© 2004 The Chemical Society of Japan

Bull. Chem. Soc. Jpn., 77, 1209-1215 (2004)

Origin of Regioselectivity in Photocycloaddition Reactions
of 2-Cyclohexenone with Cycloalkenecarboxylates

Yuka Odo, Tetsuro Shimo, Kenji Hori,' and Kenichi Somekawa™

Department of Applied Chemistry and Chemical Engineering, Faculty of Engineering, Kagoshima University,
Korimoto, Kagoshima 890-0065

! Department of Applied Chemistry and Chemical Engineering, Faculty of Engineering, Yamaguchi University,
Tokiwadai 2-16-1, Ube 755-8611

Received December 17, 2003; E-mail: some @apc.kagoshima-u.ac.jp

The regiochemical results in [2 4 2]photocycloaddition of 2-cyclohexenone (1) with 1-cycloalkenecarboxylates (2—
4) significantly changed from head-to-head (hh) to head-to-tail (ht) adducts depending on increments of the ring-size,
from four to six, of the carboxylates. The root of the drastic regioselective change was inferred from the transition state
(TS) analysis of the triplet reactions, including the back-reaction at the PM5 and B3LYP levels. The TS energy of the first
step (TS1) is the most important factor for this reaction. The change in TS energies at hh adducts was larger than that at ht
adducts. For more detailed analysis, the TS energies of the hh and ht reactions (at the three reactions) were partitioned to
the two reactant deformation (£g4¢) and the interaction (or repulsion, Ej,) energies. The E4r and Ejy energy changes were
found to be dependent on the ring-size of the 1-cycloalkenecarboxylates 2—4. Thus, since the larger ring of 4 has relatively
higher TS1 and deformation energies for giving the hh adduct, they may cause the preferential formation of the ht adduct,
and result in the significant changes in the ht/hh ratio owing to the ring-size. The root of the significant hh diminution may
be the dipole—dipole repulsion between the enone carbonyl and larger carboxylate (4) moieties. The improved PM5 and
B3LYP/6-31+G(d) calculations are effective and economical for disclosing the origin of regioselectivity in [2 + 2]photo-
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cycloadditions.

Photochemical [2 + 2]cycloaddition reactions of o, 8-unsat-
urated carbonyl compounds with alkenes are among the most
widely used excited state processes in synthetic organic chem-
istry.! The frontier molecular orbital (FMO) theory has pointed
out that the regiochemistry, head-head (hh)/head-tail (ht) ratio
of the typical enone—alkene photocycloadditions, mainly de-
pends on the electric property of alkenes.” In 1993, Schuster in-
troduced the Bauslaugh—Schuster—-Weedon mechanism into the
photocycloadditions without the molecular orbital aspect.® The
origin of the cycloaddition regioselectivity has, however, re-
mained of great interest in this area.

The regiochemical preferences in cyclohexenone—alkene
photoadditions were nicely explained by the transition state
(TS) analysis using the acrolein—alkenes model and an ab initio
MO method of the first biradical producing step.* The phenom-
enon associated with hh vs ht adduct formations from other
cyclic alkenones was, however, not similarly addressed. The
biradical trapping experiments for the other enone—alkene sys-
tems led to the suggestion that reaction regioselectivities are
governed by the relative rates of biradical closure vs their return
to the starting materials from the biradicals.’ Regiochemical re-
sults obtained by similar biradical trapping experiments for cy-
clopentenone—allene photoreactions® were theoretically ana-
lyzed using an ab initio method by Goddard, and the quantita-
tive speculation regarding the biradical species has not coincid-
ed with the experimental result by Weedon et al. We suggested
that the theoretical aspect is reasonable.”

Recently, 3(r—7™) [2 + 2]photocycloadditions of many

kinds of o, -unsaturated enone compounds to ethylene have
been theoretically studied.®'' The CASSCF studies by Robb
et al. indicated that the product selectivity is determined by
the transition states on concerned energy surfaces, in agreement
with the experimental results of Weedon et al. Robb et al. have,
however, not described the regioselective aspect. Some con-
trasting conclusions clearly demonstrate that the origin of the
regiochemical control in the [2 4+ 2]photocycloadditions is still
an unresolved issue.

Interesting experimental data of [2 + 2]photocycloaddition
of 2-cyclohexenone 1 to 1-cycloalkenecarboxylates 2, 3, and
4 are shown in Scheme 1.2 The ht/hh regioselectivity signifi-
cantly inverts with increment of the ring-size, from four to six.
This significant result was pointed out by Schuster in 1993 and
2003, but no attempts have been made to identify quantitative-
ly the root of the regioselectivity change.

We have confirmed that species specificity and regioselectiv-
ities in the photocycloaddition of some conjugated cyclic
enones and dienones are mainly controlled by the interaction
between the FMOs calculated using the PM3-CI level. For ex-
ample, the peri- ([2 + 2] or [4 + 2]), site- (3,4- or 5,6-addition)
and regio-selective photoadducts in the triplet photoreactions of
2-pyrones with electron-deficient or electron-rich alkenes were
considered to be formed through the regioselective 3-8 or 6-f
two-center interactions at the first-step, and periselective ring-
closures from the biradical intermediates.'® Site- and stereo-
selective [2 + 2]cycloadditions between some 2-pyrone and
maleimide at the solid state have also been analyzed by MO
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TS calculations to proceed via some interactions of the singlet
excited state with the ground state.'* We have, moreover, rec-
ognized that the origins of stereo- and face-selectivities in some
Diels—Alder reactions are nicely inferred from the TS energy
and the deformation energy analyses by use of the new PMS5
program together with the DFT method."’

We report here an origin analysis of the significant change in
ht/hh regioselectivity of the photocycloadditions in Scheme 1.
The calculation is performed by the TS analysis and the defor-
mation analysis partitioning the TS energy by use of the PM5
and DFT methods, etc., which may give a simple and straight-
forward conclusion. We just reported TS analysis on regiose-
lectivity in [2 4 2]photocycloaddition reactions of 3-methoxy-
carbonyl-2-cyclohexenone with 2—4, and showed that the hh/ht
ratio can be explained in terms of the TS analysis. The origin
analysis of the hh/ht ratio was however confused by the exis-
tence of the methoxycarbonyl group.'®

Computational Methods

Geometry optimizations of all molecules were carried out at
the improved PM5!7 level in WinMOPAC 3.5 (Fujitsu Ltd'®)
and CIS' and B3LYP? levels in the Gaussian 98 program.?!
The TS analysis and the deformation energy analysis by parti-
tioning the TS energy to the reactants’ deformation energies
and the interaction energy?> were investigated at the PM5 and
B3LYP/6-314+G(d) calculations.

Results and Discussion

The photocycloaddition pathway is shown as Fig. 1 (and the
surface energies are shown later on). 3-methyl-2-cyclohexe-
none (1) is first excited from the ground state (°S;) to the triplet
state (!T|) via the singlet excited state ('S;) by UV irradiation,
and reacts with 1-cycloalkenecarboxylates (2—4) in the ground
state (°S,). Passing the first transition state (TS1), triplet birad-
ical intermediates (BR) evolve to the singlet state through an
intersystem crossing, which affords some [2 + 2]adducts via
the second transition state (TS2), competing with the return

to the starting materials via the transition state (TS3).

FMO Analysis. FMO interactions between the triplet excit-
ed 1 and the ground state 2, 3, and 4 were analyzed as shown in
Fig. 2. The energy differences between the HSOMO of 1 and
the LUMO of 2, 3, and 4 are smaller than those between the
LSOMO of 1 and the HOMO of 2, 3, and 4. It is suggested that
the HSOMO-LUMO interaction is more effective in all reac-
tions, although the LSOMO-HOMO interaction was thought
to be effective in the reactions of 3-methoxycarbonyl-2-cyclo-
hexenone.'® The coefficient value at the C-3 position of 1 was
larger than that at the C-2 position, and the coefficient values at
the C-p position of 2, 3, and 4 are larger than those at the C-«
position. In all reactions, the bonding of the C-3 position of 1
and the C- position of 2, 3, and 4 is preferred, and it is predict-
ed the hh adducts are the main products at the FMO analysis.
The smaller ring-size has the marked tendency to lead to the
hh adduct because of the large coefficient values at the C- po-
sition (2 > 3 > 4), and the HSOMO-LUMO energy difference
gradually decreased, following the decreasing ring-size (2 < 3
< 4). This tendency might arise at the start of the reaction, be-
cause the FMO analysis is an analytical method for the begin-
ning of the triplet reactions.

Transition State (TS) Analysis. Figure 3 shows the initial
conditions for the TS analysis, namely, four initial conditions in
the first step (TS1), dihedral angles: T = cis, gauche-in, gauche-
out, trans, for head-head and head-tail regioselectivity analysis.
Table 1 presents the TS1 energy barriers and dihedral angles T
at the PM5 level; the process starts from the reactant complex
of the triplet enone and ground state alkene and gose to the first
transition state (TS1), which leads to the triplet biradical inter-
mediates. Some initial conditions gave the same TS1 results.
Figure 4 shows the hh and ht geometries of the lowest TS1
for each reaction product of 1 with 2, 3, and 4; the C3—Cy4 or
C,—C4 distances, 2.15-2.20 A, are reasonable.

In the 1 + 2 reaction for the hh adduct, the energy of TS (2a;)
is larger than that of TS (2a;), by 7 kcal/mol. It is inferred that
TS (2a;) is the main TS1 leading to the hh adduct. Three TS1
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Fig. 1. The triplet photocycloaddition pathway via the biradical intermediate.
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Fig. 2. The FMO coefficients and energy levels (eV) for the triplet excited 1 and the ground state 2, 3, and 4 at PMS5 level.
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Fig. 3. Four initial conditions at the starting point. Dihedral angles T = cis, gauche-in, gauche-out, trans, for head-to-head and
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Table 1. The Energy Barriers and Dihedral Angles of TS1 in Regioselective Photoadditions

Origin of Regioselectivity in Photocycloaddition

Methods and energy barrier (AEp® /kcal mol™)

T/°
PM5 B3LYP/6-31G B3LYP/6-314+G(d)

1+2 hh 2a; 11.7 1.8% 2.8 32.6
2a, 18.7 16.1 17.0 —174.0

ht 2b, 11.3 10.2 12.2 70.9

2b, 10.9 33 6.7 —100.3

2bs 10.6 5.7 8.5 171.7

1+3 hh 3a, 21.8 10.7 9.3 75.5
3a, 13.6 9.7 6.9 169.3

ht 3b; 15.4 18.0 159 55.7

3b, 14.4 6.4 4.6 —64.9

3bs 13.0 12.4 11.5 82.0

3by 11.4 6.6 5.4 —172.5

1+4 hh 4a 16.6 14.2 9.7 64.0
4a, 19.5 15.2 12.2 —56.1

ht 4b,; 13.4 10.4 6.8 172.4

4b, 16.6 274 23.0 —70.6

4bs 13.5 25.4 20.7 173.0

a) AE, = EQa;) — E('T; +°S,). b) 1.8 kcalmol™! = —731.503206 a.u. — {—347.775986 a.u. +

(—383.730141 a.u.)} = 0.023 a.u.

leading to the ht adduct are picked since they have similar TS1
values. TS (2bz) has lower energy. By comparison between TS
(2a) and TS (2b), the energy barrier of TS (2bs) is 1.1 kcal/mol
smaller than that of TS (2a;). This means the TS calculation for
the (1 + 2) reaction by the PM5 method indicates that one
should prefer the ht adduct. The two single-point-energy
B3LYP methods, however, show preference of the hh adduct
in accordance with experimental results. These differences
are shown in Table 2, and are discussed.

In the 1 + 3 reaction, it is inferred that the main TS1 leading
to the hh adduct is TS (3a;). TS (3by) is the main TS1 leading to
the ht adduct, and the TS (3by) is 2.2 kcal/mol smaller than that
of TS (3ay). The differences obtained by the two B3LYP meth-
ods are similar to the difference obtained by PMS5.

In the 1 + 4 reaction, it is inferred that TS (4a;) and TS (4b;)
are the main TS1 leading to the hh and ht adducts, respectively.

Table 2 shows the energy difference (AAE) between the
most stable hh-TS intermediate and the most stable ht-TS inter-
mediate on 1 + 2, 1 + 3 and 1 + 4 reactions;

— AAE = —{AE(hh) — AE(ht)}. (1)

The PMS calculation shows that all of the reactions prefer the ht
adducts because the TS1 energy of the ht adducts is smaller
than that of the hh adducts in the calculation. The energy differ-
ences gradually diminish following the increase of the ring-
size. Therefore, we can see the tendency for the cycloalkene-
carboxylates of the larger ring to produce the ht adduct in con-
siderable numbers. If the observational errors of the —AAE are
about 2.2 kcal/mol, the corrected values of —AAFE are 1.12,
—0.03, —1.06 kcal/mol on the 1 4 2, 3, and 4 reactions, respec-
tively. So the calculation results correspond to the experimental
results, that is, the regioselectivity of products changes from hh
to ht adducts depending on the increasing ring-size, from four
to six, of the carboxylates. The observational error by 2.2

kcal/mol in the PM5 calculation seems to mean that there is
balance between the two hh and ht TS positions.'> The calcu-
lated activation energies for the thermal butadiene—ethylene
cycloadditions are different by 22.6 kcal/mol even between
the CASSCF/6-31G*?* and B3LYP/6-31G*?>* methods. The
result shows energy balancing between reactants and TS mole-
cules is very poor, even as calculated by the CASSCF method
of higher level approximations.

Table 1 and Table 2 contain the single-point-energy calcula-
tions at B3LYP levels from the PM5 geometry. The calcula-
tions of the level of the 6-31+G(d) basis set gave improved re-
sults compared with the results of the 6-31G basis set. The cal-
culation results, —AAE = 3.83, and —2.89 kcal/mol for 1 + 2,
and 1 + 4 reactions are close to the experimental results of the
hh/ht ratio, similarly to the corrected results at the PM5 level.
These results show that the TS geometries by PMS are reason-
able, and the TS1 surface energy mainly governs the regiose-
lectivity of ht/hh, significantly depending on the ring-size of
the cyclic alkenes.

Deformation Energy Analysis. The TS1 energies are then
partitioned to two deformation energies (Eq4r) and the interac-
tion energy (Eiy), which have been effective for analysis of
face-selectivity in the thermal cycloadditions.'>?> The Eg is
the energy required to change the reactants’ geometry into
the transition state geometry. TS energy differences (AEy)
are partitioned as follows:

AEat = AEgtenone + AEdt.akene + AEint. (2)

AEgtenone and AEgg ikene are the deformation energies for
triplet 2-cyclohexenone and 1-cycloalkenecarboxylate, respec-
tively, and they were calculated as follows.

EEHOHC . (3)

AEdf—alkene = ETS-alkene — Lalkene- (4)

AEdf—em)ne = ETS-enone -
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Fig. 4. Transition state (TS1) geometries for the first step leading to biradical intermediates at the [2 + 2]photocycloadditions by the
PMS5 calculation. TS distances are in A, dihedral angles (T) are in degrees.

Table 2. The Energy Difference between the Most Stable TS1 of hh and That of ht on Photoreactions

—AAE = —{AE(hh) — AE(ht)} /kcal mol~!

PM5

B3LYP/6-31+G(d)//PM5®

Experiment®
Calculation Corrected value® Calculation
1+2 —1.1 1.1 3.8 1.7
1+3 -2.2 0.0 -2.3 0.0
1+4 -3.3 —1.1 -2.9 —-1.2

a) The calculation value plus 2.2 kcalmol~!. b) Single-point-energy. c¢) In hh/ht = —AAE/RT

(at 298 K).

ETs-enone and ETs_aikene are the heat of formation (HOF) of the
triplet enone and the ground state alkene at the TS state, respec-
tively. Eenone and Eqene are the HOF of ' T and °S,_4, respec-
tively. AEjy is the interaction energy between the enone and al-
kene (Table 3 and Fig. 5), and the positive value means some
repulsion, which may come from the triplet reaction. On the de-
formation energies of enones, AEgs.enone Values at the transition
state leading to the hh adducts become larger depending on the

increment of the ring-size, from four to six (Fig. 5). On the oth-
er hand, such a tendency is not observed at the TS of ht adducts.
AE,. and AEg; jikene Values become relatively larger depending
on the increment of the ring-size. Especially, AEgt.aikene Of the
hh at the 1 + 4 reaction is very large. The phenomenon is dif-
ferent from that in the case of 3-methoxycarbonyl-2-cyclohexe-
none.'® Therefore, it is inferred that the hh/ht ratio becomes
inverse at the large ring of the carboxylates. AEj, also becomes
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Table 3. Deformation Energy Calculation by the PM5 (kcal mol ')

Reactions AEy AEdt enone AE4t alkene AEiy
1+2 hh 2a, 11.7 3.4 3.3 5.0
2a, 18.7 8.1 3.6 7.0
ht 2b, 11.3 4.0 3.2 4.1
2b, 10.9 49 3.2 2.8
2bs 10.6 6.6 1.9 2.1
1+3 hh 3a; 21.8 9.2 4.8 7.8
3a, 13.6 4.2 3.6 5.8
ht 3b, 15.4 5.6 4.6 5.2
3b, 14.4 6.6 3.2 4.6
3bs 13.0 6.0 3.5 3.5
3by 11.4 5.5 2.8 3.1
1+4 hh 4a, 16.6 5.0 5.7 5.9
4a, 19.5 8.7 3.7 7.1
ht 4b, 13.4 6.2 3.6 3.6
4b, 16.6 6.4 7.2 3.0
4bs 13.5 5.5 4.1 3.9
7r AEact
16 |
15 | 7 r Edf-enone
14 6k -\./.
?13 i —e—hh 5}
s12 ¢ —S—ht §4 - —e—hh
11 F S3F —&—ht
10 2 }
9 r 1 F
8 4 L ) 0 1 i N
1+2 1+3 1+4 1+2 1+3 1+4
- Edf-alkene - Eint
—o—hh ——hh
- ~i— ht ——ht

energy
©C =2 N WS GO
LR

energy
O =N Wd U O
L]

1+2 1+3 1+4

: ././.

1+2 1+3 1+4

Fig. 5. Relative comparison in energy shift following the ring-size increasing, from four to six, cycloalkenecarboxylate (1 + 2, 3, 4).
Activation energies (AE,), deformation energies (AEgsenones AEdtakene) Of €nones and alkenes, and interaction energies (A Ejy).

larger, which means larger repulsion. Such repulsion may elec-
trically come from the approach between C=0 on 1 and car-
boxylate on 4 for the hh adducts, and it is inferred to give the
ht adduct, mainly. The increment of the approach repulsion
on the hh adducts at the hh adducts at the larger cycloalkene
may also cause the larger repulsion AEg¢.enone at the TS gauche
geometry.

Table 4 shows the transition state energies leading from the
biradical intermediates to the products (TS2) and that leading
back to the reactants (TS3) on the calculation of the PM5 meth-
od. The TS2 energies are only a few kcal/mol. On the other

hand, the TS3 energies are over 10 kcal/mol. In these triplet
reactions, it is inferred that the second-step reactions forming
cyclobutanes may occur as soon as the biradical intermediates
are formed.

Conclusion

The factors causing the significant regioselective change in
the triplet [2 + 2]photocycloaddition of 2-cyclohexenone (1)
with 1-cycloalkenecarboxylates (2-4) were quantitatively ana-
lyzed. The results of the FMO analysis at the initial approach
showed that all the reactions produce the biradicals leading to
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Table 4. The Analysis of TS2 and TS3 in the Photocyclo-
addition Pathway (Fig. 1) by the PM5 (kcal mol~")

Reactions TS2 TS3 Rotation
1+2 hh 2a, a) 18.0
ht 2b; 1.2 11.1 39
2b, 2.9 14.3 39
2bs 2.6 14.8 39
1+3 hh 3a, a) 12.1 5.6
ht 3by 0.8 12.0 6.2
1+4 hh 4a; a) 10.2
ht 4b, 22 10.3 4.3

a) Not converged.

hh adducts, where the smaller ring-size has the marked tenden-
cy to lead to the hh adduct. The TS analysis at the PM5 calcu-
lation gave results that showed that the reactions produce the
biradicals leading to ht adducts. The TS1 energy differences
gradually diminish following the increment of the ring-size.
The correction by 2.2 kcal/mol of the observational error at
the PM5 level and the B3LYP/6-31+G(d)//PMS5 calculation
showed the product change from hh to ht adducts depending
on increment of the ring-size of the carboxylates. By calcula-
tion of the partitioned deformation energy, in the reaction of
1 with 4, the larger repulsion is inferred to come from the ap-
proach between C=0 on 1 and carboxylate on 4 for the hh ad-
ducts, and to give mainly the ht adduct. Consequently, the im-
proved PMS5 and B3LYP/6-314+G(d)//PM5 calculations
showed that the TS1 surface energy and the alkene deformation
energy mainly govern the regioselectivity of the ht/hh ratio,
significantly depending on the ring-size of the carboxylates.
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