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ABSTRACT

The [2+2] photocycloaddition of enone such as cyclopentenone to
substituted chiral ethylene as alkene has been studied using semiemperical
methods (AM 1, PM3 and MNDO) were applied. The results showed that,
the reaction occurs in the triplet state of enone and the ground state of
alkene, also, we have deduced that the regioselectivity can be explained
assuming that the [2+2] photocycloaddition reaction is frontier orbital

controlled. © 2012 Trade Sciencelnc. - INDIA

INTRODUCTION

The[2+2] photocycl oaddition has been asource
of considerableinterestfor dmost acentury andit has
been extensively investigated™. In addition, thegenerd
reaction pathway has often been used in the total
synthesisof natural products?4.

Beginningintheearly 1960’s with the work of De
Mayao®, Eatonl® and Corey!™ and continuing up to the
present day'®®, numerous groups have explored
synthetic applications and conducted mechanistic
investigation of thephotochemica cycloadditionreaction
between alkenes and cyclopentenones and
cyclohexenonestoyield cyclobutane adducts.

Since the enone addition to alkenes to yield
cyclobutanesissyntheticdly very useful, sudieshave
been carried out in an attempt to direct thereaction
towords regio- and stereosel ective products. The
general approachistointroduceachira center either
on the enone, or on the incoming alkene frame
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work!®. Mechanistic studies have revealed much
about the intermediates of the [2+2]
photocycloaddition, but their high reactivity hasmade
it difficult to control regio- and stereosl ectivity!?04,
Broecker*? and al. have reported a UHF study of
theregiosd ectiviry of photocycloadditions of triplet
acroleintoavariety of substituted alkens and showed
that in cases where cyclisation is fast relative to
reversion of the biradical intermediate to reactants,
the rates of initial bond formation determine the
product regiosdl ectivity of [2+2] photocycloaddition
of acroleine to alkene using ab initio CASSCF
calculations and the 6-31G* basis set. Recently,
Wilsey*® and al have carried out detailed computa-
tional studieson the [2+2] photocycloaddition of
acyclic enones (acroleine) to ethylene. Theresults
indicatethat transition states on both thetriplet and
ground state surfaces play apart in controlling product
selectivity, arein accord with the experimental results
of Weedon and co-workers.
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Thispaper presentsatheoretical study of the[2+2]
photocycl oaddition reaction of cyclopentenone (1) to
diisopropyl — D- (-) - tartrate modified ethylene
methanoite (2). Thistheoretica approach based onthe
combination of the FM O theory with semiemperical
[AM1, PM3and MNDQ] methodswill be applicable
for determining the regiosel ectivity observed.

COOCH(CHg),

hn (1= 365nm)

EXPERIMENTAL RESULTS

Before describing our computational work, a
summary of the experimental results of the
enantiosdl ective photocycl oaddition of cyclopentenone
to diisopropyl D-(-)-tartrate modified ethylene
methanoitewill be presented:
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Scheme 1

The cyclopentenone (1) irradiation with the
diisopropyl D-(-)-tartrate modified ethylene
methanoite (2) using monochromaticlamp HPW 125W
(365 nm) in the hexane conduct to addition product
with 50% yield. Spectroscopy analysis of reaction
product indicatesthat only regioi somer was obtained
with diastereomeric excess (e.d) = 40% (see

experimentd part).
METHODSAND COMPUTATIONS

Our calculationsare carried out by using Pentium
133 MHz using Hyperchem 6.03 professional pack-
agel*, We used the algorithm Polack- Ribiere (en-
ergy gradient=0.01 kcal/mal .A °). The geometric op-
timization of the structures was obtained by the
semiemperical methods (AM1, MNDO and PM3).
Thed ectronic structure and thereactivity of reactants
(1) and (2) have been calculated usingAM1, PM3
and MNDO at restricted Hartree Fock (RHF) for
ground states, and at unrestricted Hartree Fock (UHF)
for triplet states.

RESULTSAND DISCUSSION

According to authorg*>, in the photochemical
reaction of cyclopentenone and akyl- substituted
akenes, biradica intermediates, head-to-head (HH) and
head-to-tail (HT) areformed by bonding of boththe o
and § positions of the enone to the less substituted of
theakene

@Wu'c CHEMISTRY —

O bdn b

biradical HT biradical HH

Figurel: Thetwo possible biradical intermediatesin the
photoaddition of cyclopentenoneto substituted alkene.

It has been concluded a so, that theregiochemistry
and stereochemigtry of reaction productsaredetermined
by theratesof initia bond formation* or by theoutcome
of thecompetition between reversonto sartingmateria
and closure to product for each of the various
intermediate biradica swhichlead to each of thereaction
productg 317,

Inorder to explain the observed selectivity during
theformation of cyclobutane adduct, inapreliminary
step, we have examined the regiosel ectivity by using
frontier molecular orbital (FMO) theory. Accordingto
the FMO theory applied to the [2+2] photocy-
cloaddition, theregiosel ectivity can be predicted from
theinteractions between the highest occupied molecu-
lar orbital (HOMO) of the alkene (2) in the ground
state (GS) and the lowest singlet occupied molecul ar
orbital (LSOMO) of the cyclopentenone (1) intheex-
cited triplet state (T.S)1281,

The favorite site in cyclopentenone for the
photocycloaddition to the kene (2) wasanayzed by
comparison the HOMO, thelowest unoccupied mo-
lecular orbital (LUMO), the highest singlet occupied
molecular orbital (HSOMO) and LSOMO energiesand
orbita interactions(orbital coefficients). Theeectronic
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structures have been cal cul ated on theground statefor
both reactantsand on thetriplet satefor cyclopentenone
and arepresentedin TABLE 1.

TABLE1: HOMO,LUMO,HSOMO and L SOM O energies
(eV) for cyclopentenone 1l and alkene?2.

Cyclopentenone

s Alkene
Ground  Triplet Ground state
state State
AM1
HOMO -10.41 - -10.10
LUMO -0.03 - 0.76
HSOMO - -8.64 -
LSOMO - -10.79 -
PM3
HOMO -10.44 - -10.24
LUMO -0.125 - 0.63
HSOMO - -8.68 -
LSOMO - -10.88 -
MNDO
HOMO -10.40 - -10.21
LUMO -0.12 - -0.57
HSOMO - -8.93 -
LSOMO - -10.83 -

Theinformation contained therein results performed
at theUHF/ RHF level of theory by using (AM1, PM3
and MNDO) semiemperica methods.

From these results, we found that the three
semiemperical methods give approximately the same
valuesand in each energetic state. From these val ues,
we cal cul ated the energetic differences between the
orbital frontiersof thetwo molecules, in order to know
the favorable state in the photoaddition to the
cyclopentenone. Thefound energetic differencesare
illustrated in TABLE 2 asfollows:

TABLE 2: Reativeorbital energies(e.V) of cyclopentenone 1
and alkene?2 calculated using the semiemperical and abinitio
methods®

Interaction A Interaction B
AE; AE; AE; AE,
AM1 10.06 11.17 1.46 0.69
PM3 10.11 11.07 1.56 0.63
MNDO 10.09 10.97 1.28 0.62

2 Interaction A (ground state 1- ground state 2): AE, = LUMO
(1)- HOMO(2) // AE,=LUMO(2)- HOMO(1)

Interaction B (triplet state 1- ground state 2): AE, = HSOMO
(1)- HOMO(2) // AE,= LSOMO(1)- HOMO(2)

—= Pyl Peper

AE1 and AE2 present thefrontier orbital interac-
tionsat the ground states between reactants; AE3 and
AE4 are the frontier orbital interactions between
cyclopentenone at thetriplet stateand the alkene (2) at
theground state (Figure 2).

E(e.v) E(e.v)
LUMO — — | LUMO
K4
.~ 'DE;
X
HOMO ‘H DE, AH HOMO
Alkene (2) Cyclopentenone (1)

(Ground state) (Ground state)

E(e.v) E(e.v)
LUMO -
DE,
_,,4— HSOMO
HOMO %ﬁi:\_
a4 | Lsomo
DE,
Alkene (2) Cyclopentenone (1)

(Ground state) (Triplet state)

Figure 2 : Molecular orbital of the [2+2] photocy-
cloaddition of 1to 2.

Asshownin TABLE 2, theenergetic gape changes
according to the cyclopentenonestates: AE, . | iuo
s~ BB omo. Lsomorp.s: FTOM these results and
according tothefrontier- orbital theory appliedtothe
2+2 phaotocyc oaddition, the main contributor totherate
determining stepisthetransfer of electronsfrom the
alkene (2) totheenone(1). Wherethebest interaction
occurs betweenthe LSOMO of theexcited tripl et state
of cyclopentenoneand the HOM O of thefundamenta
singlet state of akene (0.68< AE<1.46e.V)

Theregiosdectivity of thereaction can be predicted
from the LSOMO and HOMO polarization of
cyclopentenone and alkene (2) (match up the larger
coefficient on one component with thelarger on the
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other). The HOMO is distributed at the C’, — C’,
double bond of alkene with -0.47 and -0.40 orbital
coefficientsvalues, and the LSOMOislocated at the
C,- C, doublebond of cyclopentenoneandtheorbital
coefficientsare 0.06 and 0.40 respectively (Figure 3).

0035 LOOCH(CHa3),
-0.22 0.40 047 c' S COOCH(CH3)2
-0.06 0.06 -0.40
LSOMO (AM1) HOMO (AM1)

LSOMO

Figure3: Orbital coefficientsof HOM O and L SOM O for the
tworeactants1and 2 respectivey (calculated by AM 1).

HOMO

We can seeclearly that, in this case, we havethe
total superposition between the molecules of the
reagents, and the first bond formed is C, -C..
Interestingly, the observed regiosselectivity is in
accordancewith theorbital coefficients. Theseresults
can explain the formation of only head-to-tail
regioisomers by interaction of thelobesaccording to
themaximum overlapping principle.

EXPERIMENTAL SECTION

To a photochemical immersion well (250 ml)
equiped with areflux condenser and awater cooled
Pyrex well wasadded a 100 mg (3.4 mmol) of alkene
(2) and 100 mg (1.2 mmol) of cyclopentenonein 100
ml of hexane.

Solution irradiation was started using
monochromatic lamp HPW 125 W (365 nm) for 144
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h. Solution concentration and purification with flash
chromatography on 250 g of silicagd with 10 % ethyl
acetate/hexane provided 50% of regioisomersas40%
diastereomeric excess(e.d). 250MHz '"HNMR (CDCI,,,
) : 1.09 (1s, 3H); 1.24 (m, 12H); 4.65 (d, J= 5Hz,
1H); 4.73(d, J=5Hz, 1H); 5.12 (1m, 3H). IR (cmY):
2990.2945; 1740- 1755; 965. M*: 312. 250MHz
RMN®C (CDCl,, §): 222.62 (C,); 169.51 (C);
169.52 (C,,); 11143 (C)); 77 (C,); 69.85 (C,);
43.65(C)); 40.65(C,); 37.64 (C,); 31.40(C)); 22.62
(C);21.77(C)); 17.99(C,); 15.59 (C_)(Figure 4).
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CONCLUDING REMARKS

It is shown that the regioselectivity of the
photocyd oadition reaction between cyd opentenone (1)
and diisopropyl — D- (-)- tartrate modified ethylene
methanoite (2) can beexplained with frontier molecular
orbital theory by means semiemperical methods. Thus,
thefavoredinitia bond formation alowsusto predict
themgjor product by meanstheorbital coefficients.
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