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The design and synthesis of supramolecular architectures
with desired structures, properties, and functions have been
the subjects of intense research in recent years.[!! Polyrotax-
anes>?—in which many molecular “beads” are threaded on a
long molecular “string”—have received much attention
because of their intriguing structures as well as their potential
applications.°1 Our interest in interlocked structures!!'” led
us to develop a simple approach to one-dimensional poly-
rotaxanes with high structural regular-

reaction between lanthanide metal ions—which in general
have larger ionic radii and higher coordination numbers than
transition metal ions—and pseudorotaxanes with other ter-
minal groups such as carboxylate and cyano groups under
hydrothermal conditions. This effort has successfully pro-
duced the first 3D polyrotaxane network. Here we report the
self-assembly and X-ray crystal structure of the novel supra-
molecular 3D net.

The pseudorotaxane 2, prepared by threading CB[6] with
N,N'-bis(3-cyanobenzyl)-1,4-diammoniobutane dinitrate (1),
was treated with Tb(NOj;); under hydrothermal conditions to
produce 3 (Scheme 1). The X-ray crystal structure of 3 reveals
an unprecedented 3D polyrotaxane in which CB beads are

ity.['°] This approach involves formation Hy B u Hy
of a pseudorotaxane by threading a bead EON SN tel N ' N L
with a short string having a pyridyl group H2 2X~ Ha ‘ X~
at both ends, followed by reaction of the 11 22
pseudorotaxane with a transition metal = _
ion to produce a coordination polymer. CB[6] = EQ:HZE = 2 [ 2
The key to the success of this approach is My Tb(ﬁ?a)a/_HzO,
the use of cucurbituril (CB[6])'" ' as a ‘1”:.,‘“’33;;"‘;‘9’
molecular bead: It has a highly symmet- L X~ C
ric structure and is able to form excep- CN (\‘% S AP
. . 1,2 - < =
tionally stable pseudorotaxanes with _Q NO3 O % %’C_(J %*C_\&
) : o % t=1, & FC I3 o=
strings derived from diaminoalkanes. e NO D, \¢ O J"C‘% J)_C_%
o . ,2'| < -CN 3 lo _ NI ARV |
The versatility of this approach has been O~ Q d>= 4 ( )—C—( y =g
- : STHRL T KRR S
demonstrated by the fact that a variety 4 _@ O D) »Cy %*O
of one-dimensional (1D) polyrotaxanes *'C—/
with different structures are obtained 4 —@-Coz‘ 3 5

simply by changing metal ions, counter-
ions, and the string.'d Furthermore,
the same approach allowed us to con-
struct the first 2D polyrotaxane.l'*l Immediately following our
work, Robson and co-workers also reported different types of
2D polyrotaxanes.['*]

The successful construction of a 2D polyrotaxane encour-
aged us to pursue unprecedented 3D polyrotaxanes. At first,
construction of 3D polyrotaxanes appeared to be a simple
extension of the work on 2D polyrotaxanes, but it turned out
to be a challenging goal. For example, all attempts to produce
3D polyrotaxanes using transition metal ions and pseudo-
rotaxanes with pyridyl terminal groups have failed. We
therefore decided to modify our approach by using the
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Scheme 1. Synthesis of 3D polyrotaxane 3 and 2D polyrotaxane 5.

threaded on a 3D coordination polymer network. The basic
building unit of the framework consists of a binulcear Tb**
center and six pseudorotaxane units (4), each of which
contains 3-phenylcarboxylate groups at the terminals. Appa-
rently, under the hydrothermal conditions 1 with cyano groups
was first converted into 4 with carboxylate terminals,!'Y which
then reacted with Tb** to form 3.

Two different types of pseudorotaxane 4 exist in the 3D
framework: One (type I) has 5',n'!-bridging caroxylate termi-
nal groups, whereas the other (type II) has #?-chelating
carboxylate moieties. The two Tb** ions, which are related
to each other by an inversion center located at the midpoint
between the two metal centers, are linked by four 7'n''-
bridging carboxylate groups of type I pseudorotaxane 4 (Tb ---
Tb 3.9774(8) A, Figure 1). Each Tb ion is further coordinated
by an 7?-carboxylate group of a type II pseudorotaxane 4 and
two water molecules. The coordination geometry around the
metal center is best described as a distorted square antiprism
with four oxygen atoms O3, O5, O4A, and O6A forming a
square base. Similar binuclear lanthanide metal centers linked
by four bridging carboxylate ligands are known.[*”]

The binuclear terbium centers and type I pseudorotaxanes
4 form a 2D polyrotaxane network in the bc plane. The 2D
networks, which are stacked along the normal to the bc plane
with a mean distance of 19.8 A, are interconnected by #?
coordination of the carboxylate terminals of type II pseudo-
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Figure 1. Coordination geometry around the binuclear terbium centers in
3. An inversion center is located at the midpoint between the two terbium
ions. The CB[6] beads are omitted for clarity. Selected bond lengths [A]:
Tb---TbA 3.9774(8), Tb—O1 2.409(6), Tb—02 2.473(6), Tb—O3 2.349(6),
Tb—04A 2.417(6), Tb—0O5 2.345(6), Tb—O6A 2.296(6), Tb—O1w 2.451(7),
Tb—O2w 2.442(6).

rotaxane 4 to the terbium ions in the 2D nets to form a 3D
polyrotaxane network (Figures 2 and 3). The 3D polyrotaxane
has an inclined a-polonium topology with the binuclear

Figure 2. Schematic representation of the 3D framework in 3. The circles
represent binuclear Tb centers, and the solid and open connections
represent type I and type II pseudorotaxanes, respectively.

terbium centers behaving as six-connected nodes.l'®! The unit
cell of the a-polonium-like net is depicted in Figure 4. The
void space in the unit cell of 3 is filled with a free
pseurorotaxane 4, counteranions (nitrate and hydroxide ions),
and water molecules.

A small change in the building block results in a totally
different solid-state structure. For example, under the same
conditions the reaction of Tb(NO;); with the isomeric
pseudorotaxane 2', which has 4-cyanophenyl terminal groups,
produces 5 (Scheme 1). The X-ray crystal structure of 5
reveals a polycatenated 2D polyrotaxane (see the Supporting
Information) similar to that formed by the reaction of
Ag(NO;) with a pseudorotaxane with pyridyl terminal
groups.'! Here again pseudorotaxane 2’ is first converted
into 4’ with carboxylate terminals under hydrothermal con-
ditions before being coordinated to Tb metal ions to form 5.
Each Tb metal center in 5, which is coordinated by three
pseudorotaxanes 4, behaves as a three-connected node. The
details of this structure will be reported elsewhere.

2700 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

Figure 3. The 3D coordination polymer network in 3: a) view down the a
axis; b) view down the [011] direction. The CB[6] beads are omitted for
clarity. Tb ion: yellow; type I pseudorotaxane 4: dark and light blue; type IT
pseudorotaxane 4: red.

Figure 4. View of the unit cell of the a-polonium-like net in 3. Tb ion:
yellow; type I pseudorotaxane 4: dark and light blue; type II pseudorotax-
ane 4: red; CB: gray.
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In conclusion, we have presented the first 3D polyrotaxane
net in which beads are threaded onto 3D coordination
polymer networks containing binuclear lanthanide metal
centers. This novel supramolecular 3D network provides not
only an intriguing example of chemical topology['”! but also
new insights into the construction of solid-state materials, in
particular modular open-framework or porous materials,!'$]
which is a subject of current intense investigation.

Experimental Section

3: Pseudorotaxane 2 (0.100 g, 0.065 mmol; see the Supporting Informa-
tion), Tb(NO;);-5H,0 (120 mg, 0.28 mmol), and triethylamine (0.001 mL,
0.007 mmol) were suspended in water (SmL) in a stainless-steel bomb,
which was then sealed, heated at 150°C for 3 d, and cooled gradually to
room temperature. Large, colorless crystals of 3 were collected, washed
with water, and dried in air (73 mg, 68%). Elemental analysis calcd for
Ci1,H123N5,040Tb - 20H,0: C39.74, H 4.85, N 22.35; found: C 39.64, H 4.76,
N 22.53.

5: Under the same conditions as for the synthesis of 3, the reaction of 2’ and
Tb(NO;);-5H,0 yielded pale-yellow crystalline 5 (80 mg, 74 % ). Elemen-
tal analysis caled for C;4H;g)NgyOgeTb, - 24 H,O: C 38.94, H 4.43, N 22.70;
found: C 39.00, H 4.58, N 22.69.

Crystal data for 3: [Tb(CyH,iN;04)15(CasHasN2uO12)15 - 2H,0][(CopHas
N,04)05(CasH36N2O12)os] - (NO3), - (OH), - 20H,0, M, =3429.92, mono-
clinic, space group P2,/c, a=19.8530(4), b =30.5734(5), c =24.1512(2) A,
B=109.411(1)°, V=13825.9(4) A%, Z=4, peyea=1.643 gcm3, T=243 K,
Siemens SMART CCD diffractometer, Mo, radiation (1 =0.71073), u =
6.33 cm~L. The structure was solved by the Patterson method (SHELXS-
86). Because only two nitrate ions were found, two hydroxide ions were
assumed to be present in the lattice for charge neutrality. All non-hydrogen
atoms were refined anisotropically (SHELXL-93). Final block-diagonal
matrix least-squares refinement on F?2 with all 21230 reflections and 2136
variables converged to R1 (I > 20(I)) = 0.0805, wR2 (all data) = 0.2042, and
GOF =1.108.

Crystal data for 5: [Tb,(CyHNy04)3(CisHaNyO1p)s- 6 H,O - (NOs), -
28 H,0, M,=5362.34, rhombohedral, space group Rm, a =b =32.8554(2),
c=172678(2) A, V=16142.9(2) A3, Z =3, peea=1.655 gem3, T=243 K,
Moy, radiation (4=0.71073), «4="7.77 cm~'. Final block-diagonal matrix
least-squares refinement on F? with all 3030 reflections and 274 variables
converged to R1 (I>20(l)) =0.1058, wR2 (all data) =0.3122, and GOF =
1.129.

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-142050 (5)
and CCDC-142051 (3). 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).
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