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Abstract—Intramolecular [2+2] photocycloaddition of 1,6-dienes incorporated in a furanose ring either in the presence of a
copper(I) catalyst or with a sensitiser led to the unusual formation of cis-syn-cis adducts. © 2001 Elsevier Science Ltd. All rights
reserved.

The [2+2] photocycloaddition reaction1 offers an excel-
lent stereoselective pathway for rapid access to systems
of intractable complexity incorporating cyclobutanes.
In general inter- and intramolecular [2+2] photocy-
cloaddition of two alkenes leading to linearly arrayed
tricyclic systems proceeds to produce the thermody-
namically more stable cis-anti-cis adducts predomi-
nantly. A similar trend is also observed in
ketene–olefin2 and Diels–Alder3 cycloadditions. In con-
nection with a synthetic program we needed rapid
construction of a linearly arrayed cis-anti-cis 4-5-5 tri-
cyclic system in enantiomerically pure form. It
appeared to us that an intramolecular [2+2] photocy-
cloaddition of a 1,6-diene built in a furanosugar tem-
plate would afford the desired cis-anti-cis 4-5-5 tricyclic
system. While Diels–Alder4 and 1,3-dipolar5 cycloaddi-
tion reactions in furanosugar templates have occasion-
ally been investigated, [2+2] photocycloaddition
reactions in furanosugars have not been explored.6 We
now report the intramolecular [2+2] photocycloaddition
of the dienes 4 and 11 incorporated in a furanosugar
resulting in the unexpected formation of the thermody-
namically less stable cis-syn-cis 4-5-5 linearly arrayed
tricyclic structures.

The diene 4a was prepared from the known ketone 1 as
delineated in Scheme 1. Reaction of the ketone 1 with
allyl bromide and Zn dust afforded the homoallylic

Scheme 1. Reagents and conditions : (i) Zn, CH2�CHCH2Br,
rt, 70% (for 2a); CH2�CH(Me)CH2MgCl, THF, rt, 70% (for
2b); (ii) NaH, BnBr, THF, reflux, 2 h, 70–80%; (iii) (a) 75%
aq. AcOH, rt, 12 h, (b) I2, PPh3, imidazole, PhMe, reflux, 2 h,
53–57%; (iv) h�, CuOTf, Et2O, 3.5 h, 72–77%; (v) 10% Pd–C,
H2, MeOH, AcOH, HClO4, 80–85%.
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alcohol 2a7 in 70% yield. The hydroxy group in the
allylated product 2a was protected to afford the benzyl
ether 3a.8 The ether 3a was converted to the diene 4a in
53% yield using a two-step sequence involving selective
deprotection of the 5,6-acetonide moiety followed by
conversion9 of the resulting diol to an olefin. When a
solution of the diene 4a in diethyl ether was irradiated
in the presence of copper(I) trifluoromethane sulfonate
(CuOTf)10 as catalyst, smooth cycloaddition took place
to afford a single adduct 5a as a crystalline solid, mp
52°C in 73% yield.

The gross structure of the photoadduct 5a could be
easily ascertained from its 1H and 13C NMR spectra.
Preliminary information regarding the stereochemistry
was obtained from the coupling constant between the
C7-H and C8-H in the hydroxy compound 6a obtained
on removal of the benzyl group from the adduct 5a.
The C7-H appeared at � 4.15 as a doublet with a
coupling constant of 5.5 Hz. This coupling constant on
comparison with those reported10 for the proton � to
the hydroxy group in a series of exo (J=4.5 Hz) and
endo (J=6–8 Hz) 2-hydroxy bicyclo[3.2.0]heptanes indi-
cated a syn relationship of the C7-H with the C8-H. To
have further insight, the diene 4b was prepared from
the ketone 1 on reaction with methallyl magnesium
chloride followed by the sequence of reactions
analogous to the synthesis of the diene 4a. UV irradia-
tion of this diene 4b in diethyl ether solution in the
presence of CuOTf catalyst provided the crystalline
adduct 5b, mp 58°C in 72% yield. The C7-H in debenzyl-
ated adduct 6b displayed a coupling constant of 6.3 Hz
again indicating a syn relation between the C7 and C8

hydrogens. Finally, the cis-syn-cis structure of the pho-

toadduct 5b was unequivocally established by a single
crystal X-ray structure.11

Exclusive formation of a thermodynamically less stable
cis-syn-cis linearly arrayed tricyclic system in a cycload-
dition reaction is noteworthy. The formation of cis-syn-
cis adducts12 in a [2+2] photocycloaddition has been
observed only when the reacting alkenes are preor-
ganised through tethers. AM1 calculations13 (using
MOPAC, version 1.10) indicates that the cis-syn-cis
adduct 5a (E=−4865.8857 kcal mol−1) is less stable
than the corresponding cis-anti-cis adduct 7 (E=
−4869.0894 kcal mol−1) by 3.2 kcal mol−1 in the gas
phase. Thus, one would expect the formation of the
cis-anti-cis adduct 7 from photocycloaddition of the
diene 4a. A plausible explanation for the formation of
the cis-syn-cis adducts is the formation of the tricoordi-
nated Cu(I) complex 8 prior to cycloaddition. This
complex preorganises the diene for cycloaddition to
take place syn to the furanose ring leading to the
formation of the cis-syn-cis adducts. The involvement
of an analogous tricoordinated Cu(I) complex during
photocycloaddition of 3-hydroxy-1,6-heptadienes has
been invoked10 to explain the predominant formation
of endo-2-hydroxy bicyclo[3.2.0]heptanes.

To determine the stereochemical outcome in a [2+
2]photocycloaddition in the absence of Cu(I) catalyst,
the diene 10 having a conjugated ester moiety was
chosen. The diene 10 was prepared as outlined in
Scheme 2. Oxidative cleavage of the alkene unit in the
benzyl derivative 3a followed by Wittig–Horner reac-
tion of the resulting aldehyde 9 afforded exclusively the
E-isomer 10. The ester 10 was then converted to the
diene 11 by following a sequence similar to the trans-
formation of the diacetonide 3a to the diene 4a. The
diene 11 could be made to undergo cycloaddition on
irradiation of its acetonitrile solution in the presence of
benzophenone as a sensitiser. A single photoadduct 12
was obtained as a liquid in 50% yield. The stereochem-
ical assignment to the adduct 12 was based on its
transformation to the cyclobutane derivative 6a
through debenzylation, hydrolysis and
photodecarboxylation14 of the resulting hydroxy acid
14. Thus, sensitised photocycloaddition of the dienic
ester 11 provided also a cis-syn-cis adduct 12.

The observed stereochemical outcome in the photocy-
cloaddition of the diene 10 may be explained by the
well accepted pathway15 as delineated in Scheme 3.
Triplet sensitisation of the conjugated ester 11 leads to
the biradical intermediate 15. 5-exo-Trig addition of the
high-energy �-radical to the double bond may give rise
to two new biradical intermediates 16 and 17. Preferen-
tial formation of the biradical 17 is expected over the

Scheme 2. Reagents and conditions : (i) OsO4, NaIO4, H2O,
Et2O, 79%; (ii) NaH, (EtO)2P(O)CH2CO2Et, THF, rt, 18 h,
67%; (iii) (a) 75% aq. AcOH, rt, 12 h, (b) I2, PPh3, imidazole,
PhMe, reflux, 2 h, 54%; (iv) h�, Ph2CO, CH3CN, 6 h, 50%; (v)
10% Pd–C, H2, EtOH, AcOH, HClO4, 65%; (vi) KOH, H2O,
EtOH, reflux, 2 h, 83%; (vii) h�, quinoline, t-BuSH, C6H6, 7
h, 40%.
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Scheme 3.
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biradical 16 as the later experiences severe 1,3-diaxial
interactions involving the benzyloxy group and the
alkyl chains bearing the radicals. Such 1,3-diaxial inter-
actions between alkoxy and alkyl groups have been
found to determine the stereochemistry of the product
in 5-exo-trig radical cyclisations.16 Ring closure of the
1,4-biradical 17 then leads to the product 12. In light of
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In conclusion, we have demonstrated that thermody-
namically less stable cis-syn-cis linearly arrayed tricyclic
structures, which are not usually obtained in cycloaddi-
tion reactions, can be synthesised in [2+2] photocy-
cloaddition reactions through the correct choice of
substrate and reaction parameters.
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