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ABSTRACT

The norbornanecyclobutene epoxides 1a−1c containing a fused 1,4-dimethoxynaphthalene chromophore have been reacted with cyclobutenes,
cyclohexenes, norbornenes, 7-isopropylidenenorbornenes, 7-azanorbornenes, and other cyclic or electron-deficient alkenes at room temperature
to form 1:1 adducts in stereoselective 1,3-dipolar cycloaddition reactions; alkynes can also participate in this reaction. The ability to form 2:1
adducts has also been demonstrated, thereby opening up opportunities for preparing functionalized products with large chromophore separations.

1,4-Dimethoxynaphthalene is a classical quencher chro-
mophore used in the study of electron-transfer and energy-
transfer reactions where geometric relationships between
donor and acceptor chromophores have been shown to play
an important role.1 1,4-Dimethoxy naphthalenes also have
the potential for one-step conversion to a 1,4-naphtho-
quinone,2 a related light-absorbing chromophore used in such
studies.3 We now report a versatile photochemical method
for fusing the 1,4-dimethoxynaphthalene chromophore to

alkenes in a geometry-predictable fashion, thereby offering
an efficient route to rigid multichromophoric systems.

The thermal 1,3-dipolar cycloaddition of cyclobutene
epoxides to alkenes was reported earlier by our group and
now constitutes the major reaction for the stereoselective
coupling of alkenes in the construction of scaffold systems.4

The photochemical variant of that reaction, described herein,
has even wider potential to deliver the versatile dimethoxy-
naphthalene chromophore onto alkene substrates using cy-
clobutene epoxide1a; it can be attached at room temperature,
whereas the thermal reaction required heating at 140°C.
Further,1a can be reacted with nondipolarophilic alkenes
such as cyclohexa-1,4-diene, which failed to couple under
thermal conditions. The coupling is shown to displayexo,-
exo-stereoselectivity with norbornenes, yet it provides both
exo,exoandendo,exoproducts from 7-isopropylidene nor-
bornadienes, a feature that increases the range of stereo-
chemical molecular architectures available to the building
program. While the epoxide reagents required activating
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groups on the 1,4-positions of the bicyclo[2.1.0]pentane
component, these can be esters, acids or amides, thereby
offering scope to modify the hydrophilic or lipophilic
properties of the coupled product. In all cases, smooth
conversion to ribbon molecules occurred by irradiation at
300 nm in acetone solution (Rayonet reactor, quartz vessel).

A selection of coupling reactions (experiments E1-E12)
undergone by ester-activated cyclobutene epoxide1a is
collected in Table 1. Reaction of1a with excess norborna-
diene2 (E1) gave the 1:1 adduct3a5 in 87% yield; changing
the ratio of reagents so that the epoxide was in excess,
allowed production of the bisadduct4 (43%) (Scheme 1).
The stereochemistry of the monoadduct3a was assigned by

NOE between protons Ha and Hb (this technique was used
to establish the stereochemistry of other adducts), while the
C2V symmetry of the 2:1 adduct4, established by1H NMR,
confirmed that the second addition also occurred withexo,-
exo-stereoselectivity.

Positioning other substituents at the bridgehead positions
of the coupled product allowed control of their polarity
properties, and this could be achieved using the substituted
epoxides1b-1d, which formed the bis(tert-butyl ester)3b
(lipophilic), dicarboxylic acid3c (hydrophilic), and bisacyl
amino acids3d, respectively, on reaction with excess2. Two
electron-withdrawing substituents (esters, acids, or amides)
are required for this photochemical coupling protocol to

Table 1

a Acetone, quartz, 300 nm. Reaction yields have been determined by1H NMR monitoring; isolated yields are shown in brackets and refer to recrystallized
products.
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proceed, although the groups can be different. Where the
groups required at the bridgehead positions are electron-
donating, such as the hydrophilic hydroxymethyl groups, then
this must be conducted in a secondary process after coupling,
e.g., LAH reduction of the diester groups in3a produced
the bishydroxymethyl compound3e.6

This ability to attach the 1,4-dimethoxynaphthalene chro-
mophore to other norbornenes should have wide application
since scaffold bisalkenes of various topologies are now
readily available by several coupling protocols.7 For example,
irradiation of epoxide1a in acetone containing [3]polynor-
bornadiene5, produced in one step by reaction of norbor-
nadiene2 with 2,5-bis(trifluoromethyl-1,3,4-oxadiazole,7b

furnished two coupled products, one containing one chro-
mophore (monoadduct6) and the other two chromophores
(the bisadduct7) (E2). The proportion of products6 and7
could be varied by modification of the molar ratio of
reactants1a and5.

That reaction could be applied to chiral substrates was
illustrated (E3) by fusing the 1,4-dimethoxynaphthalene
chromophoreexo-stereoselectively at the norbornene site of
chiral substrate88 to form 9; no evidence was obtained for
loss of chiral integrity in this reaction.

Reaction of1a with the bicyclic triene10 occurred site-
and stereoselectively at the norborneneπ-center to afford
the coupled product11 (E4). High site selectivity was also
observed in the addition to tricyclic diene12 to form exo-
fused cyclobutane adduct13 (E5); the photopyridone14also
gave anexo-coupled product15 (E6). In the related reaction
with the ester-substituted cyclobutene16 (E7), the production
of 17 demonstrated that the preference forexo-cyclobutane
stereochemistry was maintained, a conclusion confirmed, in
this case, by X-ray crystallography (Figure 1).

A reaction that sets this photochemical reaction apart from
its thermal counterpart is the ability to add to nondipolaro-
philic alkenes, e.g., cyclohexa-1,4-diene18 (E8) formed the
endo-adduct19 (stereochemistry confirmed by NOE). In-
terestingly,exo-coupling occurred in the related reaction of
1a with the dienophilicp-benzoquinone20 (E9) to give21
or N-methyl maleimide22 (E10) to give23, while acenaph-
thylene24 (E11) gave almost equally theendo-adduct25
and theexo-isomer26.

Smooth coupling also occurred with alkynes, e.g., irradia-
tion of epoxide1a with excess dimethyl acetylenedicarboxy-
late 27 (E12) produced the adduct28 in 76% yield.

Coupling of1a with the thermally labile bisalkene299 to
give both monoadduct30 and bisadduct31 (Scheme 2) is a

significant result since diene29 failed to couple thermally
with 1a and also resisted coupling protocols based on
reactions with 1,3-dienes,s-tetrazines, and 1,3,4-oxadiazoles.7

The nature of the 7-substituent was important in defining
the stereoselectivity of the coupling process, since reaction
of 1awith 7-isopropylidene-benzonorbornadiene32yielded
a stereoisomeric mixture (ratio 4:1) ofexo,exo-adduct33and
endo,exo-stereoisomer34 (Scheme 3). 7-Oxabenzonorbor-
nadiene reacted similarly, whereas 7-azabenzonorbornadienes
followed the norbornadiene model. The stereochemistry of
33 was determined by spectroscopy which showed a
significant NOE enhancement between Hc and Hd; as well,
the downfield chemical shift of the methano-bridge proton
adjacent to the oxa-bridge was also diagnostic. The structure
of its isomer34 was supported by a similar downfield shift
of one of the methano-bridge protons and the upfield shift
of the isopropylidene methyl groups by the through space

Figure 1. X-ray structure of adduct17 (stereoview).
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Scheme 2
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shielding provided by the benzene ring. Chemical shift data
are annotated to the structures in Scheme 3.

The application of this photochemical method has been

reported4e for the preparation of a single U-shaped cavity
system, but this reaction is general and we have used it to
prepare various other cavity systems from the appropriate
U-shaped bisalkene.
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