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Abstract: The benzene potential energy hyperface was examined employing hybrid Hdftr@ddensity
functional theory (B3LYP), second-order perturbation theory (MP2), and the coupled-cluster method with
single, double, and perturbative triple excitations [CCSD(T)] in conjunction with DZP and TZ2P basis sets.
All stationary points were characterized by harmonic vibrational frequency analyses; intrinsic reaction coordinates
were calculated for all transition structures at B3LYP/DZP. Final energies were evaluated at the CCSD(T)/
DZP//IB3LYP/DZP level and corrected far= 1373 K. There are three competing mechanisms for the high-
temperature intramolecular topomerization of [132;]benzene to [1,33C;]- and [1,443C;]benzene: (a) benzene

ring contraction to benzvalenAG * = 93.5 kcal mot?) followed by ring opening to benzene; (b) degenerate
rearrangement of benzvalene viddg' prefulvene TSAG * = 95.0 kcal mof? relative to benzene) generating
[1,4-13C;]benzene as a primary reaction product of [3@;]benzene; (c) [1,2]-H shift in benzene to yield
2,4-cyclohexadienylidene, followed by ring contraction to bicyclo[3.1.0]hexa-1,3-di&@e" (= 96.7 kcall

mol~1) and ring opening to fulvene. As these mechanisms are all within 3.2 kcal'pibls unlikely that
benzene topomerizes at 1373 K exclusively via one mechanism.

Introduction Scheme 1. Topomerization of Benzend)(

flow system
The prototype aromatic molecule, benzehg Wwas obtained (2.0's contact time) . .
as a pyrolysis product by Michael Faraday in 182Respite 1100 °C
72 : 24 : 4

its positive heat of formation (ca. 20 kcal mé), benzene is

considered to be one of the most stable organic compounds. ¥

However, it undergoes polytopal rearrangements at high tem-

peratures. The first uncatalyzed thermal degenerate rearrange-  After Scott’s initial discovery, thermal topomerizations of
ment of an aromatic compountC-labeled naphthalene, was ~Other aromatic compounds such as azufepgrene’® benzp]-
reported by Scott and Apogian in 19YDegenerate rearrange-  anthracené; and acenaphthalettealso were observed. How-
ments which violate the principle of minimal structural change, €Ver the topomerization of benzerig {tself was not detected
but which conserve both the molecular and the structural UNtil 1987% The reaction of doubly labeled [1i%€;]benzene
formula, have been called “automerizatiods'Later the term in a quartz flow system with a contact time of 2.0 s at ca. 1100

“topomerization” was introducédn the basis of Mislow and tr?egI\:gj&El(,ééi,gajléﬂ%z-benzene Isotope ratio of 72:24:4 in
Raban’§ as well as Eliel and Wilen’s more systematic TE has b h. fort in elucidating the t it
stereochemical nomenclature for enantiotopic and diastereotopic ere has been much etlort in elucidating the topomerization

ligands. Topomerization, now the more common name for mechanisms for polyaromatic systems under Scott’'s experi-

" R ) . P . mental conditions (low substrate concentration and nitrogen as
degenerate isomerizations, describes reactions “converting a

molecule into another that is superimposable with the original carrier gasj:°1¢ The key step in the topomerization of
. : P R 9 naphthalene2), according to experimentdland theoreticaf
one but in which two or more atoms or ligands have exchanged

data, is the reversible formation of benzofulveB§ (Scheme

ng

place”: 2).
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Scheme 2. Suggested Unimolecular Mechanism for the
Topomerization of Naphthalene
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Scheme 3.Zimmermann’s Suggestion for a Radical
Mechanism for the Secondary Isomerization of
1,2-Dideuterobenzete

Scott et aP also proposed several plausible mechanisms for

the topomerization of benzene, but the experimental evidence

Bettinger et al.

Scheme 4.Reaction of Benzofulvene with a Hydrogen
Atom: Expected To Give the Methylindenyl Radical (Right)
Rather Than the Indenylmethyl Radical (Left)
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o

3
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On the other hand, the unimolecular nature of the topomer-
ization of naphthalene is firmly establish&d* Pyrolysis of
labeled3 gives a 21:7% 3 mixture of2o and23 (Scheme 2).

If the reaction were a radical process, a hydrogen atom,
generated by “destructive adsorption” 3fwould react with3

to give the methylindenyl radical rather than the indenylmethyl
radical (Scheme 4). The latter, however, is the benzoannelated
analogue of the cyclopentadienyl radical (see Scheme 3), an
intermediate in Zimmermann’s mechanism. The methylindenyl
radical, on the other hand, cannot rearrange easRy tdence,

it seems justified to assume a unimolecular reaction during the
high-temperature topomerization of naphthalene —aoy
analogy-of benzene.

Since Scott et @.were not able to detect any intermediate,
current knowledge of the topomerization mechanism comes from
the theoretical calculations (MP3/6-31G**//RHF/6-31G**) of
Merz and Scott which favor a [1,2]-H shift reaction path similar
to that of naphthalene involving carbenic intermedidte#n
alternative mechanism with benzvaler® &s intermediate is
only 3 kcal mot? higher in energy, but this result is doubtful
since the level of theory probably is insufficient for a clear
distinction to be made. Since there possibly are alternative
mechanisms not considered previously, we have now investi-
gated a considerable part of thgHg potential energy surface
(PES) using density functional theory as well as the highly
correlated CCSD(T) ab initio method.

+H*
-

+H"*
——

Methods

A rapidly growing body of evidence suggests that hybrid HF/
DFT!#20 methods give rather good geometries and energies for closed-
shell as well as for open-shell systeftiis> Becke'$° three-parameter
gradient corrected exchange functional and the correlation functional

was not conclusive. Although radical chain reactions could not of | ee, vang, and Pt (B3LYP) as implemented in Gaussian®4
be ruled out, these were assumed to be improbable because Ofre particularly effective. We employed a doublequality basis set,

the low concentrations of benzene employe@immermann
et all>16 explained (Scheme 3) the observation rof and

p-dideuterobenzenes after the thermolysis of 1,6-dideutero-1,5-

hexadiine at temperatures below 720 (0.3 s contact time)
and in the presence ofivith a subsequent radical isomerization
of the main product, 1,2-dideuterobenzén®®. This mechanism
also leads td3C scrambling in labeled benzene (Schemé®3).
On the basis of their results, Zimmermann etéathallenged
Scott’s view of an unimolecular reaction mechanism. They

consisting of Huzinaga®8 (9s5p) primitive set for C and (4s) primitive
set for H contracted by Dunnifto (4s2p) for C and (2s) for H,
augmented with one set of polarization functions (DZP) on both carbon
and hydrogen. The orbital exponents wegC) = 0.75 andoy(H) =

(17) Merz, K. M.; Scott, L. TChem. Commurl993 412.

(18) Parr, R. G.; Yang, WDensity Functional Theory of Atoms and
Molecules Oxford University Press: Oxford, U.K., 1989.

(19) Density Functional Methods in Chemistrizabanowski, J. K.;
Andzelm, J. W., Eds.; Springer: Berlin, 1991.

(20) Modern Density Functional Theory: A Tool for Chemist8emi-

suggested that under Scott’s conditions (i.e., in the absence ofnario, J. M.; Politzer, P., Eds.; Elsevier: Amsterdam, 1995.

hydrogen gas) radicals may be generated from some of the
benzene molecules by “destructive adsorption at the inner

surface of the reactor tube.” Apart from the radical generation,
all steps involved in the radical mechanism are only slightly

endothermic, or even exothermic. Thus, this pathway may be

(21) Bettinger, H. F.; Schreiner, P. R.; Schleyer, P. v. R.; Schaefer, H.
F.J. Phys. Chem1996 100, 16147.

(22) Goldstein, E.; Beno, B.; Houk, K. N. Am. Chem. S04996 118
6036.

(23) Schreiner, P. R.; Karney, W. L.; Schleyer, P. v. R.; Borden, W. T;
Hamilton, T. P.; Schaefer, H. B. Org. Chem1996 61, 7030.

(24) Matzinger, S.; Bally, T.; Patterson, E. V.; McMahon, RJJAm.

a possible alternative to unimolecular processes if radicals arecnem. Soc1996 118 1535.

available as chain carriet8.

(15) Zimmermann, G.; Nehter, M.; Remmler, M.; Findeisen, M.; Hopf,
H.; Ernst, L.; Mlynek, C.Chem. Ber1994 127, 1747.

(16) Zimmermann, G.; Nehter, M.; Hopf, H.; Ibrom, K.; Ernst, L.
Liebigs Ann.1996 1407.

(25) Bettinger, H. F.; Schleyer, P. v. R.; Schreiner, P. R.; Schaefer, H.
F. In Modern Electronic Structure Theory and its Applications to Organic
Chemistry Davidson, E. R., Ed.; World Scientific Press: Singapore, 1997,
p 89.

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

(27) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.
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0.75. Furthermore, a TZ2P basis set, consisting of Huzin®gaBs6p)
and (5s) primitive sets for C and H, contractem (5s3p) and (3s) for
C and H, respectively, and augmented with two sets of polarization
functions with orbital exponenig(C) = 1.5, 0.375 and,(H) = 1.5,
0.375, also was employed. Spherical harmonic polarization functions
were used throughout this study. All geometry optimizations of closed-
shell states were performed at the B3LYP/DZP level of theory. Spin-
unrestricted procedures (UB3LYP/DZP) were employed for triplet and
open-shell singlet states. The singtétiplet energy separations of the
carbenes were evaluated at the B3LYP/TZ2P//B3LYP/DZP level. In
addition, 2,4-cyclopentadienylcarbene was studied with frozen-core
second-order MgllerPlesset perturbation theory (MP2) using the DZP
basis set for full geometry optimizations. Single points (frozen-core)
with the coupled-cluster method involving single, double, and pertur-
bative triple excitations [CCSD(T3 % in conjunction with the DZP
basis set gave the relative energies. A two-determinant coupled-cluster
(TD-CCSD) single point calculation involving single and double
excitations for the open-shell singfét’’ state of prefulvene employed Cyexo-5 Ce-endo-5
the DZP basis st

The intrinsic reaction coordinate analy8ig? of transition structures
employed Gonzalez and Schlegel’s algorithfiat B3LYP/DZP. For
all species, thermodynamic correctionsTat 1373 K were applied
using unscaled B3LYP/DZP harmonic vibrational frequencies for
comparison with experimental data. The enthalpies of activatiari,
free enthalpies of activatioAG ¥, and activation energies, at 1373
K were obtained using standard procedudfesdowever, at the high
temperature considered in this study, uncertainties in the thermodynamic
functions may be higher than usual as they were derived from harmonic
vibrational frequencies. All B3LYP and MP2 calculations were carried
out with Gaussian 948 the CCSD(T), and the TD-CCSD calculations
used PSI2.0:8 and ACESZY respectively.

1359 A 1.486 A

Results and Discussion

117.1°

Structures and Relative Energies. The structures consid-
ered are depicted in Figures 1 and 2 and their relative energies
are summarized in Tables 1 and 2.
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(39) Szalay, P. G.: Bartlett, R. J. Chem. PhysL994 101, 4936. LG
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Figure 2. Transition structure§S1-TS9 at the B3LYP/DZP level of theory.

Table 1. Zero-Point Corrected Relative Energigg (kcal mol?)
for Stationary Points on the¢8s PES at CCSD(T)/DZP//B3LYP/
DZP + ZPVE

Ered(kcal Ered(kcal Erel(kcal
structure  mol™Y) structure  mol™) structure mol™?)
1 0 10 73.7 TS5 107.3
4 72.4  S-1linward 107.1 TS6 114.7
Csexob 1029 TS1 100.9 TS7 111.7
S6 87.9 TS2 89.4 TS8 109.7
8 305 TS3 104.7 TS9 133.0
9 724 TS4 72.8
Table 2. Energies ofTS1 and C-down5 Relative to4 at B3LYP
and Coupled-Cluster Levels Using the DZP Basis Set

species B3LYP CCsSD CCSD(T)
4 0 0 0

TS1 27.7 35.4 30.3
Csexob 27.® 33.5°30.8 32.¢

a Spin-unrestricted treatmerftTwo-determinant coupled-cluster

method.

investigated experimentafiyand theoretically’ 5758 Although

the disrotatory-disrotatory opening of bicyclobutane is “forbid-

den”, the involvement of the adjacent double bond fallows”

a six electron concerted procédsTurro’s experiments dem-

onstrated that this reaction was concefetiiermolysis of 1,6-
dideuterobenzvalene (1,6-dideuterotricyclo[3.128kexene)

Scheme 5.Benzvalene Mechanism

1,3-d; and benzene-1,d, suggests that the ring opening of 1,6-
dideuterobenzvalene is stereospecific without an intermediate
biradical. The energy of concert for the ring opening reaction,
defined as the difference between the energy required to form
the diradical intermediate (estimated via group additivity: 40
kcal mol1) and the measured enthalpy of activation (27 kcal
mol™1), is 13 kcal mofl56 These data indicate that the
participation of a diradicaloid intermediate is unlikely. Another
observation made by Turro, that “benzvalene is essentially non-
chemiluminescent” indicates that the ground state and triplet
state surfaces deot cross and corroborates the “allowed” and
concerted nature of the reactigh.A surface crossing, which
would generate long-lived chemiluminescent triplet states, is
predicted for forbidden reactions involving biradical intermedi-
ates.

As found in semiempirical and earlier ab initi& studies,
the transition structur@S1 for ring opening of benzvalene is
quite asymmetric. Remarkably, the lengths of the two breaking
bonds differ by 0.6 A (Figure 2). In Dewar’s words, the ring

yields 1,2-dideuterobenzene exclusively. The lack of benzene- qpening of4 is an “allowed” concerted but not a synchronous

(53) Kozlowski, P. M.; Dupuis, M.; Davidson, E. B. Am. Chem. Soc.

1995 117, 774.

(54) Wilzbach, K. E.; Ritscher, J. S.; Kaplan,lL.Am. Chem. Sod967,
89, 1031.

(55) Katz, T. J.; Wang, E. J.; Acton, N. J. Am. Chem. S0d971 93,
3782.

(56) Turro, N. J,; Renner, C. A;; Katz, T. J.; Wiberg, K. B.; Connon, H.

A. Tetrahedron Lett1976 4133.
(57) Dewar, M. J. S.; Krischner, 8. Am. Chem. S0d.975 97, 2932.

(58) Palmer, I. J.; Ragazos, I. N.; Bernardi, F.; Olivucci, M.; Robb, M.

A. J. Am. Chem. S0d.993 115 673.

“double” electrocyclic reactioR! An intrinsic reaction coor-
dinate calculatiof?~#4 confirms thafT S1 connectsl and4. Our
activation parameters for the ring opening of benzvalene at 298
K (Ea = 29.3 kcal mot?, AS* = 2.6 eu,AG* = 27.9 kcal
mol~1) agree much better with the experimental vata¢s, =

26.7 kcal mott, AS* = 1.6 e.u. AG * = 25.4 kcal mot?) than

the parameters obtained by Merz and Scétt € 39.9 kcal
mol~1, AS*¥ = 3.2 eu,AG* = 38.3 kcal mof?) at MP3/6-
31G**//HF/6-31G**.17
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Chart 1. Bicyclo[3.1.0]hexenyl-6-yl §); exoConformer
(Left) andendoConformer

H

However, the assumption of a concerted reaction has been

challenged by a recent CASSCF(6,6)/4-31G stifdwhich
identified an asymmetric diradical intermediate, bicyclo[3.1.0]-
hexenyl-6-yl 6, Chart 1), as an intermediate. Due to the
pyramidal radical center at the three-membered ringeraao
and anexo form of 5 can exist. TheCs symmetric exo
conformer A" prefulvene Csexab), is an intermediate in the
photochemistry of benzene according to low-level ab initio
investigation$?-%1  Photochemically generated; $enzene
relaxes via a conical intersection and yieldisexa5, the first
intermediate on the Ssurface. However, Palmer et %l
characterizedC-exe5 as a transition structure (at CASSCF-
(6,6)/4-31G) which connects to two slightly distorted enantio-
meric asymmetricexa5 forms (C;-exob), termed ‘re-
benzalen€.58 The suggestion that;-exo5 connectsl and4

via TS’s with barriers of only 0.21.3 kcal mot™ could not be
verified in Dreyer and Klessinger's recent paperThey also
characterize€sexa5 as a transition structure at CASSCF(6,6)/
3-21G, butC;-exa5 only exists at the CASSCF(6,6)/STO-3G
level; attempted optimization &;-exa5 using larger basis sets
yielded 4.2 The Csende5 conformer is a minimum at
CASSCF(6,6)/3-21@? Thus, the existence of a low-lying
biradical reaction channel frod to 1 might be possible,
although the theoretical evidence is not entirely convincing.

J. Am. Chem. Soc., Vol. 120, No. 23,5[R%B

Scheme 6.Scrambling Possibilities during the

Rearrangements of Benzvaler® (
H
&

@ diradical & diradical
4

concerted concerted

00 00

1

Scheme 7.[1,2]-H Shift Mechanism
H H H H HoH
1 6 8 6' 1

tion, of 4 into 4. This reaction path has considerable
significance for the 1,23C label scrambling in benzene. Once
4 is formed, it could rearrange stereospecifically ltovia a
concertedmechanism giving [1,23C;]benzene or [1,3%C;)-
benzene. The energetically very simitiiradical mechanism,
however, would also allow an isomerizationdto 4' (Scheme
6). Thus, there exists a 1,2- into 1% scrambling pathway
notinvolving a [1,313C;]benzene intermediate. This scrambling

Recent results demonstrate that simple multiconfiguration possibilit.y has not been considered in previous interpretations
SCF treatments (e.g. CASSCF) are biased, favoring diradicaloid©f €xperimental results. . )
structure$® Experiences in 0dt23 and other laboratoriés B. 1,2-Hydrogen Shift Mechanism. [1,2]-H shifts are
show that B3LYP can provide a balanced description of closed- known to be extremely facile carbene reacti6hs! For
shell and open-shell species. This encouraged us to study theex@mple, the methylcarbene4Et-CH, ethylidene) [1,2]-H shift
CeHs PES in the pre-fulvene region using spin-unrestricted barrier is only 1.2 kcal mott acco_rdlng to hl_gh-level ab initio
B3LYP. ForCsexo5 andCsendo5 the spin operator expecta- calcula_ltloné@.8 The reverse reaction, the shnft of a hydrogen to
tion valuest¥are 1.025 and 1.032, respectively. Serious errors the adjacent carbon yields cyclohexa-2,4-dienylide)drom
might arise in the UB3LYP and UCCSD(T) treatments due to Penzene (Scheme 7) vig52. Not surprisingly, the correspond-
the spin contamination of the spin-unrestricted open-shell singleting barrier { — 6, 89.3 kcal mot?) is quite larget” The reverse
wave function. Thus, we also computed the energ@esxe5 reaction6 — 1 only requires 3 kcal molt activation. To our
using the TD-CCSD method developed for open-shell singlets. knowledge, there are no reports on the ground stat ofhe
All three quantum mechanical methods employed give similar closely relatecC,, isomer, cyclohexa-2,5-dienylidengg), has
energies forTS1 and Csexo5 (Table 2), and the qualitative @ triplet®By ground state, and its first excited statdy, is 12
agreement with TD-CCSD strengthens our confidence in the Kcal mol™ higher in energy at CASPT2//CASSCF(6,6) using
spin-unrestricted B3LYP and CCSD(T) results for open-shell tightly contracted ANO-type basis sets with polarization func-

singlets, despite the spin contamination.

At UB3LYP/DZP the'A" Cspre-fulveneendoconformation
(Csendeb) is a minimum, whereas thHé\' exoform is a first-
order saddle point with a low imaginary frequency'(A35i
cm™1), in agreement with the CASSCF studi€$? The IRC
from Csexab leads to4. The Cexab is almost isoenergetic
with TS1 at the levels employed (Table 2). Thus, our
calculations show that there exists a low energy pathlAia

tions® 4,4-Dimethylcyclohexa-2,5-dienyliden&l), known
through ESR spectroscopy to have a triplet ground gfate,
readily undergoes radical fragmentation reactions in the gas
phase-yielding phenyl radicals (Scheme?8Recently, the
photochemistry offb was explored by matrix isolation tech-

(64) Schaefer, H. FAcc. Chem. Red.979 12, 288.

(65) Modarelli, D. A.; Platz, M. SJ. Am. Chem. S0d.993 115 470.
(66) Balci, M.; Jones, W. MJ. Am. Chem. S0d.98Q 102 7607.

(67) Sulzbach, H. M.; Platz, M. S.; Schaefer, H. F.; Hadad, C.JM.

pre-fulvene for the degenerate isomerization, i.e., topomeriza- om. Chem. Sod997 119, 5682.
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Scheme 8.Reactions of
4,4-Dimethylcyclohexa-2,5-dienyliden&ly) in the Gas
Phase and in Solution

—_—
gas phase

+ CH;

CHj

Table 3. Zero-Point Corrected Relative Energigs (kcal mol?)
of Carbenes Methylen&, and11 at the (U)B3LYP/TZ2P//
(U)B3LYP/DZP + ZPVE Level of Theory

structure Erel structure Erel
T-CH; 0 S-6 open-shell 2.9
S-CH 11.4(9.B) S-11inward 0
T-6 0 T-11inward 1.2
S6 4.9 T-11 outward 2.1

aFar infrared laser magnetic resonance. Reference 107.

niques and ab initio calculatiori8 lts triplet ground state was
found to haveC,, symmetry at the UMP2/6-31G* level. Most
addition reactions of b are stereospecific in solution, implying

Bettinger et al.

Scheme 9.Formation of Fulvenallene

5S

Scheme 10.Bicyclo[3.1.0]hexa-1,3-diened] as an
Intermediate in the Reactioh— 8

8

hexa-1,3-diene9) as an intermediate (Scheme 10)Dreyer

either a high reactivity of the singlet carbene compared to the and Klessinger's recent CASSCF study sugge®tdd be a
rate of intersystem crossing to the more stable triplet ground possible intermediate in the photochemical formation of fulvene

state or a rather small singtetriplet energy separatiom\Esr).”?
The electronic structure of carbe6és very interesting, as it
unites both an alkyl and am,S-unsaturated substitution pattern.

from benzené? The barrier of the reactio — 9 via TS3,
16.8 kcal mof! at CCSD(T), is similar to the [1,2]-C shift
barrier of 2-butylidene to 2-methylpropene (17.3 kcal mMalt

Both singlet and triplet states of alkylcarbenes are stabilized CCSD(T)/DZP)¢? Since the ensuing barrier for ring opening

by hyperconjugatios®4>73 Since singlet carbenes have an

of 9 to 8 is only 0.4 kcal mot! (TS4), 9 is unlikely to be

empty p orbital, they are stabilized by alkyl groups about twice observable experimentally. Note that the-&23 bond in9
as much as the triplet states, where the carbene p orbital is(Scheme 10), which has to be broken to yi8|ds unusually

semioccupied? Thus, 2-propylidene has a singlet ground

long (1.706 A vs 1.535 A in ethan&}8! Thus, the reaction

state’37> On the other hand, vinyl substituted carbenes, as from 8 to 1 is a two-step process with an overall barrier of 74

e.g., cyclopentadienylideffe”” and vinylmethylené® have
triplet ground states and low-lyirfgo) singlet states. As with
7,8970the triplet state o6 has a planar six-membered ring; the
closed-shell singlet, however, is asymmet@g)( At B3LYP/

TZ2P,6 has a triplet ground state (Table 3). While the closed-

shell¢? singlet state is 4.9 kcal mo! higher in energy, a'a!
open-shell singlet state exists which is only 2.9 kcalThabove

the triplet ground state. This result is in pronounced contrast

to 7awhere the open-shélB; state is 3.4 kcal mol less stable
than the'A; state, which in turn is 12 kcal mol above theB;
ground staté?

Cyclic carbene6 could undergo an intramolecular CC
insertion to yield fulvene§). A similar reaction was observed

kcal molt. The experimental high-pressure activation energy
is Ex = 64—68 kcal mof! and was obtained by very
low-pressure pyrolysis (VVLP) at 105150 K using a RRKM

fit assuming a concerted reaction mechan®mA similar
discrepancy between experiment and theory was found by
Madden et al. at the G2M(rcc,MP2) level and attributed to
neglected surface effects in the VVLP experim@&nt.

Another interesting benzene isomer, isobenzene (1,2,4-
cyclohexatrienel0), is accessible froné by [1,2]-H shift via
TS5 (Scheme 11). Only recently trapping studies provided
ample experimental evidence for the existencel@fand its
derivates$$*5 Previous semiemperical studisuggest a chiral
allene-type structure folO similar to the well-studied 1,2-

for methylene cyclohexadienylidene, which gives fulvenallene cyclohexadiené586-88 The allenic CC bonds are slightly longer

(Scheme 95?

Merz and Scott’s calculations indicate that the rearrangement

of 6 to 8 is not a one-step reaction but involves bicyclo[3.1.0]-

(72) Jones, M.; Harrison, A. M.; Rettig, K. R. Am. Chem. S0d.969
91, 7462.

(73) Sulzbach, H. M.; Bolton, E.; Lenoir, D.; Schleyer, P. v. R.; Schaefer,
H. F.J. Am. Chem. S0d.996 118 9908.

(74) Matzinger, S.; Ascher, M. P.J. Phys. Chem1995 99, 10747.

(75) Richards, C. A.; Kim, S.-J.; Yamaguchi, Y.; Schaefer, Hl.FAm.
Chem. Soc1995 117, 10104.

(76) Bofill, J. M.; Bru, N.; Farta, J.; Olivella, S.; SOleA.; Vilarrasa, J.
J. Am. Chem. S0d.988 110, 3740.

(77) Callins, C. L.; Davy, R. D.; Schaefer, H. Ehem. Phys. Letl.99Q
171, 259.

(78) Yoshimine, M.; Pacansky, J.; Honjou, l.Am. Chem. Sod.989
111, 4198.

(79) Wentrup, C.; Miler, P. Tetrahedron Lett1973 2915.

(1.342 and 1.337 A, Figure 1) and thédC=C=CH— angle
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1998 769.
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Scheme 12.[1,2]-C Shift in Carbenes

l
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Scheme 13.[1,2]-C Shift Mechanism

C, H
N
— —
1 11 1'

is slightly smaller (130.9) than in asymmetric 1,2-cyclohexa-
diene (1.336-1.331 A, 132.1) at B3LYP/DZP due to the
increased ring strain ih0.8% The barrier for the rearrangement
of 6 via TS5 to 10 is 19.4 kcal mat?, only 2.6 kcal higher
than the competing reaction pathway frémo 8. A transition
structure for the direct isomerization dfnto 10 circumventing
carbene6 could not be found. As a CC bond cleavage does
not occur along the reaction path— 10, this reaction sequence
does not contribute to a label scrambling of [£325]benzene.

C. 1,2-Carbon Shift Mechanism. The first step of the 1,2-

i\

carbon shift mechanism involves the reverse of the well-known

intramolecular insertion of a carbene into a CC bond to yield
an alkene or an aromatic compound (Schemes 12 ané?1%3).

The rearrangement of an alkene to a carbene has only bee

observed for highly strained bridgehead alket%e® For
instance, in 1(9)-homocubene the [1,2]-C shift to 9-homo-
cubylidene is by far easier than the alternative [1,2]-H dHift.
Despite the fact that 2,4-cyclopentadienylcarbelrig hay form
from benzene under high-energy conditions, Merz and Scott
could not locate a transition structure for this reaction at the
RHF level. They also foundl1to be quite high in energy (120
kcal mol relative tol), leading them to conclude that the [1,2]-
C shift mechanism is unimportant for the topomerization of
benzené’

Since Dreyer and Klessinge$’s recent CASSCF study
identified 11 as a key intermediate in the photochemical
isomerization ofl to 8, we decided to includell in our
examination as well. Evanseck efateported two asymmetric
conformations of singlel1 differing in the orientation of the
methylene hydrogen. The conformation with the H pointing
toward the center of the ring (“inward” using the terminology
of ref 97) is 5.5 kcal mol* (MP2/6-31G*//RHF/3-21G) more
stable than the “outward” conformation which is assumed to
be disfavored by electrerelectron repulsion involving the
electrons of the diene system and the electrons of the
carbené’ An essentially free rotation around the-€T2 bond
(see Figure 3) was found by Dreyer and Klessinger at

(89) Schoeller, W. WMethoden der Organischen Chemie (Houben-Weyl)
E19h G. Thieme Verlag: Stuttgart, New York, 1989.

(90) Wentrup, C. InRReactve IntermediatesAbramovitch, R. A., Ed.;
Plenum Press: New York, 1980; Vol. 1, p 263.

(91) Kirmse, W. Carbene ChemistryAcademic Press: New York,
London, 1971.

(92) Farcasiu, M.; Farcasiu, D.; Conlin, R. T.; Jones, M.; Schleyer, P.
v. R.J. Am. Chem. S0d.973 95, 8207.

(93) Martella, D. J.; Jones, M.; Schleyer, P. v. R.Am. Chem. Soc.
1978 100, 2896.

(94) Sellers, S. F.; Klebach, T. C.; Hollowood, F.; Jones, M.; Schleyer,
P. v. R.J. Am. Chem. S0d.982 104, 5492.

(95) Bunz, U.; Herpich, W.; Podlech, J.; Polborn, K.; Pratzel, A.;
Stephenson, D. S.; Szeimies, &.Am. Chem. S0d.994 116 7637.

(96) Holthausen, M. C.; Koch, WAngew. Chem., Int. Ed. Endl994
33, 668.

(97) Evanseck, J. D.; Mareda, J.; Houk, K. N.Am. Chem. S0d.99Q
112 73.

n
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1490 A

Figure 3. Geometry distortions of 34 at the B3LYP/DZP level of
theory. Note the small angle €C2-C3.

CASSCF(6,6)/3-21@2 All our optimization attempts to locate
the “outward” form using B3LYP only resulted in benzvalene.
To make sure that this result is not due to an insufficiency of
the B3LYP method, we also employed MP2 in our study of
S-11 and obtained the same result. Thus, we conclude that
singlet 2,4-cyclopentadienylcarbene adopts only the “inward”
conformation and that the “outward” form does not exist on
the GHs PES.

The B3LYP/DZP geometry of 31 shows the characteristic
features of hyperconjugative stabilization of the carbene center
by the adjacent C2C3 bond (Figure 3). The C2C3 bond is
longer than the C2C4 bond by 0.018 A. The GiC2—C3
angle is only 87.% compared to 113%8n T-11and 114.8in
1-methylcyclopenta-2,4-diene. Thus, the hyperconjugative in-
teraction leads to a considerable distortion of the geometry of
S-11, similar to that found fotert-butylcarbene by Armstrong

et al® and by Sulzbach et @ Besides the geometrical
changes, the electron distribution reveals the stabilization in
S-11. The NBO analysis of Reed et ¥lshows an occupancy

of 0.29 for the carbene p orbital. Charge transfer from the C2
C30-bonding NBO as well as from the €X5 z-bonding NBO

to the carbene p orbital is identified by second-order perturbation
theory analysis of the Fock matrix in the NBO basis. The-C1
C3 Wiberg bond index is 0.28. Thus, the carbene center is
stabilized not only by hyperconjugation but also by an electro-
philic interaction between the system and the carbene p orbital.

The lowest triplet state af1 is the Cs symmetric “inward”
conformer; the tripleCs “outward” structure is a 1.4 kcal mol
higher lying saddle point at UB3LYP/TZ2P. For carbelie
we obtain a singlet ground state wittEst = —1.2 kcal mot?
at B3LYP/TZ2P. Considering the error in the methylene
singlet-triplet gap at this level of theoryAEs1(11) should be
around—3.5 kcal mof?,

S-11 is a high-lying shallow minimum on theg8s PES,
107.1 kcal mot! above benzene; there are several rearrangement
pathways forll (Scheme 14). Besides the retroreaction to
benzene via [1,2]-C shiftT{S6), 11 can also undergo [1,2]-H
shift to yield8viaTS7. Intramolecular 1,4-cycloaddition leads
to 4. Indeed, the ease of cycloaddition is exploited in the
synthesis 0f4:55 reaction of lithium cyclopentadienide with
methyllithium and dichloromethane gives via either 2,4-
cyclopentadienylcarbene or its 1-lithio-1-chloro-carbenoid pre-
cursor. The exclusive generation of 1-methylbenzvalene from

(98) Armstrong, B. M.; McKee, M. L.; Shevlin, P. B. Am. Chem. Soc.
1993 115 3685.
(99) Reed, A. E; Curtis, L. A.; Weinhold, Ehem. Re. 1988 88, 899.
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Scheme 14.Reactions ofl1
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Scheme 15.Intramolecular 1,4-Addition of
5-Carbena-5-methyl-1,3-cyclopenta-1,3-diene, Yielding
1-Methylbenzvalene
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kcal molL. The distance between C2 and C3, 2.430 ALin
and 1.508 A in Sk1 (see Figure 3), has decreased to 1.764 A
in TS6. The evolving carbene center at C1 is 66out of the
ring plane. Calculation of the IRC confirms th&S6 does
connectll and1.

A [1,2]-H shift accompanied by a simultaneous ring closure
via TS9 to yield bicyclic 9 is another reaction channel
originating from S11. However, theTS9 geometry is very
similar to the CASSCF(6,6)/3-21G transition structure Dreyer
and Klessingé? assigned to the rearrangement of pre-benz-
valene B) into 9, although a minimum correspondingdaould
not be found at CASSCF. Our intrinsic reaction coordinate
calculation shows thatS9 connects St1 with 9 at a barrier of
25.9 kcal mot!. Since there are lower lying alternative
pathways, this reaction is not important experimentally.

D. Dyotropic Shift Mechanism. A dyotropic rearrange-
ment%4 shift for benzene k) involving a hydrogen shift from
C1 to C2 while C3 migrates from C2 to C1, might give fulvene
(7) directly (Scheme 16).

However, Merz and Scdftwere not able to locate a TS for
this dyotropic benzene rearrangement at HF/6-31G*; instead,
they found a high-lying TS connectinand9. Hence, the

S-carbena-5-methylcyclopenta-1,3-diene provides evidence thatyrocess involves two steps withas the intermediate at this
the benzvalene skeleton forms via stereospecific 1,4-addition |gyg|. Thus, the mechanism i®t strictly dyotropicl%4 Our

of the singlet carbene $1 (Scheme 15} Both HPF7 and
semiempirical®>192 calculations showed that the barrier for
concerted (although not synchronous) 1,4-addition is 3 kcal
mol~1 lower than that for 1,2-addition.

The barriers for the reactions of3-to 1, 4, 8, and9 range
from 3 to 26 kcal maofl. In agreement with experimental
findings>51%0the intramolecular 1,4-addition to the system
(via TS8) is the most facile reaction of $1, requiring an
activation barrier of only 2.6 kcal mot relative to S1l
Clearly, the electrophilic interaction between the carbene p
orbital and ther-system of the diene is responsible for the very
low barrier for 1,4-addition. The exocyclic hydrogen is still
oriented “inward” in the B3LYP/DZP optimizedS8, in contrast
to the TS obtained by Evanseck et al. at HF/3-21@nd thus
has to move “outward” during the 1,4-addition (Figure 4). An
IRC calculation confirms that S8 connects St1 with benz-
valene. Note that a TS for 1,2-addition does not exist at the
B3LYP/DZP level. Evanseck’s HF/3-21G 1,2-addition TS,
which is characterized by an “outward” standing exocyclic
hydrogen, results in benzvalene upon reoptimization at B3LYP/
DZP and MP2/DZP.

As expected, the [1,2]-H shiff§7, E; = 4.6 kcal mot?) is
favored over the [1,2]-C shiffl{S6, E, = 7.6 kcal mot?) by 3
kcal moll. Compared to Dreyer and Klessingéf's
CASSCF(6,6)/3-21G structure, our B3LYP/DZP geometry for
TS7 is more educt-like with a very unsymmetrically bridging
hydrogen (Figure 2), similar to recent B3LYP/6-31G* reséits.
The bond to the migrating hydrogen is stretched only slightly,
from 1.094 A in S11to 1.116 A, and it is still 2.025 A away
from the carbene center. The much lower energy 87 with
respect to St1 at our level of theory (6.1 kcal mol at B3LYP/
DZP vs 15.6 kcal mol' at CASSCF(6,6)/3-21G) shifts the TS

preliminary HF/6-31G* calculation gave Merz and Scott’s
transition state, but we noticed that its geometry was very similar
to that of TS9. Moreover, intrinsic reaction coordinate calcula-
tions at both HF/6-31G* and B3LYP/DZP show that the Merz
Scott transition staté is the same a$S9 but that it doesot
connect9 andl. Instead,TS9 describes the pathway between
9andl1l

Thermochemical Corrections and the Thermal Topomer-
ization of Benzene. For comparisons with experiment, we
evaluated the free enthalpiass at 1373 K of the ground and
transition states possibly involved in the topomerization of
benzene (Table 4). For the benzvalene mechanigug avalue
of 93.5 kcal mot? is computed for thd — 4 reaction vial S1
A very similar free activation enthalpy relative to benzeh€,*
= 95.0 kcal mot?, is obtained for the biradical topomerization
of 4. The three-step [1,2]-H shift mechanism is more compli-
cated. When the thermochemical parameters are included, the
energy ofTS2is lowered more tha®, resulting in a negative
activation barrier AG¥ = —1.4 kcal mot?) for the 6 — 1
reaction. This suggests that the carb8m®es not exist at very
high temperatures. The highest free activation enthalpy of the
[1,2]-H shift mechanism, 96.6 kcal mdj, thus corresponds to
the rearrangement dfto 9. The [1,2]-C shift mechanism does
not seem to be a viable topomerization mechanism under Scott’s
experimental conditions, due to its 9 kcal mbhigher AG *.

Conclusions

The investigation of the reactions on thgHg potential energy
surface reveals that benzvaledg i one of the key intermedi-
ates in the thermal intramolecular topomerization of benzene
(2). Besides the conventional concerfiee 4 mechanism, there
exists a biradical pathway similar in energy for the degenerate

along the reaction coordinate toward the educt, in agreementisomerization of benzvalene. This biradidal> 4 — 4 — 1’

with Hammond’s postulat®?
The transition structur@S6 for the [1,2]-C shift reactiorl
— 11is product-like (Figure 2) due to its high barrier of 114.7

(100) Burger, U.; Gandillon, GTetrahedron Lett1979 44, 4281.

(101) Schoeller, W. W.; Yurtsever, B. Am. Chem. Sod978 100,
7548.

(102) Schoeller, W. W.; Aktekin, NJ. Chem. Soc., Chem. Commun.
1982 20.

(103) Hammond, G. SI. Am. Chem. So0d.955 77, 334.

reaction, not considered previously in the interpretation of
experimental results, allows the generation of [f@;]benzene
as a primary reaction product from [11X5;]benzene. The
competing [1,2]-H shift mechanism is only slightly higher in
energy. Thus, we conclude that, for the intramolecular to-
pomerization of benzene, several mechanisms operate simul-
taneously.

(104) Reetz, M. TAngew. Chem., Int. Ed. Engl972 11, 129.
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Figure 4. Schematic representation of the pathwa$13e 4. Geometries were obtained from an intrinsic reaction coordinate calculation (IRC) at
the B3LYP/DZP level. Note the motion of the methylene hydrogen from an “inward” positionliht8-an “outward” position ird. Bond lengths
are given in angstroms.

Scheme 16.Dyotropic Shift Mechanism Table 4. Relative Energies (kcal mof), Enthalpies (kcal mal),
H H H H Entropies (eu), and Activation Parameters (kcal THoRelative to
N ~c,” | Benzene at 1373 K
\01402\03/** (,“1\ M ~ 2\C1/H molecule Erel Hrel Sel AH AG
| — {7 ! 1 0 0 0
~ / NN 4 742  -07 4.4 735 675
1 s 1, S6 90.8 -1.1 5.2 89.7 82.6
8 31.9 -0.2 7.3 31.7 21.7
. . 9 74.4 —0.6 8.5 73.8 62.1
However, we expect the benzvalene mechanism and its g.11inward 1103 -11 105 109.2 94.8
biradical extension to be disfavored for condensed aromatic : :
- P Erel H rel Srel AH AG Ea
molecules, like naphthalene. In such a system the aromaticity
of both benzene rings has to be destroyed for2be— 25 TS1 5 18‘71-‘1‘ :i-? gg 182-8 gg-g igg?
scrambling via benzvalene derivatives. In contrast, the [1,2]- Csexo : e ) : : :
. . . . . . TS2 93.3 4.4 5.6 88.9 81.2 91.6
H shift mechanism involving carbene intermediates dOGS. not Tts3 107.9 -3.7 55 104.2 96.7 106.9
suffer from such drawbacks and will be the most feasible Ts4 752 -34 39 71.8 66.4 74.5
reaction pathway for naphthalene and similar hydrocarbons. T7S6 1186 -39 6.7 1147 1055 1174
The carbenic isomers df 2,4-cyclohexadienyliden&) and %g ﬁgg _;‘-g g-‘ll %ég-g %gi-g ﬁgz
2,4-cyclopentadienylcarbengl), have close-lying singlet and TS9 1383 -49 69 1334 1239 1361

triplet states and are &5 kcal mot™ less stable tha#. Since

th_esg carbenes resemble minima on th_e PE.S’ they should Inconsidering the electrophilic character of the allenic carbon atom
principle be observable experimentally in spite of very low

barriers (2-3 kcal mot) for [1,2]-H shift and intramolecular which makes these compounds susceptible to intermolecular

- . . reactions.
cycloaddition. The allene isomer df 1,2,4-cyclohexatriene
(10), is thermodynamically as stable 4s Although small cyclic (105) Wong, M. W.; Wentrup, CJ. Org. Chem1996 61, 7022.
allenes are still considered to be exotic intermediates, recent Arél%?w)eﬁe’s\g&ggyrfllr;aerisl;bR" Schleyer, P. v. R.; Schaefer, HI.F.
theoretical studies find them to be energetically low ly- " (107) McKellar, A. R.; Bunker, P. R.; Sears, T. J.; Evenson, K. M.:

ing.23:24.105.106 Their elusive nature is not surprising, however, Saykally, R. J.; Langhoff, S. R. J. Chem. Phys. 1983, 79, 5251.
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