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The thermal decomposition dért-butyl-1,3-cyclopentadiene has been investigated in single-pulse shock-
tube studies at shock pressures of-1880 kPa and temperatures of 996127 K. Isobutene (2-methylpropene),
1,3-cyclopentadiene, and toluene were observed as the major stable products in the thermolysis of dilute
mixtures of the substrate in the presence of a free-radical scavenger. Hydrogen atoms were also inferred to
be a primary product of the decomposition and could be quantitatively determined on the basis of products
derived from the free-radical scavenger. Of particular interest is the formation of toluene, which involves the
expansion of the ring from a five- to a six-membered system. The overall reaction mechanism is suggested
to include isomerization of the starting material; a molecular elimination channel; at@ lidond fission
reactions, with toluene formation occurring via radical intermediates formed in the latter pathway. These
radical intermediates are analogous to those believed to be important in soot formation reactions occurring
during combustion. Molecular and thermodynamic properties of key species were determined from G3MP2B3
quantum chemistry calculations and are reported. The temperature dependence of the product spectrum was
fit with a detailed chemical kinetic model, and best-fit kinetic parameters were derived using a-Nelder
Mead simplex minimization algorithm. Our mechanism and rate constants are consistent with and provide
experimental support for the H-atom-assisted routes to the conversion of fulvene to benzene that have been
proposed in the literature on the basis of theoretical investigations.

Introduction one of the methylcyclopentadienyl adducts shown in the figure
produces resonantly stabilized radicals that rapidly interconvert.
Subsequent reaction of the (1,3-cyclopentadienyl)-5-methyl
radical (V in Figure 1) produces benzereH.

The formation of soot in combustion processisstypically
initiated by the creation of aromatic ring species. Small
unsaturated radicals add to the aromatic species to form
polycyclic aromatic hydrocarbons (PAHSs). These PAH com-  Experimentally, there have been previous attempts to study
pounds act as building blocks for subsequent growth pathways,the ring-expansion reactions of methyl-(1,3-cyclopentadiene)
ultimately Ieadmg to particulate soot. An undgrstandlng of the (MeCp) at high temperatures. Ikeda et al. examined the pyrolysis
early stages in the soot formation process is thgs useful_for of MeCp in a shock tube from 1000 to 2000 K over a pressure
°°“”°”'f!9 and restricting growth of large particulates in range of 7.8-78 kPa using laser schlieren techniques to examine
combystl_qn exhaust. . . . the time dependence of the gas density with time-of-flight mass-

A significant pathway for the formation of aromatic species . L
. . - L o spectrometric examination of products from a smaller subset
in pyrolytic environments is via recombination of propargyl of temperatures and pressufeSualitatively, a wide range of

(CsH3) radicals to form benzene molecules. Recent theoretical . . .
studies by Miller and Klippensteit have proposed several aromatic species was observed for shocks of 4.5% mixtures of

mechanistic pathways to the formation of benzene. Important MECp, including benzene, toluene, styrene, indene, methyl-
among these is the rearrangement of fulvene, formed from indene, dihydronaphthalene, naphthalene, and several larger

propargy! radical recombination reactions, to benzene. In the Species. Notably, the mass balance in that study was poor, which
absence of other radical species, this reaction occurs throughwas attributed by those authors to the formation of soot. A later
multiple pathways, including those involving carbene or tricyclic shock-tube study of lower-concentration mixtures was under-
benzvalene intermediates. Additional pathways for the rear- taken by Lifshitz and co-workers at temperatures ranging from
rangement of fulvene to benzene in the presence of H atoms1070 to 1270 K in which the product spectrum was examined
have been proposed by Melius et‘ahith final energetics  using gas chromatography with mass-spectrometric detettion.
determined using bond-additivity-corrected fourth-order Mol- These studies were performed with 0.3% mixtures of MeCp,
ler—Plesset (BAC-MP4) methods. A more detailed computa- gjgnificantly decreasing the extent of bimolecular reactions
tlclnnal study, 'nhd“‘_j"?g rathes of reacuonf and degalgatéonk of relative to that in the conditions used by Ikeda et al. As in the
ar:z“?_?ft“ﬁtge; airrl#St:i(;ipzt r:/]vay;, x\i/arsn pferrotrhmef rr)r/1 tiu nm ]?Va previous shock-tube study, larger aromatic hydrocarbons were
a shitz> A simpiihie echanism for the lormation ot observed, including indene and naphthalene, and a large (105
benzene from five-membered rings in the presence of H is elementary reactions) mechanism was used to model the
shown in Figure 1. Addition of H to fulvene or loss of H from nary re . . )
pyrolysis. In this model, ring expansion from the five-membered
*To whom correspondence should be addressed. E-mail: ring sys_tem to a_ Six-me_mbered ring was ass_umed to occur via
william.mcgivern@nist.gov. radical intermediates (Figure 1). The model fit the temperature-
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Figure 1. Ring-expansion reactions of cyclopentadienyl systems.

SCHEME 1: Isomerization of tert-Butyl Cyclopentadiene to a six-membered aromatic species in this system. We further
CH, CH, CH, establish the plausibility of the proposeq mechanism by fitting
the temperature dependence of the major product spectrum to
HaC CHy  HsC CHy  HC CHs a thermodynamically and kinetically self-consistent model that
= = describes the decomposition and ring-expansion processes.

Experiment®

5-TBCP 2.-TBCP 1-TBCP Experiments were performed in a heated single-pulse shock
tube, and details of the experimental apparatus and procedures
dependent data reasonably well, especially for the observedh@ve been given previoushi?Briefly, a shock wave is created
aromatic products. in a sample gas mixture by burstlr)g a dlaphragm separating a
The previous studies were complicated by the lack of a clean '0W-pressure (20.0 kPa) sample mixture from a higher-pressure
source of the intermediate believed to be responsible for the driver gas (136-320 kPa H). The shock wave passes through
ring expansion. In particular, the ring-expansion reactions in theé sample gas, resulting in a substantial temperature and
the MeCp isomers in these previous experimental studies arePréssure increase behind the shoc_k front_. Subsequent interaction
likely initiated by bimolecular reactions of the reactant species With the rarefaction wave results in cooling of the gas back to
with H or CHs to form RH (1,3-cyclopentadienyl)methyl radical the initial temperature. In this apparatus, the heating is equivalent
isomers [, Il , andV in Figure 1). The radicals present in these 0 @ 500xs pulse heater.
studies undergo numerous reactions in addition to those involv- Temperatures were determined using an internal standard
ing the MeCp species. These chain processes complicate théeaction. The decomposition nfpropyl acetate to form propene
analysis of the product spectrum and can mask some salien@2nd acetic acid was used as a reference with an Arrhenius
features of the ring-expansion reactions. expression ot log k = 12.4— 240007. Product distributions
In the present study, we examine the thermal decompositionWere determined using gas chromatography coupled with
of tert-butyl cyclopentadiene (TBCP). The unimolecular de- Simultaneous flame ionization detection and mass spectrometry
composition of TBCP provides an experimentally convenient (Aglient 6890N, 587Bert with capillary splitter).
means to probe a ring expansion analogous to that shown in All studies were performed on dilute mixtures of TBCP, the
Figure 1 by the direct formation of radical species analogous temperature standara-propyl acetate, and a free-radical
to I, Il, andV. The lack of radicals in a system initiated by ~scavenger (mesitylene), in a bath gas of argon (99.999%,
unimolecular decomposition, especially when radigaidical Praxair). Samples of TBCP (a mixture of isomers) were obtained
reactions are inhibited by the presence of a radical scavengerfrom Aldrich. Mixtures prepared by direct injection of the
provides a much clearer window into the ring-expansion unpurified liquid TBCP into the sample bulb were found by
mechanism for these fulvene systems than the previous studie$5C/MS analysis to contain significant gas-phase concentrations
of MeCp. of TBCP dimers. The presence of these species significantly
TBCP exists as three isomers, which rapidly interconvert via affected product distributions, and results from these studies
[1,5] sigmatropic shifts of the H atom around the cyclopenta- were not used in the analysis. Sample mixtures were instead
dienyl ring as illustrated in Scheme 1. made by collecting the head gas over cold liquid samples of
In this work, the isomers are named in terms of the location TBCP that had undergone several freepamp—thaw cycles.
of thetert-butyl moiety on the cyclopentadienyl ring, as shown In this case, no dimers were observed in 100 ppm mixtures down
in Scheme 1. As shown subsequently, thermal decompositionto the detection limit of the GC.
of TBCP in the temperature range of 166DL00 K results in To ensure that chain processes did not affect the product
formation of tert-butyl radicals, cyclopentadienyl radicals, H distributions, mesitylene (1,3,5-trimethylbenzene, 99%, Acros
atoms, methyl radicals, isobutene, cyclopentadiene, and tolueneOrganics) was used as a radical scavenger by addition to the
We propose a reaction mechanism that involves the rapid sample mixtures in large excess. Mesitylene reacts with
isomerization of the reactant species and the radical intermedi-hydrogen atoms to form eitherH- 3,5-dimethylbenzyl radicals
ates in the system. Although the complexity, especially with or mxylene+ methyl radicals. This latter reaction is the only
regard to the initial product distribution, precludes a unique source ofmxylene in this system, providing a means to
guantitative determination of many of the rate parameters, we determine H-atom concentrations, using the knBwatio of
are able to demonstrate the expansion of a five-membered ringmethyl displacement to H abstractid/k, = exp(—10861T).
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TABLE 1: Sample Mixtures Used in the Present Study
component concentration urfits
Mixture A
TBCP isomers 100 ppm e
propyl acetate 100 ppm S
mesitylene 0.44 % 2
o
Mixture B 3
TBCP isomers 100 ppm §
propyl acetate 100 ppm 2
mesitylene 1.10 % %
appm = parts per million, mole %. § o lsobuone
o f/I A Toluene
Methyl radicals can also abstract hydrogen from mesitylene to “ . : E’_’xylene
form CH; + 3,5-dimethylbenzyl radicals. The resonantly Tam
stabilized dimethylbenzyl radicals do not undergo significant 2]
: : : : : T T T T T T T
further reactlorl during the hegtlng pulse, effectively preventing 1000 1020 1040 1060 1080 1100 1120
H and CH radicals from reacting with the reactant or reference Temperature (K)
species. A summary of the mixtures utilized in the present study rijgyre 2. Relative concentration data for major products in the
is given in Table 1. decomposition of TBCP. Circles, triangles, diamonds, and squares
represent the concentrations of isobutene, toluene, 1,3-cyclopentadiene
Results (Cp), andmxylene (indicative of H atoms). The concentrations of

m-xylene have been scaled by 0.5 for clarity. Closed and open symbols
Major products observed from the decomposition of the are for mixtures A and B, respectively. Dashed and solid lines show
mixture of TBCP isomers were isobutene (2-methylpropene), the fits of the final model to the data from mixtures A and B,
1,3-cyclopentadiene, toluene, and H atoms, the last of which respectively. Error bars arer2incertainties derived from a parametriza-
was inferred from the formation afr-xylene. Additional minor tion of estimated random measurement errors vs peak area in the GC
) . . analyses (see text).

products were observed that are the result of various recombina-
tions involving 3,5-dimethyl-1-benzyl @i,) and cyclopenta- SCHEME 2: Bond Scission in 5-TBCP
dienyl (GHs) radicals. Two distinct @Hio isomers were
observed, although no definitive structural identification was
made. Also found were aiGHi6 compound, assigned to the

recombination of the dimethylbenzyl and cyclopentadienyl e
radicals, and a {gH»» species from the recombination of the .
dimethylbenzyl radicals. No naphthalene was observed. Further —> H+

experiments on the recombination products are underway and

will be the subject of a future publication. Presently, we focus gcHEME 3: Retro-ene Reaction in 5-TBCP
on the origins of the isobutene, 1,3-cyclopentadiene, toluene,
and H, which are all derived from decomposition of the TBCP
isomeric mixture. H

H

Relative concentrations of the reaction products derived from A
decomposition are shown as a function of temperature in Figure
2. Circles, triangles, diamonds, and squares represent the H
concentrations of isobutene, toluene, 1,3-cyclopentadiene, and
m-xylene (indicative of H atoms), respectively. The concentra- E— +
tions of m-xylene have been scaled by a factor of 0.5 for

separation from the 1,3-cyclopentadiene curves. The closed

symbols represent runs using mixture A (Table 1), and open form H and isobuten&: Similar cracking of the ringtert-butyl
symbols are runs with mixture B. Error bounds were determined pond is expected to occur for 1-TBCP and 2-TBCP, although
by parametrizing measured standard deviations from repeatednese reactions are energetically less favorable because they
runs of mixtures containing compounds over a range of different ., olve fission of a vinylic G-C bond? Our data do not permit

concentrations. The reported error bars represent random errorg ¢ distinguish the reactive isomer(s), as any vinylitig

in the concentration measurements to two standard dev'at'onsradicals formed from 1-TBCP and 2-TBCP are expected to

and do not include possible systematic errors. The lines represen¥aloidly isomerize to cyclopentadienyl radicals. The resonantly

the results of a simultaneous fit using a kinetics model described . . - .
. . . -~ stabilized cyclopentadienyl radicals are generally unreactive
below. The solid and dashed lines represent fits to data derived . .
toward other molecules in the system, although as discussed

from mixtures B and A, respectively. The solid lines thus b ducts of both self binati d binati
correspond to fits to the open symbols and the dashed lines fits2POVE, products ot both sef-recombination and recombination
with 3,5-dimethyl-1-benzyl radicals were observed. Cyclopen-

to the closed symbols. dienvl radical | bi ith H in th
The TBCP isomer mixture undergoes several competing tadienyl radicals can aiso combine with H atoms In the system
do form 1,3-cyclopentadiene.

reactions at the temperatures of the present study. These ar
discussed in turn, with an emphasis on the origins of the A molecular pathway to isobutene and cyclopentadiene is
observed products. A radical product channel, shown in Schemepresent and occurs via a retro-ene reaction, as shown in Scheme
2 for the decomposition of 5-TBCP, results in the formation of 3. Unlike the bond scission, this reaction does not occur in
cyclopentadienyl andert-butyl radicals. Under these experi- 1-TBCP or 2-TBCP because no six-membered transition state
mental conditions, theert-butyl radical rapidly decomposes to  for the hydrogen-atom transfer is present.



Ring-Expansion Reactions in the Decomposition of TBCP J. Phys. Chem. A, Vol. 110, No. 47, 20082825

SCHEME 4: CHgs-Loss Channels and Subsequent SCHEME 6: Alkene Formation and Subsequent
Isomerization of 1-TBCP and 2-TBCP Rearrangement from Isopropyl-1-Cp and Isopropyl-2-Cp
Radicals
Ay
HC_ _CHs
C
2 TBCP isopropyl-2-Cp

isopropyl-1Cp

iy

H,C CH H,C
y \ _c / isopropyl-5-Cp ’ ¢ ’ ’
/ —H
4» —_

1-TBCP isopropyl-2Cp

isopropyl-1-C
Propy P TABLE 2: Arrhenius Parameters Used in Fitting Procedure

SCHEME 5: Ring Expansion of Isopropyl-5-Cp Radical for Reactions That Were Not Allowed to Vary
H,C CH Ea
N CHy CH, CHs no. reaction AP (kImoly)  ref
H CH :
CHs ) * 2C 1 TBCP-1—TBCP-5 1.68x 10%2 97.4  this work
D — CH A» 2 TBCP-5—TBCP-1 2.00x 1012 85.4 this work
3 TBCP-2—TBCP-1 1.03x 10%2 86.5 this work
\ . \ / 4  TBCP-1— TBCP-2 2.00x 1012 85.4  this work
. CH 5 isopropyl-5-Cp—~ 2.00x 1013 62.8  this work
isopropyl-5Cp toluene+ CHs
Schemes 2 and 3 provide the origins of the 1,3-cyclopenta- 6 :'Eug:*'SObUtegfrC: g-ggX 18112 5529-2 ﬁ
; ; _ . . -butyl — propen 3 .96 x .
diene, isobutene, and H-atom products; however, the ring H + mesitylene- 3,5- 6.56 % 10-10¢ 61 12
expansion reactions that result in the formation of toluene are dimethyl-1-benzyH H,
more complex. The proposed mecha_mism for the ring expgnsion 9  H+ mesitylene—~ 1.11 x 10-10¢ 271 12
closely follows that proposed by Melius et al. for the H-assisted m-xylene+ CHs
rearrangement of fulvene to benzeén&s shown in Scheme 4, 10 H+ c-CsHs —¢c-CsHe 4.32x 10710¢ 0.0 18

the initial step in the ring-expansion mechanism is suggested ayajues were taken from the literature or are justified in the text.
to be ChH bond fission in 1-TBCP and 2-TBCP to form b ReportedA factors are in st unless otherwise noteélUnits of cn?
resonantly stabilized radicals, identified as isopropyl-1-Cp and molecule® s™%.
isopropyl-2-Cp radicals for the remainder of this work. Facile
H migration in the Cp ring leads to formation of all three includes all of the reactions presented in Scheme6.IThe
possible isopropyl-Cp isomers, including isopropyl-5-Cp. This reactions of primary interest are those that result in the formation
latter species is proposed to be the key intermediate in the ring©f the products with concentrations shown in Figure 2. Ad-
expansion. Note that 1-TBCP and 2-TBCP are the primary ditional bimolecular reactions were included to account for
sources of isopropyl-Cp radicals, because methyl loss in 5-TBCPreactions of the radical scavenger as well as that of cyclopen-
does not lead to a resonantly stabilized product and is thereforetadienyl radicals with H. Tables 2 and 3 show the reactions
amuch higher energy process. The energetics of these processétsed in the kinetics model. Because of the large number of
and resulting distributions are further discussed below. isomers of both the reactants and the reactive intermediates
Whereas isopropy|_l_Cp and isopropy]-Z_Cp radicals are more expeCtEd in this SyStem, we employed a series of constraints to
stable than isopropyl-5-Cp, the former have no obvious path- the rate constants in the kinetics model, and the implications
ways to major product formation, whereas the latter undergoesand validity of these constraints are discussed below.
a further fast reaction (see Scheme 5) The bicycﬁc Cyc|0pr0py| The set of differential equations reSU'ting from this kinetics
structure proposed therein is formed by an internal radical model was solved using the ODEPACK suite of differential
addition to one of the double bonds and is similar to that equation solvers implemented through a Python interfae.
postulated by Melius et 4l.in the decomposition of the  Product concentrations for all of the major products (those
analogous (1,3-cyclopentadienyl)-5-methyl radical. shown in Figure 2) were calculated as a function of temperature
The isopropyl-1-Cp and isopropyl-2-Cp radicals can undergo and radical inhibitor concentration and compared to the data.
additional H-loss reactions to form conjugated trienes (SchemeA Nelder-Mead simplex algorithd®!® was utilized to deter-
6). These species can subsequently rearrange to form dimethmine the best-fit parameters, which are reported in Table 3.
y|fu|vene ando- Xy|ene from |Sopr0py| 1- Cp and |Sopr0py| -2- The figure of merit in the Simplex minimization was the sum
Cp radicals, respectively. Minor quantities (less than 2% of Of the x* values of the fits relative to the four major product

reaction) of both products were observed. channels and both mesitylene concentrations, as shown in Table
) ) 1. This provides for a simultaneous fit to all available data and
Discussion should result in a robust means for determining appropriate

The plausibility of the above mechanism was evaluated by Arrhenius parameters for the relevant reactions in the present
fitting the measured product spectra using a kinetics model thatsystem.
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TABLE 3: Best-Fit Arrhenius Parameters for Reactions the overall plausibility of the mechanism rather than allowing
Allowed to Vary in Fitting Procedure them to vary in an attempt to determine quantitative rate
Ea parameters.

no. reaction A(s™) (kJ mol) Isomerization Reactions.The isomerization reactions of both

11 TBCP-5— c-CsHs + isobutene 154 10° 194.7 the reactant 1-TBCP, 2-TBCP, and 5-TBCP molecules (Scheme
12 TBCP-5— ¢-CsHs + tert-butyl 6.40x 10> 243.3 1) and the intermediate isopropyl-1-Cp, -2-Cp, and -5-Cp
13 TBCP-2—isopropyl-2-Cp+ CHs 1.93x 10" 2525 radicals (Scheme 4) have a significant effect on the final product
14 TBCP-1-- isopropyl-1-Cpt Chs  (1.93x 10 (277.6 distributions. We elected to treat the reactant species differently

15 isopropyl-1-Cp— toluene+ CHs;

16 isopropyl-2-Cp— propenyl-2-Cpt H 2.85x 1018 183.6 from the radical intermediates in the kinetic model. As discussed
17 isopropyl-1-Cp— propenyl-1-Cp+ H (2.85x 10193 (164.8} and justified below, the reactant species are assumed to be in
19 isopropyl-2-Cp— isopropyl-1-Cp 2.11x 108 89.2 equilibrium throughout the reaction, and ab initio thermodynam-
20 isopropyl-1-Cp— isopropyl-2-Cp (1.73< 1092 (72.5) ics calculations were used to determine the equilibrium reactant
21 isopropyl-1-Cp— isopropyl-5-Cp 7.88¢ 10  159.1 concentrations. For the intermediate radical species, the equi-

22 isopropyl-5-Cp—~isopropyl-1-Cp  (3.18< 10)* (96.3} librium assumption is not valid according to our model, and
aThe A factor for reactions with numbers in parentheses was fixed these Arrhenius parameters were allowed to vary in the

relative to that of the previous reaction in the table in the fitting minimization procedure subject to constraints detailed below.

procedure? The activation energy for reactions with numbers in Reactant Isomerdsomerization of the reactant isomers is

parentheses was fixed relative to that of the previous reaction in the ; . -
table in the fitting proceduré.The rate constant for this reaction assumed to be fast on the time scale of the experiment, meaning

consistently became negligible during the fitting procedure, and it was that the distributions are thermodynamically controlled through-
not used in the final fits. out the reaction. Whereas isomerization of TBCP has not been

studied to our knowledge, several experimental and theoretical

Rate constants that were not permitted to vary during the studies on close analogues of the reactant molecules have been
fitting procedure are listed in Table 2. These reactions were reported. The isomerization of 5-H-perdeutero-1,3-cyclopenta-
chosen to remain invariant either because they had well- diene was found by nuclear magnetic resonance (NMR)
established rate parameters or because the model required onlgpectroscopy to have the Arrhenius expres$ion
that they be fast on the reaction time scale. Parameters for the
decomposition oftert-butyl radical to form isobutene and H k=1.3x 10 exp[(—102+ 2) k mol /RT] s7*
were taken from the literature review of Tsaliglhe decom- ) )
position oftert-butyl radical to form propene and methyl radical N the temperature range 33838 K in CCl. In that study, the
was previously found to represent 3% channel in our isomerization rate was found to_be a factor of O_.32 lower in the
temperature rang€.The ratio of propene to isobutene derived 9as phase at 323 K. Extrapolation to the reaction temperatures
from the decomposition dert-butyl radicals Ke,ig/Ki—c.e Was utlllzeq in this study, although not expecteq to prowae.a
presented in ref 17 relative to the rate of decomposition of duantitatively accurate rate constant, can provide some insight
cyclohexene to form ethene and 1,3-butadiene. We renormalizednto the relevant isomerization rates. At 1000 K, the rate of
this ratio to the currently recommendefirrhenius expression  Isomerization is calculated to be 6:110° s, entailing a half-
for the decomposition of cyclohexene to provide the following lifeé of 0.11us. Similar NMR studies by McLean and Haynes

expression for the ratio of propene to isobutene of the isomerization of 5-methyl-1,3-cyclopentadiene both neat
and in CC} solutions yielded the following Arrhenius expression
ke /K- n, = 0-120 expt-15351) in the temperature range 27813 K20

— 1 1 -1
The reactions of H with mesitylene, including the displacement ~ K=2.9x 10" exp[(~85.4: 1.2) kI mol /RT] s

of methyl radicals from the ring and the abstraction of H from Extrapolation to 1000 K yields a reaction rate of k@07 s L.

a terminal methyl group, have been studied previously in this |, 5 jgition, Bachrach calculated ab initio potential energy
laboratory*? The reaction of H with cyclopentadienyl radical ¢ taces for the [1,5] sigmatropic hydrogen shift in 1,3-
was recently studied at 1150500 K using the shock tube/ (Eyclopentadienél. The barrier to rearrangement was found to

atomic atomic resonance absorption specltgosn(;opy techniqlue anGie 110 kJ molt at the MP2/6-31G*//HF/6-31G* level of theory.
found to have a rate constant of 4.3210"* cm® molecule Melius et al. calculated isomerization barriers for all of the

_l H .
S mdep_endent of temperatu_%%We chose 1o use this rate methyl cyclopentadiene isomers using a bond-additivity-cor-
constant in the present work without change. The isomerization rected MP4 (BAC-MP4) method and found that they ranged
reactions of the reactant TBCP isomers-#lin Table 2) are from 115 to 130 kJ mott.4 However, they noted that the BAC-

rﬁqwreg only to fbﬁ fast and cc_)rr;]slstent d‘_""th th% relat|\f/e” MP4-calculated [1,5] sigmatropic H-shift isomerization barriers
thermodynamics of these species. They are discussed more fully, ,4yiq s cyclopentadienyl derivatives overestimated experi-
in the following section. The rate constant for the reaction

. | | il be iustified sub | mental values by 1825 kJ mofL. All of the above data are
isopropyl-5-Cp— toluene+ CHs will be just led subsequently,  qngistent with our assumption that isomerization of TBCP is
but has no effect on the results as long as it is fast.

. . . fast relative to the 50@s time scale of the shock pulse. We
Arrhenius parameters for the reactions shown in Table 3 were 5 i arily chose to use the following rate expression for both
allqwed to vary in the simplex m|n|m|'zat|on..ln|.t|al QUESSES Were yho 5. 1 and 1— 2 (exothermic) isomerizations
typically derived from thermodynamics of similar reactions that
had we_ll-established rate parameters. Constraints to th(_a_variable k=20x 10 exp(-85.4 kJ moTl/RT) gt
Arrhenius parameters were implemented and are utilized to
describe isomerization reactions and reactions in which similar The reverse reaction rate expressions were derived from
isomeric reactants and products are involved. These constraintcalculations of thermodynamic parameters as discussed below.
are shown as parenthetical entries in the table. Because these Thermodynamic Properties of 1-, 2-, and 5-TBA. our
similar isomers ultimately produce a small number of major knowledge, the thermodynamic properties of the TBCP isomers
products, we elected to constrain these fits in order to evaluatehave not been experimentally determined. We derived these
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parameters from G3MP2B3 quantum chemistry calculatfons quantum chemistry calculations on the reactant TBCP isomers
and checked our computational method by comparing the resultsprovide reasonable thermodynamic parameters for the calcula-
of analogous calculations on the methylcyclopentadienes, fortion of the equilibrium distributions.

which experimental data are available. Calculations were Intermediate Radical Isomergnlike the closed-shell reactant
performed on the Biowulf PC/Linux cluster at the National species, the isomerization of the radical isomers isopropyl-1-
Institutes of Health in Bethesda, MD, and a Pentium 4 PC at Cp, -2-Cp, and -5-Cp cannot be treated as a simple equilibrium
NIST using the Gaussian 03 software pack&y&3MP2B3 problem. The enthalpies of formation of the three isomers differ
calculations were performed on the ground states of 1-TBCP, markedly because of allylic resonance stabilization in both the
2-TBCP, and 5-TBCP molecules. Thermodynamic functions 1-Cp and 2-Cp isomers that is not present in the 5-Cp isomer.
were derived with the NIST ChemRate progrétd® Over our This large difference in stabilization implies that an a priori
experimental temperature range, the relative entropies andassumption that the isomers are in equilibrium is inappropriate.
enthalpies are essentially linear with respect to temperature.Dubnikova and Lifshitz calculated rate expressions for isomer-
Hence, the equilibrium constants can be represented as ratiogzation from the QCISD(T) thermochemistry. The calculated
of simple Arrhenius rate expressions for the forward and reverse Arrhenius expression for the exoergic isomerization of the
reactions. Appropriate ratios & factors and differences in  2-(1,3-cyclopentadienyl)methyl radical to the 1-(1,3-cyclopen-
activation energies for the forward and backward isomerization tadienyl)methyl radical is

reactions were derived for 1050 K, the approximate midpoint 3 N 1
temperature of our studies. The resulting parameters were used k,=3.7x 10° exp(~131.8 kJ mol /RT) s

to determine the contraints shown in Table 3. The frequencies

and rotors used to derive the entropies and enthalpies used ifVhich corresponds to a reaction rate of kL0’ s™* at 1050
the calculation of theA factor ratios and activation energy K. This is similar to the isomerization rates observed for the

differences are listed in Table 4. Tables of temperature- '€actants and is fast on the time scale of reaction in the present

dependent thermodynamic parameters for all species for whichSyStém. However, because of the large differences in relative
G3MP2B3 thermodynamics were calculated are provided as stabilities expected for these radicals, the reverse isomerization
Supporting Information. The calculated G3MP2B3 thermody- "éactions are likely comparable to the reaction time scale, and
namic parameters and relative equilibrium concentrations areth€ Arrhenius parameters for these reactions were explicitly
reported in Table 5 for the reactant species at 1050 K. allowed to vary in the present system (Table 3).

. . As in the case of the reactant molecules, we fixed the ratios
To evaluate the validity of the G3MP2|.‘3’.3 computational of the A factors and differences in the activation energies for
method for the present system, we additionally calculated

thermodvnami rameters of the 1- 2-. and 5-methvl-1 3- the forward and reverse reactions. We attempted to utilize

el 0 3{ 3. c p?\ﬂace ers ? Ie f ’ r‘? h ethy t | G3MP2B3 calculations to obtain the thermodynamics of the
cyclopentadiene (Me F_’) molecules, for which experimental | qiqo) intermediates to use as constraints. The results are shown
equilibrium data are available. These parameters were then use

to calculate the expected equilibrium distribution of isomers as qn Table 5. The allylic stabilization in isopropyl-2-Cp was found

. to provide 59.7 kJ mot* of resonance energy, and the additional
afunction of temperature. At 239 Kj McLean and Haynes found conjugation via the cyclopentadienyl ring in isopropyl-1-Cp
an equilibrium d.|str|but|on of 0.'8(.)'1'.0'02 for the 1, 2, fand ° provides another 21.9 kJ mdlof stabilization. These values
isomers, respectively, of MeCp in liquid ammorf«Calculation

O LA can be compared to previous calculations of the radical
of the gas-phase equilibrium distribution from the G3MP2B3 e : e
X ) i energetics in MeCp. Dubnikova and Lifshitz performed quantum
thermodynamics at this temperature yields 0.50:1:0.0008 for 1 g b P q

. - s . ' chemistry calculations on 1-, 2-, and 5-(1,3-cyclopentadienyl)-
2, and 5 isomers. Additional equilibrium experiments by iyt radicals at the QCISD(T)/cc-pVdz//B3LYP/cc-pVdz
McLean and Hayné8 yielded 0.82:1 and 0.86:1 for the ratio o | of theory® As expected, the 1-(1,3-cyclopentadienyl)-
of the 1- and 2-MeCp isomers in various solvents at room oy radical isomer (analogous to isopropyl-1-Cp) was most
temperature. The calculated G3MP2B3 gas-phase ratio for r00M-gtaple, followed by the 2-(1,3-cyclopentadienyl)methyl radical.

temperature gthbnum is 0.59:1. The calc.ulated values show 1 5-(1,3-cyclopentadienyl)methyl radical is the highest energy
good qualitative agreement with the experimental values, andjsomer with no allylic stabilization of the radical. Those authors
the differences can likely be attributed to both solvent effects .o culated relative energies for the 1-, 2-, and 5-(1,3-cyclopen-
and experimental error. In particular, the relatively large 5gienyl)methyl radicals to be 0:21.1:85.6 kJ molMelius et
dlfferences_ between the calculated and measureo! equmb_rlumaL also performed quantum chemistry calculations of the methyl
concentrations of 5-MeCp (0.0008 vs 0.02, respectively) might ¢yciopentadiene radical intermedidtesd found relative en-
be due to a small amount of unreacted material present in thethalpies (298 K) of 0:27:114 kJ mid! for the 1-, 2-, and 5-(1,3-
solution study, because 5-MeCp was used as a reactant. cyclopentadienyl)methyl radical intermediates. The present
Previous theoretical studies have also evaluated the relativeG3MP2B3-calculated enthalpies of 0:21.9:81.6 kJThédr the
energies of the MeCp isomers. Melius et al. found 0:0:9 kJ 1, 2, and 5 isomers of isopropgiep are similar to the QCISD-
mol~! for the relative enthalpies of the 1-, 2-, and 5-MeCp (T) calculations of Dubnikova and Lifshitz for the (1,3-
isomers at the BAC-MP4 levél.Dubnikova and Lifshitz cyclopentadienyl)methyl radical species.
calculated 0.9:0:12.8 kJ mdi for the relative energies of 1-, On the basis of these computational results, we attempted to
2-, and 5-MeCp at the QCISD(T)/cc-pVDZ//B3LYP/cc-pVDZ fix the relative differences in activation energies to the calculated
level of theory. Although these calculated values are not G3MP2B3 enthalpy values at 1050 K. Similarly, we fixed the
enthalpies, corrections to the relative heats of formation are ratios of ArrheniusA factors for the radical isomerization
expected to be no larger than 1 kJ molRelative thermody- reactions to correspond to the calculated values of the reaction
namics from G3MP2B3 calculations can be found in Table 5. entropy change at 1050 K. The Arrhenius parameters for the
The relative enthalpies at 298 K were found to be 1.3:0:13.5 kJ isopropyl-1-Cp — isopropyl-5-Cp and isopropyl-1-Cp—
mol~! for 1-, 2-, and 5-MeCp. The good agreement between isopropyl-2-Cp reactions were then allowed to vary during
the calculated G3MP2B3 parameters and the previous experi-the simplex minimization. When the G3MP2B3 values were
mental and theoretical work gives us confidence that the used to generate theA-factor and activation-energy
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TABLE 4: Molecular Properties Derived from G3MP2B3 Calculations Used for Determination of Relative Thermodynamic

Parameters

species

property

TBCP-1

TBCP-2

TBCP-5

isopropyl-1-Cp

isopropyl-2-Cp

isopropyl-5-Cp

1-methyl-Cp

2-methyl-Cp

5-methyl-Cp

frequencies (cm)

moments of inertia (ami2)

frequencies (cm)

moments of inertia (amé2)

frequencies (cm)

moments of inertia (ami2)

frequencies (cr)

moments of inertia (ami2)

frequencies (cr)

moments of inertia (ami2)

frequencies (cr)

moments of inertia (amé2)

frequencies (crh)

moments of inertia (amih?)

frequencies (crh)

moments of inertia (ami2)

frequencies (crh

moments of inertia (amé2)

143.7,292.5, 305.1, 330.3, 343.5, 36 62 6

698.5, 809.8, 820.5, 885.0, 889.5, 93 38.5, 946.0, 950.5, 970.5,
971.8,1032.1, 1055.8, 1057.3, 1107.7, 1134.3, 1152.3, 1236.4,
1236.9, 1278.3, 1298.8, 1333.3, 1399.0, 1421.6, 1425.5, 1450.3,
1453.6, 1510.7, 1516.6, 1521.0, 1532.1, 1534.5, 1548.8, 1595.4,
1671.2, 3032.5, 3038.5, 3041.9, 3049.7, 3058.1, 3103.7, 3107.2,
3114.1, 3115.3, 3118.2, 3118.6, 3209.8, 3229.0, 3240.6

external* 493.5, 437.4 (466.0, inactive), 170.8

internal? 38.9 (3, 6.3 kJ matl!), 3.1 (3, 17.2 kJ mol) x 3

141.0, 209.1, 229.8, 328.8, 337.7, 369.2, 420.2, 464.7, 573.7, 646.6,
719.9,781.1, 812.4, 820.1, 908.6, 935.8, 939.6, 945.6, 949.0, 951.6,
970.4, 1001.8, 1051.3, 1058.6, 1106.0, 1132.5, 1152.3, 1236.5,
1239.8, 1282.3, 1288.2, 1329.6, 1402.3, 1423.0, 1423.2, 1452.8,
1454.8, 1509.5, 1516.9, 1519.3, 1532.8, 1532.8, 1548.3, 1596.2,
1680.7, 3023.5, 3040.8, 3041.4, 3046.2, 3049.3, 3106.4, 3107.6,
3113.4,3114.9, 3118.2, 3119.6, 3209.3, 3236.8, 3240.4

external: 492.5, 435.6 (463.2, inactive), 171.9

internal: 39.3 (3, 7.9 kd mot), 3.1 (3, 17.2 kJ mot) x 3
128.3,204.1, 234.5, 334.9, 357.4, 406.6, 435.3, 546.8, 564.7, 694.
719.5,800.7, 812.7, 838.7, 886.0, 943.5, 944.5, 953.0, 953.5, 975.
990.6, 1026.2, 1026.3, 1057.1, 1078.3, 1131.0, 1142.2,1194.2,
1225.3,1270.0, 1276.7, 1314.3, 1332.0, 1422.7, 1428.5, 1430.3,
1459.1, 1511.4, 1518.4, 1518.8, 1534.0, 1538.8, 1548.0, 1576.3,
1662.6, 2973.8, 3039.1, 3042.7, 3050.6, 3099.7, 3105.1, 3111.8,
3117.1, 3120.0, 3125.7, 3207.3, 3218.8, 3240.2, 3245.2

external: 457.9, 404.0 (430.1, inactive), 176.0

internal: 48.1 (3, 23.8 kJ mol), 3.1 (3, 17.2 k mof') x 3

165.0, 226.1, 330.5, 351.5, 448.4, 476.5, 550.1, 555.5, 655.7, 760.8,
810.0, 825.7, 929.1, 933.2, 949.4, 970.5, 979.0, 993.7, 1063.0,
1092.5,1120.3,1137.6, 1161.3, 1190.1, 1289.1, 1297.7, 1339.9,
1412.0, 1438.5, 1447.3, 1474.0, 1500.6, 1502.4, 1514.7, 1517.9,
1535.4, 1600.3, 3010.6, 3017.9, 3022.2, 3044.6, 3046.9, 3051.9,
3137.5, 3143.7, 3209.3, 3233.4, 3242.3

external: 453.4, 342.7 (394.2, inactive), 120.0

internal: 30.0 (2, 62.7 kI mot), 3.1 (3)x 2

172.2,239.7, 339.2, 358.9, 402.8, 469.0, 555.8, 581.7, 629.8, 751.1,
792.5, 859.9, 930.5, 943.0, 950.9, 964.3, 975.6, 986.8, 1010.0,

1080.1, 1109.5, 1130.8, 1152.4, 1199.1, 1288.6, 1307.5, 1364.3,
1412.4, 1435.6, 1448.1, 1467.9, 1478.3, 1497.5, 1513.6, 1514.5,
1555.4, 1651.6, 2996.0, 3006.0, 3008.9, 3013.6, 3039.2, 3045.3,
3144.5, 3145.1, 3215.1, 3237.4, 3240.1

external: 458.3, 348.2 (399.5, inactive), 119.4

internal: 29.8 (2, 46.0 kI mot), 3.1 (3)x 2

122.5,177.7, 332.2, 334.9, 368.9, 525.9, 562.3, 706.1, 725.4, 805.8,
833.7, 844.2,913.4, 948.6, 954.3, 960.9, 992.7, 1007.9, 1012.9,

1038.0, 1066.7,1122.3,1134.7, 1183.1, 1217.7, 1298.9, 1320.0,
1339.3,1414.1, 1428.1, 1444.8, 1498.7, 1506.7, 1511.1, 1525.0,
1570.0, 1658.3, 2948.7, 2971.5, 2993.8, 3041.6, 3047.9, 3094.8,
3120.1, 3206.2, 3217.2, 3236.6, 3242.3

external: 371.6, 355.9 (363.7, inactive), 126.1

internal: 35.4 (2), 3.1 (3x 2

150.6, 229.0, 370.4, 525.1, 616.6, 693.2, 818.6, 854.7, 882.0, 929.7,
950.1, 958.2, 1007.0, 1037.6, 1063.1, 1134.3, 1152.1, 1200.5,

1281.3, 1332.6, 1402.1, 1443.3, 1450.3, 1509.5, 1518.7, 1604.4,
1685.8, 3022.2, 3027.9, 3049.2, 3067.2, 3116.1, 3205.2, 3217.9, 3240.8
external: 213.8, 157.1 (183.2, inactive), 63.0

internal: 3.0 (3, 5.9 kJ mot)

158.1, 233.2, 369.0, 577.4, 617.7, 706.8, 753.8, 819.6, 915.0, 936.4,
943.2,949.8, 983.7,1029.5, 1081.0, 1118.4, 1132.9, 1222.1, 1279.1,
1310.2, 1406.9, 1443.5, 1453.4, 1511.1, 1521.6, 1599.3, 1697.0,
3024.5, 3034.0, 3047.3, 3080.2, 3122.6, 3204.7, 3223.6, 3236.7
external: 214.0, 156.3 (182.9, inactive), 63.9

internal: 3.0 (3, 6.3 kJ moh)

167.6, 293.1, 542.1, 561.6, 717.3, 721.0, 785.3, 809.7, 874.4, 950.9,
952.8, 960.0, 1004.4, 1031.6, 1088.1, 1104.4, 1124.4, 1152.9,

1278.0, 1300.0, 1332.9, 1417.2, 1438.2, 1530.0, 1530.1, 1577.6,
1663.2, 2994.2, 3050.6, 3115.4, 3128.8, 3205.8, 3215.1, 3231.5, 3238.8
external: 193.6, 142.9 (166.3, inactive), 72.2 internal: 3.0 (3, 16.3 kJ%mol

7.5, 462.4, 466.2, 555.3, 573.0,
2.8, 938.5, 946.
7,1

1,
6,

aThe molecules were treated as symmetric tops with the moment of inertia around the nonunique axes taken to be the geometric mean of the
two largest moments of inertia in the molecule. This value is shown in parentheses. The moment of inertia about the unique axis of the symmetric
top was taken to be the smallest molecular moment of inérfiaie symmetry number of the internal rotor is shown in parentheses. If a hindered
rotor was used to model the rotation, the barrier to hindrance is given in k3.nvblltiple identical rotors (such as the methyl rotors in the TBCP
isomers) are denoted byn after the given moment of inertia, wheneis the number of rotors.

constraints, the model was unable to reproduce the measuredng Arrhenius parameters. Therefore, we assumed that the
toluene concentrations for any reasonable values of the remain-G3MP2B3 calculations overestimated the relative enthalpies for
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TABLE 5: Summary of Thermodynamic Parameters Derived from G3MP2B3 Calculations

relative
relative entropy relative entropy equilibrium
AH(298 K) (298 K) AfH(1050 K) (1050 K) concentrations
species (kJ mol?) (I molt K1) (kJ mol?) (I molFt K1) at 1050 K
1-TBCP 2.06 394.7 1.12 753.4 0.44
2-TBCP 0 398.6 0 759.1 1
5-TBCP 11.06 3915 13.16 754.9 0.13
isopropyl-1-Cp 0 401.7 0 694.1 1
isopropyl-2-Cp 21.93 402.7 22.36 695.8 0.095
isopropyl-5-Cp 81.61 419.4 78.23 706.2 0.00055
1-methyl-Cp 1.57 320.1 1.34 533.9 0.90
2-methyl-Cp 0 319.3 0 533.4 1
5-methyl-Cp 11.90 309.7 13.46 526.1 0.089

the radical isomer species. We instead elected to use anas noted by Eggers and Vitin, resonance stabilization of the
approximate value of 46.1 kJ malfor the resonance energy  forming double bond within the cyclic six-membered transition
of the allylic radical moiety in the isopropyl-1-Cp and isopropyl-  sate caused a decreased activation energy relative to that in
2-Cp isomers. This energy should represent a good estimate ofj_heptene. Similarly, in the present system, the double bond in
the relative energy difference between the isopropyl-2-Cp and the cyclopentadienyl moiety that is not directly participating in
isopropyl-5-Cp isomers. The additional resonance energy gainedihe reaction resonantly stabilizes the forming double bond in
from the addition of a second conjugated double bond in the he transition state. As expected, the activation energy for the
cyclopentadienyl ring, as is found in isopropyl-1-Cp butis absent (atrg-ene reaction in 5-TBCP is similar to that for 1,6-

in isopropyl-2-Cp, was assumed to be approximately 16.7 kJ peptadiene. TheA factor is also higher for the retro-ene

mol~*. The relative enthalpies of .the isopr(.)pyEp radiclal decomposition of 5-TBCP than for typical hydrocarbon retro-
isomers were thus chosen to be 1:23:16.7:62.8 kJ mot. ene reaction&® This difference is due to the presence of nine
Using these values, we obtained a good fit to all of the measured,gpjje hydrogen atoms in thert-butyl moiety that react with
concentrations; the final values for the varied Arrhenius o equivalent double bonds in the cyclopentadieny! ring.
parameters are reported in Table 3. The H-loss reactions shown in Scheme 6 are relatively minor

Other Reactions. In the decomposition of the methyl-1,3-  ;nahnels and no attempt to fit the final products was made.
cyclopentadiene molecules, Dubnikova and Lifshitz proposed 5 ever, because these reactions have the effect of removing

pathways for “direct” ring expansion from (1,3-cyclopentadi- isopropyl-1-Cp and isopropyl-2-Cp from the system, we mod-
enyl)-1-methyl and (1,3-cyclopentadienyl)-2-methyl radicalS o gjaq the H-loss reactions from both species. The Arrhenius
cyclohexadienyl radical. One set of pathways involves a carbene .- meters from the reaction of isopropyl-1-Cp were allowed
intermediate, whereas the other set undergoes ring-opening of, float, and those of the isopropyl-2-Cp H-loss channel were
the cyclopentadienyl ringThese two pathways were calculated g oq relative to them based on G3MP2B3 calculations as
to proceed in parallel. However, in their study, the calculated yaoqcribed above. These values are included in Table 3.
overall rate of the “direct” expansion of these two isomers, Application to Fulvene Systems.Although the present
despite the vastly larger concentrations of the 1 and 2 isomersSystem is not expected to play a role in the sooting or PAH-
than of the 5 isomer, was dwarfed by the calculated rate of ring- forming reactions in the combustion of typical hydrocarbon

_(l)_gegF',ng V'ta thetﬁl,3-cy|clopentadle?yl)-S-metgykl) rao:cut:l?l. In the fuels, it provides an experimentally convenient means to probe
system, the analogous reactions would be of th€ ISOPro- ., yie4|assisted ring-expansion reactions that likely play a role

pyl-1-Cp and isopropyl-2-Cp radicals forming toluene and ;, g, systems. The mechanism proposed in Schembssl

methyl ra@cals directly. We attgmpted fo incorporate these analogous to that initially proposed by Melius et al. for the
reactions into the model by providing a direct pathway for the H-assisted ring expansion of fulvene to benzér. that

formation of toluene from isopropyl-1-Cp. However, irrespective mechanism, H adds to fulvene, producing 1-, 2-, and 5-(1,3-
Of. the.m't.'al guess, the Arrhenius parameters in ‘h¢ simplex cyclopentadienyl)methyl radicals, which are analogous to the
minimization consistently produced negligible reaction rates, isopropyl-1-, -2-, and -5-Cp radicals here (Scheme 4). As is
suggesting that these pathways are unimportant. This is indicate he case w’ith i:s,opropyI-S-Cp, the 5-(L,3-cyclopentadienyl)-

in Table 3 by asterisked entries. methyl radicals are significantly higher in energy; however, ring

ST}Te mc;lecudla}lt ill'm:';nat'on chg\nnel Ior the TBCF'S .ISOI’T|1(?I’ expansion occurs only from that isomer. The ring expansion
(Scheme 3 and Table 3) occurs via a retro-ene reaction invo VN9 from the 5-(1,3-cyclopentadienyl)methyl radical has been

the_tr?ns%‘ﬁr of_a telrm'”"?" _m(_eth)t/_l H atorr}tto dt_he cyclopentad|e_nyl predicted to occur analogously to the reaction shown in Scheme
moiety. The simplex minimization resulted In a raté expression g\, here the radical site reacts with one of the double bonds in

of the cyclopentadienyl ring, forming a three-centered intermediate
k.=154% 108 194.7 k TYRT) 1 species. The_expansmn of the flve-membergd ring then occurs
1 54 10 exp(-19 J mol'/RT) s by the opening of the three-centered moiety, followed by
for this reaction. The activation energy of 194.7 kJ mds ~ Subsequent ejection of an H atom to form benzene.
lower than that typically observed for hydrocarbon systéns.  Although the energetics of the reactions in the fulvene

The presently reported activation energy compares favorably System differ from the present system (which is equivalent to a
to that in the decomposition of 1,6-heptadiene reported initially dimethylfulvene+ H reaction), the general features of the
by Eggers and Viti#f and extended to a wider temperature range Mechanism appear to be identical. As illustrated in Figure 3,
by King.28 The measured Arrhenius expression in the decom- the formation of the six-membered product in the fulvene
position of 1,6-heptadiene was found to?be reaction is rate-limited by the formation of the 5-(1,3-cyclo-
pentadienyl)methyl radical. Melius et al. calculated a barrier to
k=2.0x 10" exp(—197 kJ moTllRT) st isomerization of the 1> 5 isomers of (1,3-cyclopentadienyl)-
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H-mediated fulvene ring expansion "

H H
CH, HC? H H +
R =
H
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H H R
CH; . CH
CH,
Present system, after initial methyl radical loss
CH
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3 Hs

c CH, +
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\ (&}
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CHj

Figure 3. Parallels between proposed mechanism for H-mediated fulvene expansion to form benzene and presently proposed mechanism. The
areas of the solid arrowheads provide a pictorial representation of the reaction rates for each step. The areas of the hollow arrowheads have been
scaled by 100Q. The present experiment is not sensitive to the rate of the final step and is indicated with a stylized arrow that carries no information

on the rate constant.

methyl radicals of 179 kJ mol, and Dubnikova and Lifshitz ~ temperature range of 1060100 K. We found that the ring-
found an activation energy from QCISD(T)/cc-pVdz calculations expansion reactions are rate-limited by the formation of iso-
of 176 kJ mot? for the same reaction. A value of 148 kJ mbl propyl-5-Cp radicals, which subsequently undergo rapid ring
for the activation energy of the isopropyl-1-Cp isopropyl- expansion followed by loss of methyl radical to form toluene.
5-Cp reaction was found to provide a good to fit to our This mechanism is fully consistent with previously proposed
experimental product distributions. The predicted activation mechanisms for the H+ fulvene reaction, in which the
barriers for the two reactions are similar, and it is expected that isomerization to form 5-(1,3-cyclopentadienyl)methyl radicals
the ring expansions occur along these similar pathways. Inis the rate-limiting step in the formation of the six-membered
addition, Dubnikova and Lifshitz calculated Arrhenius param- ring.

eters for the 5-(1,3-cyclopentadienyl)methyl radical conversion

to cyclohexadienyl radical and found that tAdactor was 1.4 Supporting Information Available: Results of the G3AMP2B3
x 108 st and the activation energy was 72.8 kJ niolAt calculations, calculated thermochemical tables for the species
1050 K, this yields a rate constant of 3:310° s™%, which is shown in Table 5, and measured product concentrations as a

substantially higher than the calculated— 5 isomerization function of temperature. This material is available free of charge
rate constant in the (1,3-cyclopentadienyl)methyl species of 1.3 via the Internet at http://pubs.acs.org.

x 10° s71 at the same temperature. The present mechanism
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