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Direct Experimental Determination of the Energy Barriers for Methyl Cation Transfer in
the Reactions of Methanol with Protonated Methanol, Protonated Acetonitrile, and
Protonated Acetaldehyde: A Low Pressure FTICR Study
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Methyl cation transfer reactions between methanol and protonated methanol, protonated acetonitrile, and
protonated acetaldehyde have been investigated experimentally by low-pressure FT-ICR mass spectrometry.
The temperature dependencies of the rate constants for these reactions were determined in an Arrhenius-type
analysis to obtain activation energies, enthalpies, and entropies of activation. The enthalpies of activation
were determined to be-16.94 0.6, —16.5+ 0.6, and—18.4 4 0.7 kJ mof? for the methanol/protonated
methanol, methanol/protonated acetonitrile, and methanol/protonated acetaldehyde reactions, respectively. These
values agree quite well with ab initio-calculated values. The entropies of activation were found to be quite
similar for all three reactions within experimental uncertainty, which is expected due to the similar transition-
state structures for all reactions. Ab initio potential energy surfaces calculated at the MP2/6-311G** level
and basis set are reported for the three reactions. For the methanol/protonated acetonitrile and methanol/
protonated acetaldehyde reactions, isomerization of the initially produced proton-bound dimer to a methyl-
bound complex is suggested prior to methyl cation transfer. The barrier for the first isomerization is predicted
to be significantly lower than the barrier for methyl cation transfer such that it does not interfere with the
experimental determination of the latter.

Introduction (FTICR-MS), are more broadly applicable. Thermodynamic
properties of thousands of stable ionic species and gas-phase
I{'on—molecule reactions have been determite®f equal
Importance to an accurate description of the potential energy
surface, however, are the energetic positions corresponding to
maxima or transition states, for which experimental values are
scarce except for those determined by computational means.

Attempts have been made to determine the barriers to
isomerization for ionic species. Refaey and Chipkatermined

e barrier for isomerization of 1-propanol radical cation to its

istonic isomer by observing the appearance energy for loss of
water. Since loss of water from 1-propanol radical cation
requires an intramolecular proton-transfer isomerization, which
is the bottleneck for water lod$,the appearance energy for
this reaction can be attributed to the isomerization barrier height.
Booze and Baer used this energy barrier to obtain a RRKM
) o model for the rate constant for water loss from 1-propanol
These slow reactions are not I|m|t¢d to alcohols. Rgte constants,adical cation measured by photoelectron photoion coincidence
have been measured for alkyl cation transfer reactions betwee PEPICO) experimeni$. The value which they obtained for
protonated alcohols, ethers, cyanides and thiols, and neutrakpe heat of formation of the 1-propanol radical cation was in

Alkyl cation transfer reactions are well-known reactions in
the gas and condensed phases. For example, the Williamso
synthesis of ethers occurs by transfer of an alkyl cation from
an alkyl halide to an alkoxide anion through ag2$nechanisrh

RO + R—X —ROR + X~ 1)

where R and Rare alkyl groups and X is a halogen atom.
Entirely analogous to these condensed phase reactions are th
alkyl cation transfer reactions between protonated and neutral
alcohols, in the gas phase, which eliminate water to produce
protonated ethefs®

ROH," + ROH— R,OH" + H,0 (2)

alcohols, ethers, aldehydes, and cyarfidess well as other$1° gy cellent agreement with an ab initio calculated vafushich
Thermochemical ladders Co”eszond'”g to methy! cation affini- yas about 50 kJ mot lower than the previous determination.
ties have also been constructéd: Mayer® has used a combination of metastable ion mass

One of the main goals of gas-phase ion chemistry is to obtain specirometry, collision-induced dissociation mass spectrometry,
accurate kinetic and thermodynamic information which can be 5,4 RRKM modeling with ab initio vibrational frequencies in
related to the potential energy surface, which governs reactivity. o attempt to deduce the barrier height for isomerization of the
To this end, numerous experimental techniques have beenygion-hound dimer of methanol and acetonitrile to an-ion
devised:*'*some have specific applications, and others, such ,qjecule complex between GENCHs* and HO
as Fourier transform ion cyclotron resonance mass spectrometry
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In these experiments, both N-methylated acetonitrile cation and R oa
protonated acetonitrile were observed, 5 f fj’
5888
[CH,CNCH, — — H,0]" — CH,CNCH," + H,0 (4) g,iéf .
5§ §858 $
[CH,OH — — H — — NCCHy]* — CH,CNH" + CH.OH $§ ¥ FEEE g
(5) ° < /N “
Since both of these products were observed, isomerization (eq
3) and the dissociation (eq 5) compete on the microsecond time ,95: PN
scale. The transition-state energy for isomerization, then, is that fg_g“g
required to give a rate constant comparable to the dissociation cé”g §§
rate constant in the 20571 regime. With this approach, the 5. ,“f 5 os c
transition state was determined to lie 6 kJ mobelow the £358 F 85» H
reactants at 298 K. More recently, a similar analysis on the &3 &z &£ SgE &
reaction of protonated acetonitrile and ethanol (ethyl cation 1 L] \\\\
transfer) the isomerization barrier was determined to lie 22 kJ B,
mol~! lower than reactant¥. time
Figure 1. Scan function used for the FT-ICR experiments reported in

Recent work in our laboratofyhas shown that, from an ;
. . this work.
Arrhenius analysis of the temperature dependence of methyl
cation exchange between protonated dimethyl ether and dimethyl ] ) )
The reactions studied here were the methyl cation transfer

ether forming trimethyloxonium cation and methanaol, it is ‘ !
possible to obtain values for the energy barrier, as well as the '¢actions given by eqs 7, 8, and 9.

change in enthalpy AH¥) and entropy AS) going from N "
reactants to the transition state. These valnesi = —1.1 + CH,OH," + CH,OH— (CHy),0OH" + H,0  (7)
1.2 kJ mottandASF = —116+ 15 J K- mol, are in good

CH,CNH" + CH,OH— CH,CNCH," + H,0  (8)

agreement with the B3LYP/6-311G** calculated values-df.6
kJ molt and—132 J K1 mol™1, respectively.
In the present publication, we report the results of experiments

on three methyl cation exchange reactions: (1) the reaction of
protonated methanol with methanol producing protonated di- For each reaction, the pressure of neutral methanol was varied

methyl ether and water, (2) the reaction of protonated acetonitrile between calibrated pressures of %0108 and 9.0x 108

with methanol to form N-methylated acetonitrile cation and mbar. For reactions 8 and 9, the pressure in the ICR cell was
water, and (3) the reaction of protonated acetaldehyde with increased by factors of between 1.5 and 2.5 with acetonitrile or
methanol to form O-methylated acetaldehyde and water. An acetaldehyde, respectively.

Arrhenius analysis of the temperature dependence of these three The pulse sequence used for these studies is shown in Figure
reactions is used to obtain purely experimental values of the 1. lonization was done directly inside the ICR cell using 100
activation energy barrieE, as well asAH* and AS, the ms pulses of 70-eV electrons. The first delay after ionization is
differences in enthalpy and entropy, respectively, between incorporated into the experiment in order to produce eithes CH
reactants and the transition state for methyl cation exchange.OHz" (m'z 33), CHECNH* (m/z 42), or CHHCHOH" (m/z 45)

These values are compared with those calculated by ab initioby a series of proton-transfer reactions to the neutral precursor,

methods. In addition, calculated potential energy surfaces (PES)after which all of the ions except the desired ionic precursor
for the reactions of methanol with protonated acetonitrile and were ejected from the ICR cell by standard radio frequency (rf)
ejection techniques. A second delay was incorporated in order

CH,CHOH" + CH,OH — CH,CHOCH," + H,O (9)

protonated acetaldehyde are presented and discussed.
to ensure thermal equilibrium of the ions, after which the ionic
Experimental Section precursor of interest was once again isolated. _
P The temperature inside the ICR cell was measured in the

All experiments were carried out with a Bruker CMS 47 FT- following manner. An iror-constantan thermocouple was
ICR mass spectrometer equipped with a 4.7 T magnet. Vapormounted on the outside of the ICR vacuum chamber and one

from samples of methanol (99.9%, BDH), acetonitrile (99.5%, Was mounted inside the ICR cell. The temperature measured
A|drich)’ and aceta|dehyde (995%, A|dr|ch) were introduced On the inside of the ICR cell was lower than that on the outside

into the ICR cell via a heated precision leak valves. The pressure©f the vacuum chamber. The temperature on the inside was
inside the vacuum chamber was measured via a calibratedcalibrated to that on the outside. The temperatures reported here

jonization gauge. The calibration of the ion gauge for the are those measured on the outside of the vacuum chamber but

pressure of methanol was performed by measuring the rate ofcorrected to reflect the temperature inside the ICR cell.
The intensities of the precursor and product ions (including

the following proton-exchange reaction
the 13C contribution) were monitored typically until about 90%
ot . + . depletion of the precursor. The rate constants of methyl cation
CH,OH™ + CHOH— CH,0H," + CH,OH ©) transfer for reactions-79 were obtained from a least-squares
fitting of a semilogarithmic plot of normalized precursor ion
for which the rate constant was assumed to be the collision intensity vs time. A typical mass spectrum for the reaction of
rate constant, 2. 10°° cm® s™! at 298 K. The calibration protonated acetonitrile with methanol to form @ENCHs™ and

factor for the ion gauge was determined to be 2t28.06 over water is shown in Figure 2 after 10 and 80 s for the reaction
the (calibrated) pressure range %80 °to 1.0 x 1077 mbar. conducted at 34C and a partial pressure of methanol of %7
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TABLE 1: Rate Constants for the Methyl Cation Exchange

CH,CNCH,™ Reaction between Methanol and Protonated Methanol
temp/K rate constaht
CH,CNH'
293 11.1+ 0.1
296 10.4+ 0.2
305 8.9+ 0.3
311 8.1+ 0.3
316 7.7£0.3
323 6.9+ 0.3
330 6.4+ 0.1
334 6.2+ 0.1
338 6.0+ 0.3
aRate constants in units of ¥A1 cn? molecule® s™%.
wherek is the rate constard is the preexponential or frequency
LY factor, E, is the activation energy, an® and T are the gas
constant (8.314 kJ ® mol™1) and Kelvin temperature, respec-
. a) tively. Thus from the slopem, of a plot of Ink vs 1/T, E; and
. : . . AH¥, the activation energy and enthalpy of activation, respec-
_ # 48 53 58 iz tively, can be obtained, according to egs 11 and 12, respectively,
Figure 2. Mass spectra taken after delays of (a) 10 s and (b) 80 s of
reaction between protonated acetonitrile with methanol to forrg-CH E,= —mR (11)

CNCHs™ and water conducted at 34C and a partial pressure of
methanol of 3.7x 1078 mbar. Note that spectrum b is shifted slightly +
to higher mass for clearity. AH"=E, — 2RT (12)

From the thermodynamic formulation of transition state theory,
the intercept of the Arrhenius plét can be written in terms of
the AS,

100 4

A= k"%ezeAS*’R (13)
whereks, is the Boltzmann constant. Thus from the intercept of
the Arrhenius plotASF 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 by using a least-squares regression where each point
was weighted by the standard deviation in each point on the
Arrhenius plot. These errors therefore reflect only random error.
Systematic errors may be present. A nonuniform temperature
within the ICR cell affects the absolute rate constant but has

T ! T ‘ T little effect on the temperature-dependent values reported here.

0 2 40 60 80 100 For example, a five degree difference in temperature between

time /' the reported values and actual values would result in at most a

Figure 3. Semilogarithmic plot of intensity vs time for the reaction (.5 kJ mot? difference inE, and a 1 J K mol~! difference in
of protonated acetonitrile with methanol conducted at@4nd a partial ASH

pressure of methanol of 3X 1078 mbar.

intensity

e Intensity of CH,CNH"

m Intensity of CH,CNCH,”
slope = -0.02354

= 0.999

k=2.72x 10" cm® s

Results and Discussion

108 mbar. The corresponding semilogarithmic plot of ion =~ CH3OH2" + CH30H — (CH3):0OH* + H;0. The methyl
intensities vs time is shown in Figure 3. cation exchange reaction between methanol and protonated
Ab Initio Calculations. All calculations were performed at ~methanol was the only reaction observed in the ICR cell at all
the MP2 level of theory in conjunction with the 6-311G** basis temperatures and pressures studied. This is contrary to other
set utilizing Gaussian 98. Transition-state structures were Studie$?-2*which were complicated by a three-body association
verified both by the presence of a single imaginary vibrational reaction forming the proton-bound dimer due to the higher

frequency corresponding to the vibrational mode in the correct Pressures utilized.

reaction coordinate and by intrinsic reaction coordinate calcula- . N

fions. CH,OH," + CHOH + M — (CH,OH),H* M (14)
Data Analysis and Arrhenius Theory. According to Ar- )

rhenius theory the rate constant of a chemical reaction variesOne previous study by McMahon and Beauchérapserved

with temperature according to the Arrhenius equation formation of the proton-bound dimer only when the pressures
were above 10* Torr at reaction times on the order of 1 ms.

The rate constants for this reaction at the various temperatures
(10) studied showed no pressure dependence and are presented in
Table 1. The rate constant at 296 K determined here was found

Ink=1In

“hka
ART
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228 The Arrhenius plot for methyl cation transfer is shown in
Figure 4. From the slope of this plot, values Byand AH* of

Eg =-11.9:0.4 kJ mot! —11.94+ 0.4 kJ mott and—16.9+ 0.6 kJ mot?, respectively,

AH# = -16.9+0.6 kJ moi™! were obtained. Bouchoux and Chapeats well as Raghavachari
AS*=-121:20 J K" mol”! et al?® calculated the enthalpy of activation to b&6 (MP2/
6-31G*) and—21 kJ moft (HF/6-31G**), respectively. Both

of these values are slightly lower than our experimental values.
We have also calculated a potential energy surface for this
reaction at the MP2 level with a more extensive basis set (6-
311G**) than that used by Bouchoux and Chafethe potential
energy surface and structures are shown Figures 5 and 6,
respectively. The barrier height for methyl cation transfer, based
on these calculations, is found to bel5.8 kJ mof?, which is

in excellent agreement with the experimentally determined
value.

From the intercept of the Arrhenius plot a value % of
—121 4+ 20 J K1 mol~L. This value is quite similar to the
-238 - . 1 1 ‘ entropy differences determined for clustering of protonated
29 30 31 32 33 34 35 methanol and methanol, which has been determined to be about
LA —120 J K1 mol~1.Z7 For a tight transition state such as that
Figure 4. Arrhenius plot for the methyl cation transfer reaction of suggested, shown in Figures 5 and 6, the entropy of activation
methanol with protonated methanol. would be expected to be slightly more negative than that
determined here experimentally, but certainly within the reported

to be (1.04+ 0.02) x 10710 cm® molecule® st in excellent ~ Uncertainty.

agreement with those obtained by McMahon and Beauchamp ~ CH3CNH* + CH30H — CH3CNCH3"™ + H20. The rate

of 1.0 and 1.1x 10-1° crm® molecule’? s~L. In the latter case,  Of the reaction between protonated acetonitrile and methanol
the reaction was studied at pressures betweeli 46d 103 was found to not be dependent upon the pressure of acetonitrile

Torr. Bass et at3 obtained values between 0.7 and ¥.20720 in the ICR cell. For example, for the reaction at 296 K, and a
cm® molecule’l s™1 at a pressure of & 1074 Torr and at 300 calibrated methanol pressure of 5:2 1072 mbar, the rate

K, where significant amounts of proton-bound dimer and trimer constants were determined to be 5:440~*and 5.66x 10~
were also observed. Other values obtained for the rate constan€m® s * at (uncalibrated) acetonitrile pressures of 5.8.0°

-23.0

-23.2 4

Ink

-23.4 4

-23.6

for this reaction were approximately 0:810-1° cn® molecule? and 1.2 x 10°® mbar, respectively. Furthermore, the only
s 1but were either complicated by significantly faster reacfibns ~ reaction observed at all temperatures and pressures was the
or were conducted at much higher presstfreghere methyl ~ methyl cation exchange reaction.

cation transfer was the minor reaction observed. In those studies The rate constants obtained for the methyl cation exchange
where temperature was variéth* a negative temperature  between methanol and protonated acetonitrile are listed in Table
dependence was observed, which agrees with our results in2. The Arrhenius plot for this reaction is given in Figure 7.

Table 1. The slope of this plot yields a value for the activation energy
160 CH30H2+ * X iﬂ
CH30H

. Hpd e 01 TS V11
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Figure 5. MP2/6-311G** calculated potential-energy surface for the methanol/protonated methanol reaction. Geometries for stationary points are
shown in Figure 6.
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experimental unimolecular rate constants were assumed to be
approximately 10s-1, based on the residence time of the ions
within the flight path of the mass spectrometer. Since methyl
cation transfer and simple bond cleavage (producing reactants)
are in competition, based on the MI spectra, a valueAiF
which caused the log vs internal energy of the proton-bound
dimer to cross in the region where the rate constants wafg

s1, was assigned. This analysis has an element of subjectiveness
to it. Furthermore, the use of ab initio vibrational frequencies
for the proton-bound dimer and vibrational frequencies for the
transition states fitted to produce characteristic entropy differ-
ences between the proton bound dimer and transition states adds
another element of uncertainty. In contrast, the enthalpy of
activation determined here is purely experimental. Our deter-
minations of the experimental enthalpies of activation for the
CH3OH,™ + CH3OH methyl cation transfer (above) and that

2.603 1.531

TS LI

1.186
1.464 s Ts Vil determined previously for the (GHHOH™ + (CHj3),0 methyl

Waes cation transfer are in excellent agreement with ab initio

calculations. This lends confidence that o\d* = —16.5+
m 0.6 kJ mof! is a dependable value. The value predicted by

Figure 6. MP2/6-311G** calculated structures for the stationary points Mayer, however, is not unreasonable given the approximate
on the methanol/protonated methanol potential-energy surface of Figuremethod of its estimation.

5. .
Mayer also presented a calculated potential energy surface
TABLE 2: Rate Constants for the Methyl Cation Exchange (PES) for this reactiof? however, the potential energy profile
Reaction between Methanol and Protonated Acetonitrile for the rearrangement of the proton-bound dimer of methanol
temp/K rate constant and acetonitrile to the methylated acetonitrile cation/water
complex was assumed to be a direct isomerization. The barrier
293 3.49+ 0.08 L L .
206 3.4+ 0.1 for this isomerization was calculated to be approximately 110
307 28+02 kJ mol1, considerably in excess of the barrier estimated by
313 2.5+ 0.2 Mayer and by our experimental value. Mayer did conclude that
320 24+0.1 there must be an alternative route for this isomerization. Our
331 2.07+ 0.08

calculated PES for this reaction is shown in Figure 8. It includes
an isomerization of the proton-bound dimer to a structure which
2 Rate constants in units of 18 cm® molecule™ s, has the nitrogen of acetonitrile electrostatically bound to the
methyl group of protonated methanol. The structures are given
in Figure 9. An analogous structure was predicted to precede

335 1.894+0.07

2214 Eg=-11.5:0.4 kJ mol"' methyl cation transfer for both the methanol/protonated metha-
AH? = -16.5:0.6 kJ mol-! nol?>26and dimethyl ether/protonated dimethyl etheactions.
AS*=-130:20 J K" mol"! This type of structure was first suggested by Kleingeld and

2 Nibbering? It is important to note, however, that the transition

state for isomerization of the proton-bound dimer to the electro-
statically bound complex is not the bottleneck for methyl cation
exchange, since it is calculated to be 25 kJ Thdbwer in
energy than the transition state for actual methyl cation transfer.
The calculated\H* is —21.5 kJ mot1, in fairly good agreement
with our experimentally determined value 6f16.5+ 0.6 kJ
mol~1.

It should be noted that the relative energies of the proton-
bound dimer and the two minima on the right-hand side of the
methyl cation exchange barrier agree fairly well with the
calculations of Mayer.

248 . , ' , ‘ From the intercept of the Arrhenius plot in Figure 7 and eq

28 80 e e 4 e 13, an entropy of activation value 6130+ 20 J K-2 mol-1
07K was obtained, which is consistent with what is expected for a
Figure 7. Arrhenius plot for the methyl cation transfer reaction of tight transition state. This experimental value is in good

-24.3 4

244 |

Ink

-24.5

-24.6 4

-24.7 4

methanol with protonated acetonitrile. agreement with the calculated value-e111 J K1 mol~2.
CH3CHOH™ + CH30OH — CH3CHOCH3™ + H,0. The
of —11.54 0.4 kJ mot! and an enthalpy of activation ef16.5 chemistry occurring in the acetaldehyde/methanol mixtures was

+ 0.6 kJ mofl. The enthalpy of activation, at 298 K, obtained slightly more complicated. At the lowest temperatures used, two
by Mayef® was —6 kJ moll, which corresponds to a 10 kJ  very minor side reactions, one producimyz 43 and one
mol~? higher enthalpy of activation compared to our experi- producingnvz 47, in addition to the dominant methyl cation
mentally determined value. It should be noted, however, that transfer forming O-methylated acetaldehyde, were obséfved.
the value determined by Mayer is a prediction based on a The nVz 43 ion predominates over thev’z 47 ion at high
number of assumptions. First of all, in the RRKM modeling, acetaldehyde pressure and is produced by hydride abstraction
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Figure 8. MP2/6-311G** potential-energy surface for the reaction of methanol with protonated acetonitrile. Geometries for stationary points are
shown in Figure 9.

predominates over/z 43 and, so, is very likely to be produced
from a reaction with methanol. Kuyg et al® also observedvz
47 in their reactions of protonated acetaldehyde and methanol
and assigned it to protonated dimethyl ether formed following
proton transfer from protonated acetaldehyde to methanol
followed by a methyl cation transfer reaction with methanol.
TAg The assignment of this mechanism was confirmed by deuterium
TS 111 isotope labeling experiments. This mechanism involves a proton
transfer which is endothermic by some 14 kJ mand thus is
expected to be quite slow if it were to occur in the ICR cell
and the rate would increase with methanol pressure as was
observed. A methyl cation transfer reaction from protonated
acetaldehyde to methanol (eq 16) is less likely, since it is
endothermic by 320 kJ mol. Even if the neutral loss was
assumed to be formaldehyde, which would require a concerted
TS 117111 mechanism, this would be endothermic by 41 kJ Thol

1.172 3.03 1.620

1.459 2.045 1.891
1.168

1.157 2778

1454 1.448

i CH,CHOH" 4+ CH,OH— (CH,),OH" + :CHOH  (16)

The proton-transfer reaction forming protonated methanol and
subsequent methylation to form/z 47 was not observed in
the acetonitrile system, since proton transfer from protonated
acetonitrile to methanol is endothermic by 25 kJ mbl

The two side reactions forming/z 43 and 47 become even
less important at higher temperatures and these ions were too
weak in intensity to obtain meaningful kinetics. It is important
to note that in experiments conducted where no methanol was

+
Figure 9. MP2/6-311G** calculated structures for the stationary points present, absolutely novz 59 (CHCHOCH; ") was produced,

on the methanol/protonated acetonitrile potential-energy surface in which rules out the possibility of methyl cation transfer between
Figure 8. acetaldehyde and protonated acetaldehyde. The temperature-

dependent rate constants are tabulated in Table 3 and it is
from neutral acetaldehyde by protonated acetaldehyde formingapparent that the rate constant for the reaction of protonated

CH3CO*' and neutral ethandf, acetaldehyde with methanol (methyl cation transfer) decreases
with temperature as expected.
CH3CHOHJr + CH,CHO— CH3CO+ + CH,CH,OH (15) The Arrhenius plot for the methyl cation exchange reaction

between methanol and protonated acetaldehyde is presented in
At higher methanol pressures the occurrence noz 47 Figure 10. From the slope of the Arrhenius plot valuesEgr
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TABLE 3: Rate Constants for the Methyl Cation Exchange lower barrier in the case of protonated acetaldehyde. In the case
Reaction between Methanol and Protonated Acetaldehyde of methyl cation transfer between protonated dimethyl ether and
temp/K rate constafit dimethyl ether, the enthalpy of activation is significantly higher,

294 1274 0.4 ca. 15 kJ motl, So_me_insight inFo this comes from comparing
297 12.1+ 0.2 the calculated activation energies on going from the complex
304 10.4+ 0.4 just preceding methyl cation transfer, where the methyl group
310 9.3+ 0.4 of protonated methanol is electrostatically bound to the methyl
g%‘z‘ ggi 82 cation acceptor site, to the transition states for methyl cation
397 7.4+ 0.2 transfer for all reactions. These calculated energy differences
335 6.6+ 0.1 are strikingly close, 29, 33, 31, and 30 kJ mboffor the

protonated methanol/methanol, protonated acetonitrile/methanol,
protonated acetaldehyde/methanol, and protonated dimethyl
.25.0 ether/dimethyl ethéreactions, respectively. The electrostatically
bound complex preceding methyl cation transfer is much less
Ea =-13.4:0.5 kJ mol” energetically favored for the protonated dimethyl ether/dimethyl
AR =-18.4:0.7 kJ mol” ether system, compared to separated reactants, than for each of
AS# =-144:17 J KT ol the other systems. The calculations show that the barriers for
methyl cation transfer from the methyl-bound complex are
virtually the same.

An interesting feature of the potential energy surfaces reported
here for methanol/protonated acetonitrile and methanol/proto-
nated acetaldehyde is that methyl cation transfer is preceded
by an isomerization of the proton-bound dimer to structures
where methanol is protonated and its methyl group is electro-
statically bound to the nitrogen or oxygen of acetonitrile or
acetaldehyde, respectively. In a recent report it was shown that
for the reaction of dimethyl ether and protonated dimethyl ether
the structure in the entrance channel is the complex with a
-25.8 4 methyl group of protonated dimethyl ether electrostatically

: : : , , bound to the oxygen of dimethyl eth&rThis was rationalized
3.0 31 32 33 34 by a combination of ab initio calculations and the strong
T110%K! temperature dependence of the dissociation rate constant of the
Figure 10. Arrhenius plot for the methyl cation transfer reaction of nascent proton-bound dimer. The high-energy complex, then,
methanol with protonated acetaldehyde. either rearranges to form the proton-bound dimer or undergoes
methyl cation exchange to form trimethyloxonium cation and
methanol. In the case of methanol/protonated methanol one
and A"!i of —13.4 £ 0.5 and —18.4 + 0.7 kJ mot?, reported potential energy surface has the proton-bound dimer
respectively, were obtained. The value faH* is in good in the entrance channel followed by rearrangement to the
agreement with the calculated value-616.7 kJ mot™. methyl-bound structure and then methy! cation tran&fdihis

The calculated PES is given in Figure 11 and the structures perspective contradicts experiments which have been reported
are given in Figure 12. As in the preceding cases, the originally using 180-labeled protonated metharfdt34
formed proton-bound dimer must isomerize to an isomer, which
has the methyl group of protonated methanol electrostatically
bound to the oxygen of acetaldehyde. The barrier to this first
isomerization is, once again, not the bottleneck for this reaction 18+ 16 161 it 18
as itis lower in energy than the transition state for methyl cation CH;7OH," + CH;"OH— (CHy), "OH" + H,7O  (17D)
transfer by 30 kJ mot.

From the intercept of the plot in Figure 10, an entropy of If the reaction in eq 17 produces a 50/50 mixture of labeled to
activation of —144 + 17 J K2 mol~! was obtained and is in  unlabeled protonated dimethyl ether, then the proton-bound

aRate constants in units of 1& cm® molecule® s,

-25.2

-25.4 4

X

-25.6 -

CH,'®0H," + CH,'°0OH — (CH,),"®0H" + H,"0  (17a)

acceptable agreement with the calculated value b?8 J K1 dimer is the species in the entrance channel for this reaction.
mol2. However, Graul and Squirésobtained a ratio of 2/1 for 17b/
Comparison of Methyl Cation Transfer Reactions. In 17a and Dang and Bierbadfras well as McMahott obtained

Table 4 the thermodynamic parameters pertaining to the avalue of 1.2/1. The fact that reaction 17b appears to be favored
transition states for each of the methyl cation transfer reactionswould indicate that a certain portion of the reactions producing
studied to date by low-pressure FT-ICR mass spectrometry areprotonated dimethyl ether go via a diregt2Smechanism and
summarized. The first three methyl cation transfer reactions thus the methyl-bound complex should be in the entrance
summarized in Table 4 are different from the protonated channel for reaction of protonated methanol and methanol. Since
dimethyl ether/dimethyl ether reaction in that water is eliminated isomerization of this complex to the proton-bound dimer has a
in the former three and methanol is eliminated in the latter case.lower energy requirement than methyl cation transfer, the
It is interesting to note how close the experimental enthalpies proton-bound dimer/methyl-bound complex isomerization reac-
of activation are to each other for the cases of methyl cation tions are fairly rapid, which is why the reaction in eq 17 does
transfer between methanol and either protonated methanol,not solely produce (Ckj,'%OH". It is proposed then that, like
protonated acetonitrile, or protonated acetaldehyde. In fact, the protonated dimethyl ether/dimethyl ether PES, formation
within the reported uncertainty there is virtually no difference of a methyl-bound complex precedes proton-bound dimer
in the enthalpies of activation observed except for a slightly formation and methyl cation transfer and this is depicted in
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Figure 11. MP2/6-311G** potential-energy surface for the reaction of methanol with protonated acetaldehyde. Geometries for stationary points
are shown in Figure 12.

TABLE 4: Summary of Thermodynamic Parameters Pertaining to the Transition State for Methyl Cation Transfer Obtained
from Low-Pressure FT-ICR Experiments

CHzOH," + CH;OH CH;CNH* + CH;OH CH,CHOH" + CH;OH (CH),0HT + (CHz),OH°
exptl calcd exptl calcd exptl calcd exptl calcd
AH* —16.9+ 0.6 —15.8 —16.5+ 0.6 —-21.5 —18.4+ 0.7 -16.7 —1.07+0.33 —4.6
ASP —121+ 20 —150 —130+ 20 —-111 —144+ 17 —128 —116+ 15 —132
AG*(298) 19+ 6 28.9 22+ 6 11.2 25+ 5 18.5 34+ 5 34.8

2kJ mol™. ®J K™t mol™. ¢ Products are trimethyloxonium cation and methanol from ref 7.

Figure 5. Further support of the methyl-bound complex being 1.475 A for the G-H and N—H bond lengths, respectivel§.
in the entrance channel for reaction between protonated Based on the proton affinities of the monomers alone, it might
methanol and methanol comes from calculations where thd O  have been expected that the proton should be closer to the
bond of the proton-bound dimer was stretched and frozen andmonomer of higher proton affinity. However, the dipole moment
geometry optimizations were performed. This resulted in an of acetonitrile is 3.92 D, while the dipole moment of methanol
expected increase in energy, but also, the structure collapsed tas substantially smaller at 1.70 D. At the minimum-energy
the methyl-bound complex structure. structure of the proton-bound dimer, the calculated dipole
The entropies of activation for all four reactions are, within  moment of the dimer is 1.60 D. By stretching and freezing the
the reported uncertainties very much the same, which is expectedd—H bond at 1.5 A, the NH bond length shortens to 1.094
given the similarities of the transition structures associated with A, while the energy of the system rises 22 kJ maind the
each of the reactions. Since the experimental and calculateddipole moment rises to 3.41 D. MP2/6-8G* calculations by
barrier heights are all very close in energy, entropy must be the Ochran et af° on the proton-bound dimer of ethanol and
reason for the slower rates of reaction for the protonated aceto-acetonitrile show the ©H and N—H bond lengths to be 1.060
nitrile and protonated acetaldehyde reactions. In fact, the experi-and 1.519 A, respectively, even though acetonitrile has a slightly
mentally determined\SF values are seen to decrease over the higher proton affinity’> The difference in dipole moments is
series, protonated methanol/metharel214 20 J K1 mol™3), very similar for these two species. It seems as though increasing
protonated acetonitrile/methanot-1{30 + 20 J K1 mol™?), the magnitude of the iondipole interaction in the dimer and
protonated acetaldehyde/methanellg4 + 17 J K- mol™1). thus lowering the overall dipole moment of the dimer, by
Therefore, the transition states become tighter over this series.associating the proton with the lower dipole moment species,
Structures of the Proton-Bound Dimers. An interesting is a factor in lowering the energy of the proton-bound dimer.
feature pertaining to the structure of the methanol/acetonitrile  The structure of the proton-bound dimer of acetaldehyde and
proton-bound dimer (see Figure 9) is that thel®bond length methanol in Figure 12 shows that the acetaldehyedi®ond
is 1.075 A, while the N-H bond length is 1.425 A, and the is 1.167 A, while the methanol-©H bond isslightly larger at
proton affinity of methanol is significantly lower than that of 1.226 A. The proton affinity of acetaldehyde is 10.7 kJ Mol
acetonitrile APA = 24.9 kJ mot-1).1> Mayer’s proton-bound larger than that of methan&l,and the dipole moments are 2.69
dimer structure for methanol/acetonitrile (MP2/643%*) set and 1.70 D, respectively. Both the difference in dipole moments
the bond lengths very close to those reported here at 1.075 andand proton affinities between acetaldehyde and methanol are
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