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Abstract: The secondary �-deuterium,
the secondary �-deuterium, the chlorine
leaving-group, the nucleophile second-
ary nitrogen, the nucleophile 12C/13C
carbon, and the 11C/14C �-carbon kinetic
isotope effects (KIEs) and activation
parameters have been measured for the
SN2 reaction between tetrabutylammo-
nium cyanide and ethyl chloride in
DMSO at 30 �C. Then, thirty-nine read-
ily available different theoretical meth-
ods, both including and excluding sol-
vent, were used to calculate the struc-
ture of the transition state, the activation
energy, and the kinetic isotope effects

for the reaction. A comparison of the
experimental and theoretical results by
using semiempirical, ab initio, and den-
sity functional theory methods has
shown that the density functional meth-
ods are most successful in calculating the
experimental isotope effects. With two
exceptions, including solvent in the cal-

culation does not improve the fit with
the experimental KIEs. Finally, none of
the transition states and force constants
obtained from the theoretical methods
was able to predict all six of the KIEs
found by experiment. Moreover, none of
the calculated transition structures,
which are all early and loose, agree with
the late (product-like) transition-state
structure suggested by interpreting the
experimental KIEs.
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Introduction

Chemists have been trying to determine the structure of the
transition states of organic reactions for several decades.[1±5]

The initial approach was to use kinetic isotope effects (KIEs)
to estimate the relative amount of bond formation or bond
rupture in the transition state of a reaction. However, most of
the early studies determined only one KIE in a reaction.[6] For
instance, workers would determine only the chlorine leaving-
group KIE in an SN2 reaction of an alkyl chloride, Equa-
tion (1).

While the chlorine isotope effect gave some information
about the �-carbon ± leaving-group bond in the SN2 transition
state, it did not characterize the whole transition state.
The initial problem of measuring only one isotope effect for

a reaction has been overcome by measuring several isotope
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effects in a reaction, and recently the structure of several SN2
transition states have been elucidated in considerable de-
tail.[4, 7±9] However, other problems have been encountered
even when more KIEs are determined for a reaction. For
instance, it is necessary to consider the coupling between
different vibrations in the transition state when interpreting
certain KIEs.[10] Another problem is that some KIEs, for
example, secondary �-deuterium (2� �-D)[11, 12] and �-carbon
KIEs, are difficult to interpret because they depend on the
bonding of the isotopic atom to two or more atoms in the
ground and in the transition state.[13, 14]

Another approach to determining transition structure has
been to use theoretical methods. The initial methods such as
the BEBOVIB calculations, which used experimental KIEs to
suggest transition structure,[13, 15, 16] were crude, partly because
they were based on equations that represented the change in
energy with structure for bonds close to their ground-state
configuration in order to determine the geometry of a
transition structure that was far from the ground-state
configuration. A second problem with early quantum-chem-
ical approaches was that they only applied to the gas phase
and not to solution for which the experimental kinetic isotope
effects were measured and where the reaction takes place.[7, 18]

This uncertainty, due to the lack of solvation in the theoretical
approach, was demonstrated when research indicated that the
solvation energy for simple organic reactions was large and
that the free energies of activation including solvent were very
different from those calculated in the gas phase. This solvation
problem was also demonstrated by the work of Bohme and
co-workers[19] and others[20, 21] who showed that the reaction
coordinate was different for SN2 reactions in the gas phase and
in solution. Another problem that plagued the theoretical
approach to determining transition-state structure was that
only the largest computers were able to calculate the structure
of even medium-sized molecules accurately.
However, the recent advances in theoretical methods,

coupled with the enormous increase in the power of com-
puters, have enabled chemists to calculate transition struc-
tures for larger molecules. These developments suggest that
the gap between theory and experiment should be narrowing.
This study, which compares the transition structure and the
kinetic isotope effects obtained from various computational
methods with the experimental kinetic isotope effects for a
simple SN2 reaction, has been undertaken in an effort to
determine the ability of theory to calculate kinetic isotope
effects from a calculated transition structure and the corre-
sponding force constants.
The reaction chosen for this investigation was the SN2

reaction between ethyl chloride and tetrabutylammonium
cyanide in DMSO at 30 �C, Equation (2).

This reaction was chosen for two reasons. First, the
molecules are small enough to enable a high level of theory
to be applied to the reaction. This means that one has the
ability to obtain unbiased geometries and force constants for

the reactants and transition structure that allow the kinetic
isotope effects to be calculated. The second reason for
choosing this reaction is that a kinetic isotope effect could
be determined for all but one of the atoms in the SN2
transition state. In particular, the chlorine leaving group, the
2� �-D2, the 2� �-D3, the primary nucleophile carbon, the
secondary nucleophile nitrogen, and the �-carbon kinetic
isotope effects have been measured for this simple SN2
reaction. These KIEs allow a detailed structure for the
transition state to be suggested. This study is important
because it provides a complete set of experimental data that
can be used to do a very detailed and thorough test of the
ability of various levels of theory to calculate the transition-
state structure and the kinetic isotope effects for a reaction.

Results and Discussion

The 2� �-D2 KIE: The 2� �-D2 KIE for the ethyl chloride ±
cyanide ion SN2 reaction, see Table 1, was kH/kD� 0.990�
0.004.

The 2� �-D2 KIE was determined by dividing the rate
constants measured separately for the isotopomers. The
slightly inverse value indicates that the C��H(D)[23] vibrations
are approximately the same in the reactants and the transition
state.[22, 24] This suggests that the transition state is at least as
sterically crowded as the reactant and that the transition state
is reasonably tight with either a short �-carbon ± chlorine
(C��Cl) and/or a short cyanide-carbon ± carbon (NC�C�)
bond.[11, 12] Another indication that the transition state is
crowded (tight) is that the 2� �-D2 KIE for the SN2 reaction
between n-butyl chloride and the thiophenoxide ion in DMSO
is 1.125� 0.008, that is, much larger than the 2� �-D KIE in
this reaction.[25] Since the magnitude of the 2� �-D KIE is
determined mainly by the nucleophile ± leaving group sepa-
ration in the SN2 transition state[11] and since both the ethyl
and butyl substrates are primary substrates and the reaction
(SN2) and the solvent are the same, the ethyl chloride
transition state must be much tighter with a shorter nucleo-
phile ± leaving group separation than the butyl chloride
reaction. Thus, the magnitude of the KIE also suggests that
the ethyl chloride transition state is tight. If the transition state
is reasonably symmetric, then both the NC�C� and the C��Cl
bond lengths must be short. A second possibility is that the
transition state is asymmetric and that either the NC�C� or
the C��Cl bond is short and the other reacting bond long.[12] In

Table 1. The second-order rate constants and 2� �-D2 kinetic isotope effect
for the SN2 reaction between tetrabutylammonium cyanide and ethyl
chloride in DMSO at 30.000 �C.

Experiment 104kH [��1 s�1] 104kD [��1 s�1] (kH/kD)�-D2

1 4.169 4.231 0.9854
2 4.346 4.381 0.9920
3 4.168 4.219 0.9879
4 4.244 4.266 0.9948

Average 0.990� 0.004[a]

[a] Standard deviation.
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fact, a transition state with a short NC�C� bond and a long
C��Cl bond seems the most likely because:
i) Matsson et al.[8] concluded on the basis of small nucleo-
phile carbon KIEs ranging from 1.0105 to 1.0070, small and
constant[12] 2� �-D2 KIEs ranging from 1.011 to 1.002,[26]

and large and variable chlorine leaving-group KIEs of
between 1.0060 and 1.0079,[27] that the transition state for
the SN2 reaction between p-substituted benzyl chlorides and
the cyanide ion had a short NC�C� and a long C��Cl bond.

ii) KIE data measured for several SN2 reactions have
suggested that the stronger reacting bond is short and that
the weaker reacting bond is long in an SN2 transition
state.[8, 9, 12, 28] In the cyanide ion ± ethyl chloride reaction,
the new NC�C� bond is much stronger than the C��Cl
bond.
Therefore, one would infer that the NC�C� bond would be

short and the C��Cl bond would be long in the transition state.

The 2� �-D3 KIE : The 2� �-D3 KIE was determined by
dividing the rate constants measured separately for the
isotopomers.
The 2� �-D3 KIE of kH/kD� 1.014� 0.003, see Table 2, is

small and normal. This is typical of the 2� �-D KIEs reported
for other SN2 reactions.[29, 30] However, the small value
indicates that there is very little positive charge on the �-

carbon in the transition state of this reaction, that is, the
hyperconjugative contribution to the isotope effect, which
becomes significant as the positive charge on the �-carbon
increases, will be effectively zero and a small normal inductive
and/or steric 2� �-D KIE is observed.[30] This small 2� �-D KIE
is consistent with the small 2� �-D KIE; this suggests that at
least one of the reacting bonds in the transition state is short,
that is, that there is little or no positive charge, and perhaps
even a small negative charge on the �-carbon in the transition
state. Inductive and steric secondary �-deuterium KIEs for
SN2 reactions are usually small and inverse.[22, 24] A normal
inductive 2� �-D KIE could be observed if the transition state
were tight, that is, had increased total bonding and a slight
negative charge on the �-carbon.

The chlorine leaving-group KIE : A normal chlorine leaving-
group KIE of k35/k37� 1.0070� 0.0003, see Table 3, was found
for the ethyl chloride ± cyanide ion SN2 reaction. The chlorine
KIE was determined by isotope-ratio mass spectrometry.
This large KIE, which is approximately 50% of the

theoretical maximum chlorine leaving-group KIE of
1.014,[31, 32] indicates that there is significant C��Cl bond

rupture in the transition state. This KIE is as large as those
found in several other SN2 reactions of alkyl chlorides in which
the C��Cl transition-state bond is thought to be quite
long.[8, 27, 28] For instance, the chlorine KIE for this reaction is
as large as many of the chlorine leaving-group KIEs found for
benzyl substrates that are thought to have much looser
transition states than ethyl substrates.

The �-carbon KIE: The �-carbon KIE of k11/k14� 1.21� 0.02,
see Table 4, for the ethyl chloride ± cyanide ion SN2 reaction is
large and normal. It was determined by direct determination
of the isotopic ratios by using an HPLC/liquid scintillation
technique.
Lynn and Yankwich[33] reported an �-13C KIE of 1.0711�

0.0078 for the SN2 reaction of the cyanide ion with methyl
chloride in water at 31�C. Their value corresponds to k11/k14�
1.22 ± 1.23,[13, 34, 35] which is within the experimental error of
the value found for our ethyl chloride ± cyanide ion reaction in
DMSO. These KIEs are large and close to the maximum �-
carbon KIE. A near-maximum �-carbon KIE, k12/k13�
1.0713� 0.0046,[36] was also found for the reaction of the

Table 2. The second order rate constants and the 2� �-D3 kinetic isotope
effect for the SN2 reaction between tetrabutylammonium cyanide and ethyl
chloride in DMSO at 30.000 �C.

Experiment 104kH [��1 s�1] 104kD [��1 s�1] (kHkD)�-D3

1 4.310 4.237 1.017
2 4.392 4.337 1.013
3 4.388 4.339 1.011

Average 1.014� 0.003[a]

[a] Standard deviation.

Table 3. The chlorine leaving-group KIEs for the SN2 reaction between
tetrabutylammonium cyanide and ethyl chloride in DMSO at 30.00 �C.

Sample � value[a] Average fraction Ro/Rf
[b] k35/k37

of reaction (f)

1 � 7.33 0.158 0.993784 1.00683
2 � 7.54 0.179 0.993576 1.00715
3 � 7.00 0.217 0.994109 1.00672
4 � 7.49 0.249 0.993626 1.00743
5 � 7.25 0.187 0.993862 1.00686
6 � 7.18 0.279 0.993932 1.00722
7 � 7.15 0.248 0.993961 1.00703
8 � 6.75 0.276 0.994356 1.00670

Average 1.00699� 0.00026[c]

[a] The �-value is the difference between the 35Cl/37Cl ratio in the methyl
chloride sample obtained from the experiment and the 35Cl/37Cl ratio in a
standard methyl chloride sample, in ppm. [b] Rf� ratio of 35Cl/37Cl in the
chloride ion at f. Ro� ratio of 35Cl/37Cl in the chloride ion at 100%
completion. [c] Standard deviation.

Table 4. The �-carbon kinetic isotope effect for the SN2 reaction between
tetrabutylammonium cyanide and ethyl chloride in DMSO at 30.00 �C.

Experiment Sample[a] Fraction of Rf /R0
[b] k11/k14 Average for

reaction (f) each experiment

1 1 0.52 1.13944 1.2181
2 0.67 1.22413 1.2227
3 0.77 1.28696 1.2090 1.2166

2 1 0.31 1.05159 1.1598
2 0.54 1.14250 1.2066
3 0.67 1.20611 1.2014
4 0.77 1.26752 1.1897 1.1894

3 1 0.75 1.29821 1.2292
2 0.83 1.39594 1.2334 1.2313

4 1 0.47 1.11920 1.2138
2 0.63 1.18403 1.2045
3 0.73 1.25048 1.2097 1.2093

Total average 1.208� 0.019[c]

[a] In each experiment samples of cyanide ion were collected at various
fractions of reaction, f. [b] Rf� ratio of 14C/11C in the reactant ethyl chloride at
fraction of reaction f. R0� ratio of 14C/11C in the reactant ethyl chloride at the
start of the reaction (t� 0). [c] Standard deviation.
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cyanide ion with methyl iodide; an even larger k12/k13�
1.0815� 0.0068[33] was found for the methyl bromide ± cya-
nide ion reaction in water at 31 �C. The �-11C/14C KIEs for
Menshutkin reactions of methyl iodide with various amines
range from 1.189� 0.012 (2,4-lutidine in acetonitrile) to
1.221� 0.006 (triethylamine in dimethoxyethane),[37, 38] and
reaction with the hydroxide ion in 50% dioxane/water yielded
a value of 1.192� 0.001.[13] Thus, all these �-carbon KIEs are
large, the smallest being about 85% of the largest-observed
KIE. The qualitative conclusion would be that all these SN2
reactions have rather symmetric transition states, since the
maximum �-carbon KIE is expected for a symmetric tran-
sition state. However, the interpretation will be dependent on
the shape of the dependence of the KIE on the position of the
transition state along the reaction coordinate. A curve with a
narrow maximum means that the �-carbon KIE is very
sensitive to transition-state structure, whereas a broader curve
implies that the KIE is not very sensitive to a change in
transition-state structure.
Matsson and co-workers reported BEBOVIB calculations

of the �-11C/14C KIEs for the SN2 reactions of methyl iodide
and either the hydroxide ion[13] or N,N-dimethyltoluidine.[37]

Their calculations showed that the choice of reaction-coor-
dinate model strongly affected the dependence of the KIE on
the bond order of the breaking and forming bonds, that is,
depending on whether or not the interaction force constants
were allowed to vary with transition-state geometry, a narrow
or broad curve described the dependence of the KIE on the
total bond order. However, application of a reaction-coor-
dinate model in which the methyl hydrogen bending vibra-
tions were coupled by interaction force constants to the
stretching vibrations for the nucleophile ±�-carbon and C��I
bonds,[39] was necessary to reproduce the large experimental
KIEs. For instance, in the methyl iodide ± hydroxide ion
reaction, a bond order (the sum of the O�C� and the C��I
bond orders was 1.00) for the forming O�C� bond ranging
from 0.30 to 0.55 when the interaction force constants were
allowed to vary, or from 0.15 to 0.65 when the interaction
force constants were fixed gave a KIE that was �77% of the
maximum value of 1.22.[13] This curve with a broad maximum
describing the dependence of the KIE on transition-state
structure suggests that large �-carbon KIEs would be
observed for transition states that are early, symmetric, or
late. This idea is supported by the observation that the �-
carbon KIEs for several SN2 reactions with different nucle-
ophiles and leaving groups, which must have different
transition-state structures, are all near the maximum value.
Therefore, the experimentally determined value of 1.21 for
the ethyl chloride ± cyanide ion reaction could be consistent
with either an early, a late, or a symmetric transition state.
Unfortunately, until the dependence of these KIEs on
transition-state structure is known with certainty, �-carbon
KIEs will only be useful for indicating the mechanism of the
reaction but will not be particularly useful for determining
transition-state structure unless there is a systematic change in
a KIE within a series of reactions.

The nucleophile 2� nitrogen KIE : The very small (null)
nucleophile 2� N KIE of k14/k15� 1.0002� 0.0006, see Table 5,

indicates, as expected, that there is little or no change in
bonding to the cyanide ion nitrogen atom on going from
reactants to the transition state.

The nucleophile carbon KIE : The nucleophile carbon KIE
was determined to be k12/k13� 1.0009� 0.0007, see Table 5.
A nucleophile KIE is best understood in terms of Equa-

tion (3):

kL/kH� (��
L /��

H �[1��G(u�
i ��u�

i � �G(ui)�ui] (3)

in whichG(ui)� [1³2� 1/ui� 1/(eui� 1)] and �ui� hc/kT(��i).
The terms h, c, k, and T are Planck×s constant, the speed of
light, Boltzmann×s constant and the absolute temperature,
respectively. ��i is the change in frequency of a vibration
(expressed in cm�1) caused by the isotopic substitution. This
means a smaller normal or more inverse KIE is observed
when there is more NC�C� bond formation in the transition
state.
The nucleophile KIE is made up of a normal temperature-

independent factor (��
L /��

H , estimated as 1.02[8]) and an
inverse temperature-dependent factor (1��G(u�

i ��u�
i �

�G(ui)�ui) that is related to the additional bonding that
occurs between the nucleophile and the �-carbon in the
transition state. Thus the zero-point energy for the vibrational
modes involving motion of the nucleophilic carbon is greater
in the transition state than in the reactant.

Based on the small and constant 2� �-D KIEs[12, 26] and the
large and variable chlorine KIEs,[27] (vide supra) Matsson
et al.[8] interpreted the nucleophile 11C/14C KIEs of 1.0070 ±
1.0105 observed for the SN2 reactions between several para-
substituted benzyl chlorides and the cyanide ion (a temper-
ature-dependent factor of approximately 0.99) as having a
short NC�C� carbon bond in the transition state. The

Table 5. The isotopic composition and the nucleophile 2� nitrogen and
nucleophile carbon KIEs for the SN2 reaction between tetrabutylammo-
nium cyanide and ethyl chloride in DMSO at 30.0 �C.

Sample Fraction of �-13C[a] �-15N[b]

reaction (f)

1 0.68 � 1.389 � 40.65
2 0.52 � 0.857 � 39.495
3 0.45 � 0.823 � 39.572
4 0.38 � 0.766 � 38.571
5 0.28 � 0.91 � 40.419
6 0.22 � 1.054 � 41.065
7 0.61 � 1.148 � 40.64
8 0.46 � 1.477 � 41.676
9 0.42 � 1.342 � 39.828
10 0.37 � 1.187 � 41.364
11 0.2 � 2.04 � 40.737
12 0.74 � 1.354 � 39.364
13 0.56 � 0.889 � 38.49
14 0.51 � 1.552 � 39.35
15 0.37 � 0.909 ±
16 0.3 � 1.769 ±
18 0.23 � 1.652 ±

Average isotope effect 1.0009� 0.0007[c] 1.0002� 0.0006[c]

[a] �13C relative to PDB standard. [b] �15N relative to home standard
nitrogen gas. [c] Standard deviation.



FULL PAPER O. Matsson, P. Paneth, K. Charles Westaway et al.

¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 2696 ± 27092700

observed k12/k13 of 1.0009 would be equivalent to a k11/k14 of
1.0027, (a temperature-dependent factor of approximately
0.98 for the observed KIE). Therefore the NC�C� bond in the
ethyl chloride ± cyanide ion SN2 transition state must be
shorter (the smaller KIE indicates there is more NC�C�

bonding in the transition state) than in the benzyl chloride ±
cyanide ion transition state. The incoming carbon KIE is
difficult to interpret because one does not know how close the
nucleophile has to come to the �-carbon to raise the zero-
point energy and thereby to reduce the magnitude of the
KIE.[41] However, based on previous work, the NC�C� bond is
thought to be short in the transition state.

The transition-state structure based on experimental KIEs :
The large chlorine leaving-group KIE (k35/k37� 1.0070�
0.00007) suggests there is considerable C��Cl bond rupture
in the transition state. The small inverse 2� �-D2 KIE of
0.990� 0.004 on the other hand suggests that the transition
structure is either symmetric and tight with short NC�C� and
C��Cl bonds or asymmetric with either a short NC�C� or a
short C��Cl bond. The large chlorine KIE is only consistent
with an asymmetric transition state with a short NC�C� and a
long C��Cl bond. This interpretation is supported by the small
2� �-D3 KIE of 1.014� 0.003, because there would be very
little positive charge on C� in the asymmetric transition state
suggested by the chlorine and 2� �-D2 KIEs. This interpreta-
tion is also supported by the small nucleophile carbon KIE of
1.0009� 0.0007 found for the ethyl chloride ± cyanide ion SN2
reaction. Therefore, the best interpretation of the KIE data is
that the SN2 transition state is asymmetric with a short NC�C�

and a long C��Cl bond.
Finally, it is interesting to compare the transition-state

structure suggested by the KIEs measured in this study with
the transition-state structure suggested by Matsson et al. for
the similar SN2 reaction between benzyl chloride and the
cyanide ion in DMSO at 30 �C.[8] The chlorine KIEs for these
two reactions are almost identical, that is, a slightly larger
k35/k37� 1.0072 was found for the benzyl chloride reaction. A
k35/k37� 1.0070 was found for the ethyl chloride reaction. This
suggests that C��Cl-bond rupture is very slightly larger in the
benzyl chloride transition state. However, the smaller (more
inverse) 2� �-D (0.990 versus 1.011) and the small 2� �-D KIEs
found for the ethyl chloride reaction suggest that the ethyl
chloride has a tighter transition state than the benzyl chloride
transition state. This suggestion is supported by the smaller
nucleophile carbon KIE found for the ethyl chloride reaction.
It is interesting that the difference is mainly in the stronger
reacting bond, that is, the KIEs suggest the ethyl chloride
transition state has a shorter NC�C� bond and a very slightly
shorter (almost identical) C��Cl bond compared with the
benzyl chloride transition state. It is worth noting that the
KIEs suggest that both these cyanide-ion SN2 reactions in
DMSO have similar transition states, that is, both reactions
have a short NC�C� bond and a long C��Cl bond.

Activation parameters : The activation parameters, see Ta-
ble 6, were also measured for the ethyl chloride ± cyanide ion
reaction. This was done so that the enthalpy of activation
could also be used to assess the results from the different

theoretical methods in which solvation was included in the
calculations. The activation parameters were not calculated
for the gas-phase models in which the reaction coordinate[20, 21]

and the activation parameters are very different from those in
solution.[19]

The theoretical models : Forty-two different theoretical meth-
ods have been used to calculate the structure of the transition
state and the experimental KIEs for the ethyl chloride ± cya-
nide ion SN2 reaction for an SN2 reaction. The calculations
were performed within conventional transition-state theory
and neither variational effects nor tunneling were included.
Although this approach seems crude at first glance, it is
reasonable because variational effects for SN2 reactions
between an ion and a neutral molecule are usually small,[42]

and tunneling only has a significant effect on the KIEs of
hydrogen. Because the hydrogen atoms of the methyl group
are remote from the reaction center, it is safe to assume that
the tunneling contribution for these atoms will be negligible.
The only improvement upon including tunneling might be for
the secondary �-deuterium KIE, but this isotope effect is
modeled reasonably well without including tunneling. In most
cases, the gas-phase model was used for the reaction that takes
place in solution. Evidently, since the gas-phase models
cannot be used for predicting the energetics of the reaction,
the activation enthalpy was only calculated for the eight
methods in which solvation was considered. However, the
KIEs of SN2 reactions in which the nucleophile and the leaving
group have the same charge are not affected significantly by a
change in the polarity of the solvent.[43±46] Thus, one would
expect that including the solvent would have only minimal
influence on the results.
Of the forty-two methods used in this study, six were

semiempirical calculations that used AM1,[47, 50] PM3,[48] and
SAM1[49, 50] Hamiltonians. The 16 ab initio Hartree ± Fock
(HF) calculations used several basis sets including Truhlar×s
MIDI!,[51] and ML,[52] Dunning×s LANL2DZ,[53] cc-pVDZ,[54]

cc-pVTZ,[55] and Pople×s 6-31G,[56] and 6-311G.[57, 58] These
basis sets were used alone or in combination with diffuse
(™aug∫ in the case of Dunning-style basis sets and ™�∫ for
Pople-style basis sets)[59] and polarization functions.[60] The 15
density functional theory (DFT) methods that were used
combined standard exchange functionals such as: Becke88,[61]

B3,[62] B1,[63] MPW,[64] as well as the nonstandard B(M)[65]

exchange functionals with PW91[66] and LYP[67] correlation
functionals. Two functionals developed especially for SN2
reactions, MPW1K[68] and MPW1K-SRP, which is a version of
MPW1K that uses specific reaction parameters (SRP),[69] were
also used. In these methods, the fraction of Hartree ± Fock

Table 6. The activation parameters (standard state) for the SN2 reaction
between tetrabutylammonium cyanide and ethyl chloride in DMSO.

T [�C] 104k �G� �H� �S�

[��1 s�1] [kcalmol�1] [kcalmol�1] [calK�1mol�1]

25.07 3.952 22.6� 0.1 18.7� 0.1 � 13.2� 0.1
35.10 10.73
40.00 18.04
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exchange has been raised to 60.6% because this apparently
gives more accurate potential energy surfaces for this class of
reactions. Five post-HF ab initio calculations included were
carried out at the MP2,[70] MG3,[71] MC-QCISD,[72] and
CASSCF[73] levels. Eight of the methods considered solvent.
In the semiempirical calculations, COSMO[74] and SM5.4[75]

were used. At the HF and DFT levels, SM5.42,[76] C-PCM-
UAHF,[77] PCM-UAHF,[78] and Onsager[79] models were used.
All calculations were performed with default convergence
criteria and without any constraints on the models of the
individual reactants and transition state. A frequency analysis
was performed for each stationary point in order to confirm
whether this point represented a minimum on the potential-
energy surface (no imaginary frequencies) or a first-order
saddle point (exactly one imaginary frequency) and to obtain
the Hessian matrix necessary for calculating the isotope
effects. Calculations that used the SM5.4 model were per-
formed by using Amsol 6.5.1.[80] Calculations that used the
COSMO model were performed by using LinMOPAC 2.0.[81]

Calculations that involved the multilevel basis set ML were
performed by using M��������� 2.3.[82] All other calculations
were performed with Gaussian98.[83] The frequencies used in
the KIE calculations were unscaled. The force constants
generated in these calculations were transferred to our
ISOEFF98 program,[84] and all the KIEs were then calculated.
In all cases, activation enthalpies and KIEs were calculated

with respect to isolated reactants. Finally, a comparison of the
calculated and experimental KIEs and enthalpy of activation
was used to assess the ability of the different theoretical
methods to calculate transition-state structure and the exper-
imental isotope effects.
In the absence of any explicit interactions with other

molecules, the transition-state structure for the studied
reaction should have Cs symmetry, and the Cl-C�-C�-H�1

torsional angle should be equal to 180� in the optimized
structure. The H�1 is the hydrogen that is aligned with the
incoming cyanide ion in all calculated transition structures.
Three methods, the SAM1 calculations in which this torsional
angle was equal to 0.6� and two methods that include solvent
gave values indicating problems with correct convergence
(see below in the Solvent Models section). These three
methods were, therefore, not considered in determining the
ability of the methods to calculate the KIEs.

Transition structures : Table 7 presents the bond lengths and
bond angles for the transition structures of the ethyl
chloride ± cyanide ion SN2 reaction calculated by using three
semiempirical methods, 16 ab initio methods at the Hartree ±
Fock (HF) level, five post-HF ab initio methods and 15 DFT
methods. There is considerable variation in the transition
structures calculated by the 39 different methods. A compar-
ison of the transition structures with reactant and product,
ethyl chloride and ethyl nitrile, see Table 7, shows that every
theoretical method tested indicates that the transition struc-
ture is early and loose. This is because the difference in
[(length of the transition structure bond� length of the stable
bond in the reactant or product)/length of the normal bond in
the reactant or product]� 100% is significantly greater for
the cyanide carbon ±�-carbon bond than for the �-carbon ±

chlorine bond, that is, the nucleophile ±�-carbon bond is less
formed than the �-carbon chlorine bond is broken in all the
transition structures regardless of the theoretical method
used. For instance, in the DFT transition structures, the
NC�C� bond is between 66 and 55% longer than the NC�C�

bond in the product while the C��Cl transition-state bond is
between 29 and 18 percent longer than the C��Cl in the
reactant.
In Table 8, a comparison of the bond lengths and bond

angles for the reactants, transition structure, and product are
compared at the PCM-UAHF/mPW1PW91/6-31G(d) level of
theory. It is worth noting that if one uses Pauling bond orders
and the results for the PCM-UAHF/mPW1PW91/6-31G(d)
transition structure, rather than the percent extension of
the bond in the transition structure, the bond orders were 0.26
and 0.50 for the NC�C� and C��Cl bonds, respectively.[40] This
is indeed consistent with an early and loose transition
structure.
The theoretically calculated transition structures are evi-

dently not in accord with that based on the experimental
interpretation of the six KIEs measured for this reaction. One
possibility is that all the theoretical methods fail because they
cannot calculate the high-energy transition structure that is
far from the ground state correctly and/or because solvation is
poorly modeled by the continuum methods. Another explan-
ation is that the conventional framework for interpreting
experimental KIEs may be flawed because it is based on
empirical generalization and, at least partly, on approximate
theory. A third alternative is that neither approach is able to
predict the transition structure correctly.

Calculated KIEs : A study by Singleton and co-workers[85]

showed that theoretical methods could be used to calculate
the transition structure and experimental kinetic isotope
effects successfully. However, their study was for a reaction in
which neutral reactants were converted into neutral products.
This study on the other hand, has tackled a more difficult test
for theory, that is, an SN2 reaction of a negative nucleophile
with a neutral reactant to form a charged transition state.
A comparison of the experimental and calculated isotope

effects and activation enthalpy by using the different theo-
retical methods is presented in Table 9 and Figures 1 ± 6,
below. At every level of theory, the best results were found for
the very small nitrogen KIE. For instance, all but six of the
methods predicted this KIE to within the experimental values
for this KIE, Figure 1. This was undoubtedly found because
there is little or no change in bonding to the cyanide-ion
nitrogen on going to the SN2 transition state. A few (five for
the 2� �-D2 KIE, Figure 2, and fifteen for the chlorine KIE,
Figure 3) of the methods gave values that were within the
experimental values for these KIEs. The agreement between
the other three KIEs, the �-carbon, the nucleophile carbon
and the 2� �-D3 KIEs, Figures 4, 5 and 6, were much poorer.
Here, only three, none and none of the calculated KIEs,
respectively, fell within the experimental values for these
KIEs. Evidently, there are problems with calculating these
three kinetic isotope effects by theoretical methods. An
analysis of the results for each theoretical method, see
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Table 9, showed that none of the methods predicted the
experimental values for all the KIEs.
The agreement between the experimental activation energy

of 18.7� 0.1 kcalmol�1, Table 9, and the calculated activation
enthalpies in the cases in which solvent was considered is
excellent for the SM5.42/HF/6-31G(d) and the COSMO/PM3

methods and is reasonable (within 4.5 kcalmol�1 of the
experimental value) for the PCM-UAHF/6-31G(d), the
COSMO/6-31G(d), the PCM-UAHF/mPW1PW91/6-31G(d),
and the C-PCM-UAHF and PCM-UAHF/B3LYP/aug-cc-
pVDZ models. Unacceptable results for the activation energy
were obtained from the Onsager/6-31G(d) (�0.7 kcalmol�1),

Table 7. The bond lengths and bond angles found for the transition structures of the ethyl chloride ± cyanide ion SN2 reaction by using the different theoretical
methods.

Method (N�C)TS (NC�C�)TS % elonga-
tion of

(C�
�Cl)TS % elonga-

tion of
(C�C�)TS (C�H�)TS (C�

�H�1)TS (C�
�H�)TS (NC-C-Cl)TS

[ä] [ä]
(NC�C�)
in TS[a]

[ä]
(C��Cl)
in TS[b]

[ä] [ä] [ä] [ä] [�]

Semiempirical methods
AM1 1.170 2.086 43.0 2.113 17.1 1.492 1.101 1.118 1.117 164.8
PM3 1.166 2.155 47.7 2.100 16.3 1.494 1.092 1.098 1.097 166.5
COSMO/PM3 1.171 2.238 53.4 2.146 18.9 1.479 1.093 1.100 1.099 164.6

Hartree ± Fock methods
HF/MIDI! 1.147 2.240 53.5 2.357 30.6 1.516 1.060 1.084 1.080 166.8
HF/LANL2DZ 1.176 2.369 62.4 2.363 30.9 1.513 1.062 1.080 1.078 162.7
HF/6-31G(d) 1.153 2.387 63.6 2.305 27.2 1.505 1.061 1.081 1.079 164.6
Onsager/HF/6-31G(d) 1.153 2.333 59.9 2.356 30.5 1.505 1.061 1.081 1.079 162.4
C-PCM-UAHF//HF/6-31G(d) 1.153 2.341 60.5 2.343 27.8 1.503 1.062 1.080 1.079 163.0
PCM-UAHF/HF/6-31G(d) 1.153 2.341 60.5 2.343 29.8 1.503 1.062 1.080 1.079 163.0
SM5.42/HF/6-31G(d) 1.156 2.547 74.6 2.574 42.6 1.482 1.065 1.083 1.080 157.0
HF/6-31�G(d) 1.155 2.367 62.2 2.363 30.9 1.504 1.062 1.081 1.079 162.6
HF/6-31�G(d,p) 1.155 2.373 62.6 2.366 31.1 1.503 1.062 1.081 1.079 163.8
HF/6-31�G(3df,2p) 1.150 2.357 61.5 2.363 30.9 1.504 1.602 1.081 1.080 162.4
HF/6-31��G(d,p) 1.155 2.370 62.4 2.367 31.1 1.503 1.062 1.081 1.080 162.4
HF/6-31��G(3df,2p) 1.150 2.357 61.5 2.363 30.9 1.503 1.062 1.081 1.080 164.0
HF/6-311G(d) 1.147 2.394 64.1 2.339 29.6 1.503 1.061 1.081 1.078 162.5
HF/cc-pVDZ 1.154 2.359 61.7 2.334 29.3 1.505 1.069 1.088 1.086 164.5
HF/aug-cc-pVDZ 1.156 2.370 62.4 2.369 31.2 1.504 1.068 1.086 1.085 163.8
HF/cc-pVTZ 1.145 2.348 61.7 2.357 29.3 1.502 1.059 1.079 1.077 164.1

Post-Hartree ± Fock methods
MP2/6-31G(d) 1.194 2.268 55.4 2.210 22.4 1.511 1.073 1.091 1.088 166.9
CASSCF(4,4)/6-31G(d) 1.176 2.407 65.0 2.291 26.9 1.505 1.061 1.081 1.078 164.3
MP2/6-31�G(d,p) 1.196 2.236 53.3 2.250 24.7 1.510 1.070 1.088 1.085 166.6
MC-QCISD/ML 1.193 2.266 55.3 2.208 22.3 1.510 1.073 1.091 1.087 167.0
MG3/ML 1.151 2.353 61.3 2.366 31.3 1.500 1.059 1.079 1.077 163.8

DFT methods
B3LYP/6-31G(d) 1.176 2.392 63.9 2.134 18.2 1.511 1.075 1.094 1.091 164.9
B1LYP/6-31G(d) 1.174 2.387 63.6 2.239 24.0 1.511 1.073 1.093 1.089 164.9
BPW91/6-31G(d) 1.188 2.424 66.1 2.209 22.4 1.515 1.083 1.101 1.098 164.7
MPW1PW91/6-31G(d) 1.174 2.344 60.7 2.198 21.8 1.507 1.075 1.092 1.089 165.8
PCM-UAHF/mPW1PW91/6-31G(d) 1.173 2.265 55.2 2.227 23.4 1.505 1.075 1.091 1.090 164.9
B(M)LYP/6-31G(d) 1.169 2.377 62.9 2.254 24.9 1.509 1.068 1.088 1.085 164.5
MPW1PW91/6-31�G(d,p) 1.175 2.304 57.9 2.250 24.7 1.505 1.075 1.091 1.089 165.1
MPW1 K/6-31�G(d,p) 1.166 2.279 56.2 2.240 24.1 1.500 1.069 1.086 1.084 165.6
MPW1 KK-SRP/6-31�G(d,p) 1.159 2.262 55.0 2.232 23.7 1.495 1.065 1.081 1.079 165.9
B(M)LYP/6-311��G(2d,2p) 1.167 2.331 59.8 2.331 29.1 1.506 1.066 1.085 1.083 164.0
B1LYP/aug-cc-pVDZ 1.175 2.340 60.4 2.296 27.2 1.509 1.077 1.096 1.094 164.21
B3LYP/aug-cc-pVDZ 1.177 2.341 60.5 2.291 26.9 1.509 1.078 1.097 1.095 164.2
C-PCM-UAHF/B3LYP/aug-cc-pVDZ 1.177 2.280 56.3 2.314 28.2 1.506 1.079 1.096 1.095 162.9
PCM-UAHF/B3LYP/aug-cc-pVDZ 1.176 2.285 56.6 2.294 27.1 1.507 1.079 1.096 1.095 162.9
B3LYP/aug-cc-pVTZ 1.165 2.332 59.8 2.295 27.1 1.503 1.070 1.089 1.087 164.1

[a] %[{(NC�C�)TS� (NC�C�)FS}/(NC�C�)FS]. [b] %[{(C��Cl)TS� (C��Cl)IS}/(C��Cl)IS]. Here IS� initial state, TS� transition state and FS� final state.

Table 8. The bond lengths and bond angles found for the reactants, transition structure, and product of the ethyl chloride ± cyanide ion. SN2 reaction at the
PCM-UAHF/mPW1PW91/6-31G(d) theory level.

N�C NC�C� C��Cl C��C� C��H� C��H�1 C��H� NC-C�-Cl Cl-C�-C�-H� Cl-C�-C�-H�1

[ä] [ä] [ä] [ä] [ä] [ä] [ä] [�] [�] [�]

Reactants 1.179 ± 1.805 1.509 1.090 1.092 1.095 111.5 119.9 180.0
TS 1.173 2.265 2.227 1.505 1.075 1.091 1.090 164.9 118.7 179.9
Product 1.158 1.459 ± 1.529 1.095 1.092 1.092 ± ± ±
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Figure 1. The nucleophile 2� nitrogen KIE calculated by the thirty-nine
different theoretical methods for the ethyl chloride ± cyanide ion SN2
reaction. The horizontal lines on the Figure show the experimental average
value � two standard deviations. The arrow shows the value calculated by
the B3LYP/aug-cc-pVDZ method (rank 1).

the PM3 with one explicit DMSO molecule (5.8 kcalmol�1),
and the SM5.4/PM3 (11.5 kcalmol�1) methods.
Each theoretical method was ranked by its ability to

calculate each KIE, Table 9. The ranking was established by
using the absolute value of the difference between the
calculated KIE and the median value of the experimental
KIE. Then, the ranking for the ability to calculate all the KIEs
was obtained by adding the rankings for each of the individual
KIEs, excluding the nitrogen KIE, and this rank sum was used
to determine the best overall method for calculating the
experimental KIEs. The nitrogen KIE was excluded from this
sum because most of the methods calculated this very small
KIE very well, Figure 1, so large differences in the ranking did
not mean that one method was less able to calculate this KIE
than another. For example, the methods ranked 1 and 36 for

Table 9. A comparison of the experimental and theoretical KIEs and activation enthalpies for the SN2 reaction between ethyl chloride and the cyanide ion in
DMSO at 30 �C. The rank based on all the KIEs (excluding the 15N KIE) for each method is given in parenthesis in column 1. The rank for each KIE is given
in parenthesis after the theoretical KIE.

Isotope Effect (kH/kD)�-D2 (kH/kD)�-D3 k11/k14 k12/k13 k14/k15 k35/k37 �H�

[kcalmol�1]
Experiment 0.990� 0.004 1.014� 0.003 1.21� 0.02 1.0009� 0.0007 1.0002� 0.0006 1.0070� 0.0003 18.7� 0.1
Semiempirical methods
AM1 (21) 0.920 (36) 0.989 (7) 1.20 (1) 0.987 (39) 0.9993 (28) 1.0075 (18)
PM3 (38) 1.073 (38) 1.045 (10) 1.17 (19) 0.990 (30) 0.9995 (18) 1.0039 (39)
COSMO/PM3 (34) 1.070 (37) 1.085 (35) 1.17 (19) 0.993 (7) 1.0010 (32) 1.0054 (32) 19.1

Hartree ± Fock methods
HF/MIDI! (39) 0.927 (34) 0.927 (39) 1.18 (14) 0.988 (38) 0.9991 (30) 1.0073 (14)
HF/LANL2DZ (30) 1.031 (33) 0.953 (19) 1.17 (19) 0.990 (30) 1.0000 (1) 1.0066 (15)
HF/6-31G(d) (13) 0.978 (13) 0.954 (18) 1.17 (19) 0.9922 (16) 0.9999 (4) 1.0072 (11)
Onsager/HF/6-31G(d) (23) 0.959 (32) 0.938 (36) 1.19 (4) 0.999 (2) 0.9990 (33) 1.0082 (29) � 0.7
C-PCM-UAHF/HF/6-31G(d) (37) 0.971 (22) 0.932 (38) 1.19 (4) 0.989 (36) 0.9983 (37) 1.0086 (33) 23.1
PCM-UAHF/HF/6-31G(d) (34) 0.970 (24) 0.933 (37) 1.19 (4) 0.990 (30) 1.0000 (1) 1.0087 (35) 23.2
SM5.42/HF/6-31G(d) (36) 1.127 (39) 1.052 (13) 1.15 (38) 0.996 (3) 1.0012 (35) 1.0092 (38) 18.7
HF/6-31�G(d) (18) 0.994 (4) 0.944 (27) 1.17 (19) 0.9914 (22) 0.9997 (10) 1.0077 (24)
HF/6-31�G(d,p) (31) 1.011 (25) 0.944 (27) 1.17 (19) 0.9914 (22) 0.9997 (10) 1.0077 (24)
HF/6-31�G(3df,2p) (19) 1.000 (12) 0.944 (27) 1.17 (18) 0.9915 (19) 0.9997 (10) 1.0076 (21)
HF/6-31��G(d,p) (25) 1.008 (21) 0.950 (23) 1.17 (19) 0.9916 (18) 0.9998 (7) 1.0077 (24)
HF/6-31��G(3df,2p) (19) 0.999 (11) 0.944 (27) 1.17(19) 0.9915(19) 0.9997 (10) 1.0076 (21)
HF/6-311G(d) (26) 0.977 (14) 0.941 (32) 1.19 (4) 0.991 (24) 0.9990 (33) 1.0088 (36)
HF/cc-pVDZ (28) 0.973 (18) 0.952 (20) 1.19 (4) 0.989 (36) 0.9995 (18) 1.0086 (33)
HF/aug-cc-pVDZ (22) 0.972 (20) 0.949 (24) 1.19 (4) 0.991 (24) 0.9994 (25) 1.0083 (30)
HF/cc-pVTZ (26) 0.976 (16) 0.941 (32) 1.20 (1) 0.990 (30) 0.9993 (28) 1.0085 (31)

Post-Hartree ± Fock methods
MP2/6-31G(d) (15) 0.971 (22) 0.968 (14) 1.20 (1) 0.991 (24) 0.9991 (30) 1.0074 (17)
CASSCF(4,4)/6-31G(d) (24) 0.921 (35) 0.941 (32) 1.18 (14) 0.995 (5) 1.0022 (38) 1.0075 (18)
MP2/6-31�G(d,p) (3) 0.992 (1) 0.952 (20) 1.19 (4) 0.9929 (15) 1.0000 (1) 1.0068 (10)
MC-QCISD/ML (4) 0.982 (8) 0.982 (9) 1.19 (4) 0.991 (24) 0.9994 (25) 1.0071 (6)
MG3/ML (29) 1.011 (25) 0.946 (26) 1.17 (19) 0.991 (24) 0.9999 (4) 1.0075 (18)

DFT methods
B3LYP/6-31G(d) (11) 1.014 (29) 1.001 (2) 1.17 (19) 0.992 (17) 1.0002 (7) 1.0069 (3)
B1LYP/6-31G(d) (10) 1.004 (17) 0.993 (6) 1.17 (19) 0.9915 (19) 0.9997 (10) 1.0069 (3)
BPW91/6-31G(d) (32) 1.016 (30) 0.955 (17) 1.14 (39) 0.996 (3) 1.0015 (36) 1.0050 (37)
mPW1PW91/6-31G(d) (8) 1.003 (15) 1.000 (3) 1.18 (14) 0.991 (24) 0.9995 (18) 1.0071 (6)
PCM-UAHF/mPW1PW91/6-31G(d) (7) 0.986 (3) 0.974 (12) 1.19 (4) 0.990 (30) 0.9994 (25) 1.0071 (6) 15.5
B(M)LYP/6-31G(d) (16) 0.993 (2) 0.967 (15) 1.16 (36) 0.994 (6) 1.0006 (22) 1.0060 (28)
mPW1PW91/6-31�G(d,p) (17) 1.011 (25) 0.959 (16) 1.17 (19) 0.993 (7) 1.0006 (22) 1.0063 (23)
MPW1 K/6-31�G(d,p) (5) 0.995 (6) 0.952 (20) 1.18 (14) 1.000 (1) 0.9915 (39) 1.0067 (12)
MPW1KK-SRP/6-31�G(d,p) (13) 0.981 (10) 0.944 (27) 1.19 (4) 0.990 (30) 0.9996 (16) 1.0071 (6)
B(M)LYP/6-311��G(2d,2p) (32) 1.020 (31) 0.947 (25) 1.16 (36) 0.993 (7) 1.0006 (22) 1.0062 (27)
B1LYP/aug-cc-pVDZ (2) 0.984 (7) 0.996 (4) 1.17 (19) 0.993 (7) 1.0002 (7) 1.0070 (1)
B3LYP/aug-cc-pVDZ (1) 0.994 (4) 1.005 (1) 1.17 (19) 0.993 (7) 1.0003 (10) 1.0070 (1)
C-PCM-UAHF/B3LYP/aug-cc-pVDZ (6) 0.982 (8) 0.984 (8) 1.17 (19) 0.993 (7) 1.0004 (16) 1.0067 (12) 22.1
PCM-UAHF/B3LYP/aug-cc-pVDZ (11) 0.973 (18) 0.978 (11) 1.17 (19) 0.993 (7) 1.0005 (18) 1.0066 (15) 22.8
B3LYP/aug-cc-pVTZ (8) 1.013 (28) 0.994 (5) 1.17 (19) 0.993 (7) 1.0001 (4) 1.0069 (3)
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Figure 2. The 2� �-D KIE calculated by the thirty-nine different theoret-
ical methods for the ethyl chloride ± cyanide ion SN2 reaction. The
horizontal lines are the experimental minimum, median, and maximum
values found for the KIE. The arrow shows the value calculated by the
B3LYP/aug-cc-pVDZ method (rank 1).

Figure 3. The chlorine leaving-group KIE calculated by the thirty-nine
different theoretical methods for the ethyl chloride ± cyanide ion SN2
reaction. The horizontal lines are the experimental minimum, median, and
maximum values found for the KIE. The arrow shows the value calculated
by the B3LYP/aug-cc-pVDZ method (rank 1).

Figure 4. The �-carbon KIE calculated by the thirty-nine different
theoretical methods for the ethyl chloride ± cyanide ion SN2 reaction. The
horizontal lines are the experimental minimum, median, and maximum
values found for the KIE. The arrow shows the value calculated by the
B3LYP/aug-cc-pVDZ method (rank 1).

this KIE gave the experimental KIE and were equally good at
calculating the KIE. An examination of the rankings in
column 1 of Table 9, indicates that the two best methods were
the density functional methods B3LYP/aug-cc-pVDZ and the
B1LYP/aug-cc-pVDZ. The transition state calculated by using
the B3LYP/aug-cc-pVDZ method is shown in Figure 7. It is
also worth noting that even the best method only predicted

Figure 5. The nucleophile carbon KIE calculated by the thirty-nine
different theoretical methods for the ethyl chloride ± cyanide ion SN2
reaction. The horizontal lines on the Figure show the experimental average
value � two standard deviations. The arrow shows the value calculated by
the B3LYP/aug-cc-pVDZ method (rank 1).

Figure 6. The 2� �-deuterium KIE calculated by the thirty-nine different
theoretical methods for the ethyl chloride ± cyanide ion SN2 reaction. The
horizontal lines are the experimental minimum, median, and maximum
values found for the KIE. The arrow shows the value calculated by the
B3LYP/aug-cc-pVDZ method (rank 1).

Figure 7. The transition-state structure calculated at the B3LYP/aug-cc-
pVDZ level of theory for the SN2 reaction between ethyl chloride and
cyanide ion. The N�C bond length is 1.177 ä, the CN�C bond length is
2.341 ä, the C�Cl bond length is 2.291 ä, and the C��C bond length is
1.509 ä. The CN-C-Cl bond angle is 164.2� and the Cl-C-C�-H� bond angle is
179.9�.

two (the nucleophile 2� nitrogen and the 2� �-D KIEs) of the
six experimental KIEs to within experimental error.
An inspection of the rankings in Table 9 reveals some

interesting facts; correlated methods (post-Hartree ±Fock
and DFT) give the best results. A comparison of the
calculations obtained by using the HF/6-31G basis set reveals
that there is no trend in the quality of results when diffuse and
polarization functions are used, although the system is
negatively charged. This is in agreement with Jensen×s
findings.[86, 87] It is worth noting that the B3LYP functional
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with the aug-cc-pVDZ basis set performed much better than
the much more expensive MP2 and MC-QCISD methods.
This list also shows a good performance by the mPW1PW91
functional, even in combination with a standard 6-31G(d)
basis set. Among the DFT functionals, B3LYP, B1LYP,
mPW1PW91, and MPW1K performed well, whereas BPW91
and B(M)LYP performed poorly. These findings are not
surprising since BPW91 has problems with calculating the
energetics correctly and B(M)LYP has been parameterized
for weak hydrogen bonding, which is not present in the system
studied. Finally, the poor performance of the semiempirical
methods should be pointed out. Of these methods, AM1 is the
best. It ranks average among all methods and substantially
higher than other semiempirical methods. Finally, the inclu-
sion of continuum solvent models (both PCM-UAHF and
C-PCM-UAHF) do not significantly affect the results.

Solvent models : The methods of including solvent in quantum
calculations are a subject of vigorous debate. A systematic
study of solvation in KIE calculations for a model decarbox-
ylation reaction[88] indicated the advantage of the continuum
models over explicit inclusion of solvent molecules. Recent
work from the äquist group examined the ability of explicit
solvent models to predict equilibrium oxygen isotope ef-
fects.[89] In the present study no systematic analysis of the
solvation has been performed. Rather, a few readily available
models were used, and the results were compared with those
obtained in calculations at the same level of theory in the gas
phase. In this part of the study the Onsager model, the
COSMO model, the C-PCM-UAHF method, the PCM-
UAHF method, and the SM5.4 and SM5.42 methods of
considering solvent were applied at four theoretical levels, the
HF/6-31G(d), the mPW1PW/6-31G(d), the B3LYP/aug-cc-
pVDZ and the PM3 method. Only the SM5.42/HF/6-31G(d)
method (which gave the exact value) and the COSMO/PM3
method gave values of the enthalpy of activation within four
standard deviations of the experimental value.
In addition, a calculation with the inclusion of one explicit

solvent molecule at the PM3 level was performed. The solvent
molecule was positioned ™behind∫ the nitrogen atom of the
cyanide anion with the oxygen atom pointing at the nitrogen
atom. The Cs symmetry of the starting model was not
preserved in calculations, the Cl-C�-C�-H�1 torsional angle
that should be 180� was 167.8� in the optimized structure. In
the SM5.4/PM3 calculation the Cl-C�-C�-H�1 angle was found
equal to 151.9� in the optimized structure. These results were
therefore not considered.
The ranking of the methods in Table 9 shows that including

the solvent does not have any significant effect on the results.
This is undoubtedly due to the lack of sensitivity of these
transition states (KIEs) to changes in solvent.[43±46] A detailed
examination of the results in Table 9 shows that including the
solvent only improves the results slightly in two out of the four
tests. The gas-phase PM3 result that ranks 38th out of the 39
methods compared only moves up to 34th when the COSMO
method is used in the calculation. The other improvement is
that the mPW1PW91/6-31G(d) results move up from 8th to
7th position when combined with the PCM-UAHF solvent
model. The results obtained at the HF/6-31G(d) level in the

gas phase on the other hand, rank significantly lower upon
inclusion of solvation, dropping from 13th position to 34th
when the PCM-UAHF method is used, to 37th with COSMO,
to 36th with SM5.42, and to 23rd when the Onsager model is
used. Similar results were obtained for the DFT B3LYP/aug-
cc-pVDZ method that yielded the best results among the
methods studied. Here, including either the C-PCM-UAHFor
the PCM-UAHF method lowered the ranking position from
1st to 6th or 11th, respectively. Thus, most of the gas-phase
models perform better than the models that include a solvent
environment for the cyanide ion ± ethyl chloride SN2 reaction.
The two exceptions are the PM3/COSMO calculation, which
leads to a small improvement, and the mPW1PW91/6-31G(d),
which produced a marginally better result.

Conclusion

The six experimental KIEs measured for the SN2 reaction
between ethyl chloride and cyanide ion suggest that the
transition state is late (product-like) with a short NC�C� bond
and a reasonably long C��Cl bond. All the theoretical
methods, on the other hand, suggest that the transition state
is very reactant-like and loose with little NC�C� bond
formation and significant C��Cl bond rupture. We have not
been able to resolve the differences between the two
approaches to determining transition-state structure for even
this very simple reaction. One possibility is that all the
theoretical methods fail to produce the correct transition
structure. The fact that no method predicts all six KIEs
correctly might indicate that this is, in fact, the case. Such a
failure to yield correct transition structure could be due to
theory×s inability to calculate high-energy transition struc-
tures that are far from the ground state where theory works
well and/or poor solvation modeling by the continuum
models. The latter problem might be overcome by inclusion
of a large number of explicit solvent molecules in the
calculations. Another explanation is that the conventional
framework for interpreting experimental KIEs may be flawed
because it is based on empirical generalization and, at least
partly, on approximate theory. A third alternative is that
neither approach is able to predict the transition structure
correctly. However, regardless of which is correct, the
experimental KIEs presented provide a benchmark against
which theoretical methods may be rigorously assessed. It is
relatively easy to find a theoretical method that can be used to
predict one or even two KIEs for a reacting system correctly.
A more critical test, however, is whether a larger set of KIEs,
such as for the six KIE in our study, may be predicted.

Although none of the theoretical methods was able to predict
all six of the KIEs, the DFT methods were best able to
generate the experimental KIEs. The two DFT methods, the
B3LYP/aug-cc-pVDZ and the B1LYP/aug-cc-pVDZ were
judged the best. Including solvation in the calculation did
not significantly improve the fit to the experimental KIEs.
In terms of calculating the experimental KIEs, the best

results were obtained for the very small secondary nitrogen
KIE. This was undoubtedly found because there is little or no
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change in bonding to the cyanide ion nitrogen on going to the
transition state. The second-best results were obtained for the
2� �-D followed by the chlorine KIEs. The �-carbon KIEs
were calculated with less success. The theoretical methods
were not successful in calculating the nucleophile carbon and
the 2� �-D KIEs. In fact, hardly any of the methods were able
to reproduce the last two experimental isotope effects. In this
regard, it is worth noting that the calculated transition-state
structures and force constants lead to a more inverse
incoming-carbon KIE than is found experimentally. This
suggests the theoretical methods may have difficulty calcu-
lating the vibrational energies involving the nucleophile ±
�-carbon bond in the SN2 transition state. Two solvent
models were able to reproduce the experimental activation
energy.
Finally, although none of the theoretical methods used in

this study was able to reproduce all of the experimental KIEs
correctly, theoretical calculations of KIEs are an important
tool in physical organic chemistry. For instance, KIEs
calculated by theoretical methods are often sufficiently
accurate to distinguish between possible mechanistic alter-
natives and several papers by Houk,[90, 91] Schramm,[92, 93] and
Truhlar[94, 95] are good examples of the usefulness of theoret-
ical methods for determining reaction mechanisms. Using
theoretical methods to investigate special attributes of a
reaction within a specific system is also believed to be very
useful. For example, the theoretical experiments of ion pairing
and negative-ion hyperconjugation in elimination reactions
by Saunders,[96±98] the studies of E2 elimination and SN2
reactions by Glad and Jensen[86, 87] and the studies of SN2
reactions by Williams and co-workers[99±101] and by Westaway
and co-workers[11] are important investigations of specific
effects that have led to important additions to the theory of
kinetic isotope effects and the factors that affect their
magnitude.

Experimental Section

Preparation of Materials : Tetrabutylammonium cyanide (97%, Aldrich),
chloroethane (98%, Ferak Berlin, Germany), dimethylsulfoxide (99.5%,
Fluka or Caledon Laboratories, anhydrous, distilled in glass grade), and
nickel(��) nitrate hexahydrate (99%, POCh Gliwice, Poland) were used
without further purification. The tetrabutylammonium cyanide was kept in
a vacuum desiccator once it had been opened.

Ethyl chloride : Ethanol (20 mL, ca. 15.8 g, 0.343 mol) was added slowly to a
cold mixture of anhydrous zinc chloride (92 g) and concentrated hydro-
chloric acid (58 mL) in a 100 mL three-necked round-bottom flask. The
flask was cooled in an ice ± salt bath so that the temperature remained
below 8 �C to prevent any loss of hydrogen chloride during the addition to
the zinc chloride. The flask was fitted with a vertical water-cooled five-bulb
reflux condenser attached to a set of four gas traps. The first two gas traps
contained water for absorbing hydrogen chloride and the last two
contained concentrated sulfuric acid for adsorbing any water from the
first gas traps. A vented test tube immersed in an ice ± salt bath was
connected to the final gas trap to collect the ethyl chloride. A slow stream
of nitrogen was applied through one neck of the three-necked reaction
flask to provide a positive pressure in the system. A thermometer was
inserted in the third neck of the flask to measure the temperature of the
reaction mixture.

The reaction mixture was heated slowly to 105 �C, and the ethyl chloride
was distilled. The temperature of the reaction mixture was gradually raised
to 130 �C to increase the yield of ethyl chloride. All the ethyl chloride was

collected between 30 and 45 minutes after the reaction mixture began to
boil. The yield of ethyl chloride was 16 mL (ca. 14.4 g, 65%). An NMR
spectrum was consistent with that for ethyl chloride.

(1,1-2H2)Ethyl chloride : (1,1-2H2)ethanol (10 g, 0.208 mol, Sigma ±Aldrich,
98 atom% D2) was treated with a mixture of zinc chloride (56 g) in
concentrated hydrochloric acid (35 mL) by using the procedure described
above. The yield of (1,1-2H2)ethyl chloride was 3 mL (2.7 g, 20%). An
NMR spectrum indicated that the product was 99.0% deuterated at the
1-position.

(2,2,2-2H3)Ethyl chloride : (2,2,2-2H3)ethanol (10 g, 0.204 mol, Sigma ±Al-
drich, 99 atom% D3) was treated with a mixture of zinc chloride (56 g) in
concentrated hydrochloric acid (35 mL) by using the procedure described
for the synthesis of ethyl chloride. The yield of (2,2,2-2H3)ethyl chloride was
3 mL (2.7 g, 21%). An NMR spectrum indicated that the product was
99.2% deuterated at the 2-position.

[1-11C]Ethyl chloride : [1-11C]Ethanol[102] (1 ± 2 GBq) dissolved in concen-
trated hydrochloric acid (0.4 mL) was added with a syringe to a septum-
covered 3 mL conical glass vial containing anhydrous ZnCl2 (0.7 g). The
mixture was heated to 130 �C for 4 min, and then the [1-11C]ethyl chloride
was distilled by bubbling a slow stream of nitrogen (10 mLmin�1) through
the solution. The gas stream was passed through an aqueous solution of
NaOH (4 mL, 1�) and then through a drying tower containing sicapent.
Finally, the [1-11C]ethyl chloride was trapped in DMSO (0.5 mL) at 20 �C.
The amount of trapped radioactivity reached its maximum after 3 min.
Typically 200 ± 300 MBq of [1-11C]ethyl chloride was obtained.

[1-14C]Ethyl chloride : [1-14C]Ethanol (10 MBq, American Radiolabeled
Chemicals Inc.) dissolved in concentrated hydrochloric acid (0.4 mL) was
added with a syringe to a septum-covered 3 mL conical glass vial containing
anhydrous ZnCl2 (0.7 g). The mixture was then heated to 130 �C under a
slow stream of nitrogen (10 mLmin�1). The gas stream was passed through
an aqueous solution of NaOH (4 mL, 1�) and then through a drying tower
containing siccapent. Finally, the [1-14C]ethyl chloride was trapped in THF
(1 mL) at �40 �C. About 6 MBq of product was obtained.
Determination of the secondary �- and �-deuterium KIEs : A solution of
the cyanide ion (0.25�) was prepared by dissolving tetrabutylammonium
cyanide (1 g) in anhydrous, distilled-in-glass grade DMSO (15 mL, Caledon
Laboratories) under a nitrogen atmosphere in an I2R glove bag. A ethyl
chloride stock solution (0.12�) was prepared by injecting ethyl chloride or
deuterated ethyl chloride (400 �L) from a 500 �L syringe that had been
cooled in a deep freeze and kept in the freezer wrapped in plastic bags to
avoid condensation of water, into a sample vial containing anhydrous
DMSO (15 mL) and sealed with a rubber septum. The free space above the
solvent in the vial was kept to less than 1 mL to reduce the risk of
evaporation of the ethyl chloride. The amount of ethyl chloride added to
the vial was determined by precisely measuring the weights of the vial
before and after the ethyl chloride was added.

Both stock solutions were placed in a constant-temperature bath at
30.000� 0.002 �C for 1 h. Then, the reaction was started by injecting the
ethyl chloride stock solution (5 mL) into the tetrabutylammonium cyanide
solution so that the final concentrations were 0.030 and 0.188� for the ethyl
chloride and the tetrabutylammonium cyanide, respectively. Aliquots
(1 mL) of the reaction mixture were taken at various times throughout
the reaction and injected into nitric acid (30 mL 0.013�); this quenched the
reaction by converting the unreacted cyanide ion into HCN.

The acidic solution was stirred in the fume hood for at least an hour to
completely remove the hydrogen cyanide.

Finally, the chloride ion in the sample was analyzed in a potentiometric
titration by using a standard silver nitrate solution (0.005�).[103]

The KIE was determined by dividing the rate constants measured
separately for the deuterated and undeuterated isotopomers.

Determination of the chlorine KIE : The chlorine KIE was measured by
carrying out the reaction in the same way as the secondary �- and �-
deuteriumKIEs were measured. The reactions were quenched at extents of
reaction varying from 11 to 22% completion by pouring the whole reaction
mixture into nitric acid (30 mL, 0.013�). After the hydrogen cyanide had
been removed (vide supra), the samples were titrated with standard silver
nitrate (0.005�) in a potentiometric titration,[103] and the silver chloride
precipitate was filtered and converted into methyl chloride by using the
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standard procedure.[104] The chlorine KIE was determined from Equa-
tion (4):

k35/k37� ln 	1� f �
ln 
1� 	Ro�Rf�f �

(4)

in which Ro and Rf are the ratios of the chlorine isotopes in the reactant
before reaction and in the product (chloride ion) after a fraction of reaction
f, respectively. The 37Cl/35Cl ratios, Ri (i� 0, f), were calculated from the
�37Cl values obtained from the isotope-ratio mass spectrometric measure-
ments[105] by using Equation (5):

Ri�RST (1 � �i/1000) (5)

here RST is the 37Cl/35Cl ratio found for a standard methyl chloride sample.
The Ro value was obtained by analyzing the chloride ion from the SN2
reaction between ethyl chloride and sodium thiophenoxide in DMSO at
20 �C, a reaction found to go to 100% completion. This was necessary
because the cyanide ion ± ethyl chloride reaction in DMSO could not be
taken to 100% completion, presumably because some of the volatile ethyl
chloride was lost before the slow cyanide-ion reaction reached 100%
completion. Using this faster reaction at a lower temperature for
determining the Ro value corrected the error associated with the failure
to get the ethyl chloride ± cyanide ion reaction to go to 100% completion.

Determination of the nucleophile carbon and nitrogen KIEs : The carbon
and nitrogen nucleophile kinetic isotope effects were measured by using
the ™dead-end∫ conditions for the kinetic runs; that is, a molar excess of
tetrabutylammonium cyanide with respect to the ethyl chloride was used
for each experiment so that a predefined fraction of the cyanide ion had
reacted when all the ethyl chloride had been consumed. Since ethyl
chloride is very volatile, the volume of the solution was chosen so that the
space between the stopper and the surface of the solution was negligible.
These technical constraints caused a slight variation in the concentrations
of the reactants in each run, that is, the ethyl chloride (98%; Ferak Berlin,
Germany) varied from 0.03 to 0.08� and the tetrabutylammonium cyanide
varied from 0.09 to 0.17� in DMSO. The reaction mixtures were shaken at
30 �C for 7 h to ensure that the reaction had gone to completion. Then,
nickel nitrate (300 mg) was added to each sample to precipitate the
unreacted cyanide ion. The solution was separated in a centrifuge, the
solvent was decanted, and the residue was washed with water. This
procedure was repeated three times to remove all the nitrate ion and other
reactants. Then, the nickel cyanide was dried in a desiccator over molecular
sieves. Approximately 10 mg of the nickel cyanide was used for determin-
ing the isotopic ratio of the carbon and nitrogen atoms by isotope-ratio
mass spectrometry on a Finnigan DeltaS mass spectrometer combined in-
line with a Heraeus elemental analyzer. Nickel cyanide was also used to
determine the isotopic composition of the carbon and nitrogen atoms in the
initial cyanide ion. Although the fraction of reaction, f, was calculated from
the concentration of the reactants, the actual fraction of reaction was
confirmed by using a standard colorimetric assay for the chloride ion.[105]

The two methods agreed within �0.1%. The isotope effect k14/k15, was
determined from the isotopic composition of the reactant remaining after
fraction of reaction f from the slope of the linear dependence of ln (1000 �
�f) on ln (1� f):

ln (1000 � �f)�
1

k14�k15

�
� 1

�
ln (1� f) � ln (1000 � �0) (6)

Determination of the 11C/14C �-Carbon KIE : [1-14C]ethyl chloride
(30 MBq) in THF (5 �L,) was added to a solution of [1-11C]ethyl chloride
(100 ± 300 MBq) in DMSO (0.5 mL). After careful mixing, a 30 �L sample
was injected into the HPLC and the reactant fraction tr� 15.4 ± 16.5 min
was collected. The HPLC separation was performed on a Phenomenex
spherisorb 5 ODS(2) 250� 4.6 mm ID C18 column with a Beckman 126
gradient pump in series with a �� flow detector. The mobile phases were
acetonitrile (A) and ammonium formate (0.05�) at pH 3.5 (B). The
gradient used was from 0 to 6 min: 10% A, from 6 to 7 min: the
composition changed from 10 to 35% A, 7 ± 16 min: 35 ± 50% A, 16 ±
17 min: 50 ± 95% A, and 21 ± 22 min: 95 ± 100% A. The flow rate was
1 mLmin�1. Data collection and HPLC control were performed with a
Beckman System Gold chromatograph software package. Sample injection

and fraction collection were performed on a Gilson 231XL sampling
injector that was coupled to a Gilson 401C dilutor.

Then, the rest of the DMSO solution was transferred to a capped vial
containing tetrabutylammonium cyanide (70 mg) and the vial was shaken
to dissolve the latter. The vial was kept at 30 �C in the thermostated sample
rack of the HPLC.At 30 min intervals, 30 �L aliquots were injected into the
HPLC, and the reactant (ethyl chloride) fractions were collected in
scintillation vials containing scintillation liquid. A dummy fraction was
collected just before the reactant fraction to rinse the fraction collector and
to prevent contamination from any radioactivity remaining from a previous
fraction. The total radioactivity (11C � 14C) in the collected reactant
fractions was measured by liquid scintillation counting with a counting time
of 3 ± 5 min per sample. The liquid scintillation counting was performed
with a Beckman LS6000LL liquid scintillation counter in the wide-open
mode by using Zinsser Quicksafe A as the scintillation cocktail in Zinsser
20 mL poly vials.

The amount of radioactivity in the samples varied between 50000 and
300000 counts per minute. When all of the 11C radioactivity had decayed,
usually the next day, the samples were remeasured to give the 14C
radioactivity. The 14C data were corrected for 14C background by analyzing
the reactant fraction for 14C radioactivity when the reaction had gone to
completion. The 14C radioactivity was subtracted from the total radio-
activity to give the 11C radioactivity. The 11C radioactivity was then
corrected for decay and the 14C/11C isotopic ratios, Rf and R0 at the different
reaction points, were calculated. The point KIEs, k11/k14, were calculated by
using Equation (7):

k11

k14
� ln 	1� f �
ln 
	1� f �Rf�R0�

(7)

The fractional conversion f for each point was calculated from the
integrated radio detector peaks of the 11C reactant and product, after
correcting the peak areas for decay due to different retention times.
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