
Abstract. Theoretical studies on the thermolysis in
the gas phase of alkyl N,N-dialkylcarbamates were
carried out using ab initio theoretical methods, at
the MP2/6-31G(d), MP2/6-31++G(d,p) and MP2/6-
311++G(2d,p)//MP2/6-31G(d) levels. The reactions
have two steps: the first one corresponds to the forma-
tion of an alkene and a neutral dialkylcarbamic acid
intermediate via a six-membered cyclic transition state;
the second one is the decarboxylation of this interme-
diate via a four-membered cyclic transition state, leading
to carbon dioxide and the corresponding dialkylamine.
The progress of the reactions was followed by means of
the Wiberg bond indices. The results indicate that the
transition states have character intermediate between
reactants and products, and the calculated synchronici-
ties show that the reactions are slightly asynchronous.
The bond-breaking processes are more advanced than
the bond-forming ones, indicating a bond deficiency in
the transition states. The rate constants calculated for all
the reactions agree very well with the available experi-
mental data.

Keywords: Alkyl N,N-dialkylcarbamates – Thermal
decomposition – Ab initio computational methods –
Reaction mechanism – Transition-state structure

Introduction

The first homogeneous, unimolecular thermal decom-
position of a carbamate in the gas phase was reported by
Daly and Ziolkowski [1]. They studied the decomposi-
tion of ethyl N-methyl-N-phenylcarbamate that leads to
N-methylaniline, ethylene, and carbon dioxide. The
generally accepted mechanism of this elimination pro-
cess consisted of a six-membered cyclic transition state
(TS) similar to those described for acetates, carbonates,
and xanthates [1, 2, 3, 4].

Daly and Ziolkowski [5] also studied the pyrolysis
reaction of methyl N-methylcarbamate. The results
showed that its decomposition process differs from that
of ethyl N-methyl-N-phenylcarbamate, the reaction
being

CH3NHCOOCH3 ! CH3NCOþ CH3OH: ð1Þ

The presence of a hydrogen atom at the nitrogen
atom was believed to be responsible for the different
mechanistic pathway, and the elimination reaction was
explained in terms of a four-membered cyclic TS
mechanism.

In this work we have carried out a theoretical study on
the gas-phase thermolysis reaction of six alkyl esters of
N,N-dialkylcarbamic acids: ethyl N,N-dimethylcarba-
mate, I, isopropyl N,N-dimethylcarbamate, II, tert-butyl
N,N-dimethylcarbamate, III, ethyl N,N-diethylcarba-
mate, IV, isopropyl N,N-diethylcarbamate, V, and tert-
butyl N,N-diethylcarbamate, VI (see Fig. 1).

The thermolysis reactions of these N,N-dimethylcar-
bamates [6, 7] and N,N-diethylcarbamates [8] have been
previously studied. The experimental results [6, 7, 8]
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proved the reactions to be homogeneous, unimolecular,
and to obey a first-order rate law. The decomposition of
these carbamates leads to the formation of the corre-
sponding dialkylcarbamic acid and an alkene as ex-
pected by a molecular cis elimination [9]. However, the
neutral carbamic acid intermediates, under the experi-
mental conditions (17–160 Torr, 220–400 �C), undergo
a decarboxylation process, leading to CO2 and the cor-
responding dialkylamine as shown in Fig. 1. The avail-
able experimental kinetic parameters are listed in
Table 1.

The mechanism suggested from the experiments [6, 7,
8] for the decomposition process for these types of
compounds is described in Fig. 2. The products of the
reactions suggested that the process should be via a six-
membered cyclic TS for the first step and via a four-
membered cyclic TS for the second one.

The aim of this work is to carry out a computational
study in order to explore the nature of the reaction

mechanism for the unimolecular decomposition of the
alkyl N,N-dialkylcarbamates studied in the gas phase.
To our knowledge, this is the first theoretical study on
the thermolysis reaction of these types of compounds.

Computational details

All the calculations were carried out using the Gaussian98 com-
putational package [10]. The geometric parameters for all the
reactants, the TSs, and the products of the reactions studied were
fully optimized using ab initio analytical gradients at the MP2 level
[11] with the 6-31G(d) basis set [12]. Each stationary structure was
characterized as a minimum or a saddle point of first order by
analytical frequency calculations. A scaling factor [13] 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 593.15 K. To calculate enthalpy and entropy values
at a temperature T, the difference between the values at that tem-
perature and 0 K was evaluated according to standard thermody-
namics [14].

Intrinsic reaction coordinate (IRC) calculations [15] were per-
formed in all cases to verify that the localized TS structures connect
with the corresponding minimum stationary points associated with
reactants and products.

Owing to the nature of the TS of the reactions studied,
involving bond breaking, we reoptimized the geometries of all the
reactants, TS, and products of the reactions, at the higher MP2/6-
31++G(d,p) level [16]. Also, single-point energy calculations at
the MP2/6-311++G(2d,p) level were performed on the MP2/6-
31G(d) optimized structures.

The bonding characteristics of the different reactants, TS, and
products were investigated using a population partition technique,
the natural bond orbital (NBO) analysis of Reed and Weinhold [17,
18]. The NBO formalism provides values for the atomic natural
total charges and also provides the Wiberg bond indices [19] used
to follow the progress of the reactions. The NBO analysis was
performed using the NBO program [20], implemented in the
Gaussian98 package [10], and was carried out on the MP2 charge
densities in order to explicitly include electron correlation effects.

Fig. 1. Thermolysis reaction of alkyl N,N-dialkylcarbamates

Table 1. Experimental kinetic
parameters obtained for the
thermolysis reaction of the
N,N-dimethylcarbamates and
N,N-diethylcarbamates studied,
at 593.15 K

Reaction 104k (s)1) logA Ea (kJ mol)1) Reference

(CH3)2NCOOCH2CH3, I 0.58 12.10 185.5 [6]
(CH3)2NCOOCH(CH3)2, II 12.02 13.04 181.2 [6]
(CH3)2NCOOC(CH3)3, III 912.0 12.87 157.9 [6]

782.2 13.27 163.2 [7]
(CH3CH2)2NCOOCH2CH3, IV 0.56 11.47±0.25 178.4±3.1 [8]
(CH3CH2)2NCOOCH(CH3)2, V 9.77 12.83±0.70 179.8±7.9 [8]
(CH3CH2)2NCOOC(CH3)3, VI 794.3 12.87±0.62 158.6±6.2 [8]

Fig. 2. Mechanism proposed
from experiments for the
thermolysis reaction of alkyl
N,N–dialkylcarbamates
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We selected the classical TS theory (TST) [21, 22] to calculate
the kinetic parameters. The rate constant, k(T), for each elementary
step of the kinetic scheme (Fig. 2) was computed using this theory
assuming that the transmission coefficient is equal to unity, as
expressed by the following relation:

k Tð Þ ¼ kBT
h

exp
�DG6¼ Tð Þ

RT

� �
; ð2Þ

where kB, h, and R are the Boltzmann constant, the Planck con-
stant, and the universal gas constant, respectively. DG „ (T) is the
standard-state free energy of activation, at the absolute tempera-
ture T.

The activation energies, Ea, and the Arrhenius A factors were
calculated using Eqs. (3) and (4), respectively, derived from the
TST theory:

Ea¼DH 6¼ Tð Þ þ RT ; ð3Þ

A¼ ekBT
h

exp
DS 6¼ Tð Þ

R

� �
: ð4Þ

Results and discussion

Electronic energies, evaluated at the MP2/6-31G(d),
MP2/6-31++G(d,p), and MP2/6-311++G(2d,p)//
MP2/6-31G(d) levels of theory, and zero-point vibra-
tional energies, thermal correction to enthalpies and
entropies, obtained at the MP2/6-31G(d) level, for all
the reactants, TSs, and products involved in the six
reactions studied are collected in Table 2.

The pathway (Fig. 2) describes a two-step mecha-
nism. The first step is a process in which an alkene and a

dialkylcarbamic acid intermediate are formed via a six-
membered cyclic TS, TS1, where the hydrogen atom of
the CH3 group is migrating to the oxygen atom of the
carbonyl group. The second step is the decarboxylation
process of the neutral dialkylcarbamic acid intermediate,
via a four-membered cyclic TS, TS2, leading to CO2 and
the corresponding dialkylamine.

Free-energy reaction profiles, obtained at the MP2/6-
311++G(2d,p)//MP2/6-31G(d) level of theory, for the
decomposition processes of the alkyl N,N-dimethylcar-
bamates and alkyl N,N-diethylcarbamates studied are
presented in Figs. 3 and 4, respectively.

On the basis of the results reported here, it is clear that
the first step of the processes is the rate-determining step,
whereas the decarboxylation of the corresponding car-
bamic acid intermediate via a four-membered cyclic TS
(TS2-Me or TS2-Et) is a rapider process with smaller
activation energy. The calculated activation free energies
for the first reaction step are 191.1, 183.8, and 161.3 kJ
mol)1, for reactionsI, II, and III, respectively, and 193.9,
186.1, and 162.7 kJ mol-1, for reactions IV, V, and VI,
respectively. The activation free energies for the second
reaction step, via TS2 TSs, are only 149.7, and 142.3 kJ
mol-1, for the decarboxylation of dimethylcarbamic acid
(reactions I, II, and III) and diethylcarbamic acid (reac-
tions IV, V, and VI), respectively. The overall processes
are exergonic, with reaction free energies of )105.3,
)108.6, and )116.6 kJ mol)1, for reactions I, II, and III,
respectively, and of )106.3, )109.2, and )117.3 kJ
mol)1, for reactions IV, V, and VI, respectively.

Our calculations for the reactions in Fig. 2 indi-
cate that all the reactions have very similar concerted
processes with a hydrogen at the alkyl moiety of the

Table 2. Electronic energies, evaluated at the MP2/6-31G(d),
MP2/6-31++G(d,p), and MP2/6-311++G(2d,p)//MP2/6-31G(d)
levels, zero-point vibrational energies (ZPE) and thermal correc-

tions to enthalpies (TCH) in hartrees, and entropies, S,
(J mol)1 K)1), for all the reactants, transition states, and products
involved in the reactions studied

Species MP2/6-31G(d) MP2/6+31++G(d,p) MP2/6-311++G(2d,p)//MP2/6-31G(d) ZPEa TCHa Sa

I )401.101737 )401.213483 )401.446862 0.168669 0.201390 533.13
TS1-I )401.011301 )401.129804 )401.365897 0.161152 0.193862 537.15
(CH3)2NCOOH )322.776886 )322.858317 )323.054964 0.110223 0.133832 436.73
CH2=CH2 )78.285027 )78.323549 )78.361792 0.052053 0.062277 256.06
TS2-Me )322.716348 )322.799190 )322.995749 0.105358 0.127785 420.45
(CH3)2NH )134.665298 )134.733202 )134.804683 0.095249 0.110436 328.60
CO2 )188.107747 )188.117959 )188.245426 0.011510 0.019938 243.49
II )440.274171 )440.403947 )440.656270 0.197182 0.234816 581.24
TS1-II )440.187076 )440.323151 )440.578282 0.189862 0.227414 584.84
CH3CH=CH2 )117.455545 )117.511373 )117.569035 0.081581 0.096090 320.91
III )479.443584 )479.591278 )479.862688 0.225537 0.268136 624.52
TS1-III )479.362979 )479.516883 )479.791208 0.218215 0.260849 637.70
(CH3)2C=CH2 )156.627342 )156.700659 )156.778367 0.110599 0.129761 366.18
IV )479.440805 )479.588056 )479.859574 0.227435 0.269073 625.66
TS1-IV )479.350366 )479.504454 )479.778516 0.220064 0.261583 625.51
(CH3CH2)2NCOOH )401.115625 )401.232664 )401.467428 0.169072 0.201509 527.35
TS2-Et )401.056975 )401.175235 )401.410070 0.163921 0.195430 515.10
(CH3CH2)2NH )213.002780 )213.106580 )213.215769 0.153765 0.177974 429.33
V )518.613403 )518.778672 )519.069123 0.255935 0.302495 673.67
TS1-V )518.526054 )518.697678 )518.990768 0.248733 0.295146 675.26
VI )557.783098 )557.966300 )558.275815 0.284319 0.335818 715.67
TS1-VI )557.702127 )557.891521 )558.203839 0.277076 0.328575 728.89

aObtained at the MP2/6-31G(d) level
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ester transferring and a C–O bond breaking via a six-
membered cyclic TS (molecular cis elimination) for the
first step.

There is one and only one imaginary vibrational fre-
quency in the TSs optimized. In the case of those corre-
sponding to the first step of the elimination reactions

studied they are 1,635.3i, 1,561.1i, 1,495.2i, 1,636.2i,
1,567.7i, and 1,509.1i cm)1 for TS1-I, TS1-II, TS1-III,
TS1-IV,TS1-V, andTS1-VI, respectively, evaluated at the
MP2/6-31G(d) level of theory. For the TSs of the second
step of the reactions, TS2-Me and TS2-Et, the imaginary
frequencies are 1,696.9i, and 1,694.2i cm)1, respectively.

Fig. 3a–c. Free-energy profiles at 593.15 K, evaluated at the MP2/
6-311++G(2d,p)//6-31 G(d) level for the thermolysis reaction of
alkyl N,N-dimethylcarbamates. a Relative free energy values (to
reactant l) of the stationary points found are as follows: TS1-I
191.1; Me2NCOOH+CH2=CH2 )29.0; TS2-Me+CH2=CH2

120.7; Me2NH+CO2+CH2=CH2 )105.3. b Relative free
energy values (to reactant II) of the stationary points found are
as follows: TS1-II 183.8; Me2NCOOH+CH3CH=CH2 )32.3;
TS2-Me+CH3CH=CH2 117.4; Me2NH+CO2+CH3CH=CH2

)108.6. c Relative free energy values (to reactant III) of the
stationary points found are as follows: TS1-III 161.3; Me2N-
COOH+(CH3)2C=CH2 )40,3; TS2-Me+(CH3)2C=CH2 109.4;
Me2NH+CO2+(CH3)2C=CH2 )116.6

Fig. 4a–c. Free-energy profiles at 593.15 K, evaluated at the MP2/
6-311++G(2d,p)//6-31 G(d) level, for the thermolysis reaction of
alkyl N,N-diethylcarbamates. a Relative free energy values (to
reactant IV) of the stationary points found are as follows: TS1-IV
193,9; Et2NCOOH+CH2=CH2 )27.2; TS2-Et+CH2=CH2

115.1; Et2NH+CO2+CH2=CH2 )106.3. b Relative free energy
values (to reactant V) of the stationary points found are as
follows: TS1-V 186.1; Et2NCOOH+CH3CH=CH2 )30.2; TS2-
Et+CH3CH=CH2 112,1; Et2NH+CO2+CH3CH=CH2 )109.2.
c Relative free energy values (to reactant VI) of the stationary
points found are as follows: TS1-VI 162.7; Et2N-
COOH+(CH3)2C=CH2 )38.2; TS2-Et+(CH3)2C=CH2 104.1;
Et2NH+CO2+(CH3)2C=CH2 )117.3
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The geometries whichwere found for theTSs optimized at
the MP2/6-31G(d) level are shown in Figs. 5, 6, and 7.

As an example of the IRC calculations done, the
structures of the reactant and products of the first step of
reaction IV, connected with the corresponding TS, TS1-
IV, are shown in Fig. 8.

The results listed in Table 3 show the main distances
for each optimized structure at the MP2/6-31G(d) and
MP2/6-31++G(d,p) levels of theory. As can be
observed, the geometrical parameters optimized at both
theoretical levels are very similar. During the thermol-
ysis process, when the reactant (dialkylcarbamate) 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 (1.45)1.47 Å) and H6)O1 (2.37)2.71 Å)
distances for each reactant. In the corresponding TS1s,

the O3)C4 distance increases significantly (1.92)2.06 Å)
by the breaking of this bond, while the H6)O1 distance
decreases significantly (1.25)1.31 Å) by the formation of
this bond.

The progress of the first step of the reactions has been
followed by means of the Wiberg bond indices [19], Bi,
defined as the sum of the squares of the off-diagonal
density matrix elements between atoms. The bond index

Fig. 5. Transition structures, optimized at the MP2/6-31G(d) level,
for the first step of the thermolysis reaction of alkyl N,N-
dimethylcarbamates

Fig. 6. Transition structures, optimized at the MP2/6-31G(d) level,
for the first step of the thermolysis reaction of alkyl N,N–
diethylcarbamates
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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 reac-
tion 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 [23]. The Wiberg bond indices corresponding
to the bonds being made or broken in the reactions
studied, for the reactants, TSs, and products, are col-
lected in Table 4.

In order to perform the bond index analysis, it is
convenient to define [23] a relative variation of the bond
index at the TS, dBi, for every bond, i, involved in a
chemical reaction as

dBi ¼
BTS

i � BR
i

� �
BP

i � BR
ið Þ ; ð5Þ

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

The percentage of evolution of the bond order
through the chemical step was calculated [24] by means
of

Percentage of evolution ¼ 100dBi ð6Þ

and the values are collected in Table 4.

As can be observed in that table, the breaking of the
O3)C4 bond is the most advanced process (58)60% in
ethyl dialkylcarbamates, which increases to 69)70% in
tert-butyl dialkylcarbamates), while the less advanced
ones are the C4)C5 double-bond formation (only
31)32% in all the reactions) and the H6 migration from
C5 to O1 (41)42% in ethyl dialkylcarbamates, and only
35)36% in tert-butyl dialkylcarbamates)

Fig. 7. Transition structures, optimized at the MP2/6-31G(d) level,
for the decarboxylation. reaction of dialkylcarbamic acids

Fig. 8. Structures of reactant IV, transition state TS1-IV, and
products, diethylcarbamic acid and ethylene of the first step of
reaction IV, connected by an intrinsic reaction coordinate calcu-
lation

382



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 reaction studied.

The average value, dBav, calculated [23] as

dBav ¼
1

n

X
dBi ð7Þ

where n is the number of bonds involved in the reaction,
affords a measure of the degree of advancement of the
TS along the reaction path. Calculated dBav values for
the studied reactions are shown in Table 4. As can be
seen in this table, the dBav values, 0.49 in all the cases,
show that the TSs have character intermediate 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. [23]:

A ¼ 1

2N � 2ð Þ
X dBi � dBavj j

dBav
: ð8Þ

Table 3. Main distances (angstroms) in the reactants, transition
states, and products of the first step of the reactions, calculated at
the MP2/6-31G(d) and MP2/6-31++G(d,p) levels. First value-
obtained at the MP2/6-31G(d) level; second value obtained at
theMP2/6-31++G(d,p) level

O1)C2 C2)O3 O3)C4 C4)C5 C5)H6 H6)O1

I 1.228 1.367 1.447 1.515 1.091 2.670
1.231 1.368 1.450 1.514 1.088 2.690

TS1-I 1.295 1.283 1.928 1.399 1.362 1.250
1.296 1.288 1.921 1.403 1.342 1.255

(CH3)2NCOOH 1.372 1.227 – – – 0.977
1.374 1.231 0.970

CH2=CH2 – – – 1.336 – –
1.339

II 1.228 1.366 1.455 1.517 1.091 2.638
1.231 1.367 1.458 1.517 1.088 2.696

TS1-II 1.294 1.281 1.990 1.401 1.336 1.277
1.295 1.286 1.981 1.406 1.318 1.280

CH3CH=CH2 – – – 1.338 – –
1.341

III 1.229 1.363 1.467 1.523 1.089 2.372
1.232 1.364 1.471 1.523 1.087 2.388

TS1-III 1.292 1.280 2.055 1.406 1.313 1.304
1.294 1.284 2.044 1.410 1.297 1.306

(CH3)2C=CH2 – – – 1.341 – –
1.344

IV 1.229 1.370 1.447 1.515 1.091 2.671
1.233 1.372 1.450 1.514 1.088 2.702

TS1-IV 1.297 1.285 1.927 1.400 1.366 1.247
1.299 1.290 1.917 1.404 1.348 1.249

(CH3CH2)2NCOOH 1.374 1.229 – – – 0.977
1.377 1.232 0.970

V 1.230 1.369 1.455 1.517 1.091 2.641
1.233 1.371 1.457 1.517 1.089 2.706

TS1-V 1.295 1.284 1.988 1.402 1.339 1.275
1.297 1.289 1.973 1.406 1.323 1.275

VI 1.231 1.367 1.467 1.523 1.090 2.375
1.234 1.368 1.469 1.523 1.087 2.387

TS1-VI 1.295 1.282 2.051 1.406 1.318 1.300
1.297 1.286 2.033 1.410 1.306 1.296

Table 4. Wiberg bond indices, Bi, of reactants, transition states,
and products of the first step of the reactions, percentage of evo-
lution (%EV) through the chemical process of the bond indices at
the transition states, degree of advancement of the transition states,
dBav, and absolute synchronicities (Sy). Values calculated at the
MP2/6-31G(d) and MP2/6-31++G(d,p) levels. First value ob-
tained at the MP2/6-31G(d) level; second value obtained at the
MP2/6-31++G(d,p) level

O1–C2 C2–O3 O3–C4 C4–C5 C5–H6 H6–O1

Reaction I BR
i

1.588 0.959 0.833 1.029 0.928 0.001
1.583 0.968 0.832 1.024 0.934 0.001

BTS
i

1.240 1.275 0.336 1.354 0.418 0.293
1.250 1.270 0.346 1.334 0.444 0.283

BP
i

0.962 1.595 0.000 2.034 0.000 0.707
0.970 1.590 0.000 2.035 0.000 0.699

%EV 55.6 49.7 59.7 32.3 55.0 41.4
54.3 48.6 58.4 30.7 52.5 40.4

dBav 0.490
0.475

Sy 0.901
0.900

Reaction II BR
i

1.587 0.960 0.814 1.017 0.927 0.002
1.582 0.969 0.816 1.014 0.933 0.001

BTS
i

1.246 1.286 0.285 1.331 0.440 0.275
1.256 1.283 0.294 1.312 0.466 0.265

BP
i

0.962 1.595 0.000 1.985 0.000 0.707
0.970 1.590 0.000 1.985 0.000 0.699

%EV 54.6 51.3 65.0 32.4 52.5 38.7
53.3 50.6 64.0 30.7 50.1 37.8

dBav 0.490
0.478

Sy 0.889
0.887

Reaction III BR
i

1.580 0.965 0.799 1.004 0.920 0.003
1.577 0.972 0.802 1.003 0.925 0.002

BTS
i

1.257 1.294 0.240 1.299 0.462 0.256
1.265 1.293 0.247 1.284 0.486 0.247

BP
i

0.962 1.595 0.000 1.934 0.000 0.707
0.970 1.590 0.000 1.931 0.000 0.699

%EV 52.3 52.2 70.0 31.7 49.8 35.9
51.4 51.9 69.2 30.3 47.5 35.2

dBav 0.487
0.476

Sy 0.878
0.875

Reaction IV BR
i

1.578 0.953 0.835 1.029 0.928 0.001
1.566 0.959 0.834 1.024 0.934 0.001

BTS
i

1.232 1.271 0.338 1.355 0.413 0.296
1.237 1.259 0.351 1.335 0.438 0.288

BP
i

0.958 1.587 0.000 2.034 0.000 0.708
0.964 1.575 0.000 2.035 0.000 0.700

%EV 55.8 50.2 59.5 32.4 55.5 41.7
54.7 48.7 57.9 30.8 53.1 41.1

dBav 0.492
0.477

Sy 0.901
0.901

Reaction V BR
i

1.576 0.954 0.815 1.017 0.928 0.002
1.565 0.960 0.819 1.014 0.933 0.001

BTS
i

1.241 1.279 0.288 1.330 0.438 0.277
1.245 1.269 0.301 1.311 0.463 0.269

BP
i

0.958 1.587 0.000 1.985 0.000 0.708
0.964 1.575 0.000 1.985 0.000 0.700

%EV 54.2 51.3 64.7 32.3 52.8 39.0
53.2 50.2 63.2 30.6 50.4 38.3

dBav 0.491
0.477

Sy 0.891
0.890
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The opposite of the asynchronicity, the synchronicity,
Sy, defined as

Sy ¼1� A ð9Þ

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 TS.
The Sy values calculated for the reactions studied are
shown in Table 4. As can be seen in that table, the
synchronicities are 0.90 for ethyl dialkylcarbamates, and
the values decrease to 0.88 for tert-butyl dialkylcarba-
mates, indicating that the mechanisms correspond to
slightly asynchronous processes; the asynchronicity
increases from ethyl to tert-butyl derivatives.

A last aspect to be taken into account is the relative
asynchronicity of the bond-breaking and the bond-
forming processes that it would be a measure of ‘‘bond
deficiency’’ along the reaction path. In the reactions
studied, the bond-breaking processes are clearly more
advanced (an average of 55)57%) than the bond-
forming ones (an average of 39)41%), indicating a bond
deficiency in the TSs.

The charge distribution in reactants and TSs was
analyzed by means of the NBO analysis of Reed and
Weinhold [17, 18]. We have collected the natural atomic
charges (the nuclear charges minus the summed natural
populations of the natural atomic orbitals on the atoms)
at the atoms involved in the reaction in Table 5.

Charges at TS1s show an important positive charge
developed on H6 (0.45)0.48 at TS1s and 0.21)0.25
at reactants), while the electronic excess is supported by
the two oxygens ()0.84 to –0.86 at TS1s and )0.78
to )0.79 at reactants, for O1, and –0.80 to –0.85 at
TS1s and )0.67 to )0.69 at reactants, for O3) and by
C5 ()0.84 to )0.89 at TS1s and )0.63 to )0.67 at reac-
tants). 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 TS1s and thus O1

increases its negative character, and C5 has a more

negative character, as would be expected by the postu-
lated cyclic TS.

The most significant difference among the alkyl
carbamates is the charge at atom C4. This charge is
significantlymore positive going from the ethyl to the tert-
butyl derivative. This is owing to the electron-withdraw-
ing effect of the methyl groups attached to atom C4.

The calculated kinetic and activation parameters for
the reactions studied are shown in Table 6 and are
compared with the available experimental results. They
were calculated at the same temperature used in the
experiments, 593.15 K. As can be seen, the computed
values, at the MP2/6-311++G(2d,p)//MP2/6-31G(d)
level of theory, agree well with the experimental data, the
rate constants and activation free energies being very
close to the experimental values. However, the agreement
between experimental and calculated activation entropies
is very bad. This fact is difficult to explain and perhaps
the good agreement between the k and DG „ values in
spite of the disagreement in the DS „ values is due to
error cancellation. Similar behavior has been previously
observed by us in studies of the thermolysis in the gas
phase of ethyl b-hydroxycarboxylates [25], and a-amino
acid ethyl esters [26, 27], at similar theoretical levels.

As can be observed, the order of reactivity, ter-
tiary>secondary>primary alkyl ester, is the same in
both series, N,N-dimethylcarbamates and N,N-diethylc-
arbamates. This sequence is to be expected from electron
release to the reaction center, where the elongation of the
O3)C4 bond and polarization in the sense O3

d)ÆÆÆC4
d+ is

the rate-determining step of these reactions. The O3)C4

Table 5. Natural bond order charges, calculated at the MP2/6-
31G(d) and MP2/6-31++G(d,p) levels, at the atoms involved in
the reaction center, for reactants and transition states of the first
step of the reactions. First value obtained at the MP2/6-31G(d)
level; second value obtained at the MP2/6-31++G(d,p) level

O1 C2 O3 C4 C5 H6

I )0.776 1.145 )0.674 )0.040 )0.672 0.238
)0.776 1.135 )0.676 )0.030 )0.639 0.230

TS1-I )0.843 1.171 )0.802 0.022 )0.886 0.479
)0.835 1.153 )0.800 0.046 )0.867 0.462

II )0.776 1.150 )0.683 0.143 )0.665 0.242
)0.776 1.138 )0.685 0.127 )0.629 0.212

TS1-II )0.847 1.168 )0.824 0.223 )0.867 0.472
)0.840 1.150 )0.822 0.240 )0.848 0.455

III )0.781 1.153 )0.688 0.330 )0.666 0.254
)0.780 1.144 )0.692 0.301 )0.632 0.246

TS1-III )0.853 1.167 )0.844 0.424 )0.854 0.468
)0.847 1.149 )0.844 0.452 )0.839 0.452

IV )0.782 1.144 )0.675 )0.040 )0.672 0.237
)0.785 1.137 )0.680 )0.029 )0.638 0.229

TS1-IV )0.845 1.170 )0.803 0.021 )0.888 0.480
)0.839 1.154 )0.802 0.043 )0.869 0.464

V )0.782 1.148 )0.685 0.143 )0.665 0.242
)0.785 1.140 )0.689 0.129 )0.628 0.232

TS1-V )0.848 1.166 )0.826 0.223 )0.869 0.472
)0.844 1.151 )0.825 0.238 )0.850 0.456

VI )0.787 1.151 )0.690 0.330 )0.665 0.254
)0.790 1.146 )0.697 0.302 )0.631 0.247

TS1-VI )0.855 1.166 )0.845 0.422 )0.855 0.470
)0.851 1.150 )0.846 0.446 )0.841 0.455

Table 4. (Contd.)

O1–C2 C2–O3 O3–C4 C4–C5 C5–H6 H6–O1

Reaction VI BR
i

1.568 0.958 0.801 1.004 0.920 0.003
1.559 0.963 0.804 1.003 0.925 0.002

BTS
i

1.248 1.288 0.242 1.300 0.457 0.259
1.250 1.280 0.254 1.287 0.477 0.255

BP
i

0.958 1.587 0.000 1.934 0.000 0.708
0.964 1.575 0.000 1.931 0.000 0.700

%EV 52.5 52.5 69.8 31.8 50.3 36.3
51.9 51.8 68.4 30.6 48.4 36.2

dBav 0.489
0.479

Sy 0.879
0.879
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distance in TS1s (Table 3), the charge difference between
both atoms (Table 5), and the percentage of evolution
of the O3)C4 bond (Table 4) significantly increase
in the order ethyl<isopropyl<tert-butyl carbamate.
Comparing N,N-dimethyllcarbamates with N,N-dieth-
ylcarbamates, the (CH3CH2)2N substituent at the acid
side of the ester tends to decrease the rate slightly com-
pared with the (CH3)2N group. This difference may be
rationalized in terms of the greater electron-releasing
power of the CH3CH2 group to the N atom than CH3.
This reduces the electron-withdrawing effect of the di-
ethylamino group and a slight decrease in the rate of
elimination results [8].

The second step of the reactions, corresponding to
the decarboxylation of the dialkylcarbamic acid inter-
mediates, occurs via a four-membered cyclic TS (TS2s).
It is a rapider process than the first step of the reactions,
with activation energies of 144.1 and 140.0 kJ mol)1 for
the decarboxylation process of dimethylcarbamic and
diethylcarbamic acid, respectively, and with calculated
rate constants of 0.80 and 3.60 s)1, respectively, evalu-
ated at the MP2/6-311++G(2d,p)//MP2/6-31G(d) level
of theory.

Conclusions

A theoretical study on the thermal decomposition in the
gas phase of several alkyl N,N-dialkylcarbamates has
been carried out in order to explore the nature of the
reaction mechanism.

The decomposition process in the gas phase of the
carbamates studied occurs in two steps: the first one, the
rate-determining step, is a concerted process in which an
alkene and a dialkylcarbamic acid intermediate are
formed, via a six-membered cyclic TS; the second one,
the decarboxylation of the intermediate, occurs via a
four-membered cyclic TS, leading to CO2 and the cor-
responding dialkylamine, as is shown by the free-energy
profiles.

The progress of the reactions was followed by means
of the Wiberg bond indices. The lengthening 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 reactions
studied. The TSs have character intermediate between
reactants and products. The calculated synchronicities
show that the reactions are slightly asynchronous; the
asynchronicity increases in the order ethyl<isopro-
pyl<tert-butyl derivative. The bond-breaking processes
are more advanced than the bond-forming ones, indi-
cating a bond deficiency in the TSs.

The rate constants and activation free energies 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.
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the program Formación de Jóvenes Investigadores (Ederley
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