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Polynuclear supramolecular homoleptic grid-like architec-
tures containing s? (s = 3, 4, 5) metal ions arranged like the
elements of a square matrix and located in the coordination
spheres generated at the intersection points (“nodes”) of the
25 bridging s-topic ligands (the “bars” of the grid), are quite
rare, but they are fascinating by their formation by self-
assembly, their structures and properties. Moreover, hetero-
leptic hexanuclear complete [2X 3] grids, as well as other

kinds of grids containing more than four metal centres were
reported. The access to such grids necessitates the design
of appropriate polytopic ligands. However, in several cases,
incomplete grids were obtained instead of the expected com-
plete grids. The structural diversity of the grids with unusual,
high nuclearity reported until now is herein reviewed.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

The introductory section of this review will be followed
by the presentation of the structural principles governing
these grids, of their typology, of the means of characteriza-
tion and by a section on coordination-induced conforma-
tional and shape changes of the ligands.

1. Introduction

Essential, major contributions to the field of high-nu-
clearity grids were provided by the groups of Professors
Jean-Marie Lehn (Strasbourg, France), who initiated this
field of research by reporting the first Agyo nonanuclear grid
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in 1994 (see ref.l'®) and the first Pb,¢ hexadecanuclear one
in 1999 (see refl'”) and further reported various types
of high-nuclearity grids, and Laurence K. Thompson
(St. John’s, Canada), who initiated and developed the
field of high-nuclearity grids (M¢—M,5) generated by bis- and
poly-acyl-hydrazone-type ligands (see, for example,
ref.3a()-3aG-3)) and recently reported the first heterometallic
nonanuclear grids (see ref.[>*>#71), as well as numerous other
complete and incomplete grids herein reviewed (vide infra).
The heteroleptic hexanuclear grids reported until now are
due to Professors Jean-Marie Lehn (see ref.37) and
Michael Schmittel (see ref.137°]) (Siegen, Germany). Relevant
work on high-nuclearity grids was also done by the groups
of Professors Craig J. Matthews (see ref.13238))  Chunying
Duan and Qingjin Meng (see ref.['l).

After a short presentation of the interest for grids and
squares, the meaning of the term “grid with unusual, high
nuclearity” for the purpose of this review will be stated,
and some aspects that make such grids so attractive will be
mentioned.
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1.1. Fascinating Grids and Squares

The field of supramolecular architectures!!! with defined
and programmed shapes has become very large, and its
evolution has increasing velocity. Among them, square-
like”! and grid-likeP®* supramolecular architectures, which
are examples of self-organization by design, have been
studied intensively. Particular interest is manifested for the
properties and potential applications of such architectures
in the field of information storage or magnetic materials.l!
Metal centres of such metallo-supramolecular assemblies
may be addressed by scanning tunnelling spectroscopy
(STS), current induced tunnelling spectroscopy (CITS).[]
The square motif was used to conceive bioactive molecules,
for example, the recently reported self-assembled platinum
square that acts as an efficient G-quadruplex binder and
telomerase inhibitor!’#l or synthetic analogues, such as the
“artificial enzymes” formed through directed assembly of
molecular square encapsulated epoxidation catalysts.[’"]
From a functional point of view that concerns the transport
of small species, a remarkable feature of several [2 X 2] grids
is their aptitude to encapsulate anions.®!

Square-like and grid-like motifs are also interesting for
crystal engineering;l®! however, such solid-state polymeric
squares or grids dissociate partially or totally in solution,
in contrast with discrete grid-like or square-like architec-
tures that can generally be observed in solution.

1.2. Delimitation of the Subject Matter

As the word “grid” may be used with several meanings
in the field of supramolecular architectures, for the purpose
of this review, “grid” means a metallo-supramolecular
architecture in which ligands and metal ions form a rectan-
gular or square array and in which ligands that form nodes
(the metal ion and its coordination sphere) are crossed, they
intersect as in a cross (Figure 1a). The projections of the
two concerned ligands on a plane orthogonal to their
planes should intersect. Square-like bidimensional architec-
tures, in which the ligands are perpendicular but not
crossed®®°¢ (Figure 1b), in spite of being very interesting,
are not reviewed herein.

The “smallest” type of grid that may exist is the [2 X 2]
one and it contains four metal ions, already a complex with
high nuclearity. Despite the recent progress, grids that have
more than four metal centres are quite uncommon or un-
usual with respect to [2X 2] grids, which are more fre-
quently reported. Thus, for the purpose of this review, “grid
with unusual, high nuclearity” means a grid that is more
than tetranuclear.

1.3. Interest for Grids with “Unusual, High” Nuclearity

There are several features that make grids with unusual,
high nuclearity interesting:

— most of these grids are highly charged cations, and
their charge may reach +32;
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— they are the result of a strong process of self-organiza-
tion, as numerous ligands and metal ions (for example, for
a hexadecanuclear complete grid, 16 metal ions and 8 li-
gands) are involved in their selective formation;

— they have nanometric sizes, the volume of the smallest
rectangular cuboid that may contain, for example, the
[4x 4] Pb" grid generated by tetratopic ligand 11 being
about 20000 A3;

— their largest faces can be seen as nanoplatforms (often
positively charged) having a surface of, for example, about
1000 A2 for a [4x 4] Pb" grid generated by tetratopic li-
gands 11 and 12 (vide infra);

— within the grid, the positions of the metal ions are pre-
cisely known; such a set of metal ions is obtained just by
self-assembly, without nanotechnological intervention, thus
their formation belongs to the field of chemionics;“d!

— magnetic exchange interactions were observed within
grids incorporating paramagnetic metal ions (see, for exam-
ple, ref.l5));

— those grids that display antiferromagnetic exchange in-
teractions might find potential applications as building
blocks for quantum computers;!'%

—most grids with high nuclearity can also be seen as two-
dimensional oligomers or polymers;3°]

— they are quite rare, uncommon architectures.

2. General Structural Principles of Grids with
Unusual, High Nuclearity

2.1. Metal Ions and Ligands

Most part of grids with unusual, high nuclearity reported
until now contain one kind of polytopic ligand L (homo-
leptic grids) and one kind of metal ion M (homometallic
grids). Sometimes, one or more supplementary ligands L'
may coordinate the metal ion or replace the initial ligands.
A number, u, of counterions insure the electric neutrality of
the complex. The general formula of such a [m X n] grid is
M, L, (L"]X,., where r = mXn.

Grids are based on the capacity of metal ions to act as
coordination node inductors, on binding to the appropriate
coordination sites of ligands. Depending on the nature of
the metal ion and of the ligand, a grid-node may be a metal
ion and two bidentate (Figure le) or tridentate (Figure 1c)
coordination sites from two different ligands. Less com-
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Figure 1. Representation of a cross-node (a) from a grid-like com-
plex and of an uncross-node (b) from a square-like complex. A
grid-node, i.e. the metal ion and its coordination sphere: (¢) octahe-
dral coordination [(A;B;A;+1)M;(A;B;A;, )] (vide infra Figure 4a—
f); (d) octahedral coordination [(A;B;A;+1 )M (A;A;11)(L")]; (e) tet-
rahedral coordination [(A;A;+1)M(AA11)]
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monly, other combinations, such as a metal ion, a tridentate
coordination site, a bidentate ligand and a supplementary
ligand (Figure 1d), or a metal ion, a tridentate coordination
site and a bidentate ligand etc., as well as metal centres with
coordination number greater than six were found.

European Journal
of Inorganic Chemistry

From a formal point of view, a bidentate site can be
shown as A-A;;, each unit, A; and A, providing a donor
atom. A tridentate site can be shown as A-B-A,.;, where
B, is a unit providing a donor atom. The main types of tri-
and bidentate sites from ligands and complexes discussed
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Figure 2. Representation of a ligand that has six tridentate (a) or

six bidentate (b) sites; (c) classes of ligands that generated the high-

nuclearity grids defining the focus of this review, represented in the conformation they usually adopt in grids. Ligands 9H,, 10H,, 13H,

and 15H, are represented as their “enolic” form.
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herein are shown in Figure 4(1) to (10). A ligand with s
bidentate coordination sites may be shown as Aj-A,-...-A-
A+ (Figure 2b), while a ligand with s tridentate coordina-
tion sites may be shown as A;-B{-A>-B,-...-A-B-A,. (Fig-
ure 2a). There are also ligands having tridentate as well as
bidentate sites, such as A;-Bj-A,-A3-A4-Bs-As (e.g. 10H,)
that have two terminal tridentate (A;-B;-A,, A4-B4-As) and
two internal bidentate (A,-As, As-Ay) sites.

All ligands that generated high-nuclearity grids reported
until now are symmetric. The condition of symmetry is:
where ] =ij=s+landi—1=s5+1-j then A; = A;
and B; = B; (identity of each two units equidistant from the
ends).

In several cases (see Figure 23), a grid generated by an s-
site ligand may be described by means of a [7 X 7] matrix,
where 1 > s or t <.

The complete grid generated by an s-tridentate-site-li-
gand has s> octahedral coordination spheres, and the one
generated by an s-bidentate-site-ligand has s> tetrahedral
coordination spheres. However, in the case of a symmetric
“mixed-site” s-topic ligand incorporating b bidentate sites
and ¢ tridentate sites (b + ¢ = ), the [s X s] grid has b? tetra-
hedral coordination spheres, > octahedral ones and 2b¢
pentacoordinate-geometry ones. Thus, the [4 X 4] grid gen-
erated by 10H, will present four octahedral (corners), four
tetrahedral (centre) and eight pentacoordinate-geometry
spheres (sides). To assemble a homometallic homovalent
grid of this type, a metal ion that can adopt all these types
of coordination geometry is required (and the size of the
metal ion is also a problem, because these coordination
spheres require cations of different size). Otherwise, the
probability of obtaining an incomplete grid or another kind
of architecture is very high. This problem could also be
solved: (i) by choosing an appropriate mixture of metal ions
whose geometry match the coordination requirements
above, thus generating a heterometallic grid, or (ii) by using
an octahedral metal ion together with supplementary small
ligands (like solvent molecules bearing donor atoms) that
may fit into the grid and complete the tetra- and pentacoor-
dinate geometry spheres to reach hexacoordinate geometry.

The design of grid-generating ligands as sequences of bi-
and tridentate coordination sites arranged in the appropri-
ate fashion means incorporating into the ligand the coordi-
native information that will induce the self-assembly pro-
cess on “reading” by the appropriate metal ions that may
bind to such sites in a ratio of one metal ion to two sites.
Several factors (solvent, anion) may induce another fashion
of “reading” this structural information, and, in several
cases, incomplete grids or other kinds of architectures may
form. a3l

2.2. General Matrix-Like Representation of Grids

The general formula of a typical complete grid-like cation
generated by 2s molecules of neutral ligand containing s tri-
dentate coordination sites A;-B;-Ay-B,-...-A-B-A ., with s?
octahedral metal ions M/* is [M,*(A;-B;-A-B,-...-A-B,-
4754
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A1) )P?*. Tt can ideally be represented as a matrix (Fig-
ure 3) whose elements are cross-nodes of general formula
[(ABA;1 )M {AB/A,, )] (Figure 1c; see also Figure 4a—f) for
an octahedral metal ion M, and [(AA; )M (A/A;4)] for a
tetrahedral one (Figure le). In this matrix-like representation,
Lgi represents the ligand that corresponds to row 7, and Lqj
represents the ligand that corresponds to column j. The sub-
script i from M;; corresponds to the row Lgi, i.e. to the site i
of the column Lgj; conversely, the subscript j corresponds to
the column Ly, i.e. to the site j of the row Lyi.

Lt L2 Les

i
Le1

Ls2

Figure 3. Matrix-like representation of a complete [s X s] grid-like
complex of general formula [M*(A|-B-As-Bo-...-A-By-A gy 1), /2.
In this example the coordination geometry of cations M;; (1 = i,j
= s) is octahedral.

D 2)
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\/ -, O/
6) = N =z
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)J\;N\ | )
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a) N b) N C) .
(o]
OO <
[} O
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Figure 4. Types of tri- (1-7) and bidentate (8-10) coordination sites
(X' = CH or N) of ligands and complexes discussed herein. Various
types of octahedral arrangements of donor atoms found in the
complexes discussed herein: (a) cis-N,Oy, (b) mer-NsOs, (¢) trans-
N,O, in grid [Cu'ly(9aH)c](NO3),°9H,0; (d) trans-N4O,, (¢) NsO
in grid [Mn"9(9e)s](C104)s*8H,0; () Ny in grid [Fe,(2b)4]*".

This matrix-like representation, together with the repre-
sentation of the ligands as sequences of coordinating units
connected between them, is also a way to emphasize the
importance of the structural design required in order to ob-
tain grids with high nuclearity. This formalism is a means
to rationalize and facilitate the conception of ligands and
the choice of coordinating units. However, it should be

Eur. J. Inorg. Chem. 2009, 4751-4770
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noted that the formation of the predicted grid-like metallo-
supramolecular architecture might not be the unique self-
assembly pathway of the metal ion/ligand system, and, even
with the suitable metal ion and ligand, other architectures
may form instead of the expected grid.

One could wonder how to choose the matrix, how to
number its metal centres and ligands. For example, in a grid
in which one ligand is missing, would this ligand be a row
or a column? As the matrix-like representation is not an
absolute system, but a relative one, both solutions are cor-
rect. In the presentation of structural aspects of grids, refer-
ence will often be made to the matrix-like representation,
but it will not be represented in each case.

The most common atoms or groups of atoms that sepa-
rate the metal centres (M) are O (M,0O,M sequences), N,N
(in pyridazine rings; M,N,N,M sequences) and N,C,N (in
pyrimidine rings; M,N,C,N,M sequences). They belong to
A, units, where 2 =i < s.

The connexion between the units A; and B,, B; and A,
or A; and A4, is usually a simple bond that allows rotation
of the units in the free ligands; in some cases, this connec-
tion is rigid, like the -CH=CH- bridge found in phenan-
throline. Most of the units A; and B; are rigid, being hetero-
cycles, but in several cases they are flexible (hydrazones, fer-
rocenes, acetylene derivatives). Generally, A; and A, are
py: (2-substituted pyridine) rings, and B; is py, (2,6-disub-
stituted pyridine) or hyz (hydrazone -CH=N-NH-) group
(see Figure 2c).

2.3. Anionic Ligands

If the ligand is anionic, of charge 4, then the above
general formula becomes [M,*(A;-B;-A,-Bs-...-A-B,-
A1) ]¥?299%  Within the field of grids with high nu-
clearity reported until now, this situation currently appears
with ligands that contain acylhydrazonel?*d fragments,
R!'R?>C=N-NH-CO-R3, where the acidic -NH- group or
the —OH group of the corresponding tautomer, R'R>?C=N-
N=C(OH)-R3, can be deprotonated (Scheme 1). This may
happen spontaneously during grid formation or upon ad-
dition of base. It was found (vide infra) that both N and O
atoms can act as donors. Within the field of [2 X 2] grids,
other -NH- groups that can be deprotonated are those of
hydrazones?°®! and amides.!?°]

Scheme 1. Deprotonation of the -NH- group of an acylhydrazone.
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2.4. Types of High Nuclearity

One can distinguish between “internal” and “external”
high nuclearity.

2.4.1. Internal High Nuclearity

Classically, the high nuclearity is reached by increasing
the number of coordination sites of the ligand, which
should be greater than two. Thus, the nuclearity of the com-
plete grid obtained with this ligand will be greater than
four.

High nuclearity may also be attained by another strategy
(different from increasing the number of sites of the bridg-
ing ligand), which is the incorporation of a unit containing
a metal ion into a 2-site ligand that usually forms a [2 X 2]
grid.

In both of the above cases, the high nuclearity is internal,
located inside the perimeter delimited by the ligands that
form the grid.

2.4.2. External High Nuclearity

There can also be grids that have several supplementary
sites that bind metal ions or link the grids between them
(as in polymeric grids that can be seen as extended supra-
molecular grids), the said sites being located outside the
perimeter delimited by the ligands that form the grid. In
such cases, the high nuclearity is external (vide infra).

3. Structural Typology of Grids with Unusual,
High Nuclearity

There are two main classes: complete and incomplete
grids.

3.1. Complete Grids

A complete grid generated by an s-site ligand (an s-topic
ligand) is an [s X 5] grid in which all coordination nodes are
occupied by metal ions, all 2s expected ligands and all s?
metal ions being present. Within the class of complete grids
there are: “internally” extended [2X2] grids, polymeric
complete grids and classical complete [s X 5] grids (5 = s =
3).

3.1.1. “Internally” Extended Complete [2 X 2] Grids

The high nuclearity is reached by incorporating units
containing metal centres into ligands that generate [2 X 2]
grids. Ligand 3H, has a ferrocene unit between two hydraz-
idopyridine fragments (Figure 2c). The complex [Niy(3)4]
(Figure 5a,b), obtained by reaction of ligand 3 with 1 equiv.
of Ni(BF,), and 2 equiv. of NaOH in methanol, is an oc-
tanuclear grid that contains 4 Fe!! and 4 Ni'.l'!l In two of
the four ligands of the extended grid [Niy(3),], the tridentate
sites are anti oriented, while in the other two they are syn
oriented.

4755
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Figure 5. X-ray molecular structure (a; protons not shown; anti
(syn) correspond to ligands where the two sites are anti (syn) ori-
ented) and stylized representation (b) of grid [Niy(3)4];!'! (c) self-
complementarity between ligands 1; (d) grid-like polymeric net-
work!!?l generated by [Co"(1),](PFs); (€) grid-like polymeric net-
work!!?l generated by [Co')sCo" 5(1),](BF,),5s (anions, protons
and solvent molecules omitted for clarity). Co—Co distances are
given in (d) and (e).

3.1.2. Polymeric Grids

The “grids of nodes” generated by a one-site ligand and
the polymeric “grids of grids” belong to this category.

3.1.2.1. Polymeric “Grids of Nodes”

Such grids may form from a monotopic ligand that has
self-complementary ends. In such polymeric grids, in the
solid state, the ligand can be seen as an extended polymeric
ligand. A solid-state polymeric grid is generated by the
monotopic ligand 1 (on reaction of its diamido-protected
form with Co™ acetate in CH;OH, followed by anion ex-
change with NH4PF4 or NH4BF,). The nodes [Co(1),]**
are connected by hydrogen bonds established between the
self-complementary terminal 6-substituted-4-amino-pyrim-
idines (Figure 5¢).'"?! With PF4~ as a counterion, the ex-

125A

] L o
) ! .
ﬂ.-!-- 1 l+I6.5 A___i'.;-

pected polymeric extended [p X p] grid is obtained (Fig-
ure 5d), and Co is predominantly high-spin. With BF,",
an extended grid is also obtained, but in one of the sides
of the dissymmetric [2 X 2] grids that form the polymeric
assembly, the hydrogen bond is not present (Figure Se). In
this last complex, Co centres are constituted from Co!! and
Co''in equal proportions, the average oxidation state being
2.5.

3.1.2.2. Polymeric “Grids of Grids”

They are examples of external high nuclearity. Extended
[2p X 2p] bidimensional polymeric “grids of grids” formed
of self-complementary [Coy(2a),]%" grids generated by li-
gand 2a were attempted, but a [2 X 2p] extended grid has
been obtained (Figure 6).[1]

The Fe'ly [2 X 2] grid [Fe4(2b),4]**, in which four 4-substi-
tuted pyridine groups are located on the superior face and
four on the inferior face (i.e. 8 Nsp?> donor atoms, such
grids being “complexes as ligands™), interacts with Ag! cat-
ions to generate a solid-state polymeric self-assembled
architecture {[Fe4(2b)s]JAg,s}'?* (Figure 7).'Y1 Crystals are
obtained at the interface between a solution of [Fe,(2b),]-
(BF4)s in MeCN and a solution of 6 equiv. of AgBF, in
MeOH. Similarly, the columnar coordination polymer
{[Fes(2¢)4]La}'"™* was obtained from [Fe,(2¢)4](ClO,)s and
an excess of 6 equiv. of La(ClOy);.'4

Ag Ag Ag Ag

Ag

Ag Ag Ag

Figure 7. Lateral view of the self-assembled solid-state polymeric
structurel' {[Fe4(2b)s]JAg,}'** obtained from grid [Fes(2b)4]** in
the presence of Ag! ions (anions, solvent molecules and protons
not shown).

3.1.3. Complete [s X s] Grids (5 =s = 3)

In this case, the increase in the nuclearity is the direct
consequence of the increase in the topicity of the ligand:
tritopic ligands give [3 X 3] grids, tetratopic ones give [4 X 4]
grids, s-site ligands would give [s X s] grids.

Figure 6. (a) Top view of the [2X 2p] polymeric grid {[Co4(2a)4]¥*}, (Co—Co distances are indicated)!!?; (b) lateral view of the same

polymeric grid.
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3.1.3.1. Nonanuclear!’>! [3 x 3] Grids

3.1.3.1.1. Grids Generated by a Ligand with Three
Bidentate Sites A;-AyAz-Ay (A; = Ay = py; = 2-
Substituted Pyridine, A; = A3 = pdz = 3,6-Disubstituted
Pyridazine)

In the nonanuclear [3 X 3] grid-like complex [Agy(7a)¢]-
(CF3S05) (ref1%4]; Figure 8), Ag' ions have a distorted tet-
rahedral coordination geometry. Lo and Lyi ligands are
expected to be perpendicular, and, consequently, angles
Ag-Ag-Ag should be around 90°, but a difference of about
18° with respect to the theoretical angle is observed. In the
parallelogram formed by the grid, the average distance be-
tween the C5 atoms of the terminal pyridine rings of a li-
gand is about 14.7 A. The Ag-Ag diagonal distances are of
about 12 and 8.8 A.

a) b) c)

Figure 8. X-ray molecular structures of: (a) grid [Agy(7a)¢]°*
(ref.164]); (b) grid [Age(4)3(7a),]°" (ref.[374)) and its matrix-like repre-
sentation (¢) (protons, anions and solvent molecules omitted for
clarity).

The self-assembly of grids [Age(7a,b)¢]’* was found to
occur in situ at the air—water interface,l'°® from the free
ligands 7a,b spread onto aqueous solutions containing Ag*
ions, thus producing oriented crystalline films of grids.

European Journal
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3.1.3.1.2. Grids Generated by Ligands with Three Tridentate
Sites A ]-BI-Az-Bz-A3-B3-A4

3.1.3.1.2.1. Py,~(py>pym)pyrpy; Ligands (py; = 2,6-
Disubstituted Pyridine, pym = 4,6-Disubstituted

Pyrimidine)

The nonanuclear grid [Pby(8a)¢](CF3S03),5 (ref.l'”l) formed
by ligand 8a, as well as grid [Zno(8b)s](BF,)g,!'8! were char-
acterized by NMR spectroscopy (vide infra) and ES (elec-
trospray) mass spectrometry. Grids [Pbo(8b)s](CF3SO3)5
and [Hgy(8a)s](CF3S03),5 were characterized by ES mass
spectrometry.[']

3.1.3.1.2.2. Bis(acylhydrazone)s py-hyz-CO-py,-CO-hyz-
py1 As Ligands

Particular interest is manifested for [3 X 3] grids generated
by dideprotonatable tritopic ligands 9H, that belong to the
class of bis(acylhydrazone)s.?4 Usually, in such grids, the
octahedral coordination environment of metal ions is cis-
N204 for the corners (M“, M13, M31, M33), mer-N303 for
the sides (M5, M5, M»3, M3,) and trans-N,O,4 for the cen-
tre (M»y). Their average dimensions range from about 19 A
to about 22 A.

3.1.3.1.2.2.1. Homometallic Grids

3.1.3.1.2.2.1.1. Homometallic Copper(Il) Grids

Ligand 9aH, reacts with Cu(NOs),-3H,O to produce
grid [Cug(9aH)¢](NO3)»9H,OP! (Figure 9a) and with
CuSO,4-5H,0 to produce [Cuy(9aH)e](SO4)e:18H,0.[211 The
average Cu-Cu distance between adjacent Cu atoms is

) h)

Figure 9. X-ray molecular structures of [3 X 3] grid-like complexes generated by tritopic bis(acylhydrazone) ligands (protons shown only
for b; anions, solvent and water molecules omitted for clarity): (a) [Cug(9aH)sJ(NO5);5-9H,0;2! (b) [Mno(9))s](NO3)e22H,0;:2 (c)
[Zng(92)3(9aH)3](NO3)-24H,0;4 (d) [Mng(9g)6](NOs):12H,0;141 (e) [Mny(9f)](MnCly),Cly 2CH;OH-7TH, 0524 (f) [Mng(9b)e]-
(C104)o* 14H,0-3CH;CN;E7 () [Mng(92))(C104)10'10H,05P7) (h) [Cog(9k)e](NO3)s24H,0.2%)
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4.12 A, and the average distance between the protons lo-
cated on C5 of terminal py; groups of the same ligand is
19.7 A.

Grid [Cuy(9k),»(9kH)4](ClOy4);0:13.2H,0P? has Cu-Cu
distances from 4.05 to 4.27 A. It has fourfold symmetry.
The central Cu,, has an axially compressed trans-N,O,4 ge-
ometry with four long Cu-O distances and two short Cu—
N ones. Side Cu'l ions (Cu;,, Cuss, Cuy;, Cus,) have a mer-
N3;O; geometry with long axial Cu-O distances. Their
Jahn-Teller axis passes through the two O atoms in trans
and is perpendicular to the Jahn-Teller elongation axis of
one corner Cu'! ion (Figure 10); thus, each corner Cu'' has
an orthogonal magnetic connection with one of its neigh-
bouring side Cu'! ions.[*2l. Grids [Cug(9bH);(9b);](NO3)o*
20H,O and [Cuog(9dH)»(9d),4](NO3)s:17H,O were also re-
ported.??]

N
80° N
N—Cu=—0: G U
e
o

Figure 10. Perpendicular N-Cu;;—N and O-Cu;,-O Jahn-Teller
axes causing orthogonal magnetic interactions in the fourfold sym-
metrical grid [Cug(9k),(9kH),](ClO4)o:13.2H,0221,

3.1.3.1.2.2.1.2. Homometallic Manganese Grids

3.1.3.1.2.2.1.2.1. Homometallic Homovalent
Manganese(Il) Grids

The [3 X 3] Mny grids [Mng(9a)s](N(CN),)s: 10H,O (Mn-—
Mn diagonals of 10.78 and 10.78 A), [Mno(9a)g]>-
[Mn(NCS)4(H,0)],(NCS)s: 10H,O (Mn-Mn diagonals of
11.50 and 10.72 A), [Mno(9i)s](NO5)¢14.5H,0 (Mn-Mn
diagonals of 10.78 and 10.66 A), [Mny(9g)s](NO;)s:12H,O
(Figure 9d; Mn-Mn diagonals of 9.8 and 12.11 A),
[Mngy(9f)s](MnCly),Cl,-2CH;0H-7H,0 (Figure 9¢; Mn—-Mn
diagonals of 10.53 and 10.53A) and [Mno{(9cH,)s-
8H!](Cl0y4)9°12H,O were reported.’* Mn—-Mn distances
are from 3.87 to 4.03 A.

The X-ray crystal structures of grids [Mng(92)s](ClO4)s
3.57MeCN-11H,0,2% [Mng(9j)s](NO3)s22H,0 (Figure 9b;
average Mn-Mn distances of about 3.91 A), [Mny(9b)]-
(ClO4)6'10H,O (average Mn-Mn distances of about
3.98 A),261 [Mny(9k)e](NO;)¢28H,0122 (average Mn—Mn
distances of about 3.92 A) and [Mny(9a)s](NO;)¢ 14H,0R7!
present structural features common to this grid family.

The grids [Mn9(9d)6](C104)6'22H20,[27] [Mn9(9f)6](PF6)6'
3H20'4CH3OH’2CH3CN,[471 [Mn9(9l)6](C104)6' 1 6H20,[47]
[Mng(9¢)6](CF5S03)¢26H,0,#71 [Mng(9¢)s](NCS)4+13H,0-
3CH;0H,* [Mno{(9cH,)s-8H}](ClO,) 9 12H,0P*  were
reported as well.

Within grid [Mny(9e)s](ClO4)¢'8H,0,18] ligands L co-
ordinate by means of two terminal N,O sites and one cen-
tral NO, site (Figure 11), while ligands Lgi coordinate by
4758
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means of two terminal N,O sites and one central Nj site, a
fact that gives this grid an “alternate” aspect and may be
due to some steric hindrance caused by quinoline units in
a “normal” grid, but not in the “alternate” one. Its average
dimensions are 21.7 A X 20.3 A.

Figure 11. (a) X-ray structure of grid [Mngy(9e)¢]®* (ref.[?%]); (b)
N,0-NO,-N,O and (¢) N,O-N3-N,O coordination modes of li-
gand 9e” in the corresponding grid (protons not shown; vide infra
Figure 12¢,d).

3.1.3.1.2.2.1.2.2. Homometallic Heterovalent Manganese
Grids

Grids [Mn'";Mn'(9b)s](ClO4)o*7H,O (Mn-Mn diago-
nals of 11.24 and 11.08 A; Mn'" located at three corners),
[Mn"5Mn'(9b)s](C10,4)9 10H,O (both grids were ob-
tained by chemical oxidation of [Mng(9b)e](ClO4)s10H,O
with CL), [Mn'"sMn!'¢(9b)(CIO,)y-6H,O (obtained by
electrochemical oxidation of [Mng(9b)s](ClO4)s10H,0)
were reported.?* In grid [Mn™;Mn'y (9b)c](ClO,)o
14H,0-3CH5CN (Figure 9f), synthesized by oxidation of
[Mno(9b)s](ClO4)6* 10H,O with Br,, the three Mn'"! are also
located at three corners.[*”]

In the Mn",Mn"'s heterovalent grid [Mny(9a)s](ClO,);o’
10H,O (Figure 9g) obtained by electrochemical oxidation
of [Mny(92)](ClO4)6'18H,0, Mn"" ions are also located at
the corners.[*]

3.1.3.1.2.2.1.3. Homometallic Grids with Other Metals ( Co,
Ni, Zn, Fe)

Grid [Co'ly(9Kk)¢](NO3)s24H,0! (Figure 9h) belongs to
the family of “complexes as ligands” that have free, poten-
tially coordinating groups or donor atoms, like NH, or pyr-
imidine Nsp?. The distance between the H atoms located
on C4 of the terminal pyrimidine groups is about 19.4 A,
and Co—Co diagonals are about 10.9 A.

Grid [Zny(9a);(9aH);](NO3)y-24H,0P (Figure 9¢) has
the average square side of 19.7 A, Zn-Zn diagonals of
about 11 A and distances between adjacent Zn cations from
3.91 to 4.12 A,

Grids[Ni"o(9)4)(BF4)s' 12H,0,F[Co'g(9aH)3(92)3](NO3)or
9H,O0P% and [Fe™y(9a)¢](NO3);5 18H,0P were also re-
ported.

3.1.3.1.2.2.1.4. “Normal” versus “Alternate” Complete
Grids

The coordination mode of the central unit A,-B,-A; of
row ligands Lgi determines the nature of the grid: (i) “nor-
mal” [3 X 3] grid (Figure 12a,c), where the “NO, mode” is
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adopted (A, = CO, B, = py,, A3 = CO), or (ii) “alternate”
[3 X 3] grid (Figure 12b,d) where the “N3; mode” is adopted
(A’5, = OCN-, B, = py,, A’; = OCN-). In “normal” grids,
the coordination mode for both Lqj and Lgi ligands (7, j =
1-3) is N> O-NO,-N,O (Figure 12a,c), while in “alternate”
grids, L7 ligands act as N,O-NO,—N,O (Figure 11b, Fig-
ure 12¢), but Lz ligands act as N,O-N3-N,O (Figure 11c,

Figure 12d).
' 9 R 2 R
2 13 s Ay g

L1 L2 L3 Lot

a) b)

Figure 12. Representation of: (a) a “normal” [3 X 3] grid; (b) an
“alternate” [3 X 3] grid; (c) N,O-NO,—N,O coordination mode; (d)
N,O-N3-N,O coordination mode.

3.1.3.1.2.2.2. Heterometallic Grids

Such grids are fascinating and intriguing. Theoretically,
a formula that corresponds to a heteronuclear grid [(M;),-
(M»)g_,Le]**, may also correspond to a mixture of homonu-
clear grids r/9[(M;)oL¢]*™ + (1 — r/9)[(M>)oLg]¥*. One may
wonder why the heterometallic grid forms instead of the
mixture of homometallic grids mentioned and why the
metal ions are located in the current positions. Structural
(ionic radii) and energetic factors could explain their forma-
tion. For the moment, there are no studies performed in
solution, which might provide information on whether their
formation is quantitative and what the equilibria involved
would be.

Grid [Mn"5Zn"4(9Kk)6](NO;3)s33H,0-20CH;OHP?*! (Fig-
ure 13a) was obtained by the reaction of 9kH, with
1.5 equiv. of Mn(NOj3),-6H,O, followed by addition of
0.9 equiv. of Zn(CH;COO),:2H-0, heating and a period of
crystal growth. The four Zn'! ions occupy the side positions
(12, 23, 32, 21), while Mn'" cations are located at the cor-
ners and at the centre. Zn—Zn diagonals are 10.84 A, and
grid average dimensions are 19.4 A X 19.4 A.

b)

Figure 13. X-ray molecular structure (protons, anions, solvent,
water molecules not shown) of grids:*°! (a) [Mn''sZn"4(9k)¢]®";
Mn" ions are located at the centre and corners, and Zn"! ions are
located at side positions; (b) [Mn''sCu',(9k)¢]®"; Cu'! ions are lo-
cated at the corners, and Mn!! ions are located at central and side
positions.
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A kind of substitution reaction on [Mn'y(9k)s](NO3)s
28H,0 yielded two other heterometallic grids. After its
treatment with NaOH to reach a neutral pH, addition of
5 equiv. of Cu(NO3),-6H,O followed by addition of Etz;N
to keep the pH neutral, crystals of grid [Mn'sCu',(9Kk)¢]-
(NO3)¢15H,0-2CH;0HP!  (Figure 13b) were obtained
after several days. Such reactions appear to be very interest-
ing, because such substitution process should involve disas-
sembly of at least a part of the grid. Cu'! cations are located
at the corners, and the frans oriented N—Cu bonds given by
the N atoms are compressed. Average grid dimensions are
19.4 A x19.4 A, and Mn—Mn diagonals are 11 A.

Reaction of [Mn"4(9k)c](NO3)e-28H,O with 24 equiv. of
Cu(NO;),'6H,0 at reflux yielded grid [Mn"Cu"g(9k)e]-
(NO3)¢23H,0°1. The Mn'" ion occupies the central posi-
tion of the grid. Cu'" ions present a Jahn-Teller defor-
mation that generate orthogonal magnetic connections be-
tween Cu! ions, but the Mn—Cu connections are not or-
thogonal (ferrimagnetic interaction allowed).

The grid [Mn'lsCo"(9i)¢](C10,)4 14H,0-3CH;0H7 was
reported as well.

3.1.3.2. Hexadecanuclear [4 X 4] Grids

3.1.3.2.1. Hexadecanuclear [4 X 4] Lead(Il) Grids

The Pbyg [4 X 4] grid generated by ligand 11 upon reac-
tion with two equivalents of Pb(CF5SOs), was firstly char-
acterized by NMR spectroscopy.l'” Its X-ray structure(*!]
(Figure 14a) showed that the solid-state complex cation is
[Pb;(11)5(CF3S05),6(H,0)s]'¢*, which can be described as
a set of four [2 X 2] sub-grids. The average Pb-Pb distance
is 6.3 A. Pb are hepta-, octa-, or nonacoordinated. Pb—Pb
diagonals are 26.9 and 26.3 A. The average distance be-
tween C4 atoms of a ligand in the grid is 28.8 A.

Figure 14. (a, b) X-ray molecular structures of the hexadecanuclear
Pb! grids generated by ligands (a) 11 (ref.*') and (b) 13% (ref.[*?])
(protons, water molecules and several anions omitted for clarity);
(¢) STM/CITS measurements for the Mn,s [5 X 5] complex showing
the CITS current image recorded at —0.732 V; reprinted with per-
mission from ref.[*]; copyright 2007 American Chemical Society.

The [2 X 2] sub-grids, contained in polymeric (vide supra)
or discrete high-nuclearity complete grids in which the
metal ions are separated by pyrimidine rings (M,N,C,N,M
sequences), belong to the class of expanded azametallac-
rowns [16-MCy-4] (MC is the abbreviation for metalla-
crown,°l and the subscript M is Co, Fe, Zn, Pb or Hg).

Reaction of ligand 13H, with 2 equiv. of Pb(CF5S03),
yielded the [4X4] grid [Pb;4(13)s(CF5S0;)s(H,0)s]-
(CF3S05)19-23H,0.52 It appears as a puckered square (Fig-
4759
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a)

e

d)

Figure 15. X-ray structures of grids (protons not shown): (a) [Mn;¢(10b)s(OH)g]** (ref?8]); (b) [Cu,6{(10d)s-2H}(0),(OH)4(H,0),]°*
(ref.B4); () [Mny6(10¢)5(O)s(OH)4J** (1ef.2%)); (d) [CuM;,Cu'y(10d)s]'2* (ref ).

ure 14b), the average distance between the protons on C4
atoms of terminal pyridines of the same ligand being 27.4 A
and Pb-Pb diagonals 15.9 and 27.5 A. It can be described
as a [4 X (2 X2)] grid; the bridging group between the two
Pb! in the [2X2] grid is a C-O~ (Pb-Pb distances 7.0
7.8 A), and the one connecting the [2 X 2] grids is a pyrimid-
ine ring (Pb—Pb distances 4.1-4.4 A).

Both of the grids discussed above are of general formula
[PbyeLg(L")(L"")gl*" where L = CF5SO5 and L' = H,O.
The 16 metal ions and 8 tetratopic ligands corresponding
to a complete [4 X 4] grid are present, but there are also two
other types of ligands: triflate and water.

Reaction of ligand 12 with two equivalents of
Pb(CF;S03), in nitromethane produces the [4 X 4] grid-like
complex [Pby4(12)5](CF3S03)3,, which was characterized by
1D and 2D NMR spectroscopy (vide infra).l33

3.1.3.2.2. Hexadecanuclear [4 X 4] Manganese(1l) Grids

In grid [Mn;¢(10b)s(OH)g](NO5)s:15H,0P8  (Fig-
ure 15a), eight HO ™ ligands act as bridging ligands between
Mn;, and Mn;3, Mn,; and Mns;, Mn,, and Mn,3;, Mny,
and Mns4, Mns, and Mnss, Mny, and Mnys (the subscript
indicates the position in the matrix-like representation of
this grid, not shown, but easily imaginable; for an example
of numbering of metal ions, see Figure 28a). The average
dimensions (distances between the protons located on C5
atoms of terminal pyridines of a coordinated ligand) of the
grid are 20.5 A X 20.5 A. Grid [Mn;4(10b)s(OH)s](ClO,)s*
15H,0, with a similar structure, was also reported.®!

Ligand 10c generated the hexadecanuclear grid
[Mn;6(10¢)5(0)4(OH),J(NO3),-42H,0-4CH;CNP - (Fig-
ure 15¢) with Mn-Mn distances from 3.9 to 4.1 A and
average dimensions of 24.4 A X 24.4 A. Four O% bridging
ligands connect two-by-two neighbouring metal ions from
the sides of the grid (i.e. Mn;, and Mn;3, Mn,; and Mnjy,
Mny, and Mnys, Mn,, and Mnsy), and four HO ™ ligands
connect two-by-two the central neighbouring metal ions
(Mn,, and Mn»3, Mn,3 and Mnss, Mns; and Mns»).

3.1.3.2.3. Hexadecanuclear [4 X 4] Copper Grids

In grid [Cu"6{(10d)s-2H}(0)>(OH)4(H,0),](CF5S03)¢*
66H,0-10CH;OHP4 (Figure 15b), composed of four iden-
tical [2 X 2] sub-grids, the average Cu—Cu distance is 4 A,
the Cu—Cu diagonal is 15.5 A, and the average distance be-
tween the protons on C5 atoms of terminal pyrimidines is

4760

www.eurjic.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

20.8 A. Small ligands like H,O, HO", O? are required to
complete the coordination environment of Cu!! centres, and
it is likely that an incomplete grid, as for example the
“frame” containing 12 Cu" ions,® would have formed
without them. These bridging ligands act in the following
mode: H,O connects Cu;, and Cu,;;, Cuy, and Cuyz, HO
connects Cu,; and Cuz;, Cuy, and Cusz,, Cu,; and Cuss,
Cu,, and Cusy, and O* connects Cuy, and Cu,s, and Cus,
and Cuss. In the mer-N;0O5 coordination sphere of side Cu'!
ions, only five donor atoms belong to ligands 10d>, the
sixth belonging to a water molecule or a HO™ group (vide
supra the general representation in Figure 1d). In the trans-
N0, coordination sphere of central Cu,,, Cu,z, Cusz, and
Cuss, one O atom belongs to a HO™ group, another one to
an oxide O?", and the others belong to ligands 10d*".

To obtain the heterovalent grid-like complex [Cu!;,Cul,-
(10d)5](CF5S03);,°24H,0P! (Figure 15d), the 1:2 ligand/
Cu(CF3S03), mixture was treated with K[Ag(CN),]. On the
basis of bond valence sum (BVS) calculations, ions corre-
sponding to 22, 23, 33 and 32 elements in the matrix-like
representation (not shown) were designed as Cu'. They have
a N,O, coordination sphere. The distance between two ad-
jacent Cu! atoms is 3.32 A, the average distance between
other kinds of adjacent copper ions being 3.95 A. Corner-
located Cu' atoms have a cis-N4O, coordination sphere,
while side-located ones have a N3O, sphere. The average
dimensions of the grid are 20.8 A X 20.8 A.

3.1.3.3. Pentacosanuclear [5 X 5] Grids!?8/

Grid [Mn,s5(15H),0](ClOy4)59:65H,O generated by the
pentatopic ligand 15H,; upon reaction with Mn(ClOy),-
6H,0 was investigated by STS/CITS imagery on highly or-
dered pyrolytic graphite (HOPG) (Figure 14c), and the po-
sitions of the Mn atoms describe a [5 X 5] array whose edge
is 17 A, in accordance with the sum of four Mn-Mn dis-
tances of about 4 A each (as deduced from the previous
structures of Mn grids with ligands from the same family).
Treatment of this grid with Etz;N gave a compound that
should be the grid of the fully deprotonated ligand
[Mn,5(15),0]'"*.

3.1.4. Heteroleptic Complete [m X n] Grids (m # n)

This type of grid contains two kinds of polytopic ligands,
m n-site ligands and n m-site ligands, as well as m X n metal
ions, being of general formula [M,,,x,,(L"),(L"),.]**, where
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L™ is an m-site ligand and L” is an n-site one. Only [2 X 3]
grids (m = 2, n = 3) of this kind were reported until now.

In the silver(I) grid of this kind reported,’’#] M is Ag!,
L3 is 7a and L? is 4 (i.e. 6,6'-bis(6-methyl-2-pyridyl)pyrid-
azine) (Figure 2c). The mixture 3/7a/AgCF3SO5 (3:2:6) in
CD3;NO, contains 90% of grid [Age(4);(7a),](CF3S0;)s.
The X-ray molecular structure (Figure 8c) of the grid is like
a rhombus whose small angles are 66°, Ag-Ag diagonals
are 6.9 A (Ag;—Ags,) and 9.7 A (Ag;,—Ags), and sides (i.e.
distances between the protons located on C5 atoms of the
terminal py, of a ligand) are 13 and 17 A.

Di- (5) and tritopic (6) ligands incorporating two and
three phenanthroline-derived bidentate sites connected
through 1,4-diethynyl-benzene units, respectively, were syn-
thesized in the framework of the interesting HETPHEN
concept,?7® where bulky aryl substituents (like R! and R
in 5a and 6a; see Figure 2¢) produce steric and electronic
effects inducing the shift of the coordination equilibrium
toward the formation of heteroleptic complexes. [2 X 3]
heteroleptic hexanuclear gridsP®7¢! [Cug(5a);(6b),]** (Fig-
ure 16) and [Cug(5b);(6a),]°* slowly form as the product of
the reaction of 5a and 6b and 5b and 6a, respectively, with
[Cu(MeCN)4JPF, in dichloromethane (5/6/Cu' = 3:2:6).

The distance between the Cu! ions located in two consecu-
tive sites of a ligand of type 5 or 6 is 17 A.B7 According
to models, the dimensions of grid [Cug(5a)3(6b),]°" are 29
and 60 A (corresponding to a rectangular surface of
1740 A2); its diagonal is 50 A.

Figure 16. (a) Structural formulas of ligands 5a and 6b; (b) Hyper-
chem representation of the [2 X 3] grid [Cug(52a)3(6b),]°* from
ref.?7¢l; reproduced by permission of the Royal Society of Chemis-
try.

European Journal
of Inorganic Chemistry

3. 1. 5. A Catenane

An octanuclear [2]catenanel’¥ consisting of two [2 X 2]
grids can be seen as a way to increase the nuclearity.

3.2. Incomplete Grids

An incomplete grid is a grid generated by an s-site ligand
where one or more of 2s ligands and/or of s?> metal ions are
missing. Within the class of incomplete grids, there are:

— metal-defective grids (grids in which all expected 2s
ligands are present, but several metal ions are missing, i.e.
M,, [s X s] grid-like complexes, where y < s?);

— ligand-defective grids (grids in which all expected cat-
ions are present, but one or several s-topic ligands are miss-
ing, i.e. M [m X n] grid-like complexes, where m =< s and n
<)

— metal-and-ligand defective grids (grids in which one or
several s-site ligand(s) and several cations are missing, with
respect to the expected complete [s X s] grid, i.e. M,, [m X n]
grid-like complexes, where y < 5%, m < s and n < s).

For a matrix-like representation of these three kinds of
grids, see the Supporting Information.

3.2.1. Metal-Defective Grids

This class comprises grids generated by tritopic ligands
and grids generated by tetratopic ligands.

3.2.1.1. Grids Generated by Tritopic Ligands

In grid [Fes(9bH)](ClO4)y:34.5H,0° (Figure 17e,f),
the side metal centres, that is, 12, 23, 32, 21, are missing.
The average distance between the protons located on atom
C4 of the terminal pyridines is 19.6 A. Fe-Fe diagonals are
10.98 and 10.72 A. The formation of this grid®® might pass
through a tetranuclear [2 X 2] intermediate containing only
Lcl, L3, Lil and Lg3 as ligands and Feyy, Feys, Fes; and
Fes; as metal ions (thus positioned at the corners to avoid
the central chloro-substituted pyridine rings that should be
weaker donors). This [2 X 2] intermediate would further ac-
commodate the unit containing ligands L2 and L2 and
the metal ion Fe,,. This unit would form through the inser-
tion of, for example, Lg2 — with Fe,, already bound to the

L1 L2 L3

Lg1

LR2  p—

=

L3

f)

Figure 17. (a) X-ray molecular structure of grid [Cu;>Na(10a)g]°* (ref.?®)); (b), (c), (d) coordination modes of ligand 10a> in the complex
cation [Cu;,Na(10a)g]** (protons not shown); X-ray molecular structure (¢) and matrix-like representation (f) of grid [Fe'''s(9bH)¢]**

(ref.?°l; protons, anions and water molecules not shown).

Eur. J. Inorg. Chem. 2009, 4751-4770

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

4761

www.eurjic.org



MICROREVIEW

A.-M. Stadler

central NO, site (-CO-py-CO-) — between Lyl and Lg3,
simultaneously with the insertion of L2 between L1 and
L3 and the binding of Fe,, to the central free tridentate
site of L2. This insertion, as well as the complete unbend-
ing (vide infra) of the ligand seems to be made easier by
the attractive interaction between the terminal pyridines of
L2 and L2 - pyridines that are uncoordinated and conse-
quently more electron-rich — and between L1 and L2 and
Lgr1 and L2, respectively, pyridines that are bound to the
corner Fe'! ions and consequently electron-poor.

3.2.1.2. Grids Generated by Tetratopic Ligands

Tridecanuclear grid [Cu;,Na(10a)g](BF4)e:21H,0-2CH;-
OHP®! (Figure 17a) is obtained by reaction of ligand 10aH,
with Cu(CH3;COO0),-2H,0O in methanol (the molar ratio
10aH,/Cu'® was 1:1 or 3:4) followed by precipitation with
NaBF,. A grid-like motif [Cu;,(10a)g]3* was obtained when
NH4BF,4 was used instead of NaBF,. This fact suggest that
Na* does not play any role in the self assembly of the
[Cu;»(102)g]®* “frame™, being encapsulated within this
“frame” on addition of NaBF,. The dideprotonated ligands
10a% adopt three coordination modes, binding to four Cul!
cations (Figure 17b), or to two Cu!! and one Na! cations
(Figure 17¢) or, alternatively, to two Cu'' cations (Fig-
ure 17d). Among the 12 Cu'! cations, the corner ones (Cuy;,
Cuyy, Cuyy, Cuyy) have pseudo-0O,, coordination geometry,
while the others (Cuy,, Cu;;, Cu,y, Cusy, Cuy,, Cuys, Cusy,
Cu,y) have a square-pyramidal geometry. The sodium(I)
cation has a distorted 7); coordination geometry; it is not
statistically distributed over the four central N,O, sites.
Such N,O, tetrahedral coordination environments seem not
to be preferred by Cu'l, a fact that may explain why they
are unoccupied.¥ Indeed, complete grids of ligand 10>
were obtained with four Cu! ions located in these tetrahe-
dral sites®!(vide supra), or with supplementary small li-
gands (like O>~ or HO") that complete these sites by trans-
forming them into mer-N;O;5 sites appropriate for Cu'!
ions?>3¥(vide supra). The conformation of the simple
bonds that connect the uncoordinated pyridazine rings to
neighbouring hydrazones is transoid (Figure 17d); it is cisoid
in occupied sites. The average distance between the protons
located on C5 atoms of terminal pyridine rings of the coor-
dinated ligands is about 20.9 A.

Grid [Cu;»(10a)gNa; 53](NO3)g 53:30H,0B was obtained
by the reaction of [Niz(10aH);(H,0)](NO5);:2H,0P¢ with
four equivalents of Cu(NO3),-6H-O. The frame, constituted
of 8 ligands and 12 Cu ions (as in grid [Cu;,Na(10a)g](BF4)o:
21H,0-2CH;OH, vide supra), is filled with sodium cations
whose partial occupancy is 0.25, 0.125, 0.5 and 0.65. The
average distance between the protons located on C4 atoms
of the terminal pyridine ring is 20.9 A.

3.2.2. Ligand-Defective Grids. Heteroleptic Complex
Cations [MoLs(L'), (L' )p(L""),J**

In this case, one or more s-site polytopic ligand(s) is (are)
replaced by several monotopic ligands that complete the
coordination environment of the metal ions that should
have been bound to missing ligand(s). There is a difference
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between this kind of incomplete grid and the complete het-
eroleptic [m X n] grid in which all expected elements of the
grid are present.

In grid [Cuy(9aH)4COOCsH;NCOOH);(COOCsH;N-
COO)(H,0)](NO3)o*8H,0?31 (Figure 18a), ligands L1 and
L3 are missing and are replaced by one water molecule,
one dideprotonated and three monodeprotonated molecules
of pyridine-2,6-dicarboxilic acid. Cu,; (mer-N3;03), Cus,
(trans-N,O,4) and Cu,sz (mer-N;03) are coordinated as in a
complete grid. Cuy;, Cuyz, Cuz; and Cusz have mer-N;O3
coordination spheres, Cu;, has a N,O; sphere, and Cus,
has a cis-N,O, sphere.

Lol L2 L3
Niyy| Nijz [Ny |
1| Ny [Nizg| |
0 Nigy| Nigy Nigy |
from|
HZO S 3y —" I
a) )

Figure 18. X-ray molecular structures (protons not shown) of grids
[Cug(9aH)4,(COOCsH;NCOOH);(COOCsH;NCOO)°* (ref.?3)) (a)
and [Cuy(9d)4(COOCsH,CINCOO),(H,0)4]* (ref.?)) (b); (c) styl-
ized matrix-like representation of grid [Nig(9h)s(OH),(CH;CN),-
(H,0)5]%* (ref#%)) (only metal centres and ligands 9h*>  are repre-
sented; the missing ligand L2 is shown as a rectangle with dashed
lines).

Similarly, in grid [Cug(9d)4(COOCsH,CINCOO),-
(H,0),4](NO3)¢22H,0B% (Figure 18b), ligands Lgl and
L3 are missing and are replaced by four water molecules
and two dideprotonated molecules of 4-chloropyridine-2,6-
dicarboxylic acid. Cu ions from row 2 have the expected
coordination environment, as in the grid above. Cu;;, Cu,s,
Cu;; and Cuss have an N,O; coordination environment
that includes the O atom of a water molecule and an O
atom of a carboxylate group. Cu;, and Cus, have mer-N;O3
coordination spheres.

In grid  [Nig(9h)s(OH)>(CH;3CN)>(H0)3](ClO4)s*
19H,OM% (for the matrix-like representation of the [Nig-
(9h)s]3* part of the complex cation, see Figure 18c), the cen-
tral ligand L2 is missing, and the coordination sphere of
the three corresponding Ni'! cations is completed by HO™,
H,0 and CH;CN, the central Ni,,!" metal ion being linked
to its neighbouring metal centres Ni;, and Nis, through
HO™ groups.

3.2.3. Metal-and-Ligand-Defective Grids

Metal-and-ligand-defective grids can be generated by
tri-, tetra- or pentatopic ligands.

3.2.3.1. Grids Generated by Tritopic Ligands

There are several types of grid-like complex cations:
[MgLs]*", [M7Ls(L")(L"")s"" and [MgLa(L')J*".

3.2.3.1.1. [2 X 3] Grid-Like Complex Cations [ M4Ls]**

In this type of grid, with respect to the complete nonanu-
clear one, three cations (M,, M,,, M3, in the matrix-like
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representation) and one ligand (L2, i.e. the ligand corre-
sponding to column 2 in the matrix-like representation) are
missing. There are two kinds of ligand: two columns L1
and L3 (where all tridentate sites occupied with metal ions
are arranged in a more or less linear fashion), and the three
rows Lg1-3 (where the central tridentate site is free). The
conformations of ligands Lj and Lyi are different.

3.2.3.1.1.1. Grids Generated by Tritopic py;-(pdz)»-py;
Strands

Grid [Ags(7a)¢)>" (ref™!); Figure 19a) has been charac-
terized by NMR spectroscopy. All bidentate sites of ligands
Lqj (j = 1, 3) are occupied and all N atoms in these ligands
are in cisoid orientation (Figure 19b). Only the first and
third sites of ligands Lyi (i = 1, 2, 3) are occupied, and the
junction between the pyridazine rings has transoid confor-
mation, as in the free ligands (Figure 19c¢).

a) L1 L2 L3 b) = = /s =
Lei \ 27—\ 7 }q / k‘ /

<Y

L2

L3

Figure 19. (a) Stylized representation of the incomplete grid
[Ags(Ta)e]>* (ref1); coordination modes of ligands L¢j (b) and
Lgi (c) in grid [Ags(Ta)e]>".

3.2.3.1.1.2. Grids Generated by Tritopic py;-(py,-pym) -
Pya-py; Strands

Incomplete [2 X 3] grids!'®1°1 were obtained pure or as
the main product, by the reaction of ligands 8a—d with vari-
ous divalent metal salts, in a metal/ligand molar ratio of
3:2: [Cos(8b)sI(BE4) 12, [Zng(8b)s](CH3COO),,, [Zng(8b)s]-
(CF3S03)12, [Zn6(8b)s](BF4) 12, [Cos(82)s)(CF3S03)15, [Cos-
(8d)s](BF4)12,[Fes(8d)s](BF4)12,[Zn(8d)s)(BF4)12,[Cos(8¢)s]-
(BF4)12, [Fes(8¢)s|(BF4)12, [Zne(8¢)s)(BF4)1». The counter-
ion plays an important role in determining the nature of
the grid that may form; for example, Zn(CF;SOs3), or
Zn(CH;COO), reacts with 8b and gives the [2 X 3] grid with
some [2 X 2] grid as side product, while Zn(BF,), gives the
[3 X 3] grid. The formation of the [2 X 3] grid instead of the
[3 X 3] grid was explained by: (i) the pym-py,-pym structure
of the central tridentate site of ligands that renders it more
poorly coordinating than the terminal pym-py,-py; sites
that have two pyridine groups; (ii) the fact that the binding
of three cations induces curvature of the ligand and conse-
quently strains it.

The X-ray structure of the [2 X 3] grid [Cog(8¢)s](BF4);>
(ref.'8); Figure 20a,d) shows that the ligand L2 is missing,
as well as three Co!! cations that should have been bound
to it. The external dimensions of the grid are of about
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24.2 A (the distances between the protons on the C5 atoms
of terminal py, of ligands L) and 25 A (the distances be-
tween the protons on the C4 atoms of py, of ligand L1
and L3, py, that belong to the same row). The grid con-
tains two kinds of ligands: the completely occupied ones
(Figure 20c), and the ones that bind only two cations and
where the Nsp? of the central py, is in s-trans with respect
to the uncoordinated Nsp? of the neighbouring pym rings
(Figure 20b). This transoid conformation is found in the
free ligand. n—n stacking is observed between the phenyl
rings of L/ ligands and several pyridine and pyrimidine
rings of ligands Lgi.

a) L1 L2 L3
o, Q

LR1|

L2 []

L3 [

Figure 20. (a) X-ray molecular structure and matrix-like represen-
tation of grid [Coe(8¢)s]'>* (ref.l'®]; the missing ligand L2 is shown
as a rectangle with dashed lines); (b) tritopic ligand 8¢ with two
occupied sites; (c) tritopic ligand 8¢ with three occupied sites; (d)
top view of grid [Coe(8¢c)s]'>*.

The following [2 X 3] incomplete grids!'®! were charac-
terized by mass spectrometry: [Cde(8b)s](CF3SO3)is,
[Cos(8b)s](CF3803)12, [Cugs(8b)s](CF3SO3)12,  [Pbs(8b)s]-
(CF3503)12 (Side product of [Pbg(sb)é](CF3SO3)1g)

3.2.3.1.1.3. Grids Generated by Bis(acylhydrazone) Ligands
pyr-hyz-CO-py-CO-hyz-py;

Grid-like complex [Nig(9¢H)s](CF5SO5), 14H,04% (Fig-
ure 21a) is a hexanuclear [2 X 3] grid in which the five li-
gands 9cH, are half-deprotonated. Only the pseudo-octahe-
dral cations Mlls Mz], M31, M13, M23, M33 (M = Nl) are
present. Row ligands Lgi (i = 1 to 3) have one central free
N,O site and two terminal occupied N,O sites, the two ter-
minal sites adopting an anti relative orientation (Fig-
ure 21c). In column ligands Lej (f = 1 and 3), all three tri-
dentate sites are occupied (Figure 21d). The average Ni—Ni
distance in matrix columns is 4 A; it is 9.3 A in matrix rows
and Ni-Ni diagonals are 11.4 and 12.6 A. The deproton-
ation of the ligands occurs spontaneously, and no base was
added during the preparation of the complex.

In  grid-like complex [Nig(9b)s](BF4)4[Ni(H,O)g]
20H,0M 0 (Figure 21b), the ligand 9bH, is present as its di-
deprotonated form 9b>~ due to Et;N addition during the
preparation of the complex. In row ligands Lgi, the two
occupied tridentate sites are syn oriented, having two occu-
pied N,O sites and one free Nj site (Figure 21e).
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Figure 21. X-ray molecular structure of: (a) grid [Nig(9cH)s]”* (ref.[*?l) superimposed on its matrix-like representation (the missing ligand
L2 is shown as a rectangle with dashed lines), (b) grid [Nig(9b)s]>* (ref.[*); protons not shown). Coordination modes of tritopic ligands
within and above the grids: (¢) 9¢H—: N>O°*-N,Of-N,0°° mode with two anti oriented terminal occupied sites; (d) 9¢H™: N,O°—
NO,°-N,0°® mode with three occupied sites; (e) 9b>: N,O°~N;T-N,0°° mode with two syn oriented terminal occupied sites (occ =

occupied, fr = free).

3.2.3.1.2. Complex Cation [M;Ls(L’),(L")g]**

In grid-like complex [Co™,Co"5(92a)s(CH;CN)(H,0),]-
(ClO4)s*4CH5CN-9H,0M%  (Figure 22a), the following
metal ions are present: My, M,;, M3y, M3, M3, M33, M3,
(M = Co). Ligand 9aH, is present as its dideprotonated
form 9a-, but the deprotonation occurs spontaneously, no
base being added during the synthesis of the complex. Cos,
has a mer-N;05 coordination sphere consisting of the cen-
tral N,O tridentate site of ligand L3, two water molecules
and one acetonitrile. Ligand L3 is fully, but dissymmetri-
cally occupied (Figure 22¢). In row ligands, the two occu-
pied terminal tridentate sites are anti oriented (Figure 22b).
The average Co—Co distance in L/ ligands is 4 A, while in
Lgr3 (Figure 22¢) two very distinct Co—Co distances, 3.9
and 4.9 A, were measured. The average Co—Co distance in
ligands Lg 1,2, in which the only two occupied terminal sites
are anti oriented, is about 9.2 A.

Figure 22. (a) X-ray molecular structure of grid [Co',Co'5(9a)s-
(CH;CN)(H,0),]%* (protons not shown). Co,;, Co;3, Cos;, and
Cos;5 are Co'', while Co,;, Co,; and Cos, are Co'l; (b) a tridentate
ligand 9a> with two anti oriented occupied sites (N,O°°—N,O"—
N,0°* mode); (c) a dissymmetrically coordinated ligand 92> with
three occupied sites and terminal sites anti oriented (N,O°°—
N,0°¢-N,0°¢ mode).

In this heterovalent grid, Co'! centres are located in posi-
tions 21, 23 and 32, while Co™ centres are positioned at
the corners. This arrangement is to be compared with
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Mn";Mn'g and Mn"™,Mn''y [3X 3] grids, where Mn'!
ions are also positioned at the corners (vide supra).

3.2.3.1.3. Grid-Like Complexes!?>#?! [MgL,(L'),]**

In this particular case, four 3-tridentate-site ligands gen-
erate “M;L” motifs within an octanuclear architecture. The
metal/ligand ratio is not 3:2 (as in a [3 X 3] grid), but 2:1.
These octanuclear architectures have a [2 X 2] complete core
(four metal ions) with additional external nuclearity (four
metal ions), forming a “pinwheel-like” structure. The four
external metal ions are coordinated only by one tridentate
site of the tritopic ligand, and anions or other coordinating
molecules [L" = NO5~, H,O (Figure 23d), CH3CN; a = §]
complete their coordination environment. This kind of
architecture can be described by either a 4 X4 or a 2X?2
matrix-like representation (Figure 23a).

In grids [Cug(9b)4(NO;)g]-20H,0OP3 (Figure 23a) and
[Cug(9)4(NO;)g]-15H,0,1231 the ligands coordinate in a
“normal” mode (Figure 23c), that is, there are three syn-
oriented tridentate sites N,O-NO,—N,O. Grid [Cug(9a)4-
(CH3;0H)4(CH3CN)4][Gd(NO3)4(H20)2]2(NO3)6
1.3Cu(NO3),"10H,O"! has similar structural features, the
external Cu"! ions having a N3O, coordination sphere that
includes the donor atoms from a CH;CN and a CH;0OH
molecule.

In grid [Cug(9f)4(H,0)g](Cl0,)g (ref.?3; Figure 23b), the
opening of one terminal site has an orientation opposed to
those of the other two sites (Figure 23d), and the central
site is not a NO,, but a N,O site; thus the terminal sites are
anti oriented.

As to the influence of solvent and temperature on these
systems, it should be noted that both Cu' octanuclear and
nonanuclear ([Cug(9b)4(INO3)s]*20H,O and [Cug(9bH)3(9b);]-
(NO3)9-20H,0) grids were obtained,[>’! in both cases the
starting salt being Cu'! nitrate and the metal/ligand molar
ratio 3:1. The difference between their syntheses is the sol-
vent (MeOH/MeCN, 1:1(v/v) for the octanuclear grid, and
MeOH/H»O, 1:1(v/v) for the nonanuclear grid) and the
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Figure 23. (a) X-ray structure and two possible matrix-like representation of grid [Cug(9b)4(NO3)g]-20H,O?3! (protons and water molecules
not shown); (b) X-ray molecular structure of grid [Cug(9f),(H>O)g]®* (ref.?3)); (c) the coordination mode of ligand 9b*> (NO;™ not shown)
in grid [Cug(9b)4(NO5)g]-20H,0; (d) the coordination mode of ligand 9f>~ in grid [Cug(9f)4(H>O0)g]*; two H,O molecules are bound to a

Cu'l ion.

temperature (room temperature for the octanuclear com-
plex and warming for the nonanuclear one). The octanu-
clear complex can be converted into the nonanuclear one
by dissolving it in MeOH/H,O (1:1, v/v) and warming. This
suggests that the nonanuclear complex is thermodynami-
cally more favoured than the octanuclear one and shows
the influence of the solvent on the nature of such metallo-
supramolecular architectures.

Correlatively, ligand 9aH, also forms an octanuclear grid
[Cug(92a)4(CH;0OH)4(CH;CN),4®* [from Cu'! nitrate, in
MeOH/MeCN (2:1, v/v), metal/ligand 3:1],14? as well as a
nonanuclear one [Cug(9aH)s](NO3),,*9H,0O (from Cu'!' ni-
trate, in water, metal/ligand 6:1).2!]

Overall, it seems that polar solvents and warming stabi-
lize nonanuclear grids, while less polar solvents and room
temperature yield octanuclear grids.

3.2.3.1.4. Coordination Modes of Tritopic
Bis(acylhydrazone) Ligands 9H, within Ligand-and-Metal-
Defective Grids

A tritopic ligand A;-B;-A,-B,-A3-B;3-A,4 has the follow-
ing coordination sites: A;-Bi-A,, Ay-B>-Az and Aj-Bs-A,.
In the “normal” coordination mode of bis(acylhydrazone)s
9H, (or their mono- 9H" or dideprotonated form 9%°), the
three tridentate sites are the central NO, site and the two
terminal N,O sites. The simple C—C bond that links the

Lt L2 L3 La L1 L2 L3 L4

d)

3) NoO-N3-N,0

/O\,il
N
\N/

N

anti

Figure 24. (a—e) Stylized representation of various types of incomplete grids generated by tritopic bis(acylhydrazone) ligands 9H, de-
pending on their coordination mode (occ = occupied, fr = free): (a) Lej: NoO°-NO,°°-N,0°€, Lgi: N>O°-N,O"™-N,0°¢; (b) Lj:
NzoocchOZOCC*Nzoocc, LRi: Nzoocc*Ng,fr*Nzoocc; (C) Lcl NzOOCC*N()zOCC*NzOOCC, LRI and LRZZ NZO"CC*NZOfLNzoocc, LR2: NZOOCL
N,0°¢-N,0°¢; (d) Lej and Lgi: N>O%-NO,°“~N,0°¢; (e) L/ and Lgi: N>O%-N,0°“~-N,0°°¢, (f) Schematic representation of the
three coordination modes and conformations of tritopic bis(acylhydrazone)s that may be described considering the relative orientation
of neighbouring sites: (1) syn-syn corresponds to N,O-NO,—N,O; (2) syn-anti corresponds to N,O-N,O-N,O; (3) anti-anti corresponds
to N20*N3*N20.
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—COhyz- unit to the py, ring may turn around its axis (as,
consequently, the entire site A;-B;-A, or A3-Bs-Ay) to gen-
erate a central N,O tridentate site. For example, if only As-
Bs-A4 turns (Figure 21c¢, Figure 22b, Figure 23d), then A;-
Bl-Az-Bz-A3-B3-A4 becomes Al-Bl-Az-Bz-A/3-B’3-A4. A3 is
the CO group and A’; is the NCO group, and Bj; is the
hydrazone (N-N=CR) group, while B’5 is N=CR group
(see Figure 24f(1) and (2)). The conformational change in-
duces a change in the nature of the coordination site.

In the sequence of coordination sites N>O-NO>—N,O,
the three sites have the same orientation (Figure 21d, Fig-
ure 23c, Figure 24d.f(1)), while in the sequence N>,O-N,O—
N0, the orientation of one terminal site is opposite to that
of the other two sites. This last situation appears in many
incomplete grids (Figure 21c, Figure 22b,c, Figure 23d, Fig-
ure 24a,c,e,f(2)).

When the opening of both terminal sites is opposed to
the opening of the central one, then the representation of
the ligand may be written A;-B'{-A’,-B,-A’5-B’5-A4 and its
sequence of coordinating sites is N,O-N3;—N,O (Figure 21e,
Figure 24b,f(3)). This conformation induces, in complete
grids (vide supra) that contain three N>,O-N3;-N,O se-
quences and three N,O-NO,-N,O sequences, an “alter-
nate” aspect of the grid.

Another manner of describing these coordination modes
is to take into account the relative orientation (syn or anti)
of neighbouring tridentate sites, as shown in Figure 24f.
There are three possible combinations syn-syn, syn-anti and
anti-anti. Care should be taken to avoid possible confusion;
for example, the anti-anti combination corresponds to the
syn orientation of terminal sites.

3.2.3.2. Incomplete Grid Generated by Tetratopic Ligands

This incomplete grid,3!! obtained by reaction of ligand
11 with 3 equiv. of Pb(CF;S0s), (Figure 25), belongs to the
class of incomplete grids with a [2X 2] core and external
high nuclearity, that is, eight external tridentate sites able to
bind eight cations. It can also be seen as a double cross.[*!]
In the complex cation [Pb;,(11)4,(CF5S03),6(H,0)0]%*, the
average Pb—Pb distance is 6.75 A, the average distance be-
tween the C4 atoms of the terminal pyrimidines of a ligand
is 29 A and the Pb-Pb diagonals of the core [2 X 2] grid are
9.1 A. As in the corresponding [4 X 4] grid, water molecules
and triflate anions are bound to Pb' metal ions.
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Figure 25. X-ray structure (a) and matrix-like representation (b;
anions omitted) of complex [Pb;,(11)4(CF5S03),4(H,0);0]%*
(ref.3U; protons not shown).
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3.2.3.3. Incomplete Grids Generated by Five Bidentate-Site
Ligands.!#/

Ligand 14 is pentatopic and was expected to generate a
[5 X 5] grid with cations that adopt tetrahedral coordination
geometry, such as Ag!. Variable-temperature 'H NMR
spectroscopic studies showed that the CD3;NO, solution in
which the AgCF;S05/14 molar ratio was 2.5:1 (as required
to obtain grid [Ag,5(14);0]>>*) contained mainly two species
in slow exchange on the NMR timescale. One of these spe-
cies was found to be the quadruple helicate [Ag;o(11)4]'*
(Figure 26d), but grids [Ag,s(14),0]>°" (the expected one) or
[Ags0(14)]?°* were not observed by 'H NMR spectroscopy.
This solution gave two types of crystals: pale-yellow ones
(the incomplete grid [Ag,o(14)9]*°*, Figure 26a) and orange
ones (the helicate [Ag;((14),]'°*, Figure 26d).[4*]

a) L1 Lc2’|793 LedLlcS by -

Iu.l/l~l—!-
:u’ 1 A-. -
g ——

Figure 26. (a) X-ray molecular structure of grid [Ag,o(14)o]>°*

(ref*3) and its matrix-like representation; (b) coordination mode
of a ligand Lgi that binds four Ag* ions; (¢) coordination mode of
a ligand L/ that binds five Ag* ions; (d) X-ray molecular structure
of helicate [Ag;o(14)4]'°* (anions and protons not shown).

The icosanuclear incomplete grid [Ag,o(14)9]°* is a
[4 X 5] grid, but it can also be seen as a [2 X (2 X 5)] one,
that is, as an association of two [2 X 5] sub-grids. The
average distance between the protons located on C5 atoms
of terminal pyridines of a ligand is 25.5 A for ligands L/
that coordinate four cations and 25.1 A for ligands Lgi that
coordinate five cations. A consequence of the coordination
is that in all bidentate sites py;-pdz and pdz-pdz that bind
to a cation, the Nsp? atoms are in cisoid orientation (Fig-
ure 26¢), while in the free ligand they are in transoid orien-
tation. In the ligand that coordinates only four cations, the
central free site has a transoid conformation (Figure 26b),
the consequence being that the [2 X 5] sub-grids are anti ori-
ented.

The preference of the [4 X 5] grid over the [5 X 5] one can
be explained by the fact that the [5 X 5] one should have all
Nsp? atoms in cisoid orientation, that is, 50 cisoid sites,
while the [4 X 5] grid has only 40 cisoid sites. To this should
be added the fact that occupation of all five sites of ligand
14 produces a curvature (Figure 26c) and consequently a
strain on the ligand, as well as an increase in the volume of
central coordination spheres. Moreover, if the [4 X 5] grid
appeared as an intermediate during the hypothetical forma-
tion of the [5 X 5] grid, the formation of the last one would
suppose a complete reorganization of the system, required
in order to permit rotation around the central Cpq,~Cpq,
bond.
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3.3. A Pseudo-[3 x 3] Grid!*¥

This is a particularly interesting case, where six ligands
16 (Figure 27a) are present and oriented like in a [3 X 3]
grid, but there are four cations instead of nine (Figure 27b).
Five cations are missing, not because an “unpredicted coor-
dinative event” occurred (like for incomplete grids) even
though the ligand would have been conceived to generate a
[3 X 3] grid, but because the system (ligand and cations) has
been designed to generate a tetranuclear [2 X 2] grid.
Thanks to n—= stacking, two supplementary “guest” ligands
are located between the four ligands, which, together with
the four Cu' ions, form the [2 X 2] grid that acts as a “host”.
This structural feature can be compared with the pentanu-
clear incomplete grid [Fes(9aH)q]’* (vide supra). From a
coordinative point of view, the grid is complete. The grid
has nine tetrahedral pockets, but only the four N4 nodes
corresponding to My, M3, M3; and M3; are occupied with
Cu'. Each one of the four (CH),N, unoccupied pockets (;»,
51, 23 and 3,) corresponds to one phenanthroline-like site
and one 3,3’-bipyridine-like site. The central (CH), unoccu-
pied node corresponds to two 3,3’-bipyridine-like sites.

Figure 27. (a) Structural formula of ligand 16, which generates grid
[Cuy(16)6](BF4)4; (b) X-ray molecular structure of grid [Cuy(16)e]
4* (ref*4; anions and protons not shown).

Despite the fact that this grid is not a grid with “unusual,
high” nuclearity (as it is tetranuclear), this discussion was
included here because of the similarity between this pseudo-
[3X 3] grid and a possible incomplete [3 X 3] grid, in order
to better understand the difference.

4. Structural Characterization

Besides elemental analysis, infrared spectroscopy, mass
spectrometry (usually electrospray mass spectrometry (ES-
MS), which is a soft method of ionization) and X-ray crys-
tallography, NMR spectroscopy and other methods were
employed for the structural characterization of grids dis-
cussed in this review.
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4.1. NMR Spectroscopy

Nuclear magnetic resonance spectroscopy (NMR) is a
precious tool* of characterization.

4.1.1. '"H NMR Spectroscopic Differentiation of Ligands
within [3 X 3] and [4 X 4] Grids

The placement of ligands of the same kind in two dif-
ferent chemical environments within [3 X 3] and [4 X 4] grids
makes them chemically inequivalent. Thus, the 'H NMR
spectra of grid [Pby(8a)s]'®* (not shown), as well as the one
of grids [Agy(7a)e](CF3803)!"! or [Zny(8b)s](BF,),5"™ (not
shown), show peaks indicating the presence of two kinds of
coordinated ligands in a molar ratio of 2:1, which corre-
spond to the outer (2 equiv.) and inner (1 equiv.) ligands.
Correlatively, the '"H NMR spectrum (not shown) of the
[4 X 4] grid [Pb;¢(11)g]*** contains two sets of signals in a
1:1 ratio corresponding to two different groups of equiva-
lent ligands: outer (Lc1, Lgl, Lc4, Lg4) and inner (L2,
Lr2, Lc3, Lr3) (see Figure 28a).['7-31 A similar situation is
observed for grid [Pb;4(12)g]*** (ref.[33; Figure 28a,b).

e

L3 L4 ¢)

LETTT
40 38

T T T r T T T T T T T r T y
94 92 90 88 86 B4 82 B0 78 76 74 72 70 68
&/ppm

Figure 28. (a) Matrix-like representation of a [4 X 4] grid [Pbs-
(L)s]?** (L = 11, 12); (b) 500 MHz 'H NMR spectrum**! of the
[4 X 4] grid type complex [Pb;4(12)s]*>* (solvent CD;NO,); 'H-'H
NOE between protons of py;-py, (¢) or py;-hyz (d) sequences.

In the case of grid [Age(7a)(4),]°* (Figure 8b,c), two sets
of signals in a 2:1 (outer/inner) ratio correspond to the two
kinds of ligand 4 (due to the two different environments).”]

4.1.2. Ligand Conformation in Grids — NOESY and
ROESY

In ligands with coordination sites comprising two or
three units that have close protons, the nuclear Overhauser
effect (NOE) (Figure 28c,d) between these close protons re-
sults in '"H-'H correlations in the NOESY (Nuclear Over-
hauser Effect Spectroscopy) or ROESY (Rotating-Frame
NOE Spectroscopy) spectra and thus confirms their prox-
imity and, furthermore, the conformation of the ligands.
4767
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4.1.3. Metal Ion Differentiation Observed by NMR
Spectroscopy

In the case of grid [Pb;4(11)g]*?* that contains three
kinds of Pb" (Figure 28a), that is, corner (11, 14, 41, 44),
edge (21, 31, 42, 43, 24, 34) and centre (22, 23, 32, 33), the
207Ph NMR spectrum contains three signals in a 1:2:1 ratio,
which correspond to the three kinds of Pb!.[17-31] The 297Pb
NMR spectrum of the double-cross-like complex [Pby,-
(11)4]?** contains, as expected, two signals.l3!]

The 'Ag NMR spectrum shows three different reso-
nances in the expected ratios in the case of grid [Agy-
(7a)g]’* (ref'®)), and two signals in a 2:1 ratio in the case
of grid [Age(7a),(4)3]°* (ref*7).

4.1.4. Proton-Metal Ion HMQC

'H-2°7Pb HMQC (Heteronuclear Multiple Quantum
Coherence) allows identification, thanks to 'H-27Pb corre-
lations, of the coordination sites where the cations are lo-
cated. This method has particular utility when several kinds
of Pb are present, as in the case of grid [Pb,¢(11)g]3>*
(ref.31),

4.2. Mossbauer Spectroscopy

Mossbauer spectroscopy showed that grid [Fe'lo(9a)q]-
(NOs);5-18H,0 has three kinds of cations, the intensity ra-
tio being 1:4:4, in agreement with the three kinds of Fe!!
in the grid (one centre, four corners, four sides).l°!

4.3. Surface Studies as a Means of Characterization —

STMICITS

Scanning tunnelling spectroscopy (STS) and current in-
duced tunnelling spectroscopy (CITS) on highly ordered

Figure 29. CITS images of grids (a) [Mno(9b)s](Cl1Oy4)s; (b)
[Mn,4(10b)gs(OH)g](NO5)s. Reprinted with permission from ref.*®!
Copyright 2007 American Chemical Society.

pyrolytic graphite (HOPG) or Au(111) surfaces have been
performed for grids [Mng{(9¢H,)s-8H}](C104)0*
12H,0,[2446:471 [Mng(9b)e](Cl0,)¢ 10H,OP8:46:471 (Fig-
ure 29a), [Mn;(10b)g(OH)s](NO;)s?8-4647] (Figure 29b)
and [Mn,s(15H),,](ClO,),01?® after treatment with Et;N
(probably [Mn,s(15),0]'°") (Figure 14c). For the above
[n X n] grids, CITS images show n> (n = 3, 4, 5) spots corre-
sponding to the metal centres arranged as in the corre-
sponding grid, the metal-metal separations being consistent
with those measured by X-ray crystallography.

5. Conformational and Shape Changes of the
Ligand as a Result of Coordination

The coordination of metal ions by ligands to form a grid
induces conformational changes on the binding sites, whose
consequence at the molecular level is the change of the
shape of the ligands.

Usually, the arrangement of s metal ions located in the s
sites of an s-topic ligand is not perfectly linear, but slightly
curved.

5.1. Unbending of Bent Ligands Due to Grid Formation

Tritopic bis(acylhydrazone) ligands py;-hyz-CO-py,-CO-
hyz-py, have a bent shapel®'! (Figure 30a), which, on bind-
ing the amount of appropriate metal ion required to obtain
the grid, is converted into a linear one (Figure 30b). For
example, in the case of ligand 9aH,, the distance between
the two Nsp? from its NH, groups is about 5.5 A in the free
ligand and it increases to 12.3 A in the ligand within the
[3 X 3] grid [Zny(9a)5(9aH);]°*; the distance between the
protons located on the C4 atoms of the terminal pyridines
increases from 17 (free ligand) to 19.7 A (grid) (Figure 30b).

5.2. Unfolding of Helical Ligands Due to Grid Formation

Ligands 11 and 12 have a defined folded helical shape
that unfolds on coordination with metal ions to form the
grid, thus generating an unfolding of significant amplitude.

The four-site ligand py;-(py>-pym)s-py»-py: (11) (py1 =
2-substituted pyridine, py, = 2,6-disubstituted pyridine,
pym = 4,6-disubstituted pyrimidine) has a helical confor-
mation due to the transoid conformation of the sequences
pPY1-py> and py,-pym.8 The same holds for the three-site
ligand py-(py2-pym),-py»-py: (8). The ligand py;-(hyz-
pym)s-hyz-py; (12) (hyz = hydrazone), where the hyz group

d)

Figure 30. (a) Model of ligand 9aH,; (b) “Zn;9a” motif from the [3 X 3] grid [Zno(9a);(9aH);]°*; (c) helical shape of ligand 12 (X-ray
structure); (d) model of a “Pbs12” stick of the [4 X 4] grid [Pb,¢(12)s]*>*.

4768

www.eurjic.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Eur. J. Inorg. Chem. 2009, 4751-4770



Grids with Unusual, High Nuclearity — A Structural Approach

Eur|IC

acts as the isomorphic equivalent of the py, group, also
adopts a helical conformation.**-*"l In the corresponding
grid-like complexes, the ligands are as their stick-like com-
plexed form. For example, in the case of ligand 12, the dis-
tance between the protons located on C4 atoms of terminal
pyridines is 7.8 A in the free ligand, and about 32.2 A in
the grid (Figure 29¢,d).

6. Conclusion

The recent evolution of the field of grids with “unusually
high” nuclearity is fast, and the grids reported until now
are quite diverse. Only the aspects related to the conception
and structural characteristics of such grids were reviewed
here, but their very interesting properties could be discussed
in a forthcoming review.

If the rational conception of s-site ligands often leads
to the expected complete [s X s] grids upon reaction with
appropriate metal ions, there are also cases where an incom-
plete grid or another different architecture is obtained. In
this process of self-assembly, the nature of the metal ion
and other factors (structural strain, solvent, pH, stoichiom-
etry etc.) play an important role.

X-ray structures of [3 X 3] and [4 X 4] complete grids were
determined, and STM/CITS studies already revealed the
existence of a [5 X 5] grid. Ligands with six and more triden-
tate sites were synthesized>?->2! or considered;32(4)-3a(3)]
would they lead to defined, not polymeric, complete grids?
What are the limits?

In view of the recently reported heterometallic [3 X 3]
grids, one may wonder how it would be possible to control
the number of each kind of metal ion and its exact position
within such grids.

Heteroleptic [2 X 3] grids containing two types of ligands
were reported,372-370 and this sparks interest for heterolep-
tic grids that would contain three or more types of ligand.
Another interesting field would be that of grids generated
by dissymmetric ligands.

To conceive the ligands and to succeed in obtaining the
corresponding grids with unusual, high nuclearity is surely
pure chemist-work, but it also involves a lot of know-how;
it is an art.

Supporting Information (see footnote on the first page of this arti-
cle): Matrix-like representation of three kinds of incomplete grids.
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