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Abstract: A 1:1 mixture of a tris(ZnII-
cyclen) (1: [Zn3L1], L1� 1,3,5-tris-
(1,4,7,10-tetraazacyclododecan-1-ylmeth-
yl)benzene) and trithiocyanuric acid
(TCA) yielded a 4:4 self-assembly com-
plex [(Zn3L1)4-(TCA3�)4] (6) through
the formation of ZnII�S� coordination
bonds and hydrogen bonds between
1,3,5-triazine N and cyclen NH (cy-
clen� 1,4,7,10-tetraazacyclododecane);
the supramolecular capsule structure
was revealed by X-ray crystal structure
analysis. The capsule exterior represents
a twisted cuboctahedral framework con-
taining a nanoscale truncated tetrahe-
dral cavity. The crystal data: for-
mula C144H308N72O58S12Zn12 (6[NO3]12 ¥
22H2O), Mr� 5145.75, cubic, space
group F432 (No. 209), a� 39.182(1) ä,
V� 60153(3) ä3, Z� 8, R� 0.100, Rw�
0.259. Lipophilic organic molecules with
the matching sizes, for example, ([D4]-
2,2,3,3)-3-(trimethylsilyl)propionic acid
(TSP), 1-adamantanecarboxylic acid,
2,4-dinitrophenol (2,4-DNP), adaman-

tane (ADM), or the tetra-n-propylam-
monium (TPA) cation, are encapsulated
in the inner cavity, as revealed by
remarkable upfield shifts of the
1H NMR signals of these guest mole-
cules. The encapsulation of ADM was
confirmed by X-ray crystal structure
analysis. Crystal data of the ADM-
encapsulating complex: formula
C154H334N72O63S12Zn12 (6-ADM[NO3]12 ¥
27H2O), Mr� 5372.06, cubic, space
group F432 (No. 209), a� 39.061(1) ä,
V� 59599(3) ä3, Z� 8, R� 0.103, Rw�
0.263. The 4:4 self-assembly was stabi-
lized by incorporation of one of these
guest molecules. The apparent 4:4
self-assembly constants for 6 in the
presence of an excess amount of a
guest TPA, logKapp (Kapp� [6-TPA]/

[1]4[TCA]4) (��7)), were determined to
be 34.0� 2.0 and 35.5� 3.0 by potentio-
metric pH and UV spectrophotometric
titrations, respectively. An apparent en-
capsulation constant for 2,4-DNP,
logKenc (Kenc� [6-2,4-DNP]/[6][2,4-
DNP] (��1)), was 6.0� 0.1 at pH 7.0
(50m� HEPES with I� 0.1 (NaNO3)),
as determined by UV titrations. The
lipophilicity of the inner cavity was close
to that of 2-propanol, as a quantum yield
(�) of 0.24� 0.1 for the fluorescent
emission of 7-diethylaminocoumarin-1-
carboxylic acid (20��) in the capsule
was close to the � of 0.22 found for
2-propanol. Encapsulation properties of
the present ZnII-containing cage have
been compared with those of cyclodex-
trins and Fujita×s PdII-containing supra-
molecular cage. The exterior chirality of
the 4:4 complex was controlled from
within by an encapsulated chiral guest
molecule, 2,10-camphorsultam, as indi-
cated by Cotton effects in the circular
dichroism spectra.
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tures ¥ supramolecular chemistry ¥
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Introduction

Supramolecular architectures formed by artificial self-assem-
bly of small molecules under equilibrium conditions have

great potential for selective guest inclusion, involving molec-
ular recognition, or for new organic reaction sites.[1] While
supramolecular chemistry in aprotic media is common and
well developed, self-assembly in aqueous solution is not so
extensively exploited except for a few cases in which metal ±
ligand coordination bonds are exploited.[2±4] Furthermore,
quantitative evaluations of supramolecular complexation and
recognition mechanisms, particularly in aqueous solution,
have been almost nonexistent.

We have found that bonding between imide anions and the
fifth coordination sites of ZnII ± cyclen complexes (cyclen�
macrocyclic tetraamine 1,4,7,10-tetraazacyclododecane) is a
new effective method to construct reversible and yet stable
supramolecular complexes in aqueous solution.[5±7] Very
recently, we observed that a trimeric ZnII ± cyclen complex
linked with a 1,3,5-trimethylbenzene spacer (1: [Zn3L1], L1�
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1,3,5-tris(1,4,7,10-tetraazacyclododecan-1-ylmethyl)benzene)[8]

quantitatively bound cyanuric acid (CA) to form a 2:3
sandwich-like supramolecular complex (2 : [(Zn3L1)2-
(CA2�)3]) at neutral pH and a 4:4 cage complex (3 :
[(Zn3L1)4-(CA3�)4]) at basic pH, as determined by X-ray
crystallography (Scheme 1).[7] The potentiometric pH titra-
tion supported the deprotonation of the two NHs from CA
and stability of the resulting complex 2 with its speciation of
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�98%, when 1 (�1.0m�) and CA (�1.5m�) were mixed
aqueous solution at pH 6. At higher pH (�11), further
deprotonation from the third imide NH apparently occurred
to yield the novel 4:4 supramolecular complex 3. The exterior
framework of 3 can be schematically represented as a
cuboctahedron 4, which is composed of two types of triangles,
tetrahedrally facing, linked together through four rectangular
spaces with the twelve ZnII locating at twelve vertices. Inside
is a hollow, which can be visualized as a highly symmetrical
truncated tetrahedron 5 and was thought to offer a good guest
inclusion site. However, it was found that the isolated 3
collapsed into 2 and 1 in aqueous solution at neutral pH.

For construction of a more robust supramolecular cage in
practical conditions, we now have replaced CA with trithio-
cyanuric acid (TCA) (Scheme 2). A possible advantage of
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TCA over CA is that its three deprotonation constants (pKa)
are lower than those for CA, so that the anionic TCA3�

species could be attained at lower pH.[9] Another advantage
would be that once formed TCA3� tends to aromatize to a
1,3,5-triazine structure and the anions localize on the exocy-
clic sulfur atoms; this permits strong ZnII-S� interactions.[10]

Herein we present a new and interesting supramolecular
capsule 6 formed by self-assembly of four molecules each of 1
and TCA3� reversibly encapsulating a variety of hydrophobic
and cavity-size-matched guest molecules in neutral aqueous
solution.[11]

Results and Discussion

Deprotonation constants of trithiocyanuric acid (TCA): The
three deprotonation constants of TCA at 25 �C and I� 0.1
(NaNO3), defined by Equations (1) ± (3), were determined to
be 5.12� 0.05 (pK1), 8.24� 0.05 (pK2), and 11.69� 0.05 (pK3)
by our potentiometric pH titrations under the reaction
conditions for the following supramolecular complexation.[9]

These values are lower than those found for CA (pK1� 6.85,
pK2� 10.91, and pK3� 12).[7]

TCA�TCA��H� K1� [TCA�]aH�/[TCA] (1)

TCA��TCA2��H� K2� [TCA2�]aH�/[TCA�] (2)

TCA2��TCA3��H� K3� [TCA3�]aH�/[TCA2�] (3)

Isolation and structure of the 4:4 supramolecular cage 6 :
Slow evaporation of a solution of 1[NO3]6 ¥H2O ¥ 0.5EtOH,[8]

TCA, and NaNO3 in aqueous solution (pH 8.0 adjusted by
NaOH) yielded fine colorless prisms. The elemental analysis
was consistent with a 1:1 stoichiometry of 1 and TCA3� with
3NO3

� counteranions.
The 4:4 complex structure 6 was determined by X-ray

crystal structure analysis. The crystal data are summarized in
the Experimetnal Section. Figures 1a and b are space-filling
drawings of 6 viewed along the C3 and C2 symmetry axes,
respectively. Four molecules of 1 are displayed in light green,
green, light blue, and blue. The 1,3,5-triazine rings of TCA3�

are orange with yellow exocyclic sulfur anions. The exterior
diameter of 6 is 2.4 ± 2.5 nm. The coordination mode around
TCA3� is shown in Figures 1c and d. Each triangular TCA3�

links to three ZnII ± cyclen moieties through ZnII�S� coordi-
nation bonds (average length is 2.3 ä) and N ¥¥¥H�N hydro-
gen bonds (average length between two nitrogens is 2.9 ä).
Since the three C-S-ZnII bonds around all of the four TCA3�

units in 6 are bent by 100� in a clockwise fashion or in a
counterclockwise fashion, 6 is a chiral supermolecule. The red
dot in Figure 1d indicates one of the C3 axes perpendicular to
the center of 1,3,5-triazine ring of TCA3� unit; this axis
coincides with one of four C3 axes of 6.

The exterior frame of 6 may be visualized as a twisted (to
right or left) cuboctahedon 7.[7, 12] In Figure 1e, four tetrahe-
drally placed pink triangles represent 1 (pink balls at three
triangle vertices are three ZnII ions in 1) and another
tetrahedral set of four yellow triangles represent TCA3�. In
between, there are four rectangular planes. Cage 6 (or 7)
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Figure 1. a, b) Space-filling drawings of the three-dimensional supramo-
lecular complex 6 formed by 4:4 self-assembly of 1 and TCA and viewed
a) along a C3-symmetry axis and b) along a C2-symmetry axis. The four
molecules of 1 are light green, green, light blue, and blue, the 1,3,5-triazine
rings of TCA3� are orange, and the sulfur ions are yellow. All NO3

� and
H2O are omitted; c, d) Ball and stick and graphical representation of
bonding mode around TCA3� in 6 ; e) The exterior framework of 6 is
represented as a twisted cuboctahedron 7made of four triangular faces of 1
(purple triangles) and four triangular faces of TCA3� units (yellow
triangles). For clarity, cyclen rings are omitted. A green framework 8 is
the inner cavity of 6, as presented by a twisted truncated tetrahedron.

contains a distinct inner space, which is separated from the
outer space by the four phenyl rings and four TCA3�. The
framework of the inner cavity is represented as a green
polyhedron 8 (Figure 1e); this polyhedron is screwed clock-
wise at the four small triangles with respect to 5. The interior
space is about 12 äwide and about 9 ä high.[13] There are four
rectangular pores (2� 1 ä) at each edge of the tetrahedral
framework.

Encapsulation of guests in the supramolecular cage 6 : An
interesting property of 6 is the encapsulation of organic guest
compounds; we coincidentally discovered this property while
measuring the 1H NMR spectrum of 6 in the presence of
([D4]-2,2,3,3)-3-(trimethylsilyl)propionic acid (TSP, for its
structure, see Figure 3 later) as an internal standard reference

in D2O (at pD 7.0� 0.2 and 35 �C). Figure 2a shows a very
broad singlet for aromatic protons (all equivalent) of 1
(1.0m�) at �� 7.45 with a TSP peak at �� 0.00 in solution at
pD 7.0. A solution of crystalline 6 in D2O (1.0m�) in the
absence of TSP gave a 1H NMR spectrum in which upfield

Figure 2. 1H NMR spectral changes in D2O at 35 �C; a) 1.0m� 1 � 1.0m�
internal TSP at pD 7.0, b) 1.0m� 6 at pD 7.0, c) 1.0m� 6 � 2.0m� internal
TSP at pD 7.0, d) 0.5m� ADCA at pD 7.0, e) 0.5m� ADCA � 0.5m� 6 at
pD 7.0, f) spectrum obtrained by addition of 0.5m� TSP to the solution
used to obtain the spectrum e, g) 1.0m� ADM in CDCl3, h) 1.0m� 6
encapsulating equimolar ADM in D2O at pD 7.0.

shifts for the aromatic protons to a multiplet at �� 7.1 ± 7.2
were observed (Figure 2b); this might indicate several 1:1
(1:TCA) stoichiometric complex species equilibrating in
aqueous solution. Addition of two equivalents of TSP
(2.0m�) rendered these multiplet aromatic protons to a
sharp singlet at �� 7.11 (Figure 2c), indicating convergence to
a sole 4:4 species 6. In Figure 2c, half of the protons (9H) of
TSP dramatically shift upfield to ���1.97, a fact that
suggests that one equimolar TSP was encapsulated in the
inner cavity of 6 and is shielded from magnetic field by the
surrounding aromatic rings. The remaining nine protons (as
free TSP) stayed at the original �� 0.0. These facts together
imply that the 4:4 assembly 6 becomes thermodynamically
stable by inclusion of an equimolar amount of guest TSP.[14]

Moreover, the observation that the 1H singlet of the free TSP
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and that of the encapsulated TSP appear as two distinct peaks
indicates that the TSP-encapsulated complex is kinetically
inert at least on the NMR timescale (400 or 500 MHz).[7, 15±17]

The cavity 8 can also accommodate a molecule of 1-ada-
mantanecarboxylic acid (ADCA) at pD 7.0; this was shown by
an analogous upfield shift from �� 1.7 ± 2.1 for free ADCA
(Figure 2d) to ���0.63 ± 0.11 for the included species (Fig-
ure 2e). To see competition of ADCA and TSP for the cavity
8, an equimolar amount of TSP was added to the solution that
was used to obtain the psectrum shown in Figure 2e. The
spectral change (Figure 2f) indicated that about half of the
included ADCA was freed and that half of TSP went into 8 ;
this fact implyies that the inclusion of ADCA and TSP is
reversible, with both guests having similar inclusion affinities.
We observed similar upfield shifts�� for adamantane (ADM)
(see Figure 2g and h), 3-nitrophenol (3-NP), 4-nitrophenol (4-
NP), 2,4-dinitrophenol (2,4-DNP), 2,4,6-collidine (2,4,6-
CLD), 7-diethylaminocoumarin-3-carboxylic acid (DEACC),
(S)-ibuprofen ((S)-IBP), [D]camphor ([D]CP), (1S,2R,4R)-
2,10-camphorsultam ((1S,2R,4R)-CST),[18] congressane (di-
adamantane, CGS),[19] (1R,2S,5S)-(�)-menthoxyacetic acid
((1R,2S,5S)-MAA), the tetraethylammonium (TEA) cation,
and the tetra-n-propylammonium (TPA) cation in D2O at
pD 7.0� 0.2 and 35 �C (for structures and �� values, see
Figure 3).[20, 21] On the other hand, amantadine (AMT, 1-ami-
noadamantane), (1S)-camphorsulfonic acid ((1S)-CSA), the
tetramethylammonium (TMA) cation, and the tetra-n-butyl-
ammonium (TBA) cation did not show such 1H upfield shifts,
indicating that these were not included.

To account for the requirements for these guests in 8, we
tested partition of the potential guest molecules (2.0m�) from
a D2O solution (pD 7.0� 0.2) into 1-octanol (D2O:1-
octanol� 1:1 (v/v)). As summarized in Table 1, the non-
guests AMT,[22] (1S)-CSA, and TMA remained more in
aqueous phase, while the guest molecules were better
partitioned into the organic phase. Judging from the pKa

values for the acid ± base functions of the organic molecules
tested (Figure 3), the guests are either anionic (�CO2

�) or
neutral, while the non-guests are cationic (�NH3

�). The
lipophilic tetra-n-butylammonium (TBA) cation and tetra-
phenylborate (TPB) anion were not encapsulated, possibly
because of their steric bulkiness. Therefore, it was concluded
that the supramolecular capsule 6 with cationic exterior
accommodates neutral or anionic hydrophobic molecules or
size-matched quartenary ammonium molecules.[23]

Crystal structure of the 6 ± adamantane (6-ADM) inclusion
complex : The 1:1 6-ADM complex was crystallized out from
the mixed solution at pH 8.0. The single-crystal X-ray
structure has proven the encapsulation of ADM in the
matching size of the inner cavity 8. The crystal data are
summarized in the Experimental Section.[24] Figure 4a is a
space-filling drawing of the central core of the 6-ADM
complex. The guest ADM (red) is surrounded by the four
phenyl rings of 1 (light green, green, light blue, and blue) from
one set of triangular tetrahedral faces and by the four TCA3�

aromatic rings (orange) from the other set of tetrahedral
faces. As shown in Figure 4b (a blue phenyl ring from the front
is omitted for clarity), the four cyclohexane rings framing

Figure 3. Organic guest molecules with the �� values (ppm) upon
encapsulation in D2O at pD 7.0� 0.2 and 35 �C. ([a] The � values are
compared with those of free guests in CDCl3. [b] Approximate �� values
are listed due to difficult assignment of peaks or broadening peaks of the
included guests).

Table 1. The encapsulation of organic molecules in 6 (� inner cavity 8).

organic molecule encapsulation
in 6[a,d]

logKenc
[b,d] partition to

1-octanol (%)[c,d]

TSP yes 5.7[e] 34
ADCA yes 5.5[e] 35
AMT no ± negligible
ADM yes n.d.[f] n.d.
4-NP yes 5.2[g] n.d.
2,4-DNP yes 6.0[g] 21
DEACC yes 6.1[g] n.d.
2,4,6-CLD yes n.d. 17
TMA no ± negligible
TEA yes n.d. 15 (13)[h]

TPA yes 5.4[e] 11 (12)[h]

TBA no ± 12
(1S,2R,4R)-CST yes n.d. � 97
(1S)-CSA no ± negligible

[a] Determined by 1H NMR experiments in D2O at pD 7.0� 0.2. [b] De-
termined by UV titrations in D2O at pD 7.0 (50m� HEPES with I� 0.1
(NaNO3)) and 25 �C. For definition, see the text and ref. [30]. [c] Partition
yields from D2O solution (initial concentration of compounds were 2m�
and initial pD×s were 7.0� 0.2) into 1-octanol (D2O:1-octanol� 1:1 (v/v)).
Experimental errors are� 3%. [d] The experiments were repeated twice or
three times. [e] Experimental errors are� 0.3. [f] n.d.� not determined.
[g] Experimental errors are� 0.1. [h] Values in parentheses are partition
yields in the presence of 200m� NaCl.
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Figure 4. a) Space-filling drawing of central core of the 6-ADM complex,
showing ADM in red surrounded by four (light blue, blue, light green, and
green) phenyl rings from the cyclen ligand ™tetrahedron∫ and more
remotely by the four TCA3� rings; b) Each of four cyclohexane rings that
constitute the ADM molecule face a phenyl ring (the forefront phenyl ring
is omitted for clarity).

ADM squarely face the tetrahedrally surrounding phenyl
rings.

An interesting finding of the 6-ADM complex was that
ADM, unlike ADCA, was not liberated from the cavity upon
addition of two equivalents TSP in D2O at pD 7.0 and 35 �C.[25]

Alternatively, when the 6-TSP complex was stirred with
excess ADM (added as insoluble solids) at pD 7.0 and 35 �C,
the encapsulated TSP was completely displaced by ADM. It
was concluded that the 6-ADM complex is kinetically and/or
thermodynamically more stable than the 6-TSP complex.[26]

Determination of the 4:4 self-assembly constants by poten-
tiometric pH and UV spectrophotometric titrations : We
examined the pH-dependent self-assembly of 1 (1.0m�) with
TCA (1.0m�) by potentiometric pH titrations in the presence
of excess tetra-n-propylammonium (TPA) bromide[27] at 25 �C
with I� 0.1 (NaNO3). Figure 5a shows the titration curves for
1, TCA, and 1 � TCA in the absence and presence of TPA.
The last titration curve (curve d) indicates that all the three
protons of TCA were deprotonated by pH 6. Note that the
complete deprotonation of TCA alone required pH� 12 (see
Scheme 2). Analysis of the last pH titration curve with the
program BEST[28] gave a fit to the 4:4 complexation scheme
with a log Kapp value [defined by Eqs. (4) ± (6)] of 34.0� 2.0 at
pH 7.0. In the absence of TPA, the third deprotonation of
TCA occurred as well, but analysis for the 4:4 complex
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Figure 5. a) The pH titration curves for a) 1.0m� 1, b) 1.0m� TCA,
c) 1.0m� 1� 1.0m� TCA, and d) 1.0m� 1 � 1.0m� TCA � 1.0m� TPA
at 25 �C with I� 0.10 (NaNO3); b) Speciation diagram calculated for 1.0m�
1/1.0m� TCA/1.0m� TPA mixture as a function of pH at 25 �C with I�
0.10 (NaNO3). For clarity, the species less than 5% were omitted.

scenario was not successful. Figure 5b is a pH-dependent
speciation diagram for a mixture of 1 (1.0m�) and TCA
(1.0m�) in the presence of TPA (1.0m�) and demonstrates
that the 4:4 supramolecular capsule 6 (including a TPA guest)
is formed in over 95% yield at 6.3� pH� 8.7.

Kapp� [6-TPA]/[1]4[TCA]4 (��7) (4)

[1]� [1 ¥ (H2O)3]free� [1 ¥ (H2O)2(HO�)]free
� [1 ¥ (H2O)(HO�)2]free� [1 ¥ (HO�)3]free

(5)

[TCA]� [TCA]free� [TCA�]free� [TCA2�]free� [TCA3�]free (6)

The UV spectrophotometric titration of TCA (30�� ;
�max� 283 nm, �� 4.1� 104��1 cm�1 and �max� 323 nm, ��
2.8� 104��1 cm�1 at pH 7.0) with 1 was conducted in the
presence of TPA (0.1m�) in HEPES[29] (50m�, pH 7.0 with
I� 0.1 (NaNO3) at 25 �C, as shown in Figure 6. The inset is the
decreasing �323 with increasing 1 (where equiv(1) is the
number of equivalents of 1 against TCA) from which log Kapp

was calculated to be 35.5� 3.0, which is close to the value
determined by the above potentiometric pH titration.

Determination of the encapsulation constants of guest
molecules : The UV spectrophotometric titrations of 4-NP,
2,4-DNP, 2,4,6-TNP, and DEACC (all 50��) with 6 at pH 7.0
(50m� HEPES with I� 0.1 (NaNO3)) and 25 �C were carried
out to determine the 1:1 host ± guest complexation constants.
Figure 7 represents the titration of 2,4-DNP (50��) with 6,
which was prepared in situ by adding TCA (0 ± 0.1m�) to a
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Figure 6. UVabsorption spectral change of TCA (30��) upon addition of
1 in the presence of TPA (0.1m�) in HEPES (50m�, pH 7.0 with I� 0.1
(NaNO3) at 25 �C. The inset shows decreasing absorbances at 323 nm (�323)
upon addition of 1.

Figure 7. The UV titration of 2,4-DNP (50��) with 6 in aqueous solution
at pH 7.0 (50m� HEPES with I� 0.1 (NaNO3)) and 25 �C. The inset is
increasing absorbance at 445 nm (�445) by addition of 6, from which the
encapsulation constant, Kenc, of 2,4-DNP with 6 was calculated.

large excess of 1 (1.0m�) (so that 6 is formed almost
quantitatively). From the increasing curve of �445 as shown
in the inset, the apparent encapsulation constant, logKenc

[defined by Eq. (7)[30]] of 2,4-DNP in 6 was calculated to be
6.0� 0.1. The host 6 had negligible UV absorption above
400 nm. Similarly, the logKenc values of 4-NP, 2,4,6-TNP, and
DEACC were determined and are summarized in Table 1.

Kenc� [6-guest]/[6][guest] (��1) (7)

An unexpected finding was that the UV absorption
spectrum of the encapsulated 2,4-DNP showed a 22 ± 27 nm
bathochromic (red) shift with respect to that of the free 2,4-
DNP. It is suspected that 2,4-DNP, which has highly electron-
deficient moieties, may form � ±� stacks with the aromatic
groups of 6 or may be somehow in a more conjugated form.
The encapsulation constants of TSP, ADCA, and TPA in 6
were estimated by the competitive displacement of 2,4-DNP
by these guests at pH 7.0 (50m� HEPES with I� 0.1
(NaNO3)) and 25 �C. The results are listed in Table 1.[31]

Measurement of hydrophobicity of the inner cavity 8 : On the
basis of the guest molecular recognition properties of 6, we
concluded that the inner cavity 8 should be hydrophobic. Its
hydrophobicity was qualitatively measured by the fluores-

cence intensity of the encapsulated fluorophore 7-diethyl-
aminocoumarin-1-carboxylic (DEACC, 20��) at pH 7.0
(10m� HEPES with I� 0.1 (NaNO3)) and 25 �C. Empirically,
the emission intensity of DEACC increases in more hydro-
phobic environment.[32] The excitation of free DEACC (see
Figure 3 for structure) at 374 nm (the isosbestic absorption
point determined by UV titration) gave the quantum yields
(�) of 0.04� 0.01 in H2O (emission maxima at 472 nm),
0.17� 0.01 in methanol, 0.22� 0.01 in 2-propanol, 0.23� 0.01
in 85:15 (v/v) 1,4-dioxane/H2O, 0.60� 0.01 in 1-octanol, and
0.69� 0.01 in 1,4-dioxane (emission maxima at 456 nm)
(Figure 8). Since DEACC in the cage cavity 8 gave ��
0.24� 0.01, we estimate the hydrophobicity of the inner cavity
8 to be close to that of 2-propanol or 85:15 (v/v) 1,4-dioxane/
H2O.[33]

Figure 8. Fluorescence emission spectra of 20�� DEACC a) in HEPES
(10m�, pH 7.0 with I� 0.1 (NaNO3), b) in 2-propanol, and c) in 1,4-
dioxane. The emission of DEACC (20��) encapsulated in 6 gave a curve d,
whose quantum yield (�) is 0.24.

Comparison of encapsulation properties of 6 with other host
molecules : Encapsulation of hydrophobic guests by 6 were
compared with those of cyclodextrins (CDs)[34] and Fujita×s
supramolecular cage 9 ([Pd6L2

4]), which is composed of four
2,4,6-tri(4-pyridyl)-1,3,5-triazine (L2) units and six palladi-
um(��) ions.[35] Both CDs and 9 can include common guests
such as ADCA.
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The calculated apparent encapsulation constant, logKenc, of
5.2� 0.1 for 6-4-NP is greater than the reported logKenc

values for �-CD-4-NP complex (2.6 at pH 3.5 and 3.6 at
pH 11).[36] . The aromatic proton signals of 4-NP in the 6-4-NP
complex (1m�) did not change upon addition of �-CD (1m�)
at pD 7.0 in D2O. On the other hand, upon addition of
equivalent amount of 6 to the �-CD-4-NP complex, most of
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4-NP went into 6, a fact supporting the much higher
thermodynamic stability of 6-4-NP. When �-CD (100m�)
was added to the 6-4-NP complex (1m�), about a half of 4-NP
moved into the inner cavity of �-CD, as suggested from the
logKenc constants.

The complexation constant (logKenc) of 4.8 was reported for
�-CD-ADCA in aqueous solution at pH 7.2.[37] The 1H NMR
spectrum of ADCA (1.0m�) in D2O at pD 7.0� 0.1 and 35 �C
in the presence of �-CD (1.0m�) showed the averaged 1H
signals of free ADCA and encapsulated ADCA in �-CD with
downfield shifts of �� 0.11 ± 0.14; this indicates that the �-
CD-ADCA complex is kinetically labile on the 1H NMR
timescale. This was in sharp contrast to the inert complex
between 6 and ADCA.

Fujita×s supramolecular cage 9 was reported to encapsulate
four molecules of ADCA in aqueous solution,[35] but the
encapsulation constants of 9 were not reported. Direct
comparison of the ADCA affinities of 9 with those of 6 was
not possible, due to the formation of yellow precipitates when
the 9-(ADCA)4 was mixed with four equivalents 6 in D2O at
pD 7.0. Instead, four equivalents of �-CD were added to the 9-
(ADCA)4 complex (1m�) in D2O at pD 7.0, and we found
that only about 15% of the ADCAwas removed to the inner
cavity of �-CD. On the other hand, upon addition of �-CD
(1m�) to the 6-ADCA complex (1m�) in D2O at pD 7.0,
approximately 33% of ADCA moved into the �-CD.[38, 39]

Therefore, we assume that the ADCA inclusion affinity order
is 9-(ADCA)4� 6-ADCA� �-CD-ADCA.

Our assumption of the encapsulation mode of CDs and the
supramolecular cage 6 is illustrated in Scheme 3. Equilibria of
the CD± guest complexes are fast on the 1H NMR timescale,

Scheme 3.

because of the wide ™entrance∫ of CD. On the other hand, the
entrance of 6 is too narrow (see the X-ray crystal structure
results) to let a guest molecule out. However, during slow (on
the 1H NMR timescale) equilibration of 6 between a mixture
of components and 4:4 self assembly, a hydrophobic and size-
matched guest is encapsulated and released.

The deprotonation constants of encapsulated acids in the
inner cavity 8 : We measured the pKa values of 4-NP in the
relatively hydrophobic cavity 8 under the conditions for which
4-NP is almost completely encapsulated in 6, as known from
the previous Kenc values. The typical titration curve of 4-NP
(0.5m�, pKa� 7.04� 0.05 in unencapsulated state) in the
presence of 6 (0.25m�) at 25 �C with I� 0.1 (NaNO3)
revealed two pKa values; the lower value of 7.0� 0.1 for the
free unencapsulated 4-NP and the higher value of 8.2� 0.1 for
the encapsulated 4-NP. The result led us to conclude that 4-NP
prefers to remain neutral by raising the pKa value in the
aprotic environment in 8. The weak base 2,4,6-CLD (pKa�
7.55� 0.05) became weaker in 8 with the pKa value of 6.6�
0.1, because it also prefers to stay neutral in aprotic 8. These
results support that the nonionic, neutral forms of guest
molecules are more stabilized in the hydrophobic 8.[40, 41]

Encapsulated complexes of neutral 3-NP, anionic 4-NP�, and
2,4-DNP� were isolated as crystals from an aqueous solutions
at pH 7 ± 8 (see the Supporting Information).

Circular dichroism spectra of the supermolecule 6 with
encapsulated chiral guests : As discribed above, 6 is a chiral
supermolecule due to the asymmetric arrangement of ZnII ±
cyclen units around TCA3� (Figure 1c and d). The X-ray
analysis showed that each crystal of 6 and 6-ADM contained
either of two enantiomers, indicating that crystals as a whole
are racemic mixture (conglomerate).[42] It was interesting to
see if the supramolecular chirality is influenced by a chiral
guest molecule. From the 1H NMR study, we found
(1S,2R,4R)-(�)-camphorsultam ((1S,2R,4R)-(�)-CST) to be
an appropriate guest molecule. The circular dichroism spec-
trum of 6 (0.2m�) in aqueous solution at pH 7.0� 0.1 and
25 �C gave a negative Cotton effect at 262 nm (���
�24��1 cm�1) and a positive Cotton effect at 224 nm (���
�24) upon addition of (1S,2R,4R)-(�)-CST (0.2m� ; curve a
in Figure 9, amplitude��48). An exact mirror image was
obtained by addition of the (1R,2S,4S)-(�)-CST enantiomer
(0.2m�, curve b). Addition of racemic CSTyielded negligible
Cotton effects (curve c). The Cotton effects disappeared upon
decomposition of 6 by addition of OH�. These facts together
indicate that an inner chiral guest can control the exterior
chirality of 6.[43] Curves d and e are circular dichroism spectra

Figure 9. Circular dichroism spectra of 6 (0.2m�) in the presence of an
equimolar amount of a) (1S,2R,4R)-(�)-CST, b) (1R,2S,4S)-(�)-CST,
c) racemic CST, d) (�)-MAA, and e) (�)-MAA in H2O (pH 7.0� 0.1) at
25 �C.
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of 6 (0.2m�) in the presence of (1R,2S,5S)-(�)-menthoxy-
acetic acid ((1R,2S,5S)-(�)-MAA) and its enantiomer
(1S,2R,5R)-(�)-MAA (0.2m�). The Cotton effects at
262 nm are less significant with respect to those of curves a
and b, probably because of less rigid host ± guest interaction.
The extent of an enantiomeric excess and absolute config-
uration of 6 induced by the chiral guests remains to be
studied.[44, 45]

Conclusion

We have discovered a novel 4:4 self-assembly of tris(ZnII-
cyclen) complex 1 and tri-deprotonated trithiocyanuric acid
(TCA3�) in neutral aqueous solution. The resulting super-
molecule 6 was isolated and characterized by X-ray crystal
structure analysis, pH-metric and UV spectrophotometric
titrations, and 1H NMR spectroscopy. The new cage complex
6 has unique properties:
1) It is thermodynamically stable and forms quantitatively

through the formation Zn2��S�(exocyclic) bonds at [1]�
[TCA]� 1.0m� in the presence of a guest molecule in
aqueous solution at neutral pH.

2) The three-dimensional exterior may be viewed as a
cuboctahedral architecture 7.

3) It has a discrete nanoscale inner hollow (truncated
tetrahedral cage) 8 separated from exterior by four phenyl
rings of 1 and four 1,3,5-triazine rings of TCA3�. The inner
cavity 8 encapsulates hydrophobic and size-matching
organic guests such as TSP, ADCA, 3-NP, 4-NP, 2,4-DNP,
ADM, TEA, or TPA [with Kd (�1/Kenc) values of ��
order].

4) The self-assembled 6 and its guest-including complexes are
kinetically stable (on the NMR timescale); however, the
guest molecules in 8 can be exchanged (except for ADM).

5) The polarity of the inner space 8 is estimated to be near to
that of 2-propanol by means of fluorescence measure-
ments of the encapsulated DEACC.

6) The ADCA inclusion affinity of 6-ADCA is between those
of 9-(ADCA)4 and �-CD-ADCA in aqueous solution.

7) In the hydrophobic cavity 8, 4-NP and 2,4,6-CLD prefer to
take neutral forms, resulting in higher pKa values for 4-NP
and a lower pKa value for 2,4,6-CLD ¥H�.

8) The exterior superstructure is chiral. Cage 6 is optically
inactive when it encapsulates achiral guests; however,
enantiomeric 6 was attained from within by encapsulation
of enantiomeric guests.
The present new construction method of a supramolecular

capsule with a unique inner cavity should be versatile and
useful for molecular recognition or reaction phases in aqueous
solution.

Experimental Section

General information : TSP sodium salt, ADCA, AMT, CGS, DEACC,
[D]CP, (S)-IBP, (1S)-CSA, (1S,2R,4R)-(�)-CST, (1R,2S,4S)-(�)-CST,
(1R,2S,5S)-(�)-MAA, (1S,2R,5R)-(�)-MAA, TMA chloride, TEA chlor-
ide, TPA bromide, TBA bromide, and sodium TPB were of the highest
commercial quality and used without further purification. TCA, ADM,

3-NP, 4-NP, 2,4-DNP, and 2,4,6-CLD ¥HCl (prepared from 2,4,6-CLD and
aq. HCl) were recrystallized and their purity was determined by potentio-
metric pH titration. The supramolecular cage 9 ([Pd6L2

4]) was kindly
provided by Professor Makoto Fujita, Nagoya University. All aqueous
solutions were prepared with using deionized and redistilled water. The
HEPES (2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid, pKa�
7.6 at 25 �C) buffer was purchased from Dojindo Laboratories and used
without further purification. Melting points were measured on Yanaco
melting-point apparatus and listed without correlation. IR spectra were
recorded on a Horiba Fourier transform infrared spectrometer FT-710. 1H
and 13C NMR spectra were recorded on a JEOL Alpha (400 MHz) or
Lambda (500 MHz) spectrometer. TSP in D2O and 1,4-dioxane were used
as external references of 1H NMR and 13C NMR experiments, respectively,
except when TSP was added as a guest molecule. The pD values in D2O
were corrected for a deuterium isotope effect using pD� pH � 0.40.
Elemental analysis was performed on a Perkin ±Elmer CHN Analyzer
2400. UV spectra and fluorescence emission spectra were recorded on a
Hitachi U-3500 spectrophotometer and a Hitachi F-4500 fluorescence
spectrophotometer, respectively, at 25.0� 0.1 �C. The obtained data from
UV titrations were analyzed for apparent complexation constants (Kapp)
and encapsulation constants (Kenc) by using the program Bind Works
(Calorimetry Sciences). Quantum yields of fluorescence emission were
determined by comparison of the integrated corrected emission spectrum
of a standard quinine (excitation at 335 nm was used for quinine in 0.10�
H2SO4, whose quantum yield was 0.54). Circular dichroism spectra were
recorded on a JASCO J-720 spectropolarimeter.

Isolation of 6[NO3]12 ¥ 22H2O : Complex 1[NO3]6 ¥ 3H2O ¥ 0.5EtOH[8]

(385 mg, 0.30 mmol), trithiocyanuric acid (53 mg, 0.30 mmol), and NaNO3

(0.25 g, 30m�) were dissolved in H2O (30 mL), and the pH was adjusted to
pH 8.0 by addition of aquesous NaOH. The whole mixture was filtered and
concentrated slowly in vacuo for a week, and colorless prisms of 6[NO3]12 ¥
22H2O (270 mg, 70% yield) were obtained. M.p. �250 �C; 1H NMR
(400 MHz, CD3CN/D2O (10/90), 35 �C, external TSP): �� 2.63 ± 3.20 (m,
168H, CH2 of cyclen rings), 3.33 ± 3.45 (m, 24H, CH2 of cyclen rings), 4.06
(br s, 24H, ArCH2), 4.20 (br, NH), 7.19 (br s, 12H, ArH); 13C NMR
(125 MHz, CD3CN/D2O (10/90), 35 �C, external 1,4-dioxane): �� 43.42,
45.08, 45.52, 50.09, 56.28, 133.42, 134.27, 184.64; IR (KBr): �� � 3788, 3460,
3223, 2924, 2875, 1630, 1430, 1384, 1229 cm�1; elemental analysis calcd (%)
for C144H308N72O58S12Zn12: C 33.61, H 6.03, N 19.60; found: C 33.64, H 6.31,
N 19.33.

Isolation of 6-ADM[NO3]12 ¥ 27H2O : Complex 6[NO3]12 ¥ 22H2O (129 mg,
0.025 mmol) and NaNO3 (0.34 g, 4.0m�) were dissolved in H2O (30 mL), to
which adamantane (32 mg, 0.23 mmol) was added, and the resulting
mixture was vigorously stirred at 40 �C overnight. The whole mixture was
filtered and concentrated slowly in vacuo. The resulting colorless powders
were recrystallized from H2O and dried in vacuo at room temperature to
give colorless prisms of 6-ADM[NO3]12 ¥ 27H2O (110 mg, 82% yield). M.p.
�250 �C; 1H NMR (400 MHz, D2O, 35 �C, external TSP): ���0.60 (m,
12H, CH2 of ADM), �0.33 (m, 4H, CH of ADM), 2.65 ± 3.62 (m, 192H,
CH2 of cyclen rings), 3.97 (br s, 24H, ArCH2), 4.15 (br s, 12H, NH), 7.13
(br s, 12H, ArH); 13C NMR (125 MHz, D2O, 35 �C, external 1,4-dioxane):
�� 26.06, 33.67, 41.87, 42.24, 43.46, 43.75, 44.17, 48.86, 132.11, 133.16,
182.75; IR (KBr): �� � 3433, 3261, 2927, 2879, 2424, 2360, 1635, 1437, 1383,
1232, 1090, 970, 845 cm�1; elemental analysis calcd (%) for
C154H330N72O63S12Zn12: C 34.46, H 6.20, N 18.79. found: C 34.16, H 6.15,
N 19.11.

Crystallographic study of 6[NO3]12 ¥ 22H2O : A colorless prismatic crystal of
6[NO3]12 ¥ 22H2O (C144H308N72O56S12Zn12, Mr.� 5145.75) with approximate
dimensions of 0.35� 0.20� 0.10 mm was mounted in a loop. Intensity data
were collected on a Rigaku RAXIS-RAPID imaging-plate diffractometer
with MoK� radiation at a temperature of�160� 1 �C. Cell constants and an
orientation matrix for data collection corresponded to F-centered cubic cell
(Laue class : m3m) with dimensions: a� 39.182(1) ä, V� 60153(3) ä3. For
Z� 8 and Mr� 5107.71, the calculated density (	calcd) is 1.14 gcm�3. Based
on the systematic absence of: hkl : h� k, k� lm, h� l�2n, packing
considerations, a statistical analysis of intensity distribution, and the
successful solution and refinement of the structure, the space group was
determined to be F432 (No. 209). A total of 108 images, corresponding to
220.0� oscillation angles, were collected with two different goniometer
settings. Data were processed by the PROCESS-AUTO program package.
Of the 93056 reflections which were collected, 1883 were unique (Rint�
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0.018); equivalent reflections were merged. The linear absorption coef-
ficient, 
, for MoK� radiation was 10.9 cm�1. A symmetry-related absorption
correction using the program ABSCOR was applied; this resulted in
transmission factors ranging from 0.59 to 0.90. The structure was solved by
direct methods (SHELXS-86) and expanded by means of Fourier
techniques (DIRDIF-94). The reflections in the range of 2� between
15.0� and 45.0� were used for the structure refinement: the spots recorded
at the lower angles were overlapped by those diffracted from adhered
crystalline particles. The atoms of the cation were located and refined as
usual, but the O atoms of NO3 anions, apart from those of three of a total
twelve anions, were not located. The final cycle of full-matrix least-squares
refinement (SHELXL-97) was based on 1121 observed reflections [I�
2�(I)] and 154 variable parameters and converged (largest parameter shift
was �0.01 times its esd) with unweighted and weighted agreement factors
of: R��(F 2

o �F 2
c �/�F 2

o �� 0.100. Rw� [�w(F 2
o �F 2

c �2/�w(F 2
o �2]0.5� 0.259.

The standard deviation of an observation of unit weight was 1.20. The
maximum and minimum peaks on the final difference Fourier map
corresponded to 0.55 and �0.53 eä�3, respectively. All calculations were
performed with the teXsan crystallographic software package of the
Molecular Structure Corporation (1985, 1999).

Crystallographic study of 6-ADM[NO3]12 ¥ 27H2O : A colorless prismatic
crystal of 6-ADM[NO3]12 ¥ 27H2O (C154H334N72O63S12Zn12, Mr.� 5372.06)
with approximate dimensions of 0.50� 0.50� 0.25 mm was mounted in a
loop. Intensity data were collected on a Rigaku RAXIS-RAPID imaging
plate diffractometer with MoK� radiation at a temperature of �150� 1 �C.
Indexing was performed from two oscillations which were exposed for
8.0 minutes. Cell constants and an orientation matrix for data collection
corresponded to an F-centered cubic cell (Laue class: m3m) with
dimensions: a� 39.061(1) ä, V� 59599(3) ä3. For Z� 8 and Mr�
5372.06, the calculated density (	calcd) was 1.20 gcm�3. Based on the
systematic absence of: hkl : h� k, k� l, h� l�2n, packing considerations, a
statistical analysis of intensity distribution, and the successful solution and
refinement of the structure, the space group was determined to be: F432
(No. 209). A total of 110 images, corresponding to 220.0 K oscillations
angles, were collected with two different goniometer settings. Data were
processed by the PROCESS-AUTO program package. Of the 96683
reflections which were collected, 1331 were unique (Rint� 0.077); equiv-
alent reflections were merged. The linear absorption coefficient, 
 forMoK�

radiation was 11.0 cm�1. A symmetry-related absorption correction using
the program ABSCOR was applied which resulted in transmission factors
ranging from 0.62 to 0.76. The data were corrected for Lorentz and
polarization effects. The structure was solved by direct methods
(SHELXS86) and expanded by means of Fourier techniques (DIRDIF
94). The reflections in the range of 2� between 15.0� and 40.0�were used for
the structure refinement: the spots recorded at the lower angles were
overlapped by those diffracted from adhered crystalline particles. The
atoms of the cation were located and refined as usual, but the O atoms of
NO3 ions, apart from those of three of a total twelve anions, were not
located. This is probably due to disordered structures exhibited by the
anions in which the N atoms lie on symmetry elements in the crystal. The
final cycle of full-matrix least-squares refinement (SHELXL-97) was based
on 752 observed reflections [I� 2�(I)] and 156 variable parameters and
converged (largest parameter shift was �0.01 times its esd) with
unweighted and weighted agreement factors of: R��(F 2

o �F 2
c �/�F 2

o��
0.103. Rw� [�w(F 2

o �F 2
c �2/�w(F 2

o�2]0.5� 0.263. The standard deviation of
an observation of unit weight was 1.30. The maximum and minimum peaks
on the final difference Fourier map corresponded to 0.33 and �0.26 eä�3,
respectively.

Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication nos. CCDC-170091 (6)
and CCDC-170092 (6-ADM). Copies of the data can be obtained free of
charge on application to CCDC, 12 Union Road, Cambridge CB21EZ, UK
(fax: (�44)1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).

Potentiometric pH titrations : The preparation of the test solutions and the
calibration method of the electrode system [Potentiometric Automatic
Titrator AT-400 and Auto Piston Buret APB-410 (Kyoto Electronics
Manufacturing,) with Orion Research Ross Combination pH Electrode
8102BN] were described earlier.[6±8, 15] All the test solutions (50 mL) were
kept under an argon (�99.999% purity) atmosphere. The potentiometric
pH titrations were carried out with I� 0.10 (NaNO3) at 25.0� 0.1 �C (0.1�

NaOH was used as a base), and at least two independent titrations were
performed. Deprotonation constants of Zn2�-bound water K�2� [HO�-
bound species][H�]/[H2O-bound species] (pKa values of three Zn2�-bound
waters in 1 ¥ (H2O)3 are 6.08, 7.25, and 8.63, respectively)[8] and apparent
affinity constants Kapp� [6]/[1]4[TCA]4 (��7) were determined by means of
the program BEST.[28] All the sigma fit values defined in the program are
smaller than 0.05. The KW� aH� ¥ aOH� , K�W� [H�][OH�], and fH� values
used at 25 �C were 10�14.00, 10�13.79, and 0.825, respectively. The correspond-
ing mixed constants, K2� [HO�-bound species]aH�/[H2O-bound species],
were derived from [H�]� aH�/fH� . The species distribution values (%)
against pH� (� log [H�]� 0.084) were obtained using the program SPE.[28]

Partition experiments of organic guest molecules : A 1:1 (v/v) mixture of an
organic guest molecule (2.0m�) in D2O at pD 7.0 and 1-octanol (saturated
with D2O in advance) was vigorously stirred at room temperature for
30 min. The resulting solution was centrifuged (3000 rpm for 20 min), and
an aliquot of the D2O phase was removed, to which a determined amount
of a solution of a reference compound (benzene sulfonate and/or TSP) in
D2O was added. The concentration of the guest molecule in D2O was
calculated with respect to the concentration of reference compounds
(benzene sulfonate and/or TSP).
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