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Abstract: Two possible reaction pathways between 1,3-hexadien-5-yn-1-yl radjcah¢ phenyl radical?),

a key reaction in soot formation during fuel combustion processes, have been investigated using ab initio
guantum mechanical electronic structure calculations. The complete active space (CAS) SCF method was
used for geometry optimization of the equilibrium and transition-state structures relevant to the two competing
mechanisms and computing their harmonic vibrational frequencies. Final energies were evaluated by single-
point calculations using essentially the G2M(RCC,MP2) method and corrected for zero-point and temperature
effects. According to all calculated barrier heightdf , AE¥ , AH¥ , and AG* ) the 5exocyclization of 1

to (2,4-cyclopentadienyl)vinyl radicaB) is favored over the @ndocyclization to2. As in the case of the
prototypical hex-5-enyl radical, the predicted highly regioselectiex&eyclization of1 is due to favorable
enthalpic and entropic factors associated with the formation of the smaller ring. Contrary to common belief,
the lowest-energy pathway of the reactibr> 2 is the 5exocyclization of1 to 3 followed by cyclization of

3 to bicyclo[3.1.0]hex-3,5-dien-2-yl radica#t( and subsequent opening of the three-membered ringtof

yield 2. The simple (one-step) éndocyclization of1 affording 2 requires a higher free energy of activation
(AAG* = 1.5 kcal/mol at 298 K) than such a stepwise cyclization. In light of these results, the stepwise
reaction pathway found betwednand 2 should be included in the set of reactions used in detailed kinetic
modeling of soot formation in shock-tube studies of acetylene pyrolysis.

Introduction Thermal closure of 1,3-hexadien-5-yn-1-yl radicd) (s
widely believed to constitute the major pathway in the formation

The formation of the first aromatic ring (i.e., benzene and ot phenyl radical 2) along the stepwise addition of acetylenes
phenyl radical) is commonly believed to be the main reaction

bottleneck in the formation of polycyclic aromatic hydrocarbons .
(PAHS) in hydrocarbon combustidrPAHs are thought to be l '

the precursors to soot partici€sand constitute an important ‘
class of undesirable pollutants, many of which have been found X

to be mutagenic and carcinogeAic.

* Address correspondence to this author at the Departament ahei€@ui ! :

Organica. Fax: +34-93-3397878. E-mail: olivella@qgo.ub.es. .
¥ Universitat de Barcelona. that presuma_bly occurs in flame_s of small upsaturated hydro-
* Consell Superior d’'Investigacions Ciéiques. carbong While several theoretical calculations have been

20t(ﬁ)s(a) Ffer_\klac?l, tM Ct!afy,l)D- WC Gagdir:%ﬁjwbc., gf-:t_Stei?, ? E. reported on the concerted trimerization of acetylene to form
ymposium (International) on Combpusti e Combustion Insti- —15 .
tute: Pittsburgh, PA, 1984; p 88P01. (b) Frenklach, M22nd Symposium benzené, only a few theoretical papers have been devoted

(International) on Combustiorfhe Combustion Institute: Pittsburgh, PA, 10 the study of stepwise acetylene additions involving free

é‘ngé P 1159. (c) Frenklach, M.; WarnatzGbmbust. Sci. Technal987, radical specie$®!” Specifically, the ring closure df to give 2
(2) Haynes, B. S.; Wagner, H. ®rog. Energy Combust. Sci981, 7, (8) Miller, J. A.; Mellius, C. F.Combust. Flamd 992 21.
229. (9) Houk, K. N.; Gandor, R. W.; Rondan, N. G.; Paquette, LJAAM.
(3) Calcote, H. FCombust. Flamd 981, 42, 215. Chem. Soc1979 101,6797.
(4) (a) Longwell, J. P20th Symposium (International) on Combustion; (10) Bach, R. D.; Wolber, J. W.; Schlegel, H. B. Am. Chem. Soc.
The Combustion Institute: Pittsburgh, PA, 1982; p 1339. (b) Longwell, J. 1985 107,2837.
P. InSoot in Combustion System and its Toxic Propertiesiaye, J., Prado, (112) loffe, A.; Shaik, SJ. Chem. Soc., Perkin Trans.1®92 2101.
G., Eds.; Plenum: New York, 1983; p 37. (12) Wagenseller, P. E.; Birney, D. M.; Roy, D. Org. Chem1995
(5) Thilly, W. G. In Soot in Combustion System and its Toxic Properties; 60, 2853.
Lahaye, J., Prado, G., Eds.; Plenum: New York, 1983; p 1. (13) Jiao, H. J.; Schleyer, P. v. B. Phys. Org. Cheml998 11, 655.
(6) Lowe, J. P.; Silverman, B. DAcc. Chem. Red.984 17, 332. (14) Morao, |.; Cossio, F. Rl. Org. Chem1999 64, 1868.
(7) Ball, L. M.; Warren, S. H.; Sangaiah, R.; Nesnow, S.; Gold, A. (15) Cioslowski, J.; Liu, G.; Moncrieff, DChem. Phys. Let200Q 316,
Mutation Res1989 224, 115. 536.

10.1021/ja001011v CCC: $19.00 © 2000 American Chemical Society
Published on Web 11/03/2000



Cyclization of 1,3-Hexadiene-5-yn-1-yl Radical J. Am. Chem. Soc., Vol. 122, No. 46, 20007

Scheme 1 3 to give 1. From the relative energies reported by Walch, an
. . energy barrier of 3.4 kcal/mol is obtained for the reversx5s-
x . ring closurel — 3. Therefore, the energy barrier for theeke
+ cyclizationl — 3is predicted to be less than a half of the barrier

(7.1 kcal/mol) for the éendoring closurel — 2. Accordingly,
it seems unlikely tha2 is formed by simple @&ndocyclization
of 1 in the combustion of small unsaturated hydrocarbons.
I I 11 Since there possibly are alternative mechanisms not consid-
98% 2% ered previously, here we present the results of our theoretical
investigation of a part of the ground-statgHg® potential energy

has been studied theoretically by Walths one of the possible ~ surface (PES), in an attempt to clarify h@xs formed from1.
elementary reactions involved in the ring-closure reactions of . .

C4Hz radical species with acetylene. Employing single-point Methods and Computational Details

internally contracted configuration interaction (ICCI) calcula-  The geometries of the relevant stationary points on the ground-state
tions with the Dunning correlation consistent polarized valence CsHs PES were initially optimized by using the spin-unrestricted
double¢ basis set (cc-pVDZ), performed at the geometries Hartree-Fock (UHF) version of the self-consistent field (SCF) mo-
optimized by using the restricted open-shell HartrEBeck lecular orbital (MO) methott with the d-polarized split-valence
(ROHF) method with a doublé&-basis set, Walch find an energy 6-31G(d) ba;i; ;Qemployjng analytical gradient procedu?éé?All
barrier of 7.1 kcal/mol (including the zero-point effects) for the of these ab initio calculations were performed with the GAUSSIAN
ring closure ofl leading to2. This value is substantially lower ~ 24 Program packagé. .
than the semiempirical MINDO/3 value of 16.6 kcal/mol The UHF wave function of the calculated structures was subjected

. to very serious spin contaminatio®? ranging from 1.4715 to 2.1127
computed by Dewar et 4. Recently, Lin and co-worket$ as compared to 0.75 for a pure doublet state. This can be taken as an

reported a theoretical investigation on the unimolecular decom- jygication of strong nondynamical electron correlation effects. One may
position of2, employing a modified Gaussian-2 metid.he then question the reliability of the geometries calculated at the UHF
energy barrier for decyclization &to 1 was calculated to be  level of theory for these structures. Accordingly, all of the geometries
66.5 kcal/mol with the corresponding recyclization barrier (minima and saddle points) were reoptimized by use of multiconfigu-
energy of 5.6 kcal/mol, which compares reasonably well with ration SCF (MCSCF) wave functions of the complete active space
the value of 7.1 kcal/mol obtained by Walch. (CAS) SCF clas8 with the 6-31G(d) basis set employing analytical
At this point it is worth comparing the cyclization afwith gradient procedure§” The CASs were selected following the
the analogous ring closure of the prototypical hex-5-en-1-yl procedure suggested by Pulay and Hamiffbbased on the fractional

radical (). The latter process occurs regiospecifically in the occupation of the natural orbitals of the UHF wave function (designated
' P giosp y UNOs). These indicated a numberatftive orbitals which varied from

S5-€x0 mod_e affording mainly Cyclopent_ylmethyl radical ), 5, for the structuret, to 9, for the structure4, TS-1/2 andTS-1/3

as shown in Scheme 1. The overwhelming preference ®(-  The gistribution among thactive orbitals of the same number attive

ring closurel — Il over the 6endocyclization, which gives  electrons led in each case to CASSCF wave functions formed as a linear
cyclohexyl radical [{l) , is a consequence of the interplay of combination of a number of doublet spin-adapted configuration state
three main factors, the stereoelectronic, polar, and steric effects. functions which varied from 754§ to 8820 (, TS-1/2, andTS-1/3).

All three effects favor production df , the less thermodynami-  All CASSCF geometry optimizations were carried out by using
cally stable of the two possible products. On the basis of these GAMESS system of progran®s.

results one would expect the ring closure Iofo occur also _ All _of the stationgw points_vyere characterized_ by their harmonig
regiospecifically in the %xo fashion affording mainly (2,4- vibrational frequencies as minima or saddle points. The harmonic

. . . g vibrational frequencies were obtained by diagonalizing the mass-
cyclopentadienyl)vinyl radical3) rather than the @ndocy weighted Cartesian force constant matrix calculated analytically at the

clized product2. Interestingly, in his theoretical study of the  ~A5scE level of theory with the 6-31G(d) basis set by using
. GAUSSIAN 94. Connections of the transition structures between
‘ l designated minima were confirmed by intrinsic reaction coordinate
(IRC) calculation&' at the CASSCF/6-31G(d) level using the second-
\ _— order algorithm of Gonzalez and Schiegahplemented into GAMESS,
N with a step size of 0.15 botamu2.
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With the aim of assessing the performance of current density
functional theory (DFT) for the description of intramolecular free radical
cyclization reactions, geometries and harmonic vibrational frequencies
of the stationary points located on the CASSCF PES were also
calculated using the Becke three-parameter hybrid funcbe@ibined
with the Lee, Yang, and Parr (LYP) correlation functiorfalesigned
B3LYP % employing the 6-31G(d) basis set. To establish that our results
were converged with respect to basis set, single-point B3LYP calcula-
tions were carried out with the split-valence 6-313(3df,2p) basis
set?® which includes a single diffuse sp shell on heavy atoms, triple
d-polarization and a single additional f-polarization on heavy atoms,
and double p-polarization on hydrogen atoms. The B3LYP calculations
were carried out with the GAUSSIAN 94 program.

To incorporate the effect of dynamical valence-electron correlation
on the relative energy ordering of the stationary points located at the
CASSCF/6-31G(d) level, overall energetics were determined by single-
point (frozen-core) calculations using essentially the modified Gauss-
ian-2 method! G2M(RCC,MP2), of Mebel et & The three deviations
between our calculations and the G2ZM(RCC,MP2) method as described
in ref 12 are (1) our use of geometries determined at the CASSCF/6-
31G(d) level instead of the B3LYP/6-311G(d,p) level, (2) our use of
zero-point vibrational energy (ZPVE) corrections based on CASSCF/
6-31G(d) frequencies instead of B3LYP/6-311G(d,p) frequencies, and
(3) our non-use of higher-level correction. The G2M(RCC,MP2) scheme
includes a series of calculations to approximate a restricted open shell
coupled-clustéf calculation including all single and double excitations,
based on a restricted open-shell Hartr€eck reference determinant,
together with a perturbative treatment of all connected triple excita-
tions3® denoted RCCSD(T), with the 6-3315(3df,2p) basis set. In
the present work the RCCSD(T)/6-3tG(3df,2p) energy was ap-
proximated by using the expression

E[RCCSD(T)/6-313#G(3df,2p)]~ E[RCCSD(T)/6-311G(d,p)}
E[PUMP2/6-311G(3df,2p)] — E[PUMP2/6-311G(d,p)] (1)

where PUMP2 stands for spin-projectédecond-order unrestricted
Mgller—Plesset perturbation theatyThis additivity approximation has
been tested previougiand found to provide a useful approach when
direct RCCSD(T)/6-311G(3df,2p) calculations are not feasible. The
PUMP2 calculations were carried out with the GAUSSIAN 94 program,
whereas MOLPRO 98 program package was employed for the
RCCSD(T) calculations.

Relative energies discussed in the text refers to approximated
RCCSD(T)/6-31%#G(3df,2p) unless stated otherwise. ZPVEs were
determined from unscaled harmonic vibrational frequencies calculated
at both the CASSCF/6-31G(d) and B3LYP/6-31G(d) levels of theory.
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Figure 1. Selected parameters of the CASSCF/6-31G(d)-optimized
geometry of 1,3-hexadien-5-yn-1-yl radicd)(The B3LYP/6-31G(d)-
optimized geometrical parameters are given in italics. Distances are
given in A and angles in deg.

Our best total energies @ K correspond to the sum of the approximated
RCCSD(T)/6-31%#G(3df,2p) energy and ZPVE correction. Thermal
corrections to enthalpy and Gibbs free energy values, as well as the
absolute entropies, were obtained, assuming ideal gas behavior, from
unscaled harmonic frequencies and moments of inertia by standard
methods'® A standard pressure of 1 atm was taken in the entropy
calculations.

For both 5exoand 6endocyclization of1 the dependence of the
unimolecular rate constak(E) on the internal energi of a reactant
molecule was calculated on the basis of standard RRKM theory of
unimolecular reactions, which can be formulatetf as

(g = 5 ()
hp(E)

whereE, is the critical energy of the reaction (i.e., the energy barrier
including the ZPVE), WE — Ey) is the total number of states of the
transition state within the energy intenial— Eo, p(E) is the density
of states of the reactant molecule, @t Planck’s constant. YE —
Eo) andp(E) were enumerated by direct count of vibrational states using
a progran®® based on the BeyetSwinehart algorithni#46

The RRKM computations employed the potential energy barriers
calculated at the approximated RCCSD(T)/6-3G(3df,2p) level and
the unscaled CASSCF/6-31G(d) harmonic vibrational frequencies. The
torsional modes were treated as low-frequency vibrations.

Results and Discussion

Selected geometrical parameters of the structures of reactant,
products, intermediates, and transition states calculated in the
present paper are shown in Figures4l(bond lengths in A,
bond angles and dihedral angles in deg), which are computer-
generated plots of the CASSCF/6-31G(d)-optimized geom-
etries?” The optimized geometry &is essentially the same as

(43) See, e.g.: McQuarrie, [tatistical MechanicsHarper and Row:
New York, 1986.

(44) Gilbert, R. G.; Smith, S. CTheory of Unimolecular and Recom-
bination ReactionsBlackwell Scientific Publications: Oxford, 1990.

(45) Sole A., unpublished work.

(46) Beyer, T.; Swinehart, D. Eommun. ACML973 16, 379.

(47) Full set of Cartesian coordinates for all structures as obtained by
CASSCF and B3LYP methods is available upon request from the authors.
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Figure 2. Selected parameters of the CASSCF/6-31G(d)-optimized geometries of the transition stiiSta2) for the 6endocyclization of1
and the phenyl radicaPj. The B3LYP/6-31G(d) optimized geometrical parameters are given in italics. Distances are given in A and angles in deg.

152.2 1.251
165.6 1.233

109.0
109.4

108.9
109.2

TS-1/3, C; 3,C
Figure 3. Selected parameters of the CASSCF/6-31G(d)-optimized geometries of the transition stii8tds8) for the 5exocyclization of1

and the (2,4-cyclopentadienyl)vinyl radic&)( The B3LYP/6-31G(d) optimized geometrical parameters are given in italics. Distances are given in
A and angles in deg.

that calculated by Squires and co-workéegt the CASSCF(7,7)/  and Gibbs free energiedAG) calculated at 298 and 1450 K.
3-21G(d) level. For the purpose of comparison, the values of The latter temperature was chosen to represent a typical
the geometrical parameters for the structures optimized at thetemperature used in shock-tube pyrolysis of acetylértee total
B3LYP/6-31G(d) level of computation are also given in italics energies calculated at various levels of theory with different
in Figures +4. Some B3LYP/6-31G(d)-optimized struc- basis sets are summarized in Table S1 (Supporting Information).
tures (i.e.,1, 2, and TS-1/2 have been reported previ- Table S2 (Supporting Information) contains the ZPVEs, thermal
ously2® Overall, the structures calculated at the CASSCF leve| corrections to enthalpy, and absolute entropies calculated for
of theory are similar to those optimized with the B3LYP method. the CASSCF/6-31G(d)-optimized structures. The total energies,
Relative energies obtained at the approximated RCCSD(T)/6- ZPVES, thermal correction to enthalpy, and absolute entropies
311+G(3df,2p) level AU) are given in Table 1. In addition, calculated for the B3LYP/6-31G(d)-optimized structures are

Table 1 includes the relaive ZPVEAZPVE) as well as the U0 SO >0 5 PEEEA FEOIE O, MO roximated
relative energiestadd K (AE) and the relative enthalpieaH) RCCSD(T)6-313 G(3df,2p) + ZPVE level for two different

(48) Wenthold, P. G.; Wierschke, S. G.: Nash, J. J.; Squires, R, R. pathways leading to the formation &ffrom 1 found on the
Am. Chem. Socl994 116,7378. CASSCF PES.
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Figure 4. Selected parameters of the CASSCF/6-31G(d)-optimized geometries of the transition strigt®4) (for the cyclization of3, the
bicyclo[3.1.0]hex-3,5-dien-2-yl radical), and the transition structure for the three-membered ring openingtof2. The B3LYP/6-31G(d)-
optimized geometrical parameters are given in italics. Distances are given in A and angles in deg.

Table 1. Calculated Relative Energies (kcal/mol) for CASSCF/
6-31G(d)-Optimized Stationary Points on theHg Potential Energy
Surface

stationary

AE  AH AG AH AG
point = AU AZPVEP (0K) (298K) (298K) (1450 K) (1450 K)

1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
TS-1/2 6.0 0.3 6.3 55 7.3 2.9 17.4
2 —66.6 52 —-614 -629 -594 —-659 —40.7
TS-1/3 51 -0.2 4.9 4.3 5.8 2.0 14.0
3 —35.2 30 —-322 —-333 —-309 -—-350 —186
TS-3/4 —-4.7 2.1 —26 —4.0 -1.0 7.7 15.5
4 —7.2 2.8 —44 56 —2.8 -7.3 11.3
TS—4/2 -13 13 00 -1.2 1.6 —4.5 16.8

a Relative energy at the approximated RCCSD(T)/6-BG13df,2p)
level of theory, obtained using the G2M(RCC,MP2) computational
schemeP® Differential zero-point vibrational energy corrections obtained
from CASSCF/6-31G(d) calculated harmonic vibrational frequencies.

A. 5-exo versus6-endo Cyclization of 1. The 6endoring
closure ofl to give 2 takes place via the transition structure
labeled ag'S-1/2in Figure 2. A 0 K this intramolecular radical
addition is predicted to be exoergic by 61.4 kcal/mol. This value
is in good agreement with the exoergicity of 60.9 kcal/mol
obtained by Lin et al? with the G2M(rcc,MP2) model but is

3.5 kcal/mol lower than the value of 64.9 kcal/mol obtained
from the ICCl/cc-pVDZ+ ZPVE relative energies reported by
Walchl” The potential energy barrieA{J* ) for 6-endoring
closure ofl is calculated to be 6.0 kcal/mol. Inclusion of the
ZPVE correction leads to a predicted activation energy at 0 K
(AE*) of 6.3 kcal/mol. ThisAE* compares reasonably well with
the values of 7.1 and 5.6 kcal/mol obtained from the relative
energies reported by Walthand Lin et all® respectively.

The 5exoring closure ofl to give 3 occurs through the
transition structure labeled d$-1/3in Figure 3. A0 K thel
— 3 cyclization is predicted to be exoergic by 32.2 kcal/mol.
This value is in reasonable agreement with the exoergicity of
33.3 kcal/mol obtained from the relative energies reported by
Walch1? The AU for the 5exoring closure ofl is calculated
to be 5.1 kcal/mol. Inclusion of the ZPVE correction leads to a
predictedAE* of 4.9 kcal/mol, which is somewhat higher than
the value of 3.4 kcal/mol obtained from the relative energies
reported by Walch’

According to Table I'S-1/3is predicted to be less energetic
thanTS-1/2 Thus, theAU* for the 5exocyclization1 — 3 is
0.9 kcal/mol lower than for the éndoring closurel — 2.
Inclusion of ZPVE corrections to energy and thermal corrections
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concerning the direct and stepwise pathways for the rearrarigeament of

2. Relative energy values obtained from ZPVE-corrected approximated RCCSD(T}8=83df,2p) energies computed at the CASSCF/6-31G(d)-

optimized geometries.

to enthalpy at 298 K leads to th&E* and AH* differences of
1.4 and 1.2 kcal/mol, respectively, between these two competing
reactions. ThAAH* (298 K) of 1.2 kcal/mol in favor of %xo
cyclization of 1 is somewhat smaller than that obtained
experimentally (1.7 kcal/md¥jcfor exo-andendoring closures
of radicall. To investigate if the activation entropy could reverse
the preferred cyclization mode df predicted on the grounds
of the computed\U* , AE* , andAH* (298 K), it is worthwhile
to compare the Gibbs free energy of activatisG( ) obtained
for each cyclization mode. At 298 K thaG* for the 5exo
cyclization (5.8 kcal/mol) is found to be 1.5 kcal/mol lower
than that for the @&ndoring closure (7.3 kcal/mol). Thus, the
activation entropy also favorséxocyclization over the @&ndo
ring closure. Even at high temperatures suchTas 1450 K
the AG* for 5-exoring closure (14.0 kcal/mol) is predicted to
be 3.4 kcal/mol lower than that for &do cyclization (17.4
kcal/mol). Therefore, as in the case of the ring closure of the
prototypical radical, the predicted highly regioselectivegxo-
cyclization ofl is due to favorable enthalpic and entropic factors
associated with the formation of the smaller ring.

On the basis of the predicted preference f@ax®cyclization
of 1 to afford 3 over 6endoring closure to yield?, it seems
unlikely that2 is formed by simple @&ndocyclization of 1.
Furthermore, this conclusion is confirmed by the results of
RRKM computations based on the calculatdgf and harmonic
vibrational frequencies. The logarithm kfE) versusE curves
for the 5exoand 6endocyclizations modes af, computed by
using eq 2, are shown in Figure 6. For the full range of internal
energy excess with respect the ZPVELdhe RRKM-calculated

5

1

log K

6-endo

)

I . I L
45 50 55

E>40 60
E/(kcal /mol)
Figure 6. The logarithm ofk(E) versuskE curves for the fexoand

6-endocyclization of 1, computed by using eq 2.

B3LYP/6-31G(d) energies in conjunction with the B3LYP/6-
31G(d) harmonic vibrational frequencies (Table S3, Sup-
porting Information) for the @ndo(AE* = 5.2, AH¥ (298 K)
= 4.5, andAG* (298 K) = 6.0 kcal/mol) and the Bxo(AEf =
4.5, AH* (298 K) = 4.0, and AG* (298 K) = 5.2 kcal/
mol) cyclization modes ofl also favor the latter ring-closure
mode.

B. Isomerization of 3 to 2.In light of the predicted preference
for 5-exocyclization of1 to afford 3 over 6endoring closure
to yield 2, we investigated a possible stepwise mechanism for
the 1 — 2 reaction involving the formation of radic& as a

rate constants reproduce the above predicted dominance of therimary reaction product and the subsequent isomerization of

5-exoring closure mode of.

Finally, it is worth noticing that the DFT calculations based
on the B3LYP method qualitatively agree with the RCCSD(T)
calculations for the two cyclization modes bfThus, the acti-
vation parameters obtained from the B3LYP/6-3TQ(3df,2p)//

3to 2. The possibility of a hypothetical isomerization®fo 2

has not been considered in previous interpretations of experi-
mental results. In principle, radica8 might undergo an
intramolecular radical addition to one of the two adjacent CC
double bonds, leading to the highly strained bicyclo[3.1.0]hex-
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3,5-dien-2-yl radical 4), which could undergo an opening of 1 — 3 — 4 — 2 to be preferred over the simple eido
the three-membered ring to yield cyclizationl — 2.

Summary and Conclusions

In the present study two distinct reaction pathways for the
cyclization of the 1,3-hexadien-5-yn-1-yl radicdl, to yield
phenyl radical2, a key reaction in soot formation during fuel
combustion processes, have been investigated computationally
using ab initio quantum mechanical electronic structure methods.
According to all barrier heightsAU*¥, AE*, AH*, and AG")
calculated from approximate RCCSD(T)/6-31G&(3df,2p) ener-
gies, obtained using essentially the G2ZM(RCC,MP2) scheme
with optimized molecular geometries and harmonic vibrational
frequencies determined at the CASSCF/6-31G(d) level, #ned5-
cyclization of 1 to (2,4-cyclopentadienyl)vinyl radicaB, is
favored over the @ndocyclization to2. As in the case of the
prototypical hex-5-enyl radical, the predicted highly regio-
selective 5exo cyclization of 1 is due to favorable enthalpic
and entropic factors associated with the formation of the smaller
ring.

Contrary to common belief, the lowest-energy pathway for
the reactionl — 2 is the 5exocyclization of1 to 3 followed
by cyclization of3 to bicyclo[3.1.0]hex-3,5-dien-2-yl radical,

4, and subsequent opening of the three-membered ridgtof
yield 2. The simple (one-step) é~docyclization ofl affording
2 requires a higher free energy of activaticx(G* = 1.5 kcal/
mol at 298 K) than such a stepwise mechanism. In passing from
through the transition structure labeled&s-4/2 in Figure 4. ordina_ry to high temperatures, the rate-determining step of the
At 0 K this ring opening is predicted to be exoergic by 57.0 ste|c|>.W|s.e pa}thwayl ; 2 ch_angefshfrom being the_é»(o
kcal/mol and to involve aAE* of only 4.4 kcal/mol. These cyclization of1 to be the opening of three-membered ringlof

. - - . These findings are in overall qualitative agreement with the
results are in accordance with the expected high strain energy .
of 4. It is worth noting that al = 298 and 1450 K the\G of resultg Of.DFT (_:alcu_latlor_ls bas_ed_on BSLYP/6_—?rﬂ(3df,2p) .

energies in conjunction with optimized geometries and harmonic

TS-4/2 (1.6 and 16.8 kcal/mol, respectively) is predicted to be . = < . X )
lower than that off S-1/2 (7.3 and 17.4 kcal/mol, respectively). V|brat|pnal frequencies determln.ed.at the.BSI'_YP/ 6-31G(d) |eye|.
In light of the results of this investigation, the stepwise

Therefore, it can be concluded that the three-step patiiway reaction pathway found betwedrand2 should be included in

34~ 2is favored over the simple éndocyclization1 — the set of reactions used in detailed kinetic modeling of soot
2. Now we note that at ordinary temperatures (e.g., 298 K) the S . 9
formation in shock-tube studies of acetylene pyrolysis.

AG of TS-1/3 is higher than that o S-4/2, whereas at high
temperatures (e.g., 1450 K) this relati& ordering is reversed. Acknowledgment. This research was supported by the
These results indicate that, in passing from ordinary to high Spanish DGICYT (Grant PB98-1240-CO2-01. Additional sup-
temperatures, the rate-determining step of the stepwise pathwayort came from CIRIT (Grant 1999SGR00043). Calculations
1 — 2 changes from being the &xocyclization of1 to be the described in this work were performed on a HP9000 J282
three-membered ring opening 4f workstation at the University of Barcelona and on the IBM SP2
Finally, it is worth mentioning that the DFT (B3LYP) atthe Centre de Supercomputadie Catalunya (CESCA).

calculations for the isomerization &to 2 are in qualitative
agreement with the results obtained with the RCCSD(T) method.
Thus, the relative energies determined from the results of the
B3LYP calculations (Table S3, Supporting Information) T&-

3/4 (AE =-1.0, AH(298 K) = —2.3, andAG(298 K) = 0.4
kcal/mol),4 (AE = —2.8,AH(298 K) = —3.8, andAG(298 K)

= —1.5 kcal/mal), and'S-4/2 (AE = —0.1,AH(298 K) = —1.3,
andAG(298 K) = 1.3 kcal/mol), predict the stepwise pathway JA001011V

3 4 2

A transition structure connectirgywith 4, labeled ag' S-3/4
in Figure 4, was located on the ground-stag§ PES. The
optimized geometries ofS-3/4 and4 are shown in Figure 4.
In accordance with the expected high strain energy of the
bicyclic intermediatet, as compared witl3, at 0 K the3 — 4
cyclization is predicted to be endoergic by 27.8 kcal/mol and
to involve aAE* of 29.6 kcal/mol. These results indicate that
such an intramolecular radical addition is energetically unfavor-
able. However, according to all relative energias)( AE, AH,
and AG) shown in Table 1, structureBS-3/4 and4 lie below
the energy ofl. Furthermore, al = 298 and 1450 K the two-
step reaction froni to 4 involves an overalAG* (5.8 and 15.5
kcal/mol, respectively) that is lower than the ensuix@ (7.3
and 17.4 kcal/mol, respectively) ford@hdoring closure ofl.
Thus, the two-step rearrangement— 4 is favored over the
6-endoring opening ofl.

The ring opening o# leading to2 was found to take place

Supporting Information Available: Tables S+S3 sum-
marizing total energies, zero-point vibrational energies, absolute
entropies, and thermal corrections to enthalpy calculated at
different levels of theory of all structures reported in this paper
(PDF). This material is available free of charge via the Internet
at http://pubs.acs.org.



