molecule is
transferred to the leaving group, Cl−, prior to nucleophilic
displacement. However, computational studies on the SN2
reaction of HO−(H2O) with CH3Cl have shown that this entails
a higher reaction barrier,12 as would be expected from the better
gas-phase leaving-group ability of the Cl− anion than of the
oxygen-centered anions. Direct dynamic simulations would be
valuable in providing a better understanding of the water
molecule transfer during the reaction.

■ CONCLUSIONS
Gas-phase SN2 reactions of microsolvated oxygen-centered
anions with methyl chloride demonstrate that an α-effect
influences the reactions of microsolvated HOO− anions. To
associate the anions with just a single water molecule lowers the
reaction efficiency and allows observation of an α-effect, which
was not apparent in the studies of the reactions of unsolvated
anions. Reactions of the microsolvated anions can lead to
formation of either the bare Cl− anion or the solvated product,
Cl−(H2O). The experimental product distributions show
preferential formation of the Cl− anion despite the thermody-
namic preference for formation of Cl−(H2O). Reaction of the
microsolvated α-nucleophile, HOO−(H2O), results in a product
distribution (Cl−: Cl−(H2O) of 72%: 28%) similar to that of the
microsolvated normal nucleophiles, showing that the enhanced
reactivity of HOO−(H2O) is not reflected in differences in the
product distribution.
The structure of the HOO−(H2O) cluster was investigated

computationally. This structure can adequately be described as
HO−(HOOH), in which the HOOH behaves as a bidentate
hydrogen donor bonded to a HO− moiety. Despite this peculiar
structure, the experimental product distribution supports that
HOO− is the reacting nucleophile within the cluster, and in turn,
that the enhanced reactivity of HOO−(H2O) is ascribed to the α-
nucleophilic character of the HOO− anion.
In comparison to the unsolvated anions, the association of the

nucleophile with a single water molecule results in later transition
states in which the bond formation is more progressed. This is
directly related to larger Brønsted βnuc values obtained from the
slopes of the Brønsted plots. Accordingly, we find that the
microsolvated anions display an α-effect with methyl chloride
even though the unsolvated anions do not. Hydrogen-bonding
interactions with the water molecule in the transition state
suggest that the α-nucleophile has a much weaker interaction
with the solvating water molecule in the transition state than do
microsolvated normal nucleophiles.
Microsolvation with even a single water molecule provides

insight into the role of solvent on the α-effect; further studies of
the behavior of the α-effect with incremental solvation will
contribute materially to our understanding of the transition from
gas-phase to condensed-phase reactivity.
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