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ABSTRACT: Theoretical studies on the thermolysis in the gas phase of ethyl methyl and diethyl carbonates were
carried out using ab initio theoretical methods at the MP2/6-31G(d) and MP2/6-311++G(2d,p) levels of theory. Two
possible pathways were studied, one of them via a six-membered cyclic transition state and the other one in two steps,
via a six- and a four-membered cyclic transition state, respectively, with the formation of an alcohol, ethylene and
carbon dioxide. The nucleophilic substitution to give ethers was also studied. The results indicate that the reactions
occur via a mechanism in two steps. The progress of the reactions was followed by means of the Wiberg bond indices.
The kinetic parameters calculated for the studied reactions agree well with the available experimental results.
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INTRODUCTION

The thermal decompositions of carbonate esters have
been experimentally investigated a number of times.' ™'
They belong to that class of reactions known as pyrolytic
cis eliminations,'” a class which includes the thermal
decomposition of such compounds as esters, xanthates,
amine oxides and organic halides. Carbonate pyrolysis is
a cis-concerted elimination® which takes place more
rapidly than the reaction of the corresponding acetates.>
In general, it seems that esters lacking a 3-hydrogen and
therefore, unable to eliminate from the alkyl group, form
the ether and carbon dioxide, whereas those that can do so
decompose to the alcohol, olefin and carbon dioxide.
Much work has been done to establish the decomposi-
tion mechanism of the carbonates.>*"'*'* Two mechan-
isms have been proposed to explain the thermolysis of
carbonates with a §-hydrogen, that differ in the assign-
ment of the oxygen atom, which is considered to play the
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role of the nucleophilic agent in the hydrogen abstraction
(see Fig. 1). In mechanism A, this role is assigned to the
ether oxygen atom and pictures the reaction as a one-step
process proceeding through a six-membered cyclic tran-
sition state. The other possibility, mechanism B, is that
the carbonyl oxygen plays the role of hydrogen abstrac-
tor. This option also provides for the formation of a six-
membered cyclic transition state whose decomposition,
however, does not lead directly to all the observed
products, but the initial alkoxy acid formed rapidly
decomposes to give the alcohol and carbon dioxide.
This two-step mechanism is similar to that proposed for
ester pyrolysis. For carbonates and acetates, the C,—O
bond is fairly polar and breaking of this is the principal
rate-determining step.'

Classical methods, such as steric and kinetic studies,
have led to a general formulation of the reaction mechan-
ism, but they afford no obvious method differentiating
between the two mechanisms. Some decades ago, there
was no firm evidence to implicate either of these mechan-
isms. Smith and co-workers' favoured (A) on the basis
of linear free energy arguments, but Cross et al.” specu-
lated that (B) is involved. Al-Awadi and Bigley'' tried a
direct and elegant approach to make the choice between
mechanisms (A) and (B), labeling isotopically the various
oxygen atoms of the carbonate and measuring the kinetic
isotope effects. They tried this method for methyl n-hexyl
carbonate but found the results vitiated by isotopic
scrambling. In the case of xanthate pyrolysis (Chugaev
reaction), in which both stepwise and concerted mechan-
isms of elimination exactly analogous to the carbonate
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Figure 1. The two possible pathways in

mechanisms (A) and (B) are possible, it has been un-
equivocally shown'® by such a kinetic isotope effect
study that the elimination proceeds via a type (B)
mechanism.

Another approach to the problem is to measure the
kinetic effect of the introduction of chemical labels. Al-
Awadi and Bigley'"'? used sulfur as a suitable chemical
label.

It is now generally accepted that for carbonates con-
taining a $-hydrogen, the only important initial process is
a six-center retro-ene reaction followed by rapid decom-
position of the alkoxy acid [mechanism (B) in Fig. 1].

In addition to the primary elimination for carbonate
esters, a secondary reaction can occur. This is the
nucleophilic substitution to give ethers, via a four-
membered cyclic transition state, as depicted in Fig. 2.

To our knowledge, there have been no theoretical
studies on these reactions at DFT or ab initio levels; there
are only three studies, all of them at the AM1 semiempi-
rical level. Lee er al.'” studied the pyrolysis in the gas
phase of ethyl methyl and isopropyl methyl carbonate
esters and Li ez al.'® studied the thermal eliminations of
carbonic acid and some of its esters. Kim er al.'® studied
the substituent effects on thermal eliminations of aryl
ethyl carbonates. Lee er al.'” concluded that the second
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Figure 2. Mechanism of the nucleophilic substitution
reaction to give ethers

Copyright © 2004 John Wiley & Sons, Ltd.

.
) R\%y G+

M.
Ol

1 5 1
5L

+

—>» ROH + CH,—=CH; + CO,

—® ROCOOH + CH;—CH,

fast
N
R_o’lc% —— ROH + CO,
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step in mechanism (B) is the rate-determining step and
that the one-step mechanism (A) cannot be entirely ruled
out. These conclusions disagree with the previous ideas
but they are not safe owing to the low level of the
calculations.

These facts prompted us to carry out a theoretical
study of the mechanism of thermal decomposition
of two carbonate esters: ethyl methyl carbonate,
CH;CH,OC(O)OCH; (I) and diethyl carbonate,
CH;CH,OC(O)OCH,CH3 (II). We studied the two pos-
sible mechanisms of the elimination, (A) and (B) (Fig. 1),
and also the nucleophilic substitution to give ethers
(Fig. 2).

Several experimental studies on the thermal decom-
position of these species have been carried out.>>1314
The experimental rate constants and the Arrhenius para-
meters obtained are collected in Table 1. The rate con-
stants obtained in Ref. 3 are about a factor of 5-10 higher.
All the other experimental rate constants are in fairly
good agreement.

Table 1. Experimental Arrhenius parameters and rate
constants for the thermal decomposition of ethyl methyl
and diethyl carbonates

E, 10*k

Compound LogA (kJmol™") (s7')* Ref.
Ethyl methyl carbonate, I 13.7 192.5 8.7 3

11.72 182.0 0.75 9

12.20 187.45 0.76 13
Diethyl carbonate, II 13.9 192.5 14.0 3

13.2 194.1 2.0 5

13.06 195.0 1.2 9

13.03 193.6 1.5 13
At 600 K.
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All the experiments agree that equal amounts of
ethylene, methanol (or ethanol) and carbon dioxide are
formed. No ether was found. Both compounds decom-
pose much faster than ethyl acetate, which indicates that
the substitution of the methyl group by an additional
methoxy or ethoxy group destabilizes the molecule by an
appreciable factor.

COMPUTATIONAL DETAILS

All calculations were carried out using the Gaussian 98
computational package.20 The geometric parameters for
all the reactants, the transition states (TS) and the
products of the reactions studied were fully optimized
using ab initio analytical gradients at the MP2 level*!
with the 6-31G(d) basis set.>? Each stationary structure
was characterized as a minimum or a saddle point of first
order by analytical frequency calculations. A scaling
factor®® of 0.9670 for the zero-point vibrational energies
was used. Thermal corrections to enthalpy and entropy
values were evaluated at the experimental temperature of
600.15 K. To calculate enthalpy and entropy values at a
temperature 7, the difference between the values at that
temperature and 0 K was evaluated according to standard
thermodynamics.”*

Transition vectors,” the eigenvectors associated with
the unique negative eigenvalue of the force constant
matrix, were obtained for all the transition states. Intrin-
sic reaction coordinate (IRC) calculations®® were per-
formed in all cases to verify that the localized transition-
state structures connect with the corresponding minimum
stationary points associated with reactants and products.
All the optimized structures were fully reoptimized at the
MP2/6-3114++4G(2d,p) level.”’

The bonding characteristics of the different reactants,
transition states and products were investigated using a
population partition technique, the natural bond orbital
(NBO) analysis of Reed and co-workers.”®?* The NBO
formalism provides values for the atomic natural total
charges and also provides the Wiberg bond indices™ used
to follow the progress of the reactions. The NBO analysis
was performed using the NBO program,®’ implemented
in the Gaussian 98 package,”® and was carried out on the
MP2 charge densities in order to include explicitly
electron correlation effects.

We selected the classical transition-state theory
(TST)**?3 to calculate the kinetic parameters. The rate
constant, k(7T), for each elementary step of the kinetic
scheme was computed using this theory assuming that the
transmission coefficient is equal to unity, as expressed by
the following relation:

keT -scta
k(T) :BTe “ar (1)

where kg, h and R are the Boltzmann constant, Planck’s
constant and the universal gas constant, respectively, and
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AG7 (T) is the standard-state free energy of activation at
the absolute temperature 7.

The activation energies, E,, and the Arrhenius A factors
were calculated using Eqns (2) and (3), respectively,
derived from the TST (e =2.718):

E, = AH”(T) 4+ RT (2)

A ekZT eAstm

3)

RESULTS AND DISCUSSION

Theoretical calculations at the MP2/6-311++G(2d,p)
level of theory were carried out in order to explore the
nature of the reaction mechanism for the unimolecular
decomposition of ethyl methyl and diethyl carbonates in
the gas phase. We investigated two pathways, as shown in
Fig. 1: a one-step process proceeding through a six-
membered cyclic transition state, in which the ether
oxygen atom participates, and a two-step process, with
an initial rate-determining step via a six-membered cyclic
transition state in which the carbonyl oxygen atom
participates, followed by rapid decomposition of the
alkoxy acid formed. In both mechanisms the final pro-
ducts are the same: ethylene, carbon dioxide and an
alcohol.

We also investigated a secondary reaction that can
occurs in the thermolysis of carbonate esters, namely
nucleophilic substitution to give ethers (see Fig. 2).

Electronic energies, zero-point vibrational energies,
thermal correction to enthalpies and entropies for all
the reactants, transition states and products involved in
all of the steps of the two reactions studied are given in
Table 2.

Free energy profiles for the decomposition processes of
the two carbonate esters studied are presented in Figs 3
and 4.

The calculated activation free energies for the first step
of the process following mechanism (B) are 192.8 and
193.3 kI mol ' for reactions I and II, respectively, and the
calculated activation free energies of the second step are
155.4 and 136.9kJ mol ', respectively.

The overall processes are highly exergonic, with reac-
tion free energies of —135.0 and —136.9kJmol ' for
reactions I and II, respectively.

As can be observed in Figs 3 and 4, the activation free
energies of the processes following the mechanism (A)
are higher than those corresponding to the first step of
mechanism (B). They are 241.3 and 238.4kJ mol ! for
reactions I and II, respectively, 48.5 and 45.1kJmol '
higher than the corresponding values for mechanism (B).
This result confirms the idea derived from experiments
that in the thermolysis of carbonates containing a
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Table 2. Electronic energies evaluated at the MP2/6-311++G(2d,

and Thermal Corrections to Enthalpies, TCH, in hartree and entropies, S, in calmol ™"

and products involved in the thermal decomposition of ethyl met

137

p)/IMP2/6— 31G(d) Ievel zero-point vibrational energies, ZPE,
for all the reactants, transition states
hyl (1) and diethyl (II) carbonates

Species MP2/6-3114++G(2d,p)//MP2/6-31G(d) ZPE* TCH™® sb
I —382.103083 0.127415 0.154670 112.956
TSA-I —382.001753 0.118572 0.146477 114.553
TSB-1 —382.020734 0.119935 0.147148 114.651
TSC-1 —381.989469 0.122898 0.150531 115.056
TSB2-1 —303.644225 0.062727 0.080434 89.748
CH;0COOH —303.710178 0.068976 0.086891 89.216
CH,=—CH, —78.361795 0.052038 0.062441 61.388
CH;0H —115.469332 0.052597 0.063267 65.822
CO, —188.245426 0.011510 0.020065 58.329
CH;CH,0CH; —193.864064 0.111477 0.130719 89.805
1I —421.310201 0.156825 0.188562 123.807
TSA-II —421.209087 0.147874 0.180344 126.310
TSB-1I —421.227562 0.149319 0.181042 125.635
TSC-1I —421.198050 0.152360 0.184441 125.534
TSB2-11 —342.852667 0.092104 0.114288 101.025
CH;CH,0COOH —342.911647 0.098201 0.120638 100.291
CH;CH,OH —154.676036 0.082189 0.097133 77.852
(CH3CH,»),0 —233.071556 0.140703 0.164609 102.128
# Evaluated at the MP2/6-31G(d) level.
® Evaluated at 600.15K.
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Figure 3. Free energy profile at 600.15K, evaluated at the MP2/6—

311++G(2d,p)//MP2/6—~ 31G(d) level, forthe decomposition

process of ethyl methyl carbonate ester. Relative free energy values (with respect to reactant I, in kJ mol " ) of the stationary

points found are as follows: TSA-I, 241.3; TSB-1, 192.8; TSC-I,
EtOl\/Ie—i-COz, —115.0; MeOH +COZ +C2H4, —135.0

(B-hydrogen the only important initial process is a six-
center retro-ene reaction followed by the decomposition
of the alkoxy acid formed, mechanism (B) in Fig. 1.
We carried out a detailed study of the two steps of this
mechanism. The first step is the rate-limiting step. There
is one and only one imaginary vibrational frequency in
the transition states for this first step of the studied
thermal  decomposition reactions (1629.8i and
1627.9icm™" for TSB-I and TSB-II, respectively, eval-
uvated at the MP2/6-31G(d) level of theory, with the

Copyright © 2004 John Wiley & Sons, Ltd.

282.5; MeOCOOH + C,H,, —26.3; TSB2-1 + CyHa, 129.1;

lowest real frequency being 18.2 and 16.6cm ' for
TSB-I and TSB-II, respectively). The optimized struc-
tures for these transition states are shown in Fig. 5.
During the thermolysis process, when the reactant is
being transformed into its transition state, the H-1—C-2,
C-3—0-4 and C-5—0O-6 distances are increasing,
whereas the C-2—C-3, O-4—C-5 and O-6—H-1 dis-
tances are decreasing. The distances in both transition
states are practically identical, indicating that the alkoxy
group attached to C-5 does not influence either the
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138

R. NOTARIO ET AL.

300
7SC.)1
———
/ ~
250 / TSA S
! p—— Sa
/ / ~ N
/ ~ ~
200 1] / TSBAI o \\
‘o \ S~ S~
YA \ \\\ S
150 /s \ TSB2.1l + C;H
7 ; \ \\ \\ + CoHy
1y 7 \ S ~ A
1y 7 \ ~ N / \
5 100 ty /1 \ ~ ~ / \
£ 1y ! \ S \71 \
2 ,/,/ 1933 \\ o I\‘ 136.9 \
S s 1, ~ S \
< It \ ~ !
1% N, AN ~ \
I3 \ / ~ ~
0 - N\ EI0COOH +CH. / S ‘\
el 0 ————-F-———- 2Ha
i / —-—de— N —— \
~ ~
~ ~ 1
~ ~ \
50 ~ ~
1369 o N Y
~ s
\\ ARY
100 So. B. Ewo+co,
S~ A
~
-150 EtOH +CO2 + C2H4
-200

Figure 4. Free energy profile at 600.15K, evaluated at the MP2/6-311++G(2d,p)//MP2/6-31G(d) level, for the decomposition
process of diethyl carbonate ester. Relative free energy values (with respect to reactant Il, inkJ mol~") of the stationary points

found are as follows: TSA-Il, 238.4; TSB-Il, 193.3; TSC-II,
Et,0 +CO,, —119.6; EtOH +CO, + C,H,, —136.9

Figure 5. Structures of the transition states, TSB-1 and TSB-
I, corresponding to the first step of mechanism (B) in the

thermolysis of ethyl methyl and diethyl carbonate esters,
optimized at the MP2/6-31G(d) level of theory

hydrogen migration from C-2 to O-6 or the O-4—C-5
double-bond formation. The main distances in reactants
and transition states are shown in Table 3.

The transition vectors, TV, associated with the unique
negative eigenvalue of the Hessian matrix for the transi-

Copyright © 2004 John Wiley & Sons, Ltd.

280.0; EtOCOOH + C,Hy, —12.4; TSB2-114+CyH,, 124.5;

tion states of the studied reactions are shown in Table 4.
The main components of the TV are the H-1—C-2 and
0-6—H-1 distances and the C-2—H-1—0-6 and C-5—
0O-6—H-1 bond angles. The largest component (around
19-22%) of TV corresponds to the two distances as-
sociated to the hydrogen migration process from C-2 to
0-6.

As in other theoretical studies on reaction mechanisms
carried out by us,>*° the progress of the reactions has
been followed by means of the Wiberg bond indices,*® B;,
to avoid the subjective aspects associated with geometric
analysis of the transition states. A very precise image of
the timing and extent of the bond-breaking and bond-
forming processes along the reaction path can be
achieved®’ by analyzing the evolution of the bond indices
corresponding to the bonds being broken or made in a
chemical reaction.

The Wiberg bond indices corresponding to the bonds
involved in the reaction center of the first step of the two
reactions studied, for all the reactants, transition states
and products, are given in Table 5.

Moyano et al.*” defined a relative variation of the bond
index at the transition state, 0B;, for every bond, i
involved in a chemical reaction as

(B® — BY)
(B

)

4)

where the superscripts R, TS and P refer to reactants,
transition sates and products, respectively. Hence it is
possible to calculate the percentage evolution (%EV) of
the bond order through the chemical step by means of 8

(5)
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Table 3. Main distances (A) in reactants and transition states of the first step of mechanism (B), optimized at the MP2/6-31G(d)

Level

Species H-1—C-2 C-2—C-3 C-3—0-4 0-4—C-5 C-5—0-6 0-6—H-1
| 1.092 1.514 1.451 1.344 1.219 2.688
TSB-I 1.335 1.398 1.957 1.271 1.274 1.286
11 1.091 1.514 1.451 1.345 1.220 2.684
TSB-11 1.335 1.399 1.955 1.273 1.274 1.286

Table 4. Hessian unique negative eigenvalues and main
components of the transition vectors for the transition states
of the first step of the studied reactions, calculated at the
MP2/6-31G(d) level (all values in au)

where n is the number of bonds involved in the reaction,
measures the degree of advancement of the transition
state along the reaction path. Calculated 6B,, values for
the first step of the studied reactions are given in Table 5.
As can be seen, the 6B,, values show that the transition
states have an ‘early’ character, nearer to the reactants
than to the products.

The synchronicity, Sy, of a chemical reaction can be
calculated as

Sy=1-A

(7)

where A is the asynchronicity, calculated using the
expression proposed by Moyano et al.:*’

TSB-1 TSB-II
Eigenvalue ~0.37994 ~0.29367
H-1—C-=2 0.455 0.462
C2—C3 ~0.289 ~0.273
0-4—C-5 —0.186 —0.172
C-5—06 0.180 0.156
0-6—H-1 ~0.435 —0.474
C-2—H-1—0-6 0.374 0.418
C-5—0-6—H-1 0.313 0.242
0-6—C-5—0-7 ~0.192 ~0.170
0-4—C-5—0-7 0.123 0.126
H-1—C-2—C-3—H 0.112 0.131
H-1—C2—C-3—H ~0.133 ~0.135
H—C2—C3—H 0.180 0.197
H—C2—C3—H —0.196 —0.199

The calculated percentages of evolution of the bonds
involved in the reaction center are given in Table 5. As
can be seen, the breaking of the C-3—0-4 bond is the
more advanced process (63%). The H-1—C-2 bonds are
broken to the extent of 52% whereas the O-6—H-1 bonds
are only 38-39% formed.

The average value, 0B,,, calculated as>’

1
Bav = Bi
6 - 6 (6)

(ZNl_ 5 Z |6B,6B 6B,y | (8)
av
Synchronicities vary between zero and one, which is
the case when all of the bonds implicated in the reaction
center have broken or formed at exactly the same extent
in the TS. The Sy values obtained in this way are, in
principle, independent of the degree of advancement of
the transition state. The Sy values calculated for the
reactions studied are shown in Table 5. The synchroni-
cities are 0.90 in both cases, indicating that the mechan-
isms correspond to slightly asynchronous processes.
Another aspect to be taken into account is the relative
asynchronicity of the bond-breaking and the bond-form-
ing processes that measures the ‘bond deficiency’ along

Table 5. Wiberg bond indices, B;, of reactants, transition states and products of the studied reactions, percentage evolution,
%EV, through the chemical process of the bond indices at the transition states, degree of advancement of the transition states,
6B.,, and absolute synchronicities, Sy [values calculated at the MP2/6-31G(d) level]

H-1—C2 C2—C3 C3—04 0-4—C5 C5—06 O-6—H-1
Reaction I B 0.930 1.030 0.830 1.001 1.640 0.001
B 0.445 1.351 0.309 1.316 1.317 0.271
BF 0.000 2.034 0.000 1.654 1.000 0.711
%EV 52.2 32.0 62.8 48.2 50.5 38.0
6By =0.473; Sy =0.896
Reaction II BR 0.929 1.030 0.831 1.000 1.631 0.001
B™S 0.445 1.350 0.310 1.308 1.317 0.271
BF 0.000 2.034 0.000 1.682 0.966 0.699
BEV 52.1 31.9 62.7 452 47.2 38.9

0B,y =0.463; Sy =0.901

Copyright © 2004 John Wiley & Sons, Ltd.
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Table 6. NBO charges, calculated at the MP2/6-31G(d) level, at the atoms involved in the reactions

Species H-1 C-2 C-3 0-4 C-5 0-6
First step of the pathway

I 0.235 —0.674 —0.004 —0.647 1.263 —0.766
TSB-1 0.470 —0.884 0.042 —0.810 1.293 —0.811
I 0.235 —0.674 —0.044 —0.647 1.261 —0.760
TSB-II 0.477 —0.883 0.036 —0.782 1.292 —0.843

Table 7. Calculated®® kinetic and activation parameters for the studied reactions

Reaction 10% (s™Y) E, (kimol™ ! LogA AH” (kimol™") AG” (KJmol™")  AS” (Jmol 'K
I 2.08 202.1 13.9 197.1 192.8 7.1
I 1.88 202.9 13.9 197.9 193.3 7.6

# Values calculated at the MP2/6-311++G(2d,p)//MP2/6-31G(d) level of theory.

> At 600.15K.

the reaction path. In the studied reactions, the bond-
breaking processes are more advanced (54-55%) than
the bond-forming processes (39%), indicating a bond
deficiency in the transition states.

The charge distribution in reactants and transition
states was analyzed by means of the NBO analysis of
Weinhold and co-workers?®?° In Table 6, the natural
atomic charges at the atoms involved in the reaction
center are given. There is an important positive charge
developed on H-1 (0.24 at reactants and 0.47-0.48 at
TSs), whereas the electronic excess is supported by C-2
(—0.67 at reactants and —0.88 at TSs) and by the two
oxygens [—0.65 at reactants and — (0.78-0.81) at TSs for
O-4 and — (0.76-0.77) at reactants and — (0.81-0.84) at
TSs for O-6]. The negative character of O-6 allows it to
attract the H-1 in the TS.

The kinetic parameters for the two reactions studied
here were calculated at the MP2/6-311++G(2d,p)//MP2/
6-31G(d) level at the same temperature as used in the
experiments, 600.15 K. These data are given in Table 7
and can be compared with the experimental results in
Table 1. The calculated rate constants agree very well
with the experimentally determined values in the case of
diethyl carbonate, whereas in the case of ethyl methyl
carbonate the calculated rate constant is about three times
higher.

The nature of the non-reacting alkoxy group seems to
have little effect on the rate constant. The calculated
values are very close for both reactions.

In the second step of the pathway, the alkoxy acid
intermediate initially formed decomposes to CO, and the
corresponding alcohol. The TSs of this step have a four-
membered cyclic structure. They present one and only
one imaginary vibrational frequency, 1709.3i and
1707.4icm™ ' for TSB2-1 and TSB2-II, respectively,
with the lowest real frequency being 136.5 and
77.3cm™", respectively.

Copyright © 2004 John Wiley & Sons, Ltd.

This second step of mechanism (B) is a more rapid
process than the first step, with activation free energies of
155.4 and 136.9kJ mol ! for reactions I and II, respec-
tively, and so it is not the rate-limiting step of the
reactions. The calculated rate constants of the decom-
position of the alkoxy acids to methanol (or ethanol) and
carbon dioxide are 0.37 and 15.2s™" for reactions I and
II, respectively, evaluated at the MP2/6-311+4G(2d,p)//
MP2/6-31G(d) level of theory.

As can be observed in Figs 3 and 4, the nucleophilic
substitution to give ethers, via the four-membered cyclic
transition states TSC-I and TSC-II, presents high free
energies of activation, 282.5 and 280.0 kJ mol ', respec-
tively, these TSs being 89.7 and 86.7 kJ mol ' higher than
TSB-I and TSB-II, respectively. This result indicates that
the nucleophilic substitution to give ethers is not a
competitive process against elimination. This is accord
with the experimental fact that no ethers were found in
the experiments.

CONCLUSIONS

A theoretical study on the thermolysis of two carbonate
esters, ethyl methyl and diethyl carbonate, was carried
out at the MP2/6-31G(d) and MP2/6-3114++G(2d,p)
levels of theory.

The results indicate that the mechanism is a two-step
process. The first step, which is rate determining, occurs
via a six-membered cyclic transition state in which the
carbonyl oxygen participates, followed by a rapid de-
composition of the alkoxy acid formed via a four-
membered cyclic transition state. The other mechanism
proposed, in one step, presents higher free energies of
activation.

The transition states present an ‘early’ character, nearer
to the reactants than to the products. The breaking of the
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C,—O bond is the more advanced process. The pro-
cesses are slightly asynchronous.

The calculated rate constants agree well with the
available experimental values. The nature of the non-
reacting alkoxy group seems to have little effect on the
rate constant.
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