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ABSTRACT: The homogeneous, unimolecular, gas-phase elimination kinetics of several heterocyclic carbamates was
studied at the MP2/6-31G level of theory under the average experimental conditions for each substrate. The
elimination products for these carbamates are the corresponding carbamic acid and isobutylene. The intermediate
acids are unstable and decarboxylate at the reaction temperature. Calculated thermodynamic and kinetic parameters
are in good agreement with the experimental values, displaying the same reactivity order observed experimentally. An
increase in the electron-withdrawing effect of the substituent on the carbamate nitrogen, increases the elimination rate.
Transition state structures are described as six-membered rings with some departure from planarity. NBO charge
analysis reveals strong polarization at the O(ester) d�—Cdþ bond. Bond indexes and synchronicity parameters are
consistent with a concerted polar type of mechanism with O(ester) d�—Cdþ bond breaking as the most important
process. Copyright # 2007 John Wiley & Sons, Ltd.
KEYWORDS: kinetics; unimolecular elimination; pyrolysis; heterocyclic carbamates; semi-empirical, ‘ab initio’

calculations; reaction mechanism; transition state structure
INTRODUCTION

The elimination rates for 2-alkylethyl N,N-diethylcarba-
mates1 were found to be consistent with the sequence of
the equivalent rate for the corresponding 2-alkylethyl
N,N-dimethylcarbamates.2 That is, the elimination of the
olefin is in the order tert-butyl> isopropyl> ethyl. The
mechanism of these reactions (1) is thought to proceed
through a concerted six-membered cyclic transition state
(TS) structure, where the Ca—O bond polarization, in the
direction of Ca

dþ—Od�, is the rate determining step.
The (CH3CH2)2N substituent at the acid side of these
esters was found to slightly decrease the rate compared to
the (CH3)2N substituent. The small difference has been
attributed to the greater electron release of the CH3CH2 to
the N atom than the CH3. On replacing the methyl group
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of (CH3)2NCOOCH2CH3 with one or two phenyl
groups,3 a significant decrease in the rate has been
observed. This suggests that steric factors affect the
process of ethylene elimination.

Recently, a Møller–Plesset MP2/6–31G method used to
study the gas-phase elimination of 2-substituted alkyl
ethyl methylcarbamates4 was found to support the
concerted non-synchronous six-membered cyclic TS
type of mechanism [reaction (1)].

In a study on heterocyclic carbamates,5 the saturated
heterocyclic carbamates showed a decrease in elimination
rates due to electronic factors. However, heterocyclic
carbamates with the N atom delocalizing its electrons
with P-bonds present in the ring showed enhanced rates
due to resonance interactions (scheme 1).

This study examines the potential energy surface (PES)
at the MP2/6-31G level of theory in order to determine the
kinetic and thermodynamic parameters for the elucidation
of the nature of the gas-phase molecular elimination of
the heterocyclic carbamates depicted in scheme 1.
J. Phys. Org. Chem. 2006; 19: 700–705
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COMPUTATIONAL METHODS
AND MODELS

Electronic structure calculations using the Møller–Plesset
perturbation method MP2 with a 6-31G basis set as
implemented in Gaussian 98W6 were performed to study
the kinetics and mechanisms of the gas-phase elimination
reactions of t-butyl carbamates with different substituents
on the nitrogen. The Berny analytical gradient optimiz-
ation routines were used. The requested convergence on
the density matrix was 10�9 atomic units, the threshold
value for maximum displacement was 0.0018 Å, and that
for the maximum force was 0.00045 Hartree/Bohr. The
nature of the stationary points was established by
calculating and diagonalizing the Hessian matrix (force
constant matrix). TS structures were characterized by
means of normal-mode analysis. The transition vector
(TV) associated with the unique imaginary frequency,
that is, the eigenvector associated with the unique
negative eigenvalue of the force constant matrix, was
characterized.

Frequency calculations were carried out to obtain
thermodynamic quantities such as the zero point
vibrational energy (ZPVE), temperature corrections
E(T) and absolute entropies S(T). Temperature correc-
tions and absolute entropies were obtained, assuming
ideal gas behavior, from the harmonic frequencies and
moments of inertia using standard methods7 at the
average temperature and pressure values for the
experimental range. Scaling factors for frequencies and
zero point energies for the MP2 methods used are taken
from the literature.8

The first order rate coefficient k(T) was calculated using
the TST9 and assuming that the transmission coefficient
equals 1, as expressed in the following relation:

kðTÞ ¼ ðKT=hÞ expð�DG#=RTÞ
where DG# is difference between the Gibbs free energy of
the reactant and the TS andK and h are the Boltzmann and
Plank constants, respectively.

DG# was calculated using the following relations:

DG# ¼ DH# � TDS#

and,

DH# ¼ V# þ DZVPE þ DEðTÞ
Copyright # 2007 John Wiley & Sons, Ltd.
where V# is the potential energy barrier and DZPVE and
DE(T) are the differences between the ZPVE values and
the temperature corrections of the TS and the reactant,
respectively.
RESULTS AND DISCUSSION

Kinetic and thermodynamic parameters

The gas-phase thermal decomposition of N-substituted
t-butyl carbamates yields isobutylene and the correspond-
ing carbamic acid in a slow step. The carbamic acids are
unstable under the reaction conditions and decarboxylate
rapidly to give carbon dioxide and the corresponding
amine.

The kinetics of the rate-determining step in the
decomposition of N-substituted t-butyl carbamates as
well as the decarboxylation of the corresponding
carbamic acids was examined. Geometries for the
reactants, TS and products for the reactions under study
were optimized using the Møller–Plesset perturbation
method MP2 with a 6-31G basis set. Frequency
calculations were carried under the average experimental
conditions for this series of carbamates (T¼ 230 8C).
Thermodynamic quantities such as the ZPVE, E(T),
energy, enthalpy, and free energies were obtained from
vibrational analysis. Entropy values were calculated from
the vibrational analysis and using the factor Cexp

suggested by Chuchani–Cordova.10

The results of the MP2 calculations for the rate-
controlling step are shown in Table 1. A reasonable
agreement was found for the calculated thermodynamic
parameters DH#, DG#, DS# when compared to the
experimental values. Calculated activation energies and
rate coefficients are also in agreement with the
experimental values.5 Small but significant deviations
of DH# and Ea values were found for the substrates with
the substituents tetrahydropyrrole and 2-oxo-tetrahydro-
pyrrole (Table 1). These differences may be due to
mechanical errors during the experimental kinetics
determinations for these substrates. Rate coefficients
for the rate-determining step in the decomposition of
N-substituted t-butyl carbamates from MP2/6-31G
calculations show the same reactivity trend as the
experimental values. The stronger the electron-
withdrawing effect of the substituent on the nitrogen,
J. Phys. Org. Chem. 2006; 19: 700–705



able 1. Kinetic and thermodynamic parameters for the gas-phase elimination of tert-butyl carbamates Z-COO-C(CH3)3;
¼N(CH2CH3)2, NC4H8, NC4H6O, and NC4H4 calculated at MP2/6-31G level at 2308C. Experimental values are shown in
arentheses

DH# (kJ mol�1) Ea (kJ mol�1) DG# (kJ mol�1) DS# (J mol�1 K�1) Log A k� 104 (sec�1)

N(CH2CH3)2 153.2 (154.4) 157.4 (158.6) 179.5 (180.7) �52.2 (�52.3) 12.86 (12.87) 0.024 (0.018)
NC4H8 155.9 (141.2) 160.1 (145.4) 176.1 (161.4) �40.1 (�40.2) 11.4 (11.36) 0.055 (1.83)
NC4H6O 152.6 (136.6) 156.8 (140.8) 171.1 (155.1) �36.7 (�36.8) 11.5 (11.54) 0.18 (8.31)
NC4H4 146.7 (141.0) 150.9 (145.2) 159.5 (153.8) �25.4 (�25.5) 12.1 (12.12) 2.89 (11.03)
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Table 2. Activation energies for the thermal decomposition
of carbamic acids at 230 8C calculated at MP2/6-31G level
of theory. No experimental data is available for this
reaction due to the instability of the substrates under the
reaction conditions

Z Ea (kJ mol�1)

–N(CH2CH3)2 24.3
–NC4H8 26.1
–NC4H6O 28.9
–NC4H4 20.2
the greater the rate coefficient. The reaction for the
pyrrole substituent is the fastest, followed by that
of 2-oxo-tetrahydropyrrole, THP, and diethylamine:
NC4H4>NC4H6O>NC4H8>N(CH2CH3)2. This suggests
the stabilization of a negative charge developing on the
ester–oxygen in the TS.

Parameters for decarboxylation of the intermediate
N-substituted carbamic acids were also calculated at the
MP2/6-31G level of theory. Experimentally, this was not
possible due to the instability of the acids under the
able 3. Structural parameters for reactants and TS for tert-butyl carbamates Z-COO-C(CH3)3; Z¼N(CH2CH3)2, NC4H8,
C4H6O, and NC4H4, from MP2/6-31G calculations at 230 8C. Atom distances are in Å and dihedral angles are in degrees

–N(CH2CH3)2 –NC4H8 –NC4H6O –NC4H4

R TS R TS R TS R TS

distances (Å)
1–C2 1.264 1.330 1.263 1.332 1.240 1.309 1.250 1.313
2–O3 1.400 1.310 1.400 1.310 1.390 1.309 1.380 1.290
3–C4 1.510 2.130 1.510 2.120 1.520 2.210 1.520 2.250
4–C5 1.530 1.420 1.530 1.420 1.530 1.410 1.530 1.400
5–H6 1.090 1.310 1.090 1.310 1.090 1.280 1.090 1.270
6–O1 2.410 1.330 2.410 1.320 2.450 1.380 2.440 1.390

Dihedral angles
TS TS TS TS

1–C2–O3–C4 �23.861 24.860 29.323 24.197
2–O3–C4–C5 10.150 �11.330 �12.340 �10.530
3–C4–C5–H6 2.670 �2.060 �3.060 �2.330
4–C5–H6–O1 �16.640 17.510 21.630 20.020

TS imaginary frequency ( cm�1)
–N(CH2CH3)2 –NC4H8 –NC4H6O –NC4H4

1482.2 I 1512.5 i 1311.8 i 1216.7 i
T
N

R

O
C
O
C
C
H

O
C
O
C
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reaction conditions. Calculated activation energies and
rate coefficients for this step are shown in Table 2. Results
for this step show that decarboxylation of the carbamic
acids is significantly faster than in the previous step with
activation energies for this step being in the order of
20–29 kJ/mol.
Transition state and mechanism

Calculated values for the activation entropies for the rate-
determining step vary from �25 to �52 J/mol K, which is
consistent with a concerted process and a cyclic TS
geometry. The TS for the gas-phase thermal decompo-
sition of N-substituted t-butyl carbamates is a cyclic six-
membered structure, in agreement with log A values
between 11.5 and 12.8.11

Geometrical parameters for reactants and TSs are
shown in Table 3. Distances and angles between the atoms
involved in the reaction (O1, C2, O3, C4, C5, and H6) for
all carbamates show that the TS geometry is a six-
membered ring with the hydrogen being transferred (H6)
midway between the carbon C5 and the oxygen O1
J. Phys. Org. Chem. 2006; 19: 700–705



Figure 1. Optimized structures for reactant (R), transition state (TS) and intermediate products (P) for the rate determining step
are shown for Z¼NC4H4. TS geometries are a six-membered ring for all carbamates in this series
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(Fig. 1, Scheme 2). TS structures show some departure
from planarity as revealed by the reported dihedral angles,
with a maximum deviation of 23.7–29.38.

Comparison of the TS structure for the carbamates of
this series showed similar geometries in terms of bond
distances, except for the H6—O1 bond which is more
elongated in the TS for substrates Z¼NC4H6O,
and —NC4H4. In other words, for substituents 2-oxo-
THP and pyrrole the TS structure occurs early in this
reaction coordinate (H6 hydrogen transfer from C5 to
O1). Also the O3–C4 distance is slightly greater for 2-
oxo-THP and pyrrole carbamate derivatives in the TS
compared to the other substrates, implying that there is
more progress in this reaction coordinate (late TS
considering O3—C4 bond breaking).

The process is concerted in the sense that the C3—O4
and C5—H6 bond distances increase, showing breaking
of these bonds (1.51–1.52 to 2.13–2.25 Å in TS and 1.09
to 1.31–1.28 Å in TS, respectively). The C4—C5 and
C2—O3 bond distances reveal a change from a single to
Scheme 2

Copyright # 2007 John Wiley & Sons, Ltd.
double bond character (1.53 to 1.40–1.42 Å in TS and
1.40–1.38 to 1.31–1.29 Å in TS, respectively) as the
hybridization changes from sp3 to sp2. The TV shows that
the process is dominated by the elongation of the C3—O4
bond.

TSs for the rate determining step were characterized
by unique imaginary frequencies: �1482.2, �1512.5,
�1311.8, and �1216.7 cm�1 for Z¼—N(CH2CH3)2, —
NC4H8, —NC4H6O, and —NC4H4, respectively, and
these are associated with the displacement of hydrogen
H6 from C5 to the carbonyl oxygen O1.

Natural bond orbital (NBO) charge analysis showed
that the O3—C4 bond is highly polarized both in the
reactant and TS structures, in the direction O3d�—C4dþ

(Table 4). Going from reactant to TS, the following
changes in partial charge occur: an increase in the positive
charge dþ of the hydrogen H6 (from 0.23 to 0.46, 0.48 in
TS), an increase in the negative charge of the carbonyl
oxygen O1 (�0.72, �0.78 to �0.86, 0.83 in TS) and an
increase in the negative charge of O3 (�0.70, �0.68 to
�0.85, �0.83 in TS). There is also an increase in the
polarization at the O3—C4 bond (charge separation 1.02–
1.28, 1.30 in TS). The bond polarization for the O3—C4
bond is 0.268 for N-substituted t-butyl carbamates Z¼—
N(CH2CH3)2, and Z¼NC4H8, and 0.283 and 0.24 for
Z¼NC4H6O, and —NC4H4, respectively. The latter
two substituents decompose faster than the former two,
following the reactivity order NC4H4>NC4H6O>
NC4H8>N(CH2CH3)2. An analysis of the NBO charges
J. Phys. Org. Chem. 2006; 19: 700–705



Table 4. NBO charges for reactants and TS for tert-butyl carbamates Z-COO-C(CH3)3; Z¼N(CH2CH3)2, NC4H8, NC4H6O, and
NC4H4 from MP2/6-31G calculations at 230 8C

Z

–N(CH2CH3)2 –NC4H8 –NC4H6O –NC4H4

R TS R TS R TS R TS

O1 �0.778 �0.857 �0.775 �0.854 �0.692 �0.797 �0.723 �0.833
C2 1.100 1.107 1.106 1.113 1.109 1.117 1.125 1.130
O3 �0.696 �0.847 �0.694 �0.844 �0.695 �0.844 �0.684 �0.832
C4 0.326 0.440 0.325 0.436 0.326 0.460 0.327 0.473
C5 �0.712 �0.883 �0.712 �0.884 �0.713 �0.875 �0.714 �0.875
H6 0.273 0.472 0.272 0.473 0.273 0.463 0.270 0.462
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together with the rate coefficients implies that O3—C4
bond polarization dominates the decomposition process,
and that electron withdrawing groups stabilize the
negative charge of the ester oxygen facilitating the
decomposition process.

Bond order analysis

NBO bond order calculations were performed.12–14

Wiberg bond indexes15 were computed using the NBO
program16 as implemented in Gaussian 98W, to further
investigate the nature of the TS along the reaction
pathway. The bond breaking and forming process
involved in the reaction mechanism can be monitored
by means of the Synchronicity (Sy) concept proposed by
Moyano et al.17 defined by the expression:

Sy ¼ 1 �

Pn
i¼1

jdBi � dBavj=dBav

� �

2n� 2

where n is the number of bonds directly involved in the
reaction. The relative variation of the bond index is
obtained from:
able 5. NBO analysis for thermal decomposition of tert-butyl carbamates Z-COO-C(CH3)3; Z¼N(CH2CH3)2, NC4H8, NC4H6O,
nd NC4H4 at 230 8C. Wiberg bond indexes (Bi), % evolution through the reaction coordinate (%Ev), average bond index
ariation (dBav) and Synchronicity parameter (Sy) are shown

O1–C2 C2–O3 O3–C4 C4–C5 C5–H6 H6–O1 dBprom Sy

N(CH2CH3)2 BR
i

1.553 0.958 0.780 1.006 0.910 0.003 0.506 0.866

BTS
i

1.232 1.291 0.208 1.295 0.472 0.246

BP
i

0.971 1.543 0.001 1.909 0.017 0.659
%Ev 55.2 57.0 73.4 32.0 49.0 37.0

NC4H8 BR
i

1.557 0.955 0.784 1.006 0.910 0.003 0.507 0.871

BTS
i

1.231 1.290 0.214 1.296 0.467 0.251

BP
i

0.970 1.547 0.001 1.910 0.016 0.663
%Ev 55.4 56.7 72.8 32.1 49.6 37.5

NC4H6O BR
i

1.667 0.972 0.769 1.007 0.910 0.003 0.502 0.842

BTS
i

1.332 1.338 0.162 1.295 0.504 0.218

BP
i

1.034 1.597 0.001 1.908 0.020 0.651
%Ev 52.9 58.6 78.9 32.0 45.6 33.3

NC4H4 BR
i

1.184 0.824 0.595 0.843 0.747 0.005 0.312 0.378

BTS
i

1.300 1.383 0.140 1.300 0.513 0.208

BP
i

1.007 1.631 0.001 1.903 0.022 0.643
%Ev 65.7 69.3 76.5 42.7 32.3 31.8
T
a
v

Z

–

–

–

–

Copyright # 2007 John Wiley & Sons, Ltd.
dBi ¼
½BTS

i � BR
i �

½BP
i � BR

i �
where the superscripts R, TS, and P represent the reactant,
transition state, and product, respectively.

The bond change evolution is calculated as:

%Ev ¼ dBi � 100

The average value is calculated from: dBave ¼ 1
n

Pn
i¼1

dBi

Bonds indexes were calculated for the bonds involved
in the reaction changes, that is: O1—C2, C2—O3, O3—
C4, C4—C5, C5—H6, and H6—O1 (Scheme 2, Fig. 1);
all other bonds remain practically unaltered during the
process.

The calculated Wiberg indexes Bi for the reactant, TS
and products for N-substituted t-butyl carbamates (Z¼—
N(CH2CH3)2, —NC4H8, —NC4H6O, and —NC4H4),
allow the progress of the reaction and the position of the
TS between reactant and product (Table 5) to be
examined. The Wiberg indexes show more progress in
the O3—C4 bond breaking (73–79%) while the changes
J. Phys. Org. Chem. 2006; 19: 700–705
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in O1—C2, C2—O3, and C5—H6 bonds are intermediate
in the reaction coordinate (52–55%), with the exception
of the pyrrole derivative which shows a progress of 67%
for O1—C2 and 69% for C2—O3 reaction coordinates.
These results show that for the carbamate Z¼ pyrrole,
there is more progress in the reaction for three reaction
coordinates O3—C4 bond breaking, and O1—C2, C2—
O3 bond order changes compared to the other carbamates.
Moderate progress is observed for the C4—C5 double
bond formation with 32–33% for carbamates Z¼—
N(CH2CH3)2, —NC4H8, —NC4H6O and 42% for the
pyrrole derivative. The H6—O1 single bond formation is
the reaction coordinate that shows less progress for all
substrates (32–38%). In general, the reaction progress is
more advanced for O3—C4 bond breaking; in addition,
the O1—C2, C2—O3 bond order changes also show
significant progress in the case of the pyrrole susbtituent.

Sy parameters reveal a concerted asynchronic process
for all carbamates. There is relative progress for all
reaction coordinates for carbamates Z¼—N(CH2CH3)2,
—NC4H8, —NC4H6O (Sy¼ 0.89), while for the pyrrole
analog the process in the TS is more polar and
asynchronic (Sy¼ 0.38). This is consistent with the TS
structure, both in terms of distances, angles, and NBO
charges as analyzed above. The TS structure shows more
progress in the O3—C4 bond breaking compared to other
reaction changes. This finding suggests that the polariz-
ation of this bond in the direction O3d�—C4dþ is a
determining factor in the gas-phase elimination of
N-substituted t-butyl carbamates.
CONCLUSIONS

The results of this study provide some additional evidence
for the reported concerted type of mechanism.18

Theoretical calculations suggest that the reaction pro-
ceeds through a concerted asynchronous mechanism. The
TS structure of the rate-determining step for the gas-phase
elimination of N-substituted t-butyl carbamates is a six-
membered ring geometry with some departure from
planarity. The transferred hydrogen is located halfway
between carbonyl oxygen O1 and C5. Activation
parameters are in reasonable agreement with experimen-
tal values for the MP2/6-31G level of theory for
carbamates (Z¼—N(CH2CH3)2, —NC4H8, —NC4H6O,
and —NC4H4). The rate coefficients are of the same order
Copyright # 2007 John Wiley & Sons, Ltd.
of magnitude following the sequence observed for the
experimental values: pyrrole> 2-oxo-tetrahydropyrro-
le>THP> diethylamine. NBO charge analysis suggests
that the polarization of the alkyl oxygen–carbon bond, in
the direction O3d�—C4dþ, is the determining factor in the
decomposition process and that stabilization of the ester
oxygen negative charge by electron withdrawing groups
increases the reaction rate.
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