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Theoretical Study of the Elimination Kinetics of Carboxylic Acid Derivatives in the Gas
Phase. Decomposition of 2-Chloropropionic Acid

Introduction

The kinetics of the gas phase decomposition of severa
carboxylic acid derivatives has been experimentally studied by
Chuchani and co-workefs® The results prove the reaction to
be homogeneous, to be unimolecular, and to obey a first-order
rate law. In particular, the rate coefficient for the gas phase
decomposition of 2-chloropropionic acid (gEHCICOOH) to
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The reaction mechanism for the decomposition of 2-chloropropionic acid in the gas phase to form hydrogen
chloride, carbon monoxide, and acetaldehyde has been theoretically characterized. Analytical gradients have
been used by means of AM1 and PM3 semiempirical procedures and ab initio methods at HF and DFT
(BLYP) levels with the 6-31G** basis set. The correlation effects were also included by using the perturbational
approach at the MP2 level with the 6-31G** and 643tG** basis sets and the variational approach at the
CISD/6-31G** level and by means of MCSCF wave functions with a (6,6) complete active space and the
6-31G** basis set. The global potential energy surface has been studied, and the stationary points were
localized and characterized. The geometries, electronic structure, and transition vector associated with the
transition structures have been analyzed and the dependence of these properties upon theoretical methods is
discussed. The present study points out, in agreement with the experimental data, that the decomposition
process occurs through a two-step mechanism involving the formation of-giepiolactone intermediate.

The transition structure associated with the first step can be described as a five-membered ring with participation
of leaving chloride and hydrogen, assisted by the carbonyl oxygen of the carboxyl group. The second transition
structure, controlling thex-propiolactone decomposition step, yields the formation of CO andCEID
molecules. The rate constants and the Arrhenius preexponential factors for the different interconversion steps
have been calculated in terms of the transition state theory. The comparison of experimental and theoretical
values for these parameters allows us to prove the validity of theoretical methods. The results suggest that
the process must be considered as essentially irreversible, the first step being the rate-determining step. From
a computational point of view, the inclusion of the correlation energy at the MP2/6-31G** level is necessary

to obtain an accurate calculation of the kinetic parameters.

hope of addressing the experimental facts, to complement the
Iextensive experimental data, and to illustrate the important
interplay between experimental and theoretical efforts in the
elucidation of such reactions. We hope to show how theory
may contribute significantly to the unravelling of reaction
mechanisms in cases experimentally unfeasible or at least very
unattractive.

form hydrogen chloride, carbon monoxide, and acetaldehyde

CH,CHCICOOH— HCI + CO+ CH,CHO (1)

Computational Method and Model
All calculations have been performed with the GAUSSIAN92/

has been determingdt relatively low pressure and expressed DFT® and GAUSSIAN94 programs. The semiempirical cal-

as a function of temperature by the following Arrhenius-type culations have been made by using the P#and AM

equation:

110

methods, and the ab initio calculations were made at the HF/
6-31G**11 level. The correlation effects have been estimated

log Kyps (5*1) = (12.53+ 0.43)— by using the perturbational approa¢ht the MP2/6-31G** and

There is an absence of theoretical studies on the nature of
the molecular mechanism for this decomposition process. In
this paper, the first of a series dealing with gas phase elimination
kinetics of carboxylic acids derivatives, we have carried out
theoretical calculations for the decomposition of 2-chloropro-
pionic acid using several semiempirical and ab initio techniques.
The aim of this work is to carry out a theoretical study with the

1 1 MP2/6-3H+G**13|evels and by using the variational approach
(186.94 5.1) kI mol* (2.30RT) ~ (2) at the CISD/6-31G** level. The density functional theory
(DFT)*>18 has been employed with the Becke 1988 functidhal,
which includes Slater exchange along with corrections involving
the gradient of density, and the correlation functional of Lee,
Yang, and Par#?-2lwhich includes both the local and nonlocal
terms, at the BLYP/6-31G** level. The inclusion of calculations
based on DFT in the present study has the purpose of testing
the ability of this methodology for describing the kinetics of
processes like the one studied. DFT methods are computation-

*To whom correspondence should be addressed. ally Iesg expensive, and they take .into.ac.count the electron
€ Abstract published ilAdvance ACS Abstract&ebruary 15, 1997. correlation and thus can be, at least in principle, of comparable
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iR S=§ +Ss+ S —RINe+RInm (3)
ATy
e '/ }‘l where S, Sor, and S;iy are the translational, rotational, and
B "-.:-.\ p or vibrational contributions, respectivelyR is the ideal gas
- 4/ constantg is the rotational symmetry numb&andmis the
£ 48' multiplicity of the ground state. A standard pressure of 1 atm
Cl* W was taken in thes calculations.
Ry Considerable effort has been devoted to the development of
b o theories to calculate accurately the rate constants for chemical
Vi processeé! In particular, Truhlar et af243 with their varia-
“ (i tional transition state theory, Miller et #*#5and Rice et at547
Figure 1. Atom numbering for 2-chloropropionic acid. have developed useful methods to study the reaction dynamics

in polyatomic molecular systems. However, the classical
quality to the standard post-HF procedures. Finally, we have transition state theory can still be considered a fairly successful
also performed calculations using MCSCF wave funcidmé method to describe chemical reactidf4? and the molecular
that contain the configurations corresponding to all possible M&chanism of a given chemical reaction can be defined by the
occupancies of six orbitals by six electrons (corresponding to TS associated to the chemical interconversion step. We have

the bonds that are being broken/formed in the first step). Theseselected this method to calculate the kinetic parameters in the

complete active space (CAS)SCF calculations have been carried’resent _study. The rate constak(fil) for each elementary_ step .
out with the 6-31G** basis set, for the reactant and the first of the kinetic scheme (see below) was computed using this

8,50 i isei cient i
transition structure. The atom numbering for 2-chloropropionic :2810 r);s e)?srseusr:érégbth?rt];hfi”tgmimEsg&ggeﬁment is equal
acid is depicted in Figure 1. ’ P y 9 )

The Berny analytical gradient optimization routif@®were K(T) = (KT/h) expAS'/R) expAEY/RT) )
used for optimization. The requested convergence on the

density matrix was 1% atomic units, and the threshold value whereAE* andAS are the energy and entropy changes between
of maximum displacement was 0.0018 A and that of maximum each reactant and its corresponding transition strudtissthe
force was 0.000 45 hartree/bohr. The nature of each stationaryBoltzmann constant, and is the Planck constantAE* was
point was established by calculating and diagonalizing the calculated as follows:
Hessian matrix (force constant matrix). An eigenvalue follow-
ing algorithn?® was used for locating the transition structures AE" = V¥ + AZPVE + AE(T) (5)
(TSs), which were characterized by means of a normal mode
analysis, and the unique imaginary frequency associated withWhereV*is the potential energy barriet @ K andAZPVE and
the transition vector (T\? has been calculated. The intrinsic AE(T) are the differences of ZPVEs and temperature corrections
reaction coordinate (IRG) path has been traced in order to between the.TS and the corresponqllng reactants. Finally, the
check and obtain energy profiles connecting each TS to the two Préexponential factor) of the Arrhenius expression of the rate
associated minima of the proposed mechanism by using theconstant was calculated by the following relation:
second-order Gonfez—Schlegel integration methcd:33

A= (kT/h) expAS'/R) (6)

Each stationary structure was characterized as a minimum
or a saddle point of index one by a frequency calculation, which Regylts and Discussion
also provides thermodynamic quantities such as entropy and ) )
zero-point vibrational energy (ZPVE},and consequently the Geometry of the Stationary Structures and the Reaction
rate constant and the preexponential factor of the Arrhenius Pathways. In the study of a chemical reaction, it is important
expression can be estimated. The calculated harmonic vibra-©© realize that the finding of one TS does not exclude the
tional frequencies are overestimated (about 10%) when Com_p033|b|llty_ of _alt_ernat|ve reaction path; havmg_ other TSs. In
puted at the HF-SCF level, due to a combination of the neglect order to discriminate between alternative reaction channels for
of electron correlation and vibrational anharmonicity efféegs. the molecular mechanism of the decomposition of the 2-chlo-
Thus, the results concerning PM3, AM1, and HF/6-31G** levels ropropionic acid, an egtens!v.e exploration of the PES by means
were uniformly scaled by a factor of 0.91.0n the other hand, of PM3 and AM1 semiempirical pro_ce_zdures has render«_—zd (_)nly
even if electron correlation is taken into account, the scaling of ;Vc\{,(i)dT(%. T§lrgn%gbﬁgdi;Té?;gﬂtrgah ﬁ}zhlgﬁog?npézglcto
the frequencies can produce results in better agreement with » a-prop ydrog .
experiment in some cas&s.In order to study the effect of the hydrogen chloridel{, and acetaldehyde, carbon monoxide, and

scaling at MP2/6-31G*, MP2/6-31+G*, CISD/6-31G** hydrogen chloride K). The possibility of an heterolytic

. - fragmentation oR yielding the chloride anion and the corre-
BLYP/6-31G*, and CASS.CF(G’G)/ 6-31G I_evels, we h_ave sponding carbocation has to be discarded because an exhaustive
calculated the corresponding thermodynamic and kinetic pa-

. ) . . search points out that a saddle point of index one linkihg
rameters either scaling the harmonic frequencies by the SaME&yith the two ions is not localized on PES. Further calculations
scale factor or not scaling it.

I . have been made in order to obtain the stationary points at higher
Scaled or unscaled vibrational frequencies below 500'cm  |evels of theory: ab initio HF/6-31G**, BLYP/6-31G**, MP2/

were treated as classical rotations in computing the vibrational 6-31G**, MP2/6-3H+G**, CISD/6-31G**, and CASSCF-
energyj.e, Eyip = RT2. The imaginary frequency for the TSs  (6,6)/6-31G**.

was ignored in all calculations. Temperature corrections and  The theoretical results agree with the experimental data
absolute entropies were obtained assuming ideal gas behaviorreported by Chuchani et dl.describing a two-step process:
from the scaled or unscaled harmonic frequencies and moments
of inertia, by standard method%3° The absolute entropies were

ko k
evaluated by the relation CH3CHC|COOH‘C I - CH,CHO+ CO+ HCI
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Figure 2. Stationary points found at the PM3 semiempirical level and at the MP2/6-31G** level.

The first step is the formation of the intermediatgia the As expected, TS geometries were found to be quite sensitive
TS1 The minimum-energy pathway on the potential energy to the level of theory used. F@rS1, ab initio methods yield
surface for the decomposition of 2-chloropropionic acid involves similar values, but large variations have been detected between
initial loss of hydrogen chloride and cyclization to form the  the semiempirical and ab initio results. The maximum discrep-
ring, followed by the ring opening leading to carbon monoxide ancies found among ab initio results in the distances, angles
and acetaldehyde. THeS1, associated with the first step, can and dihedral angles are 0.535 A, 1°.8nd 10.8, respectively.
be described as a distorted five-membered ring with participation The geometric parameters f662 seem to be quite independent
of the leaving chloride and the carboxylic hydrogen. As was of the computational level used, especially the distances:
originally suggested,this result can be justified due to the discrepancies lower than 0.061 A have been found. The bond
different acidity between the H of COOHKp = 4.8), which angles show variations lower than 7.4nd the values for the
will assist the leaving chloride, and the H of the £group dihedral angles (with the exception of the PM3 results) vary
(pKa = 48.0). TheTS2, associated with the second step, up to 11.%.
corresponds to the loss of a CO molecule due to the cleavage Transition Vector and Vibrational Frequencies. The
of C;—C, and Q'—C; (or O;—C,, see later) bonds. imaginary frequency, the force constants for those selected

In Figure 2, we show the geometries of the correspond- geometric parameters with nonzero components in the TV, and
ing stationary points found at PM3 and MP2/6-31G** calcula- the corresponding components in this control spaceTst
tion levels. The cyclization to the-propiolactone appears to and TS2 have also been included as Supporting Information.
be carried out by the hydroxylic oxygen of the carboxyl group  The values of the force constants associated to the components
when calculation is done with the PM3 method while all other of TV for TS1are somewhat depending on the calculation level,
methods show this cyclization to be carried out by the carbonylic being the largest value the corresponding to the @—C; bond
oxygen. angle in all cases. They are all positive (except the correspond-

A selected set of geometric parametersRorTS1, |, TS2, ing to the H—Cl bond at MP2/6-31G**, yielding a low negative
andP are reported as Supporting Information. The completely value) and the negative eigenvalue arises from the cross-terms
optimized geometries are available from the authors on request.off-diagonal in the force constant matrix. The imaginary
An analysis of these parameters shows that the geometries ofrequency values are in a wide range of 22340i cnt!. The
the minima R, |, and P) are weakly dependent on the normal mode analysis of these structures yields a relatively low
computational method. Thus, the discrepancies foundRfor  imaginary frequency, indicating that ti&1 is associated with
distances and angles are quite low (among the ab initio results,the heavy atoms motions.
the distances vary less than 0.09 A and the bond angles less The values of the components of the TV are not very
than 6.9), while the differences found for the selected dihedral dependent upon computing level. However, some differences
angles (mainly due to the free rotation around the C; single can be sensed between semiempirical and ab initio results: PM3
bond) are in the range from 3.10 19.F. The dependence on values are expected to be different, as a result of the commented
the computational method is more obvious between the ab initio mechanistic difference and AM1 yields a TV with the dominant
and the semiempirical procedures. Poor dependencé of contributions of C+C, bond distance and {3-C;—C, bond
geometry upon computing method can also be seen: theangle. The ab initio procedures render the-C} and H—Cl
differences found for distances and angles are lower than 0.09bond distances as well as thg'©C;—C; bond angle as the
A and 9.5, respectively. The PM3 and AM1 semiempirical dominant components of TV at all calculation levels. This result
procedures show dihedral angles rather different from the other confirms that the TSs are well associated to the loss of hydrogen
methods, which present dihedral angles differing less thein 2.7 chloride with participation of ¢ C,, and Q' atoms, leading to
The P geometry can be considered as invariant; the distances,the formation of thex-propiolactone ring.
bond angles, and the dihedral angle vary with respect to the In order to understand the electronic changes undergone when
computation method less than 0.043 A,°1.8nd 0.2, respec- going fromR to TS1, a Mulliken population analysis has been
tively. carried out. There is a displacement of negative charge toward
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TABLE 1: Relative Electronic Energies (kJ/mol) to the
Reactant (Rp

TS1(AE) | TS2 AE, P
216.65 158.36 296.18 137.82 105.52

MP2/6-31G**

MP2/6-3H+G** 214.14 163.76 289.78 126.02 107.65
CISD/6-31G** 239.70 166.06 317.52 151.46 89.16
CASSCF(6,6)/6-31G**  210.20

aValues forR energy are as follows: total energy, MP2/6-31G**:
—726.679 014 au; MP2/6-31+G**: —726.701 787 au; CISD/6-
31G**: —726.513 563 au; CASSCF(6,6)/6-31G**:725.850 546 au.
The energetic differences betwe€81 andR (AE;) and TS2 and |
(AEy) are also indicated.

the Cl atom and the corresponding value is in the range-0.25
0.65 au atTS1, depending on the computational level. This
fact points out that th@S1 can be described as a polar five-
membered (& Cy, Oy, Cl, and H centers) cyclic structure with
participation of the carbonylic oxygen (Q of the carboxylic

Safont et al.

mol; CISD/6-31G** renders an energy barrier of 239.70 kJ/
mol and BLYP/6-31G** of 142.42 kJ/mol. By using the
MCSCF method, an energy barrier of 210.20 kJ/mol is obtained.

The values obtained for the barrier height associated with
the second step with AM1 and PM3 semiempirical procedures
are 79.33 and 87.11 kJ/mol, respectively; with ab initio methods
range from 126.02 to 151.46 kJ/mol and with the DFT procedure
is 113.34 kJ/mol.

The relative stability of is in the range from 193.51 to 207.07
kJ/mol at semiempirical level while ab initio methods dismin-
ishes this value to the range from 155.02 to 166.06 kJ/mol,
BLYP/6-31G** method further reduces this value to 136.77 kJ/
mol. The DFT procedure yields an energy profile more smooth
than the others. This energetic trend has been recently noticed
by our group in several studies of different chemical processes
(like, for instance, the transposition of the-chlorocyclo-
butanone! or the decomposition dfl-chloro-a-amino acid%?)
and will be reflected in the calculation of thermodynamic and

group. The presence of an intimate ion-pair type of intermediate i etic parameters. This fact points out that, although the

(chloride anion an_d carboca_ltion structure) glong the reac'_[ion geometries of the stationary points and the TV associated to
pathway can be discarded, in agreement with the conclusionstgs are described within the DFT methodology in a similar

obtained from recent experimental data by Chuchani &ttal.

way than within standard calculation schemes, the energy values

must be noted that, according to our theoretical results, exceptgptained must be taken with care and it is not obvious that DFT

PM3, it is the carbonylic oxygen (Q the atom that assits the
cyclization, instead of the originally suggestekydroxylic

is appropriate in this respect.
The system under study undergoes a two-consecutive-step

oxygen (Q).

For TS2, the components’ weights forming the corresponding
TV are also dependent upon computing method. In this case,
the different methods used render the following dominant RSP
components of the TV: PM3 and AM1 yield;©C,—C3—H>
and H—C,—C;—Cz dihedral angles, respectively; HF/6-31G**
and CISD/6-31G** render ¢-C, distance, while MP2/6-
31G**, MP2/6-3H-+G**, and BLYP/6-31G** levels show
C,—C;—04' bond angle as the dominant contribution. Although
the dominant components vary, in this case there are severa
internal variables that always participate significantly in the
TV: the G—C, and Q—C; distances, the £-C,—0¢', C3—
C,—C; and B—C,—C; bond angles and the HC,—C;—C3
dihedral angle. These internal coordinates are related with the
process of cleavage of the;€C, bond, the formation of the
C,—0; double bond, and the formation of the CO molecule.
The values corresponding to the force constants are qualitatively
invariant to the calculation level used, being the one associated
to Oy'—C; internal variable the largest value, in the range +.03
1.42 au. The force constants are all positive and the negative
eigenvalue arises from the cross-terms off-diagonal in the force
constants matrix. This fact is similar to the result obtained for
TS1 The imaginary frequency values are in the range-505
694i cnt! for TS2. The normal mode analysis of these
structures yields also a relatively low imaginary frequency, thus
indicating that the TS is associated with the heavy atoms
motions.

Energetics and the Application of the Transition State
Theory. The energetic results for the stationary points obtained
with the MP2/6-31G**, MP2/6-3++G**, CISD/6-31G™*, and analysis under the steady state aproximationlfoassuming
CASSCF(6,6)/6-31G** calculation levels are reported in Table 54 the only starting material i8, yields that the observed

1 (ZPVE corrections not included). The rest of energetic results ¢« order rate constant would be dependent on the initial
are reported as Supporting Information. The global process is 5 qunt ofR. Since this is not the cadethis assumption can
endothermic,_and the energetic results are _markedly d_ependenbe discarded. However, it is still possible that one of the two
upon computing method. The energy barrier for the first step gyens could be considered as reversible. For the possibility of

(R to TS1) calculated by using the semiempirical methods are , reyersible first step we obtain for the direct process the
339.07 and 277.06 kJ/mol at PM3 and AM1, respectively. The following rate equation:

results with ab initio method without correlation disminishes

this value to 238.81 kJ/mol, and the inclusion of the correlation
energy at MP2/6-31G** level further reduces the energy barrier
to 216.65 kJ/mol and at MP2/6-3H-G** level to 214.14 kJ/

process, which can be schematically described as

(7)

Two initial assumptions concerning the overall behavior of the
system can be dorfé:

(a) The two steps are essentially irreversible. This assumption
Ican be justified because the two processes are decompositions
and the entropy of the system increases along the reaction
pathway. The values for the enthalpy, entropy and free energy
changes betweeR andl, between andP and for the whole
process are presented in Table 2 and in the Supporting
Information. The global process is predicted to be endothermic
and nonspontaneous at standard temperature, except at HF/6-
31G** level of theory, where a negative value is found AdB.

If this assumption is proved to be true, then the relevant kinetic
data is controlled by a single rate-determining step, which will
correspond to the direct step with the smallest rate constant. In
all methods used the rate-determining step is the first one, as
can be seen from the kinetic results shown in Table 3 and the
Supporting Information. The observed first-order rate constant
and preexponential factor will coincide with the theoretikal

and A, respectively.

(b) The two steps are reversible at any (relevant) extent. Then
it should be noted that the intermedidtés appreciably less
stable (thermodynamically) than either reactants or products,
as can be seen from results shown in Tables 1 and 2, and it
will behave as a steady state intermed?atéd complete kinetic

G

dat  k,+ kz[R] ®)
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TABLE 2: Thermodynamic Parameters (AH and AG in kJ/mol, AS in J/(mol-K)) Obtained for the Process under Study at
Standard Pressure (1 atm) and Temperature (298.15 R)

AH; AH, AH AS AS AS AG; AG, AG
MP2 (a) 139.10 —58.68 80.42 26.35 83.61 109.96 131.24 —83.61 47.63
MP2 (b) 137.42 —59.79 77.64 27.09 81.91 108.99 129.35 —84.21 45.14
MP2++ (a) 144.61 —61.82 82.80 31.53 97.07 128.60 135.21 —90.76 44.46
MP2++ (b) 142.94 —62.91 80.03 34.12 95.38 129.49 132.77 —91.34 41.42
CISD (a) 148.59 —83.05 65.53 62.83 88.54 151.38 129.85 —109.45 20.40
CISD (b) 146.86 —84.25 62.61 62.84 86.64 149.49 128.12 —110.08 18.05

aThe enthalpy, entropy, and free energy changes bet®eand| (AHi;, AS, andAG,), betweenl andP (AH,, AS, andAG,), and for the
whole processAH, AS, andAG) are shown. For MP2 and CISD calculations, the values obtained including a scale factor of 0.91 (a) and without
including it (b) are presented.

and an apparent rate constantkgi,/(k—; + k) will coincide the basis set by including diffuse functions, at the MP2/6-
with the observed first-order rate constant. Under this assump-31++G** level, we find values in accordance with experi-
tion, if k.1 < kp, the observed first-order rate constant and ment: the energy barrier is 3.6% higher than the observed value
preexponential factor are equal tq@ and A, respectively. (the experimental error is 2.7%), and the preexponential factor
Conversely, ifk-; > k;, then the observed first-order rate and rate constant enter into the experimental range. The
constant, preexponential factor, an&?* for the overall process  possibility of a reversible process can be discarded due to the
can be obtained through large discrepancies obtained #y, andka, between theoretical
and experimental values. If electron correlation is included at

k= @ _ AR AE® = AEY + the CISD/6-31G** level, the results fohE";, A;, andk; are
Pk, POA, ap ! similar to that obtained at the much less expensive HF/6-31G**
AE#Z _ AE#_l ) level. This fact points out that the MollePlesset approach at

second-order perturbation theory is a better choice than the CISD

For the possibility of a reversible second step, we obtain again approach.

an observed first-order rate constant and preexponential factor At the BLYP/6-31G** level of calculation, the results
equal tok, and A Thus, we cannot distinguish between a obtained are not consistent with the experimental data, except

completely irreversible process and a process with an irreversibleor the preexponential factor, which enters into the experimental

first step. A theoretical prediction of the rate constant and the "ang€ for the irreversible assumption. These results point out
preexponential Arrhenius factor may be given by the transition that this method is unable to correctly describe the decomposi-
state theory following the above equations. tion process.

The PM3 semiempirical procedure renders the results in worst We have also performed a complete geometry optimization
accordance with experimental data (results reported as Sup-at the MCSCF level by means of the CASSCF(6,6)/6-31G**
porting Information). In this case, considering the global process method forR andTS1, in order to calculate thi rate constant
as either irreversible or reversible, the kinetic parameters areandA: Arrhenius preexponential factor. The inclusion of six
obtained from the first direct step, and the calculated rate active electrons is consequence of the total number of bonds
constant K1) is much lower than the observed experimental that are being broken/formed in the first step of the reaction:
value. This is a consequence of the very high activation energy the G—CI, O;—H, and double €&-0O,’ bonds are broken while
found for the first step, 321.9 kJ/mol, if compared with the the CHi, O'—C,, and double €O, bonds are formed. The
experimental value of 186.9 kJ/mbThe alternative mechanism  Six molecular orbitals included into the active space are chosen
predicted by this method has to be discarded as a realisticto represent at S1the o-bonding interactions between-6H;
description of the chemical process. The results obtained byand Q'—C; and ther-bonding interaction betweem €0y, as
means of the use of AM1 semiempirical method render an Well as theo—antibonding @—Hj, CI-C; and thez-antibond-
energy barrier about 39% higher than the experimental value. ing interaction between £-Oy". Although theA; preexponen-

An appreciable difference for thk and A values is found tial factor is not correctly reproduced, the result obtainedfor
between the semiempirical results and the experimental data.is comprised into the experimental range.

By use of the HartreeFock method (6-31G** basis set level) Scaling of the Frequencies. We have performed the
without inclusion of correlation energy, the results, although frequency calculations at PM3, AM1, and HF/6-31G** com-
still not very accurate, are much better if we consider the whole putation levels, including a factor of 0.91 in order to uniformly
process or the first step as essentially irreversible. In this casescale the calculated harmonic vibrational frequencies. This has
the calculated activation energE*) is about 19% higher than ~ been demonstrated to give more reliable results by correcting
the experimental value; the preexponential factsy) enters at a significant extent the neglect of electron correlation and
into the experimental range, but the rate constayjtié still the vibrational anharmonicity effects:3” However, it is not
between 5 and 8 orders of magnitude lower than the observedclear whether at different calculation levels which include
value. If the possibility of a reversible first step is taken into electron correlation the uniform scaling of the frequencies
account, the resultd\E*ap, Aap andkgp) are in worst agreement  improves the resul®. In order to find some insights concerning
with the experimental data. These results suggest that the reathe convenience of uniformly scaling the frequencies, scaled
process is better described as irreversible or as having anand unscaled vibrational frequency calculations have been
irreversible first step. carried out at the MP2, CISD, DFT, and CASSCF methods.

If electron correlation is included (MP2/6-31G** method) The inclusion of the scale factor yields an increment of the
and the process is considered to be irreversible, the predictedenthalpy changes (see Table 2) by up to 4.7%; a reduction in
energy barrier is 5% higher than the observed one (less thanthe entropy change corresponding to the first step by up to 7.6%,
twice the experimental error). Again, the preexponential factor an increment in the entropy change for the second step by up
agrees with the experimental data, and the rate constant valudo 2.2%, and small variations for the total entropy change (up
is very close to the experimental range. Increasing the size ofto 1.3%); the free energy changes increase by up to 13%. The



TABLE 3: Theoretically Calculated Values of AE* (kJ/mol), A (s7%, exceptA_,, in L2 mol=2 s71), and k (s7%, exceptk_,, in L2 mol~2 s7%) for the Elementary Steps of the Process under

Study and Apparent Values for These Parameters According to the Kinetic Schemie
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9.12 x 102 (s™1) and for the rate constant betweler= 2.944 x 10722 andk = 1.305x 10719

2The values ofA_, andk_; are reported for the sake of completeness. The results obtained by using a scale factor of 0.91 (a) and without using it (b) are presented. The experimental value fo

barrier is 186.9+ 5.1 kJ/mol, for the preexponential factor is in the interval betw&en 1.26 x 102 andA

(s™Y) at 298.15 K.
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endothermic and nonspontaneous character of the whole process
is somewhat increased when the scale factor is included to obtain
the vibrational frequencies.

At the MP2/6-31G** level, the inclusion of the scale factor
renders worst results (see Table 3): the energy barhEf]
is even increased, and consequently the rate constgnis(
reduced and does not enter into the experimental range, although
the preexponential factoA() is not significantly affected. The
same trend is found at the rest of computing levels tested,
although in the MP2/6-3t+G** and CASSCF(6,6) cases the
rate constant enters into the experimental range either scaling
or not scaling the frequencies, and in the BLYP and CISD cases
the rate constant does not enter the experimental range neither
scaling nor not scaling the frequencies. Thus, the possibility
of uniformly scaling the frequency values at these calculation
levels is not recommended.

Conclusions

The reaction pathway for the unimolecular decomposition of
the 2-chloropropionic acid in the gas phase has been investi-
gated. The stationary pointR( TS1, I, TS2, andP) were
localized and characterized by using PM3 and AM1 semi-
empirical procedures, the HartreBock method at the 6-31G**
basis set level, and BLYP/6-31G** within the density functional
theory. The correlation effects were also included by using the
perturbational approach at the MP2/6-31G** and MP2/6-
31++G** levels, the variational approach at the CISD/6-31G**
level, and by means of a MCSCF approach in the (6,6) active
space with the 6-31G** basis set. Some important features were
clarified, and the results can be summarized as follows:

(1) The minimum-energy pathway on the potential energy
surface for the decomposition of 2-chloropropionic acid involves
the loss of hydrogen chloride with initial cyclization to an
o-propiolactone intermediate, followed by a ring opening
leading to carbon monoxide and acetaldehyde.

(2) The first transition structure, associated with the formation
of the o-propiolactone intermediate, can be described as a polar
five-membered cyclic structure with participation of the car-
bonylic oxygen of the carboxyl group. The second step
corresponds to an opening of the oxirane ring with formation
of carbon monoxide and acetaldehyde molecules.

(3) The semiempirical PM3 procedure renders that the
formation of theo.-propiolactone intermediate is made with the
help of the hydroxylic oxygen of the carboxyl group while the
other theoretical methods point out this cyclization to occur by
using the carbonylic oxygen of the carboxyl group.

(4) The validity of the theoretical results is confronted with
the experimental data, by comparing the rate constant and the
Arrhenius preexponential factor calculated within the transition
state theory. Good agreement with the experimental values is
found when the irreversible character of the first step is
considered, and the formation of thepropiolactone intermedi-
ate is the rate-limiting step of the global process. In this sense,
the alternative mechanism predicted by the PM3 method can
be discarded. The rate constant values obtained with AM1, HF,
and CISD methods are lower than the experimental data;
meanwhile, the BLYP procedure gives a much higher value. It
is necessary to include the correlation energy at the MP2 level
or to use a MCSCF procedure to obtain accurate values for the
rate constants.

(5) While it is well stablished that the use of scaled vibrational
frequencies at SCF level of theory without inclusion of the
correlation energy improves the results, the use of uniformly
scaled vibrational frequencies at MP2, CISD, BLYP, and
MCCSF impairs the calculated kinetic parameters for the studied
reaction.
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