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The enthalpies of formation were determined for 15 intermediate species of cyclopentadiene oxidation under
combustion conditions by ab initio molecular orbital calculations at the G2(MP2,SVP) and G2(B3LYP/
MP2,SVP) levels of theory and with the use of isodesmic reactions. The G2(B3LYP/MP2,SVP) method, a
hybrid of G2(MP2,SVP) and the density-function-based G2(B3LYP/MP2), was devised in the present study.
The devised method is less demanding computationally, but it provides atomization energies with accuracy
comparable with G2(MP2) and G2(B3LYP/MP2). In addition, the pathways and reaction rate coefficients
for the thermal decomposition of cyclopentadienone were studied with molecular orbital and RRKM
calculations. The computational results show that at high temperatures the decomposition of cyclopentadienone
leads primarily to cyclobutadiene. An analysis of the chemically activated reactions of the cyclopentadienyl
radical suggests that cyclopentadienylidene may potentially be an important intermediate species of
cyclopentadiene oxidation at high temperatures.

I. Introduction the Hartree-Fock level of theory, employing the 3-21G and
6-31G(d) basis sets. With the use of isodesmic reactions, they

It has been well-established that during the high-temperature ggtimated the thermochemical data of cyclopentadiene deriva-
oxidation of benzene and toluene one of the major intermediates;j s  These data are valuable in that they have been used as
i i ’2 1 ' - . . .
is cyclopentadiene (). The cyclopentadiene may then e pasis for the subsequent development of detailed kinetic
be oxidized to cyclopentadienonestGO), which subsequently . J4els of one-ring aromatics oxidation.

m noncycli i h lene, di len - -
decomposes to noncyclic species, such as acetylene, diacetylene, Because of the limited predictive accuracy of the Hartree

ang pOﬁs;bl;I/(.wn)./Iacety(;eTe. bled he basis of th Fock metho# and considering the recent developments of more
etalled kinetic models assembled on the basis of the , o qicive computational chemistry tools, the accuracy of the

afor_ementioned_ reaction path\_/vay h_ave been te_sted agginsgar"er thermochemistry estimates of ref 9 should be and can
available experimental data, including the species profiles be improved. We note that the G2 methbdnd its varia-

measured during benzene and toluene cz)X|dat|on ina flowlreactortionslz_lg, are capable of predicting the atomization energies with
over the temperature range 1600200 K? the species profiles

inthe b cabilized | b feanef Bitt an average error of less than 2 kcal/mol. Because the prediction
In the burner-stabilized low-préssure benzene Iiner of atomization energy is a more stringent test than the prediction
and Howard, and the laminar flame speeds of benzeai and

ol i mixtures’ It h that th del dicted of enthalpy of formation with the use of isodesmic reactions, it
0 uen&g;r mlx”ures.h . (\;\(a%s ?Wnt ?th € models pr(i ||Cdet is expected that the G2 methods can predi¢t®,qs to within
reasonably well eéach individual set of e experimental aata, 5 yq4)/mo| accuracy. These methods have been used to predict
but a comprehensive and physically justifiable model, which is o : ; 18

L . . AfH°59g for strained ring compounds.
capable of closely predictingjl the available experimental data, ) L .
is still lacking. In this study, we used several simplified versions of G2 to
determine the enthalpies of formation for the cyclopentadiene
and cyclopentadiene derivatives. The target species are shown
in Figure 1 and include cyclopentadienesk{g 1), cyclopen-
tadienyl (GHs, 2), cyclopentadienol (§4s0H, 3-5), cyclopen-
tenone (GHgO, 6 and 7), CsHsO radical species8-11),
cyclopentadienone @40, 12), oxobicyclopentene (140,

The inability of the detailed kinetic models to reconcile
various literature data can be attributed at least partly to the
uncertainties in the thermodynamic data. There are few
experimental data available for the enthalpy of formation,
AfHaeg’, Of the intermediate chemical species involved in the
pathway of aromatics oxidation via cyclopentadiene. In par- . . . .
ticular, the uncertainty in théH®,9g Of the cyclopentadienyl 13)’. and the triplet and singlet cyclopentadienylidef, (4)

L radicals.
radical is as large as10 kcal/mol. Furthermore, measurements

for the oxygenated species are not at all available. Karni et !N addition to the critical importance of accurate thermo-
al? performed ab initio molecular orbital (MO) calculations at chemical data in kinetic model development, we note that there

still exist uncertainties in the reaction pathways leading to ring
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Figure 1. Structures of the target species.

of benzene and toluene oxidation in a flow reattand in basis set. The resulting G2(B3LYP/MP2,SVP) energy is given
laminar flames burning benzeneand toluene-air mixtureg by

that the above reaction was one of the dominant ring breakdown

processes. Because the proposed reaction requires breaking, = E[QCISD(T)/6-31G(d)H Ags| ypmp2,sveT

three chemical bonds, it must involve one or more thermally HLC + E(ZPE)
activated isomers before it can form the final products. A

detailed knowledge of the minimum-energy paths is therefore where Ags ypmp2,svp= E[MP2/6-31HG(3df,2p)] — E[MP2/
extremely valuable. Hence, we performed molecular orbital 6-31G(d)], andE(ZPE) is the zero-point energy determined from
calculations to determine the energy barriers along severalthe B3LYP/6-31G(d) frequencies multiplied by a scaling factor
possible paths. On the basis of the computed energy barriersof 0.9815 Such an approach is similar to G2(MP2,SVP), but
and vibrational frequencies, we calculated the pressure-dependthe MP2 geometries and vibrational frequencies are replaced

ent rate coefficients using the Rie®RamspergerKasset- by those of B3LYP calculations.

Marcus (RRKM) theory? In addition, the reaction pathways For the higher level correction,

of several chemically activated reactions of the cyclopentadienyl

radical are discussed. The emphasis was placed on the HLC = —An; — Bn,

cyclopentadienylidene radical as a potential intermediate of

aromatics oxidation. wheren, andny are respectively the number afand;3 valence
electrons, we assignddl = 0.0019 au, which is the same as

Il. Computational Methodology that of G21 and G2(MP2)2 because it is based on the H atom.

To obtain theA value, we performed calculations and minimized

The ab initio MO calculations were carried out using the the average deviation between the computed and experimental
Gaussian 94 progradi. We adopted the G2and G2(MP2y* dissociation energies for the 55 species originally used in the
methods for cyclopentadiend)(and cyclopentadienoné.2), G2 study. The value ok determined in this manner is 0.005 19
G2(MP2) for 2,4-cyclopentadien-1-08), and G2(MP2,SVP) au.
for all target species. The last method presents significant saving To estimate the enthalpies of formation, each target species
in computational resources without significant sacrifice in was assigned with one or more isodesmic reacti®dn3he
accuracy, as will be demonstrated by comparing the obtainedreaction enthalpies were computed from the energy difference
results with the more expansive G2 and G2(MP2). between the products and reactants. The enthalpies of formation

To further explore savings in computational resources, we of the reference species in an isodesmic reaction were obtained
propose to combine the reduced basis-set approach of ref 13through a review of literature data.
e.g., G2(MP2,SVP), and the density-function-based geometry The transition-state structures of cyclopentadienone thermal
and frequencies of Bauschlisher and Partritfge,., G2(B3LYP/ decomposition were initially optimized with the spin-unrestricted
MP2). A hybrid of the two approaches is denoted as G2- Hartree-Fock (UHF) method, employing the split-valence
(B3LYP/MP2,SVP). Specifically, we optimize the geometry 3-21G basis set. The structures were further optimized at the
and compute the vibrational frequencies using the B3LYP HF/6-31G(d) level and refined at the UMP2(full)/6-31G(d) level.
method! with the split-valence plus polarization 6-31G(d) basis In all calculations, we employed the analytical gradient proce-
set. We then performed the QCISD(T) calculation with the dure and the combined synchronous transit and quasi-Newton
6-31G(d) basis and the MP2 calculation with the 6-BGI3df,2p) (STQN) method?® The vibrational frequencies were obtained
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TABLE 1: Summary of the G2(B3LYP/MP2,SVP) Energies E, Hartrees)

molecule E molecule E molecule E

Be —14.625 413 Co —188.358 996 NH —56.456 075
C —37.782 390 CS —435.706 871 NO —129.736 637
Cl —459.667 800 eH> —77.184 968 N —109.393 237
F —99.630 172 GH4 —78.412 466 NH4 —111.676 867
H —0.500 000 GHs —79.624 002 NaCl —621.672 526
Li —7.432 217 CIF —559.396 102 Na —323.723 592
N —54.517 119 Clo —534.745718 OH —75.641 695
Na —161.846 168 Gl —919.428 002 Q@ —150.145 117
(0] —74.980 218 F —199.318 601 Ph —342.043 926
P —340.814 151 HCN —93.284 061 PH —342.673 612
Si —288.930 385 HCO —113.696 041 P —681.813 592
S —397.647 653 HCI —460.332 869 SO —472.820 514
BeH —15.193 265 HF —100.348 066 S —548.011 396
CH —38.410 467 HOCI —535.398 936 ) —795.453 632
CHx(*A)) —39.056 247 ChHD —114.335 692 Sik{*A1) —290.163 340
CH,(®By) —39.065 791 HO —76.329 947 Sik(®B;) —290.126 096
CHs —39.740 765 HO» —151.362 068 Sikl —290.767 891
CH:CI —499.543 302 7S] —398.924 832 Sikl —291.411 917
CH, —40.406 254 LiF —107.281 589 Sio —364.215 087
CH;OH —115.529 605 LiH —8.021 004 Si —577.977 725
CH3SH —438.139 766 Li —14.906 856 SHe —581.656 192
CN —92.583 933 NH —55.140 325

Cco —113.176 597 NH —55.786 818

: Lo _ TABLE 2: Summary of the Computed G2(B3LYP/
from the geometries optimized at the UMP2(full)/6-31G(d) level MP2,SVP) D, Values (kcal/mol). A Is the Experimental

of theory. These frequencies are multiplied by an appropriate Resyits Minus the Theoretical Results
scaling factor of 0.9648' The energy barriers were determined

by the G2(MP2,SVP) energies. For comparison, G2(B3LYP/ molecule Do At molecule Do A
MP2,SVP) was also employed for selected transition-state BeH 42.6 43 HS 1738 -0.6
calculations. CH 803 -04 L 1375 0.1
CHy(*A;) 1717 —-11  LiH 55.7 0.3
CH,(3B) 177.7 19 L 266 —2.6
lll. Results and Discussion CHs; 287.5 1.7 NH 77.3 1.7
CHsCI 372.0 -1.0 NH, 169.1 0.9
The G2(B3LYP/MP2,SVP) Method. Table 1 presents the CH, 391.3 1.2 NH 275.3 1.4
total energies computed with G2(B3LYP/MP2,SVP). The CHsOH 481.0 —0.2 NO 150.1 0.0
resulting dissociation energies and the differences between the CHsSH 445.1 0.0 N 2251 0.0
experimental and theoretical dissociation energies are shown SN 1784  -18  NH, 403.0 2.4
in Table 2. The G2(B3LYP/MP2,SVP) method yields an ggz §§’§ 2 :ig “ZCI 1999 gl :%'g
average error of 1.37 kcal/mol and a maximum error of 4.5 kcal/ g 1736 —-41  OH 101.3 0.0
mol for dissociation energy. These results are nearly identical C,H, 380.0 —0.1 o} 115.8 2.2
with the respective average and maximum deviations of G2- C;Ha 531.6 0.3 PH 144.1 0.6
(MP2) at 1.31 and 4.2 kcal/mét,G2(MP2,SVP) at 1.34 and CaHs 664.3 20  PH 225.4 2.0
4.2 kcallmol®* and G2(B3LYP/MP2) at 1.32 and 3.7 kcal/m8l. CIF 615 -12 B 1162 = —0.1
. Clo 61.3 20 SO 120.8 2.7
At the same time, we note that G2(B3LYP/MP2,SVP) presents Cl, 579 —07 sG 2529 11
significant savings in both CPU time and disk storage require- F, 36.5 0.4 s 99.3 1.4
ments, because the QCISD(T)/6-311G(d,p) calculation in G2- HCN 3039 -21 SiH(*Ay) 146.1  —1.7
(MP2) and G2(B3LYP/MP2) was replaced with the significantly ~ HCO 2718 —-15  Sik(By) 1227 0.7
less demanding QCISD(T)/6-31G(d) calculation. The compu- :E' iggg :ig g:ﬁ 53% (2)-2
tational time required for G2(B3LYP/MP2,SVP) is roughly a ;5 1574 —11 Sio 1910 -05
factor of 10 less than G2, one-fifth comparing to G2(MP2), and  cnh,0 3594 -21  Sp 73.3 0.7
one-half of that of G2(MP2,SVP). H.0 219.3 0.0 SHe 498.8 1.3
Enthalpies of Formation. Table 3 presents the G2 energies ~ Hz02 251.9 0.4

of the target and reference species and the literature enthalpy 2 average error= 1.37 kcal/mol.

values of the reference species used for determination of the

AfH°29g Of the target species. When available, the uncertainties species studied. The agreement in the results obtained with G2-

in the reference\iH°,9g are also provided. (MP2,SVP) and G2(B3LYP/MP2,SVP) provides additional
Table 4 presents the isodesmic reactions assigned and theonfidence that the estimated enthalpies of formation are

enthalpies of formation obtained for the target species. It is accurate. The only exception is that®fin that we were not

seen that for eHg (1), 2,4-GHsOH (3), and 2,5-GH40 (12 able to obtain meaningful QCISD(T)/6-31G(d) and MP2/6-

the AH®y values predicted with the employed methods are 311+G(3df,2p) energies when the optimized B3LYP/6-31G-

within 1 kcal/mol of each other, including G2 fdrand 12. (d) geometry was used to compute the G2(B3LYP/MP2,SVP)

The remarkable agreement suggests that calculations performeenergy.

at the G2(MP2,SVP) and G2(B3LYP/MP2,SVP) levels of theory ~ Averaging theAsH®, results shown in columns-3 of Table

are as accurate as the full G2 method. Hence, other target4 and correcting them to 298 K by sensible enthalpies, we

species were studied only with the latter two methods, which obtainedAsH°,gg Of the target species, as presented in Table 4.

provide nearly identical enthalpy of formation for almost every TheseAsH®,95 values are recommended for future uses. For



Thermochemistry of Cyclopentadiene Derivatives J. Phys. Chem. A, Vol. 102, No. 9, 1998533

TABLE 3: Calculated G2, G2(MP2), G2(MP2,SVP), and G2(B3LYP/MP2,SVP) Total Energies (Hartrees) and Enthalpies of
Formation of Reference Species (kcal/mol)

G2 G2(MP2) G2(MP2,SVP)  G2(B3LYP/MP2,SVP)  AtH®s AiH%

reference species

CH, —40.410 89 —40.409 66 —40.407 68 —40.4062 8 -17.9+ 01> -159

CoH, —78.41593 —78.414 30 —78.413 44 —78.4124 F 12.54+0.1° 14.8

CoHe —79.630 86 —79.628 91 —79.626 06 —79.62400 -20.0+0.1° -16.3

CoHs —78.965 60 —78.964 10 28.4:0.2 30.8

C,HsOH —154.76050 —154.758 19 —154.756 90 -56.2+0.1° —52.0

CH;CHOH —154.107 22 —154.106 34 —14.3 -11.3

CH;CH,O —154.089 75 —154.088 34 -3.7+0.8 -0.44+09

CH,CHOH —153.553 63 —153.553 08 —29.8 -27.3

CH,CHO —152.919 07 —152.919 02 6.1 7.8

CH;CHO —153.576 84 —153.572 97 —153.571 48 —153.571 01 —39.7+£ 0.1 —37.2

CH; (®By) —39.066 23 —39.0657 9 93.8 93.7

CH; (*Ay) —39.056 34 —39.0562 8 102.7 102.6

i-C4H10 —158.076 63 -32.1+02» 252
target species

CsHs (1) —193.707 33 —193.70369 —193.704 25 —193.703 08 32.% 0.4 36.2

CsHs (°B1) (2) see text —193.072 07

CsHs (PA2) (2) see text —193.071 04

2,4-cyclo-GHsOH (3) —268.83040 —268.83121 —268.830 80

1,3-cyclo-GHsOH (4) —268.843 27 —268.842 42

1,2-cyclo-GHsOH (5) —268.844 55 —268.843 77

2-cyclo-GHeO (6) —268.865 95 —268.865 02

3-cyclo-GHgO (7) —268.860 10 —268.859 42

2,4-cyclo-1-GH4OH (8) —268.219 85 —268.221 09

2,4-cyclo-1-GHsO (9) —268.160 75 k

1,3-cyclo-1-GHsO (10) —268.232 09 —268.231 26

1,2-cyclo-1-GHsO (11) —268.216 30 —268.218 66

2,4-cyclo-GH40 (12 —267.65302 —267.647 27 —267.648 48 —267.648 55

bicyclo-GH40 (13) —267.568 17 —267.568 49

c-CsHy (14) (°B1) —192.391 81 —192.392 54

c-CsHa4 (15) (*A2) —192.386 49 —192.387 21

a From Table 2P Reference 25¢ Reference 26¢ Correctedd 0 K with the sensible enthalpyif2es — Ho°). Hindered internal rotation is taken
into consideration when necesssdrReference 27.Corrected @ 0 K with the sensible enthalpyd{.ss — Ho°) value of ref 289 Reference 29.
h Reference 30.Reference 31.Reference 32 Unable to obtain meaningful MP2/6-33G(3df,2p) and QCISD(T)/6-31G(d) energies.

TABLE 4: Enthalpies of Formation of Target Species (kcal/mol)

AiH®
G2(B3LYP/ average literature
species isodesmic reaction G2 G2(MP2) G2(MP2, SVRIP2,SVP) AiH°? AfH 2ed AiH°208
CsHe (1) + 5CHs = 3CHg + 2CH4 36.4 36.8 36.2 36.3 36.4 32.3 3210.4,33.3
CsHs (°B1) (2) + 5CHs = CyHs5 + 2CHg + 2CH4 see text 65.0 650 62.0 63+2/614+29500
58+ 2, 63.2

CsHs (PA2) (2) see text 65.6 65% 62.6
2,4-GHsOH (3) + 5CHs = 2GHg + CoHsOH + 2CoH4 4.2 3.8 3.9 38 —-06 19

+ CoHg = CsHe(1) + C:HsOH 3.6 3.7 3.8
1,3-GHs0OH (4) + 5CHs = 3CHg + CH,CHOH + CyH4 —-4.9 —4.8 —4.9 -92 58

+ C2H4 = CsHe(l) + CHzCHOH -5.0 —4.9
1,2-GHsO0H (5) + 5CHs = 3C;Hg + CH,CHOH + CoHa -5.7 -5.6 -58 -100 -6.7°

+ CyH4 = CsHe(1) + CH,CHOH -5.9 —5.8
2-GsHeO (6) + 5CH; = 3GHg + CHsCHO + CoHa —-17.9 -176 —178 —22.2
3-GsHeO (7) + 5CH; = 3CHg + CH3sCHO + CoHa —14.2 -141 142 187
2,4-GH4OH (8) + 5CHs = 2CHg + CH3CHOH + 2CHa 19.6 19.0 19.3 15.9 2¢9

+ C;Hg = CsHg(1) + CHsCHOH 19.6 18.8
2,4-GHs0 (9) + 5CH; = 2GHg + CH3CH20 + 2CH4 56.6 56.6 52.8 548

+ CoHg = CsHg(1) + CH3CH,O 56.6
1,3-GHs0 (10) + 5CH; = 3GHg + CH,CHO + CoHa 15.5 16.0 15.7 122  14£3

+ C2H4 = C5H6(1) + CH2CHO 15.5 15.8
1,2-GHs0 (11) + 5CH; = 3CHg + CH,CHO + CoHa 25.4 23.9 24.6 21.1  24&7

+ CoHg = CsHg(1) + CH,CHO 25.4 23.7
CsH40 (12) + 5CHy = 2CHg + CHsCHO + 2GHs  15.6 16.2 16.1 16.4 16.0 13.2

+ CoHe = CsHe(1) + CHsCHO 155 15.6 16.0 16.3
bicyclo-GH40 (13) + 2C;Hg = 2i-C4H10 + CHsCHO + CoHa 66.8 66.8 64.1
CsH4 (°B1) (14) + 6CHy = CHy(®B1) + 3C;Hg + 2C;H4 127.6 127.2 127.4 1252 112434.7
CsHa (*A2) (15) + 6CHy =CH,(*A1) + 3CHg + 2C,H4 133.7 133.4 133.6 131.6 11844.7

a Average over calculatetiiH° values.? Corrected from 0 K¢ AsH° from G2(B3LYP/MP2,SVP) calculations onl§ Reference 26 Computed,
ref 9.f Reference 33¢ From measurements of cyclopentadiene acitliand electron affinity> " Reference 36.Reference 37.Reference 38,
based on the sum df¢H°,95 of c-CsH,~ = 71.9 kcal/mot®3°and the electron photodetachment (EPD) thresholas@H, .38 See text for further
discussion.

comparison, available literature data are also shown in Table kcal/mol, which is in close agreement with that recommended
4. It is seen that the computetkH®,9s of CsHg (1) is 32.3 by Pedley et albi.e., 32.14 0.4 kcal/mol. This is the only
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reliable data available among the target species. A comparison
between the results of ref 9 and the present study shows that @ - @
the AfH®,95 Of ref 9 are consistently larger, with the largest and / \
average differences equal to 5 and 2.5 kcal/mol, respectively.

The Cyclopentadienyl Radical. The cyclopentadienyl radi- @ @
cal is a JahnaTeller species. The ground-stateHs does not
assumeDs, symmetry and resorts t6,, symmetry?%4t Two
initial guesses were generated for geometry optimization,

@ O
The optimization results are seen to be inconsistent when @ @

different levels of theory were employed. Specifically, the UHF/ Figure 2. Pseudorotation in the cyclopentadienyl radial.

6-31G(d) calculation yielded a local minimum corresponding

to the 2B; wave function, but it considers the wave function gordinate (IRC) methot® However, we were not able to
“A; to be unstable. Both UMP2(full)/6-31G(d) and CISD/6-  qptain a complete PES, because the flatness of the potential
31G(d) levels of theory yield a saddle point for t## wave  energy surface prohibits gradient-based minimization techniques
funcgon (exactly one imaginary frequency) and again consider t reach a local minimum when the symmetry constraint was
the *A, wave function to be unstable. We note that the remoyed. Nonetheless, limited results obtained by us further

2B, 27,

discrepancy between UMP2 and HF results for #e wave suggest that the internal isomerization is extremely facile, in
function renders its G2(MP2,SVP) energy meaningless. AS that g distortion from theS,, symmetry does not lead to any
such, the result is omitted from Tables 3 and 4. appreciable rise in energy<0.1 kcal/mol).

The density functional theory at the B3LYP level considers  Rotational Constants and Vibrational Frequencies. Table
both wave functions to be stable. Such a result was found to 5 presents the rotational constants and the vibrational frequencies
be independent of the basis set employed, from the modestcomputed at the B3LYP/6-31G(d) level of theory. We found
6-31G(d) to the expansive 6-31#G(3df,2p). The optimized  that the frequencies from B3LYP/6-31G(d) calculations are very
geometries are found to be the local minima of the potential close to the MP2(full)/6-31G(d) results, as shown in Table 5
energy surface (PES) of each wave function. The B3LYP for CsH,0 and bicyclo-GH.O. The differences in the evaluated
energies ofB; and?A; are nearly equal. In addition, the G2-  gpecific heats and entropies are negligibly small between the
(B3LYP/MP2,SVP) energies are also nearly identical. Hence, MP2 and B3LYP frequencies.
despite the problems encountered in MP2 and CISD calculations, The facile internal isomerization of thB; and 2A, wave
we used the G2(B3LYP/MP2,SVP) energies to compute the functions requires the entropy ofsi8s to be evaluated with
enthalpies of formation of &4s. The resultingAsH°29gis 62.0 additional care. Figure 2 shows how this internal isomerization
kcal/mol for the?B; wave function and 62.6 kcal/mol f6A.. might take place. It is seen that the isomerization can yield a
On the basis of these results, we recommend an enthalpy ofpseudorotation within the4Els structure, which would proceed
formation of 62 kcal/mol for @Hs. This value is in close  \without an appreciable hindrance as suggested by Borden and
agreement with 63t 2 kcal/mol reported by Defrees etdl.  pavidson®? Such a pseudorotation is supported by the experi-
and 61+ 2 kcal/mol from the measurements of cyclopentadiene mental electron spin resonance (ESR) spectrum of tiés; C
acidity’* and electron affinity®> However, the recommended radical down to 120 K4 which was found frozen out at 70 K
value is larger thamhiH®20s = 58 & 2 kcal/mol, evaluated from  on the ESR time scale. If one assumes that the latter
the kinetics of cyclopentadiene iodinatigh. temperature corresponds to the energy barrier of the internal

We note that the results presently obtained feiH&can do pseudorotation, it would produce a negligible hindrance energy
no more than confirm the earlier results of Borden and of 0.14 kcal/mol.
Davidsor?who performedz-space Cl calculation using abasis ~ The previously discussed vibrational modes with ultralow
set of STO-3G orbitals. In that study, Borden and Davidson wave numbers (at 26 and 57 cinfor the respective wave
demonstrated thatB; and A, wave functions have almost  functions2B; and2A,; see Table 5) mirror the pseudorotation
exactly the same energy at their respective minimum energy mode, which are expected to be highly anharmonic. It is better
geometries. Moreover, they suggested thatBhend?A, wave to approximate such an internal degree of freedom by an internal
functions can nearly freely isomerize without an appreciable rotor. Its moment of inertia can be approximated by considering
energy barrier. If so, we would expect the existence of a small that the pseudorotation resembles the external rotor with the
vibrational frequency for both wave functions. This is indeed rotational axis perpendicular to theH ring. Such a treatment
the case, as the B3LYP calculations yielded a vibrational would cause the entropy ofsBs to increase by as much as
frequency (26-100 cnt?) for both wave functions, irrespective  6—7 cal mot! s~1 from that previously found. For example,
of the basis function employed. Such a vibrational frequency S°,95 determined with the pseudorotor treatment is 73.5 cal
was found to correspond to ring distortion. We note that the mol~! s, compared to the compilation of Burcat et3alat
Hartree-Fock calculation for théB; wave function does not  66.8 cal mot! s 2.
yield this small frequency. Potential Energy Surface of Cyclopentadienone Decom-

In hope of obtaining the PES between the two wave functions, position. It is fairly well agreed that one of the ring-breaking
we performed extensive calculations using the internal reaction processes during benzene oxidation occurs with cyclopentadi-
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TABLE 5: Molecular Properties Computed at the B3LYP/6-31G(d) Level of Theory

species rotational constants (cth vibrational frequenciégcm)

CsHe 0.282 0.274 0.142 343 511 675 697 797 797 912 913 931 937 959 1002 1102 1111
1118 1258 1305 1391 1419 1544 1629 2965 2988 3144 3155 3173 3179

CsHs(%By) 0.309 0.283 0.148 26 494 507 675 705 802 827 869 877 917 936 1048 1065 1130
1205 1285 1381 1480 1527 3158 3163 3174 3190 3197

CsHs (%A2) 0.310 0.283 0.148 57 483 518 673 705 803 828 861 883 909 959 1026 1073 1130
1203 1285 1390 1441 1563 3160 3161 3175 3190 3198

2,5-GHsOH 0.247 0.120 0.087 181 271 319 544 551 680 706 779 827 874 936 941 978 1014
1066 1097 1141 1175 1275 1302 1369 1400 1568 1642 2864 3144 3157 3170
3188 3663

1,3-GHsOH 0.274 0.114 0.082 225 252 385 409 501 618 664 793 825 883 908 938 948 1001
1108 1123 1171 1221 1282 1331 1393 1433 1579 1674 2962 2991 3148 3181
3186 3687

1,2-GHsOH 0.271 0.114 0.081 222 265 369 393 600 623 658 752 792 902 908 912 924 987
1091 1108 1168 1237 1272 1312 1411 1429 1572 1686 2959 2979 3131 3175
3193 3691

2-GsHgO 0.247 0.119 0.083 106 290 452 534 617 745 760 811 823 907 975 993 1017 1098
1146 1170 1220 1250 1314 1355 1452 1484 1632 1780 2982 3006 3018 3056
3138 3179

3-GsHgO 0.246 0.120 0.083 93 374 454 457 605 669 760 760 822 952 96 966 997 1115
1121 1121 1175 1272 1283 1368 1443 1448 1661 1817 2975 2978 3001 3002
3136 3157

2,4-GH,OH 0.280 0.122 0.085 250 392 439 536 625 640 659 686 712 817 859 919 1004 1030
1079 1109 1275 1306 1341 1422 1538 1547 3161 3172 3184 3203 3657

2,4-GHs0P 0.245 0.132 0.094 176 397 523 626 690 766 798 804 878 947 968 968 1055 1066
1090 1118 1276 1311 1363 1574 1603 1871 2843 3030 3038 3062 3068

1,3-GHsO 0.267 0.123 0.085 178 378 447 536 628 637 764 773 815 922 94 950 1052 1089
1120 1163 1254 1299 1396 1430 1461 1698 2989 3019 3151 3172 3188

1,2-GHsO 0.269 0.121  0.085 206 335 444 536 637 655 747 753 870 918 920 962 973 1090
1118 1180 1278 1319 1348 1441 1612 1628 2951 2967 3152 3183 3185

CsH,O 0.272 0.131 0.088 209 448 449 640 645 714 729 830 839 943 945 949 1084 1087
1123 1293 1342 1571 1643 1782 3161 3171 3204 3206

CsH40P 0.274 0.131 0.088 194 418 445 620 641 697 729 787 847 864 897 963 1084 1084

1147 1295 1342 1539 1605 1708 3151 3160 3191 3192

bicyclo-GH4O 0.333 0.109 0.097 120 388 535 547 660 762 791 839 853 882 960 1001 1025 1034
1129 1167 1202 1294 1585 1883 3129 3138 3144 3169

bicyclo-GH0P 0.324 0.110 0.098 122 383 536 551 665 767 783 838 843 884 970 1007 1030 1039
1127 1165 1201 1296 1529 1831 3129 3139 3139 3160

CsHy (%By) 0.352 0.278 0.155 495 533 587 650 704 804 847 867 926 981 1043 1110 1122 1250
1358 1439 1477 3153 3166 3207 3210
CsHy (FA2) 0.376 0.270 0.161 279 513 592 599 727 775 837 879 953 1026 1078 1095 1214 1257

1342 1392 1496 3112 3154 3211 3221

aB3LYP/6-31G(d) frequencies multiplied by a scaling factor of (89&.MP2(full)/6-31G(d) rotational constants and vibrational frequencies.
The MP2 frequencies are multiplied by a scaling factor of 0.9646.

enone (GH40, 12) thermal decomposition, leading to smaller biradical. The elimination of CO fronl6 again leads to
noncyclic fragments. Emdee etZahroposed that the thermal  cyclobutadiene and CO. We note that the cyclobutadiene
decomposition of12 leads to CO+ 2CH, with the rate initially formed from the dissociation a6 is in the triplet®B;

expression ok (s71) = 1 x 10 exp[—78(kcal/mol)RT]. In state, which lies only 6.9 kcal/mol above that of the ground-
this section, we shall examine the kinetics aHgO decom- statec-C4H,4 (17).46b
position in greater detail. The second channel breaks the G{C)5) bond in12. This

Recognizing the possibilities of multichannel dissociation of step produces the noncyci€HCHCHCHCO biradical 18),
12, we considered several reaction paths. The first channel isas shown below. The biradical may then dissociate or isomerize
characterized by several isomerization steps, which lead toto various products, which are to be discussed later.
cyclobutadiened-C4H4, 17), as depicted below.

R R 7o s 0°C=C(, n
\o
\ZQS/ T_SL \ﬁ/ Ts2_ TS3 M o 2 5 H/C*C\/\ —» products  (Channel 2)
Q — +
Ce
3 4 3 4 H/
12 18 W 7 (Channel 1) 12 18

Cyclobutadiene, a molecule rectangular in shape and well- The third channel involves the breaking of the C{84) bond
studied for its antiaromaticit§f4¢ is more favorable than the I 12 leading to theCHCHCOCHCH biradical (9), which
HC=CH—CH=CH- biradical, because th&H°5gg of c-C4H, may readily dissociate to form 28, + CO, i.e.,

(17) is 102 kcal/mol” which is substantially lower than the

AfH’295 Of the biradical at 147 kcal/mdf The reaction path it . L-H

depicted above involves the isomerizationl&to the oxobi- }Q{ e het N 2Gytly + 00 (Channel 3

cyclopentene X3), which then either directly dissociates to — “H

cyclobutadieneX7) + CO or isomerizes to the C4H4CO (16) 12 19
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TABLE 6: Total Energies (Hartrees) and Relative Energies (kcal/mol) Calculated with the G2(MP2,SVP) and G2(B3LYP/

MP2,SVP) Method

total energy

structure point group G2(MP2,S\P) G2(B3LYP/MP2,SVP) relative enerfy
12 Co —267.648 32 —267.648 55 0.0
TS1 Cs —267.545 65 64.4
13 Cs —267.567 67 —267.568 49 50.6 (50.2)
TS2 C: —267.519 15 81.0
TS4 Cs —267.511 84 85.6
16 C: —267.521 27 —267.523 56 79.7 (78.4)
TS3 C: —267.506 91 —267.509 65 88.7 (87.1)
17 (+ CO) —267.554 51 —267.554 39 58.8 (59.1)
TS5 C: —267.519 99 80.5
18 Cs —267.524 85 78.4
*HC=CH—-CH=CH* —267.478 30 106.6
+CO
19 Cy —267.471 99 110.6

aZero-point energies are obtained from the MP2(full)/6-31G(d) geometries with the vibrational frequencies scaled b3/ Ob8&4&e, these
G2(MP2,SVP) energies differ slightly from those listed in Table 3, which are based on the HF zero-point eRdtigegalues in the parentheses
are calculated from G2(B3LYP/MP2,SVP) energieSee ref 50.
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Figure 3. Geometries of the relevant species and transition states of cyclopentadienone thermal decomposition, determined at the MP2(full)/6-
31G(d) level of theory.

Table 6 summarizes the total G2(MP2,SVP) energies of the The breaking of the C(1) and C(2) bond isHzZO (12) to
stationary structures and transition states. The energies relativgproducel8 (channel 2) has an energy barrier of 80.5 kcal/mol
to that of 12 are also presented in the same table. Figure 3 (TS5), which is comparable with that of channel 1. But the
shows the geometries of the stationary points and selectedback reaction 8 — 12) has such a small energy barrier (2.1
transition states obtained with the MP2(full)/6-31G(d) method. kcal/mol) that unless there is energetically favored exit channels
The G2(B3LYP/MP2,SVP) method was also employed for for 18, channel 2 would remain ineffective. This turns out to
selected species. The results are also shown in Table 6 forbe highly likely. We had performed an exhaustive search on
comparison. Again, the agreement between the G2(MP2,SVP)the potential energy surface to determine a suitable dissociative
and G2(B3LYP/MP2,SVP) energies is very good for both orisomerization path of8, but found none to be energetically
stationary geometries and transition states. viable. The considered products includgHz + HC=CH—

The results in Table 6 show that channel 3 can be readily C=0 or cyclopropenone, propargyt ketyl, HC—CH=CH—
disregarded because of the high energy associated with theCH=C=0,>° and ketylcyclopropene. Hence, channel 2 was also
biradical19. The minimum energy path of channel 1 was found excluded from the RRKM calculations.
to be the direct elimination of CO froh3 (TS4). The energy RRKM Rate Coefficients of Cyclopentadienone Decom-
of TS4 is 85.6 kcal/mol above that @2. The second biradical ~ position. The pressure-dependent rate coefficients of cyclo-
route, however, cannot be disregarded because the energy opentadienone decomposition following channel 1 were calcu-
TS3is only 3.1 kcal/mol higher than that of TS4. In addition, lated with the RRKM theory? Details of the RRKM code can
TS3 represents a loose transition state. Atfactor must be be found elsewher®. The energy barriers are presented in
larger than that through TS4. Figure 4, and the RRKM parameters, in Table 7.
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TABLE 7: RRKM Parameters of Cyclopentadienone Thermal Decomposition Following Channel 1, Calculated at the

MP2(full)/6-31G(d) Level
12 vacm?t 194 418 445 620 641 697 728 787 847 864 897
963 1084 1085 1147 1295 1343 1539 1605 1709 3152 3161
3191 3193
Bobcm™t 0.107 (1,2) external inactive; 0.274 (2,1) external active
L-J params. 0="5.1A; e/kg = 484 K
13 v2em! 122 383 535 550 665 767 783 838 843 883 970
1007 1030 1039 1127 1165 1200 1296 1529 1831 3129 3139
3139 3160
BoPcm™? 0.104 (1,2) external inactive; 0.324 (1,1) external active
167 vacem! 49 174 418 421 477 574 598 889 906 913 955
997 997 1152 1180 1202 1272 1299 1489 1864 3010 3162
3194 3205
BoPcmt 0.080 (1,2) external inactive; 0.394 (1,1) external active
TS1 vacem? 951i 239 430 467 595 682 757 767 819 944 964
995 1033 1104 1119 1233 1272 1346 1530 1734 3145 3146
3169 3190
BoPcm™? 0.100 (1,2) external iinactive; 0.341 (1,1) external active
TS vacm?t 656i 106 337 444 508 605 764 828 869 923 962
989 1011 1112 1153 1193 1205 1324 1525 1836 3053 3159
3185 3203
BoPcm™t 0.090 (1,2) external inactive; 0.363 (1,1) external active
TS3 vacm?t 630i 50 142 171 332 490 531 598 776 815 874
912 924 991 1118 1198 1233 1313 1402 1892 3116 3171
3199 3210
Bo,° cm! 0.077 (1,2) external inactive; 0.330 (1,1) external active
1.12 (1,1) internal active
TS4 v2em! 683i 165 178 309 493 620 664 804 839 872 919
949 1051 1062 1134 1189 1278 1374 1620 2015 3154 3170
3213 3217
BoPcmt 0.098 (1,2) external inactive; 0.257 (1,1) external active

2Based on MP2(full)/6-31G(d) frequencies scaled by 0.9846The numbers in parentheses are the symmetry number and the dimension of
the rotor, in that order Reference 2¢ Not used in the actual RRKM calculation (see texfyhe vibrational motion is replaced by an internal free

rotor,**® and the freq

=}
S

©
S

T T T T T T T T T T

80

uency is not used in the RRKM calculation.

TS3

88.7 respectively.

TS4
85.6

TS2

2 denote the fluxes through the transition states TS3 and TS4,

Assuming [§E1,0]* and [bicyclo-GH4O]* are

in the steady state, we obtain the thermal rate coefficients for

3
£
© k
£ C.H,O (12 — bicyclo-GH,O (13) 1)
u; 60 k2i
3 5 CH,0 (12 —cCH,(17) + CO (2)
3]
ch a0t . K3
0 30% bicyclo-GH,O (13) —c¢-CH, (17) + CO 3)
% 20’: as
oc
10
[ _ =K(E) P{E)
o! = foom @
Z(E)
Figure 4. Energy diagram of cyclopentadienone thermal decomposi-
tion. <K (E E) P(E
ko= [ KA(E) koa(E) P(E) & (53)
To simplify the RRKM calculations]16 was not considered By Z(E)
as a stationary point, because it represents basically a shallow
well on the potential energy surface. The collisional stabiliza- k.. = fwka(E) koo E) Po(E) dE (5b)
tion of 16 is expected to be inefficient. Hence, excluding it 22 Jo BywZ(E)
from the RRKM treatment has only negligible effects on the
rate coefficient prediction. w[Baw + K(E)]ky1(E) Po(E)
The following reaction scheme was considered ke = f dE (6a)
9 : 1 Je BZ(E)
ka(E) kpi(E)
[CsH40]* 2 Ibicyclo-CsH40]* — ¢-C4Hy (17) + CO K,.,= fw[ﬂaw + ka(E)] ka(E) Pb(E) dE (6b)
kealE) 32 Jo B.wZ(E)
N0 N By
CsH40 (12)  bicyclo-CsHqO (13) whereP4(E) andPy(E) are respectively the Boltzmann distribu-

wherek(E) are the

tion functions
microcanonical rate constant, armd1 and

ofl2 and13, w is the collision frequencyj is

the collision efficiency factor calculated with eq 4.7 of ref 52,
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) — to zero at the high-pressure limit. Hence, to compare the present
T T T~ L bieycloGyH,0 - cyeloCH, + CO ) results with the thermochemical estimate of Emdee et\k,
1061 T~ 7 used the high-pressure limit rate coefficients of reactions 1 and
1 S~ 3. Itis assumed that the bicyclos@,0 (13) in the following
T ~~ reaction sequence,
.T wil cyclo-CsH,0 — cyclo-C4H, + CO(2)
Z, = N ke ks
~ 100F CH,O (12) — bicyclo-GH,0 (13) —
| cyclo-CsH,O — bicyelo-CsH,O (1) —1
1021 cCH,(17)+CO
10'4: (a) can be treated by the steady-state assumption. It follows that
1061 R T S E the effective rate coefficient for the thermal decomposition of
12,
108 - O  Steady-state approx. (this work)
- ——— Emdee et al.2 Keft®
06| et C4H,0 (12)—— c-C,H, (17) + CO
~ ot i is
l\?/ 102 B k OOk 00
I o 1 13
85 100F Keti = (10)
g i ko,” + k"
102}
Lotk Figure 5b presents the comparison betwiegti and the rate
L (b) o coefficient estimate of Emdee et4llt is seen that despite the
o e T e 12 large difference in the activation energy adopted by Emdee et

al2 (78 kcal/mol) and the energy barrier determined in the
1000 K/T present study 490 kcal/mol), the agreement in the rate
Figure 5. Rate coefficients computed for cyclopentadienone thermal coefficients is surprisingly good. The reason is that in eq 7
decomposition (a) at a pressure of 1 atm with 4é the third body ko1® >> ks®, and thusker™ = (ki*/k-1*)ks>. Because the\
((Egown = 260 cn1?), and (b) comparison of the present high-pressure factor ofks (* is quite large As ° = 1.3 x 10'65-%) because of

limit rate coefficient with the bicyclo-€H.0 in the steady state (eq 7) . ; o
and the thermochemical estimate of Emdee &t al. aloose .transmon state (TS3), tAdactor inkes™ is larger than
that estimated by Emdee et?al.

which considers a high-temperature nonequilibrium factor in ~ Despite the reasonably good agreement in the rate coefficients

the approximation of, and at the high-pressure limit, we recommend that the thermal
decomposition kinetics of cyclopentadienone should be modeled
k(E) by including reactions 43 and taking into consideration the
Z(E)=1+ 8w + appropriate pressure falloff effects. The Arrhenius rate param-
a

eters are fitted to the RRKM results and are tabulated in Table
k_o(E) + [Kpy(E) + K (E)I[1 + ky(E)/B.w] 8 at several representative pressiifes.
By Thermal Decomposition of Cyclobutadiene. The noncyclic

species are probably produced from the subsequebiH,
The total thermal rate coefficients of reactions 2 and 3 are equaldissociation. It was suggestédhat the linearization af-C4H,4
to the sum of the fluxes through TS3 and TS4, respectively, to *HC=CH—CH=CH- has an energy barrier of 42 kcal/nfé#,
and thuskaoy = ko1 + ko2, andkson = ka1 + ka2 The pressure and the biradical decomposition tek; + C,H, has an energy
falloff rate coefficients were computed withp s the third body,  barrier of 9 kcal/mol. Hence, the overall energy barrier of
and an average energy transfer per down collisgw/1=
260 cntl. The high-pressure limit rate coefficients can be ¢-CHy— CH, + CH,
readily derived with egs 4-6 modified in accordance with the
conditions ofw — . They are

can be estimated to be 51 kcal/mol. In addition, the thermally
energized biradical may undergo 2,3-Elimination to form
diacetylene and K or it may isomerize to vinylacetylene, i.e.,

k"= [ k(E) P{E) dE @)
cCH,—CH,+H,
ko™= [ W ®) ¢-C,H, — HC=C—CH=CH,
b’

- o but both should have higher energy barriers, at 56 and 64 kcal/
kyj” = fo ki (E) Py(E) dE 9) mol,*¢¢ than decomposition to two ;.
In addition to the reaction channels just discussed, we note
Figure 5a presents the rate coefficients computed at a pressur¢hat there exist numerous isomers that lie in the energy range
of 1 atm. It is seen that reaction 17 dominates the overall 0—50 kcal/mol above the energy of cyclobutadiene. This offers
thermal decomposition of 81,0 (12) for temperatures above  possibilities of additional reaction channels that may lead to
1250 K. However, the isomerization 4 to 13 is seen to the thermal dissociation of cyclobutadiene. One such possible
dominate below 1250 K. channel involves a 1,2-H shift iooC4H,, followed by isomer-
We note that the asymptotic behavior of eq 5 at high pressuresization to methylenecyclopropene, which then dissociates to
is thatk, becomes inversely proportional to pressure and is equal acetylene and vinylidene.
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TABLE 8: RRKM Rate Coefficient Parameters?2 for the excellent agreement with the recent experimental data of 119.5
Cyclopentadienone Thermal Decomposition Reaction + 2.2 kcal/molE?
k= AT exp(-E/RT) [M] The experimental results 44 and 15 were obtained as the
P (atm) A n E comments sum of the electron affinities (EA), determined by the thresholds
K of EPD from thec-CsH,~ anion radicaP® and theAsH®;gg of
0.1  7.0x 10% —6.88 66.9 c-CsH,~, determined with the ion/molecule reaction bracketing
1 57x 102  —6.76 68.5 (IMRB) technique®®3° The experimental EA values are 40.4
10 4.4x 10 —6.06 69.5 + 1.1 kcal/mol for14 and 46.2+ 0.2 kcal/mol for15. The
128 ??g: 1812; —4.50 gsg-ll experimentalAtH®9g(c-CsH4 ™) is 71.9+ 3.6 kcal/mol.
ka1 0.1 27%x 10° —10.31 101.2 We next examine the computed EA values. Calculations at
1 5.0x 10% -8.41 100.1 the G2(B3LYP/MP2,SVP) level yielded the total energy of
10 21x 10  -5.81 97.3 c-CsHs~ equal to—192.460 57 hartrees. Then, the computed
100 5.8x 10 —4.92 97.7 electron affinity of14is E(14) — E(c-CsH4™) = 42.7 kcal/mol,
ka2 0.1 2.7x 10" —9.40 96.8 A
1 1.3x% 10% —765 957 and of15, E(15) — E(c-CsH4 ™) = 46.0 kcal/mol. These values
10 1.0x 102 —5.43 93.4 are in close agreement with the experimental results of ref 38.
100 1.1x 10%° —4.74 94.2 Hence, the disagreement between the theoretical and experi-
Kot 01  11x107  —9.63 99.5 mental AfH°,9s values of 14 and 15 must come from the
1%) ?éi igs :;g; gg:; discrepancy in the-CsH,~ anion. .
100 7.3x 1080 —4.39 96.3 Indeed, theAsH°,9g Of c-CsH4~ determined from the G2-
Ks.1 0 7.9x 10" —8.18 404 ksid[M] (B3LYP/MP2,SVP) atomization energy yieldetiH®,9g (C-
0.1  43x10® -12.55 653 b CsH4~) = 83 kcal/mol, which is larger than the experimental
1 6.9x 10% e 566 b counterpart by about 11 kcal/mol. Hence, either the experi-
10 1.1x 10%7 —6.89 505 b o
100 3.1x 1087 —6.77 499 b mental Af{H°,9g value of thec-CsH4~ anion is in error, or the
) 1.3x 10t 39.9 present theoretical values for the anion radical and the triplet
Ks.2 0 9.9x 10°° —12.14 40.5 A[M] and singletc-CsH4 radicals are all too high by 313 kcal/

0.1 15x 10 —12.40 62.2

ks

b mol. The latter is highly unlikely considering the error limits
1 3.4x 10%° —8.37 516 b

b

b

10 6.5 10°3 657 160 of the theore’glcal meth_ods gnd the close_ prediction for the
100 1.1x 1%  —6.67 46.0 cyclopropenylidene radical discussed previously.

0 8.1x 10 36.3 To further substantiate the above discussion, we computed
Ka(ton 0 8.4x 18;2 —8.00 364 koy/[M] the G2(B3LYP/MP2,SVP) energy for the cyclopentadienyl anion
01 43x1 —12.55 65.3 (c-CsHs™) and obtainedsy = —193.142 35 hartrees, which can

ks
b
1 6.9x 10% —9.00 566 b LT
10 11; 1087 —6.89 505 b be used to compute the ionization energy @gHE (c-CsHs~
b

100 3.1x 108  —6.77 49.9 — CsHs(2) + e). UsingAsH®208 = 62 kcal/mol for GHs, we
) 1.6x 10 0.824 38.0 obtained AfH%xgg = 17.8 kcal/mol, which is in excellent
aUnits in cm, s, mol, kcal, and K. Unless otherwise indicated, the agreement with the experimental data of 19.6.8 kcal/mol
rate parameters are fitted within the temperature range-3800 K. of ref 58 and 18.9t 1.9 kcal/mol of ref 59. On the basis of
b Fitted for the temperature range 869500 K. the above discussion, we found that there is no reason to think

that our AsH°,9g values for the cyclopentadienylidene are

Singlet Cyclopentadienylidene as an Intermediate Species? inaccurate. Furthermore, we note that the problems associated
For the two cyclopentadienylidene radicalsgt{ 15, we found with IMRB have been well-documented when the technique is
that the enthalpy difference between the sindfet state and used for the determination of thermochemigtty.
the ground tripletB; state to be 6.4 kcal/mol, in close agreement  \we next examine the possibility of the singlet cyclopenta-
with the earlier theoretical results of 7.3 kcal/f¥a@lnd 6.3 kcal/ dieny]idene as an intermediate Species during the oxidation of
mol,?® and the experimental result of 5.8 kcal/mol, based on cyclopentadiene. The importance ofCsHs (*Az) can be
the measurements of electron photodetachment (EPD) thresholdgippreciated by the fact that it may be able to react with
of thec-CsH,~ anion radicaf® On the absolute scale, however, molecular oxygen without an appreciable energy barrier. Such

the predictedArH®,0g (14) = 125.2 keal/mol and\H®208 (15)  a reaction would provide secondary chain branching and
= 131.6.1 kcal/mol are significantly larger than the respective presumably leads to ring breakdown. Hence, if the production
experimental daf at 112.3+ 4.7 and 118.1 4.7 kcal/mol. of c-CsH, is substantial, it is necessary to consider the relevant

Because of the critical importance of the thermochemistry of reaction channels leading to its formation and destruction.

the cyclopentadienylidene radicals in interpreting the oxidation  The singlet cyclopentadienylidene may be produced from the
mechanism of cyclopentadiene, as will be discussed later, thechemically activated reactions ofs (2) with H, O, OH, HQ,
discrepancies between the experimental and theoretjetibos and Q, as shown in Figure 6. These are chemically activated
values warrant further discussion. radical-radical combinations, followed by dissociation of the
We first consider the accuracy of the theoretical methods hot adducts to €, (*A,). For comparison, the reaction
employed for energy prediction for strained singlet radial channels leading to products other thagtg(*A,) are included
species, such as the cyclopropenyliden€zH; (*A;). At the in the same figure. Because the radicaldical combination
G2(B3LYP/MP2,SVP) level, we computed the total energy of reactions and the insertion of the singte€sH, into Hp, OH,
c-CsH, to be —115.137 60 hartrees. ThaiH,9g value of H,0, H,0,, and HQ are expected to proceed without an
c-C3H; can be estimated from its atomization energy with the appreciable energy barrier, an examination of the reaction
total energies of C and H taken from Table 1. Using the enthalpy is sufficient to determine the relative importance of
respective\;H»9g values of 52.1 and 142.2 kcal/mol for Hand certain reaction channels. For a preliminary screening, the
C %5 we obtainedAsH®,9s = 118 kcal/mol forc-CzH, (*Ay), in energy barriers of several isomerization steps have been
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CeHa(VAz)+H
CaHg+H CHlAVAC ARE-

83

CsH4(1Ag)+OH
88

¢-C4Hy+HCO

60
2,4-CgH,O+H
2,4-CsHsO :’24 ¢-C4Hg+CO

0 -1

70

2,4-C5HsO-+H
CeHa(1An)+H,0
74

CyHg+OH
73

2,4-CoH,OH+H
68
4-C5HsOH

0

CsHa(1Ag)+H,0;

2,4-C5HgO+OH

54 50

Figure 6. Energy diagram of the reactions of the cyclopentadienyl
radical with H, O, OH, HGQ, and Q. The asterisks indicate that the
energy levels were computed with the semiempirical PM3 method.

estimated with the semiempirical PM3 metHf3dThese ener-
gies are marked by the asterisks in Figure 6.
It is seen that only the reaction

CsHs + OH— CH, (‘A,) + H,0

is feasible for appreciables8, (*A) production, but even this
reaction is only thermally neutral and suffers competition from

CsHs + OH— 2,4-GH,OH + H

All other reactions producing 4El; (*A;) are significantly

endothermic. With the presence of energetically favored 10
channels leading to the dissociation of the respective hot adducts,

we expect limited gH4 (*A,) production from the reactions of
CsHs with O, HO,, and Q. On the basis of the above
discussion, the &4 (*Az) chemistry is not expected to be
significant during cyclopentadiene oxidation at low to interme-

Wang and Brezinsky

devised in the present study and was shown to provide
atomization energies with accuracy comparable with G2(MP2)
and G2(B3LYP/MP2). The thermal decomposition kinetics of
cyclopentadienone was examined. It is concluded that the
decomposition of cyclopentadienone leads primarily to cyclo-
butadiene. The pressure-dependent rate coefficients were
computed with the RRKM theory and reported for future kinetic
modeling studies. On the basis of the presently determined
enthalpies of formation, the production of the singlet cyclopen-
tadienylidene is seen to be feasible at high temperatures through
the reaction between the cyclopentadienyl and OH radicals,
which may need to be taken into consideration in the kinetic
model of aromatics combustion.
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