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Abstract

This thesis describes synthesis. structural and magnetic properties of high

ity cluster s self. from poly lkoxo-d ligands. In
Chapter 1. clusters and self-assembly have been briefly reviewed. In Chapter 2.
synthesis. characterization. X-ray structures and the magnetic properties of three
trinuclear copper(Il) complexes are described. These compounds exhibit moderate to
strong antiferromagnetic coupling as a result of superexchange via the N-N linkages. The
magnetic properties are explained on the basis of large rotational angles of the copper
magnetic planes about the diazine bridges. In Chapter 3. four predominantly square grid

Ma(p-0)s (M = Cu(Il). Ni(Il) and Co(II)) complexes and a rectangular Mn(N-N),0: grid

complex are sy ized and v ized by X-ray i The square
[2<2] copper(Il) cluster exhibits intramolecular ferromagnetic spin exchange. associated
with the orthogonal alkoxide bridging arrangement and the close proximity of the copper
centers. Both the Niy(u-O)s and Cos(u-O): clusters are antiferromagnetically coupled
due to the large M-O-M angles and for the rectangular Mny complex the exchange is
dominated by antiferromagnetic coupling via the N-N bridge. Chapter 4 describes the
ligand paoh. which has two widely separated tridentate (N;0) terminal coordination
pockets. and uncoupled square [2x2] Fe(il); grid complex. Replacement of the NHx
groups with 2-pyridyl residues gives the ligand dpkoh with the additional coordination
capacity of an exo-N; coordination pocket, leading to an octanuclear metallacyclic cluster

complex [Nig(dpkoh-2H)s(H20)3)(Cl10s)s-4H20. in which eight nickel(II) centers are



bridged just by the diazine N-N single bond. Substantial antiferromagnetic coupling
exists between the nickel(Il) ions throughout the metallacycle. In Chapter 3. the
synthesis. structural characterization and magnetism studies of [3*3] Mn¢II) and Cu(Il)
nanonuclear square grid complexes are described. The Mn(IIx systems exhibit intra-
molecular antiferromagnetic coupling. while for the Cu(Il)s complexes ferromagnetic
exchange is observed with an S = 7'2 ground state. The aggregation of nine octahedral
Mnt(ID and Cu(Il) centers (fifty four coordination positions) into an alkoxo-bridged.
portcullis-like [3x3] grid by six heptadentate 2poap ligands (fifty four donor positions) is

a unique example of a self assembly process.
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Chapter 1. General Introduction

1.1 Clusters in Proteins

Itis well known that nature can use metal ions to perform a wide variety of
specific functions associated with life processes. e.g. dioxygen transport. electron
transfer. or structural roles. etc. "' Many metal ions form mononuclear complexes when
they coordinate to the binding sites in proteins. e.g. Fe(Il) in hemoglobin. but sometimes.
more complicated metal-containing units. inorganic metal clusters. are required to
achieve certain specific functions in metalloproteins. A few examples have been found in
proteins. Iron-sulfur clusters (e.g. FesSy cluster. Figure 1-1). in which iron ions are
bridged by simple sulfur atoms or sulfur from the side-chain thiolate of cysteine. are
typical examples. Iron-sulfur cluster proteins have been found to facilitate electron

transfer as well as dinitrogen reduction. Structural studies of the nitrogenase proteins

have revealed that ni consists of two proteins. the MoFe-protein and

Fe-protein that together contain three distinct types of redox centers: two unusual Fe-S
clusters. the FeMo-cofactor (Figure 1-2) and P-cluster pair. located within the MoFe-

protein. and a single Fe,S: cluster bound to the Fe-protein.*! Nature has designed a

cavity in the interior of the FeMo-cofactor that could be used to accommodate only Na.
which is potentially small enough to fit in the cavity unlike other substrates. and then is
reduced to ammonia or other intermediates.

A more dramatic example of the occurrence of polynuclear clusters in biology is

the iron-storage protein ferritin.""! Ferritin is a protein that stores iron and releases it ina

controlled fashion. Ferritin has the shape of a hollow sphere. Iron is stored in the Fe(IIl)
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Figure 1-2. i ion of FeMo-cof:

oxidation state. as ferrihydrite. [FeO(OH)Js[FeO(H:PO.)] . which is attached to the inner
wall of the sphere. To release iron when the body needs it. the iron must be changed
from the Fe(III) to the Fe(II) oxidation state. The iron then leaves through channels in
the spherical structure. Thus. the structure of ferritin is extremely important for the

protein’s ability to store and release iron in a controlled fashion. Structural studies on the

ferritin core by a variety of i i show that

iron(11) ions are bridged by oxide and /or hydroxide. The mechanism of the ferritin core

assembly has been studied by examination of its model complexes. A series of high-

o <
nuclearity iron oxo cluster eg. H, 1

el 1, dod 0} 1 and octad s)




Fe(III) cluster complexes have been reported as ferritin models. The highly symmetrical
Fe(I11),5 ring cluster (Figure 1-3a)is the largest cyclic ferric cluster reported so far. in
which iron(I11) ions are bridged by the alkoxide (from both the primary ligand XDK
(where XDK is the dianion of m-xylylenediamine bis(Kemp's triacid imide) '™ (Figure

1-3b) and acetate) and hydroxide.

Figure 1-3. Structural representation of a Fe|g wheel cluster core (a) and its primary

ligand XDK (b). (Phenyl groups are omitted for clarity.)

1.2 Clusters and Single-Molecular Magnets

The magnetic ies of large p I | have attracted
much attention in the last decade after the discovery of the new magnetic phenomenon of

lecul ism”. Single molecular magnets (SMM) are molecules that can

I
gl

act as small magnets themselves and have the properties of bulk magnets. The first



SMM. [Mn;;0y>° (CH:C00);6(H20):]-2CH:COOH-4H:0 (Mn;2Ac) was reported one
decade ago. '""'! Mn;>Ac has been observed with an S = 10 ground-state split by zero-
field splitting and slow relaxation of the magnetization. the so-called hysteresis effect.
which is well-known in bulk magnets, but first found of molecular origin.""** Such
molecule-based magnets do not have real applications at the present time. since very few
of the known molecule-based systems possess the key characteristic: retaining their
magnetism well above room temperature. However, a few recent reports of molecule-
based magnets with magnetic ordering temperature (i.e. Curie temperature, T.) above
room temperature. even above 100°C. 113 may make feasible the construction of the

ultimate high-density information storage devices in the IT industry.

Figure 1-4. Structural representation of the core [Mnj2Ac] cluster.



There are two basic requirements in order for a molecule to function as a SMM.
First, the ground state of the molecule should have a large spin S: and second. there needs
to be considerable negative magnetic anisotropy present, which is derived from zero-field

splitting in the ground state of a SMM.""¥! In addition to Mnj2Ac, a number of

y related d cluster showing SMM

have been ch ized with the position [Mn;20,2(0:CR)1s(H20)s] (R =

-Et, ' —CeHs, 1 -CHi-2-C1, ') -CeHs-2-Br, " etc. [Mins(OH):Cly(hmp)o]™*
(Hhmp=2-hydroxymethylpyridine; $>10) !'” and [Mny(O;CMe),(Hpdm)g][CIOs ]
(Hapdm=pyridine-2.6-dimethanol; S=8) 18] etc. have also been found to behave as single
molecular magnets. Recently. a few vanadium 1 chromium 12! (Cry; cluster'™,
Figure 1-5) and iron 1323251 clusters have also been found to exhibit similar properties.

with one iron(I1) cluster having 33 unpaired electrons. !

Figure 1-5. Structural representation of a Cry; cluster.



Usually the yield of such cluster syntheses is low. and it is difficult to predict in
advance the clusters” topologies and structures. and even more difficult to then achieve a
deliberate synthesis of high-spin ground state clusters. !'”! Can we predict the topologies
and structures of clusters and synthesize them in high yield? Fortunately we can do it by

self-assembly.

1.3 Self-Assembly and Clusters

Self- bly and self-organization are well-k terms and have mainiy been

studied in physics and in biology. 1227 Non-covalent interactions (hydrogen bonding
and other weak reversible interactions with bond energies ca. 0.6 - 7 Kcal mol™) play a
leading role in controlling the secondary and tertiary structures of natural
macromolecules.

Lehn defined self-assembly in chemistry as: “Supramolecular self-assembly concemns
the spontaneous association of either a few or many components resulting in the
generation of either discrete oligomolecular supramolecules or of extended poly-
molecular assemblies such as molecular layers. films. membranes. etc. The formation of

results from the recognition-directed iation of a well-

defined and limited number of molecular components under the intermolecular control of

the non-covalent interations that hold them together.” ** These non-covalent
interactions. such as hydrogen bonds. aromatic-stacking. and polar and van der Waal's
interactions. are the ones that bring molecules together into complex compounds. While

to

bonds can be i to have i i ies when



covalent bonds (strong and kinetically inert) and the interactions of biology (weak and
kinetically labile). Therefore. they offer unique opportunities to generate securely
fastened compounds having distinctive and elaborate architectures using a self-assembly
process. Indeed. many fascinating architectures. for example. helicates. grids. racks.
ladders. triangles. squares. hexagons and other polygons. various polyhedra’boxes.
cylinders. rods. metallo-dendrimers. rotaxanes. catenanes. knots, etc. have been
documented in the past decade.”™*! Among these different types of superstructures.
entities in which metal ions are arranged in a grid-type fashion are of special interest. in

particular in view of their possible incorporation into information storage devices.""!

Self-assembly provides a new for synthesi d d

topologies and cluster structures. Lehn et al. have reported a few [nxn] n® grid clusters

self-assembled from rigid. linear polytopic ligands in very high yield. which include a

[2x2] Cu(ll); square grid *'! (Figure 1-6) and a [3x3] [Ag(l)sLs]’" grid (Figure 1-7).
g

1.4 Open-chain N-N Diazine Ligands and Self-assembled Clusters
The diazine (N-N) moiety in heterocyclic ring systems is rigidly fixed **), while the
N-N linkage in open-chain systems containing the N-N single bond is much more

flexible. Ligands containing such groups have been found to form mononuclear, *~ 71

dinuclear. "*~*! trinuclear. ! and tetranuclear "**! copper(ll) complexes. Recent studies
on spiral dinuclear copper(ll) complexes (e.g. Figure 1-8a) of a series of novel open-
chain diazine ligands (e.g. pahap. Figure 1-8a) have found a linear relationship between

the rotational angle of the metal magnetic planes about the N-N bond and the exchange



Figure 1-7. X-ray structures of [3x3] [AgsLe]*" grid (a) and its ligand (b).



integral, with a change from ferromagnetic coupling at angles < 80° to antiferromagnetic
coupling >80°.17-%

When one NH: group in the ligand pahap is substituted by an OH group. the
resulting novel ligand poap (Figure 1-9a) can self-assemble four copper(ll) centers into a
[2x2] tetranuclear grid cluster [Cuy(POAP-H)4(H,0)2)(NOs)-4H;O (Figure 1-9b).*"! In
order to produce a [2x2] grid cluster with a predetermined structure, the alkoxide group

in the ligand poap plays a key role, and acts as a bridge between metal centers.

o 3

pahap
a. b.

Figure 1-8. Structure of the ligand pahap (a) and its [Cux(pahap)CLe]-H;0 (b).

Recently. a new class of clusters, self by

reactions of salicylhydroxamic acid (Hsshi) and similar ligands with transition metal salts
have been reported. *' These metallacrowns, which may have potential applications as
nano-scale magnetic materials, are analogous to crown ethers in both structure and

functions. A few examples of this new kind of cluster are well documented, e.g..



m 3, 152,59 {2 4,15 54-581 5g

trinuclear [!
pentanuclear [15])metallacrowns-5, ") which have a [M-N-O], repeating unit that
produce a macrocyclic structure. Lah reported a hexanuclear [18]metallacrown-6
[Mn"¢L{(MeOH)g)] with a [M-N-N]J, repeating unit self-assembled with a simple N-N

pen-chain ligand N-formylsalicyl-h ide (Hyfshz)."*”) More recently, Liu found a

[30]metallacrown-10 compound [Mn""(bzshz)-(CH;OH)] o ®" (Figure 1-10) which is the
second metallacrown with a [M-N-N], repeating unit. This new type of metallacrown has
a vacant cavity in the center of the ring cluster structure, which may have interesting

host-guest recognition properties.

Figure 1-9. Structure representation of ligand poap (a) and

the cation in [Cus(poap-H)4(H;0):)(Cl04)s-4H:0 (b).



Figure 1-10. Structure of Hsbzshz (a) and [Mn"'(bzshz)(CH3OH)] g (b).

1.5 Significance of the Study

It is well known that molecule-based magnetic materials have potential
applications in nano-technology, and may form the next generation of molecular
information storage devices for the IT industry. It has been demonstrated in the last few

years that i ion stored in can be read out by non-covalent

e.g. hyd bonding, or metal-ligand i i and used to assemble

the final well-ordered architectures. Recent studies by Lehn, etc. show that the excellent

stability and ducibility of of metall grids

on surfaces makes it possible to provide practical information devices by spontaneous



self-assembly.**! Nanometric sized magnetic materials have more advantages than
traditional magnetic materials. For example. they can be formed by spontaneous
assembly from solution chemistry. instead of microfabrication. The design of these high
nuclearity clusters with novel magnetic properties is a major goal of current research in

the area of

le materials and chemistry. In general. the size and
geometry of large metal clusters are difficult to control. and these systems are invariably

obtained ipitously through self: bly. Although self-assembly strategies have

succeeded in a few cases for the formation of relatively low nuclearity molecular clusters
(<M. high nuclearity predetermined grids and clusters are still rare (only one
nonmagnetic [3x3] Ag(1)s and one [4x4] Pb(Il);s (no X-ray structure) were reported so

far). Recently our group reported [2x2] Cu(I)s. Ni(II)s. Mn(I1); and Co(Il); tetranuclear

1f- from simple ligands. and in the case of the Cu(Il):
systems ferromagnetic coupling prevails.”*” In order to extend these interesting systems.

we have designed a series of more complicated polytopic ligands and succeeded in the

of a series of ined [3x3] Cu(Il)e and Mn(II)e magnetic clusters.
The generation of these predetermined. large grid and cluster architectures by

If- bl using g d ligands. provides a unique opportunity to

produce complex nanostructures with the potential for information storage. Using the
same methodology. a simple extension of this type of ligand may produce [4x4] and

[5x5] grids. and even higher homologues.



1.6. Sp pic and Physical

Melting points were measured on a Fisher-Johns melting point apparatus.
Electronic spectra were recorded as Nujol mulls and in solution using a Cary SE
spectrometer. [nfrared spectra were recorded as Nujol mulls using a Mattson Polaris
FTIR instrument. Mass spectra were obtained using a VG micromass 7070HS
spectrometer. C. H. N analyses on vacuum dried samples (24 hr) were performed by the
Canadian Microanalytical Service. Delta. B.C.. Canada. 'H NMR spectra were recorded
on a GE 300-NB spectrometer. and chemical shifts are given in ppm relative to
tetramethylsilane as an internal reference. Variable temperature magnetic data were
obtained with 2 Quantum Design MPMS5S Squid magnetometer operating at 0.1-3.0 T
(2-300K). Calibrations were carried out with a palladium standard cylinder. and
temperature errors were determined with [H-TMEN][CuCL] (H.TMEN = (CH;):N-

CHyCH:NH(CH;); ™). 1

1.7 Safety Note
Perchlorate compounds are potentially explosive and should be treated with care and

used only in small quantities.



Chapter 2. Trinuclear Complexes”

2.1 Introduction

In order for bioinorganic chemists to explain the relationship between functions
and structures of the various copper proteins. a large number of mononuclear and
dinuclear copper(II) complexes have been investigated as structural models in the last
two decades.**#*! Magneto-structural correlation’s in many dinuclear copper(Il)
complexes have also been studied **~ ™ In comparison. there is little work on magnetic
properties of trinuclear copper(1l) complexes."™ ~*" Trinuclear copper(l) clusters may
also be of importance as models for a number of multicopper oxidases. for example.

ascorbate oxidase.!"! Recently. a linear trinuclear copper(Il) complex [Cu;L(dmso)s

(H:0))(C10:)2-H20 (HL = 2.6-by icyli s i vl)pyridine. dmso =
dimethyl sulfoxide) has been reported. in which single N-N bonds bridge adjacent
copper(l]) centers and moderate antiferromagnetic spin exchange among adjacent
copper(ll) ions was found 1/

Ligands combining the flexible N-N diazine fragment. and potentially bridging
alkoxide groups (e.g. poap. Scheme 2-1) can bridge metal ions into a self-assembled
square grid clusters (M = Cu(ll). Co(II). Ni(II). Mn(ID)) by the latter. or alternately into
rectangle grids (M = Mn(11)).***"! by both (see also Chapter 3) When extending poap to
2poap. nonanuclear Mg square grids (M= Mn. Cu) '***l (see also Chapter 5) have been
observed when 2poap reacted with Cu(NO;),. Mn(ClOs); and Mn(NO;):. In all these

cases intramolecular spin coupling is observed. with examples of ferromagnetic (Cu(Il))

* Zhao. L., Thompson. LK.. Xu. Z.. Miller. D.O.. Stirling, D.R.. J. Chem. Soc. Dalton Trans., 2001. 1706,



and antiferromagnetic behavior (Mn(Il)s). But, if potential co-ligands are present, for
example, acetate or DMF, trinuclear copper(II) complexes are formed from these tritopic
ligands. When the ligand po2p, which has one more pyridy! group than peap. reacts with

copper(Il) perchlorate, a bent trinuclear copper(IT) complex is formed.

NH; NHy
N L. N,
{ b ¥ b ]
N—M—0—M—0—M—N

N

0. [ 2 0,

C/ N g
4 u

i N,N—n'«—um/

@J/LNH: N’

2poap

®) —((J\M\N
VLo
O

pozp

o

O=

Scheme 2-1. Coordination modes of ligands for trinuclear complexes.

2.2 Experimental
2.2.1 Materials
Commercially available solvents and reagent chemicals were used without further
purification.
2.2.2 Synthesis of Ligands
2poap: The methyl ester of iminopicolinic acid was prepared in situ by reaction

of 2-cyanopyridine (5.2 g, 50 mmol) with sodium methoxide solution, produced by



dissolving sodium metal (0.050 g. 2.2 mmol) in dry methanol (50 mL). 2.6-pyridine
dicarboxylic acid dihydrazide ! (3.9 g. 20 mmol) was added to the above solution and
the mixture was refluxed for 24 h. Yellow powder was obtained. which was filtered off.
washed with water. methanol. and then diethy| ether and dried under vacuum. Yield:

6.84g. 85 %. M.P. >260"C (Dec.). Found: C. 56.23: H. 4.20: N. 30.99. Caled. for

CioHiNeOx: C.56.57:H. 4 1.33%. IR (em™): 3475. 3328 ( NHy H20): 1687.
1634. 1606 (v CO'CN). . 'HNMR (ppm. de-DMSO): 11.09 (s. 2H. OH). 8 63 (d. 2H. py).
8.23 (m. SH. py). 7.96 (m. 2H. py). 7.54 (m. 2H. py). 7.07 (s. $H. NHz). MS: 403 (M.

386. 367 (M-2H0). 338.310. 261.223. 194. 169. 107. 78.

Po2p: 2-picolinic hydrazide (1.37 g. 0.010 mol) was dissolved in ethanol (40
mL) and a solution of dipyridy! ketone (1.84 g. 0.010 mol) in ethanol (10 mL) was added.
The resulting clear solution was refluxed for 10 hr. and concentrated to a volume of 20
mL. A white crystalline product formed (Yield 2.5 g. 83 %). M.P. 162-63 °C (Found: C.
67.38: H. 4.34: N. 23.19. Cy7H 3N<O requires C. 67.32: H. 4.32: N. 23.09 %): ¥y cm’”!
(Nujol) 3368 (v NH:). 1687. 1583. 1564 (v C=0. C=N) and 993 (py): m'z 304 (M=1).

197.169. 168. 141. 115.78.

2.2.3 Synthesis of Complexes
{Cuy(2poap-2H)(CH;COO)4|-3H:0 (1)
2poap (0.20 g. 0.50 mmol) was added with stirring to a warm solution of

[Cu(OAc)x(H20)]2 (0-40 g. 2.0 mmol) dissolved in 20 mL deionized water. The clear



green solution was filtered and allowed to stand at room temperature for a few days.
Dark vellow-green crystals suitable for structural analysis formed. which were filtered

off. washed with ice water and dried in air (Yield: 0.20g. 46 %) (Found: C. 36.43: H.

Y

3.71NC 1421 [Cus(CaH,€Ne0:)NCH:CO0)] -3H;0: requires C. 36.76: H. 3
14.29 %). hnay’ nm (NUjol) 744 2 ¥aem™: 3500 (H20). 3320 (NHa). 1667. 1641 (C=N).

1025 (py).

[Cus(2poap-2H)(H:0)(DMF);|(BF,); (2)

2poap(0.40g. 1.0 mmol was added to a solution of Cu(BF:): 6H:0 in MeOH
'DMF and the mixture stirred at room temperature to give a greenish yellow solution.
Green crystals suitable for structure determination were obtained by ether diffusion into
the solution. However. the crystals were found to be unstable outside the mother liquor.
Consequently a sample was stored under mother liquor prior to the structural
determination. Yield: 0.48g. 42%. Found: C. 29.08: H. 2.87: N. 14.72,
[Cus(C1sHsNsO2) (DMF)s](BF1)s requires C. 29.02: H. 3.13: N. 14.51 %). 2qu'nm
(Nujol) 813: Vmw/cm™ (crystalline sample. Nujol) 3514 (H:0). 3440 (MeOH). 1697

(DMF). 1658. 1643 (C=N). 1072 (BF:) and 1027 (py).

[Cus(po2p-H)2(H:0):|(C10,)s 2H:0 (3)
po2p (0.15 g. 0.50 mmol) was added with stirring at room temperature (0 a
solution of Cu(C104);'6H20 (0.74g. 2.0 mmol) in water (20 mL) to give a greenish

yellow solution. Dark green. almost black crystals were obtained on standing at room



temperature ( Yield: 0.31g. 49 %) (Found: C. 32.02: H. 2.60: N. 11.01.

\. 11.07 %),

[Cus(C-Hi2N50):(H:0):](C10:1:-2H:O requires C. 32.29: H. 2.

7max M (NUjOI) 768: Vma cm™* 3600. 3450 (H20). 1628. 1603. 1591. 1576. 1563 (C=N)

and 1096. 1051 (ClO).

2.2.4 Crystallography

The diffraction intensities of a dark green. irregular crystal of 1 were collected

with graphi Cu-Ka X-radiation using a Rigaku AFC6S
diffractometer at 299(1) K and the ®-28 scan technique. The data were corrected for
Lorentz and polarization effects. The structure was solved by direct methods.™ ¥ All

atoms except hy

were refined ani ically. Hydrogen atoms were placed in
calculated positions. Neutral atom scattering factors "*! and anomalous-dispersion terms
157381 \were taken from the usual sources. All calculations were performed with the teXsan
1%l crystallographic sofiware package using a PC computer. Crystal data collection and
structure refinement for 3 were carried out in a similar manner using Mo-Ka radiation.
Abbreviated crystal data for 1. 3 are given in Table 2-1.

Diffraction data for single crystals of 2 were collected using a Bruker SMART
CCD diffractometer. equipped with an Oxford Cryostream N cooling device '*l. with
graphite monochromated Mo-Ka radiation. Cell parameters were determined and refined
using the SMART software, *'* raw frame data were integrated using the SAINT
1]

program.” " and the structure was solved using direct methods and refined by full-matrix

least squares on F* using SHELXLT. '*! Disorder problems associated with the BF"



anions have so far prevented a satisfactory refinement of this structure. Therefore only a
preliminary account of the structure of the molecular cation. which is clearly defined. is
presented at this time. Cell constants for 2: Space group monoclinic C: m. a =

1325(18) A ¢ = 11.8600(10) A. B = 120.8490¢10) . R1 =0.0639.

21N A h=

wR2=02122.

2.3 Results and discussion
2.3.1 X-ray Structures
Crystal structure of [Cus(2poap-2H)(CH;C00),|-3H;0 (1)

The X-ray crystal structure of 1 is illustrated in Figure 2-1. and selected bond
distances and angles with their estimated standard deviations are listed in Table 2-2. The
trinuclear unit consists of 2 single nona-dentate ligand 2poap bound to three copper
centers in an approximately linear array. with all ligand donor sites involved in
coordination with the exception of the NH: groups. The large torsion angles Cu(2)-N(4)-
N(3)-Cu(1) 168.4°. Cu(2)-N(6)-N(7)-Cu(3) 160.7° show that three coppers centers are
bridged by two almost trans diazine (N-N) single bonds. Within the trinuclear complex
the copper-copper distances exceed 4.8 A (Cu(1)-Cu(2) 4.892(3) A. Cu(2)-Cuc3)
49623) A).

The central copper (Cu(2)) adopts an approximately square pyramidal

and to three nitrogen atoms from pyridine (N3)
and two N-N diazine (N4. N6) and two oxygens from acetate (O5. O7). The Cu(2)-N(3)

bond distance is quite short (1.933(5) A). but the Cu(2)-N(4) and Cu(2)-N(6) distances



are much longer (2.080(3) A and 2.141(5) A respectively). The basal plane of the square-
pyramid is defined by N(4). N(5). N(6) and O(5). with the long axial bond to mono-
dentate acetate oxygen O(7). The terminal coppers are also square planar. coordinated by
the terminal N>O pocket of the ligand and a terminal acetate. However long contacts
from Cu(1) and Cu(3) to acetate oxygen atoms on neighboring trinuclear subunits (Cut1 -

0(9) 2.45394) A. Cu(3)-0(3)

35(4) A) actually link the complex into a linear chain

(Figure 2-2). which leads to a short inuclear 1] ion (Cut 1-Cuc3)

3.371(2) A). However despite the short distance. the connection between Cu( 1) and
Cu(3). which is bridged by oxygen of acetate. is strictly orthogonal (Figure 2-2). leading
to the absence of any antiferromagnetic interaction between them.

The ligand 2poap in complex 1 formally has two negative charges. which means
that it loses two protons when it reacts with coppertll) ions. However. it is not easy to
define the sites of deprotonation based on the bond distance assessment. Compared to C-
N (1.294 - 1.341 A) and N-N [N(3)-N(4) 1.388 A and N(6)-N(7) 1.409 A) distances. the
short distances of C-O bonds (C(7)-O(1) 1.284(7) A, C(13)-0(2) 1.281(7) A) imply that
C-O bonds have significant double bond character. while C-N and N-N bonds have single
bond character. All this suggests that nitrogens N(3) and N(7) are the most likely sites of

that the ion sites should occur within the O-C-N-N

fragments. The relatively short bonding distances of Cu(3)-N(7) (1.921(5) A) and Cu(1)-
N(3) (1.920(3) A) support this inference. though some charge delocalization over the

whole framework may occur at the same time.
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Figure 2-1. ion of the tri fragment in 1

(50% probability thermal ellipsoids).

Figure 2-2. Structural representation of a chain fragment in 1 showing

the orthogonal connection at Cu(1) and Cu(3) (40% probability thermal ellipsoids).



Crystal structure of [Cus(2poap-2H)(H,0)(DMF)3(H,0)(CH3;0H):](BF )4 (2)

The iminary ion of the tri copper(1l) cation in 2 is

shown in Figure 2-3. Like the structure of compound 1. all three copper(Il) centers are
square pyramidal in the tricopper(Il) cation and are coordinated by a single, essentially
flat nano-dentate ligand 2poap. One terminal DMF molecule is bound equatorially to
Cu(1) and Cu(1)' and one DMF coordinates axially to Cu(2). In order to complete the
square pyramidal coordination sphere, Cu(2) also has an equatorial coordinated water
molecule, while oxygens from the solvent methanol coordinate axially to Cu(1) and

Cu(1"). The neighboring copper centers ions are 4.94 A and all copper centers are

bridged only by single N-N diazine groups in almost trans configurations (Cu(1)-N(3)-
N(4)-Cu(2) 164.6° and Cu(2)-N(4')-N(3")-Cu(1") 164.5°). No inter-trinuclear close
contacts are found in 2, but instead there is a mirror plane, which includes Cu(2). O(3),
O(4), N(5) and one DMF molecule. The ligand 2poap also loses two protons, as in 1,
and it appears that the site of negative charge is N(3). This is also supported by a short

contact from Cu(1) to N(3) (1.93 A).

Figure 2-3. Preliminary structural representation of the cation in 2.
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Table 2-1. Summary of Crystallographic Data for I and 3.

compd. 1 3

Empirical formula ~ Cx-H3;:CusNeOy: CiaHi5CusN1g02Cls

Formula Weight 88235 1265.13
Crystal System Monoclinic Triclinic
Space group P2in P
Ad) 9.722(3) 14.751(2)
B(A) 23.218(3) 17.692(2)
C) 15.305(2) 9.773(1)
a(deg.) 90 93.269(9)
B(deg.) 93.62(2) 101.909(9)
y(deg.) % 110.253(7)
V(&) 3448(1) 2318.2(5)
Peatea (€ cm™) 1.69 1.807
z 4 2
w(mm) 1911 4.563
A 0.71073 0.71073
T(K) 299(1) 299(2)
R (R) 0.055 0.067
wR: (Ru) 0.054 0.216



Table 2-2. Selected Bond Distances (A) and Angles (°) for 1.

Cu()-0(1)
Cu(1)-0(3)
Cu(1-N(1)
Cu(1)-N(3)
Cu(1)-0(9
Cu(2)-0(5)
Cu(2)-0(7)
Cu2-N()
Cul2-N(3)
Cu(2)-N(6)
Cu(3)-02)
Cu(3)-0(9)
Cu31-N(7)
Cu3)-N(9)
Cu(3)-03)
Cu(1)-Cu(2)
Cu(2)-Cu(3)
Cu(1)-Cu(3)
N(3)-N@4)
N(6)-N(7)
O(1)-Cu(1)-0(3)

1.975(4H

1.913(h

21413
1.971(4)
1.929¢H)
1.921(5)
1.9995)
23354
4.892(3)
4.962(3)
9.725(2)
1.388(6)
1.409(6)

99.7(2)

O(1)-Cu(1)-N(1)
O(1-Cu(1)-N(3)
0(3)-Cu(1)-N(1)
0(3)-Cu(1)-NG)
N(D-Cu(1)-NG3)
013)-Cu(2»-0(7)
O(3)-Cu(2)-N(4)
O(5)-Cu(2)-N(5)
0(5)-Cu(2)-N(6)
O(7)-Cu(2)-N(4)
O(7)-Cu(2)-N(3)
0(7)-Cu(2)-N(6)
N(#)-Cu(2)-N(5)
N(4)-Cu(2)-N(6)
N(3)-Cu(2)-N(6)
0(2)-Cu(3)-0(9)
0(2)-Cu(3)-N(7)
0(2)-Cu(3)-N(9)
0(9)-Cu(3)-N(7)
0(9)-Cu(3)-N(9)
N(7)-Cu(3)-N(9)
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161.2(2)
80.8(2)
98.8(2)
178.8(2)
80.7(2)
83.9(2)
100.1(2)
151.2(
98.1(2)
94.6(2)
122.9(2)
99.1(2)
79.1(2)
157.9(2)
78.9(2)
94.9(2)
80.0(2)
160.4(2)
174.8(2)
103.8(2)

81.2(2)



Crystal structure of [Cus(p2oap-H):(H:0):|(C104)s 2H,0 (3)

The x-ray structure of the trinuclear copper(Il) cation in 3 is shown in Figure 2.

and selected bond distances and angles are given in Table 2-3. There are two ligands
coordinating to three copper(1l) ions in the trinuclear coppertIl) cation. The neighboring
copper-copper separations are +.790(8) A (Cul-Cu2) and 4.672(7) A (Cu2-Cu3) and all
copper centers are bridged only by single N-N diazine groups in almost trans

configurations (Cu(1-N(2)-N(3)-Cu(2) 176.3° and Cu(2)-N(8)-N(7)-Cut31 169.0°). The

central copper Cu(2) is bonded to two N>O coordinating pockets from two ligands to

produce an unusual distorted CuN,0: dination envi The copper
equatorial plane is defined by N(8). N(10). N(3) and O(2) (Cu-donor distance <2.06 A).
while the longer Cu(2)-O(1) and Cu2)-N(4) bonds provide axial coordination sites. In
order to complete the trinuclear structure. the second coordination pockets from each
ligand bind another copper and result in six coordinating sites by each ligand. Cu(3) has

alsoa y distorted six i inati i with long contacts

to perchlorate oxygens (Cu(3)-0(12) 2.51(2) A. Cu(3)-0(16) 2.51 (2) A). while Cu(1) is
square-pyramidal with a long contact to perchlorate oxygen O(8) (Cu(1)-0(8) 2.61(2) A).
The twist of the two N-N fragments about the N(8)-Cu(2)-N(3) axis (N(2)-N(3)-N(8)-
N(7) torsional angle 75°) leads to a non-linear trinuclear copper(ID) structure (Cu(1)-
Cu(2)-Cu(3) angle of 142.1°). The alkoxide oxygens of similar N-N diazine ligands are
normally deprotonated when they coordinate to metal ions. but the short C-O bonding
distances (C(6)-0(1) 1.23(1) A. C(23)-0(2) 1.24(1) A) in this structure show significant

C=0 double bond character and that the site of deprotonation might exist elsewhere in the
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O-C-N-N framework of the ligand. There are no very short Cu-N distances, and

intermediate bond distances within the i iate ligand suggest a si

charge redistribution within the ligand itself.

Figure 2-4. Structural representation of the cation in 3.

Table 2-3. Selected Bond Distances (A) and Angles (°) for 3.

Cu(1)-003) 1.95(1) 0(3)-Cu(1)-N(1) 922(4)
Cu(1)-N(1) 2.00(1) 0(3)-Cu(1)-N©2) 167.0(5)
Cu(1):N@) 1.933(9) 0(3)-Cu(1)-N(3) 95.9(4)
Cu(1)-N(5) 1.97(1) N(1)-Cu(1)-N@2) 81.5(5)
Cu(1)-0(8) 261(1) N(1)-Cu(1)-N(5) 169.8(5)
Cu(2)-0(1) 2259(9) N(1)-Cu(1)-N3) 91.8(4)
Cu(2)-0(2) 2.057(8) 0(1)-Cu(2)-0(2) 87.0(4)
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Table 2-3. Selected Bond Distances (4) and Angles (°) for 3. (Continued.)

Cu2i-NG) 2.0 O(1)-Cu(2)-N(3) 753¢h
Cu(2)-N$) 2241 O(1)-Cu(2)-N(4) 151.3(8)
Cu(21-N(8) 1.95(5) O(1)-Cu(2)-N(8) 100.5(4)
Cu21-N(10) 2oun O(1)-Cu(2)-N(10) 9344
Cu(3)-0(4) 1.984(4) 0(2)-Cu(2)-N(3) 9744
Cu(3)-N(6) 2.03(1) 0(2)-Cu(2)-N(4) 99.7(4)
Cu(3)-N(7) 1.912(9) 0(2)-Cu(2)-N(8) 79.7(4)
Cu(3)-N(9) 2.03(1) 0(2)-Cu(2)-N(10) 158.8(4)
Cu(31-0(12) 2510 N(3)-Cu(2)-N(4) 76.1(4)
Cu(3+-0(16) 251N N(3)-Cu(2)-N(8) 175.1(9)
NQ2KNG3) 1.35(1) N(3)-Cu(2)-N(10) 103.2(H
N(7-N(8) 1.35(1) N(4)-Cu(2)-N(8) 108.2(4)
Cu(1)-Cu(2) 4.790(8) N(4)-Cu(2)-N(10) 90.1(4)
Cu(2)-Cu(3) 46727 N(8)-Cu(2)-N(10) 79.44)
0(4)-Cu(3)-N(6) 95.3(4) N(6)-Cu(3)-N(7) 8L.1(H
O(H-Cu(3)-N(7)  172.9(4) N(6)-Cu(3)-N(9) 169.5(4)
0(4)-Cu(3)-N(9) 94.1(4) N(7)-Cu(3)-N(9) 90.1(#)
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2.3.2. Magnetism
The magnetic exchange model for a linear trinuclear complex is represented in

Figure 2-5.

J J
1 2] 3
(S
7

Figure 2-5. Magnetic exchange model for linear trinuclear complexes.

The isotropic exchange properties of a symmetrical system with a linear
arrangement of three copper centers (S = ¥%) can be described by the following exchange
Hamiltonian (eqn. 2-1) (Figure 2-5).

H =-2J[SI'S2 - §2-S3) -2J'[SI'S3] @-h
In all three complexes (1-3). since the distance between external coppers (Cul and Cu3)
is so large. J' is assumed to be zero. and eqn. 2-2 can be deduced from eqn. 2-1 (yy is the

molar susceptibility. p is the fraction of paramagnetic impurity. TIP (\a) is the

g §isa Weiss-lik all
other terms have their usual significance).
N L+exp=2x)+10exp(x), | o INg'A* N
YT -o) Trepzn s 2expn) O T PN g
(x==J/KT)
Variable magnetic ibility were carried out on

powdered samples of complexes 1-3 in the temperature range 2-300 K (4.5-300 K for 1)



and at field strengths of 0.1T (2 and 3) or 1.0T (1). The magnetic moment per mole for
complex 1 drops from 2.92 uB at 300 K to 1.85 uB at 4.5 K (Figure 2-6). which indicates
strong antiferromagnetic coupling between copper(Il) centers in the trinuclear fragment.
The value at low temperature is the result of the residual paramagnetism associated with
the odd number of copper(1l) centers. The variable temperature magnetic data of 1 were
fitted to eqn. 2-2 and gave excellent results with g = 2.19(1), J =-75.5(2) em™, 6 = -0.2K.
p=0.015, TIP = 0.000180 emumol ™, 10°R = 0.6 ( R = [E(obs — Yeaic ) /Stobs]">). The
circles in Figure 2-6 represent the experimental data for 1, while the solid line was
calculated using these parameters. The very small 8 correction is associated with
intertrinuclear interactions and indicates that the chain structure of 1 (Figure 2-2) does
not influence the magnetic properties to any significant degree, in keeping with the
strictly orthogonal connections between the terminal coppers of the trinuclear subunits,

and so the linear trinuclear exchange model is an accurate one.

MU (M)

Figure 2-6. Variable temperature magnetic data for 1.



Variable temperature magnetic data for 2 and 3 show similar profiles of magnetic

moment versus temperature. Fitting of the data to eqn. 2-2 also gave excellent agreement

in both cases with g = 2.24(11.J =-78.4(2) em™. 8 =-0.1 K. p = 0.029. TIP = 0.00022
emumol™. 10°R =0.61 (2).and g = 2.12(1). J = -134.6(2) cm™. 8 = -0.05 K. p = 0.008.
TIP =0.00020 emumol ™. 10°R =0.24 (3). Figure 2-7 shows the experimental and

h ical data for 3 calculated with these

The main reason for the antiferromagnetic properties of these trinuclear
complexes is the single N-N bond. which is the only bridge between two adjacent
copper(II) centers in the trinuclear units. Previous studies on dinuclear N-N bridged
copper(II) complexes have shown clearly that exchange coupling can occur through a
single N-N bond bridge and that the extent of exchange coupling is linearly dependent
upon the rotational angle of the copper magnetic planes relative to the single bond itself.

At large angles (a rrans fc ion) strong anti: ic coupling is observed.

while at smaller angles the magnetic coupling becomes weaker with a change-over to
ferromagnetic coupling behavior at acute angles around 80°.%*"! All these three
trinuclear compounds have large torsional angles Cu-N-N-Cu (168.4° and 160.7° for 1,
164.6° and 164.5° for 2. and 176.3° and 169.0° for 3). indicating that the central copper(II)
and outer copper(1I) are bridged by two almost trans diazine (N-N) single bonds.
Compound 1 and 2 have the same ligand and similar Cu-N-N-Cu torsional angles. which
lead to almost equivalent exchange integrals and compound 3 has a different ligand. but
similar magnetic structural elements and larger Cu-N-N-Cu torsional angles resulting in a

larger magnetic exchange integral.



Figure 2-7. Variable temperature magnetic data for 3.

2.4. Conclusion

Three new trinuclear complexes bridged by only N-N single bonds between the

copper(Il) centers are ized and ly i The ds exhibit

to strong anti ic coupling as a result of superexchange via the N-N

linkages. The magnetic properties are explained on the basis of large rotational angles of
the copper magnetic planes about the diazine bridges, in agreement with previous studies

on dinuclear copper(IT) complexes of N-N diazine ligands.
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Chapter 3. [2x2] M, Grids *

3.1 Introduction

Self-assembly processes involving carefully designed multidentate ligands can
lead to sophisticated polynuclear complexes such as helicates. rings. boxes and grids. !
At least three types of supramolecular [2x2] grids have been reported so far. One is the
square grid bridged by bifunctional nitrogen donor ligands such as 4.4"-bypyridine.

2 9413 6 gi 9.10-dione. ™1

cis- or trans-meso-dipyridyl
porphyrins *! and the uracil monoanion. 171 \vhere the metal ions are nonmagnetic
heavy transition metals (Pd and Pt). The second type is the [2x2] grids bridged by linear

diazine ligands. polypyridine ligands. e.g. Cu(l); *'L. Cu(l), from

polytopic cyclic N-!
3.6-bis(2"-pyridyl)pyridazine ™®.. Co(11)s from 4.6-bis(2".2"-bipyrid-6"-yl)-2-
phenylpyrimidine 1991001 Cy(11)s from 6-(3-pyrazolyl)-2.2"-bipyridine. 1101 square Ni(Il)s
11921 3nd Zn(11)s % 1%} from 3.6-bis(2-pyridyl)].2.4.5-tetrazine. The third type is [2>2
grids bridged by only oxygens or sulfurs from the ligands. e.g.. a very weak antiferro-
magnetically coupled phenoxo-bridged Cu(Il); grid *'L. a [2x2] Mn(I1); grid bridged by
non-conjugated alkoxide-type oxygen atoms " and a square Co(I1)s grid bridged by
sulfur atoms from the ligand tetra(2-pyridyl)-thiocarbazone ' (Figure 3-1).

Recently the ligand poap (Figure 1-9) 1591 was synthesized. which incorporates

wo different dinucleating fragments. alkoxo and N-N diazine. which are both well

known to bridge metals and propagate spin coupling. Cu(Il)s. Ni(Il); and Co(Il)s [2x2]
* Some have been published in /norg. Chem.. 1999. 38. 5266 and J. Solid State Chem.. 2001 (in press).
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grids self-assembled from the reaction of this ligand and metal salts have been
observed ™ *'! In order to extend these studies, pzoap, pzoapz and po2p (Scheme 3-1)
were prepared. In general. square My(p-O)s clusters (M = Cu(II), Ni(II). Co(II)) are self

assembled from these ligands. but in one unique case ( 7, Mn(I1)s(u-O)(N-N): ) a

rectangular cluster results, with alternating Mn-O-Mn and Mn-N-N-Mn bridges.

Figure 3-1. Structure of a square [2x2] Coy grid (b) and its ligand (a).
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pzoap pzoapz

Scheme 3-1. Ligands for [2x2] clusters.
3.2 Experimental
3.2.1 Synthesis of Ligands

Pzoap, pzoapz were synthesized from the reaction of 2-pyrazine carboxylic acid

with methy! imino-picolinic acid and methyl imino 2-pyrazinecarboxylic acid

pectively ing to the general p ibed in Chapter 2. The synthesis of

po2p was described in Chapter 2.

Pzoap: Yield 74%. Pale yellow powder (mp 258-9 “C). 'H NMR (300 MHz,
DMSO0-ds, 25 “C): 10.70 (s, 1H, OH), 9.21 (s, 1H, Ar), 8.89 (d, 1H, Ar), 8.78 (d, 1H, Ar).
8.63 (d. 1H, Ar), 8.20 (d, 1H, Ar), 7.94 (m, 1H, Ar), 7.52 (m, 1H, Ar), 7.11 (s, 2H, NH,).
Mass spectrum (major mass peaks, m/z): 242 (M), 225, 224 (M - NH; and M - H,0,
respectively), 163, 107, 79. IR (Nujol mull, cm™): 3400, 3306 (v NH, OH); 1664 (s) (v
C=0); 1620 (m) (v C=N). Anal. Calcd for C;;H;oNsO: C, 54.54; H, 4.16; N, 34.69.

Found: C. 54.39: H, 4.08; N, 34.88.
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Pzoapz was prepared by reaction of 2-pyrazine carboxylic acid hydrazide with

the methyl ester of iminopyrazine-2-carboxylic acid to give a yellow crystalline solid.

Yield 86%. M.P. 268-69 "C. 'HNMR (300 MHz. DMSO-d6): 10.84 (s. IH. OH). 9.33
1H. pyz). 9.22 (s. IH. py2). 8.70-8.90 (m. 4H. pyz). 7.21 (s. 2H. NH:). Mass spectrum
(major mass peaks. m/z): 243(M). 226. 225. 196. 164. 138. 108. 106. 79. IR (Nujol mull.
em™): 3365. 3267. 3198 (v NHa. OH): 1698 (v C=0): 1657. 1613 (v C=N). Anal. Caled

1N 40.92.

for CyHaN-0: C. 49.38: N. 3.73: N. 40.31. Found: C. 49.21: H.

3.2.2 Synthesis of Complexes
[Cuy(pzoap-H):|(NO;),3H:0 (4)

Pzoap (0.24g. 1.0 mmol) was added 10 a hot solution of Cu(NO;3)>3H0 (0.98g.
4.0 mmol) in 10 mL H,O. The resulting mixture was filtered and crystals suitable for X-

ray diffraction formed from the filtrate after standing for I-2 weeks at room temperature.

Dark green crystals. Yield: 0.22g. 57%. IR (Nujol mull. cm™): 3600 (w) (v H:0): 3400
(w). 3350 (W) (v NHa): 1668 (s) (v C=N): 1050 (m) (v py). Vis (Nujol mull): (nm) 630

(sh). 685. Anal. Caled for [Cuy(C11HaNgO):J(NO;)s-3H20: C. 34.78; H. 2.79: N. 25.83.

Found: C. 34.53: H. N.25.79.
[Nis(pzoap-H)y(H.0)4](C10,)s'5H:O (5)

Pzoap (0.24g, 1.0 mmol) was added to the hot solution of Ni(Cl04):'6H,0 (1.46g.
4.0 mmol) in a mixture of 1¢ mL H>0 and 10 mL MeOH. The resulting mixture was

filtered and brown crystals suitable for X-ray diffraction formed from the filtrate after
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standing for 1-2 weeks at room temperature. Yield: 0.31g. 70%. IR(Nujol mull. cm™):
3445 (m) (v H:0). 3345 (m) (v NH2). 1638 (v C=N). 1094 (v Cl0y). UV-Vis (Nujol
mull): (nm) 994. 650 (sh). Anal. Caled for [Nis(Cy1HoNs0)s(H:01] (Cl0,)s-5H:0: C.

30.04: H.3.07:N. 19.11. Found: C. 30.05: H. 2.94: N, 19.29.

[Cos(pzoapz-H).(H:0)4](ClO,), -3H:0 (6)

Pzoapz (0.24g. 1.0 mmol) was added to a hot solution of Co(ClO;); -6H.0
(1.46g. 4.0 mmol) in a mixture of 10 mL H>O and 5 mL MeOH. The resulting mixture
was filtered and dark. almost black crystals suitable for X-ray diffraction were obtained
from the mother liquor after standing for 1-2 weeks at room temperature. Yield: 0.21g.
30%. IR(Nujol mull. em™): 1630 (v C=N). 1039 (v ClO). Anal. Caled for
[Cos(CgHsN70)s -(H20)4](C104)s -3H:0: C. 27.81: H. 2.69: N. 22.72. Found: C. 27.75:

H.2.58:N.22.81. UV-Vis(nm. Nujol mull): 929, 927.

[Mn(po2p-H)s(H:0):](C10,), -18H:0 (7)

Po2p (0.15 g. 0.5 mmol) was added to a solution of Mn(ClOs);-6H,0 (1.1 g. 3.0
mmol) in MeCN/ H,0/ MeOH mixture (10/5/5 mL) and the mixture heated to give a red-
orange colored solution. Slow evaporation at room temperature gave red crystals. Yield:
0.28g. 52%. Anal. Calcd for [Mny(C7H12Ns0)s] (ClOs)s -18H20: C. 37.97; H. 3.94: N,
13.02. Found: C, 37.35: H. 2.98: N, 12.93. IR (Nujol mull, cm™): 3383 (m) (v H:0/

NHa). 1730 (v C=0). 1636. 1597 (v C=N), 1080. 1048 (v ClO,).
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3.2.3 Crystallography
Data collections for 4. 5 and 7 were made using graphite-monochromated Mo Ka
X-radiation with a Siemens SMART CCD detector diffractometer equipped with 2

Cryostream N flow cooling device.!™! Cell parameters were determined and retined

with SMART *¥ using the centroid values of i v 500 selected
with 26 values between 20 and 45°. Raw frame data were integrated using the SAINT
program "***! The structures were solved using direct methods and refined by full-matrix
least squares on Fr

Diffraction data were obtained for 6 with a Rigaku AFC6S diffractometer with

graphite monochromated Mo Ka radiation. The structure was solved by direct methods

1l and expanded using Fourier i 181 A were using the
teXsan crystallographic software package of Molecular Structure Corporation. ™!
Non-hydrogen atoms were refined for 7 with anisotropic atomic displacement
parameters (adps). Hydrogen atoms were placed in geometrically calculated positions
with isotropic adps 1.2 times that of the parent atoms. Disorder problems encountered
during the refinement of the structure of 7 prevent reporting full structural details at this
time. Cell constants for 7: Space group monoclinic. C2/c. @ =22.501(3) A. 6= 15.811(2)

Ac=26083(4) A.B=105417(2)". Z=4.

Abbreviated crystal data for 4-6 is given in Table 2-1.
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3.3 Results and Discussion

3.3.1. X-ray Structures
[Cus(pzoap-H)|(NO3)-3H:0 (4)

The structure of the cation of this tetranuclear grid is illustrated in Figure 3-2 and
the structural square core in Figure 3-3. and important bond distances and angles are
listed in Table 3-2. The four ligands are self-assembled in two parallel pairs. above and
below the four copper centers. to produce a square [2x2] grid. Only the alkoxide groups
link the coppers together. Copper-copper separations are close to 4 A (Cu(1)-Cu(2")
4.0457(4) A, Cu(1)-Cu(2) 4.0575(4) A). with alkoxide bridge angles close to 140°
(Cul1)-0(1)-Cu(2) 140.58(7)°. Cu(1)-0(2)-Cu(27) 140.55(7)°). The Cu(1) centers have
square pyramidal coordination environments. but the Cu(2) centers are six-coordinate

d hedral with a long signi contact between Cu(2) and O(3) (2.461(2) A).

P:

The ligands are oriented with the pyrazine ends bonded individually to each copper
center. The copper-oxygen bonds within the ring alternate with long and short contacts
(Cu(1)-0(1) 2.015(1) A. Cu(2)-0(1) 2.294(2) A. Cu(2)-0(2) 2.0362(2) A. Cu(1)-0(2)
2261(1) A). such that the coppers are linked alternately by the oxygen bridges with axial
and equatorial contacts. leading to the strict orthogonality of magnetic orbitals of

copper(ll) centers.



Figure 3-2. Structural representation of the cation in [Cus(pzoap-H)s]J(NO3)s-3H,0 (4)

(50% probability thermal ellipsoids).

Figure 3-3. | ion of the lear core in 4.
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[Nis(pzoap-H)(H:0)|(C104)+SH:O (5)
The structure of the tetranuclear cation of 5 is shown in Figure 3-4. and the square
structural core with just the immediate donor atoms in Figure 3-3. The important bond

distances and angles are listed in Table 3-3. All the nickel centers adopt six-coordinate

pseud: hedral inati i with the pyrazine ends of the ligands
bonded to the nickel centers having the coordinated water molecules. and are bridged by
four alkoxide oxygens from the four deprotonated ligands. This asymmetric ligand
arrangement contrasts with that in 4 where the pzoap ligands are arranged in an eclipsed
fashion about the cluster. The four nickel centers require that 24 coordination sites be

filled. which is provided by four ligands (20 coordination sites) and four water molecules.

one coordinating to Ni(1). two to Ni(2) and one 1o Ni(1"). This leads to the situation with

three different nickel centers in the cluster. mer-NiN;O; (Nil ). trans-NiN1Os (Ni2) and
cis-NiN4O (Ni3). Nickel-nickel separations (Ni(1)-Ni(2) 3.967(2) A. Ni(1)-Ni(3)
3.969(2) A). and Ni-O-Ni angles (Ni(1)-0(1)-Ni(2) 139.08(10). Ni(1)-O(2)-Ni(3)
138.37(10)) are comparable with those in [Nis(poap-H)s(H20):](NOs); -8H,0.F"!
Nickel-oxygen (alkoxide) bond distances show an asymmetric. alternating long-short
bridging arrangement within the Ni; square. in which Ni(2) has two short contacts 10
O(1) and O(1°) (both 2.070 A). Ni(3) has two long contacts to O(2) and O(2") (both 2.164
A). while Ni(1) and Ni(1") have long and short contacts to O(1). O(2) and O(1") and

0(2') (both 2.160 A and 2.073 A respectively).
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Figure 3-4. Structural representation of the square cation in 5.

(50% probability thermal ellipsoids)

@ o4 < o3

N6 or \ AN

o4 \ Ni2 3 A
Nit'

Figure 3-5. ion of the lear core in 5.
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[Cos(pzoapz-H)y(H:20)4](Cl04)s -3H:0 (6)

A structural representation of the cation in 6 is shown in Figure 3-6, and the
structural core in Figure 3-7. Selected distances and angles are listed in Table 3-4. The
overall structure is a pseudo-square grid with the four cobalt centers bridged only by the
alkoxide oxygens. Four pseudo-octahedral cobalt(Il) centers are bound to four ligands
arranged in two parallel pairs above and below the Cos pseudo plane. The ligands are in
an opposed arrangement with NH; ends pointing in opposite directions. Each ligand is
tetradentate, but fills five metal ion sites due to the alkoxide bridges, and four water
molecules act as extra ligands, with two waters bound to Co(2) and Co(4). Co-N and Co-
O distances fall in the ranges 1.99-2.19 A and 2.01-2.18 A, typical of six-coordinate
Co(II) centers. Co-Co separations are in the range 3.88-3.95 A, and Co-0O-Co angles in

the range 133.5-136.0°.

Figure 3-6. | ion of the cation in 6.

(50% probability thermal ellipsoids).
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Figure 3-7,

[Mny(po2p-H)«(H:0)2](C104)4 -18H20 (7)

A ion of the cation in 7, based on a iminary

structural determination, is shown in Figure 3-8 and the rectangular core in Figure 3-9.
Four pseudo-octahedral Mn(Il) centers are bound simultaneously to four depronated
ligands arranged in a rectangular shape, with two ligands bridging pairs of metals with an
N; diazine, and two providing alkoxide oxygen bridges and leaving two pyridine
nitrogens uncoordinated (N30 and N30°). The ligands bridging the edges of the rectangle
are tetradentate with one pyridine ring uncoordinated, while those bridging along the
sides are pentadentate. Since the bridging alkoxide fills two metal coordination sites two
extra ligands (water) are required to complete the six-coordination at each metal center.
The manganese centers comprise two different types: MnNsO (Mn(2)) and mer-MnN;O3
(Mn(1)). The rectangle is defined by Mn(1)-Mn(2) dimensions of 5.290 A and 3.930 A,

with a Mn(1)-O(1)-Mn(2) angle of 127.0°, and a Mn-N-N-Mn torsional angle of 170.3°,



indicating a rrans arrangement of the two metal centers about the N-N bridge. Mn-N and

Mn-O distances fall in the ranges 2.17-2.31 A, and 2.15-2.23 A respectively.

Figure 3-8. 1 ion of the lear core in 7.

(50% probability thermal ellipsoids).

Figure 3-9. Rectangular core structure Mny(N-N),0; in 7.



Table 3-1. Summary of Crystallographic Data for 4. 5. and 6.

compd

4

5

6

Empirical formula
Formula Weight
Crystal System

Space group

a(d)

b(A)

c(A)
a(deg)
Bdeg)
tdeg)
V(A

Pesca (g cm”)
Z
wmm™)

MA)

T(K)
Ri(R)

WR: (Rw)

CaHxOpNuCus CasHuOxNuCLNL:  CanHa-CliCosN

814.66 1743.75
Orth \

P2 n(No.13) Pbcn (No.60) P2y a(No.l4)
14.3573(3) 14.368(4) 23240
10.8910(6) 25.469(7) 13.681(3)
20.536(1) 18.479(5) 2337

90 90 90
96 375(4) 90 118.17(4)
90 90 90
3187.4(3) 6762(3) 6550(6)
1.698 L7153 1.762
4 4 4
1419 1355 1.263
0.71073 0.71073 0.71069
15002) 1002) 2992)
0.0431 0.0449 0.056
0.0784 0.1043 0.054
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Table 3-2. Interatomic Distances (A) and Angles (°) Relevant to the Copper

Coordination Spheres in 4.

Cutl-Ntd) 1.9080(17) Cu2)-0(2") 2.0363(15)
Cul-Ocl) 2.0153(15) Cu(2)-N(127) 2.0538(18)
Cu(1)-N(7) 2.0194(17) 0(2)-Cu(2) 2.0363(15)
Cu(1)-Ni6) 2.0618(18) N(10)-Cu(2") 1.9146(17)
Cut-02) 2.2608(14) N(12)-Cu(2") 2.0538(18)
O(1)-Cu2) 2.2936(15) Cu(1)-Cu(2) 4.0457(4)
N(1-Cu(2) 2.0181(17) Cu(1)-Cu(2) 4.0575(4H)
N(4)-Cu(1)-0(1) 79.16(7) N(107)-Cu(2)-N(1) 178.23(8)
N()-Cu1)-N(7) 177.57(8) N(10")-Cu(2)-0(2") 78.67(7)
O(1)-Cu(1-N(7) 99.86(7) N(1)-Cu(2)-0(2") 99.65(6)
N(+)-Cu(1)-N(6) 79.48(7) N(10')-Cu(2)-N(12") 79.59(7)
O(1)-Cu(1)-N(6) 158.62(7) N(1)-Cu(2)-N(12") 102.07(7)
N(7)-Cu(1)-N(6) 101.45(7) 0(2")-Cu(2)-N(12°) 158.26(6)
N(4)-Cu(1)-0(2) 104.46(7) N(10')-Cu(2)-0(1) 103.28(7)
O(1)-Cu(1)-0(2) 96.21(6) N(1)-Cu(2)-0(1) 77.30(6)
N(7)-Cu(1)-0(2) 77.82(6) 0(2)-Cu2)-0(1) 92.64(6)
N(6)-Cu(1)-0(2) 89.95(7) N(12')-Cu(2)-0(1) 93.01(6)
Cu(1)-0(1)-Cu(2) 140.58(7) Cu(2")-0(2)-Cu(l) 140.55(7)



Table 3-3. Interatomic Distances (4) and Angles (°) Relevant to

the Nickel Coordination Spheres in 5.

Ni(1-0(1)
Ni(1-0(2)
Nit1-0(3)
Ni(1)-N(1)
Nih-N(3)
Ni(1)-N(12)
Ni(2)-0(1)
Ni(2)-0(4)
O(1)-Ni(1)-0(2)
O(17)-Ni(2)-N(6")
O(1)-Ni(1)-0(3)
O+ 1-Ni(2)-N(6")
OC1-Ni(1)-N(1)
O(2)-Ni(3)-N(7)
O(1)-Ni(1)-N(G3)
O2)-Ni(3)-N(9)
O(1)-Ni(1)-N(12)
0(2)-Ni(3)-0(2")

O(2)-Ni(1)-0(3)

2.162(2)
2.077(2)
2.055(2)
2.127(3)
1.966(3)
2.069(3)
2.072(2)
2.083(2)
9L.12(8)
80.73(9)
85.44(8)
91.57(9)
153.78(9)
153.00(9)
76.349)
75.9109)
111.01(9)
94.82(8)

167.05(9)

Ni(2)-N(6)
Ni(3-0(2)
Ni(3)-N(7)
Ni(3)-N(9)
N(G3)-N(+)

Ni(1)-Ni(3)

Ni(1)-Ni(2)

O(2')-Ni(3)-N(9)
N(1)-Ni(1)-N(3)
N(7')-Ni(G)NO)
N(1-Ni(1)-N¢12)
N(9)»-Ni(3)-N(9")
N(3)»-Ni(1)-N(12)
O(2')-Ni(3)-N(T")
O(1)-Ni(2)-0(4)
O(2)-Ni3)-N(9")
O(1)-Ni(2)-N(6)
N(7)-Ni(3)-N(9)

2.038(3)
21692
21146G)
1.970(3)
1.400(3)
3.969(2)

3.967(2)

109.42(9)
77.74(10)
97.50(11)
95.1010)
1724701
171.97(10)
153.0009)
91.33(8)
75.91(9)
80.73(9)

77.52(10)



Table 3-3. Interatomic Distances (A) and Angles (°) Relevant to the Nickel Coordination

Spheres in 5. (Continued)

89.50(9) O(1)-Ni(2)-0(1") 90.48(8)
O(2)-Ni(1)-N(1) 95.99(9) O(1)-Ni(2)-0(4"1 172:198)
O(2)-Ni(3)-N(9") 109.42(9) O(1)-Ni(2)-N(6") 96.22(9)
O(2)-Ni(1)-N(3) 97.20(9) O(4)-Ni(2)-N(6) 91.57(9)
O(2-NI(1-N(12) 79.77(9 O(17)-Ni(2)-0(4) 172.19(8)
O(2"-Ni(3)-N(7) 89.50(9) O(4)-Ni(2)-0(4") 87.89(8)
O(3)-Ni(1)-N(1) 92.54(10) O(17)-Ni(2)-N(6) 96.22(9)
N(7-Ni3)-N(7) 98.63(10) O(47)-Ni(2)-N(6) 91.32(9)
O(3)-Ni(1)-N(3) 94.12(10) N(6)-Ni(2)-N(6") 175.70¢11)
N(7)-Ni(3)-N(9") 97.50(10) O(1")-Ni(2)-0(4") 91.33(8)
O(3)-Ni(1)-N(12) 89.80(10) Ni(1)-0(1)-Ni(2) 139.08(10)
N(7)-Ni(3)-N(9") 77.52(10) Ni(1)-0(2)-Ni(3) 138.37(10)



Table 3-4. [nieratomic Distances (A) and Angles (°) Reievant to the Cobalt Coordination

Spheres in 6.
Cot1-N(1) 207715) Co(4-0(3) 2.105(3)
Cot1-0(4 2.1303) Cot4)-0(4) 2.076t4
Co(1)-N(1) 2.1874) Co(4)-0(7) 21574
Co(1)-N(4) 1.993(4) Co(4)-0(8) 2.037(4)
Co(1)-N(22) 2.201(4) Co(4)-N(21) 2.138(H
Co(1)-N(25) 20144 Co(4)-N(28) 21520
Co(2)-0(1) 2.073(3) Co(1)-Co(2) 3.9412)
Co(2)-012) 2.100(3) Co(2)-Co(3) 3.947)
Co(2)-0(5) 2.074(4) Co(3)-Co(4) 3.880(2)
Co(2)-0(6) 2.130(4) Co(1)-Co(4) 3.870(2)
Co(2)-N(7) 2.135(4) O(1)-Co(1)-0(4) 99.0(1)
Cot2)1-N(14) 2.15