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Properties of molecules significantly change when they are
encapsulated in cage compounds having functional groups in
the interior space at fixed positions.[1±4] The cage compounds
typically prepared by conventional covalent synthesis can
encapsulate only one or two small molecules because the
construction of larger cage frameworks is very difficult.[5±7] In
contrast, noncovalent synthesis has been providing large
cagelike structures quite efficiently. That is, hydrogen-bond-
ed[8±11] and coordination-bonded[12] molecular capsules with
large frameworks have been prepared by self-assembly.
Recently, coordination cage 1 with a diameter of approx-
imately 2 nm was constructed through transition metal
mediated self-assembly from six metal ions and four li-
gands.[13, 14] We report herein on the remarkable ability of this
complex to encapsulate large, neutral molecules.

We observed the remarkable ability of 1 to encapsulate
large molecules in its inclusion of four molecules of o-
carborane (2), an icosahedral carbon ± boron cage molecule
with a diameter of 8 �.[15, 16] This large, neutral molecule is
nonpolar and immiscible in water. However, when a hexane
solution of 2 (10 mm, 5 mL) was stirred with a D2O solution of
1 (5 mm, 1 mL, 2 :1� 10:1), four equivalents of 2 were rapidly
transferred into the aqueous phase and the stoichiometric
formation of 1 ´ (2)4 complex was observed (Figure 1 c). The

Figure 1. NMR observation of the encapsulation of o-carborane (2) in
nanocage 1. a) Empty 1. b), c) A D2O solution of 1 (5 mm, 1 mL) was
treated with a hexane solution of 2 [10 mm ; 0.5 mL (b), 5 mL (c)].

encapsulation of 2 in the cage of 1 was supported by the
significant upfield shifting of dH signals of 2 appearing at d�
1.3 to ÿ0.3.[17] The 1:4 stoichiometry was confirmed by the
integration ratio of signals of 1 and 2 in the 1H NMR
spectrum. Even when only one equivalent of 2 was employed
(2 : 10 mm, 0.5 mL; 1: 5 mm, 1 mL), 82 % of 2 was effectively
transferred into the aqueous phase and complexed with 1 to
give the 1 ´ (2)4 complex in roughly 20 % yield (or ca. 80 %
based on 2, Figure 1 b).[18] Surprisingly, a strong cooperative
effect was observed in this complexation: that is, no interme-
diary complexes 1 ´ (2)n (n� 1 ± 3) were observed.

Adamantane (3) was also encapsulated by 1 to form a 1:4
complex. Again, a D2O solution of 1 (2 mm) was stirred with a
saturated hexane solution of 3 at 60 8C. While the encapsu-
lation of 2 by 1 was a rapid process, the transfer of 3 from
hexane into water phase was slow (ca. 30 min until comple-
tion), and this process was clearly monitored by time-
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dependent NMR measurement (Figure 2). The high upfield
shift of 1H NMR signals of 3 (Dd�ÿ0.4 to ÿ2.2) was
consistent with the encapsulation in the cavity lined by

Figure 2. NMR observation of the formation of the 1 ´ (3)4 complex from
an aqueous solution of 1 and a saturated hexane solution of 3 at 60 8C after
a) 1 min, b) 5 min, and c) 30 min.

aromatic rings. Again, intermediary complexes 1 ´ (3)n (n� 1 ±
3) were not observed. More surprisingly, adamantane was
transferred into the aqueous phase even in a solid ± liquid two-
phase system. Thus, the high-yield formation of 1 ´ (3)4

(>95 %) was observed when powdered 3 (excess amount)
was suspended in a D2O solution of 1 at 60 8C for four days.

The inclusion geometry of the guest molecules is partic-
ularly interesting. When 1- or 2-adamantanol (4 or 5,
respectively) was employed as a guest, the formation of a
stable 1:4 complex was again observed. Careful NMR
analysis[19] of this complex showed that the signals of the
hydrophobic moieties were shifted significantly upfield while
those of the hydrophilic moiety were not (Figure 3). This
result shows that the interior of host 1 is highly hydrophobic
and the guest molecule is located in the cage such that the
hydroxyl group is pointed outward.

Figure 3. Change in the NMR chemical shifts of adamantanol guests 4 and
5 upon inclusion in 1. Negative values indicate upfield shift values (Dd in
ppm).

Significant p-donor ± acceptor interactions were observed
when 1,3,5-trimethoxybenzene (6) was employed as a guest.
Upon the addition of this aromatic guest, the solution turned
yellow immediately and the 1:4 complex (1 ´ (6)4) formed
quantitatively. The very large upfield shift (Dd�ÿ2.0) of

ArH of 6 strongly supports an efficient aromatic stacking
between guest 6 and the interior face of host 1. Anisole
behaved similarly as a guest, but addition of toluene, which is
moderately electron-rich, did not lead to a significant color
change although a 1:4 complex formed. In striking contrast,
electron-deficient 1,4-dibromo-, 1,3,5-tribromo-, and perfluoro-
benzene were not complexed by 1 at all. These result clearly
shows that the interior of the nanocage creates not only a
hydrophobic but also an electrophilic microspace with proper-
ties quite different from those of the bulk phase.

It is also noteworthy that the complexation is much faster
when the guest molecules are smaller. With such small guests
as toluene or methoxy-substituted benzenes, the proton
signals of both free 1 and the 1 ´ (G)4 complex (G� guest)
were completely averaged due to the rapid exchange on the
NMR time scale.[20]

Particularly interesting is that tri-tert-butylbenzene (7),
which is slightly larger than the portal of 1,[21] is very slowly
encapsulated by the cage through thermally induced slippage.
Thus when a D2O solution of 1 was stirred with a hexane

solution of 7 at 80 8C, the 1:1 complex 1 ´ 7 formed in
approximately 40 % yield after 2 h (Dd�ÿ1.5 (tBu), ÿ2.5
(ArH)). However, encapsulation and decapsulation become
very slow at room temperature. Thus, once encapsulated,
guest 7 did not escape from the cavity of 1 within two hours at
room temperature even when the solution was treated with an
organic solvent.

Experimental Section

Typical procedure: A hexane solution of o-carborane 2 (10.6 mm, 1 mL)
was stirred with a D2O solution of 1 (42.4 mm, 1 mL) for 3 h. The NMR
spectrum of the aqueous phase showed the stoichiometric formation of the
1 ´ (2)4 complex. 1 ´ (2)4: 1H NMR (500 MHz, D2O): d� 9.18 (d, J� 6.6 Hz,
24H, Py Ha), 8.69 (d, J� 6.6 Hz, 24 H, Py Hb), 3.43 (s, 8H, carborane CH),
2.85 (s, 24 H, -NCH2CH2N-), 1.3 toÿ0.3 (m, 40H, carborane BH); 13C NMR
(125 MHz, D2O): d� 170.1 (Cq), 153.1 (CH), 145.6 (Cq), 126.6 (CH), 55.7
(carborane CH), 47.7 (CH2).

1 ´ (3)4: 1H NMR (500 MHz, D2O): d� 9.28 (d, J� 6.6 Hz, 24H, Py Ha),
8.75 (d, J� 6.6 Hz, 24H, Py Hb), 2.91 (s, 24 H, -NCH2CH2N-), 0.59 (br s,
16H, adamantane CH) 0.44 (br s, 48H, adamantane CH2); 13C NMR
(125 MHz, D2O): d� 170.0 (Cq), 153.3 (CH), 145.3 (Cq), 126.0 (CH), 47.7
(CH2), 37.3 (adamantane CH2), 28.1 (adamantane CH).

1 ´ (4)4: 1H NMR (500 MHz, D2O): d� 9.38 (d, J� 6.9 Hz, 24H, Py Ha),
8.87 (d, J� 6.9 Hz, 24H, Py Hb), 2.99 (s, 24 H, -NCH2CH2N-), 1.24 (s, 24H,
1-adamantanol CH2), 0.18 (s, 12H, 1-adamantanol CH), 0.12 (d, 12H,
1-adamantanol CH2), ÿ0.56 (d, 12H, 1-adamantanol CH2); 13C NMR
(125 MHz, D2O): d� 170.2 (Cq), 153.5 (CH), 145.2 (Cq), 126.1 (CH), 47.8
(CH2), 44.5 (1-adamantanol CH2), 35.8 (1-adamantanol CH2), 30.5 (1-
adamantanol CH).

1 ´ (5)4: 1H NMR (500 MHz, D2O): d� 9.36 (d, J� 6.9 Hz, 24H, Py Ha),
8.81 (d, J� 6.9 Hz, 24H, Py Hb), 3.23 (s, 4 H, 2-adamantanol CH), 2.99 (s,
24H, -NCH2CH2N-), 1.64 (d, 8H, J� 12.5 Hz, 2-adamantanol CH2), 1.33 (s,
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(�)-a-Allokainic acid and (ÿ)-a-kainic acid are represen-
tative members of the kainoid family of neuroexcitatory
amino acids whose biological activity has been attributed to
their action as conformationally restricted analogues of
glutamate (Scheme 1).[1] Extensive structure ± activity studies
have demonstrated that the C-4 isopropenyl substituent is the

Scheme 1. Kainoid natural products.

8H, 2-adamantanol CH), 0.45 (s, 4 H, 2-adamantanol CH), 0.24 (d, 8H, J�
12.5 Hz, 2-adamantanol CH2), 0.10 (d, 8H, J� 12.5 Hz, 2-adamantanol
CH2), 0.06 (d, 8H, J� 12.5 Hz, 2-adamantanol CH2), ÿ0.10 (s, 4H,
2-adamantanol CH), ÿ0.43 (s, 8H, 2-adamantanol CH2); 13C NMR
(125 MHz, D2O): d� 170.1 (Cq), 153.4 (CH), 145.2 (Cq), 126.0 (CH),
74.0 (2-adamantanol CH), 47.8 (CH2), 37.2 (2-adamantanol CH2), 36.1 (2-
adamantanol CH2), 31.0 (2-adamantanol CH2), 27.3 (2-adamantanol CH),
26.8 (2-adamantanol CH).

1 ´ (6)4: 1H NMR (500 MHz, D2O): d� 9.29 (d, J� 6.6 Hz, 24H, Py Ha),
8.65 (d, J� 6.6 Hz, 24H, Py Hb), 4.09 (s, 12 H, trimethoxybenzene CH),
2.98 (s, 24H, -NCH2CH2N-), 2.43 (br s, 36H, CH3O); 13C NMR (125 MHz,
D2O): d� 169.9 (Cq), 160.6 (trimethoxybenzene Cq), 153.3 (CH) 145.9
(Cq), 126.2 (CH), 92.0 (trimethoxybenzene CH), 54.5 (CH3O) 47.8
(-NCH2CH2N-).

1 ´ 7: 1H NMR (500 MHz, D2O): d� 9.28 (br s, 24 H, Py Ha), 8.72 (br s, 24H,
Py Hb), 4.8 (s, 3H, 7 Ar CH), 2.99 (s, 24 H, -NCH2CH2N-), ÿ0.12 (s, 27H,
tBu); 13C NMR (125 MHz, D2O): d� 170.1 (Cq), 153.3 (CH) 149.0 (7 Ar
Cq), 146.3 (Cq), 126.0 (CH), 47.8 (-NCH2CH2N-), 33.8 (tBu Cq), 30.4 (tBu
CH3).
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