
���������	
 ���� �� ��� �	����	�� ������������ ��
�����	
 ��	���� 	�� ����
 ������� �	�� ���
����	���� ��
����
 ����
��	�� 	� ����
 �������
������
��	��

�	�	�
 ���	����� �	��� ��� 	����* !��� "� !��# ��� $
	��	 %	#����&�� �� $	��
� ��� 	���� '���	(�
"
	���# ��) ��	�� $�	�����) 	� '	*���
 $����	��+

���������� 	
 ������� ������ ������������� ����� �
����� ���� ����� ��	��	� � ���
�!�"�������� 	
 ������#������ $�%� ����� �������	 	
 ��
������ &��'
���	�	 (������� 	
 �����"��� �
	
 �
	
����� ) ����	� )
 �
� *�+��
�
	
����� �����"��
*&��'
���	�	 )�	�
 � ,
���� �������	 	
 -����%�� . �
������ (������
�� /
 �����
��� 	
 �������� )'0 �
 � "���� ��1� ������%�� �2��

+�
���� 	
 �������� ��������� 3
�
4����� 	
 ��'
���%�����
� ��
���5��� 6�3��7� �������� 3
�
4�
��

Received 22 July 2002; revised 30 September 2002; accepted 22 October 2002

ABSTRACT: Theoretical studies of the thermolysis in the gas phase of two �-amino acid ethyl esters, ethyl picolinate
and ethyl 1-methylpipecolinate, were carried out using ab initio theoretical methods, at the MP2/6–31G(d) and MP2/
6–311�G(2d,p) levels of theory. The reactions studied have two steps: the first corresponds to the formation of a
neutral amino acid intermediate via a six-membered cyclic transition state, and the second is the rapid
decarboxylation of this intermediate via a five-membered cyclic transition state. The progress of the first step of
the reactions was followed by means of the Wiberg bond indices. The results indicate that the transition states have an
intermediate character between reactants and products, and the calculated synchronicities show that the reactions are
concerted and slightly asynchronous. The bond-breaking processes are more advanced than the bond-forming
processes, indicating a bond deficiency in the transition states. The kinetic parameters calculated for both reactions
agree very well with the available experimental results. Copyright  2003 John Wiley & Sons, Ltd.

KEYWORDS: �-amino acid ethyl esters; thermal decomposition; ab initio computational methods; reaction
mechanism; transition-state structure; Wiberg bond index
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Very recently, we carried out1 a theoretical study on the
pyrolysis of N,N-dimethylglycine ethyl ester and ethyl 1-
piperidineacetate in the gas phase. In this paper, we
present a computational study of the thermal elimination
of another two ethyl esters of �-amino acid type of
molecules, ethyl picolinate (ethyl pyridine-2-carboxy-
late, I) and ethyl 1-methylpipecolinate (ethyl 1-methyl-
piperidine-2-carboxylate, II) (Fig. 1), the kinetics of
which have recently been studied experimentally.2 The

systems studied are of considerable interest owing to
their relationship to amino acids.

Ethyl picolinate, and other esters, are used to obtain by
electrochemical reduction alcohols derived from aro-
matic heterocycles that are intermediates for the synthesis
of pharmaceutical and agrochemical products.3 It is also
used for the detection or quantification of enzymes, in
particular hydrolases, such as aminopeptidases and
esterases.4 Several studies have been carried out5,6 on
the effect of ethyl picolinate on the germination, growth
and sporulation of Bacillus spores.

Ethyl 1-methylpipecolinate has been used as a
precursor in the synthesis of deuterium-labeled piperi-
dine-type phenotiazine antipsychotic agents.7

The experimental results proved2 the reaction to be
homogeneous, unimolecular and to obey a first-order rate
law. The decomposition of these esters leads to the
formation of the corresponding �-amino acid type of
compound [picolinic acid (2-pyridinecarboxylic acid,
INT1) and 1-methylpipecolinic acid (1-methylpiperi-
dine-2-carboxylic acid, INT2), Fig. 1] and ethylene as
been expected by a molecular cis-elimination.8 However,
the neutral amino acid intermediates, under the experi-
mental conditions [26–86 Torr (1 Torr = 133.3 Pa), 350–
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420°C], undergo an extremely rapid decarboxylation
process, leading to CO2 and pyridine (PROD1) and 1-
methylpiperidine (PROD2), respectively.2

Both experimental and theoretical studies9–18 on the
gas-phase elimination kinetics of carboxylic acids
containing different substituents at the 2-position suggest
a mechanism where the acidic H of the COOH group
assists the elimination of the leaving group and the
participation of the oxygen carbonyl to give an unstable
�-lactone, that decomposes into the corresponding
carbonyl compound and CO. When considering the
amino or a nitrogen derivative as a leaving group at the 2-
position of carboxylic acids, these substituents are
difficult to displace. This means that the gas-phase
pyrolysis of this type of compound may well undergo a
different type of mechanistic process.2

The mechanism suggested from the experiments2 for
the decomposition process for these types of compounds
is described in Fig. 2. The results suggest that the process
should be via a six-membered cyclic transition state for
the first step and via a five- or four-membered cyclic
transition state for the second one (a and b in Fig. 2,
respectively).

The temperature dependence of the rate constants for
the formation of these products in their corresponding
Arrhenius equations, obtained previously,2 is given by

log k �s�1� � �11�30 � 0�24�
��180�9 � 3�0� kJ mol�1�2�303 RT ��1 �1�

for I and

log k �s�1� � �13�36 � 0�31� � �209�4

� 3�9� kJ mol�1�2�303 RT ��1 �2�

for II.
In the case of ethyl picolinate (I) there has been

another experimental study of its gas-phase pyrolytic
reaction.19 In that work, the Arrhenius equation obtained
was

log k �s�1� � �12�12 � 0�10� � �195�4

� 1�1� kJ mol�1�2�303 RT ��1 �3�

very different to Eqn. (1) obtained in Ref. 2.
This fact prompted us to recalculate the kinetic and

activation parameters for the pyrolysis of ethyl picolinate
through Arrhenius plots from the experimental rate
coefficients at different temperatures measured in Ref.
2. The Arrhenius equation obtained now, not taking into
account one of the experimental measurements which
presented a larger deviation of the straight line, is

log k �s�1� � �12�39 � 0�60� � �194�6

� 7�5� kJ mol�1�2�303 RT ��1 �4�

in very good agreement with the Eqn. (3) obtained by Al-
Awadi et al.19

The aim of this work was to carry out a computational
study in order to explore the nature of the reaction
mechanism for the unimolecular decomposition of the
two studied neutral �-amino acid ethyl esters in the gas
phase.

$-0�/�"�,-�"! .��",!%

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 two reactions studied were fully
optimized using ab initio analytical gradients at the
MP2 level21 with the 6–31G(d) basis set.22 Each
stationary structure was characterized as a minimum or
a saddle point of first order by analytical frequency
calculations. A scaling factor23 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 673.15 K. To calculate
enthalpy and entropy values at a temperature T, the
difference between the values at that temperature and 0 K
was evaluated according to standard thermodynamics.24

Intrinsic reaction coordinate (IRC) calculations25 were
performed in all cases to verify that the localized
transition-state structures connect with the corresponding
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minimum stationary points associated with reactants and
products.

Single-point energy calculations at the MP2/6–
311�G(2d,p) level26 were performed on the MP2/6–
31G(d) optimized structures for all the reactants,
transition states and products, to calculate reliable energy
profiles and kinetic parameters.

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.27,28 The NBO

formalism provides values for the atomic natural total
charges and also provides the Wiberg bond indices29 used
to follow the progress of the reactions. The NBO analysis
was performed using the NBO program,30 implemented
in the Gaussian 98 package,20 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)31,32 to calculate the kinetic parameters. The rate
constant, k(T), for each elementary step of the kinetic
scheme (see Fig. 1) was computed using this theory
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assuming that the transmission coefficient is equal to
unity, as expressed by the following relation:

k�T� � kBT
h

e
��G���T�

RT �5�

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

The activation energies, Ea, and the Arrhenius A
factors were calculated using Eqns (6) and (7), respec-
tively, derived from the TST theory:

Ea � �H ���T� � RT �6�

A � ekBT
h

e
�S ���T�

R �7�

��%/!�% "�. .,%$/%%,-�

Electronic energies, evaluated at the MP2/6–31G(d) and
MP2/6–311�G(2d,p)//6–31G(d) levels of theory, and
zero-point vibrational energies, thermal correction to
enthalpies and entropies, obtained at the MP2/6–31G(d)
level, for all the reactants, transition states and products
involved in the two reactions studied are given in Table 1.

The pathway (see Fig. 2) describes a two-step mech-
anism. The first step is a concerted process in which
ethylene and an �-amino acid intermediate are formed via
a six-membered cyclic transition state, TS1, where the
hydrogen atom of the CH3 of the ethoxy group migrates
to the oxygen atom of the carbonyl group. The second
step is the rapid decarboxylation process of the neutral �-

amino acid intermediate, via a five- or a four-membered
cyclic transition state, TS2 or TS3, respectively.

Free energy reaction profiles, obtained at the MP2/6–
311�G(2d,p)//6–31G(d) level of theory, for the decom-
position processes of ethyl picolinate (I) and ethyl 1-
methylpipecolinate (II) are presented in Figure 3a and b,
respectively. These profiles are similar to those obtained1

for the decomposition processes of N,N-dimethylglycine
ethyl ester and ethyl 1-piperidineacetate.

Based on the results reported here, it is clear that the
first step of the process is the rate-determining step,
whereas the decarboxylation of the corresponding amino
acid intermediate via a five-membered cyclic transition
state (TS2) is a very rapid process with a small activation
energy. The calculated activation free energies for the
first reaction step are 204.4 and 206.3 kJ mol�1 for the
reactions of I and II, respectively, whereas the activation
free energies for the second reaction step, via TS2
transition states, are only 70.9 and 71.6 kJ mol�1 for the
reactions of I and II, respectively.

The overall process is exergonic, with reaction free
energies of �136.9, and �126.7 kJ mol�1 for reactions of
I and II, respectively.

Our calculations for the reactions in Fig. 1 indicate that
both reactions have very similar concerted processes with
a hydrogen at the alkyl moiety of ester transferring and a
C—O bond breaking via a six-membered cyclic transi-
tion state (molecular cis-elimination) for the first step.
The theoretical mechanism of this process is shown in
Fig. 4.

There is one and only one imaginary vibrational
frequency in the transition states, for the first step of the
elimination reactions studied [1667i and 1687i cm�1 for
TS1-I, and TS1-II, respectively, evaluated at the MP2/6–
31G(d) level of theory].

The results in Table 2 show the main distances for each
optimized structure. During the thermolysis process,
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Species MP2/6–31G(d) MP2/6–311 � G(2d,p)// MP2/6–31G(d) ZPE TCH S

I �513.902115 �514.285614 0.162535 0.207147 150.253
TS1-I �513.808109 �514.200604 0.155076 0.199658 150.175
INT1 �435.581092 �435.897750 0.104526 0.137160 122.139
TS2-I �435.548674 �435.868761 0.100724 0.132143 119.423
TS3-I �435.455831 �435.776848 0.096615 0.129672 125.522
PROD1 �247.482533 �247.656840 0.089444 0.112062 97.833
II �556.583164 �557.058545 0.264698 0.322190 174.079
TS1-II �556.488818 �556.973294 0.257319 0.314732 173.572
INT2 �478.259866 �478.667986 0.207049 0.252386 145.299
TS2-II �478.231134 �478.640385 0.204295 0.248261 141.838
TS3-II �478.133484 �478.548687 0.197868 0.243955 148.850
PROD2 �290.167291 �290.432417 0.191763 0.227199 122.071
C2H4 �78.285028 �78.361593 0.052042 0.064428 69.741
CO2 �188.107747 �188.245432 0.010062 0.020023 53.167
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when the reactant (ethyl ester) is being transformed into
its TS, the O1—C2, O3—C4 and C5—H6 distances
increase, whereas the C2—O3, C4—C5 and H6—O1

distances decrease.
The fundamental characteristics in this process are the

O3—C4 (1.452 and 1.451 Å in I and II, respectively) and
H6—O1 (2.689 Å in I and 2.691 Å in II) distances for
each reactant. In the corresponding TSs, the O3—C4

distance increases significantly (1.973 and 1.961 Å in
TS1-I and TS1-II, respectively), by the breaking of this
bond, whereas the H6—O1 distance decreases signifi-
cantly (1.277 Å in TS1-I and 1.272 Å in TS1-II), by the
formation of this bond. These distances are very similar
to those obtained in a previous theoretical study 1 on two
different �-amino acid ethyl esters, N,N-dimethylglycine
ethyl ester and ethyl 1-piperidineacetate.

The geometries which were found for the transition
states are shown in Fig. 5 and the dihedral angles are
reported in Table 2.

To avoid the subjective aspects associated with the
geometric analysis of the transition states, the progress of
the first step of the reactions was followed by means of
the Wiberg bond indices,29 Bi, defined as the sum of
squares of off-diagonal density matrix elements between
atoms. The bond index between two atoms is a measure
of the bond order and, hence, of the bond strength
between these two atoms. Thus, if the evolution of the
bond indices corresponding to the bonds being made or
broken in a chemical reaction is analyzed along the
reaction path, a very precise image of the timing and
extent of the bond-breaking and the bond-making
processes at every point can be achieved.33

The Wiberg bond indices corresponding to the bonds
being made or broken in the studied reactions, for the
reactants, transition states and products, are given in
Table 3.
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In order to perform the bond index analysis, it is
convenient to define33 a relative variation of the bond
index at the transition state, �Bi, for every bond, i,
involved in a chemical reaction as:

�Bi � �BTS
i � BR

i �
�BP

i � BR
i �

�8�

where the superscripts R, TS and P refer to reactants,
transition states and products, respectively.

The percentage of evolution of the bond order through

the chemical step has been calculated by means of18

�EV � 100�Bi �9�

and the values are given in Table 3.
For TS1-I, it can be seen that the H6 displacement from

C5 to O1 is not very advanced. The C5—H6 bond is only
broken to the extent of 53.1% whereas the H6—O1 bond
is only formed to 41.3%. The breaking of the O3—C4

bond is the most advanced process (63.1%), and the least
advanced one is the C4—C5 double bond formation (only
33.4%). The other two processes, O1—C2 double bond
breaking and C2—O3 double bond formation, present a
percentage of evolution of 59.5 and 53.8%, respectively.

The elongation of the O3—C4 bond with the migration
of the H6 atom from C5 to O1 can be seen as the driving
force for the studied reaction.

For TS1-II the results are very similar to those
obtained for TS1-I, the migration of the H6 atom being
slightly more advanced (see Table 3).

The average value, �Bav, calculated as33

�Bav � 1
n

�
�Bi �10�

where n is the number of bonds involved in the reaction,
affords a measure of the degree of advancement of the
transition state along the reaction path.

Calculated �Bav values for the studied reactions are
given in Table 3. As can be seen, the �Bav values show
that the transition states have an intermediate character
between the reactants and the products.

One can also obtain information on the absolute
asynchronicity, A, of a chemical reaction, using the
expression proposed by Moyano et al.:33

A � 1
�2N � 2�

� �Bi � �Bav� �
�Bav

�11�

The opposite of the asynchronicity, the synchronicity,
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O1—C2 C2—O3 O3—C4 C4—C5 C5—H6 H6—O1

I 1.226 1.344 1.452 1.515 1.091 2.689
TS1-I 1.292 1.267 1.973 1.397 1.341 1.277
INT1 1.346 1.218 — — — 0.987
C2H4 — — — 1.317 — —
II 1.219 1.359 1.451 1.515 1.091 2.691
TS1-II 1.288 1.271 1.961 1.398 1.348 1.272
INT2 1.355 1.215 — — — 0.991

O1—C2—O3—C4 C2—O3—C4—C5 O3—C4—C5—H6 C4—C5—H6—O1

TS1-I �33.0 11.3 6.8 �31.2
TS1-II �32.0 11.4 6.9 �34.4
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Sy, defined as

Sy � 1 � A �12�

varies between zero, when one of the n bonds has
completely broken at the TS while the other (n � 1)
bonds remain completely unchanged, and unity, when all
the n bonds have broken or formed to 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 studied
reactions are shown in Table 3. As it can be seen, the
synchronicities are 0.90 in both cases, indicating that the
mechanisms correspond to concerted and slightly asyn-
chronous processes. Similar Sy values were obtained1 for
the decomposition reactions of N,N-dimethylglycine
ethyl ester and ethyl 1-piperidineacetate.

A final aspect to be taken into account is the relative
asynchronicity of the bond-breaking and the bond-
forming processes, which would be a measure of ‘bond
deficiency’ along the reaction path. In the studied
reactions, the bond-breaking processes are clearly more
advanced (on average 58.6 and 57.4%, in TS1-I and TS1-
II, respectively) than the bond-forming processes (on
average 42.8 and 42.1% in TS1-I and TS1-II, respec-
tively), indicating a bond deficiency in the transition
states.

The charge distribution in the reactants and transition
states was analyzed by means of the natural bond orbital
(NBO) analysis of Reed and co-workers.27,28 Table 4

gives the natural atomic charges (the nuclear charges
minus summed natural populations of the natural atomic
orbitals on the atoms) at the atoms involved in the
reaction.

The charges at TS1-I show an important positive
charge developed on H6 (0.470 at TS and 0.235 at
reactant), while the electronic excess is supported by the
two oxygens (�0.819 at TS and �0.718 at reactant for O1

and �0.740 at TS and �0.632 at reactant for O3) and by
C5 (�0.872 at TS and �0.672 at reactant). The negative
character of O1 allows it to attract the H6 in the TS. The
same hydrogen atom has a more positive character in the
TS and thus O1 increases its negative character, and C5

has a more negative character, as would be expected from
the postulated cyclic transition state. A similar analysis
can be made for TS1-II.

The calculated kinetic and activation parameters for
the reactions studied are shown in Table 5 and compared
with the available experimental results. They were
calculated at the same temperature and pressure as used
in the experiments, 673.15 K and 0.04 atm. As it can be
seen, the computed values, at the MP2/6–311�G(2d,p)//
MP2/6–31G(d) level of theory, agree very well with the
experimental data, the rate constants being very close to
the experimental values.

Comparing the results of this work with those obtained
in a previous study1 on the gas-phase elimination
reactions of N,N-dimethylglycine ethyl ester and ethyl
1-piperidineacetate, we can observe that the calculated
elimination rates follow the order ethyl picolinate �N,N-
dimethylglycine ethyl ester �ethyl 1-methylpipecolinate
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Parameter O1—C2 C2—O3 O3—C4 C4—C5 C5—H6 H6—O1

Reaction of I Bi
R 1.662 1.021 0.832 1.029 0.930 0.001

Bi
TS 1.284 1.388 0.307 1.365 0.436 0.278

Bi
P 1.027 1.703 0.000 2.034 0.000 0.671

% EV 59.5 53.8 63.1 33.4 53.1 41.3
�Bav = 0.51 Sy = 0.90

Reaction of II Bi
R 1.708 0.988 0.833 1.029 0.930 0.001

Bi
TS 1.315 1.369 0.315 1.362 0.430 0.283

Bi
P 1.007 1.734 0.000 2.034 0.000 0.671

% EV 56.1 51.1 62.2 33.1 53.8 42.1
�Bav = 0.50 Sy = 0.90
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O1 C2 O3 C4 C5 H6

I �0.718 0.970 �0.632 �0.046 �0.672 0.235
TS1-I �0.819 0.994 �0.740 0.024 �0.872 0.470
II �0.705 0.994 �0.664 �0.046 �0.671 0.235
TS1-II �0.808 1.022 �0.766 0.021 �0.876 0.470
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�ethyl 1-piperidineacetate. The small but significant
difference in rate seems to indicate that the aromaticity of
the pyridine group in the first substrate must exert a
greater electron-withdrawing effect, thus increasing the
rate of elimination. In the last two compounds, the cyclic
methylene chain containing the nitrogen atom decreases
the electron-withdrawing effect, thus lowering the rate of
elimination.

It appears clearly in Figure 3 that the second step of the
decomposition process of both �-amino acid ethyl esters
studied, corresponding to the decarboxylation of the
amino acid intermediate, occurs via a five-membered
cyclic transition state (TS2s) and not via a four-
membered cyclic transition state (TS3s).

This second step is an extremely rapid process, with
activation energies of only 68.9 and 67.5 kJ mol�1, and
with calculated rate constants of 4.45 	 107 and
3.93 	 107 s�1 for the reactions of I and II, respectively,
evaluated at the MP2/6–311�G(2d,p)//MP2/6–31G(d)
level of theory.

$-�$!/%,-�%

A theoretical study on the thermal decomposition in the
gas phase of two neutral �-amino acid ethyl esters was
carried out in order to explore the nature of the reaction
mechanism.

The decomposition process in the gas phase of the two
�-amino esters, studied ethyl picolinate and ethyl 1-
methylpipecolinate, occurs in two steps, a first one that it
is the determining-rate step, that it is a concerted process
in which ethylene and an �-amino acid intermediate are
formed, via a six-membered cyclic transition state, and a
second one, the rapid decarboxylation of the intermedi-
ate, via a five-membered cyclic transition state, as shown
by the free energy profiles.

The progress of the first step of the reactions was
followed by means of the Wiberg bond indices. The
extension of the O3—C4 bond with the migration of the
H6 atom from C5 to O1 can be seen as the driving force
for the studied reactions. The transition states have an
intermediate character between reactants and products.
The calculated synchronicities show that the reactions are

concerted and slightly asynchronous. The bond-breaking
processes are more advanced than the bond-forming
processes, indicating a bond deficiency in the transition
states.

The kinetic parameters for the reactions studied,
evaluated at the MP2/6–311�G(2d,p)//MP2/6–31G(d)
level of theory, agree very well with the available
experimental data.

The calculated rates for the gas-phase elimination of
neutral �-amino acid ethyl esters follow the order ethyl
picolinate � N,N-dimethylglycine ethyl ester � ethyl 1-
methylpipecolinate � ethyl 1-piperidineacetate. The
small but significant difference in rate seems to indicate
that the aromaticity of the pyridine group in the former
substrate must exert a greater electron-withdrawing
effect, thus increasing the rate of elimination. However,
the cyclic methylene chain containing the nitrogen atom
decreases the electron-withdrawing effect, thus lowering
the rate of elimination.
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