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ABSTRACT

Coordination framework polymers derived from lanthanide metal
ions with N,N'-dioxide ligands (4,4'-bipyridine-N,N'-dioxide, pyra-
zine-N,N'-dioxide, 1,2-bis(pyridin-4-yl)ethane-N,N'-dioxide, trans-
1,2-bis(pyridin-4-yl)ethene-N,N'-dioxide) exhibit such intricate
architectures that a new strategy is required to appreciate and
understand their structures. Rather than analyzing the overall
structure in terms of the connectivity of individual metal nodes,
which can lead in some cases to extremely complex topological
treatments, our new strategy is based on the visualization of the
structures as combinations of interconnected layered 2-D sheets
or subnet tectons. Despite the diversity and relative complexities
of many of the structures discussed here, they can all be described
by the interconnection of just two types of 2-D subnet tectons, 4*
square grids or 6% hexagonal grids. The interconnection of these
layered sheets with bridging N,N'-dioxide molecules gives rise to
both 2-D bilayer and 3-D network extended structures depending
upon the relative dispositions of the interconnecting N,N'-dioxide
ligands. Thus, 2-D bilayers result when the N,N'-dioxide ligands
that bridge two subnet tectons are located on the same side of the
sheet, while 3-D networks are formed when the bridging N,N'-
dioxide ligands are located on both sides of the sheet. This analysis
allows ready identification and interpretation of some of the most
highly connected and complex architectures yet observed in
materials chemistry.

1. Introduction

The development of metal—organic coordination frame-
work materials is an area of intense current interest!™3
owing to the need not only to understand how crystalline
and ordered materials may be engineered* but also to
elucidate the underlying processes of self-assembly.> Be-
cause the arrangement of individual components within
a material will determine its macroscopic properties and
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function, the rational design of multidimensional and
multifunctional molecular architectures is of great im-
portance for the targeted synthesis of new materials for
solvent inclusion®® or gas adsorption® ! characteristics
or materials with electronic'? or nonlinear optical proper-
ties.’® The majority of the networks reported thus far have
been produced using a building-block methodology'* in
which cationic metal centers are linked by bridging lig-
ands. Owing to their differing coordination numbers and
geometries, the choice of metal center often dictates the
architecture of the resultant framework materials. For ex-
ample, two-fold linear connectivity leads to 1-D chains,
three-fold connectivity leads to brickwall or hexagonal
networks, four-fold square-planar connectivities often af-
ford 2-D sheets, while four-fold tetrahedral and six-fold
octahedral centers give corresponding 3-D-networks. Re-
cently, we have extended this work to include metal cen-
ters of higher coordination numbers and connectivities
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Scheme 1. Anti (a) and Syn Conformations (b) of and Double-Bridge
Formation (c) by 4,4 -Bipyridine-N, \'-dioxide Bound to Lanthanide
Metal Centers
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by utilizing lanthanide(III) centers with seven, eight, and
nine coordinate geometries. To avoid steric crowding at
the metal center, our approach has been to replace 4,4'-
bipyridine with less sterically demanding and more co-
ordinatively flexible ligands such as 4,4'-bipyridine-N,N'-
dioxide (L), which can bridge metal centers in both anti
(Scheme 1a) and syn conformations (Scheme 1b) and can
form “double-bridges” (Scheme 1c), as well as single
bridges (Scheme 1a,b). In all but one of the lanthanide—
4,4'-bipyridine-N,N'-dioxide compounds considered in
this Account, the ligand acts as a u,-bridge as shown in
Scheme 1. In the exception,'® 4,4'-bipyridine-N,N' -dioxide
acts as a u4-bridging ligand. Other structures also exist
in which other N,N'-dioxides act as us- or uy-bridging
ligands to link Ln(III) centers.!®!8 The Ln3*—oxygen donor
combination is effective in framework construction owing
to the complementarity of the hard metal cationic acid
and hard donor base. Thus, reaction of lanthanide(III) salts
and L successfully generates complex frameworks showing
high coordination numbers and unprecedented high
connectivities. The choice of anion and solvent medium
can be critical in these reactions. For example, strongly
coordinating anions and solvent molecules may occupy
coordination sites of the metal center thereby reducing
the number of available coordination sites and lowering
the connectivity of the metal center.

The network polymers produced by combination of
lanthanide(Ill) centers and L exhibit a wide range of
structures, which, like all other inorganic—organic coor-
dination frameworks, can be classified topologically by
consideration of the angles at each node of the network.'®
For nets built up from a set of identical nodes (so-called
uninodal nets), the number of angles at each node,
defined by pairs of edges, differs with the connectivity of
the net; thus, the nodes in 3-, 4-, and 6-connected nets
have 3, 6, and 15 angles, respectively. Since each angle is
contained in a circuit with N other nodes, the net can be
characterized by a “Schléfli” symbol? that defines the
number of nodes in the shortest circuit associated with
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(b)
FIGURE 1. Identification of 3%-nets in (a) hexagonal and (b) cubic
close-packed structures.

each of the angles. For example in a 4-connected diamond-
type net where all six angles are equivalent and form part
of six-membered circuits,>! the symbol would be 6°.
Alternatively, if two of the angles were involved in four-
membered circuits and four in eight-membered circuits
as in the PtS-type structure,?? the symbol would be 428%.
These are relatively simple topologies; more intricate
architectures have extremely complex topological treat-
ments.

Rather than considering a coordination polymer as an
independent framework to which a discrete topology can
be assigned, we have adopted a new strategy to identify
architectural trends by regarding the polymers as con-
structed from interconnected layered 2-D sheets, which
we term subnet tectons. This approach permits easier
visualization of and simplifies structural interpretation of
high connectivity structures. Furthermore, it allows the
identification of families of structures and their relation-
ships to one another by defining the subnet tectons from
which they are constructed.

The simplest 2-D sheets, which comprise just one kind
of regular polygon, are so-called regular “tilings” or
“tessellations”.?® There are three common architectures,
which are based on triangles, squares, and hexagons. Since
six triangles, four squares, and three hexagons meet at a
node in a 2-D network, giving angles of 60°, 90°, and 120°,
the corresponding Schlifli symbols are 36, 4%, and 6,
respectively (Scheme 2).

Before further consideration of these materials, it is
appropriate to consider the familiar structures of the
elements to illustrate the approach that we adopt. The
majority of metals adopt 12-coordinate close-packed
structures, either hexagonal close-packed?* or cubic close-
packed (face-centered cubic).?® Both can be described as
being formed from parallel 3° nets with each center
providing six links to centers in adjacent nets (Figure 1),
three on each side. Whereas for hexagonal close-packed
structures, these six links lead to centers arranged in a
trigonal prismatic geometry (Figure 2a), for cubic close-
packed structures, the centers are arranged in a trigonally
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Scheme 2. 2-D Nets with (a) 3%, (b) 4% and (c) 6° Topologies

b

C

elongated octahedral geometry (Figure 2b). The hexagonal
symmetry of the former system gives rise to a single set
of parallel 35-nets; the cubic symmetry of the latter system
results in four sets of parallel 35-nets.

Other metals adopt eight-coordinate body-centered
cubic structures.?® This arrangement can be described as
being formed from parallel 4%-nets with each center
providing four links to centers in adjacent nets, two on
each side. These links form an independent series of
parallel 4*-nets aligned at 90° to the original net (Figure
3). 4*-Nets can also be identified in the six-coordinate
structure of a-polonium [the rock-salt (NaCl) structure
with both cation and anion replaced by polonium atoms].
In this case, however, the parallel series of 4*-nets are
interconnected by just two links, one on each side of the
net (Figure 4).

Elements that adopt four-coordinate geometries in-
clude lighter group 14 elements, which adopt diamond
or diamond-type structures.>” Both cubic and hexagonal
(lonsdaleite) forms of the diamond structure are known;
the former is equivalent to the zinc blende (ZnS) structure,
while the latter is equivalent to the wurtzite (ZnS) structure
with both cation and anion replaced by carbon atoms.
Cubic and hexagonal forms can be described as being

FIGURE 2. Linking of 3%-nets in (a) hexagonal and (b) cubic close-
packed structures.

FIGURE 3. Identification of 4*-nets in body-centered cubic struc-
tures.

X

FIGURE 4. Identification of 4*-nets in a-polonium.

derived from puckered 63-nets, each center providing a
single link to centers in adjacent nets, the direction of the
link alternating with neighboring centers. The principal
difference between the two forms is the linking of the six-
membered rings, all of which adopt the chair conforma-
tion (Figure 5), although it should be noted that some six-
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FIGURE 5. Identification of 6%-nets in (a) cubic and (b) hexagonal
diamond-type structures.

A=~
I

FIGURE 6. Identification of 6%-nets in SrAl,-type structures.

membered rings in lonsdaleite adopt boat conformations.
A further linking of 63-nets is found in SrAl,-type structures
(Figure 6).

Elements that adopt three-coordinate geometries in-
clude carbon, as graphite, and the heavier group 15
elements.?? Although they all form 63-nets, that of graphite
(Figure 7) is planar whereas those of group 15 elements
are puckered. As for the group 14 elements, two forms, in
this case termed rhombohedral and orthorhombic, are
known for the group 15 elements (Figure 8). The difference
lies in the way the rings, which again adopt chair
conformations, are linked to generate the 63-net. Graphite
forms a planar 63-net while puckering occurs in the 63-
nets observed in the diamond-type and group 15 element
structures owing to the difference in bond angles, which
is 120° (sp?>-hybridized) for graphite (trigonal planar) and
ca. 109.5° (sp3-hybridized) for the diamond-type (tetra-
hedral) and group 15 element (pyramidal) structures.
Because four-connected metal centers are common, many
metal—organic systems might be expected to adopt 63-
net architectures.
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(b)

FIGURE 8. Identification of 63-nets in the structures of (a) orthor-
hombic and (b) rhombohedral phosphorus.

2. Inorganic—Organic Hybrid Structures

Inorganic—organic coordination polymers can be consid-
ered in an analogous fashion to the elements, the organic
linker equating to element—element bonds. However, the
situation is made much more fascinating and diverse by
the fact that cationic metal centers can be coordinated
by a range of ligands giving a variety of connectivities. For
example, lanthanum(III) can be coordinated by four, five,
seven, or eight 4,4'-bipyridine-N,N'-dioxide (L) ligands in
{[La@)2(NO3)s]} > { [La(L)25(CH;0H) (Ph,B(OMe),)] (BPhy).*
45MeOH} m’30 { [Laz(L)73(CH3OH) (H20)0.4] (CF3503)5} o ,31 or
{[La(L)4](ClO4)3MeOH-4CHCL,CHCl,},%! respectively. Fur-
thermore, the bridging ligands can act independently as
single bridges (Scheme 1a,b) or in pairs as double bridges
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Scheme 3. Linking of 4*-nets (Green Contacts) Formed by
Five-Connected Metal Centers with the Metal Centers Disposed
Such That the Interplanar Bridging (Fifth) L Molecules (Red
Contacts) Are on (a) the Same Side of the Net Thus Forming a 2-D
Bilayer or (h) Opposite Sides of the Net Forming a 3-D Network

b

(Scheme 1c) to give differing connectivities. For example,
eight-coordinate La(IIl) centers are known to form six-
fold (in { [La(L)4] (ClO4)3-CsH5Cl-CH30H} , 2%), seven-fold (in
{[La(L)4](BPhy)+(ClO,),-2.75CH30H}., %), or eight-fold (in
{[La(L)4](ClO4)3*MeOH-4CHCI,CHCl,} » 3") connectivities.

The extended structure of these materials depends in
large part upon the geometry of the metal coordination
center. Taking 4*-nets as an example, it is clear that four-
connected square-planar metal centers will give rise to
2-D sheet architectures, each of the four coplanar coor-
dinated molecules of L participating in the construction
of the 4*-net. Five-connected metal centers, however, can
give rise to either 2-D bilayer or 3-D network structures.
Of the five coordinated molecules of L, four form the 4*-
net while the fifth is perpendicularly aligned to the net.
When all the metal centers in the 4*-nets face in the same
direction, the fifth (interlayer bridging) L molecules are
all on the same side of the net and a bilayer results
(Scheme 3a). On the other hand, if alternate metal centers
face opposite directions, the interlayer L molecules are
equally arranged on both sides of the net and a 3-D
network results (Scheme 3b).

For metal centers with higher connectivity, the situa-
tion is even more complex because the two interlayer L
molecules can be located on either the same or opposite
sides of the metal center as shown in Figure 9 for the six-
connected M(III) centers in {[Yb(L)3](CF3SO3)3}. 2° and
{[Sc(L)31(NOs3)3} ».33 When both of the interlayer bridging
(fifth and sixth) L molecules are located on the same side
of the coordination polyhedron, it is possible to generate
2-D bilayers (Scheme 4a) and 3-D networks (Scheme 4b)
in an analogous manner as for the five-connected metal
centers. When the two interlayer bridging L molecules are
located on opposite sides of the coordination polyhedron,
it is only possible to generate 3-D networks (Scheme 4c).

FIGURE 9. Views of the coordination geometries of the M(lll)
centers in (a) {[Yb(L}s(CF;S0Os)s}. 2 and (b) {[Sc(L)sl(NOs)s}.. %
showing the disposition of the interlayer bridging L molecules on
either the same (a) or opposite (b) sides of the 4*-net.

Although similar arguments apply to systems contain-
ing metal centers with even higher connectivity, for 3-D
network structures with connectivity six and greater, a
significant number of bridging molecules remain following
identification of a 2-D net. In some cases, these bridge
the metal centers to form independent 2-D nets. For
example, six-, seven-, and eight-connected Ln(III) centers
form nodes within two independent and intersecting 6°-
nets, in intersecting 4*- and 6°-nets, and in two indepen-
dent and intersecting 4*-nets, respectively.

Because lanthanide(III) metal centers tend to have high
coordination numbers, high connectivity architectures are
favored. Low connectivity architectures require either the
formation of double bridges, in which two bridging
molecules adopt the syn conformation (Scheme 1b) rather
than the more usual anti conformation (Scheme 1a) to
link a single pair of metal centers (Scheme 1c), or the
occupation of coordination sites by chemical moieties,
such as anions or solvent molecules. However as noted
above, “blocking” one face of the lanthanide(IIl) coordi-
nation polyhedron by chemical moieties does not ensure
bilayer formation because alternate metal centers can face
opposite directions to give a 3-D network. Examples of
the formation of both high and low connectivity archi-
tectures are discussed in more detail in the following
sections.
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Scheme 4. Linking of 4*-nets (Green Contacts) Formed by
Six-Connected Metal Centers with (a, b) Both Interplanar (Fifth and
Sixth) Molecules L (Red Contacts) on the Same Side of the Metal
Centers Forming Either (a) a 2-D Bilayer or (h) a 3-D Network and
with (c) the Two Interplanar L Molecules on Opposite Sides of the

Metal Center, Thus Forming a 3-D Network

2.1. Inorganic—Organic Hybrid Structures Based on
4*-Nets. 2.1.1. Four-Fold Connectivity. Four-fold con-
nectivity is the minimum required for 4*-net formation.
For example, a simple 4*-net is formed in the four-
connected compound { [La(L)>(NOs)3]}« 2° in which La(III)
centers are coordinated by three bidentate chelating
nitrate anions, as well as the four bridging L ligands, which
link to form a near planar 2-D sheet (Figure 10).

2.1.2. Five-Fold Connectivity. As discussed earlier, two
architectures, either a bilayer (Scheme 2a) or a network
(Scheme 2b), can be envisaged for five-connected struc-
tures derived from 4*nets. A bilayer architecture is
observed in {[La(L),5(CH30H),(X)](BPh,),-2.7MeOH}., (X
= norbornyl acetate)? in which the nine-coordinate La-
(III) center is bound by five molecules of L, a bidentate
chelating norbornyl acetate anion and two MeOH mol-
ecules. Of the five ligands L, four are involved in 4*-net
construction with the fifth linking the nets together (Figure
11a). Interestingly, the ligands within the 4*-net adopt a
syn conformation but are anti in the interlayer bridges.
The carboxylate anion, deliberately chosen to block suf-
ficient coordination sites of the La(III) center to encourage
bilayer formation, and the MeOH molecules lie on the
opposite side of the net to the interlayer bridge L. The
alternative architecture in which the Ln(III) cations face
opposite directions and the fifth molecule L is located on
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FIGURE 11. Schematic representations of (a) five-connected, (b)
six-connected, and (c) eight-connected bilayers.

both sides of the 4‘net to generate a 3-D network
structure has not yet been observed.

2.1.3. Six-Fold Connectivity. As noted earlier both
bilayer (Scheme 3a,b) and network (Scheme 3c) architec-
tures can be envisaged for six-connected structures de-
rived from 4*-nets. Several examples of both network types
have been reported.

A family of bilayers derived from six-connected metal
centers, which have either six or eight bound ligands L,
has been discovered for {[Yb(L)3] (CF3SO3)3},?? { [Er(L)s]-
(I3)3'0.5L'MCOH}W, 29 and {[La(L)4] (CIO4)3°C6H5C1'CH3-
OH}...? In {[Yb(L)3(OH,),](CF3S03)s}«, the Yb(III) center
is located in an eight-fold square anti-prismatic coordina-
tion sphere comprising six molecules of L and two
“blocking” water molecules. Four ligands L lie within a
4*-net with the two remaining molecules L bridging on
the same side of the net to give the observed bilayer
architecture (Figure 11b). The two water molecules, which
complete the coordination sphere at Yb(III), are located
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FIGURE 12. A view of the 4*net structure of {[La(L)sJ(CIQ4)sCeHs-
Cl-CH30H} ...

on the opposite side of the 4*-net to the interlayer bridging
ligands L and H-bond to other bilayer arrays.

The topology of {[Er(L)s](Is);-0.5L-MeOH}., * is very
similar to that of {[Yb(L)3](CFsSO3)s}, the principal dif-
ference being the replacement of the “blocking” water
molecules by pendant, nonbridging L molecules. Thus, the
eight-fold square anti-prismatic coordination geometry of
the Er(Il) center is provided entirely by L. Four molecules
L generate the 4*-net, and two bridge on the same side of
the net to separate Er(Ill) centers in an identical net to
give the bilayer architecture (Figure 11b). The two remain-
ing ligands L are monodentate and are located on the
opposite side of the net; adjacent bilayers are thus linked
through 7#—x interactions between these pendant L mol-
ecules, which also provide the space required to accom-
modate the linear I3~ anions.

Like the Er(Ill) center in {[Er(L)s](I3)3-0.5L-MeOH},°
the La(III) center in { [La(L)4](ClO,)3-CsHsCl-:CH3;0H} o, 2 is
bound to eight ligands L in a square anti-prismatic
geometry. In this case, however, six molecules of L are
used to generate the 4*-net, two bridging ligands acting
independently and four acting in pairs to form “double
bridges” (Figure 12). The two remaining L molecules
bridge on the same side of the net to separate La(IIl)
centers of an identical net to give a bilayer architecture
Figure 11b).

Networks derived from six-connected metal centers
that contain 44-nets can be identified in { [Sc(L)3] (X)3}» X
= NOj3 or ClOy),* {[Sc(L)3](CF5S03)3-2.7MeOH-3H,0} ..,
and {[La(L)4][Co(C,H;;By)2]3:0.5MeOH}...3> The Sc(III) ma-
terials are included in this analysis owing to the analogous
electronic configurations of Sc(Ill) and Ln(III) centers. As
for the corresponding bilayer structures, these networks
are formed by metal centers coordinated by both six and
eight ligands L. However, in all four cases, the two
interlayer bridging L molecules are located on opposite
sides of the metal center coordination polyhedron.

The octahedral Sc(Il) centers in {[Sc(L);]X)3} X =
NO; or ClOy)*® are linked to form o-polonium-type
structures but with rhombohedral rather than cubic
frameworks. Thus, following the description of the struc-

(b)

FIGURE 13. Schematic representations illustrating the different links
between the 4*-nets in the six-connected 3-D networks of (a) {[Sc-
(L)3l(X)s} o (X = NOs or ClO4) and (b) {[Sc(L)s](CF;SQ3)3-2.7MeOH-
3H,0} <..

ture of a-polonium they can be considered to comprise
parallel series of 44-nets with each Sc(III) center linked to
two other Sc(III) centers in both adjacent nets (Figures 4
and 13a). As for the a-polonium structure, owing to the
3-fold symmetry of the rhombohedron, there are three
ways (along the three crystallographic axes) of viewing this
particular description of the structures of {[Sc(L)3](X)s}«
(X =NO;s or ClOy),*® the overall topology of which is 41263.33
The third Sc(III) compound, {[Sc(L);](CF5S03)3-2.7MeOH-
3H,0} ., differs from {[Sc(L)3] (X)3}. (X = NO;3 or Cl0,)3
in the displacement of the linkages between the 4*-nets
(Figure 13b). The distorted octahedral geometry of the Sc-
(ITI) center results not in collinear bridges as in the
o-polonium structure Figure 13a) but in alternating
bridges adopting mutually inclined orientations while
linking adjacent 4*-nets (Figure 13b) as a result of which
the topology changes from 4'26% to 486°8.

The six-fold connectivity of the structure of{ [La(L)4] [Co-
(CH11By)213-0.5MeOH} %% in which the La(IIl) center is
surrounded by eight molecules of L, arises from the
presence of four single and two “double bridges” as in
{[La(L)4](ClOy4)3+CeH5Cl-:CH30H} ... In this case, however,
the structure can be considered to be either a series of
parallel 4*-nets built up from four single bridges as in
{[La(L)2(NOs)s]}.. (Figure 10)?° with “double bridges” link-
ing the layers or as a series of parallel 4*-nets built up from
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two single bridges and two “double bridges” as in {[La-
(L)4](Cl0y4)3+CeH5CI-CH30H} ., 2° (Figure 12) with single
bridges linking the layers. Ignoring the difference in the
bridges, the structure is analogous to the a-polonium
structure and has 4'26® topology.

The structure of the lanthanide—1,2-bis(pyridin-4-yl)-
ethane-N,N'-dioxide complex { [Ln(L)3](ClO4)3-H,0}. (Ln
= Er or Yb)!6 is based on a six-connected Ln(III) center.
It is essentially an a-polonium-type framework analogous
to that formed by {[Sc(L)3](X)3}» (X = NOj or CIO,).3

2.1.4. Seven-Fold Connectivity. Structures containing
seven-connected centers are extremely rare. Thus far only
two have been reported, and of these, one occurs in
conjunction with an eight-connected center and will be
discussed in the next section devoted to eight-fold con-
nectivity (section 2.1.5). Seven-connected structures con-
taining 4*-nets have three interplanar bridges. As noted
earlier, there is thus a possibility that these molecules will
link the Ln(III) metal centers to form an independent 6°-
net. This is the case in { [La(L),] (BPh,)(ClO,)3:2.75MeOH}., 3?
in which the unique seven-connected La(IIl) center is
coordinated by eight ligands L, six of which form single
bridges to six neighboring La(Ill) centers, while the
remaining two form a “double bridge” to a single neigh-
boring La(IIl) center. The structure can thus be considered
to be a series of parallel 4*-nets built up from four single
bridges as in { [La(L),(NOs)s]}., (Figure 10)?° with two single
bridges to the adjacent net on one side and a “double
bridge” to the net on the other side (Figure 14a). It is these
three bridges that form the independent 63-subnet (see
section 2.2.3). Thus, this lattice can be viewed most easily
as comprising intersecting 4*- and 6*-nets.

2.1.5. Eight-Fold Connectivity. Networks derived from
eight-connected metal centers that contain 4-nets adopt
both bilayer and 3-D network structures. The bilayer is
not generated in the same way as those observed in five-
and six-connected systems because the Ln(IIl) coordina-
tion sphere does not include any “blocking” molecules.
Instead, the four molecules L forming the 4%-net are
located on one face of the La(IIl) metal center and adopt
syn conformations such that they generate a coplanar
array, while the other four L molecules are located on a
second face of the La(Ill) metal center and bridge to metal
centers in the adjacent 4*-net. In fact, the asymmetric unit
Of { [Laz(L)7_3 (CH3OH) (H20)0.4] (CFgSO3)6} o 31 contains two
independent eight-coordinate La(IIl) centers. One is sur-
rounded by eight L molecules, while the other is ligated
by seven L molecules and a MeOH molecule. Both adopt
tetragonal anti-prismatic La(III) coordination geometries.
At each metal center, four of the bridging ligands are used
to generate a 4*-net. The remaining L molecules are all
located on the same side of the net linking to a second
4*-net to give a bilayer motif (Figure 11c). This arrange-
ment affords three- and four-fold bridges from seven- and
eight-connected centers, respectively, between the two
4%-nets.

4%-Nets can also be identified in three materials derived
from eight-connected metal centers that adopt 3-D frame-
work structures, namely, { [La(L),] (CF3S03)5-4.2MeOH}..,3?
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FIGURE 14. Schematic representations illustrating the different links
between the 4*-nets in the seven- and eight-connected 3-D networks
of (a) {[La(L)sJ(BPh4)(ClO4)3:2.75Me0OH} ., and (b) {[La(L);J(CFsSO3)s*
4.2Me0H} .., which generate 6% and 4*-nets, respectively.

{[La(L)4](ClO4)3*MeOH-4CHCL,CHCL} %! and {[Ln(L),]-
(CF3S03)34MeOH-C,Cly} (Ln = Yb or Eu).?! In all three
compounds, the interlayer bridging molecules L are
located equally on opposite sides of the metal center
coordination polyhedron. However, they differ in their
disposition with respect to the 4%-net. Furthermore, as
noted above, the fact that there are four interlayer bridging
L molecules raises the possibility of the presence of
independent 2-D networks. Indeed, this leads to a range
of structures in which independent 4*- and 35-nets have
been identified.

The structure of {[La(L);](CF3S03)3-4.2MeOH}., % is
relatively straightforward. Each La(Ill) center is coordi-
nated in a compressed square anti-prismatic geometry by
eight L molecules, which bridge to eight different neigh-
boring La(IIl) centers forming a 3-D body-centered cubic
type framework of 426* topology, as in CsClL Thus,
following the description of the structure of body-centered
cubic arrays (Figure 3), { [La(L)4] (CF3;S0s)3-4.2MeOH} ., can
be described as being formed from parallel 4*-nets with
each center providing four links to four different centers
in the two adjacent nets (Figure 14b). As for the body-
centered cubic arrays (Figure 3), these four links form an
independent series of parallel 4*-nets aligned at 90° to the
original net. This architecture can be compared to that
discussed earlier for the seven-connected {[La(L)4] (BPhy,)-
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FIGURE 15. Schematic representations illustrating the different links
between the 4*nets in the eight-connected 3-D networks of (a) {-
[La(L)4](CF5S03)3-4.2MeQH} ., and (b) {[La(L)4](CI04)3-MeOH-4CHCl,-
CHCl3} .

(Cl0y4)5+2.75MeOH} , %2 compound (section 2.1.4). Thus,
replacement of two single bridges by a double bridge
results in reduction in the number of links from eight to
seven and the conversion of one of the 4%-nets, each of
which requires four connections per La(Ill) center, with
a 63-net, which requires just three connections per La-
(ITT) center (Figure 14a).

The structures of {[La(L),](ClO,);-MeOH-4CHCI,CH-
Clz}oo 31 and {[LH(L)4] (CF3SO3)3'4MCOH'C2CI4}O° M = Yb
or Eu)®! are far more complex. Like the cubic close-packed
structure of { [La(L),] (CF3S03)3-4.2MeOH}..,,*? the structure
of {[La(L),4](ClO4)3-MeOH-4CHCI,CHCl}., comprises a se-
ries of 4*-nets linked by four L molecules, which bridge
to four different centers in the two adjacent nets. The
difference lies in the disposition of the 4*-nets (green in
Figure 15) and the bridging L molecules, which can be
considered to form a pair of zigzag chains (red and blue
in Figure 15). Whereas in { [La(L)4] (CF3SO3)3-4.2MeOH} ., %
the 4%-nets (Figure 15a) align in the same direction
allowing the zigzag chains of bridging L molecules to be
coplanar (Figure 15a), in {[La(L)4](ClO4)5*MeOH-4CHCl,-
CHCl,}., the 4*-nets (Figure 15b) are twisted by some 61.5°
with respect to one another. The zigzag chains are now
no longer coplanar but are angled such that they bridge

both diagonals and the sides of the 4%-net (Figure 15b) to
give a framework structure that contains triangular and
pentagonal subunits within a 3%4!55862 topology.

The extended structure of {[M(L),](CF3S03)3-4MeOH-
C2Cl}w (M = Yb or Eu)®! comprises three totally indepen-
dent nets, two 4*-nets and a single 63-net. The asymmetric
unit of this binodal system contains two eight-coordinate
metal centers, both of which are surrounded solely by
molecules of L. One metal node (A; Figure 16a) is common
to the two 4*-nets (bound to eight ligands L). The other
metal center (B; Figure 16b) is common to one 4*-net
(bound to four L ligands) and the 63-net (bound to three
L ligands), and its coordination sphere is completed by
an L molecule that links adjacent 63-nets to give a four-
connected network of SrAl, topology (Figure 6). The
disposition of the two 4*-nets is shown in Figure 16a, while
that of the interconnected 6°-nets is shown in Figure 16b.
The interlinking of the two 4%-nets and the interconnected
63-nets results in an overall topology of (3°4145%)(35413510),,
which is shown in Figure 16c.

The structure of the isomorphous lanthanide—pyra-
zine-N,N'-dioxide polymers {[Ln(L)4](ClO4)s}«, (Ln = La,
Ce, Pr, Sm, Eu, Gd, Tb, or Y)* is based on an eight-
connected Ln(II) center. These complexes all essentially
have a body-centered cubic-type framework structure
analogous to that formed by {[La(L)](CF5SO3)s*
4.2MeOH}.,.3?

2.2. Inorganic—Organic Hybrid Structures Based on
63-Nets. Although three-fold connectivity is the minimum
theoretically required for 63-net formation, four-fold con-
nectivity is the minimum known to form 63-nets for
lanthanide—4,4'-bipyridine-N,N'-dioxide systems. Several
isomorphous three-connected compounds based on Ln-
(ITD) centers linked by L molecules have been crystallized,
including {[Er(L),5(NOs)s]-MeOH} w00 {[Tb(L):5(NOs)s]
0.8MeOH-0.4C,Cls}«,%¢ and {[Tb(L),5(NOs)s]-MeOH-0.8-
H,0}...38 However, instead of forming a simple 2-D
6%-net, they adopt a more complex 2-D architecture based
on a combination of four- and eight-membered rings
(Figure 17).

Although not found for lanthanide—4,4'-bipyridine-
N,N'-dioxide systems, a 6°-net based on three-fold con-
nectivity has been observed in the isomorphous lan-
thanide—1,2-bis(pyridin-4-yl)ethane-N, N -dioxide polymers,
{[Ln(L);5(NO3)3]*H,0}., (Ln = Er or Yb).!¢ Three such nets,
which have a herringbone- or parquet-type pattern,
interweave to form a matlike composite layer.

2.2.1. Four-Fold Connectivity. 63-Net formation in
four-connected compounds normally leads to diamond-
type structures (Figure 5). This is the case in the only
known example of 63-net formation in lanthanide—N,N'-
dioxide systems, { [Sc(L)4(OH,),](ClO4)s},>® in which each
Sc(III) center is coordinated by four L molecules and two
water molecules. This network is based upon an equimo-
lar mixture of Sc(III) and hydrogen-bonded centers con-
nected by molecules L, which coordinate at one end to
the Sc(IIl) center and hydrogen-bond at the other end
to water molecules to form a four-connected diamond-
type subnet based on 63-nets (Figure 5a). A view of a
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FIGURE 16. Schematic representations illustrating (a) the two 4*nets (red and yellow), (b) the interconnected 6-nets (intralayer blue, interlayer
green), and (c) the interlinking of the two 4*-nets and the interconnected 6%-nets in { [M(L)4](CF;S03)3:4MeQH-C;Cls} .. (M = Yb or Eu). A is the
node between the two 4*nets, while B is the node between 4*-nets and 63-nets.

6%-net structure within {[Sc(L)2(OH,)](ClO4)3}. is shown
in Figure 18. The diamond-type subnets are linked to form
a single 3-D network of 4%67 topology (Figure 19).

2.2.2. Five-Fold Connectivity. The potential for bilayer
and network formation for five-connected frameworks
constructed from 6*-nets is exactly the same as for six-
connected frameworks constructed from 4*-nets because
both systems have the same number (two) of interlayer
bridging L molecules. Two networks derived from five-
connected metal centers that contain 63-nets have been
crystallographically characterized.’® They both contain
metal centers containing “blocking” chemical moieties,
which results in both interplanar bridging molecules L
being located on the same side of the metal center.
Alternate metal centers face opposite directions such
that the interplanar L molecules are on alternating sides
of the net forming a 3-D network. Thus, the interplanar
bridging L molecules linking the 63-nets in the tetranodal

346 ACCOUNTS OF CHEMICAL RESEARCH | VOL. 38, NO. 4, 2005

FIGURE 17. A view of the 4'8%net structure of {[Er(L);5(NO3)s]-
MeOQH} ..
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FIGURE 18. A view of the 6%-net structure within {[Sc(L),(OHy)]-

(Cl04)3} co-

FIGURE 19. Schematic representation illustrating the relationship
between the diamondoid-type subnet and oxide bridges in {[Sc(L),-
(OH,)1(CI04)3} co.

{[LasL;p(MeOH),Cl3] C1(BPhy)g-22MeOH} ., % align parallel
to the (0 0 1) plane and form zigzag chains, which are
alternately distributed on either side of the net (Figure
20a). On the other hand, the interplanar bridging L
molecules linking the 63-nets in the uninodal {[LaL;s-
(MeOH){Ph,B(OMe),} | (BPhy),-4.5MeOH}., * form zigzag
chains, which are arranged such that every pair alternates
on opposing sides of the 63-nets (Figure 20b). Topologi-
cally, the two nets illustrated in Figure 20 may be regarded
as isomeric pairs.

2.2.3. Seven- and Eight-Fold Connectivity. Many
networks containing 63-nets built up from seven- and
eight-connected centers can be envisaged. Thus far,
however, such lanthanide—N,N'-dioxide systems are ex-
tremely rare, and only two networks containing 63-nets,
one seven-connected, that in {[La(L)4](BPh4)(ClO,),*
2.75MeOH}.,,*? and one eight-connected, that in { [M(L)4]-
(CF3S03)3:4MeOH-C,Cly}., (M = Yb or Eu),’! have been
reported. Because both networks also contain indepen-

[
i/l g8

(®)
FIGURE 20. Schematic representations illustrating the linking of
the 6%-nets in the five-connected 3-D networks of (a) { [LasLio(MeOH)q-
Cl5]CI(BPhy)g:22Me0H} ., and (b) {[LaLys(MeQHY Ph,B(0OMe);} (BPhy)y
45Me0H} ...

|

FIGURE 21. Schematic representation illustrating the linking of the
6°-nets in the seven-connected 3-D network of {[La(L)sJ(BPhy)(ClO4)s:
2.75Me0H} .. The four bridges give rise to an independent 4*-net.

dent 4*-nets, their structures have already been considered
above. The earlier description of the seven-connected
polymer (section 2.1.4) was based on the linking of 4%-
nets by three connections; here the structure is considered
to be a series of parallel 63-nets with four bridges, two on
each side of the net, to adjacent nets (Figure 21). These
four bridges form the basis of the independent 4*-net.

The eight-connected polymer { [M(L),] (CF5SO3)3-4MeOH-
CxClg} (M = Yb or Eu),?! which comprises three totally
independent nets, two 4*-nets and a single 6*-net, has
been described earlier (section 2.1.5; Figure 16) and will
not be considered in detail here.

3. Discussion and Conclusions

Examples of structurally characterized lanthanide—N,N'-
dioxide coordination polymers are listed in Table 1.
Frameworks reported with V,N'-dioxide ligands other than
4,4'-bipyridine-N,N'-dioxide, including pyrazine-N,N'-
dioxide, 1,2-bis(pyridin-4-yl)ethane-N,N'-dioxide, and trans-
1,2-bis(pyridin-4-yl)ethene-N,N'-dioxide are also included.
All of the structures are delineated in terms of their
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Table 1. Crystallographically Characterized Lanthanide—N,N'-Dioxide Coordination Polymers Listing (a)
Coordination Number, (b) Number of Coordinated of N,N'-Dioxide Molecules, (¢) Connectivity, (d) Constituent
2-D Nets, and (e) Framework Type (2-D Sheet, 2-D Bilayer, or 3-D Network)

compound® a b c d e
L = 4,4'-Bipyridine-N,N'-dioxide

{[La(L)2(NO3)s]} e 2° 10 4 4 44 sheet
{[La(L)25(CH30H)2(X)](BPhy4)s+2.7MeOH} .. (X = norbornyl acetate)?? 9 5 5 44 bilayer
{[Yb(L)3](CF3S03)3} 29 6 6 6 4* bilayer
{[Sc(L)3](X)3} o (X = NOg3 or C104)%3 6 6 6 44 net
{[Sc(L)3](CF3S03)3:2.7MeOH-3H30} », 33 6 6 6 44 net
{ [Lax(L)73(CH3OH)(H20)0.41(CF3S03)g} o 31

node A 8 7 7 4* bilayer

node B 8 8 8
{[Er(L)5](I3)3:0.5L-MeOH}., 29 8 8 6 44 bilayer
{[La(L)4(Cl04)3:CcH5C1-:CH30H} » 29 8 8 6 4* bilayer
{ [La(L)4] [CO(CQH11B9)2]3'O.5MEOH} o 32 8 8 6 44 net
{[La(L)4(BPh4)(C104)3:2.75MeOH} ,, 32 8 8 7 44 net
{[La(L)4](CF5S03)3+4.2MeOH} ,, 32 8 8 8 44 net
{[La(L)4(Cl04)3:-MeOH-4CHCI,CHCly} ., 3! 8 8 8 44 net
{[Ln(L)4](CFSSO3)3'4MGOH'CQCI4}m (Ln = Yb or Eu)31

node A 8 8 8 44/44 net

node B 8 8 8 44/63 net
{[Er(L)15(NO3)3]-MeOH}., 35 9 3 3 4.82 sheet
{[Tb(L)15(NO3)s]-MeOH-0.8H30} ., 36 9 3 3 4.82 sheet
{[Th(L)15(NO3)3]-0.8MeOH-0.4C5Cl4} ., 36 9 3 3 4.82 sheet
{[Sc(L)2(OH2)I(C104)3} o 32 6 4 4 63 net
{[LasL10(MeOH)10Cl5]C1(BPh4)8-22MeOH}., 30

node A 8 5 5 63 net

node B 8 5 5

node C 8 5 5

node D 7 5 5
{[LaLsgs(MeOH){ PhoB(OMe)2} 1(BPhy)s+4.5MeOH} ., 30 7 5 5 63 net
{[La(L)4(BPh4)(C104)2:2.75MeOH} , 32 8 8 7 63 net
{IM(L)4](CF3S03)3:4MeOH-CsClg} . (M = Yb or Eu), node B3! 8 8 8 63/44 net
{[Tbh(L)(MeOH)(NO3)3]} 36 9 2 2 chain®
{[Eu(TTA)3(L)I-MeOH}., 37 (TTA = thenoyltrifluoroacetonate) 8 2 2 chain®
{[La(TFA)3(L)]}» 8 (TFA = thenoyltrifluoroacetonate) 8 2 2 chain®
{[Lag(BTA)s(L)1.5]+1.5H20} . 15 (BTA = benzoyltrifluoroacetonate) 9 3 3 b
{[Th(L)1 5(NO3)3]-CH2Cls} - 36 9 3 3 ladder®
{[Tb(L)2(NO3)3]} 36 9 3 2 chain

L = Pyrazine-N,N'-dioxide
{[Ln(L)4](C104)3}» (Ln = La, Ce, Pr, Sm, Eu, Gd, Tb, or Y)3* 8 8 8 44/44 net (bee)
L = 1,2-Bis(pyridin-4-yl)ethane-N,N'-dioxide
{[Ln(L)3](C104)3:H20} » (Ln = Er or Yb)!6 6 6 6 44 net (a-Po)
{[Ln(L)1 5(NO3)3]*H20} » (Ln = Er or Yb)6 9 3 3 63 sheet
{[La(L)Y(MeOH)(NOs3)3]-MeOH-CHClg} . 16 10 3 2 e
{[Ce(L)1 5(NO3)3]-0.25CH;Cly+0.25H;0} o, 17 9 4 f
{ [La(L)3(OHs)2](CF3S03)3} o 18 8 6 g
L = trans-1,2-Bis(pyridin-4-yl)ethene-N,N'-dioxide

{[Er(L)o5(0OHg2)3(C204)1(C104)-L-6H20-0.5dioxane} 16 8 1 h
{[Yb(L)MeOH)(NO3)sl}. 17 9 2 2 chain®
{[Ln(L)1 5(NO3)s]}e (Ln = Ce or Gd)'7 10 4 i

@ A 1-D chain is formed by two us-bridging N,N'-dioxide ligands linking two-connected Ln(III) centers. ® Each node comprises two
{La(NOs)s} moieties and is three-connected via three tetradentate us-bridging N,N'-dioxide molecules to form a 3-D 103-net. Two 103-nets
are interpenetrated to give the extended structure. This is the only example of a lanthanide—4,4'-bipyridine-N,N'-dioxide system in which
the ligand acts as a tetradentate u4-bridge. ¢ A 1-D ladder is formed by three us-bridging N,N'-dioxide ligands linking three-connected
T-shaped Ln(III) centers. ¢ A 1-D chain is formed by two ug-bridging N,N'-dioxide ligands linking two-connected Ln(III) centers, which
are coordinated by a third pendant terminal N,N'-dioxide. ¢ Each node comprises two { La(NO3)s} moieties. Two N,N'-dioxide molecules
act as tetradentate us-bridging ligands linking two pairs of La(III) centers, while two other N, N'-dioxide molecules act as normal bidentate
us-bridging ligands linking two La(III) centers to give a 4%-net. / Each node comprises two { Ce(NO3)s} moieties. Two N,N'-dioxide molecules
act as tetradentate u4-bridging ligands linking two pairs of Ce(I1I) centers, while two other N,N'-dioxide molecules act as normal bidentate
ug-bridging ligands linking two Ce(III) centers to give a 4*-net. Two bidentate us-bridging N,N'-dioxide ligands link the 44-nets to generate
an o-Po-type structure. & A 3-D network is formed by an equimolar mixture of us- and us-bridging N,N'-dioxide ligands linking La(I1I)
centers. A 4*net is formed by an equimolar mixture of N,N'-dioxide molecules and oxalate anions linking Er(III) centers. The N,N'-
dioxide molecules are terminal moieties; one N-oxide moiety forms a coordinate bond to the Er(III) center, while the other is hydrogen-
bonded to a coordinated water molecule. ? Each node comprises two { Ln(NO3)s} moieties. Two N,N'-dioxide molecules act as tetradentate
us-bridging ligands linking two pairs of Ln(III) centers, while four other V,N'-dioxide molecules act as normal bidentate uo-bridging ligands
linking just two Ln(III) centers. Thus, the us-bridging ligands act as double bridges to give a 4*-net structure.

connectivity and interpreted using the 2-D subnet ap- Of the three uninodal nets, 3%, 4%, and 6%, no examples of
proach. Inspection of the table shows that very few a linked 3%-net are known in lanthanide—N,N -dioxide
materials cannot be visualized as interconnected 2-D materials, reflecting its unusual geometrical arrangement
uninodal nets confirming the viability of our approach. and requirements. Linking 4- or 63-nets gives rise to two
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basic framework architectures, 2-D bilayers and 3-D
networks. These architectures are constructed by three
different arrangements, which depend on just two pa-
rameters, (i) the arrangement of the bridging N,N'-dioxide
ligands around the metal center and (ii) the disposition
of the metal centers relative to each other. With the
exception of simple 2-D nets and 1-D chains, all of the
structures discovered thus far for lanthanide—IN,N' -dioxide
frameworks fall into the two categories of 2-D bilayer or
3-D network structures and can be interpreted in terms
of the 2-D subnet strategy. Indeed, we suggest that the
vast majority of transition metal based coordination
framework structures can be interpreted in this fashion,
illustrating the wide applicability of this approach.

For some high connectivity systems, two or more
independent nets can be identified. For example, it is
possible to envisage a seven-connected system that can
be described as a 4*-net linked by three interlayer bridging
N,N'-dioxide molecules or as a 6%-net linked by four
interlayer bridging N,N'-dioxide molecules. In cases where
more than one 2-D subnet occurs, the choice is arbitrary
and should depend on the quality of the two nets, which
can be interpreted in many ways, (i) the most symmetrical,
(i) the most planar, (iii) the most chemically sensible, or
(iv) the best relationship with crystallographic planes.
Ultimately, the best choice of the basic 2-D subnet is that
which best aids interpretation and visualization of the
extended framework structure.

In conclusion, we believe that the approach to the
interpretation of complex framework materials described
herein is a valuable development to aid understanding of
these intricate and, in some cases, highly complex struc-
tures. Instead of considering 3-D structures solely in terms
of topology via “Schléfli” symbols, our approach allows a
simpler and more readily visualized description in terms
of 2-D subnet tectons derived, in this case, from 4*- and
6%-nets.
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