Introduction

J. Am. Chem. S0d.997,119, 6415-6422 6415

Theoretical Study of the Gas Phase Decomposition of Glycolic,
Lactic, and 2-Hydroxyisobutyric Acids

L. R. Domingo," J. Andrés} V. Moliner,* and V. S. Safont**

Contribution from the Departament de @uica Organica, Universitat de Valecia,
Dr. Moliner 50, 46100 Burjassot, Vateia, Spain, and Departament de @aes Experimentals,
Universitat Jaume |, Box 224, 12080 Castelfgpain

Receied August 14, 1996. Rised Manuscript Receéd April 21, 1997

Abstract: The reaction mechanism associated with the decomposition of éhhgelroxycarboxylic acids (glycolic,

lactic, and 2-hydroxyisobutyric) in the gas phase to form carbon monoxide, water, and the corresponding carbonyl
compounds has been theoretically characterized by wnigitio analytical gradients at the MP2 level of theory

with the 6-31G** and 6-31+G** basis sets. A detailed characterization of the potential energy surface points out
the existence of three competitive reaction pathways for the decomposition process. The first pathway describes a
two-step mechanism, with water elimination and formation oftidactone intermediate, achieved by the nucleophilic
attack of the carbonylic oxygen atom of the carboxyl group (mechanism A). The second pathway is also a two-step
mechanism, but in this case the formation of théactone is obtained by means of the nucleophilic attack of the
hydroxylic oxygen atom of the carboxyl group (mechanism B). These two pathways share a common second step
in which thea-lactone decomposes. The third pathway is a one-step process in which the decomposition of the
correspondingx-hydroxy acid takes place in a concerted fashion (mechanism C). The geometrical parameters of
the stationary points appearing along the three pathways and the components of the transition vectors associated to
the transition structures calculated using the 6-31G** basis set are similar to those calculated with the larger
6-31G++G** basis set. The decomposition is favorable along pathway A, and the first step can be considered as
the rate-limiting step for the global process. The rate constant values for this step increase in the order of glycolic,
lactic, and 2-hydroxyisobutyric acids due to the stabilization of the incipient carbocationic centerwithGhe
substitution of hydrogen atoms by methyl groups. The apparent first-order rate constants calculated by transition
state theory agree well with the experiments reported by Chuchani and co-workers.

Quantum mechanical techniques are used to characterize the
potential energy surface (PES) representing a chemical reac-

The kinetics of the gas phase decomposition of several 4,67 The analysis of PES provides the molecular geometries

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 constants for the gas phase
decomposition at low pressure of the theetydroxycarboxylic
acids, glycolic (), lactic (1), and 2-hydroxyisobutyricl(l ), to

and vibrational frequencies for reactants, products, intermediates,
and transition structures. From these data, the rate constants
for the reaction pathways connecting the reactants with the
products via the corresponding transition structures can be
calculated with practical accuracy. This valuable information

form carbon monoxide, water, and the corresponding carbonyl €0 shed some light on the reaction mechanisms, especially in

compound has been determifehd expressed as a function
of temperature by the following Arrhenius-type equations:

log kypedS 1) = (14.03+ 0.24)—

cases where experimental determination is uncertain.

The main aim of this work is the characterization of the
reactive PES for the decomposition of the glycolic, lactic, and
2-hydroxyisobutyric acids. The localization of transition struc-
tures allows us to determine the corresponding geometries and
vibrational frequencies. The calculation of the rate constants
for the elementary steps is carried out by means of the transition
state theory (TST}? The theoretical calculations are compared

R,R,COHCOOH— R,R,CO+ CO+ H,0
IR,=R,=H; Il R,=H, R,=CHy;
' R, = CH,, R, = CH,

1)

(209.3+ 1.5) kd mol* (2.30RT) *for | (2)

log kypedS ) = (12.24+ 0.11)—
(182.8+ 1.3) kd mol* (2.30RT) *for Il (3)

log kypedS ) = (12.91+ 0.13)—
(174.7+ 1.5) kJ mol* (2.30RT) for Il (4)
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with available experimental results.
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Computational Methods equationk andh are the Boltzmann and Planck constants, respectively.
AG* be calculated from the enthal d ent f activation,
All calculations have been performed with tBAUSSIAN92/DFP can be cajculated from the enthalpy and entropy of activation, as

A : - . follows:
and GAUSSIAN9% programs. Ab initio calculations including cor-
relation effects have been made by using the MP2 level of theory with
the 6-31G*%2 and 6-3}%+G**13 basis sets. A recent study on the
related system, 2-chloropropionic acid, has shown that this level of Agt s the entropy change between the reactants and its corresponding

theoretical approximation is a reasonable choice and that further .ansition structure. andhH* can be calculated from the following
enhancements, such as an MCSCF approach with CASSCF treatmenteq ation

yield very similar results with respect to structural and kinetic

AG' = AH* — TAS' (6)

parameters: AH* = AE oo+ AEpye + A(AE(T)) + AEo(T) +
The Berny analytical gradient optimization routite$ were used elec zeve T AAE (D) ol(T)
for optimization. The requested convergence on the density matrix AEandT) + PV (7)

was 10° au, and the threshold value of maximum displacement was ] ) ) )

0.0018 A and that of maximum force was 0.00045 hartree/bohr. The Where the six terms on the right are the changes in the electronic energy,

nature of each stationary point was established by calculating and in the ZPVE, in the thermal correction to the vibrational energy, in the

diagonalizing the Hessian matrix (force constant matrix). The eigen- classical rotational and translational energies, and the work term which

value-following algorithr?” was used for locating the transition IS €qual toAn'RT. _ _

structures. The transition vector (T¥)i.e., the eigenvector associated The absolute entropies were evaluated by the reftion

to the unique negative eigenvalue of the force constants matrix) has _

been obtained. The intrinsic reaction coordinate (flR@ath was traced S=&+Sat Sy ~RINo+RInm (8)

in order to check the energy profiles connecting each transition structure ) . ) )

to the two associated minima of the proposed mechanism by using the WN€réSr, So, andSip are the translational, rotational, and vibrational

second-order Gorifez—Schlegel integration methd2! contributions, respectively, R is the ideal gas constaigtthe rotational
Each stationary structure was characterized as a minimum or a saddleYmmetry numbet? andmis the multiplicity of the electronic ground

point of index 1 by a frequency calculation. The frequency calculations State. A standard pressure of 1 atm was taken inSthalculations.

also provide thermodynamic quantities such as zero-point vibrational " SPite of the development of improved theories to accurately

energy (ZPVE), temperature corrections, and absolute entrézies, calculate the rate constants for chemical procé$sash as RRKN28

consequently, the elementary rate constants can be estimated. Thesg VTST?% conventional TS¥® is still a very useful method to

thermodynamic quantities were obtained assuming ideal gas behavior,d€Scribe chemical reactions, and the molecular mechanism of a given
from the harmonic frequencies and moments of inertia by standard chemical reaction can be understood in terms of transition structure

methods?® In addition, we have shovif that the use of scaled (TS) associated with the chemical interconversion step. We have
vibrational frequencies at the MP2 level impairs the calculated kinetic Seélected this method to calculate the kinetic parameters in the present
parameters; for this reason, the cruateinitio frequencies have been  Study.

used.

The first-order rate constank({)) for each first order elementary
step of the kinetic scheme (see below) was computed using th&*fST ~ An extensive exploration of the PESs has been carried out at
and assuming that the_ transmission coefficient is equal to 1, as expresse(ijhe MP2/6-31G** level in order to explore the nature of the
by the following relation reaction mechanism for the unimolecular decomposition of the

N o-hydroxycarboxylic acids. This study considers three competi-

k(T) = (kT/h) exp(-AG/RT) ®) tive reaction pathways. Pathways A and B are stepwise
processes; the first step corresponds to the dehydration process
with formation of ana-lactone ring, while the second step is
associated to the aperture of thelactone to yield the
| lg10) Friécg, l\\/lA.lJ.; T“;Iu%bs,FG. W.; Schlegel, l-bl.b B.; Gill, P.dM. V\(lj.; corresponding carbonyl compound and the carbon monoxide
V1 Replogle £. 5. Comperts, R Andres, . L Raghavachar, K. Binkle, Toccule: Pathway C is a one-step process where the decom-
J.'S.: Gonzalez, C.: Martin, R. L. Fox, D. J.. Defrees. D. J.; Baker, 4.. Position of thea-hydroxy acids takes place in a concerted
Stewart, J. J. P.; Pople, J. SAUSSIAN92/DFJRevision G.4; Gaussian, ~ fashion. A schematic representation of the variation of the
Inc.. Pittsburgh, PA, 1993. . . ~ Gibbs free energy for the stationary points is presented in Figure
Joéﬁ%ﬁr'?%_;MFéon't’)’R;g%fbﬁée\évé’rniﬁ?fgg; FéitEJ’T.c?lgyetZ.rS'\(;II:\,v(\Bl:’ a- 1. The global process can be schematically described as the

Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, V. ’ following:
G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;

Results and Discussion

which provides a direct relationship between the rate constant for an
elementary reaction and its free energy of activatiaG*. In this

Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.; ky Ky .
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Gaussian, Inc.: Pittsburgh, PA, 1995. 2 4 .
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Figure 1. Free energies (kJ/mol) relative to reactdrisf the stationary
points (intermediated$iN ; transition structure§;S1, TS2, TS3andTS4;
productsP) obtained for the system at the MP2/6-31G** calculation
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this compound. We have explored both possibilities, and the
structures of the stationary points along the corresponding
pathways for the two starting enantiomers present identical
values of energies, vibrational frequencies, and the remaining
geometric parameters. This is not surprising because the
Hamiltonian does not contain any part that would disrupt
symmetry. We have selected ftir the configuration shown

in Figure 2 in order to avoid calculation of the symmetry-
corrected32values for the variation of the Gibbs free energy
that can only take place in systeiin For systenll, IN and
TS4 corresponding to reaction pathway A are enantiomeric to
those belonging to the reaction pathway B.

On the other hand, for systenisand Il , the a-lactones

level. The horizontal axis has an arbitrary scale. The energetic differenceappearing throughout mechanisms A and B are the same

betweeriTS1andTS3is larger for the other two systems herein studied.

nisms are sketched. The atom numbering is also indicated. In
Figure 3, a representation of the four transition structures
corresponding to the three acids is depictd&1 andTS2 are
related to the first step of pathways A and B, respectivE§3
appears along the concerted reaction pathway C,T&8wlis

associated to the second and common step of the A and B

pathways. The first step of pathways A and B is a dehydration
process that takes place by elimination of the hydroxyl group
on the G carbon atom. Both reaction pathways differ in how
the lactone intermediate is obtained; in pathway A the ring
closure is carried out by the attack of the carbonyl oxygen O
on the G center, while this nucleophilic process is achieved by
the hydroxylic oxygen @of the carboxylic group in the pathway
B.

The chirality of the G carbon atom (related with the values
of 0;—C,—C3—R; and Q—C,—C3—R; dihedral angles) in the
lactic acidll allows for two possible enantiomeric forms for

compounds (if there is not isotopic distinction betweena@d

O4). In all cases their corresponding energy and vibrational
frequency values are identical, and tkevalues will be the
same for both mechanisms: this is the reason why we do not
distinguish between speci¢d and TS4 appearing along the
reaction pathways A and B. In addition, we have carried out a
previous analysis in order to find and use the minor energy
configurations for the starting reactants.

Energetics. The enthalpy and entropy values for the three
reactant models (the three intermediates, the three corresponding
products, and the twelve transition structures for reaction
pathways A, B, and C) are reported in Table 1.

It should be noted that, according to the results presented in
Table 1, thelN intermediatesi(e., the respectiver-lactones)
are appreciably less stable than eitReor P.

The decompositions of the-hydroxy acids are endothermic
processesAH values are positive and decrease in the following
orderl > 1l > Il .

R IN P
/*7 [TS1] (TS4] o
Os Oy k RE;‘)” 04 Ky
\ // _ = e — = R + CO Path A
. 1\\\\“]-' 3 2 - Hzo 04 R,
Hz 01— He
/‘ [TS2] [TS4] o
o 0 ky & ks
—_— A — > R + CO Path B
» ) R1“\\\\uu
R H,0 Ry 04 R,
R, 0——H
/ [TS3]
(0]
o) 0 k3
Ry + H,O + co Path C
R1\\\\\\“ R,
R O——H
I: R1=H', R2=H

1I: R[=CH3', R2=H

I1I: R1=CH3; R2=CH3

Figure 2. Schematic representation of the minima: reactants, andlll

pathways to which they belong. The numbering of the atoms used and the nomenclature for the corresponding rate constants are given. The minimum

, a-lactone intermediatedN), and productsR) within the reaction

energy configuration for the systemhsand Il is shown forR, and for systenill , the minimum energy configuration involves intramolecular

hydrogen bonding betweengtdnd Q. It should be noted that before the

corresponding transition structures are attained, for $yeteihs the

intramolecular hydrogen bond must be broken and a rotation around,th€;®ond takes place. For systdih, this rotation is not necessary.
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Figure 3. Representation of the four transition structures corresponding to the three E8idand TS2 are related to the first step of the A and
B pathways, respectivel{;S3 appear along the C concerted pathway, a8d are associated to the common second step of the A and B pathways.

Kinetic Parameters. The apparent first-order rate constant agreement. According to the experimental datag decom-
will be given by position rate at 340C for Il is about 3 times that df and the
decomposition rate fdil is ca. 66 times that of. Our results
Kp= Ky T Ky T kg 9) at the present calculation level show qualitatively the same trend.
Although the results at the MP2/6-31G** level are good
A complete analysis of the activation parameters has beenenough for a preliminary discussion of the overall kinetics of
carried out at the MP2/6-31G** level. The elementary first- the systems, it is desirable to increase the accuracy of the
order rate constantk, kp, ks, and ks and the apparent rate theoretical values. For this purpose, the stationary points (except
constants calculated by means of eq 9, corresponding to theP) have also been optimized at the MP2/6+31G** level.
decomposition reactions of the three hydroxycarboxylic acids, The inclusion of diffuse functions yields a decrease of the
are reported in Table 2. TS1, TS2, andTS3 activation enthalpies (see Table 1), and the
An analysis of the kinetic parameters values for the three corresponding rate constants,(k. and ks) are larger at the
reaction pathways shows that the first step of pathway A is MP2/6-3H+G** than at the MP2/6-31G** levels (see Table
favorable with respect to the first step of pathway B and to 2). The apparent rate constant value for systésmow within
pathway C. For the three-hydroxycarboxylic acids, the rate  the limits of the experimental range, while for systeinsnd

constant values for the first step of p_athway l4, are larger Il , the apparent rate constants present a value of the same order
than the rate constant values for the first step of pathwag,B,  of magnitude as the experimental randje or its upper limit

and the rate constant value for pathwaykg;, following the (.

order: k; > ks > ko. The differences betweda andk, decrease The increase in the calculation level renders better agreement

and the differences betwe&gpandk; increase when the size of  \yith experiment, and we again find that the apparent rate
the system increases: THe value can be considered as constants values are very close to Kaaalue. Thus, the step
negligible with respect té; andks values forl, but thisis not  \yhich mainly controls the overall kinetics is the first step of
as clear fol and of the same order of magnitudekasor Il . pathway A. In a previous study on the decomposition of the
The apparent rate constants values in the three systems are veng|ated system 2-chloropropionic aditive found that a more
close to thek; value, and in this sense, we can conclude that sophisticated computational method, MCSCF wave functions
the Step which mainly controls the overall kinetics is the first with a (6’6) Comp|ete active space and the 6-31G** basis set,
step of pathway A. On the other hand, tkerate constants  renders similar energetic values, kinetic parameters, and geo-
are greater than thie, or k; rate constants; the first step of  metrical variables for the stationary points for this type of
pathways A and B can then be considered rate-limiting steps gecompositions. The results obtained at the MP2 level are
within its corresponding path. acceptable. Additionally, one of the referees notified us that
A comparison of the values for the calculated apparent rate the natural populations iiS3 for systeml (where the largest
constants with the experimental results shows quite a gooddevyiations from a single configuration treatment can be ex-
(31) Pechukas, PAnnu. Re. Phys. Chem1981, 32, 150. pected) are almost exactly 2 or 0, the largest deviation being
(32) Pollak, E.; Pechukas, B. Am. Chem. Sod978 100, 2984. smaller than 0.0003, in all natural orbitals of this species.
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Table 1. Relative EnthalpiesAH, kJ/mol) and Relative Entropies
(AS, J/mol K) to the Corresponding Reactants of the Intermediates,
Products, and Transition Structures Calculated at the MP2/6-31G**
and MP2/6-3%+G** Levels®

MP2/6-31G**

MP2/6-31+G**

AH AS AH AS

I
TS1 222.53 13.92 213.26 13.52
TS2 304.36 3191 289.42 34.83
IN 165.53 166.64 155.88 165.07
TS3 247.63 32.25 240.73 32.01
TS4 300.08 168.69 278.20 167.11
P 114.57 320.23

Il
TS1 207.41 —8.17 198.46 —3.03
TS2 273.01 15.93 251.88 39.47
IN 154.36 146.47 143.96 149.59
TS3 234.68 9.95 228.19 12.99
TS4 284.07 145.59 262.19 148.92
P 94.29 310.36

Il
TS1 185.22 —0.17 176.46 4.10
TS2 232.18 30.04 202.87 29.71
IN 138.02 153.26 128.12 15551
TS3 220.26 11.42 214.17 14.48
TS4 265.16 150.50 244.20 151.75
P 76.79 332.80

aFor IN, TS4, and P, the values correspond to the sum of all
fragmentsi(e., water is summed up fdN andTS4, while water and
carbon monoxide are summed up f®), in order to make the
comparison withR and the other transition structures possible. The
ZPVE and temperature corrections are taken into account. For the
reactants, total energies calculated at the MP2/6-31G** (au), at 613.15
K are as follows (in parentheses, the values calculated at the MP2/6-
31++G** level): glycolic acid () —303.413445+303.439558); lactic
acid () —342.57152 {342.599622); 2-hydroxyisobutyric acidll()
—381.728711 {381.759365).

Table 2. Theoretically Calculated (at 613.15 K and at the
MP2/6-31G** and MP2/6-31+G** levels) First Order Rate
ConstantsK, s™1) for the Indicated Model Systems and Elementary
Step$

k

MP2/6-31G**
I

MP2/6-3H+G**

k1 7.51x 1076 4.41x 10°°
ko 6.99x 10712 1.86x 10710
ks 4.95x 1077 1.86x 10°©
Kaq 5.64x 10 6.20x 107

Kap 8.01x 10°6 4.60x 10°°
Kobsd in the range 6.8% 105t0 3.71x 1074

1l

ka 1.02x 10°° 1.10x 104
ko 4.80x 10710 5.14x 1077
ks 4.30x 1077 2.21x 108
Ka 1.02x 17 9.98x 1(?

Kap 1.07x 10°° 1.13x 104
Kobsd in the range 2.8k 10 4to 7.78x 10*

11

ky 2.08x 1073 1.94%x 102
ko 7.88x 1076 2.38x 1073
ks 8.69x 10°© 4.14x 10°°
Ky 1.35x 1(? 1.05x 1C®

Kap 2.10x 1073 2.18x 1072
Kobsd in the range 5.9 103t0 1.94x 1072

2The apparent rate constants calculated by means of kg, )
and the experimental interval for the observed rate constang 63
are also included for each system.

Therefore, this result supports the conclusion that a single-
configuration treatment may be satisfactory.

Mulliken Population Analysis. Some interesting observa-
tions emerge from the Mulliken population analy&isOn going

J. Am. Chem. Soc., Vol. 119, No. 27, 18979

Table 3. Imaginary Frequency (freq, crt), Hessian Unique
Negative Eigenvalue (eig, au), Main Components of the Transition
Vector (C, au), and Corresponding Geometrical Paramet@rs (
bonds in angstroms, bond and dihedral angles in deg) and Force
Constants K, au) for TS1 Corresponding to systeinCalculated at
the MP2/6-3%++G** Level

freq 565.98
eig —-0.07131
C G F
C—Cs 0.156 1.463 0.756
C3—0s —0.719 1.941 0.047
O;—He —0.265 1.867 0.213
0:.—C—C3 —0.285 127.4 7.585
C,—C3—0s 0.164 98.8 6.217
0,—C,—C3 0.420 94.1 0.353
0,—C—C3—R; 0.174 104.9 0.124
0,—C—C:—R; —0.169 —102.2 0.122
Table 4. Imaginary Frequency (freq, crt), Hessian Unique

Negative Eigenvalue (eig, au), Main Components of the Transition
Vector (C, au), and Corresponding Geometrical Parame@rs (
bonds in angstroms, bond and dihedral angles in deg) and Force
Constants K, au) for TS2 Corresponding to systeiCalculated at
the MP2/6-31%+G** Level

freq 547.7%
eig —0.192 99
c G F

C—Cs 0.149 1.465 0.736
C3—0s —0.381 2.235 0.029
0,—C—C3 0.506 101.6 11.856
C,—C3:—0s —0.356 110.7 9.040
0,—C—C3 —0.511 123.3 0.310
He—01—C> —0.366 113.2 3.939
0,—C—C3—R; 0.105 —92.9 0.089
0,—C—C3—R; —0.124 97.8 0.090

from reactant to the transition structure, along the first step of
mechanisms A and B, we find that the electronic charge
redistribution shows an increasing positive charge developing
on the G carbon center. This fact explains the increment of
the rate constant value fé& andk; in the following order: 11l
> |l > |. The substitution of the hydrogen atom for electron-
releasing methyl groups stabilizes this localized positive charge
on the incipient carbocations@enter, promoting the dehydra-
tion with respect to the ring closure process via mechanisms A
and B. From a geometrical point of view, the water elimination
is more advanced than the cyclization process3tt andTS2.
The values of net atomic charges at the darbon center at
TS1landTS2are 0.01, 0.07, and 0.14 and 0.24, 0.42 and 0.67
au for systems, I, andlll , respectively. These results can
explain the larger values & with respect td,. Furthermore,
the basicity of the hydroxyl group from primary to tertiary
o-hydroxycarboxylic acids increases, making the leaving of this
group easier, and as a consequence, an enhancement of the rate
constant values is found. These theoretical results agree with
the experimental data reported by Chuchani ét al.

Geometries and Transition Vectors. In Tables 3-6, the
TV and the geometries farS1, TS2, TS3, andTS4 are reported
for the | system and the MP2/6-34G** calculation level.
For the other systems and calculation levels, the results are
reported as Supporting Information. The theoretical results
confirm that the first step for mechanisms A and B is the
dehydration processes with the formation of the corresponding
o-lactone intermediate vi&aS1 and TS2, respectively. These
transition structures can be described as distorted five-membered
rings (formed by the & C, O;, Hs, and Q atoms with
participation of the @oxygen atom fof'S1). The second step

(33) Mulliken, R. S.J. Chem. Phys1955 23, 1833.
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Table 5. Imaginary Frequency (freq, cf), Hessian Unique
Negative Eigenvalue (eig, au), Main Components of the Transition
Vector (C, au), and Corresponding Geometrical Parame®@rs (
bonds in angstroms, bond and dihedral angles in deg) and Force
Constants K, au) for TS3 Corresponding to systeinCalculated at
the MP2/6-3%+G** Level

freq 512.51
eig —0.080 26
C G F
C—0, —0.547 2.034 0.027
C—Cs —0.647 1.714 0.047
Cs—0s 0.182 1.296 0.549
O,—Hy 0.352 1.040 0.209
C—GC—R, 0.132 96.7 0.330
0,—C,—C3 —0.138 152.9 0.165
H,—0,—C; —0.129 84.3 0.248
Co—Ri—C—R; —0.212 —100.1 0.203
Table 6. Imaginary Frequency (freq, crf), Hessian Unique

Negative Eigenvalue (eig, au), Main Components of the Transition
Vector (C, au), and Corresponding Geometrical Paramegrs (
bonds in angstroms, bond and dihedral angles in deg) and Force
Constants K, au) for TS4 Corresponding to systeinCalculated at
the MP2/6-3%+G** Level

freq 528.00
eig —0.100 67
C G F

C—Cs —0.442 1.500 0.191
Cs—O 0.225 1.340 0.492
C;—C,—-0O —0.528 88.4 0.209
0'—C,—Cs 0.571 162.1 0.146
Co—Cs—R: 0.235 108.8 0.219
C—Cs— Ry 0.235 108.8 0.219
Cs—0-Cr—R; 0.135 —120.8 0.235
C;—0-Cr—R; —0.135 120.8 0.235

for both mechanisms is the ring opening, leading to carbon
monoxide and the corresponding carbonyl compoundr&4.

On the basis of their experimental data, Chuchani éhalve
proposed a transition structure that correspondgS3a of the
mechanism B. Our theoretical results point to mechanism A,
viaTS1, as the favorable reaction pathway for the decomposition
process. The nucleophilic attack oi i§ mainly achieved by
the carbonylic oxygen atom.

Domingo et al.

away from G. The largest component of TV corresponds to
the G—Os distance (around 50%). Following the orderlof

I, andlll , the values calculated at the MP2/6431G** level
show that the €-0Os distance increases from 1.941 to 2.079
A, the O;—C,—Cs bond angle increases from 94.tb 96.9,

and the @—Hgs distance decreases from 1.867 to 1.754 A. The
value of Q—C,—C3 bond angle does not vary appreciably with
the change of the system size. The electron-releasing effect of
the methyl group on @ndicates that the £-Os bond-breaking
process is advanced while the nucleophilic attack, related to
the Q—C,—C3 bond angle, and the hydrogen transfer from O
to Os, related to the @-Hg distance, suffers a delay along the
reaction pathway.

For TS2, the dominant components of the TV are thge-C
Os distance and the ©-C,—Cjz, C,—C3—0s5, O4,—C,—C3, and
He—0O1—C, bond angles. The distance is associated with the
dehydration process, the;©C,—C3 bond angle corresponds
to the nucleophilic attack of the xygen atom on gcenter,
and the three remaining geometrical variables are involved in
both processes. The values calculated at the MP2/6-31G** level
render increases in thes€0s distance from 2.235 to 2.751 A
and in the values of the 8- C,—C3 bond angle from 101%to
109.7 in the order ofl, Il , andlll . This behavior is explained
following arguments on methyl substitution similar to those used
for TS1. A comparison of the values of the;€0s bond in
TS1 andTS2 shows that the breaking process of this bond is
more advanced ilfS2, while an analysis of the values for©
C,—C3 and Q—C,—C3 bond angles in both stationary points
shows a more advanced nucleophilic attack @fo®0, on G
center for mechanisms A and B, respectively Ti&al than in
TS2. The dehydration and the nucleophilic attack processes
take place on the same side, along the axis defined by the C
Cs bond for the mechanism B, while they occur on opposite
sides in mechanism A. This explains the lower energyt
with respect torS2.

For TS3, there are internal variables that always participate
significantly in the TV: the G—0; and G—C3 bond-breaking
and the @—H; bond-forming processes and, to a lesser extent,
the G—0Os distance, that changes from a single to a double bond.
This reaction pathway corresponds to a concerted mechanism.
The geometry and transition vector components are weakly

Geometrical parameters calculated for the transition structuresdependent on the methyl substitution oga@om.

using the MP2/6-31G** are similar to those calculated with the

larger basis set. Thus, the bond distances differ by up to 7%,

A comparison between the three alternative mechanisms
shows that, inTS1 andTS2, the hydrogen atom transferred is

the bond angles differ b)_/ up to {1.2%, ano! the dihedral angles the H; atom, which moves from Q(the carboxyl group) to ©
by up to 5.6%. The maximum discrepancies are always found (the hydroxyl group) atoms, while iiS3 the hydrogen atom

for TS2 of systemll and correspond to the 3€0s bond
distance, the @-C,—C3 bond angle, and the ©C,—C3—R;

dihedral angle. The same can be assessed with respect to th

TV components, which can be considered as qualitatively
invariant to the inclusion of diffuse functions, except for the
components correspondingT&2 of systemdl andlll , where
significative variations are found between the weight of the
components corresponding with the-€C; and G—0Os dis-
tances.

ForTS1, the TV is similar for then-hydroxycarboxylic acids
I, II, andlll , the main components of TV being the-0s
and Q—Hg distances and the 5 C,—C3; and Q—C,—Cz bond

transferred is the Hatom, moving from @ atom to Q atom.

The K, of the COOH group ixa. 4.8 while the K, of OH
8roup is ca. 16.0. Thus, in order to avoid the excess of negative
charge associated with the;©H; bond-breaking process that
can be developed within the mechanism C gyo®ygen atom,

a concerted fragmentation involving the,@,, C;, Os, and H
centers occurs.

For TS4, the internal variables that participate significantly
in the TV are the @-C3 bond-breaking, the £-O4 or CG;—0;
distance that evolves from single to double bond (represented
in Table 6 and in Supporting Information bys-€0), and the

angles. The distances are associated to the dehydrationfCs—Cz—0s0r Cs—Co—0r and Q—Cz—Cs or O;—Cz—Cs bond

processes: the ©&Hg distance corresponds to the hydrogen
transfer from Q to Os oxygen atoms, the £-Os distance is a
measure of the bond-breaking process, the-G—C; bond
angle is related to the nucleophilic attack of thea@om on G
center with formation of thex-lactone ring, and the 5-C,—

Cs bond angle is related to the motion of,@vhich is moving

angles (represented by-€C,—0 and O—C,—C;3, respectively,
where O is the oxygen atom that will form part of the carbon
monoxide molecule at the end of mechanisms A and B). These
reaction pathways correspond to the ring opening of the
o-lactone with formation of the carbon monoxide molecule and
the corresponding carbonyl compound.
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Table 7. Pauling Bond Orders (BO) and Percentage of Evolution  of
of the Bond Order through the Chemical Step (% Ev) Calculated by
Means of Egs 10 and 11, respectively BO(TS)— BOR)

WEV=—r————x1 11
| E:lo 1 | |0|A)EV 1l "~ B0 —BOR ” -

TS1 where BO(TS) is the calculated bond order at the corresponding
G—-Os 017 014 013 80 86 875  t{ransition structure and B@ and BOP) are the calculated
Cs—0Oq 0.22 0.20 0.21 17.2 151 16.0 bond orders at the stationary points located at the beginning
O1—Hs 0.06 0.07 0.07 98.2 97.2 96.3 .
C,~O, 143 144 141 679 693 663 and the end of each elementary step, respectively. The results
C—0, 128 129 130 445 423 445 are also included in Table 7.
TS2 From the values reported in this table, the-©s and Q—
Cs3—0Os 0.08 0.04 0.02 92.3 95.8 97.8 Hs bond-breaking processes, associated to the dehydration, are
Cs—0O 0.16 0.13 0.12 10.2 7.3 5.9 more advanced than the-€0,/C3;—0; bond-forming processes,
O,-H¢ 006 005 005 983 985 987 corresponding to the nucleophilic attack on thec€nter inTS1
TS3 andTS2 The water elimination has progressed more than the
Co—0O, 0.12 0.12 0.12 88.5 88.2 88.1 cyclization process along the reaction pathways of mechanisms
52:83 2-23 g-g ggg g?-g gi-g g-g A and B. The change of the bond order in the-©; and G—
s s ’ : : : ) : O, distances foif S1is slightly asynchronous, the double bond
Os—Hy 0.20 0.21 0.23 80.3 78.8 77.2 . .
O—H, 0.19 0.21 0.22 19.3 20.7 218 formation (G—Oy) being more developed than the transforma-
tion from double to single bond in £ 0O,.
TS4 )
C,—Cs 083 080 077 173 205 229 In TS3, the progress of the reaction can be measured by the
C;—0 2.01 2.09 2.15 53.5 54.9 55.8 change of the following variables: the-€O; distance, corre-
C—0 0.12 0.12 0.12 87.8 87.6 87.6 sponding to the water elimination in this mechanism, tke-O
aFor TS4, C;—O represents the £ 0, double bond formation for Hz and the Q—Hj distances, assomated to thetﬂins_fer from
the A pathway or the &0, double bond formation for the B pathway, Os to Op atoms, the ¢-Cs distance, corresponding to the
while C;—O represents the /£0, bond breaking for the A pathway  leaving of carbon monoxide, and the;-€0s distance that
or the G—0, bond breaking fg{ the B pathway. The results were changes from single to double bond. An analysis of the data
obtained from the MP2/6-31G** calculations. reported in Table 7 shows that the dehydration process (C
0O; and GQ—Hy bond distances) is more advanced than the C

The imaginary frequency values are in}Pe range of476 - hond-breaking process with the formation of the correspond-
579, 299-584, 512-631i, and 511580 cm* for TS1, TS2, ing carbonyl compound. Thezhtom has broken its original

TS3,andTS4, respectively; these stationary points are associ- 5 with G, up to 80%, but the formation of the;©H- bond
ated with the heavy atom motions. The force constants are all 54 progressed only up to 22%. The molecular mechanism

positive, and the negative eigenvalue arises from the Cross'term%orresponds to an asynchronous concerted fragmentation pro-

off-diagonal of the Hessian matrix. cess, and the transferring hydrogen atom has some proton-like
Bond Order Analysis. A more balanced measure of the  character, as can also be assessed from an analysis of the

extent of bond forming or bond breaking along a reaction pulliken population.

pathway is provided by the concept of bond order (BO). This |5 T34, the progress of the reaction can be measured by the

theoretical tool has been used to study the molecular mechanisr’nthange of the following bonds: the-€C; distance, related to
of chemical reaction:"%" To follow the evolution of the three e carbon monoxide elimination, the;€0 distance, which
alternative mechanisms, Pauling bond oréer@0) were changes from a single to double bond, and the @ distance
calculgted for th_e different stationary points through the corresponding to the aperture of tidactone ring. An analysis
following expression of the data reported in Table 7 shows that the aperture process
of the a-lactone ring and the formation of the double bond
BO = exp[(R(1) — R(SP)/0.3] (10) C;—O are more advanced than the elimination of carbon
monoxide. It must be noted that the calculated bond order for
whereR(SP) represents the bond length in the stationary point the last distance is greater than 2; the calculated bond order at
(SP) considered arié(1) represents the reference bond length. products (where the bond is a double bond) for this distance is

The reference values considered for the bonds that are beingca 3.0, thus reflecting the convenience of the use of eq 11 instead
broken or that evolve from single to double bonds in each of simply eq 10.

elementary step were the equilibrium distances at the beginning
of the step ite,, at R or IN). For the bonds that are being Conclusions
formed, or that evolve from double to single bonds, the reference
values were the equilibrium distances at the end of the step
(i.e, atP or IN). The results are presented in Table 7.

With this choice of reference bond lengths, the bond order
of a single bond will always be 1. However, due to the form
of eq 10, the calculated bond order can be distinct from 0 for

e L & b of it of 2 07 & SouM of the MP2I6-31G™ and the MP2/6-326+G™ clcation
the b;)nd order throS h the chemicarl) ste ca?lculated b meansIevels. Following the results obtained for the decomposition
9 P, Y of 2-chloropropionic acid? the inclusion of the correlation

(34) Varandas, A. J. C.; Formosinho, S. JJEChem. Soc., Faraday ~ €nergy at the MP2 level is necessary to obtain an accurate

Extensiveab initio explorations of multidimensional PES,
reported in this work, were performed with the intention of
developing a better understanding of the elimination kinetics
of carboxylic acid derivatives in the gas phase. The reaction
mechanisms for the decomposition of glycolic, lactic, and
2-hydroxyisobutyric acids have been investigated with the use

Trazns.) 219?6 282. | ( 1 calculation of the kinetic parameters. The stationary points on

35) Lendvay, GJ. Mol. Struct. (THEOCHEM)988 167, 331. ; ;

(36) Lendvay. GJ. Phys. Chermi989 93, 4422. the felevant P!ESs were Iopallzed and characterized by the
(37) Lendvay, G.J. Phys. Chem1994 98, 6098. gradient technique. The first-order rate constants for the

(38) Pauling, LJ. Am. Chem. S0d.947, 69, 542. decomposition processes were evaluated in terms of the TST.
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The theoretical results have been compared with experimental (vi) The validity of the theoretical results is determined by
data. According to the results obtained at this level, the comparing the calculated rate constants with the observed values
conclusions can be summarized as follows: (experimental data). The inclusion of diffuse functions improves

(i) A detailed characterization of the PESs points out the the results, and a quantitative agreement is achieved between
existence of three competitive reaction pathways for the the theoretical and experimental results.

decomposition process af-hydroxy acids. Four transition (vii) A comparison of the mechanism of the decomposition
structures and one intermediate have been characterized. of 2-hydroxycarboxylic acids and 2-chloropropionic déid
(i) The geometrical parameters of these stationary points andshows that pathway A is the most favorable channel for this
the components of the TV of the transition structures calculated type of chemical reactions. However, is important to note that
using the MP2/6-31G** basis set are similar to those calculated pathway C can be partially rate-limiting, depending on the

with the larger MP2/6-316+G** basis set. conditions (different temperature and pressure values).

(i) An analysis and comparison of the calculated and
experimental rate constants show that the decomposition is Acknowledgment. This work was supported by research
favorable along a two-step mechanism. The first and rate- ¢,,4s provided by the Ministerio de Educasiy Ciencia of
limiting step of the global process is associated to the water 4 Spanish Government by DGICYT (project PB93-0661). All
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ring. The process is followed by an opening of the intermediate ;. yaptedness to them

ring to obtain carbon monoxide and the corresponding carbonyl
compound.

(iv) The water elimination is more advanced than the
cyclization process at the transition structure associated with
the first and rate-limiting step for the stepwise mechanism.

(v) The substitution of a hydrogen atom for an electron-
releasing methyl group stabilizes the localized positive charge
on the incipient carbocationic center, promoting the decomposi-

tion process. Furthermore, the basicity of the hydroxyl group found at the MP2/6-31G** level, and table giving the Arrhenius

from_ primary to _tert|ary(1_hydroxycarb_oxyllc acids increases, activation energies and preexponential factors for the different
making the leaving of this group easier and as a consequence .

. chemical steps (12 pages). See any current masthead page for
an enhancement of the rate constant values in the order

2-hydroxyisobutyric acid> lactic acid> glycolic acid is found. ordering and Internet access instructions.
This theoretical result agrees with experimental data. JA962857V

Supporting Information Available: Tables giving the
imaginary frequency, Hessian unique negative eigenvalue, and
main components of TV, corresponding geometric parameters
and force constants farS1, TS2, TS3, andTS4 corresponding
to systemd, I, andlll , calculated at the MP2/6-31G** level,
and to system# andlll , calculated at the MP2/6-31-G**
level, table giving the full geometries for the stationary points



