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The reaction paths for the gas-phase molecular elimination of triethyl and trimethyl orthoesters were examined
at B3LYP/6-31G(d,p), B3LYP/6-31G++(d,p), B3PW91/6-31G(d,p), B3PWI1++G(d,p), MPW1PW91/6-
31G(d,p), and MPW1PWO91/6-31++G(d,p) levels of theory. The thermal decomposition of ethyl and methyl
orthoesters involves similar transition state configurations in a four-membered ring arrangement. Products
formed are ethanol and the corresponding unsaturated ketal for ethyl orthoesters, while in methyl orthoesters
are methanol and the corresponding unsaturated ketal. Calculated thermodynamic and kinetic parameters
from B3LYP calculations were found to be in good agreement with the experimental values. The calculated
data imply the polarization of the C3—Q, in the direction C3**+++0,°", is rate determining. The NBO charges,
bond indexes, and synchronicity parameters suggest the elimination reactions of ethyl orthoesters occur through
a more polar asynchronic mechanism compared to methyl orthoesters.

I. Introduction

In 1922, Staudinger and Rathsam' reported the thermal
decomposition of some triethyl orthoesters in a glass tube and
in the presence of nickel in pumice stone at 250—260 °C
producing diethyl ether and the corresponding ethyl ester
(reaction II)

OCH,CH;,
Ni
——— RCOOCH,CH; + CH;CH,0CH,CH; (1)
R OCH,CH; 250-260°C
OCH,CH;

R =H,CH; CH;CH,

Moreover, distillation of triethyl orthophenylacetate from 85 to
86 °C at 0.5 mmHg was found to give ethyl phenyl acetate,
ethanol, and corresponding phenyl ketene acetal (reaction II).
These authors also proved that pure phenyl ketene diethyl acetal
when heated in a high-pressure bomb at 260—270 °C yielded
mainly ethyl phenylacetate, presumably ethylene gas, and an
unidentified solid.

OCH,CH,4
L Ph\AOCHZCHs + CH,CH,OH
Ph OCH,CH, OCH,CH;
OCH,CH, .
PRCH,COOCH,CHj

2)

Triethyl orthobenzoate, which has no a-hydrogen, heated in a
steel bomb was shown to give the normal ester and diethyl ether
(reaction II).?
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OCH,CH,

A
— == PhCOOCH,CH; + CH;CH,OCH,CH;  (3)
P OCH,CH,
OCH,CH,

The substrate triethyl orthophenyl acetate through slow distil-
lation gave phenyl ketene diethyl acetal and ethyl phenylacetate.’
However, when trimethyl orthophenyl acetate was heated at
250—260 °C, the products were phenyl ketene dimethyl acetal
and methyl phenylacetate. A vigorous evolution of methanol
formation in the pyrolysis of the latter orthoester led to the belief
of the interaction of two molecules of trimethyl orthophenyl
acetate (reaction II).

HyCo_ OCH;
2C¢HsCH,C(OCH3); —= +
6HsCH,C( 3)3 CH;OH + (i C,He
H;Co OCH;
OCH,

l (4

“CHCIKOCIL), + CollsCH=C(OCL),
H,CO

CeHs

CHO + CgHs~ _OCH;

o]

}

CeHsCH,COOCH,

The small amount of information on the pyrolysis of organic
orthoesters led to a recent examination of the homogeneous,
unimolecular, gas phase elimination kinetics of triethyl and
trimethyl orthoesters.*> According to the experimental results
of these works, the kinetic and thermodynamic parameters
suggested the mechanistic decompositions of these reactions as
depicted in reactions II and II.
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In order to gain more insight into the mechanisms of the gas
phase thermal elimination of triethyl and trimethyl orthoesters,
it seemed interesting to carry out a theoretical study at several
computational levels in order to further our knowledge about
the molecular mechanism of these types of compounds.
Theoretical calculations had been used successfully to consider
reaction mechanisms in related systems by Safont et al.® and
by Chuchani et al.” Consequently, the present work aimed at
studying the potential energy surface (PES) at the Density
Functional Theory (DFT) level to compare the kinetics and
thermodynamic parameters to the experimental values of the
eliminations (II) and (II).

II. Computational Methods and Models

The reaction path for the gas phase decomposition reaction
of triethyl and trimethyl orthoacetate into the observed products,
ethanol or methanol and the corresponding unsaturated ketal,
was studied using electronic structure calculations. The B3LYP/
6-31G(d,p), B3LYP/6-31G++(d,p), B3PW91/6-31G(d,p),
B3PWI91++G(d,p), MPW1PW91/6-31G(d,p), and MPW 1PW91/
6-31++G(d,p) levels of theory, as implemented in Gaussian
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Figure 1. IRC reaction profiles for thermal decompositions of triethyl
and trimethyl orthoacetate at B3LYP/6-31G** level of theory: A,
triethyl orthoacetate; B, triethyl orthopropionate; C, trimethyl orthoac-
etate; D, trimethyl orthobutirate.
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03W? were selected. The Berny analytical gradient optimization
routines were used. The requested convergence on the density
matrix was 10~ atomic units, the threshold value for maximum
displacement was 0.0018 A, and that for the maximum force
was 0.00045 hartree/b. Transition state searches were performed
using Quadratic Synchronous Transit protocol as implemented
in Gaussian 03W. The nature of stationary points was established
by calculating and diagonalizing the Hessian matrix (force
constant matrix). TS structures were characterized by means of
normal-mode analysis. Intrinsic reaction coordinate (IRC)
calculations were performed to verify transition state structures.
The unique imaginary frequency associated with the transition
vector (TV), i.e., the eigenvector associated with the unique
negative eigenvalue of the force constant matrix, has been
characterized.

Thermodynamic quantities, such as zero point vibrational
energy (ZPVE), temperature corrections E(7), and absolute
entropies S(7), were obtained from frequency calculations, and
consequently, the rate coefficient can be estimated assuming
that the transmission coefficient is equal to 1. Thermal correc-
tions and absolute entropies were obtained assuming ideal gas
behavior from the harmonic frequencies and moments of inertia
by standard methods’ at average temperature and pressure values
within the experimental range. Scaling factors for frequencies
and zero point energies for B3ALYP methods used are taken from
the literature.'® For the DFT methods, B3PW91, MPW1PW91,
and the B3LYP value were used.

The first-order rate coefficient k(7T) was calculated using the
transition state theory (TST)!'! and assuming that the transmis-
sion coefficient is equal to 1, as expressed in the following
expression (eq 1)

KT) = (kyT/h) exp(—AG*/RT) (1)

where AG * is the Gibbs free energy change between the reactant
and the transition state and kg and A are the Boltzmann and
Plank constants, respectively.

AG * was calculated using the following relations (eqs 2 and
3)

AG" = AH" — TAS" 2)

AH'=V* + AZPVE + AE(T) (3)

where V¥ is the potential energy barrier and AZPVE and AE
(T) are the differences of ZPVE and thermal corrections between
the TS and the reactant, respectively. Entropy values were
calculated from vibrational analysis.

III. Results and Discussions

IIIa. Kinetic and Thermodynamic Parameters. The de-
composition path for the thermolysis of ethyl and methyl
orthoesters to give ethanol or methanol and the corresponding
unsaturated ketal was studied at different theory levels. These
studies show that the mechanism involves a rate-determining
step through a four-membered transition state. Essentially the
same structure for TS was obtained for all theory levels. The
TS structure was verified using vibrational analysis.

IRC calculations demonstrated that the TS structure connects
the reactant and products in the reaction path (see Figure 1).
Calculations showed that the reaction path through a four-
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TABLE 1: Calculated Kinetic and Thermodynamic Parameters for the Gas Phase Elimination of Triethyl Orthoesters
(RCH2C(0C2H5)3) at 330 °C

R method E, (kJ/mol) log A AS* (J/(K+mol)) AH* (kJ/mol) AG* (kl/mol) 10%; (s71)

H experimental 187.6 13.76 43 182.6 180.0 325
B3LYP/6-31G** 200.9 13.88 6.7 195.9 191.9 3.0
B3LYP/6-31++G** 199.2 14.33 15.3 194.2 185.0 11.9
B3PW91/6-31G** 214.8 13.62 1.6 209.8 208.8 0.1
B3PW91/6-31++G** 206.8 14.27 14.2 201.8 193.3 2.3
MPW1WP91/6-31G** 224.5 13.70 32 219.5 217.5 0.02
MPW1WP91/6-31++G** 216.3 14.37 159 211.3 201.7 0.43
fast step (B3LYP/6-31G*) 139.3 12.77 —14.5 134.3 143.0 51606

CH; experimental 193.3 13.63 1.8 188.3 187.2 10.0
B3LYP/6—31G** 212.3 14.22 13.1 207.3 199.4 0.7
B3LYP/6-31++G** 202.3 15.31 34.0 197.3 176.8 61.3
B3PW91/6-31G** 218.6 14.18 12.3 213.6 206.2 0.2
B3PW91/6-31G** 210.3 14.88 25.8 205.3 189.8 4.6
MPW1WP91/6-31G** 238.8 14.16 12.1 233.8 226.5 0.002
MPW1WP91/6-31++G** 210.1 14.44 17.3 205.1 194.7 1.7
fast step (B3LYP/6-31G*) 125.6 12.74 —145 120.6 1332 365504

TABLE 2: Calculated Kinetic and Thermodynamic Parameters for the Gas Phase Elimination of Trimethyl Orthoesters
(RCH,C(OCHg)z)at 330 °C

R method E, (kJ/mol) log A AS* (J/(K +mol)) AH* (kJ/mol) AG* (kJ/mol) 10%; (s™")
H experimental 194.7 13.58 0.1 189.7 189.6 52
B3LYP/6-31G** 213.8 13.97 8.4 208.8 203.4 0.3
B3LYP/6-31++G** 201.8 14.41 16.8 196.8 186.5 8.9
B3PW91/6-31G** 219.5 14.02 94 214.5 208.7 0.1
B3PW91/6-31++G** 209.3 14.37 15.9 204.3 194.5 1.8
MPW 1WP91/6-31G** 222.5 14.18 12.4 217.4 209.8 0.1
MPW 1WP91/6-31++G** 218.6 14.68 22.0 213.5 200.0 0.6
CH;CH,CH, experimental 195.3 13.97 8.4 190.3 185.2 11.3
B3LYP/6-31G** 210.4 14.45 17.6 205.4 194.8 1.7
B3LYP/6-31++G** 196.3 14.54 19.4 191.2 179.6 353
B3PW91/6-31G** 215.7 14.59 20.2 210.7 198.6 0.8
B3PW91/6-31G** 203.6 14.64 21.2 198.6 185.8 10.1
MPW 1WP91/6-31G** 223.5 14.05 9.8 218.4 212.5 0.1
MPW I1WP91/6-31++G** 204.8 14.89 26.0 199.8 184.1 14.2

TABLE 3: Contributions to the Entropy of Activation for
Triethyl and Trimethyl Orthoacetate, at B3LYP/6-31G**
Level of Theory

A~S¢Rola\li0na\1 ASq:Vil:omlional A~S~¢Traslalicmal AS¢T0[81
substrate (J/(K+mol)) (J/(K+mol)) (J/(K-mol)) (J/(K-mol))

triethyl 1.7 5.0 0 6.7
orthoacetate

triethyl 1.5 11.6 0 13.1
orthopropionate

trimethyl 2.1 6.3 0 8.4
orthoacetate

trimethyl 1.8 15.8 0 17.6
orthobutyrate

R

%,

TS

membered ring is unique to the formation of unsaturated ketal
and the respective alcohol.

Calculated parameters for the thermal elimination of ethyl
and methyl orthoesters are given in Tables 1 and 2. Considering
the DFT methods, the B3LYP functional renders the best
agreement to the experimental values. The increased basis sets
did not improve calculated parameters. The functional B3PW91
also gave reasonable results. In the case of ethyl orthoesters,
the product unsaturated ketal further decomposes to ethylene
and the respective ethyl ester. This step was also studied at the
B3LYP level and the results show that this step is much faster
than the preceding one (Table 1), thus implying that the rate-

"
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P

Figure 2. Optimized structures for reactant (R), transition state (TS), and products ethanol and 1.1-diethoxypropene (P) at the B3LYP/6-31G**
level of theory for ethyl orthoacetate: gray balls, C; red balls, O; white balls, H. TV = transition vector.
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R

Figure 3. Optimized structures for reactant (R), transition state (TS), and products ethanol and 1.1-diethoxyethene (P) at B3ALYP/6-31G** level
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of theory for ethyl orthopropionate: gray balls, C; red balls, O; white balls, H.
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Figure 4. Optimized structures for the transition state (TS) of the fast step at B3LYP/6-31G** level of theory for ethyl orthoacetate (A) and ethyl
orthopropionate (B) to produce ethylene and the corresponding carboxylic acid ester: gray balls, C; red balls, O; white balls, H.

Figure 5. Optimized structures for reactant (R), transition state (TS) and products methanol and 1,1-dimethoxyethene (P) at B3ALYP/6-31G** level
of theory for methyl orthoacetate: gray balls, C; red balls, O; white balls, H.

determining step in this case is the decomposition of the ethyl
orthoester to ethanol and the corresponding unsaturated ketal.

Values of enthalpy and entropy of activation are in good
agreement for B3LYP method, and consequently, the rate
constants are comparable to the experimental values. The
entropy of activation for all these processes is small and positive,
suggesting an increase of degrees of freedom and a fairly loose
transition state configuration. Triethyl orthoesters have experi-
mental entropies of activation of approximately 2—4 J/(K+mol)
(Table 1). For the methyl orthoester when R = H the entropy
of activation is very small and close to zero (0.13 J/(K+mol)).
However, when R = CH3;CH,CH,, this value is more positive
(8.4 J/(K+-mol)) compared to the other orthoesters studied (Table
2).

To understand better the differences in entropies of activation,
an analysis of the contribution of the different components was
considered (Table 3). The major contribution to AS* is the
vibrational component in all substrates. Trimethyl orthobutyrate

exhibits the greatest value. This is reasonable since the butyrate
possess a greater number of vibrational modes.

IIIb. Transition State and Mechanism. The transition
vectors linked with the imaginary frequency for the TS in the
reaction studied are shown in Figures 2, 3, 5, and 6, center
structure. The configuration of the TS of these reactions is a
four-membered ring. The transition vector is associated with
the hydrogen transfer from the carbon C, to the oxygen atom
O, to form the corresponding alcohol. Structural parameters and
charges for reactant orthoester (R), transition state (TS), and
products (P) are given in Table 4. The imaginary frequency in
these reactions ranges from 200 to 400 cm~'. The TS configura-
tions show the transference of the hydrogen to the alcoholic
oxygen in the products. Dihedral angles are small implying the
TS structures are almost planar.

Ethyl orthoesters undergo a consecutive rapid step decom-
position to give the corresponding unsaturated ketal and ethanol.
In the rapid step, the unsaturated ketal eliminates to give
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Figure 6. Optimized structures for reactant (R) transition state (TS), and products methanol and 1,1-dimethoxybutene (P) at B3LYP/6-31G** level
of theory for methyl orthobutyrate: gray balls, C; red balls, O; white balls, H.

TABLE 4: Structural Parameters for Triethyl and Trimethyl Orthoesters (R) and Thermal Decompositions and the
Four-Member Ring Transition States (TS) from B3LYP/6-31G** Calculations

sustrate bond R ST P
triethyl orthoacetate H(1)—C(2) 0.91 0.62 0.03
H(1)—0(4) 0.001 0.20 0.72
04)—C@3) 091 0.20 3.45
C(3)—C(2) 1.00 1.17 1.72
dihedral angles
H(1)—C(2)—C(3)—0(4) —58.95 —0.22
C(2)—C(3)—0#)—H(1) 23.88 0.21
C(3)—0(4)—H(1)—C(2) —36.73 —0.34
O4)—H(1)—C(2)—C(3) 30.09 0.47
imaginary frequency 271.4 (cm™)
triethyl orthopropionate H(1)—C(2) 1.09 1.18 3.93
H(1)—0(4) 2.77 1.52 0.98
0(4)—C(3) 1.44 2. 49 3.82
C(3)—C(2) 1.53 1. 45 1.34
dihedral angles
H(1)—C(2)—C(3)—0(4) —72.58 —1.17
C(2)—C(3)—0#)—H(1) 28.68 1.12
C(3)—0(4)—H(1)—C(2) —44.96 —1.85
O(4)—H(1)—C(2)—C(3) 31.12 2.57
imaginary frequency 204.7 (cm™)
trimethyl orthoacetate H(1)—C(2) 1.09 1.19 2.24
H(1)—0(4) 2.56 1.51 0.99
04)—C(3) 1.44 2.41 3.44
C(3)—C(2) 1.52 1.44 1.35
dihedral angles
H(1)—C(2)—C(3)—0(4) —52.30 3.03
C(2)—C(3)—0#)—H(1) 21.89 —2.91
C(3)—0(4)—H(1)—0(2) —32.66 4.66
O4)—H(1)—C(2)—C(3) 27.54 —6.41
imaginary frequency 407.5 (cm™)
trimethyl orthobutyrate H(1H)—C(2) 1.10 1.19 2.30
H(1)—0(4) 2.81 1.52 0.98
04)—C@3) 1.45 2.41 3.44
C(3)—C(2) 1.53 1.45 1.35
imaginary frequency 355.9 (cm™)
dihedral angles
H(1)—C(2)—C(3)—0(4) —68.77 0.07
C(2)—C(3)—0#)—H(1) 27.50 —0.07
C(3)—0(4)—H(1)—C(2) —41.50 0.11
O4)—H(1)—C(2)—C(3) 29.58 —0.15

ethylene and the corresponding ester. The TS configuration for
the fast step of the unsaturated ketal is a six-membered structure
(Figure 4), and the transition vector linked to the imaginary
frequency is associated with the transference of hydrogen H;
from carbon Cg to carbon C, to yield ethylene, and the unique
imaginary frequency is in the order of 1000 cm™'.

IIIc. NBO Changes. Changes in electron distribution during
the reaction can be studied by means of charges. NBO charges
have proven useful in this sense. We report NBO charges for
reactant, TS, and products in Table 5, atom numbering is the
same as that given in Scheme 1. There is an increase of positive

charge in the hydrogen being transferred H1, as the oxygen O4
increases in negative charge. Similar changes in electron density
are observed for all reactants as the reaction progresses from
reactant to transition states to products.

IIId. Bond Order Analysis. The reaction progress along the
reaction pathway was also investigated by means of NBO bond
order calculations.'>'* Wiberg bond indexes'> were computed
using the natural bond orbital NBO program'® as implemented
in Gaussian 03W. These indexes can be used to estimate bond
orders from population analysis. Bond breaking and making
processes involved in the reaction mechanism are monitored
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TABLE 5: NBO Charges of the Atoms Involved in the
Four-Membered TS for the Reaction of Triethyl and
Trimethyl Orthoesters at B3LYP/6-31G** Level of Theory

substrate atom R TS P
triethyl orthoacetate H(1) 0.15 0.32 0.36
C(2) —0.42 —0.53 —0.43
C(3) 0.63 —0.67 0.53
04) —0.53 —0.67 —0.62
triethyl orthopropionate H(1) 0.14 0.31 0.41
C(2) 0.64 0.67 —0.51
C(3) —0.53 —0.38 0.12
0Q3) —0.51 —0.66 —0.65
trimethyl orthoacetate H(1) 0.17 0.32 0.37
C(2) —0.39 —0.51 —0.42
C(3) 0.62 0.68 0.60
04) —0.54 —0.67 —0.63
trimethyl orthobutyrate H(1) 0.16 0.32 0.37
C(2) —0.23 —0.37 —0.20
C(@3) 0.63 0.69 0.55
04) —0.54 —0.67 —0.64
SCHEME 1
H,----0,CH,CH; Hy === 04CH;
e | 2 3 ~~0OCH,CH, o | 2 3\\OCH3
a OCH,CHj, H OCH;
R=H, Mc R=H, Pr

Triethyl orthoesters Trimethyl orthoester

by means of the synchronicity (Sy) concept proposed by
Moyano et al.'” defined by the expression (eq 4)

Sy=1- [z |0B, — OB, |0B,, /2n -2 “)
=1

nis the number of bonds directly involved in the reaction
and the relative variation of the bond index is obtained from
eq Sa

0B, = [BiTS_BiR]/[BiP - B (5a)

where the superscripts R, TS, and P represent reactant,
transition state, and product, respectively.
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The evolution in bond change is calculated as in eq 6
%Ev = 0B;*100 (6)

The average value is calculated from eq 7

OB, = 1/ny OB (7)

=1

The reaction changes along the reaction coordinate can be
followed using Wiberg bonds indexes B;. The analysis was
performed for the decomposition of ethyl orthoesters (rate-
determining step) and methyl orthoesters. The indexes were
calculated for the bonds involved in the reaction changes, i.e.,
H,—C,, C,—C3, C3—0y, and O4—H; (Scheme 1 and Table 6),
since changes in all other bond bonds are practically negligible
during the process. Atom numbering for structural parameters
(atom distances, dihedral angles) and NBO calculations are
shown in Scheme 1.

Bond order analysis shows that the decomposition process
is dominated by the elongation of bond C3—0O,, with 77—80%
progress in the transition state. The TS however is early in
the progress of other reaction coordinates (23—34%). None-
theless, the small differences in the reaction progress and
charge development in the TS suggest that the reaction is
more asyncronic for the decomposition of ethyl orthoesters
with synchronicity values Sy = 0.68 and 0.77, when
compared to methyl orthoesters with synchronicity values
of Sy = 0.90.

IV. Conclusions

The DFT theoretical calculations carried out on the thermal
decomposition of ethyl and methyl orthoesters were in good
agreement with the experimental values. These results support
a four-membered cyclic transition state type of mechanism.
In the case of ethyl orthoesters, the corresponding unsaturated
ketal undergoes a very rapid six-membered cyclic transition
state decomposition to give ethylene and the corresponding
ethyl ester. The triethyl orthoesters elimination was shown
to be more polar (Sy = 0.68 and 0.77) than the trimethyl
orthoesters (Sy = 0.90 for both substrates). This fact suggests
that the ethoxy group is a better leaving group than the
methoxy group.

TABLE 6: Wiberg Bond Indexes for the Thermal Decompositions of Triethyl and Trimethyl Orthoesters, from B3LYP/

6-31G** Calculations

substrate bond R(B) TS(B)) P(B) J%Ev AB,y S,

triethyl orthoacetate H(1)—C(2) 091 0.62 0.03 32.8 0.40 0.68
C(2)—C(3) 1.00 1.17 1.72 23.1
C(3)—0(4) 091 0.20 0.01 78.7
H(1)—0(4) 0.001 0.20 0.72 27.0

triethyl orthopropionate H(1)—C(2) 0.90 0.61 0.002 32.7 0.50 0.77
C(2)—C@3) 0.98 1.15 1.79 20.7
C(3)—04) 091 0.20 0.002 79.9
O4)—H(1) 0.001 0.19 0.69 26.4

trimethyl orthoacetate H(1)—C(2) 0.92 0.61 0.03 34.4 0.41 0.90
C(2)—C(3) 1.003 1.18 1.73 24.3
C(3)—04) 091 0.22 0.01 76.7
O4)—H(1) 0.001 0.20 0.71 27.8

trimethyl orthobutyrate H()—C(2) 0.89 0.60 0.03 34.0 0.41 0.90
C(2)—C(@3) 0.99 1.16 1.71 24.6
C(3)—0(4) 0.92 0.22 0.01 773
O4)—H(1) 0.001 0.20 0.72 27.4
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