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Abstract The mechanism of the decomposition of ethyl
and ethyl 3-phenyl glycidate in gas phase was studied by
density functional theory (DFT) and MP2 methods. A pro-
posed mechanism for the reaction indicates that the ethyl
side of the ester is eliminated as ethylene through a concert-
ed six-membered cyclic transition state, and the unstable
intermediate glycidic acid decarboxylates rapidly to give
the corresponding aldehyde. Two possible pathways for
glycidic acid decarboxylation were studied: one via a five-
membered cyclic transition state, and the other via a four-
membered cyclic transition state. The results of the calcu-
lations indicate that the decarboxylation reaction occurs via
a mechanism with five-membered cyclic transition state.

Keywords Ethyl glycidate - Ethyl 3-phenyl glycidate - Ab
initio calculation - DFT calculation - Reaction mechanism

Introduction

One of the most important transformations of glycidic esters
is their decarboxylation to give aldehydes and ketones
(Reaction 1). Various methods for this conversion have been
studied experimentally [1-5]. However, an accurate description
of this mechanism is challenging, since the glycidic acid
intermediate decomposes even at room temperature.
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According to experimental studies performed by Chuchani
and co-workers [6], the decomposition reaction of ethyl 3-
phenyl glycidate is homogeneous, unimolecular and obeys a
first-order rate law. The results of this investigation indicate
that the reaction occurs in two steps: the first involves the
elimination of the alkyl side of the ester through a concerted
six-membered cyclic transition state; the second involves
decarboxylation of glycidic acid. Two pathways were pro-
posed for this second step: either via a five-membered cyclic
transition state (Fig. 1, TS2) or a four-membered cyclic tran-
sition state (Fig. 1, TS3) [6].

In reaction mechanisms with similar steps, such as in the
elimination of ethyl carbonates [7] and ethyl carbamates
[8—10], the decarboxylation process occurs via a four-
membered cyclic transition state. However, according to
experimental results, a four-membered cyclic transition state
appears to be unlikely for the glycidic acid studied because
the epoxy intermediate has not been isolated. A mechanism
suggested for decarboxylation indicates that carbon at the 3-
position, rather than carbon at the 2-position, is more liable
to C-O bond polarization, in the sense of Cco- 0%, So, the
oxygen becomes very nucleophilic and may abstract the
hydrogen of the COOH through a five-membered cyclic
transition state to yield 2-phenylacetaldehyde and carbon
dioxide (Fig. 1, TS2) [6].

The final product obtained from decarboxylation of
glycidic acid, i.e., 2-phenylacetaldehyde, is an important
intermediate used in the preparation of the novel active
substances of insecticides, herbicides, fungicides, and
medicines [11]. It is also found in many foods and
flowers [12, 13].

Although the studies performed by Chuchani et al. [6]
allow us to rationalize a mechanism for the decarboxylation
of glycidic acid, a detailed study of the mechanism taking
into account the two possible pathways for the glycidic acid
decarboxylation to confirm their experimental hypothesis is
necessary.
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Therefore, the goal of this work was to perform an accurate
theoretical study of the decomposition of ethyl 3-phenyl gly-
cidate in order to explore the nature of the reaction mecha-
nism. Geometries of the different reactants, products and
intermediates were optimized at different levels of calculation.
The vibrational frequencies were calculated at the same level.
Intrinsic reaction coordinate (IRC) calculations were per-
formed and the progress of the reaction was followed by
employing the Wiberg bond indices [14]. Activation energies
and Gibbs free energies of activation were also analyzed.

Computational details

The mechanisms of decomposition of ethyl and ethyl 3-phenyl
glycidate in the gas phase were investigated by means of
electronic structure calculations. The geometry of each station-
ary point corresponding to reactants, products, and transition
states was optimized employing second-order Meller-Plesset
theory (MP2) or DFT using the B3LYP functional.

Other studies [15] indicate an important improvement in
results when adding diffuse functions. Therefore, all calcu-
lations in this work include diffuse functions. The 6-31+
G*, 6-31++G**, aug-cc-pVDZ and aug-cc-pVTZ basis set
were employed in the calculations.

@ Springer

Single point calculations at the MP4 and CCSD(T) levels
were also performed for selected conformations in the study
of the decomposition of ethyl glycidate.

All points were characterized as minima or transition
structures by calculating the harmonic frequencies and
forces constants, using analytical second derivatives. Zero
point-energy (ZPE) corrections were included in the
calculations.

IRC calculations [16] were also performed to follow the
reaction path in both directions from transition states at the
B3LYP/6-31+G* level of theory.

The activation energy was obtained using the following
equations:

E, = AH”(T) 4+ RT (1)

AH% = AHTS - AHreact (2)

where AHtg and AH,, are the enthalpies for the transition
state and the reactants (reactive conformation), respectively. R
represents the universal gas constant (1.9872 cal mol ' K™,
and T represents the temperature (we have used a value of
643.15 K, temperature where there are experimental kinetic
data) [6].
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Natural bond orbital (NBO) analysis was performed using
the NBO program implemented in the Gaussian03 program
package [17] to follow the progress of the reactions and
investigate the bonding characteristics. All calculations were
carried out using the Gaussian03 program package [17].

Results and discussion

The mechanism proposed in experimental studies [6] for the
reaction of the decomposition of ethyl 3-phenyl glycidate in
the gas phase is given in Fig. 1. The reaction has two steps:
the first process occurs via a six-membered cyclic transition
state (TS1) and the second can occur via a five or four-
membered cyclic transition state, given as TS2 and TS3,
respectively [6]. These two possible pathways for the de-
composition of ethyl 3-phenyl glycidate were investigated
in this work.

Several optimizations using different starting points were
performed at the MP2/6-31+G* level to obtain the ethyl
glycidate minima. Figure 2 shows the geometries for the two
most important located minima.

The minimum II, with a planar skeleton, corresponds to
the most stable structure, although the difference (ZPE) with
minimum I is very small—only 0.2 kcal mol™'. Minimum I
was used in the following calculations due to its more
favorable geometry for the elimination of the alkyl side of
the ester through a concerted six-membered cyclic transition
state; it is the reactive conformation.

The calculated activation energy and Gibbs free energy
of activation for the transition states analyzed are summa-
rized in Table 1. The calculations were performed at the
same temperature used in the experiments, 643.15 K [6].
The calculated values of the activation energy and Gibbs
free energy of activation for the decomposition of ethyl 3-
phenyl glycidate agree well with experimental data [6]. The

A bt

Fig. 2 Geometry of ethyl glycidate minima at the MP2/6-31+G*
level

activation energy shows values in the range from 44.7 to
52.7 kcal mol™' and Gibbs free energy of activation from
43.6 to 51.7 kcal mol ', while 45.4 and 48.3 kcal mol ',
respectively, were obtained from experiments [6].

It can be seen from Table 1 that the reaction of ethyl
glycidate and ethyl 3-phenyl glycidate, despite having sim-
ilar TS1 activation energy values, shows significant differ-
ences in TS2 values. The introduction of a phenyl group in
the 3-position in ethyl glycidate provides a stabilization of
17.4 keal mol ™! for TS2 activation energy at the MP2/6-31
+G* level. This result may be due to a stabilization of the
carbocation character of the carbon at the 3-position of the
glycidic acid intermediate by resonance. The 7t electrons of
the phenyl group help delocalize the positive charge, in-
creasing stability. Therefore, the rate-determining step for
the decomposition of ethyl 3-phenyl glycidate is TS1, while
TS2 is the rate-determining step in the decomposition of
ethyl glycidate

The optimized transition structures for the decomposition
of ethyl 3-phenyl glycidate are given in Fig. 3.

A comparison of the results at different calculation levels
given in Table 1 provides observations similar to those
obtained in the theoretical study of the thermal elimination
of ethyl formate [15]. Therefore, our results confirm that the
previous study employing the small molecule of ethyl for-
mate at different level calculations is a good reference for
theoretical studies of similar molecules.

The free energy profile for the process of decomposition
of ethyl 3-phenyl glycidate is depicted in Fig. 4. It can be
clearly observed that the second step of the mechanism
occurs via a five-membered cyclic transition state (TS2).
The other pathway with a four-membered cyclic transition
state (TS3) shows a activation free energy 22.4 kcal mol '
higher than the corresponding values for TS2 at the MP2/6
—31+G* level. Our theoretical results confirm the previous
experimental hypothesis that the second step of the mecha-
nism occurs by a five-membered cyclic transition state [6].

Wiberg bond indices [14] were computed to obtain a
detailed analysis of the progress of the reaction. Table 2
summarizes the Wiberg bond indices corresponding to the
bonds involved in the reaction center for the rate-
determining step of the decomposition of ethyl and ethyl
3-phenyl glycidate.

The bond breaking and bond forming process along
the reaction path can be analyzed by employing the
synchronicity (Sy) concept proposed by Moyano et al.
[18] The synchronicity values vary between zero and
one. A value of one indicates that all bonds involved
in the reaction have broken or formed to exactly the
same extent in the transition state. Sy can be calculated
by means of the expression:

Sy=1-4 (3)
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Table 1 Activation energy
(E,) and Gibbs free energy of
activation (AG”, in kcal
mol ") at 643.15 K for the
decomposition of ethyl and
ethyl 3-phenyl glycidate at
different calculation levels.
Experimental data is given for
decomposition of ethyl
3-phenyl glycidate

Geometry and vibrational Single point energy TS1 TS2 TS3
calculation
E, AG*  E, AG"  E, AG”
Ethyl glycidate
B3LYP/6-31+G* B3LYP/6-31+G* 46.8 454 49.6 484 660 645
B3LYP/6-31++G** B3LYP/6-31++G** 44,6 434 49.0 48.0 654 640
MP2/6-31+G* MP2/6-31+G* 526 51.7 603 588 678 66.6
MP4/6-31+G* 51.8 556 552 497 679 713
MP2/aug-cc-pVDZ MP2/aug-cc-pVDZ 483 474 585 573 645 631
MP4/aug-cc-pVDZ 477 51.1 533 552 645 678
MP4/aug-cc-pVTZ 484 519 550 569 639 672
CCSD(T)/aug-cc-pVDZ 487 555 535 555 682 715
Ethyl 3-phenyl glycidate
B3LYP/6-31+G* B3LYP/6-31+G* 469 455 321 326 640 629
B3LYP/6-31++G** B3LYP/6-31++G** 447 43,6 314 319 642 627
MP2/6-31+G* MP2/6-31+G* 527 517 429 428 665 652
Experimental (643.15 K) [6] 454 483

where A4 is the asynchronicity, calculated as:

1 |6B; — 5By
> (4)

A=ov =7 5By

and where n is the number of bonds directly involved in
a reaction chemical.
The relative variation of bond index is given by:

(=)
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23
TS1
9
*
9
9
9
TS2

s

Fig. 3 MP2/6-31+G* geometry of the transition states; TSI
corresponding to the first step of the decomposition of ethyl 3-phenyl
glycidate, TS2 and TS3 correspond to path I and path II for the second
step of the mechanism, respectively
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The percentage evolution (%EV) [19] of the bond order is
calculated as:

%EV = 1005B; (6)

The average value, 0B,,, is obtained from:

1
8By =~ > B; (7)

The calculated Wiberg bond indices for the rate-determining
step for the decomposition of ethyl 3-phenyl glycidate indicate
a more advanced progress in the Og—C; bond breaking (63 %)
and less progress in the C;—Cg double bond formation (39 %).

The synchronicity value of the 0.92, indicates a slightly
asynchronous process. The charge distribution in reactants
and transition states obtained in the NBO analysis results are
given in Table 3.

AG (kcalimol)
B0
TS3+M0
60 — 181 666 "
40 - JoTs2+m
20 -
0 -
iha+
28 = =33 3
VIV
40 - -36.1
IV 4+VI+ I
-60 - -47.3

Fig. 4 Gibbs free energy for the decomposition of ethyl 3-phenyl
glycidate at the MP2/6-31+G* level. Ila and IIb corresponds to the
reactive conformation of the 3-phenylglycidic acid for path 1 (solid
line) and path II (dashed line), respectively
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Table 2 Wiberg bond indices ] ]
(B;) of reactants, transition states Analysis of the progress of the reaction
and products for the
rate-determining step of the Ethyl glycidate
reaction of the decomposition of C,-0, 0,-Hy Ho-Os 05-C4 C4-C; C5-C, 3B, S
ethyl and ethyl 3-phenyl BR 0.90 0.03 0.68 1.06 0.96 0.99 0.49 0.75
glycidate, percentage of 752
evolution (%E¥) through the B! 0.42 0.56 0.14 1.43 0.75 1.18
chemical process of the bond B 0.00 0.73 0.00 1.89 0.00 1.91
indices at the transition states, %WEV 533 757 79.4 44.6 21.9 20.6
degree of advancement of .
transition states (8B,y), and Ethyl 3-phenyl glycidate
absolutes synchronicities (Sy). 05-C4 C4-O5 06-C7 Cr-Cs Cs-Ho Ho-O5 3B,y Sy
Values obtained at B3LYP/6-31 BR 1.74 1.05 0.85 1.03 0.92 0.00 0.51 0.92
+G* level B! 1.36 1.43 0.31 1.42 0.45 0.29

B 1.06 1.77 0.00 2.04 0.00 0.68

%EV 55.9 52.8 63.5 38.6 511 426

It can be seen that there is a significant positive charge
developed in the transition states compared with reactants
on Hy (from 0.25 in R to 0.42 in TS) and an increase in the
negative charge of Os (from —0.60 in R to —0.68 in TS).
This negative character of Os allows Hg abstraction in the
transition state, and an increase in the negative charge in Og
(from —0.55 in R to —0.63 in TS) following the breaking of
the Og—C; bond. The results indicate that polarization of the
O6—C5 bond is an important factor in the decomposition of
ethyl 3-phenyl glycidate.

The reaction of decomposition of ethyl glycidate with a
five-membered cyclic transition state show more advanced
progress in Ho—Os bond breaking (79 %). The bond forma-
tion of O,—Hg (76 %) also shows a very large progress in the
reaction mechanism. Therefore, the results indicate that the
transference of Hgy is the most important process in the
mechanism of decomposition of ethyl glycidate. The break-
ing of the C;—C; and C,—C; bonds are the less advanced
processes. This mechanism shows a synchronicity value of
0.75, indicating a more asynchronous process compared
with the mechanism of the decomposition of the ethyl 3-

Table 3 Natural bond orbital (NBO) charges, calculated at the
B3LYP/6-31+G* level, at the atom involved in the reaction center
for the rate-determining step for the reaction of the decomposition of
ethyl and ethyl 3-phenyl glycidate

NBO charges

Ethyl glycidate

C, 0O, Ho Os Cy Cs
react -0.13 —0.55 0.52 —-0.71 0.77 —-0.07
TS2 —-0.01 —0.64 0.54 —0.66 0.78 —0.14

Ethyl 3-phenyl glycidate

Os Cy Og C; Cs Ho
react —0.60 0.78 —-0.55 —0.14 —0.72 0.25
TS1 —0.68 0.79 —0.63 —0.11 —0.82 0.42

phenyl glycidate. NBO charge analysis reveals that C,
becomes more positive in the transition state (from —0.13
in R to —0.01 in TS), while C5 becomes more negative (from
—0.07 in R to —0.14 in TS). Therefore, the results indicate
that C; and not Cj; is responsible for the increase in O,
nucleophilicity (from —0.55 in R to —0.64 in TS) to allow
the abstraction of Hg of the COOH, in agreement with the
results rationalized by Chuchani et al. [6] for 3-phenylglycidic
acid decarboxylation.

Conclusions

The decomposition of ethyl and ethyl 3-phenyl glycidate
was studied by density functional theory (DFT) and MP2
methods for an accurate study of the nature of the reaction
mechanism. The calculations indicate that the first step of
the reaction has a six-membered transition state and the
reaction proceeds through an asynchoronous concerted
mechanism. The second step of the mechanism of the de-
carboxylation of glycidic acid occurs via a five-membered
cyclic transition state; the other pathway via a four-
membered cyclic transition state proposed for this step by
experiments [6] shows Gibbs free energy of activation
22.4 kcal mol ' higher that the pathway via a five-
membered cyclic transition state at the MP2/6-31+G* level.

Although the first step of both reactions studied in this
work is very similar, significant differences were observed
in the second step. The transition state of the decarboxyl-
ation of 3-phenylglycid acid has a special stabilization pro-
duced by the phenyl group. Therefore, the rate-determining
step for the decomposition of ethyl 3-phenyl glycidate is
TS1, while the rate-determining step for the decomposition
of ethyl glycidate is TS2.

Evaluation at different calculation levels yielded results
that are similar to those described in a previous theoretical
study pf the thermal elimination of ethyl formate [15]. The
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use of a method including electronic correlation and diffuse
basis set is fundamental for a good description of the studied
systems.

Theoretical results for activation energy show good
agreement with experimental values. The calculated percen-
tages of evolution of the bonds involved in the reaction
indicate that Os—C; bond breaking for ethyl 3-phenyl glyci-
date and Hy—Os bond breaking for ethyl glycidate are the
most advanced processes for the reactions in the transition
states.
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