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The gas-phase reactions of F~(CH30H) and F~(CzH50H) with t-butyl bromide have been
investigated to explore the effect of the solvent on the E2 transition state. Kinetic isotope effects
(KIEs) were measured using a flowing afterglow-selected ion flow tube (FA-SIFT) mass
spectrometer upon deuteration of both the alkyl halide and the alcohol. Kinetic isotope effects
are significantly more pronounced than those previously observed for similar reactions of
F~(HzO) with t-butyl halides. KIEs for the reaction of F~(CH30H) with t-butyl bromide are
2.10 upon deuteration of the neutral reagent and 0.74 upon deuteration of the solvent. KIEs for
the reaction of F-(CzHsOH) with t-butyl bromide are 3.84 upon deuteration of the neutral
reagent and 0.66 upon deuteration of the solvent. The magnitude of these effects is discussed
in terms of transition-state looseness. Additionally, deuteration of the neutral regent and
deuteration of the solvent do not produce completely separable isotope effects, which is likely
due to a crowded transition state. These results are compared to our previous work on SN2 and
E2 solvated systems. aAm Soc Mass Spectrom 2008, 19, 1296-1302) © 2008 American Society
for Mass Spectrometry

Fundamental organic reactions, such as substitu
tions and eliminations, have for decades been
studied in solution [1, 2], and more recently have

been extensively studied in the gas phase as well {3-9].
While these prototypical condensed-phase and gas
phase reactions are relatively well understood, signifi
cant differences in the reactivity of species in these
phases have been observed [10-15]. For example, the
acidities of aliphatic alcohols in the gas phase, observed
by Brauman and Blair [16] to be t-C4H90H > iso
C3H70H > CzHsOH > CH30H > HzO, have the
reverse order of that measured in solution. Addition
ally, the rate of a reaction usually varies significantly
between the solution phase and the gas phase. For
example, the reaction of hydroxide with methyl bro
mide is 16 orders of magnitude faster in the gas-phase
compared with the reaction in aqueous medium [17].
This is due to the need for solvent reorganization as the
reaction proceeds in solution, as well as the greater
thermodynamic stability of the solvated ion. It is obvi
ous that a single solvent molecule does not mimic the
solution phase; however, a study of microsolvated ions
will begin to shed light on the transition between these
phases.

Kinetic isotope effects (KIEs) are often used to study
reaction mechanisms because they are a sensitive probe
for transition-state structure. Deuterium KIEs are the
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ratio of the perprotio to the perdeutero rate constants
(KIE "" kH/kD .) It is well known from statistical rate
theory that rate constants, and hence KIEs, have elec
tronic, translational, vibrational, and rotational contri
butions. Kinetic isotope effects, however, are primarily
due to changes in vibrational modes as a reaction
proceeds from the reactants to the transition-state struc
ture. A normal KIE (>1) is a result of the loosening of
bonds in the transition state, which causes a decrease in
the difference in zero point energy as the reaction
proceeds from separated reactants to the transition
state. An inverse KIE «1) results from the tightening of
bonds in a transition state, causing an increase in the
difference in zero point energy as the reaction proceeds.

Both theoretical and experimental work have been
carried out on systems containing microsolvated ions
[4, 17-30]. The fluoride ion is a perfect candidate for
microsolvation because it exhibits remarkably different
reactivity in the gas phase compared with solution;
fluoride is the most reactive halide ion in the gas phase,
but the least reactive in solution. Several studies of
microsolvated fluoride ions have been carried out. The
bimolecular substitution (SN2) reactions of F~(HzO)l

[28], F-(HzO)o_s (20], F~(CH30H), F~«CH3}zCHOH)

and F~(HF) [19] with various methyl halides have been
experimentally studied. Inverse isotope effects have
been observed for both deuteration of the methyl halide
and deuteration of the solvent molecule. Additionally,
theoretical studies of the SN2 reaction of F~(HzO) with
CH3Cl [29] and of F-(HzO), F-(CHPH), and F-(HF)
with a series of methyl halides [30] have been carried
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out. Good agreement between experiment and theoret-
ical work for these SN2 systems has been observed.
There has been a limited amount of work on elimination
reactions. Theoretical studies of the bimolecular elimi-
nation (E2) reactions of F�(HF) with C2H5F [18] and
FO–(H2O) with C2H5Cl [21] have been reported due to
the presence of competitive reaction pathways. How-
ever, these studies would be difficult to confirm exper-
imentally. We have recently reported [27] the E2 reac-
tions of F�(H2O) with t-butyl halides. In the present
study, the deuterium KIEs for the E2 reactions of
F�(CH3OH) and F

�(C2H5OH) with t-butyl bromide are
examined, to explore the effect of the solvent on the
nature of the transition state.

Experimental

These reactions were carried out in a flowing afterglow-
selected ion flow tube (FA-SIFT) mass spectrometer [31,
32]. Fluoride was produced by electron impact on NF3
in a flow of helium in the source flow tube. Solvated
fluoride ions were formed by association with ethanol
or methanol, which is added downstream. The desired
reactant ions were mass selected using a quadrupole
mass filter and injected into the reaction flow tube,
where they were thermally equilibrated to room tem-
perature through collisions with He buffer gas (0.5 torr,
104 cm s�1). A known flow of t-butyl bromide, mea-
sured by a calibrated volume technique, was added to
the reaction flow tube through a manifold of inlets. The
depletion of the reactant ion and formation of the
product ions were monitored using a quadrupole mass
filter coupled to an electron multiplier. Reaction rate
constants are determined by changing the position of
the neutral reagent addition, thereby varying the reac-
tion distance and time. The reactions were carried out at
301 � 3 K. Parallel reactions of deuterated reactants
were studied under identical conditions.
Reported rate constants are the average of at least

three individual measurements, and the stated error
bars reflect the standard deviation of these measure-
ments. Errors reported for the kinetic isotope effects are
the propagation of the standard deviation. Absolute
uncertainties in these rate measurements are �20%;
however some systematic errors cancel in the rate
constant ratio, so that the error bars for KIEs are
significantly smaller. Neutral reagents were obtained
from commercial sources and used without further
purification. [(CH3)3CBr, 96%; (CD3)3CBr, 98% D; NF3,
99.7%; CH3OH, 99%; CH3OD, 99% D; CD3OD, 99.8% D;
C2H5OH, 98%; C2H5OD, 99.5% D; C2D5OD, 99.5% D.]
Helium buffer gas (99.995%) was purified by passage
through a molecular sieve trap immersed in liquid
nitrogen.
Efforts were made to minimize mass discrimination.

Estimates of the remaining mass discrimination were
carried out through a series of calibration reactions,
which span the mass range of our instrument. These
reactions were chosen such that a single reactant ion,

when allowed to react with a carefully selected neutral
reagent, formed a single ionic product. Correction of the
reported product ion branching ratios for the bare ion
present as a result of collision-induced dissociation of
the reactant cluster was necessary since its reaction with
t-butyl bromide also formed some of the same product
ions. This complication was accounted for by monitor-
ing both reactants as a function of time, and subtracting
the bare ion contribution from the overall result.
Electronic structure calculations were carried out

using the Gaussian 03 [33] program package. Opti-
mized geometries and frequencies of the reactants and
the transition states were calculated using density func-
tional theory (B3LYP/6-311 �� G(d,p) [34, 35]. Carte-
sian coordinates of all optimized geometries, as well as
energies of the transition-state structures, are provided
in the Supporting Information (which can be found in
the electronic version of this article). Transition states
were identified as having exactly one imaginary fre-
quency and by confirmation of movement along the
reaction coordinate by animation of this frequency.
Results of electronic structure calculations are used in
this work for qualitative arguments only; a more thor-
ough computational study is beyond the scope of this
paper.

Results and Discussion

Table 1 summarizes the E2 rate constants, reaction
efficiencies, kinetic isotope effects, and clustered prod-
uct branching ratios for the reactions of solvated
fluoride with t-butyl bromide, as well as deuterated
analogs of the ionic and neutral reagents. The reac-
tion efficiency is defined as the ratio of the experi-
mentally determined rate constant to the collision
rate constant; the latter values were calculated using
parameterized trajectory collision rate theory [36].
The electric dipole polarizability for t-butyl bromide
was calculated using the Miller-Savchik method [37],
and was found to be 10.8 � 10�24 cm3. The dipole
moment for t-butyl bromide was calculated using the
Gaussian 03 [33] program package as 2.596 D. This
calculation also confirmed the electric dipole polariz-
ability. “Neutral kH/kD” refers to the isotope effect
resulting from deuteration of t-butyl bromide; “kROH/
kROD” refers to the isotope effect resulting from solvat-
ing fluoride with an alcohol deuterated only at the OH
functional group; “solvent kH/kD” refers to the isotope
effect observed for fluoride solvated with the perdeu-
tero alcohol. Solvated ions, Br�(HF) and Br�(ROH), as
well as unsolvated Br� are observed as products of all
reactions. Branching fractions given in Table 1 represent
the total amount of clustered product observed. For the
reactions of F�(CH3OH) with t-butyl bromide only
trace amounts of Br�(CH3OH) are observed. For the
reactions of F�(C2H5OH), �20% of the total clustered
products are Br�(C2H5OH) ions.
Since these reactions are sufficiently below their

collision-controlled limits, the isotope effects measured
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in this study should accurately reflect the difference in
transition states between the perprotio and perdeutero
reactants. The series of reactions of t-butyl bromide
with F�(CH3OH) are more efficient than the series with
F�(C2H5OH), and the isotope effects for the latter are
more pronounced.
Isotope effects determined for reactions upon deu-

teration of the neutral reagent are significantly greater
than one. This effect is attributed to the C–H and C–D
bonds loosening in the E2 transition state (Figure 1). It
is unlikely that there is a contribution from a competing
SN2 mechanism; the t-butyl group has been shown to
provide considerable steric hindrance which prevents
an SN2 reaction from occurring [6]. Additionally, there
is no evidence of a ligand switching mechanism in which
the neutral reactant replaces the solvent in the cluster. This
mechanism is endothermic due to the strong interaction
between the fluoride anion and the solvent molecule.
F�(CH3OH) and F�(C2H5OH) are bound by 124 kJ
mol�1 and 135.6 kJ mol�1, respectively; in contrast, the
cluster bond energy of F�((CH3)3CBr) is estimated to be
106 kJ mol�1. Furthermore, the detection of an appre-

ciable amount of Br�(HF) clusters provides direct evi-
dence of the occurrence of an E2 mechanism.
Isotope effects determined as a result of deuteration

of the solvent are inverse. Generally, the solvent isotope
effect is attributed to a shrinking of a bond within the
solvent molecule, in this case the O–H bond, as the
reaction proceeds from the reactants to the transition
state. In the reactants, the O–H bond is elongated
relative to that in an isolated solvent molecule, due to its
interaction with fluoride. As the reaction proceeds, this
interaction weakens and the O–H bond contracts.
The solvent isotope effects are more pronounced for

the reactions of F�(C2H5OH) than for the reactions of
F�(CH3OH); both of these solvent isotope effects are
more dramatic than that observed for F�(H2O), which
was 0.94 for the reaction with t-butyl bromide. This
trend reflects the acidities of the solvent, and therefore
the cluster binding energy. Ethanol is the most acidic of
these solvents and therefore most readily shares a
proton with fluoride. The stronger the interaction be-
tween fluoride and the solvent molecule, the more
elongated the O–H bond becomes, relative to the iso-

Figure 1. Elimination mechanism for the reaction of F� with t-butyl bromide.

Table 1. E2 reaction rate constants in units of 10–10 cm3 s–1, reaction efficiencies, isotope effects, and branching ratios (BR)

Reaction kE2

Reaction
efficiency

Neutral
kH/kD kROH/kROD

Solvent
kH/kD Clustered product BRa

F–(CH3OH) � (CH3)3CBr 6.48 � 0.24 0.27 2.10 � 0.11 0.82 � 0.04 0.73 � 0.03 0.15
F–(CH3OH) � (CD3)3CBr 3.08 � 0.12 0.13 0.66 � 0.03 0.62 � 0.02 0.23
F–(CH3OD) � (CH3)3CBr 7.92 � 0.08 0.33 1.70 � 0.04 0.26
F–(CH3OD) � (CD3)3CBr 4.66 � 0.11 0.20 0.20
F–(CD3OD) � (CH3)3CBr 8.82 � 0.15 0.37 1.78 � 0.03 0.12
F–(CD3OD) � (CD3)3CBr 4.95 � 0.05 0.21 0.17

F–(C2H5OH) � (CH3)3CBrb 3.58 � 0.05 0.16 3.84 � 0.33 0.66 � 0.06 0.63 � 0.03 0.59
F–(C2H5OH) � (CD3)3CBrb 0.93 � 0.08 0.042 0.46 � 0.05 0.44 � 0.04 0.50
F–(C2H5OD) � (CH3)3CBrb 5.39 � 0.05 0.24 2.64 � 0.21 0.58
F–(C2H5OD) � (CD3)3CBrb 2.04 � 0.16 0.09 0.50
F–(C2D5OD) � (CH3)3CBrb 5.67 � 0.04 0.26 2.70 � 0.10 0.48
F–(C2D5OD) � (CD3)3CBrb 2.10 � 0.08 0.098 0.50

aError bars for branching ratios are � 30%.
bReactions of ethanol-solvated fluoride with t-butyl bromide produced an association product. Association branching fractions are 0.04, 0.18, 0.02,
0.10, 0.02, and 0.07 respectively. Overall rate constants are 3.72 � 10–10 cm3 s–1, 1.13 � 10–10 cm3 s–1, 5.50 � 10–10 cm3 s–1, 2.27 � 10–10 cm3 s–1, 5.79 �
10–10 cm3 s-1, and 2.26 �10–10 cm3 s–1, respectively. The contribution from association is subtracted from the observed rate constant to determine
the E2 rate constant. While there appears to be variation in the association branching fractions, their ratios essentially cancel out in the kinetic isotope
effects. That is, for the three kinetic isotope effects measured as a result of deuteration of the solvent, 0.04 kH/0.18 kD 
 0.02 kH/0.10 kD 
 0.02 kH/0.07 kD.
The same is true of the solvent effects.
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lated solvent molecule. As the reaction proceeds, the
O–H bond in the F�(C2H5OH) cluster changes the most
significantly in returning to its “isolated” geometry.
We have previously studied the kinetic isotope ef-

fects for a wide variety of microsolvated substitution
reactions. These results also demonstrate an inverse KIE
upon deuteration of the solvent. Figure 2 shows the
solvent kinetic isotope effects as a function of reaction
efficiency for the previously studied SN2 reactions of
F�(H2O) and F

�(CH3OH) with methyl bromide [19], as
well as the E2 reactions of F�(H2O) [27], F

�(CH3OH)
and F�(C2H5OH) with t-butyl bromide. This plot dem-
onstrates that the KIEs approach unity as the reaction
efficiency increases.
Theoretical studies of SN2 reactions have shown that

for exothermic systems the solvent remains attached to
the anion through the transition state [23, 29, 38],
whereas for thermoneutral reactions the solvent likely
does not remain bound [25, 39]. The SN2 reactions
shown in Figure 2 are more exothermic than those in
the theoretical studies, and therefore likely the anion
remains solvated. While these computational results
may seem inconsistent with thermochemical consider-
ations, it may reflect that earlier transition states can
occur for more exothermic reactions. The SN2 reactions
and the E2 reactions shown here follow similar trends;
this suggests that these elimination reactions also pro-

ceed though a transition state where the solvent is
bound to the anion.
The reaction efficiencies for bare fluoride with

methyl bromide (an SN2 reaction) and with t-butyl
bromide (an E2 reaction) are 0.70 and 0.71, respectively.
When one compares the efficiencies and KIEs for the
reactions of water-solvated fluoride with these two
neutral reagents, shown in Figure 2, the SN2 reaction
has become significantly less efficient than the E2 reac-
tion despite being the more exothermic of the reactions.
The same is true for the reactions of methanol-solvated
fluoride. These observations were not expected since
computations have shown that solvation stabilizes SN2
transition states relative to E2 transition states [18].
However, this is the first study that directly compares
bare SN2 and E2 systems and solvated SN2 and E2
systems experimentally. This intriguing result is a clear
target for future experimental and theoretical work.
There have been several attempts [40–42] to define

parameters that relate transition-state geometry to reac-
tivity and isotope effects for SN2 reactions In an SN2
reaction, the nucleophile attacks a tetrahedral molecule
180° away from the leaving group; a trigonal planar
transition state is formed before expelling the leaving
group to form a tetrahedral molecule that is inverted
relative to the original molecule. Most recently, Glad
and Jensen [42] defined a looseness parameter, �R‡:

�RCX
‡ 	RCX

‡ �RCX
0

�R‡	 �RCNu
‡ 
 �RCL

‡

where the superscript zero refers to the reactant or
product bond length, the superscript dagger refers to
the transition state, and X refers to either the nucleo-
phile (Nu) or the leaving group (L). The looseness
parameter is therefore the sum of the changes in bond
length as the reaction proceeds. As the looseness pa-
rameter increases, the kinetic isotope effect increases
(becomes less inverse). In addition to transition-state
“looseness”, SN2 transition states have also recently
been discussed as a function of transition-state “crowd-
edness.” SN2 deuterium KIEs are mostly a result of C–H
stretching and out-of-plane bending motions; the space
available to these motions is therefore crucial, but not
necessarily proportional to the looseness of the transi-
tion state. However, no explicit parameter has been
defined to address the volumes occupied by the attack-
ing nucleophile and the corresponding transition state;
only qualitative arguments of analogous systems have
been made.
No such parameters have been suggested for E2

reactions possibly due to difficulties in accurately cal-
culating E2 transition-state geometries. We have calcu-
lated analogues to the above parameter for the E2
transition-state geometry, as shown in Table 2, for the
reactions of microsolvated fluoride ion with t-butyl
bromide for the E2 systems presented in this work, �R‡

is the sum of the changes in bond lengths (labeled 1–3 in

Figure 2. Solvent kinetic isotope effects as a function of reaction
efficiency for SN2 and E2 microsolvated reactions for alkyl bro-
mides. The solid symbols represent elimination reactions and
open symbols represent substitution reactions. From reference
[28]: F� � CH3Br, k � 1.88 � 10�9 (efficiency � 0.70) �Hrxn –168
kJ mol�1; F�(H2O) � CH3Br, k � 4.97 � 10�10 (efficiency � 0.29)
�Hrxn � �75 kJ mol�1. From ref 19: F� (CH3OH) � CH3Br, k �
1.6 � 10�9 (efficiency � 0.09) �Hrxn � �41 kJ mol�1. From ref 27:
F� � (CH3)3CBr k � 2.58 � 10�9 (efficiency � 0.71) �Hrxn � �127
kJ mol�1; F�(H2O) � (CH3)3CBr, k � 1.50 � 10�9 (efficiency �
0.55) �Hrxn � �14 kJ mol�1.
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Figure 3) between reactants and transition state, which
are expected to change significantly as an elimination
mechanism proceeds. Normal KIEs for deuteration of the
neutral reactant in an E2 reaction are mostly due to a
change in the C–H� stretching motion. This C–H motion
likely would not be affected by crowdedness, but instead
by the looseness of the transition state. The crowdedness
of the transition state, however, may affect the separability
of the isotope effects andwill be discussed later. As shown
in Table 2, the looseness parameter increases as the kinetic
isotope effect increases, consistent with our results. In an
analogous manner to the SN2 systems, this parameter
provides an accurate description of the reaction coordi-
nate. While our optimized geometries correlate well with
measured kinetic isotope effects, it is not possible to use
these calculations to predict computational energetics
since it is difficult to determine activation enthalpies to
within 2 kJ mol�1 [43]; in addition elimination reactions
have a large number of low-frequency modes which are
difficult to calculate.
For our previously studied microsolvated reactions

(both SN2 and E2), the KIE as a result of deuterating the
solvent and the KIE as a result of deuterating the
neutral reagent were separable to a first-order approx-
imation. That is, for example:

KIE 	
k[F�(H2O)
 (CH3)3CBr]

k[F�(D2O)
 (CD3)3CBr]

�
k[F�(H2O)
 (CH3)3CBr]

k[F�(H2O)
 (CD3)3CBr]
�

k[F�(H2O)
 (CH3)3CBr]

k[F�(D2O)
 (CH3)3CBr]

However, in the cases of F�(CH3OH) and
F�(C2H5OH), the analogous equality does not hold.

For F�(CH3OH), the overall observed KIE is 1.31
whereas the product of the individual isotope effects
predicts the overall KIE to be 1.55, slightly outside of
the experimental error. For the reaction of
F�(C2H5OH) the overall observed KIE is 1.71 while
the product of the individual isotope effects predicts an
overall KIE of 2.42, well outside of the experimental
error. This is not surprising when one carefully examines
the isotope effects. Consider, for example, the reactions of
methanol-solvated fluoride with t-butyl bromide when
deuteration occurs only at the alcohol functional group.
The isotope effect observed for reaction with (CH3)3CBr
is 0.82. However, when the neutral reactant is
(CD3)3CBr, the isotope effect is 0.66, a 20% decrease!
The isotopic composition of the neutral reagent affects
the solvent kinetic isotope effect.
Hu and Truhlar [29] calculated the isotope effects for

the SN2 reaction of F
�(H2O) with CH3Cl. They noted

two unexpected normal modes that were a positive and
negative linear combination of the CH3Cl methyl group
internal rotation and the out-of-plane bending motion
of the free O–H. These modes were the most isotopi-
cally sensitive low-frequency modes, and therefore
large contributors to the inverse isotope effect. Kato et
al. [19] suggested that an analogous mode was present
in the transition state of the reaction of F�(CH3OH) �
CH3X, where X � Br and I, since deuteration of the
methyl group in methanol resulted in an inverse KIE.
Certainly, modes exist in these elimination transition
states that involve motion of the solvent and motion of
the neutral reagent, and therefore the isotopic compo-
sition of both the neutral reagent and the solvent
contribute in some way to each isotope effect.
A physical interaction or conformational effect be-

tween the solvent and the neutral reagent at the transi-
tion state is also likely. Let us consider the two extremes
as shown in Figure 4. In Figure 4a, the ethanol solvent
lies below the t-butyl bromide offering little opportu-
nity for a physical interaction with the neutral reagent;

RO
H

F

H2C C(CH3)2

X

H

1
2

3

Figure 3. Schematic of transition state, specifically labeling
bonds used to calculate looseness parameters shown in Table 2.

Figure 4. Transition state for the reaction of F�(C2H5OH) with
t-butyl bromide where (a) there is less crowding and there is
limited physical interaction between the solvent and the neutral
reagent, and (b) where there is more crowding and more physical
interaction between the solvent and the neutral reagent.

Table 2. Transition state looseness parameter

Reaction KIE �R‡

F–(H2O) � (CH3)3CBr 1.21 0.706
F–(CH3OH) � (CH3)3CBr 2.10 0.726

F–(C2H5OH) � (CH3)3CBr 3.82 0.740
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this represents a less crowded transition state. In Figure
4b, the ethanol solvent lies adjacent to the t-butyl
bromide, representing a more crowded transition state.
The difference in these two structures is essentially the
HFHO dihedral angle, which involves the rotation of
the ethyl group around the oxygen. Likely, there is a
low barrier to rotation for this angle. This situation is
analogous to the looseness or space afforded to partic-
ular vibrations for SN2 reactions. For fundamental
modes, which include motion of both the t-butyl group
and the solvent molecule, the space available for each
motion is critical. Changing the isotopic composition of
either the t-butyl group or the solvent molecule will
affect the vibrational frequencies. If the transition state
resembles Figure 4b, changing the vibrational frequen-
cies of a part of the structure may affect the rest of the
complex.
It is important to note, however, that while these

effects are not completely separable, the magnitude and
direction of the effects are consistent with previous
explanations. That is, the normal isotope effect upon
deuteration of the neutral reagent is mostly a result of
the lengthening of the C–H bond in the transition state;
the inverse isotope effect observed as a result of deu-
teration of the solvent molecule is a result of the water
O–H bond length shrinking. Calculations further con-
firm that the bond lengths and angles change in accord
with the previous assignments. The bond length within
the solvent molecule does indeed decrease from reac-
tants to transition state, and bond lengths and angles
within the E2 transition-state change as have been seen
for other calculated transition states.
Surprisingly, all of the microsolvated isotope effects

that have been measured in the past were found to be
separable. For the previously studied elimination sys-
tems, this is likely due to the size of the reactant. While
the neutral reagent in these reactions was also a t-butyl
halide, the solvent molecule was water. It is unlikely
that water could provide much crowding of a t-butyl
halide. For SN2 systems, crowding of the transition state
does not affect separability, but instead directly affects
the neutral reagent isotope effect as discussed above.
The reaction of F�(CH3OH) with t-butyl bromide

produces Br� as the major product, minor amounts of
Br�(HF), and trace amounts of Br�(CH3OH). The reac-
tion of F�(C2H5OH) with t-butyl bromide produces
similar amounts of Br� and Br�(HF), as well as minor
amounts of Br�(C2H5OH). While clearly entropic fac-
tors will favor the production of unclustered products,
these contributions are likely small. The overall ener-
getics of these reactions, as shown in Table 3, are
dominated by enthalpy contributions and suggest
that the formation of clustered products will domi-
nate the product distribution.
Calculations show that transition states for elimination

reactions that have the anti-periplanar geometry are ener-
getically favored over those with syn-periplanar geome-
try. If the product dynamics are more direct than
statistical, this transition-state geometry may hinder the

formation of clusters as a major product. The t-butyl
group lies between the leaving halide and the newly
formed elimination product, sterically hindering the
formation of the clusters.
The unsolvated Br� is the dominant product of the

reaction of F�(CH3OH) with t-butyl bromide. The reac-
tion of F�(C2H5OH) with t-butyl bromide produces
slightly more Br� than Br�(HF). The preference to form
bare anions and the varied distribution of clustered
products is probably due to product dynamics in the
post-transition-state reaction complex; these complexes
may be long-lived since these reactions are only mod-
erately exothermic. This suggestion is consistent with
the fact that the less exothermic F�(C2H5OH) reactions
form more clustered products than the reactions of
F�(CH3OH), and that the F

�(CH3OH) reactions pro-
duce more clustered products than were observed for
the F�(H2O) reactions.

Conclusions

The reactions of F�(CH3OH) and F�(C2H5OH) with
t-butyl bromide are examined with deuterium labeling,
and more pronounced isotope effects are measured
than for the corresponding reactions of F�(H2O). Nor-
mal isotope effects observed as a result of deuterating
the neutral reagent are indicative of an E2 reaction.
Inverse isotope effects observed as a result of deuterat-
ing the solvent are due to the reactant ion being more
strongly solvated than the transition state. These effects
are not completely separable, probably due to a physi-
cal interaction of the t-butyl group and the solvent
molecule in the transition state. The use of a “loose-
ness” parameter provides good correlations of the
transition-state geometries to the E2 kinetic isotope
effects.
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