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A self-assembled chiral coordination cage was prepared from triangular triazine-panel ligands and Pd(II) complexes with
chiral diamine auxiliaries. The chiral environment of the cage is induced by the structural deformation of the triazine panels
ascribed to the steric bulk of the substituents on the chiral auxiliaries. The chiral cage can accommodate a pair of two
hydrophobic molecules to form a specific diastereomeric ternary complex. We succeeded in conducting unusual [2 4 2] and
[2 4+ 4] asymmetric cycloadditions from the identical ternary complex including a maleimide derivative and aromatic
compounds with 6—50% enantiomeric excess (ee). It is remarkable that the remote chirality on the auxiliaries is efficiently
transmitted to the chiral orientation of achiral ligands, which define a chiral cavity, to induce up to 50% ee. The present
strategy is widely applicable to cavity-directed asymmetric reactions and maintaining inherent properties of the cage.
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Introduction

Asymmetric synthesis within chiral molecular flasks is one
of the most interesting challenges in organic synthesis
because such reactions mimic highly efficient and selective
chemical transformations in the chiral cavities of enzymes
(I-3). As an enzyme model, cyclodextrins offer chiral
hydrophobic cavities derived from their inherent chirality of
D-glucopyranoside units and mediate a variety of asym-
metric reactions within the cavities (4—15). The host cavities
transfer the chiral information through space to the
accommodated prochiral substrates to direct the reactions
in an enantioselective manner. This strategy is distinguished
from chiral auxiliary strategy in which the chiral information
is transferred through bonds to the connected, adjacent
reaction sites (/6—21). However, asymmetric synthesis
within artificial chiral cavities remained relatively unex-
plored because of the difficulties in preparing and isolating
optically pure forms of molecular flasks. Raymond et al. (22)
have succeeded in resolving two enantiometric forms of a
tetrahedral coordination cage by encapsulating a chiral guest
molecule. They employed the tetrahedral chiral cavity, to
demonstrate that the catalytic 3-aza-Cope rearrangements of
allyl enammonium cations are promoted highly enantiose-
lectively within the cavity (23—25). Upon encapsulating the
substrates, the cage asymmetrically induces the substrate

preorganisation to reduce the entropic cost of the
rearrangement.

Chiral environment can also be created by attaching
chiral auxiliaries to achiral cage frameworks or encapsulat-
ing a (small) chiral guest to render the remaining cavities
chiral. Rebek et al. (26—30) proved that the remote
stereocentres on chiral auxiliaries affect the behaviours of
achiral guest molecules in the cavity of a hydrogen-bonded
cylindrical capsule. The guests can feel the surrounding
asymmetric environment beyond the cage framework. This
phenomenon verifies that outer remote chiral information is
transmitted through space to guests and that asymmetric
reactions can be induced within the cavity.

We have used the chiral cavity of self-assembled Mgl
coordination cage 1 and have succeeded in promoting
asymmetric [2 + 2] cross-photoadditions of fluoranthene
(2a) with N-cyclohexylmaleimide (3) (Figure 1) (31). The
chiral environment arises from the stereogenic centres of
the chiral frans-diamine auxiliaries which are far from the
central cavity. We presume that this chirality is once
transferred to the chirality on the amino nitrogen atoms
coordinating to Pd(Il) centres and subsequently transferred
into the chiral orientation of the achiral ligands. The remote
chiral auxiliaries induce only a minor chiral deformation
of the T-symmetric cavity surrounded by triazine panels.
Nevertheless, such a slight chiral deformation is sufficient to
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Figure 1.

induce moderate to high enantiomeric excess (ee) during
chemical transformations in the cavity: up to 50% ee was
achieved in the [2 4 2] photoaddition of maleimide 3
with 3-methyl fluoranthene (2b) (37). This chiral transfer
strategy should be applicable to a variety of cavity-directed
asymmetric reactions. In this study, we show asymmetric
induction of both [2 4 2] photoadditions and [2 + 4] Diels—
Alder reactions of inert aromatic compounds, aceanthrylene
(4) and 1H-cyclopenta[l Jphenanthrene (5), via identical
host—guest complexes, using the chiral cavity of cage 1
(Figure 2) (32). All the above reactions proceed in regio-,
stereo- and enantioselective manners.

T. Murase et al.

2 Enantiomer excess (%)
2a:R=H
2b: R=Me 12 1b 1¢ 1d

2a 0 40 20 5
2b 0 50 30 10

[2 4 2] asymmetric cross-photoadditions of fluoranthenes 2 with maleimide 3 within cage 1.

Results and discussion
Substituent effects of chiral auxiliaries on cage 1

Before performing cavity-directed asymmetric
reactions, we clarified the substituent effects of chiral
trans-cyclohexanediamine auxiliaries on cage 1 and
investigated the deformation of the triazine panel, which
is represented by the tilt angle x of the pyridine rings on the
triazine panel (Figure 3(a)). Molecular mechanics
calculation of cage 1 predicted that the tilt angle of the
pyridine rings increased with increasing steric bulk, R [H
(5°) <Me (13°) <Et (17°) <i-Pr (30°)]. In fact, the
intensity of CD spectra of chiral cages increased in the

Figure 2.
Enantiomers of cycloadducts 6—9 are shown for each reaction.

[2 + 2] and [2 + 4] cycloadditions of maleimide 3 with (a) aceanthrylene (4) and (b) 1H-cyclopenta[/ Jphenanthrene (5).
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Figure 3. (a) The deformation of the triazine panels in cage 1 and the tilt angle, x, of the pyridine rings, and (b) CD spectra of cages

1b-d (0.05 mM) in H,O at room temperature (1 mm cell).

order of H < Me < Et for the R group on the chiral
auxiliaries, suggesting the chirality transmission from the
auxiliaries to the cavity via Pd(II)-coordinated amino
group having the R group (Figure 3(b)). Unfortunately, the
cage with isopropyl chiral auxiliaries (R = i-Pr) failed to
self-assemble because of too large steric hindrance of the
substituents, though more efficient chiral induction was
expected from the predicted tilt angle (30°). It is found that
trans-N,N'-diethylcyclohexanediamine is the best chiral-
inducing ligand for asymmetric deformation of MgL,
cages. Actually, chiral cage 1b (R = Et) gave the highest
ee value for the asymmetric [2 + 2] photoadditions of
fluoranthenes 2 with 3, as already demonstrated previously
(31). Therefore, we used chiral cage 1b for the following
asymmetric reactions.

Pairwise encapsulation of guest molecules within cage 1

As aromatic guest molecules, we chose 4 and 5 for the
following two reasons: (i) they give enantiomeric products
on the cycloadditions with maleimide 3 and (ii) they are the
same four-ring aromatic compounds as 2, which allows us to
roughly compare their asymmetric reactions within cage 1,
not considering their molecular sizes. Large planar aromatics
and round-shaped molecules tend to be pair-wisely
encapsulated within cage 1 to form ternary complexes
(33). For example, when 3 and 4 were suspended in an
aqueous solution of cage 1 at room temperature for 1h,
ternary complex 1-(3-4) was obtained in 50% yield, as
monitored by 'H NMR (Figure 4(a))". The proton signals of
both guests 3 and 4 were highly upfield shifted due to the
encapsulation within cage 1. Since the chiral centre of the
auxiliary is located outside cage 1, there were no significant
differences in the guest-encapsulation properties between

chiral and achiral cages. In the same manner, ternary
complex 1-(3-5) was formed in 30% yields.

[2 + 2] cycloadditions (cross-photoadditions)

First, we carried out [2 4 2] photo-cycloadditions of
aromatic compounds in the cavity of achiral cage la to
ensure their reactivity and obtain the racemic products as
references. Some aromatic compounds which otherwise
show no photo-reactivity can participate in [2 + 2]
photoadditions when they are co-encapsulated with
maleimide 3 in the cage. When ternary complex 1a- (3-4)
was irradiated with a high-pressure mercury lamp (400 W) at
room temperature for 1 h, a single product 6 was obtained in
60% vyield, as determined by the "H NMR spectrum (Figure
4(b)).? Because of the tight packing of the adduct in the host
cage, the decomposition of the cage by hydrochloric acid
was necessary to extract product 6 with chloroform. The
reaction was very clean and no by-products were detected
after the extraction (Figure 4(c)). The product analysis by
NMR showed the exclusive formation of 6 with the syn
stereochemistry.

The geometry of adduct 6 in the cage was clearly
revealed by X-ray crystallographic analysis (Figure 5).
A single crystal suitable for X-ray analysis was obtained by
slow evaporation of water from an aqueous solution of the
inclusion complex of adduct 6 over 1 week. As expected, the
crystal structure showed the adduct with syn conformation,
emphasising the snug fitting of 6 within the cage.

After establishing that cage 1 promotes the specific
photoaddition of 4, then asymmetric induction within a
chiral cavity was examined. A similar ternary complex
1b- (3-4) was obtained by mixing chiral cage 1b with 3
and 4 in water. Upon photo-irradiation, photoadduct 6 was
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Figure 4. '"H NMR spectra (500 MHz, 300 K) of (a) ternary complex 1a- (3 -4) (in D,0), (b) product 1a- 6 (in D,0) and (c) photoadduct

6 (in CDCl5).

Figure 5. Crystal structure of the inclusion complex of adduct
6. To obtain a good crystal, (tmeda)Pd(NO3), was employed
instead of (en)Pd(NOs3), in the formation of the cage. For clarity,
H atom, anions and solvent molecules have been omitted. One of
the two enantiomers is shown here. Four molecules of product 6
were equally disordered above each triazine panel ligand after
symmetry operation (CCDC 777611).

formed again. Chiral HPLC analyses were conducted
for the enantiomers obtained in achiral cage 1a and chiral
cage 1b (Figure 6). Although there was of course no
enantioselectivity in the case of achiral cage 1la, the
contrast of the peak area for enantiomers proved that the
reaction proceeded with 44% ee within chiral cage 1b.

We have not yet determined the absolute configuration of
each enantiomer but confirmed that the ratio of the
enantiomers was inverted when using chiral cage 1b' with
the opposite chiral auxiliary to cage 1b’ (Figure 6(c)). The
enantiomers of 6 derive from the position of the projecting
terminal benzene ring in the resulting anthracene moiety
after the photoaddition. Thus, the deformation of the triazine
panel in the cage causes the preferential recognition of either
diastereomeric orientation of the substrate pair 3 and 4 within
the cage. Although the rapid interconversion between two
orientations is unable to distinguish the diastereomeric pair
on the NMR timescale, it is no doubt that the position of the
terminal benzene ring of 4 plays a significant role in the
asymmetric reaction within chiral cage 1b.

Similarly, a single regio- and stereo-isomer was obtained
in the [2 4 2] photoaddition between 3 and 5. When ternary
complex la-(3-5) was irradiated (400 W) at room
temperature for 15 min, a single photoadduct 7 was obtained
in 50% yield. Eight protons of the resulting phenanthrene
core and four protons of the cyclobutane skeleton were
observed in the '"H NMR spectrum, which signifies the



Downloaded by [Pontificia Universidad Javeria) at 13:24 24 August 2011

(a) (b)

] 50%” Ha
N/
(Pd=)[ Pd
N/
| N
50%
3 3
& s
= =
= =
c c
S | s
£ =
15 16 17 18 19 20 21 22

Retention time (min)

Supramolecular Chemistry

203

H R H R
72% n Y T < 1%
~ SO A
(sz)O, Pd (sz)Q Pd
oy N 7N
T lN\ .uN\
H R 1 H R
i e
S
2 29%
2]
c
- ]
E -
28%
15 16 17 18 19 20 21 22 15 16 17 18 19 20 21 2

Retention time (min)

Retention time (min)

Figure 6. The HPLC analyses of photoadduct 6 formed inside (a) achiral cage 1a, (b) chiral cage 1b and (c) chiral cage 1b' (with
opposite chiral auxiliary to cage 1b). The ratios of peak areas are shown for each chromatogram.

asymmetric structure of 7. In the chiral cavity of cage 1b, the
photoreaction furnished the [2 + 2] adduct 7 with 33% ee.

[2 + 4] cycloadditions (Diels—Alder reactions)

Next, we focused on [2 + 4] cycloadditions (Diels—Alder
reactions) of aromatic compounds. In the hydrophobic

H,0

cavity of the cage, aromatic compounds 4 and 5 showed
not only photo-reactivity but also Diels—Alder reactivity

via identical ternary complexes. When ternary complex
1a-(3-4) was heated at 100°C for 1 h, the signals derived

from guests 3 and 4 completely disappeared, and a set
of new signals appeared in the 'H NMR spectrum
(Figure 7(b)). The signal integration indicated that 90% of

1a+(3-4)

Figure 7.
adduct 8 (in CDCls).

3 2 1 ppm

'H NMR spectra (500 MHz, 300 K) of (a) ternary complex 1a- (3-4) (in D,0), (b) product 1a- 8 (in D,0) and (c¢) Diels—Alder
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encapsulated 4 was converted to Diels—Alder adduct 8.
The adduct was extracted with chloroform after the
decomplexation of the cage by hydrochloric acid and
analysed by NMR spectroscopy and mass spectrometry
(Figure 7(c)). The reaction was regio-selective at the
protruding terminal benzene ring of 4, in an exo-selective
fashion. The syn stereochemistry was revealed by the
shielding of N-cyclohexyl protons due to the neighbouring
acenaphthylene core.

The structure of 8 was ultimately confirmed by X-ray
crystallographic analysis (Figure 8). Because of the steric
demand of the N-cyclohexyl group, dienophile 3 is allowed
only to access the terminal benzene ring of 4, and the compact
syn-isomer is just fitted in the cavity of the cage. Thus, both
regio- and stereo-selectivities were perfectly controlled in the
reaction of an otherwise unreactive substrate.

When chiral cage 1b was employed for the above Diels—
Alder reaction, 6% ee of 8 was achieved. The 6% ee value is
remarkable considering that the reaction was carried out at
100°C and that the chiral auxiliary is located on the
peripheral positions of the cage. Because the chirality of the
cavity arises from the deformation of the triazine panel
caused by the steric hindrance of the substituents on the

Figure 8. Crystal structure of the inclusion complex of adduct
8. To obtain a good crystal, (tmeda)Pd(NO3), was employed
instead of (en)Pd(NOs3), in the formation of the cage. For clarity,
H atom, anions and solvent molecules have been omitted. One of
the two enantiomers is shown here. Four molecules of product 8
were equally disordered above each triazine panel ligand after
symmetry operation (CCDC 746969).

remote chiral auxiliary, such a deformation could be usually
relieved by the free rotation of the pyridine rings at 100°C.
This result proves that the chiral information of the auxiliary
ligand is remotely transferred to the cavity of the cage
through bonds even at high temperature.

Although compound 5 has been attracted as a ligand in
the preparation of a series of metallocenes with phenanthrene
frameworks (34, 35), the Diels—Alder reaction of 5 is very
sluggish even at 130°C for 3 days (36). However, in the cavity
of cage 1, the Diels—Alder reaction is efficiently promoted,
as a consequence of high effective concentration and
substrate preorganisation within the cage. When ternary
complex 1a-(3-5) was heated at 100°C for 1 h, the Diels—
Alder adduct 9 was formed in 95% yield with 100% syn
stereoselectivity. The same reaction proceeded in the chiral
cavity of cage 1b, and to our surprise, the ee value was found
to be 26% by chiral HPLC analysis. Compared to adduct 8,
the configuration difference between both enantiomers is
large in adduct 9, which is supposed to be much affected by
the chiral cavity of the cage and leads to the better ee value.

Comparison of [2 + 2] and [2 + 4] cycloadditions within
chiral cage 1b

Enantioselectivity of [2 4 2] and [2 + 4] cycloadditions
of aromatics with maleimide 3 within chiral cage 1b is
summarised in Table 1. In general, enantioselectivity of
[2 4 2] photoadditions was higher than that of [2 4 4]
thermal-additions, but the difference of the ee values

Table 1. Enantiomeric excess (%) of [2 + 2] and [2 + 4]
cycloadditions of aromatics with maleimide 3 within chiral
cage 1b.

Aromatic guest [2+42] [2+4]

2a 40 -

@,
B
O.Q W )
Ve
o
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between [2 + 2] and [2 + 4] cycloadditions is quite small
in the guest pair (3-5), compared to that of pair (3-4).
Presumably, because the cyclopentadiene moiety of 5
participates in both [2 4 2] and [2 + 4] cycloadditions, the
resulting products have similar stereochemistry, leading to
a small difference in the ee values (Aee = 7%). In contrast,
[2 4+ 2] and [2 + 4] cycloadditions proceed on different
rings of 4, and the large ee difference (Aee = 38%)
is ascribed to the shape difference between photoadduct
6 and thermal-adduct 8. Thus, thermal agitation of the
pyridine rings in cage 1 at high temperature does not
significantly affect enantioselectivity of asymmetric
reactions within the cage.

Enantioselectivity is determined by the population of
the diastereomeric substrate pair which is suitable for
the subsequent [2 4 2] or [2 + 4] cycloaddition within the
chiral cage. Therefore, preorganised structure of a substrate
pair within the cage is essential for achieving a high
ee value.

Conclusion

The present study developed the applicable scope of
asymmetric reactions within a chiral MgL,4 cage, although
the previous study was limited to [2 4 2] photoadditions
with fluoranthene derivatives. In the hydrophobic cavity of
the cage, owing to the pair formation of a large aromatic
molecule with a round-shaped maleimide, which do not
particularly interact with each other, a variety of aromatics
can undergo asymmetric cycloadditions in regio- and
stereo-selective manners. It is noteworthy that relatively
high ee values (up to 50%) are accomplished by the chiral
cage, even though the chiral centres are located far from
the central reaction space. Inherent properties of the cage
are maintained in the peripheral modification. Thus,
‘remote chiral transfer’ is a versatile and suitable strategy
for cavity-directed asymmetric reactions.

Experimental
General

'"H and "*C NMR spectra were recorded on a Bruker DRX-
500 (500 MHz) spectrometer. TMS (CDCl5 solution) in a
capillary served as an external standard (6 = 0 ppm). CD
spectra were recorded on a Jasco J-820 spectropolarimeter.
IR measurements were carried out using a DIGILAB
Scimitar FTS-2000 instrument. MALDI-TOF-MS data were
obtained by Applied Biosystem Voyager. Melting points
were determined with a Yanaco MF-500 V micro melting
point apparatus. Diffraction measurements were made using
a Bruker APEXII/CCD diffractometer equipped with a
focusing mirror (MoK radiation 1= 0.71073 A). Photo
irradiation was carried out with a SAN-EI Electric Co.
(Osaka, Japan) UVF-352S 350-W ultra high-pressure
mercury lamp. HPLC analyses were carried out using

a DAICEL chemical Industries Ltd, (Niigata, Japan),
CHIRALPAC® IA. Solvents and reagents were purchased
from TCI Co. Ltd, (Tokyo, Japan), WAKO Pure Chemical
Industries Ltd, (Osaka, Japan) and Sigma-Aldrich Co.
(Munich, Germany); Deuterated H,O was acquired from
Cambridge Isotope Laboratories Inc. (Andover, MA, USA)
and used as supplied for the complexation reactions and
NMR measurements. Aceanthrylene (4) was synthesised
three steps from anthracene (37). Chiral self-assembled cage
1b was prepared according to the already established
procedure (37). For detailed NMR spectra of products and
X-ray crystal structure of 18, see the previous report (32).

Synthetic procedure and physical properties
[2 4+ 2] and [2 + 4] cycloadditions of aceanthrylene 4

Aceanthrylene (4, 3.0mg; 1.5x 10 >mmol) and N-
cyclohexylmaleimide (3, 2.7mg; 1.5 X 10”2 mmol) were
suspended in a D,O solution (1.0mL) of cage 1la
(5.0x 10_3mm01; 5.0mM) and the solution was stirred
at room temperature for 1h. After excess substrates were
removed by filtration, ternary complex 1a- (3 - 4) was formed
in 50% yield. The solution of ternary complex 1a- (3-4) was
irradiated (400 W, high pressure mercury lamp) for 1h at
room temperature. 'H NMR analysis of the solution revealed
the formation of inclusion complex 1a- 6 in 60% yield. After
decomposition of cage 1a with HCI solution, extraction with
CHCl; and purification by column chromatography
(CHCl3), the [2 4 2] product 6 was obtained as a pale
yellow solid in 56% yield.

When the solution of ternary complex la-(3-4) was
stirred at 100°C for 1 h, the colour of the solution changed
from red to yellow. '"H NMR analysis of the solution
revealed the formation of inclusion complex 1a-8 in 90%
yield. After decomposition of cage 1a with HCI solution,
extraction with CHCI; and purification by column
chromatography (CHCI3), the [2 + 4] product 8 was
isolated as a yellow solid.

A similar ternary complex 1b-(3-4) was obtained by
mixing chiral cage 1b with 3 and 4 in water. The reactivity for
[2 4+ 2] and [2 + 4] cycloadditions is almost the same
between ternary complexes 1a-(3-4) and 1b- (3-4).

Compound 1a-(3-4). "H NMR (500 MHz, D,0, 300K):
d = —0.26 (br, 5H, 3),0.24 (br, 2H, 3), 0.34 (br, 2H, 3), 0.50
(br, 1H, 3), 1.93 (br, 1H, 3),3.00 (s, 24H, 1a), 5.38 (br, 1H, 4),
5.68 (s, 2H, 3), 5.80 (br, 1H, 4), 5.95 (s, 1H, 4), 5.98 (br, 1H,
4),6.03 (br, 1H, 4), 6.07 (br, 1H, 4), 6.37 (br, 1H, 4), 6.46 (br,
1H, 4), 6.60 (br, 1H, 4), 8.66 (br, 24H, 1a), 9.25 (br, 24H, 1a).

Compound la-6. '"H NMR (500 MHz, D,O, 300K):
d = -2.41 (br, 1H, 6), — 1.81 (br, 1H, 6), — 1.23 (br, 1H,
6), — 1.15 (br, 1H, 6), —0.93 (br, 1H, 6), — 0.86 (br, 1H, 6),
—0.52 (br, 2H, 6), 0.20 (br, 1H, 6), 0.27 (br, 1H, 6), 0.79
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(br, 1H, 6), 2.96 (s, 24H, 1a), 3.02 (dd, /= 5.0, 10.0Hz
1H, 6), 3.19 (dd, J=5.0, 10.0Hz, 1H, 6), 3.26 (dd,
J=15.0, 10.0Hz, 1H, 6), 4.15 (dd, J = 5.0, 10.0Hz, 1H,
6), 423 (d, /=10.0Hz, 1H, 6), 5.36 (s, 1H, 6), 5.54
(t, J=10.0Hz, 1H, 6), 5.88 (d, / = 5.0Hz, 1H, 6), 6.63
(d, J=10.0Hz, 1H, 6), 6.97 (t, / = 10.0Hz, 1H, 6), 7.28
(t, J=10.0Hz, IH, 6), 8.00-9.60 (m, 48H, 1la).
Crystallographic data: CCDC 777611.

Compound 6. "H NMR (500 MHz, CDCls, 300K): d = 0.22
(br, 2H), 0.80 (br, 3H), 1.09 (m, 1H), 1.25 (br, 1H), 1.30 (br,
1H), 1.36 (br, 2H), 3.13 (tt, / = 4.0, 12.5Hz, 1H), 3.84 (dd,
J=17.0,10.0Hz, 1H), 3.93 (dd, J = 7.0, 10.0Hz, 1H), 4.83
(dd, J = 7.0, 10.0Hz, 1H), 5.16 (dd, J = 7.0, 10.0 Hz, 1H),
730 (d, J=6.5Hz, 1H), 747 (t, J=7.0Hz, 1H), 748
(t, J=7.0Hz, 1H), 7.54 (t, J=7.5Hz, 1H), 7.77
(d, J=85Hz, 1H), 8.02 (d, J=10.5Hz, 1H), 8.04
(d, J=10.5Hz, 1H), 8.24 (s, 1H); 13C NMR (125 MHz,
CDCls, 300K): d = 24.6 (CH,), 25.4 (CH,), 25.5 (CH,),
27.3 (CH,), 27.4 (CH,), 41.7 (CH), 42.3 (CH), 43.8 (CH),
44.8 (CH), 50.9 (CH), 120.3 (CH), 123.4 (CH), 123.8 (CH),
125.3 (CH), 125.4 (CH), 125.7 (CH), 127.6 (CH), 127.9 (C),
129.2 (CH), 129.4 (C), 133.7 (C), 137.8 (C), 140.3 (C), 142.1
(0), 176.2 (C), 176.4 (C); MALDI-TOF-MS m/z calcd for
[M]: 381.17, found 381.38; IR (ATR, cmfl): 2936, 2857,
1767, 1695, 1450, 1394, 1372, 1346, 1259, 1200, 1190,
1170, 1123; mp: > 230°C (decomposed); EA calcd for
C,6H23NO, - H,O: C, 78.17; H, 6.31; N, 3.51. Found: C,
77.91; H, 5.96; N, 3.30.

Compound 1a-8. '"H NMR (500 MHz, D,O, 300K):
d= -2.14 (br, 1H, 8), —1.97 (br, 1H, 8), —1.16 (br, 2H,
8), —0.91 (br, 1H, 8), — 0.84 (br, 2H, 8), — 0.39 (br, 2H, 8),
0.04 (br, 1H, 8), 0.90 (br, 1H, 8), 2.11 (br, 1H, 8), 2.10—
2.30 (m, 2H, 8), 2.70-2.85 (m, 1H, 8), 2.90 (s, 24H, 1a),
4.12(d,J = 5.0Hz, 1H, 8), 4.80 (br, 1H, 8), 4.97 (s, 1H, 8),
5.57 (t, J=5.0Hz, 1H, 8), 598 (d, /= 5.0Hz, 1H, 8),
6.15 (d, J=10.0Hz, 1H, 8), 6.33 (t, J = 10.0Hz, 1H, 8),
6.45 (t, /= Hz, 1H, 8), 8.40-9.70 (m, 48H, 1la).
Crystallographic data: CCDC 746969.

Compound 8. "H NMR (500 MHz, CDCl;, 300K):
d =0.10-0.20 (m, 1H), 0.33-0.44 (m, 1H), 0.70-0.90
(m, 2H), 1.20—1.40 (m, 3H), 1.25-1.40 (m, 3H), 3.12 (dd,
J=4.0,9.0Hz, 1H), 3.15 (dd, J = 4.0, 9.0Hz, 1H), 3.30
(tt, J = 4.0, 12.5 Hz, 1H), 4.54 (br, 1H), 4.82 (br, 1H), 6.73
(t, J=7.5Hz, 1H), 6.78 (t, J=7.5Hz, 1H), 7.07 (d,
J=50Hz, 1H), 7.16 (d, J=5.0Hz, 1H), 7.45 (t,
J=1.5Hz, 1H), 7.55 (s, 1H), 7.61 (d, J = 7.5Hz, 1H),
7.69 (d, J=7.5Hz, 1H); >*C NMR (125MHz, CDCls,
300K): d = 24.7 (CH,), 25.4 (2CH,), 27.2 (CH,), 27.6
(CH,), 39.3 (CH), 42.5 (CH), 46.0 (2CH), 51.0 (CH),
122.3 (CH), 123.9 (CH), 126.1 (CH), 126.6 (C), 127.0

(CH), 127.4 (CH), 130.2 (CH), 134.5 (C), 134.9 (CH),
135.4 (C), 136.2 (CH), 138.9 (C), 139.4 (C), 176.9 (C),
177.1 (C); MALDI-TOF-MS m/z calcd for [M]": 381.17,
found 381.30; IR (ATR, cm™"): 2932, 2857, 1769, 1698,
1397, 1372, 1346, 1259, 1198, 1147; mp: 168—169°C; EA
calcd for CoH,>3NO, - 0.5H,0: C, 79.97; H, 6.20; N, 3.59.
Found: C, 79.65; H, 6.22; N, 3.33.

[2 4+ 2] and [2 + 4] cycloadditions of IH-cyclopenta[l]
phenanthrene 5

1H-Cyclopenta[/[phenanthrene (5, 3.2mg; 1.5 X 1072
mmol) and N-cyclohexylmaleimide (3, 2.7mg;
1.5%x 1072 mmol) were suspended in a D,O solution
(1.0mL) of cage 1a (5.0 X 10~ mmol; 5.0mM), and the
solution was stirred at room temperature for 1 h. After excess
substrates were removed by filtration, ternary complex
la- (3-5) was obtained in 30% yield. The solution of ternary
complex l1a-(3-5) was irradiated (400 W, high pressure
mercury lamp) for 15min at room temperature. '"H NMR
analysis of the solution revealed the formation of inclusion
complex 1a-7 in 50% yield. Only single isomer 7 was
formed in the cavity of cage la, but the escape of the
substrates from the cage under the reaction conditions
reduced the product yield. After decomposition of cage 1a
with HCl solution, extraction with CHCl; and purification by
column chromatography (CHCly), the [2 + 2] product 7 was
obtained as a white solid.

On stirring the solution of ternary complex 1a- (3-5) at
100°C for 1h, the colour of the solution changed from
yellow to pale yellow. 'H NMR analysis of the solution
revealed the formation of inclusion complex 1a-9 in 95%
yield. After extraction with CHCl; and purification by
column chromatography (CHCl3), the [2 + 4] product 9
was obtained as a white solid in 71% yield.

A similar ternary complex 1b-(3-5) was obtained by
mixing chiral cage 1b with 3 and 5 in water. The reactivity
for [2 4+ 2] and [2 + 4] cycloadditions is almost the same
between ternary complexes 1a-(3-4) and 1b-(3-4).

Compound 1a-(3-5). 'H NMR (500 MHz, D,O, 300 K):
d = -0.38 (br, 2H, 3), —0.25 (br, 2H, 3), —0.15 (br, 2H,
3), 0.27 (br, 4H, 3), 0.64 (br, 1H, 3), 1.73 (br, 1H, 5), 1.82
(br, 1H, 3), 2.89 (s, 24H, 1a), 5.24 (br, 1H, 5), 5.47 (s, 2H,
3), 5.59 (br, 1H, 5), 5.67 (br, 1H, 5), 5.85 (br, 1H, 5), 6.05
(br, 1H, 5), 6.11 (br, 1H, 5), 6.21 (br, 1H, 5), 6.37 (br, 1H,
5), 6.53 (br, 2H, 5), 8.20-9.50 (br, 48H, 1a).

Compound la-7. '"H NMR (500 MHz, D,O, 300K):
d=-236(d,J=280Hz 1H,7), —1.29 (d, / = 10.0 Hz,
2H, 7), —1.15 (q, J=7.5Hz, 1H, 7), —1.05 (q,
J=8.0Hz, 1H, 7), —0.73 (q, J=10.0Hz, 1H, 7),
—0.62(q,J = 11.5Hz, 1H,7), —0.38 (q,J = 14.0Hz, 1H,
7),0.14 (d, J=9.5Hz, 1H, 7), 0.53 (d, /= 11.0Hz, 1H,
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7), 0.73 (q, J = 9.0Hz, 1H, 7), 0.99 (m, 1H, 7), 1.39 (d,
J = 14.0Hz, 1H,7),2.96 (s, 24H, 1a), 3.22 (g, / = 9.0 Hz,
1H, 7), 3.54 (t, J = 9.0Hz, 1H, 7), 4.81 (m, 1H, 7), 5.39
(d, J=7.5Hz, 1H, 7), 5.90 (d, J = 8.0Hz, 1H, 7), 6.12
(d,J=8.0Hz, 1H, 7), 6.39 (t, ] = 8.0Hz, 1H, 7), 6.85 (1,
J=75Hz, 1H, 7), 7.02 (t, J=7.5Hz, 1H, 7), 7.23 (1,
J=7.5Hz, 1H, 7), 8.10-9.70 (m, 48H, 1a).

Compound 7. '"H NMR (500MHz, CDCl;, 300K):
d=0.35-0.45 (m, 2H), 0.70-0.90 (m, 3H), 1.20 (br,
1H, H), 1.20-1.35 (m, 3H), 1.40-1.50 (m, 1H), 3.33 (m,
2H), 3.46 (dd, J = 3.0, 10.0 Hz, 1H), 3.68 (d, J = 12.5 Hz,
1H), 3.83 (m, 2H), 4.85 (t, J = 7.5 Hz, 1H), 7.62 (m, 4H),
7.80 (d, J = 10.0Hz, 1H), 7.87 (d, J = 10.0 Hz, 1H), 8.61
(d, J = 10.0Hz, 1H), 8.64 (d, J = 10.0 Hz, 1H); '*C NMR
(125MHz, CDCls, 300K): d = 24.6 (CH,), 25.4 (CH,),
25.5 (CH,), 27.3 (CH,), 27.9 (CH,), 34.1 (CH,), 36.1
(CH), 40.3 (CH), 43.3 (CH), 46.6 (CH), 51.1 (CH), 122.7
(CH), 123.0 (CH), 125.5 (CH), 126.3 (CH), 126.4 (CH),
126.5 (CH), 126.6 (CH), 126.8 (CH), 129.0 (C), 129.3 (C),
130.5 (C), 131.0 (C), 134.6 (C), 139.9 (C), 177.0 (C),
177.3 (C); MALDI-TOF-MS m/z calced for [M]*: 395.19,
found 395.60; IR (ATR, cm™'): 2932, 2857, 1764, 1692,
1450, 1393, 1370, 1346, 1183, 1129; mp: > 230°C
(decomposed).; EA caled for C,;H,sNO,-0.5H,0: C,
80.17; H, 6.48; N, 3.46. Found: C, 79.92; H, 6.39; N, 3.22.

Compound 1a-9. '"H NMR (500 MHz, D,O, 300K):
d= —1.61 (br, 1H, 9), — 1.24 (br, 1H, 9), —1.05 (br, 1H,
9), —0.85 (br, 1H, 9), —0.35 (m, 2H, 9), —0.12 (m, 1H, 9),
0.40 (m, 1H, 9), 0.65 (m, 1H, 9), 0.72 (m, 1H, 9), 1.12 (m,
2H, 9), 2.62 (m, 1H, 9), 2.90 (s, 24H, 1a), 2.99 (m, 1H, 9),
3.95 (m, 1H, 9), 4.25 (s, 1H, 9), 5.15 (d, 1H, 9), 5.24 (d,
1H, 9), 5.60 (m, 1H, 9), 6.30 (m, 1H, 9), 6.50 (m, 1H, 9),
6.58 (m, 1H, 9), 7.00 (m, 1H, 9), 8.10—9.80 (m, 48H, 1a).

Compound 9. '"H NMR (500 MHz, CDCls;, 300K):
d=0.88 (t, J=7.0Hz, 1H), 1.03 (t, /= 13.0Hz, 1H),
1.15(q,J = 6.5Hz, 2H), 1.28 (m, 1H), 1.49-1.61 (m, 3H),
1.88 (q, J=12.5Hz, 1H), 1.94 (d, J=8.5Hz, 1H),
2.36 (d, J =8.5Hz, 1H), 3.30 (d, J = 7.5Hz, 1H), 3.54
(q, J=4.5Hz, 1H), 3.60 (m, 1H), 3.70 (br, 1H), 6.59
(d, J=3.0Hz, 1H), 7.21 (t, J=7.5Hz, 1H), 7.34
(t, J=75Hz, 1H), 7.36 (t, J=7.5Hz, 1H), 7.38
(d, J=7.5Hz, 1H), 742 (t, J=7.5Hz, 1H), 7.49
(d, J=75Hz, 1H), 8.01 (d, J=7.5Hz, 1H), 8.03
(d, J = 7.5Hz, 1H); *C NMR (125 MHz, CDCl5, 300 K):
d =24.8 (CH,), 25.7 (2CH,), 28.4 (2CH,), 45.5 (CH),
459 (CH), 51.1 (CH), 52.5 (CH), 57.1 (C), 60.6 (CH,),
123.8 (CH), 124.0 (2CH), 124.5 (CH), 126.1 (CH), 127.3
(C), 127.5 (CH), 127.8 (CH), 128.1 (CH), 129.2 (CH),
132.1 (C), 133.2 (C), 135.8 (C), 142.5 (C), 175.3 (O),
177.3 (C); MALDI-TOF-MS m/z calcd for [M]": 395.19,

found 395.40; IR (ATR, cm™'): 2934, 2857, 1759, 1690,
1448, 1371, 1259, 1190, 1150, 1048; mp: 160-162°C; EA
calcd for C,7H,5sNO, - 0.5H,0: C, 80.17; H, 6.48; N, 3.46.
Found: C, 80.39; H, 6.52; N, 3.21.

HPLC analyses

Asymmetric [2 4 2] photo-cycloadditions of aromatic
compounds 4 and 5 with maleimide 3 within chiral cage 1b
were carried out by irradiation with high-pressure Hg
lamp. For control experiments, cage 1b’ with the inverse
chiral auxiliaries ((1S, 2S)-N,N’-1,2-diaminocyclohexane
derivatives) on each Pd centre was also prepared. Racemic
products obtained within achiral cage 1a were also used as
references. After irradiation, the products were extracted
with chloroform and the solution (ca. 20 pL) was injected
to the HPLC system connected with a chiral column
(DAICEL CHIRALPAK® IA). The developing solvent
mixture was of chloroform and hexane (1:4). Retention
times of enantiomers: 17.2 and 20.0 min (6); 11.8 and
16.2 min (7), 12.9 and 15.2 min (8); 20.4 and 40.2 min (9).

Supplementary materials

NMR spectra, HPCL analytical data, and crystallographic
data are available as Supplementary materials, online.
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Notes

1. The remaining 50% is a dimer formation of maleimide 3
within the cage, 1-(3),.

2. The conversion is almost 100% as starting compounds and
any by-products were not extracted from the cage after the
reaction. The moderate yield (60%) is due to escape of the
substrates from the cage under the reaction conditions.
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