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Abstract: The ground state (Sp) and lowest-energy triplet state (T:) potential energy surfaces (PESS)
concerning the thermal and photochemical rearrangement of bicyclo[3.1.0]hex-3-en-2-one (8) to the ketonic
tautomer of phenol (11) have been extensively explored using ab initio CASSCF and CASPT2 calculations
with several basis sets. State T; is predicted to be a triplet zzz* lying 66.5 kcal/mol above the energy of the
So state. On the Sy PES, the rearrangement of 8 to 11 is predicted to occur via a two-step mechanism
where the internal cyclopropane C—C bond is broken first through a high energy transition structure (TS1-
So), leading to a singlet intermediate (10-Sy) lying 25.0 kcal/mol above the ground state of 8. Subsequently,
this intermediate undergoes a 1,2-hydrogen shift to yield 11 by surmounting an energy barrier of only 2.7
kcal/mol at 0 K. The rate-determining step of the global rearrangement is the opening of the three-membered
ring in 8, which involves an energy barrier of 41.2 kcal/mol at O K. This high energy barrier is consistent
with the fact that the thermal rearrangement of umbellulone to thymol is carried out by heating at 280 °C.
Regarding the photochemical rearangement, our results suggest that the most efficient route from the T,
state of 8 to ground state 11 is the essentially barrierless cleavage of the internal cyclopropane C—C bond
followed by radiationless decay to the S, state PES via intersystem crossing (ISC) at a crossing point
(So/T1-1) located at almost the same geometry as TS1-S,, leading to the formation of 10-Sp and the
subsequent low-barrier 1,2-hydrogen shift. The computed small spin—orbit coupling between the T, and
So PESs at So/T:-1 (1.2 cm™!) suggests that the ISC between these PESs is the rate-determining step of
the photochemical rearrangement 8 — 11. Finally, computational evidence indicates that singlet intermediate
10-S, should not be drawn as a zwitterion, but rather as a diradical having a polarized C=0 bond.

Introduction invariably contained thymoby. This observation prompted him

Umbellulone () is a monoterpene ubiquitously found in the  t© study the pyrolysis and photolysis of umbellulong. Irradiation
essential oils of plants? In 1958, Wheeler and Eastnfan  ©Of neatl for 4 h by aH400 mercury arc lamp ga2in nearly
observed that samples @fthat had been exposed to sunlight duantitative yield, whereas heating at Z&afforded a mixture
of 2 and sym-thymol §) (Scheme 1). Wheeler and Eastman

_*To whom correspondence should be addressed. E-mail: sonqic@ g ggested the possibility of a free radical pathway for the
cid.csic.es.

T Universitat Rovira i Virgili. photochemical reaction and an ionic mechanism for the thermal
¥ Institut d’Investigacions Quniques i Ambientals de Barcelona, CSIC.  rearrangement. Some years later, Chapman and co-wbrkers

8 Parc Cierific de Barcelona i Departament de @uica Orgaica, . : . ;
Universitat de Barcelona. studied the photochemical reaction at low temperature. Monitor-

U Centre Especial de Recerca en’Qiga Teuica i Departament de ing by IR the irradiation ofl in liquid nitrogen, they could

Quimica Fsica, Universitat de Barcelona. identify dienonet, the ketonic tautomer &, as an intermediate
(1) (a) Gillam, A. E.; West, T. FJ. Chem. Soc1945 95-98. (b) Wheeler, J. . .
W.; Chung, R. HJ. Org. Chem1969 34, 1149-1151. (Scheme 1). They also detected and trapped a ketene intermedi-

(2) (a) Malizia, R. A.; Cardell, D. A;; Moalli, J. S.; Gonzalez, S.; Guerra, P. E.; i — i i
Grau R 3.0 Edsent. Ofl Res2000 12 50-63. (b Chanegriha. N.: ate working at—19C, although it was not clear that it was

Baaliouamer, A.; Meklati, B.-Y.; Chretien, J. R.; Keravis, &.Essent. involved in the reaction at higher temperatures.

Oil Res.1997 9, 555-559. (c) Schearer, W. Rl. Nat. Prod.1984 47,

964-9. (d) Satar, SPharmazie1984 39, 66—7. (e) Buttery, R. G.; Kamm,

J. A.J. Agric. Food Chem198Q 28, 978-81. (4) Barber, L.; Chapman, O. L.; Lassila, J. D.Am. Chem. Socl968 90,
(3) Wheeler, J. W.; Eastman, R. B. Am. Chem. Sod 959 81, 236-237. 5933-5934.
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o 0@ photochemical intermediate. As a consequence, this zwitterion
hy 1.2-pheny! shift and Fh has been postulated in many photochemical proc&ssash
Fh Ph ‘automerization as the photochemistry of other bicyclo[3.1.0]hex-3-en-2-ones
Ph - OH or cyclohexadienonés.
5 B More recently, it has been found that 3-substituted bicyclo-

Ph
Ph

[3.1.0]hex-3-en-2-ones$), easily prepareéd by Pausor-Khand
reaction of terminal alkynes with cyclopropene, affordetho-
phenols7 quantitatively upon sunlight exposure or irradiation

Somewhat surprisingly, to the best of our knowledge, there at 350 nm* This result prompted the theoretical stétigf the
are no more mechanistic studies on this interesting transforma-

tion. Similar photochemical rearrangements in other bicyclo-
[3.1.0]hex-3-en-2-ones have been describaathough the

number of studies is scarce as compared to the large number of
references on the photochemical preparation of these bicyclic

compounds from cyclohexenongghenols’ and cyclohexa-
dienones:®

In 1961, Zimmerman and Schustsuggested that the photo-
chemical transformation of 6,6-diphenylbicyclo[3.1.0]hex-3-en-
2-one 6) to yield 2,3- and 3,4-disubstituted phenols proceeds
via the so-called zwitterio® (Scheme 2). The“existence” of
this zwitterionic intermediate was supported by the fact that it
could be independently generated without light, affording the
same phenolic ratio as photochemicdflyThis and other
experimental observations such as nucleophilic tragpiogn-
duced to a general acceptance of zwitteriBnas a true

(5) (a) Zimmerman, H. E.; Sebek, P.; Zhu, Z.Am. Chem. S0d.998 120,
8549-8550. (b) Matsuura, T.; Meng, J. B,; Ito, Y.; Irie, M.; Fukuyama,
K. Tetrahedronl987, 43, 2451-2456. (c) Fisch, M. H.; Richards, J. B.
Am. Chem. Socl968 90, 1547-1553. (d) Dauben, W. G.; Hecht, 3.
Org. Chem.1998 63, 6102-6107.

(6) (a) Zimmerman, H. E.; Zhu, Z. Am. Chem. Sod.995 117, 5245-5262.

(b) Schuster, D. I.; Brown, R. H.; Resnick, B. Nl..Am. Chem. Sod978
100, 4504-4512. (c) Dauben, W. G.; Spitzer, W. A.; Kellogg, M. &.
Am. Chem. Sod 971, 93, 3674-3677.

(7) (a) Kakiuchi, K.; Ue, M.; Yamaguchi, B.; Nishimoto, A.; Tobe, Bull.
Chem. Soc. Jpri991, 64, 3468-3470. (b) Baeckstm, P.; Jacobsson, U.;
Koutek, B.; Norin, T.J. Org. Chem1985 50, 3728-3732.

(8) (a) Zimmerman, H. E.; Schuster, DJ.Am. Chem. S0d961, 83, 4486-
4488. (b) Zimmerman, H. Angew. Chem., Int. Ed. Endl969 8, 1-11.

(c) Schultz, A. G.; Lavieri, F. P.; Macielag, M.etrahedron Lett1986
27,1481-1484. (d) Schultz, A. GPure Appl. Chem1988 60, 981—-988.

(e) Zimmerman, H. E.; Lynch, D. . Am. Chem. Sod985 107, 7745~
7756. (f) Quinkert, G.; Kleiner, E.; Freitag, B. J.; Glenneberg, J.; Billhardt,
U. M.; Cech, F.; Schmieder, K. R.; Schudok, C.; Steinmetzer, H. C.; Bats,
J. W.; Zimmermann, G.; Dumer, G.; Rehm, D.; Paulus, E. Relv. Chim.
Acta1986 69, 469-537. (g) Quinkert, G.; Scherer, S.; Reichert, D.; Nestler,
H. P.; Wennemers, H.; Ebel, A.; Urbahns, K.; Wagner, K.; Michaelis, K.
P.; Wiech, G.; Prescher, G.; Bronstert, B.; Freitag, B. J.; Wicke, |.; Lisch,
D.; Belik, P.; Crecelius, T.; Horstermann, D.; Zimmermann, G.; Bats, J.
W.; Durner, G.; Rehm, DHelv. Chim. Actal997 80, 1683-1772.

(9) Schuster, D. IAcc. Chem. Red.978 11, 65-73.

(10) (a) Zimmerman, H. E.; Crumrine, D. S.; Doepp, D.; Huyffer, PJ.SAm.
Chem. Socl1969 91, 434-45. (b) Zimmerman, H. E.; Epling, G. Al
Am. Chem. Sod 972 94, 7806-11. (c) Zimmerman, H. ETetrahedron
1974 30, 1617-1628.
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6 7
reaction pathway for the prototype rearrangement of bicyclo-
[3.1.0]hex-3-en-2-one8j to phenol @) using 3 x 3 configu-
ration interaction calculation’$, at the semiempirical AM1
level1® From this study, it was concluded that the photo-
rearrangement d to 9 occurs through a stepwise mechanism
involving the cleavage of the internal cyclopropane©bond
on the potential energy surface of the lowest-energy triplet state,
leading to a diradical intermediate0d with nearly the same
energy for the triplet and singlet states (Scheme 3). This
intermediate, already in its ground-state singlet, would undergo
a hydrogen migration to hexa-2,4-dienodé)(which tautomer-
izes to9.

The impossibility to locate any energy minimum with an
electronic structure that could be assigned to the zwitterion
intermediateB suggested by Zimmermann (e.d.02 was
somewhat surprising and revealed the need for a new theoretical
study of the photorearrangement ®fto give 9 based on ab
initio calculations at a higher level of theory. In this paper, we
report CASSCF and CASPT2 calculations of the path®ay
11 on the lowest-energy singlet and triplet state potential energy
surfaces. These calculations support a mechanistic model for

(11) (a) Patel, D. J.; Schuster, D.J. Am. Chem. S0d.968 90, 5137-5145.
(b) Schuster, D. I.; Patel, D. J. Am. Chem. S0d.968 90, 5145-5152.
(c) Schuster, D. |.; Liu, K.-CTetrahedron1981, 37, 3329-3338.

(12) (a) Fisch, M. HJ. Chem. Soc. 0969 1472-3. (b) Schultz, A. G.; Reilly,
J.J. Am. Chem. S0d.992 114, 5068-73. (c) Zimmerman, H. E.; Sebek,
P.J. Am. Chem. S0d.997, 119, 3677-3690.

(13) Marchueta, I.; Verdaguer, X.; Moyano, A.; Pescdl. A.; Riera, A.Org.
Lett. 2001, 3, 3193-3196.

(14) Marchueta, I.; Olivella, S.; Sal&l.; Moyano, A.; Perica, M. A.; Riera,

A. Org. Lett.2001, 3, 3197-3200.

Salem, L.; Rowland, CAngew. Chem., Int. Ed. Engl972 11, 92—-111.

Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. Am.

Chem. Soc1985 107, 3902-3909.

(15)
(16)
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the thermal and photochemical rearrangements of substitutedvibrational frequencies were obtained by diagonalizing the mass-

bicyclo[3.1.0]hex-3-en-2-ones to phenols. weighted Cartesian force constant matrix calculated analytically at the
CASSCF level of theory with the 6-31G(d) basis set. The unscaled
Theoretical Background and Computational Details CASSCF/6-31G(d) frequencies were used to compute the zero-point

vibrational energy (ZPVE) corrections to the energies. Connections of
the transition structures between designated minima were confirmed
by intrinsic reaction coordinate (IRC) calculatidhat the CASSCF/
6-31G(d) level.

Because the Sand T, states of10 turn out to be essentially
degenerate, spin-inversion mediated surface hopping could be expected
electronic configuration (me* or z-7*) of T4 in the specific case @, to oceur at the Iowes_t-energy crqss_ing po_int on the cr_ossing seam of
we computed the vertical electronic excitation energies to the lower both PES_s._These pomts_ were optimized using the algorithm of Bearpark

et al?* within the formalism of the state-averaged MCSCF method at

excited states, as well as the relative energies of these states at thei{he CASSCF(6,6)/6-31G(d) level of theory. A weighting of 50%/50%
equilibrium geometries. The equilibrium geometries of the lower energy was assigned t’o the, 8nd T, states in the s.tate-averaging procedure.

zgar::sstzfr?tv:izrls ((J,atggé?:c)j glﬁﬁlgi?r?so:ft t?g'g%?iﬁagggjé ielzce To estimate the probability of the intersystem crossing (ISC), the-spin
P P orbit coupling (SOC) between the 8nd T; states was calculated at

(CAS) SCF clas¥ with the d-polarized split-valence basis set . . - .
6-31G(d)® using analytical gradient procedur8sThe active space the lowest-energy crossing points using a one-electron approximate
spin—orbit Hamiltonian with the effective nuclear charges C 3.6 and

iCr?rt]r?éSttSVdo;f ;l/)éttzrict(rioens t?]r;;j gngb;zlizléhgnf(zﬁg %f:éacji;r;ﬂlged O 5.6 optimized by Koseki et &%.For the SOC computations, state-
o . . averaged CASSCF(6,6) orbitals were used.
ethylene fragments) and the lone pair orbital (n) of the oxygen. : . . .
Distribution of the corresponding sactive electrons, fourr electrons The relative energy ord_ermg of the relevant sta’qonary p_omts on _the
and two n electrons, among these fiaetive orbitals leads to a S and T, PESs was obtained from CASPT2-g1 single point energies
CASSCF(6,5) wave fmetion calculated at the CASSCF/6-31G(d) optimized geometries, using the
' : Dunning correlation-consistent polarized valence trip[@-0s5p2d1f/

To |ncorporate the effect_of dynamical valen_ce-electron correlation 4s3p2d1f] basis set for carbon and oxygen, and [5s2p1d/3s2p1d] for
on the relative energy ordering of the lower excited state8; s€cond- -
hydrogen, designated cc-pVFZ,and all valence electrons were

order multiconfigurational perturbation theory calculations based on correlated. Relative eneraies discussed in the text refer to enerdies
the CASSCF(6,5) reference function (CASP?2)ere carried out. ’ 9 g

- . : computed at the CASPT2-gl/cc-pVTZ level unless stated otherwise.
CASPT2 single point energies were calculated at the CASSCF(6,5)/ .

. . : . - Our best total energieg @ K correspond to the sum of the CASPT2-
6-31G(d) optimized geometries, using the Dunning correlation- -
) . : gl/cc-pVTZ energy and ZPVE correction.

consistent polarized valence douldld9s4p1d/3s2pld] basis set for The CASSCF calculati ied out with the G ian 98
carbon and oxygen, and [4s1p/2slp] for hydrogen, designated cc- 1 € f Cﬁqgeuarl]ons Wef[f] cacr:rxespc%uz Wi ? i aussian
pvDZz2! and all valence electrons were correlated. Because the sysfem ?j p_trﬁgt[]a MbVIiIC(,ngaSS € kaﬁcompualons were
“normal” CASPT2 method, sometimes denoted CASPT2-0, is known periormed wi € program package.
to underestimate the energy of some open-shell, relative to closed- Regyits and Discussion
shell, electronic states, the CASPT2-g1 procedure with the full Hartree

It is usually assuméd® that the photochemical rearrangement of
substituted bicyclo[3.1.0]hex-3-en-2-ones originates from a short-lived
triplet excited state, hereafter designated hy formed after initial
photoexcitation of its singlet ground-state, hereafter designated,by S
to the excited singlel(n-*) state followed by radiationless decay via
intersystem crossing (ISC) to the triplet manifold. To elucidate the

Fock matrix was used in the construction of the zeroth-order Hamil- ~ Selected geometrical parameters of the structures of all

tonian?? intermediates and transition states calculated in the present paper
The geometries of the relevant stationary points on tharsl T, for the thermal and photochemical rearrangemer8 tf give

potential energy surfaces (PESs) for the rearrange®entll were 11 are shown in Figures-14 (bond lengths in A), which are

optimizgd at the CASSCF level of theory with the 6-31G(d) basi; set. computer-generated plots of the CASSCF/6-31G(d)-optimized
The active space for the internal cyclopropane@bond cleavage in  gaometries. The Cartesian coordinates of all structures reported
the $ and T; states oB consisted of six electrons and six orbitals: the in this paper are available as Supporting Information. Vertical

four orbitals involved in the twar system (i.e., ther andz* orbitals electronic excitation energies of the lower excited state8, of
on the carbonyl and ethylene fragments) and the paiv @ind o* 9

orbitals of the C-C bond being broken in the reaction. Distribution of

(23) (a) Fukui, K.Acc. Chem. Re4.981, 14, 363. (b) Schmidt, M. W.; Gordon,

the corresponding simctive electrons, fourr electrons and twar M. S.: Dupuis, M.J. Am. Chem. S0d.985 107, 2585. (c) Gonzalez, C.;

electrons, among these siktive orbitals leads to a CASSCF(6,6) wave Jchlﬁgel,c %J- n?lg%rg-gahxé%lgga 90, 2154. (d) Gonzalez, C.; Schlegel, B.
. AR L. ~ . Phys. Che , .

function. Thg qptlmlzatlon of the transm_on struc_ture for the 1,2 (24) (&) Ragazos, I. N.; Robb, M. A.; Bernardi, F.; Olivucci, @®hem. Phys.

hydrogen shift in the §and T, states of intermediaté0 requires Lett. 1992 197, 217. (b) Bearpark, M. J.; Robb, M. A.; Schlegel, H. B.

; ; ; i ; * i Chem. Phys. Lettl994 223 269.

increasing this CAS by adding the pair ofand o* orbitals of the (25) Koseki, S.. Schmidt, M. W.. Gordon, M. §. Phys. Chem1992 96,

migrating C-H bond, leading to a CASSCF(8,8) wave function. To 10768-10772.

obtain comparable energies, single point CASSCF(8,8) calculations with (26) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, M. A.; Robb, M.

; A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,
the latter CAS were carried out for they &nd T, states of the R.E.; Burant, J. C.; Dapprich, S.; Miliam, J. M.; Daniels, A. D.; Kudin,

intermediates10 and 11 at the CASSCF(6,6)/6-31G(d) optimized K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
geometries. R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
. . . . . Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;

All of the stationary points were characterized by their harmonic Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
vibrational frequencies as minima or saddle points. The harmonic J. V.; Stefanow, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, A

Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;

(17) For a review, see: Roos, B. @dv. Chem. Phys1987 69, 399. Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
(18) Hariharan, P. C.; Pople, J. Aheor. Chim. Actal973 28, 213. M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.9; Gaussian,
(19) (a) Schlegel, H. BJ. Comput. Chem1982 3, 214. (b) Bofill, J. M.J. Inc.: Pittsburgh, PA, 1998.

Comput. Chem1994 15, 1. (27) Andersson, K., Barysz, M.; Bernhardsson, A.; Blomberg, M. R. A.; Cooper,
(20) (a) Anderson, K.; Malmgqvist, P.-A.; Roos, B. O.; Sadlej, A. J.; Wolinski, D. L.; Fleig, T.; Fuscher, M. P.; DeGraaf, C.; Hess, B. A.; KarlstipG.;

K. J. Phys. Chem199Q 94, 5483. (b) Anderson, K.; Malmqyvist, P.-A.; Lindh, R.; Malmqvist, P.-A.; Neogdy, P.; Olsen, J.; Roos, B. O.; Sadlej,

Roos, B. O.J. Chem. Phys1992 96, 1218. A. J.; Schiiz, M.; Schimmelpfennig, B.; Seijo, L.; Serrano-Andre..;
(21) Dunning, T. HJ. Chem. Phys1989 90, 1007. Siegbahn, P. E. M.; Stalring, J.; Thorsteinsson, T.; Veryazov, V.; Widmark,
(22) Anderson, KTheor. Chim. Actal995 91, 31. P.-O.MOLCASuversion 5 Lund University, Sweden, 2000.
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Figure 1. Selected parameters of the CASSCF/6-31G(d) optimized geometries of the stationary points on the potential energy surfaceatétfoe e

cyclopropane ring-opening — 10. Distances are given in angstroms.

1.469

TS2-S,

115,

Figure 2. Selected parameters of the CASSCF/6-31G(d) optimized
geometries of the stationary points on the potential energy surface of the
S state for the 1,2-hydrogen atom migratibd— 11. Distances are given

in angstroms.

as well as the relative energies of these states at their equilibrium,
geometries, are given in Table 1. Calculated relative energies

of stationary points on the PESs of thge®d T, states for the
cyclopropane ring-openin§ — 10 and for the 1,2-hydrogen
shift 10 — 11 processes are collected in Tables 2 and 3,
respectively. In addition, Tables 2 and 3 contain the ZPVEs

computed for these stationary points. Figures 5 and 6 show

schematic energy profiles for tlBe—~ 10and10— 11 pathways
found on the $and T; states PESs.

A. Relative Energies of the Low-Lying Electronic States
of 8. At the CASSCF(6,5)/cc-pVDZ level of theory, the lowest
vertical excitation energy (89.9 kcal/mol) is computed for the
electronic transition from the ground-state singlet4Xto the
a-7* triplet ((A(zz-7)). However, the vertical excitation energy
computed for the ne* triplet ((A(n-zz*)) is only 0.7 kcal/mol
higher. Moreover, at the CASPT2/cc-pVDZ level, the vertical
excitation energy predicted for ti&(n-z*) state is 6.4 kcal/
mol lower than that predicted for th#\(z-7*) state. It is worth
noting that the vertical excitation energy of 85.8 kcal/mol
computed at the latter level of theory for the lowest excited
singlet state YA(n-7*)) is in reasonable agreement with the
absorption maximum at 350 nm (81.7 kcal/mol) observed in
the UV spectra of the 3-substituted bicyclo[3.1.0]hex-3-en-2-
ones6.13

15378 J. AM. CHEM. SOC. = VOL. 124, NO. 51, 2002

Both the CASSCF(6,5)/cc-pVDZ and the CASPT2/cc-pVDZ
calculations predict théA(-7*) state to be the lowest excited
state of8. This result is in accordance with many experimental
findings®® and with a recent theoretical study of triplet lifetimes
of cyclic a,8-enones by Robb and co-workéfdn that study,
the tripletr-* state is also predicted to be the lowest-energy
triplet of cyclopentenone, cyclohexenone, and cycloheptenone.
Thus, it is reasonable to identify tR&(z-7*) state of8 as the
state on whose PES the photochemical rearrangement of
substituted bicyclo[3.1.0]hex-3-en-2-ones yielding substituted
phenols occurs.

In this theoretical study, we have not investigated the details
concerning the photophysical process leading to the formation
of T, after initial photoexcitation from §&to an excited singlet
state followed by radiationless decay via ISC to the triplet
manifold. However, we note that the photochemistry and
photophysics of the simpleet-enone, acrolein, have recently
been studied using CASSCF calculatidh#fter photoexcita-
tion, s-trans-acrolein (2) relaxes to a planar;3(n-*) excited-
state minimum. From this point, a radiationless decay via ISC

to the triplet manifold leads to the production of a short-lived
Ty 3(-*) intermediate with a twisted €C bond (i.e., the
H—C=C—H dihedral angle was calculated to b @®lthough

in cyclic enone8 the twisting around the €C bond is
somewhat constrained due to the five-membered ring rigidity,
our CASSCF(6,5)/6-31G(d) calculations predict a &=C—H

(28) (a) Marsh, G.; Kearns, D. R.; Schaffner, K.Am. Chem. Sod971, 93,
3129-3137. (b) Bonneau, RI. Am. Chem. S0d.98Q 102 3816-3822.
(c) Schuster, D. I.; Greenberg, M. M.; Nunez, I. M.; Tucker, PJQOrg.
Chem.1983 48, 2616-2619. (d) Schuster, D. I.; Heibel, G. E.; Brown, P.
B.; Turro, N. J.; Kumar, C. VJ. Am. Chem. S0d.988 110, 8261-8263.
(e) Schuster, D. I.; Dunn, D. A.; Heibel, G. E.; Brown, P. B.; Rao, J. M;
Woning, J.; Bonneau, RI. Am. Chem. Sod.99], 113 6245-6255. (f)
Dauben, W. G.; Gogen, J. M.; Ganzer, G. A.; BeharJVAm. Chem. Soc.
1991 113 5817-5824.

(29) Garcia-Exposito, E.; Bearpark, M. J.; OryiR. M.; Branchadell, V.; Robb,
M. A.; Wilsey, S.J. Org. Chem2001, 66, 18811-8814.

(30) Reguero, M.; Olivucci, M.; Bernardi, F.; Robb, M. . Am. Chem. Soc
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8-T, TSI-T, 10-T,

Figure 3. Selected parameters of the CASSCF/6-31G(d) optimized geometries of the stationary points on the potential energy surfacaaiétfor The
cyclopropane ring-opening — 10. Distances are given in angstroms.

Table 2. Relative Energies (E, kcal/mol) Calculated at Different
Levels of Theory? and Zero-Point Vibrational Energies (ZPVE,
kcal/mol) of Stationary Points on the Lowest Singlet and Triplet
States Potential Energy Surfaces for the Cyclopropane
Ring-Opening in 8

E
CASSCF(6,6) CASSCF(6,6) CASPT2

1.466 structure® 6-31G(d) cc-pvTZ cc-pVTZ ZPVE®

8-S 0.¢0¢ 0.0 0.0 69.3
. TS1-$ 36.6 37.2 44.8 65.7
’ 10-§ 24.4 24.4 27.4 66.9
8-T1 67.7 68.6 68.6 67.2
TS1-T; 73.5 73.9 69.3 66.1
¥ © 10-T, 23.4 24.4 31.2 66.6

TS, -1 aCalculated at the CASSCF(6,6)/6-31G(d) optimized geomettiSse

Figure 4. Selected parameters of the CASSCF/6-31G(d) optimized Figures 1 and 3%Calculated from the unscaled CASSCF(6,6)/6-31G(d)
geometries of the stationary points on the potential energy surface of the harmonic vibrational frequencie$Relative to—305.58975 hartreeSRel-
T, state for the 1,2-hydrogen atom migratibd— 11. Distances are given ative to —305.69388 hartree§Relative to—306.80540 hartrees.

in angstroms. . . .
Table 3. Relative Energies (E, kcal/mol) Calculated at Different

Table 1. Vertical Excitation Energies (VEE, kcal/mol) and Relative Levels of Theory? and Zero-Point Vibrational Energies (ZPVE,
Energies (E, kcal/mol) Calculated at Different Levels of Theory kcal/mol) of Stationary Points on the Lowest Singlet and Triplet
with the cc-pVDZ Basis Set? for the Lower Excited States of 8 States Potential Energy Surfaces for the 1,2-Hydrogen Atom
Migration in 10
VEE E .
state CASSCF(6,5) CASPT2 CASSCF(6,5) CASPT2
n CASSCF(8,8) CASSCF(8,8) CASPT2
XA 0.0° 0.0 0.00 0.0 structure? 6-31G(d) CC-pVTZ CC-pVTZ ZPVES
SA(7r-1%) 89.9 86.3 67.0 65.9
3A(n-rr*) 90.6 79.9 74.2 69.8 10-3 0.0' 0.0° 0.0 66.9
TA(N-%) 95.7 85.8 771 74.1 TS2-$ 18.7 15.8 4.3 65.3
11-$ —46.0 —46.1 —38.5 68.6
aUsing the CASSCF(6,5)/6-31G(d) optimized geometrieRelative to 10-Ty —-11 —0.1 3.6 66.6
—305.59647 hartree$ Relative to—306.51437 hartrees. TS2-T 58.4 56.6 50.5 63.0
11-Ty 6.5 7.2 10.2 66.3
dihedral angle of 63°1 Therefore, it is likely that the photo-
physical process leading to the formation qfiif the case 08 2 At the CASSCF(6,6)/6-31G(d) optimized geometriesl6fS, 11-S,
hould llel that o2 10-T1, and11-T; and at the CASSCF(8,8)/6-31G(d) optimized geometries
Should paraliel that oL2 ) of TS2-§ andTS2-T;. P See Figures 2 and 4 Calculated from the unscaled
B. Thermal Rearrangement of 8 To Give 11.The re- CASSCF(6,6)/6-31G(d) harmonic vibrational frequencied ®S, 11-S,

9 65 P vibrational frequencies ofS2-S and TS2-T. @ Relative to—305.56698

to O.CCUI’ via a two-step mechanism .(See Flgurgs 5 and .6) \’Vherehartrees.e Relative to —305.67115 hartree$Relative to —306.76280
the internal cyclopropane-&C bond is cleaved first leading to  hartrees.

the formation of a singlet intermedial®. Subsequently, this

intermediate undergoes a 1,2-hydrogen shift to dite The It is worth noting that the C5C7 bond distance ifTS1-S
equilibrium structures optimized for the State of8, 10, and (2.361 A) is close to its value (2.525 A) in the intermediate
11 are designated b§-S, 10-S, and 11-S, respectively, in 10-S, indicating that this bond is almost completely broken at
Figures 1 and 2. The transition structures optimized for the C5 the transition structure. However, the-€67—C5—C4 dihedral
C7 bond scission i8-S and the 1,2-hydrogen shift ib0-S angle inTS1-S (136.4) is closer to its value i8-S (110.3)
are designated byS1-S andTS2-S, respectively, in Figures  than in10-§ (180.0). At 0 K, the rearrangement &-S to

1 and 2. 10-S is predicted to be endoergic by 25.0 kcal/mol with an
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Figure 5. Schematic energy profile along an arbitrary reaction coordinate showing the structures concerning the cyclopropane rin§-optiog the
potential energy surfaces of thg &d T, states. Energy values obtained from ZPVE-corrected CASPT2/cc-pVTZ total energies are relative to that of the
S state of8.

energy barrier of 41.2 kcal/mol (see Table 2). On the other hand, level of theory for the &Ti(7-7*) energy separation in
at 0 K, the 1,2-hydrogen shift ih0-S leading to the formation cyclopentenoné? At the CASPT2/cc-pVTZ level of theory, the
of 11-S is calculated to be exoergic by 36.8 kcal/mol, involving energy separation betwe@S, and 8-T; is calculated to be
an energy barrier of only 2.7 kcal/mol (see Table 3). THs, 68.6 kcal/mol. Inclusion of the ZPVE correction to the latter
S is predicted to be a short-lived intermediate on thestate value yields a singlettriplet energy separation of 66.5 kcal/
PES. These results indicate that the rate-determining step ofmol at 0 K.
the thermal rearrangement 8fto yield 11 is the opening of A comparison between the geometries of struct8r& and
the three-membered ring @@ leading to the intermediat&0. 8-T reveals that C201 bond lengths in these structures differ
The overall rearrangement is exoergic by approximately 12 kcal/ by less than 0.02 A, while the G3C4 bond distance is notably
mol, and the global energy barrier is calculated to be 41.2 kcal/ longer (by 0.166 A) in the structure of the triplet state. This
mol at 0 K. This predicted high energy barrier is consistent with result is consistent with the electronic feature that> a*
the fact that the thermal rearrangementldd 2 is carried out excitation in T, is localized on the alkene moiety. It is worth
by heating at 280C. mentioning that the twisting around the €34 bond, measured
C. Photochemical Rearrangement of 8 To Give 11We by the C2-C3—C4—C5 dihedral angle of-14.7, is somewhat
found the rearrangement 8fto 11 on the T, PES also occurs  smaller than in the case of tRer—=*) state of cyclopentenone
via a stepwise mechanism (see Figures 5 and 6) involving the (—23°).2° This result can easily be rationalized from the higher
cleavage of the internal cyclopropane-C bond leading to an  rigidity of the five-membered ring of the bicyclic systesn
intermediatel 0, which eventually may undergo a 1,2-hydrogen At the CASPT2/cc-pVTZ level, the rearrangement8sT;
shift to producell The equilibrium structures optimized for  to 10-T; is calculated to be exoergic by 37.4 kcal/mol with an
the T, state of8, 10, and11 are designated b§-T,, 10-T;, and energy barrier of only 0.7 kcal/mol (see Table 2). The inclusion
11-Ty, respectively, in Figures 3 and 4. The transition structures of the ZPVE corrections increases the exoergicity to 38.0 kcal/

optimized for the C5C7 bond cleavage i8-T; and the 1,2- mol, and the energy barrier turns out to b®.4 kcal/mol.

hydrogen shift inL0-T; are designated byS1-T; andTS2-Ty, According to these results, statg ©f 8 should lead to the

respectively, in Figures 3 and 4. formation of the intermediat&0 without surmounting an energy
Table 2 shows that at the CASSCF/6-31G(d) level of theory, barrier.

the lowest-energy triplet state &f (structure8-T,) lies 67.7 Concerning the 1,2-hydrogen shift k0-T; leading to the

kcal/mol above the energy of the ground-state singlet (structureformation of11-T;, Table 3 shows that at the CASPT2/cc-pVTZ
8-S). This singlet-triplet energy difference is 3.4 kcal/mol level this step is calculated to be endoergic by 6.6 kcal/mol
lower than the value of 71.1 kcal/mol calculated at the same and to involve an energy barrier of 46.9 kcal/mol. Thus, the
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Figure 6. Schematic energy profile along an arbitrary reaction coordinate showing the structures concerning the 1,2-hydrogen atomltigratiom
the potential energy surfaces of the&d T; states. Energy values obtained from ZPVE-corrected CASPT2/cc-pVTZ total energies are relative to that of
the $ state of10.

rate-determining step for the rearrangemen8ab 11 on the
PES of the T state is found to be the 1,2-hydrogen shift in the
intermediatel0. At O K, the global energy barrier for the—

11 rearrangement on the; Btate PES is predicted to be 43.3
kcal/mol. This energy barrier appears to be too high to be in
accordance with the experimental observation that 3-substituted
bicyclo[3.1.0]hex-3-en-2-oned easily affordortho-phenols7
guantitatively upon sunlight exposure or irradiation at 350tHm.
Although when formed fron8-T;, 10-T; contains an excess
energy of about 38 kcal/mol which is stored in vibrations and
rotations, this amount of energy does not suffice for surmounting
an energy barrier of about 43 kcal/mol.

L

As mentioned above, the 1,2-hydrogen shit— 11 on the STyl SyTy2
PES of the gstate involves an e”efQY barrier of only 2.7 kcall Figure 7. Selected parameters of the CASSCF/6-31G(d) optimized
mol at 0 K. Therefore, surface hopping from thetd the $ geometries of crossing points between thea®d T, potential energy
PES may therefore play a role. Accordingly, thestate of10 surfaces for the cyclopropane ring-opening8nDistances are given in

could undergo spin inversion to the Sate PES, followed by ~ angstoms.

1,2-hydrogen shift toll. The highest probability for spin 8-, and its geometry is virtually coincident with that of the
inversion can be expected at the lowest-energy crossing pointtransition structurelS1-S. At Sy/Ti-1, the SOC constant is
on the crossing seam of both PESs. Two lowest-energy crossingcalculated to be 1.2 cm. Although small, this value may still
points, designated I/ T1-1 andSy/T1-2, were located. Selected  account for an efficient spin crossing. It is interesting to note
geometrical parameters of the corresponding CASSCF/6-31G(d)that at theSy/T1-1 geometry, the CASPT2/cc-pVTZ calculations
optimized geometries (bond lengths in A) are shown in Figure predict a $T1 energy difference of 2.2 kcal/mol. This is most
7, and their relative energies are summarized in Table 4, alonglikely due to the sensitivity of the optimum geometry &§f
with the calculated SOC constants. Remarkably, at the latter T;-1 to the inclusion of the dynamical valence-electron cor-
level of theory,So/T;-1 lies 36.6 kcal/mol above the energy of relation.
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Figure 8. Schematic energy profile along an arbitrary reaction coordinate showing the structures concerning the most efficient r@la fofd-S.
Energy values obtained from ZPVE-corrected CASPT2/cc-pVTZ total energies are relative to that pktate $f8.

Table 4. Relative Energies (E, kcal/mol) Calculated at Different
Levels of Theory2 and Spin—Orbit Coupling Constants? (SOC,
cm™1) of Crossing Points between the Lowest Singlet and Triplet
State Potential Energy Surfaces for the Cyclopropane
Ring-Opening in 8

E

CASSCF(6,6) CASSCF(6,6) CASPT2
structure® state 6-31G(d) cc-pvVTZ cc-pvTZ socd
SI/Ti-1 1A 36.6 37.2 449 1.2
A 36.7 37.4 42.7
So/T1-2 1A 245 24.4 27.6 0.1
A 24.5 25.2 32.7

a Calculated at the CASSCF(6,6)/6-31G(d) optimized geometigsla-
tive to the energy 08-S, ¢ See Figure 5¢ Calculated using the CASSCF(6,6)/
cc-pVTZ wave function.

Regarding the crossing poir8y/T;-2, at the CASSCF/6-
31G(d) level of theory this structure lies 24.5 kcal/mol above
the energy oB-S, and its geometry is nearly identical to that
of 10-S. Again we note that at th&y/T;-2 geometry, the
CASPT2/cc-pVTZ calculations predict g%, energy difference
of 5.1 kcal/mol due to the effect of the dynamical valence-

SOC constant calculated &/T;-2 is extremely small (0.1
cm™1), suggesting that interconversion of thg&d T; states
in the region of the intermediated may be inefficient. Thus,
the triplet state of intermediat&0 is predicted to be experi-
mentally accessible, because the energy barrier for isomerization
to 11 via transition structurd S1-T; is sufficiently large, and,
furthermore, its radiationless decay to thgstate via ISC at
the Sy/T1-2 crossing point is inefficient, so the triplet lifetime
may suffice for its detection (e.g., by ESR spectroscopy).

On the basis of the above results, one is forced to conclude
that the most efficient route fro®-T; to 11-S is the cleavage
of the internal cyclopropane-€&C bond followed by radiation-
less decay to theoState PES via ISC at th®&y/T;-1 crossing
point, leading to the formation of the short-lived intermediate
10-S, which undergoes a low barrier 1,2-hydrogen shift to give
11-§ via transition structureTS2-S. This route can be
schematized by the reaction pathw@yl; — TS1-T; — Sof
T1-1— 10-§— TS2-§— 11-S shown in Figure 8. The above-
mentioned small value of the SOC constant calculated at the
Sy/T1-1 crossing point suggests that the radiationless decay of
8-T; to the S state PES is the rate-determining step of the

electron correlation on the position of the crossing point. The photochemical rearrangement ®to yield 9.
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D. Electronic Nature of Intermediate 10. Regarding the mental data, it is worth noting that the studies of Zimmerman
electronic nature (zwitterion or diradical) of singlet intermediate generating the photochemical intermediates without fgteve
10, it is worth noting that its optimized geometid-S, has a been performed only in the case %fIn such a specific case,
short C-O double bond, indicating a high degreembonding. there is a possibility of carbocation stabilization by the aromatic
At the CASSCF/cc-pVTZ level, a dipole moment of 4.28 D rings. Moreover, from these experiments it can only be
and the Mulliken total charges 0f0.332 and 0.252 on the concluded that there is a common ground-state intermediate,
carbonyl oxygen and carbon atoms, respectively, were calculatedout nothing can be said about its electronic structure. On the
for 10-S. These values are similar to the dipole moment of other hand, in the nucleophilic trapping experiments performed
3.48 D and the Mulliken total charges 60.261 and 0.242 on by Schustet] there are several points to stress: First, in many
the carbonyl oxygen and carbon atoms, calculated at the sameof these experiments, byproducts arising from free-radical
level of theory for the bicyclic keton8-S. Natural orbital intermediates have been found. Second, the authors have found
analysis of the CASSCF/cc-pVTZ wave function 20-S that by using alkaline salts as nucleophiles, coordination of the
further revealed this structure to be a diradicaloid singlet with oxygen with the metal ion is important. Consequently, the
frontier molecular orbital occupation numbers of 1.44 and 0.56; presence of the counterion could bias the zwitterion character
a “pure” diradical would have occupancies of 1.00 and 1.00. In of the intermediate. Extensive studies to elucidate the sequence
addition, the geometry optimized for the triplet statel6f 10- of thermal and photochemical events involved in these trans-
T1, has also a short-€0 double bond, indicating again a high  formations have been performed, although, as it has been pointed
degree ofr-bonding. The unpaired electron spin density resides out? these experiments do not rule out other alternatives such
largely on the peripheral C3, C4, C5, and C7 carbon atoms, as diradical intermediates. It is obvious that extension of
and the two singly occupied molecular orbitals are localized to particular experimental facts to other systems is based on the
different regions of space (i.e., one electron on the C3, C4, andprinciple of analogy and must be done very carefully. Of course,
C5 atoms and the other on the C7 atom). Consequently, thea geometry optimization at the CASPT2 level of theory
exchange integral between these orbitals is small, making theincluding the solvent effect would provide full demonstration
S and T; states ofL0 nearly identical. In fact, a comparison of  of the diradical nature of intermedial®. Unfortunately, such
the geometries 0f0-S and10-T; reveals that these structures computations are not currently possible. However, the fact that
do not differ appreciably; the bond lengths vary at most by 0.021 the reaction takes place neat or in noncoordinative sol¥ents
A (C2—01 bond). Furthermore, the relative energies of Table clearly indicates that the solvent effect is small. Thus, it can be
2 show that at the CASSCF level of theo®0-S and 10-T; concluded that the present computations provide the strongest
are nearly degenerate. These geometrical and energetical findavailable evidence that the key intermedidt® is a true
ings are consistent with a diradical nature of intermedidte diradical.
It is worth noting that by inclusion of dynamic valence-electron
correlation at the CASPT2/cc-pVTZ level, the CASSCF/cc- Conclusions
PVTZ singlet-triplet energy diffe_rence 0 increases from In this paper, results of CASSCF and CASPT2 ab initio
0'(.) t0.3'8 k(_:aI/moI, single10-$ being _the Iowm_est-(_anergy state.  caiculations have been reported for equilibrium structures,
With inclusion of the ZPVE corrections, this singtetiplet transition structures, and lowest-energy crossing points on the
energy gap lowers to 3.5 kcal/mol. ground state (§ and lowest-energy triplet state (jTpotential

th The ctortnpu;@tl?nal e(\j/!df&rg: e;ror}"(ljthetpt;esent gtgdy '(Td'catesenergy surfaces (PESs) concerning the thermal and photochemi-
e $ state of intermediatd0 should nat be considered as a cal rearrangement of bicyclo[3.1.0]hex-3-en-2-08 tb the

zwitterion, but rather as a diradicaloid singlet having a polarized ketonic tautomer of phenoll(). Analysis of these results

=0 bo_nd. This _fmdmg IS 1N line V.V'th the _resu_lts of suggest several points of potential value in understanding and
computational studies that confirm the principally diradidzg)( interpreting the mechanism of these processes:

rather than zwitterionic 14) nature of oxyallyl system%. . . . .
@ yaiyl sy (1) In agreement with many experimental findings and with
a recent recent CASSCF calculation of triplet lifetimes of cyclic

S]
o o o,-enones, the fTstate of8 is predicted to be a tripletz*.
At 0 K, T is calculated to lie 66.5 kcal/mol above the energy
Lo 7@\ of the  state.
(CH,), (CHy), (2) On the g state PES the rearrangement®fto 11 is
13 14 predicted to occur via a two-step mechanism where the internal

cyclopropane €C bond is broken first through a high energy
However, the finding that the intermediate derived photochemi- transition structureTS1-$), leading to a singlet intermediate
cally from 8, that 10 is best represented as a diradichDd) (10-S) lying 25.0 kcal/mol above the ground state 8f
rather than as a zwitterion1Q2), is counter to the early = Subsequently, this intermediate undergoes a 1,2-hydrogen shift

mechanistic proposafé1011| ooking carefully at the experi-  to yield 11 by surmounting an energy barrier of only 2.7 kcal/
mol at 0 K. The overall reaction is exoergic by approximately

(31) (a) Osamura, Y.; Borden, W. T.; Morokuma, X.Am. Chem. S0d.984 - ini -
106 5112-5115. (b) Ichimira, A. S.; Lathi, P. M.; Matlin, A. R]. Am. 12 keal/mol. The rate-determining step of the global rearrange
Chem. Soc199Q 112, 2868-2875. () Powell, H. K.; Borden, W. Tl. ment is the opening of the three-membered ring3,rwhich
Org. Chem.199Q 55, 2654-2655. (d) Lim, D.; Hrovat, D. A; Borden, jnyolves an energy barrier of 41.2 kcal/mol at 0 K. This high

W. T.; Jorgensen, W. LJ. Am. Chem. Sod 994 116, 3494-3499. (e) X . i .
Hrovat, D. A.; Rauk, A.; Sorensen, T. S.; Powell, H. K.; Borden, WJT. energy barrier is consistent with the fact that the thermal

Am. Chem. Soc1996 118 4159-4166. (f) Matlin, A. R.; Lathi, P. M.; ; ;
Appella, D.; Straumanis, A.; Lin, S.; Patel, H.; Jin, K.; Schrieber, K. P.; rearrangement of umbelluloné)(to thymo' (2) is carried out
Pauls, J.; Raulerson, B. Am. Chem. Sod.999 121, 2164-2173. by heating at 280C.
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(3) The rearrangement & to 11 on the T, state PES is (6) The structures optimized for the reaction intermediates
predicted to occur via a two-step mechanism involving first an 10-S§ and 10-T; have a short €0 double bond, indicating a
essentially barrierless cleavage of the internal cyclopropane high degree ofi-bonding. Furthermore, the two singly occupied
C—C bond leading to an intermediatB0¢T;), which eventually molecular orbitals ol.0-T; are localized to different regions of

may undergo a 1,2-hydrogen shift to produdein its lowest- space. As a consequence, the optimum geometri&8-& and
energy triplet state by surmounting an energy barrier of 43.3 10-T; do not differ appreciably, and the energy separation is
kcal/mol at 0 K. predicted to be only 3.5 kcal/mol, singBd-S being the lowest-

(4) Two lowest-energy crossing points between theasd energy state. These geometrical and energetical findings are
T1 PESs §&/T1-1andSy/T1-2) were located. Crossing poi&y/ consistent with the diradical nature of this reaction intermediate

T1-1 lies about 43-45 kcal/mol above the energy of ground  and indicate that itsstate should not be drawn as a zwitterion

state8, and its geometry is virtually coincident with that of the  put rather as a diradical having a polarizee-@ bond.
transition structurd S1-S,. Although the calculated SOC at this

crossing point is small (1.2 cm), it may account for a possible Acknowledgment. This research was supported by the
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