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Similar to the pockets of enzymes, cavities of synthetic hosts
can activate unreactive compounds to promote reactions in selective
ways.1 Recent self-assembled cages and capsules are showing an
improved ability to accelerate and promote reactions with high
regio- and stereoselectivity within their cavities.2–5 However,
asymmetric synthesis in chiral cavities still remains relatively
unexplored, mainly because of the difficulty in preparing large chiral
cages and capsules in optically pure forms.

We have developed a variety of thermal and photochemical
reactions within the cavity of the self-assembled M6L4 cage 1.5

Simply replacing the ethylenediamine end-cap on each Pd center
with chiral diamines result in chiral derivatives of 1 while
maintaining the cavities’ electronic nature, size, and T symmetry
element. Here, we report that such a simple chiral modification at
the periphery of the cage is sufficient for remotely controlling the
previously unknown, chiral [2 + 2] olefin cross photoaddition
between fluoranthene and maleimide derivatives (2 and 3, respec-
tively) (Figure 1a). For related studies, Stang and co-workers
reported modification of an M6L4 cage with chiral diphosphine
auxiliaries, but the reactions within the cavity have not been
reported.6 Raymond and co-workers used a racemic cage to induce
moderate diastereoselectivity in an organometallic transformation.7

Inoue and co-workers have extensively studied asymmetric an-
thracene photodimerization and cyclooctene photoisomerization
within cyclodextrins.8,9

Fluoranthene (2a) is an inert aromatic compound and its thermal
or photochemical pericyclic reactions have never been reported.
However, its cross [2 + 2] photoaddition with a maleimide
derivative proceeded efficiently in the cavity of 1a. Suspending 2a
(15.0 µmol) and N-cyclohexylmaleimide (3, 15.0 µmol) in a D2O
solution of 1a (5.0 mM, 1.0 mL) formed the ternary complex
1a•(2a•3) in 60% yield (by NMR) (Figure 1b). After filtering off
the excess substrate, the solution was irradiated with an ultra high

pressure Hg lamp. After 5 min at room temperature, a single product
was formed in 55% yield (Figure 1c). The product was extracted
with chloroform and identified as [2 + 2] adduct 4a by NMR and
MS analyses (see Supporting Information).

Given the number of potential reactive sites, it is surprising that
only the C2-C3 double bond undergoes photoaddition. Analysis
of the calculated LUMO coefficients of 2a reveals no particular
localization on C2 or C3. Thus, the high regio-selectivity is ascribed
to the steric control within the confined cavity rather than orbital
control.

After establishing that cage 1a promotes the unusual [2 + 2]
cross addition of 2a, chiral induction within chiral cavities was
investigated. Chiral cage 1b (with chiral auxiliary (1R, 2R)-N,N′-
diethyl-1,2-diaminocyclohexane) was treated with 2a and 3 to give
the ternary complex 1b•(2a•3). Upon irradiation for 30 min, the [2
+ 2] adduct 4a is again formed. After isolation, the enantiomeric
excess (ee) of 4a was determined to be 40% by chiral HPLC. The
considerable asymmetric induction is remarkable as the presence
of the chiral auxiliary is at the remote peripheral positions of the
cage. Even though there is only a minor geometry change between
the diastereomeric orientation of the substrates in the chiral cavity
(A and B in Figure 2), it is this small energy difference that is
presumably the origin of the asymmetric induction.

The absolute configuration of 4a was determined by X-ray
anomalous scattering method. The major enantiomer was obtained
in optically pure form by resolving racemic 4a with preparative
chiral HPLC and recrystallization from chloroform. On the basis
of the Flack parameter, the major enantiomer has a 1S,2R,2aR,10aR
configuration (Figure 3).10

When 3-methylfluoranthene (2b) was used, the asymmetric
induction was further enhanced (50% ee). The reaction is again

Figure 1. (a) [2 + 2] Photoaddition reaction of 2 with 3 in cage 1. 1H
NMR spectra of (b) ternary complex 1a•(2a•3) and (c) product 1a•4a (500
MHz, D2O, 27 °C).
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regiospecific and only the regioisomer involving reaction of the
C4-C5 bond is formed. The subtle energy difference between the
two diastereomeric orientations of the substrates within the cage
(C and D in Figure 2) determines the enantioselectivity of the
reaction. Interconversion of two orientations now requires that the
fluoranthene flips. This process is rapid on the NMR time scale
and the diastereomeric pairs were not distinguishable.

The steric bulk of the N-substituent (R) on the chiral diamine
auxiliaries is responsible for the asymmetric induction. Cages 1c
(R ) Me) and 1d (R ) H) promote the production of 4a, but give
dramatically reduced ee, 20% and 5%, respectively. The CD spectra
of cages 1b-d are sensitive to the steric bulk of the auxiliary ligand;
the intensity of the Cotton effect at 270 nm (due to the triazine
ligand) increases with steric bulk, R (H < Me < Et). The chirality
of the auxiliary diamino ligands is communicated to the Pd center
and then induces to the chiral deformation of the cavity. In the
crystal structure of the achiral cage 1a, the triazine ligand is perfectly
coplanar. In contrast, molecular mechanics calculation of 1b predicts
that the pyridine rings on the triazine ligand are tilted by 17°,
creating a chiral cavity (Figure 5). The deformation of the triazine
panel is determined by the steric bulk and the tilt angle is reduced
to 13° and 5° for 1c and 1d, which is consistent with the degree of
asymmetric induction as well as that of the Cotton effect.

In summary, enantiomeric excesses of up to 50% were achieved
in the [2 + 2] cross photoaddition of fluoranthenes within modified
chiral cages. The peripheral chiral auxiliaries induce only a minor
deformation of the triazine panel, yet this subtle difference is
sufficient to produce considerable asymmetric induction. In sharp
contrast with common asymmetric reactions, where direct involve-
ment with the reaction sites by chiral catalysts is the crucial step
for chiral induction, the reaction site is not directly activated in
this reaction. The present results confirm that, similar to enzymes
in nature, indirect cavity-control will be an important and achievable
strategy for chiral synthesis.
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Figure 2. Schematic representation of the enantiomeric orientations of the
substrates (which are diastereomeric in chiral cages).

Figure 3. X-ray structure of (1S,2R,2aR,10aR)-4a (30% probability level).
The absolute configuration was determined by X-ray anomalous scattering
method.

Figure 4. CD spectra of cage 1b-d (0.05 mM) in H2O at room temperature
with 1 mm cell.

Figure 5. The deformation of the triazine panel in cages 1b-d to create
chiral cavities.
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