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Alkyl cation transfer reactions between ethanol and protonated ethanol and ethanol and protonated propionitrile,
as well as betweenn-propanol and protonatedn-propanol have been investigated experimentally by low-
pressure Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometry. The two ethyl cation transfer
reactions were found to be the dominant reaction channels with association being only a minor reaction
pathway. Then-propyl cation transfer reaction was found to compete with the association pathway resulting
in an approximately 50:50 mixture of protonated di-n-propyl ether and the proton-bound dimer ofn-propanol,
depending on temperature and pressure. The enthalpies of activation were determined to be-16.1 ( 0.8,
-17.5( 0.8, and-15.7( 0.9 kJ mol-1 for the ethanol/protonated ethanol, ethanol/protonated propionitrile,
andn-propanol/protonatedn-propanol alkyl cation transfer reactions, respectively. The entropies of activation
were found to be essentially the same,-121 ( 28 J K-1 mol-1, for all three reactions. All experimentally
determined thermochemical properties agreed very well with those calculated at the MP2/6-31+G(d)//B3LYP/
6-31+G* level of theory. Furthermore, the enthalpies and entropies of activation for the methy, ethyl, and
n-propyl cation transfer reactions between the neutral alcohols and the respective protonated alcohols were
found to be the same within experimental uncertainty.

1. Introduction

The study of ion/molecule reactions at very low pressures
(10-9-10-6 mbar) at which photon emission from the nascent
ion/molecule complex is a viable means for stabilization has
been quite successful in developing an understanding of ion/
molecule interactions and the unimolecular processes that occur
under these conditions. Several studies have been conducted,
yielding rates of photon emission and lifetimes for nascent ion/
molecule complexes with internal energies equal to the ion-
neutral binding energy.1,2 Through the use of master equation
modeling of the rate constants for unimolecular dissociation of
the nascent ion/molecule complex, accurate binding energies
have been obtained for various systems.3 We have studied the
temperature dependence of the radiative association reaction for
dimethyl ether and protonated dimethyl ether and have shown
that the initial complex formed in the entrance channel is one
in which a methyl group of the protonated dimethyl ether is
complexed to the oxygen of the neutral dimethyl ether.2 This
methyl-bound complex then either rearranges to the proton-
bound dimer or is the direct precursor for methyl cation transfer.
At the low pressures of Fourier transform ion cyclotron
resonance (FT-ICR) studies, the methyl cation transfer reaction,
which eliminates methanol to yield trimethyloxonium ion, was
also observed.4 This SN2 reaction becomes the dominant route
at higher temperatures. The SN2 channel is difficult to observe
at higher pressures, such as in a high-pressure source, because
third-body stabilization of the proton-bound dimer dominates.
From the temperature dependence of the rate constant for methyl
cation transfer, an experimental energy barrier, which lies 3.9

( 1.2 kJ mol-1 above the energy of the reactants (∆Hq ) -1.1
( 1.2 kJ mol-1), was obtained.4

More recently, the thermochemistry pertaining to the transi-
tion state for the SN2 reactions between neutral methanol and
protonated methanol, protonated acetonitrile, and protonated
acetaldehyde from temperature-dependent rate constants has
been investigated.5 These experimental barrier heights were
found to agree quite well with those predicted by ab initio
electronic structure calculations.

Work on elucidating thermochemical parameters for the
transition state of SN2 reactions has also been conducted by
Mayer and co-workers.6,7 From an examination of the metastable
dissociation of proton-bound methanol/acetonitrile6 and ethanol/
acetonitrile7 dimers and use of Rice-Ramsperger-Kassel-
Marcus (RRKM) theory to model the kinetics of water loss,
the barrier for isomerization of the proton-bound dimer to a
water-complexed species (eq 1) was estimated.

This isomerization barrier is the bottleneck for the SN2 reaction
because the water loss from protonated acetonitrile and neutral
alcohols is exothermic. This is shown schematically in Figure
1. In the metastable dissociation experiments,6,7 the proton-
bound dimer (I in Figure 1) is prepared in the source and both
the separated monomers (reactants) and the water-loss products
are observed. In their RRKM calculations, the isomerization
barrier (energy difference betweenI andIV in Figure 1) is fitted
to obtain the appropriate rate constant for formation of products
on the time scale of the metastable dissociation. McCormack
and Mayer8,9 have also recently measured rate constants for SN2
reactions, at ambient temperature, within the confines of a
quadrupole ion trap. From the rates of disappearance of the
protonated monomers (alcohols or acetonitrile), the rate con-
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stants for the SN2 reactions are obtained. RRKM modeling is
performed with the energy barrier for isomerization as a variable,
which leads to a determination of the barrier height.8,9

In the present work, with the use of methods described
previously,4,5 the reactions of protonated alcohols and neutral
alcohols are examined and the rate constants for alkyl cation
transfer are measured directly at low pressures in the FT-ICR
cell. From the temperature dependence of the rate constants,
the thermodynamic parameters for the SN2 energy barrier are
obtained directly as described below.

Data are obtained here for ethyl andn-propyl cation transfer
reactions. The results of work on three SN2 reactions, two ethyl
cation transfer reactions of ethanol with protonated ethanol (eq
2) and protonated propionitrile (eq 3) and then-propyl cation
transfer reaction betweenn-propanol and protonatedn-propanol
(eq 4) are presented.

The experimental thermochemistries derived from these experi-
ments are compared with those calculated by electronic structure
calculations.

2. Experimental Procedure

All experiments were carried out with a Bruker CMS 47 FT-
ICR mass spectrometer equipped with a 4.7 T magnet. Samples
of ethanol (100%, Consolidated Alcohols), propionitrile (99%,
Aldrich), andn-propanol (99.7%, Aldrich) were degassed using
a minimum of three freeze-pump-thaw cycles and were
introduced into the ICR cell via heated precision leak valves.
The pressure inside the vacuum chamber was measured with a
calibrated ionization gauge via a procedure described previ-
ously.2,5 The calibration of the ion gauge for the pressure of
ethanol was performed by measuring the rate of the self-
protonation reaction in eq 5.

The reaction was monitored at three pressures ranging from 5.9
× 10-9 to 1.3 × 10-8 mbar (uncalibrated). The pressures
obtained from the pseudo-first-order decay kinetics of the
ethanol radical cation were compared with the collision rate
constant calculated by the method of Su and Chesnavich.10 A
calibration factor of 1.50( 0.05 was obtained for the pressure
of ethanol for which the reported error is a minimum value,
reflecting only the standard deviation in the measurements and
not the error associated with the calculated collision rate. In a
similar fashion, the calibration factor forn-propanol was
determined to be 1.25.

For each reaction investigated, the pressure of neutral ethanol
or n-propanol was varied between calibrated pressures of 1.0
× 10-8 and 1.0× 10-7 mbar. For reaction 3, the pressure of
propionitrile was between 0.5 and 2.5 times that of ethanol.

The pulse sequence used for these studies is shown in Figure
2. Ionization was effected directly inside the ICR cell using

∼100 ms pulses of 70 eV electrons. The first delay after
ionization is incorporated into the experiment to produce either
CH3CH2OH2

+ (m/z 47), CH3CH2CNH+ (m/z 56), or CH3CH2-
CH2OH2

+ (m/z 61) by a series of proton-transfer reactions to
the neutral precursor, after which all of the ions except the
desired ionic precursor were ejected from the ICR cell by
standard radio frequency (rf) ejection techniques. A second delay
was incorporated to ensure thermal equilibrium of the ions. After
this second delay, the ionic precursor of interest was once again
isolated.

The intensities of the precursor and product ions (including
13C contribution) were monitored typically until about 90%
depletion of the precursor. The rate constants of methyl cation
transfer for reactions 2-4 were obtained from a least-squares
fitting of a semilogarithmic plot of normalized precursor ion
intensity vs time. A typical mass spectrum for the reaction of
protonated ethanol with ethanol to form protonated diethyl ether
and water is shown in Figure 3 after 10 and 100 s for the reaction
carried out at 294 K and a partial pressure of ethanol of 9.9×
10-9 mbar. The corresponding semilogarithmic plot of ion
intensities vs time is shown in Figure 4.

CH3CH2OH2
+ + CH3CH2OH f (CH3CH2)2OH+ + H2O

(2)

CH3CH2CNH+ + CH3CH2OH f

CH3CH2CNCH2CH3
+ + H2O (3)

CH3CH2CH2OH2
+ + CH3CH2CH2OH f

(CH3CH2CH2)OH+ + H2O (4)

CH3CH2OH+• + CH3CH2OH f C2H5O
• + CH3CH2OH2

+

(5)

Figure 1. Reaction profile for a typical gas-phase SN2 reaction
involving alkyl cation transfer between a protonated and neutral reactant.

Figure 2. Scan function for the FT-ICR experiments reported in this
work.
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3. Ab Initio Calculations

All electronic structure calculations were performed at the
B3LYP and MP2 levels of theory in conjunction with the
6-31+G(d) basis set using the Gaussian 98 suite of programs.11

Vibrational frequencies were calculated for the structures
optimized at the B3LYP/6-31+G(d) level and basis set.
Structure optimizations were also done using MP2/6-31+G(d).
The frequency calculations at the B3LYP/6-31+G(d) level were
used to correct the MP2/6-31+G(d) electronic energies for
thermal energy contributions. Calculations were also performed
at the G3(MP2) level of theory for the methyl cation exchange
reactions to compare with the MP2/6-31+G(d)//B3LYP/6-
31+G(d) calculations. Transition-state structures were verified

by the presence of a single imaginary vibrational frequency
corresponding to the vibrational mode in the correct reaction
coordinate.

4. Data Analysis and Arrhenius Theory

According to Arrhenius theory, the rate constant of a chemical
reaction varies with temperature according to the Arrhenius
equation

wherek is the rate constant,A is the preexponential or frequency
factor,Ea is the activation energy, andT andR are the Kelvin
temperature and gas constant (8.314 J K-1 mol-1), respectively.
Thus from the slope,m, of a plot of lnk vs 1/T, Ea and∆Hq,
the activation energy and enthalpy of activation, respectively,
can be obtained according to eqs 7 and 8, respectively,

From the thermodynamic formulation of transition-state theory,
the intercept of the Arrhenius plot,A, can be written in terms
of the ∆Sq,

where kB is the Boltzmann constant. Therefore, from the
intercept of the Arrhenius plot,∆Sq can be determined. The
errors in the rate constants represent only the standard deviation
of the average rate constant, measured at various pressures, at
each temperature. The slopes and intercepts as well as the error
were calculated using a least-squares regression in which each
point was weighted by the standard deviation in each point on
the Arrhenius plot. These errors therefore reflect only random
error and not systematic errors. The possibility of a slightly
incorrect temperature within the ICR cell affects the absolute
rate constant but has little effect on the temperature-dependent
values reported here. For example, a 5 K difference in
temperature between the reported values and actual values would
only result in a 0.5 kJ mol-1 difference inEa and a 1 J K-1

mol-1 difference in∆Sq.

5. Results and Discussion

5.1. Mass Spectra, Rate Constants, and Arrhenius Plots.
CH3CH2OH2

+ + CH3CH2OH. The primary product in the
reaction between ethanol and protonated ethanol at all temper-
atures studied is protonated diethyl ether atm/z 75 as seen in
Figure 3. Other products include the proton-bound dimer of
ethanol atm/z 93 and the proton-bound dimer of ethanol and
diethyl ether atm/z 121. These two proton-bound dimers are
not totally unexpected, although their stabilization at such low
pressures likely requires that there be some radiative stabilization
(photon emission) occurring along with collisional stabilization.
Although too little proton-bound dimer is observed to accurately
obtain information from the radiative association of the proton-
bound dimer of ethanol, the radiative association of the mixed
proton-bound dimer of ethanol and diethyl ether is sufficiently
significant that it can be studied. This reaction is considered in
a separate manuscript.12

Figure 3. Mass spectra taken after delays of 10 and 100 s of reaction
between protonated ethanol (m/z 47) and neutral ethanol conducted at
294 K and an ethanol pressure of 9.9× 10-9 mbar. Note that the
spectrum taken at 100 s is offset slightly to higher mass for clarity.

Figure 4. Semilogarithmic plot of intensity vs time for the reaction
of protonated ethanol with neutral ethanol. The temperature and pressure
conditions are the same as those in Figure 3.

ln k ) ln A -
Ea

RT
(6)

Ea ) -mR (7)

∆Hq ) Ea - 2RT (8)

A )
kBT

h
e2 e∆Sq/R (9)
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Also observed in the mass spectra is an ion atm/z 73. This
is most likely O-ethylated acetaldehyde. This product appears
even when the ion gauge is turned off and, therefore, is not due
to pyrolysis of ethanol in the ion gauge. The presence ofm/z
73 can only be ascribed to loss of H2 from nascentm/z 75,

which is about 7.5 kJ mol-1 endothermic13 from reactants and
explains whym/z 73 is only present in small amounts,∼1%.
The loss of H2 from protonated methylamine, methanol, and
methyl fluoride has been studied by metastable ion mass
spectrometry and ab initio theory.14 The barrier for H2 loss from
these three reactants was found to be significant from the kinetic
energy releases measured and from ab initio theory. Therefore,
the energy requirement for the loss of H2 in eq 10 is likely to
be greater than 7.5 kJ mol-1.

The rate constants for formation of protonated diethyl ether
from ethanol and protonated ethanol are given in Table 1 at
various temperatures ranging from 294 to 340 K. McMahon
and Beauchamp15 measured a rate constant for this reaction of
24 × 10-11 cm3 s-1 (296 K), while Karpas and Meot-Ner16

obtained a value of 6.8× 10-11 cm3 s-1 (340 K), both in ICR
mass spectrometers. McCormack and Mayer8 obtained a value
of 14× 10-11 cm3 s-1 in a quadrupole ion trap. The differences
among these values can likely be attributed to the uncertainty
in the neutral pressures.

The logarithms of the rate constants are plotted against inverse
pressure (Arrhenius plot) in Figure 5. From the slope of this
plot, Ea and∆Hq were determined to be-11.1( 0.8 and-16.1
( 0.8 kJ mol-1, respectively. The energy barrier estimated by
McCormack and Mayer9 from their ion trap studies was-5 (
8 kJ mol-1, which is in reasonable agreement with our purely
experimental value.

From the intercept, a∆Sq of -121 ( 27 J K-1 mol-1 was
obtained. It should be noted that the ion gauge calibration factors
would have no effect on the activation energies obtained via
the Arrhenius analysis, but the entropy of activation is dependent
on the calibration factor. This effect will be discussed further
below.

CH3CH2CNH+ + CH3CH2OH. The primary product observed
in the reaction of protonated propionitrile and ethanol was
N-ethylated propionitrile cation atm/z84 (eq 3). The only other
products observed were the proton-bound dimer of propionitrile
(m/z 111) and the mixed propionitrile/ethanol proton-bound
dimerm/z (102). These two minor products varied in abundance,
as expected, depending on the relative pressures of ethanol and
propionitrile. More importantly, the rate constants derived from
the decay curves of protonated propionitrile were independent
of the pressure of either ethanol or propionitrile, as expected.

The rate constants for ethyl cation exchange between proto-
nated propionitrile and ethanol were significantly greater than
those for the reaction of the protonated ethanol with ethanol
ranging from 15.1× 10-11 to 7.6× 10-11 cm3 s-1 at 294 and
341 K, respectively (see Table 2). Although there have been
no rate constants measured for this particular reaction in the
past, it is worth noting that McCormack and Mayer have
measured rate constants for the ethyl cation transfer reactions
in the quadrupole ion trap, specifically between protonated
acetonitrile and ethanol (39× 10-11 cm3 s-1)9 and between
protonated ethanol and ethanol (14× 10-11 cm3 s-1),8 which
shows that ethyl cation transfer is considerably faster in the
nitrile system. This is in contrast to the methyl cation transfer
reactions. The rate constants for methyl cation transfer between
protonated methanol and methanol and between protonated
acetonitrile and methanol have been measured by three different
groups and those for the latter reaction were larger in all three
cases (see Table 3).

It is not totally surprising that the rates for the methyl cation
reactions are different given that the barrier height for the

TABLE 1: Rate Constants for the Ethyl Cation Exchange
Reaction between Ethanol and Protonated Ethanol

temp, K rate constanta temp, K rate constanta

294 8.6( 0.3 322 5.7( 0.2
301 7.4( 0.3 327 5.4( 0.3
309 6.6( 0.3 335 4.7( 0.2
310 6.3( 0.2 340 4.6( 0.2
317 6.0( 0.2

a Rate constants in units of 10-11 cm3 s-1.

CH3CH2OH2
+ + CH3CH2OH f (CH3CH2)2OH+

m/z 75
+ H2O

(CH3CH2)2OH+* f CH3CH2OdCHCH3
+

m/z 73
+ H2 (10)

Figure 5. Arrhenius plots for the SN2 reactions between protonated
ethanol and ethanol (red squares), protonated propionitrile and ethanol
(black circles), and protonatedn-propanol andn-propanol (blue
triangles).

TABLE 2: Rate Constants for the Ethyl Cation Exchange
Reaction between Ethanol and Protonated Propionitrile

temp, K rate constanta temp, K rate constanta

294 15.1( 1.4 324 9.4( 0.5
300 13.9( 0.9 333 8.4( 0.7
310 12.2( 1.1 341 7.6( 0.6
315 11.5( 1.1

a Rate constants in units of 10-11 cm3 s-1.

TABLE 3: Rate Constantsa and Barrier Heightsb for Methyl
Cation Transfer Reactions

reaction
Fridgen/

McMahonc
McCormack/

Mayer
Meot-Ner/

Karpas

CH3CNH+ + CH3OH 3.5 (-16.5) 4.6d (+13) 2.7f

CH3OH2
+ + CH3OH 11.1 (-16.9) 11e (+1) 10.8g

a Units of 10-11 cm3 s-1. b In parentheses and in units of kJ mol-1.
c Reference 5.d Reference 9.e Reference 8.f Reference 20.g Reference
16.
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protonated acetonitrile/methanol reaction is higher than that for
the protonated methanol/methanol reaction (barrier heights are
given in parentheses in Table 3). The barrier heights obtained
by McCormack and Mayer8,9 in an ion trap for these two
reactions are significantly higher than those determined previ-
ously by us.5 Through the use of eqs 6 and 9, the preexponential
factors and the entropy of activation for the two methyl cation
exchange reactions can be obtained. With the use of the values
for the barrier height and rate constants that McCormack and
Mayer obtained (Table 3), values for∆Sq of -78 and-45 J
K-1 mol-1 for reactions A and B (see Table 3), respectively,
are determined. The difference in these two values (33 J K-1

mol-1) seems unusually large for reactions that are so similar
in nature. Furthermore, both values seem to be too positive for
these types of reactions.

The Arrhenius plot for the ethyl cation transfer reaction
between protonated propionitrile and ethanol is shown in Figure
5. TheEa and ∆Hq were determined to be-12.5 ( 0.8 and
-17.5 ( 0.8 kJ mol-1, respectively, from the slope of the
Arrhenius plot. These values are slightly lower than those
obtained for the protonated ethanol/ethanol reaction. Mayer and
McCormack9 and Ochran et al.7 estimated barrier heights for
the ethyl cation transfer reaction between protonated acetonitrile
and ethanol to be-10 ( 10 and -22 ( 10 kJ mol-1,
respectively.

The entropy of activation was determined to be-121 ( 26
J K-1 mol-1, which is the same as that for the protonated
ethanol/ethanol reaction. Given that the entropies of activation
are virtually identical and that the barrier for the protonated
propionitrile/ethanol reaction is lower, it is not surprising that
the rate constants are higher.

CH3CH2CH2OH2
+ + CH3CH2CH2OH. The major products

observed in the reaction of protonatedn-propanol with n-
propanol were protonated di-n-propyl ether (m/z 103) and the
proton-bound dimer ofn-propanol. The ratios of these two
products were dependent on the conditions of temperature and
pressure under which the reaction was carried out. For example,
the proton-bound dimer was favored, albeit only slightly, at
higher pressures ofn-propanol and at the lowest temperatures.
At increased temperatures or at lower pressures, the SN2 channel
dominated. These observations are consistent with the nascent
proton-bound dimer being stabilized more efficiently at higher
pressures because of the increased collision frequency. As well,
the unimolecular dissociation of the nascent proton-bound dimer
is more affected by temperature than the SN2 reaction. Also
observed were two minor products. A small amount ofm/z 101
was observed, which is presumably due to loss of H2 from
nascent protonated di-n-propyl ether. The reaction ofn-propanol
with protonatedn-propanol to form H2O, H2, andm/z 101 is
exothermic by approximately 30 kJ mol-1, according to B3LYP/
6-31+G* calculations, ifm/z 101 is O-propylated propanal,

The small amount ofm/z 101 observed during the course of
these experiments (∼5%) is quite likely due to the presence of
a substantial barrier to loss of H2. As well, a small amount of
the mixed proton-bound dimer of di-n-propyl ether andn-
propanol was observed and is discussed in detail elsewhere.12

The rate constant forn-propyl cation transfer between
n-propanol and protonatedn-propanol, forming protonated di-

n-propyl ether was found to be 7.6× 10-11 cm3 s-1 at 294 K
and decreased to 4.0× 10-11 cm3 s-1 at 342 K (Table 4). Karpas
and Meot-Ner16 measured the rate constant for this reaction in
an ICR spectrometer and obtained a slightly higher value, 10.3
× 10-11 cm3 s-1, at ambient temperature. In contrast, McCor-
mack and Mayer8 measured this rate constant to be almost an
order of magnitude larger, 63× 10-11 cm3 s-1, in a quadrupole
ion trap. The most likely reason for the discrepancy among the
values can be attributed to calibration factors for the pressure
of neutraln-propanol. Although we cannot say which value is
more dependable, the calibration factor will have no effect on
the activation energies derived from our temperature-dependent
rate constants but it does have an effect the value of∆Sq

obtained (see below).
The Arrhenius plot for then-propanol/ protonatedn-propanol

SN2 reaction is given in Figure 5. TheEa and ∆Hq were
determined to be-10.8 ( 0.9 and-15.7 ( 0.9 kJ mol-1,
respectively, which are only slightly lower than the correspond-
ing values for the ethyl cation transfer between protonated
ethanol and ethanol. The barrier estimated by McCormack and
Mayer8 was -22 ( 8 kJ mol-1, which is in reasonable
agreement with our purely experimental value.

The entropy of activation for then-propyl cation transfer
reaction was also found to be-121 ( 28 J K-1 mol-1. If our
calibration factor of 1.25 for the pressure of neutraln-propanol
is incorrect, this would affect the rate constants. The measured
rate constants for then-propyl cation transfer betweenn-
propanol and protonatedn-propanol have the largest discrepancy
between measurements from different groups. Calibration factors
of 0.95 or 0.16 would be required to bring our measured rate
constants into agreement with those measured by Karpas and
Meot-Ner8 or McCormack and Mayer,8 respectively. This would
decrease our value of∆Sq to -119 or-104 J K-1 mol-1. These
values are still within our determined experimental error, but
the latter is lower than would be expected for this type of
reaction. Changing the calibration factor would not affect the
determination of the activation energies.

5.2. Comparison of Experimental and Calculated Ther-
mochemistry. The experimental and calculated values of∆Hq

for the alkyl cation transfer reactions studied by us to date are
tabulated in Table 5. G3(MP2)17 calculations have been carried
out on the three methyl cation transfer reactions to compare
with the MP2/6-31+G(d)//B3LYP/6-31+G(d) calculations,
which are reported for the ethyl andn-propyl cation transfer
reactions. For the three methyl cation transfer reactions, the G3-
(MP2) and MP2/6-31+G(d)//B3LYP/6-31+G(d) calculated
energy barriers are in excellent agreement. More significantly,
these calculations are in excellent agreement with the experi-
mentally determined energy barriers. This agreement with the
G3(MP2) and experimental barriers provides confidence in the
MP2/6-31+G(d)//B3LYP/6-31+G(d) calculations for the ethyl
andn-propyl cation transfer reactions. As seen in Table 5, the
calculated and experimental values of the energy barriers for
the ethyl andn-propyl cation transfer reactions are in excellent
agreement as well.

TABLE 4: Rate Constants for the n-Propyl Cation
Exchange Reaction betweenn-Propanol and Protonated
n-Propanol

temp, K rate constanta temp, K rate constanta

294 7.6( 0.3 321 5.1( 0.4
301 6.3( 0.4 329 4.5( 0.2
307 6.2( 0.5 334 4.4( 0.2
313 5.4( 0.3 342 4.0( 0.2

a Rate constants in units of 10-11 cm3 s-1.
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The structures and Mulliken charges for the transition states
calculated at the MP2/6-31+G(d) level are shown in Figure 6.
The charge in each of the transition states is predominantly on
the alkyl group that is being transferred, and in the reaction
involving propionitrile, the ethyl group being transferred bears
almost all of the charge. It is apparent that, prior to alkyl cation
transfer, an isomerization is required from the proton-bound
dimer to produce an alkyl-bound isomer in which the oxygen
of the neutral alcohol is complexed to the alkyl group of the
protonated alcohol. The calculated energy profiles for the
methanol/protonated methanol reaction have been presented
previously.5,18,19In the case of the reaction between protonated
propionitrile and ethanol, the isomerization from the proton-
bound dimer also includes a proton transfer to ethanol, which
has a lower proton affinity than propionitrile. Calculated energy
profiles for the methyl and ethyl cation exchanges between
protonated acetonitrile and methanol5 and ethanol,7 respectively,
have been reported previously. In each of these studies, it was
shown that the calculated energy barriers for isomerization of
the proton-bound dimers to the alkyl-bound isomers are
significantly lower than the barrier to alkyl cation transfer. The
bottleneck for alkyl cation transfer, therefore, is not isomeriza-
tion of the proton-bound dimer.

It is interesting that the entropy differences measured between
the reactants and the barriers for alkyl cation transfer for those
reactions reported here are all 121 J K-1 mol-1 (( ap-
proximately 27 J K-1 mol-1). The calculated entropy differences
are given in Table 6 along with the experimental values for the
methyl, ethyl, andn-propyl cation transfer reactions studied. In
all cases, the calculated entropy differences agree quite well
with the experimental entropy differences.

5.3 Comparison of Methyl, Ethyl, and n-Propyl Cation
Transfer. It also may be instructive to compare the energy
barriers for the methyl, ethyl, andn-propyl cation reactions
forming the protonated dimethyl, diethyl, and di-n-propyl ethers.
The experimental values of the barrier heights increase slightly
over this series going from-16.9 ( 0.6 to -16.1 ( 0.8 to
-15.7 ( 0.9 kJ mol-1. Within the reported uncertainty, the
energy barriers are, however, roughly the same. The experi-
mental values for the barrier heights agree quite well with the
calculated values (see Table 5), which also show very little
variation for these three reactions. The structures of the transition
states (Figure 6) also show very little variation with respect to
the bond distances between the transferring alkyl group and the
leaving and accepting sites. Also the average charge on the

Figure 6. MP2/6-31+G* calculated transition-state structures for the two ethyl cation transfer reactions and then-propyl cation transfer reaction,
as well as the methyl cation transfer reaction between protonated methanol and methanol.

TABLE 5: Calculated and Experimental Energy Barriersa

for SN2 Alkyl Cation Transfer Reactions

MP2/6-31+G*//
B3LYP/6-31+G* G3(MP2) experiment

Methyl Cation Transfer Reactions
(Reaction with Neutral Methanol)

CH3OH2
+ -22.7 -22.4 -16.9( 0.6b

CH3CNH+ -17.9 -17.8 -16.5( 0.6b

CH3CHOH+ -23.7 -15.4 -18.4( 0.7b

Ethyl Cation Transfer Reactions
(Reaction with Neutral Ethanol)

CH3CH2OH2
+ -20.2 -16.1( 0.8

CH3CH2CNH+ -18.1 -17.5( 0.8

n-Propyl Cation Transfer Reactions
(Reaction with Neutraln-Propanol)

CH3(CH2)2OH2
+ -20.7 -15.7( 0.9

a In units of kJ mol-1. b Experimental values for methyl cation
transfer from ref 5.

TABLE 6: Experimental and Calculated Entropy
Differencesa Between Products and the Transition State for
Alkyl Cation Transfer Reactions

B3LYP/6-31+G* experiment

Methyl Cation Transfer Reactions
(Reaction with Neutral Methanol)

CH3OH2
+ -133 -121( 20b

CH3CNH+ -115 -130( 20b

CH3CHOH+ -126 -144( 17b

Ethyl Cation Transfer Reactions
(Reaction with Neutral Ethanol)

CH3CH2OH2
+ -121 -121( 27

CH3CH2CNH+ -116 -121( 26

n-Propyl Cation Transfer Reactions
(Reaction with Neutraln-Propanol)

CH3(CH2)2OH2
+ -126 -121( 28

a In units of J K-1 mol-1. b Experimental values for methyl cation
transfer from ref 5.
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transferring alkyl groups is fairly constant for the methyl, ethyl,
andn-propyl cation exchange reactions.

6. Conclusions

Energy barriers for three alkyl cation transfer reactions have
been experimentally determined. The experimental values have
been shown to be in excellent agreement with MP2/6-31+G*//
B3LYP/6-31+G* calculations. Furthermore, the differences in
entropy between the reactants and the transition state were all
shown to be approximately 121 J K-1 mol-1, which also agrees
with the theoretical values. The experimental energy barriers
for methyl, ethyl, andn-propyl cation transfer are virtually
identical within experimental uncertainty. The ethyl cation
transfer reaction was shown to be the dominant route for both
of the reactions of ethanol with protonated propionitrile and
protonatedn-propanol. Then-propyl cation transfer reaction of
n-propanol with protonatedn-propanol competes with the
radiative association reaction giving a roughly 50:50 mixture
of di-n-propyl ether and the proton-bound dimer.
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