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0-Quinone methided-QM), or 6-methylene-2,4-cyclohexadiene-1-one, has been identified as an important
intermediate in lignin and alkyl benzene combustion, and the thermal decompositie@Mfis therefore
relevant to the combustion of transportation fuels (which contain toluene) and of biomass and low-rank coals
(which contain lignin). We present a comprehensive reaction mechanism for the unimolecular conversion of
0-QM to the reaction intermediates tropone and fulvene, calculated using theoretical quantum chemical
techniques. Enthalpies of formation for all reactants, products, and intermediates are calculated using the
CBS-QB3 theoretical method. Transition states are determined with the CBS-QB3 method, which we use to
obtain rate constants as a function of temperature from transition-state theory, with Wigner tunneling corrections
applied to hydrogen-shift reactions. Barrier heights are also calculated with the BB1K density functional
theory (DFT) method for thermochemical kinetics. Reaction pathways are identified leading to tropone (which

rapidly decomposes to benzeiteCO) and to fulvenet CO, via initial hydrogen transfer to 2-hydroxyphe-
nylcarbene and via ring opening to 1,3,5,6-heptatetraen-1-one, respectively. QuanturR&itsperger

Kassel (QRRK) theory analysis of the reaction kinetics indicates that the dominant reaction pathway is formation

of tropone via 2-hydroxyphenylcarbene; the formation of fulvén€O via initial ring opening constitutes

a secondary pathway, which becomes more important with increasing temperature. Our calculations, using

BB1K barrier heights, yield the rate equatidil) [s7Y] = 2.64 x 10" exp(35.9T [K]) for o0-QM

decomposition, which is in relatively good agreement with the experimental rate equation. Calculations provide

an apparent activation energy of 71.3 kcal mplersus 67.2 kcal mot from experiment.

Introduction SCHEME 1: Reaction Pathways foro-QM Formation
The quinone methideo{ and p-quinone methide and their fFE(;r;C:irgig-Methylphenyl + Oz and Benzyl+ O,

substituted derivatives) are highly electrophilic and are known
CH,

to act as DNA alkylating and cross-linking agehtsnd CHs CHy °CH,
considerable effort has been directed toward better understandin@' +0; @/00 ©/00H -OH ﬁ:/ro
their properties and reaction mechanishesQuinone methide
(0-QM) is also emerging as an important intermediate in the
combustion of transportation fuels and in the pyrolysis of wood ‘
and low-rank coals.
A recent theoretical study of the reaction of the 2-methylphe- *¢Hz CH00® CHZ00H
nyl radical with Q predictedo-QM formation to be a major © +0;, © @-
reaction pathway, following the reactions of Schenfdtiwas
proposed thab-QM would be a significant intermediate during
alkyl benzene combustion, especially for toluene and xytene. SCHEME 2 Reaction Pathways foro-QM Formation
Methyl o-quinone methides and other substituted derivatives from the Benzyl + HO> Reactior?
may also be important in aromatic combustion processes. In “hH,0
Scheme 1 we demonstrate a potential pathway leadiogiv
formation from the reaction of the benzyl radical with, @hich ocH, CH, CH ch
may also be important in toluene combustion (however, we also “HO OOH OOH _ho 5
envisage a reaction leading to the 2-hydroxybenzoxyl radical 2 @""’H ©/ 2 ﬁ:/r
which may proceed with a lower barrier). FurthermareQM
has been proposed as an intermediate in the reaction of the ?2Reactions according to Skokov et‘al.
peroxy radical (H@ with the benzyl radical in the ortho
position? which should be significant in atmospheric processes

and low-temperature combustion systems. This reaction proces
is illustrated in Scheme 2Alternatively,0-QM formation may

react through a stepwise process, via OH dissociation in
1-hydroperoxy-2-methylene-3,5-cyclohexadiene (the product of
soenzyIJr HO;, addition), followed by loss of H.

In addition to its formation in the combustion of aromatic

*To whom correspondence should be addressed. Phenet 973 fuels, 0-QM has been proposed as an intermediate in the
596 3459. Fax:+1 973 596 3586. E-mail: bozzelli@nijit.edu. pyrolysis of lignin (wood) and low-rank coals. Chroman, a lignin
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SCHEME 3: Reaction Pathway for 0-QM Formation
from Chroman Pyrolysis

GH,

model compound, has been experimentally shown to decompose

to 0-QM + ethene (GH,), as depicted in Scheme®38 This
reaction proceeds with an activation energy of 62.9 kcal ol
and conversion of chroman QM (or further decomposition
products) is quantitative at temperatures of around 900 K and
greate®® Two processes have been proposed for chroman
decompositiort: (i) a two-step mechanism, where chroman
opens to a diradical intermediate by-C or more likely C-O
bond cleavage, followed by dissociation ofHZ, and (ii) a
concerted retro-DielsAlder dissociation reaction. The correct
reaction mechanism has not, to our knowledge, been elucidated
As shown abovep-QM is an important intermediate in the
thermal reactions of aromatic compounds, wood, and coal.
Additionally, o-QM also occurs as an intermediate in the
decomposition ob-hydroxybenzyl alcohdl,o-hydroxyphenyl-
carbené?and 1,4-benzodioxifwith similar quinone methides
occurring as intermediates in the reactions of dibenzo-1,4-
dioxins!! Experimentally, the pyrolysis 0b-QM produces
benzenet CO, with small amounts of fulvene. Trace amounts

of acetylene and 1-buten-3-yne have also been detected, in a

near one-to-one ratio. The rate constant for decomposition of
0-QM has been measured as eg(ih units of K and s1), where

the activation energy is 67.2 kcal mél This rate constant was
obtained over the narrow temperature range of ca—885%0

K.

k=6.31x 10" exp(-33.8) (1)

0-Quinone methide occurs in a variety of important combustion
and pyrolysis processes, and it is of value to understand its
decomposition pathways and the thermochemistry of these
reactions. In this study we use theoretical quantum chemical
techniques to examine the mechanism and kinetice-QM

decomposition. Reaction pathways are proposed leading to the

known reaction products @cQM pyrolysis, with thermochemi-
cal properties and reaction rate parameters calculated for all

species and reactions, respectively. The results of this study

identify the important reaction pathways f@QM decomposi-
tion and provide rate constants for use in constructing kinetic
models for the pyrolysis and combustion of, for example, toluene
and lignin.

Computational Methods

All species identified on the-QM potential energy surface
are studied using the CBS-QB3 composite theoretical method.

da Silva and Bozzelli

TABLE 1: Name, Structure, and Enthalpy of Formation
(AsH°295 kcal mol™1) for All Products, Reactants, and
Intermediates Considered in the Thermal Decomposition of
o-QM

Structure Name and Enthalpy (kcal mol™)

CH,

gjo
©/OH

(1) ortho-quinone methide
AfHozgg =16.4 (CBS-QB3)
AfHozgg =12.8 (ref 3)

(2) 2-hydroxyphenylcarbene
Ad1°293 = 61.3 (CBS-QB3)

(3) bicyclo[4.1.0]hepta-2,4,7-trien-2-o0l
A5 =71.9 (CBS-QB3)

' ™ (4) 1,2,4,6-cycloheptatetraen-1-ol
Ad1°295 = 55.5 (CBS-QB3)
o
(5) tropone
Ad1°293 = 18.3 (CBS-QB3)
gHz E:') (6) 1,3,5,6-heptatetraen-1-one
)
P (7) 3,6-cycloheptadien-1-one-3,5-yl diradical
U A3 = 80.9 (CBS-QB3)
o 7 (8) 4-methylene-bicyclo[3.1.0]hex-2-en-6-one
Ni} AFP205 = 49.6 (CBS-QB3)
CH, (9) fulvene
A/Hozgg =553 (CBS-QB3)
A/H°293 =53.6 (ref25)
Hy

(10) bicyclo[3.2.0]hepta-3,5-dien-1-one
A/Hozgg =46.5 (CBS-QB3)

c 0
&)
%CHZ

initio and density functional theory calculations were performed
using Gaussian 08.CBS-QB3 enthalpies, geometries, frequen-
cies, and moments of inertia for all species are listed as
Supporting Information.

Transition states connecting each of the ground-state species
have been identified using the CBS-QB3 theoretical method.

(11) spiro[2.4]hepta-4,6-dien-1-one
A_/Hozgg =49.7 (CBS-QB3)

The CBS-QB3 method requires an initial B3LYP/6-311G- All calculated transition states possessed a single imaginary
(2d,d,p) geometry and frequency calculation and then uses thefrequency, where the mode of vibration connected the proposed
obtained molecular geometry for higher level energy corrections reactants and products. In cases where the reactants and/or
with the CCSD(T) and MP4 theoretical methods, followed by products obtained from a transition state were ambiguous, scans

an extrapolation to the complete basis set (CBS) limit. From
the CBS-QB3 calculations we determine enthalpies of formation
using atomization reactions, with enthalpies of formation at 298
K of 52.103, 171.435, and 59.567 kcal mbfor H, C, and O,

respectivelyt® Entropy §29¢) and heat capacityQy(T)) values

are determined for all species from principles of statistical
mechanics using the SMCPS progréhwith B3LYP/6-311G-

(2d,d,p) geometries, frequencies, and moments of inertia.
Entropy calculations take into account molecular symmetry,
optical isomers, and the number of unpaired electrons. All ab

of the intrinsic reaction coordinate were performed. Rate
contantsk(T), were calculated between 300 and 2000 K for all
reactions from conventional transition-state theory. Rate con-
stants were empirically fit to the fori(T) = A'T" exp(—Ed/

RT). Reactions involving an intramolecular hydrogen shift were
corrected for hydrogen tunneling through the potential energy
barrier according to the Wigner formalism (eq'2Here,«(T)

is the tunnelling correctionj is the transition state’s imaginary
vibrational frequencykg is the Boltzmann constant aridis

the Planck constant. After correctit@T) values for hydrogen
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Figure 1. Transition-state geometries for all identified reactions in the thermal decomposite@Mf, at the CBS-QB3 level. (Structure parameters
are in Supporting Information).

tunneling, theA’ andn parameters for these reactions were re- decompose further to benzene and to acetylent-buten-3-
evaluated according to a least-squares error minimization in In yne. Tropone will also react to form benzene, by eliminating
k. In addition to the CBS-QB3 calculations, transition states CO. This process should be rapid with respect to formation of
were also studied at the BB1K/6-3%G(2d,p) density functional ~ tropone fromo-QM and is therefore not considered here. In
theory (DFT) level, to provide a second determination of all this section we discuss the potential reaction pathways leading
barrier heights. The BB1K hybrid DFT method was developed to the production of these intermediates (all structures are
for accurate thermochemical kinettésaind has recently been identified in Table 1). In the following sections we will calculate
evaluated as one of the more accurate computational methodshermochemical properties for all species involved in these
for barrier height calculations (with a mean unsigned error of reaction schemes and rate parameters for all reactions. Finally,
1.70 kcal mot? for the DBH24 barrier height test set, when we will use these calculated thermochemical and kinetic

using the 6-33+G(d,p) basis seff properties to model the decomposition kinetics @QM.
. Numerous other reaction pathways were considered during the
_ 1(hs course of this study but were eliminated due to prohibitively
WM =1+ 24(kBT) @ high barriers.

In our first reaction scheme (Scheme 4) we consider the
Modeling of theo-QM isomerization and unimolecular dis- formation of tropone via a hydroxyphenylcarbene intermediate.
sociation reactions is performed using QRRK theory with the Initially, 0-QM undergoes an intramolecular hydrogen shift to
modified strong collision model, as implemented in the CHEM- produce 2-hydroxphenylycarbene in a concerted process. The
DIS programt® This code makes use of a reduced set of three carbene group undergoes intramolecular addition to the aromatic
vibrational frequencies to describe the temperature dependenceing at the ortho position, forming a bicyclic compound (bicyclo-
of C,.2° Molecules that proceed over the first reaction barrier [4.1.0]hepta-2,4,7-trien-2-ol). This species then opens to 1,2,4,6-
in any given mechanism are thereafter considered to be cycloheptatetraen-1-ol, a seven-membered ring alcohol. A final
chemically activated and may undergo further isomerization and/ intramolecular hydrogen shift from the OH group in 1,2,4,6-
or dissociation reactions, reverse reaction back-QM, or cycloheptatetraen-1-ol produces tropone. The rearrangement of
stabilization by collision(s) with the bath gas fNReported phenylcarbenes to give seven-membered ring products is well-
rate constants are at a pressure of 1 atm (the pressure for thé&nown in the literaturé?!

comparative experiments is not specified); calculated rate  Ggiden and Joné%studied the reactions of the hydroxyphe-
constants show little pressure fall-off down tox110-4 atm. nylcarbenes and found that 3- and 4-hydroxyphenylcarbene
reacted to predominantly yield tropone (31%) and 2-cresol
(27%), where 2-cresol is proposed as a product of hydrogen
We find that the thermal decomposition @fQM proceeds abstraction by-QM. A reaction scheme explaining the forma-
through the intermediate species tropone and fulver@d). tion of 0-QM from hydroxyphenylcarbene was presented, in
Fulvene is a known product ad-QM pyrolysis and should  which reaction proceeded via a benzooxetene intermediate

Results and Discussion
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TABLE 2: Entropy ( S°»99) and Heat Capacity (Cp(T)) Values for All Products, Reactants, and Intermediates Considered in the
Thermal Decomposition of0-QM, at the B3LYP/6-311G(2d,d,p) Levet

species S28 C,(300) C,(400) C,(500) C,(600) C,(800) C,(1000) C,(1500)

1 79.91 27.08 35.09 41.79 47.20 55.14 60.63 68.70
78.35 26.66 34.90 41.80 47.36 55.47 61.01 69.03

3 82.44 28.52 36.76 43.42 48.63 56.03 61.03 68.35
4 79.54 27.95 36.40 43.49 49.10 56.94 61.98 69.00
5 78.93 26.29 34.18 40.94 46.46 54.64 60.30 68.56
6 90.89 31.32 38.38 44.20 48.93 56.08 61.20 68.94
7 82.69 28.51 36.34 42.88 48.15 55.91 61.28 69.13
8 81.46 27.52 35.90 42.72 48.08 55.83 61.15 68.96
9 69.90 21.26 28.28 34.12 38.79 45.63 50.41 57.60
10 80.26 26.27 34.79 41.84 47.43 55.50 61.00 68.97
11 81.14 27.73 36.05 42.85 48.20 55.92 61.21 68.98

2 Species numbering corresponds to that of Table 1. All values in units of caf idoF.

TABLE 3: Rate Parameters (E,, A', n) for Forward (for.) and Reverse (rev.) Reactions in the Thermal Decomposition 06-QM,
from CBS-QB3 Calculations

reaction Eq(for.) A'(for.) n(for.) Ea(rev.) A'(rev.) n(rev.)
1—3(TS2) 69.3 (67.%) 7.01x 10% 0.536 13.8 (11.6) 1.94x 10 0.107
3—4(TS3) 3.4(3.5) 2.2& 10¥ 0.101 19.9 (19.9) 3.65% 10* —0.493
4—5(TS4) 20.2 (18.4) 2.9% 10 —1.323 57.5 (55.6) 7.1% 103 —0.197
1—6(TS5) 53.2 (54.8) 7.1% 10 0.679 7.5(9.2) 1.1% 10 —0.021
6— 7 (TS6) 28.3(29.2) 8.7& 1010 —0.132 9.4 (10.3) 1.3% 10% 0.158
7—5(TS7) 19.1(16.8) 3.44 101 —0.293 81.8 (79.4) 1.18 10 0.258
6— 8 (TS8) 29.8 (30.8) 6.6% 101 0.336 42.2 (43.2) 1.19 10%2 0.719
8— 9+ CO (TS9) 29.1(29.2) 1.69 10%? 0.375
6— 10 (TS10) 31.5(30.8) 1.25 101 —0.288 47.1 (46.3) 1.2% 1012 0.324
10— 11 (TS11) 15.0(10.7) 9.9% 10 0.329 11.8(7.5) 2.6% 1012 0.054
11— 9+ CO (TS12) 14.9 (13.9) 5.5% 10% 0.144

2Units: kcal, mol, and sk = A'T" exp(—EJ/RT). High-pressure-limit rate parametePBB1K barriers in parentheses.

TABLE 4: Entropy ( S°»99) and Heat Capacity (Cp(T)) Values for All Transition States Considered in the Thermal
Decomposition ofo-QM, at the B3LYP/6-311G(2d,d,p) Levet

transition state S205 C,(300) C,(400) C,(500) C,(600) C,(800) C,(1000) C,(1500)
TS1 77.03 25.16 33.32 40.23 45.82 53.96 59.49 67.37
TS2 81.29 27.19 35.24 41.82 46.97 54.29 59.22 66.46
TS3 81.42 27.48 35.39 41.85 46.93 54.21 59.15 66.42
TS4 79.17 25.65 33.45 40.18 45.70 53.84 59.40 67.34
TS5 82.72 28.68 35.96 41.98 46.85 54.15 59.32 67.05
TS6 81.23 27.58 35.13 41.44 46.54 54.09 59.36 67.14
TS7 81.33 26.63 34.34 40.90 46.25 54.17 59.61 67.43
TS8 85.62 29.49 37.01 43.05 47.83 54.87 59.83 67.27
TS9 82.77 27.80 35.57 41.91 46.95 54.33 59.47 67.11

TS10 80.43 26.25 34.13 40.75 46.09 53.89 59.27 67.12
Ts11 80.04 26.12 34.21 40.90 46.21 53.92 59.23 67.02
TS12 82.33 27.10 34.82 41.27 46.44 54.03 59.29 67.06

a Transition-state numbering corresponds to that of Table 3 and Figur®sAll values in units of cal moft K~

SCHEME 4: Formation of Tropone from o0-QM, via SCHEME 5: Formation of Tropone from 0-QM, via
2-Hydroxyphenylcarbene Ring Opening to 1,3,5,6-Heptatetraen-1-one

CH, CH He OH o CH, CH, 0 gz o o
o OH > -OH o c C U

S-dromd-b  &F-U-F-d
(benzoxete). Benzoxete has now been shown to isomerize withintramolecular hydrogen shift from the Gloiety in 1,3,5,6-
0-QM, from both experiment and theotyHowever, we identify heptatetraen-1-one, giving tropone in a concerted process;
a transition state (TS1, Figure 1) connectiogQM and however, the barrier for this reaction is prohibitively large (ca.
2-hydroxyphenylcarbene in a concerted process that does notLl00 kcal moi* aboveo-QM), and this reaction is therefore not
proceed via benzoxete. A transition state for the benzoxete considered important. The cyclic diradical formed upon ring
2-hydroxyphenylcarbene reaction could not be located using closing should be relatively stable, due to resonance between
either the CBS-QB3 or BB1K/6-3#G(2d,p) methods. the depicted 3,6-cycloheptadien-1-one-3,5-yl form and the 3,5-

It is also plausible thad-QM decomposition is initiated via  cycloheptadien-1-one-3,7-yl form. Furthermore, there should be
ring opening, as shown in Scheme 5. In this reaction schemea third resonance structure, the 1,3,5-cycloheptatrien-3-yl-1-oxyl
0-QM opens to 1,3,5,6-heptatetraen-1-one. This ring opening diradical; this structure should provide a minor contribution, as
product cyclizes to the seven-membered (cyclic) diradical 3,6- we observe with the resonantly stabilized phenoxy and vinoxy

cycloheptadien-1-one-3,5-yl, and an intramolecular hydrogen radicals, which both prefer the carbonylHO) geometry over
shift then produces tropone. We also initially considered an the resonance form of the oxyl-type-{©-) geometry?324Note
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Figure 2. Potential energy diagram for the formation of tropone from
0-QM, via 2-hydroxyphenylcarbene. Enthalpies of formation in kilo-
calories per mole.
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Figure 3. Potential energy diagram for the formation of tropone from
0-QM, via ring opening. Enthalpies of formation in kilocalories per
mole.
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Figure 4. Potential energy diagram for the formation of fulvene from
0-QM, via ring opening and subsequent closing to 4-methylene-bicyclo-
[3.1.0]hex-2-en-6-one. Enthalpies of formation in kilocalories per mole.

that the ring opening product can also undergo a hydrogen-

shift reaction to 2,4-heptadien-6-yn-1-one, which may react
further to benzeneg- CO. While this species is of sufficiently
low energy AfH° = 96.6 kcal mof?), the barrier for the
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Figure 5. Potential energy diagram for the formation of fulvene from
0-QM, via ring opening and subsequent closing to bicyclo[3.2.0]hepta-
3,5-dien-1-one. Enthalpies of formation in kilocalories per mole.

SCHEME 6: Formation of Fulvene from 0-QM via
4-Methylenebicyc|o[3.1.0]hex-2-en-6-one Dissociation

CH2

—U—d =4
SCHEME 7: Formation of Fulvene from 0-QM via
Spiro[2.4]hepta—4,6-dien-l-one Dissociation

e Q CHy
i

Skokov et af presented a pathway for the formation of fulvene
+ CO fromo-QM, which proceeded via initial ring opening to
1,3,5,6-heptatetraen-1-one. This reaction process is depicted in
Scheme 6. Following ring opening, 1,3,5,6-heptatetraen-1-one
cyclizes to a bicyclic intermediate (4-methylenebicyclo[3.1.0]-
hex-2-en-6-one), which loses CO to provide fulvene.

Finally, we consider the mechanism for fulveneGO)
formation shown in Scheme 7. This reaction scheme follows
the same initial ring opening reaction depicted in Schemes 5
and 6. Following this, the ring opening product cyclizes to the
bicyclic intermediate bicyclo[3.2.0]hepta-3,5-dien-1-one, which
rearranges to yield spiro[2.4]hepta-4,6-dien-1-one. This inter-
mediate subsequently dissociates to fulven€O.

Thermochemical Properties. Table 1 lists the name and
structure of each species proposed in the above reaction
processes. Also included are enthalpies of formation calculated
with the CBS-QB3 method using atomization reactions. Where
available, literature enthalpies are also provided (at 298 K). For
CO, which is not included in the table, we use a literature
enthalpy of formation 0f-26.417 kcal mot?.26

Entropy and heat capacity values are calculated for all
molecules and are presented in Table 2. For bicyclo[4.1.0]hepta-
2,4,7-trien-2-ol and 1,2,4,6-cycloheptatetraen-1-ol we considered
motion about the ROH bond as an internal rotor, and not as
a vibrational frequency. Internal rotor potentials for these
molecules were calculated at the B3LYP/6-31G(d) level and
fit to five-parameter Fourier series expansions (see Supporting
Information). The mathematical descriptions of the-®H

CH,
o

—_—

hydrogen-shift reaction from 1,3,5,6-heptatetraen-1-one exhibitsinternal rotors were then used in the program ROTATOR

a barrier ca. 97 kcal mot above the reactanb{QM), making
this reaction energetically prohibitive.

A minor product ofo-QM pyrolysis at low temperatures is
fulvene, and this product is considered in our kinetic modeling.

evaluate the contributions to entropy and heat capacity, which
we added to the translational and vibrational components
calculated using SMCPS. The SMCPS analyses for these
molecules omitted the torsion vibration frequency corresponding
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Figure 6. Rate constants as a function of temperature for the thermal decomposite@Mfvia the four proposed reaction schemes, using BB1K
barrier heightsR = 1 atm).

to rotation about the OH group. Internal rotor potentials were intermediate is shown in Figure 2. The reaction leading to
also determined for rotation about the-RH and R-CH bonds formation of the carbene intermediate is barrierless at the CBS-
in 2-hydroxyphenylcarbene, but the barrier heights were deemedQB3 level of theory, with the transition state lying 1.1 kcal
too large (ca. 10 and 16 kcal m@) respectively) for these  mol~! below the reaction products. The largest barrier above
modes to act as hindered internal rotations. 0-QM (69.3 kcal mot?) is provided by the subsequent rear-
For 2-hydroxyphenylcarbene we identified four stable con- rangement of 2-hydroxyphenylcarbene to give bicyclo[4.1.0]-
formers, one with both the OH and CH groups trafsH® = hepta-2,4,7-trien-2-ol (TS2). The further reactions of bicyclo-
63.7 kcal mot?), one with both groups cisA¢H®° = 69.7 kcall [4.1.0]hepta-2,4,7-trien-2-ol leading to tropone all progress with
mol~1), one with the OH group trans and the CH group Aig relatively small barriers, and once formed, a large proportion
= 73.0 kcal mot?), and a final conformer with the OH group ~ of this chemically activated adduct should proceed to form
cis and the CH group trans\MH°® = 61.3 kcal mot?). The tropone. In our kinetic analysis of this reaction scheme we treat
transition state which we identified connectimgQM with the first reaction as the direct formation of bicyclo[4.1.0]hepta-
2-hydroxyphenylcarbene results in formation of the most stable 2,4,7-trien-2-ol fromo-QM through TS2, with an activation

conformation (cis-trans), and this is the only conformer
considered in this study. This simplification is justified when
one considers that the three conformers of 2-hydroxyphenyl-
carbene are all relatively close in energyKl° = 61.3-73.0
kcal molt) and demonstrate similar barrier heights for the
forward reaction to bicyclo[4.1.0]hepta-2,4,7-trien-2-ol (around
70—75 kcal mof! aboveo-QM).

Rate Parameters.Transition states connecting each of the

energy of 69.3 kcal mot (67.1 kcal mof? at BB1K), due to
the negligible barrier for 2-hydroxyphenylcarbene formation.
Figure 3 illustrates the reaction processes involved in tropone
formation via initial ring opening. The activation energy for
ring opening is smaller than that required for 2-hydroxyphe-
nylcarbene formation. However, this reaction is followed by
subsequent reactions with increasingly high barriers, the final
barrier being ca. 84 kcal mol above the reactanb{QM).

ground-state species have been identified, and their geometries Next, we present the potential energy diagram for fulvéne
are depicted in Figure 1. The reaction corresponding to eachCO formation via ring opening iro-QM, with subsequent
transition state is documented in Table 3. Entropies and heatclosing to 4-methylenebicyclo[3.1.0]hex-2-en-6-one (Figure 4).
capacities have been calculated for the transition states fromThe largest barrier to reaction is provided by the initial ring
B3LYP/6-311G(2d,d,p) geometries and frequencies, and theseopening step, followed by the ring closing reaction leading to
values are provided in Table 4. For TS2 and TS3 we modeled 4-methylenebicyclo[3.1.0]hex-2-en-6-one, with respective CBS-
the R-OH internal rotor using the entropy and heat capacity QB3 barriers of ca. 53 and 30 kcal mél Once formed,
corrections evaluated for bicyclo[4.1.0]hepta-2,4,7-trien-2-ol, 4-methylenebicyclo[3.1.0]hex-2-en-6-one should dissociate to
according to the procedure described above. Using transition-fulvene+ CO as the dominant pathway.

state theory, rate constants were calculated as a function of The final potential energy diagram is for formation of fulvene
temperature, which were then fit to empirical rate parameters + CO by initial ring opening 0b-QM, followed by ring closing

A" andn, and these values are listed in Table 3. Included in to bicyclo[3.2.0]hepta-3,5-dien-1-one (Figure 5). In this series
Table 3 are the BB1K barrier heights. There is generally good of reactions the largest barrier is again provided by ring opening,
agreement between the CBS-QB3 and BB1K values (1.6 kcal while the barrier for the subsequent cyclization reaction is

mol~1 average difference).

Potential Energy Diagrams.The potential energy diagram
for tropone formation frono-QM via a hydroxyphenylcarbene

similar to that in the previous two reaction schemes (Figures 3
and 4). After the ring opening product closes to bicyclo[3.2.0]-
hepta-3,5-dien-1-one we get a low-energy rearrangement fol-
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Figure 7. Branching ratios as a function of temperature for the thermal decompositiofQM via the four proposed reaction schemes, using
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Figure 8. Comparison between experimental and calculated rate constants for the thermal decomposH@Nl @it low temperatures. The
calculated rate constant corresponds to the sum of the four proposed reaction channels. Dashed lines indicate experimental error margins.

lowed by dissociation to fulveng- CO. As for the previous illustrated in Figure 7. The results presented in Figures 6 and 7
reaction scheme, the ring closing product (bicyclo[3.2.0]hepta- feature BB1K activation energies, which we next show provide
3,5-dien-1-one) will mostly proceed to fulvere CO. rate constants in better agreement with experiment than the CBS-

Reaction Kinetics.QRRK analysis using the rate parameters QB3 values. The formation of tropone (which will dissociate
presented in Table 3 provides us with rate constants as a functiorto benzenet CO at even low temperatures) via the 2-hydrox-
of temperature and pressure for each of the four multistep yphenylcarbene reaction pathway dominates at temperatures up
reaction pathways considered in this study. These rate constant¢o around 1500 K. At higher temperatures the formation of
have been tabulated in the Supporting Information. Rate fulvene via Scheme 6 begins to dominate. The remaining
constants foo-QM decomposition via the four studied reaction reaction pathways are unimportant under all conditions. Around
pathways are plotted in Figure 6, as a function of temperature 900 K we find that the minor pathway to fulveneé CO
at 1 atm pressure. Branching ratios for the four pathways are constitutes ca. 10% of the total reaction rate, in agreement with
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the experiments of Dorrestijn et alwhich found a benzene to  and transition states,/ROH internal rotor potentials for bicyclo-
fulvene ratio of 90:10 between 900 and 950 K. These experi- [4.1.0]hepta-2,4,7-trien-2-ol and 1,2,4,6-cycloheptatetraen-1-ol,
ments also found that the formation of fulvene became andk(T,P) for the four studied reaction channels. This material
insignificant at temperatures greater than 1040 K, at which point is available free of charge via the Internet at http://pubs.acs.org.
fulvene must rapidly isomerize to the more stable benzene.
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