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The Paternò–Büchi reactions of tetrahydrobenzofuranols
with benzophenone were investigated to reveal site- and stereo-
selectivity in oxetane formation reactions. Both selectivities
were found to be largely dependent on the reaction temperature.
The trans selectivity increased with a decrease in temperature,
and the more-substituted oxetanes were selectively formed at
high temperature.

The photochemical [2 + 2] cycloaddition reaction of
carbonyl compounds with alkenes, the so-called Paternò–Büchi
(PB) reaction,1 is the most versatile method for preparing oxe-
tane derivatives, which are synthetically and biologically impor-
tant.2 Although the reaction involves an energized species, i.e. an
electronically excited carbonyl group (RCO�), regio-, site-, and
stereoselective formation of oxetanes have been achieved within
the past two decades. In 2000, a threo-selective formation of ox-
etanes was found in the PB reaction of benzophenone (Ph2CO

�)
with allylic alcohols 1 (Scheme 1).3 The diastereofacial selectiv-
ity was explained by the hydrogen-bonding interaction4 between
the hydroxy group and the incoming molecule, Ph2CO

�. On the
other hand, it has shown that the reactive n, �� excited carbonyl
is a very electron-deficient species.5 We found that a trans-selec-
tive formation of the bicyclic oxetane in the PB reaction cyclic
allylic alcohol 2 in low temperature (Scheme 1).6 The trans
selectivity is apparently not consistent with hydroxy-directed
diastereoselectivity, i.e. cis selectivity. In the PB reaction of
furyl alcohols 3 and 4, the hydroxy-directed site- and stereose-

lective formation of oxetanes was postulated to be important
in controlling the site- and diastereoselectivity.7 Although site-
selectivity (double-bond selection) in a PB reaction of furans
is known to be largely dependent on reaction temperature,8 the
temperature effect on the selectivity was not examined in the lit-
eratures.7 Thus, thorough verification of ‘‘hydroxy-directivity’’
is needed in PB reactions of furan derivatives. The purpose of
this study is to clarify the site- and diastereofacial selectivity
of the oxetane formation in the PB reaction of benzophenone
with tetrahydrobenzofuran-7-ol (5) (Table 1) and with tetrahy-
drobenzofuran-4-ol (10) (Table 2). The intent was to determine
how the hydroxy group and its position on the ring system affect
site- and diastereoselectivity. In this study, the selectivities were
found to be largely dependent on the reaction temperature, and
not significantly affected by the position of the hydroxy group.
This implies that ‘‘hydroxy-directed selectivity’’ is not always
applicable for predicting the diastereoselectivity of photochem-
ical oxetane formation reactions of allylic alcohols.

The experimental results of the photochemical reaction of
5 are summarized in Table 1. Bicyclic oxetanes 6 and 7 were
isolated and fully characterized by spectroscopic analyses.9

The cis and trans configurations were unambiguously deter-
mined using 1HNMRNOE measurement.9 Both isomers were
stable under irradiation conditions, and the ratios did not change.
The pinacol 8 and the oxidation product 9 were also detected as
minor products in the photochemical reaction. The mass balan-
ces of the photochemical reactions were quite high both in
toluene (Entries 1–5) and in DMSO (Entry 6), >84%. As found
in the reaction with allylic alcohol 2, the trans selectivity in bi-
cyclic oxetanes 6 and 7 increased with a decrease in temperature.
Thus, the trans selectivity observed in the PB reaction of 5 at low
temperature may not be explained by hydroxy-directed effect
(Entries 3–5). The site-selectivity, 6 vs. 7, was also largely de-
pendent on the reaction temperature. Thus, the more-substituted
oxetane 7 was selectively formed at high temperature, and the
chemical yield of less-substituted oxetane 6 increased with a
decrease in temperature, e.g. 6/7 = 14/86 at 60 �C (Entry 1)
and 6/7 = 45/55 at �75 �C (Entry 5). The temperature effect
on the site-selectivity was quite similar to the case of the PB re-
action of unsymmetrically substituted furan derivatives.8 When
the PB reaction was carried out in an aprotic polar-solvent,
DMSO, the highly trans selective formation of oxetanes 6 and
7 was observed (Entry 6), i.e. cis/trans-6,7 < 3/97. This result
implies that the steric factor plays an important role in control-
ling diastereofacial selectivity. Thus, the hydrogen-bonded
DMSO molecules would increase the size of the steric hindrance
of the hydroxy group. Next, we investigated the site- and diaster-
eoselectivity in the PB reaction of tetrahydrobenzofuran-4-ol
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Scheme 1. Paternò–Büchi reactions of allylic alcohols.
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(10) with benzophenone under similar irradiation conditions
(Table 2). Unfortunately, less-substituted oxetane 11 is mois-
ture-sensitive, and thus, was labile under the isolation conditions
(silica gel) to give the aldehyde 12. The cis and trans isomer of
the more-substituted oxetane 13 were isolated and fully charac-
terized by spectroscopic analyses. The configurational determi-
nation was unambiguously confirmed by conventional NOE
measurements.9 Although the diastereoselectivity in the forma-
tion of oxetane 11 could not be determined, trans selectivity
was again observed in the formation of the more-substituted ox-
etane 13 at low temperature (Entry 3 in Table 2). The tempera-
ture-dependent change of the diastereoselectivity was quite
similar to that observed in the PB reaction of 5; for cis/trans-
13 = 58/42 (60 �C) and 24/76 (�75 �C), for cis/trans-7 =
57/43 (60 �C) and 28/72 (�75 �C). As found for the reaction
of 5 (Table 1), the site-selectivity, 12 (¼11) versus 13, was
also largely dependent on the reaction temperature. Thus, the
site- and stereoselectivity observed in the PB reactions were
not largely dependent on the position of the hydroxy group in
the tetrahydrobenzofuranols. In this study, we found that the
site- and stereoselectivity of the oxetane formation in the PB
reactions of 5 and 10 were largely dependent on the reaction
temperature, and not so significantly influenced by the position
of the hydroxy group. Thus, diastereoselectivity in the formation
of oxetanes derived from allylic alcohols may not be simply
predicted by just the ‘‘hydroxy-directed effect.’’ This remarkable
finding should stimulate future calculations and experiments
on the mechanistically fascinating temperature effects of site-
and stereoselectivity in oxetane formation reactions.
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Büchi, C. G. Inman, E. S. Lipinsky, J. Am. Chem. Soc. 1954, 76,
4327. c) D. R. Arnold, R. L. Hinman, A. H. Glick, Tetrahedron
Lett. 1964, 5, 1425. d) N. C. Yang, M. Nussim, M. J. Jorgenson,
S. Murov, Tetrahedron Lett. 1964, 5, 3657.

2 a) J. A. Porca, S. L. Schreiber, in Comprehensive Organic
Synthesis, ed. by B. M. Trost, Pergamon Press, New York, 1991,
Vol. 5, p. 168. b) A. G. Griesbeck, M. Fiege, in Molecular and
Supramolecular Photochemistry, ed. by V. Ramamurthy, K. S.
Schanze, Marcel Dekker, Inc., New York, 2000, Vol. 6, Chap. 2.
c) T. Bach, Synthesis 1998, 683. d) J.-M. Huang, R. Yokoyama,
C.-S. Yang, Y. Fukuyama, Tetrahedron Lett. 2000, 41, 6111.
e) A. Joseph, G. Prakash, D. E. Falvey, J. Am. Chem. Soc. 2000,
122, 11219. f) A. Sancar, Chem. Rev. 2003, 103, 2203. g) X.-M.
Hei, Q.-H. Song, X.-B. Li, W.-J. Tang, H.-B. Wang, Q.-X. Guo,
J. Org. Chem. 2005, 70, 2522. h) N. Belmadoui, S. Encinas,
M. J. Climent, S. Gil, M. A. Miranda, Chem.—Eur. J. 2006, 12,
553. i) N. Hoffmann, Chem. Rev. 2008, 108, 1052. j) M. Abe,
J. Chin. Chem. Soc. (Taipei) 2008, 55, 479.

3 a) W. Adam, K. Peters, E. M. Peters, V. R. Stegmann, J. Am. Chem.
Soc. 2000, 122, 2958. b) W. Adam, V. R. Stegmann, Synthesis
2001, 1203.

4 The importance of hydrogen bonding in photochemical reactions,
see: a) A. Yokoyama, K. Mizuno, Org. Lett. 2000, 2, 3457. b) T.
Bach, H. Bergmann, K. Harms, J. Am. Chem. Soc. 1999, 121,
10650. c) S. M. Sieburth, K. F. McGee, Jr., Org. Lett. 1999, 1,
1775. d) L. K. Sydnes, K. I. Hansen, D. L. Oldoyd, A. C. Weedon,
E. Jorgensen, Acta Chem. Scand. 1993, 47, 916.

5 a) P. J. Wagner, B.-S. Park, in Organic Photochemistry, ed. by
A. Padwa, Macel Dekker, New York, 1991, Vol. 11, Chap. 4. b)
A. G. Griesbeck, S. Bondock, J. Am. Chem. Soc. 2001, 123, 6191.

6 M. Abe, M. Terazawa, K. Nozaki, A. Masuyama, T. Hayashi,
Tetrahedron Lett. 2006, 47, 2527.

7 a) M. D’Auria, R. Racioppi, G. Romaniello, Eur. J. Org. Chem.
2000, 3265. b) M. D’Auria, L. Emanuele, R. Racioppi, A. Valente,
Photochem. Photobiol. Sci. 2008, 7, 98.

8 a) M. Abe, T. Kawakami, S. Ohata, K. Nozaki, M. Nojima, J. Am.
Chem. Soc. 2004, 126, 2838. b) A. G. Griesbeck, M. Abe, S.
Bondock, Acc. Chem. Res. 2004, 37, 919.

9 Supporting Information is available electronically on the CSJ-
Journal Web site, http://www.csj.jp/journals/chem-lett/index.html.

Table 2. Temperature effect on the site- and stereoselectivity of
bicyclic oxetanes in the Paternò–Büchi reaction of 10a
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Products and yieldsa/%

Entry
Temp

/�C 12

(¼11)

13

cis/trans
8 14

1 60 6 31/22 9 7

2 20 19 30/23 9 5

3 �75 23 9/29 9 3

aThe photoreaction was conducted under the similar conditions for
5, see footnote of Table 1. The conversion of benzophenone was
96% (Entry 1), 83% (Entry 2), and 75% (Entry 3), respectively.

Table 1. Temperature effect on the site- and stereoselectivity of
bicyclic oxetanes in the Paternò–Büchi reaction of 5a
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cis: R1 = OH, R2 = H
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Products and yieldsb/%

Entry
Temp

/�C 6

cis/trans

7

cis/trans
8 9

1 60 3/7 37/28 6 3

2 20 4/12 36/30 3 2

3 �25 5/23 28/36 2 2

4 �46 7/28 23/39 2 2

5 �75 7/31 13/33 2 1

6c 20 <3/20 <3/44 7 11

aThe photoreaction was conducted as follows: a degassed solution
of 5 (0.34M) and Ph2CO (0.17M) was irradiated for 6 h with
a high-pressure Hg lamp (300W) through a Pyrex filter. The
conversion of benzophenone was almost 100%. bThe yields were
determined by 1HNMR (500MHz) peak areas; Ph3CH was used
as an internal standard; error �3%. cDMSO was used as solvent.
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