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Abstract: We have measured the rate constants for the reactions of O2
•- and several related anions and radical

anions with alkyl halides. The results suggest that O2
•- reacts with alkyl halides more rapidly than anticipated,

based on anion basicities as well as on results from ab initio calculations. In addition, deuterated neutrals were
used and the kinetic isotope effects (KIE) determined. These values were also calculated by using ab initio
calculations and transition state theory. The agreement between experiment and theory is excellent, except for
O2

•- indicating that this reaction proceeds by a different reaction mechanism. We discuss competition between
electron transfer and substitution mechanisms to explain the observed remarkable nucleophilicity of O2

•-. A
detailed analysis of the different contributions to the calculated KIEs shows that the total value is primarily
determined by the C-H stretching and the CH3 out-of-plane bending modes. The former factor is very inverse
(kH/kD < 1), and it does not change significantly for different reactions. However, the bending factor changes
markedly from one reaction to another and therefore becomes the factor that determines how the total KIEs
change for different reactions. As a result, the KIEs are related to thecrowdednessof the transition states.
This effect is discussed in detail with respect to the conventionalloosenessinterpretation.

Introduction

The SN2 mechanism1 has been extensively studied in both
the gas phase and condensed phase; however, many important
questions remain. This mechanism continues to be the target
of experimental2-6 and theoretical7-12 studies because it plays
a fundamental role in organic chemistry and represents a
prototypical displacement reaction.

The dioxygen radical anion, O2•-, commonly referred to as
superoxide anion, has been recognized by McDonald et al. as
a “super SN2 nucleophile” due to its high reaction efficiency
with common SN2 substrates such as methyl chloride or methyl
bromide.13 In addition, electron transfer (ET) reactions of O2

•-

have been reported in cases where the substrates are very
efficient electron acceptors; for these reactions, electron transfer

can be distinguished from the SN2 channel, as in polyhaloge-
nated hydrocarbons5,14,15 and perfluoroketones.13 From these
results, the question of which mechanism (SN2 or ET) operates
in the reactions of O2•- with alkyl halides clearly emerges.

Kinetic isotope effects (KIE) have shed light on many aspects
of the SN2 reaction ranging from solvation effects to transition
state (TS) compression in enzymes.2,16-30 Theoretical studies
have been extremely helpful to further understand these
processes. SecondaryR-deuterium KIEs have been used to
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determine the transition state structures in SN2 reactions.31 It
has been recognized that a “normal” KIE (kH/kD > 1) will be
associated with a reaction where the zero point energy (ZPE)
difference between the protio and the deuterated structures is
smaller in the transition states than in the reactants (Figure 1a).
As Figure 1 also illustrates, the “inverse” KIE (kH/kD < 1) is
related to a larger ZPE difference in the transition states relative
to reactants. But, as Truhlar has shown in a series of papers,
this picture is incomplete because there are not only vibrations
but also translations and rotations that contribute to the total
KIE.16,20-22 Recently, there has been considerable controversy
concerning the kinds of frequencies involved in determining
the ZPE changes shown in Figure 1 and how they relate to the
TS structure.18,19,28,29We will discuss this issue in light of our
experimental and ab initio results.

In this paper we report the experimental rate constants for
reactions of O2•- and several anions and radical anions of similar
basicity with a variety of halogenated hydrocarbons. In addition,
we report both experimentalR-H(D) KIEs as well as values
calculated with high level ab initio methods as a tool to probe
the mechanism of these reactions.

Experimental Section

All experiments were carried out with a tandem flowing afterglow-
selected ion flow tube instrument (FA-SIFT) that has been described

in detail previously.32 Ions are prepared in a rapidly flowing stream of
helium buffer gas by electron impact on a suitable neutral precursor or
by reactions between primary reagent ions (such as OH- or NH2

-)
and neutral reagents that are added downstream. At the end of this
flow tube, the gases are removed by a roots pump while the ions are
sampled through a 2 mmorifice into a differentially pumped selection
region where they are focused into a quadrupole mass filter via a series
of electrostatic lenses. Tuning the quadrupole to transmit only ions of
a certainm/zallows selection of the reactant ions of interest. The mass-
selected ions are injected into a second flow tube, where they are
entrained in helium buffer gas. The ions in this reaction flow tube
undergo multiple collisions with helium and are rapidly thermalized
to room temperature before being allowed to react with the neutral
reagent. Ions are then sampled into the detection region where they
are separated by a second quadrupole mass filter and counted with an
electron multiplier. Reaction rate coefficients can be measured by
introducing the neutral reagent at different positions along the reaction
flow tube and monitoring the intensity of the reactant ion as a function
of this reaction distance.

Ions were generated by the following reactions:

Rate constants for reaction of ions with the perprotio and perdeuterio
neutral reactants were determined one after the other on the same day.
Each reported rate constant value represents the average of at least
three measurements carried out at 300( 1 K. Reported errors in the
rate constants represent one standard deviation, and appropriate
propagation of errors was applied to estimate errors in the KIEs. Helium,
99.995%, was purified by passage through a molecular sieve trap at
77 K. Reagents were obtained from commercial sources and were
purified by using molecular sieves and by several freeze-pump-thaw
cycles before use.

Molecular orbital calculations were performed using the Gaussian
92 suite of programs.33 Structures were fully optimized at the MP2/
6-31++G** level (i.e., double split valence basis set with polarization
and diffuse functions on all atoms and Møller-Plesset (MP) perturba-
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Figure 1. Schematic diagrams of potential energy surfaces indicating
the activation barriers for hydrogen and deuterium labeled com-
pounds: (a) normal KIE,∆EH < ∆ED andkH/kD > 1; (b) inverse KIE,
∆EH > ∆ED andkH/kD < 1.
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tion theory to second order34) using the standard gradient geometry
optimization method; the only constraint was maintaining the sym-
metries specified. Final relative energies were obtained by single-point
MP4(SDTQ)/6-31++G** calculations on the MP2/6-31++G** ge-
ometries (MP4(SDTQ)/6-31++G**//MP2/6-31++G**). In all cases
we did not correlate the core electrons, and calculations on systems
with an even number of electrons were spin restricted while those on
systems with an odd number of electrons were spin unrestricted.

Vibrational frequency calculations at the MP2/6-31++G** level
were used to characterize all stationary points as either minima (zero
imaginary frequency) or first-order saddle points (single imaginary
frequency). The intrinsic reaction coordinate (IRC) technique in internal
mass-weighted coordinates35,36was used to confirm that transition states
connect the corresponding minima on either side. Spin contamination
in the open shell species was found to be very small, with〈S2〉 values
ranging from 0.75 to 0.78.

Using transition state theory37 the total KIE (η) can be calculated as

whereQ’s are the total partition functions with subscripts indicating
isotopic substitution and superscripts indicating reactants (R) or
transition state (TS).kB is Boltzmann’s constant,T is the temperature,
and∆∆E is the difference in the potential energy difference between
the transition state and reactants for the perprotio and the perdeuterio
labeled reaction. Since we calculate the vibrational partition function
with the zero of energy at the classical well instead of atV ) 0, ∆∆E
becomes zero. Noting that each total partition function is the product
of a translational, a rotational, and a vibrational partition function, we
can write

where the terms represent the translational, rotational, and vibrational
contributions, respectively, to the total isotope effect. To achieve a more
detailed understanding, we further factorηvib into contributions from
groups of frequencies:

Heren is the total number of groups.
Rotational partition functions were calculated classically from

moments of inertia determined from MP2/6-31++G** geometries for
both reactants and transition states. Harmonic frequencies (not scaled)
obtained at the same level were used to calculate the vibrational partition
functions by using a custom program that also calculates the contribu-
tions of each predefined group of frequencies to the vibrational KIE.
The definition of the number of groups and the method of grouping
can be arbitrary. Some authors arrange groups by the frequency
values,16,20-22 while others choose a collection of specific frequencies
for analysis and gather the rest together.18 We employed a different
approach and grouped the frequencies by their physical significance;
this method allows us to analyze the nature of the KIEs in a more
detailed way. However, this approach is time-consuming and includes
analysis and animation of each frequency for each of the minima and
transition states for all the reactions studied, including isotopically
labeled reactions. This was achieved, in part, by using the program
GaussView. All the frequencies were then included in one of the
following groups: ηlow, frequencies that are converted from rotational
and translational modes in reactants to vibrational modes in the
transition states;ηstr,C-X, stretching frequency between the carbon atom
and the leaving group;ηstr,C-H, C-H stretching modes;ηNu, internal
modes in the nucleophile (only for polyatomic nucleophiles);ηben,out,

out-of-plane bending modes in the CH3 moiety;ηben,in, in-plane bending
modes in the CH3 moiety (scissors).

We did not include tunneling effects since they have been shown to
have a minor or negligible influence on the KIEs for this type of
reaction.16,20 All calculations were carried out forT ) 300 K.

Results and Discussion

Reactivity. Table 1 shows the experimental rate constants
for O2

•- and for several nucleophiles of similar basicity
including oxygen-, sulfur-, and nitrogen-centered nucleophiles
reacting with a variety of alkyl halides. Some of these ions are
closed-shell species while others are radical anions. The
unusually high reactivity of O2•- with respect to ions of similar
basicity is clearly evident in the table. For example, O2

•- reacts
with methyl chloride at a rate 10 times faster than does HOS-,
which has the same basicity within experimental error.

Figure 2 shows a plot of reaction efficiencies for SN2 reactions
with methyl chloride versus basicity of the nucleophile. From
this plot it is clear that the reaction efficiency of O2

•- is
comparable to that of nucleophiles that are 15 kcal/mol more
basic, and this efficiency is 1 order of magnitude greater than
those of nucleophiles of similar basicity. However, other radical
anions (e.g., S•-, SO•-) have rates comparable to those observed
for closed-shell species of similar basicities; this suggests that
the origin of the enhanced reactivity of O2

•- is not its radical
character. In contrast, it has been shown that radical anions react
less efficiently than related anions in SN2 reactions.38 Moreover,
the enhanced reactivity is not due to the localization of charge
on oxygen since other oxygen-centered nucleophiles do not
show this behavior, as can be seen in Figure 2.

Similar conclusions can be drawn for methyl bromide as a
neutral reagent (Table 1). However, in these cases the reactions
are faster and the differences in reactivity between O2

•- and
the other nucleophiles are less pronounced.

As discussed previously and confirmed by these results, there
is no apparent difference in the nucleophilicity of oxygen and
sulfur centered nucleophiles. This indicates that the enhanced
reactivity of sulfur nucleophiles in the condensed phase has its
origin in solvent effects.4,39

Analysis of the rates obtained for branched alkyl halides is
more complicated since elimination is now possible; since the
ionic products of elimination and substitution are the same, we
cannot distinguish between these mechanisms. Nevertheless,
consider the reactivity of methyl chloride and ethyl chloride
with HOS- and O2

•-. Although these nucleophiles have the
same basicity that is sufficient for the elimination reaction to
be exothermic (∆Hacid> 351 kcal/mol40), the reactivity of HOS-

decreases about 1 order of magnitude in going from methyl to
ethyl chloride while the reactivity of O2•- increases. This is
consistent with our earlier work that demonstrated that when
elimination is thermodynamically allowed, sulfur-centered nu-
cleophiles exhibit less facile elimination reactions than do
oxygen-centered nucleophiles.2 An intriguing feature is that other
oxygen-centered nucleophiles with similar basicities (e.g.,
C2F5CH2O-, which is slightly more basic than O2•- with
∆Hacid(C2F5CH2OH) ) 357 kcal/mol) also show a decrease in
the rate when going from methyl to ethyl chloride.4 However,
the reactivity of O2

•- continues to increase for reaction with
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(36) Gonzalez, C.; Schlegel, H. B.J. Chem. Phys.1989, 90, 2154.
(37) Eyring, H.J. Chem. Phys.1935, 3, 107.
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Number 69; Mallard, W. G., Linstrom, P. J., Eds.; National Institute of
Standards and Technology: Gaithersburg MD, 1998 (http://webbook.nist.
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the more highly branched isopropyl chloride; this feature is seen
only for much more basic nucleophiles (with conjugate acidity
values higher than 362 kcal/mol), where elimination is very
exothermic.4 Similar behavior is observed with the bromide
series, but in this case elimination reactions are exothermic for
nucleophiles with conjugate acidity values of 343 kcal/mol or
higher.40

An especially interesting case is SO•-. This ion shows a rate
decrease in going from methyl chloride to ethyl chloride because
elimination through the oxygen or the sulfur atom is expected
to be slightly endothermic.40 However, for the bromide series,
SO•- shows increasing reactivity when going from methyl
bromide to ethyl bromide, whereas other sulfur-centered nu-
cleophiles of similar basicity (for example S•- and HS-) show
decreasing reactivity.4 This behavior led us to conclude that
SO•- is undergoing elimination reactions at the oxygen atom,
which is favored kinetically, even though this path is about 5
kcal/mol less exothermic than elimination at the sulfur atom.41

To understand the factors that govern the reactivity of O2
•-

and the origin of its supernucleophilicity, we performed ab initio
calculations. Table 2 shows the computed reaction energies, as
well as experimental reaction enthalpies for comparison, for
methyl chloride as a neutral reactant and for a set of nucleophiles
including O2

•-, related anions, and other well-studied nucleo-
philes as references. The excellent agreement between the
calculated and the experimental values suggests that calculations
at this level give reasonable energies, including those that
involve open-shell species, where experimental values are
available. Table 2 also gives the calculated activation energies.
These barriers correlate nicely with the reaction rates measured
experimentally; an increase in the barrier corresponds to a
decrease in the rate and vice-versa,except for O2

•-. According
to the calculated values, O2

•- should react with methyl chloride
at a rate slightly slower than that for the OH- + CH3F reaction;
in fact the O2

•- + CH3Cl reaction is more than 1 order of
magnitude faster.

Similar conclusions can be drawn by comparing O2
•- and

SO•-. This latter radical anion can in principle react at either
the oxygen atom (SO•-) or the sulfur atom (OS•-). Even when
the latter involves a more exothermic reaction, the former is
kinetically favored. According to these results SO•- and O2

•-

should react at approximately the same rate, but in fact O2
•-

(41) O’Hair, R. A. J.; DePuy, C. H.; Bierbaum, V. M.J. Phys. Chem.
1993, 97, 7955.T
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Figure 2. Dependence of the efficiency (kexp/kADO) for the reaction
Nu- + CH3Cl with respect to the acidity of the nucleophile conjugate
acid. Experimental data from this work and refs 2, 4, 17, and 53.
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reacts 10 times faster (see Table 1). These results suggest that
either the calculations at this level are inappropriate only for
O2

•- or that this anion is reacting through a different mechanism.
The latter explanation seems more likely.

Since O2 has an electron affinity (EA) of only 0.451 eV (10.4
kcal/mol),40 much lower than for the other nucleophiles in this
study (see Table 1), it seems reasonable to propose that elec-
tron transfer (ET) could play a role in this reaction, thus
enhancing the O2•- reactivity with respect to other anions.
Furthermore, this mechanism would give the same ionic product,
making it experimentally indistinguishable from the SN2 mech-
anism (eq 4).

For a given general reaction (eq 4), the SN2 channel will
always be more exothermic than the ET path since an additional
bond is formed in the SN2 pathway. On the other hand, as can
be deduced from eq 4b, the ET process is also exothermic when
the difference in EAs of Nu and the leaving group (X) is larger
than the bond dissociation energy (BDE) in the neutral (eq 5a).

An example of this process is the well-known dissociative
electron capture reaction in methyl halides.42 Equation 5a can
be rearranged to give

which shows that a lower EA for Nu, a higher EA for the
halogen atom, and smaller BDE for the carbon-halogen bond
will favor an exothermic ET channel that could compete with
the SN2 process.

Recently, Shaik et al.8-10,43-45 have demonstrated theoretically
that short-range ET reactions between radical anions and methyl

halides have well-structured transition states and that this
mechanism is preferred kinetically over substitution in nucleo-
philes with small or even negative electron detachment energies.
Nevertheless, for species with small EA values such as
cyanoformaldehyde (EA≈ -2 to 7 kcal/mol from data
calculated by Shaik et al.9) a turnover from an SN2 to an ET
mechanism is observed in going from reaction of methyl
chloride to methyl bromide to methyl iodide; for this series the
right-hand side of eq 5b becomes larger (1.1 kcal/mol for X)
Cl, 9.3 kcal/mol for X) Br, and 15 kcal/mol for X) I).40

These results suggest that O2
•-, with an even higher adiabatic

electron detachment energy than the cyanoformaldehyde radical
anion, is expected to go through an SN2 reaction mechanism
with methyl chloride rather than through a short-range ET
mechanism. Furthermore, both the ET and the SN2 transition
states seem to follow different reaction-specific orbital selection
rules. This valence bond configuration mixing analysis suggests
that the SN2 and ET processes are two mutually exclusive
mechanisms and that the lowest energy structure will occupy
the saddle point, while the higher energy structure could be
located at a higher order saddle point (not a TS).8,10 If this is
true, the reaction O2•- + CH3Cl will have a higher energy saddle
point for the ET process than for the SN2 channel or will not
have a TS corresponding to ET at all. We have attempted to
locate the ET-TS for this reaction (eq 6b) without success at
the ROHF/6-31 G* level, a level that has proven to be adequate
for this purpose.8

Equation 6 shows the experimental thermochemical values
for the reaction of O2•- with CH3Cl.40,46

These values preclude the possibility of direct ET followed
by dissociation to the products shown in eq 6b. However, an
alternate mechanism is possible (eq 6c). Let us assume that the
ET path can surmount the TS and reach the product ion-dipole
complex [O2 + CH3

• + Cl-], which with about 15 kcal/mol
stabilization10 would still have about 4 kcal/mol excess energy.
Within this ion-dipole complex O2 and the methyl radical
could react to give the more stabilized SN2 ion-dipole complex
[CH3OO• + Cl-]; this could subsequently dissociate to give
the highly exothermic substitution products but through an ET
process in a stepwise mechanism. The second step in this latter
process (eq 6c) has been shown theoretically to possess a lower
energy barrier than does the first step (ET) in similar systems.8

The question of the origin of the supernucleophilicity of O2
•-

still remains. Certainly, further inquiries into the mechanism
of its reactions with alkyl halides are necessary to understand
its reactivity. It is likely that reaction of O2•- with methyl
chloride does not proceed through a classical SN2 mechanism
and that an ET process is probably favored,47 although a direct
ET with immediate dissociation as in 6b is thermodynamically
forbidden. Tunneling effects in the ET mechanism or an alternate
long-range ET mechanism could also play a role in enhancing
the ET process; these mechanisms are not expected to contribute
to the SN2 pathway.

(42) Bertran, J.; Gallardo, I.; Moreno, M.; Saveant, J. M.J. Am. Chem.
Soc.1992, 114, 9576.

(43) Shaik, S.; Danovich, D.; Sastry, G. N.; Ayala, P. Y.; Schlegel, H.
B. J. Am. Chem. Soc.1997, 119, 9237-9245.

(44) Sastry, G. N.; Shaik, S.J. Am. Chem. Soc.1998, 120, 2131-2145.

(45) Shaik, S.; Shurki, A.Angew. Chem., Int. Ed. Engl.1999, 38, 587-
625.

(46) Benson, S. W.Thermochemical Kinetics, 2nd ed.; Wiley-Inter-
science: New York, 1976.

(47) Marcus, R. A.J. Phys. Chem. A1997, 101, 4072-4087.

Table 2. Stationary Point Energies (kcal/mol), Relative to
Reactantsa

reactionb ∆ETS ∆Er ∆Hr(expt)

F- + CH3Cl -10.4 -27.4 -30.95( 0.01
Cl- + CH3Cl 6.0 0.0 0.0
O2

•- + CH3Cl -5.9 -17.5 -17.6c

SO•- + CH3Cl -6.8 -15.8
OS•- + CH3Cl -1.2 -25.2
S2

•- + CH3Cl 4.4 -9.5
HOS- + CH3Cl -1.6 -29.3
HS- + CH3Cl 0.3 -24.4 -22.0( 2.4
HO- + CH3Cl -12.8 -51.2 -49.7( 0.1
HS- + CH3F 9.3 2.9 9.0( 2.4
HO- + CH3F -7.0 -23.8 -18.7( 0.1

a Classical energies calculated at MP4/6-31++G**//MP2/6-31++G**
level.∆ETS is the difference in energy between the TS and the reactants.
∆Er is the energy difference between products and reactants.∆Hr(expt)
is the experimental enthalpy of reaction at 300 K for the SN2 process.
b Rate constants not included in Table 1:k(F- + CH3Cl) ) (1.41 (
0.01) × 10-9 cm3 molecule-1 s-1, ref 17; k(Cl- + CH3Cl) ≈ 3.5 ×
10-14 cm3 molecule-1 s-1, see ref 53;k(HO- + CH3Cl) ) (1.80 (
0.04) × 10-9 cm3 molecule-1 s-1, this paper;k(HS- + CH3F) no
reaction;k(HO- + CH3F) ) 1.2 × 10-11 cm3 molecule-1 s-1, ref 4.
c The error could not be calculated due to the lack of error bars in the
heat of formation of CH3O2,46 ∆Hf (CH3O2) ) 6.7 kcal mol-1.

EA(X) - EA(Nu) > BDE(CH3-X) (5a)

EA(Nu) < EA(X) - BDE(CH3-X) (5b)

1744 J. Am. Chem. Soc., Vol. 122, No. 8, 2000 DaVico and Bierbaum



Kinetic Isotope Effects. Experimental KIE values for a
variety of reactions have been used to rationalize their reaction
mechanisms; in addition these values have been calculated with
theoretical methods in order to understand the origin of the
inverse secondaryR-deuterium KIEs found in the SN2 reaction
mechanism.16,18-22,28The usual interpretation of KIEs in terms
of their correlation with the looseness of the TS recently
generated considerable controversy.18,19,28However, these KIEs
can provide clues about the mechanism of the reaction of O2

•-

with methyl chloride.
To test the theoretical results at the level used throughout

this project, we calculated the KIEs for several SN2 reactions
that are well studied either experimentally or theoretically. The
results are shown in Table 3, together with other theoretical
and experimental values. The different contributions to the total
η have been calculated as shown in eq 2, and further partitioning
of ηvib was done to allow direct comparison with previously
published values.

As can be seen, our total calculated KIEs (η) are in excellent
agreement with experimental values.17,48The experimental KIE
for the reaction of Cl- + CH3Cl/CD3Cl obtained by Ervin et
al.48 needs further discussion. These researchers used a guided
ion beam instrument and reported an average KIE of 1.2( 0.1
for the entire energy window studied (0-4.5 eV). In fact, the
extrapolated value at low energies (thermal energy) is more
appropriate for comparison with flowing afterglow values as
well as with our theoretical values. From Figure 12 of their
paper48 it is clear that the KIE falls to a value near 1.0 at low
energies and that in this energy region the error bars increase
to about 0.7. In addition, Table 3 shows that all individual

contributions toη for a given reaction are comparable among
different authors, especially considering that they were calcu-
lated with completely different methods. We calculate normal,
large normal, and inverse contributions from translation, rotation,
and vibration factors, respectively; as has been shown before,
the low- and high-frequency modes contribute to the inverse
KIE, while a large normal contribution from the middle
frequency modes brings the overall vibration factor closer to 1.

Probably the most computationally challenging reaction in
Table 3 is the last one, F-(H2O/D2O) + CH3Cl, which involves
a solvent KIE, since there are very low-frequency modes in both
reactants and TS. Nevertheless, our results are almost identical
to the results obtained by Truhlar et al. at a higher level,16 except
for a small difference in the mid- and high-frequency factors;
these differences cancel out to give the same value for the total
KIE, which is in good agreement with the experimental value.
This agreement suggests that dynamic recrossing effects are
negligible as well as that the computational level used in this
paper is adequate for this purpose in this type of reaction.

Thus, we have calculated the KIEs for a set of 13 reactions
involving O2

•- and other related nucleophiles. The results are
presented in Table 4 including the detailed factoring of the
vibrational contributions to the totalη. With the exception of
O2

•- and HOS-, there is very good agreement between the
calculated totalη and the experimental values taken from Table
1. The disagreement for O2•- is not surprising on the basis of
the discussion in the preceding section, but the disagreement
for HOS- is unexpected. Contamination with its isomer HSO-

(which, as discussed below, is expected to show a more inverse
KIE) is improbable due to its method of synthesis, but we cannot
rule out that some isomerization occurs at the SIFT injector. It
is interesting to note that the experimental KIE for the reaction

(48) DeTuri, V. F.; Hintz, P. A.; Ervin, K. M.J. Phys. Chem. A1997,
101, 5969.

Table 3. Comparison of Calculated Kinetic Isotope Effects for the SN2 Reaction Nu- + CH3Cl/CD3Cl at 300 K, Using Different Methodsa

this workb Truhlar et al.c Westaway et al.d

Nu- ηtrans ηrot ηv,lo ηv,mi ηv,hi ηvib η ηtrans ηrot ηv,lo ηv,mi ηv,hi ηvib η ηv,mi ηv,hi ηvib η exptle η

F- 1.02 1.21 0.85 1.20 0.72 0.740.91 1.10 0.71 0.71 0.88 0.90( 0.02
Cl- 1.04 1.22 0.85 1.33 0.69 0.780.99 1.04 1.22 0.85 1.26 0.71 0.760.95 1.18 0.68 0.74 0.94 1.2( 0.1f

F-(H2O) 1.04 1.63 0.62 1.14 0.72 0.510.86 1.04 1.66 0.61 1.07 0.74 0.480.83 0.85( 0.03
F-(H2O/D2O)g 1.05 1.34 0.75 1.20 0.51 0.460.65 1.05 1.35 0.74 1.14 0.55 0.460.65 0.65( 0.03

a See the Experimental Section for the definitions ofη, ηtrans, ηrot, andηvib. ηv,lo, ηv,mi, andηv,hi are the contributions toηvib from low (ν < 600
cm-1), middle (600e ν e 2000 cm-1) and high (>2000 cm-1) frequency modes, respectively.b At MP2/6-31++G**//MP2/6-31++G** level and
by using conventional TST.c Using a potential energy function based in results at the MP2/6-31G** level and improved canonical variational
transition state theory (ICVT), corrected by using the centrifugal-dominant small-curvature semiclassical adiabatic ground state (CD-SCSAG) method
to include tunneling, for Cl-.20 For F-(H2O) and F-(H2O/D2O), MP2/aug-cc-pVDZ//MP2/aug-cc-pVDZ was used together with conventional TST.16

d Conventional TST used with geometries and frequencies from HF/6-31+G* calculations.18 e From ref 17 unless otherwise stated.f From ref 48;
see text for details in comparing this value with the others.g KIEs for F-(H2O) + CH3Cl vs F-(D2O) + CH3Cl.

Table 4. Calculateda and Experimental Kinetic Isotope Effects

reaction ηlow ηstr,C-X ηben,out ηben,in ηstr,C-H ηstr,Nu ηvib ηtrans ηrot η KIE (exptl) RTS
b

F- + CH3Cl 0.85 1.10 0.92 1.18 0.72 0.74 1.02 1.21 0.91 0.90( 0.02 4.14
Cl- + CH3Cl 0.85 1.10 1.02 1.18 0.69 0.78 1.04 1.22 0.99 4.62
O2

•- + CH3Cl 0.66 1.08 0.87 1.20 0.80 1.00 0.59 1.03 1.56 0.95 0.91( 0.01 4.19
SO•- + CH3Cl 0.66 1.06 0.72 1.20 0.78 1.18 0.56 1.04 1.60 0.930.98( 0.02 4.18
OS•- + CH3Cl 0.63 1.09 1.00 1.18 0.80 0.99 0.64 1.04 1.63 1.09 4.65
S2

•- + CH3Cl 0.62 1.09 1.02 1.19 0.77 0.99 0.62 1.05 1.67 1.09 4.65
HOS- + CH3Cl 0.63 1.07 1.01 1.18 0.76 0.99 0.60 1.04 1.65 1.03 0.96( 0.02c 4.68
HS- + CH3Cl 0.76 1.10 1.08 1.18 0.71 1.00 0.77 1.04 1.34 1.06 1.06( 0.03 4.71
HO- + CH3Cl 0.75 1.10 0.98 1.18 0.74 1.00 0.70 1.02 1.27 0.91 0.93( 0.03d 4.26
F- + CH3F 0.84 1.14 0.83 1.24 0.74 0.73 1.05 1.23 0.94 3.66
Cl- + CH3F 0.85 1.14 0.99 1.21 0.70 0.81 1.07 1.23 1.06 4.14
HS- + CH3F 0.75 1.14 1.04 1.24 0.72 1.00 0.79 1.06 1.35 1.12 4.21
HO- + CH3F 0.78 1.14 0.88 1.25 0.76 1.00 0.74 1.04 1.29 0.99 3.76

a Frequencies calculated at MP2/6-31++G**//MP2/6-31++G** and using conventional transition state theory; see Experimental Section. See
Experimental Section for a definition of frequencies included in each factor.b RNu-C + RLG-C in angstroms.c Possible contamination with the
HSO- isomer; see text for details.d k(OH- + CH3Cl) ) (1.80( 0.04)× 10-9 cm3 molecule-1 s-1, k(OH- + CD3Cl) ) (1.93( 0.02)× 10-9 cm3

molecule-1 s-1.
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of SO•- with methyl chloride is intermediate between the
calculated values for oxygen (inverse) and sulfur (normal) attack
but much closer to the former; this suggests that oxygen attack
is preferred, in agreement with the relative energies of the
transition states shown in Table 2.

We will now analyze the changes in the KIEs from one
reaction to another. The contributions to theη show the typical
profile: slightly normal contribution from translations, large
normal effects from rotations, and large inverse contributions
from vibrations. Since the total KIEs in SN2 reactions are usually
inverse, this latter factor is generally recognized as the cause
for these overall inverse effects. This is particularly true since
vibrations are theonly inverse contributions for all reactions
considered in this study.

The translational contribution (ηtrans) does not change ap-
preciably and lies between 1.02 and 1.07 for all reactions
studied. In contrast, the factor involving rotations clearly shows
large variations among different reactions. This effect can be
easily rationalized in terms of the changes in the moments of
inertia produced upon deuteration of the corresponding hydrogen
atoms and how they affect theηrot. The moment of inertia (I) is
related to the atom masses according to eq 7, wheremi are the

atom masses andri are their perpendicular distances to the
reference axis. The rotational partition function (Qr) is directly
related to the moments of inertia, according to eq 8, whereIA,

IB, andIC are the moments of inertia with respect to the three
axes andσ is the symmetry number. According to transition
state theory,ηrot is

where superscripts indicate perprotio (H) or perdeuterio (D)
labeled species and reactants (R) or transition state (TS),
respectively. Equation 9 can be rearranged to

The numerical value of the second term in eq 10 will depend
on the neutral molecule since contributions from the ion will
cancel out; this value is 1.73 for methyl chloride. Thus, for
different reactions with the same neutral, the final value forηrot

will be determined bythe ratio of the perprotio to the
perdeuterio labeled rotational partition functions, eValuated at
the transition states. It follows that for a reaction involving a
heavy nucleophile, the variation of the masses (mi in eq 7) upon
deuteration of the neutral will produce a smaller relative change
in the moments of inertia than in a reaction with a lighter
nucleophile. Thus, the first term in eq 10 becomes closer to
unity for heavier nucleophiles, and since its value is smaller
than 1 (because deuterium is heavier than hydrogen, eqs 8 and
10), it follows that the final ηrot becomes larger for heaVier
nucleophiles reacting with the same neutral.This is clearly seen
in Table 4, for example, by comparing theηrot for HO- and
HS- with methyl chloride or methyl fluoride.

This mass effect is not the only one affectingηrot as evident
from the differentηrot values for OS•- and SO•- which have
the same mass. In fact, as eq 7 shows, the spatial distribution
of the different atoms (even when the total mass is the same)
also plays a role in determining the value of the moments of
inertia andηrot; by a similar argument as above for the masses,
a TS with more widely distributed atoms will produce a higher
Value for ηrot. This effect will depend on the distribution of
atoms in the TS and becomes more difficult to estimate a priori
without knowledge of its structure.

In practice, both effects are important since we cannot modify
the nucleophiles without changing the TS structure and vice
versa, except by isotopic substitution. However, as Table 4
shows, it seems that the latter effect dominates and two groups
of reactions emerge. The first group involves monatomic nucleo-
philes and diatomic nucleophiles containing a hydrogen atom
(light atoms such as hydrogen make only small contributions
to the moment of inertia) withηrot values between 1.2 and 1.35;
the second group contains di- and triatomic nucleophiles with
at least two heavy atoms and hasηrot values around 1.6.

As mentioned before, the vibrational contribution is the only
inverse factor, and since it also deviates most from unity,
changes in the vibrational contribution will most significantly
affect the final η value. Thus, ηvib was partitioned into
contributions from different groups, each of them containing
frequencies whose normal modes share some physical signifi-
cance (see Experimental Section above). These contributions
are also shown in Table 4.

Some groups of frequencies contribute with a constant factor
for all reactions studied. This is the case forηstr,C-X, ηstr,Nu,
andηben,in. This is not surprising forηstr,C-X, since it is expected
that the changes of this frequency upon deuteration in going
from reactants to transition states do not change for reactions
involving the same neutral. In addition, only a very slight
variation is observed in going from the methyl chloride to the
methyl fluoride series. A similar situation occurs forηstr,Nuwith
the exception of the reaction of SO•- with methyl chloride,
where the S-O stretching frequency is surprisingly coupled with
some H(D) motions in the transition state. Theηben,in factor,
whose frequencies involve perpendicular movements of the H
atoms with respect to the reaction coordinate, show very small
changes when going from methyl chloride to methyl fluoride
as a neutral. This feature and the fact that their contributions
are normal (larger than 1) whileηvib are inverse (smaller than
1) suggest a minor contribution from these factors.

The other three factors are those that dominate and determine
the inverse value forηvib. Theηstr,C-H factor has inverse values
for all the reactions studied and has been claimed to be the factor
that governsηvib andη in SN2 reactions;19-22,28however, other
authors contend that the bending vibrations (ηben,outin this case)
determine their magnitudes.18 As can be seen in Table 4, this
latter factor (ηben,out) changes substantially from one reaction
to another having, in some cases, values larger than unity
(normal contributions). This is a very interesting point to
analyze. Whileηstr,C-H values fluctuate only between 0.7 and
0.8, theηben,outvalues are considerably more variable (between
0.72 and 1.08). The changes in the former have been correlated
with the C-H bond strength or bond length in the transition
states with respect to reactants19,28while those of the latter have
been associated with the transition state looseness.18 The
transition state looseness (or tightness) is a simple idea that
indicates how compressed a transition state is; however, this
concept is difficult to quantify. There are two methods widely
used to measure transition state looseness: theL and theRTS

I ) ∑
i

miri
2 (7)

Qr )
π1/2(8π2kBT)3/2(IAIBIC)1/2

σh3
(8)

ηrot )
Qr
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parameters. The former is the sum of the percent change of the
carbon-nucleophile (C-Nu) and carbon leaving group (C-
LG) bond lengths at the transition state with respect to products
and reactants respectively (Lq) and with respect to the reactant
and product complexes (LTS).19,28 These methods give similar
results. The latter is calculated by the sum of the C-Nu and
C-LG bond lengths at the transition state;18 this approach seems
more appropriate since it is related to the distance (“space”)
available for the out-of-plane bending vibrations. These values
are included in Table 4.

As evident in Table 4, there is a good correlation between
ηben,out and theRTS values for monatomic nucleophiles and
diatomic nucleophiles with one hydrogen atom for either methyl
fluoride or methyl chloride reactions, in agreement with previous
reports.18 However, this correlation fails when considering
polyatomic nucleophiles or even diatomic anions with two heavy
atoms; this can be clearly seen by comparing, for example, O2

•-

and HO- which have similarRTS values but very differentηben,out

contributions. We rationalize this fact by proposing that the
change in the out-of-plane bending vibrations upon deuterating
the TSs, with respect to the neutrals, depends on the actualspace
available for theR-hydrogens and that thisspaceis not always
proportional to the distance between nucleophile and leaving
group. This idea is clearly depicted in Figure 3, which shows
the TSs for the reactions of OH- and O2

•- with methyl chloride.
Even when theRTS values are comparable for these reactions,
thespaceavailable for theR-hydrogens is clearly different, and
this is observed in the different contributions fromηben,out for
each reaction.

A similar and very interesting situation is observed for O2
•-

and SO•-. These TSs have the sameRTS value, but as can be
anticipated, replacing an oxygen atom in O2

•- with a much larger
sulfur atom (see Figure 3) will decrease thisspaceand further
interfere with the out-of-plane bending vibrations; this causes
a decrease (a more inverse) in its contribution to the KIE, in
agreement with the results shown in Table 4. In light of these
results it can also be anticipated that this effect will be less
important at long Nu-C distances and become much more
important at shorter distances where the atoms in the nucleophile
are much closer to theR-hydrogens. This is clearly observed
when comparing theηben,outcontribution for OS•- and S2

•- as
nucleophiles. Since the S-C bond distance is significantly
longer than the O-C distance by about 0.4 Å, replacing the
oxygen atom by sulfur in this case does not change theηben,out

value.

Therefore, theRTS (as well as the L) looseness parameters
will not correlate with theηben,outfactor, unless we choose the
appropriate nucleophiles (e.g., monatomic anions), but instead
will correlate with thecrowdednessof the transition state. A
recent paper compares the different looseness parameters and
identifies a new parameter,∆Rq, that correlates well with the
out-of-plane bending contributions to the KIEs.29 ∆Rq include
corrections for the nucleophile and leaving group atomic radius
that will also affect the transition state crowdedness. Unfortu-
nately, these authors included only three identity reactions
involving monatomic nucleophiles. As we have shown, this
parameter is also expected to fail in other cases, as in reactions
of polyatomic nucleophiles.

In light of these results, the idea of transition statecrowd-
ednessshould be used instead of the concept oflooseness,
particularly in systems where the attacking nucleophile has bulky
atoms away from the reaction axis (facing toward theR-hy-
drogens) and in crowded systems. This is the case in substitution
reactions occurring in proteins, where the looseness concept has
been widely associated withR-H(D) secondary KIEs.24-27,49

Finally, the ηlow factor involves values that substantially
deviate from unity. This factor is similar in importance toηstr,C-H

and ηben,out in determining the totalη value. This feature has
been discussed previously by Truhlar20,22,30,50,51but has been
overlooked by other authors mainly due to the improper
grouping of frequencies where this effect remains hidden.18,19,28

There are three groups of reactions in Table 4, each of them
showing a constant contribution. Clearly, it depends primarily
on the type of nucleophile: monatomic nucleophiles with values
of ∼0.85, diatomic nucleophiles with one hydrogen atom with
values of∼0.76, and diatomic or polyatomic nucleophiles with
at least two heavy atoms with values of∼0.64. This trend seems
to follow the number of frequencies appearing in this group
whose associated degrees of freedom in reactants correspond
to rotations and translations; this depends on the number of
atoms present in the nucleophile which determine the number
of degrees of freedom. In addition each new frequency included
in this group will contribute to a more inverse value because
there is no associated frequency in the reactants (see eq 1).
Therefore we recognized that this behavior may be an artifact
and that if we include the associated degrees of freedom in the
same group, these effects could be canceled. Effectively, if we
define a new group obtained by multiplying the values obtained
for ηlow, ηtrans, andηrot, which will have a correlated and constant
number of degrees of freedom, we obtain a constant value of
1.07 ( 0.03.52

These results lead us to conclude that KIEs in the SN2
reactions are mainly determined by theηben,outcontribution and
that this factor depends on thecrowdednessof the transition
state for a given neutral, in accord with the accepted empirical
rule. We restate this idea in light of our new results: for a
particular substrate, a highly crowded transition state (as defined
above) will have a smallerR secondary KIE value than a less
crowded transition state.

Conclusions

The enhanced reactivity of O2•- with alkyl halides has been
confirmed in comparison with anions and radical anions of

(49) Williams, I. H.J. Am. Chem. Soc.1984, 106, 7206-12.
(50) Truhlar, D. G.; Lu, D. H.; Tucker, S. C.; Zhao, X. G.; Gonzalez-

Lafont, A.; Truong, T. N.; Maurice, D.; Liu, Y. P.; Lynch, G. C.ACS Symp.
Ser.1992, No. 502, 16-36.

(51) Hu, W.-P.; Truhlar, D. G.J. Am. Chem. Soc.1996, 118, 860-9.
(52) The reported error bars correspond to one standard deviation.
(53) Barlow, S. E.; Van Doren, J. M.; Bierbaum, V. M.J. Am. Chem.

Soc.1988, 110, 7240.

Figure 3. Structures of the transition states for the reactions of OH-

and O2
•- with methyl chloride showing the space available for the

R-hydrogen atoms bending vibrations and theRTS parameter.
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similar basicity. Potential energy surface calculations and
experimental and theoretical KIEs suggest that this anion is not
reacting by a classical SN2 mechanism. A simple ET process is
not thermodynamically allowed, but ET followed by radical-
radical coupling in the product well is possible; this process
will generate the same products as the SN2 reaction in a stepwise
mechanism. However, we are unable to locate a structured ET-
TS as suggested by Shaik and co-workers;8-10 moreover their
VBCM analysis excludes the existence of this structure as a
first order saddle point, suggesting that a long-range (weakly
bonded) ET process may occur in this system.

We have performed an exhaustive analysis of the secondary
R-deuterium KIEs in the SN2 mechanism including mono- and
polyatomic nucleophiles. The agreement between experimental
and theoretical results is extremely good and factoring of the
different contributions leads to the following conclusions: (1)
Total KIEs are not always inverse (<1) as has been assumed
in the past; therefore assigning the effect to a single factor
because its contribution is inverse (asηstr,C-H) is not necessarily
correct. (2)ηlow is, in general, one of the most inverse factors;
however the productηlowηtransηrot that includes a constant number
of degrees of freedom and a correspondence between them

shows a constant slightly normal contribution. (3)ηstr,C-H and
ηben,in reveal almost constant values with small changes for
different leaving groups. Alsoηstr,Nushow constant values except
for the reaction of SO•- with methyl chloride. (4) Although the
total KIE is determined by bothηstr,C-H and ηben,out, the
contribution from theηstr,C-H factor does not change significantly
compared withηben,outfor all the reactions studied. This latter
component, on the other hand, changes markedly from one
reaction to another. Thus, the magnitude of the total KIE is
primarily determined byηben,out and the accepted empirical
relationship between the secondaryR-deuterium KIEs and the
RC-H(D) out-of-plane bending vibrations is basically correct.
(5) ηben,out, which largely determines the magnitude of the total
KIE for a particular neutral, is related to the transition state
crowdednessand not to the usuallooseness(or tightness)
interpretation.
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