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Two three-dimensional frameworks composed of
doubly interpenetrating networks of the same topol-
ogy but different stereoisomeric structures have been
constructed from self-assembly of the chiral building
block, A- or A-[Nd(ntb),]**, with different spacers
bipy and bpen (ntb = tris(2-benzimidazolylmethyl)
amine, bipy = 44-bipyridyl, bpen = trans-1,2-bis
(4-pyridyl)ethylene). In the crystal structure of
[Nd(ntb),[{ClO,);-3bipy-2H,0 the spacer bipy con-
nects [Nd(ntb),]’* cations of the same handedness to
generate a chiral network Az-A...(or
Az-A. [N d(ntb)z](bipy)3}3+w, which is interpene-
trated further by another identical network. The crys-
tal structure of [Nd(ntb),)(C1O,)3-3bpen-H,O shows a
topologically similar but achiral framework in which
non-planar and planar bpen spacers connect cations of
the same chirality and a pair of enantiomers, respec-
tively, thus generating a three-dimensional racemate
AyA-A...(or AyA-A..){[Nd(ntb),}(bpen)s**,. Aggrega-
tion of the molecular species is effected by N-H--N
hydrogen bonds, and the observed enantioselective
self-assembly can be rationalized by n--n interactions
between aromatic rings.

Keywords: Tripodal ligand, neodymium(IIT) complex, spacer,
framework, self-assembly, chirality

* Author for correspondence.
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INTRODUCTION

The crystal engineering of supramolecular
arrays is currently one of the most important
areas of research that has implications for the
rational design of functional materials.! Two
major directions® have been actively pursued:
the construction of organic networks consoli-
dated by directional non-covalent interactions,®
and that of coordination polymers sustained by
coordinate covalent bonds.! More recently,
design strategies relying on the incorporation of
both types of interactions have become increas-
ingly prominent. This fascinating approach is
dominated by supramolecular self-assembly,
which is natural in origin and presently gener-
ally harnessed in unnatural systems.’> The
self-assembly of chiral supramolecular entities is
common in vivo. However, the design of artificial
chiral self-assembling systems with coordination
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motifs is regarded as a new endeavor and there-
fore quite chailenging® Lehn and co-workers’
have proposed that supramolecular chirality
may be achieved if (i) at least one component is
asymmetric, or (ii) the interaction between achi-
ral components is dissymmetrizing, yielding a
chiral association. Based on the second principle,
various  helical  arrays® and  chiral
frameworks’have been synthesized. On the
other hand, self-assembly using chiral coordina-
tion motifs that are held together by non-cova-
lent interactions is less explored, although some
self-assemblies of diverse chiral molecular
squares have been reported."’]O In a previous
paper,}! we reported doubly interpenetrating
two- and three-dimensional networks, with an
encapsulated lanthanide(IlI) cation [Ln(ntb)z]3+
1 as the building block and hydrogen-bonded
4,4 -bipyridyl as a spacer, in three related com-
plexes [Pr(ntb),](ClO4);2bipy-1.5H,0 2 and
[Ln(ntb),(ClO4)5-3bipy-nH,O (3, Ln=Eu, n=2;
4, Ln = Tb, n = 1). Here we describe the construc-
tion of stereoisomeric doubly interpenetrating
three-dimensional networks in
[Nd(ntb),](ClOy),-3bipy-2H,O 5 and
[Nd(ntb),](ClO,);-3bpen-H,O 6 from enantiose-
lective self-assembly of the same [Nd(ntb)2]3+
building block with the spacers bipy and bpen
(bipy = 4,4'-bipyridyl, bpen = trans-1,2-bis(4-
pyridyl)ethylene), placing particular emphasis
on the stereochemical diversity resulting from
the size and conformational preference of differ-
ent spacers.

RESULTS AND DISCUSSION

The tripodal ligand tris(2-benzimidazolylme-
thyl)amine (ntb) reacts with hydrated lantha-
nide(Ill) nitrates to give 1.1 complexes
[Ln(ntb)(NO3);1-H,0,'2 while with perchlorate
salts a 2:1 [Ln(ntb)z]3+ cation’'1? is formed,
which can be readily assembled by spacer
4,4 -bipyridyl to produce hydrogen-bonded net-
works.!"! The present pair of complexes were

synthesized using the same neodymium(III) ion
but different spacers bipy and bpen, and were
characterized by single crystal X-ray analysis.
Information concerning crystallographic data
and structure refinement is given in Table I.

In both [Nd(ntb)z](CIO4)33b1py2H20 5 and
[Nd(ntb),](C10,)5-3bpen-H,0O 6, each ntb ligand
displays a tripod-like tetradentate coordination
mode with the metal ion surrounded by six ben-
zimidazole arms of two ntb ligands to give a
[Nd(ntb)z]3+ sepcies. Thus the central Nd(III) ion
is eight coordinated and encapsulated in a
slightly distorted cubic environment.!"13The
Nd-N bond distances show no remarkable fea-
tures and closely resemble each other in 5and 6,
and selected bond distances and bond angles are
listed in Table II. Since the [Nd(ntb),]** cations
in 5 and 6 are isostructural, only the molecular
structure and atomic numbering scheme for 5
are depicted in Fig. 1. The pair of tripodal ntb
ligands wrap around the Nd*" ion in such a way
that a Cs axis (pseudo-Cj in 6) passes through the
two apical tertiary amino nitrogen atoms and the
central metal atom. Viewing down this Czaxis
from either apical nitrogen atom to the Nd** ion
in opposite directions, the two ntb ligands have
the same right- or left-handed propeller appear-
ance. This type of helical arrangement is intrinsi-
cally chiral and results in a pair of enantiomers.
The A and A enantiomers of [Nd(ntb),]*" are
defined as shown in Scheme 1. Viewing down
the Czaxis along a N-M bond, if the arms of the
top ntb ligand wrap around the central metal ion
in a clockwise propeller-like fashion, the chiral-
ity symbol A is assigned; conversely, if the pro-
peller takes an anti-clockwise shape, the symbol
A is applicable.! The ntb ligand itself is achiral
in solution, so that its chelation to the Nd(III) ion
is expected to produce enantiomeric
[Nd(ntb),]*>* cations in equal numbers. As each
ntb ligand possesses three NH groups that are
potential hydrogen-bond donors (see Fig. 2), it is
possible in principle to self-assemble the
[Nd(ntb),]** motifs by employing a linear
difunctional hydrogen-bond acceptor such as
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bipy or bpen as a spacer component, and the

stereochemistry of the resulting supramolecular  used.

TABLE I Data collection and processing parameters of 5 and 6

413

array may be profoundly affected by the spacer

Complex 5 6
Empirical formula C7gH7Cl3NpgNdOy Cg4H74Cl3N»NdOy 4
Color and habit pale purple prism pale purple prism
Crystal size (mm) 03x03x%x02 0.4x0.36x0.3
Crystal system rhombohedral monoclinic

Space group
Unit cell dimensions

a(A)

b (A)

c(A)

o(deg.)

B(deg.)

y(deg.)
Volume (A%)
zZ
Formula weight
Density (cal.} (Mg/ m°)
Absorption coefficient (mm™)
F(000)
Temperature (K)
Theta range (deg)
Reflections measured
Index ranges of measured data
Independent reflections
Observed reflection
Absorption correction
Relative transmission factors
Number of variables
Final R indices (obs.)
R indices (all)

Goodness-of-fit index
Largest and mean A/o

Largest difference peak (¢A=>)

R32 (No. 155)

16.403(2)
16.403(2)
27.497(5)
60
60
120
6407(2)
3
1762.13
1.370
0.774
2703
293(2)
1.61 to 23.26
7875
b, -18 - 15, k, -15 - 17; 1, -30 — 19
2064 (Rint = 0.0703)
2048 (I > 26(0))

None

174
R1=0.047
wR2 =0.123 R1 = 0.052
wR2 =0.146
1.06
0.006, 0.001
0.731, ~0.478

C2/c(No. 15)

22.147(4)
16.082(3)
26.748(5)
90
113.66(3)
90
8726(3)
4
1822.22
1.387
0.759
3732
293(2)

1.62 to 25.63
13150
h,-26-0,k -19-19;1,-29- 31
7554 (Rint = 0.0729)
6895 (I > 20(I))
ABSCOR
0.815-1.139
537
R1=0.083
wR2 = 0.233 R1 = 0.088
wR2 =(.240
1.11
0.031, 0.005
0.832, -0.610
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TABLE II Selected bond lengths (A)and angles (deg)

(i) Complex 5

Nd(1)-N(1) 2.776(3) Nd(1)-N(3) 2.573(2)
N(3)-Nd(1)-N(1) 63.10(4) N(3)#2-Nd(1)-N(1) 116.90(4)
N(3)£1-Nd(1)-N(3) 101.12(5) N(3)#2-Nd(1)-N(3) 175.0(2)
N(3)}#3-Nd(1)-N(3) 82.9(2) N(3)#4 Nd(1)-N(3) 75.1(2)
Hydrogen bonding
N(2) ~-N(4)#3 2.832 N(2)-H(2a)--N(4)#3 165.3
Symmetry transformations used to generate equivalent atoms:

K1 -x+y+2, -x+2, 2 #2 x-y+2/3, -y+4/3, -z+4/3

43 y+2/3,x-2/3,-z+4/3 #4-x+8/3, -x+y+4/3, -z+4/3
(ii) Complex 6
Nd(1)-N(1) 2.768(3) Nd(1)-N(21) 2.536(4)
Nd(1)-N(11) 2.544(4) Nd(1)-N(31) 2.550(4)
N(1)#1-Nd(1)-N(1) 178.52(15) N(11)-Nd(1)-N(1) 63.74(11)
N(21)-Nd(1)-N(1) 63.89(11) N(31)-Nd(1)-N(1) 63.95(11)
N(11}#1-Nd(1)-N(1) 116.20(11) N(21)#1-Nd(1)-N(1) 114.84(11)
N(31)£1-Nd(1)-N(1) 117.34(11) N(21)-Nd(1)-N(11) 101.88(12)
N(21)-Nd(1)-N(31) 103.04(12) N(11)-Nd(1)-N(31) 101.27(13)
N(21)#1-Nd(1)-N(11) 75.16(12) N(21)-Nd(1)-N(21)41 79.13(16)
NI1D#1-Nd(1)-N(11) 176.27(17) N@E1)#1-Nd(1)-N(31) 74.96(16)
N(21)-Nd(1)-N(31)#1 176.21(13) N(11)-Nd(1)-N(31)#1 81.74(13)
Hydrogen bonding
N(12)--N(2)#2 2.775 N(12)-H(12a)--N(2)#2 169.5
N(22)--N(3)#3 2.730 N(22)-H(22a)--N(3)43 170.5
N(32)--N(4)#4 2.838 N(32)-H(32a)--N(4)#4 167.9

Symmetry transformations used to generate equivalent atoms:

#1x+1,y, -z+1/2
#3-x+3/2, -y+1/2, -2+1

B2x+1/2, y+1/2, 2
#4x, -y, 2-1/2

Single crystal X-ray analysis has shown that in
both 5 and 6 the [Nd(ntb),]*" building block is
involved in six donor hydrogen bonds with six
neighbouring bipy or bpen units. The supramo-
lecular hydrogen-bonding scheme is represented
in Fig. 3. There is only one crystallographically
unique N-H-“N  hydrogen bond in 5
(N(2)-N(4b), 2832 A, N(2)-H(2a)-N(4b),
165.3°), while in 6 six N-H:~N hydrogen bonds

are generated by the two-fold axis through the
central Nd(III) ion from three independent ones
(NN, 2.774-2.838 A; N-H--N, 167.5-170.5°; see
Table II). Alternate linkage between a single
[Nd(ntb),]** motif with three different adjacent
bipy or bpen molecules leads to an open
three-dimensional cationic network (Fig 4a) with
large voids to be filled by another identical inter-
locking network (Fig.4b). The resulting
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FIGURE 1 Top view of the cation [Nd(ntb)2]3' (A configuation) in complex 5 showing atoms as thermal ellipsoids at 30% proba-

bility level. All H atoms have been omitted for clarity

three-dimensional framework of 5 (Fig.5) is
essentially the same as those of 3 and 4, but
exists in a space group of higher symmetry, sug-
gesting that crystal symmetry increases with the
ionic radius of the metal center. The network of
both 5 and 6 may be assigned to the a-polo-
nium-related topology as shown in Fig. 6.1 The
main difference is that larger voids are formed in

6. As illustrated in Fig. 6, the separation between
neighboring metal atoms within an independent
network is ca. 20.6 A in 5, and 21.5-23.1 A in 6.
The closest distance between metal atoms
belonging to two interlocking networks is ca.
132 A in 5, and 13.7 A in 6. This difference
between 5 and 6 is obviously associated with the
structural characteristics of the spacers used: the
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distance between the terminal nitrogen atoms in
bipy is 7.0 A, while that in bpen is 9.4 A. Obvi-
ously, the longer spacer bpen only results in a
looser interlocking of the two networks but does
not change the network topology.

The most striking feature of the three-dimen-
sional frameworks of 5 and 6 is that their stereo-
chemistry is controlled by the spacer employed.
In 5, the spacer bipy promotes aggregation of
isomers of the same chirality to give an extended
three-dimensional network designated as A3-A...
or Az-A.... Two such networks of the same hand-
edness interpenetrate each other to form a chiral
framework. On the other hand, the non-planar
and planar bpen spacers in 6 connect the same
chiral [Nd(ntb),]**building blocks and a pair of
enantiomers, respectively, thereby generating a
three-dimensional racemic compound14 MA-A. ..
(or AzA-A...) of the same network topology as 5.
Since the ligand ntb is achiral in solution, and
coordination of ntb to Ln3*produces a racemic
mixture of enantiomeric A and A building
blocks, the hydrogen-bonding driven self-assem-
bly process may be considered to be enantiose-
lectively spacer-controlled as illustrated in
Scheme 1.

The intrinsic reason that causes this stereo-
chemical diversity may be found from the n-n
aromatic interactions between the spacers and
the benzimidazole rings of the ntb ligands,
because the same building blocks and the similar
lattice architecture shared by 5 and 6 can provide
insights into the observed stereochemical differ-
ence. In general, the spacers bipy and bpen are
both linear difunctional and composed of two
pyridyl rings. However, the single bond
between the pyridyl rings in bipy can rotate
freely, while rigidity of the ethylene double
bond in bpen favors the coplanar conformation.
The crystal structure analysis shows that the two
six-numbered rings of bipy in 5 make a dihedral
angle of ca 31°, which seems to be a favorable
conformation of bipy for connecting a pair of
neighbouring [Nd(ntb),]*" motifs of the same
chirality. As shown in Fig. 7a, each bipy forms

two face-to-face aromatic interactions with two
adjacent benzimidazole rings of one [Nd(ntb),]**
motif, the centroid-to-centroid distance (d) and
corresponding interplanar angle (1) being 4.65 A
and 21° respectively, plus two edge-to-face
interactions with two adjacent benzimidazole
rings of another [Nd(ntb)2]3+ motif at d =5.35 A
and 1=44.5°1° Thus two [Nd(ntb),]*" motifs
separated by one bipy exhibit the same chirality.
Each [Nd(ntb),]>* motif in the a,b plane is posi-
tioned at the center of a hexagon composed of six
surrounding [Nd(ntb),]** motifs. As shown in
Fig. 7b, adjacent motifs are separated by a bipy
ligand, and the six bipy ligands surrounding a
central motif are involved in twelve face-to-face
and twelve edge-to-face aromatic interactions
between the central and the neighboring motifs,
all of which having the same chirality. On the
other hand, the bpen ligand in 6 takes two kinds
of conformation: in one its six-numbered rings
are nearly coplanar and in the other they make a
dihedral angle of 36.2°. The latter “torsional” one
separates two [Nd(ntb),]*>" motifs of the same
handedness, as in the case of bipy in 5, but the
former “coplanar” one serves as a bridge
between a pair of enantiomeric [Nd(ntb)z]3+
motifs. This relationship can be dipicted in
Fig. 8a, in which the torsional bpen forms two
face-to-face aromatic interactions with two adja-
cent benzimidazole rings of one [Nd(ntb),]**
motif at d= 458 A and t=174° and two
edge-to-face interactions with two adjacent ben-
zimidazole rings of another [Nd(ntb)2]3+ motif at
d=5.06 A and 1 = 48°. On the contrary, each of
the two independent coplanar bpen spacers is
nearly parallel to two benzimidazole rings of a
pair of neighbouring enantiomeric [Nd(ntb),]**
motifs and perpendicular to two adjacent benz-
imidazole rings of them (Fig. 8a), thus showing
two face-to-face m-m interactions (d lie in the
range of 3.77-4.37 A and 7 in the range of 7.3
8.6°) and two edge-to-face interactions (d, 4.62—
5.03 A; 1, 56-76.4°). A racemic layer matching the
(200) plane may be best described as composed
of rows of [Nd(ntb),]*>" enantiomers in an alter-
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N N
B Ln(III

[Ln(ntb),]*, 1

As—A... assembly

As—A... assembly

A A—A... (or AyA-A..)
assembly

SCHEME 1

nate arrangement along the ¢ axis (Fig. 8b).
Within each row running parallel to the b axis,
adjacent motifs of the same chirality are sepa-

rated by a torsional bpen ligand, and between
adjacent rows the enantiomeric motifs are sepa-
rated by coplanar bpen ligands.
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H22a

FIGURE 2 Side view of the cation [Nd(ntb),}* in complex 6. Note that the six NH groups that point in opposite directions are

potential hydrogen-bond donors

From the above discussion we can see that the
clustering of n-n interactions play an important
role in stabilizing the supramolecular assembly
of [Nd(ntb),]** building blocks with bipy or
bpen.!” Especially in 6 the stabilization energy is
strong enough to compensate for the destruction
of the conformation energy of bpen. Most impor-
tantly, this stabilization makes it practicable to
control the stereoselectivity of self-assembly by
hydrogen bonding. The crystal structure analy-
sis results demonstrate that the stereochemical
structure of the three-dimensional frameworks is

closely related to the conformation of the spac-
ers. In other words, stereochemical recognition
between the spacers and the building blocks can
determine the chirality of the resulting frame-
works. From Fig. 4 and 5 we can see that the net-
works may be considered to be constructed from
the hydrogen-bonding self-assembly of layers of
[Nd(ntb),]*>* building blocks with bipy or bpen
spacers. In addition, a torsional spacer excludes
either inversion or mirror symmetry so that it
connects the same chiral building blocks,
whereas a coplanar spacer is compatible with
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FIGURE 3 The supramolecular hydrogen-bond scheme in complex 5 showing that each [Nd(ntb),]>* motif forms six donor

hydrogen-bonds with six neighboring bipy spacers

inversion symmetry and a pair of enantiomers
can be bridged, as illustrated in Scheme 1. This
enantioselective assembly necessitates that the
layers assembled by bipy in 5 have the same chi-
rality, and a chiral network is formed accord-
ingly. Since each layer is interpenetrated by the
bipy spacers of another network, both interlock-
ing networks must also have the same chirality.
On the other hand, in 6 the coplanar bpen joins a
pair of enantiomeric building blocks while the
torsional bpen connects building blocks of the
same chirality, so the racemic layers assembled
by both coplanar and torsional bpen result in a
racemic network which is interlocked by an
identical one.

The network of 6 represents another type of
crystalline racemate that is different from the
known examples’®% in which equivalent net-
works of opposite handedness interpenetrate
each other. On the other hand, spontaneous reso-
lution has been found in the assembly of metal-
lohelical compexe517b’18 involving  both
hydrogen bonding and coordinate bonding.

However, to our knowledge most of the
reported chiral networks®® %15 are coordination
polymers, and chirality is often achieved based
on the second principle proposed by Lehn and
co-workers.” Since achiral starting materials
were used to obtain a racemic mixture of chiral
building blocks, the spontaneous resolution of 5
may be considered as a new strategy for con-
struction of chiral networks assisted by enanti-
oselectively spacer-controlled self-assembly of
hydrogen-bonding interactions.

In summary, we have demonstrated that both
chiral and achiral three-dimensional networks
with doubly interpenetrated o-polonium-related
topology can be constructed from spontaneous
self-assembly of chiral coordination motifs uti-
lizing hydrogen-bonding interactions. The weak
aromatic n-n interactions contribute greatly to
the stabilization of this supramolecular assembly
and lead to enantioselective recognition between
the chiral building blocks and the spacers used.
This enantioselective self-assembly process con-
trolled by suitable spacers as presented here may
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FIGURE 4 Three-dimensional frameworks in the crystal structure of 6: (a) one independent network viewed parallel to the
baxis; (b) doubly interlocking networks from the same perspectlve For clarity, each 2-benzimidazolylmethyl arm of the ntb lig-
and is rapreqtnted by a long rod joining each NH group to the Ln**ion. All hydrogen atoms, water molecules and perchlorate
ions have been omitted. The independent interpenetrating networks are differentiated by solid and open shading
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FIGURE 5 Three-dimensional doubly interlocking frameworks in the crystal structure of 5. Representation of the supramolecu-
lar structure is simplified in the same manner as in Fig. 4
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FIGURE 6 Two-fold interpenetration of a-polonium-related nets in 6. The balls represent Nd atoms, and each rod represents a
pair of 2-benzimidazolylmethyl arms and a bpen spacer that are connected by hydrogen bonds

contribute to a better understanding of enanti-
oselective separation and the synthesis of porous
chiral solids.

EXPERIMENTAL

Hydrated neodymium(lIl) perchlorate was pre-
pared by dissolving the neodymium oxide
(99.99%) in 30% perchloric acid. The ligand
tris(2-benzimidazolylmethyl)amine (ntb) was
synthesized following a slight modification of
the method of Phillips by Oki et. al.,'The com-
plexes were prepared in a similar way: hydrated
neodymium(IIl) perchlorate was mixed with 2
equiv. of ntb in methanol, to which 3 equiv. of
bipy (or bpen) dissolved in acetonitrile was
added. The mixture was allowed to stand for
several days to deposit a crystalline product.
Intensities were collected on a Siemens
SMART CCD area detector three-circle diffrac-
tometer for 5 and a Rigaku RAXIS IIC
image-plate diffractometer for 6 with graphite
monochromated Mo-K,, radiation (x =0.71073
A) at 294 K. Absorption corrections were applied
using ABSCOR? for 6 but none for 5. The struc-
tures were solved by direct methods and refined

by full-matrix least-squares using the SHELX-93
or 97 program package.Z] Information on crystal
data and data collection parameters is given in
Table 1. In 5 the [Nd(ntb),]*>* cation has exact D
symmetry with a C3 axis passing through the
apical nitrogen and the central Nd(III) atoms.
The perchlorate anion is located on a C; axis and
orienttationally two-fold disordered. In 6 two
independent bpen ligands are located at inver-
sion centers. In the third bpen ligand that occu-
pies a site of symmetry 2, the ethylene carbon
atoms C45 and C46 exhibit disorder over two
sites and were refined isotropically with half
occupancy. One perchlorate anion is axially dis-
ordered about one C1-O bond, while the other is
located on an inversion center and hence orienta-
tionally two-fold disordered. The ethylene car-
bon atom C55 and the water oxygen atom that
exhibit large thermal displacement parameters
were also refined isotropically. All other
non-hydrogen atoms were subjected to aniso-
tropic refinement, while the hydrogen atoms
were included in structure factor calculations
with isotropic thermal parameters. The atomic
parameters of 5 and 6 have been deposited with
the Cambridge Crystallographic data Center as
CIF files CCDC No. 129663 and 129664.
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FIGURE 7 Projection along [001] showing a layer of [Nd(ntb),]>* building blocks separated by bipy spacers in complex 5:
(a) weak face-to-face and edge-to-face n--n aromatic interactions between bipy and neighboring [Nd(ntb)zfa' motifs; {(b) hexago-
nal array of [Nd(ntb),]* building blocks showing the same handedness. The hydrogen atoms, water molecule and perchlorate
ions have been omitted for clarity
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FIGURE 8 Projection along [100] showing a layer of [Nd{ntb),]* building blocks separated by bpen spacers in complex 6:
(a) weak face-to-face and edge-to-face n---n aromatic interactions between the torsional and coplanar bpen spacers and neigh-
boring [Nd(ntb)2]3' motifs of the same chirality and pairs of enantiomers, respectively; (b) [Nd(ntb)z]S' enantiomers arranged in
alternate rows to form a racemic array. The hydrogen atoms, water molecule and perchlorate ions have been omitted for clarity
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