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A6sfmctz The photo- [2 + 21 cycloadd~tmn reactmn between acrolem and ethylene IS mvestlgated usmg ab mum molecular 

orbltal calculattons RHF and UHF geometry optmuzauons wrth the 6-31G* basu set are reporkd for ethylene, acmlem, tnplet 

acrolem, gauche and trans mplet bmuhcal mtites, and formylcyclobutane, and PIE used to address the issues of reactive@ and 

selccuvvlty m enone-olefm photoannulattons In contrast to a model m which reg~oselecttvtty anse.s from the ahgnment of &poles 

m the excited state, calculated &pole moments and electrostauc potenhals show no bau for such an assignment It IS strkmg that 

the proposed &pole as well as FM0 based SelcctMty models m the htuature used to explam obseseed product dutnbutions are 

madequate, leavmg open the quesuon of the mechamsw slgmfii of a mplet exclplex m dekmlmmg regloselecIlvlty 

INTRODUCTION 

A long standmg questton tn orgamc chemtsuy mvolves the mechamsm of thermal and photo~uated [2 + 
23 cycloaddmon reacttons of olefms Proposed mechamsms mclude stepwise pathways that mvolve brradrcal 
and zwntenomc mtermedrates and as well a synchronous concerted mechamsmt Whereas extenstve theoreucal 
and expenmental mvestrgatron of the thermal reaction has been reported,’ photochemtcally unttated [2 + 21 
cycloaddruons, and m partrcular those mvolvmg enones and olefms. remam relauvely uncharactenred wrth 
regard to some of the mechamsuc detads of the reachon 

The syntheucally useful vanant of photochetmcally mduced [2 + 21 cycloaddruons of alkenes mvolves 
reactron of an enone wtth an olefln, the mechamsm of which 1s proposed to mvolve an excned state x-complex 
(excrplex) of the enone and the olefin followed by relaxauon first to a budcal, and then closure to form 
cyclobutane (Scheme 1) a3 This mechanism is supported by the observauon of excrplexes under [2 + 21 
cycloaddmon reactton condmons,4 albeit recent suuhes draw into question exciplex mvolvement in enone 
cychxauons 5 Other studres suggest that, m some cases, the mplet x,x* excrplex may avord the buadrcal and 
collapse Wetly to products followmg intersystem crossmg k7 

Although the mechanism of the general enone photocyclotitron reacuon awarts elucrdauon, several 
theorencal studies provide useful perspecuves on the expenmental observauons/interpretauons A CNDO/2 
study of the cycloaddmon between enones and acetylenes concluded that regrocontrol results from drpole-dtpole 
interacnons in the excited state * CNDO/S-CI results suggest that the accelerahon of the mtramolecular 
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photocyclotitron in polymethylene drc mnamates (by substmttion on the aromatrc rings)) can be attnbuted to 
facile exclplex formatron, due to favorable charge and/or spm density located on the aromattc moiety.9 
UHP/STO-3G calculahons on the triplet state of 1.5hexadien-3-one revealed that parallel rmg closure should 
occur between Cl and Q follows from exammauon of the htgh spm densines and SOMO coefficrents at these 
atoms 10 A perturbanve mtermolecular orbital analysrs of PPP generated orbrtal energes and I electromc 
charges of the photoaddmon of a variety of chromophores to methoxyethylene predict head to tall 
regioselecuvrty 11J2J3 

E I”, ‘E + rP % 3FO] -_) 3Fm] -_) ‘PEOI + ED 

E = Bnone, ‘E I Staglet Excned Bnone. sE = Tnplet Enone. 0 = OleBn. 3fBQ] = exctplez. 31=E0] = 
Trtplet Bti Bmnne&@ ‘PEeI = !&n&t Bnadral Intermedaue, BO = cyclobutane Raiuct 

Scheme 1. Putatwe Mechamsm for the Photomduced Cycloaddmon of Pnones and Olefins 

This study re-exammes the enone-olefin photocycloaddmon reactton usmg SCP-MO methods, and 1s 
dtvlded mto two parts The mitral focus of thrs study concerns the geometry and electronic structure of the 
reactants (acrolem and ethylene), the putative mtermediates (trtplet acrolem and mplet buadrcal), and the product 
(formylcyclobutane) The remammg drscussion of thrs study addresses the macttvrty and selectrvrty of the 
acrolem-ethylene reacnon, whemm the energres of the possible mtermedtates am drscussed m the context of 
regloselectlvlty 

COMPUTATIONAL METHODS 

While photomduced enone-olegn cychxattons are generally useful for only five- and srx-membered ring 
u,l3unsaturated enones, due to competmon wrth photochemically induced CIS-trans tsomeruatton m acyclic 
compounds and larger rmg sy~tems,~~ the size of these systems IS prombmve at the level of theory employed 
Therefore acmlem has been used as a simple model enone, and ethylene as the model olefin. 

Ab mho molecular orbital calculatrons were camed out usmg the GAUSSIAN85 suite of programsl” as 
mplemented upon Sdtcon Graphics Ins 4D Workstattons. All reported structmes are fully opmzed at e~ther 
the resmcted or um-esmcted Harbee-Fock levels (RHF and UHF, respecttvely) using the 6-3lG* @t-valence 
polanxatron basis set.15 All resultmg extrema were characterized vra normal mode analysis as true mtmma. 

Electmstahc potennals were calculated at approxunately 2ooO pomts located on au eqmdensity surface 
enclosing -96% of the total electron density using 6-31G’ wavefunchons l6 Potentral dertved monopoles 
(atomic charges) were subsequently obtamed based upon these electrostatic potennals accordmg to the fimng 
method of Cox and Wtlhams l7 

UHP wavefunctions are not etgenfunctrons of the true total spm operator, and thus may be contaminated 
by higher spin multiphctty states.l* Nonetheless all UHP wavefuncttons reported herem exhrbrt expectatton 
values of the square of the total spur angular momentum operator that indicate no contammatron from higher spm 
states in all cases 

Molecular mechamcs calculauons on the subsmuted [4 2 0] and [3 2 0] bqchc alkanes were performed 
usmg the SYBYL 5 2 empmcal force as implemented m the SPARTAN electronic structure package 19 The 
energies reported follow from complete energy mzanon usmg the BFGS algonthm, and correspond to the 
“sham” energy of the respectwe molecular systems 
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II Geomewy and EIecwow .Wuclure of Open Shell Interme&ates 
The excitauou of acrolein results ut the formatron of the exerted state srnglet that rapidly uttersystem 

crosses to the mplet state,2J and rt 1s the mplet state that 1s primarrly responsible for the formatton of 
cyclobutanes 3.7 Dunng the electromc reorgatuxahon to tire mplet state, several stgmficant geomemc alterahons 
cccur that bear comment. In tins regard, the structures of both the planar n-x* state and the twrsted, u-u* state 
forms have been calculated, and are drsplayed ut Figure 2, the twtsted x-u* excued state IS proposed to be 
utvolved rn the [2 + 23 cycloadd~hon teactton 2 

The C&p and C&-&O carbon-carbon bond lengths ut the planar fortn of mplet acroleut are 1.39A and 
138A, respecttvely, whtch are both sbghdy longer than typrcal C-C double bonds and mdeed ate remtmscent of 
a delocabxed ally1 system . 

I i l 

I 
%s classtficauon 1s also reflected m a carbon-oxygen bond length (1 MA) m&came of a C-O sutgle bond to an 
sp2 center a On the other hand, the hvtsted form of acrolern assumes a sqntficantly drfferent structure. Here 
the &-Cg bond length of 147A IS III he wth a typrcal srngle bond length between two sp2 centers,” whereas 
the C&-&o (142A) and the C-O bond length (1 ~QA), are both tntermedrate between smgle and double bond 
lengths. Thus, the twrsted form of mplet acrolern IS structurally suntlar to an oxallyl radrcal whereon one of the 
unpaued electrons 1s delocalzd rnto the formyl group, and wtth the other electron resnhng pnmanly on the 
temunal war-bon 

Consrderauon of the x spur density on the go mplet moietres provrdes another rnfortnauve perspecuve 
Examrnatton of the L spin denstttes of the n-u* state of triplet acroletn (Figure 3) mdtcate that there 1s 
constderable unpaued electron density on the carbonyl carbon and Cg, which IS of surular SIX. and alterauon to 
that of ally1 radrcal Very little spur density IS located on the oxygen in the plane contatnmg the “allyhc L- 
system”, but rather a large amount (0 885 electrons) bes in an orthogonal orbital. In contrast, the x?r* state of 
mplet acrolern resembles an oxallyl radtcal, wrth srgnrficant amounts of unpaued x sput densrty on both the 
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Figure 2. Geomemes of Raduxl and Tnplet Btical Specxes (UI-F/6-3lG*//6-3lG*) 
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Figure 3. x Spm Densmes of Radtcal and Tnplet Buadtcal Species (UHlV6.31G*//631G*) 

oxygen and C, Addmonally, a large amount of spin denstty (0 976 electrons) 1s located on the terminal 
carbon, m an orbttal orthogonal to the Cu-C&o-O plane. Wlule m both the planar and twtsted mplets the two 
unpatred electrons of bke spm av0u-i mteracaon, the differences m the electromc states am stnlang. 

The mechanism outlmed 111 Scheme 1 mdscates that two dtsttnct mplet brradtcalotd spectes may be 
formed dependmg on which carbon-carbon bond IS formed fiit. The formatton of a carbon-carbon bond 
between the p-carbon of acrolem and the olefin results m a I-formyl btradtcal (the 1,4_btrad1cals am 3 and 4 m 
Figure 2), whereas tmttal C-C bond formatson at the a-carbon of acrolem yields a 2-formyl buadtcal (the 2,3- 
btradtcals are 5 and 6 m Figure 2) Both isomenc mplet btradtcal spectes are flexible and suffictently 
unconstramed to sample a vanety of conformahons, only the low energy gauche and rruns conformations of the 
1,4 and the 2,3-btradtcals are &scussed 

The geometnes of the mplet 2,3-blticals (5 and 6 m Figure 2) are structurally and electromcally 
smular exclusive of the CtC2C3C4 dthedral angle All carbon-carbon bonds are w&m the expected range of 
unexcepnonal smgle bonds, and the carbonyl bond of the formyl group exhtbns a normal bond length of 1.19A 
Not surpnsmgly, the I spm densmes are locabzed on the tad& centers (Figure 3) wttb little leakage onto the 
ahphattc backbone The conformers of the 1.4 bmuhcals are also qmte smular (3 and 4 m Figure 2). 
nevertheless they are quite dtstmct from the tsomenc 2,3 btradtcals The geometries (Figure 2) of the I,4 
brad& mtermedtates are controlled by the formyl group, which 111 each case affords a srgmficant degree of 
delocahzatton of an adjacent radtcal center. As before the f&o-C, bond length of 1.41A, and the C-O bond 
length of 1 aA are m a range mtermedrate between normal smgle and double bond lengths, and am analogous 
to the geomeny calculated for oxallyl n&cat (Figure 2) Thrs charactenzahon IS corroborated by the x spm 
densmes of the l+bWcals (Figure 3) 111 whtch the greatest unpaued spm density restdes on the carbonyl 
oxygen and Ca 24 
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III Reactwy and Selectwry 
1 Energy Pathways 

The energes of the geometry optumzed acrolem-ethylene photccycloaddmon reactants, mplet 
mtermedlates and product are collected m Table 1; they are summarmd graphlcauy m Figure 4 

Table 1. Hartree-Fock Enerpes for the Putauve Olefins. Ahphanc Bnad~als and Cyclobutane Involved 

m [2+2] Cycloaddmon of Acmlem aud Ethylene.a 

Energies Zero Point Energies 

Compound Ground State Triplet 1 Ground State Triplet 

(1) ethylene -78 031718 0 054782 
(I) acrolem (planar) -190 762426 -190701511 0 066490 0 061561 
(2b) acrolem (twisted) -190.706902 0060420 
(3) tranr-1-formyl-bn.adlca.l -268.778687 0 121330 
(4) gauche- 1-formyl-blradlcal -268 778172 0 121200 
(5) trans-2-formyl-blradlcal -268 756658 0 119500 
(6) gauche-2-formyl-l.nz&cal -268 755963 0.118855 
(7) formylcyclobutaue -268 822523 0 129344 

(a) E=P= 111 w 

It wsrrants notice that the mclusmn of zero pomt en-es has only a neghpble effect on calculated energefics m 
all cases The uuaal mcrease in energy corresponds to the excttation of acrolem to the tnplet state (which 1s 
formed upon mtersystem crossmg from the excfted smglet state) and IS undereshmated at 31.0 kcabmol-1.u 
Wlthm the context of the putanve mechamsm (Scheme 1). mplet acrolem forms an exclplex v.%h the ground- 
state olefm pnor to the bond formmg step, however, the sqmficance of the exciplex m issues of react~ty are 
beyond the scope of tis work.% The formation of a bond (with ethylene) at the a-carbon of acrolem results m 
a 2-formyl substituted bmuhcal (2,3-bmuhcal) that hes 8 5 kcal*mol-1 below (1) + (32b). wuh a shght 
preference for the zruns conformer, 5. On the other hand, the formation of a bond at Q results m a 1,4_bnad& 
(3 or 4) that 1s favored energetically over the 2,3-bmubcals by 12.6 kcal*mol-t.27 This addmonal stabdq (of 
the 1.4~bnad~als) IS a consequence of radical delocahzahon onto the adJacent formyl group. Intersystem 
crossmg to the smglet and subsequent collapse of the bm&cal ~?sults m the fonnatm n of formylcyclobutane, the 
overall reactmn thermodynanucs calculated reveal an exothernuclty of 12.7 kcabmol-1 Thus, It 1s reasonably 
concluded that the formaaon of the first carbon-carbon bond at C$ of the enone 1s favored thermod~cally, 
and lacking a large stenc bias (1 e., caused by substitution on the enone) dus same bond should be preferred 
kmeacally as well In other words, factors that stab&e the bm&cal mteRnedlates seem hkely to also stab&e 
the correspondmg tnmtion states. 

These results are m hne wth the trappmg expenments of Weedon et. al.2 In ther work, H2Se was 
mtmduced mto the photoannulatlon of cyclopentenone and vanous substituted alkenes (for example, ethyl vmyl 
ether). This reacnon resulted m reduction and dqropomonation products rather than cycloadduct formaaon 
Of the four redution and dqmpomonahon products possible, only the two ansmg from bnzubcals (one head- 
to-head and the other head-to-tad) whch have no prunary n&al centers were formed and m - 11 RUIO These 
results along ~nth the calculamms presented here on the unsubstituted enone-olefin -on, suggest that only 
statized bmubcals (secondary or delocahzed) are formed m the photoannulation Re@oselectlon probably 
arises from the relaave rates at which each of these brad&s nxmt back to startmg matemls Thus speculanon 
IS based upon Weedon’s results and our calculaQons which suggest that the nng closure step it is an unhkely 
place for regmselaon 
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Figure 4. Energy Drfferences of the Putatrve Intermedrates of the Acrolem-Ethylene Phomcycloaddmon 
Reacnon (Energy drfferences with zero pomt correcnons am m parentbesrs) 

2 Selectwiry 
(a) Coulombs Models. Enone photocycloaddmons are known to exhrbit head-to-tarl and head-to-head 

regroselectrvrty when olefins contammg electron donatmg groups and electron withdrawing groups, 
respectrvely, are employed.= Thrs selectrvrty has been attnbuted to onentattonal effects in the putatrve tnplet 
excrplex. whemm it IS beheved that the mplet state has a reversed polarrzatron of C, and Cg (1.e Cg IS negattve 
relatrve to Co) relattve to the ground state 2b.s The ahgnment of drpoles m tire excrplex would thus provrde a 
ratumahzatton for the noted product drsmbutrons 

A test of the proposal that reg~oselecttvny arises from favorable “drpolar ahgnment” of the two reactants 
followed from molecular elecnostatrc potentials calculated from HF/6-31G* wavefunchons Fitted monopoles 
and calculated dtpole moments were also employed m the charactenzatron (see Figure 5) For the addmons of 
tnplet acrolem (twrsted form) to electron-poor olefins, the Corey-DeMaydJ model for regrosekct~vrty IS 
mconsrstent wttb calculated results Specrfically, the proposed23 polarrzatron of the electron-deficrent double 
bond IS mcorrectly assrgned based upon these calculattons, 1-e tire g-carbon IS negatrvely charged relative to the 
a-carbon 111 acrylomtrde and acrolem. Applymg Corey’s regroselectrvq model usmg the atomc charges (m 
Figure 5) for acrylommle and mplet acmlem would assrgn a head-to-tar1 orrentatron, contrary to the 
expenmental observatrons 3 Notsvrthstandmg, Corey’s assrgnment of polanzation m electron-nch double bonds 
IS consrstent wtth these calculattons, I e Cg IS more negatrve than &. Here Corey’s model correctly assigns 

observed mgrochemtsmes As an example, the drpolar mteractron between methoxyethylene and mplet acrolem 
would lead to a head-to-tar1 cychzatron whrch IS m accord wrth expenment 3 Thus, consrderatron of both 
electron-nch and electron-deficrent cycloaddends speaks agamst Corey’s polaozatron model 
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Extensron of the polanxatron to consrder the ahgnment of the molecular dipoles of the cycle-add&s 
does not nnprove its abrbty to make assrgnments of regmchemrstry. For example, the most favorable abgnment 
of the &poles of mplet acrolem (twrsted) and acrylommle situates the two double bonds in a head-to-tad 
onentatton, opposrte to the expenmentally preferred regrochermstry. Moreover, thrs type of analysis 1s even 
more problematrc m the electron-nch olefm case where the ahgnment of the dipoles of methoxyethylene and 
mplet acrolem places the two double bonds m a perpendicular onentanon in which no regrochemtcal preference 
canbe assigned 

It 1s mterestmg to note that whrle the overall coulombrc quantmes hke electrostanc potentral derived 
atomic charges and molecular dipole moments far1 to provrde maght mto the ongm of reglochermcal 
preferences, consideranon of only the x orbttal conmbutron m the cotdombrc mteractrons proposed does pekI a 
successful model for regmchemical assignments r-only electron densines (Figure 5) denved usmg a 
Mull&en populahon analy~ls~~ cormctly assigns head-tohead and head-to-tad cycloaddmon mgmchermsmes of 
mplet acrolem addmg to acrylommle and methoxyethylene, respectrvely Nevertheless, rt 1s rmportant to note 
that populatron methods and m parttcular Mull&en methods partttton electron density 111 a well defined yet 
arbnrary fashion, and thus can grve only gross appromhons for charge dlsmbunons 18 Whrle the noted trend 
1s smctly empmcal, it does lead to regrochemrcal assrgnments that agree wnb expenmental results 

(b) Orbml OverZap Models An altematrve perspechve from which regroselectrvrty may be discussed 1s the 
rmeracnon between the I?ontrer molecular orbrtals (FMO) of the mplet enone and subsmuted olefms. Here, as m 
all FM0 approaches, a balance must be struck between the square of the orbital overlap and the energy 
separanon of the mteractmg orbitals, Aa 31 A smnlar analysis addressing the regroselecttvrty of the tiuon of 
methyl radrcal to substttuted olefins, mvolvmg the SOMO-HOMO mteracaon, was reported as successful 32 

The frontrer orbnals of mplet acrolem and ethylene are displayed m Figure 6. Both of the two smgly 
occupred molecular orbnals (SOMO) and the lowest unoccupuzd molecular orbnal (LIMO) of mplet acrolem are 
mcluded, as are the highest occupied molecular orbital (HOMO) and the LUMO of the olefms cons&red 
Wrthm thrs manifold of frontier orbrtals, the SubJacent SOMO-HOMO and the highest SOMO-HOMO 
mteracnons have srgntflcantly smaller orbnal energy separahons (AE) and hence should domtnate m the frontter 
orbital expressron This analysis provides a charactenzatron of initial bond for-matron m the [2 + 21 
photocycloaddmon as a radrcal attack (mplet acrolem actmg as the nuhcal) on substttuted olefins. 

Bond formanon at Cg and Co of mplet acrolem 1s predrcted by HSOMO-HOMO and the SSOMO- 
HOMO mteractrons, respechvely, between mplet acrolem and ethylene In the case of the reactron of excited 
enones with electron deficient olefms, the best orbital nnerachon m the acrylommle-mplet acrolem frontrer 
orbital analysis is the SSOMO-HOMO mteracnon, wherem there is no preference for the site of first bond 
formatton In contrast to the regmchemrcal ambrgumes assigned for electron-deficient olefms, electron-nch 
olefms exhrht marked regtoselecavrty usmg an rdenttcal FM0 analysrs In these later cases, the best orbital 
rnteracnon mvolves the HSOMO of mplet acrolem and the HOMO of the electron-nch 01&m, methoxyethylene, 
and this mteractron clearly favors mitral bond formatron between Cg of mplet acrolem and C!g of 
metboxyethylene, thts leads to an mcorrect assrgnment of a (1 e head-tohead) of adduct stereoselechvny 

CONCLUSION 

In summary, several conclusrons follow from the prevrous drscussion regatxbng reactlvny and selecnvny 
m[2 + 21 photocycloaddmons Conformatronal analysis of subsmuted cyclobutane products and extrapolanon 
of these analyses to the related transmon structures makes it clear that observed selectrvitres cannot occur m the 
nng closure step, but rather selecttvrty must be a consequence of an earher step 111 the reacoon The geometry 
and electronic structure of mplet acrolem, and the thermodynarmc data of the two putatrve mplet brradrcals 
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suggest Cg of tnplet acrolem as the most reactive site for uuaal bond formation ‘Ilus mltlal bond formation 
must be the source of observed stereoselechWy. 
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Figure 6. Inner x Orbital Coefficients and Orbital Enerp;les for the Fronaer Orbital8 of (a) planar tnplet 
acmlem (b) twz%ed tnplet acrolem (c) methoxyethylene (d) acrylommle (Energies 111 Hattrees) 

Two possible causes for the noted reg~oselect~v~ty of the photomduced enone [2 + 21 cycloaddttton have 
been probed m dus study The fast pos&Ihty 1s regIocontm1 ansing from the uutial -on of the two isolated 
species mvolvmg an early translhon state This was exammed using perturbation theory, FM0 analyses have 
had success m explammg regiochermcal preferences m the addmon of radicals to olefins 32 Not\Klthstandmg, 
treatment of the mutual bond formation usmg an FM0 approach was unsuccessful m the assignment of 
zgmchemtshy consistent with expenment T~u speaks agamst the poss1btit-y of reg~oselect~v~t~es ansmg from 
the addmon of a &al mou%y to a substituted olefin 

The second posslb&y, followmg a proposal m the hterature,39 1s the assqnment of re~oselectrvmes 
based upon simple coulomblc mteractlons between the mplet enone and 8ubsWuted olefms Thus proposed 
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model was tested via calculated elecnostatic potentials and dipole moments. It was discovered that simple 
coulombic interactions do not correlate with observed regiochemistxies. This result casts doubt on the 
coulomblc interaction of the isolated reactants as the source for fegloselection. An interesting correlation, 
however, involves Mulliken x electron densities and e xpuimental llegiochemical observations. These densities 
can be used as a model, albeit a strictly empirical one due to known deficiencies with population analyses, to 
explain observed xq$Jchemical outcomes in enone-okfinphotocycloadditions. 

The major signilicance of this study lies in the following two conclusions: 1) qio- 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 elecm~tatic properties of the 
species involved! Although the possibility of excipkx controlkd regioselectivity remains, the results discussed 
here in conjunction with the work of Weedon et. al.= 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-okfin photoannulation 
reaction as the somce of regioselection. 
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