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Abstract—A notable temperature effect (nonlinear Eyring plot) on stereoselectivity, trans-configured oxetane 2 versus cis-configured
oxetane 2, is reported in the photochemical [2+2] cycloaddition reaction (Paternò–Büchi reaction) of 2,3-dihydrofuran-3-ol deriv-
atives 1 with benzophenone.
� 2006 Elsevier Ltd. All rights reserved.
Like epoxides, oxetane derivatives are synthetically1 and
biologically2 important because they possess a high
strain-energy of 26 kcal/mol.3 The photochemical
[2+2] cycloaddition reaction of alkenes with carbonyl
compounds, the so-called Paternò–Büchi reaction,4 is a
useful method for constructing the strained structures.
However, the elucidation of the factors that control
the regio- and stereoselectivity in oxetane formation
remains a challenging subject.5 Adam and co-workers
recently reported on the hydroxy-directed diastereo-
selective formation of threo-oxetanes in the Paternò–Büchi
reaction of acyclic allylic alcohols with benzophenone
(Scheme 1).6,7 They proposed that a hydrogen-bonded
interaction8 in exciplex is an important factor in control-
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Scheme 1. The Paternò–Büchi reaction of acyclic allylic alcohols with benzo
ling the stereoselectivity. They also found that the threo
selectivity increases with increasing steric bulk of the
substituent R 0; threo/erythro = 90/10 (R 0 = Me), 93/7
(R 0 = Et), >95/5 (R 0 = tBu). The substituent effect
clearly indicates that the steric bulk of the R 0 substituent
also plays an important role in controlling the diastereo-
selectivity of the reaction. In the present study, we
selected cyclic allylic-alcohol derivatives (2,3-dihydro-
furan-3-ols) 1 for the cycloaddition reaction and exam-
ined the effect of temperature on the stereoselectivity
in the Paternò–Büchi reaction with benzophenone
(Table 1 and Fig. 1). If hydroxy-directed diastereoselec-
tivity applies to the cyclic system, the cis-selective forma-
tion of oxetanes 2 would be expected.
Stereoselectivity; Oxetane; Triplet diradical.
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Figure 1. Eyring plots of the diastereoselectivity in the Paternò–Büchi
reaction of benzophenone with (a) 1a and (b) 1b in toluene.

Table 1. The Paternò–Büchi reaction of allylic-alcohol derivatives 1a–c with benzophenonea
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Entry Substrate X R Solvent Yield of 2b (%) trans-2/cis-2c Yield of 3b (%) Yield of 4b (%)

1 1a H H Toluene 78 53/47 12 6
2 1a H H Methanol 40 96/4 30 —
3 1b H Me Benzene 70 24/76 18 —
4 1b H Me Toluene 57 24/76 28 14
5 1b H Me Methanol 55 87/13 25 —
6 1c TBDMSd Me Toluene 45 >97/3 36 Trace

a The photoreaction was conducted as follows: a degassed solution of 1 (0.11 M) and benzophenone (0.075 M) was irradiated for 3–4 h with a high-
pressure Hg lamp (300 W) through a Pyrex filter. After removing the solvent, the product ratio, trans-2/cis-2, was directly determined by 1H NMR
(400 MHz) spectroscopic analysis.

b Isolated yield after column chromatography on silica gel.
c Determined by 1H NMR (400 MHz) spectroscopic analysis, error ± 3%.
d TBDMS = tert-butyldimethylsilyl group.
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The allylic-alcohol derivatives 1a,9 1b,10 and 1c10 were
prepared according to reported methods. The Paternò–
Büchi reaction of 1a (0.11 M) with benzophenone
(0.075 M) was first carried out using a high-pressure
mercury lamp (300 W) through a Pyrex filter in degassed
toluene or methanol at 21 �C (entries 1–2). After irradi-
ation for 3–4 h at 21 �C, the stereoselectivity of the oxe-
tanes 2a,11 trans-2a/cis-2a, was directly determined by
1H NMR (400 MHz) spectroscopic analyses, error ±
3%. The configuration of the oxetanes 2 formed in the
reaction was unequivocally determined by 1H NMR
(600 MHz) NOE measurements. The photoreaction in
toluene gave approximately 1:1 mixture of the bicyclic
oxetanes trans-2a and cis-2a together with ca. a 20%
yield of side reaction products 3 and 4 (entry 1). In
methanol, the trans-configured oxetane 2a was selec-
tively produced (entry 2). The photoreaction of 1b with
benzophenone was next performed under conditions
similar to those described for the reaction of 1a (entries
3–5). In aprotic solvents, the cis-configured oxetane 2b12

was obtained as the major product, trans-2b/
cis-2b = 24/76 (entries 3–4). In contrast, the trans-iso-
mer 2b was selectively produced when the reaction was
conducted in methanol (entry 5). When the silyl ether
1c (TBDMS = tert-butyldimethylsilyl) was used in the
photochemical reaction, the highly stereoselective
formation of the trans-configured oxetane 2c13 was
observed together with the formation of products 3
and 4 (entry 6). All the product ratios did not change
after prolonged irradiation.

To obtain information concerning the mechanism for
the stereoselectivity observed in oxetane formation, the
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effect of temperature on the stereoselectivity was exam-
ined. As shown in Figure 1, the Eyring plots, ln(trans-
2/cis-2) against 1/T, were not linear for the formation
of both 2a and 2b, in which the trans-selectivity, trans-
2/cis-2, increased nonlinearly with decreasing reaction
temperature. Thus, the trans-configured oxetanes 2a
and 2b were the major isomers at low temperatures,
for example, trans-2a/cis-2a = 86/14 at �80 �C and
trans-2b/cis-2b = 58/42 at �56 �C were produced. The
trans-selectivity observed in the formation of oxetanes
2a and 2b cannot be explained based on hydrogen-
bonded interaction.6 As judged by the high trans-selec-
tivity found for the reaction in methanol and of silyl
ether 1c (entries 2 and 6), steric factors appear to play
an important role in controlling the faceselectivity, at
least at low temperatures. Thus, the hydroxyl group is
sterically more bulky in protic solvents than that in
aprotic solvents. The silyloxyl group is sterically more
hindered than the hydroxyl group.

The nonlinear Eyring plots clearly suggest that oxetanes
2a and 2b are formed in a reaction that involves two or
more steps.14 To obtain information on the nature of the
Figure 2. Transient absorption spectra of (a) triplet benzophenone and
(b) triplet 1,4-diradicals formed during the irradiation of 4.4 M 2,3-
dihydrofuran-3-ol (1a) with 0.02 M benzophenone in acetonitrile at
1 ns.
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Scheme 2. A plausible mechanism for the formation of oxetane 2 in the Pat
intermediates in the photochemical reactions, transient
absorption spectra were obtained for the reaction with
1a on a picosecond time scale (kexc = 355 nm, 20 ps
pulse width, Fig. 2). In the absence of 1a, the triplet state
of benzophenone (s > 1 ls,15 kmax = 523 nm16) was
observed within 20 ps after laser excitation in degassed
acetonitrile. Upon the addition of a 4.4 M acetonitrile
solution of 1a, the triplet state of benzophenone
(Fig. 2a) was quenched within 1 ns, generating a new
species (Fig. 2b) with an absorption maximum at
535 nm. The transient species decayed with almost
first-order kinetics (s = ca. 1.8 ns, kd = ca. 5.6 ·
108 s�1) at 25 �C. The absorption spectrum of the new
species is similar to that of the triplet diradical (kmax =
535 nm, s = 1.5 ns in acetonitrile)17 reported for the
photoreaction of 1,4-dioxene with benzophenone. Thus,
it is reasonable to conclude that the new species are the
triplet diradicals trans- and cis-3DR as shown in Scheme
2.

A plausible mechanism for the photochemical reaction
is shown in Scheme 2. There are two steps that deter-
mine the stereoselectivity of the reaction: (1) the initial
faceselectivity by triplet benzophenone, that is,
[trans-3DR] versus [cis-3DR], and (2) the ratio of the rel-
ative rate constant of the bond-forming and bond-
breaking step from the singlet 1,4-diradicals trans-1DR
and cis-1DR, that is, ktrans/k versus kcis/k

0.5b Although
the conclusive elucidation of the nonlinearity of the Eyr-
ing plots is currently under investigation, hydrogen-
bonded interactions between the allylic alcohol and the
triplet-excited carbonyl compound seems to be not
the major factor in controlling the stereoselectivity in
the formation of the oxetanes 2a,b. Thus, the ‘hydroxy-
directed diastereoselectivity’6 cannot simply apply to
the case of the Paternò–Büchi reaction of cyclic allylic
alcohols.

In summary, a notable temperature effect on the stereo-
selectivity in the Paternò–Büchi reaction of 2,3-
dihydrofuran-3-ol derivatives 1 with benzophenone is
found in this study. The remarkable finding should stim-
ulate future studies on the mechanistically and synthe-
tically fascinating stereoselectivity in Paternò–Büchi
reactions of allylic alcohols.
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