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Abstract: The photoimtiated [2 + 2] cycloaddition reaction between acrolemn and ethylene 1s mvestigated using ab imtio molecular
orbital calculatons RHF and UHF geometry optimizations with the 6-31G"* basis set are reported for ethylene, acrolein, tniplet
acrolein, gauche and trans triplet biradical intermediates, and formylcyclobutane, and are used to address the 1ssues of reacuvity and
selectivity 1n enone-olefin photoannulations In contrast to a model i which regioselectivaty anses from the alignment of dipoles
1n the excited state, calculated dipole moments and electrostatic potentials show no basis for such an assignment. It 1s striking that
the proposed dipole as well as FMO based selectivity models in the hterature used to explain observed product distnbutions are
madequate, leaving open the question of the mechamstic sigmificance of a triplet exciplex 1n determining regioselectivity

INTRODUCTION

A long standing question 1n orgamc chemustry mnvolves the mechamsm of thermal and photoimtiated [2 +
2] cycloaddition reactions of olefins Proposed mechamsms include stepwise pathways that involve biradical
and zwitterionic mtermediates and as well a synchronous concerted mechamsm.! Whereas extensive theoretical
and experimental 1nvestigation of the thermal reaction has been reported,! photochemically imtiated [2 + 2]
cycloadditions, and 1n particular those mnvolving enones and olefins, remain relatively uncharacterized with
regard to some of the mechamstic details of the reaction

The synthetically useful vanant of photochenucally induced [2 + 2] cycloadditions of alkenes involves
reaction of an enone with an olefin, the mechanism of which 1s proposed to involve an excited state z-complex
(exciplex) of the enone and the olefin followed by relaxation first to a biradical, and then closure to form
cyclobutane (Scheme 1) 23 This mechamism 1s supported by the observation of exciplexes under [2 + 2]
cycloadditon reaction conditions,* albeit recent studies draw 1nto question exciplex involvement in enone
cychzatons 5 Other studies suggest that, 1n some cases, the triplet n,x* exciplex may avoid the biradical and
collapse directly to products following intersystem crossing 6.7

Although the mechanmism of the general enone photocycloaddition reaction awaits elucidation, several
theoretical studies provide useful perspectives on the experimental observations/interpretations A CNDO/2
study of the cycloaddition between enones and acetylenes concluded that regiocontrol results from dipole-dipole
nteractions 1n the excited state 3 CNDOY/S-CI results suggest that the acceleration of the intramolecular

9699



9700 J A ErRicKSONand S D KAHN

photocycloaddition in polymethylene dicinnamates (by substitution on the aromatic rings) can be attributed to
facile exciplex formation, due to favorable charge and/or spin density located on the aromatic moiety.?
UHF/STO-3G calculations on the triplet state of 1,5-hexadien-3-one revealed that parallel ring closure should
occur between Cj and Cg follows from examination of the high spin densities and SOMO coefficients at these
atoms 10 A perturbative intermolecular orbital analysis of PPP generated orbital energies and x electronic
charges of the photoaddition of a vanety of chromophores to methoxyethylene predict head to tail
regioselectivity 11.12,13

hv o
E —» 'E —» E — [EO] — ’[EO] —» '[EO-] —= EO

E = Enone, 'E = Singlet Excited Enone, E = Triplet Enone, O = Olefin, [EO] = exciplex, *[*EQ-] =
Trplet Brradical Intermediate, l[-EO-] = Singlet Brradical Intermediate, EO = Cyclobutane Product

Scheme 1. Putative Mechanism for the Photoinduced Cycloaddition of Enones and Olefins

This study re-examnes the enone-olefin photocycloaddition reaction using SCF-MO methods, and 1s
divided 1nto two parts The imnial focus of this study concerns the geometry and electronic structure of the
reactants (acrolein and ethylene), the putative ntermediates (triplet acrolein and triplet biradical), and the product
(formylcyclobutane) The remaining discusston of this study addresses the reactivity and selectivity of the
acrolemn-cthylene reaction, wherein the energies of the possible mntermediates are discussed 1n the context of
regioselectivity

COMPUTATIONAL METHODS

While photoinduced enone-olefin cychzations are generally useful for only five- and six-membered ring
a,B-unsaturated enones, due to competinon with photochemically induced cis-trans 1somenization 1n acyclic
compounds and larger ring systems,2b the size of these systems 1s prohibitive at the level of theory employed
Therefore acrolein has been used as a simple model enone, and ethylene as the model olefin.

Ab 1mino molecular orbital calculations were carried out using the GAUSSIANSS suite of programs!4 as
mmplemented upon Silicon Graphics Ins 4D Workstations. All reported structures are fully optimized at exther
the restricted or unrestricted Hartree-Fock levels (RHF and UHF, respectively) using the 6-31G* split-valence
polanzation basis set.15 All resulting extrema were characterized via normal mode analysis as true mumma.

Electrostatic potentials were calculated at approximately 2000 points located on an equidensity surface
enclosing ~96% of the total electron density using 6-31G* wavefunctions 16 Potential denived monopoles
(atomic charges) were subsequently obtained based upon these electrostatic potentials according to the fiting
method of Cox and Williams 17

UHF wavefunctions are not eigenfunctions of the true total spin operator, and thus may be contaminated
by higher spin multiplicaty states.!® Nonetheless all UHF wavefunctions reported heremn exhibit expectation
values of the square of the total spin angular momentum operator that ndicate no contamination from higher spin
states 1n all cases

Molecular mechanics calculations on the substituted [4 2 0] and [3 2 0] bicyclic alkanes were performed
using the SYBYL 5 2 empirical force as implemented 1n the SPARTAN electronic structure package 19 The
energies reported follow from complete energy mimmzation using the BFGS algonthm, and correspond to the
“strain” energy of the respective molecular systems
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RESULTS AND DISCUSSION

I Cyclobwsane Products

To begin discussion of regioselectivity of enone and olefin photoannulations, an 1nitial consideration
mvolves the influence of the cyclobutane moiety, and/or the fused bicyclo-alkane on the stereochemical course
of the reaction 1n order to consider the possibility of product control. While not a proposed selectivity model, 1t
seems important to eliminate as many sources of stereoselection (in this case stereocontrol i the second step) 1n
hght of the relative murkiness that this reachion’s mechanism enjoys

Examination of the vanious conformers of formyl cyclobutane (Figure 1) suggests that there 1s
practically no bias caused by the stability of the various products, and by extrapolation 1t seems unlikely that
simular influences (e.g. stenc interactions) to those that are present 1n the transition structure could contribute
much to observed selecivies In analogy with acychc aldehydes,20 the C-O =x-bond eclipses an adjacent C-H
or C-C o-bond, with a small preference to echpse the stramed C-C o-bond of the four-membered ring 1n both the
equatonal and axial configurations. There 1s also a shght favoring of equatonal over axial formyl substitution of
the cyclobutane ning, which appears to be prnmanly steric 1n nature, based upon the three to four degree
flattening of the cyclobutane ring 1n the axial forms The small equatoral preference contrasts the 1-2 kcalemol-!
A-values on six-membered rings for related substituents,2! and serves to highlight the conformational character
of four-membered rings.22

The relationship between the parent formyl cyclobutane and the related [n 2 0] bicyclic systems formed
upon photoannulation of cyclic enones was probed with molecular mechanics calculations Trans-fused
products of propene cycloaddition to cyclopentenone and cyclohexenone exhibited only small preferences for
head-to-tail adducts The small bias for the head-to-ta1l adducts of 0 5-0.8 ([3 2 0] system) and 0.3-0 4
kcalemol-1 ([4 2 0] system), contrast the larger stereoselectivities observed experimentally

H-T H-H
0] 0]

[420] >

Smmlarly, the analogous cis-fused cycloadducts have even smaller preferences (0 1 and 0.4 kcalemol-! for
(3.2 0] and [4.2.0] systems, respectively) for the exo adducts, the endo cis-fused adducts exhibit larger head-to-
tail biases of 1.8 and 2 0 kcalemol-!, respectively Notwithstanding, these model calculations contrast the
expenmental trends for this class of reactions

On whole, this data on the products of the cychzation reaction indicate that if the ning-forming step were
reversible, rather poor stereoselectivities should be observed in all but the cis-fused endo cycloadducts. This
result corroborated the observation (vide supra) that conformational effects are greatly attenuated on the four-
membered ring systems studied Most importantly, such small conformational biases will be even less
pronounced in the cyclization transition structures {(due to longer, partially formed bonds). Thus, one can
conclude that selectivity in the [2 + 2] photoimtiated cycloadditions of olefin and enone must be a consequence
of an earher intermediate along the reaction coordinate
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II Geometry and Electronmic Structure of Open Shell Intermediates

The excitation of acrolein results 1 the formation of the excited state singlet that rapidly intersystem
crosses to the triplet state,2:3 and it 1s the triplet state that 15 primarily responsible for the formation of
cyclobutanes 3.7 During the electronic reorgamzation to the triplet state, several sigmficant geometric alterations
occur that bear comment. In this regard, the structures of both the planar n-x* state and the twisted, x-x* state
forms have been calculated, and are displayed in Figure 2, the twisted n-n* excited state 15 proposed to be
mvolved 1n the [2 + 2] cycloaddition reaction 2

The Co-Cp and Cy-Cc-0 carbon-carbon bond lengths 1n the planar form of triplet acrolein are 1.39A and

1 38A, respectively, which are both shghtly longer than typical C-C double bonds and indeed are remimscent of
a delocalized allyl system.

Thus classification 15 also reflected 1n a carbon-oxygen bond length (1 34A) indicative of a C-O single bond to an
spZ center 23 On the other hand, the twisted form of acrolein assumes a sigmificantly dafferent structure. Here
the Co-Cg bond length of 1 47A 15 in line with a typical single bond length between two sp2 centers,23 whereas
the Co-Cc—o (1 42A) and the C-O bond length (1 24A), are both intermediate between single and double bond
lengths. Thus, the twisted form of triplet acrolein 1s structurally simlar to an oxallyl radical wherein one of the
unpaired electrons 1s delocalized into the formyl group, and with the other electron residing primarily on the
termunal B-carbon

Consideration of the x spin density on the two triplet moleties provides another informative perspective
Examination of the n spin densities of the n-r* state of triplet acrolein (Figure 3) indicate that there 1s
considerable unpaired electron density on the carbonyl carbon and Cg, which 1s of simlar size and alteration to
that of allyl radical Very Iittle spin density 1s located on the oxygen in the plane containing the "allylic x-
system", but rather a large amount (0 885 electrons) hes 1n an orthogonal orbital. In contrast, the n-x" state of
triplet acrolein resembles an oxallyl radical, with sigmficant amounts of unpaired = spin density on both the
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Figure 2. Geometries of Radical and Triplet Biradical Species (UHF/6-31G //6-31G ")
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Figure 3. = Spin Densities of Radical and Triplet Biradical Species (UHF/6-31G*//6-31G*)

oxygen and C, Additionally, a large amount of spin density (0 976 electrons) 1s located on the terrmnal
carbon, 1n an orbital orthogonal to the Co-Cc=0-O plane. While 1n both the planar and twisted triplets the two
unpaired electrons of like spin avoid interaction, the differences 1n the electronic states are striking.

The mechanism outlined 1n Scheme 1 indicates that two distinct triplet biradicaloid species may be
formed depending on which carbon-carbon bond 1s formed first. The formation of a carbon-carbon bond
between the B-carbon of acrolein and the olefin results 1n a 1-formyl brradical (the 1,4-biradicals are 3 and 4 in
Figure 2), whereas titial C-C bond formation at the a-carbon of acrolein yields a 2-formyl biradical (the 2,3-
biradicals are 5 and 6 1n Figure 2) Both 1somenc triplet biradical species are flexible and sufficiently
unconstrained to sample a vanety of conformations, only the low energy gauche and trans conformations of the
1,4 and the 2,3-biradicals are discussed

The geometries of the triplet 2,3-biradicals (5 and 6 in Figure 2) are structurally and electronically
stmilar exclusive of the C1C2C3C4 dihedral angle All carbon-carbon bonds are within the expected range of
unexceptional single bonds, and the carbony! bond of the formyl group exhibits a normal bond length of 1.19A
Not surpnisingly, the = spin densities are localized on the radical centers (Figure 3) with little leakage onto the
aliphatic backbone The conformers of the 1,4 biradicals are also quite similar (3 and 4 i Figure 2),
nevertheless they are quite distinct from the 1somernic 2,3 biradicals The geometries (Figure 2) of the 1,4
biradical intermediates are controlled by the formyl group, which 1n each case affords a significant degree of
delocalization of an adjacent radical center. As before the Cc-0-Cq bond length of 1.41A, and the C-O bond
length of 1 24A are 1n a range mtermediate between normal single and double bond lengths, and are analogous
to the geometry calculated for oxally! radical (Figure 2) This charactenization 1s corroborated by the = spin
densities of the 1,4-biradicals (Figure 3) in which the greatest unparred spin density resides on the carbonyl
oxygen and Cq 24
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IIT Reactivity and Selectuivity
1 Energy Pathways
The energies of the geometry optimmzed acrolemn-ethylene photocycloaddition reactants, triplet
intermediates and product are collected in Table 1; they are summanzed graphically 1n Figure 4

Table 1. Hartree-Fock Energies for the Putative Olefins, Ahiphatic Biradicals and Cyclobutane Involved
n [2+2] Cycloaddition of Acrolemn and Ethylene.?

Energies Zero_Point Energies

Compound Ground State Triplet ] Ground State Triplet
(1) ethylene -78 031718 0054782
(2a) acrolem (planar) -190 762426 -190 701511 0 066490 0061561
(2b) acrolein (twisted) -190.706902 0 060420
(3) trans-1-formyl-biradical -268.778687 0121330
(4) gauche-1-formyl-biradical -268 778172 0121200
(5) trans-2-formyl-biradical -268 756658 0 119500
(6) gauche-2-formyl-biradical -268 755963 0.118855
(7) formylcyclobutane -268 822523 0129344

(a) Energies 1n Hartrees

It warrants notice that the mclusion of zero point energies has only a neghgible effect on calculated energetics in
all cases The imtial increase in energy corresponds to the excitation of acrolein to the triplet state (which 1s
formed upon intersystem crossing from the excited singlet state) and 1s underestimated at 31.0 kcalemol-1.25
‘Within the context of the putative mechanism (Scheme 1), triplet acrolein forms an exciplex with the ground-
state olefin prior to the bond forming step, however, the sigmificance of the exciplex 1n 1ssues of reactivity are
beyond the scope of this work.26 The formation of a bond (with ethylene) at the a-carbon of acrolein results 1n
a 2-formyl substituted biradical (2,3-biradical) that hies 8 5 kcalemol-! below (1) + (32b), with a shght
preference for the trans conformer, 5. On the other hand, the formation of a bond at Cp results n a 1,4-biradical
(3 or 4) that 1s favored energetically over the 2,3-biradicals by 12.6 kcalemol1.27 This additonal stability (of
the 1,4-biradicals) 1s a consequence of radical delocalization onto the adjacent formyl group. Intersystem
crossing to the singlet and subsequent collapse of the biradical results mn the formation of formylcyclobutane, the
overall reaction thermodynamucs calculated reveal an exothernucaty of 12.7 kcalsmol-! Thus, 1t 1s reasonably
concluded that the formation of the first carbon-carbon bond at Cg of the enone 1s favored thermodynarmically,
and lacking a large steric bias (1 ¢., caused by substitution on the enone) this same bond should be preferred
kimnetically as well In other words, factors that stabihze the biradical intermediates seem likely to also stabilize
the corresponding transition states.

These results are m Line with the trapping experiments of Weedon et. al.28 In therr work, HzSe was
mtroduced 1nto the photoannulation of cyclopentenone and vanous substituted alkenes (for example, ethyl vinyl
ether). This reaction resulted in reduction and disproportionation products rather than cycloadduct formation
Of the four reduction and disproportionation products possible, only the two ansing from biradicals (one head-
to-head and the other head-to-tail) which have no primary radical centers were formed and in ~ 1 1 raio  These
results along with the calculations presented here on the unsubstituted enone-olefin reaction, suggest that only
stabilized biradicals (secondary or delocalized) are formed 1n the photoannulation Regioselection probably
anses from the relative rates at which each of these biradicals revert back to starting matenials This speculation
15 based upon Weedon's results and our calculations which suggest that the ring closure step 1t 1s an unlikely
place for regioselection
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Figure 4, Encrgy Differences of the Putative Intermediates of the Acrolein-Ethylene Photocycloaddition
Reaction (Energy differences with zero point corrections are in parenthesis)

2 Selectivity

(a) Coulombic Models. Enone photocycloadditions are known to exhibit head-to-tail and head-to-head
regioselectivity when olefins containing electron donating groups and electron withdrawing groups,
respectively, are employed.Z>3 Thus selectivity has been attnbuted to onentational effects in the putative triplet
exciplex, wherein 1t 1s believed that the triplet state has a reversed polanzation of Cy and Cp (1.e Cp 15 negative
relative to Cy) relative to the ground state 253 The alignment of dipoles 1n the exciplex would thus provide a
rationalization for the noted product distnbutions

A test of the proposal that regioselectivity anises from favorable "dipolar alignment” of the two reactants
followed from molecular electrostatic potentials calculated from HF/6-31G* wavefunctions Fitted monopoles!?
and calculated dipole moments were also employed 1n the charactenization (see Figure §) For the additions of
triplet acrolein (twisted form) to electron-poor olefins, the Corey-DeMayo?3 model for regioselectuivity 1s
mnconsistent with calculated results Specifically, the proposed? polanzation of the electron-deficient double
bond 15 incorrectly assigned based upon these calculations, 1.e the B-carbon 1s negatively charged relative to the
a-carbon 1n acrylonitrile and acrolemn. Applying Corey's regioselectivity model using the atomic charges (in
Figure 5) for acrylonmtnle and trniplet acrolein would assign a head-to-tail onentation, contrary to the
experimental observations 3 Notwithstanding, Corey’s assignment of polarization 1n electron-rich double bonds
1s consistent with these calculations, 1¢ Cp 1s more negative than C,. Here Corey’s model correctly assigns
observed regiochemistnies As an example, the dipolar interaction between methoxyethylene and triplet acrolein
would lead to a head-to-tail cychzation which 1s 1n accord with experiment 3 Thus, consideration of both
electron-rich and electron-deficient cyclo-addends speaks against Corey’s polarization model
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methoxyethylene acrylomtnile

Figure 5 Futed Atomic Charges, Dipole Moments and Mulliken r Electron Densities (in parentheses)
of Substituted Olefins (HF/6-31G"//6-31G")
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Extension of the polarization to consider the ahgnment of the molecular dipoles of the cyclo-addends
does not improve 1ts ability to make assignments of regiochemustry. For example, the most favorable ahgnment
of the dipoles of triplet acrolemn (twisted) and acrylomtnle situates the two double bonds 1n a head-to-tail
orentation, opposite to the expenmentally preferred regiochemustry. Moreover, this type of analysis 1s even
more problematic 1n the electron-nich olefin case where the alignment of the dipoles of methoxyethylene and
triplet acrolemn places the two double bonds 1n a perpendicular onentation in which no regiochemacal preference
can be assigned

It 15 interesting to note that while the overall coulombic quantities hike electrostatic potential derived
atomic charges and molecular dipole moments fail to provide imnsight into the origin of regiochemical
preferences, consideration of only the = orbital contnbution 1n the coulombic nteractions proposed does yield a
successful model for regiochemical assignments n-only electron densities?? (Figure 5) denived using a
Mulliken population analysis30 correctly assigns head-to-head and head-to-tail cycloaddition regiochemustries of
triplet acrolein adding to acrylomtnle and methoxyethylene, respectively Nevertheless, 1t 1s important to note
that population methods and 1n particular Mulliken methods partihion electron density 1n a well defined yet
arbitrary fashion, and thus can give only gross approximations for charge distributions 18 Whale the noted trend
15 strictly empuirical, 1t does lead to regiochemical assignments that agree with experimental results

(b) Orbital Overlap Models An alternative perspective from which regioselectivity may be discussed 1s the
nteraction between the frontier molecular orbitals (FMO) of the triplet enone and substituted olefins. Here, as in
all FMO approaches, a balance must be struck between the square of the orbital overlap and the energy
separation of the interacting orbatals, Ae 31 A similar analysis addressing the regioselectivaty of the addition of
methyl radical to substituted olefins, involving the SOMO-HOMO 1nteraction, was reported as successful 32

The frontier orbitals of triplet acrolein and ethylene are displayed 1n Figure 6. Both of the two singly
occupied molecular orbitals (SOMO) and the lowest unoccupied molecular orbital (LUMO) of triplet acrolein are
included, as are the highest occupied molecular orbital (HOMO) and the LUMO of the olefins considered.
Within this mamifold of frontier orbitals, the subjacent SOMO-HOMO and the highest SOMO-HOMO
mnteractions have significantly smaller orbrtal energy separations (A€) and hence should dominate 1n the frontier
orbital expression This analysis provides a charactenzation of imtial bond formation in the [2 + 2]
photocycloaddition as a radical attack (triplet acrolem acting as the radical) on substituted olefins.

Bond formation at Cp and Co of triplet acrolem 1s predicted by HSOMO-HOMO and the SSOMO-
HOMO 1nteractions, respectively, between triplet acrolein and ethylene In the case of the reaction of excited
enones with electron deficient olefins, the best orbital interaction 1n the acrylonitrile-triplet acrolein frontier
orbital analysis 1s the SSOMO-HOMO 1nteraction, wherein there 1s no preference for the site of first bond
formation In contrast to the regiochemical ambiguities assigned for electron-deficient olefins, electron-rich
olefins exhubit marked regioselectivity using an 1dentical FMO analysis In these later cases, the best orbital
mnteraction involves the HSOMO of triplet acrolein and the HOMO of the electron-rich olefin, methoxyethylene,
and this mteracuon clearly favors imual bond formation between Cp of triplet acrolemn and Cp of
methoxyethylene, this leads to an incorrect assignment of a (1 € head-to-head) of adduct stereoselectivity

CONCLUSION

In summary, several conclustons follow from the previous discussion regarding reactivity and selectivity
1n [2 + 2] photocycloadditions Conformational analysis of substituted cyclobutane products and extrapolation
of these analyses to the related transition structures makes 1t clear that observed selectivities cannot occur 1n the
nng closure step, but rather selechvity must be a consequence of an earlier step 1n the reaction The geometry
and electromc structure of triplet acrolein, and the thermodynamic data of the two putative triplet biradicals
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suggest Cp of triplet acrolen as the most reactive site for initial bond formation This imtial bond formation
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must be the source of observed stereoselectivity.
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Figure 6. Inner r Orbital Coefficients and Orbital Energies for the Frontier Orbatals of (a) planar triplet
acrolem  (b) twasted triplet acrolein (c) methoxyethylene (d) acrylonitrile (Energies in Hartrees)

Two possible causes for the noted regioselectivity of the photoinduced enone [2 + 2] cycloaddition have
been probed 1n this study The first possibility 15 regiocontrol anising from the 1mitial reaction of the two 1solated
species mvolving an early transition state  This was exanuned using perturbation theory, FMO analyses have
had success n explaiming regiochemical preferences n the addition of radicals to olefins 32 Notwithstanding,
treatment of the imtial bond formation using an FMO approach was unsuccessful in the assignment of
regiochemistry consistent with expernment  This speaks against the possibility of regioselectivities ansing from
the addition of a radical mosety to a substituted olefin

The second possibihity, following a proposal 1n the hiterature, 39 1s the assignment of regioselectivities
based upon simple coulombic interactions between the triplet enone and substituted olefins This proposed
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model was tested via calculated electrostatic potentials and dipole moments. It was discovered that simple
coulombic interactions do not correlate with observed regiochemistries. This result casts doubt on the
coulombic interaction of the isolated reactants as the source for regioselection. An interesting correlation,
however, involves Mulliken x electron densities and experimental regiochemical observations. These densities
can be used as a model, albeit a strictly empirical one due to known deficiencies with population analyses, to
explain observed regiochemical outcomes in enone-olefin photocycloadditions.

The major significance of this study lies in the following two conclusions: 1) regio- and stereoselectivity
arise from the first bond formation and 2) the regioselectivity model involving simple coulombic interactions
(which has been used for almost 30 years) is not consistent with the calculated electrostatic properties of the
species involved! Although the possibility of exciplex controlled regioselectivity remains, the results discussed
here in conjunction with the work of Weedon et. al.28 point to the relative back reaction rates, i.e. reversion to
starting materials, of the head-to-head and head-to-tail biradicals formed in the enone-olefin photoannulation
reaction as the source of regioselection.
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