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Ditopic heteroscorpionate ligands emerge as attractive from the point of view of
crystal engineering because of their potential coordination versatility. By placing the
donor group in a phenyl-substituted heteroscorpionate in a para or meta position rather
than an ortho arrangement, we change the ligand from a facially coordinating tripodal
one favoring mononuclear complexes, into one capable of bridging interactions–possibly
leading to multidimensional metallosupramolecular structures. To this end, using our
standard synthetic methodology, we have prepared three new ditopic heteroscorpionate
ligands that have either OH or COOH groups located on the meta or para positions of the
aromatic ring. We showed that the new heteroscorpionate ligands, designated L3c

xxvii

(m-carboxy) and L4c (p-carboxy), can adopt a variety of coordination modes toward
Cu(II), Co(II), Zn(II), and Ni(II) which depend on the coordination geometry preferences
of the metal ion, solvent polarity, the presence of anions, and pH. Under high pH
conditions, the dominant species are dinuclear complexes of stoichiometry M2L2Z2 or
M2L4. These building blocks can be linked together to form interesting coordination
polymers. By substitution of the simple monodentate "Z" ligands with ditopic linkers
such as terephthalate or biphenyldicarboxylate, we developed 1- and 2-D polymeric
structures.
An alternate strategy for producing higher dimensional structures is to make use of
H-bonding. We have found that as the pH is lowered so that either a mixture of
protonated and deprotonated or completely protonated species are present, mononuclear
metal complexes form where the coordination of the ligand is strictly through the
pyrazole nitrogens leaving the uncoordinated carboxylates to engage in H-bonding
interactions between molecules in the solid state. Similar chemistry was obtained by
using ditopic ligand designated as L5v, where the presence of different anions (i.e. BF4-,
CF3SO3-, NO3-, or SbF6-) lead to different crystal packing schemes due to different Hbonding patterns that depend on the relative charge delocalization and/or shape of the
anion.
Since the metal monomers (tectons) possess chirality due to the asymmetric
coordination of the achiral ligands to the metal Ni (II) or Ag (I), all of the solid-state
materials were isolated as racemic mixtures or as mesohelical structures.
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I. INTRODUCTION
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1.1 Crystal Engineering and Solid-State Materials
The growing interest in the crystal engineering of metallosupramolecular and
coordination polymers is not only because of their fascinating molecular structures,
but also a result of their potential application as gas storage,1 host-guest chemistry,2
conductive material,3 luminescent,4 magnetic materials,5 sensors,6 nonlinear optics,7
catalysis8 and separations.9
Coordination polymers solid-state materials can be formed through simple organic
ligand or inorganic building blocks connected through different types of bonds to form
complex one-, two- and three-dimensional structures.10 Such materials can be built upon
metal-ligand coordination bonding. It is known that structures based on coordinative
bonding can be very robust, especially when multidentate ligands bind to the metal.11
Particularly; polytopic organic carboxylates and nitrogen heterocycles have been widely
used in the development of this metallosupramolecular complexes.12
On the other hand, a diversity of non covalent interactions can be used to develop
these coordination polymers such as hydrogen bonding,13 π-π interactions.14 Of these the
hydrogen bond is the strongest, most selective and directional of these non-covalent
interactions and thus potentially an effective organizing interaction for designing and
controlling solid-state structures. In particular, the carboxylic acid group has been widely
employed as a linking unit between coordination monomers because of its strong
tendency for self-complementarity.15
Coordination polymers can be systematically designed with specific chemical
properties and a desired topology. The topology of these materials is dictated by the
symmetry of the ligand, the coordination number and geometry of the linking metals. The
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physical properties of these coordination polymers can be tuned by slight modification of
the ligand or building blocks. It is hoped that a thorough understanding of ligand design
and complexation reaction conditions will allow us to increase the possibility of
generating functional polymers. However, at present our capability of predicting and
controlling these interactions to produce coordination polymers is still a great challenge
and much more research is necessary.
1.2 Homoscorpionate Ligand
These sort of ligand has equal pyrazolyl group, then it has a C3v symmetry,
[RB(pz)3]-. The trispyraozylborate ligands (Tp) were produced by Prof. S. Trofimenko.16
The generic structure of the Tp ligands, which are ubiquitous in bioinorganic chemistry,
is shown in Figure 1.1. The tridentate facial coordination of the Tp ligand reminded him

Figure 1.1 Homoscorpionate Ligand Tp
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of the claws and stinger of a scorpion, thus he called them scorpionate ligands. The
ligand is easily synthesized and the steric bulk can be easily adjusted by utilizing
pyrazoles with differing alkyl substituents. The relative bulk and delocalized charge of
these ligands has afforded them the ability to stabilize metal centers in a wide variety of
oxidation states. In addition, the facial coordination and steric properties of the Tp
platform are sufficient to minimize unwanted dimerization and restrict chemistry to the
remaining facial coordination sites. Perhaps the most important property of the Tp ligand
is that the three chelating donor atoms have biological relevance, since the pyrazolyl
nitrogens make excellent analogs to the imidazole side chain of histidine, a prominent
ligand in many metalloenzyme active sites.
The Tp or “scorpionate” ligands are amongst the most successful platforms in
bioinorganic chemistry. They have been utilized extensively in organometallic and
bioinorganic chemistry.17 These ligands have become important in the development and
modeling the active sites of several metalloenzymes. For instance, Prof. Kitajima and
coworkers have utilized the scorpionate ligands to investigate the Cu (II) centers of
hemocyanin and the cupredoxins.18 Prof. Enemark, Young, and Basu have used the
scorpionate

ligands

to

investigate

the

molybdoenzymes

and

the

analogous

tungstoenzymes.19
1.3 Heteroscorpionate ligands
There is a specific class of heteroscorpionate ligand derived from bis(pyrazol-1yl)methane i.e. ligands [RR’C(pz)2]. Many of the inherent limitations of the Tp ligand
have been overcome by the creation of a new family of heteroscorpionate ligands by the
research group of Prof. Carl J. Carrano and others.20 The heteroscorpionate ligands are
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tripodal platforms consisting of two pyrazole rings and a third biologically relevant donor
group. They are isostructural and isoelectronic with the Tp ligand, but are not limited by
its monofunctional donor sphere (Figure 1.2). The N2X donor sphere is able to model the

Figure 1.2 Heteroscorpionate Ligand Tm

effects of most traditional coordinating amino acid side chains. For instance, by altering
the “X” group from alkoxide, phenolate, thiolate, and carboxylate moieties one can
model the coordination of serine, tyrosine, cysteine, and glutamate respectively. Thus,
the Tp ligand along with our heteroscorpionate ligands make up an interchangeable
family of ligands that are capable of systematically studying how donor atom identity of
the coordinating amino acid residue affects the basic properties of various biologically
relevant metal centers. We call this ability the inorganic chemists’ version of site-directed
mutagenesis.
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1.4 Bispyrazolyl and Heteroscorpionate for developing metallosupramolecular
New tripodal pyrazolyl borates and methanes derivatives as well as other multitopic
scorpionates ligands have been synthesized to develop several metallosupramolecular
complexes (Figure 1.3). Prof. Reger and others21 have studied metal complexes of
multitopic scorpionate ligands and showed that donor pyrazolyl group set can act in
different covalent binding modes. Several coordination polymers have been developed by
non covalent interactions that involve anions and solvent molecules.

Figure 1.3 Multitopic heteroscorpionate ligand used for coordination polymers

1.5 Carrano’s Dipotic Heteroscorpionate Ligands
In our cases, we redesigned several heteroscorpionate ligands by altering the
position of the functional group X on the aromatic ring in the N2X heteroscorpionate
ligands so that they can no longer function as facially coordinating tridentate tripods but
instead allow bridging coordination between metal nuclei and explore their potential use
as ditopic bridging units for the development of new supramolecular structures. (Figure
1.4).
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metal
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X= COOH, OH
Figure 1.4 Modification of heteroscorpionate with 2 different binding sites

To this end, using our standard synthetic methodology, we have now prepared
several new ligands that have either (OH) or (COOH) groups located on the meta and
para positions of the aromatic ring. It is expected that these new ditopic
heteroscorpionate ligands can function as binucleating ligands.22
By using our synthetic procedure shown in scheme 1.1, we developed 3 different
ditopic heteroscorpionate ligands (Figure 1.5).

Figure 1.5 Carrano ditopic heteroscorpionate ligands
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1.6 Preparative method for ditopic heteroscorpionate ligands
Our family of heteroscorpionate ligands are synthesized in three steps. The first
step in preparing these ligands was to link two 3,5-dimtethylpyrazole units together
via a carbonyl bridge by using phosgene with triethylamine in tetrahydrofuran
solvent. The second step is added via a cobalt (II) chloride catalyzed reaction of the
ketone with an appropriate aldehyde in triethylamine. For example our ligand called
(L4c), the aldehyde necessary for this reaction is 4-carboxybenzaldehyde. The last
step is to neutralize the base with hydrochloric acid (6M) to precipitate the ditopic
heteroscorpionate ligand. (Scheme 1.1)

Scheme 1.1 Synthesis of ditopic heteroscorpionate ligands
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1.7 Ligand Design
It is known that carboxylates group and nitrogen heterocycles have been
extensively used as a ligand. These ditopic heteroscorpionate ligands show different
properties such as hard and soft binding sites, flexibility, π-π interactions (Figure 1.6).
Carboxylate aromatic group can provide directional conformation of network structures
via coordination bonds and also non covalent interactions such as hydrogen bonding
and/or π-π stacking. The deprotonated carboxylic group generally act as anionic organic
ligands to complete the metal coordination as well as equilibrate the charge.

Figure 1.6 Ditopic Heteroscorpionate Ligand L4c

Therefore, the metal binding tendency may be predicted to some extent, and the
influence of inorganic counter anions on the network structures will be mostly removed
to make it more facile for structural predict. On the other hand, the incorporation of
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nitrogen pyrazole in the design of new ligands allows coordinating a variety of metal ions
(i.e. monovalent and divalent metals).
These properties of the ligands allow considerate the coordination geometry with
monovalent and divalent metal as well as other conditions such as solvent polarity, metal
sources and temperature. Since this ditopic heteroscorpionate ligand is flexible and the
metal monomers (tectons) possess chirality due to the asymmetric coordination of the
achiral ligands to the metal ion, some of these materials were isolated as racemic
mixtures or as mesohelical structures.
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II. The Synthesis and Characterization of Copper (II) complexes of non-facially
coordinating heteroscorpionate ligands (4-carboxyphenyl)bis(3,5-dimethylpyrazolyl)
methane and (3-carboxyphenyl) bis(3,5-dimethylpyrazolyl)methane.

15

16
2.1 Introduction
Polytopic organic carboxylates and nitrogen heterocycles have been widely used
as bridging motifs in the development of the metallosupramolecular complexes1,2. On
the other hand nitrogen, oxygen and sulfur based multidentate scorpionate and
heteroscorpionate ligands have been used almost exclusively as non-bridging, facially
coordinating ligands designed to enforce mononuclearity.3,4 Recently however new
bispyrazolyl derivatives and other scorpionates ligands have been developed to
generate

metallosupramolecular

complexes.5-9

Here

we

redesign

several

heteroscorpionate ligands and explore their potential use as ditopic bridging units for
the development of new supramolecular assemblies. Thus we have altered the position
of the carboxylate functional group (X = COOH) around its aromatic ring to meta and
para position in these N2X ligands so that they can no longer function as tridentate
tripods but rather allow for bridging interactions between metal nuclei (Figure 2.1).
These new ditopic heteroscorpionate can be expected function as binucleating
ligands.10 It is hoped that these binuclear blocks can, when combined with various
different linkers, produce unique and controllable supramolecular architectures. This
research is the first of a series of reports in which the full details of our work be
presented. We report herein the preparation, synthesis and characterization of five
potential copper containing building blocks and evaluate their utility to produce
higher order structures.
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Figure 2.1 Ditopic Heteroscorpionate ligands with 2 binding sites

2.2 Results and Discussion
2.2.1 Synthesis and Characterization. Using our standard synthetic methodology we
have placed the carboxyl donor group in a phenyl substituted heteroscorpionate in a
para or meta position and thus converted the ligand from a facially coordinating
tripodal one favoring mononuclear complexes, into one capable of bridging
interactions. The structures of these two new ligands have been determined by X-ray
crystallography and are shown in figures 2.2 and 2.3.
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Figure 2.2 ORTEP diagram with 40% thermal ellipsoids of ligand L4c showing
complete atomic labeling.

Figure 2.3 ORTEP diagram with 40% thermal ellipsoids of ligand L3c showing
complete atomic labeling.
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Reaction of the p-carboxylate ligand designated L4c in MeOH with aqueous
solutions of the divalent metal Cu(II) leads to a head to tail 2M:2L dimer as the
primary species as characterized by X-ray crystallography (vide infra). With copper
perchlorate the aquo complex is isolated while the corresponding chloro derivative
ensues starting with CuCl2. Synthesis in nonaqueous solvents (methanol or
acetonitrile) starting from CuCl2, or Cu(acac)2 as the metal source leads to
mononuclear complexes 3 and 4. In these cases the carboxylate group of the
heteroscorpionate remains protonated and hence uncoordinated while the metal
retains one or more of the anionic ligands present in the starting material. These
reactions are summarized in the scheme 2.1. Using the m-substituted ligand L3c,
substantial changes in coordination about the copper ensue. In this case sterics dictate
that the carboxylate group coordinate in a unidentate rather than bidentate mode in the
2M:2L complexes so that the still pentacoordinate copper responds by picking up a
second water molecule to complete the coordination sphere giving rise to a diaquo
species.

Scheme 2.1 Reaction of heteroscorpionate L4c with different copper salts
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2.2.2 Solid State Chemistry.
An ORTEP drawing of the cationic part of [Cu2(L4c)2(H2O)2](ClO4)2 (1) is
shown in Figure 2.4. The crystal structure reveals that the molecular entity possesses
a crystallographic inversion center making only one half of the dimer unique. In this
complex, the two copper atoms are both five coordinate and can be described as
having a distorted square pyramidal geometry, where the two nitrogen and two
carboxylate oxygen donors of the chelating L4c ligands occupy the four positions of
the basal plane, while one H2O molecule is 2.202 Ǻ away in the apical position. The
intramolecular Cu---Cu distance is large (7.762 Ǻ). The carboxylate groups are bound
to the coppers in a regular bidentate mode with very similar Cu-O bonds of 2.013 and
2.035Å. The average Npz-Cu(1)-O(3) angle is 104°; both the Npz-Cu(1)-O bond angles
in the basal plane therefore deviate significantly from 90°. The N(3)-Cu(1)-N(1) angle
is 90.59° while the bidentate binding mode of the carboxylate constrains the O1Cu(1)-O(3) angle to 65.27°. The Cu atom sits 0.38 Å out of the mean N1, N3, O1, O3
plane. Since the complex is cationic there is a slightly disordered perchlorate in the
lattice that functions as a counter ion and is involved in hydrogen bonding
interactions that lead to extended structures in the crystal packing (Figure 2.5). The
complex packs in extended columns because of H-bonding interactions between the
perchlorate anions and the coordinate water molecules serves to link the columns
together.
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Figure 2.4 ORTEP diagram with 40% thermal ellipsoids of the cationic portion of
[Cu2(L4c)2 (H2O)2](ClO4)2 showing complete atomic labeling.

Figure 2.5 Crystal packing diagram for [Cu2(L4c)2(H2O)2](ClO4)2 as seen along
the crystallographic c axis. Hydrogen bonds are shown with dotted lines.
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The corresponding dinuclear complex [Cu2(L4c)2Cl2] (2) (Figure 2.6), prepared
from CuCl2 as a starting material, is extremely similar. Each copper is again pentacoordinate but with a chloride rather than a water as the axial ligand. In addition the
Cu is significantly further out of the basal plane, (0.45 vs 0.38 Å) than in the aquo
complex. Otherwise bond lengths and angles are similar with the only notable
difference being the 2.354 Å Cu-Cl distance that is expectedly larger than the CuOwater distance. While there is no counter ion in the lattice a disordered methanol of
crystallization is present whose H-bonding interactions drive the extended network
seen in the crystal packing (data not shown).

Figure 2.6 ORTEP diagram with 40% thermal ellipsoids of [Cu2(L4c)2Cl2]
showing complete atomic labeling.

On the other hand using methanol as a solvent, without any deliberately added
water, and Cu(acac)2 as a copper source, we isolate the mononuclear complex
Cu(L4c)(acac)H2O (3) shown in Figure 2.7 which crystallizes in the noncentrosymmetric space group C2/c. Structurally, the copper is again penta-coordinate
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in a square pyramidal geometry with the two pyrazole nitrogens and the two
acetylacetonate oxygens now making up the basal plane with a water molecule
occupying the axial position. Since there are no counterions in the structure, charge
considerations indicate that either the coordinated "water" is actually a hydroxide or
that the carboxylate group, which is uncoordinated, is deprotonated. The average
2.27Å Cu-O distance clearly indicates a coordinated water and not a hydroxide ion,
hence the carboxylate must be (surprisingly) deprotonated. Other bond lengths and
angles within the structure are unexceptional except that the Cu is closer to the basal
plane (0.25 Å) than in the other two structures. A series of water molecules in the
lattice provide hydrogen bond interactions that lead to extended structures within the
crystal lattice (data not shown).

Figure 2.7 ORTEP diagram with 40% thermal ellipsoids of [Cu(L4c)(acac)H2O]
showing complete atomic labeling.
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The coordination environment around the copper in [Cu(L4c)Cl2].MeOH (4) is
considerably different than the pseudosquare pyramidal geometry seen in 1-3 (Figure
2.8). Thus, in 4 the Cu is only four coordinate and is best described as distorted
tetrahedral where the largest angular deviations from ideal are found for N1-Co-Cl2
and N3-Co-Cl1 which are near 132°. The remaining angles are all below the idealized
109° and average ~99°. The twist angle between the Cl1-Cu1-Cl2 and N1-Cu1-N3
planes at 63.6° is much closer to the 90° expected of a tetrahedron as compared to 0°
for the alternate square planar description. H-bonding between the lattice methanol,
the chloride and the protonated carboxyl group lead to a zig-zag extended network in
the solid state (data not shown).

Figure 2.8 ORTEP diagram with 40% thermal ellipsoids of [(L4c)CuCl2].MeOH
showing complete atomic labeling
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When the m-substituted ligand, L3c, is used, a new dinuclear 2M:2L complex,
[Cu2(L3c)2(H2O)2](ClO4)2 (5) is produced using copper perchlorate as the metal
source. Here the dinuclear unit possesses a crystallographic inversion center rendering
only half the molecule unique. Structurally however there are substantial changes in
coordination about the copper as compared to the analogous complexes 1 and 2. In 5
steric considerations dictate that the carboxylate group coordinate in a unidentate
rather than bidentate fashion (Cu-Ocarboxylate distances of 1.96 and 3.27Ǻ) so that
the still pentacoordinate copper responds by picking up an additional water molecule
to complete the coordination sphere (Figure 2.9). The geometry around each copper
can still be described as distorted square pyramidal with one molecule of H2O, two
pyrazole nitrogens, and one carboxylate oxygen donor of the chelating L3c ligands
occupying the four positions in the basal plane, while a second one H2O molecule sits
in the apical position. The intramolecular Cu---Cu distance is near 6.8 Ǻ; about an
angstrom closer together than in the analogous para-carboxylate ligand complexes.
The perchlorate ions and water molecules contribute H-bonding interactions that
lead to a different packing and extended network structure than that seen for the
complexes of L4c as shown in Figure 2.10. Here the dinuclear units are stacked in
columns held together by H-bonding between the water molecules and Cu ligands; ππ stacking interactions also appear to be important. The resulting 1-D columns are in
H-bonded via the perchlorate ions and the water ligands on the copper to produce an
extended array.
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Figure 2.9 ORTEP diagram with 40% thermal ellipsoids of the cationic
portion of [Cu2(L3c)2(H2O)2](ClO4)2 showing complete atomic labeling.

Figure 2.10 Crystal packing diagram for [(L3c)2Cu2(H2O)2](ClO4)2 as seen
along the crystallographic a axis. Hydrogen bonds are shown with dotted lines.
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2.2.3 Solution Chemistry. Although complexes 1, 2 and 5 are clearly dimeric in the
solid state the question exists, do such structure persist in solution? The positive ion
mode

ESI

mass

spectrum

in

acetonitrile

solution

is

shown

for

[Cu2(L4c)2(H2O)4](ClO4)2 in figure 2.12. The highest mass cluster corresponds to the
cation [Cu2(L4c)2(H2O)4(ClO4)]+ as expected if the complex remains dinuclear. The
calculated isotope pattern is also in agreement with this formulation. A second intense
mass cluster occurs with a nominal mass of

775 amu which corresponds to

[Cu2(L4c)2]+ a dinuclear species where presumably one of the Cu ions has been
reduced from Cu(II) to Cu(I) during the ionization process. The situation is different
in methanol however (figure 2.11) where the primary mass cluster at 711 amu
corresponds to [Cu(L4c)2]+ indicating that the dimer has dissociated with loss of Cu
to produce a mononuclear complex. Similar behavior is seen for 2 and 5. That the
apparent reductive events are the results of the electrospray ionization process and not
indicative of the generic solution chemistry is shown by the magnetic susceptibility
and electrochemistry results presented below.
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Figure 2.11 Positive ion ESI-MS of [(L4c)2Cu2(H2O)2](ClO4)2 in methanol. The left panel
shows the peak cluster associated with the [(L4c)2Cu]+ ion while the right panel shows the
calculated isotope distribution pattern expected for the fragment proposed.

Figure 2.12 Positive ion ESI-MS of [(L4c)2Cu2(H2O)2](ClO4)2 in acetonitrile. The upper frame shows
the peak clusters associated with the [(L4c)2Cu2(ClO4)]+ ion (right) and the [(L4c)2Cu2]+ ion (left). The
lower frames show the calculated isotope distribution pattern expected for the fragments proposed
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2.2.4 Magnetic Measurements. Magnetic measurements gave values of near 2.8
B.M. for all the dimers in the solid state. This corresponds to moments near 1.79
B.M./Cu indicative of simple non-magnetically interacting d9 Cu(II) ions. This is
expected given the very long > 6 Å through space distance between copper ions in the
complexes. Virtually identical values are seen in solution as determined by the Evans
method in either acetonitrile or methanol indicating that these complexes remain in
the Cu(II) oxidation state in solution but conveying no information concerning their
nuclearity in solution.
2.2.5 Electrochemical Properties. The electrochemical behavior of all the complexes
were examined by cyclic voltammetry between 1.5 and -1.5V. The results are
presented in Figure 2.13 and Table 2.1. The CV of 5 is representative of the dimers
and shows a quasireversible wave at E1/2 = -0.850V (∆Ep= 0.231, υ= 0.1 Vs-1) and an
irreversible oxidative wave near +0.6 V. Given the very long Cu-Cu distance and
their non-interacting nature this corresponds to a simple CuII/CuI couple on each
copper. The change of the bridging ligand from L3c to L4c has little effect on the
reduction potential but substantially reduces the reversibility of the couple suggesting
that the latter complexes are more prone to dissociation in solution. Replacement of
the axial water by a chloride has the expected effect of reducing the reduction
potential by some 100 mv. The cyclic voltammogram of the mononuclear complex
Cu(L4c)acac(H2O) looks very similar to that of the corresponding dimer,
[Cu2(L4c)2(H2O)2]+, suggesting that the former may rearrange in solution to the latter.
The electrochemical behavior of the mononuclear, pseudotetrahedral Cu(L4c)Cl2 is
very different as a quasireversible oxidative Cu(II)/Cu(III), rather than reductive,
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wave is observed at +0.500 V with ∆Ep = 0.110 V.
Table 2.1 Electrochemical Properties of [Cu2(L4c)2(H2O)2]2+, Cu2(L4c)2Cl2
Cu(L4c)(acac), Cu(L4c)Cl2 and [Cu2(L3c)2(H2O)4]2+

(1)
(2)
(3)
(4)
(5)

Complex
[Cu2(L4c)2(H2O)2]2+
Cu2(L4c)2Cl2
Cu(L4c)(acac)
Cu(L4c)Cl2
[Cu2(L3c)2(H2O)4]2+

E1/2 (V)
-0.649
-0.427
-0.599
563
-0.689

∆Ep (mV)
347
127
411
124
231

ic/ia
1.00
0.56
0.38
0.66
0.41

Figure 2.13 Cyclic voltammogram of [(L3c)2Cu2(H2O)2](ClO4)2 (5) in acetonitrile at a scan rate of 100mv/sec

2.3 Conclusion. We have shown that by using our previously reported synthetic
strategy that we can transform heteroscorpionate ligands from tripodal coordinating,
mononuclear favoring, ligands into ones capable of bridging and producing dinuclear
species. Replacement of the labile water or halide ligands on the metal with another
ditopic ligand such as terephthalic acid should allow for the linkage of these dinuclear
building blocks into larger 3-D structures of different geometries. Indeed we have
shown that the labile water or halide ligands on the Cu, Zn, Ni or Co dimers can be
substituted by exogenous carboxylates. These results will be presented in the next
chapter.
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2.4 Experimental Section
Materials. All chemicals and solvents used during the syntheses were reagents grade.
Bis(3,5-dimethylpyrazolyl)ketone was prepared according to the procedure described
by Peterson et al..11 Caution: Perchlorate salts are dangerous (especially if they are
dry) and should be handled with care!
Ligand Synthesis.
(4-carboxyphenyl)bis(3,5-dimethylpyrazolyl)methane (L4c). Bis(3,5-dimethylpyra
zolyl)ketone (2.4 g, 11 mmol) was placed in a 100 cm3 round-bottomed flask. 4 carboxybenzaldehyde (1.62 g, 10.8 mmol), CoCl2 (20 mg ) and triethylamine (4ml)
were then added. The mixture was heated to 120°C for 4 hours with vigorous stirring
during which time the mixture turned deep purple and evolved CO2. The flask was
then allowed to cool to room temperature. The solid was taken up in water and
filtered. The filtrate was neutralized with 6M hydrochloric acid. At ca. pH = 5.4 a
white solid began to precipitate. This solid was collected by filtration, washed with
water and dried in vacuum. Yield: 71%. 1H NMR (500 MHz, d-chloroform) δ 2.18 (s,
6H, CH3), 2.238 (s, 6H, CH3), 5.912 (s, 2H, PzH), 7.017 (d, 2H, J=7.8 Hz ArH), 7.753
(s, 1H, CH), 7.946 (d, 2H, J=7.7 Hz ArH).

13

C (CDCl3); δ 168.99, 148.71, 141.40,

140.97, 130.64, 130.31, 127.22, 107.34, 73.92, 13.47, 11.56. FTIR (KBr) ν /cm-1 ν(OH)
3448 (br, carboxylate), 2920, ν(C=O)1690 (carboxylic acid), ν (C=N)1560 (s, pyrazolyl),
ν (C-O)1257, ν (Ar) 753. Melting point, 173(1) °C
(3-carboxyphenyl)bis(3,5-dimethylpyrazolyl)methane,
synthesized

in

a

similar

fashion

to

that

L3c.

described

This
for

ligand

L4c

using

was
3-

carboxybenzaldehyde in place of the 4-carboxybenzaldehyde. The white solid began
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to precipitate at pH = 4.6. Yield: 65%.
1

H NMR (500MHz, ((CD3)2SO) δ 2.08 (s, 6H, CH3), 2.12 (s, 6H, CH3), 5.92 (s, 2H,

PzH), 7.23 (d, 2H, J=7.8 Hz ArH), 7.50 (t, 1H, J=7.7 Hz ArH), 7.66 (s, 1H, ArH),
7.92 (d, 2H, J=7.7 Hz ArH).

13

C 166.97, 147.01, 140.24, 137.31, 131.75, 130.77,

129.07, 128.51, 128.27, 106.40, 71.78, 13.45, 10.94. FTIR (KBr) ν /cm-1 3448, 2920,
1690, 1560, 1257, 753. Melting point, 206(1)°C.
Copper complexes.
Cu2(L4c)2(H2O)2(ClO4)2 (1). A methanol solution (10mL) of ligand L4c (120 mg,
0.370 mmol) was added to an aqueous solution (10ml) of Cu(ClO4)2.6H2O (137 mg
0.370 mmol) at room temperature and stirred for 2h. The resulting green precipitate
was collected by filtration, washed with methanol and water, and dried under vacuum
for

2h.

Yield:

166

mg

(0.164

mmol,

89%).

[Cu2(L4c)2(H2O)2(ClO4)2].2H2O, C36H46Cl2Cu2N8O16

Anal.

Calc.

(Found)

for

C, 41.38 (41.45); H, 4.44

(4.06); N, 10.72 (11.32). IR (KBr) ν/cm-1: 3415, 1558, 1487, 1436, 1109, 862, 769,
625. λmax(CH3CN): 734nm. µeff = 2.84 µB (solid, 295 K). ESI-MS: m/z: 774, 873.
Single crystals suitable for X-ray analysis were prepared by the careful
diffusion of a methanol solution of L4c containing sodium methoxide into aqueous
solution of Cu(ClO4)2.6H2O.
Cu2(L4c)2Cl2 (2). This complex was prepared in an analogous fashion to that of 1
using CuCl2 in place of the perchlorate. Yield: 425 mg (0.5 mmol 73%). Anal. Calc.
(Found) for [Cu2(L4c)2Cl2].3H2O, C36H44Cl2Cu2N8O7 : C, 48.11 (48.07); H, 4.93
(4.55); N, 12.47 (12.98). IR (KBr) ν/cm-1: 3448, 1560, 1502, 1436, 1253, 858, 835,
766, 714. µeff = 2.75 µ ESI-MS: m/z (acetonitrile): 775, 810.
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Single crystals suitable for X-ray analysis were prepared by the careful
diffusion of a methanol solution of L4c containing sodium methoxide into aqueous
solution of CuCl2.
Cu(L4c)acac (3). A methanol solution (10ml) of Cu(acac)2 (570 mg 2.17 mmol) was
added to a methanol solution (10mL) of ligand L4c (706 mg, 2.17 mmol). The
resulting dark green solution was allowed to stand and crystals obtained by slow
evaporation. These were collected by filtration, washed with water and ether, and
dried under vacuum for 1h. Yield: 625 mg (1.24 mmol, 57 %). Anal. Calc. (Found)
for [Cu(L4c)acac].3H2O, C23H32CuN4O7 : C, 51.15 (50.70); H, 5.97 (5.45); N,
10.37(10.55). IR (KBr) ν/cm-1:3416, 1592, 1552, 1519, 1373, 825, 770, 715.
λmax(CH3CN, ε, M-1 cm-1) 730nm (63.0) µeff = 1.68 µB (solid 295 K)
Cu(L4c)Cl2 (4). An acetonitrile solution (10ml) of CuCl2 (69.6 mg 0.52 mmol) was
added to acetonitrile solution (10mL) of ligand L4c (168 mg, 0.52 mmol) at room
temperature and stirred for 1h. The resulting light green solution was precipitated
with diethyl ether. The bright yellow precipitate was collected by filtration, washed
with ether, and dried under vacuum for 1h. Anal. Calc. (Found) for [Cu(L4c)Cl2]H2O,
C18H22CuN4O3Cl2 : C, 45.34(45.00); H, 4.65(4.64); N, 11.75(12.06). IR (KBr) ν/cm-1:
3448, 1717, 1560, 1459, 1259, 1108, 873, 814, 756. λmax(CH3CN, ε, M-1 cm-1) 453
nm (785). µeff = 1.73 µB (solid 295 K)
Single crystals suitable for X-ray analysis were prepared by the careful
diffusion of diethyl ether into acetonitrile solution of the complex.
Cu2(L3c)2(H2O)4(ClO4)2 (5). A methanol solution (10mL) of ligand L3c (510 mg,
1.57 mmol) was added to an aqueous solution (10ml) of Cu(ClO4)2.6H2O (582 mg,
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1.57 mmol) at room temperature and stirred for 3 days. The resulting blue precipitate
was collected by filtration, washed with methanol and water, and dried under vacuum
for

2h.

Yield:

509

mg

(0.48

mmol,

62%).

Anal.

Calc.

(Found)

for

[Cu2(L3c)2(H2O)4(ClO4)2].H2O, C36H52Cl2Cu2N8O19: C,39.35 (39.30); H, 458 (4.83);
N, 10.20 (10.34). IR (KBr) ν/cm-1: 3425, 1561, 1467, 1396, 1120, 1090, 762, 695,
636. λmax(CH3CN, ε, M-1 cm-1) 736nm, (176) µeff = 2.49 µB

(solid, 295 K). ESI-

MS: m/z (acetonitrile) : 775, 873.
Single crystals suitable for X-ray analysis were prepared by the careful
diffusion of a methanol solution of L3c into containing sodium methoxide aqueous
solution of Cu(ClO4)2.6H2O.
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2.6 Appendix
Physical Methods. Elemental analyses were performed on all compounds by
Numega, San Diego, CA. All samples were dried in vacuo prior to analysis. 1H and
13

C NMR spectra were collected on Varian 300 or 500 MHz NMR spectrometers.

Chemical shifts are reported in ppm relative to an internal standard of TMS. IR
spectra were recorded as KBr disks on a ThermoNicolet Nexus 670 FT-IR
spectrometer and are reported in wavenumbers. Cyclic voltammetric experiments
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were conducted using a BAS Epsilon (Bioanalytical Systems Inc., West Lafayette,
IN) voltammetric analyzer. All experiments were done under nitrogen at ambient
temperature in solutions with 0.1 M tetrabutylammonium hexafluorophosphate as the
supporting electrolyte. Cyclic voltammograms (CV) were obtained using a threeelectrode system consisting of glassy-carbon or Pt working, platinum wire auxiliary,
and SCE reference electrodes. The ferrocinium/ferrocene couple was used to monitor
the reference electrode and was observed at 0.768 V with Ep = 0.120 V and ipc/ipa =
1.0 in acetonitrile under these conditions. IR compensation was applied before each
CV was recorded. Electronic spectra were recorded using a Cary 50 UV-vis
spectrophotometer. Room temperature magnetic susceptibility measurements of the
metal complexes were determined using a MSB-1 magnetic susceptibility balance
manufactured

by

Johnson

Matthey

and

calibrated

with

mercury

(II)

tetrathiocyanatocobaltate(II) (Xg = 16.44(8) x 10-6 cm3 g-1) Diamagnetic correction
were taken from those reported by O’Connor.12 Solution studies were carried out in
Wilmad coaxial NMR tubes in either acetonitrile or methanol with TMS as the
internal standard. Electrospray mass spectra (ESI-MS) were recorded on a Finnigan
LCQ ion-trap mass spectrometer equipped with an ESI source (Finnigan MAT, San
Jose, CA). A gateway PC with Navigator software version 1.2 (Finnigan Corp., 19951997), was used for data acquisition and plotting. Isotope distribution patterns were
simulated using the program IsoPro 3.0.
X-ray Crystallography. Crystals of ligand L4c and L3c and complexes 1-5 data were
mounted either in capillaries for room temperature data collection or with with nylon
loops and paratone oil (Hampton Research), and placed in the cold stream for low
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temperature collection on a Bruker X8 APEX CCD diffractometer. The structures
were solved using direct methods or via the Patterson function, completed by
subsequent difference Fourier syntheses, and refined by full-matrix least-squares
procedures on F2.

All non-hydrogen atoms were refined with anisotropic

displacement coefficients and treated as idealized contributions using a riding model
except where noted. All software and sources of the scattering factors are contained
in the SHELXTL 6.1 program library (G. Sheldrick, Siemens XRD, Madison, WI).13
Data collection and refinement parameters are presented in Table 2.2 and 2.3, and
selected bond lengths and angles for all compounds are given in Tables 2.4 and 2.5.
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Table 2.2 Crystallographic Data and Parameters for: Ligand (L4c), Ligand (L3c),
[(L4c)2Cu2(H2O)2](ClO4)2 (1) and [(L4c)2Cu2(H2O)Cl2] (2)

Molecular
formula
Fw
Temp (K)
Cryst system
Space group
a (Å)
b (Å)
c (Å)
α (deg)
β (deg)
γ (deg)
V (Å3), Z
µ (mm-1)
δcalc(g/cm3)
F(000)
Size (mm3)
h,k,l ranges
collected
θ range (deg)
Reflections
collected
Independent
Reflections
Parameters
Data/Paramet.
R(F)a
Rw(F2)b
GOFwc
Largest diff
peak and
hole (e/Å3)
a

L4c
C18H22N4O2

L3c
C18H19N4O2

1
C18H21N4O17ClCu

2
C18.5H19N4O2.5ClCu

326.40
298(2)
monoclinic

323.37
200(2)
monoclinic

504.38
298(2)
monoclinic

436.37
200(2)
monoclinic

P21/c
10.1408(3)
10.8961(3)
16.3592(4)
90
105.9460(10)
90
1738.06(8), 4
0.084
1.247
696
0.3x 0.2 x 0.3
-13→13,
-14→14,
-20→15
2.13 – 27.54
18016

P21/c
12.7148(8)
9.6352(7)
13.8772(10)
90
90.574
90
1700.0(2), 4
0.085
1.263
684
0.2x0.3x 0.1
-13 →13,
-10 → 9,
-14 →13
2.57– 22.41
20576

P21/c
9.2908(5)
22.7790(12)
10.0016(5)
90
102.100(2)
90
2069.66(19), 4
1.234
1.619
1036
0.4 x 0.4 x 0.2
-12→11,
-28→30,
-11→13
2.27–28.95
21847

P21/c
9.300(3)
15.852(5)
13.942(6)
90
107.607(10)
90
1959.0(13), 4
1.275
1.480
896
0.1 x 0.2 x 0.1
-11 →10,
-17→18,
-16→16
2.57-25.05
14850

3948

2193

5299

3456

221
17.86
0.0572
0.1709
1.031
0.389 and
-0.524

217
10.10
0.0534
0.1688
1.034
0.494 and
-0.331

332
15.96
0.0476
0.1259
1.003
0.480 and –0.353

253
13.66
0.0873
0.1781
0.985
1.942 and –0.603

R = [Σ|∆F|/Σ|F o |] for [I > 2σ(I)]. b Rw = [Σw(∆F)2/ΣwFo 2] for [I > 2σ(I)]. c Goodness of fit on F2.
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Table 2.3 Crystallographic Data and Parameters for : [(L4c)Cu(acac)] (3),
[(L4c)CuCl2].MeOH (4), and [(L3c)2Cu2 (H2O)2](ClO4)2 (5).
3
C46H53N8O14Cu2

4
C19H20Cl2CuN4O3

5
C37H46N8O20Cl2Cu2

1069.04
298(2)
Monoclinic

486.83
240(2)
monoclinic

1120.80
200(2)
monoclinic

Space group
a (Å)
b (Å)
c (Å)
α (deg)
β (deg)
γ (deg)
V (Å3), Z
µ (mm-1)
δcalc(g/cm3)
F(000)
Size (mm3)
h,k,l ranges
collected

Cc
24.4844(7)
10.9463(3)
19.7862(5)
90
103.899(2)
90
5147.7(2), 4
0.896
1.379
2220
0.6 x 0.4 x 0.2
-30→30,
-13→13,
-24→24

P21/n
11.635(3)
14.149(3)
12.908(3)
90
93.928(10)
90
2120.2(8), 4
1.310
1.525
996
0.3 x 0.1 x 0.05
-12→12,
-11→14
-13→13

P21/c
16.8155(8)
15.5036(7)
18.9048(8)
90
100.917(2)
90
4839.3(4), 4
1.073
1.538
2304
0.5 x 0.5 x 0.4
-26→26,
-24→24,
-27→29

θ range (deg)
Reflections
collected

2.21-26.67
51021

2.70-21.77
18306

2.30-34.32
118048

Independent
Reflections
Parameters
Data/Paramet.
R(F)a
Rw(F2)b
GOFwc
Largest diff
peak and
hole (e/Å3)

10811

2490

20214

641
16.87
0.0501
0.1389
1.031
0.853 and –0.458

266
9.36
0.0392
0.0929
1.016
0.389 and -0.430

678
29.81
0.0586
0.1746
1.076
1.312 and –1.143

Molecular
formula
Fw
Temp (K)
Cryst system

a

R = [Σ|∆F|/Σ|F o |] for [I > 2σ(I)]. b Rw = [Σw(∆F)2/ΣwFo 2] for [I > 2σ(I)]. c Goodness of fit on F2.
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Table 2.4 Selected Bond Lengths (Å) and Angles (deg) for [Cu2(L4c)2(H2O)2](ClO4)2(1),
Cu2(L4c)2Cl2(2) and [Cu2(L3c)2(H2O)4](ClO4)2(5)

Cu(1)-O(1)
Cu(1)-O(2)
Cu(1)-O(3)
Cu(1)-O(4)
Cu(1)-N(1)
Cu(1)-N(3)
Cu(1)-Cl(1)
Cu(2)-N(5)
Cu(2)-N(7)
Cu(2)-O(6)
Cu(2)-O(7)
N(1)-Cu(1)-O(1)
N(1)-Cu(1)-O(2)
N(1)-Cu(1)-O(3)
N(1)-Cu(1)-O(4)
N(1)-Cu(1)-Cl(1)
N(3)-Cu(1)-N(1)
N(3)-Cu(1)-O(1)
N(3)-Cu(1)-O(2)
N(3)-Cu(1)-O(3)
N(3)-Cu(1)-O(4)
N(3)-Cu(1)-Cl(1)
O(1)-Cu(1)-O(2)
O(1)-Cu(1)-O(3)
O(1)-Cu(1)-Cl(1)
O(2)-Cu(1)-O(3)
O(2)-Cu(1)-O(4)
O(2)-Cu(1)-Cl(1)
O(3)-Cu(1)-O(4)

1
2.013(2)
2.035(2)
2.202(2)

2
2.037(6)
2.051(7)

1.989(3)
1.986(2)

1.992(8)
1.983(7)
2.354(3)

5
1.9589(19)
2.196(2)
1.9672(19)
2.018(2)
2.0056(19)
2.013(2)
1.9959(18)
1.961(2)
2.215(2)

96.47(10)
156.58(10)
104.11(10)

90.59(10)
152.17(10)
99.46(9)
104.09(10)

65.27(9)
100.23(10)
93.94(9)

97.5(3)
150.9(3)

104.6(2)
90.4(3)
150.5(3)
96.7(3)

167.53(9)
93.67(9)
92.54(9)
88.64(9)
87.55(8)
95.91(8)
169.09(9)

104.0(2)
63.7(3)
101.4(2)
31.3(3)

98.53(9)
89.00(8)

100.93(19)
94.84(9)

40
Table 2.5 Selected Bond Distances (Å)and selected Bond Angles (deg) for
(L4c)Cu(acac)(3) and (L4c)CuCl2(4)

Cu(1)-N(1)
Cu(1)-N(3)
Cu(1)-O(5)
Cu(1)-O(4)
Cu(1)-O(3)
Cu(1)-Cl(1)
Cu(1)-Cl(2)
O(3)-Cu(1)-O(4)
O(3)-Cu(1)-O(5)
O(3)-Cu(1)-N(3)
O(3)-Cu(1)-N(1)
O(4)-Cu(1)-N(3)
O(4)-Cu(1)-N(1)
O(4)-Cu(1)-O(5)
N(3)-Cu(1)-O(5)
N(3)-Cu(1)-N(1)
N(1)-Cu(1)-O(5)
N(1)-Cu(1)-Cl(1)
N(1)-Cu(1)-Cl(2)
N(3)-Cu(1)-Cl(1)
N(3)-Cu(1)-Cl(2)
Cl(1)-Cu(1)-Cl(2)

3
2.058(8)
2.006(7)
2.277(7)
1.913(7)
1.903(8)

4
2.009(4)
1.969(4)

2.2000(2)
2.215(2)
93.3(3)
99.7(3)
87.2(3)
162.9(3)
167.2(3)
89.0(3)
95.6(3)
96.9(3)
86.9(3)
96.9(3)

91.72(16)
105.04(13)
136.14(13)
131.96(13)
99.31(12)
98.57(6)
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Cobalt, Zinc, and Nickel Complexes of a Ditopic Heteroscorpionate Ligand:
Building Blocks for Coordination Polymers
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3.1 Introduction
Rational design of these metallosupramolecular structures and coordination
polymers still remains a largely elusive goal. Of the many "rational" approaches to the
design of these structures, 1-5 the building block route has proven to be amenable to the
development of "controlled" self assembly.6-8 Thus these building blocks can be used in
concert with polytypic linkers to produce different crystal networks in a pseudocontrolled fashion. While polytopic organic carboxylates and nitrogen heterocycles have
been widely used as bridging motifs in the development of these metallosupramolecular
complexes9,10 the building blocks themselves are more diverse.

Figure 3.1 Representation of ditopic heteroscorpionate ligand (left) and mercury
crystal structure visualization of the ligand (right).

On the other hand, this ditopic heteroscorpionates emerge as particularly attractive
from the point of view of crystal engineering because of their potential versatility (Figure
3.1). In previous work11 we showed that a new heteroscorpionate, (L4c), can adopt a
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variety coordination mode toward Cu(II) which depends on the coordination geometry
preferences of the metal ion, solvent polarity, the presence and nature of available anions
and pH. In this work we describe a number of related dinuclear Co(II), Zn(II) and Ni(II)
based building blocks that can be linked together to form interesting 1 and 2-D
coordination polymers (Scheme 3.1). By studying their solution chemistry via ESI-MS
we have also been able to enumerate species present that are not amenable to solid-state
structural analysis by X-ray crystallography.

Scheme 3.1 Schematic representation of metal, ligand (L4c) and linkers
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3.2 Results and Discussion
3.2.1 Synthesis and Characterization. The reaction of the N2O heteroscorpionate ligand
designated L4c with Co(ClO4)2.6H2O produced a binuclear species of stoichiometry
2M:4L (vide infra) different from that prepared with the analogous Cu(II) salt.11 Because
of this result we found, after considerable experimentation, that reaction of cobalt(II)
bisacetylacetonate or zinc(II) bisacetylacetonate hydrate in methanol in the presence of
the appropriate anion was a better synthetic procedure for the preparation of the 2M:2L
dimeric building blocks. Thus reaction with a variety of different monoanionic potential
linkers including azide, thiocyanate, cyanobenzoate and isonicotinate smoothly yielded
complexes with a ratio of 2Co:2L:2 anion. Although all of these linkers had the potential
to bridge between bimetallic units, none was observed to do so in the solid state. Thus
only dimers were isolated which in all cases had the anionic end of the linker bound to
the metal(II) ion. In the absence of any added exogenous anion, the use of Co(acac)2,
Ni(ClO4)2.6H2O or Zn(acac)2.H2O as a starting material resulted in the formation of the
product with 2M:4L stoichiometry. X-ray crystallography (vide infra) revealed that these
products were in fact structurally related to the other dinuclear complexes with the
carboxylate end of another L4c ligand functioning as the terminal anion to each metal(II)
ion.
While it was not surprising that the smaller ligands (i.e. azide or thiocyanate) were
unable to function as bridges, due to what would be expected to be severe steric repulsion
between the dinuclear units, it was unanticipated that none of the larger monoanionic
ligands (p-cyanobenzoate, isonicotinate, p-aminobenzoate etc.) could function in this
regard. On the other hand, similarly sized dianionic linkers such as terephthalate did lead
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to complexes with the desired interactions between dinuclear units which could be
isolated as linear polymers with a (2Co:2L:1Linker)∞ ratio. Thus charge considerations
seem to be paramount in determining the ability of exogenous ligands to bridge between
the dinuclear units. These reactions are summarized in Figure 3.2.

Figure 3.2 Reactions of the heteroscorpionate ligand L4c, Co(acac)2 and linkers
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3.2.2 Solid State Structure of the Complexes: Dinuclear Cobalt and Zinc Complexes
Selected distances and angles for the structures of these complexes are shown in
tables 3.7, and 3.10. Figures 3.3, 3.4, 3.5 and 3.6 contain the thermal ellipsoid diagrams
for [Co2(L4c)2(N3)2] 1, [Co2(L4c)2(O2CC6H4CN)2] 3, [(L4c)2Zn2(H2O)2] 7 and
[(L4c)4Zn2(O2CC5H4N)2] 8 respectively. Single-crystal X-ray diffraction studies on the
neutral complexes 1, 3, 7 and 8, reveal that these complexes possess a crystallographic
center of inversion making only one-half of these dimeric structures unique. In all these
complexes, depending on the perceived denticity of the carboxylate ligands involved in
the M2L2 core, the metal ions can be viewed as being between four and five coordinate
and having structures ranging between distorted tetrahedral and square pyramidal
geometry. As seen from table 3.7. The M(1)-O(2) distances in the complexes 1, 3, 7 and
8 range from 1.964-2.036 Å while the more weakly bound M(1)-O(1) “bond” is between
2.38 and 2.57 Å. Both the difference between M-O2 and M-O1 and the absolute values of
M-O1 distances themselves are outside the limits of what could be called bidentate
carboxylate interactions. However in the cobalt complexes, the orientation of O1 and the
Co-O1 “bond” lengths are clearly also not commensurate with simple unidentate binding
thus we classify these interactions as anisobidentate.
In the dinuclear unit the two pyrazolyl nitrogens, N(1), N(3), and the two
carboxylate oxygen donors of the scorpionate ligands occupy the four positions of a basal
plane. The apical position is then occupied by the N or O from the anionic “linkers”.
Azide is N-bonded in 1, water is bound in 7, while carboxylate oxygens occupy this
position in 3 and 8. Here the M(1)-O(4) bonds average 1.94 Å while the M(1)-O(3)
“interactions” average 2.88 Å, indicating a largely unidentate axial carboxylate. The
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N(3)-M(1)-N(1) angle for the complexes range from 88.19(11)° in 1 to 91.4(2)° in 8,
while the N(1)-M(1)-O(2) bond angles range from 98.6(3)° in 3 to 131.58(11)° in 1 and
the N(3)-M(1)-O(2) bond angles range from 100.5(2)° in 8 to 130.1(3)° in 3; both the
Npz-M(1)-O(2) angles in the basal plane therefore deviate significantly from 90°.
The metal ion sits out of the mean N1, N3, O1 and O2 plane for these complexes in
the following order: 0.591 Å [1], 0.598 Å [7], 0.708 Å [3] and.0.712 Å [8]. The
intramolecular metal—metal distance ranges from 8.192 Å in 1 to 8.415 Å in 3. Since the
zinc complex 7 is cationic there is a slightly disordered perchlorate in the lattice that
functions as a counter ion and is involved in hydrogen bonding interactions that lead to
extended structures in the crystal (data not shown).

Figure 3.3 ORTEP diagram with 40% thermal ellipsoids of [(L4c)2Co2(N3)2] showing
complete atomic labeling.
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Figure 3.4 ORTEP diagram with 40% thermal ellipsoids of [(L4c)2Co2(O2CC6H4CN)2]
showing complete atomic labeling.

Figure 3.5 ORTEP diagram with 40% thermal ellipsoids of the cationic portion
of [(L4c)2Zn2(H2O)2](ClO4)2 showing complete atomic labeling.
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Figure 3.6 ORTEP diagram with 40% thermal ellipsoids of [(L4c)2Zn2(O2CC5H4N)2]
showing complete atomic labeling.

3.2.3 Cobalt, Zinc and Nickel 2M:4L Complexes. Single-crystal X-ray diffraction on
the neutral complexes [Co2(L4c)4] 4 and [Zn2(L4c)4] 10 indicate a pseudotetrahedral
coordination geometry around the metal while the corresponding nickel complex
Ni2(L4c)4 11, displays a pseudoctahedral geometry. Selected distances and angles for the
structures of these complexes are shown in Table 3.8 and 3.11 respectively. Figures 3.7,
3.8 and 3.9 contain the thermal ellipsoid diagrams for Co2(L4c)4, Zn2(L4c)4 and
Ni2(L4c)4 respectively. The distorted tetrahedral structures of Co2(L4c)4 and Zn2(L4c)4
show that the two pyrazolyl nitrogen donors and monodentate carboxylate oxygen donors
of the chelating L4c ligands occupy the three positions of the basal plane, while another
monodentate carboxylate oxygen donor of L4c is 2.006 Å in 4 and 2.035 Å in 10 away
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from the metal in the apical position. The M(1)-O(2) distances are 1.96 Å in 4 and 1.95 Å
in 10. The average Npz-M(1)-O(2) is 110° and both Npz-M(1)-O bond angles in the
basal plane deviate significantly from 90°. The average N(3)-M(1)-N(1) angle is 91°. For
the nickel complex 11, figure 3.9 illustrates the pseudoctahedral coordination around the
nickel ion with the two pyrazolyl nitrogen donors and one oxygen from the carboxylate
ligand L4c constituting one face of the octahedron. The N(1)-M(1)-N(3) and average
Npz-M(1)-O(2) bond angles are 84.40° and 94.62° respectively. The deviation of bond
angles from the 90° angle that is expected for idealized octahedral geometry is
presumably due to the relatively small bite angle of the ligand. The remaining bond
distances and bond angles are unremarkable.

Figure 3.7 ORTEP diagram with 40% thermal ellipsoids of [(L4c)4Co2] showing
complete atomic labeling.
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Figure 3.8 ORTEP diagram with 40% thermal ellipsoids of [(L4c)4Zn2] showing
complete atomic labeling.

Figure 3.9 ORTEP diagram with 40% thermal ellipsoids of [(L4c)4Ni2] showing
complete atomic labeling.
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3.2.4 Polymeric Cobalt Complexes. Selected bond distances and angles for these
coordination polymers are shown in Tables 3.9 and 3.12, while Figures 3.10 and 3.12
contain the thermal ellipsoid diagram of these complexes. The coordination environments
around

the

cobalt

complexes

[Co2(L4c)2(O2CC6H4CO2)]∞

5

and

[Co2(L4c)2(O2C(C6H4)2CO2)]∞ 6 are considerably different than the pseudo-square
pyramidal geometry seen in 1 and 3. Thus the cobalt in these complexes are best
described as four coordinate with distorted tetrahedral geometry where two N pyrazole
and one essentially monodentate carboxylate of the chelating ligand L4c occupy base of
the tetrahedron, while the monodentate carboxylate of terephthalate or biphenyl 4,4’dicarboxylate occupy the apical position. Here the Co-O1 and Co-O3 "interactions" range
from 2.52-3.13 Å; hence our assignment of all the carboxylates as unidentate. The
dihedral angles between the CoO2 and CoN2 planes of 80.03° in 5 and 78.85° in 6 are less
than the expected tetrahedral value, with the individual L-Co-L bond angles also showing
deviations from the “ideal”. For example, while the O-Co-O bond angles are 115.1(3)° in
5 and 119(5)° for 6, the N-Co-N angles are much smaller at 89.7(4)° [5] and 88.8(6)° [6],
constrained by the “bite” of the bis-chelating L4c ligand.
The packing interactions in this group of complexes deserve some comment.
Complex 5, packs in extended columns, the uncoordinated carboxylate O atoms from the
ligand and terephthalate being involved in hydrogen bonds with solvent methanol and
water molecules. These solvent molecules play the role of donors that exert some
influence on the overall alignment of these chains. Thus the packing arrangement of 5
shows two different, out of register, columns running in a parallel fashion along the c
axis. (Figure 3.11). This leads to relatively tight packing between the columns and no
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significant internal voids. The crystal packing of 6 on the other hand with the longer
biphenyl linkers again displays chains arranged in a parallel fashion along the c axis.
(Figure 3.13). However the chains are now in register leading to a two dimensional gridlike structure with grid dimensions ca (12.0 x 10.8 Ǻ) occupied by solvent molecules.

Figure 3.10 ORTEP diagram with 40% thermal ellipsoids of
[(L4c)2Co2(O2C(C6H4)CO2)2]∞ showing complete atomic labeling.
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Figure 3.11 (a)1-D coordination polymers of 5 along the crystallographic c-axis. Hydrogen
atoms have been omitted for clarity (b) 2-D network coordination of 5 showing hydrogen
bonding interaction as seen along the crystallographic c axis The dotted lines indicate
interlayer hydrogen bonds. (c) Packing diagram of 5 in the space-filling model, showing the
alternation of the coordination polymer chains along the crystallographic c-axis.

.

Figure 3.12 ORTEP diagram with 40% thermal ellipsoids of

(L4c)2Co2(O2C(C6H4)2CO2)]∞ showing complete atomic labeling.
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Figure 3.13 (a) 2-D network coordination of 6 showing hydrogen bonding interaction
as seen along the crystallographic a axis. The dotted lines indicate hydrogen bonds
between uncoordinated carboxylates oxygen and water molecules. Hydrogen atoms
have been removed for clarity (b) Packing diagram of 6 in the space-filling model,
showing the rectangular grid produced along the crystallographic c axis.
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3.2.5 Solution Chemistry. Although complexes 1-4 contain potentially ditopic "axial"
ligands that could function to bridge the dinuclear Co2L2 units together, no such
interaction was seen in any of the solid-state structures. Therefore we sought evidence for
such potential interactions in solution via electrospray ionization mass spectrometry (ESIMS). ESI-MS allows analysis of solution phase species in the gas phase without
perturbation of their solution distribution. Analysis of solutions of 1, 3, 7 and 8 were all
similar and showed that the predominant species was always the simple M2(L4c)2(anion)2
expected from the solid state structure. We were particularly intrigued by the cobalt
complex 4 and zinc complex 10 which had stoichiometry of M2(L4c)4 and whose X-ray
structure revealed the axial binding of additional L4c carboxylate anions to the basic
dinuclear M2L4c2 unit. We were surprised that the solid-state structures of 4 and 10
revealed two uncoordinated bispyrazole "sticky ends". The bispyrazole unit is a very
good chelator and therefore it was unexpected that such units should remain
uncoordinated.

We consequently analyzed the ESI-MS spectra of the complexes

prepared from a mixture of metal(acac)2 and L4c in dichloromethane solution in both
positive and negative ion mode. The mass spectra of these complexes in both ionization
modes show several clean high mass clusters (Figures 3.14 and 3.15) allowing us to
identify species in solution that were not amenable to solid-state structural analysis by Xray crystallography (Table 3.1 and 3.2).
In complex 4, the highest mass cluster is centered around 1942(2) amu and has an
isotope pattern indicative of the tetranuclear [Co4(L4c)4(acac)4(H3O)]+ cation. Thus it is
clear that in solution the "sticky ends" of 4 are indeed coordinated and capped off by
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Co(acac)2 units giving an overall tetranuclear complex. A second high mass cluster
centered about 1663(2) amu has an isotope pattern that is consistent with a
[Co4(L4c)3(acac)4(CH3CN)(H2O)]+ cation. The other major peak envelopes are centered
at 1385 and 1088 amu. In negative ion mode there are three major peak clusters at 1735,
1456 and 1171 amu (Figure 3.19).

We observed similar result for 10, where there are

also several clean high mass clusters in positive ion mode, the highest mass of which is
centered around 1969(2) amu and has an isotope pattern indicative of the tetranuclear
[Zn4(L4c)4(acac)4H3O]+

cation (Figure 3.16 and Table 3.2). The second high mass

cluster centered about 1688(2) amu has an isotope pattern that is consistent with a
[Zn3(L4c)4(acac)2H]+ cation. The other major peak cluster is centered at 1102 amu. In
negative ion mode there are two major peak clusters at 1470 and 1192 amu.
Since a mixture of Zn(acac)2 and L4c is very soluble in chloroform we were also
able to analyze the

1

H NMR of this solution (Fig 3.17 and Table 3.3). The 1H NMR

spectrum demonstrates that there are two distinctly different sets of chemical shifts
attributable to the two types of complexed L4c ligand along with protons assignable to
acetylacetonate, completely consistent with the ESI-MS results and indicating formation
of the tetranuclear [Zn4(L4c)4(acac)4] in solution (Figure 3.18). It is notable that the pure
crystalline

complexes

Co2(L4c)4

and

Zn2(L4c)4

are

extremely

insoluble

in

dichloromethane or methanol but they become soluble only in the presence of an excess
of Co(acac)2 or Zn(acac)2. These results indicate that there is equilibrium between the di
and tetranuclear species where the two terminal nitrogen bis-pyrazole units coordinate to
Co(acac)2 or Zn(acac)2.
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Figure 3.14 Positive-ion ESI-MS of the formation of complex 4 in dichloromethane. The
upper frame shows the peak clusters associated with [Co4(L4c)4(acac)4H3O]+,
[Co4(L4c)3(acac)4CH3CN(H2O)]+ and [Co3(L4c)3(acac)2CH3CN]+. The lower frame shows the
calculated isotope distribution pattern expected for these fragments.
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Figure 3.15 Negative-ion ESI-MS of the formation of complex 4 in dichloromethane. The upper
frame shows the observed peak clusters; the lower frame shows the calculated isotope distribution
patterns expected for these fragments.
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Table 3.1 Theoretical and Experimental Positive and Negative Ion ESI-MS fragments
from a solution of Co(acac)2 with ligand L4c in dichloromethane. The eluent solvent was
acetonitrile with 0.1% formic acid.

1
2
3
4
5
6
7

Fragment
[Co4(L4c)4(acac)4H3O]+
[Co4(L4c)3(acac)4CH3CN(H2O)]+
[Co3(L4c)3(acac)2CH3CN]+
[Co2(L4c)3]+
[Co2(L4c)3(HCO2)2][Co2(L4c)4(HCO2)][Co3(L4c)4(acac)2H2O(HCO2)]-

Chemical
Formula
C92H107Co4N16O17+
C76H90Co4N13O15+
C66H74Co3N13O10+
C54H57Co2N12O6+
C56H59Co2N12O10C73H77Co2N16O10C83H93Co3N16O15-

m/z
Calculated
1944.66
1661.34
1386.17
1087.97
1178.01
1456.36
1731.52

m/z
Found (±2 amu)
1942
1663
1385
1088
1178
1456
1734

Figure 3.16 Positive-ion ESI-MS of the solution Zn(acac)2 with L4c in chloroform The left panel
shows the peak cluster associated with the [Zn2(L4c)4Zn2(acac)4H2O]+ cation centered at 1969 amu
while the right corner panel shows the calculated isotope pattern expected for this fragment.
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Table 3.2 Theoretical and Experimental Positive and Negative Ion ESI-MS fragments
from a solution of Zn(acac)2 with ligand L4c in chloroform. The eluent solvent was
acetonitrile with 0.1% formic acid

1
2
3
4
5

Fragment
[Zn4(L4c)4(acac)4H3O]+
[Zn3(L4c)4(acac)2H]+
[Zn2(L4c)3]+
[Zn2(L4c)3(HCO2)2][Zn2(L4c)4HCO2]-

Chemical
Formula
C92H107Zn4N16O17+
C82H91Zn3N16O12+
C54H57Zn2N12O6+
C56H59Zn2N12O10C73H77Zn2N16O10-

m/z
Calculated
1969.57
1688.93
1100.93
1190.96
1469.31

m/z
Found (±2 amu)
1969
1689
1102
1192
1469

Figure 3.17 1H NMR spectrum of the aromatic region of a solution of L4c + Zn(acac)2 in chloroform
(CDCl3).
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Table 3.3 1H NMR chemical shifts for the aromatic region of the free ligand, L4c and a
solution of Zn(acac)2 + L4c in CDCl3.
Free Ligand L4c
5.912 (s, 2H, PzH)
7.017 (d, 2H, ArH)
7.753 (s, 1H, CH)
7.946 (d, 2H, ArH)

Solution
[Zn(acac)2 + L4c]
5.82 (s, 2H, PzH)
6.13 (s, 2H, PzH)
6.20 (d, 2H, ArH)
6.82 (d, 2H, ArH)
7.36 (s, 1H, CH)
7.59 (s, 1H, CH)
7.68 (d, 2H ArH)
8.00 (d, 2H ArH)

A
B
C
D
E
F
G
H

Figure 3.18 Proposed fragment of tetranuclear zinc complex in methanol
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Figure 3.19 Proposed fragments of Co(acac)2 and Ligand L4c in methanol
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3.3 Conclusion
In summary we have shown that the potentially binucleating heterscorpionate
ligand (L4c) is capable of bridging between metal centers and producing di-, tetra- and
polynuclear species. We have been able to identify these species both in the solid state
and in solution by X-ray diffraction, ESI-MS and 1H NMR.
3.4 Experimental Section
Materials. All chemicals and solvents used during the syntheses were reagents grade.
Bis(3,5-dimethylpyrazolyl)ketone was prepared according to the procedure described by
Peterson et al..12 Caution: Perchlorate salts are dangerous (especially if they are dry) and
should be handled with care!
Cobalt complexes
Co2(L4c)2(N3)2 (1). To a methanol solution (5ml) containing ligand L4c (94.1 mg, 0.29
mmol) and sodium methoxide was added a methanol solution (5 ml) of Co(acac)2 (74.6
mg, 0.29 mmol) and sodium azide (18.8 mg, 0.29 mmol). The mixture was stirred for 5
min. The light blue precipitate was collected by filtration, washed with methanol, and
dried under vacuum for 1h. Yield: 48 mg (39%). Dark blue single crystals suitable for Xray analysis were prepared by slow evaporation of a dichloromethane solution of the
complex. Anal Calc. (Found) for [Co2(L4c)2(N3)2.2CH3OH], C38H46N14O6Co2, C: 50.00
(49.66), H: 5.08 (5.11), N: 21.48 (21.68). (KBr pellets) ν/cm-1: 3442, 2066, 1609, 1557,
1463, 1414, 1382, 1249, 1050, 835, 765, 714. λmax(CH3CN, ε): 499 nm (377 M-1 cm-1);
549 nm (367 M-1 cm-1); 609 nm (389 M-1 cm-1 ) µeff = 6.67 µB (solid, 295 K). ESI-MS
(methanol): m/z: [Co2(HL4c)(L4c)(N3)2.CH3OH]+ = 881.69 amu.
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Co2(L4c)2(NCS)2 (2). This complex was prepared in a manner analogous to that of
complex 1 using ammonium thiocyanate in place of sodium azide. Yield: 62 mg (57.5%).
Anal Calc. (Found) for [Co2(L4c)2(SCN)2.1.5DMF], C42.5H48.5N11.5O5.5S2Co2, C: 51.54
(51.87), H: 4.94 (5.13), N: 16.26(16.55). IR (KBr pellets) ν/cm-1: 3446, 2078, 1671,
1557, 1384, 1096, 837, 768, 711. λmax (CH3CN, ε): 543 nm (378 M-1 cm-1); 637 nm (298
M-1 cm-1) µeff = 6.64 µB (solid, 295 K). ESI-MS(acetonitrile): m/z: [Co2(L4c)2(SCN)2Na]+
= 904 amu; [Co2(L4c)2SCN]+ = 823 amu.
Co2(L4c)2(O2CC6H4CN)2 (3). This complex was prepared in a manner analogous to that
of complex 1 using p-cyanobenzoic acid in place of sodium azide without sodium
methoxide.

Yield:

96

mg

(57

%).

Anal

Calc.

(Found)

for

[Co2(L4c)4(O2CC6H4CN)2].0.5CH3OH, C52.5H48N10O8.5Co2, C: 58.77 (58.46) H: 4.51
(4.73) N: 13.06 (13.28). IR (KBr pellets) ν/cm-1: 3445, 2230, 1634, 1558, 1385, 1249,
1131, 849, 831, 778, 767, 715. λmax(CH3CN, ε): 500 nm (548 M-1 cm-1); 549 nm (534 M1

cm-1); 610 nm (549 M-1 cm-1). µeff = 6.77 µB (solid, 295 K). ESI-MS (methanol): m/z:

[Co2(HL4c)(L4c)(O2CC6H4CN)2.CH3OH]+ = 1089 amu.
Co2(L4c)4 (4). A methanol solution (5ml) of the ligand L4c (126 mg, 0388 mmol) was
added to a methanol solution (5 ml) of Co(acac)2 (50 mg, 0.194 mmol). The mixture was
left to stand at room temperature whereupon purple crystals were deposited after a period
of 12 hours. The purple crystals were collected by filtration, washed with methanol, and
dried under vacuum for 1h. Yield: 54 mg (39%). Anal Calc. (Found) for
[Co2(L4c)4.3H2O], C72H84Co2N16O12 C 58.30 (58.41), H 5.71(5.51), N 15.11(15.26). IR
(KBr) ν/cm-1: 3431, 1613, 1560, 1414, 1385, 1252, 833, 767, 715. λmax (CH3CN, ε): 516
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nm (595 M-1 cm-1); 553 nm (586 M-1 cm-1); 639 nm (507 M-1 cm-1). µeff = 6.72 µB (solid,
295 K). ESI-MS (acetonitrile): m/z: [Co2(L4c)3]+ = 1087.97 amu
[Co2(L4c)2(O2CC6H4CO2)]∞ (5). This complex was prepared in a manner analogous to
that of complex 1 using terephthalic acid neutralized with triethylamine in place of
sodium azide. Yield: 42 mg (61%). Single crystals suitable for X-ray analysis were
prepared by slow evaporation of methanol solution of the complex. Anal Calc. (Found)
for [Co2(L4c)2(O2CC6H4CO2)].3H2O, C44H48Co2N8O11, C 53.77 (53.71), H 4.92 (4.84), N
11.40 (11.35).IR (KBr pellets) ν/cm-1: 3448, 1607, 1557, 1386, 1343, 1261, 1028, 822,
770, 746, 714.
[Co2(L4c)2(O2C(C6H4)2CO2)]∞ (6). This complex was prepared in a manner analogous
to that of complex 5 using biphenyl 4,4'-dicarboxylic acid neutralized with triethylamine
in place of terephthalic acid. Yield: 58 mg (76 %). Single crystals suitable for X-ray
analysis were prepared by slow evaporation of methanol solution of the complex. Anal
Calc. (Found) for [Co2(L4c)2(O2CC12H8CO2)] C50H46Co2N8O8 C 59.77 (59.40), H 4.61
(4.90), N 11.15 (11.31). IR (KBr pellets) ν/cm-1: 3447, 1618, 1560, 1458, 1396, 1343,
1261, 767, 715.
Zinc complexes
Zn2(L4c)2(H2O)2 (7). A methanol solution (10mL) of ligand L4c (171 mg, 0.527 mmol)
with sodium methoxide (28.46 mg, 0.527mmol) was added to an aqueous solution (10ml)
of Zn(ClO4)2.6H2O (196 mg, 0.527 mmol). The mixture was stirred for 4 hours at room
temperature. The white powder thus obtained was collected by filtration, washed with
methanol and water, and dried under vacuum for 2h. Single crystals suitable for X-ray
analysis were prepared by the careful diffusion of a methanol solution of L4c containing
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sodium methoxide into aqueous solution of Zn(ClO4)2.6H2O. Yield: 316 mg (68 %). Anal
Calc. (Found) for [Zn2(L4c)2(H2O)2](ClO4)2.2H2O, C36H46Cl2N8O16Zn2 C: 41.24 (40.87),
H 4.42 (4.23), N 10.69 (10.85). IR (KBr pellets) ν/cm-1: 3153, 1560, 1540, 1419, 1113,
1052, 858, 810, 761, 713, 624. ESI-MS (acetonitrile): m/z: [Zn2(L4c)2ClO4]+ = 878 amu.
Zn2(L4c)2(O2CC5H4N)2 (8). This complex was prepared in a manner analogous to that of
complex 3 using Zn(acac)2.H2O and isonicotinic acid in place of Co(acac)2 and
cyanobenzoic acid respectively.

Yield: 53 mg (56.5 %). Anal Calc. (Found) for

[Zn2(L4c)4(O2CC5H4N)2].H2O, C48H48N10O9Zn2 C: 55.85 (56.1) H: 4.78 (4.65) N: 13.29
(13.42) IR (KBr pellets) ν/cm-1: 3440, 1621, 1560, 1465, 1415, 1385, 1257, 1050, 854,
767, 746, 715.
Zn2(L4c)2(O2CC6H4CN)2 (9). This complex was prepared in a manner analogous to that
of complex 3 using Zn(acac)2.H2O in place of Co(acac)2. Yield: 76 mg (63%). Anal Calc.
(Found) for [Zn2(L4c)2(O2CC6H4CN)2].1.5H2O, C52H49N10O9.5Zn2 C: 56.94 (57.09) H:
4.50 (4.88) N: 12.77 (13.06) IR (KBr pellets) ν/cm-1: 3423, 2228 1637, 1560, 1388, 1255,
1050, 833, 780, 767, 715. ESI-MS(methanol): m/z:
[Zn2(HL4c)(L4c)(O2CC6H4CN)2.CH3OH]+ =1102 amu.
Zn2(L4c)4 (10). This complex was prepared in a manner analogous to that of complex 4
using Zn(acac)2.H2O in place of Co(acac)2. Yield: 67 mg (47%). Anal Calc. (Found) for
[Zn2(L4c)4].3.5H2O, C72H83N16O11.5Zn2 C: 58.14 (58.16), H: 5.62 (5.88), N: 15.07
(15.24), IR (KBr pellets) ν/cm-1: 3448, 1630, 1560, 1465, 1385, 1257, 833, 767, 715.
ESI-MS(acetonitrile): m/z: : [Zn2(L4c)4Na]+ = 1447.29; [Zn2(L4c)3]+ = 1101 amu.
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Nickel complexes
Ni2(L4c)2(H2O)2 and Ni2(L4c)4 (11-12). A methanol solution (5mL) of ligand L4c (112
mg, 0.345 mmol) was added to an aqueous solution (5ml) of Ni(ClO4)2.6H2O (126.3 mg,
0.345 mmol). The light green powder obtained was collected by filtration, washed with
methanol and water, and dried under vacuum for 2h. Yield: 41 mg (23%). Anal Calc.
(Found) for [Ni2(L4c)2(H2O)2](ClO4)2.2H2O, C36H46Cl2N8Ni2O16 C 41.77 (41.86), H 4.48
(4.47), N 11.34 (11.35). IR (KBr pellets) ν/cm-1: 3422, 1560, 1431, 1396, 1119, 1090,
773, 716, 627. λmax (CH3CN, ε, M-1 cm-1); 698 nm (68 M-1 cm-1) µeff = 3.2 µB (solid, 295
K). ESI-MS (acetonitrile): m/z: [Ni2(L4c)2ClO4]+ = 864 amu. Single crystals suitable for
X-ray analysis were prepared by the careful diffusion of a methanol solution of L4c
containing sodium methoxide into an aqueous solution of Ni(ClO4)2.6H2O. A light green
crystalline material was separated from the surrounding powder by hand and proved to be
that of Ni2(L4c)4 (11) rather than that of the bulk Ni2(L4c)2(H2O)2 (12). ESI-MS
(acetonitrile): m/z: [Ni2(L4c)3]+ = 1087.50 amu
3.5 Acknowledgement
Text, schemes, tables and figures of this chapter, in part, are reprints of the
materials published in the following paper: Santillan, G. A.; Carrano, C. J. “Cobalt, Zinc,
and Nickel Complexes of a Diatopic Heteroscorpionate Ligand: Building Blocks for
Coordination Polymers” Inorg. Chem. 2008, 47, 930-939.
3.6 Appendix
Physical Methods. Elemental analyses were performed by Numega, San Diego, CA. All
samples were dried in vacuum prior to analysis. 1H NMR spectra was collected on Varian
500 MHz NMR spectrometer. Chemical shifts are reported in ppm relative to an internal
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standard of TMS. IR spectra were recorded as KBr disks on a ThermoNicolet Nexus 670
FT-IR spectrometer and are reported in wavenumbers. Electronic spectra were recorded
using a Cary 50 UV-vis spectrophotometer. Room temperature magnetic susceptibility
measurements of the metal complexes were determined using a MSB-1 magnetic
susceptibility balance manufactured by Johnson Matthey and calibrated with mercury (II)
tetrathiocyanatocobaltate(II) (Xg = 16.44(8) x 10-6 cm3 g-1). Diamagnetic corrections were
taken from those reported by O’Connor.13 Electrospray mass spectra (ESI-MS) were
recorded on a Finnigan LCQ ion-trap mass spectrometer equipped with an ESI source
(Finnigan MAT, San Jose, CA). Samples were dissolved in either methanol or
acetonitrile and eluted with acetonitrile with 0.1% formic acid or methanol with 0.1%
formic acid. A gateway PC with Navigator software version 1.2 (Finnigan Corp., 19951997) was used for data acquisition and plotting. Isotope distribution patterns were
simulated using the program IsoPro 3.0.
X-ray Crystallography. Crystals of complexes 1, 3, 4, 7, 8, 10 and 11 were mounted on
nylon loops with paratone oil (Hampton Research), and placed in the cold stream (200 or
240K) of a Bruker X8 APEX CCD diffractometer. Compound 7 was mounted in a
capillary and data collected at room temperature. The structures were solved using direct
methods or via the Patterson function, completed by subsequent difference Fourier
syntheses, and refined by full-matrix least-squares procedures on F2. All non-hydrogen
atoms were refined with anisotropic displacement coefficients while hydrogen atoms
were treated as idealized contributions using a riding model except where noted.
Hydrogen atoms were generally neither located in difference maps nor placed in idealized
positions for isolated solvent molecules within the structure. All software and sources of

71
the scattering factors are contained in the SHELXTL 6.1 program library (G. Sheldrick,
Siemens XRD, and Madison, WI).14
It should be noted that many of the crystals used in this study were relatively poorly
diffracting either because they were extremely small/thin i.e. 5 and 6 or because there
was unresolved disorder in the positions of the various solvent molecules. Thus some of
the R factors were higher than is expected for small molecule structures and/or data was
collected only out to relatively small angle in 2θ. Despite these crystallographic
shortcomings the overall features of chemical significance were quite clear and
unambiguous.
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Table 3.4 Crystallographic Data and Parameters for: [(L4c)2Co2(N3)2].CH2Cl2 (1),
[(L4c)2Co2(O2CC6H4CN)2].2CH3OH.H2O (3), and [(L4c)4Co2].2CH3OH (4)
Molecular
formula
Fw
Temp (K)
Cryst system
Space group
a (Å)
b (Å)
c (Å)
α (deg)
β (deg)
γ (deg)
V (Å3), Z
µ (mm-1)
δcalc(g/cm3)
F(000)
Size (mm3)
h,k,l ranges
colled
θ range (deg)
Reflections
collected
Independent
Reflections
Parameters
Data/Paramet.
R(F)a
Rw(F2)b
GOFwc
Largest diff
peak and
hole (e/Å3)
a

1
C19H22N7O2Cl2Co

3
C27.5H23CoN5O6

4
C76H92N16O12Co2

510.27
240(2)
Monoclinic

578.44
240(2)
Triclinic

1539.52
200(2)
Monoclinic

P21/n
9.4752(15)
16.739(3)
14.429(2)
90
103.565(8)
90
2224.7(6), 4
1.043
1.523
1048
0.5 x 0.3 x 0.1
-12→11,
-21→22,
-18→18
2.43-27.95
34168

P-1
9.675(2)
9.862(2)
15.769(4)
81.956(7)
88.165(7)
85.393(7)
1484(6), 2
0.624
1.294
596
0.3 x0.3 x 0.2
-12→12,
-12→13,
-20→20
2.31-28.12
29091

P21/n
14.6087(8)
19.2737(9)
14.9969(8)
90
114.026(2)
90
3856.7(3), 2
0.501
1.326
1620
0.3x 0.1x0.05
-17 →17,
-22 → 23,
-18 →17
2.53-25.45
69369

5215

6938

7096

280
18.65
0.0502
0.1270
1.025
0.488 and
-0.694

370
18.75
0.0820
0.2405
1.034
1.438 and -1.205

490
14.48
0.0423
0.1114
1.061
0.701 and
-0.352

R = [Σ|∆F|/Σ|F o |] for [I > 2σ(I)]. b Rw = [Σw(∆F)2/ΣwFo 2] for [I > 2σ(I)]. c Goodness of fit on F2.
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Table 3.5 Crystallographic Data and Parameters for:
[(L4c)2Co2(O2CC6H4CO2)]∞.2CH3OH.2H2O(5), [(L4c)2Co2(O2C(C6H4)2CO2)]∞.8H2O
(6), [(L4c)2Zn2(H2O)2](ClO4)2] (7)
5
C46H42N8O12Co2

6
C50H46N8O16Co2

7
C36H42N8O14Cl2Zn2

1016.74
240(2)
Orthorhombic

1132.80
240(2)
Triclinic

1012.46
298(2)
Monoclinic

Space group
a (Å)
b (Å)
c (Å)
α (deg)
β (deg)
γ (deg)
V (Å3), Z
µ (mm-1)
δcalc(g/cm3)
F(000)
Size (mm3)
h,k,l ranges
collected

Pbca
14.316(8)
17.312(8)
18.831(9)
90
90
90
4667(4), 4
0.785
1.458
2112
0.2 x0.2x 0.02
-12→12,
-14→14,
-16→16

P-1
10.331(10)
11.426(11)
14.246(14)
90.45(5)
107.79(5)
112.76(4)
1461(2), 1
0.637
1.287
584
0.1x0.1x0.01
-13→13,
-14→14,
-17→14

P21/c
9.0732(8)
23.533(2)
10.0066(9)
90
102.027(4)
90
2089.7(3), 2
1.358
1.660
1072
0.4 x 0.4 x 0.2
-13→14,
-37→23,
-16→15

θ range (deg)
Reflections
collected
Independent
Reflections

2.59-17.70
15865

2.27-27.86
13038

2.30-34.80
41896

1520

5915

9034

Parameters
Data/Paramet.
R(F)a
Rw(F2)b
GOFwc

314
4.84
0.0480
0.1227
1.083

344
17.19
0.1459
0.3301
1.031

301
30.01
0.0717
0.2419
1.052

Molecular
formula
Fw
Temp (K)
Cryst system

a

R = [Σ|∆F|/Σ|F o |] for [I > 2σ(I)]. b Rw = [Σw(∆F)2/ΣwFo 2] for [I > 2σ(I)]. c Goodness of fit on F2.
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Table 3.6 Crystallographic Data and Parameters for: [(L4c)2Zn2(O2CC5H4N)2]
.2CH3OH.H2O (8) [(L4c)4Zn2].2CH3OH (10), and [(L4c)4Ni2] (11).
8
C52H46N10O14Zn2
1165.73
240(2)
Triclinic

10
C76H80N16O12Zn2
1540.30
240(2)
Monoclinic

11
C76H92N16O14Ni2
1571.08
200(2)
Triclinic

Space group
a (Å)
b (Å)
c (Å)
α (deg)
β (deg)
γ (deg)
V (Å3), Z
µ (mm-1)
δcalc(g/cm3)
F(000)
Size (mm3)
h,k,l ranges colled

P-1
10.5179(9)
11.6082(10)
12.8981(11)
79.625(5)
69.471(5)
85.661(5)
1450.5(2), 1
0.882
1.190
538
0.3 x 0.3 x 0.1
-13→13,
-14→14,
-16→16

P21/n
14.6632(8)
19.3092(11)
14.9274(8)
90
114.139(3)
90
3856.9(4), 2
0.692
1.326
1608
0.4 x 0.4 x 0.3
-13→13,
-18→18,
-14→14

P-1
9.380(3)
20.191(6)
21.026(6)
90.148(14)
91.880(14)
94.905(16)
3965(2), 2
0.547
1.316
1656
0.04x 0.02 x 0.01
-14→13,
-28→30,
-23→32

θ range (deg)
Reflections collected
Independent
Reflections
Parameters
Data/Paramet.
R(F)a
Rw(F2)b
GOFwc
Largest diff
peak and
hole (e/Å3)

2.62-27.42
19006
6014

2.53-19.68
33302
3427

1.01-33.30
98985
29073

352
17.08
0.0775
0.2145
1.085
2.069 and -0.654

478
7.16
0.0522
0.1479
1.005
1.121 and
-0.395

997
29.16
0.0716
0.2427
1.027
0.989 and -0.757

Molecular formula
Fw
Temp (K)
Cryst system

a

R = [Σ|∆F|/Σ|F o |] for [I > 2σ(I)]. b Rw = [Σw(∆F)2/ΣwFo 2] for [I > 2σ(I)]. c Goodness of fit on F2.
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Table 3.7 Selected Bond Lengths (Å) for: [(L4c)2Co2(N3)2] (1),
[(L4c)2Co2(O2CC6H4CN)2] (3), [(L4c)2Zn2(H2O)2](ClO4)2] (7) and
[(L4c)2Zn2(O2CC5H4N)2] (8)

M(1)-O(1)
M(1)-O(2)
M(1)-O(3)
M(1)-O(4)
M(1)-N(1)
M(1)-N(3)
M(1)-N(5)

1
2.384(2)
1.988(2)

2.042(3)
2.070(3)
1.983(3)

3
2.498(4)
2.035(7)
2.797(6)
1.953(3)
2.033(4)
2.044(4)

7
2.508(3)
1.962(2)
1.982(3)
2.072(2)
2.024(2)

8
2.572(5)
1.983(4)
2.962(5)
1.929(4)
2.039(4)
2.044(5)

Table 3.8 Selected Bond Lengths (Å) for: [(L4c)4Co2] (4), [(L4c)4Zn2] (10) and
[(L4c)4Ni2] (11)

M(1)-O(1)
M(1)-O(2)
M(1)-O(3)
M(1)-O(4)
M(1)-N(1)
M(1)-N(3)

4
2.581(2)
1.967(2)
2.648(2)
2.006(2)
2.0757(19)
2.0359(19)

10
2.644(4)
1.957(4)
2.777(5)
2.035(6)
2.030(5)
2.079(5)

11
2.306(4)
2.188(4)
2.218(4)
2.215(4)
2.228(4)
2.198(4)

Table 3.9 Selected Bond Lengths (Å) for [(L4c)2Co2(O2CC6H4CO2)]∞ (5) and
[(L4c)2Co2(O2C(C6H4)2CO2)]∞ (6)
Co(1)-O(1)
Co(1)-O(2)
Co(1)-O(3)
Co(1)-O(4)
Co(1)-N(1)
Co(1)-N(3)

5
2.729(7)
1.944(7)
3.132(7)
1.939(8)
2.046(9)
2.034(10)

6
2.521(12)
1.912(13)
3.008(11)
1.952(12)
2.054(13)
2.001(16)
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Table 3.10 Selected Angles (deg): [(L4c)2Co2(N3)2] (1), [(L4c)2Co2(O2CC6H4CN)2] (3),
[(L4c)2Zn2(H2O)2](ClO4)2 (7) and [(L4c) 2Zn2(O2CC5H4N)2] (8)
O(2)-M(1)-N(1)
O(2)-M(1)-N(3)
O(2)-M(1)-O(4)
N(3)-M(1)-O(4)
N(1)-M(1)-O(4)
O(2)-M(1)-O(3)
N(3)-M(1)-O(3)
N(1)-M(1)-O(3)
N(3)-M(1)-N(1)
N(5)-M(1)-O(2)
N(5)-M(1)-N(1)
N(5)-M(1)-N(3)
N(5)-M(1)-O(1)
N(3)-M(1)-O(1)
O(2)-M(1)-O(1)
N(1)-M(1)-O(1)

1
131.58(11)
102.46(10)

88.19(11)
107.75(12)
112.68(13)
109.62(13)
93.07(12)
155.15(10)
59.51(9)
92.35(10)

3
98.6(3)
130.1(3)
100.50(18)
116.46(15)
120.67(16)

90.49(15)

7
102.84(11)
128.73(11)

109.74(12)
110.65(11)
110.81(10)
90.97(10)

8
124.2(2)
100.5(2)
106.6(2)
117.5(2)
115.4(2)

91.4(2)

Table 3.11 Selected Angles (deg): [(L4c)4Co2] (4), [(L4c)4Zn2] (10) and [(L4c)4Ni2] (11)

O(2)-M(1)-N(1)
O(2)-M(1)-N(3)
O(2)-M(1)-O(4)
N(3)-M(1)-O(4)
N(1)-M(1)-O(4)
N(3)-M(1)-N(1)
N(3)-M(1)-O(1)
O(2)-M(1)-O(1)
N(1)-M(1)-O(1)
N(1)-M(1)-O(3)
N(3)-M(1)-O(3)
O(1)-M(1)-O(4)
O(3)-M(1)-O(2)
O(3)-M(1)-O(4)
O(3)-M(1)-O(1)

4
100.53(7)
120.36(7)
104.24(9)
125.28(9)
111.45(8)
91.00(7)

10
119.88(17)
101.68(17)
106.6(2)
111.0(2)
123.0(2)
91.0(2)

11
87.55(15)
101.69(16)
122.99(15)
135.19(13)
93.57(14)
84.40(15)
115.38(15)
57.46(14)
141.67(13)
129.48(14)
88.08(14)
93.45(14)
142.70(15)
59.24(13)
85.71(14)
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Table 3.12 Selected Angles (deg): [(L4c)2Co2(O2CC6H4CO2)]∞ (5) and
[(L4c)2Co2(O2C(C6H4)2CO2)]∞ (6)

O(2)-Co(1)-N(1)
O(2)-Co(1)-N(3)
O(2)-Co(1)-O(4)
N(3)-Co(1)-O(4)
N(1)-Co(1)-O(4)
N(3)-Co(1)-N(1)

5
110.4(3)
121.8(3)
115.1(3)
101.9(4)
115.7(4)
89.7(4)

6
106.3(6)
124.9(6)
119.0(5)
100.8(6)
113.4(6)
88.8(6)
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IV. Nickel (II), copper (II), and cobalt (II) solid-state structures formed through
hydrogen bonding with ditopic heteroscorpionate ligands
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4.1 Introduction
The crystal engineering of coordination polymers with helical structures have
attracted increased attention because of their role in biology and possible applications
in materials science.1-5 To date only a few examples of meso-helical coordination
polymers that contain both M (left handed) and P (right handed) chains have been
reported.6-8
Most higher order solid state structures based on coordination polymers utilize
stable coordinate covalent bonds.9-13 However a variety of different noncovalent
interactions such as hydrogen bonding and π-π stacking can also be employed to this
end.14,15 Of these the hydrogen bond is the strongest, most selective and directional of
these non-covalent interactions and thus potentially an effective organizing
interaction for designing and controlling solid-state structures.16-19 However, at
present our capability of predicting and controlling these interactions to produce
coordination polymers is still a very great challenge and much more research is
necessary.
Our approach has been to make use of ditopic heteroscorpionate ligands, created
by modifications to originally facially coordinating tripodal scorpionate and
heteroscorpionate parents20,21 to produce different metallosupramolecular building
blocks. It is hoped that a thorough understanding of ligand design and complexation
reaction conditions will allow us to increase the possibility of generating predictable
solid state structures. Thus in previous work,22,23 we have shown that these new
heteroscorpionates can coordinate metals through both the carboxylate oxygens and
the pyrazole nitrogens to generate dimeric building blocks. These building blocks can
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in turn be linked together via bis-carboxylate anions to produce 1-D polymers. In the
present study, we show that by decreasing the solvent polarity or the pH the ditopic
L4c and L3c can also act as simple bidentate ligands, binding to metals exclusively
through the pyrazole nitrogens (Figure 4.1). Under these conditions the carboxylate
groups are uncoordinated and free to engage in intermolecular hydrogen bonding
interactions. Herein, we describe the preparation and structural characterization of
nine such complexes.

Figure 4.1 Ditopic Heteroscorpionate ligands L4c and L3c
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4.2 Solid State Structure of the Complexes.
4.2.1 Nickel Complexes
[(Ni(L4c)2.H2O)](ClO4)2 (1). Selected bond distances and angles for this coordination
polymer are shown in Table 4.4, while Figure 4.2 contains the thermal ellipsoid diagram.
The coordination around Ni (II) is intermediate between distorted square pyramidal and
distorted trigonal bipyramidal geometry According to the index parameter (τ= 0.44)24.
The geometry around Ni can be described as distorted square pyramidal, where three
nitrogen pyrazole of chelating L4c ligands and one oxygen from H2O occupy the four
positions of the basal plane, while the remaining nitrogen pyrazole is approximately
2.046 Ǻ away from the Ni (II) and occupy the axial positions. The average Npz-Ni(1)N(1) angle is 93° and both the Npz-Ni(1)-O(5) bond angles in the basal plane deviate from
90°. The average angles Npz-Ni(1) are close to 90°. The Ni atoms sit 0.36 Ǻ out of mean
N3, N5, N7, O5 plane. Charge considerations dictate that the carboxylate groups in 1 are
protonated and uncoordinated and as such they are available for non-covalent
intermolecular interactions. In this case self-complementary hydrogen bonding (av. O…O
distance 2.615 Ǻ) between the protonated carboxylic groups of adjacent molecules leads
to a 1D-dimensional helical polymer in the solid state. The perchlorate counter-ions are
also hydrogen bonded to one molecule of solvent water but they do not contribute
significantly to the overall packing (Figure 4.3). Although the ligand is achiral, the nickel
monomers (tectons) possess chirality due to the asymmetric coordination of the ligand
L4c to the nickel ion. The resulting polymer contains alternating M (left handed) and P
(right handed) monomer (tecton) units forming an achiral meso helical chain.
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Figure 4.2 ORTEP diagram with 40% thermal ellipsoids of the cationic
portion of [(L4c)2Ni(ClO4)2] (1) showing complete atomic labeling.

Figure 4.3 Perspective view of the 1-D meso helical chain for
[(L4c)2Ni(ClO4)2] (1) (left). Hydrogen bonds are shown as dotted
lines and a schematic view is shown to the right.
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[Ni(L4c)2NO3]NO3 (2). Selected bond distances and angles for this coordination polymer
are shown in Table 4.5, while Figure 4.4 contains the thermal ellipsoid diagram. The
crystals of 2 conform to the space group P2/c and the structure reveals that the molecular
entity possesses a crystallographic two-fold rotational axis passing through the Ni and the
coordinated nitrate ion making only one-half of the monomer unique. The Ni (II) center
of 2 can be described as nearly octahedral with the nitrogens of two different pyrazole
groups of the chelating L4c ligands occupying the pseudo axial positions while the
remaining two pyrazole nitrogens and the two oxygens of a bidentate nitrate occupy the
equatorial sites. The axial angle, N(3)-Ni-N(3)#1, is 174.23° i.e. close to the 180°
expected for a idealized octahedron. Although the angles among atoms in the “equatorial’
position are distorted (e.g. 60.17°, 88.02, 103.79°) from the ideal due largely to the small
bite angle of the nitrate ion, the angles between the axial atoms and those in the
“equatorial plane” are at near right angles to each other (e.g. 84.21°, 90.79° and 95.95°).
As was the case for the previous complex a coordination polymer is again formed in the
solid-state. However in this case it is formed, not by self-complementary hydrogen
bonding between the uncoordinated carboxylic groups, but rather through hydrogen
bonding between carboxylate groups on adjacent molecules bridged through an
uncoordinated nitrate anion (av. O….O separation 2.68 Ǻ). The overall structure of this
coordination polymer is thus very similar to, but slightly different from, that seen with 1
i.e. a 1D meso-helical chain (Figure 4.5)
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Figure 4.4 ORTEP diagram with 40% thermal ellipsoids of the cationic portion
of [(L4c)2Ni(NO3)]NO3 (2) showing complete atomic labelling

Figure 4.5 Crystal packing diagram (left) and space-filling representation (right) for
[(L4c)2Ni(NO3)]NO3 as seen along crystallographic c axis. Hydrogen bonds are
shown as dotted lines. Schematic view of a meso helical polymer of complex 2
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4.2.2 Copper Complexes.
Cu(L4c)(NO3)2.CH3OH (3). Selected bond distances and angles for this complex are
shown in Table 4.6, while Figure 4.6 contains the thermal ellipsoid diagram. The
coordination environment around the copper in 3 is hexacoordinate and can be described
as having a distorted octahedral geometry where two pyrazole nitrogen of the chelating
L4c ligand and one oxygen of a coordinated nitrate anion constitute one face of the
octahedron. The average Cu-N distance is 2.089 Ǻ. Both nitrate ions are coordinated to
the copper in an anisobidentate fashion (Cu-Onitrate distances of 1.972 (Cu-O4), 2.451(CuO3) and 1.986 (Cu-O7), 2.462 Ǻ (Cu-O6)). The axial angle, N(3)-Cu-O(4), of 162.04° is
considerably more acute than expected for idealized octahedron. This and the other
deviations of bond angles from ideality are clearly due to the small bite angle of both the
ligand and nitrate ions.

Figure 4.6 ORTEP diagram with 40% thermal ellipsoids of [(L4c)Cu(NO3)2].CH3OH
(3) showing complete atomic labelling.
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The crystal packing reveals that these monomers form hydrogen bonds between the
carboxylate group and methanol solvent to produce solid-state dimers. These dimers are
also held together by π-π interactions between aromatic rings of the ligand L4c and the
coordinated nitrate anion (av. 3.17 Ǻ). (Figure 4.7)

Figure 4.7 Crystal packing diagram for [(L4c)Cu(NO3)2].CH3OH (3) as seen along
crystallographic a axis. Hydrogen bonds and π-π interactions are shown as dotted lines.

[Cu2(L3c)2(CH3CN)2(H2O)2](PF6)2 (4). An ORTEP representation of 4 is shown in
Figure 4.8, while selected bond lengths and angles are listed in Table 4.7. This structure
crystallizes in space group C2/c. The crystal structure reveals that the molecular entity
possesses a crystallographic inversion center making only one-half of the dimer unique.
Here the complex is dimeric where each of the two copper atoms are five coordinate and
can be described as having a distorted square pyramidal geometry (τ= 0.11)24 where two
pyrazole nitrogens from one chelating L3c ligand, one oxygen from water and one
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oxygen from the carboxylate of a second L3c ligand occupy the four positions of the
basal plane while one nitrogen from an acetonitrile molecule is 2.03 Ǻ away in the apical
position. The carboxylate groups are bound to the coppers in a unidentate mode (CuOcarboxylate distance of 1.96 Ǻ and 3.31 Ǻ). The average Npz-Cu(1)-N(5) angle is 97.6° and
both the Npz-Cu(1)-O bond angles in the basal plane therefore deviate significantly from
90°. The N(3)-Cu(1)-N(1) angle is 88.1°. The Cu atoms sit 0.20 Ǻ out of mean N1, N3,
O1, O3 plane. The intermolecular Cu-Cu distance is large (6.722 Ǻ). Although the
starting metal source was Cu(I), charge considerations and optical spectroscopy clearly
indicate that the copper has been oxidized to Cu(II). The packing arrangement in 4
reveals that the PF6- anions take part in both CH…F and OH…F hydrogen bonding
interactions that support the assembly by bridging between the molecular dimers. The
CH…F bonds are in the range of 2.5 Ǻ while the O…H…F distance is 2.9 Ǻ (Figure 4.9).
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Figure 4.8 ORTEP diagram with 40% thermal ellipsoids of
[(L3c)2Cu2(PF6)2(H2O)2(CH3CN)2] (4).

Figure 4.9 Crystal packing diagram for (4) as seen along crystallographic c axis. Hydrogen
bonds (CH---F and OH---F) are shown as dotted lines. Solvent molecules are omitted.
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Cu2(L3c)2(NO3)2(H2O)2] (5). An ORTEP representation of 5 is shown in Figure 4.10,
while selected bond lengths and angles are listed in Table 4.8. This dinuclear
complex, prepared directly from a Cu(II) salt, crystallizes in space group P21/c and its
structure is extremely similar to that of complex 4 with the primary difference being
that the dinuclear unit does not possesses a crystallographic inversion center. The
geometry around each copper is again pentacoordinate (τ= 0.14)24 but with a nitrate
ion rather than an acetonitrile as the axial ligand. In addition, the Cu is further out of
the basal plane (0.26 Ǻ vs. 0.20 Ǻ) than in the complex 4. Otherwise, the bond
lengths and angles are similar with the only notably difference being the 2.26 Ǻ CuOnitrate distance that is expectedly larger than the Cu-Nacetonitrile distance and there is
correspondingly no counterion in the lattice. The intermolecular Cu-Cu distance is
large (6.508 Ǻ). Complex 5 packs in extended columns; a coordination polymer is
formed by hydrogen bonding among nitrate anion, solvent molecules and carboxylate
group (Fig. 4.11).
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Figure 4.10 ORTEP diagram with 40% thermal ellipsoids of [(L3c)2Cu2(NO3)2(H2O)2] (5)

Figure 4.11 Crystal packing diagram (left) and space-filling representation (right) for
[(L3c)2Cu2(NO3)2(H2O)2] (5) as seen along crystallographic a axis. Hydrogen bonds are
shown as dotted lines.
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Cu2(SO4)2(L3c)2 (6). Selected bond distances and angles for 6 are shown in Table 4.9,
while Figure 4.12 contain the thermal ellipsoid diagram. The molecule crystallizes in
space group P-1 and the structure reveals that the molecular entity possesses a
crystallographic inversion center making only one-half of the dimer unique. The
coordination environment around each copper in 6 is pentacoordinate and can be
described as having a distorted square pyramidal geometry (τ= 0.09)24, where the two
pyrazole nitrogens of the chelating L4c ligand and two oxygens from a coordinated
sulfate anion occupy the four positions of the basal plane while one oxygen from
another sulfate anion is 2.239(4) Ǻ away in the apical position. Each of the two
sulfate anions therefore coordinate in a bidentatechelate-monodentatebridging mode with
very different Cu-O bonds of 1.977 Ǻ, 1.994 Ǻ and 2.239 Ǻ respectively thus
generating the dimeric structure. The carboxylate groups are uncoordinated and based
on charge considerations, protonated. The Cu atom sits 0.196 Ǻ out of the mean N1,
N3, O3, and O4 plane. The intermolecular Cu-Cu distance is 4.533 Ǻ.
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Figure 4.12 ORTEP diagram with 40% thermal ellipsoids of [(L3c)2Cu(SO4)2] (6).

Packing in crystals of complex 6 show extended columns generated through hydrogen
bonding between the protonated and uncoordinated carboxylic group, water molecules
and the uncoordinated oxygen from the bridging sulfate, leading to a two dimensional
gridlike structure (Figure 4.13).

94

Figure 4.13 Crystal packing diagram (top) for [(L3c)2Cu(SO4)2] as seen along
crystallographic a axis. Hydrogen bonds are shown as dotted lines. Space-filling
representation of 6 (slightly off-set from crystallographic a axis).

Cu2(L3c)2(SO4) (7). Selected bond distances and angles for 7 are shown in Table 4.10,
while Figure 4.14 contains the thermal ellipsoid diagram. The molecule crystallizes in
space group P-1 and the coordination environment around the copper is again
pentacoordinate and best described as having a distorted square pyramidal geometry (τ =
0.05)24. Here the two pyrazole nitrogens of a chelating L3c ligand, one oxygen from the
carboxylate of a second L3c ligand and oxygen from water occupy the four positions of
the basal plane while one oxygen from another water is approximately 2.22 Ǻ away in the
apical position. In this case the sulfate anion is not directly coordinated to the metallic
cation, but acts simply as a counteranion. Extensive hydrogen bonds are formed among
the complex dimer cations, sulfate anion, coordinated water and uncoordinated water (Fig
4.15) that produce the observed packing. Some water molecules form a tetrahedral
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hydrogen bonding network and others engage in only two hydrogen bonds. In addition
there are π-π interactions between pairs of aromatic rings of the L3c ligands that
contribute to the packing of the complex.

Figure 4.14 ORTEP diagram with 40% thermal ellipsoids of [(L3c)2Cu(SO4)] (7).

Figure 4.15 Crystal packing diagram for [(L3c)2Cu(SO4)] as seen along
crystallographic c axis.
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4.2.3 Cobalt Complexes.
Co(L4c)2Cl2.CH3OH (8). An ORTEP representation of 8 is shown in Figure 4.16,
while selected bond lengths and angles are listed in Table 4.11. The asymmetric unit
of this crystal structure contains discrete mononuclear units of the neutral complex
where the pseudo tetrahedral Co(II) is coordinated to two pyrazole nitrogens of a
chelating L4c ligand and to two chloride atoms. The dihedral angle between the
CoCl2 and CoN2 planes of 73.84° is less than that expected for an idealized
tetrahedron and most of the individual L-Co-L bond angles also show considerable
deviation. For example, while the Cl-Co-Cl bond angle is 102.0(15), the N-Co-N
angle is much smaller at 92.2(4)°, constrained by the “bite” of the bischelating L4c
ligand. The lattice methanol bridges between the coordinated carboxylate (av. O..O
2.64 Ǻ) and chlorine atom (av. O…Cl 3.14 Ǻ) by hydrogen bonding. These
interactions lead to a zigzag network in the solid state (Figure 4.17).

Figure 4.16 ORTEP diagram with 40% thermal ellipsoids of [(L4c)CoCl2] (8).
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Figure 4.17 Perspective view of a 1-D zigzag chain for [(L4c)CoCl2].CH3OH (8) (left).
Crystal packing diagram for (8) as seen along c crystallographic axis (right). Hydrogen bonds
are shown as dotted lines.

Co2(L3c)2Cl2 (9). An ORTEP representation of 9 is shown in Figure 4.18, while
selected bond lengths and angles are listed in Table 4.12. Here, the dinuclear unit
does not possess a crystallographic inversion center. The geometry around each cobalt
can still be described as pseudo tetrahedral with two pyrazole nitrogens from a
chelating L3c ligand, and one carboxylate oxygen donor of a second ligand occupying
the three positions of the base, while a chloride anion sits in the apical position. The
intramolecular Co---Co distance is near 7.7 Ǻ; about an angstrom closer together than
in the analogous L4c complexes. Packing in crystals of complex 9 show hydrogen
bonding between the chlorine atoms and CH(pz)2, (Cl...H…C av. 3.54 Ǻ) leading to a
two dimensional structure (Figure 4.19).
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Figure 4.18 ORTEP diagram with 40% thermal ellipsoids of [(L3c)2CoCl2] (9).

Figure 4.19 Crystal packing diagram for [(L3c)2CoCl2] as seen along
crystallographic b axis.
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4.3 Discussion
In our previous work,22,23 we showed that the reaction of the N2O
heteroscorpionate ligand designated L4c with different metal salts produced various
binuclear species of stoichiometry 2M:2L:2Anion, 2M:4L, and (2M:2L:Dianion)∞. In
all of these cases a deprotonated carboxylate group of the heteroscorpionate ligand is
involved in coordination to the metal ion. In this study, we show that by varying the
reaction conditions (i.e. adjusting the pH or by decreasing the solvent polarity) so that
the carboxylate groups of the L4c ligand remain protonated, they no longer coordinate
to the metal ions and are thus free to engage in either self-complementary H-bonding
interactions or H-bonding with solvent molecules or counterions. Thus reaction of the
ligand L4c in methanol, and in the presence of isophthalic acid to keep the carboxylic
group protonated, with Ni(ClO4)2.6H2O as a metal source the polymer isolated has a
[Ni:2L:H2O:2ClO4]∞ ratio where the free carboxylates of the ligand engage in
intermolecular self-complementary hydrogen bonding to yield an 1-D meso helical
polymer. On the other hand the use of Ni(NO3)2.6H2O as a starting material results in
an product with stoichiometry [Ni:2L:2NO3]∞ where one of the nitrate ions is
coordinated in a bidentate fashion to the Ni(II) while the other bridges free protonated
carboxylic groups of the chelating L4c ligand between adjacent molecules again
leading to an infinite meso helical polymer.
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Figure 4.20 Bond lengths between cobalt complexes with ditopic heteroscorpionate
ligands L4c and L3c

Synthesis in the non-hydroxylic solvent, acetonitrile, also suppresses carboxylate
deprotonation and thus complexes prepared from L4c starting from Cu(NO3)2 and CoCl2
as the metal source in this solvent lead to (M:L:2Anion) mononuclear complexes (3 and 8
respectively). Again the carboxylate group of the heteroscorpionate ligand L4c remains
uncoordinated, while the metal retains the anionic (NO3- or Cl-) ligands present in the
starting material. Both of these complexes lead to coordination polymers derived either
from self-complementary hydrogen bonding between carboxylate groups on adjacent
molecules or hydrogen bonding between these groups through an intermediate solvent
molecule.
The situation is dramatically different however when the m-substituted
heteroscorpionate ligand, L3c, is used. In methanol, and under similar reaction
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conditions that produced mononuclear species with L4c, binuclear species with
coordinated carboxylates predominate for L3c. This is most evident in the products
produced by reaction of the different ligands with Cu(NO3)2 and CoCl2 where
binuclear complexes 5 and 9 respectively, are formed with L3c rather than the
mononuclear species 3 and 8 seen with L4c. We attribute this difference in behavior
to the increased strain associated with forming the dimer Co2L2X2 when the ligand is
the p-substituted L4c rather than the m-substituted L3c. This hypothesis is
substantiated by the observation of the different carboxylate binding mode seen for
the each of two analogous dimers (Figure 4.20). Thus in Co2(L4c)2X2 X = N3- or
SCN- the carboxylate groups are forced to adopt a more nearly symmetric
"anisobidentate" coordination mode with an average difference between the two CoOcarboxylate bonds of ca. 0.43 Ǻ and angles around the four coordinate Co(II) that differ
appreciably from the tetrahedral ideal. However in Co2(L3c)2Cl2 the carboxylate
group is free to adopt the more favorable and less strained monodentate binding mode
where the difference between the carboxylate oxygens is almost twice as large at 0.76
Ǻ and the angles around the Co(II) are more nearly idealized tetrahedral. Thus the
Co2(L4c)2X2 dimers are expected to be more easily opened by protonation to yield
mononuclear species such as 3 and 8. Morevoer, it has been demostrated previously
that angular ligands show a strong tendency to form discrete metallacycle dimers
while reactions with the linear ligands tends to produce linear polymers.25-28 These
reactions are summarized in scheme 4.1.
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Scheme 4.1 Reaction of heteroscorpionate L4c and L3c with different metal salts

4.4 Conclusion
In summary we have shown that we can adjust the coordination modes of the
heteroscorpionate ligands L3c and L4c by varying the reaction conditions so that the
carboxylates either are, or are not, involved in metal atom coordination. Solid-state
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interactions using the strong hydrogen bonding capabilities of protonated and
uncoordinated carboxylate groups can be the result of these changed reaction conditions.
Finally the different orientation of the carboxylate groups in the ligands L3c and
L4c can also be utilized to control the overall coordination modes and solid-state
interactions in these systems. Thus the linear L4c ligand generally leads to linear
polymers while the bent L3c produces discrete metallocyclic dimers. Future work will be
designed to further exploit the hydrogen bonding capabilities of the uncoordinated
carboxylate groups as an organizing force for solid-state assembly processes.
4.5 Experimental Section
Nickel complexes.
(a) [Ni(L4c)2(H2O)](ClO4)2 (1). To a methanol solution (4 mL) containing ligand L4c
(42 mg, 0.13 mmol) and isophthalic acid (21.5 mg, 0.13 mmol) was added a methanol
solution (4 mL) of Ni(ClO4)2.6H2O (47.3 mg, 0.13 mmol). The mixture was stirred for 5
min. The light green solution was left to stand at room temperature and green crystals
were obtained after a period of 2 weeks. Yield: 11.5 mg (20%). Anal Calcd (Found) for
[(L4c)2Ni(ClO4)2.1.5H2O.2.5CH3OH], C38.5H51N8O16Cl2Ni: C, 45.72 (45.70); H, 5.08
(4.94); N, 11.08 (11.13). IR (KBr pellets) ν/cm-1: 3443, 1691, 1612, 1580, 1562, 1463,
1422, 1393, 1324, 1269, 1107, 929, 879, 803, 759, 739, 690, 625. λmax(CH3CN, ε): 610
nm (265 M-1 cm-1).
(b) [Ni(L4c)2NO3](NO3) (2). A methanol solution (4 mL) containing ligand L4c (51.5
mg, 0.16 mmol) was added a methanol solution (3 mL) of Ni(NO3)2.6H2O (46.1 mg, 0.16
mmol). The mixture was stirred for 5 min. The green solution was left to stand at room
temperature and dark green crystals were obtained after a period of 9 days. Yield: 38 mg
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(58%). Anal Calcd (Found) for [Ni(L4c)2(NO3)2.1.5H2O], C36H43N10O11.5Ni: C, 50.37
(50.28); H, 5.05 (4.92); N, 16.32 (16.30). (KBr pellets) ν/cm-1: 3442, 2066, 1609, 1557,
1463, 1414, 1382, 1249, 1050, 835, 765, 714. λmax(CH3CN, ε): 694 nm (148 M-1 cm-1).
Copper complexes.
(a) Cu(L4c)(NO3)2.CH3OH (3). A mixed, acetonitrile/methanol (3 mL/1mL), solution
containing ligand L4c (54 mg, 0.17 mmol) was added to an acetonitrile solution (4 mL)
of Cu(NO3)2 (31.2 mg, 0.17 mmol). The mixture was stirred for 5 min. The solution was
left to stand at room temperature and green crystals were obtained after a period of 3
days. Yield: 65 mg (72 %). Anal Calcd (Found) for [Cu(L4c)(NO3)2.2.5CH3OH],
C20.5H29N6O10.5Cu: C, 41.66 (41.95); H, 4.95 (4.54); N, 14.22 (13.97). (KBr pellets) ν/cm1

: 34450, 1615, 1562, 1498, 1442, 1385, 1313, 1252, 1060, 1031, 862, 836, 768, 718.

λmax(CH3OH, ε): 729 nm (213 M-1 cm-1).
(b) [Cu2(L3c)2(CH3CN)2(H2O)2](PF6)2 (4). This complex was prepared in a manner
analogous to that of complex 3 using Cu(CH3CN)4PF6 in place of Cu(NO3)2. The clear
solution was layered with hexanes and left to stand at room temperature; dark green
crystals were obtained after a period of 2 weeks. Yield: 27 mg (42%). Anal Calcd
(Found) for [Cu2(L3c)2(PF6)2. 4CH3CN.1.5C6H14.2H2O], C53H72N12O6P2F12Cu2: C, 45.79
(45.78); H, 5.22 (5.09); N, 12.09 (11.77). (KBr pellets) ν/cm-1: 3417, 2924, 1698, 1652,
1561, 1465, 1396, 1286, 1257, 1187, 1051, 847, 760, 711, 696, 558. λmax (CH3CN, ε):
716 nm (267 M-1 cm-1).
(c) Cu2(L3c)2(NO3)2(H2O)2 (5). This complex was prepared in a manner analogous to
that of complex 2 using Cu(NO3)2 in place of Ni(NO3)2.6H2O. Green crystals were
obtained after a period of 1 week. Yield: 36 mg (59%). Anal Calcd (Found) for
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[Cu(L3c)2(NO3)2.2H2O], C36H42N10O12Cu2: C, 46.30 (46.46); H, 4.53 (4.50); N, 15.00
(15.21). (KBr pellets) ν/cm-1: 3441, 1712, 1595, 1559, 1467, 1385, 1285, 1258, 1034,
890, 817, 762, 712, 696, 621. λmax(CH3OH, ε): 691 nm (185 M-1 cm-1).
(d) Cu2(SO4)2(L3c)2 (6). This complex was prepared in a manner analogous to that of
complex 2 using Cu(SO4)2.5H2O in place of Ni(NO3)2.6H2O. Light blue crystals were
obtained after a period of 10 days. Yield: 46 mg (81%). Anal Calcd (Found) for
[Cu2(L3c)2(SO4)2.2.5H2O], C36H45N8O14.5S2Cu2: C, 42.68 (42.50); H, 4.48 (4.27); N,
11.06 (10.98). IR (KBr pellets) ν/cm-1: 3491, 1689, 1560, 1466, 1415, 1396, 1320, 1282,
1257, 1193, 1150, 1117, 1000, 951, 749, 664, 620. λmax (CH3OH, ε): 687 nm (363 M-1
cm-1).
(e) Cu2(L3c)2(SO4) (7). A methanol solution (4 mL) containing ligand L4c (41.6 mg,
0.13 mmol) neutralized with sodium methoxide was added to a methanol solution (4 mL)
of Cu(SO4)2.5H2O (32 mg, 0.13 mmol). The mixture was stirred for 5 min. The light blue
solution was left to stand at room temperature and light blue crystals were obtained after
a

period

of

1

week.

Yield:

32

mg

(59%).

Anal

[Cu2(L3c)2(SO4).4.5H2O.1CH3OH], C37H50.5N8O13.25SCu2: C,

Calc.

(Found)

for

45.42 (45.43); H, 5.20

(5.37); N, 11.45 (11.59). (KBr pellets) ν/cm-1: 3423, 1612, 1562, 1468, 1395, 1285, 1257,
1115, 1051, 887, 862, 802, 760, 712, 697, 667, 620. λmax(CH3OH, ε): 686 nm (248 M-1
cm-1).
Cobalt complexes.
(a) Co(L4c)Cl2.CH3OH (8). This complex was prepared in a manner analogous to that of
complex 3 using CoCl2 in place of Cu(NO3)2. The solution was left to stand at room
temperature and blue crystals were obtained after a period of 1 day. Yield: 39 mg (77%).
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Anal Calcd (Found) for [Co(L4c)Cl2.0.25CH3OH.0.5H2O], C18.25H22N4O2.75Cl2Co: C,
46.52 (46.60); H, 4.71 (4.59); N, 11.89 (11.90). IR (KBr pellets) ν/cm-1: 3429, 1716,
1559, 1463, 1383, 1247, 1109, 1049, 875, 808, 756 λmax(CH3CN, ε): 529 nm, 562 nm,
658 nm (778, 793, 770 M-1 cm-1).
(b) Co2(L3c)2Cl2 (9). A methanol solution (5 mL) of ligand L3c (52 mg, 0.16 mmol) was
added to a methanol solution (5 mL) CoCl2 (20.8 mg, 0.16 mmol). The solution was
stirred for 2 h. The obtained purple powder was collected by filtration, washed with
methanol and water, dried under vacuum for 2h. Yield: 46.5 mg (69%). Anal Calcd
(Found) for [Co2(L3c)2Cl2.0.5H2O], C36H39N8O4.5Cl2Co2: C, 51.20 (51.39); H, 4.65(4.64);
N, 13.27(13.38). IR (KBr pellets) ν/cm-1: 3445, 1698, 1557, 1525, 1416, 1343, 1121,
1040, 962, 800, 737. µeff = 6.44 µB (solid, 295 K). ESI-MS (acetonitrile): m/z:
[Co2(L3c)2Cl]+ = 800 amu. Single crystals suitable for X-ray analysis were prepared by
slow evaporation of a tetrahydrofuran solution of the complex.
4.6 Acknowledgement
Text, schemes, tables and figures of this chapter, in part, are reprints of the materials
published in the following paper: Santillan, G. A.; Carrano, C. J. “Nickel(II), copper(II),
and cobalt(II) solid-state structures formed through hydrogen bonding with ditopic
heteroscorpionate ligands” Dalton Trans 2008, 30, 3995-4005.
4.7 Appendix
Physical Methods. Elemental analyses were performed on all compounds by NuMega
Resonance Labs, San Diego, CA.

IR spectra were recorded as KBr disks on a

ThermoNicolet Nexus 670 FT-IR spectrometer and are reported in wavenumbers.
Electronic spectra were recorded using a Cary 50 UV-vis spectrophotometer.
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X-ray Crystallography. Crystals of complexes 1-9 data were mounted in nylon loops
with paratone oil (Hampton Research) and placed in the cold stream of a Bruker X8
APEX CCD diffractometer. Data collection and refinement parameters are presented
in Table 1. All software and sources of the scattering factors are contained in the
SHELXTL 6.1 program library (G. Sheldrick, Siemens XRD, Madison, WI).29 The
structures were solved using direct methods or via the Patterson function, completed
by subsequent difference Fourier syntheses, and refined by full-matrix least-squares
procedures on F2.

All non-hydrogen atoms were refined with anisotropic

displacement coefficients while attached hydrogen atoms were treated as idealized
contributions using a riding model. Due to potentially complex hydrogen bonding
interactions, idealized generation of hydrogen atoms on solvent molecules, either
coordinated or free, and/or the protonated carboxylate groups was deemed
inappropriate and thus their contributions were ignored unless such atoms could be
unambiguously located on final difference maps in which case they were
subsequently refined to ride on their respective heavy atom. The nitrate counterion in
2 was disordered over two symmetry related positions such that each had 0.5
occupancy factors. Only a single such position is shown in the figures. Note: Several
of the crystals in this study (8 and 9 in particular) diffracted poorly giving rise to
weak data that was only collected out to ca. 45° in 2θ. This resulted in R indices using
"all data" that were poorer than typical for small molecule structures. However using
data with I>2σ(I) the R1 = 0.0866 for 8 and 0.0593 for 9 are more indicative of the
agreement of data and model in these albeit low resolution structures.
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Table 4.1 Crystallographic Data and Parameters for [(L4c)2Ni.H2O](ClO4)2 (1),
[(L4c)2Ni(NO3)]NO3 (2), (L4c)Cu(NO3)2.CH3OH (3),
Molecular formula

1
C36H39Cl2N8O14Ni

2
C36H38N10O10Ni

3
C19H20N6O9Cu

Fw
Temp (K)
Cryst system

937.36
240(2)
Orthorhombic

829.47
240(2)
Monoclinic

539.96
240(2)
Monoclinic

Space group
a (Å)
b (Å)
c (Å)
α (deg)
β (deg)
γ (deg)
V (Å3), Z
µ (mm-1)
δcalc(g/cm3)
F(000)
Size (mm3)
h,k,l ranges colled

Pna21
24.392(3)
11.2823(14)
16.445(2)
90
90
90
4525.7(10), 4
0.617
1.376
1940
0.3 x 0.2 x 0.1
-26→26,
-12→12,
-17→17

P2/c
11.8033(15)
10.6761(15)
15.586(2)
90
102.576
90
1916.9(4), 2
0.577
1.437
864
0.3 x 0.3 x 0.08
-14→12,
-13→13,
-19→19

P21/c
8.813(2)
14.928(3)
17.776(4)
90
96.679(10)
90
2322.8(9), 4
1.002
1.544
1108
0.4 x 0.2 x 0.05
-8→8,
-14→14,
-17→17

θ range (deg)
Reflections collected
Independent
reflections
Parameters
Data/Paramet.
R(F)a
Rw(F2)b
GOFwc
Largest diff
peak and
hole (e/Å3)

2.46-22.71
54451
5889

2.33-25.90
34397
3704

2.33-21.00
33245
2476

550
10.70
0.0724
0.1745
1.082
0.744 and -0.602

277
13.37
0.0535
0.1355
1.057
0.540 and -0.396

320
7.73
0.0427
0.1037
1.050
0.464 and -0.426

a

R = [Σ|∆F|/Σ|F o |] for [I > 2σ(I)]. b Rw = [Σw(∆F)2/ΣwFo 2] for [I > 2σ(I)]. c Goodness of fit on F2.
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Table 4.2 Crystallographic Data and Parameters for [(L3c)2Cu2(CH3CN)2(H2O)2](PF6)2
(4), [(L3c)2Cu2(NO3)2(H2O)2] (5) and [(L3c)2Cu2(SO4)2] (6)
Molecular formula
Fw
Temp (K)
Cryst system
Space group
a (Å)
b (Å)
c (Å)
α (deg)
β (deg)
γ (deg)
V (Å3), Z
µ (mm-1)
δcalc(g/cm3)
F(000)
Size (mm3)
h,k,l ranges
collected
θ range (deg)
Reflections
collected
Independent
reflections
Parameters
Data/Paramet.
R(F)a
Rw(F2)b
GOFwc
Largest diff
peak and
hole (e/Å3)
a

4
C48H58N14O8P2F12Cu2
1376.12
240(2)
Monoclinic
C2/c
31.159(6)
12.940(2)
15.606(3)
90
93.655(9)
90
6280(2), 4
0.823
1.456
2815
0.2 x 0.2 x 0.2
-38→38,
-15→15,
-19→12

5
C36.5H40N10O14.5Cu2
977.865
240(2)
Monoclinic
P21/c
12.0323(16)
27.485(4)
13.3968(17)
90
105.723(7)
90
4264.6(10), 4
1.076
1.523
2012
0.2 x 0.1 x 0.03
-12→12,
-27→27,
-13→13

6
C37H38N8O15S2Cu2
1025.95
240(2)
Triclinic
P-1
9.8250(10)
10.0588(10)
11.9426(12)
90.931(6)
107.725(6)
107.444(6)
1064.99(19), 1
1.175
1.600
526
0.3 x 0.3 x 0.2
-12→12,
-12→12,
-15→15

2.17-25.99
51794

2.30-21.33
47523

2.59-27.43
17185

6159

4705

4701

397
15.51
0.0687
0.1655
1.045
0.925 and -0.495

577
8.15
0.0680
0.1505
1.055
0.965 and -0.631

295
15.93
0.0943
0.1811
1.047
0.685 and -0.537

R = [Σ|∆F|/Σ|F o |] for [I > 2σ(I)]. b Rw = [Σw(∆F)2/ΣwFo 2] for [I > 2σ(I)]. c Goodness of fit on F2.
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Table 4.3 Crystallographic Data and Parameters for [(L3c)2Cu2(H2O)4](SO4).15H2O (7),
[(L4c)CoCl2.CH3OH (8) and [(L3c)2CoCl2] (9).

Fw
Temp (K)
Cryst system

1173.88
240(2)
Triclinic

8
C19H19N4O3Cl2C
o
481.21
220(2)
Monoclinic

Space group
a (Å)
b (Å)
c (Å)
α (deg)
β (deg)
γ (deg)
V (Å3), Z
µ (mm-1)
δcalc(g/cm3)
F(000)
Size (mm3)
h,k,l ranges
collected

P-1
13.417(3)
15.146(4)
15.497(4)
74.997(11)
65.181(8)
82.622(9)
2760.1(12), 2
0.896
1.412
1200
0.6 x 0.4 x 0.2
-14→10,
-16→16,
-16→16
2.26-22.89
32113

P21/n
11.631(3)
14.259(2)
12.880(3)
90
92.983(7)
90
2133.2(7), 4
1.082
1.498
984
0.4 x 0.4 x 0.3
-11→11,
-14→14,
-12→12
2.13-20.92
21474

P21/n
16.009(8)
14.690(7)
17.066(8)
90
109.45(2)
90
3784(3), 4
1.068
1.466
1720
0.3 x 0.2 x 0.2
-16→16,
-15→15,
-18→18
1.27-22.42
40821

7415

2260

4826

667
11.11
0.0537
0.1471
1.014
1.151 and -0.486

262
8.62
0.1178
0.2334
1.110
1.378 and -0.496

469
10.29
0.1548
0.1865
1.007
0.426 and -0.512

Molecular formula

7
C36H38N8O27SCu
2

θ range (deg)
Reflections
collected
Independent
reflections
Parameters
Data/Paramet.
R(F)a
Rw(F2)b
GOFwc
Largest diff
peak and
hole (e/Å3)
a

9
C36H38N8O4Cl2Co
2

835.50
240(2)
Monoclinic

R = [Σ|∆F|/Σ|F o |] for [I > 2σ(I)]. b Rw = [Σw(∆F)2/ΣwFo 2] for [I > 2σ(I)]. c Goodness of fit on F2.
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Table 4.4 Selected bond lengths (Ǻ) and angles (°) for compound 1
Ni(1)-O(5)
Ni(1)-N(1)
Ni(1)-N(3)

2.019(4)
2.046(5)
2.055(8)

Ni(1)-N(5)
2.054(4)
Ni(1)-N(7) 2.060(10)

N(3)-Ni(1)-N(1)
N(5)-Ni(1)-N(1)
N(7)-Ni(1)-N(1)
N(5)-Ni(1)-N(3)
N(7)-Ni(1)-N(3)

91.1(2)
93.21(18)
96.2(2)
96.8(2)
169.9(2)

N(7)-Ni(1)-N(5)
O(5)-Ni(1)-N(1)
O(5)-Ni(1)-N(3)
O(5)-Ni(1)-N(5)
O(5)-Ni(1)-N(7)

89.7(2)
122.9(2)
85.8(3)
143.8(2)
84.4(2)

Table 4.5 Selected bond lengths (Ǻ) and angles (°) for compound 2
Ni(1)-O(3)
Ni(1)-N(3)

2.142(2)
2.0886(19)

N(3)-Ni(1)-N(1)
N(3)-Ni(1)-N(3)#1
N(3)#1-Ni(1)-N(1)
N(3)-Ni(1)-N(1)#1
N(3)-Ni(1)-O(3)
N(3)#1-Ni(1)-O(3)#1
N(1)-Ni(1)-O(3)
N(1)#1-Ni(1)-O(3)#1

88.02(8)
174.23(12)
95.95(8)
95.95(8)
84.21(8)
84.21(8)
161.94(8)
161.94(8)

Ni(1)-N(1)

2.090(2)

N(3)#1-Ni(1)-O(3)
N(3)-Ni(1)-O(3)#1
N(3)#1-Ni(1)-N(1)#1
N(1)-Ni(1)-O(3)#1
O(3)-Ni(1)-O(3)#1
N(1)-Ni(1)-N(1)#1
N(1)#1-Ni(1)-O(3)

90.79(8)
90.79(8)
88.02(8)
103.79(8)
60.17(12)
93.20(13)
103.79(9)
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Table 4.6 Selected bond lengths (Ǻ) and angles (°) for compound 3
Cu(1)-O(3)
Cu(1)-O(4)
Cu(1)-O(6)

2.451(3)
1.972(3)
2.462(3)

Cu(1)-O(7)
Cu(1)-N(1)
Cu(1)-N(3)

1.986(3)
1.980(3)
1.947(3)

N(3)-Cu(1)-N(1)
N(3)-Cu(1)-O(3)
N(3)-Cu(1)-O(4)
N(3)-Cu(1)-O(6)
N(3)-Cu(1)-O(7)

91.43(14)
105.7(14)
162.04(14)
116.24(14)
91.45(13)

N(1)-Cu(1)-O(3)
N(1)-Cu(1)-O(4)
N(1)-Cu(1)-O(6)
N(1)-Cu(1)-O(7)
O(4)-Cu(1)-O(7)

104.94(13)
96.57(13)
106.07(14)
161.69(14)
85.98(13)

Table 4.7 Selected bond lengths (Ǻ) and angles (°) for compound 4
Cu(1)-O(1)
Cu(1)-O(3)
Cu(1)-N(1)

1.959(2)
1.939(3)
1.999(3)

O(3)-Cu(1)-O(1)
O(3)-Cu(1)-N(1)#1
O(3)-Cu(1)-N(3)#1
O(3)-Cu(1)-N(5)
O(1)-Cu(1)-N(1)#1

Cu(1)-N(3)
Cu(1)-N(5)

91.30(11)
171.83(12)
90.99(12)
90.23(13)
87.54(10)

2.027(3)
2.306(3)

O(1)-Cu(1)-N(3)#1
165.07(11)
N(5)-Cu(1)-O(1)
97.39(11)
N(5)-Cu(1)-N(3)#1
97.36(11)
N(5)-Cu(1)-N(1)#1
97.94(12)
N(1)#1-Cu(1)-N(3)#1 88.11(11)
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Table 4.8 Selected bond lengths (Ǻ) and angles (°) for compound 5
Cu(1)-O(3)
Cu(1)-O(7)
Cu(1)-O(8)
Cu(1)-N(1)
Cu(1)-N(3)

1.947(4)
2.269(14)
1.958(5)
2.010(5)
2.015(5)

O(3)-Cu(1)-O(7)
O(3)-Cu(1)-O(8)
O(3)-Cu(1)-N(1)
O(3)-Cu(1)-N(3)
O(8)-Cu(1)-N(1)
O(8)-Cu(1)-N(3)
O(8)-Cu(1)-O(7)
O(7)-Cu(1)-N(1)
O(7)-Cu(1)-N(3)
N(7)-Cu(2)-N(5)

86.2(4)
92.4(2)
169.2(2)
87.3(2)
90.1(2)
160.6(2)
80.9(5)
104.6(4)
118.4(5)
87.1(2)

Cu(2)-N(5)
Cu(2)-N(7)
Cu(2)-O(10)
Cu(2)-O(12)
Cu(2)-O(1)

2.008(5)
1.997(5)
2.259(5)
1.987(4)
1.955(5)

O(1)-Cu(2)-O(10)
O(1)-Cu(2)-O(12)
O(1)-Cu(2)-N(5)
O(1)-Cu(2)-N(7)
O(10)-Cu(2)-N(5)
O(10)-Cu(2)-N(7)
O(10)-Cu(2)-O(12)
O(12)-Cu(2)-N(5)
O(12)-Cu(2)-N(7)

88.06(18)
90.40(18)
87.60(19)
166.8(2)
106.23(19)
105.09(10)
90.95(19)
162.6(2)
91.0(2)

Table 4.9 Selected bond lengths (Ǻ) and angles (°) for compound 6
M(1)-O(3)
M(1)-O(4)
M(1)-O(5)#1
N(1)-Cu(1)-O(3)
N(1)-Cu(1)-O(4)
N(1)-Cu(1)-N(3)
O(4)-Cu(1)-N(3)
O(3)-Cu(1)-N(3)
O(3)-Cu(1)-O(4)
N(1)-Cu(1)-O(5)#1
N(3)-Cu(1)-O(5)#1

1.994(4)
1.977(3)
2.239(4)
161.52(16)
95.26(15)
92.39(15)
167.44(15)
98.67(14)
71.50(14)
92.38(15)
92.16(14)

M(1)-N(1)
M(1)-N(3)

1.963(4)
1.979(3)

O(4)-Cu(1)-O(5)#1
O(3)-Cu(1)-O(5)#1
O(4)-Cu(1)-S(1)
O(3)-Cu(1)-S(1)
O(5)#1-Cu(1)-S(1)
N(3)-Cu(1)-S(1)
N(1)-Cu(1)-S(1)

97.45(14)
101.89(15)
35.63(10)
36.06(10)
99.11(9)
134.65(11)
130.42(11)
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Table 4.10 Selected bond lengths (Ǻ) and angles (°) for compound 7
Cu(1)-O(1)
Cu(1)-O(5)
Cu(1)-O(6)
Cu(1)-N(1)
Cu(1)-N(3)

1.951(3)
1.968(3)
2.223(3)
1.998(3)
2.006(3)

Cu(2)-N(5)
Cu(2)-N(7)
Cu(2)-O(3)
Cu(2)-O(7)
Cu(2)-O(8)

O(1)-Cu(1)-O(5)
O(1)-Cu(1)-N(1)
O(5)-Cu(1)-N(1)
O(1)-Cu(1)-N(3)
O(5)-Cu(1)-N(3)
O(1)-Cu(1)-O(6)
O(5)-Cu(1)-O(6)
N(1)-Cu(1)-N(3)
O(6)-Cu(1)-N(1)
O(6)-Cu(1)-N(3)

91.47(12)
161.63(13)
90.78(13)
87.64(13)
170.67(13)
95.08(12)
91.21(13)
87.20(14)
103.10(13)
98.12(13)

O(7)-Cu(2)-O(3)
O(7)-Cu(2)-N(7)
O(3)-Cu(2)-N(7)
O(7)-Cu(2)-N(5)
O(3)-Cu(2)-N(5)
O(7)-Cu(2)-O(8)
O(3)-Cu(2)-O(8)
O(8)-Cu(2)-N(5)
O(8)-Cu(2)-N(7)
N(7)-Cu(2)-N(5)

2.014(3)
2.006(3)
1.978(3)
1.953(3)
2.225(3)
90.84(12)
168.24(13)
87.99(12)
90.83(13)
164.80(13)
92.34(13)
95.80(12)
99.23(13)
99.42(13)
87.31(14)

Table 4.11 Selected bond lengths (Ǻ) and angles (°) for compound 8
Co(1)-N(1)
Co(1)-N(3)
N(1)-Co(1)-Cl(2)
N(3)-Co(1)-Cl(2)
N(1)-Co(1)-Cl(1)

2.015(9)
2.000(9)

Co(1)-Cl(2)
Co(1)-Cl(1)

2.207(4)
2.206(4)

129.4(3) N(3)-Co(1)-Cl(1) 123.4(3)
105.4(3) Cl(1)-Co(1)-Cl(2) 102.0(15)
106.9(3) N(3)-Co(1)-N(1) 92.2(4)
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Table 4.12 Selected bond lengths (Ǻ) and angles (°) for compound 9
Co(1)-O(3)
Co(1)-N(1)
Co(1)-N(3)
Co(1)-Cl(1)

1.955(6)
2.016(8)
2.072(7)
2.253(3)

Co(2)-N(5)
Co(2)-N(7)
Co(2)-O(1)
Co(2)-Cl(2)

N(1)-Co(1)-Cl(1)
N(3)-Co(1)-Cl(1)
N(3)-Co(1)-N(1)
O(3)-Co(1)-N(1)
O(3)-Co(1)-N(3)
O(3)-Co(1)-Cl(1)

114.4(2)
103.3(2)
90.9(3)
119.8(3)
110.9(3)
113.67(18)

O(1)-Co(2)-N(5)
O(1)-Co(2)-N(7)
O(1)-Co(2)-Cl(2)
N(5)-Co(2)-N(7)
N(5)-Co(2)-Cl(2)
N(7)-Co(2)-Cl(2)

2.072(7)
2.017(7)
1.921(6)
2.264(3)
108.2(3)
119.7(3)
111.79(19)
90.5(3)
108.6(2)
115.2(2)
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V. Self-Assembly of Silver(I) Coordination Polymers Formed through Hydrogen
Bonding with Ditopic Heteroscorpionate Ligands
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5.1 Introduction
The growing interest in the crystal engineering of silver coordination polymers
is not only because of their fascinating molecular structures, but also a result of their
potential

application

as

gas

storage,1

antimicrobial,2

conductive

material,3

luminescent,4 and magnetic materials.5 In addition, self-assembly of flexible achiral
ligands with silver ions has produced interesting single, double, triple and circular
helicate systems that have attracted increased attention because of possible
applications in materials science.6

Scheme 5.1 Ditopic heteroscorpionate ligand binds to silver (I)
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Hydrogen bond is the strongest, most selective and directional of these noncovalent interactions and thus potentially an effective organizing interaction for designing
and controlling solid-state structures.7 In particular, the carboxylic acid group has been
widely employed as a linking unit between coordination monomers because of its strong
tendency for self-complementarity.8 Our approach has been to make use of ditopic
heteroscorpionate ligands, created by modification to originally facially coordinating
tripodal scorpionate parents to produce different coordination polymers.9

Thus in

previous work, we have shown that these new heteroscorpionates can coordinate a
number of divalent metals only through the pyrazole nitrogen of the ligand leaving the
uncoordinated carboxylic acid groups free to engage in hydrogen bonding, but only under
very specific conditions.10 To increase the predictability of the outcome of the reactions,
as well to increase the range of conditions we could operate under, we choose to move
from divalent Zn(II), Co(II) and Ni(II) to monovalent silver(I). There were two reasons
for this choice. The first is that complexes of silver(I) have extensively been reported as
building blocks for the self-assembly of supramolecular coordination polymers of various
dimensionality in the solid state.11 Second silver(I) has been shown to have an extremely
strong preference to coordinate to aromatic nitrogen donors over those of harder oxygen
ligands. Thus, the synthesis and reactivity of silver(I) with nitrogen heterocyclic ligands
have been investigated extensively.12 Particularly relevant is the extensive chemistry of
silver (I) with different bis(pyrazolyl)borate and methanes in which the silver atoms are
invariably coordinated solely through the pyrazole nitrogen of the ligand.13 Herein we
describe the preparation and structural characterization of eight coordination polymers of
silver(I) where the pyrazole nitrogen of the ligands are bound asymmetrically to the

121
silver(I) cation (Scheme 5.1), producing chiral silver monomers (tectons) that leave the
carboxylic groups uncoordinated and free to engage in intermolecular hydrogen
bonding.14 The expanded reaction conditions available with this approach allows us to
control the protonation state of the carboxylate groups without engendering their
coordination to the silver thereby making it possible to prepare 2 L:1 M complexes where
the carboxylate groups are either both protonated, one protonated and one deprotonated,
or both deprotonated. The result of these changes in the protonation state of the
carboxylate group on the solid-state structures is discussed.
5.2 Results and Discussion
5.2.1 Synthesis and Characterization. In early work, we showed that the reaction of
the N2O heteroscorpionate ligands designated L4c and L3c with different metal salts
produced various dinuclear species.16,17 In all of these cases a deprotonated
carboxylate group of the heteroscorpionate ligand is involved in coordination to the
metal ion.

In later work, we showed that the carboxylic acid group can keep

protonated by varying the reaction conditions (i.e., decreasing the pH or by
decreasing the solvent polarity) so that they no longer coordinate to the metal ions
and are thus free to engage in either self-complementary H-bonding interactions or Hbonding with solvent molecules or counterions.8 However the conditions under which
the carboxylate groups remain protonated and thus uncoordinated are limited. Here
we take advantage of the soft Lewis acidic nature of the silver(I) ion which binds
exclusively to the softer pyrazole nitrogen donors of the ligand, irrespective of the
protonation state of the carboxylic acid group, which remains uncoordinated. Thus we
have been able to isolate complexes of the general stoichiometry “AgL2” in all three
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of its possible protonation states, that is [Ag(HL)2]+, [Ag(HL)(L)]°, and [AgL2](Figure 5.1). The overall protonation state of the complex affects the solid-state
interactions, which are described in detail below.
Completely protonated complexes of the type [Ag(HL)2]+ were obtained for both
ligands L4c and L3c by using pure tetrahydrofuran as a solvent. Analyses of 3-6 by
ESI-MS in acetonitrile were all similar and showed that the predominant species were
always the simple AgL2+ cation. The monoprotonated state of the complex, that is,
[Ag(HL)(L)]° could be obtained by using a mixture acetonitrile/methanol, though we
were unable to isolate complexes of this type for the ligand L3c. We analyzed the
ESI-MS spectra of the complex(es) present in the mixed methanol/acetonitrile solvent
system with the L4c ligand in positive ion mode (Figure 5.2). The mass spectrum of this
solution shows two clean high mass clusters allowing us to identify species in solution
that were not amenable to solid-state structural analysis by X-ray crystallography. The
first mass cluster is centered at 971 amu and has an isotope pattern indicative of a
trinuclear [Ag3(L4c)2]+ cation associated with the completely deprotonated state. The
other high mass cluster is centered at 863 amu and has an isotope pattern that is
consistent with the [Ag2(L4c)2]+ cation. These results indicate that there is equilibrium
between the monoprotonated and completely deprotonated states in solution.
The anionic complexes [AgL2]-, with completely deprotonated carboxylates,
were obtained using aqueous methanol as a solvent. In this case, we were only able to
get a crystal structure of the deprotonated species with the L3c ligand and silver(I) as
the cation; however, the formation of an analogous complex with L4c was confirmed
in solution by ESI-MS (Figure 5.2).
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Figure 5.1 Schematic representations of three different protonation states of the silver (I)
tectons formed from ligands L4c and L3c.
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Figure 5.2 Positive-ion ESI-MS of a solution of AgNO3 and L4c in acetonitrile/methanol.
The upper frame shows the peak clusters associated with the structures [Ag2(L4c)2]+ and
[Ag3(L4c)2]+. The lower frame shows the calculated isotope distribution pattern expected for
these fragments.
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5.2.2 Solid-State Structures and Crystal Packing. The overall structure of all of
these “AgL2” complexes, regardless of protonation state, is best described as being
pseudotetrahedral, that is, intermediate between perfect square planar (dihedral angle
between planes of 0°) and idealized tetrahedral (dihedral angle between planes of
90°). Although the ligands L4c and L3c are achiral, the silver monomers AgL2
(tectons) possess chirality due to the asymmetric coordination of the ligand to the
silver ion. However, all the solid-state materials we isolated are racemic mixtures,
although the means by which this is achieved differ. Thus, hydrogen bonding and
other interactions between the tectons leads to coordination polymers with alternating
M (left handed) and P (right handed) monomer units that form meso helical chains
(complexes 1 and 3), racemic mixtures of pure P & M metallocycle trimers (2), or
racemic mixtures of linear pure P & M helical polymers (8). The orientation of
carboxylic acid groups that lead to these various structures are associated with the
dihedral angle between the pyrazole nitrogen around the silver cation. Thus in the
situation where both the carboxylate groups are protonated and hence uncharged (i.e.,
complex 3) the dihedral angle is 81.53° and the mesohelical polymer is isolated. In
the half-protonated state the solid-state structure depends critically on the reaction
conditions. With the ligand L4c and starting with silver nitrate or benzoate, the
product has a dihedral angle of 76.64°, which leads once again to the mesohelical
polymer (i.e., complex 1). However with the same ligand but using silver perchlorate
or hexafluoroantimonate leads to complex 2, which has a smaller dihedral angle of
65.95°. This orientation leads to a racemic mixture of metallocycle trimers. Various
factors such as the presence of water appear to be involved in this change in structure
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as silver nitrate in the presence of dilute aqueous ammonia gives the racemic mixture
of metallocycle trimers, while silver nitrate in strictly organic solvents yields the 1-D
meso helical polymers. When both carboxylate groups are deprotonated as in 8, the
dihedral angle is the smallest of all the complexes at 62.79°, and in this case a
racemic mixture of linear P & M coordination helices was obtained.
5.2.3 The Diprotonated State. The reaction of the ligand L4c with silver perchlorate
(AgClO4), silver hexafluoroantimonate (AgSbF6), or silver trifluoromethanesulfonate
(AgCF3SO3) all produced a coordination polymer with a [2HL/Ag/Anion]∞ ratio.
These complexes show the same environment about the silver Ag(I) center,
which is coordinated by the four pyrazole nitrogen of the chelating ligand L4c with a
structural index parameter (τ4)18 of 0.68. Silver-nitrogen bond lengths are asymmetric
with values falling between 2.217 and 2.429 Ǻ. The silver monomer (tecton)
possesses chirality due to asymmetric coordination of the ligand L4c to the silver ion.
Extensive self-complementary hydrogen bonds formed between the protonated
carboxylic groups of adjacent molecules results in a solid-state polymer that contains
alternating M (left handed) and P (right handed) monomer (tecton) units forming a
meso helical 1-D coordination chain. The anions (ClO4-, -OSO2CF3, SbF6-) in these
polymers are not directly coordinated to the silver cation, but rather form hydrogen
bonds between acidic methine protons (distance O...H-C 2.475 Ǻ) located on alternate
polymer chains. Thus the overall 2-D structure consists of infinite meso polymeric
chains held together by self-complementary hydrogen bonds between the carboxylate
groups with the 1-D chains linked together by hydrogen bonding between the anions
and methine protons of ligands on alternate chains (Figure 5.3).
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Figure 5.3 Perspective view of a 1-D meso helical chain of [Ag(HL4c)2]ClO4 (3) (left).
Packing diagram of (3) as seen along the crystallographic b (right). Hydrogen bonds are
shown as dotted lines.

With heteroscorpionate ligand L3c, complexes 4, 5, and 6 (nitrate,
hexafluoroantimonate, and perchlorate salts respectively) all show the silver(I) is
again coordinated to the four pyrazole nitrogen's of the ligand in a pseudotetrahedral,
four coordinate, geometry with index parameters (τ4)18 of 0.64 (complex 4), 0.56
(complex 5), and 0.66 (complex 6), respectively. The dihedral angle between N(1)Ag(1)-N(3) and N(5)-Ag(1)-N(7) planes is 73.58° in (4), 78.23° in (6), and 75.05° in
(5), all of which are much closer to the 90° angle expected of a tetrahedron than the
0° expected for the alternate square planar description. The largest N-Ag-N angle
varies from 148.0° in (4) to 158.6° in (5) while that of (6) is intermediary at 150.10°.
The remaining angles are in the range between 82.0° to 122.2°. Silver-nitrogen bond
lengths are once again asymmetric with values falling between 2.278 and 2.390 Ǻ.
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The crystal packing architecture of 4 consists of a 2-D network held together by
hydrogen bonding between nitrate anion, solvent molecules, and carboxylic acid
groups (Figure 5.4). Meanwhile, the overall 2-D supramolecular structure of 5 is
governed by a series of hydrogen bonding interactions between the fluorine or oxygen
atoms of the counterion (CH…X av. 2.51 Ǻ). In addition to the interactions between
the anions and silver complex, there is also hydrogen bonding between the carboxylic
acid group of the ligand and a tetrahydrofuran of solvation, but these hydrogen bonds
do not contribute to the development of a coordination polymer (Figure 5.4). Indeed
the H-bonding by the THF of solvation serves to “cap” the free carboxylate groups
and prevents them from forming the strong self-complimentary H-bonding seen in 3.
The same crystal packing was obtained with complex 6. A comparison between the
packing found for the identical complexes formed from the linear L4c ligand vs the
angular L3c ligand under the same conditions (i.e., solvent tetrahydrofuran and anions
SbF6-, ClO4-, and CF3SO3-) clearly demonstrates the effect of ligand geometry. Thus
the linear L4c ligand invariably leads to meso helical coordination polymers produced
by strong self-complementary hydrogen bonding between the carboxylate groups,
while the bent ligand (L3c) consistently leads to weakly linked 2-D structures where
the carboxylate groups hydrogen bond to anions and/or solvent rather than to each
other.
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Figure 5.4 Crystal packing diagram for [Ag(HL3c)2]NO3.2H2O (4) as seen along
crystallographic c axis. Hydrogen bonds among carboxylic group, solvent molecules and nitrate
are shown as dotted lines (top). Crystal packing diagram for [Ag(HL3c)2]SbF6 (5) as seen along
crystallographic b axis. Interactions O…H…O and CH....F are shown as dotted lines (bottom).
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The structure of complex 7 is completely different from that of all the other
complexes isolated in this study in that it has 1 Ag:1 L rather than a 1 Ag:2 L
stoichiometry. In this case an acetonitrile is bound to the silver which is further
coordinated only by the two pyrazole nitrogen's of a single chelating L3c ligand
leading to a geometry that can best be described as distorted trigonal planar. The
largest N(3)-Ag(1)-N(5) angle opened up to 145.56° from the ideal trigonal planar
while the remaining angles are in the range from 86.85° to 127.27°. Ag-Npyrazole bonds
are longer (2.244 and 2.311 Ǻ) as compared to the Ag-Nacetonitrile at 2.134 Ǻ. The
crystal packing of 7 shows that the BF4- anions take part in weak hydrogen bonding
interactions (CH...F and OH…F), which support the assembly by bridging between the
coordination monomers [Ag(HL3c)CH3CN]. The CH…F are in the range of 2.30 Ǻ
while the O..H…F distance is 2.66 Ǻ, F...Ag distance is 2.86 Ǻ and the π-π interactions
are 3.35 Ǻ. (Figure 5.5).

Figure 5.5 Crystal packing diagram of [(HL3c)Ag(CH3CN)]BF4 (7) as seen along
crystallographic a axis. Interactions OH...F, CH…F, F…Ag and π-π stacking are shown as dotted
lines.
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5.2.4 The Monoprotonated State. For the reaction of ligand L4c with either silver
benzoate (AgC6H5CO2) or silver nitrate (AgNO3) as a metal source, the polymer
isolated, complex 1, has a [HL:Ag:L]∞ ratio where charge considerations indicate one
carboxylic group is protonated and the other deprotonated. On the other hand, using
the same solvent ratio, but with silver tetrafluoroborate (AgBF4), silver perchlorate
(AgClO4), silver hexafluoroantimonate (AgSbF6), or a mixture of (AgNO3 + NH4OH)
as a starting material results in a discrete trimeric product, complex 2 with
stoichiometry [HL:Ag:L]3. Selected distances and angles for the structures of 1 and 2
are shown in Tables 2, and 3. Single-crystal X-ray diffraction studies on the neutral
complexes 1 and 2 reveal that these complexes possess a crystallographic center of
inversion making only one-half of these monomeric structures unique. Complex 1
crystallizes in space group C2/c, while complex 2 crystallizes in R-3c. The index
parameters (τ4)18 are 0.63 and 0.58 respectively. Therefore, the geometry around
silver ion in both cases can best be described as distorted tetrahedral. Silver-nitrogen
bond lengths are decidedly asymmetric in complex 1 with values falling between
2.217 and 2.429 Ǻ while in complex 2, the bond lengths are much more symmetric
with values falling in the narrow range between 2.339 and 2.343. The largest N(1)Ag(1)-N(1)#1 angle is 158.54° in 1 and 147.08° in 2 while the remaining angles are
in the range from 80.95 to 112.75(12)°. The dihedral angles between N(1)-Ag(1)-N(3)
and N(1)#1-Ag(1)-N(3)#1 planes at 76.64° in (1) and 65.95° in (2) are much closer to
the 90° angle expected of a tetrahedron, as compared to the 0° angle for the alternate
square planar description.
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While the molecular structure of the monomer units in 1 and 2 are very similar
to each other and to those of the other protonated states, the crystal packing was
completely different between them. The packing in 1 is governed by single hydrogen
bonding interactions between the protonated and unprotonated carboxylic groups (av.
O...H…O distance 2.44 Ǻ). The overall assembly of this complex is achiral due to the
alternation of P & M tectons in the chains, which results in the overall 1-D meso
helical configuration. Each twist unit is participating in 4 intermolecular π-π stacking
interactions between the aromatic rings (av. 3.32 Ǻ) with neighboring helices along baxis direction (Figure 5.6). There is also interpenetration between these coordination
polymers due to a perpendicular C-H…..π interaction with a distance of 2.774 Ǻ
between methyl group and aromatic ring of ligand L4c.

Figure 5.6 View of the silver monomer enantiomers with ligand L4c showing the
asymmetric coordination (top left). Perspective view of a 1-D meso helical chain for
[Ag(HL4c)(L4c)] (1) (top right). Packing diagram of (1) as seen along the
crystallographic c axis (bottom). The dotted lines indicate hydrogen bonds and π-π
stacking interactions among these meso helical structures
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The packing in 2 is completely different although it is again governed by single
hydrogen bonding interactions among three chiral silver monomer complexes through
protonated and unprotonated carboxylic acid groups (av. O….O 2.432 Ǻ). These chiral
ribbon triangle structures are held together by a series of weak, CH…O, C-H…..π and
π-π interactions. Space filling models indicate a hole of diameter 5-6 Ǻ in the center
of the triangle (Figure 5.7). Each chiral metallocycle triangle is surrounding by six
other metallocycle triangles held together by π-π interactions. The resulting packing
contains alternating chiral metallocycle triangle units forming an overall racemic
mixture.

Figure 5.7 Perspective view of metallocycle trimer enantiomers (2) showing hydrogen
bonds are shown as dotted lines. (top). Schematic view of (2) showing chiral
metallocycle trimer alternation packing diagram for (2) (bottom left) and space-filling
representation (bottom right) as seen along crystallographic c axis. Solvent molecules
and hydrogen atoms have been omitted for clarity.
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5.2.5 The Unprotonated State. In complex 8 one silver ion is coordinated by four
pyrazole nitrogens of the AgL2 monomer unit, while the other, charge neutralizing,
silver “cation” is coordinated by four oxygen from carboxylate groups of two
different monomers. For both silver ions, the geometry can be best described as
distorted tetrahedral. The carboxylate groups are linked to the silver cation in an
anisobidentate fashion with the shorter distances Ag(2)#1-O(2) and Ag(2)-O(4) at
2.258(6) and 2.280(6) Ǻ respectively, while the longer distances are 2.509 and 2.586
Ǻ. The dihedral angle between N(1)-Ag(1)-N(3) and N(5)-Ag(1)-N(7) at 62.79° is
closer to the 90° angle expected of a tetrahedron than that of the dihedral angle
between O(1)-Ag(2)-O(2) and O(3)-Ag(2)-O(4) of 67.56°. Although the reaction
again generates chiral silver monomers (tectons), the packing is completely different
from that seen in the other polymers (i.e., 1 and 3). In this case there is an equimolar
mixture of pure P (plus) and M (minus) linear 1-D helices forming a racemic mixture
(Figure 5.8) rather than the alternating P and M tectons units that leads to the alternate
meso helical arrangement.
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Figure 5.8 View of the enantiomers of the silver complex (8) with ligand L3c (top). Crystal
packing diagram of the two chiral coordination polymer chains as seen along
crystallographic c axis (bottom). Solvent molecules and hydrogen atoms have been omitted
for clarity.

5.3 Conclusion
In this work, eight silver complexes with the ditopic ligand L4c and L3c and
different silver salts were prepared and characterized. These silver monomer (tectons)
have been demonstrated to yield a variety of new chiral silver complexes showing both
discrete and polymeric architectures. The ultimate achirality of these architectures comes
from the different disposition of the chiral silver building blocks. These polymeric
structures remain quite unusual, and to date only a few examples of meso-helical
coordination polymers19 and metallocycle triangles are known.20 It is clear that that the
packing of the [AgL2] monomers (tectons) depends to a great extent on the orientation
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and protonation state of the carboxylate groups of the ligands, which in turn depend on
solvent polarity, the metal salt utilized in their formation, and the geometry of the ligand.
We hope to exploit these factors to help control the nature of the polymers formed in a
more predictable fashion.
5.4 Experimental Section
Materials. All chemicals and solvents used during the syntheses were reagents grade.
Bis(3,5-dimethylpyrazolyl)ketone was prepared according to the procedure described
by Peterson et al.15 (4-carboxyphenyl)bis(3,5-dimethylpyrazolyl)methane (L4c) and
(3-carboxyphenyl)bis(3,5-dimethylpyrazolyl)methane

(L3c)

were

prepared

as

previously described.16 Caution: perchlorate salts are dangerous (especially if they are
dry) and should be handled with care!
Silver complexes
[Ag(HL4c)(L4c)] (1). An acetonitrile solution (4 mL) of ligand L4c (52.4 mg, 0.161
mmol) was added to an acetonitrile/methanol solution (3mL/1mL) of silver nitrate
AgNO3 (13.6 mg, 0.08 mmol); the mixture was then covered with aluminium foil and
allowed to stir for 2 min. The resulting solution was layered with diethyl ether and
colourless crystals were obtained after 1 day. An identical product was obtained when
starting with silver benzoate instead of silver nitrate. Yield: 27.4 mg (45%). Anal. Calcd
(found) for [Ag(HL4c)(L4c)] .0.25H2O, C36H39.5N8O4.25Ag, C, 56.88 (56.67); H, 5.24
(5.38); N 14.74 (14.54). IR (KBr pellets) ν/cm-1: 3417, 2923, 1660, 1612, 1559, 1463,
1418, 1389, 1310, 1260, 1115, 1034, 879, 851, 797, 768, 712.
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[Ag(HL4c)(L4c)] (2). This complex was prepared in a manner analogous to that of
complex 1 but using silver tetrafluoroborate (AgBF4) in place of silver nitrate or
benzoate. Identical products were obtained by using silver perchlorate (AgClO4), silver
hexafluoroantimonate (AgSbF6) or by using silver nitrate (AgNO3) in the presence of
dilute aqueous ammonia in place of silver tetrafluoroborate AgBF4. Yield: 44 mg (72%).
Anal. Calcd (found) for [Ag(HL4c)(L4c)·2H2O], C36H43N8O6Ag, C, 54.62 (54.41); H,
5.47 (5.19); N 14.15 (14.07). IR (KBr pellets) ν/cm-1: 3419, 2933, 1650, 1614, 1559,
1463, 1418, 1389, 1310, 1260, 1115, 1034, 879, 851, 797, 768, 712.
[Ag(HL4c)2]ClO4 (3). A tetrahydrofuran solution (4 mL) of ligand L4c (51.2 mg, 0.158
mmol) was added to a tetrahydrofuran (4 mL) solution of silver perchlorate (16.4 mg,
0.079 mmol), the mixture covered with aluminum foil, and stirred for 5 min. The
colourless solution was layered with hexanes at room temperature and X-ray quality
crystals were obtained after a period of 2 days. Yield: 41.8 mg (62%). Anal. Calcd
(found) for [Ag(HL4c)2]ClO4.0.5H2O, C36H41N8O8.5ClAg, C: 49.98 (50.02), H: 4.78
(5.10), N: 12.95 (12.70). IR (KBr pellets) ν/cm-1: 3449, 2981, 1692, 1613, 1560, 1459,
1421, 1385, 1321, 1294, 1258, 1184, 1095, 1042, 960, 876, 801, 758, 710, 623
[Ag(HL3c)2]NO3 (4). An acetonitrile/methanol (3 mL/1 mL) solution of ligand L3c (30.4
mg, 0.09 mmol) was added to a solution of silver nitrate (7.7 mg, 0.0045 mmol) in the
same solvent and the mixture stirred for 1 min. The colourless solution was left to stand
at room temperature and X-ray quality crystals were obtained after a period of 6 days.
Yield:

17

mg

(43%).

Anal.

Calcd

(found)

for

[Ag(HL3c)2]NO3.0.25H2O

C36H40.5N9O7.25Ag C: 52.53 (52.71), H: 4.96 (5.02), N: 15.31 (15.18). IR (KBr pellets)
ν/cm-1: 3418, 2923, 1701, 1558, 1384, 1318, 1248, 1188, 1032, 870, 825, 752, 709, 684.
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[Ag(HL3c)2]SbF6 (5). This complex was prepared in a manner analogous to that of
complex 3 using silver hexafluoroantimonate and ligand L3c in place of silver
perchlorate and ligand L4c respectively. Yield: 46 mg (78%). Anal. Calcd (found) for
[Ag(HL3c)2]SbF6.2THF.0.5H2O, C44H57N8O6.5SbF6Ag C; 46.13 (46.03), H; 5.02 (5.09),
N; 9.78 (9.51) IR (KBr pellets) ν/cm-1: 3419, 2984, 1699, 1561, 1418, 1385, 1315, 1251,
1189, 1042, 871, 815, 752, 710, 660.
[Ag(HL3c)2]ClO4 (6). This complex was prepared in a manner analogous to that of
complex 3 using ligand L3c in place of ligand L4c. Yield: 65 mg (72%). Anal. Calcd
(found) [Ag(HL3c)2]ClO4.2.5THF.0.5H2O, C46H61N8O11ClAg C; 52.85 (52.59), H; 5.88
(5.59), N; 10.72 (10.61). IR (KBr pellets) ν/cm-1: 3449, 2924, 1718, 1560, 1449, 1420,
1385, 1249, 1186, 1108, 870, 792, 751, 709, 623.
[Ag(HL3c)(CH3CN)]BF4 (7). A solution of ligand L3c (35.68 mg, 0.11 mmol) in
acetonitrile/methanol (4 mL/2 mL) was added to an acetonitrile solution (4 mL) of silver
tetrafluoroborate AgBF4 (21.41 mg, 0.11 mmol). The mixture was covered with
aluminum foil and stirred for 2 min. The colourless solution was left to stand at room
temperature, and crystals were obtained after a period of 1 week. Yield: 38 mg (62%).
Anal. Calcd (found) for [Ag(HL3c)(CH3CN)]BF4, C20H23N5O2BF4Ag, C; 42.89 (43.03),
H; 4.14 (4.25), N; 12.50 (12.38) IR (KBr pellets) ν/cm-1: 3450, 2924, 2248, 1710, 1550,
1445, 1415, 1380, 1259, 1186, 1108, 870, 750, 721.
Ag[Ag(L3c)2] (8). An aqueous solution (3 mL) of silver perchlorate (14 mg, 0.067 mmol)
was layered with methanol solution (3 mL) of ligand L3c (21.8 mg). Colorless crystals
were obtained after 4 days. The same result was obtained by using Ag2SO4 or AgCF3SO3
in place of AgClO4.

Yield:

33 mg (51%). Anal. Calcd (found) for
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Ag[(L3c)2Ag].0.5H2O, C36H39N8O4.5Ag2, C; 49.61 (49.83), H; 4.51 (4.69), N; 12.86
(13.01). IR (KBr pellets) ν/cm-1: 3449, 2921, 1725, 1662, 1551, 1430, 1400, 1380, 1210,
1190, 875, 753, 710, 625.
5.5 Acknowledgement
Text, schemes, tables and figures of this chapter, in part, are reprints of the
materials published in the following paper: Santillan, G. A.; Carrano, C. J. “SelfAssembly of Silver(I) Coordination Polymers Formed through Hydrogen Bonding with
Ditopic Heteroscorpionate Ligands” Cryst. Growth & Des. 2009, 9(3), 1590-1598.
5.6 Appendix
Physical Methods. Elemental analyses were performed on all compounds by Numega
laboratories, San Diego, CA. All samples were dried in a vacuum prior to analysis. IR
spectra were recorded as KBr disks on a ThermoNicolet Nexus 670 FT-IR spectrometer
and are reported in wavenumbers. Electrospray mass spectra (ESI-MS) were recorded on
an Agilent 6300 Ion Trap LC-MS mass spectrometer equipped with an ESI source. A HP
computer with Agilent 6300 Series ion trap software version 5.3 was used for data
acquisition and plotting. Isotope distribution patterns were simulated using the program
IsoPro 3.0.
X-ray Crystallography. Crystals of complexes 1-8 data were mounted using nylon loops
and paratone oil (Hampton Research), and placed in the cold stream of a Bruker X8
APEX CCD diffractometer operating at 50 kV and 30 mA using Mo Kα radiation (λ =
0.71073 Å).

The structures were solved using direct methods or via the Patterson

function, completed by subsequent difference Fourier syntheses, and refined by fullmatrix least-squares procedures on F2. All non-hydrogen atoms were refined with
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anisotropic displacement coefficients and treated as idealized contributions using a riding
model except as noted. Because of potentially complex hydrogen bonding interactions,
idealized generation of hydrogen atoms on some of the solvent molecules and/or the
protonated carboxylate groups was deemed inappropriate, and thus their contributions
were ignored unless such atoms could be unambiguously located on final difference maps
in which case they were subsequently refined to ride on their respective heavy atom.
Note: Crystals of 4 diffracted relatively poorly, giving rise to weak data that was only
collected out to ca. 40° in 2θ. All software and sources of the scattering factors are
contained in the SHELXTL 6.12 program library (G. Sheldrick, Siemens XRD, Madison,
WI).21 Crystallographic data for 1−8 are listed in Table 5.1, 5.2 and 5.3 and selected
bond lengths and angles for all compounds are given in Table 5.4, 5.5 and 5.6. ORTEP
diagrams of 1-8 are shown in figures 5.9, 5.10 and 5.11.
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Figure 5.9 ORTEP representation with 50% thermal ellipsoids of [Ag(L4cH)(L4c)] (1),
[Ag(L4cH)(L4c)].2H2O (2) and [Ag(L4cH)2].ClO4 (3) showing atomic labeling. The hydrogen atoms
have been omitted for clarity
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Table 5.1. Crystallographic Data and Parameters for: [Ag(HL4c)(L4c)] (1),
[Ag(HL4c)(L4c)].2H2O (2) and [Ag(HL4c)2]ClO4 (3).
1
Molecular
formula
Fw
Temp (K)
Cryst system
Space group
a (Å)
b (Å)
c (Å)
α (deg)
β (deg)
γ (deg)
V (Å3), Z
µ (mm-1)
δcalc(g/cm3)
F(000)
Size (mm3)
h,k,l
ranges
colled
θ range (deg)
Reflections
collected
Independent
reflections
Parameters
Data/Paramet.
R(F)a
Rw(F2)b
GOFwc
Largest diff
peak and
hole (e/Å3)
a

2

3

C36H38N8O4Ag

C36H38N8O5.33Ag

C36H38ClN8O8Ag

755.62
240(2)
Monoclinic

775.95
298(2)
Rhombohedral

854.06
240(2)
Monoclinic

C2/c
14.371(3)
14.218(3)
17.119(4)
90
93.107(13)
90
3492.7(13), 4
0.628
1.437
1560
0.2x 0.2 x 0.2
-19→18,
-19→19,
-23→22
2.84-29.34
32562

R-3c
20.9587(6)
20.9587(6)
47.752(3)
90
90
120
18165.8(13), 18
0.548
1.277
7194
0.3 x 0.3 x 0.2
-24→22,
-24→24,
-54→54
2.33-24.14
76583

C2/c
15.040(7)
22.925(7)
16.887(6)
90
112.68(2)
90
5372(3), 4
0.469
1.056
1752
0.8 x 0.7 x 0.1
-22→14,
-31→33,
-20→25
2.61-32.13
53962

4683

3218

9087

223
21
0.0463
0.0971
1.035
0.828 and
0.380

228
14.11
0.0549
0.1711
1.153
- 0.878 and -0.359

245
37.09
0.1527
0.2856
1.073
1.761 and
0.472

-

R = [Σ|∆F|/Σ|F o |] for [I > 2σ(I)]. b Rw = [Σw(∆F)2/ΣwFo 2] for [I > 2σ(I)]. c Goodness of fit on F2.
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Figure 5.10 ORTEP representation with 50% thermal ellipsoids of [(L3cH)2Ag]NO3.2H2O (4)
and [(L3cH)2Ag]SbF6 (5) showing atomic labeling. The hydrogen atoms have been omitted for
clarity
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Table 5.2 Crystallographic Data and Parameters for: [Ag(HL3c)2]NO3.2H2O (4),
[Ag(HL3c)2]SbF6 (5) and [Ag(HL3c)2]ClO4 (6)

4
Molecular formula
Fw
Temp (K)
Cryst system
Space group
a (Å)
b (Å)
c (Å)
α (deg)
β (deg)
γ (deg)
V (Å3), Z
µ (mm-1)
δcalc(g/cm3)
F(000)
Size (mm3)
h,k,l ranges colled

θ range (deg)
Reflections
collected
Independent
reflections
Parameters
Data/Paramet.
R(F)a
Rw(F2)b
GOFwc
Largest diff
peak and
hole (e/Å3)
a

5

6

C36H38N9O9Ag

C48H62N8O7F6SbAg

C48H62N8ClO11Ag

848.62
240(2)
Monoclinic

1206.68
240(2)
Monoclinic

1070.38
240(2)
Monoclinic

P21/n
11.865(2)
14.349(3)
24.268(5)
90
95.609(9)
90
4112.2(15), 4
0.551
1.371
1744
0.2x 0.2x 0.2
-11→11,
-13→13,
-23→23
2.33-20.63
41495

C2/c
41.151(2)
11.2074(6)
26.9455(16)
90
120.300(3)
90
10729.5(10), 8
0.944
1.494
4912
0.4 x 0.4 x 0.3
-54→39,
-14→12,
-35→36
2.07-28.37
50674

C2/c
40.388(9)
11.245(2)
25.791(6)
90
118.900(19)
90
10255(4), 8
0.510
1.387
4464
0.7 x 0.1 x 0.1
-46→46,
-13→12,
-29→29
2.22-24.46
82208

3938

13299

8413

496
7.94
0.0976
0.2357
1.109
1.494 and -1.005

642
20.71
0.1439
0.1984
1.023
1.460 and -1.686

643
13.08
0.0937
0.1631
1.025
0.718 and -0.540

R = [Σ|∆F|/Σ|F o |] for [I > 2σ(I)]. b Rw = [Σw(∆F)2/ΣwFo 2] for [I > 2σ(I)]. c Goodness of fit on F2.

145

Figure 5.11 ORTEP representation with 50% thermal ellipsoids of
Ag(L3cH)BF4.CH3CN (7) and [(L3c)2Ag]Ag (8) showing atomic labeling. The
hydrogen atoms have been omitted for clarity
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Table 5.3 Crystallographic Data and Parameters for: [Ag(HL3c)CH3CN]BF4 (7)
and Ag[Ag(L3c)2].2H2O (8).

7
Molecular
formula
Fw
Temp (K)
Cryst system
Space group
a (Å)
b (Å)
c (Å)
α (deg)
β (deg)
γ (deg)
V (Å3), Z
µ (mm-1)
δcalc(g/cm3)
F(000)
Size (mm3)
h,k,l
ranges
colled
θ range (deg)
Reflections
collected
Independent
reflections
Parameters
Data/Paramet.
R(F)a
Rw(F2)b
GOFwc
Largest diff
peak and
hole (e/Å3)

a

8

C20H22N5O2BF4Ag

C36H38N8O6Ag2

559.11
240(2)
Triclinic

894.48
240(2)
Monoclinic

P-1
10.1023(8)
10.9760(9)
11.3498(9)
107.631(4)
90.375(5)
92.876(5)
1197.56(17), 2
0.898
1.551
562
0.3 x 0.2 x 0.1
-11→11,
-12→12,
-12→12
2.73-23.09
14025

P21/n
11.079(12)
25.098(3)
13.4274(15)
90
92.846(4)
90
3729.1(7), 4
1.106
1.593
1808
0.3 x0.3x 0.3
-12→12,
-22→28,
-15→15
2.44-24.28
52087

3322

6024

298
11.14
0.0490
0.1155
1.029
0.63 and -0.374

469
12.84
0.0820
0.1845
1.116
1.809 and
2.048

-

R = [Σ|∆F|/Σ|F o |] for [I > 2σ(I)]. b Rw = [Σw(∆F)2/ΣwFo 2] for [I > 2σ(I)]. c Goodness of fit on F2.
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Table 5.4 Selected Bond Lengths (Å) for: [Ag(HL4c)(L4c)] (1), [Ag(HL4c)(L4c)].2H2O
(2), [Ag(HL4c)2]ClO4 (3), [Ag(HL3c)2]NO3.2H2O (4), [Ag(HL3c)2]SbF6.3THF (5),
[Ag(HL3c)2]ClO4.3THF (6), [Ag(HL3c)CH3CN]BF4 (7) and Ag[Ag(L3c)2].2H2O (8).

Ag(1)-N(1)
Ag(1)-N(1)#1
Ag(1)-N(3)
Ag(1)-N(3)#1
Ag(1)-N(5)
Ag(1)-N(7)
Ag(2)-O(3)
Ag(2)-O(4)
Ag(2)#1-O(1)
Ag(2)#1-O(2)

1
2.2847(16)
2.2847(16)
2.3961(18)
2.3961(18)

2
2.339(3)
2.339(3)
2.343(3)
2.343(3)

3
2.217(3)
2.217(3)
2.429(3)
2.429(4)

4
2.278(9)

5
2.383(4)

6
2.402(4)

7
2.310(3)

8
2.397(6)

2.380(9)

2.291(4)

2.283(4)

2.244(3)

2.282(6)

2.365(9)
2.290(9)

2.403(4)
2.272(4)

2.282(4)
2.390(4)

2.134(4)

2.380(6)
2.299(6)
2.509(6)
2.280(6)
2.586(5)
2.258(6)
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Table 5.5 Selected Angles (deg) : [Ag(HL4c)(L4c)] (1), [Ag(HL4c)(L4c)].2H2O (2) and
[Ag(HL4c)2]ClO4 (3).

N(3)-Ag(1)-N(1)
N(3)#1-Ag(1)-N(1)#1
N(1)-Ag(1)-N(3)#1
N(1)#1-Ag(1)-N(3)
N(1)-Ag(1)-N(1)#1
N(3)-Ag(1)-N(3)#1

1
80.95(6)
80.95(6)
111.34(6)
111.34(6)
158.54(9)
112.61(8)

2
81.35(12)
81.35(12)
112.75(12)
112.75(12)
147.08(18)
130.70(17)

3
86.72(12)
86.72(12)
108.73(12)
108.73(12)
154.7(2)
106.06(17)

Table 5.6 Selected Angles (deg) : [Ag(HL3c)2]NO3.2H2O (4), [Ag(HL3c)2]SbF6.3THF
(5), [Ag(HL3c)2]ClO4.3THF (6), [Ag(HL3c)CH3CN]BF4 (7) and Ag[Ag(L3c)2].2H2O
(8).

N(3)-Ag(1)-N(1)
N(5)-Ag(1)-N(1)
N(7)-Ag(1)-N(1)
N(5)-Ag(1)-N(3)
N(7)-Ag(1)-N(3)
N(7)-Ag(1)-N(5)
O(2)#2-Ag(2)-O(4)
O(2)#2-Ag(2)-O(3)
O(2)#2-Ag(2)-O(1)#2
O(4)-Ag(2)-O(3)
O(4)-Ag(2)-O(1)#2
O(3)-Ag(2)-O(1)#2

4
82.0(3)
112.7(3)
148.0(3)
120.9(3)
114.0(3)
83.6(3)

5
81.68(14)
114.60(15)
117.02(14)
111.59(14)
151.83(15)
80.95(14)

6
7
80.80(14) 86.84(12)
115.01(14) 127.29(15)
116.12(14)
150.10(15) 145.56(15)
115.54(14)
81.47(14)

8
82.0(2)
133.1(2)
108.7(2)
113.0(2)
147.6(2)
82.5(2)
150.4(2)
152.8(2)
53.64(18)
54.30(18)
139.6(2)
119.47(17)
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VI.

Self Assembly of Silver (I) Coordination Polymers formed through Hydrogen
bonding with a New Ditopic Heteroscorpionate Ligand
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6.1 Introduction
Self-assembly of flexible achiral ligands with metal binding sites has produced a
wide variety of interesting solid state structures that have attracted attention because of
possible applications in materials science.1 Simple complexes of silver (I) have been
extensively utilized as building blocks in this regard for the self-assembly of
supramolecular coordination polymers of differing dimensionality.2 These polymers are
of interest not only because of their remarkable molecular structures but also as a result
of their potential application as gas adsorption,3 antimicrobial,4 conductive material,5
luminescent,6 and magnetic materials.7
In these systems extensive use has been made of the extremely strong preference
displayed by silver (I) towards coordination to aromatic nitrogen donors over those of the
harder oxygen ligands. Thus the synthesis and reactivity of silver (I) with nitrogen
heterocyclic ligands has been extensively investigated.8 Particularly relevant is the
extensive chemistry of silver with different bis(pyrazolyl)borates and methanes in which
the silver atoms are invariably coordinated solely through nitrogen pyrazoles of the
ligand.9
While most higher order solid-state structures based on coordination polymers
utilize stable coordinate covalent bonds,10 a variety of different noncovalent interactions
such as hydrogen bonding and π-π stacking can also be employed to this end.11 Of these
the hydrogen bond is the strongest, most selective and directional of these non-covalent
interactions and thus potentially an effective organizing interaction for designing and
controlling solid-state structures.12 In particular amino and hydroxyl groups can be
employed as linking units between two coordination monomers because of their strong
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tendency toward the formation of hydrogen bonds with their complement.13

Our

approach has been to make use of ditopic heteroscorpionate ligands, created by
modifications

to

the

original

facially

coordinate

tripodal

scorpionate

and

heteroscorpionate parents to produce different coordination polymers.14
Thus in previous work,15 we have shown that 3- and 4- substituted carboxyphenyl
heteroscorpionates (designated L4c and L3c) coordinate silver (I) only through the
pyrazole nitrogens of the ligand leaving the uncoordinated carboxylic group free to
engage in self-complementary hydrogen bonding (Fig.6.1: I or II) that leads to a variety
of solid state polymers stabilized by these interactions. To establish the generality of this
approach, herein we describe the preparation and crystal structure of a new
heteroscorpionate ligand (L5v) whose 4-hydroxy-3-methoxy substitution is expected to
lead to analogous self complimentary H-bonded interactions in the solid state (Fig. 6.1:
III or IV). This expectation is only partially realized and we discuss the influence of the
counteranion on the intermolecular interactions and solid-state structures.

Figure 6.1 Possible self-complementary hydrogen bonding
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6.2 Solid-state structure of the complexes.
Silver complexes.
The thermal ellipsoid diagrams for

ligand (L5v) and silver complexes

[Ag(L5v)2]BF4 (1), [Ag(L5v)2]CF3SO3 (2), [Ag(L5v)2]NO3 (3), and [Ag2(L5v)2](SbF6)2
(4) are depicted in Figure 6.2. Select bond distances and angles for complexes 1-4 are
shown in Tables 6.3 and 6.4. The reaction of ditopic heterosocorpionate ligand L5v with
silver tetrafluoroborate AgBF4, silver triflate AgCF3SO3, and silver nitrate AgNO3
smoothly yielded complexes with a ratio of 1Ag: 2L: 1Anion. All these complexes show
the same environment about silver Ag(I) cation, which is coordinated by four pyrazole
nitrogens of the chelating ligand in a pseudotetrahedral geometry with a structural index
parameter (τ4)19 of 0.64 (complex 1), 0.52 (complex 2) and 0.63 (complex 3). The
dihedral angle between N(1)-Ag(1)-N(3) and N(5)-Ag(1)-N(7) planes are 81.88° in (1),
62.07° in (2) and 76.65° in (3) all of which are much closer to the 90° angle expected of a
tetrahedron, than the 0° expected for the alternate square planar configuration. The largest
N(3)-Ag-N(5) angles varies from 153.77° in (1) to 159.56° in (2) while that of (3) is
intermediary at 158.40°. The remaining angles are in the range between 79.46° to
126.43°. Silver nitrogen bond lengths are asymmetric with most values falling between
2.26 and 2.44 Ǻ.
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Figure 6.2 Thermal ellipsoid diagram for silver complexes 1, 2, 3, 4 and ligand L5v at the
50% probability level.
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The crystal packing architecture of (1) consists of self-complementary hydrogen
bonding between hydroxyl groups (av O…O 2.915 Ǻ) leading to 1-D chains. The
counteranion BF4- takes part in several CH…F weak hydrogen bonding interactions that
support the assembly by bridging between the silver polymer chains. The CH…F
interaction average 2.55 Ǻ. (Figure 6.3)

Figure 6.3 Crystal packing diagram for (1) as seen along crystallographic a axis.
Hydrogen bonding bonds (O..H..O and CH..F) are shown as dotted lines. Solvent
molecules are omitted.

For complex 2, as was the case for 1, the crystal packing shows the formation of a
racemic mixture of 1-D coordination polymer chiral helices (Figure 6.4). However in this
case they are formed, not by self-complementary hydrogen bonding between the
uncoordinated hydroxyl groups, but rather through hydrogen bonding between hydroxyl
groups on adjacent molecules bridged through an uncoordinated triflate counterion (av.
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O…O separation 2.73 Ǻ). The helices are held together by weak π-π interactions with a
distance at 3.8 Ǻ.

Figure 6.4 (a) Crystal packing diagram for 2 showing the two chiral helices. Hydrogen
bonds (O-H..O) are shown as dotted lines. (b) Crystal packing diagram for two molecules of
2 as seen along the crystallographic a axis. π-π interactions are shown as dotted lines.
Solvent molecules and hydrogen atoms are omitted for clarity.
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The crystal packing in 3 (Figure 6.5) reveals yet a third motif where the silver
monomers are linked by hydrogen bonds between the hydroxyl groups and bridging
nitrate anion to produce solid-state dimers. These dimers are also held together by weak
hydrogen bonding between methyl group C-H and the oxygen from methoxy group (av.
3.15 Ǻ).

Figure 6.5 Crystal packing diagram for (3) as seen along crystallographic a axis.
Hydrogen bonding bonds (O..H..O and CH..O) are shown as dotted lines.

The

reaction

of

ditopic

hexafluoroantimonate AgSbF6

heteroscorpionate

ligand

L5v

with

silver

in tetrahydrofuran produced complex 4 which is

completely different from all the other complexes isolated in this study in that a 1 Ag: 1L
rather than a 1 Ag: 2L stoichiometry is seen. Compound 4 crystallizes in space group
C2/c and displays crystallographic inversion symmetry. The structure determination
reveals the presence of discrete dimeric species [Ag2L2](SbF6)2 as depicted in Figure 6.2.
Each silver is equatorially surrounded by two pyrazole nitrogens, one each from two
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different L5v ligands. The silver atoms exhibit a distorted linear coordination with an
N(1)-Ag(1)-N(3) angle of 173.2° . The silver atom separation is 3.023 Ǻ, less that the
sum of silver-silver van der Waals radii (3.44 Ǻ), indicative of a weak Ag-Ag
interaction.21 The

bridging

Ag-Ag

bonding

is

interesting

and

unusual

for

poly(pyrazolyl)methane type ligands.22 The Ag-N bond distances are symmetrical at 2.13
Ǻ. This complex exhibits cation-π interaction (Ag-centroid distance 3.2 Ǻ) between the
silver and aromatic ring of the ligand.
The crystal packing architecture of 4 reveals that the counter anion SbF6- take part
in a series of C-H…F hydrogen bonding interactions that support the assembly by
bridging between the dinuclear complexes. The C-H…F "bond" distances is in the range
of 2.48 Ǻ. In addition to the interactions between the anions and the silver complex, there
is also hydrogen bonding between hydroxyl group of the ligand and a tetrahydrofuran of
solvation, but these hydrogen bonds do not contribute to the development of a
coordination polymer (Figure 6.6). Indeed the H-bonding by the THF of solvation serves
to “cap” the free hydroxyl groups and prevents them from forming the selfcomplementary H-bonding seen in 1.

Figure 6.6 Crystal packing diagram for (4) as seen along crystallographic b axis. Hydrogen
bonds (O..H..O and CH..F) are shown as dotted lines.
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6.3 Results and Discussion
6.3.1 Synthesis and Characterization. In previous work15, we showed that Ag (I) binds
the ditopic heteroscorpionates L4c and L3c exclusively through the softer pyrazole
nitrogen donors of the ligand, leaving the carboxylic acid group uncoordinated and thus
free to link the monomeric units together via self-complementary H-bonding interactions
or H-bonding with solvent molecules or counter ions.

In this study, we sought to

determine if such a strategy was general by changing the H-bonding functional group
from a carboxylic acid to an 4-hydroxy-3-methoxyphenyl moiety. Reaction of the ditopic
heteroscorpionate ligand designated L5v with silver Ag(I) did indeed produce
coordination polymers either by self complementary hydrogen bonding between the a
hydroxymethoxy moieties or via their H-bonding with bridging anions. Thus reaction of
the ligand L5v with silver tetrafluoroborate (AgBF4) in tetrahydrofuran solvent, the
polymer isolated has a [1Ag: 2L: 1BF4] ratio where the free hydroxyl group of the ligand
engages in intermolecular self-complementary hydrogen bonding to yield an 1-D
coordination polymer. On the other hand the use of AgCF3SO3 as a starting material
results in a product with similar stoichiometry but where the anion triflate bridges
between free hydroxyl groups of the chelating ligands between adjacent molecules
leading to racemic mixture of chiral linear coordination polymers. In methanol, the
reaction of ligand L5v with silver nitrate AgNO3 as a metal source also leads to (1 M: 2
L: 1 anion) stoichiometry but with the formation of solid state dimers where the nitrate
anion (NO3-) bridges between hydroxyl groups. The situation is different however when
silver hexafluoroantimonate (AgSbF6) is used in tetrahydrofuran where discrete
molecular dimers of [2M:2L:2SbF6] stoichiometry are obtained.
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6.3.2 Anion bridging. In our research, we have repeatedly observed that the anions
nitrate, NO3-, and triflate, CF3SO3-, behave significantly differently than anions such as
perchlorate (ClO4-) tetrafluoroborate (BF4-), hexafluoroantimonate (SbF6-) etc. in that
they invariably form hydrogen bonds that bridge between the carboxylic acid or hydroxyl
groups in the solid state. That is they tend to break up the strong self complementary
hydrogen bonding between these groups found with the non-bonding spherically
symmetric anions. To date only a few examples of nitrate and triflate anion bridging via
hydrogen bonding are known.20 This interaction implies that the nitrate or triflate Hbonding with the carboxylate or hydroxyl centers is stronger than that provided by the
corresponding ligand based self-complementary. We attribute this tendency to a
difference in the charge density among the various anions where the negative charge in
nitrate and triflate is less delocalized compared to non-bonding spherical anions such as
perchlorate (ClO4-) tetrafluoroborate (BF4-) or hexafluoroantimonate (SbF6-) (Scheme
6.1).

Scheme 6.1 Representation of anions with delocalized charge density
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This tendency is well illustrated in our previous work17, where we showed that a
meso-helical solid state polymer was formed via self-complementary hydrogen bonding
between carboxylate groups in a Ni (II) complex with the carboxylate ligand L4c in the

Figure 6.7 Left: Representation of the solid state polymers produced by self complementary
hydrogen bonding between L4c ligands in a Ni(II) complex (upper) and L5v ligands in a
Ag(I) complex (lower) with spherical anions such as perchlorate or tetrafluoroborate. Right:
Representation of the corresponding solid state polymers produced with the non-spherical
triflate or nitrate showing insertion of the anions between the ligands.
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presence of perchlorate. However in the presence of nitrate, although a helical polymer
was still produced, the nitrate ion disrupted the self-complementarity between ligands and
bridged between carboxylate units in the solid state (Figure 6.7 top). A similar situation
occurs with the new L5v ligand with Ag (I) as the cation. Again in the presence of
spherically symmetric anions a 1-D solid state polymer chain is produced by selfcomplementary H-bonding while in the presence of triflate the ligand-ligand H-bonding
is broken and the interaction replaced by hydrogen bonding between the bridging anion
and the ligand functional group (Figure 6.7 bottom). We have found many other
examples of this, thus it seems to be a representative phenomenon.
6.4 Conclusion
The silver (I) chemistry with the ditopic heteroscorpionate ligand L5v in the solid
state has been explored. This ligand has been demonstrated the ability to yield a series of
new silver complex derivatives showing both discrete and polymeric architectures. This
flexible bidentate ligand is bound asymmetrically to the silver cation, producing chiral
silver monomers (tectons) and leaving hydroxyl groups uncoordinated free to engage in
intermolecular hydrogen bonding. However the resulting packing contains alternating
chiral monomers forming an overall racemic mixture. Moreover, the shape and size of
the counter anions play an important role and dictate the crystal packing of these silver
complexes. Future work will involve the demethylation of L5v ligand to obtain the
potentially "bis-bidentate" catecholate heteroscorpionate ligand.
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6.5 Experimental Section
Materials. All chemicals and solvents used during the syntheses were reagents grade.
Bis(3,5-dimethylpyrazolyl)ketone was prepared according to the procedure described
by Peterson et al..16
Ligand Synthesis
(3-methoxy-4-hydroxyphenyl)bis(3,5-dimethylpyrazolyl) methane (L5v). Bis(3,5dimethylpyrazolyl)ketone (2.4 g, 11 mmol) was placed in a 100 cm3 round-bottomed
flask. 4–hydroxy-3-methoxybenzaldehyde (1.62 g, 10.8 mmol), CoCl2 (20 mg) and
triethylamine (4 mL) were then added. The mixture was heated to 110 °C for 4 hours
with vigorous stirring during which time the mixture turned deep purple and evolved
CO2. The flask was then allowed to cool to room temperature and the solid taken up in
water and filtered. The filtrate was neutralized with 6 M hydrochloric acid. At ca. pH =
9.3 a pale brown solid began to precipitate. This solid was collected by filtration, washed
with water and dried in vacuum. Yield: 68%. Anal Calcd (Found) for L5v.H2O,
C18H24N4O3: C, 62.77 (62.76); H, 7.02 (7.70); N, 16.27 (16.17).

1

H NMR (600 MHz,

CDCl3) δ: 2.20 (s, 6H, CH3), 2.21 (s, 6H, CH3), 3.76 (s, 3H, CH3), 5.85 (s, 2H, PzH), 6.38
(q, 1H, J=7.8 Hz ArH), 7.56 (s, 1H, CH), 6.47 (d, 1H, J=7.7 Hz ArH), 6.84 (d, 1H, J=7.6
Hz ArH).

13

C NMR (CDCl3) δ: 148.24, 146.65, 145.81, 141.07, 128.59, 120.08, 114.29,

109.71, 106.82, 73.92, 55.96, 13.72, 11.81. FTIR (KBr) ν /cm-1: 3519, 1558, 1530, 1464,
1392, 1250, 1223, 1128, 1034, 812, 794, 756. Melting point: 106 (1) °C.
Silver Complexes
[Ag(L5v)2]BF4 (1). A tetrahydrofuran solution (4 mL) of ligand L5v (47.8 mg, 0.146
mmol) was added to a tetrahyrofuran solution (4 mL) of silver tetrafluoroborate, AgBF4
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(14.2 mg, 0.073 mmol), the mixture was covered with aluminum foil and stirred for 1
min. The solution was centrifuged and layered with hexanes. Colorless crystals were
obtained after 2 days. Yield: 50.88 mg (82%). Anal Calcd (Found) for
[Ag(L5v)2]BF4.0.75THF, C39H50N8O4.75BF4Ag : C, 51.96 (51.74); H, 5.59 (5.37); N,
12.43 (12.30). IR (KBr pellets) ν/cm-1: 3519, 2960, 1601, 1560, 1522, 1465, 1385, 1310,
1252, 1223, 1126, 1084, 1033, 838, 812, 795, 757, 700. ESI-MS (acetonitrile): m/z
[Ag(L5v)2BF4H]+ = 848 amu. The same crystal packing was obtained by using silver
perchlorate AgClO4 in place of silver tetrafluoroborate AgBF4.
[Ag(L5v)2]CF3SO3 (2). This complex was prepared in a manner analogous to that of
complex 1 using silver trifluoromethanesulfonate (AgOSO2CF3) in place of silver
tetrafluoroborate (AgBF4). Yield: 47.5 mg (77%). Anal Calcd (Found) for
[Ag(L5v)2]CF3SO3, C37H44N8O7SF3Ag : C, 48.85 (48.73); H, 4.88 (4.76); N, 12.32
(12.44). IR (KBr pellets) ν/cm-1: 3300, 2975, 1606, 1560, 1519, 1463, 1426, 1390, 1291,
1273, 1244, 1173, 1030, 860, 839, 820, 798, 702, 636, 606.
[Ag(L5v)2]NO3 (3). The ligand L5v (22.2 mg, 0.068 mmol) was dissolved in a mixture of
acetonitrile/methanol (3 mL/1 mL) and added to a methanol solution (4 mL) of silver
nitrate (5.78 mg, 0.34 mmol). The mixture was covered with aluminum foil and stirred
for 1 min. The colorless solution was left to stand at room temperature and X-ray quality
crystals were obtained after a period of 6 days. Yield: 18.1 mg (64%). Anal Calcd
(Found) for [Ag(L5v)2]NO3.0.25H2O, C36H44.5N9O7.25Ag : C, 52.27 (52.37); H, 5.42
(5.25); N, 15.24 (15.38). IR (KBr pellets) ν/cm-1: 3316, 2985, 1600, 1559, 1520, 1459,
1385, 1319, 1276, 1239, 1124, 1039, 980, 856, 821, 807, 788, 702, 606.
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[Ag2(L5v)2](SbF6)2 (4). This complex was prepared in a manner analogous to that of
complex

1

using

silver

hexafluoroantimonate

tetrafluoroborate (AgBF4). Yield:

(AgSbF6)

in

place

of

silver

43.8 mg (69%). Anal Calcd (Found) for

[Ag2(L5v)2](SbF6)2·0.5THF, C38H48N8O4.5Sb2F12 Ag2: C, 33.17 (33.35); H, 3.52 (3.71);
N, 8.14 (8.32). IR (KBr pellets) ν/cm-1: 3420, 1605, 1560, 1519, 1456, 1426, 1390, 1291,
1272, 1245, 1173, 1134, 1030, 860, 820, 806, 798, 779, 702, 636, 606. ESI-MS
(acetonitrile): m/z [Ag2(L5v)2SbF6]+ = 1102 amu. The same crystal packing was obtained
by using silver hexafluorophosphate AgPF6 instead of hexafluoroantimonate AgSbF6.
6.6 Acknowledgement
Text, schemes, tables and figures of this chapter, in part, are reprints of the
materials published in the following paper: Santillan, G. A.; Carrano, C. J. “Self
assembly of silver(I) coordination polymers formed through hdyrogen bonding with a
new ditopic heteroscorpionate ligand” Dalton Trans. 2009, 33, 6599-6605.
6.7 Appendix
Physical Methods. Elemental analyses were performed on all compounds by Numega
laboratories, San Diego, CA. Samples were dried in vacuum prior to analysis. 1H and 13C
NMR spectra were collected on Varian 400 and 600 MHz NMR spectrometers.
Chemical shifts are reported in ppm relative to an internal standard of TMS. IR spectra
were recorded as KBr disks on a ThermoNicolet Nexus 670 FT-IR spectrometer and are
reported in wavenumbers. Electrospray mass spectra (ESI-MS) were recorded in positive
ion mode on an Agilent 6330 Series Ion Trap LC/MS system mass spectrometer equipped
with an ESI source. Samples were dissolved in acetonitrile and eluted with acetonitrile
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containing 0.1% formic acid. Agilent 6330 Series software was used for data acquisition
and plotting. Isotope distribution patterns were simulated using the program IsoPro 3.0.
X-Ray crystal structure characterization. Crystals of complexes 1-4 were mounted on
nylon loops with paratone oil (Hampton Research), and placed in the cold stream (240K)
of a Bruker X8 APEX CCD diffractometer operating at 50 kV and 30 mA using Mo Kα
radiation (λ = 0.71073 Å). Data for the free ligand, L5v, was collected at room
temperature. The structures were solved using direct methods or via the Patterson
function, completed by subsequent difference Fourier syntheses, and refined by fullmatrix least-squares procedures on F2. All non-hydrogen atoms were refined with
anisotropic displacement coefficients and treated as idealized contributions using a riding
model except where noted.

All software and sources of the scattering factors are

contained in the SHELXTL 6.12 program library (G. Sheldrick, Siemens XRD, Madison,
WI).18 Crystallographic data for ligand L5v and silver complexes 1−4 are listed in Table
6.1 and 6.2 and selected bond lengths and angles for all compounds are given in Tables
6.3 and 6.4. CCDC reference numbers 720110 - 720114.

169
Table 6.1 Crystallographic Data and Parameters
[Ag(L5v)2]BF4.THF (1) and [Ag(L5v)2]CF3SO3.THF (2).

Molecular
formula
Fw
Temp (K)
Cryst system
Space group
a (Å)
b (Å)
c (Å)
α (deg)
β (deg)
γ (deg)
V (Å3), Z
µ (mm-1)
δcalc(g/cm3)
F(000)
Size (mm3)
h,k,l
ranges
colled
θ range (deg)
Reflections
collected
Independent
reflections
Parameters
Data/Paramet.
R(F)a
Rw(F2)b
GOFwc
Largest diff
peak and
hole (e/Å3)

a

L5v
C18H24N4O3

for:

Ligand

344.41
298(2)
Triclinic
P-1
7.8522(2)
9.8917(2)
12.2509(3)
80.3380(10)
77.7700(10)
88.9180(10)
916.62(4), 2
0.087
1.248
368
0.5x0.4x0.3
-11→11,
-14→14,
-18→13
2.48-31.77
21884

1
C40H52N8O5BF4
Ag
919.58
240(2)
Monoclinic
P21/c
9.3894(7)
24.7239(18)
18.8870(13)
90
97.518
90
4346.8(5), 4
0.532
1.405
1904
0.4 x 0.2 x 0.1
-10→11,
-30→26,
-23→23
2.18-26.22
42624

2
C41H52N8O8SF
3Ag
981.84
240(2)
Triclinic
P-1
12.3951(10)
12.7251(11)
16.9436(14)
77.654(3)
71.812(3)
62.334(3)
2241.1(3), 2
0.568
1.455
1016
0.3 x 0.2 x 0.2
-15→15,
-16→16,
-18→21
20.2-27.11
41858

6243

8701

9732

235
532
26.56
16.35
0.0886
0.0711
0.2163
0.1507
1.052
1.015
0.422 and - 0.907 and
0.323
0.719

559
17.40
0.0758
0.1319
1.027
- 0.658 and 0.523

R = [Σ|∆F|/Σ|F o |] for [I > 2σ(I)]. b Rw = [Σw(∆F)2/ΣwFo 2] for [I > 2σ(I)]. c Goodness of fit on F2.

(L5v).H2O,
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Table 6.2 Crystallographic Data and Parameters for: [Ag(L5v)2]NO3 (3) and
[Ag2(L5v)2](SbF6)2.2THF (4)

Molecular
formula
Fw
Temp (K)
Cryst system
Space group
a (Å)
b (Å)
c (Å)
α (deg)
β (deg)
γ (deg)
V (Å3), Z
µ (mm-1)
δcalc(g/cm3)
F(000)
Size (mm3)
h,k,l
ranges
colled
θ range (deg)
Reflections
collected
Independent
reflections
Parameters
Data/Paramet.
R(F)a
Rw(F2)b
GOFwc
Largest diff
peak and
hole (e/Å3)

3
C36H44N9O7Ag
822.67
240(2)
Monoclinic
P21/c
9.5688(4)
15.7555(7)
24.7812(12)
90
91.724(2)
90
3734.4(3), 4
0.600
1.463
1704
0.3 x 0.3 x 0.3
-10→10,
-17→17,
-27→27
2.59-23.26
33620

4
C44H58N8O6F12Sb
2Ag2
1482.22
240(2)
Monoclinic
C2/c
15.0535(4)
17.1969(4)
20.9904(6)
90
92.663(2)
90
5428(2), 4
1.789
1.814
2920
0.4 x 0.4 x 0.3
-17→17,
-20→17,
-24→24
2.56-24.93
48734

5359

4737

478
11.21
0.0504
0.1057
1.027
0.485 and
0.334

336
14.09
0.0517
0.1217
1.032
- 2.196 and -1.406
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Table 6.3 Selected Bond Lengths (Å) for: [Ag(L5v)2]BF4.THF
[Ag(L5v)2]CF3SO3.THF (2), [Ag(L5v)2]NO3 (3) and [Ag2(L5v)2](SbF6)2.2THF (4)

Ag(1)-N(1)
Ag(1)-N(1)#1
Ag(1)-N(3)
Ag(1)-N(3)#1
Ag(1)-N(5)
Ag(1)-N(7)
Ag(1)-Ag(1)#1

(1),

1
2
3
4
2.401(3) 2.449(3) 2.368(3) 2.138(4)
2.138(4)
2.260(3) 2.307(2) 2.265(3) 2.126(4)
2.126(4)
2.277(3) 2.385(3) 2.252(3)
2.370(3) 2.344(3) 2.407(3)
3.02336(7)

(1),
Table
6.4
Selected
Angles
(deg)
for
:
[Ag(L5v)2]BF.4.THF
.
[Ag(L5v)2]CF3SO3 THF (2), [Ag(L5v)2]NO3 (3) and [Ag2(L5v)2](SbF6)2 2THF (4)

N(3)-Ag(1)-N(1)
N(5)-Ag(1)-N(1)
N(7)-Ag(1)-N(1)
N(5)-Ag(1)-N(3)
N(7)-Ag(1)-N(3)
N(7)-Ag(1)-N(5)
N(1)#1-Ag(1)-Ag(1)#1
N(3)#1-Ag(1)-Ag(1)#1
N(3)-Ag(1)-N(1)#1

1
82.74(10)
107.80(11)
107.35(10)
153.77(12)
115.41(11)
84.98(11)

2
79.46(9)
159.56(9)
109.00(9)
108.49(9)
126.43(9)
81.89(9)

3
4
84.09(10) 172.98(15)
112.56(10)
110.40(9)
158.40(10)
104.71(10)
82.95(10)
71.29(10)
107.59(10)
172.98(15)
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Silver (I), Copper (II) and Nickel (II) Complexes Ligated by Bis(3trimethylacetamide-5-methylpyrazolyl)methane.
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7.1 Introduction
The understanding of the coordination environment in transition metal complexes
is the fundamental objective in designing ligands and materials in varied fields of
inorganic chemistry such as bioinorganic modeling1, catalysis2, self-assembly of
metallosupramolecular and coordination polymers3. The coordination environment
provided by ligands can give unique and useful properties on their metal complexes.

N
N

N
N

HN

NH
O

O

Figure 7.1 Bis-(3-trimethylacetamide-5-methylpyrazole)methane ligand (L)

One such class of ligands that have been investigated extensively is the
bispyrazolylmethane ligand system, especially in organometallic chemistry4.

Bis

(pyrazolyl)methane CH2(pz)2 constitute a family of flexible bidentate ligands, These kind
of ligand are isoelectronic with the bis(pyrazolyl)borates discovered by Prof.
Trofimenko5. This flexible ligand is able to form a variety of coordination compounds
with main group and transition metals. In particular, the coordination chemistry of copper
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(I) is of increasing interest. Copper complexes with neutral bidentate nitrogen- containing
ligands using bispyrazolyl donors have been published recently6. We synthesized and
characterized more steric hindrance bis(pyrazolyl)methane (Figure 7.1). We have
prepared two mononuclear silver complexes in tetrahydrofuran. There were two reasons
for this choice. The first is that complexes of silver(I) have extensively been reported as
building blocks for the self-assembly of supramolecular coordination polymers of various
dimensionality in the solid state.7 Second silver(I) has been shown to have an extremely
strong preference to coordinate to aromatic nitrogen donors over those of harder oxygen
ligands. Thus, the synthesis and reactivity of silver(I) with nitrogen heterocyclic ligands
have been investigated extensively.8 Particularly relevant is the extensive chemistry of
silver(I) with different bis(pyrazolyl)borate and methanes in which the silver atoms are
invariably coordinated solely through the pyrazole nitrogen of the ligand.9 On the other
hand, we have also developed complexes with divalent metal i.e. Cu (II) and Ni (II) in
methanol. These complexes show completely different coordination environment.
In this work we present the synthesis and characterization of new ligand bis(3trimethylacetamide-5-methylpyrazole)methane (L), two mononuclear silver complexes,
one mononuclear copper complex and one dinuclear nickel complex. The solid-state of
these structures are discussed.
7.2 Results and Discussion
7.2.1 Synthesis and Characterization. This new Bis-(3-trimethylacetamide-5-methyl
pyrazole)methane ligand has been synthesized and the structure determined by 1H,

13

C

NMR and mass spectrometry. In previous work11, we showed that Ag (I) binds the
ditopic heteroscorpionate ligands L3c, L4c and L5v exclusively through the softer
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pyrazole nitrogen donors of the ligand. In this study, the reaction of the bis(3trimethylacetamide-5-methylpyrazole)methane ligand designated L with silver triflate
AgCF3SO3 in tetrahydrofuran solvent, the polymer isolated has a [1Ag: 2L: 1CF3SO3-]
ratio where acidic NH group from functional amide of the ligand engages in hydrogen
bonding with the bridge anion triflate. On the other hand the use of silver
hexafluoroantimonate AgSbF6 as a starting material in tetrahydrofuran results in a
product with similar stoichiometry [1Ag:2L:1SbF6-], but the anion SbF6- are involved in
hydrogen bonding with acidic CH2(pz)2 and NH group from the ligand. In methanol, the
reaction of ligand with copper perchlorate hexahydrate Cu(ClO4)2.6H2O as a metal source
results in a product with stoichiometry [Cu: L: ClO4-]. The situation is different when
nickel perchlorate hexahydrate Ni(ClO4)2.6H2O is used in methanol, a dinuclear species
is isolated with stoichiometry [2Ni: 2L: 2ClO4-].
7.3 Solid-state structure and Crystal Packing
7.3.1 Silver complexes
The thermal ellipsoid diagrams for the complexes [AgL2]CF3SO3 (1), [AgL2]SbF6 (2),
are depicted in Figures 7.2 and 7.3 respectively. Select bond and angles for complexes 1
and 2 are shown in table 2 and 3. The reaction of bis-(3-trimethylacetamide-5methylpyrazole)methane ligand (L) with silver trifluoromethanesulfonate (AgCF3SO3)
and silver hexafluoroantimonate (AgSbF6) smoothly yielded complexes with a ratio of
1Ag: 2L: Anion. The mononuclear unit of silver complex (1) does not possess a
crystallographic inversion center while the crystal structure of (2)

reveals that the

molecular entity possess a crystallographic inversion center making only one-half of the
silver monomer unique. In these complexes the silver Ag(I) show the same environment
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about silver cation center, which is coordinated by four nitrogen pyrazole of the chelating
ligand (L) in a pseudo see-saw geometry with a structural index parameter (τ4)12 of 0.60
(Complex 1 and 2). The dihedral angle between N(1)-Ag(1)-N(3) and N(5)-Ag(1)-N(7)
planes are 77.07° in (1). While the dihedral angle between N(1)-Ag(1)-N(1) and N(3)Ag(1)-N(3) planes are 76.16° in (2), all of which are much closer to the 90° angle
expected of a tetrahedron, than the 0° expected for the alternate square planar. The largest
N(3)-Ag-N(5) angles vary from 169° in (1) to 166° in (2). The remaining angles are in
the range between 82° to 108°. Silver nitrogen bond lengths are asymmetric with most
values failing between 2.39 and 2.47 Ǻ in complex (1) while silver nitrogen bond lengths
are symmetric with values 2.42 Ǻ.
The crystal packing architecture of (1) is shown in Figure 7.2 and consists of
hydrogen bonding between the acidic NH group of ligand on adjacent molecules bridged
through an uncoordinated triflate counter ion (av. N…H…O separation 2.27 and 2.36 Ǻ).
For complex 2, as was the case for 1, the crystal packing in 2 reveals that the SbF6anions take part in hydrogen bonding interactions that support the assembly by bridging
between the acidic CH2(pz)2 and NH group from ligand. The CH…F bonds are in the
range of 2.62 Ǻ while N...H...F distance is 2.54 Ǻ. (Figure 7.3)
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Figure 7.2 Thermal ellipsoid diagram with 50% probability of [AgL2]CF3SO3 (1) showing atomic
labeling. Crystal packing diagram for [AgL2]CF3SO3. Hydrogen bonding are shown as dotted
lines. Solvent molecules have been omitted for clarity.
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Figure 7.3 Thermal ellipsoid diagram with 50% probability of [AgL2]SbF6 (2) showing atomic
labeling (top). Crystal packing diagram for [AgL2]SbF6 as seen along crystallographic c axis
(bottom). Hydrogen bonds (F…H…O) and (CH…F) are shown as dotted lines. Solvent molecules
have been omitted for clarity
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7.3.2 Copper complex. [Cu(L)CH3O]ClO4 (3) An ORTEP representation of (3) is shown
in Figure 7.4, while selected bond lengths and angles are listed in Table 2 and 3. This
structure crystallizes in space group triclinic P-1. The copper atom is five coordinate with
a structural index parameter (τ5)13 of 0.10 and can be described as having a distorted
square pyramidal geometry, where the two nitrogen and two oxygen donors of the
chelating ligand (L) occupy the four positions of the basal plane, while one methoxide
CH3O molecule is 2.3 Ǻ away in the apical position. The Cu atom sits 0.172 Ǻ out the
mean N1, N3, O1, O2 plane. Because the complex is cationic, there is perchlorate in the
lattice that functions as a counter ion and is involved in hydrogen bonding interactions
with NH and CH group from chelating ligand. The NH…O bonds distance is 2.25 Ǻ while
the CH…O distance are in the range of 2.60 Ǻ
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Figure 7.4 Thermal ellipsoid diagram with 50% probability of [CuLCH3O]ClO4(1) showing
atomic labeling (top). Hydrogen atoms have omitted for clarity. Crystal packing diagram of (3) as
seen along the crystallographic a axis (bottom).

7.3.3 Nickel complex [Ni2(L)2OH]ClO4 (4) Single crystal X-ray diffraction studies on
the complex (4) reveal that possess a crystallographic center of inversion making only
one-half of this dimeric structure unique (Figure 7.5). In this dinuclear unit, the two
nickel atoms are both six coordinate and can be described as having pseudo octahedral
geometry where 2 nitrogen pyrazol of the chelating ligand and 1 oxygen from methoxide
constituting one face of the octahedron. The other face is forming by 2 oxygen bridge and
1 oxygen of the chelating ligand. The N(1)-M(1)-N(3) and average Npz-M(1)-O(7) bond
angles are 90.55° and 95.5°, respectively. There is slightly deviation of bond angles from
the 90° expected for idealized octahedral geometry. The remaining bond distances and
angles are unremarkable.
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Figure 7.5 Thermal ellipsoid diagram with 50% probability of [Ni2L2O2]ClO4 (1) showing atomic
labeling. Hydrogen atoms have omitted for clarity.

7.4 Conclusion
In summary this new steric hindrance bispyrazolylmethane ligand L has
demonstrated the ability to yield a series of new complexes with different coordination
environment and showing mononuclear and dinuclear species. Solid-state interactions
show the strong hydrogen bonding are involved in the crystal packing of these
complexes. Future work will explore the potential application as catalyst of these new
complexes
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7.5 Experimental Section
Materials. All chemicals and solvents used during the synthesis were reagent grade.
Caution: Perchlorate salts are dangerous (especially if they are dry) and should be
handled with care.
Ligand Synthesis. Bis-(3-trimethylacetamide-5-methylpyrazole)methane (L). 11.0 g
3-amino-5-methylpyrazol was dissolved into 200 ml of dry acetonitrile. 61g of potassium
carbonate was added at once. 13.7 ml of trimethylacetyl chloride were added dropwise to
the solution. The solution was stirred at room temperature for 90 minutes. Additional
13.7 ml of trimethylacetyl chloride were added dropwise and the solution heated to reflux
for 3.5 hours. The solution was cooled to room temperature and 13.7 ml of
trimethylacetyl chloride were added dropwise. The solution was reheated to reflux over
night. Then the solution was cooled to room temperature and water was added to the
mixture. The acetonitrile was evaporated off and the remaining water solution was
extracted with dichloromethane. The organic layer was washed with water and potassium
carbonate solution until neutral. The solution was dried over sodium sulfate and the
dichloromethane was evaporated resulting in white solid (monoacetylated) (11.6g 40%)
and reddish oil (diacetylated) (1.5 g). White solid (monoacetylated): 1H-NMR (CDCl3)
1.30 ppm (s, 9H), 2.29 ppm (s, 3H, 6.45 ppm (s, 1H0, 7.83 ppm (s, 1H); Reddish oil
(diacetylated): 1H-NMR (CDCl3) 1.31 ppm (s, 9H), 1.50 ppm (s, 9H), 2.23 ppm (s, 3H),
6.67 ppm (s, 1H), 11.01 ppm (s, 1H).
To a dichloromethane solution (500ml) of 3-trimethylacetamido-5-methylpyrazole (5.0
g,

0.028moles)

was

added

the

phase

transfer

reagent

tetrabutylammonium
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hydrogensulfate (700 mg, 2.06 mmole), followed by 100ml of 50% (w/v) NaOH solution.
The solution was refluxed for 48 hours, and extracted into CH2Cl2. Following solvent
removal the crude product was recrystalized in acetonitrile (Scheme 7.1). The white
product was collected by filtration to yield 0.54 g (10.5%).
1

H-NMR (DMSO-d6) δ 9.63 (s, 2H, -NH), 6.31 (s, 2H, pz-H), 6.01 (s, 2H, -CH2), 2.43 (s,

6H, pz-CH3), 1.16 (s, 18H, -C(CH3)3). 1H-NMR (CDCl3) δ 7.75 (s, 2H, -NH), 6.54 (s,
2H, pz-H), 5.90 (s, 2H, -CH2), 2.43 (s, 6H, pz-CH3), 1.27 (s, 18H, -C(CH3)3). 13C-NMR
(DMSO-d6) δ 175.89, 147.30, 139.63, 98.52, 5875, 38.73, 27.05, 10.96. ESI-MS: m/z,
375.5 amu [M+H]+

O
HN
N
HN

N

Cl
N

CH2Cl2

N

N

N

CH3CN
NH 2

NH
O

TBAHSO4/NaOH

HN

NH
O

O

Scheme 7.1 Synthesis of bis-(3-trimethylacetamide-5-methylpyrazole)methane ligand (L)

Silver Complexes
[AgL2]CF3SO3 (1). A tetrahydrofuran solution (4 ml) of ligand L (38.5 mg, 0.102 mmol)
was added to a tetrahydrofuran (4 ml) solution of silver triflate (13.2 mg, 0.051 mmol),
the mixture covered with aluminum foil, and stirred for 2 min. The colorless solution was
layered with hexanes at room temperature and X-ray quality crystals were obtained after
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a period of 2 days. Yield: 35.5 mg (68 %). Anal. Calcd (Found) for [AgL2]CF3SO3,
C39H60N12O7F3SAg, C: 46.57 (46.42), H: 6.01 (5.80), N: 16.71 (16.67). IR (KBr pellets)
ν/cm-1: 3450, 2979, 1690, 1615, 1562, 1459, 1421, 1385, 1321, 1294, 1258, 1184, 1095,
1042, 960, 876, 801, 758, 710, 623
[AgL2]SbF6 (2). This complex was prepared in a manner analogous to that of complex 1
but using silver hexafluoroantimonate (AgSbF6) in place of silver triflate (AgCF3SO3).
Yield: 26.25 mg (45%). Anal Calcd (Found) for [AgL2]SbF6, C38H60N12O4F6SbAg, C,
41.77 (41.67); H, 5.54 (5.38); N 15.38 (15.24). IR (KBr pellets) ν/cm-1: 3417, 2923,
1660, 1612, 1559, 1463, 1418, 1389, 1310, 1260, 1115, 1034, 879, 851, 797, 768, 712.
Copper complex
[Cu(L)CH3O]ClO4 (3). A methanol solution (4 ml) of ligand L4c (41.5 mg, 0.11 mmol)
was added to a methanol solution (3ml) of copper perchlorate hexahydrate
Cu(ClO4)2.6H2O (20.53 mg, 0.055 mmol), the mixture was stirred for 2 min. The
resulting solution was left to stand at room temperature and green crystals were obtained
after 2 weeks. Yield:

28 mg (44.4%). Anal Calcd (Found) for [CuLCH3O]ClO4,

C20H33N6O7ClCu, C, 42.25 (42.11); H, 5.85 (5.68); N 14.78 (14.62). IR (KBr pellets)
ν/cm-1: 3420, 2915, 1640, 1616, 1554, 1451, 1422, 1376, 1250, 1105, 1025, 880, 861,
790, 710.
Nickel complex
[Ni2(L)2(CH3O)2]ClO4 (4). This complex was prepared in a manner analogous to that
complex 3 using nickel perchlorate hexahydrate Ni(ClO4)2.6H2O in place of copper
perchlorate hexahydrate Cu(ClO4)2.6H2O. The solution was left to stand at room
temperature; blue crystals were obtained after a period of 10 days. Yield: 34 mg (46%).
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Anal Calcd (Found) for [Ni2L2O2]ClO4, C20H34N6O8ClNi, C, 41.37 (41.31); H, 5.90
(5.78); N 14.47 (14.52). IR (KBr pellets) ν/cm-1: 3425, 2930, 1650, 1620, 1544, 1441,
1420, 1366, 1230, 1100, 1035, 860, 780, 710.
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7.7 Appendix
Physical Methods. Elemental analyses were performed on all compounds by Numega
labs, San Diego, CA. All samples were dried in vacuum prior to analysis. 1H and

13

C

NMR spectra were collected on Varian 400 and 600 MHz NMR spectrometers.
Chemical shifts are reported in ppm relative to an internal standard of TMS. IR
spectra were recorded as KBr disks on a ThermoNicolet Nexus 670 FT-IR
spectrometer and are reported in wavenumbers. Solution studies were carried out in
Wilmad coaxial NMR tubes in either chloroform with TMS as the internal standard.
Electrospray mass spectra (ESI-MS) were recorded on an Agilent 6330 Series Ion
Trap LC/MS system mass spectrometer equipped with an ESI source. A HP with
Agilent 6330 Series software was used for data acquisition and plotting. Isotope
distribution patterns were simulated using the program IsoPro 3.0.
X-ray Crystallography. Crystals of complexes 1-4 data were mounted using nylon loops
and paratone oil (Hampton Research), and placed in the cold stream of a Bruker X8
APEX CCD diffractometer operating at 50 kV and 30 mA using Mo Kα radiation (λ =
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0.71073 Å).

The structures were solved using direct methods or via the Patterson

function, completed by subsequent difference Fourier syntheses, and refined by fullmatrix least-squares procedures on F2. All non-hydrogen atoms were refined with
anisotropic displacement coefficients and treated as idealized contributions using a riding
model except as noted. Due to potentially complex hydrogen bonding interactions,
idealized generation of hydrogen atoms on some of the solvent molecules was deemed
inappropriate and thus their contributions were ignored unless such atoms could be
unambiguously located on final difference maps in which case they were subsequently
refined to ride on their respective heavy atom. All software and sources of the scattering
factors are contained in the SHELXTL 6.12 program library (G. Sheldrick, Siemens
XRD, Madison, WI).10 Crystallographic data for 1−4 are listed in Table 7.1 and selected
bond lengths and angles for all compounds are given in Table 7.2 and 7.3.
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Table 7.1 Crystallographic Data and Parameters for: [(AgL2]CF3SO3 (1), [AgL2]SbF6
(2), [Cu(L)CH3O]ClO4 (3) and [Ni2L2OH](ClO4)2 (4)

Molecular
formula
Fw
Temp (K)
Cryst system
Space group
a (Å)
b (Å)
c (Å)
α (deg)
β (deg)
γ (deg)
V (Å3), Z
µ (mm-1)
δcalc(g/cm3)
F(000)
Size (mm3)
h,k,l
ranges
colled
θ range (deg)
Reflections
collected
Independent
Reflections
Parameters
Data/Paramet.
R(F)a
Rw(F2)b
GOFwc
Largest diff
peak and
hole (e/Å3)

a

1
C47H56N12O9SF3Ag

2
C46H76N12O6SbF6Ag

3
C40H40N8O8ClCu

4
C40H40N8O8ClNi

1129.97
240(2)
Monoclinic

1236.81
240(2)
Monoclinic

859.79
240(2)
Triclinic

854.96
240(2)
Monoclinic

C2/c
48.411(5)
10.0356(10)
23.932(2)
90
106.022(9)
90
11175.5(19), 8
0.469
1.343
4672
0.3 x 0.3 x 0.2
-59→59,
-12→10,
-28→29
2.12-25.95
92389

C2/c
29.650(3)
10.0843(8)
23.632(2)
90
125.468(3)
90
5754.8(9), 4
0.882
1.428
2544
0.2 x 0.1 x 0.1
-39→40,
-13→13,
-32→29
2.19-28.97
50669

P-1
10.8870(13)
13.3141(16)
20.564(3)
97.996(8)
99.788(8)
113.806(5)
2615.2(6), 3
0.775
1.638
1338
0.2 x 0.2 x 0.3
-14→14,
-18→17,
-27→28
1.03-29.05
52354

C2/c
13.2830(4)
16.3264(6)
14.4565(5)
90.00
115.9160(10)
90.00
2819.81(17),3
0.654
1.510
1335
0.1 x 0.2 x 0.2
-12→15,
-18→19,
-17→17
1.74-25.43
5191

10888

7586

9287

3969

674
16.15
0.0770
0.1617
1.013
1.503 and -0.520

335
22.64
0.0871
0.2136
1.030
1.337 and -0.786

649
14.30
0.0764
0.2482
1.102
1.335 and -0.82

352
11.27
0.0910
0.2963
1.020
1.450 and -0.890

R = [Σ|∆F|/Σ|Fo|] for [I > 2σ(I)]. b Rw = [Σw(∆F)2/ΣwFo2] for [I > 2σ(I)]. c Goodness of fit on F2.
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Table 7.2 Selected Bond Lengths (Å) for: [(AgL2]CF3SO3 (1) and [AgL2]SbF6 (2).

Ag(1)-N(1)
Ag(1)-N(1)#1
Ag(1)-N(3)
Ag(1)-N(3)#1
Ag(1)-N(5)
Ag(1)-N(7)

1
2
2.469(3) 2.415(3)
2.415(3)
2.395(3) 2.433(3)
2.433(3)
2.410(3)
2.471(3)

Table 7.3 Selected Angles (deg) for : [(AgL2]CF3SO3 (1) and [AgL2]SbF6 (2).

1
2
N(3)-Ag(1)-N(1)
82.48(9)
82.63(11)
N(5)-Ag(1)-N(1)
104.70(10)
N(7)-Ag(1)-N(1)
169.38(10)
N(5)-Ag(1)-N(3)
106.41(11)
N(7)-Ag(1)-N(3)
103.13(10)
N(7)-Ag(1)-N(5)
82.56(10)
N(1)#1-Ag(1)-N(3)#1
82.63(11)
N(1)#1-Ag(1)-N(3)
105.12(11)
N(1)-Ag(1)-N(3)#1
105.12(11)
N(1)#1-Ag(1)-N(1)#1
108.85(16)
N(3)-Ag(1)-N(3)#1
166.92(15)

192
7.8 References
[1] Faller, P.; Hureau, C. Dalton Trans. 2009, 1080. (b) Bevers, L. E.; Hagedoorn, P.-L.;
Hagen, W. R. Coord. Chem. Rev. 2009, 253, 269. (c) Brown, D. R.; Kozlowski, H.
Dalton Trans. 2004, 1907.
[2] (a)Grützmacher, H. Angew. Chem. Intl. Ed. 2008, 47, 1814. (b)Amijs, C. H. M.;
Klink, G. P. M. v.; Koten, G. v. Dalton Trans. 2006, 308.
[3] (a) Cooke, M. W.; Chartrand, D.; Hanan, G. S. Coord. Chem. Rev. 2008, 252, 903. (b)
Zhao, H.; Qu, Z.-R.; Ye, H.-Y.; Xiong, R.-G. Chem. Soc. Rev. 2008, 37, 84.
[4] (a) Zhou, Y.; Chen, W.; Wang, D. Dalton Trans. 2008, 1444. (b) Tan, R.-Y.; Hong,
J.; Du, M.; Tang, L.-F. J. Organomet. Chem. 2007, 692, 1708. (c) Otero, A.;
Fernandez-Baeza, J.; Antinolo, A.; Tejeda, J.; Lara-Sanchez, A.; Sanchez-Barba, L.
F.; Sanchez-Molina, M.; Rodriguez, A. M.; Bo, C.; Urbano-Cuadrado, M.
Organometallics 2007, 26, 4310. (d) Arroyo, N.; Gómez-de la Tore, F.; Jalón, F. A.;
Manzano, B. R.; Moreno-Lara, B.; Rodríguez, A. M. J. Organomet. Chem. 2000, 603,
174−184. (e) Tang, L.-F.; Zhao, S.-B.; Jia, W.-L.; Yang, Z.; Song, D.-T.; Wang, J.-T.
Organometallics 2003, 22, 3290−3298.
[5] Trofimenko, S. Scorpionates: The Coordination Chemistry of Polypyrazolylborate
Ligands, Imperial College Press, London, UK 1999.
[6] (a) Fujisawa, K.; Noguchi, Y.; Miyashita, Y.; Okamoto, K.-i.; Lehnert, N. Inorg.
Chem. 2007, 46, 10607. (b) Himes, R. A.; Park, G. Y.; Barry, A. N.; Blackburn, N.
J.; Karlin, K. D. J. Am. Chem. Soc. 2007, 129, 5352−5353. (c) Chou, C.-C.; Su, C.C.; Tsai, H. -L.; Lii, K. -H. Inorg. Chem. 2005, 44, 628−632. (d) Chou, C.; Su, C. -C.;
Yeh, A. Inorg. Chem. 2005, 44, 6122−6128.
[7] (a) Chen, C.; Kang, B.; Su, C. Aust. J. Chem. 2006, 59, 3-18. (b) Khlobystov, A. N.;
Blake, A. J.; Champness, N. R.; Lemenovskii, D. A.; Majouga, A. G.; Zyk, N. V.;
Schroder, M. Coord. Chem. Rev. 2001, 222, 155-192.
[8] (a) Bu, X.-H.; Chen, W.; Hou, W.-F.; Du, M.; Zhang, R.-H.; Brisse, F. Inorg. Chem.
2002, 41, 3477. (b) Oh M.; Stern, C. L.; Mirkin, C. A. Chem. Commun. 2004, 2684.
(c) Blake, A. J.; Champness, N. R.; Cooke, P. A.; Nicolson, J. E. B. Chem. Commun.
2000, 665. (d) Min, K. S.; Suh, M. P. J. Am. Chem. Soc. 2000, 122, 6834. (e)
Seward, C.; Chan, J.; Song, D.; Wang, S. Inorg. Chem. 2003, 42, 1112.
[9] (a) Reger, D. L.; Semeniuc, R. F.; Rassolov, V.; Smith, M. D. Inorg. Chem. 2004,
43, 537 (b) Reger, D. L.; Gardinier, J. R.; Smith, M. D. ; Inorg. Chem. 2004, 43,
3825-3832. (c) Reger, D. L.; Watson, R. P.; Gardinier, J. R.; Smith, M. D.; Inorg.
Chem. 2004, 43, 6609-6619. (d) Reger, D. L.; Watson, R. P.; Smith, M. D. Inorg.
Chem. 2006, 45, 10077-10087. (e) Reger, D. L.; Foley, E. A.; Semeniuc, R. F.;
Smith, M. D. Inorg. Chem. 2007, 46, 11345-11355. (f) Calhorda, M. J.; Costa, P. J.;

193
Crespo, O.; Gimeno, M. C.; Jones, P. G.; Laguna, A.; Naranjo, M.; Quintal, S.; Shi,
Y.-J.; Villacampa, M. D. Dalton Trans. 2006, 34, 4104-4113. (g)Dias, H. V. R.;
Wang, X. Dalton Trans. 2005, 18 2985-2987. (h) Pellei, M.; Alidori, S.; Papini, G.;
Lobbia, G. G.; Gorden, J. D.; Dias, H. V. R.; Santini, C. Dalton Trans. 2007, 42,
4845-4853.
[10] (a) Bruker AXS Inc. APEXII software, Version 6.12; Bruker AXS Inc.: Madison,
Wisconsin, U.S.A., 2004. (b) G. M. Sheldrick, SHELXTL, Program for X-ray Crystal
Structure Refinement; University of Göttingen: Göttingen, Germany, 2000.
[11] (a) Santillan, G. A.; Carrano, C. J. “Self-Assembly of Silver(I) Coordination
Polymers Formed through Hydrogen Bonding with Ditopic Heteroscorpionate
Ligands” Cryst. Growth & Des. 2009, 9, 1590-1598. (b) Santillan, G. A.; Carrano,
C. J. “Self Assembly of Silver (I) Coordination Polymers formed through hydrogen
bonding with New Ditopic Heteroscorpionate Ligand: L5v” Dalton Trans. 2009, 33,
6599-6605.
[12] Yang, L.; Powell, D. R.; Houser, R. P. Dalton Trans. 2007, 955.
[13] A. W. Addison, T. N. Rao, J. Reedijk, J. Rijn and G. C. Verschoor, J. Chem. Soc.,
Dalton Trans., 1984, 1349–1356

VIII. Synthesis of Chiral ditopic heteroscorpionate ligand derived from chiral
camphorpyrazole and Self assembly of chiral coordination polymers
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8.1 Introduction
Chirality is widespread in nature and is expressed ubiquitously in the most
abundant forms of matter. The design and synthesis of self-assembled and chiral
supramolecular architectures is inspired by the stunning variety of noncovalently linked
ensembles that are found in nature such as DNA molecules, enzymes and proteins.
The existence of chirality in nature is of particular importance in numerous
recognition processes. For instance in the medical sciences, one enantiomer is
pharmaceutically active whereas the other may show adverse side effects. This
consideration shows the importance of chiral discrimination in the production of
biologically active materials.
The design of routes to asymmetric synthesis presents an active challenge.
Enantiopure tripod bis(pyrazolyl)methane derived ligands have been reported by Otero
and coworkers. Enantiopure facially binding tripod ligands from C2 symmetric
precursors have synthesized without any additional separation of enantiomers or
diastereomers. Currently, we are working on developing pure enantiomeric coordination
polymers based on chiral ditopic heteroscorpionate ligands which can be used for
enantioselective separations.
8.2 Experimental Section
8.2.1 Synthesis of (R)-camphorpyrazol. 14.11 g of 35% potassium hydride in mineral
oil suspension previously washed with hexanes and transferred to 1 liter flask (4.94 g
0.12 mol) in 30 ml of tetrahydrofuran. 4.61 g (0.03 mol) of R-camphor is added in five
equal portions with stirring over 30 min period. The addition is accompanied by the
vigorous evolution of hydrogen. Finally 18.00 ml of anhydrous ethyl formate is added in
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three equal portions over 12-h period. The reaction is very midly exothermic and the
solid which is deposited makes stirring somewhat difficult. Following the addition of the
last portion of ethyl formate, the mixture is stirred at room temperature for 24 h.
The mixture is quenched by careful addition of 5 ml of methanol and the solvent is
removed on a rotary evaporator. Water (200 ml) is added to dissolve the solid and
mixture is extracted with 3 x 50 ml of ethyl ether (to remove the mineral oil and any
neutral organic by products). The aqueous layer, which contains the potassium salt of the
product, is acidified to pH = 1 with hydrochloric acid 6M. An oil separated which was
extracted with Et2O, the extracts were dried with MgSO4 and the solvent was removed
under reduced pressure to afford 3-(hydroxymethylene)-1,7,7-trimethylbicyclo[2,2,1]
hexan-2-one as a pale tan solid. This compound is purified by redissolving with NaOH
0.5M and sonicate the solution, and then acidified with HCl 6M. A voluminous light
yellow precipitate comes out of solution and the mixture is placed in the refrigerator (ca
5°C) overnight. The product is isolated by filtration and dried to afford 4.8 g (80%).
A solution of the above yellow solid 3.0 g (0.016 mol) and hydrazine hydrate 1.6
ml (0.020 mol) in methanol 50 ml was refluxed for 18 h. Solvent was removed under
reduced pressure by using a rotary evaporator. The crude product is purified by
dissolving the solid in HCl 2M and sonicate the solution, then precipitate by using NaOH
1M. The crystalline solid is filtered and washed with hexanes to afford 4.2 g (85%).1
(Figure 8.1)
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Figure 8.1 Synthesis of chiral pyrazol
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8.2.2 Synthesis of chiral and achiral ditopic heteroscorpionate ligands.
Bis[(+)-camphorpyrazolyl]ketone was prepared according to the procedure
described by Burzlaff and co-workers.2 (Figure 8.2)

Figure 8.2 Synthesis of chiral and non-chiral ditopic heteroscorpionate

8.3
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