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Dimensionality Variation in Polymeric Metallo-Organic Frameworks

Kalle I. Niittinen,!?! Juha Linnanto,'?! and Kari Rissanen*?!
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Single crystal X-ray crystallography was used to determine
the structures of four metallo-organic complexes derived
from pyridyl ligands and the metal ions, Cu?*, Zn?* and Ag*.
Two metallo-organic layer framework structures (1 and 3), a
strand (2) and a dimer (4) structure were formed when the
tetradentate ligands, tetrakis(nicotinoxymethyl)methane
(TNM) and tetrakis(isonicotinoxymethyl)methane (TINM),
were reacted with the first and second row transition metal
cations, copper, silver, and zinc. The choice of anion and li-
gand was found to affect the outcome of the structure. Con-
trary to our previous results with the same ligands and sim-
ilar transition metal cations, no genuine 3D metallo-organic
frameworks (MOFs) were obtained. Several factors were
found to affect MOF formation: the coordination geometry,
the meta- or para-configuration of the coordinating pyridyl
moieties and the size and type of the counter anion. In 1, the

use of TNM (with a shorter “coordination arm"” than TINM),
in combination with an octahedral coordination geometry (4
Py, SO4% and H,O) and a relatively large sulfate anion, leads
to a sandwich-like layer structure with the anions between
the MOF layers. The layers have a thickness of 2.1 nm. In
complex 3, similar layer structures are assembled from four-
and five-coordinate (2 Py, NO3;~, H,O/2 Py, 3 NO3~) Ag™* ions
with TINM and nitrate anions. However, in complex 2, the
Zn?* ion is tetrahedrally (2 Py, 2 Cl7) coordinated, creating
an infinite strand structure. Most surprisingly, in complex 4,
two arms of the ligand are uncoordinated and a binuclear
square-planar coordination geometry (2 Py, 2 CH3;COO")
around the Cu?* ions, as well as the acetate anions, create a
non-polymeric dimeric structure.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

Introduction

The ease with which new polymeric metallo-organic mate-
rials can be analyzed and synthesized, as well as their poten-
tial capacity for a range of applications, have in the last dec-
ade created an interesting field of chemistry dealing with
supramolecular, polymeric strands, sheets, and 3D networks.
Possible applications include trapping (or chlathrating) of
guest molecules,!!! chemical sensing,” light element cer-
amics,®! electronic switches, and gas-storage.[*>! Molecular
self-assembly enables the synthesis of these complexes by the
utilization of molecular tectonsl® and supramolecular syn-
thons!” to create infinite polymers that form crystals. The tec-
tons are held together by a variety of interactions such as
metal—ligand  coordination  bonds,®~ 'l hydrogen-
bonds,'>~ 13 stacking interactions,!'® S— S bonds,!!'l metal-
metal contacts,[! weak hydrogen—bonds,[!®!8] -+ 1 interac-
tions or mixtures of these.[>!°l The networks created from the
tectons come in many forms such as one-dimensional rods,
ladders and tubes,” two-dimensional grids, sheets or honey-
combs,! three-dimensional diamondoid (tetrahedral cen-
ters),[1>17:2.221  or simple cubic lattices (octahedral
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centers).[?>72%1 The coordination networks offer some at-
tractive properties which include modularity (i.e. the avail-
ability of a large number of identical sites), regioselectivity,
stereoselectivity, shape selectivity, and exact information on
the nature of binding (i.e. position in the crystal lattice), as
opposed to absorption or adsorption on the surface.[*s! Al-
though crystal engineers try to control the properties of the
crystal,?” the majority of crystallizations lead to unexpected
results, such as the formation of two different structures from
one crystallization method,!® or the formation of different
MOFs from the cis- and trans-isomers of a ligand.[>®!

We have previously studied the interpenetrating 3D
MOFs formed by TINM and the first row transition metal
cations, copper, nickel and cobalt.”®! This work deals with
metallo-organic complexes that form architectures with
fewer dimensions than the MOFs studied in our previous
work. Despite some examples of tetradentate ligands used
in the synthesis of one- or two-dimensional structures, most
of the structures are synthesized from bidentate ligands,
such as 4,4'-bipyridine, or tridentate ligands.['7-23:30732 This
is partly due to ease with which the starting materials for
the bidentate MOFSs are synthesized, and the fact that the
tetrahedral conformation typical of tetradentate MOFs
tend to lead to 3D networks.[?*-33] In this work, we investi-
gate the effect of using the meta- (TNM) and para-isomers
(TINM) of the same ligand with a selection of anions and
the first and second row transition metal cations, copper,
zinc, and silver. The effects on MOF formation, and on the
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geometry and dimensions of the formed frameworks were
investigated. The use of flexible organic ligands adds an ele-
ment of freedom to the coordination geometry of the metal
atoms. Therefore, one would expect a deviation from the
structures based on rigid bidentate ligands.
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Table 1. Crystallographic parameters for complexes 1—4

Results and Discussion

Synthesis: X-ray quality crystalline solids of complexes
1—4 were obtained by evaporation of the solvents. All com-
binations of the ligands, TNM and TINM, and the metal
salts, copper diacetate, copper- and silver nitrate, zinc, co-
balt, and nickel chloride, and copper sulfate, and the sol-
vents and solvents mixtures, MeOH, MeCN, CH,Cl,, and
H,O, were tried. Almost all the complexation attempts pro-
duced fine microcrystalline precipitates. Complexes 1—4
were the only single crystalline solids that could be col-
lected. The structures were further confirmed using elemen-
tal analysis and TGA. Since complexes 1—4 only exist as
solid crystalline material, no NMR measurements were per-
formed.

X-ray Single Crystal Structures

The crystal data for complexes 1—4 are presented in the
Table 1. No unusual metal coordination angles or bond
lengths were found in the structures.

Layer Structure 1: The asymmetric unit of 1 consists of
half a molecule of TNM, with skewed tetrahedral coordi-
nation of the arms, one copper cation, one coordinated dis-
ordered sulfate anion, five water molecules, and one meth-
anol molecule. A model to describe the sulfate disorder was
built by splitting the sulfate molecule into two positionsr.
Two water molecule halves were located in special positions,
two were disordered to two and three positions, respectively.

Complex 1

2 3 4

Empirical formula
(CH;0H),(H,0)5
952.30

blue, plates

0.08 X 0.2 X 0.3

Formula mass
Crystal color, shape
Crystal dimensions (mm)

[Cu(CaoHa4N4Og)(SO4)(HL0)5]-  [Znx(CroHaN4Og)Cly]-  [Aga(CaoHayN4Og)-  [Cu(CaroH,4N,Og)-

(CH;3CN),3(H20)1/3
855.74

yellow, blocks

0.15 X 0.15 X 0.3

(NOs),(H,0)]
914.30

colorless, blocks
0.20 X 0.25 X 0.4

(0,CCH;),J(H,0)4
810.22

blue, prisms

0.08 X 0.15 X 0.5

Crystal system Monoclinic

Space group P2/c¢ (No.13)

a(A) 10.5626(4)

b (A) 15.3884(6)

c(A) 13.7398(5)

a (°) 90

B () 100.219(2)

v ) 90

V(A% 2197.9(2)

Calcd. density (Mg/m?) 1.439

Temp. during data collection (K) 173

Z 2

Roped. R1 = 0.0642,
wR2 = 0.1678

R R1 = 0.0891,
wR2 = 0.1861

GooF 1.060

0 range for data collection (°) 2.98 to 25.69

Scan type /Q, 2°

Refl. collected/unique/cell refinement 14322/4313/4010

Refined parameters R 372

Residual electron density e/A3 0.611/—0.686

min./max. abs. correction 0.8902/0.9407

Trigonal triclinic triclinic
P3(2)2; (No.154) P1 No.2 P1 (No.2)
12.511(2) 9.1111(2) 10.8279(4)
12.511(2) 11.1364(2) 10.8228(4)
21.472(4) 15.4384(4) 18.7422(9)

90 91.057(1) 77.639(2)

90 90.350(1) 74.946(2)

120 90.218(2) 60.785(2)
2910.6(9) 1566.15(6) 1841.2(2)
1.465 1.939 1.461

173 173 173

3 2 2

R1 = 0.0362, R1 = 0.0302, R1 = 0.0560,
wR2 = 0.0998 wR2 = 0.0677 wR2 = 0.1244
R1 = 0.0429, R1 = 0.0382, R1 = 0.0835,
wR2 = 0.1039 wR2 = 0.0708 wR2 = 0.1363
1.128 1.082 1.075

3.26 to 25.02 2.24 to 25.00 3.29 to 25.70
/Q, 2° D/Q, 2° D/Q, 1°
29711/10200/9491 14486/5488/5006 11447/6830/5779
225 475 513
0.738/-0.229 0.402/—0.518 0.858/—0.576
0.7397/0.7753 0.7304/0.7489 -

[al The hydrogens could not be located for all the water and methanol molecules.
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Hydrogen atoms could not be located for the disordered
water molecules. The TNM ligand is coordinated by the
copper cations through the four aromatic nitrogen atoms.
The coordination geometry around the copper atom is octa-
hedral.

A schematic presentation of the ligand and its surround-
ings in complex 1 is displayed in Scheme 1. The 2D MOF
of 1 is a grid that is puckered so that the equatorial copper
coordination planes are placed both on top and bottom of
the layer that is formed. The TNM ligands form the inside
of the layer. The equatorial coordination bonds of the cop-
per atoms are coplanar with the layer. Therefore, all the
arms of TNM are directed towards center of the layer (Fig-
ure 1). The puckering arises as a result of the meta-position
of the nitrogen atom of TNM and the relatively large size
of the sulfate anion. The puckered structure results in the
formation of open channels on top and bottom of the lay-
ers. The channels are filled by water molecules and occupied
by sulfate anions from the neighboring layer (Figure 2).

In our previous work we synthesized two complexes of
TINM with copper nitrate.*”) Both of these complexes are
two-fold interpenetrating 3D MOF structures with channels
formed by cavities that contain nitrate anions and solvent
water molecules. The “effective” length (distance between
central carbon atom and the coordinating nitrogen atom)
of the TINM ligand is longer than that of the TNM ligand.
The nitrate anion is also smaller than the sulfate anion. In
addition, with the nitrogen atom in the meta-position of
TNM, the arms of the ligand cannot be straightened so as
to satisfy the square-planar coordination geometry around
the copper cation. Due to the distorted tetrahedral confor-
mation of the arms, combined with the meta-position of the
aromatic nitrogen atom, complex 1 forms a pseudo 3D
MOF that does not elongate infinitely in all dimensions,
but instead creates thick layers perpendicular to the crystal-
lographic b-axis. Therefore, it is not a true 3D MOF in this
respect. However, its third dimension is in the nanoscale
range: the thickness of the layers is 2.1 nm.

In order to provide enough space for the sulfate anion,
the structural components of 1 should create a non-inter-
penetrating MOF rather than the two-fold interpenetrating
MOF previously observed with Cu(NO;), and TINM.?!
However, the difference in the size of the anions is probably
not enough to allow for the formation of a stable non-inter-
penetrating MOF: the sulfate anions are not large enough
to support the formation of a framework that would not
collapse without a second interpenetrating framework. We
have performed molecular modeling, the results of which
support this hypothesis. The channels contain water mol-
ecules with hydrogen atoms pointed towards the highly
negative electron potential of the sulfate anions. The nega-
tive electron potential of the sulfate anion requires too
much space for the 3D network to be formed. All attempts
to crystallize a 3D MOF from TNM and a metal cation
with octahedral coordination (Cu, Ni, Co) failed, thereby
also supporting the spatial and conformational require-
ments of the TNM ligand.

4080 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. A view of the ball-and-stick model of two layers of 1
along the crystallographic unit cell axes a, b, and c. Only the central
carbon atoms, terminal nitrogen atoms of TNM, the copper atoms,
and the bonds betwegn them are shown. The separation between
the two layers is 3.5 A

Strand Structure 2: The asymmetric unit of 2 consists of
a Zn atom, half a molecule of TNM coordinated by it, two
chloride anions coordinated by the zinc atom, a water mol-
ecule, and an acetonitrile molecule. The water molecule is
situated in a special position and was located with a popu-
lation parameter 1/2 and a site occupancy of 1/3. The ter-
minal carbon atom of the acetonitrile molecule is also in a
special position. The acetonitrile was located with a popu-
lation parameter 1/2 (besides the terminal carbon atom for
which a population parameter 1/2 and a site occupancy of
1/3 were applied). The solvent molecules are located inside

www.eurjic.org Eur. J. Inorg. Chem. 2003, 4078 —4086
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Figure 2. A perspective view of the space-filling model of a square
section of the layer in 1. The oxygen atoms of the water molecules
are shown. The sulfate anions of the neighboring layer are dis-
played on top of the leftmost channel
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Scheme 1. A schematic representation of the layer network of 1,
with the central ligand shown in bold font

the cavity formed by the links of the chains. The coordi-
nation geometry around the zinc atom is tetrahedral.

A schematic representation of a polymeric unit of 2 is
presented in Scheme 2. Due to the trigonal symmetry of the
structure, each layer of stacked chains forms a 60° angle
with those above and below it. The layers are formed per-
pendicular to the crystallographic c-axis (Figure 3).

The formation of a 3D MOF is prevented by two factors:
the zinc cation has only two available coordination sites
from its tetrahedral coordination sphere for the TNM Ii-
gand, and the arms of TNM are paired, i.e. their orien-
tation is not tetrahedral. Therefore, the polymeric structure
only grows in one dimension and there are no coordination
bonds between individual chains (Scheme 2). Additionally,
the chloride anion is not able to act as a bridging anion
between two adjacent Cu centers, unlike the acetate or ni-
trate anions. The planar, cross-like conformation of the li-

Eur. J. Inorg. Chem. 2003, 4078—4086 www.eurjic.org
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Scheme 2. A schematic representation of 2, with the central ligand
shown in bold font

Figure 3. Two chains from each of the three layers with a unique
orientation in complex 2 (the planes of the layers are in the plane
of the paper). The orientation of the fourth layer is identical to that
of the first layer. The chain pairs are displayed with the color inten-
sity increasing along the c-axis. The solvent molecules are excluded

gand arms could create a 2D MOF, with four ligands for-
ming one large square in the grid. This type of structure
would probably need to be interpenetrated so as to stabilize
the framework. However, only the strand structure 2 could
be obtained from the complexation experiments. A prob-
able explanation for not obtaining the 2D layer MOF is
the high complementarity requirements of interpenetrating
frameworks in the solid state. In our experiments, interpen-
etration was not observed in the single crystals that were
obtained.

Layer Structure 3: The asymmetric unit of 3 consists of
a non-tetrahedral TINM ligand that is coordinated to four
silver cations, two of which belong to the asymmetric unit.
There are also two nitrate anions and one water molecule
that are coordinated to the silver cations. A plot with ther-
mal ellipsoids of structure 3 is presented in Figure 4. The
linear conformation of TINM is stabilized by m---m interac-
tions between the pyridine rings C36—C41 and C26—C31
(separation between the centroids of the rings is 3.89 A), as
well as CH-+m interactions between the remaining two arms
[d = 2.72 A for C17—H17- centroid (C6—C11)]. The m**'xt

© 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4081
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Figure 4. A plot with thermal ellipsoids shown at the 50% probability level for 3. The non-hydrogen atoms of the asymmetric unit

are numbered

interactions between the aromatic rings are attractive forces
that bring the Ag* cations closer (within a distance of 4.07
A from each other).

A schematic representation of the structure of 3 is dis-
played in Scheme 3. The neighboring chains provide ad-
ditional nitrate anions for coordination by the Ag* cations.

This coordination creates additional connections in another
direction of the lattice, thus forming a link between the
chains of 3, and leading to the formation of 2D layers (Fig-
ure 5) with a thickness of 13.2 A. One silver cation (Agd2)
exhibits a distorted square-planar coordination geometry,
while the other (Ag43) exhibits a square-pyramidal ge-
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Scheme 3. A schematic representation of the structure of 3. The central asymmetric unit is shown in bold font. The chains run in a
horizontal direction
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Figure 5. The links between the chains of 3. Four TINM ligands
and silver cations are shown. The different chains are shown in
light and medium gray. For clarity, the bridging nitrate anions are
shown in black ink and the hydrogen atoms are omitted

ometry. The two symmetry equivalent Ag43 cations are
bridged by two nitrate anions (N44—047 and its symmetry
equivalent). They are also bridged to the neighboring chain
Agd?2 cations by the same nitrate anions, through the re-
maining oxygen atom of the nitrate anions. The other ni-
trate anion coordinated to the Ag43 cation does not form
a bridge.

With the planar, cross-like conformation of the ligand
arms, a 2D grid-like MOF could hypothetically be created
by N—Ag bonds alone (see discussion of complex 2). Anion
coordination between layers could extend this structure into
a 3D MOF, assuming that the anions would be suitably
positioned. However, neither of these structures are ob-
served. As with complex 2, the probable explanation for
not obtaining the 2D MOF is the high complementarity
requirements of the interpenetrating frameworks. These re-
quirements were not met by any quantitative combination
of the TINM ligand and silver nitrate, since the layer struc-
ture 3 was the only single crystalline material that could be
obtained. Since the arms of the TINM are paired, thereby
providing an extension of the structure only in one dimen-

sion, the structure remains as a stack of anion-bridged 2D
layers.

The three bond lengths involving the bridging nitrate
anion are both shorter [Ag43—046: 2.608(1) A] and longer
[Agd42—047: 2.797(3) A and Agd3—045: 3.025(2) A] than
the bond length of the singly coordinated nitrate anion
[Agd3—049 of 2.651(1) A]. The layers of 3 stack along the
crystallographic a-axis, forming a dense lattice with no vo-
ids.

Dimeric Structure 4: Each asymmetric unit of 4 contains
one Cu atom, one TINM ligand coordinated by the copper
atom, two coordinated acetate anions and four water mol-
ecules. The four water molecules are hydrogen-bonded to
the carbonyl oxygen atoms of the acetate anions or to those
of the TINM core, except one, which is hydrogen-bonded
to one of the water molecules. The coordination geometry
around the copper atom is square-planar (Figure 6). The
formation of dimers and the 7-n interactions between the
pyridine rings (3.66 A between the centroids) of parallel
arms (as in 3) brings the copper cations to within 3.43 A of
each other. A schematic representation of the structure of
4 is displayed in Scheme 4.
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Scheme 4. A schematic representation of 4

Figure 6. A plot with thermal ellipsoids shown at the 50% probability level for 4, with the numbering of the non-hydrogen atoms of the

asymmetric unit. The solvent water molecules are excluded
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Several hydrogen bonds and other weak interactions such
as CH---t and 7w interactions are involved in the packing
of 4. Despite the available coordinating sites of the terminal
nitrogen atoms, only two arms of each TINM are coordi-
nated. Although the use of copper acetate instead of copper
nitrate is the only difference between the synthesis of the
3D MOF in our previous work!?® and the synthesis of 4, a
dimeric rather than a polymeric complex is obtained. A 3D
MOF is not formed because the coordination geometry
around the copper cation is square-planar. Despite the
availability of nitrogen atoms for coordination, the complex
remains a dimer, and does not form chains as in structures
2 and 3. The multiple weak intermolecular interactions be-
tween the uncomplexed pyridyl moieties of the dimers could
possibly be the reason for the lack of strand or layer forma-
tion. A strong hydrogen-bond is formed between the unco-
ordinated nitrogen atom N29 and a water molecule
(DH"-A: 2.017A, D—H—A: 171.3°). The other uncoordi-
nated nitrogen atom N39 is blocked since it intertwines with
the ends of neighboring molecules (Figure 7).

The completely different architectures of the layer struc-
ture of 3 and the dimeric structure of 4 can be explained by
the greater bridging ability of the nitrate anion relative to
that of the acetate anion. Since the nitrate anions in the
previously reported structures do not participate signifi-
cantly in the formation of the framework,*! the difference
between these 3D MOF structures and 4 is probably due to
polymorphism, rather than differences between the acetate
and nitrate anions.

TGA Studies: As expected, the TGA studies do not show
the removal of solvents before high temperatures were re-
ached. In complex 1, a weight loss of 15% is observed be-
fore decomposition at 280 °C. This approximately corre-
sponds to the eight uncoordinated water molecules in the
lattice (Figure 8). The TGA curve of 2 reveals stepwise de-
composition of the structure beginning at 260 °C, and for
complex 3, at 280 °C. In complex 3, the only solvent mol-
ecule is coordinated by the silver cation, thus its removal

100
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Weight % (%)

Figure 8. The TGA curve for 1

results in the rapid collapse of the structure. In the TGA
analysis of 4, no intermediate products are seen. The de-
composition occurs in one step, in contrast with the TGA
results of the MOFs 1, 2 and 3, all of which display stepwise
thermal decomposition.

Conclusions

The pseudo 3D MOF structure 1 is in fact a 2D MOF
since it does not have an infinite third dimension. The
thickness of the layers in 1 is 2.1 nm. In spite of the octa-
hedral coordination geometry around the copper cations
and the skewed tetrahedral conformation of the pyridyl
moieties of TNM, a 3D MOF is not formed. This is be-
cause the branching from the metal center is directed only
towards the center of the layer from the metal centers on
both the top and bottom of the layer. This is probably due
to the lack of space for the sulfate anion. The relatively
short arms of TNM, and the large size and long bond
length of the sulfate anion relative to the anions used in the
synthesis of the 3D MOFs with copper and TNM/TINM
ligands in our previous study, prevent the formation of a
3D MOF with suitable cavities for the sulfate anions.”*! Ad-

Figure 7. Three dimers of 4 showing the unit cell and the hydrogen-bond between water and N29

4084 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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ditionally, due to the meta-position of the nitrogen atom,
the TNM ligands are incapable of aligning in a co-planar
manner to the equatorial metal coordination plane, and
therefore are unable to assume a conformation similar to
that of the ligands in the 3D MOFs in our previous study.

Structure 2, a polymeric complex of zinc chloride and
TNM, is composed of infinite, flat, linear chains of TINM
ligands linked by zinc cations. Despite the potential ability
of 2 and 3 to form 2D layers through metal—nitrogen
bonds alone, only 1D chain structures are obtained from
these interactions. The formation of 3D MOFs is prevented
because the zinc cation in 2 has only two coordination sites
for the ligand, and the pyridyl moieties of the TNM are
paired, i.e. they are not tetrahedrally oriented. In contrast
with the nitrate anions in 3, the chloride anion in 2 is in-
capable of promoting layer formation by creating links be-
tween individual chains. The layers of chains in 2 are tightly
packed, and each layer of chains forms a 60° angle with
its neighbors. A probable explanation for not obtaining 2D
layers (besides those created by the anion bridging in 3) is
the low packing efficiency of these grid structures. The high
complementarity requirements for interpenetrating frame-
works may not be fulfilled.

The m---m interactions between the pyridyl rings of adja-
cent arms are probably the driving force for the formation
of the structure 3. A polymeric chain of the TINM ligands,
with paired pyridyl moieties coordinated by the silver cat-
ions in one dimension is formed. However, by coordinating
three silver cations, the nitrate anions create a link between
the chains, and thereby form a 2D layer structure with a
thickness of 13.2 A. The cyclic dimeric metal complex
formed between TINM and copper acetate, structure 4,
provides interesting possibilities for heterometallic com-
plexation. This is because the remaining, uncomplexed four
arms of the dimer are available for further coordination.
The completely different architecture of 4 with respect to
previous structures/?®! with the nitrate anion instead of the
acetate anion probably arises as a result of polymorphism.

Experimental Section

Materials and Measurements: All commercially available chemicals
were of reagent grade and used as received without further purifi-
cation. TINM and TNM were synthesized as previously re-
ported.?* The purity of the complexes was confirmed by elemental
analysis. TGA experiments were carried out at a heating rate of 5
°C/min under nitrogen using a Perkin—Elmer TGA 7 instrument.
The elemental analyses were performed at the University of Joen-
suu using CE-Instruments EA1110. The elemental analyses re-
vealed a loss of solvent for structure 1, and some solvent residuals
for 2 and 4, thus giving inaccurate results for the chemical compo-
sitions. Therefore, only the results for the elemental analyses of 1
and 3 are presented. The complexes were not vacuum dried before
elemental analysis, so as to avoid decomposition.

Preparation of the Complexes [Cu(TNM)(SO4)(H,0),]-
(MeOH),(H,0)g (1): CuSO45H,0 (22.4 mg, 89.8 umol) in water
(10 mL) was added to TINM (50 mg, 89.8 umol) dissolved in
MeOH (30 mL). The solution was evaporated slowly, and the crys-
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talline solid was collected from the solution before complete evap-
oration of the solvents. The solid was washed with water and dried
in air. Yield 54.6% (46.7 mg). C3;Hy4Cu;N4,O0,4S; — (8H,O +
2MeOH), [Cu(TNM)(SO4)(H,0),]: caled. C 46.3, H 3.8, N 7.5;
found C 46.2, H 3.6, N 7.5.

[Zn,(TNM)Cl,|(MeCN),5(H,0)y;3 (2): ZnCl, (24.5 mg, 89.8 pmol)
in water (10 mL) was added to TNM (50 mg, 89.8 pmol) dissolved
in MeCN (35 mL). The solution was evaporated slowly, and the
crystalline solid was collected from the solution before complete
evaporation of the solvents. The solid was washed with water and
dried in air. Yield 100% (76.8 mg).

[Ag2(TINM)(NO»),(H,0)] (3): AgNO; (30.5mg, 89.8 umol) in
water (10 mL) was added to TINM (50 mg, 89.8 pumol) dissolved
in MeCN (30 mL). The solution was evaporated slowly, and the
crystalline solid was collected from the solution before complete
evaporation of the solvents. The solid was washed with water and
dried in air. Yield 100% (82.1 mg). CooH,sAg,NsO;s: caled. C 38.1,
H 2.9, N 9.2; found: C 38.9, H 2.9, N 9.2.

[Cu(TINM)(0O,CCH;),](H,0)4 (4): Cu(O,CCH3),3H,0 (16.3 mg,
89.8 pmol) in water (5 mL) was added to TINM (50 mg, 89.8 pmol)
dissolved in MeOH (30 mL). The solution was evaporated slowly,
and the blue crystalline solid was collected from the solution before
complete evaporation of the solvents. The solid was dried in air.
Yield 20.7% (15.1 mg).

X-ray Diffraction: The single crystal X-ray diffraction was per-
formed using a Nonius—KappaCCD diffractometer with graphite-
monochromatized Mo-K, (A = 0.71073 A) radiation. Collect
software was used for the measurement and DENZO-SMNB3! for
the processing of the data. The structures were solved and refined
by full-matrix least-squares on F? using the WinGX-software pack-
age which utilizes the SHELXS-97 and SHELXL-97
modules.?¢~38 Hydrogen atoms were refined using a riding model.
Empirical absorption correction was performed for complexes 1, 2,
and 3. The graphic presentations of the structures were created with
the software package Diamond.’”l CCDC-206599, -206600,
-206601 and -206602 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge on
applicaton to The Director, CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK [Fax: (internat.) +44-1223- 336-033; E-mail:
deposit@ccdc.cam.ac.uk.
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