9648 J. Phys. Chem. R002,106, 96489654

Experimental Determination of Activation Energies for Gas-Phase Ethyl andn-Propyl
Cation Transfer Reactions
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Alkyl cation transfer reactions between ethanol and protonated ethanol and ethanol and protonated propionitrile,
as well as between-propanol and protonatea-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 protonatednépropyl ether and the proton-bound dimemepropanol,
depending on temperature and pressure. The enthalpies of activation were determinedl@é ¢ 0.8,

—17.54 0.8, and—15.74 0.9 kJ mot* for the ethanol/protonated ethanol, ethanol/protonated propionitrile,
andn-propanol/protonated-propanol alkyl cation transfer reactions, respectively. The entropies of activation
were found to be essentially the samel21 + 28 J KX mol™2, for all three reactions. All experimentally
determined thermochemical properties agreed very well with those calculated at the MPZBEIPIB3LYP/
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 + 1.2 kJ mott above the energy of the reactantdf = —1.1

h fi lecul . | + 1.2 kJ mot?), was obtained.
The study of ion/molecule reactions at very low pressures — p;qrq recently, the thermochemistry pertaining to the transi-

9__ 6 i S . .
(10°—10"° mbar) at which photon emission from the nascent jo state for the §2 reactions between neutral methanol and

ion/molecule complex is a viable means for stabilization has protonated methanol, protonated acetonitrile, and protonated

been quit_e succgssful in develqping an understanding of ion/ acetaldehyde from temperature-dependent rate constants has
molecule interactions and the unimolecular processes that occucrzj

der th diti | studies h b q een investigated. These experimental barrier heights were
under these conditions. Several studies have been conductety, ,nq o agree quite well with those predicted by ab initio
yielding rates of photon emission and lifetimes for nascent ion/

lecul | i i | . | hei electronic structure calculations.
molecule complexes with internal energies equal to the-ion Work on elucidating thermochemical parameters for the

. . 2 i -y H
neu(;rzla_l b'”?'?‘g energy: Througfh the_usel of :nazt_er equation ; transition state of @ reactions has also been conducted by
modeling of the rate constants for unimolecular dissociation of \1.ver ang co-worker&? From an examination of the metastable

the nascent ion/molecule complex, accurate binding energiesyissqciation of proton-bound methanol/acetonfiriled ethanol/
have been obtained for various systehWe have studied the acetonitrilé dimers and use of RiceRamspergerKasset

temperature dependence of the radiative association reaction fol4,c,s (RRKM) theory to model the kinetics of water loss,
dimethy! ether and protonated dimethyl ether and have showny,o parrier for isomerization of the proton-bound dimer to a
that the initial complex formed in the entrance channel is one water-complexed species (eq 1) was estimated.

in which a methyl group of the protonated dimethyl ether is

complexed to the oxygen of the neutral dimethyl eth@his [ROH---H---NCCI—Q+ — [RNCCH,+H O]+ )
methyl-bound complex then either rearranges to the proton- 2
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.This Sy2 reaction becomes the dominant route
at higher temperatures. ThgZchannel is difficult to observe

at higher pressures, such as in a high-pressure source, becau
third-body stabilization of the proton-bound dimer dominates.
From the temperature dependence of the rate constant for methy
cation transfer, an experimental energy barrier, which lies 3.9

This isomerization barrier is the bottleneck for th@3eaction
because the water loss from protonated acetonitrile and neutral
'alcohols is exothermic. This is shown schematically in Figure
1. In the metastable dissociation experimétshe proton-
bound dimer [ in Figure 1) is prepared in the source and both
the separated monomers (reactants) and the water-loss products
Sfte observed. In their RRKM calculations, the isomerization
arrier (energy difference betwekandlV in Figure 1) is fitted
0 obtain the appropriate rate constant for formation of products
on the time scale of the metastable dissociation. McCormack
and Maye#® have also recently measured rate constantsyfar S

T ial i “ i . . L .
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Reactants

stants for the @ reactions are obtained. RRKM modeling is
performed with the energy barrier for isomerization as a variable, | $,2 Energy Barrier
which leads to a determination of the barrier height.

In the present work, with the use of methods described
previously?® 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 the2Senergy barrier are
obtained directly as described below.

Data are obtained here for ethyl angbropyl cation transfer
reactions. The results of work on threg23eactions, two ethyl
cation transfer reactions of ethanol with protonated ethanol (eq
2) and protonated propionitrile (eq 3) and thgpropyl cation
transfer reaction betweenpropanol and protonatedpropanol

I

(eq 4) are presented.
Figure 1. Reaction profile for a typical gas-phase2Sreaction
involving alkyl cation transfer between a protonated and neutral reactant.
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The experimental thermochemistries derived from these experi- ][] [ ] ] [ ]
ments are compared with those calculated by electronic structure PR
calculations. 5555
2. Experimental Procedure 5 8E
§ =
All experiments were carried out with a Bruker CMS 47 FT- §c'.~§~;r§ 5 . .
ICR mass spectrometer equipped with a 4.7 T magnet. Samples 55~§’I~ F §§_\ £
of ethanol (100%, Consolidated Alcohols), propionitrile (99%, n?&":é’,_‘:’: 55 jé’g &
Aldrich), andn-propanol (99.7%, Aldrich) were degassed using J oo = \ ("‘ Q
a minimum of three freezepump-thaw cycles and were — A\

introduced into the ICR cell via heated precision leak valves.
The pressure inside the vacuum chamber was measured with a. . . -
P %lgure 2. Scan function for the FT-ICR experiments reported in this

calibrated ionization gauge via a procedure described previ-

- . . work.
ously?® 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.

~100 ms pulses of 70 eV electrons. The first delay after

ionization is incorporated into the experiment to produce either
CH,CH,0H"* 4+ CH,CH,0H — C,H;O" + CH,CH,OH," CHsCH,0H," (M2 47), CHCH,CNH" (/2 56), or CHCH,-

(5) CH,OH,™ (m/z 61) by a series of proton-transfer reactions to

the neutral precursor, after which all of the ions except the

The reaction was monitored at three pressures ranging from 5.9desired ionic precursor were ejected from the ICR cell by
x 107° to 1.3 x 108 mbar (uncalibrated). The pressures standard radio frequency (rf) ejection techniques. A second delay
obtained from the pseudo-first-order decay kinetics of the was incorporated to ensure thermal equilibrium of the ions. After
ethanol radical cation were compared with the collision rate this second delay, the ionic precursor of interest was once again
constant calculated by the method of Su and Chesna?iah. isolated.

calibration factor (.)f 1.58= 0.05 was obta|_ned for_ t.he pressure The intensities of the precursor and product ions (including
of ethanol for which the reported error is a minimum value, - : . .

; N 3C contribution) were monitored typically until about 90%
reflecting only the standard deviation in the measurements andd leti fth The rat tants of methvl cati
not the error associated with the calculated collision rate. In a 6P ef |orf1 ot the precursar. the rg:\e_ codn? ants OI methy? cation
similar fashion, the calibration factor fon-propanol was t_ra_ns er tor rea(_:tlons_—24 yvere obtaine rqm a east-squa_res

fitting of a semilogarithmic plot of normalized precursor ion

determined to be 1.25. X ; - ' h
For each reaction investigated, the pressure of neutral ethanofntensity vs time. A typical mass spectrum for the reaction of
or n_propanol was varied between calibrated pressures of 1.0 protonated ethanol with ethanol to form protonated dlethyl ether

x 1078 and 1.0x 107 mbar. For reaction 3, the pressure of 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 0f9.9

propionitrile was between 0.5 and 2.5 times that of ethanol.
The pulse sequence used for these studies is shown in Figurel0™® mbar. The corresponding semilogarithmic plot of ion

2. lonization was effected directly inside the ICR cell using intensities vs time is shown in Figure 4.
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Figure 3. Mass spectra taken after delays of 10 and 100 s of reaction
between protonated ethanalg 47) and neutral ethanol conducted at
294 K and an ethanol pressure of 9910°° mbar. Note that the
spectrum taken at 100 s is offset slightly to higher mass for clarity.
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Figure 4. Semilogarithmic plot of intensity vs time for the reaction
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of protonated ethanol with neutral ethanol. The temperature and pressure

conditions are the same as those in Figure 3.

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 progfams.
Vibrational frequencies were calculated for the structures
optimized at the B3LYP/6-3tG(d) level and basis set.
Structure optimizations were also done using MP2/6-G1{d).
The frequency calculations at the B3LYP/643&(d) level were
used to correct the MP2/6-315(d) electronic energies for

Fridgen and McMahon

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

INk=InA F
NnNK=1n EI_

(6)
wherek is the rate constand is the preexponential or frequency
factor, E; is the activation energy, arllandR are the Kelvin
temperature and gas constant (8.314 3 kol 1), respectively.
Thus from the slopem, of a plot of Ink vs 1/T, E; and AH¥,

the activation energy and enthalpy of activation, respectively,
can be obtained according to eqs 7 and 8, respectively,

()

AH*=E,— 2RT (8)
From the thermodynamic formulation of transition-state theory,
the intercept of the Arrhenius plof, can be written in terms
of the AS',

a= el g s 9)

h
where kg is the Boltzmann constant. Therefore, from the
intercept of the Arrhenius plotAS’ 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 exampla 5 K difference in
temperature between the reported values and actual values would
only result in a 0.5 kJ mot difference inE; and a 1 J K?
mol~! difference inAS'.

5. Results and Discussion

5.1. Mass Spectra, Rate Constants, and Arrhenius Plots.
CH3CH,OH,t + CH3CH,OH. The primary product in the
reaction between ethanol and protonated ethanol at all temper-
atures studied is protonated diethyl ethend 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-

thermal energy contributions. Calculations were also performed bound dimer of ethanol, the radiative association of the mixed

at the G3(MP2) level of theory for the methyl cation exchange
reactions to compare with the MP2/6-BG(d)//B3LYP/6-
31+G(d) calculations. Transition-state structures were verified

proton-bound dimer of ethanol and diethyl ether is sufficiently
significant that it can be studied. This reaction is considered in
a separate manuscript.
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TABLE 1: Rate Constants for the Ethyl Cation Exchange
Reaction between Ethanol and Protonated Ethanol 225

temp, K rate constaht temp, K rate constaht
294 8.6+ 0.3 322 5.7+ 0.2 Eg =~12.540.8 i) mof"!
301 7.4+ 0.3 327 5.4+ 0.3 AH#=-17.520.8 kJ mal"!
309 6.6+ 0.3 335 4.7+0.2 2294 AS*=-121:26 JK ! mol!
310 6.3+ 0.2 340 4.6+-0.2 '
317 6.0+ 0.2 Ea=-11.120.8 kJ mol”’

AH*=-16.120.8 kJ mol!
AS*=_121£27 J K mol!

aRate constants in units of 18 cm® s™L

Ink

Also observed in the mass spectra is an iomé&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 presencevaf e
73 can only be ascribed to loss of ftom nascentnwz 75,

E, =-10.8+0.9 kJ mol™!
AH*=-157+0.9 kJ mol!
45%=-121228 J K" mol

CH;CH,OH, " + CH,CH,0H — (CH,CH,),OH" + H,O

m/'z75 241
(CH30H2)20H+* e CH3CH20=CHCH3+ +H, (10) 2.9 30 31 32 33 34
mz73 T/ 102K

L . Figure 5. Arrhenius plots for the & reactions between protonated
which is about 7.5 kJ mot endothermié® from reactants and  ethanol and ethanol (red squares), protonated propionitrile and ethanol

explains whym/z 73 is only present in small amounts;1%. (black circles), and protonated-propanol andn-propanol (blue
The loss of H from protonated methylamine, methanol, and triangles).

methyl fluoride has been studied by metastable ion mass
spectrometry and ab initio theotyThe barrier for H loss from
these three reactants was found to be significant from the kinetic

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

energy releases measured and from ab initio theory. Therefore, ©mp, K rate constafit temp, K rate constafit
the energy requirement for the loss of i eq 10 is likely to 294 15.1+ 1.4 324 9.4£0.5
be greater than 7.5 kJ mdl 300 13.9£0.9 333 8.4: 0.7

The rate constants for formation of protonated diethyl ether gig 122611 341 7.6£0.6

from ethanol and protonated ethanol are given in Table 1 at o )
various temperatures ranging from 294 to 340 K. McMahon  *Rate constants in units of 18 cn s™.
and Beauchanip measured a rate constant for this reaction of . . :

) TABLE 3: Rate Constants* and Barrier Heights® for Methyl
24 x 1011 CI’T13 371 (296 K), Wh||e KarpaS and Meot'N@r Cation Transfer Reactions 9 4
obtained a value of 6.& 10711 cm?® s71 (340 K), both in ICR
mass spectrometers. McCormack and Mégértained a value

11.5+1.1

Fridgen/ McCormack/ Meot-Ner/

. . . reaction McMahorf Mayer Karpas
of 14 x 10712 cm® st in a quadrupole ion trap. The differences CHONH 7 CHon 35165 48 (y+13) 2p7
H H H 3! 3! O . . .
among these values can likely be attributed to the uncertainty CHOM," + CHOH  11.1(-16.9) 1% (+1) 10.9

in the neutral pressures.
. 1 b . .

The logarithms of the rat nstants are plott inst inver aUnits of 107 cm?® s7L. P In parentheses and in units of kJ mbl
€loga s .0 era ? o . stants are plotted agains e. S Reference 59 Reference 9¢ Reference 8! Reference 20¢ Reference
pressure (Arrhenius plot) in Figure 5. From the slope of this 16

plot, E;andAH* were determined to be11.14+ 0.8 and—16.1
+ 0.8 kJ mof™, respectively. The energy barrier estimated by The rate constants for ethyl cation exchange between proto-

McCormalck and Mayérfrom their ion trap studies was5 + nated propionitrile and ethanol were significantly greater than
8 kJ mol™, which is in reasonable agreement with our purely {hose for the reaction of the protonated ethanol with ethanol
experimental value. ranging from 15.1x 1011to 7.6 x 1071t cm® s™* at 294 and

From the intercept, 4S" of —121+ 27 J K'* mol™* was 341 K, respectively (see Table 2). Although there have been
obtained. It should be noted that the ion gauge calibration factorsno rate constants measured for this particular reaction in the
would have no effect on the activation energies obtained via past, it is worth noting that McCormack and Mayer have
the Arrhenius analysis, but the entropy of activation is dependent measured rate constants for the ethyl cation transfer reactions
on the calibration factor. This effect will be discussed further in the quadrupole ion trap, specifically between protonated
below. acetonitrile and ethanol (3% 10711 cm® s71)° and between

CH3;CH,CNH" + CH3CH,OH. The primary product observed  protonated ethanol and ethanol (¥410~11 cm?® s71),8 which
in the reaction of protonated propionitrile and ethanol was shows that ethyl cation transfer is considerably faster in the
N-ethylated propionitrile cation atvz 84 (eq 3). The only other  nitrile system. This is in contrast to the methyl cation transfer
products observed were the proton-bound dimer of propionitrile reactions. The rate constants for methyl cation transfer between
(m/z 111) and the mixed propionitrile/ethanol proton-bound protonated methanol and methanol and between protonated
dimermy/z (102). These two minor products varied in abundance, acetonitrile and methanol have been measured by three different
as expected, depending on the relative pressures of ethanol androups and those for the latter reaction were larger in all three
propionitrile. More importantly, the rate constants derived from cases (see Table 3).
the decay curves of protonated propionitrile were independent It is not totally surprising that the rates for the methyl cation
of the pressure of either ethanol or propionitrile, as expected. reactions are different given that the barrier height for the
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protonated acetonitrile/methanol reaction is higher than that for TABLE 4. Rate Constants for the n-Propyl Cation
the protonated methanol/methanol reaction (barrier heights areExchange IReactlon betweem-Propanol and Protonated
given in parentheses in Table 3). The barrier heights obtained"-Propano

by McCormack and Mayé&f in an ion trap for these two temp, K rate constaft temp, K rate constafit
reactions are significantly higher than those determined previ- 294 7.6+ 0.3 321 5.1+ 0.4
ously by us® Through the use of egs 6 and 9, the preexponential 301 6.3+ 0.4 329 4502
factors and the entropy of activation for the two methyl cation 307 6.2+ 0.5 334 4.4:0.2
313 5.4+ 0.3 342 4.0£0.2

exchange reactions can be obtained. With the use of the values

for the barrier height and rate constants that McCormack and aRate constants in units of 18 cm? s

Mayer obtained (Table 3), values f&vSF of —78 and—45 J
K~1 mol~! for reactions A and B (see Table 3), respectively,
are determined. The difference in these two values (3349 K

n-propyl ether was found to be 76 10711 cm?® s™1 at 294 K
and decreased to 40107 cm® st at 342 K (Table 4). Karpas

mol-1) seems unusually large for reactions that are so similar and Meot-Net® measured the rate constant for this reaction in
in nature. Furthermore, both values seem to be too positive for an ICR spectrometer and obtained a slightly higher value, 10.3

these types of reactions.
The Arrhenius plot for the ethyl cation transfer reaction

x 107" cm? s71, at ambient temperature. In contrast, McCor-
mack and Mayérmeasured this rate constant to be almost an

between protonated propionitrile and ethanol is shown in Figure order of magnitude larger, 68 10 ** cm®s™?, in a quadrupole

5. The E, and AH* were determined to be-12.5+ 0.8 and
—17.5 £ 0.8 kJ mot?, respectively, from the slope of the

ion trap. The most likely reason for the discrepancy among the
values can be attributed to calibration factors for the pressure

Arrhenius plot. These values are slightly lower than those of neutraln-propanol. Although we cannot say which value is
obtained for the protonated ethanol/ethanol reaction. Mayer andmore dependable, the calibration factor will have no effect on

McCormacR and Ochran et dl.estimated barrier heights for

the activation energies derived from our temperature-dependent

the ethyl cation transfer reaction between protonated acetonitrilerate constants but it does have an effect the value\&f

and ethanol to be-10 + 10 and —22 + 10 kJ mof?,
respectively.
The entropy of activation was determined to-b&21 + 26

obtained (see below).
The Arrhenius plot for the-propanol/ protonated-propanol
Sy2 reaction is given in Figure 5. ThE, and AH* were

J K~1 mol~L, which is the same as that for the protonated determined to be-10.8 + 0.9 and—15.7 & 0.9 kJ mot,
ethanol/ethanol reaction. Given that the entropies of activation respectively, which are only slightly lower than the correspond-
are virtually identical and that the barrier for the protonated ing values for the ethyl cation transfer between protonated
propionitrile/ethanol reaction is lower, it is not surprising that €thanol and ethanol. The barrier estimated by McCormack and
the rate constants are higher. Maye® was —22 4+ 8 kJ mofll, which is in reasonable
CH3CH,CH;OH," + CH3sCH,CH;OH. The major products ~ agreement with our purely experimental value.
observed in the reaction of protonateepropanol with n- The entropy of activation for the-propyl cation transfer
propanol were protonated dipropyl ether (Vz 103) and the reaction was also found to bel21 + 28 J K1 mol™%. If our
proton-bound dimer ofi-propanol. The ratios of these two  calibration factor of 1.25 for the pressure of neutrgropanol
products were dependent on the conditions of temperature ands incorrect, this would affect the rate constants. The measured
pressure under which the reaction was carried out. For example rate constants for the-propyl cation transfer between-
the proton-bound dimer was favored, albeit only slightly, at propanol and protonatedpropanol have the largest discrepancy
higher pressures af-propanol and at the lowest temperatures. between measurements from different groups. Calibration factors
Atincreased temperatures or at lower pressures,§BeBannel  of 0.95 or 0.16 would be required to bring our measured rate
dominated. These observations are consistent with the nascengonstants into agreement with those measured by Karpas and
proton-bound dimer being stabilized more efficiently at higher Meot-Ne# or McCormack and Mayéftrespectively. This would
pressures because of the increased collision frequency. As welldecrease our value &fS" to —119 or—104 J K'* mol~%. These
the unimolecular dissociation of the nascent proton-bound dimer values are still within our determined experimental error, but
is more affected by temperature than the2 Seaction. Also the latter is lower than would be expected for this type of
observed were two minor products. A small amountné 101 reaction. Changing the calibration factor would not affect the
was observed, which is presumably due to loss efftem determination of the activation energies.
nascent protonated dipropyl ether. The reaction ofpropanol 5.2. Comparison of Experimental and Calculated Ther-
with protonatedn-propanol to form HO, Hp, andm/z 101 is mochemistry. The experimental and calculated values\df*
exothermic by approximately 30 kJ mé) according to B3LYP/ for the alkyl cation transfer reactions studied by us to date are
6-31+G* calculations, ifm/z 101 is O-propylated propanal, tabulated in Table 5. G3(MP¥)calculations have been carried
out on the three methyl cation transfer reactions to compare

H, |7F with the MP2/6-3%-G(d)/B3LYP/6-31+G(d) calculations,

H, - which are reported for the ethyl andpropyl cation transfer
O _9—F§ CH, reactions. For the three methyl cation transfer reactions, the G3-

H,C ﬁ (MP2) and MP2/6-33+G(d)//B3LYP/6-3H-G(d) calculated

2

O-propylated propanal cation (m/z 101) 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
MP2/6-3HG(d)//B3LYP/6-31G(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 anch-propyl cation transfer reactions are in excellent
agreement as well.

The small amount ofiVz 101 observed during the course of
these experiments-5%) is quite likely due to the presence of
a substantial barrier to loss of,HAs well, a small amount of
the mixed proton-bound dimer of dipropyl ether andn-
propanol was observed and is discussed in detail elsewhere.
The rate constant fon-propyl cation transfer between
n-propanol and protonatespropanol, forming protonated di-
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Figure 6. MP2/6-31-G* calculated transition-state structures for the two ethyl cation transfer reactions amgrtyeyl cation transfer reaction,
as well as the methyl cation transfer reaction between protonated methanol and methanol.

TABLE 5: Calculated and Experimental Energy Barriers?
for Sy2 Alkyl Cation Transfer Reactions

MP2/6-3H-G*/I

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

B3LYP/6-31+G*  G3(MP2) experiment B3LYP/6-31G* experiment
Methyl Cation Transfer Reactions Methyl Cation Transfer Reactions
(Reaction with Neutral Methanol) (Reaction with Neutral Methanol)
CH;OH,* —22.7 —22.4 -16.9+ 0.6 CHzOH," —133 —1214 20
CH3;CNH" —-17.9 —-17.8 —16.5+0.8° CH;CNH" —115 —130+ 20
CH;CHOH" —23.7 —15.4 —18.4+ 0.7 CH;CHOH* —126 —1444 17
Ethyl Cation Transfer Reactions Ethyl Cation Transfer Reactions
(Reaction with Neutral Ethanol) (Reaction with Neutral Ethanol)
CH;CH,OH,* —20.2 —-16.1+0.8 CH3CH,OH," —121 —121+ 27
CH3CH,CNH" —18.1 —17.5+ 0.8 CH3;CH,CNH* —116 —121+ 26
n-Propyl Cation Transfer Reactions n-Propyl Cation Transfer Reactions
(Reaction with Neutrah-Propanol) (Reaction with Neutrah-Propanol)
CH3(CH,),0H,* —20.7 —15.7+0.9 CHs(CHy);0H,* —126 —121+ 28

aIn units of kJ mot®. P Experimental values for methyl cation
transfer from ref 5.

a1n units of J K'* mol~*. ® Experimental values for methyl cation
transfer from ref 5.

The structures and Mulliken charges for the transition states
calculated at the MP2/6-31G(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 with the exper?mental entropy differences. )
protonated alcohol. The calculated energy profiles for the 5.3 Comparison of Methyl, Ethyl, and n-Propyl Cation
methanol/protonated methanol reaction have been presented ransfer. It also may be instructive to compare the energy
previously®18.19|n the case of the reaction between protonated barriers for the methyl, ethyl, and-propyl cation reactions
propionitrile and ethanol, the isomerization from the proton- forming the protonated dimethyl, diethyl, andrepropyl ethers.
bound dimer also includes a proton transfer to ethanol, which The experimental values of the barrier heights increase slightly
has a lower proton affinity than propionitrile. Calculated energy over this series going from-16.9 + 0.6 to —16.1+ 0.8 to
profiles for the methyl and ethyl cation exchanges between —15.7 = 0.9 kJ mot™. Within the reported uncertainty, the
protonated acetonitrile and methahahd ethanol,respectively, energy barriers are, however, roughly the same. The experi-
have been reported previously. In each of these studies, it wasmental values for the barrier heights agree quite well with the
shown that the calculated energy barriers for isomerization of calculated values (see Table 5), which also show very little
the proton-bound dimers to the alkyl-bound isomers are variation for these three reactions. The structures of the transition
significantly lower than the barrier to alkyl cation transfer. The states (Figure 6) also show very little variation with respect to
bottleneck for alkyl cation transfer, therefore, is not isomeriza- the bond distances between the transferring alkyl group and the
tion of the proton-bound dimer. leaving and accepting sites. Also the average charge on the

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 JKmol™! (£ ap-
proximately 27 J K mol™1). The calculated entropy differences
are given in Table 6 along with the experimental values for the
methyl, ethyl, andr-propyl cation transfer reactions studied. In
all cases, the calculated entropy differences agree quite well
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transferring alkyl groups is fairly constant for the methyl, ethyl, ‘118548946. (c) Gapeev, A.; Dunbar, R. G. Phys. Chem. 2000 104,

andn-propy! cation exchange reactions. i
(4) Fridgen, T. D.; McMahon, T. BJ. Am. Chem. SoQ001, 123

. 3980.
6. Conclusions (5) Fridgen, T. D.; Keller, J. D.; McMahon, T. Bl. Phys. Chem. A
E ) . : 2001, 105, 3816.
nergy barriers for three alkyl cation transfer reactions have

. . - (6) Mayer, P. M.J. Phys. Chem. A999 103 3687.
been experimentally determined. The experimental values have (7) Ochran, R. A.; Annamalai, A.; Mayer, P. M. Phys. Chem. A

been shown to be in excellent agreement with MP2/6-G1/ 200Q 104, 8505.
B3LYP/6-314+-G* calculations. Furthermore, the differences in (8) McCormack, J. A. D.; Mayer, P. Mnt. J. Mass Spectron2001,

entropy between the reactants and the transition state were alf9% 183. _
shown to be approximately 121 JKmol~1, which also agrees 207(?)§,yccorma(:k‘ J- A. D.; Mayer, P. Mnt. J. Mass Spectron2001,

with the theoretical values. The experimental energy barriers  (10) Su, T.; Chesnavich, W. J. Chem. Phys1982 76, 5183.
for methyl, ethyl, andn-propyl cation transfer are virtually (11) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
identical within experimental uncertainty. The ethyl cation M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr;

. . Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
transfer reaction was shown to be the dominant route for both D.: Kudin, K. N. Strain, M. C.. Farkas, O.: Tomasi. J.: Barone, V.: Cossi.

of the reactions of ethanol with protonated propionitrile and M.: cammi, R.: Mennucci, B.; Pomelli, C.: Adamo, C.: Clifford, S.:
protonatech-propanol. Ther-propyl cation transfer reaction of ~ Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,

~ ; - ; D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
n-propanol with protonatech-propanol competes with the Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,

radiative association reaction giving a roughly 50:50 mixture | Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;
of di-n-propy! ether and the proton-bound dimer. Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,

} : M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.7; Gaussian,
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