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Abstract: The potential energy surfaces of the ground stagedSd tripletzs* (T ;) state for the cycloaddition

of acrolein to ethylene have been mapped with ab initio CASSCF calculations and the 6-31G* basis set. The
results indicate that transition states on both the triplet and ground-state surfaces play a part in controlling
product selectivity, in accord with the experimental results of Weedon and co-workers. The first part of the
reaction involves attack of the alkene by either ¢heor -carbon of the triplet cis or trars,-enone leading

to many different anti and gauche conformations of a triplet biradical intermediate, which then undergoes
intersystem crossing to the ground-state surface. The second part of the reaction is controlled by the ground-
state surface topology. Ring-closure to products competes with reversion to reactants; anti biradicals have a
tendency to dissociate while gauche biradicals favor cyclobutane formation. The addition aof tstates of

acrolein to ethylene has higher barriers than found fordthe*) state.a-Attack is strongly disfavored as it
involves decoupling electrons, but the barriersfeattack leading to 1,6-biradicals lie only a few kilocalories

per mole higher in energy than those on frer*) surface, suggesting that in more constrained enone systems
the nt* states may play a role. Twinz*)/3(nz*)/3(;zr*) crossing regions exist, the first in acrolein itself and

the second in the 1,6-biradical region. In the parent system, the biradical crossing points lie some 16 kcal/mol
above the n* minima, such that fast intersystem crossing or internal conversion is more likely to occur before
the transition state region. However, in more constrained systems, the reaction could proceed oh the n
states into the biradical region, followed by decay through the four-level degenerate crossing points.

Introduction the involvement of one or more excited-state surfaces. Although
wef and othershave carried out detailed computational studies
on the [2+2]-photodimerization of ethylene, the inclusion of a
g=O chromophore enriches the photochemistry of the system

The photochemical cycloadditions aff3-enones to alkenes
are important synthetic reactiohand the mechanisms of such
processes have been the subject of controversy ever since th . h .
first reports by Eatohand Core¥:3in the early 1960s. Extensive considerably, due to the role of the low-lying-hsinglet and
theoretical and experimental investigations on simple thermal triplet states in acroleif.

[2+2]-cycloaddition reactions have been repottednd a One of our groups recently reported a UHF study of the
consistent picture involving biradical intermediates has evolved. "€gioselectivity of photocycloadditions of triplet acrolein to a
However, the experimental results of the photochemically variety of substituted alkenes and showed that in cases where

initiated reactions have been more difficult to interpide to cyclization is fast relative to reversion of the biradical inter-
mediate to reactants, the rates of initial bond formation determine

Zgi‘éi‘gduginvigresﬁ%er”n the product regioselectivityHowever, Weedon and others have
$King's College London. proposed that the rate of cyclization of the biradical, rather than
T University of California. the rate of formation, controls regioselectiviti®sWe have

(1) It has been used as a key step in natural product synthesis; see, forexamined the ground and excited states in more detail using

example: Corey, E. J.; Bass, J. D.; LeMabhieu, R.; Mitra, RI.B\m. Chem. :
Soc.1964 86, 5570. CASSCF technigues, and have explored the factors that control

(2) (a) Eaton, P. E.; Hurt, W. S.. Am. Chem. Sod.966 88, 5038. (b) product formation in these systems. The potential surfaces for
Eaton, P. EJ. Am. Chem. S0d.962 84, 2454.

(3) Corey, E. J.; Mitra, R. B.; Uda, H. Am. Chem. S0d964 86, 485. 322. (n) Borden, W. T.; Davidson, E. R. Am. Chem. Sod98Q 102,

(4) (a) Roberts, J. D.; Sharts, C. Krg. React1962 12, 1. (b) Bartlett, 5409. (o) Doubleday, C.; Mclver, J. W.; Page, M.JJ.Am. Chem. Soc.
P.D.Q. Re. J. Chem. Sod97Q 24, 473. (c) Hoffman, R.; Swaminathan, 1982 104, 3768. (p) Doubleday, C.; Camp, R.; King, H. F.; Mclver, J. W.;
S.; Odell, B. G.; Gleiter, RJ. Am. Chem. S0d.97Q 92, 7091. (d) Maier, Mullally, D.; Page, M. JJ. Am. Chem. S0d.984 106, 447.

W. F.; Lau, G. C.; McEwen, A. BJ. Am. Chem. Sod985 107, 4724. (e) (5) For a recent review see: Schuster, D. I.; Lem, G.; Kaprinidis, N. A.
Duran, R.; Bertran, JJ. Mol. Struct.1984 107, 239. (f) Segal, G. AJ. Chem. Re. 1993 93, 3.

Am. Chem. Socl974 96, 7892. (g) Burke, L. A.; Leroy, GBull. Soc. (6) Olivucci, M.; Ragazos, |.; Bernardi, F.; Robb, M. &. Am. Chem.
Chim. Belg.1979 88, 379. (h) Bernardi, F.; Bottoni, A.; Robb, M. A.; S0c.1993 115 3710.
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Res.1977, 10, 199. (k) Okado, T.; Yamaguchi, K.; Fueno, Tetrahedron S0c.1994 116 2103.

1974 30, 2293. (I) Inagaki, S.; Fujimoto, H.; Fukui, K. Am. Chem. Soc. (9) Broeker, J. L.; Eksterowicz, J. E.; Belk, A. J.; Houk, K. N.Am.
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lifetimes of the triplet biradicals are between 15 and 900 ns,

established in this work. Our central objective is to explore the with energies in the range 3®0 kcal/mol above the ground-

interplay between th&zr*) and ground-state surfaces, examin-

ing the various conformations via which the reaction can occur,

state reactants:16
The PAC and TAS results suggest that the triplet states of

and investigating the competition between ring-closure and steroidal and fused-ring enones are essentially planar (long
reversion from the biradicals on the ground-state surface. Thelifetimes, large $—T; energy gaps), while simple cyclohex-

significance of the n* surfaces and regions of the potential
energy surface wherfgnz*) —3(r*) intersystem crossing and
3(nr*) —3(r*) internal conversion can occur are also investi-
gated.

Background

The photochemical [22]-cycloadditions of enones to alkenes
involve the initial attack of the excited statgs-enone on the

enones give highly twisted excited states (short lifetimes, small
S—Ty energy gaps). Erickson and Kahn reported calculations
that predicted that the twistedr* state gave bond-formation
at the -carbon of the acroleity. The resulting biradical is
stabilized due to radical delocalization onto the carbonyl moiety
at one center. Both the biradical and the transition state leading
to it are more stable than the species formecdhkgttack.

Much attention has been focused on both the stereochemical

ground-state alkene (Scheme 1). The photophysics (fluorescencénd regiochemical aspects of reactions with substituted alkenes,

and phosphorescence) af-enones and the lifetimes of the

that is the formation of head-to-head (HH) versus head-to-tail

biradical intermediates formed are both very sensitive to the (HT) adducts: HH adducts are those which form with the
polarity of the solvent and to the acyclic or cyclic nature of the Substituted alkene carbon adjacent todhearbon of the enone
enone used! Acyclic enones have a tendency to relax to the in the cyclobutane ring, while HT adducts form with the
ground-state surface via ultrafast intersystem crossing beforeSubstituted alkene carbon adjacent tofkearbon of the enone.
they have time to react. On the other hand, the photochemistry The photocycloadditions of 2-cyclohexenone to simple alkenes
of enones seems to be insensitive as to whether the excited enon@ive both HH and HT products; the ratio of HH versus HT

is obtained by direct irradiation or triplet sensitization, indicating adducts depends on whether the alkene is electron-donating or

a common mechanism from tiérz*) and Y(nz*) surfaces.

electron-withdrawing.Corey hypothesized that the polarization

Early studie® based on triplet sensitization and quenching ©Of the n* state controls regioselectivify.Nowadays it is
techniques concluded that enone photocycloadditions to alkenegenerally believed that the ratio of products is related to the

proceed exclusively via the lowest enone triplet excited 3fate,
later concluded to be ther* state on the basis of spectroscopic

barrier heights on th&zr*) surface leading to the respective
1,4-biradical$. The computed (PMP3/6-31G*//UHF/3-21G)

studies on steroidal enones and calculations of the energies ofPreference for the formation of HH versus HT adducts in the

relaxed m* and zzzr* states! This was confirmed in subsequent

addition of acrolein to substituted alkenes was compared with

studies by Schuster using time-resolved photoacoustic calorim-€xperimentally determined rates for cyclohexenone addition to

etry (PACY® and transient absorption spectroscopy (TAS)he

(10) (a) Hastings, D. J.; Weedon, A. @. Am. Chem. S0d.99], 113
8525. (b) Andrew, D.; Hastings, D. J.; Oldroyd, D. L.; Rudolph, A.; Weedon,
A. C.; Wong, D. F.; Zhang, BPure Appl. Chem1992 64, 1327. (c)
Maradyn, D. J.; Sydnes, L. K.; Weedon, A. Tetrahedron Lett1993 34,
2413. (d) Maradyn, D. J.; Weedon, A. Tetrahedron Lett1994 35, 8107.
(e) Andrew, D.; Hastings, D. J.; Weedon, A. £.Am. Chem. S0d.994
116, 10870. (f) Maradyn, D. J.; Weedon, A. @. Am. Chem. Sod.995
117, 5359. (g) Krug, P.; Rudolph, A.; Weedon, A. Tetrahedron Lett.
1993 34, 7221. (h) Hastings, D. J.; Weedon, A. Tetrahedron Lett1991
32, 4107. (i) Andrew, D.; Weedon, A. Cl. Am. Chem. Sod.995 117,
5647.

(11) (a) Schuster, D. I. IRearrangements in Ground and Excited States
de Mayo, P., Ed.; Academic Press: London, 1980; Vol. 3, pp-1&R.
(b) Schuster, D. I. IfiThe Chemistry of Enongfatai, S., Rappoport, Z.,
Eds.; John Wiley and Sons: Chichester, UK, 1989; Vol. 2, pp-6&5.

(12) (a) Lam, E. Y. Y.; Valentine, D.; Hammond, G. &.Am. Chem.
So0c.1967 89, 3482. (b) Ruhlen, J. L.; Leermakers, P. A.Am. Chem.
Soc.1967 89, 4944. (c) Chapman, O. L.; Kocj, T. H.; Klein, F.; Nelson,
P. J.; Brown, E. LJ. Am. Chem. S0d.968 90, 1657.

(13) de Mayo, PAcc. Chem. Red971, 4, 41.

(14) Devaquet, AJ. Am. Chem. S0d.972 94, 5160.

(15) (a) Schuster, D. Photochem. Photobiol99Q 52, 645. (b) Schuster,
D. I. J. Am. Chem. S0d.993 115 3324.

(16) Schuster, D. 13. Am. Chem. Sod.991, 113 6245.

the respective alkene, and the computed trends agreed qualita-
tively with experimen® It was suggested that the enone triplet
might be considered to be a nucleophilic alkyl radical at the
B-carbon linked to an electrophilic acyl radical at toearbon®

As the alkene nucleophilicity increases, the preference for attack
at the electrophilia-carbon increases, whereas with electron-
deficient or electrophilic alkenes, reaction at thearbon is
favored. In this way the polarity of the alkene directs the attack
of the triplet enone and thus determines the regioselectivity of
the reactiorf.

However, radical trapping experiments of Weedon have
suggested that the ratio of HH:HT triplet biradicals is sometimes
not reflected in the HH:HT ratio of the products formed
subsequently? This implies that not all the biradicals formed
go on to form products, indicating the existence of a reversion
reaction back to reactants that can compete effectively with ring-
closure. Weedon attributes product selectivity to this competition
between ring-closure and fragmentation back to reactants. We
will show that both the triplet-state and ground-state surface

(17) Erickson, J. A.; Kahn, S. Dietrahedron1993 43, 9699.
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topologies play key roles in determining the product distribution Table 1. Energies Computed at the CAS(6,6)/6-31G* Level for

in these systems. the Addition ofs-transAcrolein to Ethylene
Although it is generally agreed that in most cases the enone figure Erel, ZPE, Ew+ ZPE,
alkene cycloaddition proceeds via the ename triplet state, structure no. state kcal/mol kcal/mol kcal/mol
in some special cases (such as in rigid enones) ttetniplet s-transreactants S -60.0 741 574
state may be close or even lower in energy thamtietriplet _ _ Y(mm*)  29.5
state. Solvent effects and substituents can also change théj”?“s”'li)'etln““a ¥aurr*) 0-%) 71.5 0.0
ordering of the energy levels. In these cases it is not so easy to°'sormylcyclobutane & :23'63 23'3 :22';
predict the state that the reaction will take place through. In 44 formyicyclobutane s —63.6 803  —548
addition, the photocycloaddition can occur on both direct and g-attack
triplet-sensitized photolysis. Therefore a study of reactions antiTS la 3n7*) 185  73.0 20.0
initiated on the3(zr*), 3(n*), and Y(nz*) surfaces has been gauche-ouS b 3nz*) 185  73.0 20.0
carried out gauche-inTS 1c S(wn*) 18.4 73.0 19.9
' anti min 2a 3mn*) —5.0 74.7 -1.8
. . . S -5.0
Methodological and Computational Details gauche-outmin 2b art) —49 74.8 _16
All the computations have been performed using the complete active S —4.6
P P 9 P gauche-inmin 2c aw) -39 746  —08

space (CAS) SCF procedure and the standard 6-31G* basis set available

in GAUSSIAN 9418 CASSCF was chosen as it allows for the balanced antimin 2d 35(‘3771*) _i'g 74.6 12
representation of several states simultaneously and in this work we are (CH; twist) S —6:7 ' '
interested in three excited statéér(r*), *(n*), and Y(n*)) and the gauche-outnin 2 un*) —48 748 15
ground-state surface. CASSCF includes nondynamic correlation energy (CHa twist) S —4.6
and thus near degeneracy effects and homolytic bond cleavage are gauche-inmin 2f  3ma*) —4.2 74.7 -1.0
correctly treated. However, it does not include dynamic correlation, (CHa twist) S -4.3
which means that biradicaloid structures are more stable than they antimin da % -7.7 75.2 —4.0
should be relative to zwitterionic species. However, the central gauche-outnin b 9 -53 74.7 -2.1
arguments in this paper are focused in the biradical regions so dynamic ~ gauche-immin 4 9 -5.1 4.7 -1.9
correlation effects can be safely neglected. antiTS 4d 9 —74 747 —4.2
The active space used for the geometry optimizations of the structures ~9auche-ouf’s e 3 —42 743 —14
on the3(zz) and ground-state surface contained six electrons in six gaucEe-mTSI s 4(; S :i"llc 773‘}2 :ig
orbitals, namely the six orbitals in the reactants. The orbitals change g:ﬂghg:ﬁgfogﬁlrjée.rs 63 g 3¢ 734 11
during the. course of the reaction; two qf thenrpital; bepome thq gauche-out/anm‘s e s 74:0 74.'9 70:6
ando™ orbitals of the first bond formed in the biradical intermediate, gauche-in/antsOSP ~ 6d & —3.4 743 06
and two more become theando* orbitals of the second bond in the gauche-out/anti'S 6e 3(at) —15 74.9 1.9
cyclobutane product. Analytical frequency calculations were used t0  gauche-in/antirS 6f S3(wa*) —0.4 74.9 3.0
confirm the nature of each point located and to compute zero-point g-attack
energy corrections. anti-anti TS 1d 3(mn*) 14.6 73.3 16.4
Some structures were also optimized on #@r*) surface. The anti-gaucherlS le ¥az*) 146 733 16.4
active space at these points also contained six electrons in six orbitals, ~Syn-antiTS 1f  3(mx*) 155 735 17.5
but included the n orbital on the acrolein oxygen instead of the carbonyl ~ Syn-gauchd's 1lg ¥wn*) 153  73.6 17.4
7 orbital. These structures were reoptimized in a CAS(8,7) active space ~ antimin 3a ;(0””*) _12'(2) 758 -10.9
containing both the n and orbitals where possible, otherwise single- I N )
point energies were computed in the larger active space using state- gauche-inmin 3b 38(0:1:1 ) :123 76.0 —108
averaged orbitals weighted equally bet_wgen the two states'(fin® gauche-outmin 3¢ Yarr) -1 4:9 759 ~105
surface was found to have a very similar surface topology to the S —151
3(n*) surface. Geometry optimizations proved difficult on #fer*) anti min 5a  $ ~16.8 76.1 —12.2
surface due to problems converging the energy; therefore, CAS(8,7)  gauche-inmin 50 S ~15.2 75.8 ~10.9
single-point energies computed at fiiler*) optimized geometries are gauche-oumin 5c 9 —15.5 75.9 —-11.1
given instead. antiTS 5d % —14.4 75.5 -10.4
The geometry optimizations were carried out using redundant internal ~ gauche-inTS 5¢ 9 -12.1 75.2 —8.4
coordinated? At a few geometries the forces converged but the gauche-ouS 5f S —121 75.2 —8.4
predicted displacements did not. This occurs when the surfaces are very 9auche-irclosure S~ 7a & —-l46 753  -10.8
flat along a particular coordinate (typically a methylene rotation) and ~ 9auche-outlosure TS = 7b & -7 759 -103
results from a combination of bad updating of an approximate Hessian g:ﬂgﬂg'gﬁ;gﬂ;?s ;3 g :gg ;gg :gg
during the optimization procedure and an eigenvalue in the Hessian gauche-in/antirs 7e ¥ —115 75.9 71

that is nearly zero. N _ o gauche-out/anis  7f 3(ma*) —11.7 758  —7.4
Conical intersections were optimized using the algorithm in

GAUSSIAN 94 which optimizes the lowest energy point on an  *Energies include acrolein and ethylef@®ifferent energies cor-
(n — 2)-dimensional conical intersection hyperli#feThese features ~ 'espond to using two possible active spacddisplacements not
have been discussed extensively in the literature, and further detailsConverged.

(18) Gaussian 94 (Revision A.1), Frisch, M. J.; Trucks, G. W.; Schlegel, can be found in ref 21. The spiorbit coupling calculations were

H. B.; Gill, P. M. W.; Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; ; ; ; ; ;

Keith. T. A.: Peterson. G. A.: Montgomery, J. A Raghavachari, K.: Al- carried out using the c_ode_lmplemente(_i |n_GAUS_SIAN 94 Whlch uses

Laham, M. A. Zakrzewski, V. G.: Oriz, J. V.- Foresman, J. B.. Cioslowski, aone-eleptron approximation for the Sﬁlprblt coupling operator with

J.; Stefanov, B. B.; Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, the effective nuclear charges of Koseki et al (C: 3.6, O: %.6).

P.Y.; Chen, W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts,

R.; Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, (20) Bearpark, M. J.; Robb, M. A.; Schlegel, H. Bhem. Phys. Lett.

J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, J. A., Gaussian, Inc.: 1994 223 269.

Pittsburgh, PA, 1995. (21) (a) Klessinger, MAngew. Chem., Int. Ed. Endl995 34, 549. (b)
(19) Peng, C. Y.; Ayala, P. Y.; Schlegel, H. 8. Comput. Chenl996 Bernardi, F.; Olivucci, M.; Robb, M. AChem. Soc. Re 1996 25, 321

17, 49 and references therein. and references therein.
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D(O,1,2,4)=89° D(0,1,2,4)=84° D(0,1,2,4)=85°
D(3,2,4,5)=178° D(3,2,4,5)=59° D(3,2,4,5)=-57°
D(1,2,3,6)=74° D(1,2,3,6)=76° D(1,2,3,6)=71°

(b)
D(0,1,2,3)=180° D(0,1,2,3)=180° (0,1,2,3)=180° D(0,1,2,3)=180°
D(1,2,3,4)=180° D(1,2,3,4)=180° D(1,2,3,4)=0° D(1,2,3.4)=6°
D(2,3.4.5)=180° D(2.3,4,5)=59° L D(2,3,4.5)=180° D(2.3,4,5)=65°

(D N (e) :
Figure 1. CASSCF(6,6)/6-31G* optimized transition structures for attackmfr*) s-trans-acrolein on ethylene (bond lengths in A and angles in
deg): (a)anti transition structure foo-attack; (b)gauche-outransition structure foo-attack; (c)gauche-intransition structure foo-attack; (d)
anti-anti transition structure fofs-attack; (e)anti-gauchetransition structure fop-attack; (f) syn-antitransition structure fop-attack; and (g)
syn-gauchdransition structure fof-attack.

D(O,1,2,4)=124° D(0,1,2,4)=120° D(0,1,2,4)=108°
D(3,2,4,5)=176° D(3,2,4,5)=64° D(3,2,4,5)=-61°
D(1,2,3,6)=73° D(1,2,3,6)=81° D(1,2,3,6)=82°

(b)

D(0.1,2,4)=89°
D(3,2,4,5)=-61°
D(1,2,3,6)=-38°

D(0,1,2,4)=112° D(0,1,2,4)=107°
D(3,2,4,5)=174° D(3,2,4,5)=60°
D(1,2,3,6)=-45° D(1,2,3,6)=-51°

(@ (&
Figure 2. CASSCF(6,6)/6-31G* optimize®(rz*) biradical intermediates formed after-attack (bond lengths in A and angles in deg): 4aji
biradical; (b)gauche-oubiradical; (c)gauche-inbiradical; (d)anti biradical after methylene twist; (gauche-oubiradical after methylene twist;
and (f) gauche-inbiradical after methylene twist.

Results and Discussion singlet-state{(nz*)) potential energy surfaces for the addition

of ethylene to acrolein to form formylcyclobutane are presented.

We will show that both the excited-state and the ground-state

surface topologies influence product formation, as predicted by
(22) Koseki, S.; Schmidt, M. W.; Gordon, M. S. Phys. Cheml992 Weedon and co-worket8.The transition states on the excited-

96, 10768. state surfaces determine the nature of the biradical intermediate

In this section the results of calculations carried out on the
ground-state (§, triplet-state §(zzz*) and 3(nz*)), and excited
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D(0,1,2,3)=-179°
D(1,2,3,4)=-125°
D(2,3,4,5)=-178°

L 123°

D(0,1,2,3)=179°
D(1,2,3,4)=-116°
D(2.3,4,5)=64°

Wilsey et al.

D(0,1,2,3)=179°
D(1,2,3,4)=-103°
D(2.3,4,5)=-60°

Figure 3. CASSCF(6,6)/6-31G* optimized(rz*) biradical intermediates formed aft@eattack (bond lengths in A and angles in deg): 4aji

biradical; (b)gauche-inbiradical; and (c)gauche-oubiradical.

D(0,1,2,4)=102°
D(3,2,4,5)=174°
D(1.2,3.6)=-47°

D(0,1,2,4)=96°
D(3,2,4,5)=174°
D(1,2,3,6)=-42°

D(0,1,2,4)=97°
D(3,2,4,5)=71°
D(1.2,3.6)=-39°

D(O,1,2,4)=91°
D(3.2,4,5)=-71°
D(1,2,3,6)=-46°

D(0,1,2,4)=94°
D(3,2,4,5)=79°
D(1,2,3,6)=-37°

D(0,1,2,4)=90°
D(3,2,4,5)=-79°
D(1.2.3.6)=-40°

Figure 4. CASSCF(6,6)/6-31G* optimizedsSiradical minima and dissociation transition structurescdeattack (bond lengths in A and angles
in deg): (a)anti biradical intermediate; (bjauche-oubiradical intermediate; (ojauche-inbiradical intermediate; (dnti dissociation transition
structure; (e)gauche-oudissociation transition structure; and fuche-indissociation transition structure.

Scheme 2

initially formed, while those on the ground-state surface control
the competition between biradical ring-closure to form products
and bond-cleavage back to reactants.

The optimized structures for the 42]-cycloaddition of
8(zm*) s-transacrolein to ethylene are shown in Figures7,
with the corresponding energetics given in Tablg#zx*) s-cis
acrolein lies 0.5 kcal/mol higher in energy thettrans-acrolein,

and their potential energy surfaces are very similar. The
transition state energies computed for tkkeand 5-attack of
S(zz*) s-cisacrolein on ethylene differ by less than 0.5 kcal/
mol from those computed fos-transacrolein, therefore the
following discussion will focus on the results obtained for
s-transacrolein. The energies for thecis structures can be
obtained as Supporting Information.

The nomenclature used for labeling the structures for addition
at the o-position of acrolein refers to the dihedral angle
indicated in Scheme 2, whesmti structures have an angje
of approximately 188 gauche-oustructures have angles close
to +60°, andgauche-instructures have angles of abot60°.
The labeling used for the structures involved with addition at
the -position of acrolein is composed of two parts correspond-
ing to the dihedralg andi. Synstructures have anglésclose
to 0°, andanti structures have anglesof approximately 180
Anti andgauchestructures about the dihedral angleare de-
fined as fory except in this casgauche-outefers to structures
with angles of—60° andgauche-inwith angles of+60°.

The equilibrium minima on the ground-staf¢zz*) state,
3(nz*) state, and(nz*) state surfaces of acrolein are identical
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D(0,1,2,3)=176° D(0,1,2,3)=178° D(0,1,2,3)=179°
D(1,2,3,4)=-98° D(1,2,3,4)=-106° D(1,2,3,4)=-112°
D(2,3,4,5)=179° D(2,3,4,5)=73° D(2,3,4,5)=-68°

D(0,1,2,3)=176°
D(1,2,3,4)=-87°
D(2.3,4,5)=-82°

D(0,1,2,3)=177°
D(1,2,3,4)=-91°
D(2.3.4,5)=87°

D(0,1,2,3)=175°
D(1,2,3.4)=-88 °
D(2,3.4,5)=179°

Figure 5. CASSCF(6,6)/6-31G* optimizedsSiradical minima and dissociation transition structures@attack (bond lengths in A and angles
in deg): (a)anti biradical intermediate; (bjauche-inbiradical intermediate; (ajauche-oubiradical intermediate; (dnti dissociation transition
structure; (e)gauche-indissociation transition structure; and @guche-outdissociation transition structure.

D(0,1,2,4)=104° D(0,1,2,4)=96°
D(3,2,4,5)=57° D(3,2,4,5)=-53°
D(1,2,3,6)=-66° D(1.2.3.6)=-16°

(a)
D(0,1,2,4)=106° D(0,1,2,4)=100° D(0,1,2,4)=123° D(0,1,2,4)=118°
D(3,2,4,5)=112° D(3,2,4,5)=-112° D(3,2,4,5)=118° D(3,2,4,5)=-120°
D(1,2,3,6)=-49° D(1,2,3,6)=-40° D(1,2,3,6)=73° D(1,2,3,6)=73°

Figure 6. CASSCF(6,6)/6-31G* optimized transition structures for reaction fromothéradicals (bond lengths in A and angles in deg): (&) S
transition structure for ring-closure frogauche-outiradical; (b) $ transition structure for ring-closure frogauche-inbiradical; (c) $ anti/
gauche-outinterconversion transition structure; (d) Snti/gauche-ininterconversion second-order saddle point; Yg}*) anti/gauche-out
interconversion transition structure; and {fez*) anti/gauche-ininterconversion transition structure.

with those calculated by Reguero et al. and the energies are thehe 3(zz*) and }(nz*) states are some 4 and 5 kcal/mol higher
same to within 0.5 kcal/mdlThe optimized geometries can be in energy, respectively. However, if the geometries are allowed
obtained as Supporting Information. At the geometry of the to relax, thed(zz*) state falls below thé(nz*) state and the
ground-state reactants tf(@xr*) state is the lowest excited state; triplet-sensitized reaction normally occurs from this state. The



5872 J. Am. Chem. Soc., Vol. 122, No. 24, 2000

D(0,1,2,3)=-178°
D(1,2,3,4)=-132°
D(2,3,4,5)=58°

D(0,1,2,3)=177°
D(1,2,3,4)=-106°
D(2.3.4.5)=118°

D(0,1,2,3)=176°
D(1,2,3,4)=-89°
D(2.3.4.5)=-119°

1.222

(c)

Wilsey et al.

D(0,1,2,3)=178°
D(1,2,3,4)=-86°
D(2,3,4,5)=-53°

D(O,1,2,3)=180°
D(1,2,3,4)=-121°
D(2,3.4,5)=121°

D(0,1,2,3)=-179°
D(1,2,3,4)=-126°
D(2.3.4.5)=-118°

123°

Figure 7. CASSCF(6,6)/6-31G* optimized transition structures for reaction frompthéradicals (bond lengths in A and angles in deg): (&) S

transition structure for ring-closure frogauche-inbiradical; (b) $ transition structure for ring-closure frogeuche-outbiradical; (c) $ anti/
gauche-ininterconversion transition structure; (cy &ti/gauche-ouinterconversion transition structure; @)=*) anti/gauche-irinterconversion
transition structure; and (/(zzr*) anti/gauche-outnterconversion transition structure.

3(zr*) minimum is twisted and lies 60 kcal/mol above the (1.22 A:1.20 A) and C+C2 (1.44 A:1.51 A) bonds relative to
ground-state reactant minimum, while tf@z*) minimum is those fora-attack.
planar and lies a further 9.2 kcal/mol higher in energy. These  The triplet biradical minima (Figures 2d and 3a-c) are
results are in good agreement with the UMP4-(SDTQ)/6-31G*// almost coincident and degenerate with minima on the ground-
UMP2/6-31G* energies obtained previou8lyhich placed the  state surface (Figures 4a and 5a-c). The spir-orbit coupling
3(z*) twisted minimum 9.9 kcal/mol below the plangns*) (SOC) constants computed between the two surfaces at these
minimum. The geometries agree within 0.022 A. minima are negligible €0.1 cnm?) in all cases. This is not

(i) The 3(z7*) and Ground-State Surfaces.The transition surprising as the structures correspond to almost “perfect”
structures for both the- and g-attack of3(zz*) acrolein on biradicals; there is almost no interaction between the radical
ethylene are shown in Figure 1. Thati (Figure 1a) andjauche centers such that singlet and triplet states differ only by the
(Figures 1b and 1c) transition states toiattack lie about 20 relative spins of the two unpaired electrons. However, since
kcal/mol above the reactant minimum, with no preference the two surfaces parallel each other throughout this region there
between them. The bond length of the forming bond is 2.17 are a large range of geometries over which intersystem crossing
2.18 A compared to the UHF/3-21G bond length of 2.10 A. can occur which will increase the probability of a transition to
The three different modes of attack each lead to the formation the ground-state surface.
of a 1,4-biradical intermediate (Figures-2@) where the new Once on the ground-state surface, the biradicals can either
bond has shortened to around 1.58 A. A twist of fhearbon dissociate to reform the reactants or close to form the cyclo-
methylene in each case gives the conformers shown in Figuresbutane product. The preferred pathway is found to depend
2d—f. Of the two types of conformer, structurda and2b are considerably on whether the conformation of the biradical is
the most stablanti andgauche-outonformers, whereaf is anti or gauche Gauchebiradicals show a tendency to close to
the most stablgauche-inconformer. form productsanti biradicals, on the other hand, need to rotate

The energies of the transition structures févattack of to a gauche conformer before ring-closure can occur and
ethylene tos-transacrolein (Figures 1dg) range from 16.4  therefore prefer to cleave back to reactants. This leads to the
kcal/mol for attackanti to the C+C2 bond to 17.4 and 17.5 formation of a large number of biradicals that will not go on to
kcal/mol for attacksyn to the CHC2 bond. These results form products and explains the results observed experimentally
indicate a 3-4 kcal/mol preference fop-attack which is by Weedon and co-worket8.
considerably larger than the 0.3 kcal/mol preference predicted The transition structures for dissociation from the ground-

by the PMP3/6-31G*//UHF/3-21G calculatiohs£ach of the

stateo- andg-biradicals back to reactants are shown in Figures

four modes of attack leads to one of three possible 1,4-biradical 4d—f and 5d-f. The barriers for dissociation from the-bi-

intermediates (Figures 3a&) where the new C3C4 bond
length is around 1.57 A and rotation about the-€23 bond

radicals are only 0.7 and 0.3 kcal/mol for thp@ucheconformers
(Figures 4e and 4f, respectively) and the barrier for @hé

has occurred. These biradical intermediates are some 10 kcalconformer (Figure 4d) actually disappears after zero-point

mol more stable than those formed dnyattack. This preference
is in agreement with the results of Erickson and Kéhand

energy correction. The barriers for ring-closure fromgheche-
out and gauche-inminima to formcis- or trans-formylcyclo-

arises from the delocalization of the radical center on C2 over butane are comparable, 0.3 (Figure 6a) and 0.8 kcal/mol (Figure

the carbonyl group as reflected in the bond lengths of the@1

6b), respectively, indicating a small preference for ring-closure
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Scheme 3

Relative Energy s Tetramethylene (CAS(4,4)/6-31G* from reference 7)
keal/mol
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wemm S, surface for o-attack (CAS(6,6)/6-31G*)
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Scheme 4

Relative Ener: muzs: Tetramethylene (CAS(4,4)/6-31G* from reference 7)
keal/mol h Gauche/Anti

40 TS S, surface for B-attack (CAS(6,6)/6-31G*)
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wmanen Triplet (%) surface for B-attack (CAS(6,6)/6-31G*)
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2.0
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from the gauche-outbiradical and a small preference for A similar trend is observed for th&biradicals. The energies
dissociation from theauche-inbiradical?? of the transition structures for dissociation are more substantial

In the case of thanti a-biradical (Figure 4a), dissociation is  than those of thex-biradicals: 1.8, 2.5, and 2.7 kcal/mol for
strongly favored over ring-closure which requires rotation about the anti (Figure 5d),gauche-in(Figure 5e), andgauche-out
the newly formed C2C4 bond to give one of thgauche (Figure 5f) transition structures, respectively. The competing
conformers. The computed energies of #rei/gaucheinter- barriers for ring-closure are only 0.1 (Figure 7a) and 0.8 kcal/
conversion transition structures on the ground-state surface aremol (Figure 7b) for thejaucheconformers, but some 3.0 (Figure
approximately 3.4 kcal/mol for both conformers (Figure 6€/d).  7¢) and 3.4 kcal/mol (Figure 7d) fanti/gauchenterconversion
The anti/gaucheinterconversion transition structures on the from theanti minimum. Therefore, again we would predict that
triplet surface leading from structuBato 2b and2care higher  the gauchebiradicals will prefer to undergo ring-closure while
in energy (3.7 kcal/mol (Figure 6e) and 4.8 kcal/mol (Figure the anti biradicals will prefer to fragment. The corresponding
6f)). However, these are still well below the energy of the initial  parriers foranti/gaucheinterconversion on the triplet surface
transition structure, so it is also possible thaiti/gauche are 3.8 (Figure 7e) and 3.5 kcal/mol (Figure 7f), therefore again

interconversion occurs before intersystem crossing to the there s the possibility oéinti/gaucheinterconversion prior to
ground-state surface. intersystem crossing.

(23) In Doubleday’s paper (ref 7), three different transition states for ~ The competition between ring-closure and dissociation of the

ring-closure of tetramethylene to form cyclobutane are documented, _anqg. piradicals formed in the addition of acrolein to ethylene
corresponding to closure with two, one, or no methylene twists. In this

work it was extremely difficult to converge these closure transition states IS rfeminiscent of that observed for the tetramethylene biradical
as the surfaces are so flat with respect to these methylene torsions. Structureand is expected to exist in many other 1,4-biradical systems.

6aand6b could not be fully optimized (the forces were converged but the Comparisons of the tetramethylene potential energy surface
displacements were not converged). Both structures were obtained as second-", . . . .
order saddle points with two imaginary frequencies that correspond obtained by Doubleday with the ground-state energies obtained

predominantly to symmetric and antisymmetric combinations of methylene for the a- and $-biradicals are shown in Schemes 3 and 4,

torsions so that the energies may be slightly overestimated. Strucares respectively. The profiles for botf- andg-attack are remark-
and 7b correspond to ring-closure with one and no methylene torsions, L . .
respectively. ably similar to that of tetramethylene. The main differences

(24) Structuresée and 6d could not be completely optimized (the  between thex-biradical and tetramethylene (Scheme 3) are the
maximum displacements did not converge). Strucfitevas obtained as  harriers for dissociation which are about 1 kcal/mol lower in
a second-order saddle point with small imaginary frequencies of 80 and h h that f . il
146 cn! corresponding to torsion around the newly formed bond and [N€ €none system, such that fragmentation will compete more

dissociation, respectively. effectively with ring-closure from thegauche minima. In
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D(O,1,2,4)=64° D(0,1,2,4)=67° D(0,1,2,4)=57°
D(3,2,4,5=171° D(3,2,4,5)=67° D(3,2,4,5)=-77°
D(1,2,3,6)=-43° -~ D(1,2,3,6)=-34° D(1,2.3,6)=-41°

(@) &, ®) A

Figure 8. CASSCF(6,6)/6-31G* optimize@ns*) transition structures foni-attack (bond lengths in A and angles in deg): &a)i transition
structure; (b)gauche-outransition structure; and (@auche-intransition structure.

D(0,1,2,3)=176°
D(1,2,34)=-92°
D(2,3,4,5)=-177°

D(0,1,2,3)=176°
D(1,2,34)=-94°
D(2,3,4,5)=-66°

D(O,1,2,3)=175°
D(1,2,34)=-93°
D(2.3.4,5)=68°

(c)
D(0,1,2,3)=180° D(0,1,2,3)=180° D(0,1,2,3)=180°
D(1,2,34)=-118° D(1,2,34)=-116° D(1,2,34)=-119°

1.354 D(2.34,5)=179° D(2,34,5)=-66° D(2,3,4,5)=64°

Figure 9. CASSCF(6,6)/6-31G* optimize?{ns*) transition structures and CASSCF(8,7)/6-31G* optimized 1,6-biradical intermediatgsaftaick
(bond lengths in A and angles in deg): @ti transition structure; (byyauche-outransition structure; (cyauche-intransition structure; (d&nti
biradical; (e)gauche-oubiradical; and (f)gauche-inbiradical.

contrast, the dissociation transition structures from fHai- enone molecule. Therefore-attack is very unlikely to occur
radicals are higher in energy than in the tetramethylene systemfrom the nr* states 3(n*) attack by thes-carbon, on the other
(Scheme 4), leading to the formation of more cyclobutane hand, gives rise to transition structures (Figures &awhich

product. lie only 3 kcal/mol above the transition structures éoattack
(i) The 3(na*) and Y(na*) Surfaces. Efficient intersystem  from the3(z*) surface. Thei(nz*) energies at these transition
crossing {(nt*)—3(z*)) and internal conversion3(nz*)— structures are a further 2 kcal/mol higher in energy. Therefore

3(zr*)) occurs in acrolein at planar geometries and crossing reaction from the n* surface, if it occurs, is expected to occur
points have been located previously for these procésses. via S-attack.
However, in more constrained systems where3ther*) state The transition states lead to 1,6-biradicals (Figuresfd
is unable to twist, the #* states may play a role. Thnz*) where one unpaired electron is on C5 and the other is on the
and3(nz*) surfaces parallel each other from the region of the oxygen atom, with a newr bond between C1 and C2. The
reactants to the biradical regions. The transition structures and3(nr*) biradicals could only be optimized in a CAS(8,7) active
biradical intermediates far- andp-attack on thé(nz*) surface space using state-averaged orbitals as(he*) surface is too
were located, and single-point energy calculations or(tire*) close in energy at these structures. Internal reaction coordinate
surface were computed at these points. The results indicate tha{IRC) calculations with a CAS(6,6) active space initiated at the
the 1(n*)/3(n*) energy difference at thénz*) reactants is transition structures all terminated in the region of these
only 2 kcal/mol; this energy difference decreases as the newbiradicals, although in each case the calculation stopped because
bond forms and the two radical centers become more separateaf problems converging the geometry at-@34 bond lengths
until the biradical region is reached and the two surfaces becomeof less than 1.6 A. The energies of the last converged points of
degenerate. the IRCs are also given in Table 2.

The transition structures fo{nz*) o-attack (Figure 8ac) State-averaged calculations between{ine*) and ground-
lie some 40 kcal/mol above the correspondigigz*) structures state surfaces at the biradical minima indicate that'the*)
(see Table 2) as they involve decoupling bathystems in the state is degenerate with th@r*) state at these structures, while
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Table 2. Energies Computed at the CAS/6-31G* Level for the Additiorf(ofr*) and (nz*) s-transAcrolein to Ethylene

J. Am. Chem. Soc., Vol. 122, No. 24, 28815

CAS(6,6)Ere;, CAS(6,6) ZPE, CAS(6,6)E.e + ZPE, CAS(8,7)Erel
structure figure no. state kcal/mol kcal/mol kcal/mol kcal/mol
S reactants —69.2
() 20.3
3(nm*) 16.1
Y(nz*) 215
3(nr*) reactants 3(nT*) 0.0 71.8 0.0 0.0
(™) 8.82b
3(n*) 1.2b
(nm*) 3.4
Y(nz*) reactants Y(n*) 3.2
a-attack
antiTS 8a 3(nT*) 58.0 73.1 59.3 58.3
Hnor*) 60.9
gauche-oufS 8b 3(nm*) 58.8 72.8 59.7 59.0
) 60.2
gauche-inTS 8c 3(n*) 61.3 72.8 62.3 61.5
Yno*) 65.2
[-attack
antiTS 9a 3(nm*) 21.6 73.7 235 232
() 16.8°
(nm*) 25.3
—-11.6¢
gauche-oufr'S 9b 3(nm*) 22.1 73.4 23.7 23®
() 16.6%°
(na*) 25.F
S -9.5
gauche-inTS 9c 3(nm*) 21.8 73.4 23.4 23%
() 16.3+P
Ynor*) 25.5
-9.9
anti min 9d 3(nm*) —-1.x —1.1°
() —-12.2
Ynz*) —-1.1°
—-12.9
gauche-oumin 9e 3(nmr*) —0.4¢ —0.0°
() -11.9
o) -0.6°
S —12.7
gauche-inmin of 3(nm*) -0.5 —-0.8
() -12.2
Y(nz*) -0.8°
—12.C¢
anti Cl 10a 3(nmr*) 15.00¢
() 14.9¢
Yno*) 15.0
14.9
gaucheCl 10b 3(nT*) 15.1e
(™) 14.9¢
no*) 15.4
S 14.3

2 Single point calculation at CAS(6,6) geomethyfComputed with state-averaged orbitals equally weighted over the two triplet st@esputed
with state-averaged orbitals equally weighted over the two singlet stafegen from the last optimized point of an IREDisplacements not
converged.

the3(zz*) state is degenerate with the ground-state surface and Therefore, on the basis of our calculations it appears that there
lies some 11 kcal/mol lower in energy. Twin*)/3(zzr*) are twol(nz*)/3(n*)/ 3(w*) crossing regions. In the acrolein
crossing points were located in the vicinity of these biradicals system, both intersystem crossing and internal conversion before
(Figure 10) although these could not be completely optimized the transition state region leading¥as=*) acrolein is expected
(the forces converged but the displacements did not converge).to be more efficient than decay to the ground-state surface in
These occur at geometries where considerable rotation abouthe biradical regions. However, in other, more constrained,
the C2-C3 bond has occurred such that the-12 bond is enone systems the topology of the crossing regions may be
nearly cis to the C3-C4 bond and the €0 bond length has  different and the reaction may proceed on th# surfaces into
increased to 1.391.40 A. At both points there is a four-level  the biradical regions, followed by internal conversion or
degeneracy with the singlet surfaces. The sfirbit coupling intersystem crossing at the four-level degenerate crossing points.
constants computed between #ar*)/3(zz*) and 3(nm*)/So
surfaces are both 3%t and 49 cm?! (gauché implying
efficient intersystem crossing if these points are accessed.
However, these crossing points lie some 16 kcal/mol above the The [2+2]-photocycloaddition of¥(zz*) «,3-enones and
biradical minima such that, at least in the parent system, alkenes is controlled by both the triplet- and ground-state surface
intersystem crossing and internal conversion are expected totopologies. The twisted structure of tRézz*) minimum of

be slow in this region. s-transacrolein gives rise to three different modesoehttack

Conclusions
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D(0,1,2,3)=-178°
D(1,2,3,4)=6°
D(2,3.4,5)=65°

D(0,1,2,3)=180°
D(1,2,3,4)=0°
D(2.3.4,5)=180°

142

1305 5
Q—‘ 115

1533\ 116° 139

AN

(b)

Figure 10. CASSCF(8,7)/6-31G* optimize&nz*)/3(;*) crossing
points (bond lengths in A and angles in deg): @ti conical
intersection; and (byaucheconical intersection.

and four different modes gf-attack. Transition states on the
triplet surface control the ratio af- versusg-attack (with a
3—4 kcal/mol preference fgf-attack in the parent system), as
well as the conformatiorafiti or gauché of the triplet biradical
formed. All of the triplet biradical intermediates formed can
undergo intersystem crossing to the ground-state surface.
Intersystem crossing is not particularly efficient as the spin
orbit coupling is small, but its probability is increased by the
fact there are minima on both surfaces which parallel each other
in these regions.

Once on the ground-state surface, the molecule can either

close to form the cyclobutane product or dissociate to reform
the reactants. The conformation of the biradical determines
which of these processes will be preferred, explaining the large
discrepancy observed between the HH:HT ratios of the biradicals
and the products in the radical trapping experiméhtghe
results indicate that for ethylene, theti biradical formed by
B-attack of the3(z*) enone will form most rapidly, but this
will mainly dissociate (Scheme 4§5auchebiradicals will be
formed more slowly and mainly undergo ring-closure. The same
behavior is expected of reactions of enones with electron-
deficient alkenes, with the formation of HH products.

Wilsey et al.

Previous investigatiofsuggest that electron-rich alkenes will
be attacked by the electrophilicradical of the3(zz*) enone
at the less-substituted alkene terminus. Our results predict that
both anti and gauchebiradicals will be formed to a similar
extent. Scheme 3 suggests that these biradicals will mainly
dissociate, with slow formation of cyclobutanes occurring from
the gauchea-biradical, leading to HT products.

Finally, reaction from the m* surfaces is only expected
to take place vigs-attack as the barriers far-attack are so
much higher in energy. Attack &{nz*) or (ns*) acrolein on
ethylene leads to the formation of 1,6-biradicals. TWmz*)/
3(nr*)/3(mr*) crossing regions exist, the first in acrolein itself
and the second close to the biradicals. For the parent system
described here, the biradical crossing points occur some 16 kcal/
mol above theé¥(nz*) biradical minima such that intersystem
crossing or internal conversion to tPer*) surface is expected
to occur before the transition state region. However, with
substituted enones, reaction may proceed on tttesarfaces
with decay to the ground-state surface occurring close to the
biradical minima at a point of four-level degeneracy.
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