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Detailed Kinetic Study of the Ring Opening of Cycloalkanes by CBS-QB3 Calculations
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This work reports a theoretical study of the gas-phase unimolecular decomposition of cyclobutane, cyclopentane
and cyclohexane by means of quantum chemical calculations. A biradical mechanism has been envisaged for
each cycloalkane, and the main routes for the decomposition of the biradicals formed have been investigated
at the CBS-QB3 level of theory. Thermochemical dai&lf, S, Cp) for all the involved species have been
obtained by means of isodesmic reactions. The contribution of hindered rotors has also been included. Activation
barriers of each reaction have been analyzed to assess the energetically most favorable pathways for the
decomposition of biradicals. Rate constants have been derived for all elementary reactions using transition-
state theory at 1 atm and temperatures ranging from 600 to 2000 K. Global rate constant for the decomposition
of the cyclic alkanes in molecular products have been calculated. Comparison between calculated and
experimental results allowed us to validate the theoretical approach. An important result is that the rotational
barriers between the conformers, which are usually neglected, are of importance in decomposition rate of the
largest biradicals. Ring strain energies (RSE) in transition states for ring opening have been estimated and
show that the main part of RSE contained in the cyclic reactants is removed upon the activation process.

1. Introduction formation has been extensively measured and calculated. Not
less than 37 estimations of the rate constant are available on

Many important gas-phase or heterogeneous industrial pro- ; N o
y Imp gas-p 9 P the NIST chemical kinetics databaSelhermal decomposition

cesses such as combustion, partial oxidation, cracking or ‘ lob has b ! I died q
pyrolysis exhibit a complex chemical scheme involving hun- ©f cyclobutane has been experimentally studied too and rate

dreds of species and several thousands of reactions. In thes€onstants for the ring opening leading to thl% Ig)rmation_of two
thermal processes, cyclic hydrocarbons, particularly cycloal- ethylene molecules have been measdfed:®*Theoretical
kanes, represent an important class of compounds. Thesestudies on cyclobutane have mainly focused on the reverse

molecules are produced during the gas-phase processes thougf¢action, namely, the cycloaddition of two ethylene molectites,
they can also be present in the reactants in large amounts; forP€CaUse it represents a prototype reaction for the Woodward

example, a commercial jet fuel contains about 26% of naph- Hoffmann r_ules and illustrates the usefulness of orbital sym-
thenes and condensed naphthenes, whereas in a commercid'€lry considerations. Moreover, Pedersen ét ahve showed

diesel fuel, this percentage reaches 40%dodeling their the validity of the biradical hypothesis by direct femtosecond
reactivity currently represents an important challenge in the studies of the transition-state structures. Theses studies have

formulation of new fuels, less polluting and usable with new highlighted the fact that cycloaddition of two ethylene molecules

types of combustion in engines such as “Homogeneous Chargefan proceed through two different routes: one involves a
Compression Ignition” (HCCI3.During combustion or pyrolysis ~ tetramethylene biradical intermediate, and the other implies a
processes, cycloalkanes can lead to the formation of (a) toxic concerted reaction that directly leads to cyclobutane formation.
compounds or soot precursors such as benzene (by successivdowever, the latter reaction has been shown to have a high
dehydrogenations) and (b) linear unsaturated species such adctivation energy due to steric effects (see for instance ref 20
buta-1,3-diene or acrdlei by the opening of the ring). Several and therein) and to be much less favorable than the biradical
experimental and modeling studies have been carried out onProCess.
the oxidation of cyloalkanes in gas ph&s&.However, the Even though the study of ring opening of cyclopropane and
modeling of the combustion of cycloalkanes remains difficult cyclobutane are interesting from a theoretically point of view,
due to the low number of kinetic data for elementary reactions larger cycloalkanes such as cyclopentane or cyclohexane are
and thermodynamic data\tif, S, Cy) for the relevant species  mainly involved in usual fuel. Despite that, the unimolecular
such as radicals or biradicals. initiation of these molecules has been little investigated. Ring
A number of experimental and theoretical works have been opening of cyclopentane and cylohexane has been experimen-
reported on the decomposition of small cycloalkanes, such astally studied by Tsari§-2®who has reported the main routes of
cyclopropané?® 16 Ring opening in this molecule is a well-  decomposition of these molecules. The mechanism and initial
known process and the rate of dissociation leading to propenerates of decomposition were determined from single-pulse
s . . — shock-tube experiments. For cyclohexane, only a reaction
Tor. Corresponding 557“.”":‘;’;-: 3'533“;“3'- 37R§£‘%gf’“r”9t@e“5'c-'”p' nancy.fr. pathway leading to the formation of 1-hexene has been
T ENSIC. considered whereas for cyclopentane, the processes leading
* UniversiteHenri Poincare-Nancy |. either to 1-pentene or to cyclopropareethylene have both
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SCHEME 1: Biradical Mechanism for Cyclopentane the obtained geometries compare well with those predicted at
Ring Opening?® more refined computational levet$.38 Second, owing to strong
Ko Kn singlet-triplet mixing, spin contamination in singlet biradical
O == NN . Y calculations is quite large and the computed energy often
ke requires some correction. The so-called sum methdthas
Ky \ ? usually been employed in the context of unrestricted Hartree
- Fock theory. However, the sum method cannot be directly

applied within the composite CBS-QB3 approach. The reason
N v S —— AN vy is that in the latter case, a correction for spin-contamination is
already added to the total energy:
been investigated, in accordance with the products experimen-
tally detected. These results have been confirmed by further AE = —y(82 - Shz) (1)
experimental studies by Kalra et @land Brown et af® In

addition, Tsan®® has shown that the experimentally obtained Here < denotes the actual average value of Seoperator,
global rate parameters are consistent with a biradical mechanismg, 2 corresponds to the theoretical value arnet 0.00954. This
for ring opening (Scheme 1): correction has been derived for systems displaying a small spin-
Tsang connected the global rate parameters for the decom-contamination and is expected to work properly for a triplet,
position of cyclopentane in 1-penterig)(or in cyclopropane  for instance. However, for a singlet biradic& is close to 1
+ ethylene k) to the rate parameters of the elementary reactions and the standard formula (1) is not suitable. It leads to a
shown in Scheme 1. The equilibrium constét = ky/kc has  systematic error in the CBS-QB3 energy correction (of about 6
been estimated by the group additivity method proposed by kcalkmol-1), as several papers have pointed But4 For
Bensoi® and using some analogies with reactions of linear consistency, in the present work, we still use (1) but we
alkanes. From these assumptions, the rate constants of thentroduce the following modifications for biradical singlet-state
elementary reactions have been estimated. The same procedurgalculations: (1)Sn2 is equal to 1, i.e., the value for an equal
has been applied for the rate of decomposition of cyclohexane combination of a singlet and a triplet, and (2) the standard
in 1-hexene. Even if the rate parameters obtained for the parametey is replaced by a new parametess (SB = singlet-
elementary reactions are consistent with the formation of a piradical) that is specifically optimized to reproduce the singlet
biradical, no transition state has been defined for validating the triplet gap in a series of hydrocarbon biradicals. In the fitting
suggested mechanism. Moreover, the route leading to ethyleneprocedure, the reference energies correspond to €KX
and trimethylene through-€C bond cleavage is rather ambigu- computations at the CASSCF(4,4)/6-311G(d,p) level, for twelve
ous because other pathways are considered by Tsang, as fogifferent linear and branched biradical alkanes frogt@€C;.
instance the direct decomposition of thentyl biradical into The best agreement between GASCF and CBS-QB3 singlet
cyclopropane and ethylene (Scheme 1). All of these studiestriplet gap calculations is then found fggs = 0.031.
showed that biradicals are central to the understanding of  All energy values for singlet biradical species are therefore
reaction mechanisms as well as to the predictability of reaction corrected by an expression of the form
products and rates in the ring opening of cycloalkanes.
Our aim in the present work is to analyze the ring opening AEg,= -0.0318 - S, (1)
of cyclobutane, cyclopentane and cyclohexane by means of high
level quantum chemical calculations to obtain accurate rate i, Si2 =1.
constants for elementary reactions. Comparison of the computed
rate constants with available experimental data allows us t0 3. Thermochemical Data
validate the theoretical approach. We explore several plausible ) )
pathways that could be involved in the decomposition of the ~ Thermochemical dataAH;, S, Cp) for all the species
biradicals and we discuss the evolution of the ring strain energy involved in this study have been derived from energy and

(RSE) in going from the reactants to the transition state for ring fréquency calculations and are collected in Table 1. In the CBS-
opening. QB3 method, harmonic frequencies, at the B3LYP/CBSB7 level

of theory, are scaled by a factor 0.99. Explicit treatment of the

internal rotors has been performed with tiilederedRotopption

of Gaussian03 in accordance with the work of Ayala and
Quantum chemical computations have been performed on anSchlegel'> A systematic analysis of the results obtained was

IBM SP4 computer with the Gaussian03 (GO03) software made to ensure that internals rotors were correctly treated. Thus,

package?® The high-level composite method CBS-GB&as for biradicals a practical correction was introduced to take into

been used. Analysis of vibrational frequencies confirmed that account the symmetry number of 2 for each gLHterminal

all transition structures (TS) have one imaginary frequency. group. This symmetry is not automatically recognized by

Intrinsic reaction coordinate (IRC) calculations have been Gaussian in the case of a radical group. Moreover, it must be

2. Computational Method

systematically performed at the B3LYP/6-31G{d level to stressed that in transition states, the constrained torsions of the
ensure that the computed TSs connect the desired reactants anglclic structure have been treated as harmonic oscillators and
products. the free alkyl groups as hindered rotations.

Only singlet states have been considered for the biradicals Enthalpies of formationAH;) of species involved in this
and their study at the composite CBS-QB3 level requires two study have been calculated using isodesmic readfi@xsept
specific comments. First, geometry optimization is performed for cyclanes and 1-alkene for which more accurate experimental
at the density functional theory (DFT) level using an unrestricted enthalpies of formatiotf can be found in the literature. Thanks
one-determinantal wave function (UB3LYP/CBSB7 method). to the conservation of the total number and types of bonds, very
Though such an approach might be questionable for describinggood results can be obtained due to the cancellation of errors
open-shell singlet biradicals, previous studies have shown thaton the two sides of the reaction. Several isodesmic reactions
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TABLE 1: Ideal Gas Phase Thermodynamics Properties TABLE 2: Comparison of AHf (in kcal-mol, at 298 K)
Obtained by CBS-QB3 Calculation Estimated from Eq 5 and from Theoretical Calculations
Cy(D) AHP
Species  AHjopx Sosx 300K 400K 500K 600K 800K 1000K 1500K FPG- biradical (eq5) this work
12.74 5678 1328 18.03 2225 2574 31.04 3492 4098 Dy .C4H8. 67.57 67.43
*CsH1o 62.52 62.46
6.79  63.19 1697 2347 2937 3433 4194 4748 5594 D2 'C5H12° 57.64 58.50

-1827 7021 2099 29.17 36.67 43.01 5281 5992 70.74 Dsp i ) ) )
the corresponding biradicahH; for reaction 4 corresponds to

A3 TLSS 2345 3327 M8 3196 638 T35 8566 D twice the BDE for a G-H bond and the enthalpy of formation

2299 7409 2561 3533 4430 5195 6384 7245 8560 D of *CyHan can therefore be calculated from eq 5. This calculation
082 7827 2452 3214 3882 4439 5303 5941 6939 G rests on the assumption that no interaction exists between the
440 8487 2001 3991 4771 5490 6551 7316 8494 G two radical centers.

-5.09 79.85 2599 3274 3883 44.05 5237 56.64 68.53 C,

AHY'C H,,",298 K) = 2BDE + AHYC,H,,:5298 K) —
2AHYH",298 K) (5)

<990 9175 3126 3941 4675 53.05 63.11 70.69 82.62 C,

2631 6632 18.06 2298 2735 31.02 3658 4052 4670 Cy

2541 7856 2357 2958 3492 3942 4646 5170 5991 G, Table 2 compares estimated values using eq 5 and CBS-QB3
6743 7901 2295 2780 3216 3590 4192 4654 35394 G results for the most stable conformation of the biradit@isls®,
68.13 7733 2359 2836 3250 3610 4193 4646 5382 Cy *CsHyg* or “CgH12". The BDE value for a primary €H bond in

a linear alkane has been taken equal to 100.9-kadt?, as
proposed by Tsart§(it corresponds to €H bond dissociation

in propane to give the-propyl radical). Experimental enthalpies
6279 8954 2815 3426 3989 4475 5252 5844 6790 C of formation for the molecules used in eq 5 come from NIST
5850 9874 3150 3948 4676 5298 6283 7022 8187 webbook?!” As shown in Table 2, a very good agreement is
obtained between CBS-QB3 calculations using isodesmic reac-
tions and values estimated by BDE and eq 5. This result
5008 9296 3402 4197 4900 5497 6447 7158 8274 G corroborates the consistency of the electronic calculation scheme

@ AH? 0 IS expressed in kcahol* andsy s, andCi(T) are given for the blradlcqls_, in pamcular, the use o_f a broker_l symmetry
in cabmol-+K-L ' method to optimize their geometry, as discussed in section 2.

62.84 87.11 27.87 3429 40.04 4493 5273 58.64 68.05 C,

6246 87.12 2837 3450 40.11 4495 5271 5862 68.03 C

59.41 9429 3361 41.17 4803 5396 6347 70.70 8215 C

MRS ISR RSB IS X1

have been considered for the calculationAdf? to obtain an 4. Kinetic Calculations

average value. However, results_ appear to be strongly depenc_ient The rate constants involved in the mechanisms were calcu-
on the accuracy of the experimental data used for species|iaq using TST®

involved in isodesmic reactions, especially for biradicals. Hence,

for these systema\H¢ has been obtained from the prototype k,T AS AHF
reaction: Kuni = rPdwe(T) - x| =] exAl— (6)
‘Ri—'R, + 2R;H — HR;—R,H + 2'R; 2 whereASF andAH* are, respectively, the entropy and enthalpy
of activation and rpd is the reaction path degeneracy. For
where *R;—*R; represents the biradical anBs; = *H, “CHj, reactions involving H-transfer, a transmission coefficient,
*CzHs or n-CgHy. namelyx(T), has been calculated to take into account tunneling

The computed entropy of cyclopentane has been correctedeffect. We used an approximationipprovided by Skodje and
to take into account the experimental symmetry of the molecule Tryhlars®

(Dsp). Indeed, CBS-QB3 calculations lead to a nonplanar

geometry withC; symmetry. In addition, a low frequency of for < o

22 cnrt can be associated with a puckering motion of the ring.

According to Benso®? this pseudorotation is so fast that k(T) = .ﬁmo; - aéﬁ%‘[(ﬁ_a)(Aw_v)]
cyclopentane can be treated as dynamically flat (with a sin(@rio)

symmetry numbeo = 10). Thus, we corrected the entropy of fora < f

cyclopentane byR In 10 (eq 3). The computed value, 70.0 B

cakmol K, is in good agreement with the experimental «(T) Zm[e[(ﬂ AV ] (7)
value?®
where
Sy, = Sen, (CBS-QB3)— RIn 10 3
- S S
To our knowledge, no experimental enthalpy of formation h Im(v*) ke T

for biradicals*C4Hg*, *CsHio® or *CgHiz* has been reported.
However, we can compare our values with those obtained from In eq 7, v* is the imaginary frequency associated with the
an estimation based on bond dissociation energy (BDE) ac-reaction coordinateAV* is the zero-point-including potential

cording to reaction 4, energy difference between the TS structure and the reactants,
andV is 0 for an exoergic reaction and the zero-point-including
C.Hopip ="CH,, +2H (4) potential energy difference between reactants and products for

an endoergic reaction. As mentioned by the authors, an
where GHazn42 represents a linear free alkane a@iHz. is inspection of the power series expansion for the exponential in
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SCHEME 2: Calculation of Enthalpy of Reaction (AH¥)
TS

AH1eIec

Product

AH,
Reactant

these equations indicates that neither expression diverges as
and become arbitrarily close to equal.

The calculation oAH ¥ was performed by taking into account
electronic energies of reactants and TSs but also the enthalp

Sirjean et al.

SCHEME 3: Mechanism Obtained for the Ring
Opening of Cyclobutane and for Conformers of Lowest
Energies

62.9
55.7

77.7
70.3

—_—

93.7
(s) singlet state

AG°(T) in keal.mol 1 (bold : T= 298K, italic : T=1000K)

60.7
56.2

s

]

7.
26) 4a5

o

NF *H
5 89
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TABLE 3: Rate Parameters for the Unimolecular Initiation
of Cyclobutane atP = 1 atm, 600=< T (K) < 2000 K and

\Related to Scheme 3

of reaction (Scheme 2).
Thus,AH*(reactant-product) is calculated from the following
relation:

AH(R—P)= (AHi(elec)+ AH’ (elec)+ AH)/2 (8)
and AH*(product-reactant) by

AH(P—R) = (AHI(elec)+ AH' (elec)— AH)/2 (9)
where AHi(elec) andAH,(elec) are, respectively, the en-
thalpy of activation for the direct and reverse reactions,
calculated from electronic energies, ZPVE and thermal correc-

tion energy. AH, corresponds to the enthalpy of reaction
estimated using isodesmic reactiGhg.he use of eqs 8 and 9

Ki—2 k-1 Ko—CoH, Ko—4 ko—s5
log A (s 1853 1221  7.32 557 223
n —-0.797 —0.305 1.443 2171  2.995
Ea(kcakmol)  64.85 1.98 3.03 16.44 37.61

kcalmol~1).52 This result will be discussed below, but we can
anticipate that it is mainly due to the high ring strain energy
involved in the cyclobutane molecule, which is partially removed
in the transition state. Following ring opening, three ways of
decomposition for tetramethylene have been investigated. The
route leading to the formation of two ethylene molecules
corresponds to the most favorable one, as already mentioned
in the literaturet>-23 The process leading to 1-butene represents
another possible pathway, though this elementary reaction
involves a high stressed cyclic transition state for H-transfer

ensures the consistency between kinetic and thermodynamic datéfour-membered ring) and displays a high activation energy
and improves the activation enthalpy results because the value§AH* =17.6 kcaimol™* vs 2.8 kcaimol™* for the -scission

obtained for AH, are more accurate than direct electronic
calculations.

The kinetic data are obtained with a fitting of eq 6 in the
temperature range 66@000 K, with the following modified
Arrhenius form

k=AT" exp(— %) (10)

5. Ring Opening Mechanisms
The ring opening mechanisms for cyclobutane, cyclopentane

and cyclohexane are now discussed. In all schemes presented®Vé'2

below, electronic Gibbs free energies are reported ir kuzi?!
and are relative to the reference cycloalkank at 1 atm. The
value in bold corresponds to Gibbs free energyl at 298 K
and the value in italics correspondsTo= 1000 K.

5.1. Cyclobutane.Scheme 3 presents the global mechanism
obtained for the ring opening of cyclobutane. In this scheme,
we only considered conformers (molecules, biradicals, TSs) of

leading to GH4, at 298 K). This pathway, however, might
provide a nonnegligible contribution to the total process. Indeed,
C4Hs has been identified as a minor product in experimental
studies of cyclobutane decomposititiThe third route consists
of the abstraction of two hydrogen atoms to form buta-1,3-diene
and H. The reaction step has a high activation barrigt =
40 kcatmol~1 at T = 298 K) and should not compete with the
previous mechanisms.

A concerted reaction leading from cyclobutane to direct
formation of two ethylene molecules has been envisaged, but
no consistent TS could be obtained. As mentioned previously,

i.e., the cyclic addition of two ethylene molecules. The authors
found that a two-step biradical-type reaction is expected to be
favored (by about 24 kcahol™1) over concerted pathways.
Sakaf® estimated activation energies of 77.6 and 58.8-koall !

for the concerted and stepwise processes, respectively, at the
MP2//CAS/6-31%G(d,p) level. However, it is important to
underline that this author reported a second-order saddle point

the lowest Gibbs free energies. Especially, we do not accountStructure (two negative eigenvalues) for the concerted mecha-

for conformations of the biradical) (gauche and trans) and

we only considered the gauche conformer because its Gibbs

free energy is lowest. This point will be discussed in more detail
below.

The ring opening of cyclobutane involves a low Gibbs free
energy of activationAG* = 60.7 kcaimol! at 298 K, which
corresponds to an activation enthalgyH*) of 62.7 kcaimol=2.
This value is lower than that involved in the dissociation of a
C—C bond in the corresponding linear alkantH* ~ 86.3

nism, which therefore does not correspond to a transition state.

Table 3 gives the kinetics parameters of the modified
Arrhenius form (eq 10) for all the elementary processes involved
in Scheme 3. Unimolecular initiation of cycloalkanes is
unimportant for low temperatures in thermal processes and we
only give kinetics parameters far > 600 K in all the tables.

To the best of our knowledge, no previous quantum calcula-
tions have been performed to estimate rate parameters for the
elementary reactions involved in the thermal decomposition of
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TABLE 4: Rate Constants Calculated from the Data
Obtained by Beadle et al*® and from This Work (Table 3),
at 800 K

J. Phys. Chem. A, Vol. 110, No. 46, 20062697

TABLE 5: Rate Parameters for the Unimolecular Initiation
of Cyclobutane atP = 1 atm, 600=< T (K) < 2000 K and
Related to Scheme 4

ki—2 ko—1 Ko—coH, k-2 ko—1 ko—3 k-2 Ko-coHy  Ka—coHy
Beadle et al? 1.80x 1072 3.15x 10% 6.52 x 10 logA(s™) 18.53 12.21 11.30 11.27 7.63 7.32
this work 3.15x 102 6.07 x 10t 4.80x 101 n —0.797 —-0.305 0.461 0.545 1.453 1.521
E. (kcakmol) 64.85 1.98 429 3.26 4.79 2.07

SCHEME 4: Detailed Mechanism of GH4 Formation
from the Ring Opening of Cyclobutane Obtained by
Considering Different Conformers of C4 Biradicals

60.7 Gauche 62.5 Trans
\ N 53.5 .
0 — T
0.0 .
100 2() 578 3() 484
64.2 62.9
56.0 55.7

E = 4+ =

6.6
6.6
229 22.9

(s) singlet state
AG®(T) in kcal.mol' ! (bold : T= 298K, italic : T=1000K)

cyclobutane. In 1971, Beadle et'8kexperimentally studied the

pyrolysis of cyclobutane and reported rate parameters for the

ring opening of cGHs (ki—2 andk,—1) and for the decomposition
of the biradical in GHa (ko—c,n,). Their estimations are based
on tabulated thermochemistry and additivity methods. Ahe

TABLE 6: Rate Parameters for the Global Reaction cGHg
— 2C,Hy, at P =1 atm, 600=< T (K) < 2000 K and Related
to Schemes 3 and 4

k;cheme3 k;cheme4
log A (s7Y) 20.29 21.52
n —1.259 —1.606
E. (kcalkmol) 67.69 68.16

with that derived from our computations (Schemes 3 and 4).
We consider the quasi-stationary-state approximation (QSSA)
for biradicals. For Scheme 3, QSSA applied to the gauche
biradical leads to the simple expression

KoK h,

k;chemeBZ
I(271 + kz—czH 4

(11)

For Scheme 4, QSSA leads to a more complex expression:

Ks—p T Ky,

A
ko3

kSChemeAZ Ks—cn, T Ko, 12)

factor and activation energy proposed by Beadle et al. are as

follows: 3.63x 10 s and 63.34 kcamol™? for ky—p, 2 x
102 s71 and 6.6 kcamol™? for k,—;, and 1.17x 10¥ st and
8.25 kcalmol™? for ko—c,n,. Despite considerable uncertainty

in that study, as mentioned by the authors, their results are in

with

k1,2k2,3

good agreement with ours. Thus, at 800 K, the ratio between Ko-1ks o+ Ko iKs o, F Koskacp, Tho-cukea T Ko cpkecp,
our value and that proposed by Beadle et al. is 1.7, 1.9 and 0.7

for ki—2, ko—1, andky—_c,n,, respectively (Table 4).

Moreover, it is worth noting that our CBS-QB3 quantum
calculations provide an accurate energy for the cycloaddition
of two ethylene molecules (formation of biradi@l The Gibbs
free energy of activation obtained is equal to 56.3 koal™*
at 298 K, which corresponds to an activation enerdy* =
47.7 kcaimol=%. This last value can be compared with the
activation energy of 56.8 kcahol™! reported by Sak&l at the
MP2/CAS/6-31#G(d,p) level though this author obtained a
second-order saddle point.

As mentioned previously, gauche/trans interconversio2 of
has been neglected in Scheme 3. However, fgkeEission
reaction involves a lowAG* (5.1 kcatmol™! at 298 K) that

The fit of the global rate constants obtained from (11) and (12)
leads to the rate parameters presented in Table 6.

Figure 1 compares our result§{"*"**andk’*"*"§ with the
absolute value measured directly by Barnard €€ @and by
Lewis et alt® for the thermal rate decomposition of cyclobutane
in two ethylene molecules.

As shown in Figure 1, our results are close to the experimental
values, validating the consistency of the theoretical approach.
Computed rate constants are always slightly lower than those
obtained by Lewis et &f (maximum factor 2.4) or by Barnard
et all® (maximum factor 4.3). It is interesting to note that
differences betweeki™*™**and k""" **decrease with temper-
ature, which is consistent with rotational hindrance (20% at 600

could be of the same order of magnitude as the rotational barrierK and 8% at 2000 K). Though these differences are weak, the

around the central €C bond. Accordingly, it can be interesting
to consider the two conformations of the biradical for this

rate constant obtained by explicit consideration of the two
conformations of the biradical (trans and gauche) is closer to

particular but important pathway. A detailed scheme is presentedexperimental results than the rate constant calculated from

in Scheme 4.

Cyclobutane ring-opening leads to the gauche biradal (
The latter can decompose in tweHZ molecules or rotate to
give the trans conformation3), which in turn, can also
decompose in two £, molecules. The kinetic parameters for
all processes involved in Scheme 4 are collected in Table 5.

Tables 3 and 5 give the kinetic parameters involved in the
thermal decomposition of cyclobutane. To validate our results,
we compare the global rate constant for the process

cyclobutane—~ C,H, + C,H,

measured experimentally by Barnard etnd Lewis et alt®

Scheme 3.

5.2. Cyclopentane Scheme 5 shows the global mechanism
obtained for the ring opening of cyclopentane. As for cyclobu-
tane, the global mechanism does not take into account the
different conformations of the biradicaCsHi¢ and we only
consider the conformation with the lowest Gibbs free energy.

Due to weaker ring strain energy, the Gibbs free energy of
activation of the ring opening of cyclopentanaG* = 80.5
kcakmol™! at 298 K) is higher than that obtained in cyclobutane
(AG* = 60.7 kcaimol™! at 298 K).

Four routes of decomposition have been investigated for the
biradical 4, the most favorable one being the formation of
1-pentene by H-transfer. This last reaction exhibits an activation
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154 TABLE 7: Rate Parameters for the Unimolecular Initiation

Cyclobutane Ethylene + Ethylene of Cyclobutane atP = 1 atm, 600=< T (K) < 2000 K and
10- Related to Scheme 5
: Egv scheme4 k174 k471 k475 k475 k477 k4,8
5. b K oot logA(s? 1811 989 677 051 978 —3.07
= O K pom Lowis ot . [16 n —-0.466 0.311 1.480 3.015 1.1 4.157
= Ea(kcakmol) 85.18 1.7 7.76 17.78 26.16 32.43
c o4
- SCHEME 6: Detailed Mechanism of 1-Pentene
5 Formation from the Ring Opening of Cyclopentane
) Obtained by Considering Different Conformers of Cs
Biradicals
-104 A~
T T T T T V 5 101
0.8 1.0 12, 1.4 16 , 00 25
1T (K 0.0
Figure 1. Comparison between calculated rate constant and experi-
mental data for the global reaction ¢€g — C,H; + C,Ha. ;3-25 g?-g
SCHEME 5: Mechanism Obtained for the Ring 814
Opening of Cyclopentane and for Conformers of Lowest 722
Energies ; —
P 20 778 % 647
30.8
6 o6 (s) singlet state
AG®(T) in keal.mol'" (bold : T= 298K, italic : T=1000K)
ws |02
74.2 86.8 modified Arrhenius forms (eq 7) for all the elementary processes
Q —— e 8~ involved in Scheme 5. As mentioned previously, just a few
. 00 46 158 5 10.1 studies have been devoted to the kinetics of the thermal
0.0 ' 17.3 25 decomposition of cyclopentarde?’ Tsang® measured by com-
102.7 \Qﬂi parative-rate-pulse shock tube experiments, the ring opening of
89.7 cyclopentane, and suggested rate expressionsfgrks—1, ks—s
D~ and ks—7, over the temperature range 166200 K. The
= +[> g 163 estimations were based on experimental results obtained for the
7 323 9.6 thermal decomposition of cyclopentane and on the thermo-
47 chemical considerations methods proposed by Befson.
(s) singlet state However, the analysis did not take into account transition
AG°(T) in keal.mol'" (bold : T= 298K, italic : T=1000K) state and Tsang used a constant value of 0.16 for thekiatib

ks—1 in accordance with the disproportionation-to-combination
energy much lower than the equivalent process in cyclobutaneratio for n-propyl radicals. At 1100 K, the ratios obtained
(AH* = 6 kcatmol~ vs 17.6 kcalmol~ for cC4Hg at 298 K). between our values and those proposed by Tsarig farks—1,
This noticeable difference can be ascribed to different strain ks—s and k;—; are respectively 0.5, 1.5, 1.6 and 1.7. Despite
energy in the corresponding transition states. Conversely, theuncertainties in both experimental and theoretical calculations,
p-scission process leading to ethylene and cyclopropane is muchthe agreement is therefore quite satisfying. It is also possible to
more difficult than that leading to ethylene in cyclobutane. In compare some computed rate parameters for elementary reac-
this last case, the presence of two radical centersyHg’) in tions in Scheme 5 with values obtained using semiempirical
the § position weakens the inner €C o-bond. Another relations as proposed by O'NedlAccordingly, the activation
interesting point concerns the dehydrogenation reaction of energy involved in reaction4- 5, corresponding to a H-transfer
biradical 4 leading to penta-1,4-diene (6) and.HAt low (disproportionation), can be estimated by the following relation-
temperature (298 K), this reaction is competitive vftscission ship5*
(reaction 4— 7) but becomes unimportant at high temperature
(1000 K) due to a low change of entropy between the biradical E,=Ep + E5 (13)
and TS. Finally, the reaction of biradicéto yield ethylcyclo-
propaneB is unlikely to occur at either room or high temperature where Ep represents the activation energy involved in the
because it involves a high stressed cyclic transition state for disproportionation of two alkyl free radicals akge represents
H-abstraction and always displays quite high activation energy. the strain energy of the cyclic transition state. The latter was
For completeness, it must be noted that formation of a taken to be 6.3 kcahol™! because the transition state exhibits
trimethylene biradical from# has been envisaged. However, a five-membered ring? An activation energy of 1 kcahol=!
the singlet state for this system could not be obtained, geometrycan be reasonably taken into account for disproportion&fion.
optimizations leading systematically to the formation of cyclo- From our calculations, the activation enthalpy of reactiorr 4
propane (only the triplet state could be optimized). This may 5 is estimated to 6 kcahol™* at 298 K, in good agreement
be due to the monodeterminantal character of the methodologywith the semiempirical estimation. On the other hand, our
used for the geometry optimizations, but it has been shown thatquantum calculations give an activation energy equal to 26.6
ring closure of trimethylene to form cyclopropane occurs very kcakmol™ at 298 K for thes-scission of biradica# (reaction
fast anyway’?® Table 7 gives the kinetics parameters of the 4 — 7). This value can be compared with the mean activation
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a b
Figure 2. Geometries relative to biradical 2 (a), ¥ (b), and biradical 3 (c).

TABLE 8: Rate Parameters for the Unimolecular Initiation TABLE 9: Rate Parameters for the Global Reactions
of Cyclopentane atP = 1 atm, 600< T (K) < 2000 K and cCsHyp — 1-Pentene and c@Hig — cCCsHg + CoHsat P =1
Related to Scheme 6 atm, 600 < T (K) < 2000 K and Related to Schemes 5 and 6
ki—2 Ka-1 k2—3 ks—2 ks—s kéf{‘fg;* kéf{‘f;")ES kéf{‘fg;ee
logA (s} 18.11 10.74 10.97 10.54 6.89 log A (s 20.39 24.33 20.06
n —0.466 0.207 0.569 0.602 1.494 n —0.970 —1.542 —0.878
Ea(kcatmol)  84.76 17 2.68 297 745 E. (kcakmol) 92.86 112.49 92.23

energy for thes-scission of a &C bond in an alkyl free radical ~ The rate expressions are

(28.7 kcaimol=1).52
cheme5__ k1—4k4—5

In Scheme 5, biradica represents the most stable conformer el (14)
of the biradical although it does not lead directly to the formation ' Kir t Kys
of 1-pentene. Because some activation energies, such as that of
the reaction 4— 5 (AH* = 6.7 kcatmol™ at 298 K), have cheme6_ Ki—oKo-3Ks-s (15)
values close to that of the rotation barrier heights, the role of s Ko 1Ks o T Ko 1Kg 5+ Ky 3Kg 5
rotational hindrance has been examined in the case of cyclo-
pentane. Scheme 6 contains the detailed mechanism. chemes._ Ki_Ky_7
Two conformations of the biradicaCsH.g are involved in Tk, Ky (16)
Scheme 6 but only one (biradicd) leads to the formation of
1-pentene by H-abstraction. This result has been validated byand the kinetics parameters are given in Table 9.
IRC calculations. Geometries of S and biradical®2 and 3 Comparison of global rate constants estimated by the QSSA
are presented in Figure 2. approach and those proposed by Tsang are presented in Figure

As shown, the distance between carbon atom 2 and hydrogen3- In the range 10081200 K, the values calculated fronrwnecs)ur

: h
atom 11 is larger in biradica than in biradical3 (compares globalcgg;[ee constants for the formation of 1-penteki; )
structures a and c), which renders H-abstraction for this last @nd ki s) §areina good agreement with those obtained by
species more favorable. This result can be explained by a gauchd Sang, our values being lower by a factor 12 _
interaction in biradical involving carbon atoms 4 and 1. In A similar result has been obtained in the case of the reaction

biradical3, carbon atoms 1, 3, 4 and 5 are in the same plan and leading to cyclopropane and ethylene, with values underesti-

no gauche interaction between carbon atoms 1 and 4 is possibleMated by a factor 0:72.5 with respect to Tsang estimations.

. . . . Concerning the influence of rotational hindrance in the formation
It is worth noting the different role played by rotational

chemeb5; cheme6

hindrance in cyclopentane and cyclobutane. Indeed, in cyclobu-gflér_ Ft)ﬁgtt?a?relg;\%rs rglr\:\éiyﬁzfgt;,ngttgogeg(;vxzrg:&dgﬁlégoo K).
tane (.Scheme 4), the rota.tlonal barrier is qf the same order of By analogy with cyclobutane, calculations performed by
magnitude as the activation energy fdrscission and both o qigering the different conformations for biradic@sHag
conformers may lead to the formation of ethylene molecules. permit to obtain results closer to experiment. Moreover, the
In cyclopentane, the rotational barrier is lower than the activation effact of rotational hindrance is slightly greater in the case of
energy for 1-pentene formation, only one conformation (biradi- cyclopentane than cyclobutane. As said above, this can be
cal 3) allows the latter process. Table 8 summarizes the rateexplained by the fact that biradicaCsH:¢ must necessarily
parameters for the mechanism shown in Scheme 6. rotate to yield 1-pentene whereas in cyclobutane, both gauche

To validate the rate parameters involved in Schemes 5 and 6and trans conformations of the biradical can decompose in two
and to quantify the effect of the rotational barriers between ethylene molecules.
biradicals 2 and 3, we have compared the global rate constants 5.3. CyclohexaneOnly a few numbers of studies have been

obtained experimentally by Tsattdor the following reactions: performed on the unimolecular initiation mechanism of cylo-
hexan€828 Scheme 7 shows our results for the ring opening

cyclopentane— 1-pentene: of cGsH12 and subsequent reactions. As before, in this scheme,
_ 1061 = —1 we only consider the lowest Gibbs free energy conformers of
Ky 10 exp(~84840 (caimol 7)/RT) the biradicals. Table 10 summarizes the computed rate param-
eters.

In our study, the chair and boat conformations of cyclohexane
have been taken into account. As mentioned by Dixon arfd al.,
the boat structure@, symmetry) is a transition state that
with the global rate constant estimated by QSSA performed on connects the chair structure with a twist boBb Gymmetry)
biradical 4 (Scheme 5) and biradica® and 3 (Scheme 6). conformation. We did not locate the transition state correspond-

cyclopentane— cyclopropanet ethylene:
k, = 10'**°exp(—95060 (caimol *)/RT)
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Figure 3. Comparison between calculated rate constant and experimental data for the global reagthns-cGpentene and ¢l — cCsHe
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SCHEME 7: Mechanism Obtained for the Ring
Opening of Cyclohexane and for Conformers of Lowest
Energies

7210
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AG®(T) in keal.mol" (bold : T= 298K, italic - T=1000K)

TABLE 10: Rate Parameters for the Unimolecular
Initiation of Cyclohexane at P = 1 atm, 600=< T (K) < 2000
K and Related to Scheme 7

ki-s  Ks-1 ks—2 Kks—6 Ks—7 Ks—g Ks—c—cqHs

logA(s™) 2132 991 20.11 10.38 2.46-1.33 10.40 5.23
n —0.972 0.136—0.785 0.137 2.569 3.800 0.994 2.185
Ea(kcakmol) 92.63 2.09 85.77 213 1.42 17.22 25.75 44.25

ko-s

ing to theCy,, boat structure, but we have obtaine®atwist

mations of cyclohexane and considerations of isodesmic reac-
tions have permitted us to calculaks°® and AH,°. The mean
values forAH,° andAS® are, respectively, 6.5 kcahol~ and
2.5 catmol-L~L. From eq 17 Keq is equal to 0.047 at 753 K
that corresponds to 95.5% of cyclohexane molecules in chair
conformation. This result is in very good agreement with the
value reported by Walker and GuR&tivho reported a slightly
larger value (99.5%). Another estimation of the equilibrium
constant has been reported by Eliel and WAleénom experi-
mental values obtained at 1073 K. They found that 25% of the
twist boat structure is present in the mixture, which leads to
Keq= 0.33. From eq 17, we obtalkeq= 0.17 at 1073 K, which
is consistent with the estimation made by Eliel and Wilen.

Two different TSs have been found for the ring opening of
cyclohexane depending on its initial boat or chair structure
(Figure 4), the TS corresponding to the former conformation
being 2.4 kcaimol=! lower in Gibbs free energy. Because the
activation energy for ring opening is much higher than the
energy involved in boat/chair conformation change, we conclude
that only the lowest TS should be taken into account in the
kinetic scheme. Actually, the distinction between chair and boat
conformation is not fundamental to derive accurate thermody-
namic properties. Nevertheless, we have taken both conforma-
tions into account with the aim of describing the detailed kinetic
mechanism.

The Gibbs free energy of activation obtained for the ring
opening of cyclohexaneAG* = 85.5 kcaimol™1, at T = 298
K) is higher than that obtained for cyclobutan®G" = 60.7
kcalmol~1) or cyclopentane AG* = 80.5 kcaimol™?) at the
same temperature, and close to the value found for a linear
alkane. This result will be discussed in detail below but it is

boat conformation that does correspond to a characterized energynteresting to point out that it is consistent with an “unstrained

minimum. Hereafter, this twist boat conformation will be simply

structure” in cyclohexane. The main way of decomposition for

refereed to as the “boat conformation” (symmetry number of the biradicatCeHyz* (biradical 5) is the formation of 1-hexene,
4, D, symmetry). At high temperature, the concentration of this @s previously mentioned by TsaMy.Indeed, this process
boat conformation cannot be neglected and the equilibrium involves a slightly constrained transition state for H-abstraction

constantkeq corresponding to the reaction
cCgH,, (chair)== cCiH,, (boat)

has been fitted in the 6662000 K temperature range using the

relation
J) (17)

Keq= exr(—

AH}
RT

—ex{ - 29 127

"R T

A:;)

(six-membered ring) with a low activation energyd* = 1.8
kcalmol~! (vs 17.6 kcaimol~ for cC4Hg and 6 kcadmol~1 for
cGsH1p at 298 K). The value oAH* = 1.8 kcatmol~! can be
compared with the semiempirical estimationEfgiven by eq

13 and corresponding to a disproportionation process. Taking
1 kcatmol™? for Ep and 0.7 kcalmol™* for Ers (disproportion-
ation of two alkyl radicals foEp and a ring strain energy of a
six-membered ring foEgrs), Ey = 1.7 kcatmol™?, in very good
agreement with our calculation. Owing to this very low
activation energy, other routes fo€sH,,> decomposition are

CBS-QB3 calculations performed from chair and boat confor- unlikely. An interesting remark can be made fo+scission
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a)
Figure 4. TS obtained from the ring opening of cyclohexane with the boat conformation (a) and the chair conformation (b).
SCHEME 8: Detailed Mechanism of 1-Hexene TABLE 11: Rate Parameters for the Unimolecular
Formation from the Ring Opening of Cyclohexane Initiation of Cyclohexane at P = 1 atm, 600=< T (K) < 2000
Obtained by Considering Different Conformers of Cs K'and Related to Scheme 8
Biradicals ki-3 k-1 k3 k2 ks ks kiz kis
= 85.5 logA(s) 2068 11.08 20.16 11.23 2.17 10.11 11.40 4.17
5o 748 674 n —0.799 0.117-0.810 0.073 2.923 0.720 0.359 2.295
100 \ . 741 A Ea(kcakmol) 92.44 070 8599 0.81 0.77 250 298 0.20
1L / \—‘83 5 460) 83.6 developed a detailed mechanism for the formation of 1-hexene
H 85 30671 67.0 involving the different conformations of the biradical (Scheme
5 57 748 8).
3.9 88.4 %-g It is worth noting that more conformers have been found for
79.0 ’ *CeH12® but the formation of 1-hexene from these biradicals
Py o~ needed an internal rotation leading to one of the two conformers
Z a3 considered in Scheme 8. Moreover the routes of decomposition
6 47 6 133 for these conformers have been all found energetically unfavor-
(s) singlet state able compared to that leading to 1-hexene, so we did not

consider them in this study.

Table 11 summarizes the rate parameters for elementary
reactions in Scheme 8. To compare the global rate constant
. obtained by Tsang for the thermal decomposition of cyclohexane
8). In the experimental study performed by Ts&hglo ;1 heyena to that obtained from Schemes 7 and 8, we
cyclobutane was dgtected what c?uld |mp_||ut|y be explained performed quasi-stationary-state approximation (QSSA) on
by a very low reaction rate foiC4Hg" formation compared 0 4 dical 5 (Scheme 7) and biradical® and 4 (Scheme 8).

1-hexene. Analyzing Gibbs free energies of activatioi at Scheme 8 leads to the following expressions for the reaction
1000 K in Scheme 7 shows that the ratio between the .y . 1.CH,»:

disproportionation leading to 1-hexene (reactien 6) and the

AG(T) in keal.mol! (bold : T= 298K, italic - T=1000K)

leading to the formation 0fC4Hg* and ethylene (reaction 5

B—scission (reaction-5 8) is about 120. A comparable value k. .k k., k. k

! . . " chemeg__ "\3—6"1-3 4—613—4R1-3

is obtained in cylopentane decomposition (Scheme 5). However, rair | — + (18)
in the case of the thermal decomposition of cyclopentane, c Clks—3 + Kyg)
cylopropane is detected experimentélifthough it represents Kk Kk K

a minor product) whereas for cylohexane, no cyclobutane is chemeg_ "3-672-3 4-673-472-3 (19)
observed at all. This discrepancy can be explained by the very oat C C(ky_5 1+ ky4_g)

fast decomposition of the biradicaCsHg® in two ethylene

molecules, compared to the cyclization reaction, as shown in with

Scheme 3. This assumption cannot be verified using the

experimental data reported by Ts&hgecause ethylene formed Ks_sKs_g

by initiation would represent a minor part of the total concentra- C= Kot Kee R STl AP o U (20)

tion of this molecule, which is principally obtained in propaga-

tion reactions (decomposition of 1-hexene and cylohexyl mes

radical). The activation energy of tiisscission of biradical 5 “\t & diven temperature, the global rate constfits*“can be
(reaction 5— 8) is equal to 25.2 kcahol at 298 K, which is calculated from rate constants given by egs 18 and 19 and the

consistent with theg-scission of a ©-C bond in an alkyl free equilibrium constant to have the ratio of boat and chair
radical, with a corresponding activation energy of 28.7 conformations. Thus, we obtained the following expression for

the global rate constant:

kcalmol~1.53

Let us now consider the effect of conformers@gH1>" that cheme8 ¢ ) schemes
was ignored in Scheme 7. The activation energy involved in chemeg__ chalr eqkls)oat (21)
the formation of 1-hexene from the biradic@lsH17 is quite 70 1+ Ky, 14K,

low (AH* = 1 kcalmol~! at 298 K) and might be competitive
with rotational barriers. In accordance with this assumption, we whereKeq is the equilibrium constant obtained from eq 17.
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TABLE 12: Rate Parameters for the Global Reactions

cCsH1, — 1-Hexene atP = 1 atm, 600< T (K) < 2000 K 4 Cyclohexane 1-hexene
and Related to Schemes 7 and 8 5
iy o5 : T
log A (sY) 20.45 20.29 e
n —0.685 —0.639 < - from Toang [26]
Ea (kcakmol) 93.01 94.52 c
= 44
For the more general Scheme 7, QSSA applied on the -
biradical5 leads to the following relations:
-8 -
cheme7__ Ki—sKs—6 cheme7__ Ko—sKs—6 (22) -104
hair T oat - T T T T T T
Ks—1 + ks Ks—2 + ks 0.85 0.90 0.95 1.00 1.05 1.10
-1
By analogy with eq 21, the global rate constant for Scheme 7 1T (KD
can be the calculated by using the equilibrium constant: Figure 5. Comparison between calculated rate constant and experi-

mental dat# for the global reactions cl;, — 1-hexene.

cheme7 cheme7
cheme7_ “chair K quoat (23) where AHZ ., and AHg,, correspond respectively to the
=6 14 Keg 11+ Kgq enthalpy of cycloalkane formation obtained from isodesmic

reactions and enthalpy of a Glgroup formation, obtained by

Rate parameters obtained by fitti f{‘fg‘)”and k;‘(:{‘fg;egfor the difference between the enthalpy of formatiomdiexane
temperatures ranging from 600 to 2000 K are presented in Tableand n-pentane.
12. The values obtained for cyclobutane, cyclopentane, cyclo-

Figure 5 shows the comparison of the values calculated from hexane (twist boat) and cyclohexane (chair) are summarized in

oo andkE(*n Y Table 11) and those obtained from the rate Table 13. _ :
constant proposed by Tsaffyfor temperatures between 950 ~ RSE obtained at a CBS-QB3 level from direct electronic
and 1100 K, i.e., in the range of validity of Tsang’s study. energies and those obtained from isodesmic reactions are in very

The agreement betweeh;?ffg}eg and the rate constant 900d agreement with values proposed by Céhand based

proposed by Tsang is rather satisfactory because the ratio®n 9roup additivity method. »
k;f{'fgeﬂﬁsanglies between 2 and 2.6. Another point concerns It is now interesting to estimate the remaining part of RSE

d : tained in the transition states during ring opening. This can
he differen in ween the r Nty an con ; . ) OF! .
t ;e%ese ence obtained between the rate constejis, “and be done by comparing the enthalpies of activation obtained for

ké(l—h@ mshgvvln 'g I?gu\r/e r6. til;lneq[:eﬁtln?throtaltlcl;n?lr Tndraﬁiemthe ring opening of cycloalkanes with those obtained for the
( Cﬁefe € 7) leads to overestima °Ch8mes € global rate constantyissociation of free-strain linear alkanes and by assuming that
the difference obtained between the cyclic species and the

(1-6) "oy a factor of 2 compared @(1,6) , in the temperature
range 956-1100 K. This difference can be explained by the ., resnonding linear one is only due to the ring strain energy.
If no difference is observed, one can conclude that no remaining

low activation energy involved in the formation of 1-hexene
compared to the rotational barrier, and also by entropic effects ok is contained in the TS

du_e to the differe_nce_ between entropy of the_ ‘linear” biradical £ 4 jinear alkane, the bond dissociation energy (BDE) can
(biradicalS) and biradicalS and4 (Table 1). This results shows ¢ agimilated with the activation enthalpy because the recom-
that by considering only the lowest energy biradical conforma- pination of the two free radicals is barrierless. BDE between
tion, the global rate constant is largely overestimated. two secondary carbon atoms have been estimated by CBS-QB3
5.4. Ring Strain Energies.The results obtained for the ring 1\ othods forn-butane,n-pentane andh-hexane by means of

opening of cycloalkanes into biradicals show an increase of the .o tion 26 where Eioni2 represents a linear alkaneandy
enthalpy of activation going from cyclobutane to cyclohexane. depend on ’the value of

These differences are mainly due to the change of ring strain
energy when one goes from cycloalkanes to TS. To discuss the CH — ¥C.H-+ VC.H 26
results obtained, we first calculated the ring strain energy of ntent2 37 T Y R (26)

cycloalkanes by using the usual definition of RSEeq 24), BDE corresponds to the enthalpy of reaction 26 and can be

expressed by the following equation:
RSE= AHgs = Heyo — NHoy, (24) P y gedq

BDE = AH° = XHgyy + YHo = He . ~ AHF (27)
where Heyelo and Hep,, represent, respectively, the electronic ' G s Gtz
enthalpies of cycloalkane and of Giffagment in gstram-frge where Heyi, and Heyt,, represent respectively the electronic
alkane.n represents the number of Ghagments in the cyclic enthalpy ofn-propyl and ethyl radicals an#lic,.., is the
speciesHch, has been calculated by difference between the enthalpy ofn-butane n-pentane on-hexane. e

enthalpy ofn-hexane and--pentaneHcycio andHci, have been Calculations of BDE in eq 27 can be done using electronic

obtained by considering the electronic energy, zero-point energy gniha|pies or enthalpies estimated from isodesmic reaction. Table
and thermal corrections to enthalpy given at a CBS-QB3 level 14 gives the results obtained in the two cases and the

of theory at 298 K. . . i experimental values proposed by L%o.
_ RSE can also be obtained by using enthalpies calculated by gpg calculated from direct electronic calculations are higher
isodesmic reactions. Thus, eq 24 can be rewritten as than experimental oné80n the other hand, the values deduced
. . o o from isodesmic calculations are closer to these recommended
RSE= AHgs = AHcyai nAfHCHz (25) values and show the best accuracy obtained with isodesmic
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a

a) b) c)

Figure 6. TS involved in the ring opening of cyclobutane (a), cyclopentane (b), and cyclohexane (c).

TABLE 13: Ring Strain Energies (in kcal-mol) of increases whereas an opposite effect is obtained for nonbonded

Cycloalkanes As Calculated at the CBS-QB3 Level of interactions. In our study, the formation of TS from cyclobutane

Theory and Those Proposed by Coheéfl at T = 298 K involves an increase of the ring bond angles, which permits us
cyclohexane cyclohexane to remove a large part of RSE. Indeed, in the TS of Figure 6a,

cycloalkane cyclobutane cyclopentane (chair) (twist boat) [0C,C,C3 = 0C,C3C, = 108.4 vs 88.6 in cyclobutane. For
RSE given by 27.0 7.4 1.1 7.5 TS involved in the ring opening of cyclopentane (Figure 6b),
electronic energies the large increase of the bond length betwegmau@l G (3.329
~ RSE caled from 26.8 7.5 1.0 7.5 Ain TS vs 1.545 A in cyclopentane) associated with an increase
'?g;igﬁ'gﬁﬁg%”s 063 1 07 , of the ring bond angle{C;CsCs = [1C,C4Cs = 114.8 in the
TS vs 104.8 in the molecule), may explain a large part of the
TABLE 14: BDE (in kcal -mol) of Two Secondary Carbon removal of RSE in the TS. In cyclohexane, the low value of
Atoms for Unstrained Linear Alkanes, at 298 K RSE is maintained in the transition state, which can be explained
BDE CBSQ-B3 CBSQ-B3 exptl by gauche interactions remaining in the TS.
(C-0) electronic energies isodesmic reactions BDE®
n-butane 88.8 87.0 86.8 6. Conclusions
n-pentane 89.6 87.9 87.3
n-hexane 90.5 88.9 87.5 Although much work has been carried out on the thermal

TABLE 15: Comparison of AH* (in keal-mol), Obtained for reactions of aliphatic hydrocarbons, the high temperature
the Ring dpening of Cycloalkanes and Those Estimated reactions of cyclic hydrocarbons has not been explored exten-

from Linear Unstrained Alkane, at T = 298 K by Taking sively. In this study, the ring opening of the most representative
into Account Isodesmic Reactions cyclic alkanes, i.e., cyclobutane, cyclopentane, and cyclohexane,

ring strain_ AH* caled from has been extensively explored by means of quantum chemistry.
AH* for energy  corresponding remaining All the possible elementary reactions have been investigated

species  cycloalkane (RSE) linear alkane RSE from the biradicals yielded by the initiation steps. The thermo-
cyclobutane 61.7 268 87 26.8= 602 15 chemical properties of all the species have been. calcula.ltedlwith

cyclopentane 82.4 75 8797.5=80.4 2.0 the high-level CBS-QB3 method. The inharmonic contribution
cyclohexane 89.5 1.0 88.9-1.0=87.9 1.6 of hindered rotors has been taken into account and isodesmic
(chair) reactions have been systematically used for the evaluation of
Cl(’&?;eg‘s;? 83.0 7.5 889-75=8l4 16 the enthalpies to minimize the systematic errors. The enthalpies

of formation of the biradicals have been compared to data

reactions. If we consider that BDE can be assimilated to the Obtained with a semiempirical method and show a very good
enthalpy of reaction in the case of linear unstrained alkane, we agreement.
can compare the activation energies obtained for the opening For all the elementary reactions, the transition-state theory
of cycloalkanes and those obtained by removing the RSE from allowed us to calculate the rate constant. Three-parameter
the BDE of the corresponding linear free-strain alkane. Table Arrhenius expressions have been derived in the temperature
15 shows this comparison from isodesmic calculations. The range 608-2000 K at atmospheric pressure. The tunneling effect
remaining RSE shown in Table 14 permits to conclude that has been taken into account in the case of internal H-transfers.
almost all of the RSE is removed in the transition state of Thanks to the quasi-steady state approximation applied to the
cyloalkanes, excepted, perhaps, for cyclohexane (chair) wherebiradicals, rate constants have been calculated for the global
isodesmic calculations show a slightly increase of the ring strain reaction leading directly from the cyclic alkane to the molecular
energy in the transition state. products. These values have been compared with the few data
Figure 6 shows the three transition state involved in the ring available in the literature and showed a rather good agreement.
opening of the cycloalkanes studied. Dudev é&lave shown, The main reaction routes are the decomposition to two ethylene
from ab initio calculations, that the ring strain energy of molecules in the case of cyclobutane and the internal dispro-
cycloalkanes can be explained by contributions of ring bond portionation of the biradicals yielding 1-pentene and 1-hexene
angles, bond lengths or dihedral angles, this last parameterin the case of cyclopentene and cyclohexane, respectively. An
reflecting nonbonded interactions. interesting fact highlighted in this work is the role of the internal
Thus, the ring strain energy remaining in the TS of cyclo- rotation hindrance in the biradical fate. Whereas the energy
hexane can be explained by the fact that the six-membered ringbarriers between conformers are usually of low energy in
is forced to adopt an energetically unfavorable gauche confor- comparison to the reaction barriers, all the energies are close
mation, whereas-hexane can exist in a strain-free trafisans- in this case and taking the rotations between the conformers
trans conformation. Moreover, they showed that the effects of into account changes the global rate constant especially for the
ring bond angles on RSE decrease when the size of the cyclelargest biradicals. However, these results must be confirmed
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by other examples because the differences observed for cy-
lobutane and cyclopentane are small and closed to the expecte

uncertainty of the CBS-QB3 method. The analysis of the

Sirjean et al.

(24) Pedersen, S.; Herek, J. L.; Zewail, A. $tiencel994 266, 1359.

d (25) Tsang, Wint. J. Chem. Kinet197§ 10, 599.

(26) Tsang, Wint. J. Chem. Kinet1978 10, 1119.
(27) Kalra, B. L.; Feinstein, S. A.; Lewis, KCan. J. Chem1979 57,

variation of the ring strain energy has also showed that the larger1324.

part is removed when going from the cycloalkanes to the
transition states. These last structures are close to be uncon~

strained with between 1 or 2 kcal remaining.

Acknowledgment. The Centre Informatique National de
I'Enseignement Supieur (CINES) is gratefully acknowledged
for allocation of computational resources.

Supporting Information Available: The full list of authors

in ref 30, the structural parameters for all the species investigate

(28) Brown, T. C.; King, K. D.; Nguyen, T. TJ. Phys. Chem1986
90, 419.

(29) Benson, S. WThermochemical Kinetic2nd ed.; Wiley: New
York, 1976.

(30) Frisch, M. J.; et alGaussian03revision B05; Gaussian, Inc.:
Wallingford, CT, 2004.

(31) Montgomery, J. A.; Frisch, M. J.; Ochterski, J. W.; Petersson, G.
A. J. Chem. Phys1999 110, 2822.

(32) Becke, A. D.J. Chem. Phys1993 98, 5648.

(33) Lee, L,; Yang, W.; Parr, R. @hys. Re. B 1998 37, 785.

(34) Grdenstein, J.; Hjerpe A. M.; Kraka E.; Cremer D.Phys. Chem.

dA 200Q 104, 1748.

(35) Cremer, D.; Filatov, M.; Polo, V.; Kraka, E.; Shaik,I8t. J. Mol.

in this study the frequencies, energies and zero point energiessi. 2002 3, 604.

such as isodesmic reactions. This material is available free of

charge via the Internet at http://pubs.acs.org.

References and Notes

(1) Guibet, J. C.Fuels and Enginesinstitut fran@is du Pé&ole
Publications: Eds.; Technip: Paris, 1999; Vol. 1, pp-56.
(2) Bounaceur, R.; Glaude, P. A.; Fournet, R.; Battin-Leclerc, F.; Jay,
S.; Pires Da Cruz, Alnt. J. Vehicles Designn press.
(3) Slutsky, V.; Kazakov, O.; Severin, E.; Bespalov, E.; Tsyganov, S.
Combust. Flamé.993 94, 108.
(4) Zeppieri, S.; Brezinsky, K.; Glassman,dombust. Flame 997,
108 266.
(5) Voisin, D.; Marchal, A.; Reuillon, M.; Boetner, J. C.; Cathonnet,
M. Combust. Sci. Technal99§ 138 137.
(6) Simon, V.; Simon, Y.; Scacchi, G.; Barronet, Ean. J. Chem
1999 77, 1177.
(7) ElBakali, A.; Braun-Unkhoff, M.; Dagaut, P.; Frank, P.; Cathonnet,
M. Proc. Combust. Inst200Q 28, 1631.
(8) Ristori, A.; Dagaut, P.; El Bakali, A.; Cathonnet, ombust. Sci.
Technol.2001, 165, 197.
(9) Lemaire, O.; Ribaucour, M.; Carlier, M.; Minetti, REombust.
Flame 2001, 127, 1971.
(10) Dubnikova, F.; Lifshitz, AJ. Phys. Chem. A998 102 3299.
(11) Hohm, U.; Kerl, K.Ber Bunsen-Ges. Phys. Chet99Q 94, 1414.
(12) Hidaka, V.; Oki, T.Chem. Phys. Lettl987 141, 212.
(13) Rickborn, S. F.; Rogers, D. S.; Ring, M. A.; O’'Neal, H.JEPhys.
Chem.1986 90, 408-414.
(14) Lewis, D. K.; Bosch, H. W.; Hossenlop, J. M.Phys. Chenml982
86, 803.
(15) Barnard, J. A.; Cocks, A. T.; Lee, RK. J. Chem. Soc., Faraday
Trans. 11974 70, 1782.
(16) Lewis, D. K.; Bergmann, J.; Manjoney, R.; Paddock, R.; Kaira, B.
L. J. Phys. Chem1984 88, 4112.
(17) NIST Chemical kinetics Database; http://kinetics.nist.gov.
(18) Butler, J. N.; Ogawa, R. Bl. Am. Chem. S0d.963 85, 3346.
(19) Beadle, P. C.; Golden, D. M.; King, K. D.; Benson, S. WAm.
Chem. Soc1972 94, 2943.
(20) Sakai, SInt. J. Quantum Chen002 90, 549.
(21) Bernardi, F.; Bottoni, A.; Robb, A. R.; Schlegel, H. B.; Tonachini,
G. J. Am. Chem. S0d.985 107, 2260.
(22) Bernardi, F.; Bottoni, A.; Olivucci, M.; Robb, A. R.; Schlegel, H.
B.; Tonachini, G.J. Am. Chem. S0d.988 110, 5993.
(23) Doubleday, C., JJ. Am. Chem. So0d.993 115 11968.

(36) Schreiner, P. R.; Prall, Ml. Am. Chem. Sod 999 121, 8615.

(37) Goldstein, E.; Beno, B.; Houk, K. N. Am. Chem. So4996 118
6036.

(38) Kutawa, K. T.; Valin, L. C.; Converse, A. 0. Phys. Chem. A
2005 109, 10710.

(39) Ziegler, T.; Rank, A.; Baerends, &.Theor. Chim. Actd977, 43,
261.

(40) Cramer, C. J.; Dulles, F. J.; Giesen, D. J.; AimlofChem. Phys.
Lett 1995 245 165.

(41) Noodleman, L.; Case, D. A. ladvances in Inorganic Chemistry
Cammack, R., Ed.; Academic Press: San Diego, 1992; Vol. 38, p 423.
(42) Wijaya, C. D.; Sumathi, R.; Green, W. H., Jt.Phys. Chem. A

2003 107, 4908.

(43) Coote, M. L.; Wood, G. P. F.; Radom, L. Phys. Chem. 2002
106 12124.

(44) Wood, G. P. F.; Henry, D. J.; Radom, L.Phys. Chem. 2003
107, 7985.

(45) Ayala, P. Y.; Schlegel, H. Bl. Chem. Phys1998 108 2314.

(46) Irikura, K. K.; Frurip, D. J. InComputational Thermochemistry
Irikura, K. K., Frurip, D. J., Eds.; ACS Symposium Series 677; Washington,
DC, 1998; pp 13-14.

(47) NIST Chemistry WebBook: http://webbook.nist.gov/chemistry
(48) Tsang, W. IrEnergetics of Organic Free RadicalSimges, J. A.
M., Greenberg A., Liebman, J. F., Eds.; Blackie A&P: Glasgow, 1996;

Vol. 4, pp 22-58.

(49) Cramer, J. CEssentials of Computational Chemistidnd ed.;
Wiley: Chichester, U.K., 2004; p 527.

(50) Skodje, R. T.; Truhlar, D. Gl. Phys. Chem1981, 85, 624.

(51) Lee, J.; Bozelli, 3. WJ. Phys. ChemA 2003 107, 3778.

(52) Bounaceur, R.; Buda, F.; Conraud, V.; Glaude, P. A.; Fournet, R.;
Battin-Leclerc, F.Combust. Flam&005 142, 170.

(53) Bettinger, H. F.; Rienstra-Kiracofe, J. C.; Hoffman, B. C.; Schaefer,
H. F., lll; Baldwin, J. E.; Schleyer, RChem. Commuri999 1515

(54) Brocard, J. C.; Baronnet, F.; O'Neal, H. Eombust. Flamé&983
52, 25.

(55) Dixon, D. A.; Komornicki, A.J. Phys. Chem199Q 94, 5630.

(56) Gulati, S. K.; Walker, R. WJ. Chem. Soc., Faraday Trank989
85, 1799

(57) Eliel, E. L.; Wilen, S. HStereochemistry of Organic Compounds
Wiley-Interscience: New York, 1994.

(58) Dudeyv, T.; Lim, CJ. Am. Chem. Soc1998 120, 4450.

(59) Cohen, NJ. Phys. Chem. Ref. Date096 25, 1411

(60) Luo, Y. R.Handbook of Bond Dissociation Energies in Organic
CompoundsCRC Press LLC: Boca Raton, FL, 2003; pp-9%/.



