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The stereoselectivity of the reaction of silyl enol ethers with
benzaldehyde is explained by using DFT calculations, con-
sidering the relative stability of the possible stereoisomers
of the biradical intermediates and the coupling between the
single occupied molecular orbitals (SOMOs) of these inter-

mediates. The same approach can be used to justify the ob-
served endo stereoselectivity in the reaction of 2,3-di-
hydrofuran with 2,4,6-trimethylbenzaldehyde and the exo
stereoselectivity in the reaction of the same substrate with 2-
naphthaldehyde.

Introduction

The Paterno-Biichi reaction is one the oldest and most
studied photochemical reactions in organic photochemis-
try.ll The reaction is a photocycloaddition of an n,t* car-
bonyl compound to an alkene in the ground state from
either the S; or the T, state. A frontier orbital approach
can be used to explain the formation of oxetanes. Thus,
interactions between the highest single occupied molecular
orbital (HSOMO) and the lowest unoccupied molecular or-
bital (LUMO), in which the half-occupied n* carbonyl or-
bital interacts with the unoccupied n* molecular orbital of
an electron-deficient alkene, have been observed that lead
to the formation of a C,O biradical. The LSOMO-HOMO
interaction, in which the half-occupied n-orbital of the
carbonyl oxygen atom interacts with the m-orbital of an
electron-rich alkene, leads to the formation of a C,C biradi-
cal.”l The carbonyl compound normally serves as the light-
absorbing species, which, upon excitation, adds to the al-
kene. The majority of Paterno-Biichi reactions occur from
the carbonyl triplet state, which is accessed by an intersys-
tem crossing (ISC). Intermediate 1,4-biradicals derived
from carbonyl triplets were studied spectroscopicallyt® and
trapped by radical quenchers.™ In the reaction between 1,4-
dioxene and benzaldehyde, theoretical calculations showed
that the only transition able to give the observed transient
absorption is that from LSOMO to LUMO (549 nm),
which is a m—n* transition; the same result was obtained
for the reaction between furan and benzaldehyde.>!
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Recently, it was shown that the oxetane ring can play an
important role in the scaffold of new drugs.[) The possible
synthetic uses of this reaction depends on the knowledge
of factors controlling the stereochemical behaviour of the
reaction. Several examples of stereoselective Paterno—Biichi
reactions can be found in the literature. 3-(Silyloxy)oxetanes
3 were successfully prepared from silyl enol ethers contain-
ing carbon—chlorine, carbon-silicon, or carbon-sulfur
bonds (Scheme 1).”! When a B-alkyl-substituted silyl enol
ether is used, frans oxetanes are obtained; this result does
not depend on the (E) or (Z) nature of the alkene. The
products were obtained with high diastereoselectivity.[®]
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Scheme 1. Stereoselectivity observed in the photochemical reaction
between silyl enol ethers and benzaldehyde.
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In most of the reactions, benzaldehyde is used as a carb-
onyl compound, which exhibits quantitative intersystem
crossing to the triplet state. The reaction occurs through
this triplet state of the carbonyl compound and requires
the formation of a triplet biradical intermediate. The triplet
biradical for this type of reaction is a C,C biradical derived
from attack of the oxygen atom of the carbonyl compound
on the alkene.># In the triplet biradical, free rotation leads
to the highly preferred, sterically least congested conforma-
tion. Further steps in the reaction pathway of this species
includes ISC and an assumed selection step (cleavage vs.
ring-closure) at the singlet 1,4-diradical level, which ac-
counts for the high diastereoselectivity at C-2/C-3.

The presence of a stereogenic carbon atom in the B-alkyl
group (as in 4) induced a facial diastereoselectivity with
high diastereoisomeric ratios in some cases (Scheme 1).]
The diastereoselectivity is probably due to the presence of
a conformational preference represented in Figure 1, which
allows the Si attack.['”!
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Figure 1. Diastereoselectivity in the reaction of chiral silyl enol
ethers with benzaldehyde.

When the chiral carbon atom is in the a-position a low
facial diastereoselectivity was observed.[''] The best results
were obtained by using both the silyl enol ether 7, which
gave the adducts 8 and 9 with a 67:33 dr and by using com-
pound 10, giving the adducts 11 and 12 in 15:85 dr
(Scheme 1).l'! In the case of compounds 7 and 10, the ob-
served stereoselectivity requires that, in the case of the for-
mer, conformation 13 for the biradical intermediate is pre-
ferred, whereas by using the latter, conformation 14 should
be preferred (Figure 2).
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Figure 2. Possible conformations of the biradical intermediates in
the reaction of 7 and 10 with benzaldehyde.
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N-Acyl enamines 15 and 16 gave the corresponding ad-
ducts with high regio- and stereoselectivity (Scheme 2).[%!
The thermodynamically less stable isomer seems to be ob-
tained.['¥] It is not clear why, in this case, the less stable
compound is obtained, whereas, if nitrogen is replaced by
oxygen (see below), the more stable compound is the main
product of the reaction.
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Scheme 2. Photochemical reaction between enamines and benzal-
dehyde.

This approach has been used in the synthesis of (*)-oxe-
tin!' and in the synthesis of (+)-preussin.['> The reaction
of 2,3-dihydrofuran with carbonyl compounds has also
been extensively studied.['®) Griesbeck reported that 2,3-di-
hydrofuran 17 gave the corresponding endo adduct 18 when
it reacted with 2,4,6-trimethylbenzaldehyde, and the exo
adduct 19 when it reacted with 2-naphthaldehyde
(Scheme 3).1'°1 The first reaction occurred through the first
excited triplet state, whereas the second occurred through
the first excited singlet state (experimental results, i.e., fluo-
rescence quenching, support this statement). However, no
reason for the different stereochemical behaviour was of-

fered.
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Scheme 3. Photochemical reaction of 2,3-dihydrofuran with 2,4,6-
trimethylbenzaldehyde and 2-naphthaldehyde.
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In conclusion, the results reported above show the ad
hoc nature of the interpretations, the lack of explanation in
some cases, and the absence of a common framework able
to explain all the experimental results. In this paper we want
to contribute to the understanding of the behaviour de-
scribed above.
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Results and Discussion

Calculations [DFT/UB3LYP/6-31G+(d,p) on Gaussi-
an03]"7! were performed on the biradical intermediates in-
volved in the reactions described above. We first focussed
on the reaction of the silyl enol ether 20 with benzaldehyde
to give oxetane 21 (Scheme 4).
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Scheme 4. Reaction of 2-trimethylsilyloxy-2-butene (20) with benz-
aldehyde.

In this case, the formation of two possible diastereoiso-
meric biradical intermediates A and B is possible (Figure 3).
The stereoisomer A was calculated to be more stable than
isomer B by 1.64 kcal/mol.
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Figure 3. Conformers A and B of the biradical intermediate in the
photoreaction between 20 and benzaldehyde, conformers C and D
of the biradical intermediate in the photoreaction between 7 and
benzaldehyde, and biradical intermediate E in the photoreaction of
16 with benzaldehyde.

For the more stable stereoisomer A, the LSOMO (lowest
single occupied molecular orbital) was localised on the radi-
cal carbon atom near the trimethylsilyloxy (TMSO) group
(-0.174 H), and the HSOMO was mainly localised on the
benzyl radical carbon atom (-0.151 H).

These orbital calculations allow us to understand the be-
haviour of our reactive system when it is under frontier or-
bital control. On the basis of the Klopman-Salem equa-
tion,['® we can suppose that the driving force of the cou-
pling reaction of the biradical has to be frontier orbital con-
trolled.

Considering the reactive sites and the atomic coefficients
at these sites, the coupling of the radical carbon atoms can
occur only as depicted in Scheme 5 (I). It can be seen that,
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in this way, conformer A leads to the stereoisomer 21 ob-
served in the reaction, and the computational results are
thus in agreement with the experimental results.
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Scheme 5. (I) Coupling of the radical carbon atoms of the main
stereoisomer in the reaction 20 — 21. (II) Coupling of the radical
carbon atoms of the main conformer of the biradical intermediate
in the reaction 7 — 8 + 9. (III) Coupling of the radical carbon
atoms of the main conformer of the biradical intermediate in the
reaction 10 — 11 + 12. (IV) Coupling of the radical carbon atoms
of the biradical intermediate in the reaction of 16 with benzalde-
hyde.

In the reaction of 7 with benzaldehyde, two conformers
of the biradical intermediate were obtained with almost the
same calculated energy (conformer C is more stable than D
by 3.11 kcal/mol); the conformers of the biradical are
shown in Figure 3.

Considering the biradical conformer C, the LSOMO of
this biradical was at —0.077 H, whereas the HSOMO was at
-0.073 H [Figure 4 (A)]. In this case, the same approach
described above can be applied: by considering the reactive
sites and the atomic coefficients at these sites, the coupling
of the radical carbon atoms can occur only as depicted in
Scheme 5 (IT). It can be seen that conformer C can lead to
the major stereoisomer 8 observed in the reaction. The re-
sults are in agreement with the experimental results and
show that the stereocontrol of this reaction is strictly related
to the level of frontier orbital control. The other biradical
3833

WWW.eurjoc.org



FULL PAPER

M. D’Auria, R. Racioppi

conformer gave the second diastereoisomer. The observed
diastereoisomeric ratio (67:33) can be explained by the
small difference between the energies of the conformers of
the biradical intermediates (3.11 kcal/mol).

To support this result, we studied the behaviour of 10.
In this case an inverse diastereoselectivity was observed.['!]
Our calculated results are in agreement with the observed
results. In this case we also obtained two conformers of
the biradical intermediate (see the Supporting Information)
with an energy difference between the two conformers of
4.6 kcal/mol. Using the same procedure described above, we
found the HSOMO and LSOMO energies to be —0.080 H
and —0.093 H, respectively. The coupling between the car-
bon atoms, considering the atomic coefficients, explains the
formation of the observed diastereoisomers (11 and 12): the
most stable conformer led to the formation of compound
12 [Scheme 5 (III)]. The larger diasterecoisomeric ratio
(85:15) observed here, in comparison with that found in 8
and 9, is in agreement with the larger energy difference be-
tween the conformers of the biradical intermediates.

The photochemical behaviour of the N-acyl enamine 16
was also studied. In this case, the structure of the biradical
intermediate was optimised; its structure E is depicted in
Figure 3. The HSOMO of this biradical intermediate was
at —0.215H and the LSOMO was at —0.241 H [Figure 4
(B)]. The coupling of the radical carbon atoms, considering
the atomic coefficients on the SOMOs, allowed the forma-
tion of the exo isomer, in agreement with the experimental
results [Scheme 5 (IV)].

The same approach can be used to explain the behaviour
of dihydrofuran 17 (Scheme 3). When this compound reacts
with 2,4,6-trimethylbenzaldehyde, the endo isomer 18 is ob-
tained.[') In this case, the biradical intermediate contained
the HSOMO at —0.148 H and the LSOMO at —-0.181 H. The
shapes of these orbitals are depicted in Figure 5 (A). It can
be seen that the HSOMO is mainly localised on the dihy-
drofuran section of the molecule and is mainly concentrated
on the radical carbon atom, whereas the LSOMO is mainly
localised on the aromatic section of the molecule.

A

9

HSOMO

Figure 4. (A) HSOMO and LSOMO of the biradical C obtained
in the reaction of 7 with benzaldehyde; (B) HSOMO and LSOMO
of the biradical intermediate obtained in the reaction of 16 with
benzaldehyde.

The interaction between the radical carbon atoms in
these two orbitals can only lead to the formation of the
endo isomer [Scheme 6 (I)].

On the other hand, the energy of the singlet biradical of
the intermediate formed in the reaction 17 — 19, which was
obtained at the HF/6-31G+(d,p) level, gave the HSOMO at
-0.215 H and the LSOMO at -0.246 H [Figure 5 (B)]. In
this case, it can be seen that the HSOMO is mainly localised
on the aromatic part of the molecule, whereas the LSOMO
is mainly localised on the dihydrofuran ring and, in particu-
lar, on the radical carbon atom.

The interaction between the radical carbon atoms in
these two orbitals leads to the exo isomer, in agreement
with the experimental results [Scheme 6 (II)].

In the case of the reaction 17 — 19, a second hypothesis
has to be considered: a concerted [2+2] cycloaddition reac-
tion in the singlet state. In this case, the reaction should be

Figure 5. (A) HSOMO (left) and LSOMO (right) of the biradical intermediate in the reaction 17 — 18; (B) HSOMO (left) and LSOMO
(right) of the biradical intermediate obtained in the reaction 17 — 19.
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Scheme 6. (I) Coupling of the radical carbon atoms of the biradical
intermediate in the reaction 17 — 18. (II) Coupling of the radical
carbon atoms of the biradical intermediate in the reaction 17 —
19.

controlled by the frontier orbital interactions. We calculated
the optimised structure of dihydrofuran and 2-naphth-
aldehyde and characterised the first excited singlet state at
the TD-DFT/B3LYP/6-31G+(d,p) level. The energy of the
involved frontier orbitals is depicted in Figure 6. It can be
seen that the main frontier orbital interaction occurs be-
tween the LSOMO of the singlet excited 2-naphthaldehyde
and the HOMO of dihydrofuran. These orbitals are repre-
sented in the Figure 7.

It can be seen that a concerted [2+2] cycloaddition reac-
tion cannot occur in this case. In fact, the LSOMO of 2-
naphthaldehyde does not show an appreciable atomic coef-
ficient at the carbonyl carbon atom, thus preventing such a
concerted cycloaddition reaction. Nevertheless, these results
are in agreement with the formation of a singlet biradical
intermediate derived from the attack of the carbonyl oxygen
atom on the C-3 atom of dihydrofuran.
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Figure 6. Frontier orbitals involved in the photochemical reaction
between the first excited singlet state of 2-naphthaldehyde and di-
hydrofuran.

Conclusions

We have shown that the approach described above,
whereby the possible stereoisomers and conformers of the
biradical intermediates in the Paterno—Biichi reaction were
considered for the coupling reaction to give the correspond-
ing oxetanes, occurs through the interaction of the SOMOs
of these biradical intermediates and is able to explain the
observed stereoselectivity.

Experimental Section

Gaussian 03 was used to generate the computed geometries. All the
computations were based on DFT!'?! by using the B3LYP hybrid
functional >’ Geometry optimisations from the Gaussian 03 pro-
gram were obtained at the B3LYP/6-31G(d,p) level of approxi-
mation, and were performed with default settings on geometry con-
vergence (gradients and displacements), integration grid and elec-
tronic density (SCF) convergence. Redundant coordinates were
used for geometry optimisation as produced by the Gaussian 03
program.

HOMO
dihydrofuran

Figure 7. LSOMO of the first excited state of 2-naphthaldehyde and the HOMO of dihydrofuran.
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Supporting Information (see footnote on the first page of this arti-
cle): Molecular modelling coordinates and total energies of all the
biradical intermediates.
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