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cyclic hexamers of g-cyclodextrin
in a metallosupramolecular framework with D-
penicillamine†

Supattra Somsri, Naoto Kuwamura, Tatsuhiro Kojima, Nobuto Yoshinari
and Takumi Konno *

Cyclodextrins are widely used cyclic oligosaccharides of D-glucose whose hydrophilic exterior is covered by

hydroxyl groups and whose hydrophobic interior is surrounded by lipophilic moieties. Because of this

structural feature, cyclodextrin molecules commonly aggregate into dimensional structures via

intermolecular hydrogen bonds, and their aggregation into closed oligomeric architectures has been

achieved only via the attachment of functional substituent groups to the cyclodextrin rings. Here, we

report the first structurally characterized self-assembly of non-substituted g-cyclodextrin molecules into

cyclic hexamers, which was realized in a chiral coordination framework composed of AuI
3Co

III
2 complex-

anions with D-penicillamine rather than L- or DL-penicillamine. The self-assembly is accompanied by the

3D-to-2D structural transformation of porous coordination frameworks to form helical hexagonal

cavities that accommodate helical g-cyclodextrin hexamers. This finding provides new insight into the

development of cyclodextrin chemistry and host–guest chemistry based on chiral recognition and

crystal engineering processes.
Introduction

Cyclodextrins (CDs) are well-known oligosaccharides in which
several molecules of D-glucose are connected via a-1,4-glycosidic
bonds in a cyclic form with a truncated cone shape.1 Typical
CDs exist in a, b, and g forms that consist of 6, 7, and 8 D-
glucose units, respectively.1 Since the smaller and larger open-
ings of the truncated cone are covered by primary and
secondary hydroxyl groups, respectively, the exterior of a CD is
hydrophilic, resulting in an appreciable solubility in aqueous
media. On the other hand, the interior of a CD is rather
hydrophobic, being surrounded by lipophilic moieties, which
allows it to accommodate functional, hydrophobic organic
molecules with appropriate sizes in the chiral cavity via non-
covalent interactions.2–6 These characteristic properties of CDs
have widely been utilized for a variety of applications, such as
optical resolution,7–9 drug delivery,10–13 and molecular machine
systems.14–17 Apart from the conventional assembly of CDs
assisted by guest molecules,15–20 the self-assembly of CDs
themselves has been proposed based on NMR, TEM, and
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ESI) available: 1H NMR (Fig. S1 and S6),
Table S1), diffuse reection (Fig. S3),
5), PXRD (Fig. S8), modelling study
SI and crystallographic data in CIF or
d0sc03925j

53
scattering techniques, in combination with molecular model
calculations, since the initial report on dimer formation of CDs
in solution.21–26 However, no direct structural evidence for the
self-assembly of CDs themselves has yet been obtained by
means of X-ray crystallography, although a large number of
crystal structures of CD molecules have been reported.27,28 The
structures of CDs so far characterized by single-crystal X-ray
(SCXR) studies are categorized into cage, channel, and layer
types of packing,27 and it has been shown that the difference in
the packing modes arises from the different inclusion patterns
of guest molecules.28 In X-ray structures, the cavities of CD
molecules are commonly occupied by guest molecules, thus
preventing the self-assembly of CD molecules.

As part of our on-going study on the construction of chiral
ionic solids with unusual arrangement of ionic species based on
multinuclear complexes with D-penicillamine (D-H2pen; Chart
1),29–31 we have recently reported that treatment of an S-bridged
AuI

3Co
III
2 pentanuclear complex with free carboxylate groups,

LL-[Au3Co2(D-pen)6]
3� ([1D]3�), with Co2+ affords a 3D ionic

solid, [Co(H2O)6]3[1
D]2, with an extremely high porosity of

80%.32 In this compound, [Co(H2O)6]
2+ cations and [1D]3�
Chart 1 Chemical structures of D- and L-penicillamine (H2pen).
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anions are alternately hydrogen bonded to form large, super-
hydrophilic cavities that can accommodate a large number of
water molecules. While the accommodation of g-CD molecules
in [Co(H2O)6]3[1

D]2 by soaking the crystals in a mother liquor
containing g-CD was conrmed by 1H NMR spectroscopy
(Fig. S1, ESI†), attempts to characterize the inclusion compound
by SCXR analysis failed because the crystallinity of
[Co(H2O)6]3[1

D]2 was entirely lost during the reaction due to its
very weak 3D framework sustained only by hydrogen bonds
between [Co(H2O)6]

2+ and [1D]3�.
In the course of this study, we found that the crystallization

of Na3[1
D] from an aqueous buffer solution of NaOAc/HOAc

produced a coordination compound (2D) composed of
[Na4(H2O)15]

4+ and [Na(H2O)6]
+ cations and [1D]3� anions,

which possessed a 3D porous framework comparable with that
of [Co(H2O)6]3[1

D]2, although the [1D]3� anions were directly
connected by [Na4(H2O)15]

4+ cations through coordination
bonds in 2D (Scheme 1). While single crystals of 2D remained
unchanged in the mother liquor, the addition of g-CD resulted
in its transformation to another single-crystalline compound
(3D) with a 2D porous framework, accompanied by the inclusion
of g-CD molecules. Remarkably, the g-CD molecules in 3D were
found to self-assemble into cyclic hexamers. To our knowledge,
such a structural transformation of the coordination framework
induced by the inclusion of CD molecules, as well as the self-
assembly of non-substituted CD molecules into cyclic hexam-
ers, is unprecedented. The importance of the homochirality of
2D with D-pen to the appearance of this unique phenomenon
was evidenced by the same inclusion experiments using 2L with
L-pen or 2DL with a mixture of D-pen and L-pen.

Experimental section
Synthetic procedures

Preparation of Na3[Au3Co2(D-pen)6]$nH2O (Na3[1
D]).

Compound Na3[Au3Co2(D-pen)6] (Na3[1
D]) was prepared from
Scheme 1 Synthetic route of 2D and 3D from LL-[Au3Co2(D-pen)6]
3�

([1D]3�).

This journal is © The Royal Society of Chemistry 2020
NH4[Au(D-Hpen)2] using Na3[Co(CO3)3] as a cobalt source.33 To
a solution containing 0.70 g (1.22 mmol) of NH4[Au(D-Hpen)2]$
3.5H2O in 160 mL of water was added 0.30 g (0.83 mmol) of
Na3[Co(CO3)3]$3H2O. The mixture was stirred at room temper-
ature for 1 h to give a purple solution. Aer removing unreacted
Na3[Co(CO3)3]$3H2O by ltration, the ltrate was evaporated to
dryness. The residue was dissolved in 15 mL of a 1.0 M
NaCH3COO aqueous solution, to which 20 mL of MeOH was
layered. The mixture was stored in a refrigerator overnight to
give a purple solid. Recrystallization of the purple solid from
water by diffusing acetone vapor produced dark purple crystals
with a plate shape (Na3[1

D]$13H2O) suitable for SCXR
crystallography. Yield: 0.38 g (0.21 mmol, 51%). Anal. found:
C, 18.98; H, 4.00; N, 4.19%. Calcd for Na3[Au3Co2(D-pen)6]$
13H2O ¼ C30H80Au3Co2N6Na3O25S6: C, 19.01; H, 4.25; N,
4.43%. IR spectrum (cm�1, KBr disk): 1614 (nCOO

�).
Preparation of Na3[Au3Co2(L-pen)6]$nH2O (Na3[1

L]). This
compound was prepared by the same procedure as that for
Na3[1

D] but using NH4[Au(L-Hpen)2]$3.5H2O instead of
NH4[Au(D-Hpen)2]$3.5H2O. Yield: 0.38 g (0.21 mmol, 51%). IR
spectrum (cm�1, KBr disk): 1613 (nCOO

�).
Preparation of Na3[Au3Co2(D-pen)6]$1/3NaOAc$nH2O (2D).

Compound Na3[1
D]$13H2O (100 mg, 0.060 mmol) was dissolved

in 5 mL of a 0.5 M aqueous solution of NaOAc/HOAc (pH¼ 6.0).
The dark purple solution was allowed to stand at room
temperature for 20 days to give dark purple crystals with
a hexagonal pyramidal shape, which were collected by ltration.
Yield: 40 mg (32%). Anal. found: C, 19.51; H, 4.03; N, 4.50%.
Calcd for Na3[Au3Co2(D-pen)6](NaCH3COO)0.3$10H2O ¼ C30.6-
H74.9Au3Co2N6Na3.3O22.6S6: C, 19.70; H, 4.05; N, 4.50%. IR
spectrum (cm�1, KBr disk): 1610 (nCOO

�).
Preparation of Na3[Au3Co2(L-pen)6]$1/3NaOAc$nH2O (2L).

This compound was prepared by the same procedure as that for
2D but using Na3[1

L]$13H2O instead of Na3[1
D]$13H2O. Yield:

29 mg (22%). Anal. found: C, 19.76; H, 4.06; N, 4.34%. Calcd for
Na3[Au3Co2(L-pen)6](NaCH3COO)0.3$10H2O ¼ C30.6H74.9Au3-
Co2N6Na3.3O22.6S6: C, 19.71; H, 4.05; N, 4.50%. IR spectrum
(cm�1, KBr disk): 1611 (nCOO

�).
Preparation of Na3[Au3Co2(D-pen)6]0.5[Au3Co2(L-pen)6]0.5$1/

3NaOAc$nH2O (2DL). This compound was prepared by the same
procedure as that for 2D but using a 1 : 1 mixture of Na3[1

D]$
13H2O and Na3[1

L]$13H2O instead of Na3[1
D]$13H2O. Yield:

45 mg (37%). Anal. found: C, 18.18; H, 4.53; N, 4.17%. Calcd for
Na3[Au3Co2(pen)6](NaCH3COO)0.3$18H2O ¼ C30.6H90.9Au3Co2-
N6Na3.3O30.6S6: C, 18.29; H, 4.56; N, 4.18%. IR spectrum (cm�1,
KBr disk): 1638 (nCOO

�).
Preparation of Na3[Au3Co2(D-pen)6]$1/3NaOAc$2(g-CD)$

nH2O (3D)
Method A. Compound Na3[1

D]$13H2O (100 mg, 0.060 mmol)
was dissolved in 5 mL of a 0.5 M aqueous solution of NaOAc/
HOAc (pH ¼ 6.0). The dark purple solution was allowed to
stand at room temperature for 20 days to give dark purple
crystals with a hexagonal pyramidal shape. g-CD (233 mg, 0.18
mmol) was dissolved in the mother liquor, and the block crys-
tals were immersed in it. Within a day, the block crystals dis-
appeared with the appearance of dark purple crystals with
a hexagonal plate shape, which were collected by ltration aer
Chem. Sci., 2020, 11, 9246–9253 | 9247
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14 days. Yield: 65 mg (22%). Anal. found: C, 30.24; H, 5.96; N,
1.65%. Calcd for Na3[Au3Co2(D-pen)6](NaCH3COO)0.3$2(g-CD)$
41H2O ¼ C126.6H296.9Au3Co2N6Na3.3O133.6S6: C, 30.30; H,
5.96; N, 1.67%. IR spectrum (cm�1, KBr disk): 2921 (nCH2

), 1617
(nCOO

�), 1158 (nC–C), and 1025 (dOH).
Method B. To a colourless solution containing g-CD (389 mg,

0.300 mmol) in 5 mL of a 0.5 M aqueous solution of NaOAc/
HOAc (pH ¼ 6) was added a solution containing Na3[1

D]$
13H2O (100 mg, 0.060 mmol) in 5 mL of a 0.5 M aqueous
solution of NaOAc/HOAc (pH ¼ 6). The mixture solution was
allowed to stand at room temperature for 22 days to give dark
purple crystals with a hexagonal plate shape, which were
collected by ltration. Yield: 53 mg (17%).

Physical measurements

The IR spectra were collected on a JASCO FT/IR-4100 infrared
spectrophotometer by using the KBr method at room temper-
ature. The circular dichroism spectra were recorded on a JASCO
J-820 spectrometer at room temperature. The diffuse reection
spectra were measured on a JASCO V-670 UV/Vis/NIR spec-
trometer. X-ray uorescence spectrometry was performed on
a Shimadzu Model EDX-7000 spectrometer. Elemental analyses
(C, H, N) were performed at Osaka University using a Yanaco
CHN Corder MT-6. The 1H NMR spectra were recorded on
a JEOL ECS400 (400 MHz) spectrometer in D2O. Sodium 4,40-
dimethyl-4-silapentane-1-sulfonate (DSS) was used as the
internal standard. High-quality powder X-ray diffraction (PXRD)
patterns were recorded at room temperature in transmission
mode [synchrotron radiation l ¼ 1.0�A; 2q range ¼ 2�–78�; step
width ¼ 0.01�; data collection time 1 min] on a diffractometer
equipped with a MYTHEN microstrip X-ray detector (Dectris
Ltd) at the SPring-8 BL02B2 beamline. The crystals in the
mother liquor were loaded into a glass capillary tube (diameter
¼ 0.3 mm), which was rotated during the measurements. The
powder simulation patterns were generated from the SCXR
structures using Mercury 3.10.

Crystallographic analysis

SCXRdiffraction analysis of 2D and 3Dwas performed on a Rayonix
MX225HS CCD area detector at the BL2D SMC beamline in the
Pohang Accelerator Laboratory, Korea. Diffraction data were
collected from the PAL BL2D-SMDC program,34 and cell rene-
ment, reduction, and absorption correction were performed using
HKL3000.35 The synchrotron X-ray diffraction study of 2L and 2DL

was carried out at the BL02B1 beamline in SPring-8 with
a diffractometer equipped with a PILATUS3 X CdTe 1M. Data
collection of all samples was performed at 100 K. The crystal
structures were solved and rened by SHELX.36 The least-squares
renement of the structural model was performed under
displacement parameter restraints such as DFIX, ISOR, RIGU, and
SIMU. The nal renement was performed with the modication
of the structure factors for the electron densities of the disordered
solvents using the SQUEEZE option of PLATON.37 The crystallo-
graphic data are summarized in Table S1 (ESI†).

The asymmetric unit of 2D consists of one-third of
[Na4(H2O)15]

4+, one-third of [Na(H2O)6]
+, and half of [Au3Co2(D-
9248 | Chem. Sci., 2020, 11, 9246–9253
pen)6]
3� in addition to several water molecules of crystallization,

consistent with its chemical formula of Na3[1
D]$1/3NaOAc$nH2O.

An acetate anion, which might exist with a site occupancy of 1/6
in the asymmetric unit, could not be observed in the Fourier map
due to its positional disorder and its low occupancy.

The asymmetric unit of 2DL consists of one-third of
[Na3(H2O)7]

3+, one-third of [Na(H2O)6]
+, one-third of

[Na(H2O)3]
+, and half of [Au3Co2(D-pen)6]

3�, in addition to
several water molecules of crystallization, consistent with the
chemical formula of Na3[1

D]0.5[1
L]0.5$1/3NaOAc$nH2O. An

acetate anion that might exist with a site occupancy of 1/6 in the
asymmetric unit could not be observed in the Fourier map due
to its positional disorder, as well as its low occupancy.

The asymmetric unit of 3D consists of [Na4(H2O)9]
4+ and six

[Na(H2O)3]
+ cations, 3 [Au3Co2(D-pen)6]

3� anions, and 6 g-CD
molecules, in addition to several water molecules of crystalli-
zation, consistent with its chemical formula of Na3[1

D]$1/
3NaOAc$2(g-CD)$nH2O. An acetate anion in the asymmetric
unit was not observed in the Fourier map due to its positional
disorder and low occupancy.
Results
Synthesis and characterization of 2D

Previously, we reported that crystallizing a powder sample of
LL-Na3[Au3Co2(D-pen)6] (Na3[1

D]) from water yielded dark
purple crystals with a hexagonal plate shape. It has been shown
from the SCXR crystallography that this product possesses a 3D
dense coordination framework, in which all carboxylate groups
in each [1D]3� anion are involved in the coordination with Na+

cations (Fig. S2, ESI†).33 When crystallization was carried out
using an aqueous buffer solution of NaOAc/HOAc at pH 6.0,
dark purple crystals with a truncated hexagonal pyramid shape
(2D) were obtained.‡ Compound 2D was conrmed to be
a sodium salt of [1D]3� based on the solid-state diffuse reec-
tion, circular dichroism, and IR spectra, which are essentially
the same as those of Na3[1

D] (Fig. S3–S5, ESI†). However, the 1H
NMR spectrum of 2D in D2O indicated the presence of acetate
(Fig. S6, ESI†), and the elemental analysis data of 2D were
consistent with a formula of Na3[1

D]$1/3NaOAc$nH2O.
Crystal structure of 2D

The structure of 2D was determined by SCXR crystallography.
Crystalline 2D contains sodium cations that exist as the isolated
aqua cations of [Na(H2O)6]

+ and the cluster cations of
[Na4(H2O)15]

4+, in addition to [1D]3� anions. Each [Na(H2O)6]
+

cation is surrounded by 3 [1D]3� anions in a skewed right-
handed arrangement by forming OH2/OOC hydrogen bonds
(av. O/O¼ 2.81�A), while each [1D]3� anion spans 2 [Na(H2O)6]

+

cations through hydrogen bonds (Fig. 1a). As a result, [1D]3�

anions are alternately hydrogen-bonded with [Na(H2O)6]
+

cations in a 3D porous structure (Fig. S7, ESI†). This structure of
2D corresponds well with that found in [Co(H2O)6]3[1

D]2, in
which [1D]3� anions are alternately linked by [CoII(H2O)6]

2+

cations through hydrogen bonds (Fig. S7, ESI†).32 In 2D,
however, 3 [1D]3� anions are connected by a [Na4(H2O)15]

4+
This journal is © The Royal Society of Chemistry 2020
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cation through coordination bonds (Na–O ¼ 2.40 �A) in a 3-
connected mode (Fig. 1b–d), together with a [Na(H2O)6]

+ cation
through hydrogen bonds, forming a 3D coordination polymer
with a porosity of 78% (Fig. 1e). The alternate binding of
[Na4(H2O)15]

4+ cations and [1D]3� anions affords large, hydro-
philic open channels in 2D, each of which consists of 10
[Na4(H2O)15]

4+ cations and 10 [1D]3� anions, with a maximum
opening of 35 �A (Fig. 1f). It has been shown that
[Co(H2O)6]3[1

D]2 is transformed into a dense structure in
[Co(H2O)4]3[1

D]2 by way of the 1D porous structure in [Co(H2O)4]
[Co(H2O)6]2[1

D]2, when its crystals are stored in a mother liquor
for one week.32 On the other hand, such a structurally trans-
formation was not observed for 2D under the same conditions
for at least one month.

Synthesis and crystal structures of 2L and 2DL

A similar crystallization of DD-Na3[Au3Co2(L-pen)6] (Na3[1
L]),

instead of Na3[1
D], from aqueous NaOAc/HOAc buffer (pH 6.0)

produced purple crystals with the same truncated hexagonal
pyramid shape (2L). The crystal structure of 2L, which is an
enantiomer of 2D, was conrmed by SCXR crystallography
(Fig. S9, ESI†), as well as solid-state circular dichroism spec-
troscopy (Fig. S4, ESI†). A noticeable structural feature in 2L is
the linkage of 3 [1D]3� anions with [Na4(H2O)15]

4+ and
[Na(H2O)6]

+ cations in a skewed le-handed arrangement,
opposite to the right-handed arrangement in 2D.
Fig. 1 Crystal structures of 2D, crystallized in the cubic space group of
I213. (a) The linkage of [1D]3� anions with [Na(H2O)6]

+ cations in a 3-
connected mode. (b) The linkage of [1D]3� anions with [Na4(H2O)15]

4+

cations in a 3-connected mode. (c) The tetranuclear structure of
[Na4(H2O)15]

4+ that connects 3 [1D]3� anions. (d) The linkage of [1D]3�

anions with [Na(H2O)6]
+ and [Na4(H2O)15]

4+ cations. (e) The 3D porous
framework. (f) The open channel consisting of 10 [1D]3� anions that are
connected by 10 [Na(H2O)6]

+ and 10 [Na4(H2O)15]
4+ cations.

This journal is © The Royal Society of Chemistry 2020
When a 1 : 1 mixture of Na3[1
D] and Na3[1

L] was crystallized
under the same conditions, purple crystals with a tetrahedron
shape (2DL) were produced.‡ Based on the solid-state diffuse
reection, circular dichroism, IR, and 1H NMR spectra (Fig. S3–
S6, ESI†), together with the elemental analysis, 2DL was deter-
mined to have a formula of Na3[1

D]0.5[1
L]0.5$1/3NaOAc)$nH2O,

which corresponds to the formula of Na3[1
D]$1/3NaOAc$nH2O

for 2D. The SCXR analysis revealed that 2DL contains a 3D
porous framework composed of [1D]3� anions and a 3D porous
framework composed of [1L]3� anions, which are essentially the
same as the frameworks of 2D and 2L, respectively (Fig. 2a, b,
and S10, ESI†). In 2DL, the two enantiomeric frameworks
penetrate each other by forming O–H/O hydrogen bonds (av.
O/O ¼ 2.75 �A) between water molecules coordinated to NaI

centres (Fig. 2c and S10, ESI†). The porosity of 2DL is 41%, and
the largest opening is 7�A, which is much lower than that of 2D.

Formation and characterization of 3D

Soaking truncated hexagonal pyramid crystals of 2D in a mother
liquor containing excess g-CD resulted in the disappearance of
these crystals and the appearance of different crystals with
Fig. 2 Crystal structures of 2DL crystallized in the cubic space group
I4�3d. (a) The linkage of [1D]3� anions and the linkage of [1L]3� anions
with [Na(H2O)6]

+ and [Na3(H2O)7]
3+ cations in a 3-connected mode. A

[Na(H2O)3]
+ moiety is attached to each anion through a carboxylate

group. (b) The 3D porous framework composed of [1D]3� anions (blue)
and that composed of [1L]3� anions (orange). (c) Packing structure of
2DL shows the interpenetrating framework of the LL-[Au3Co2(D-
pen)6]

3� complex (blue) and the DD-[Au3Co2(L-pen)6]
3� complex

(orange).

Chem. Sci., 2020, 11, 9246–9253 | 9249
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a thin hexagonal plate shape (3D) within one day.‡ Crystals of 3D

were also obtained when Na3[1
D] was crystallized from aqueous

NaOAc/HOAc buffer in the presence of g-CD (Scheme 1). While
the solid-state diffuse reection and CD spectra of 3D (Fig. S3
and S4, ESI†) are very similar to those of 2D, the 1H NMR
spectrum shows characteristic multiplet signals due to g-CD
(Fig. S6, ESI†). 3D was assigned as a 1 : 2 adduct of 2D and g-CD
with a chemical formula of Na3[1

D]$1/3NaOAc$2(g-CD)$nH2O
based on the 1 : 2 integration ratio of the 1H NMR signals due to
[1D]3� and g-CD, together with elemental analysis. Consistent
with the difference in crystal shapes between 2D and 3D, the
PXRD pattern of 3D differs signicantly from that of 2D (Fig. S8,
ESI†).

Crystal structure of 3D

The SCXR analysis revealed that 3D contains Na+ cations and
[1D]3� anions in a 10 : 3 ratio, as does 2D. However, Na+ cations
in 3D exist as [Na4(H2O)9]

4+ and [Na(H2O)3]
+ cations in a 1 : 6

ratio, with 2 [Na(H2O)3]
+ cations being attached to each [1D]3�

anion (Fig. 3a). This is different from the presence of
[Na4(H2O)15]

4+ and [Na(H2O)6]
+ cations in a 1 : 1 ratio in 2D. The

structural difference between 2D and 3D is also observed in the
sodium(I) cluster cations; the central NaI atom bridges the 3
terminal NaI atoms through 6 water molecules to form [Na4(m-
H2O)6(H2O)9]

4+ in 2D, while 3 of the 6 water molecules are
involved in bridging to form [Na4(m-H2O)3(H2O)6]

4+ in 3D

(Fig. 3a). As in 2D, the [1D]3� anions in 3D are linked by sodium(I)
cluster cations in a 3-connectedmode, forming a trimer subunit
composed of 3 [1]3� anions linked by the [Na4(H2O)9]

4+ cation
(Fig. 3a). In 3D, however, the trimer subunits are connected in
a planar fashion by 6 adjacent subunits though H2N/OOC
hydrogen bonds (av. N/O ¼ 2.90 �A) in a 2D layer structure,
having hexagonal open channels with a dimeter of 20 �A sur-
rounded by 6 [1]3� anions in a helical fashion (Fig. 3b).
Fig. 3 Crystal structures of 3D crystallized in the monoclinic space
group C2. (a) The linkage of [1D]3� anions with [Na4(H2O)9]

4+ cations in
a 3-connected mode. (b) The 2D porous framework. (c) The double
layer of g-CD between the 2D porous frameworks. (d) The cyclic
hexamer of g-CD located in the hexagonal cavity.

9250 | Chem. Sci., 2020, 11, 9246–9253
In 3D, g-CD molecules are accommodated between the 2D
porous layers (Fig. 3c), such that 6 g-CD molecules self-
assemble into a helical cyclic hexamer with a diameter of 34 �A
by forming intermolecular OH/O hydrogen bonds (av. O/O¼
2.90�A). Part of each g-CD molecule in the hexamer is included
in the cavity of its adjacent molecule, retaining the original
truncated cone shape (Fig. 3d and S11, ESI†). From the
comparison of the volume of the hexamer of g-CD molecules
(8561 �A3) with that of each g-CD molecule (1532 �A3), the inclu-
sion ratio of g-CD was estimated to be 7% in the hexamer. Each
helical hexamer of g-CD in 3D is hydrogen-bonded to 6 adjacent
hexamers (av. OH/O ¼ 2.77�A) to form a single layer, which is
stacked with the other layer through OH/O hydrogen bonds
(av. OH/O ¼ 2.81�A), forming a double layer structure of g-CD
(Fig. 3c and S11, ESI†). Note that each helical hexamer of g-CD
sits on a helical hexagon composed of 6 [1]3� anions sharing a 6-
fold axis (Fig. 3d), such that carboxylate groups of each [1]3�

anion are tightly hydrogen-bonded (av. O/O ¼ 2.62�A) with the
secondary hydroxyl groups of g-CD molecules (Fig. S12, ESI†).

As in the case of 2D, soaking crystals of 2L in a mother liquor
aer adding g-CD resulted in the disappearance of the crystals.
However, no crystalline product appeared for at least 2 weeks.
On the other hand, the crystals of 2DL remained unchanged for
at least 2 weeks without dissolution when the crystals were
soaked in a mother liquor containing g-CD under the same
conditions.

Discussion

In this study, we found that the crystallization of a powder
sample of LL-Na3[Au3Co2(D-pen)6] (Na3[1

D]) from an aqueous
NaOAc/HOAc buffer leads to the production of purple crystals
with a truncated hexagonal pyramid shape (2D), which
possesses a 3D structure with a high porosity of 78%, compa-
rable to that of the previously reported [Co(H2O)6]3[1

D]2.32 This
structure contains [Na(H2O)6]

+ and [Na4(H2O)15]
4+ as cationic

species and is entirely different from the dense 3D structure
that was formed by the crystallization of Na3[1

D] from water.
Since the formation of the dense structure is a result of the
coordination of all the carboxylate groups in [1D]3� to Na+

centres, the presence of excess acetate ions in the aqueous
buffer, which cover Na+ ions to prevent carboxylate coordina-
tion, is key to the construction of the highly porous structure in
2D. The presence of excess sodium cations is also crucial to the
generation of 2D because they are needed for the formation of
the [Na4(H2O)15]

4+ cluster cations. The most characteristic
structural feature of 2D is the linkage of 3 [1D]3� anions in
a skewed arrangement not only via [Na(H2O)6]

+ through
hydrogen bonds but also via [Na4(m-H2O)6(H2O)9]

4+ through
coordination bonds; this linkage leads to the generation of
nanometre-sized open channels consisting of 10 [1D]3� anions
connected by 10 [Na(H2O)6]

+ and 10 [Na4(m-H2O)6(H2O)9]
4+

cations. Despite the presence of large open channels, crystal 2D

is quite stable in a mother liquor for a long period of time,
which is in contrast to the facile structural conversion of the 3D
porous [Co(H2O)6]3[1

D]2 under the same conditions. This is due
to the linkage of [1D]3� anions by [Na4(m-H2O)6(H2O)9]

4+ cations
This journal is © The Royal Society of Chemistry 2020
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through coordination bonds in 2D, together with [Na(H2O)6]
+

through hydrogen bonds, while [1D]3� anions are linked only by
[Co(H2O)6]

2+ through hydrogen bonds in [Co(H2O)6]3[1
D]2.

As expected, a crystallization procedure similar to that of DD-
Na3[Au3Co2(L-pen)6] (Na3[1

L]) yielded truncated hexagonal
pyramid crystals (2L), which have a 3D porous structure enan-
tiomeric to that of 2D. Notably, the crystallization of a 1 : 1
mixture of Na3[1

D] and Na3[1
L] yielded different shaped crystals

(2DL) rather than a mixture of 2D and 2L crystals. While 2DL

contains [1D]3� and [1L]3� anions in a 1 : 1 ratio, [1D]3� and
[1L]3� anions are independently connected by [Na3(H2O)7]

3+

cations to form a pair of enantiomeric 3D frameworks that are
essentially the same as those of 2D and 2L. In 2DL, the frame-
works are interpenetrated in each other to form a denser
structure with a much lower porosity than that of 2D or 2L. Such
an enantioselective linkage of a pair of enantiomeric ionic
species to a pair of enantiomeric coordination frameworks that
are interpenetrated with each other in a crystalline lattice is
unprecedented, although the interpenetration of a pair of
enantiomeric metal–organic frameworks generated from metal
ions and organic ligands has been reported.38–42

The high robustness of the 3D coordination framework with
large, hydrophilic open channels in 2D prompted us to investi-
gate the inclusion of g-CD molecules in its cavities. Contrary to
our expectation, soaking crystals of 2D in a mother liquor con-
taining g-CD resulted in transformation of the crystals into
another crystalline phase (3D) within one day, incorporating g-
CDmolecules in the crystal. While 3D contains [1D]3� and Na+ in
a 3 : 10 ratio, as does 2D, 3D adopts a 2D layer structure rather
than the 3D structure observed in 2D. The structural trans-
formation of the 3D framework in 2D to the 2D framework in 3D

is accompanied by the alternation of [Na4(m-H2O)6(H2O)9]
4+ in

2D to [Na4(m-H2O)3(H2O)6]
4+ in 3D, which allows the linkage of 3

[1D]3� anions in a planar arrangement in 3D rather than the
skewed arrangement in 2D. In addition, each [1D]3� anion bears
pendent [Na(H2O)3]

+ cations, which appears to prevent the
linkage of the trimer units with additional [Na4(H2O)9]

4+ ions.
Thus, the trimer units are hydrogen-bonded to each other in
a planar fashion, forming a 2D layer structure with hexagonal
cavities, each of which is surrounded by 6 [1D]3� anions in
a helical arrangement. In 3D, g-CD molecules are accommo-
dated between the 2D layers to form a unique double layer of g-
CD. Of particular note is that the g-CD molecules in the double
layer exist as cyclic hexamers with a diameter of 34�A, in which
part of one g-CD ring is included in an adjacent ring in a helical
fashion. It has been proposed that g-CD can be self-assembled
to formmolecular aggregates,21,23 but their exact structures have
remained unknown. This is the rst structurally characterized
self-assembly of g-CD molecules, the structure of which is
reminiscent of hexamers found in natural proteins such as
glutamine synthetase.43,44 The self-assembly of g-CD with the
partial inclusion of one molecule within another molecule is
itself remarkable because the hydrophilic nature of the exterior
of g-CD covered by hydroxyl groups is quite suitable for 1D and
2D arrangements through intermolecular hydrogen bonds, as
reported in previous studies;45–52 the assembly of CD molecules
into discrete oligomers has been achieved only by the
This journal is © The Royal Society of Chemistry 2020
modication of the CD ring via organic syntheses such that
a hydrophobic substituent group attached to one CD ring can be
inserted into another CD ring via hydrophobic interactions.15,53

An additional note is that crystals of 2L and 2DL do not permit
such incorporation of g-CD molecules accompanied by the
structural transformation. This implies that the chirality of the
host framework in 2D composed of [1D]3� anions with D-pen
ligands, as well as its highly porous structure with open chan-
nels larger than the size of g-CD, is essential for the appearance
of this unique phenomenon. Molecular model examinations
revealed that nonbonding interactions, rather than hydrogen
bonding, exist between each [1L]3� anion and g-CD molecule
when the [1D]3� anions in 3D are replaced by [1L]3� anions
(Fig. S13, ESI†). Thus, g-CD molecules and [1D]3� anions
mutually recognize their chiralities, leading to the 3D-to-2D
structural transformation to generate helical hexagonal cavi-
ties surrounded by [1D]3� anions, with the concomitant self-
assembly of g-CD molecules into helical cyclic hexamers that
are best tted for the hexagonal cavities.

Conclusion

We showed that the AuI
3Co

III
2 complex-anions with D-penicilla-

mine, LL-[Au3Co2(D-pen)6]
3� ([1D]3�), are organized into the 3D

porous framework in 2D with a very high porosity of 78%,
assisted by aqua sodium(I) species via hydrogen bonds and
coordination bonds, generating nanometre-sized open chan-
nels that allow the inclusion of g-CD molecules inside the
crystal. Such an inclusion of g-CD molecules was not observed
for the corresponding porous framework in 2L with L-penicil-
lamine and the dense framework in 2DL with mixed D-penicil-
lamine and L-penicillamine. This event was found to be
accompanied by the transformation of the 3D framework in 2D

to the 2D layer framework in 3D so as to form hexagonal cavities
that can accept g-CD molecules. Remarkably, the g-CD mole-
cules in 3D existed as huge cyclic hexamers, which is the rst
self-assembly of non-substituted g-CD molecules so far struc-
turally characterized. Thus, the present study realized the
unprecedented self-assembly of g-CD using the 3D chiral
coordination framework, which was transformed to the 2D
framework induced by the chiral-selective inclusion of g-CD
molecules. The chiral, highly porous, guest-responsible frame-
work in 2D appears to be applicable for the chiral-selective
inclusion and the structural determination of other huge
molecules/aggregates such as natural proteins, which cannot be
realized via the recently developed ‘crystal sponge method’ that
employs rigid MOFs with limited void spaces.54–56
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