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Abstract: The ground-state ari¢rzr*)-state potential energy surfaces of norbornene and isomeigGpecies

were mapped using CASSCF theory and the 6-31G* basis set and compared with the results of femtosecond
experiments on norbornene retro Dielslder reactions. Computations explored stepwise and concerted retro
Diels—Alder pathways, [1,3]-sigmatropic shifts, and [1,2]-sigmatropic shifts originating frory(ther)-state

or ground-state surfaces. Extremely efficient decay occurs from the excited state to the ground state via two
different conical intersections (surface crossings). The first of these crossing points is accessed by one-bond
cleavage of C1C6 (or C4-C5). Several possible subsequent ground-state reaction paths have been
identified: (a) ring-closure to form norbornene; (b) ring-closure to form bicyclo[3.2.0]hept-2-ene ([1,3]-
sigmatropic shift); (c) formation of a metastable 1,3-biradical which closes to form tricyclo[3:JHeptane
([1,2]-sigmatropic shift); and (d) collapse ofgauche-inbiradical to a vibrationally excited cyclopentadiene

and ethylene, or norbornene. Excited-state one-bond cleavage-e€TC4or C1-C7) leads to the second
conical intersection. Possible ground-state reaction pathways from this structure lead to the formation of bicyclo-
[4.1.0]hept-2-ene ([1,3]-sigmatropic shift product) or to a second 1,3-biradical leading to tricyclo[37R.1.0
heptane ([1,2]-sigmatropic shift product). The vibrationally excited cyclopentadiene is the 220 fs lifetime species
of mass 66 amu, consistent with the retro Diefdder reaction observed in the femtosecond laser experiments.

It is proposed that biradicaloids formed after decay through the conical intersections are the 94 amu species,
with an average lifetime of about 160 fs.

Introduction substantial 12 kcal/mdl,consistent with the stereospecificity

Femtosecond-resolved spectroscopic detection of intermedi-Of reactions of deuterium-labeled cases.

ates in a simple retro DiefsAlder reaction has created great Zewail and co-workers recently communicated femtosecond
excitement The thermal unimolecular dissociation of nor- €xperiments which raised the possibility that the lifetime of a
bornenel into ethylene and cyclopentadiene is a classic example biradical intermediate formed in a stepwise process was too short
of a retro Diels-Alder reactior? the mechanisms of which have ~ for rotation about single bonds to occur; experimental ste-

caused much controverdy. Simple cases, lacking radical ~"€ospecificity might be observed even with a stepwise mech-
anism?! The reaction was followed using femtosecond-resolved
laser energization and detection, aided by mass spectrometric
ﬁb - @ <l detection of transient masses. The buildup and decay of two
different short-lived species were observed during the reaction,
1 one with the mass of norbornene=t 160 fs) and one with the
stabilizing groups, are generally believed to occur via concerted mass of cyclopentadle.ne.(: .220 fs). To be detected, these
' species need to be easily ionized, and are therefore not ground-

mechamsms in which the two bond§ in the transition state are state species. The buildup of the second species did not correlate
broken simultaneously. The competing stepwise processes via

biradical intermediates lie several kilocalories per mole higher with the decay of the first, suggesting that two different reaction

. : : paths are populated. Zewail and co-workers suggested that the
in energy. For norbornene, the computed difference is a NN . - X
norbornene species is a biradical formed in a stepwise retro

Diels—Alder process, while the second species is cyclopenta-
diene in either a vibrationally or electronically (possibly
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Inspired by these experiments, we have recently completed3b and4b were formed in a 20:1 ratio. Cleavage of the-€4
a thorough mapping of the ground-state surface of norbornene

using density functional theory (DFT) with the B3LYP func- 7 by . 7

tional and the 6-31G* sétBoth the retro Diels-Alder reaction %B S R@ + &

of norbornene and the ground-state isomerization of bicyclo- e 775 TR

[3.2.0]hept-2-en& to form norbornene were examined. The 3 4
a: R=H
b: R=CN

: . 3 ¢ R=CF 3
2 36 2456
2 C7 bond can lead to a [1,3]-sigmatropic shift to gBlg or a

. . ) . [1,2]-sigmatropic shift to giveb. Alternatively, initial cleavage
latter has been studied experimentallyand with trajectory of the C1-C6 bond, followed by a [1,2]-sigmatropic shift, could

calculations on a semiempirical potential surféGehe Wood- give 4b. Photolysis of 2-trifluoromethyl-2-norbornene in solution
ward—Hoffmann [1i,3s] stereochemistis usually favored in gave mainly3c.

such reactions, even though biradical intermediates are thought
to be formed’® The DFT calculations show that there is no ¢
stable intermediate formed in this procéssn extremely flat

We have investigatet{zz*) excited-state reaction pathways
r norbornene to provide a more detailed picture of the
S . . dynamics. The triplettzz* surface of norbornene has been
biradical region on the potential surface leads to closure to investigated previously using CASSCF, MRD-CI, and unre-
norborneqe with Inversion of stereochemstry, while COMPEting gyricted DFT method The singletzz* surface is significantly
(t:)los_ure \fNItE retenlzlor}/ of lstereochem|stry has an additional yitterent, Conical intersection regions on the potential surface
arrier of about 1 kcal/mol. _ _where decay to the ground-state surface can occur have been
To compare the (esults qf the femtpseCOﬂd experiments with located, and ground-state reaction paths leading from these
theoretical calculations, it is imperative to study not only the -4l intersections to a variety of products have been
ground state surface but the surface topology of the excited state,jantified
surfaqe as weI_I. The buildup _Of both _|ntermed|ates d_etect_ed This paper first describes the results obtained in the Zewalil
experimentally is extremely fast: the buildup of the species with experiments, then describes the computational studies of the

mass 94 amu occurs with thg rise O.f the laser pulsez while the C7Hi0 excited- and ground-state surfaces, and finally provides
species with mass 66 amu builds up in about 30 fs. This suggest comparison with the femtosecond experiments

that there must be a mechanism whereby extremely efficient
decay takes place from the excited-state to the ground-stategyperimental Details

surface. This, in turn, implies the presence of a conical

intersection, such as the one recently reported by Robb and co- The experiments at Caltech involved preparation of the excited-state
workers in the photocycloaddition of ethene to benZ8iecay species by two-photon absorption from a 310-nm femtosecond laser

. . pulse. This delivers 184 kcal/mol (8.0 eV) of energy, well above the
Lhor;)rgglrllysggzu?sf?/vaitt%ﬁ 'Z I;?r?g\]/\llg tzbEaetigr):gleepde;?igg ]:?fs'[thaend energy of both the lowest singlet excited valence®) and the Rydberg

. . . . states of norbornene, which have experimental energies of 146 and
moleculel! As we will describe later, these crossing points also 137 kcal/mol, respectivel:

play a fundamental role in the photochemistry of norbornene.  The femtosecond transients were obtained by mass gating the time-
The species with a lifetime of 220 fs and the mass of of-flight mass spectrometer and sweeping the time delay. The mass
cyclopentadiene has been identified as a vibrationally excited spectrum of norbornene obtained in the gas phase after the laser pulse
cyclopentadiene, although it is also conceivably a Rydberg stateshows only two peaks, as mentioned above: one at mass 94 amu, which
of cyclopentadiene. Two distinct 3p Rydberg states of cyclo- is the mass of norbornene, and a second at mass 66 amu, which is the
pentadiene have been identified experimentally in the 195-nm Mass of cyclopentadiene. These observations are consistent with retro
region, with lifetimes greater than 130%&. Diels—Alder products found in thermal,photochemicat® and shock

9 .
The 3s Rydberg state of norbornene is known to lie lower jn Wave®studies. . .
energy than the valencer* statel®14 However, this state is The 94-amu signal intensity rises with the response function of the

. . . . laser pulse and decays exponentially back to its original intensity level
generally believed to give rise to carbene products, leading to iy, a4 decay timez, of 160+ 15 fs. On the other hand, the signal

1,2 H-shifts or 1,2 C-shifts, and not to retro Dielslder from the 66-amu fragment rises very rapidly and decays exponentially
products:® Rearrangements from thgr*) state of norbornenes  pack to near the original intensity level. Fitting this to a rise and decay
are known for 2-cyanonorborneftg@and 2-trifluoromethyl-2- biexponential function gave a rise timewnf= 30 + 5 fs and a decay

norbornené®® In both of these, thé(zz*) state lies below the  time of 7 = 220+ 20 fs. When the energy in norbornene was varied
Rydberg {,3s) state. On direct irradiation of 2-cyanonorbornene, to 137 kcal/mol, the values = 175, 7, = 40, andr, = 200 fs were

obtained.
B 88) ;(?3 Cgrzzren”tgég‘]ggpémi ﬁhg?g' 6;50¢996 118 10329. (b) Carpenter, The femtosecond results indicate that, on this time scale, there exists
'(é) Wc;odward, R. B. Hoh"mann,. RThe Conseration of Orbital an excited product with ‘mass 66_ amu, corre_spondlng_ to th_e rapid
SymmetryVerlag Chemie: Weinheim, 1970. cleavage of two bonds. It is also evident that an intermediate with mass
(10) Clifford, S.; Bearpark, M. J.; Bernardi, F.; Olivucci, M.; Robb, M. 94 amu is formed which disappears in 160 fs. The magnitudes of the
A.; Smith, B. R.J. Am. Chem. S0d.996 118 7353. lifetimes of these species are reminiscent of those observed for
(11) (a) Zimmerman, H. El. Am. Chem. Sod966 88, 1566. (b) Michl,
J.J. Mol. Photochem1972 243. (c) Teller, Elsr. J. Chem1969 7, 227. (16) Grimme, S.; Woeller, M.; Peyerimhoff, S. D.; Danovich, D.; Shaik,
(12) McDiarmid, R.; Sabljic, AJ. Phys. Chem1991, 95, 6455. S. Chem. Phys. Lett1998 287, 601.
(13) (a) Srinivasan, R.; Brown, K. H. Am. Chem. So&978§ 100, 4602. (17) (a) Herndon, W. C.; Cooper, W. B.; Chambers, Ml.LZhem. Phys.
(b) Inoue, Y.; Mukai, T.; Hakushi, TChem. Lett1982 1045. 1964 68, 2016. (b) Roquitte, B. CJ. Phys. Chem1965 69, 1351. (c)
(14) Stokes, S.; Pickett, L. W.. Chem. Phys1955 23, 258. (b) Wen, Salazar, J.; Marquez, M.; Barriola, Acta Cient. Venez1987, 38, 505.
A. T.; Hitchcock, A. P.; Werstiuk, N. H.; Nguyen, N.; Leigh, W.Qan. J. (d) Woods, W. GJ. Org. Chem1958 23, 110. (e) Birely, J. H.; Chesick,
Chem.199Q 68, 1967. J. P.J. Phys. Cheml962 66, 568.
(15) (a) Akhtar, 1. A.; McCullough, J. J.; Vaitekunas,Gan. J. Chem. (18) Roquitte, B. CJ. Phys. Cheml965 69, 2475.
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trimethylene €120 fs)2° tetramethylene (700 €9, and acetyl inter- Scheme 1
mediates (500750 fs at 307 nm; 186280 fs at 280 nmj* 7\ -

Computational Methods - L @

All energies were computed using CASSCF theory and the 6-31G*
basis set in GAUSSIAN 92 An active space comprising eight
electrons in eight orbitalst#{ 77*, o, o* in the C2=C3 bond and the, - *
o* orbitals in the C1-C6 and C4-C5 bonds that are broken) was used <_

for the reaction paths involving initial G1C6 bond cleavage (retro / \ anti f \

Diels—Alder, [1,3]-sigmatropic shift to forn2, and [1,2]-sigmatropic

shift to form4a). A smaller active space of six electrons in six orbitals N —~1* f__
was used for the reaction paths involving initial-©87 bond cleavage. + —% ) - [€ } —_ . @
This included ther, 7%, 0, ando* orbitals in the C2=C3 bond and = | gauche-in
the o ando* orbitals in the C4-C7 bond. In both cases, the €23 t
o ando* orbitals were included because of the proximity of ter*) \
and!(or*) states in the region of the reactant. <’— ¥ &

The conical intersection structures were located using the algorithm ' — jv

/ gauche-out| (

in GAUSSIAN 94 which optimizes the lowest energy point oman

2 crossing seamn(is the number of degrees of freedom in the

molecule), where two surfaces are degenefafithe remaining two Scheme 2
coordinates are a linear combination of the gradient difference vector,

8(E, — Ey) N <
aq . .
£ 336 e
and the derivative coupling (or nonadiabatic coupling) vector, —_— 1200
ElP 8‘I’1D ( W/
0| aq N\
9q &+ 24.8

which are obtained during the optimization procedure, whgrefers

to the nuclear coordinate&;, refers to the energy of theth state, and

W, is the corresponding wave function. The first of these defines the
direction in which the difference between the gradients of the two
surfaces is largest, while the second couples the electronic and
vibrational motions of the two states, which is necessary as the-Born
Oppenheimer approximation does not hold in such regions.

The ( — 2)-dimensional conical intersection hyperline is infinitely
long, but normally it is assumed that most of the molecules decay in
the region around the lowest energy point on this hyperline. At such a an initial guess for the Hessian generated using the redundant coordinate
point, the gradients are zero along all coordinates except the gradientcode. Frequencies proved too expensive to compute with the (8,8) active
difference and derivative coupling vectors, such that a molecule starting space and were, therefore, computed in a reduced active space of four
from this point with zero momentum would follow reaction paths electrons in four orbitals to check the nature of the critical point located.
defined by these vectors. It is, therefore, normally assumed that mostCASPT2N energies were computed using the method of Roos&t al.
of the molecules decaying through the conical intersection will follow  as implemented in MOLCAS
these vectors on the lower energy surface after decay, unless there is
a large amount of momentum in a direction orthogonal to tA&#m.

The product distribution depends on the reaction paths taken, which
in turn will depend on the direction which the molecule approaches  Ground-State Surface.We first describe the CASSCF/6-
the conical intersection (see ref 10). It is possible to predict product 59 g* ground-state surface topology and compare it with the
Qistrib_ut'ions usir!g'molecular d_ynamics, but without dynamics calcula- results we previously obtained at the UB3LYP/6-31G* level
tions 't. IS very d'ﬁ'Cl.JIt o pred'Ct.a favqred pathway. o The geometries obtained at the CASSCF/6-31G* level are

_Conlcal intersections a_md nelghbp_rlng structures were 9pt|m|z¢_ed shown in Figures +13, and the energies obtained using both
using state-averaged orbitals. Transition states were optimized usmgmethods are given in Tables. The UB3LYP results for the

Results and Discussion

(20) Pederson, S.; Herek, J. L.; Zewail, A. Stiencel 994 266, 1359. ground state provide better agreement with experiment than the
47521) Kim, S. K.; Pedersen, S.; Zewail, A. B. Chem. Phys1995 103 CASSCEF results, which are known to lack some dynamic

(22) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; correlation and have a tendency to favor biradical species.
Johnson, B. G.: Robb, M. A.: Cheeseman, J. R.; Keith, T. A.: Petersson, Therefore, in the following discussion of the ground-state
G. A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A;; Zakrzewski, ~ surface, the energies given are those obtained at the UB3LYP

V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.; ;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.; level Vr\]/here known, followed by the CASSCF values in
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.; Parentheses.

Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-

Gordon, M.; Gonzalez, C.; Pople, J. MAUSSIAN 94 (Résion B2) (24) Andersson, K.; Malmgqvist, P.-A.; Roos, B. .Chem. Physl992
Gaussian, Inc.: Pittsburgh, PA, 1995. 96, 1218.
(23) (a) Bearpark, M. J.; Robb, M. A.; Schlegel, H.@em. Phys. Lett. (25) Andersson, K.; Blomberg, M. R. A.;"Becher, M. P.; Kello V.;

1994 223 269. (b) Olivucci, M.; Bernardi, F.; Celani, P.; Ragazos, |.; Robb, Lindh, R.; Malmqvist, P.-A.; Noga, J.; Olson, J.; Roos, B. O.; Sadlej, A.
M. A. J. Am. Chem. So&994 116, 1077. (c) Klessinger, MAngew. Chem., J.; Siegbahn, P. E. M.; Urban, M.; Widmark, P.{@OLCAS ¢ersion 2.0)
Int. Ed. Engl.1995 34, 549. University of Lund, Sweden, 1991.
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Table 1. Energies along the Retro Diel#\lder Reaction Pathways
at the UB3LYP/6-31G* and CASSCF(8,8)/6-31G* Levels

@ ﬁ.587%'>%ﬁ

Erel (kcal/molp

Q7 R
1514 :
D) \@ﬁ- e

)

5
4

aEnergy relative to norbornen@Energy includes ZPE correction.

1.538 structure UB3LYP/6-31G* CAS(8,8)/6-31G*
1.553p-@-q 1.361

1.551 norbornenel) 0.0 0.0
@//\5)\ | ﬁ) 1.340\ 1543 concerted TS§) 40.8 51.3
A Y o e ) anti TS1 6) 53.2 58.4
i 1535 @1.530 anti biradical 7) 48.1 52.9
Qg DHecRCaHe=er = antiTS2 @) 52.8 58.9
gauche-oufrS1 Q) 53.0 58.2
1 2 gauche-oubiradical (LO) 48.3 53.0
gauche-oufrS2 (11) 53.5 60.3
i) D(C6-C5-C4-C2)=9° gauche-inbiradical (L2) - 54.C

@@ inflection point

1.495 1.554 ethylene+ cyclopentadiene 18.4 12.9
o (4
1.50

1.491 p

Q

3a

AN o~ .
1.537 142 m—si ) 1}5%{% ﬁ
Q{%@ 1.544 \@
\

@)

4a

Figure 1. CASSCF/6-31G*-optimized geometries of norborndne
bicyclo[3.2.0]hept-2-en&, bicyclo[4.1.0]hept-2-en8a, and tricyclo-
[3.2.1.G"heptaneda.

(i) Retro Diels—Alder Pathway of Norbornene To Form
Cyclopentadiene and EthyleneThe UB3LYP/6-31G* com-
puted ground-state surface of the parent Didi&ler reaction
of ethylene ands-cis-butadiene was examined earlier by
Goldstein, Beno, and How¥. Both concerted and stepwise
pathways of the type shown in Scheme 1 were computed. A
sketch of the reaction profile obtained, showing the energies of
stationary points, is given in Scheme 2. The concerted path is
the lowest in energy by 9 kcal/mol and corresponds to the
synchronous formation of the two new bonds. The lowest energy
stepwise path proceeds through amti transition state to an
anti biradical intermediate. Closure to cyclohexene involves
predominantly torsion about the first bond formed. However, a
transition state for this process could not be located since the
surface is so flat with respect to this motion. An alternative
stepwise path proceeds througbaaiche-outransition structure,
which lies 2 kcal/mol higher in energy than the corresponding
anti structure. The third possible biradical conformer would be
thegauche-irbiradical; however, this species is unstable to@
bond formation and could not be located. Ring-closure from
the gauche-outbiradical is expected to proceed through this
nonstationarygauche-in species. CASSCF studies of this
reaction gave qualitatively similar resufts.

The energies of the critical points located along the ground-
state reaction path for the retro Dielalder reaction of
norbornenel (Figure 1) to form cyclopentadiene and ethylene
using UB3LYP/6-31G* and CASSCF/6-31G* are given in Table
1. At both levels of theory, the reaction profile for the retro
Diels—Alder reaction of norbornene is similar to that of the
parent reaction (see Scheme 3). The barrier for the concerte
reaction via the concerted transition staté~igure 2) is 40.8
kcal/mol (51.3 kcal/mol), compared to 42.5 kcal/mol experi-
mentally. The reaction is of the synchronous “aromatic” type,
with breaking C-C bond lengths of 2.22 A and partial double
bond lengths of 1.401.42 A.

Along the lowest energy stepwise path, a transition sbate
between norbornene and anti biradical7 were located (Figure

(26) Goldstein, C.; Beno, B.; Houk, K. N. Am. Chem. So4996 118,
6036.

¢ Forces converged, but displacements not converged.

D(C6-C5-C4-C1)=0°

2223
1.407

Nt 13
1.401I 1‘418| @—@
o

1

Q

s

Figure 2. CASSCF/6-31G*-optimized geometry of the concerted
Diels—Alder transition staté.

Scheme 3

48.1
(52.9)

3). This transition state lies 12.4 kcal/mol (7.1 kcal/mol) above
the concerted transition state and involves mainly torsion about
the C4-C5 bond. Theanti biradical lies 5.1 kcal/mol (5.5 kcal/
mol) lower in energy and has a barrier to fragmentation8via
of 4.7 kcal/mol (6.0 kcal/mol). Thgauche-oustepwise pathway

OJies 0.3 kcal/mol (1.4 kcal/mol) above tlaati stepwise pathway.

Stationary points along this path (Figure 4) include the transition
state9 for forming the gauche-outbiradical, thegauche-out
biradical 10, and the fragmentation barriéd.

Both of the transition state$ @nd9) leading to the biradicals
(7 and10) correspond mainly to torsion about the-©25 bond.
There is no maximum corresponding to simply stretching the
C1-C6 bond and no stable minimum corresponding to a
gauche-inbiradical. Constrained optimizations were carried out

(27) Li, Y.; Houk, K. N.J. Am. Chem. S0d.993 115, 7478.
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Figure 3. CASSCF/6-31G*-optimized geometries of the transition state leading tarttidiradical from norborneng, the anti biradical 7, and
the transition state foanti biradical fragmentatio® along a stepwise retro DietAlder pathway.
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Figure 4. CASSCF/6-31G*-optimized geometries of the transition state leading tgabehe-outiradical from norbornen®, the gauche-out
biradical 10, and the transition state fgauche-oubiradical fragmentatioril along a stepwise retro DietAlder pathway.

Scheme 4
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Figure 5. CASSCF/6-31G*-optimized geometry of the metastable
gauche-inbiradical 12 (displacements not converged).

transition state lies considerably lower in energy. Gaeche-

in speciesl? is essentially a distorted form of the concerted
transition state, in the same vibrational energy basin on the
potential surface.

(ii) [1,3]-Sigmatropic Shift of Norbornene To Form
Bicyclo[3.2.0]hept-2-ene Norbornene can undergo a second
ground-state rearrangement to form bicyclo[3.2.0]hept-2-ene,
2 (Figure 1), although the reaction is energetically favored in

where the C+C6 bond was kept fixed and all other parameters the reverse direction. This is formally a [1,3]-sigmatropic shift,
were optimized. This search (Scheme 4) clearly indicates thatinvolving cleavage of the CiC6 bond, accompanied by

there is no distinct minimum corresponding to a stajadache-

formation of the C3-C6 bond. Reaction paths leading from

in biradical species nor a transition state corresponding to bicyclo[3.2.0]hept-2-ene to norbornene corresponding to both

cleavage of the C1C6 bond, unless torsion, as in thati or
gauche-outransition states, occurs. The best struct@ that

inversion and retention of stereochemistry at C6 have been
identified. Scheme 5 shows all possible reaction paths connect-

could be optimized in this region (the forces are converged but ing bicyclo[3.2.0]heptene to norbornene, where Newman pro-
the displacements are not) is shown in Figure 5. This structure jections down the C5C6 bond are used to illustrate the various

has a small amount of rotation about the-€25 bond (21),

conformations of the critical points along these paths. Geom-

as well as pyramidalization of the radical center at C6, such etries along these reaction paths have also been optimized at
that bonding to C1, C2, or C3 is minimized. This maximizes the UB3LYP level and in Table 2 these results are compared

coupling with C4-C5, and no fragmentation barrier for cleaving
the second bond in this species could be found. All attempts to

to the results obtained at the CASSCF level.
Bicyclo[3.2.0]hept-2-ene lies 5.4 kcal/mol (9.5 kcal/mol)

find the transition state for cleavage led to the concerted higher in energy than norbornene. Near the geometrg, af
transition state, as the geometries are similar and the concertedransition statel3 (Figure 6), corresponding to €36 bond
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Table 2. Energies along the [1,3]-Sigmatropic Shift Pathway at the
UB3LYP/6-31G* and CASSCF(8,8)/6-31G* Levels

Erel (kcal/molp

structure UB3LYP/6-31G* CAS(8,8)/6-31G*

norborneneX) 0.0 0.0

bicyclo[3.2.0]hept-2-ene2j 5.4 9.5

closure TS to forn® (13) 50.5 54.0

gauche-inbiradical (twisted 48.3 53.6
120 clockwise) (4)

anti biradical (twisted 129 - 53.1
clockwise) (L5)

gauche-oubiradical (twisted - 53.4
120 clockwise) (L6)

gauche-inbiradical (twisted - 53.1
120 anticlockwise) 17)

anti biradical (twisted 120 - 53.4
anticlockwise) 18)

gauche-oubiradical (twisted - 53.2
120 anticlockwise) 19)

TS for CH; rotation from14 - 54.0'
to 12 (20)

TS for CH, rotation from17 - 547
to 12(21)

TS for CH; rotation from14 - 54.8
to 1 (22)

TS for CH; inversion from14 49.2 54.5
to 11 (23)

TS for CH; inversion from17 - 53.§
to 12 (24)

TS for CH; inversion from14 - 53.7
to 17 (25)

aEnergy relative to norbornenEnergy includes ZPE correction.
¢ Forces converged, but displacements not converg¥¢dlue taken
from constrained optimization.

breakage was located 45.1 kcal/mol (44.5 kcal/mol) above the
product. Intrinsic reaction coordinate calculations from this
transition state at the UB3LYP level led to bicyclo[3.2.0]hept-
2-ene in one direction and to a very flat region corresponding
to a twisted biradical in the other. No twisted biradical
intermediate minimum could be fully optimized on the flat
surface at the UB3LYP level in this region; the best point
optimized was 2.2 kcal/mol below the transition state. At the

17

CASSCF/6-31G* level, we were able to optimize thesuche-

in intermediatel4, where the methylene is twisted by 20
clockwise, relative to structurE2. This structure lies very close
to transition statd 3 for formation (or cleavage) of the CX6
bond; structurel4 is only 0.4 kcal/mol lower in energy than
13. The biradicall4 can undergo torsion around the €85
bond to form the similarly twistednti andgauche-oubiradi-
cals, 15 and 16 (Figure 7). Both of these are higher energy
conformers of biradical and 10, respectively.

A second twistedgauche-in biradical, 17, with a 120
anticlockwise methylene twist relative to struct@ was also
investigated at the CASSCF level (Figure 8). As with structure

D(C6-C5-C4-C1)=35°

D(HA-C6-C5-C4)=153°
D(HB-C6-C5-C4)=-55°

567
1. 51/}} 1.558 5

1516 @ 1505

1.385 2 699

1.417

D(C6-C5-C4-C1)=27°
D(HA-C6-C5-C4)=173°
D(HB-C6-C5-C4)=-32°

14

Figure 6. CASSCF/6-31G*-optimized geometries of the transition state
leading to bicyclo[3.2.0]hept-2-en&3 and the twistedgauche-in
biradical (methylene twisted by 12@lockwise)14.
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D(C6-C5-C4-C1)=-105°
D(HA-C6-C5-C4)=159°
D(HB-C8-C5-C4)=-44°
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D(C6-C5-C4-C1)=139°
D(HA-C6-C5-C4)=150°
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Figure 7. CASSCF/6-31G*-optimized geometries of the twistedi
biradical (methylene twisted by 12@lockwise)15 and the twisted
gauche-oubiradical (methylene twisted by 12@lockwise)16.
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12, this species is unstable with respect to closure to norbornene
and could not be fully optimized (the forces converged, but the

Wilsey et al.

the second involves initial methylene inversion through transi-
tion state25to form the biradicall7, followed by a barrierless
methylene torsion to form norbornene. A [1,3]-sigmatropic shift
reaction path with retention of stereochemistry can involve either
a methylene torsion through transition st& or inversion
through transition stat@3 to form 12, which closes with no
barrier to norbornene. These two pathways are indicated by
dotted arrows and labeledin Scheme 5.

Although these six transition states are formally possible, in
practice the surfaces are so flat in this region that only two
transition states could be fully optimized. These correspond to
the two methylene inversion transition sta&sand23 (Figure
10). The three transition states corresponding to methylene
torsions R0, 21, and22) were partially optimized by constrain-
ing the HA—C6—C5—HB torsional angles to be-160°. On
relaxing the constraints, transition st2@led to transition state
25, while both21 and22 led to transition stat23. The energies
of 25 and 23 are 53.7 and 54.5 kcal/mol, respectively, which
makes transition staté3 the barrier for the reaction with
inversion of stereochemistry and transition st28ehe barrier
for the reaction with retention of stereochemistry. Transition
state23 was also located at the UB3LYP level and found to lie
49.2 kcal/mol above norbornene, 1.3 kcal/mol below transition
state13. The third inversion transition stat24, could not be
fully optimized (the maximum displacements did not converge).
The best structure optimized in this region is shown in Figure
10.

In Carpenter’'s dynamics studies, a clockwise methylene

displacements did not converge). A series of constrained rotation led directly to bicyclo[3.2.0]hept-2-ene, whereas an
optimizations showed that there is no barrier for closure of this @nticlockwise rotation led to a more stabénti biradical

species to norbornene. Rotation about the-C5% bond would
give the stablanti andgauche-oubiradicals,18 and19, where
the methylene groups are similarly twisted by 12Mticlock-
wise.

The three conformers of thgauche-inbiradical speciesl@,
14, and17) are connected by six possible transition structures,
as shown in Scheme 5. Three of the transition structu2@s (
21, and22) correspond to methylene torsions with respect to
C5 and C6 maintaining CHpyramidalization (Figure 9). The
other three 23, 24, and25) correspond to methylene inversions
(Figure 10); these involve motion of one CH bond while the
other remains essentially stationary. A [1,3]-sigmatropic shift
reaction path with inversion of stereochemistry must involve
both a 180 methylene rotation and a methylene inversion. In
Scheme 5, two possible pathways (labelettading from the
twisted biradical 14 to norbornene are marked with bold
arrows: the first involves a methylene torsion through transition
state 20 to form the metastable biradicdl2, followed by

barrierless inversion of the methylene group to form norbornene;

D(C6-C5-C4-C1)=26°
D(HA-C6-C5-C4)=53°
D(HB-C6-C5-Ca)=-147°

D(C6-C5-C4-C1)=-108°
D(HA-C8-C5-C4)=-164°
D(HB-C6-C5-C4)=40°

17 18

(corresponding to structur8).® He explained the preference
for stereochemical inversion of labeled substrates in terms of
inertial dynamic effects which cause motions in a direction
dictated by bond-breaking motions. While dynamics are un-
doubtedly needed to understand fully the rates of competing
processes, we find that the shape of the potential surface, in
particular the barriers leading from the twisteduche-in
biradical14to norbornene, are in accord with the experimentally
observed stereochemistry of the products. At both levels of
theory, the barrier for inversion frorh4 is negligible, while

the barrier for retention is about 1 kcal/mol, consistent with the
small preference found experimentally for inversion.

(i) [1,2]-Sigmatropic Shift of Norbornene To Form
Tricyclo[3.2.1.0®>"lheptane. Norbornene can undergo a third
rearrangement, a [1,2]-sigmatropic shift, leading to tricyclo-
[3.2.1.0:lheptaneda (Figure 1), which lies 17.9 kcal/mol (28.5
kcal/mol) above norbornene (see Table 3). The reaction is
formally a [;2 + ,2] pericyclic rearrangement, which has been
studied extensively by Zimmerman and others, both experi-

D(C6-C5-C4-C1)=146°
D(HA-C8-C5-C4)=-159°
D(HB-C6-C5-C4)=45°

1.566

7 n 557
4 -

7=

19

1.509
@‘T

1.399

1.500
__HA

HB

Figure 8. CASSCF/6-31G*-optimized geometries of the metastable twiggethe-inbiradical (methylene twisted by 12@nticlockwise)17
(displacements not converged), the twistedi biradical (methylene twisted by 12@nticlockwise)18, and the twistegauche-oubiradical (methylene

twisted by 120 anticlockwise)19.
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D(C6-C5-C4-C1)=18°
D(HA-C6-C5-C4)=-143°
D(HB-C6-C5-Ca)=17°
D(HA-C6-C5-HA)=-160°

D(C6-C5-C4-C1)=26°
D(HA-C6-C5-Cd)=-33°
D(HB-CB-C5-C4)=127°
D(HA-C8-C5-HB)=-160°

20

1.558
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D(C6-C5-Ca-C1)=27°
D(HA-C6-C5-C4)=104°
D(HB-C6-C5-C4)=96°
D(HA-C8-C5-HB)=-160°

1.567

22

Figure 9. CASSCF/6-31G*-optimized geometries of the transition state for forming the twisted biradical (methylene twisted bijodR@ise)
from norbornene20 (HA—C6—C5—HB torsion constrained), the transition state for forming the twisted biradical (methylene twisted by 120
anticlockwise) from norbornen2l (HA—C6—C5—HB torsion constrained), and the transition state between the two twgsieche-inbiradicals

22 (HA—C6—C5—HB torsion constrained).

D(C6-C5-C4-C1)=29°

D(HA-C6-C5-C4)=-61°
D(HB-C6-C5-C4)=116°
D(HA-C6-C5-HB)=177°

D{C6-C5-C4-C1)=17°
D(HA-C6-C5-C4)=-121°
D(HB-C6-C5-C4)=56°

D(HA-C6-C5-HB)=-177°
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D(C6-C5-C4-C1)=22°

D(HA-C6-C5-C4)=0°

D(HB-C6-C5-C4)=-172°

D(HA-C6-C5-HB)=-171°
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Figure 10. CASSCF/6-31G*-optimized geometries of the transition state fos iBtersion from thegauche-inbiradical to the twistedjauche-in
biradical (methylene twisted by 12@lockwise)23, the transition state for CHnversion from thegauche-inbiradical to the twistedjauche-in
biradical (methylene twisted by 12@nticlockwise)24, and the transition state for Ghhversion from the twistedauche-inbiradical (methylene
twisted by 120 clockwise) to the twistedjauche-inbiradical (methylene twisted by 12@nticlockwise)25.

Table 3. Energies along the [1,2]-Sigmatropic Shift Pathway at the
UB3LYP/6-31G* and CASSCF(8,8)/6-31G* Levels

Erel (kcal/molp

structure UB3LYP/6-31G* CAS(8,8)/6-31G*

norborneneX) 0.0 0.0
tricyclo[3.2.G"lheptane 4a) 17.9 28.5
TS for C2-C6 bond formation 79.8 94.3

(26)
metastable 1,3-biradical with - 67.C

H's up 27)
metastable 1,3-biradical with - 59.6

H’s down @28)

2 Energy relative to norborneneEnergy includes ZPE correction.
¢Value taken from constrained optimization.

mentally and theoreticall32 The reaction path is much higher
in energy than either the retro Dielélder reaction or the [1,3]-
sigmatropic shift, and therefore the [1,2]-sigmatropic shift is
unlikely to occur from the ground-state surface. However, as
shown in the next section, it can be accessed from the excited

to lie some 79.8 kcal/mol (94.3 kcal/mol) above norbornene.
The 1,3-biradical formed is unstable with respect to-CB
bond formation and closes to forda with no barrier.

A series of constrained optimizations (constraining the-C1
C3 distance to be between 1.6 and 2.4 A) indicated that two
different conformations exist for the 1,3-biradical (see Scheme
6). The opening of the cyclopropane ringdais almost a pure
C—C stretch, such that early in bond-breaking the two radical
centers point toward each other. However, at-CB distances
greater than 1.9 A, this is not the lowest energy conformation,
and the radical centers invert. At 2.4 and 2.3 A, both conformers
were located; structure®7 and 28 are the two conformers
obtained at 2.3 A. The energy computed at several points
betweer27 and28 showed that there is no barrier between the
two conformations once the €Z6 bond has formed, and ring-
closure to formda will occur very rapidly.

(iv) Cleavage of the C4-C7 (or C1-C7) Bond and [1,3]-
Sigmatropic Shift To Form Bicyclo[4.1.0]hept-2-ene.The

-fourth isomer of norbornene considered was bicyclo[4.1.0]hept-

state surface, and we summarize the important features of the2-ene,3a, the product of a [1,3]-sigmatropic shift involving

pathway here.
The [1,2]-sigmatropic shift of norbornene to fodainvolves
cleavage of the C2C6 bond, followed by formation of a bond

between C2 and C6. As described in section (i), there is no

transition state for simply stretching the €C6 bond. Instead,

initial cleavage of the C4C7 bond. This type of species is
formed both on direct photolysis of 2-cyanonorbornene and on
solution photolysis of 2-trifluoromethylnorbornene.

A transition state?9 (Figure 12) for cleaving the methylene
bridge (C4-C7 bond) in norbornene was located with a long

the reaction path is expected to proceed through the metastablgyreaking C4-C7 bond length (2.83 A). This transition state lies

gauche-inbiradical, 12. A transition state26 (Figure 11) for
formation of the C2-C6 bond froml2was optimized and found

(28) Zimmerman, H. E.; Armestor, BChem. Re. 1996 96, 3065 and
references therein.

54.6 kcal/mol (Table 4) above norbornene and is energetically
very similar to the transition statk3 for the [1,3]-sigmatropic
shift leading to2. IRC calculations from transition sta®® led

to norbornene in one direction and to an extremely flat biradical
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Figure 11. CASSCF/6-31G*-optimized geometries of the transition state leading to tricyclo[33Heptane26, the metastable 1,3-biradical
with H’s flipped up27 (C1—-C3 bond length constrained), and the metastable 1,3-biradical with H’s flipped2B&{(@1—C3 bond length constrained).

Scheme 6 D(HA-C7-C1-C2)=175°
D(HB-C7-C1-C2)=24°
D(HA-C7-C1-HB)=150°
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region in the other direction. A stable biradical could not be

optimized because the force constant corresponding to methylene 30

torsion is so small. The only critical point that could be

optimized in this region was transition st&88, which corre- DB Cr coroe 153

sponds to a methylene rotation and is the transition state for D(HA-CT-C1-HB)=147° \ HA

inversion of stereochemistry at C7. No stable biradical minimum

could be optimized in this regior®0 is expected to close with O 157N \2'\500

no barrier to form the [1,3]-shift produ@a. J ,1.528@/@
Constrained optimizations starting froBa indicate that, as 1.535 % 1423

the C2-C7 bond length increases, the H's on C7 become @

eclipsed with the substituents on C1, such that the methylene @?@ﬁm

group has to invert or rotate. This is the same effect that is
observed on cleaving the €C6 bond in norbornene. From
3a, the inversion pathway is the lowest energy pathway for 31
cleaving the C2C7 bond; structure3l was obtained at a  Figure 12. CASSCF/6-31G*-optimized geometries of the transition
constrained C2C7 bond length of 2.5 A with the methylene  state for cleaving the methylene brid@s, the transition state for
group inverted. This reaction path is analogous to the one shownmethylene torsion leading to inversion of stereochemistry aBG7
in Scheme 4. Neither rotation clockwise nor anticlockwise gave and a metastable biradical leading to bicyclo[4.1.0]hept-23dr{€2—-
rise to stable biradicals. C7 bond length constrained).

The [1,3]-shift of bicyclo[4.1.0]hept-2-ene is directly analo-
gous to those of bicyclo[3.2.0]hept-2-ene and vinylcyclopro- methylene rotations which favor inversion of stereochemistry
pane? In each case, cleaving the first bond leads to a metastableat the migrating carbon. It should also be noted that, in the
biradical region, where stereochemistry is controlled by internal transition statesl3 and 29 and the vinylcyclopropanesi

(29) Houk, K. N.; Nendel, M.; Wiest, O.; Storer, J. . Am. Chem.  transition state, there is already considerable rotation of the
S0c.1997 119, 10545. methylene group, which favors inversion of stereochemistry.
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Table 4. Energies of the Critical Points Located along the
Pathway Corresponding to €4£€7 Bond Cleavage at the
CASSCF(6,6)/6-31G* Level

Erel (kcal/mol)2

structure state CAS(6,6)/6-31G*
norbornenel) S 0.0
bicyclo[4.1.0]hept-2-ene3@) S 9.6
tricyclo[3.2.G*lheptane 4a) S 27.6
TS for cleaving methylene bridge9) S 54.6
TS for inversion of stereochemistrg@) S 48.7
biradical leading to closure &a (31) S 44.2
TS for interconversion a8awith 4a(32) S 92.1
1,3-biradical with H's up 83) S 82.5
TS for 1,3-biradical closure3d) S 84.2
1,3-biradical with H's downg5) S 74.00

2Energy relative to norbornenValue taken from constrained

optimization.
%7 0
%1_537 ‘jt:l{ 1.607
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Figure 13. CASSCF/6-31G*-optimized geometries of the transition
state for interconversion of tricyclo[3.2.2:{heptane with bicyclo[4.1.0]-
hept-2-ene32, the 1,3-biradical with H’s flipped u@3, the transition
state for closure of 1,3-biradic&4, and the metastable 1,3-biradical
with H’s flipped down35 (C2—C4 bond length constrained).

(v) Bicyclo[4.1.0]hept-2-ene to Tricyclo[3.2.1.9heptane
Reaction Path.Finally we describe the ground-state reaction
path for the interconversion of bicyclo[4.1.0]hept-2-e3&,with
tricyclo[3.2.1.G:"lheptaneda, another formal J2 + ,2] process.
As with the [1,2]-sigmatropic shift of norbornene involving
cleavage of the C2C6 bond, this process is strongly disfavored.
Structure32 is the transition state for the [1,2]-shift of bicyclo-
[4.1.0]hept-2-ene3da (Figure 13), and lies 92.1 kcal/mol above
norbornene (Table 4); IRC calculations from this transition state
led to 3a in one direction and to the 1,3-biradicaB in the
other. This 1,3-biradical is analogous to structevewhere the
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Table 5. Energies of Critical Points Located along tHax*)
Retro Diels-Alder Reaction Paths at the CAS(8,8)/6-31G* Level

Eel(kcal/mol)2
structure state CAS(8,8)/6-31G*

norborneneX) S 0.0
Ywa*) 205.%

Yon*) 241.3

Y(zr*) cyclopentadiener ethylene Ym*) 138.%
Si/S conical intersection3p) Ym*) 104.7
104.7

second-order saddle poirgq) Ym*) 188.1
SOSP for cleaving C2C6 bond 89) Y ™) 193.%
TS leading to anti biradicallQ) Ym*) 135.3
anti biradical @1) Ymm*) 1255
TS leading tagauche-oubiradical 42) (ww*) 135.8
gauche-oubiradical @3) Ym*) 1255
gauche-inbiradical @4) Ym*) 126.4
TS betweert4 and conical Ymm*) 126.9

intersectiorB6 (45)

TS betweertl and44 (46) Ymm*) 131.0
TS betweert3 and44 (47) Ym*) 130.2

2 Energy relative to norbornen&This energy is corrected to 163.7
kcal/mol using CASPT2N calculationsConstrained to haveCs,
symmetry.¢ Forces converged, but displacements not converged.

Table 6. Energies of the Critical Points Located along the
Excited-State Pathway Corresponding to<@2¥ Bond Cleavage at
the CASSCF(6,6)/6-31G* Level

Erel (kcal/molp

structure state CAS(6,6)/6-31G*

norborneneX) S 0.0
Ym*) 205.7

Si/S conical intersection37) Ywm*) 113.1
S 113.1

second-order saddle poirg8) Ym*) 188.2
SOSP for cleaving methylene  (zz*) 191.4

bridge @8)

Si/S, conical intersection49) Ym*) 114.2
114.2

a Energy relative to norbornen&Single point at CAS(4,4)/6-31G*-
optimized geometry.

H’s flipped down. Structure85 was optimized with the C%
C3 distance constrained to be 2.5 A.

Excited-State Surfaceln this section we describe the nature
of the critical points located on tA¢rr*) surface of norbornene.
The structures optimized at the CASSCF/6-31G* level are
shown in Figures 1418, with the corresponding energies in
Tables 5 and 6. The focal points of the potential energy surface
are the two conical intersection3¢ and 37 (Figure 14), that
efficiently funnel molecules from thz*)-state to the ground-
state surface. These funnels, which are accessed via small
barriers once thé(zz*) surface is populated, also determine
the reaction path taken on the ground-state surface. In this
section, we describe possible excited-state reaction paths that
lead to these conical intersections.

The 1(zz*) surface is calculated to lie some 206 kcal/mol
above the ground-state surface at the CAS(8,8)/6-31G* opti-
mized reactant geometfly This value drops to 163.7 kcal/mol
after correction using CASPT2N calculations. The experimental
vertical excitation energy of norbornene is 146 kcal/mol (6.34
eV), well below the 184 kcal/mol (8.0 eV) available in the

H’s are facing up and the methylene centers are pointing toward Zewail experiments. Experiments at 137 kcal/mol produce

each other. However, unlik27, 33 is a stable 1,3-biradical,
and there is a small barrier (1.7 kcal/mol) corresponding to
transition state34 for ring-closure to form4a. This barrier
involves a change in the conformation of the original six-
membered ring (i.e., the GAC5—C6 unit flips up), coupled
with flipping the H’'s down. There is no stable 1,3-biradical with

similar results, even though the energy is below that of the
vertical zt* state. This is most probably due to rapid internal
conversion from the Rydberg state to the descendingstate
before the conical intersection regions.

On thel(zz*) surface, norbornene initially undergoes a-€2
C3 bond stretch. A second-order saddle point (SOSRigure
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Figure 14. CASSCF/6-31G*-optimized geometries of tt{@sr*)/S, conical intersection86 and37, with derivative coupling and gradient difference

vectors shown below.

15), was located at a GZ3 bond length of 1.55 A, 17.4 kcal/
mol below the vertical excitation energy. Further -623
stretching leads to a crossing of tax*) and (or*) surfaces.

carried out with a reduced active space of four electrons in four
orbitals, showed three negative directions of curvature. The first
imaginary frequency corresponds to ©06 bond cleavage

At the SOSP, the ethylene group is still planar, and this structure coupled with a decrease in the €23 bond. The second and
is analogous to the planar transition structure for rotation about third imaginary frequencies correspond to pyramidalization of

the C-C bond in triplet ethylene. The p orbitals of the two
carbons prefer to be orthogonal. In the casel(afr*) nor-

C3 and C2, respectively.
Once the C+C6 bond cleaves, rotation about the-G45

bornene, the geometry is constrained by the ring, and thereforebond takes place, and there is a change in the way the electrons

the ethylene carbons pyramidalize to minimize therbital

are coupled. As the C5C6 fragment rotates across the face of

overlap. The two negative directions of curvature at the SOSP the ring, the electrons on C1 and C6 decouple, and the electron

correspond to pyramidalization in a symmetric motion, retaining
Cs symmetry, either upward or downward, or to pyramidalization
in an antisymmetric motion where H8 and H9 move in opposite
directions. This was confirmed by computing the vibrational
frequencies in a reduced active space withoutdtogbitals in

the C-C bonds that are broken. The lowest positive vibrational
frequency (170 cm') at the SOSP corresponds to a-G85—
C4—C1 twist coupled with a CC2—C3—C4 torsion, and this

on C6 couples with that on C2. This has the effect of stabilizing
the excited-state surface as the two unpaired electrons are on
Cl and C3 instead of being on adjacent carbons. It also
destabilizes the ground-state surface in this arrangement as only
two electrons are coupled, instead of the preferred four. This
leads to a rapid decrease in the energy gap between the two
surfaces which eventually cross. The lowest energy point
optimized where the two surfaces cross is the conical intersection

is the motion required to access the conical intersections. It is 36 (Figure 14).

clear that there should be lower energy pyramidalized minima,
but most likely due to crossing of thzz*) state with the
(o*) states, we were unable to optimize any minima in this
region.

We also located the structures involved in the stepwise Biels
Alder addition of the excited State (2A,) of cyclopentadiene
to ethylene (Figures 16 and 17). The minimum corresponding
to the ZA state of cyclopentadiene could not be fully optimized.

Several different pathways are possible from this SOSP or Kovar and Lischka previously optimized an excitedA2

the corresponding lower energy pyramidal species: (i) a
stepwise retro DielsAlder path involving one-bond (C1C6)
cleavage; (ii) a concerted retro Dieldlder pathway involving
simultaneous two-bond (CIC6 and C4-C5) cleavage; and (iii)
a pathway involving cleavage of the €€7 bond. In this
section we will consider each of these reaction paths in turn.
(i) Excited-State Stepwise Retro-DielsAlder and Diels—
Alder Pathways. Structure39 (Figure 15) was located, although
not fully optimized (maximum displacements did not converge),
corresponding to C2C6 bond cleavage from the SOSB. A
lower energy structure for cleaving the €C6 bond could not
be optimized. However, structuB® provides an upper bound

cyclopentadiene structure witB,, symmetry using MC-SCF
calculations which lies 127 kcal/mol above the ground state of
cyclopentadiené? A frequency calculation at this geometry
indicated three imaginary frequencies corresponding to out-of-
plane motions, but they could not optimize a minimum as the
surface was so flat along these coordinates. We optimized a
similar structure which lies 138.2 kcal/mol about the ground
state of norbornene at the CASSCF(8,8)/6-31G* level.

The reaction of this excited-state cyclopentadiene with
ethylene can go through amti transition structurelO to give
an anti biradical41, or agauche-outransition structurel2 to
give a gauche-outbiradical 43 (Figure 16). Both of these

to the energy required to access the conical intersection, whichPathways have almost no barrier. The reaction proceeds in a

is only 5 kcal/mol above the SOSI8 and 12 kcal/mol below
the computed vertical excitation energy. A frequency calculation,

(30) Kova, T.; Lischka, H.J. Mol. Struct. (THEOCHEM)L994 303
71.
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Figure 15. CASSCF/6-31G*-optimized geometries of therr*)
second-order saddle point close to norborrég)ehe third-order saddle
point corresponding to C1C6 bond cleavag89, and the second-order
saddle point corresponding to E€7 bond cleavagé8 (displacements
not converged).

fashion similar to the ground-state stepwise process; however,

on the excited-state surface, tlgauche-inintermediate44

(Figure 17) corresponds to a stable structure that could be fully

optimized. This species lies close to the conical interse@®n
in geometry but some 22 kcal/mol higher in energy. The barrier
corresponding to transition structu4é separating thgauche-
in biradical from the conical intersection is only 0.5 kcal/mol.
Therefore,44 should decay to the ground-state surface very
efficiently. Barriers corresponding to the transition structures
46 and 47 connecting thegauche-inbiradical 44 to the anti
andgauche-oubiradicals were also found. All of these barriers
are low and might disappear with the inclusion of dynamic
correlation.

Therefore, both the excited-state retro Diefdder reaction
and the excited-state Dielf\lder reaction proceed through the
same conical intersectio®6, and are thus expected to give

J. Am. Chem. Soc., Vol. 121, No. 2457839
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state for forming thé(szzz*) anti biradical40, the'(zz*) anti biradical
41, the transition state for forming théz*) gauche-oubiradical42,
and thel(zr*) gauche-oubiradical 43.
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Figure 17. CASSCF/6-31G*-optimized geometries of thgrz*)
gauche-inbiradical 44, the transition state leading from tHérz*)
gauche-inbiradical to the conical intersectiofs, the Y(zz*) anti/
gauche-intransition state46, and thel(zz*) gauche-out/gauche-in
transition statet7.

examined by stretching both-€C bonds (C+C6 and C4

C5) simultaneously and constraining them to be between 1.8
and 2.4 A. The reaction profile along this symmetric bond-
breaking coordinate is shown in Scheme 7. The energies of these

similar products on the ground-state surface. However, the Points are much higher than for the analogous stepwise
distribution of products on the ground-state surface is expectedgeome'frles in accordance with expectafiomhese results

to vary according to the angle at which decay through the

indicate that the excited-state concerted pathway lies consider-

intersection occurs, and this angle may be influenced by the ably higher in energy than the stepwise pathways, with a barrier

direction from which the conical intersection is approached on
the excited staté

(ii) Excited-State Concerted Retro Diels-Alder Pathway.
The excited-state concerted retro Die/slder pathway was

of at least 30 kcal/mol leading to it. This barrier could not be
optimized but appears to occur at around 1.75 A. There were
problems with converging symmetric geometries at bond lengths
less than this.
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(iii) Excited-State Pathway for Cleaving the C4-C7 Bond.
A structure corresponding to €47 bond cleavage fror88
could not be fully optimized in a (6,6) active space. A SOSP C,—Cs [
48 corresponding to C4C7 bond cleavage was optimized in a
(4,4) active space without the €Z3 ¢ ando* orbitals (Figure
15). A single point in the large active space placed this barrier next section we will discuss how this may also affect the
3 kcal/mol above38 and 14 kcal/mol below the vertical lifetimes of species on the ground-state surface.
excitation energy. Calculation of the vibrational frequencies  Conical Intersection Regions As mentioned in the previous
showed two imaginary frequencies: the first imaginary fre- sections, the conical intersection regions are accessed after
quency corresponds to E£7 bond cleavage coupled strongly  cleavage of a single €€C bond (either C+C6 or C4-C7).
with a symmetric pyramidalization motion of C2 and C3, while = Structures36 and 37 (or 49) are geometrically very similar,
the second imaginary frequency corresponds te-C4 bond having four electrons arranged roughly in a tetrahedral array
cleavage coupled to antisymmetric pyramidalization of C2 and which can couple in three different ways (see Scheme 8). In
C3. the () state of norbornene, a coupling of the electrons on

A series of SOSPs were optimized, starting fr@& and C2 with C6 @6) or C3 with C7 @37) is preferred, as this keeps
constraining the C4C7 distance. These showed a steady the other two unpaired electrons apart, stabilizing the excited-
increase in energy up to a E€7 distance of 2.0 A, when the  state species. On the ground-state surface, the electrons can
energy reaches 203.2 kcal/mol, only 2.3 kcal/mol below the couple in three different ways, leading to norbornene (where
vertical excitation energy. At distances greater than 2.0 A, a the electrons coupled are on €6, C2-C3 in 36 and C4-
rapid drop in energy is observed with a change in the coupling C7, C2-C3in37), [1,2]-sigmatropic rearrangement proddet
of the electrons from C4C7 to C3-C7. No lower energy (C2—-C6, C1-C3in36and C3-C7, C2-C4 in 37), or [1,3]-
structure could be optimized corresponding to—<% bond sigmatropic rearrangement produ@sand 3a (C3—C6, C1—
cleavage, but this structure can be thought of as an upper boundC2 in 36 and C2-C7, C3-C4 in 37).
to the energy for this process. In fact, the surface is populated The gradient difference and derivative coupling vectors
from such a high energy in the femtosecond laser experimentsobtained at the conical intersections are also shown in Figure
that any barrier on the excited-state surface is expected to bel4. Any linear combination of these vectors causes the
irrelevant. degeneracy to be lifted, and therefore these vectors give an

As with the excited-state stepwise retro Diefdder reaction, indication of possible reaction paths available on the ground-
bond cleavage is followed by rotation over the ring to bring C3 state surface after decay.
and C7 closer together. This leads to a change in the coupling The gradient difference vector f86 corresponds to a change
of the electrons on the excited state, which simultaneously in the C2-C6 bond length, while the derivative coupling vector
stabilizes $and destabilizesSleading to the second conical corresponds to a concurrent change in the-C3 and C+C2
intersection region. Two different conical intersections were bond lengths. For structu, it is the derivative coupling that
located in this region. Structur®7 (Figure 14) is the lowest  corresponds to a change in the-837 bond length, while the
energy structure on the conical intersection hyperline, and this gradient difference corresponds to a change in the C2and
is the one we shall discuss in detail in the next section. However, C3—C4 bond lengths. Motion in either direction along each of
a third conical intersection4@) was also located on this these vectors gives rise to many different ground-state products,
hyperline, only 1 kcal/mol higher in energy. It differs in structure which we will describe briefly. A schematic representation of
from 38 mainly in the conformation of the six-membered ring the relationships between these vectors and possible reaction
(Figure 18). These results indicate that the degeneracy spangaths on the ground-state surface are shown in Schemt2.9
many different geometries with a range of H82—C3—C9 Following the gradient difference vector fro86 (Scheme
torsional angles and six-membered ring conformations. In 9) and the derivative coupling vector 87V (Scheme 10) and
practice, decay can occur at any of these geometries, and in thedecreasing the C2C6 or C3-C7 distances leads to the

36 37o0r49
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formation of the 1,3 biradicalg7 and 33, respectively. These
are the two biradicals that exist along the [1,2]-sigmatropic shift
reaction pathways. The ground-state transition state for forma-
tion of the C2-C6 bond 26) is very close in geometry to the
conical intersection geometB6, while the ground-state transi-
tion state32 for interconversion o8a and4ais very similar to

the conical intersection geomey. Both 1,3-biradical®7 and

33 are expected to have short lifetimes before closure to the
tricyclic product occurs. Biradica®7 has no barrier to ring-
closure, while biradicaB3 has a barrier of about 1.7 kcal/mol
with CASSCF. However, as mentioned in the previous section,
the conical intersectio®7 spans a range of geometries with
different H8—C2—C3—H9 torsional angles, such that decay
could occur at a geometry closer to conical intersecfi®and
arrive on the ground-state surface close to birad&ain which
case ring-closure will occur with no barrier. In the gas-phase

J. Am. Chem. Soc., Vol. 121, No. 2457899

Scheme 11

and this will also affect the lifetimes of any species on the
ground-state surface.

When the gradient difference vector 86 is followed in
the opposite direction, the GZ6 distance increases, and we
arrive in the gauche-inbiradical region12. Many different
options are available to the molecule once it is in this region of
the potential surface. Closure to norbornene will occur with
essentially no barrier. Alternatively, fragmentation could occur,
as the biradical will have much excess energy and no means to
dissipate it as the reactions are carried out in the gas phase and
occur much faster than collisions. This fragmentation will lead
to ethylene and cyclopentadiene, both of them highly vibra-
tionally excited.

When the derivative coupling vector f&7 is followed in
the opposite direction, the biradical region aro@@knd31is
reached. This will lead predominantly to the 1,3-sigmatropic
shift product,3a. The structure of the conical intersectiBid
suggests that, unlike the corresponding ground-state reaction
path, product formation will most likely occur with retention
of configuration at C7.

The derivative coupling vector i86 (Scheme 11) and the
gradient difference vector i87 (Scheme 12) correspond to
changes in the C1C2 and C2-C3 bond lengths and the €3
C4 and C2-C3 bond lengths, respectively. A decrease in the
C2—C3 bond length coupled with an increase in the-CR
bond length for36, and a decrease in the €23 bond length
coupled with an increase in the €84 bond length for37,
leads to norbornene in both cases. Alternatively, an increase in
the C2-C3 bond length coupled with a decrease in the-C1
C2 or C3-C4 bond lengths will lead to the [1,3]-sigmatropic
shift products, bicyclo[3.2.0]hept-2-en2) @nd bicyclo[4.1.0]-
hept-2-ene %a), respectively. All of these ring-closures are
expected to occur with no barriers as the<16, C3-C6, C4-

C7 and C2-C7 distances are so short at the conical intersection
structures (2.7, 2.6, 2.5, and 2.2 A respectively).

In summary, once decay through either of the conical
intersections has occurred, there are many different reaction
paths available on the ground-state surface. [1,2]-sigmatropic
shifts, [1,3]-sigmatropic shifts, and reversion back to norbornene
can all compete. In the case of conical intersec86nthere is
also the option of efficient fragmentation leading to vibrationally

experiments, the species will have a great deal of excess energyexcited cyclopentadiene. All these routes are likely to be
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Scheme 12 Scheme 13

CONICAL INTERSECTION

[ BIRAD |
160 fs

A N
EX B

7 A N The retro Diels-Alder reaction paths on th€zr*) surface
N oy N are very different from those on the ground-state surface. The
L concerted pathway is the lowest for the ground-state surface,
. . and the two stepwise pathways (corresponding to breaking either
accessible, as the molecule will have a g.reat'deal of €XCeSSthe C1-C6 bond or the C4C5 bond first) lie higher in energy
energy once it has decayed through a conical intersection.  py apout 12 kcal/mol. The extent of stepwise reaction is much
smaller under normal thermolysis conditions. The ground-state
stepwise path involves rotation about the €25 bond, a
We have identified two regions on the potential energy surface process while should take picoseconds, and produces intermedi-
where thel(zzr*) and ground-state surfaces cross. The first ates bound by 5 kcal/mdlConversion of these to products
occurs at a geometry close togauche-inbiradical species  would be slow in a thermally equilibrated case.
formed by cleavage of one allylic bond to the ethano bridge. |y contrast, on thé(zr*) surface, the stepwise pathways are
The second conical intersection is formed after cleavage of the |gwer in energy than the concerted, with the concerted pathway
allylic bond to the methylene bridge. The mass 94 amu speciesforming a ridge between the stepwise paths. This is a classic
observed in the femtosecond laser-induced decomposition C0U|dexample of how population of an excited state surface can
be one of several metastable biradicals formed after decayprovide an efficient way of accessing reaction paths that are
through either of the conical intersections. CompouBd3a,  otherwise forbidden on the ground-state surface. In the femto-
and4acan all be formed from suc.h a short-!lved species, which ggcond experiments, the complex topology of the ground-state
only needs to complete a vibrational motion to collapse t0 a gyrface is revealed, whereas most of it is never explored in the
stable product (Scheme 13). The unstagieiche-inspecies,  thermal experiments. Future work in this area involves direct
12, the plraghcaBl leading to plcyclo[4-1-.0]hept-2jene, qnd One  dynamics calculations from the excited state surface to determine
of the biradical®7 and35leading to the highly strained tricyclic  \yhich of the pathways revealed by the calculations are executed

speciesta can all be formed by only small geometric displace- py the vibrationally excited species produced in the experiments.
ments from one of the conical intersection geometries, consistent

with the observed instantaneous buildup of the mass 94 amu
species. Each of these leads to stable ground-state products witf)
no barrier, consistent with the exceedingly short lifetime of 160
fs.

The lifetime of the cyclopentadiene species, on the other hand
is consistent with the formation of a highly vibrationally excited
species after fragmentation on the ground-state surface from
the conical intersection structug®. The buildup time of 30 fs
is the time taken for decay through the conical intersection and
cleavage of the second bond to occur, while the 220 fs decay
time corresponds to the time taken for the “hot” cyclopentadiene
to redistribute its excess vibrational energy. The conversion of
the conical intersectioi6 to agauche-inbiradical, essentially
a vibrationally excited concerted geometry on the ground-state
surface, will lead to prompt cyclopentadiene formation, a retro
Diels—Alder reaction. JA983480R
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Conclusions

Acknowledgment. We thank Dr. Brett R. Beno for many
elpful discussions and extensive results on the ground-state
surface. We are grateful to the National Science Foundation
for financial support of this research. This work was partially
'supported by the National Computational Science Alliance and
utilized the NCSA SGI/Cray Powerchallenge Array. We also
thank the San Diego Supercomputing Center and the UCLA
Office of Academic Computing for computational resources.
S.W. thanks the Royal Society for a NATO Fellowship and the
Fulbright Commission for a scholarship.

Supporting Information Available: Cartesian coordinates
for structures1—49 and energies (PDF). This material is
available free of charge via the Internet at http://pubs.acs.org.



