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ABSTRACT
This thesis describes the structures and the magnetic properties of the first row
transition metal complexes containing open-chain diazine (N-N) moieties. The purpose of
the research s to establish a magnetostructural correlation involving the N-N single bond
bridge and to investigate the coordination chemistry of open-chain diazine ligands to the
first row transition metal ions. A relevant literature search is presented in Chapter |
Chapter 1 describes a general introduction to magnetic exchange in polynuclear
copper complexes and a general review of the coordination chemistry of diazine (N.)
bridged complexes. In Chapter 2, seventeen dicopper(Il) complexes with five open-chain
diazine ligands (PAHAP, PMHAP, PHMAP, PHAAP and PYPZ) are reported, in which
the two copper(II) centers are bridged by a single N-N bond only. The X-ray structures of
one ligand and twelve dinuclear copper(Il) complexes were determined. Changing the
ligands, together with varying the coligands leads to a situation where the diedral angle
between the copper planes can be varied from 75° to 168.5°. For small angles (less than
80°) ferromagnetic coupling prevails, whereas at larger angles antiferromagnetic exchange
is observed between the copper(Il) centers. The exchange integrals (-2) vary from -24.4
10210 cm”, This s associated with the degree of alignment of the nitrogen p orbitals in the
diazine bridge, and is supported by molecular orbital calculations on the complexes and
appropriate models. Chapter 3 deals mainly with dinuclear copper(Il) complexes
containing two ligands bridging two metal centers. The dinuclear copper(ll) complexes
containing two N-N single bonds have no or very weak coupling because of orbital



orthogonality and the twisting of the two copper planes around these two N-N single
bonds. A dicopper complex containing mixed diazine bridges (pyridazine/N-N) shows
weak antiferromagnetic coupling, and since the diazine unit in the aromatic ring system
bridges two copper centers in an orthogonal manner, this net antiferromagnetic coupling
occurs only through the open-chain diazine bridge. A tetranuclear copper complex
contains two pairs of dicopper(Il centers bridged orthogonally by two y-1,1-azide anions
with each pair of copper(II) centers bridged by one N-N single bond and one ju-1,1-azide
with a 119° azide bridge angle. The dihedral angle about the N-N single bond is 54°, which
indicates either no coupling or weak ferromagnetic coupling via such a bridge. Therefore,
the strong antiferromagnetic coupling (-2J = 246 cm” ) occurs only through the
i1, 1-azide bridges between each pair of copper(Il) centers, giving the first genuine
example contradicting the spin polarization mechanism associated with azide bridges. In
Chapter 4, a series of spiral-like dinuclear complexes of Mn(Il), Fe(IT), Fe(IIl), Co(ID),
Co(l) and Nill) ions containing three N-N single bonds with a formula
(LM} COnmHO (L = PAHAP, PZHPZ X = CIO, or NO; n = 4, 6) and a
seven-coordinate Fe(IIl) complex are discussed. The X-ray structures of six of these
complexes have been determined. Variable-temperature magnetic ~properties,
electrochemistry and spectra are discussed. Chapter § discusses the synthesis, structural
and magnetic properties of some mononuclear and polynuclear first row transition metal
complexes of the open-chain diazine ligands. The X-ray structures of eight complexes
were determined. Two new coordination modes for open-chain diazine ligands have been
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found. In the last chapter, a general conclusion about coordination modes,

correlations, etc.

pen-chai is made.
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CHAPTER 1. General Introduction

i fom e . o poly
LL1 Magnetic properties of polynuclear copper(Il) complexes

The magnetic properties of a polynuclear complex involving paramagnetic metal
ions are in general totally different from the sum of the magnetic properties of each metal
ion fragment separately [1]. To interpret these results, magnetic exchange interactions are
considered. These may arise by direct exchange between the closely spaced paramagnetic
centers, leading to diamagnetism, or by superexchange [2], in which the intervening
bridging atoms or molecules (often diamagnetic in their ground state) are capable of
transmitting the magnetic exchange interaction. The superexchange can be divided into
two categories: ferromagnetic and antiferromagnetic, ~according to the mode of spin
interaction between the metal centers [3, 4]. The magnetic behaviour of materials has been

ly i ind ical points of view [5-12].

In dinuclear copper(IT) complexces, both metal centers A and B (Figure 1-1) each
have one unpaired electron with effective electron spin s denoted s s , and s, and
assaciated with spin angular momentum M. The interaction between A and B leads to two

molecular states, namely a spin singlet S = 0 and spin triplet S = 1 with a singlet-triplet



energy gap denoted by 21 [1, 3, 4], which is called the isotropic exchange coupling
constant (Figure 1-1) [13]. Figure 1-1 also shows the axial zero-field splitting D
(anisotropic.spin-spin interaction) and the rhombic zero-field splitting E due to the
second-order spin-orbit coupling. The anisotropic spin-spin interaction leads to a much
‘smaller energy gap compared with isotropic exchange. If S = 0 is the ground state, J is
negative and the interaction is antiferromagnetic. I£S = 1 is the ground state, J is positive
and the interaction is ferromagnetic.

Sasllz =>Sa=12—

isotropic
interaction

Schematic representation of the low-lying states

Figure 1-1.
ina dinuclear copper(ll) complex A-B.



Based on two assumptions (1, 11] (1) the interaction is weak enough in order for
the S=0and S = 1 states to be properly described by Heitler-London wavefunctions buit
from the magnetic orbitals and (2) the metal-metal charge transfer configuration of the
type A™B or A~B " is much too high in energy to couple significantly with the ground
configuration A-B, the net measured exchange J; may be expressed in a relatively simple

‘way as the sum of an antif i i Jyeanda

positve ferromagnetic. component J,

L=Jg+l, with

e = 25(88)" and

5=3

Ds

Figure 12, Relative energies of the magnetic orbitals ®,, @, and molecular
orbitals v, ¥, builtfrom these magnetic orbitals in
a dissymmetrical dinuclear copper(IT) complex A-B.



‘The difference in energy between the two singly occupied molecular orbitals ¥, and v, for
the triplet state of A-B, built from the magnetic orbitals ®, and O, is represented by A.
The energy difference between the two magnetic orbitals ®, and ®, (Figure 1-2) is
represented by 5. § (overlap integral between the magnetic orbitals ®,, ®,) and j (the

two-electron exchange integral) are given by

S=(pd,  and

§= P @p()r,dr

where p(i) (overlap density) is defined as

P = D, (P, (0)

If the A and B fragments are identical (symmetrical, so, 8 is zero), J,, is reduced

1 =285

Several factors can affect the spin communication. The major factors include: (1)

geometry at the metal centers (14]; (2) angle at the bridge [15]; (3) number of atoms in the

the metals) [16]; (4) identity and polarizing por
and non-bridging atoms bound to the metal [17); (5) the presence or absence of
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orthogonal bridge interactions [14, 17); (6) the fused aromatic ring capacitor effect
[18-20]; (7) spin polarization effects [17-21]. Al of these factors are demonstrated very
well by copper (IT) polynuclear complexes.

The correlation of magnetic properties with these electronic and structural factors.
is so important that it has allowed magnetochemistry to provide a means for the
preliminary characterization of the active sites of bioactive molecules (ie. hemocyanin,
‘hemerythrin, ribonucleotide reductase, cytochrome ¢ oxidase etc.) [22, 23] and in catalytic

processes [24-2).

112 The detection of
magnetic susceptibility measurements

For a mononuclear paramagnetic compound, molar magnetic susceptibility follows

the Curie Law ( eqn. 1-1).
Ng'p? (-
EE s+ 1-1)

Am

For a dinuclear compound A-B, a temperature dependent magnetic susceptibility
measurement _allows a good determination of the J-values because this techrique can

detect an energy separation down to about 1 cm’. By using the isotropic (Heisenberg)

(8, and 8, are the local
A= 2/(8,8)
the molar magnetic susceptibiity is given by the population-weighted average of the

susceptibility of the energy levels [29] ( equ. 1-2).
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‘Where E, isthe energy of the level i in the absence of a magnetic field. E(1) and

E{(2) are the coefficients of the first and second order Zeeman effects respectively. When

a sample is placed in a magnetic fiel, the first order Zeeman effect splits each level

symmetrically into 25+1 component levels ranging in energy from -gBS to +gBS, while

the result of the second order Zeeman effect is to make a temperature independent
%o Therefore, the equation reduces to ( eqn. 1-3) [30]

o = N (z,s(snxzsn)mg—s.m,/kg) Y VA —

3kT Z,(25+ Dexp(-Eiq) / T)

where N isa

For two s = 1/2 copper (II) centers, and considering two factors 1) that copper(IT)
complexes normally contain a small amount of paramagnetic impurity and 2) non-localized
intermolecular spin interactions are commonly observed, the molar magnetic susceptibility
Xu (per metal ) can be given as
g’p!

%), v

10 = K8 [ 00 + (25

where p s the fraction ic impurity and O is the Weiss-lil ion which
accounts for intermolecular interactions. This equation is called the modified Bleaney-
Bowers equation (31], and is used to fit the variable-temperature magnetic susceptibility
data for all new dicopper(l) complexes described in this thesis



L3 Antiferromagnetic interactions, ferromagnetic interactions and

‘magnetostructural correlations

Antiferromagnetic coupling , in a dicopper system involving a spin singlet ground
state and a spin triplet excited state, is comparatively common and has been extensively
studied. However, ferromagnetic coupling is quite uncommon. The orthogonality of the
interacting magnetic orbitals, which could be strict or accidental, leads to A = 0., or in
other words, a ferromagnetic interaction.

Inthe strict orthogonal interaction cases, the famou i by
[CuVO[(fsa),en](CH,0H)] and [CuCr{(fsa),en}(H,0}ICL3H,0 (H,(fsa)en = NN-bis(2-
hydroxy-3-carboxybenzylidene)-1,2-diaminoethane) (Figure 1-3) [11,32]. The magnetic

orbitals ®, in the above two complexes are d, and are partially delocalized towards the

T

A
6! Xee

Figure 1-3.  Structural and molecular orbital i sen]

(CH,0H)] and [CuCr((fsa),en](H,0),JC1 3H,0 with H(fsa),en =

N.N-bis(2-hydroxy-3. 1




Nand O atoms surrounding the copper due to the  -type antibonding overlap, while the
‘magnetic orbital @, or @ is s » and is partially delocalized towards the O atoms but
involves the x-type antibonding overlap. Therefore , the overlap integral between @, and
® 07 O, i 2670 (T is 2er0) and the singlet-triplet energy gap J is given by
Sl =3

which is positive. The ferromagnetic coupling is confirmed by ~magnetic property
measuremeats

By the same mecharism, some long distance ferromagnetic coupling systems were
also found in the following ples: A very weak ic coupling was found

in a trinuclear copper (IT) complex through a very long bridging [CuCl,J" anion, which
has a distorted square pyramidal structure (Figure 1-4) [33]; and a rather strong
ferromagnetic coupling was observed in a phthalato-bridged copper(Tl) trinuclear complex
having a long Cu-Cu separation (6.7 A) via a Cu-CI-Cu-CI-Cu pathway [34]

Figure 14, Strct orthogonal interaction

in a trinuclear complex bridged by [CuCLJ*.

In the case of accidental orthogonality, the occurrence is not directly related to the
symmetry of the complex. For very peculiar values of the structural parameters, the
‘molecular orbitals for the system can become accidentally degenerate and  the energy gap



A becomes zero. Any structural deformation will lead to the disappearance of this
accidental orthogonality. The well documented system is [L,Cu(OH),CuL, ", which has a
planar structure (Figure 1-5). Both experimental studies (by Hatfield et al. [35, 36] ) and.

" i

Figure 1-5. The model compounds used by Kahn
‘and co-workers to calculate the dependence of J,,

on bridging angle (cx) and dihedral angle (5)

theoretical studies (by Kahn et al. [7, 37, 38] ) show that the energy difference between the

two copper (II) ic orbials varies with the Cu-OH-Cu bridgi Based on
experimental data, Hatfield et al (35, 36] obtained a very good linear correlation:

2J(em") = -74a (degrees) + 7270 . [1-5)

When o is larger than 97.5° the J,, component s predominant and the observed coupling
is antiferromagnetic. When a = 97.5°, J= 0 and a ferromagnetic interaction is observed.
However, for certain angles . < 97.5°, J; should become the dominant component and
an antiferromagnetic interaction il theoretically be observed again. A similar correlation

was found by Merz and Haase [39] in the Cu<(OR')-Cu system:



2(em) [1-61

A magnetostructural correlation for phenoxide bridged dinuclear copper(Il) macrocycles
has recently been proposed by Thompson et al. [15] , which is somewhat analogous to that
for the hydroxide bridge system.

ol compounds,
it does nothold if the molecule is bent along the 0-O axis. Kahn et al. [10] studied
theoretically the dependence of -2J on dihedral angle (5) for the hydroxide bridged system,
where § is the angle created by bending the molecule about the O-O axis (Figure 1-5).
The MO calculations showed that by bending the molecule from planar (5 = 180°) to
larger dihedral distortions (5 < 180°), the energy gap AE between the triplet molecular
orbitals becomes drastically smaller, which means that for the hydroxide bridge, Jys
becomes more positive (smaller in magnitude) as 5 increases from a planar to a dihedrally
distorted structure and that 2/ wil increase for deviations from planarity.

Accidental orthogonality and ferromagnetic. exchange coupling also have been
observed in mixed bridged systems, such as Cu(l)-RO/(u;-13)RCO,-Cu(ll) [40-44]

Schematic representation of

-
£, 1-6.
2 =
accidental orthogonality in trinuclear
Ny
e \1/ " copperT) complese bidged by
“

RORCO,(1;-1,3).



(Figure 1-6). In such systems, the angle between the central copper magnetic plane and
the terminal copper magnetic planes varies with changes in the size of R" groups.

In addition to. the orthogonality of the magnetic orbitals, both spin polarization by
ligands like Ny, NCS, NCO' etc, bridging in an end-on manner, and orbital

‘counter-complementarity effects, also lead to a ferromagnetic interaction.

®

Figure 17 Molecular orbital representation of the spin-polarization mechanism
(a) free Ny, (b) p,-1,1- Ny in a dicopper(II) complex

() w-1,3- Ny in a dicopper(IT) complex

The spin polarization effect was proposed to explain the observed ferromagnetism in
11, 1-azide bridged dinuclear copper(IT) complexes. The ferromagnetism results through
the interaction between the two copper(ll) ,, metallic orbitals and the 7, MO on the

azide, while the p-1,3-azide bridge leads to an antiferromagnetic interaction (Figure 1-7).



‘The spin polarization effect was proposed in the early 1980's by Kahn [17, 21] to
account for the magnetic properties of these i -1,1-azide bridged copper(Il) complexes
with Cu-N;-Cu angles in the range 97.5°-105.5°[45-47). According to the extended
Hckel MO calculations [46], in this angle range the energy gap between the two
molecular orbitals constructed from the d,, magnetic orbitals in the triplet state and
appropriate symmetry orbitals on the bridging ligands was considered o be very small.
T e coupfing i ressoasbis hat

ferromagnetism should prevail for all azide bridge angles. However, recent studies in
‘Thompson's group [48] showed that antiferromagnetic u,-1,1-azide bridged dinuclear
copper(Il) complexes also can be produced with some dinucleating N, diazine ligands,
‘which can generate a very large range of azide bridge angles (98.3-124.17). In some cases,
very strong antiferromagnetic. coupling (-2J > 900 cm' ) [49, 50] has been observed
Detailed studies showed that when the azide bridge angle exceeds 108, the azide bridge is
responsible for antiferromagnetic coupling. o, the -1, l-azide bridge can enter an
antiferromagnetic realm. Therefore the spin polarization mechanism may be inappropriate,

‘or may only be applied in small angle systems. The question of an antiferromagnetic realm

for the -1, 1-azide bridge n di [51] or other dimetal 1

The orbital effect has been well by a chain

compound [Cuy(j,-1,1-N,),(1,1,3-NO,),(1,-1,3-Me,;NCH,C00,),], (Figure 1-8) reported
by Thompson et al [52] and Mak et al. [53]. In this compound, every pair of copper(IT)

centers s bridged by j-1,1-azide and ju-1,3-carboxylate groups in the equatorial plane.

12



‘The nitrates bridge the copper(Il) centers axially in an altemating trans mode throughout
the chain. The copper(IT) magnetic ground states (d.s,;) are based on the equatorial planes,
50 the exchange interactions would be expected to happen only through the azide and

Figure 18, Segment of the chain structure of [Cu;(i1,1-N)(4;-1,3-NO),
(44,-13-Me;NCH,C00,),],

the carboxylate bridges. The apical nitrate bridges will contribute very little to the
‘exchange since they are orthogonal. The azide bridge angle in this compound is 119.5(2)°,
‘which is much larger than 108°. Therefore, the expected coupling in this compound, based
on the azide bridge alone, should be antiferromagnetic. Actually, variable temperature

magnetic susceptibility studies reveal dominant intrachain ferromagnetism (J = 26 cm

13



‘This result has been satisfactorily explained by using extended Hickel molecular orbital

calculations on simpie model compounds [52].

Figure 1-9.

(Cu-N,~Cu angle is 120° in both cases) by p,-1,1-azide/p,-1,3
~carboxylate (a) and. ju,-1,1-azide/j-1,2-diazine (b).
‘The calculation for model compound a (Figure 1-9) shows exactly a situation where the
ferromagnetic term becomes dominant, due to the orbital counter-complementarity effect
(52]. On the contrary, if the carboxylate group was replaced by a diazine (e.g. pyridazine)
or hydroxide, the calculations, using model compound b (Figure 1-9), showed that the
energy gap between the two frontier orbitals would increase compared with that of a
monobridged 1, 1-azide, ,-1,2-diazine or 11-OH complex. This gives an explanation
for the larger antiferromagnetic interaction observed in such systems.
It was also noted that the orbital counter-complementarity effect is responsible for



explaining the weak or even ferromagnetic. [44] coupling  in the Cu(Il) (4. RO, R' =
alkyl, HY(1;-1, 3)RCO, - Cu(ll)d,z») system.

12 Poly ith N,

aromatic ligands

N, diazine bridges in some corjugated aromatic heterocyciic ligands can bring two
copper(Il) centers into close proximity and generate intramolecular exchange between the
two copper centers via the  system of the heterocyclic ligand. This varies with the nature
of the diazine ligand. Extensive studies have revealed that in the dinuclear copper(Il)
‘complexes involving pyrazine, pyrimidine and other related bridges, where the heterocyclic
nitrogen donor centers are amanged at the 1,4 and 1,3 ring positions [54], very weak

(Figure 1-10)

R DTN o NV g

-M

,

Figure 1-10. Examples of weak coupling via
M-diazine-M links.



However, for some heterocyclic diazine ligands with a 1,2-heterocyclic nitrogen
armangement, moderate to strong antiferromagnetic coupling has been observed depending
on the identity of the ligand (Figure 1-11) [18-20, 55-68]. For essentially planar bis-(N,)
ligand complexes in which the magnetic orbital is d 5, the -2J values are in the order of

50 cm”) (18, 61,65, 6] ') [55-57)

> triazolate (200-240 cm”) [58, 61] > 4-aminotriazole (< 220 cm") 59, 67] (Table 1-1)

[68].
M M
N
o
7\

€y 8 ¢ ¢
MM N & VAR
M M P P

Figure 1-11. Moderate to strong antiferromagnetic coupling via M-1,2-
diazine-M links.



Table I-1.  Magnetic and structural data of doubly di N,) comple

‘Compound -2)(em")  Cu..Cu(h) Cu-N(A) Cu-N(A) Cu-O(A) Ref.
(dizine)  (peripheral)  (wxial)

[Cu(DPYH),(H,0),CI0),) 5362 3.760(2) 2.027(5) 1977(7) 2310(6) &
2014(6) 1.974(6) 2554(6)

[Cu(DHPH),(H,0),(CIO,),] (CIO,), 489(1) 3729 1.981(7) 1.966(8) 2351(7) 18
1.965(8) 2.019(7) 2615(12)

[Cu,(DPAP),)(BPh,), 428 3.903(2) 1.929(4) 2.028(3) 55
1.906(3) 2108(4)

[Cuy(BAMPZ),Br,] 3840 3.947(4) 1.88(2) 20701) 69
1.96(1)

[Cu(BPYPZ),(HOLNO)J2HO 3618 4044 1.954(5) 2,074(5) 22 57
1.942(5) 2092(5)

[Cu,(BPT),(CF,S0,),(H,0),] 236(20)  4.085(1) 1.942(3) 2,0820) 23763) 6l
1.936(3) 20870) 2802(4)

[Cu,(AAMT),(H,0),Br,] 2202) 4.06%(7) 1.950(3) 2.032(3) 2.647(3) 59
1.93703) 2.043(2)

(Note: For structures of the ligands see * Figure 1-12")
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Figure 1-12.  Schematic representation of the diazine ligands.

Detailed studies comparing the six-membered heterocyclic ligands pyridazine and
phthalazine showed that the antiferromagnetic coupling was generally stronger via a
pyridazine bridge than via a phthalazine bridge, because of a capacitor effect (fused

aromatic rings) [18-20]. For the five membered heterocycles the antiferromagnetic



coupling was generally weaker compared with that in the pyridazine or phthalazine bridged
ligand i be further

apart. Considering the polarizing power of the extra electronegative nitrogen within the
same rings, which limits the exchange among the five-membered ring diazine systems, the
pyrazolate propagates the antiferromagnetic exchange more efficiently than 1,2,4-triazole,
1,2,4-triazolate or 4-amino-1,2,-triazole.

A very interesting phenomenon has been observed in some heterocyciic bis-diazine
copper complexes, fination geometry is changed. Konir etal [13,
57, 59, 60, 65, 70] investigated the magneto-structural correlations for dinuclear doubly N,

Nl 2,4t i ind found that the J value and the N-Cu-N

angle (Figure 1-13) have a linear relationship, like the case observed for planar
dihydroxo-bridged copper(Il) compounds. When the N-Cu-N angle decreases, the J value

dramatically increases to a maximum, with N-Cu-N = 90°

Ni—N;

/

< cu
Ny'—Ny'
Figure 1-13. Topology of the atoms constituting the bridging
network in doubly N1,N2-1,2,4-triazole bridged
dinuclear copper(IT) compounds.



Theoretically, to obtain an effective propagation of superexchange the N-Cu-N

angle and Cu-N-N angle should be 90° and 126 respectively, because only in such a way

occur effectively vi
However, a surprising result [71] was obtained in a heterocyclic bis-diazine
complex [Cu,(PTP),CI(CIO,), (PTP=3,6-bis(2-pyridylthio)pyridazine) in which the copper
N, planes are canted symmetrically toward an apical chlorine bridge to form a boat
conformation. The antiferromagnetic exchange does not diminish significantly because of
this boat conformation, and is comparable to that observed for the planar complex
[Cu(DHPH),(H,0),J(CIO,),. This observation is supported by a theoretical study on a
model complex [Cu,(PYZ),CLJ", which showed that J,, value was insensitive to the
twisting of the copper planes relative to the pyrazolate plane, but contrasts with another
study on roof-shaped bis-(hydroxo)-bridged dicopper(Il) model complexes in which J,,
imirishes wit the dihedral pper planes [10,72] (see

Figure 1-5).
13 Copper(ll) complexes with open-cha
As mentioned above, the dicopper(Il) complexes containing a diazine moiety

diazine ligands

incorporated in a heterocyclic ring system have been studied extensively. The main
conclusion is that the diazine in aromatic heterocyclic ligands generally can fix two metal
centers in close proximity to provide an antiferromagnetic exchange pathway and the T,
value is generally insensitive to the change of the coordination environment, even though a
slight change of -2J value has been observed in the 1,2,4-triazole bridged dinuclear

20



copper(ll) system. The literature dealing with dicopper(ll) compounds containing
open-chain diazine ligands is rather limited [13, 73-76].
Compared with the diazine moiety in heterocyclic ring systems the N, diazine

linkages in open-chain systems are much more flexible (see Figure 1-14) and provide

Figure 1-14. Flexibilities in open-chain diazine systems.

\/‘_'?—O Q\_Mg‘\—" B

Type A
Type C
Type AB
M
7N
N
[ . |
N
™
Type B
Type D

Figure 1-15.  Topological variation of open-chain diazine ligands and their

coordination modes.



a very interesting topological variation. Depending on R, R', X, X' and  the metal ions,
coordination modes will vary with the changes in two types of angles, namely the torsion
‘angle () about the N-N linkage and bend angles around the two nitrogen atoms (8 or ).

‘The limiting situations of the changes of these two ed in Figure 1-15

when R = R = Py and X = X. Al these types are defined cither for ligands or their
complexes based on the arrangement of the ligands.

Type D (cis-<is conformatior) complexes have not yet been found because the
cis-cis conformation is believed to be sterically unstable. For the same reason the limiting
situation of the rans-trans conformation Type A has not yet been observed either [77,
78]

A couple of Type C (cis-trans conformation) copper([l) complexes have been
structurally documented. In 1983, O'Comnor et al. [19] reported a PMK copper(l])
complex with general formula Cu(PMK)(NO,), (PMK see Figure 1-16) which exibits no
significant magnetic coupling over the temperature range of 6-300 K because it consists of
isolated monomers. In 1984 Thompson et al. [80] described an example of an IMAA
(Figure 1-16) copper(Il) complex, which has an analogous structure to that of
[Cu(PMK)(NO,),}. The only difference between these two complexes from the structural
point of view i that the stereochemistry at the copper centre is closer t0 a square-pyramid
in [CuMAA)BLJHO, and closer to trigonal-pyramidal in [CuMK)NO,)]. The
structural index < (x = (B - a)/60, B and a are the two largest bond angles) proposed by
Addison et al. [81] for [CuMAA)BLIH,O is 02, but 053 for [Cu(PMK)NO,)J.
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Another two mononuclear copper complexes, [CuBry(HL)JH,O and [Cu(HPCTYPCT)]
(NCS) (HPCT, Figure 1-16) also involve Type C conformation [82, 83].

If there are appropriate donors included in R or R' (Fig. 1-14), the Type C

.o NI
a0 a<ra
e OO0

A>T 2w 24

J%Z))U Sﬁ-ﬁ{f FgQ

Figure 1-16. i i hai




2 dinuclear copper complex of a polydentate diacetylazine dioxime ligand (L-H, Figure
1-16). The structure shows that the nearly planar (L-H) group behaves as abridging
tetradentate ligand. Each copper has a distorted square-pyramidal coordination  including
three N donors from two oximes and an azine, and one O donor from each oxime. ESR

spectroscopy shows that the copper(Il) centers are highly coupled ~through the N-O

bridges. Another dinuclear containing iety of the
ligand HPCT was reported by Rojo et al. [85]. In this complex, two copper centers were
bridged by two S atoms from thiocyanate and it exhibits very weak antiferromagnetic
coupling because Cu-S-Cu s close to 90° (87.0°%).

A mixed case of cis-trans (Type C) and trans-irans (Type AB) conformations was
found by Mangia et al. [86] in a tetranuclear copper complex [Cu,(DIP)CL),(H.0), and its
analogous compounds [87] containing the 2,6-diacetylpyridine-bis-(picolinoyl- hydrazone)
dianion (ELDIP, Figure 1-16 ). In the complex, two crystallographically independent metal
ions are linked by diazine moieties originating from the octadentate DIP ligand. The Type
C (cis-trans) conformation has a 235° bend angle (B) and the Type B (irans-trans)
conformation has a torsion angle (a) of about 90°. There is no report of the magnetic
properties of this complex. Another mixed case was reported recently by Pelizzi et al
[88]. X-ay crystallographic analysis shows that the copper complex
[Cu,(HL)CL®E,O)].1.SH,O (HL = bis(methyl-2-pyridyl ketone carbono-hydrazone, Figure
1-16) is dinuclear. The copper complex centers have a mixed conformation of cis-rans

(Type €) and trans-trans (Type B), and an almost planar amangement of two ds

2



copper(II) centers linked by a N-N bond. This complex exhibits strong antiferromagnetic
coupling (-2J =213.3 cm).

A number of Type B copper(IT) complexes have been reported including di-, tri-
and tetra-nuclear cases [89). A typical Type B dinuclear copper(Il) complex was reported
by Lagrenée et al. [90]. The X-ray structure shows a dinuclear complex of the ligand,

(2-pyridoyl) pyridine carbohydrazide (abbreviated as POHOP, Figure 1-16) obtained by

opening of the oxadiazole ring in 2,5-bis(2-pyridyl)-1,3,4-oxadiazole via a hydrolysis
mechanism. Bacchi et al. [91] reacted a hydrazone derivative, di-2-pyridyl ketone [phenyl
(semicarbazono)acetyi] hydrazone with CuCl, in ethanol and obtained another dinuclear
copper complex of Type B. The two copper centers in both cases are bridged by an
open-chain diazine moicty solely in the trans-trans (Type B ) conformation with o =
180°. Therefore, the two copper(IT) centers in these two complexes might have strong
coupling compared with the result observed in [Cu(HL)CL(H.O)JI SH,O [92].

there i i des reported.

Two dinuclear copper(IT) complexes containing a Type B diazine ligand, in which
only one nitrogen was coordinated, were reported by Ainscough et al. [92] and
Koningsbruggen et al. 13, 93], But in such dinuclear complexes the two copper centers
are linked by hydrogen bonds or by a [SIF,J* group, and no significant coupling could be
observed in these cases. If there are some appropriate donors in the ligands, strong

coupling can be generated via other bridges (i.e. N,', PhO"). Some complexes of this type



have been reported by Koh et al. [84], Wang et al. [95] (Figure 1-17 A) and Murray et al
16}

Only one trinuclear copper complex containing a compartmental trinucleating,
trans-trans open ring diazine ligand (Figure 1-17 B) has been reported [97]. Three copper
centers in the complex have square-pyramidal structures and are bridged by two trans-trans

diazines (Type B). However the central copper(lT) is quite distorted (c = 0.44) [97].

R=H, Me, Bu', OMe, C1, Br

A B
Figure 1-17. Type B complex without donor site at R (see Figure 1-14) hence

NN bridge (A); Schematic ion of a

series of compartmental trinucleating ligands (B).
Even though the central ion s stillfar from a

chromophore, such distortion would have  significant effect on the magnetic coupling.
‘The magnetic simulations of the experimental data gave magnetic parameters g = 2.10, J =
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50 cm’, @ = -0.65 K and Na = -270*10° cm" mol". Compared with the result in a
cis-trans and rans-trans mixed diazine dicopper(IT) complex reported by Pelizz et al. (88],
the trigonal bipyramidal distortion around the central copper(l) ion inhibits the magnetic
coupling.

A very interesting is the i i Type A and Type

B, defined as Type AB (0°< < 180°). Until now only two structurally characterized
‘copper(IT) complexes of this type have been reported. A magnetostructurally characterized
dicopper(IT) complex [Cu,(PMK)CL] (PMK see Figure 1-16) was reported by O'Connor
et al. [79] in which the copper planes form a folded square planar conformation with an
torsion angle (a) of 70.8°. This complex exhibits weak antiferromagnetic coupling (-2J =
52 cm). A cyclic tetranuclear copper(I) complex of an asymmetric hydrazone ligand
N icoli hydrazine [C 8H,0 (HOPA sec Figure 1-16)

reported by Koningsbruggen et al. 98] has a 90° torsion angle between the copper square
planes, and shows a negligible exchange interaction between the metal centers. It seems
that when the torsion angle between the copper magnetic planes decreases, the
antiferromagnetic coupling for polynuclear copper(IT) complexes containing Type AB
diazine moieties also decreases, based on the results of magnetic property studies on these
two complexes and [Cu,(HL)CI,(H,0)).1 SH,0 [86]. However it is not possible to reach
any conclusion from these limited examples conceming a magnetostructural correlation

based on torsion angle ().



14 Scope of the thesis

‘The li for open-chain diazine li ind their Z

shows that although a handful of open-chain diazine bridged copper(ll) complexes has

been structurally characterized, variable-temperature magnetic and related structural

o<, . o< .
“>_<~ A

@amox -
o
Figure 1-18. Open-chain diazine ligands studied in this thesis.
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studies on such compl very limited. This
of the coordination chemistry of copper(II), as well as other fist row transition  metal
ions, with members of this class of open-chain diazine ligands, and focuses on
magnetostructural correlations for dinuclear copper(IT) complexes. To achieve these goals,
a series of open-chain diazine ligands (Figure 1-18) and their complexes were synthesized
‘which contain NEL or OH groups at the X or X' positions (see Figure 1-14). Compared
with related ligands, such as PAA [73-76] and PMK [79), the ligands have several
beneficial features: 1) The replacement of H or methyl in PAA or PMK by N or OH
groups will possibly lead to the complexes being more soluble in polar solvents; 2) The
NH, or OH groups will stabilise the ligands via super-conjugation effects, in other words,
such ligands would h ing abiliy to e.g. Cu(ll); 3) F i of

view, the NH, or OH groups can change the torsion angle (x) between two metal
magnetic.planes, via either H-bonding or steric effects, which will affect the magnetic
interaction drastcally; 4) From the organic chemistry point of view, further organic
reactions could take place at the NH, or OH groups leading to additional ligand
functionality and extended coordination chemistry; 5) NH, or OH groups in the ligands
could provide more coordination possibilites with formation of polynuclear complexes.
‘These ligands present an unusual arrangement of potential donor sites, with many possible
mononucleating and dinucleating coordination modes. The ligand PAHAP as well as
PHAAP has the potential for hexadentate coordination in a binuclear complex. Several

possible modes for PAHAP involving pyridine and/or diazine and/or amino groups are



illustrated in Scheme 1-1. Despite the similar coordination modes of PAHAP and PHAAP

it can have another i 1-2, which hydroxyl group in
the ligand can lose a proton and bridge two metal centers. PMHAP and PHMAP have

Scheme 1-1
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similar coordination modes and have the potential for pentadentate coordination in a

binuclear complex. Another dinucleating mode for these two ligands s the intermediate
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Type AB. PYPZ may have similar coordination modes to that of PAHAP, with the
exception that it contains one more nitrogen donor at the fourth position of the pyrazine
ring, which can provide additional coordination possibiliies. PAHOX not only contains an
‘open-chain diazine unit but also an oxime group which could act in a monodentate fashion

at the N site or as an N-O bridge.

In Chapter 2, ith ive op
PMHAP, PHMAP, PHAAP and PYPZ, Figure 1-18) are presented, in which the two
copper(Il) centers are bridged by a single N-N bond only. Changing the ligands, together
‘with varying co-ligands leads to a situation where the torsion angle between the copper
planes can be varied over a very large range. The comparison of magnetic exchange
integrals and the torsion angles between the copper magnetic planes for these complexes
has allowed us to establish magnetostructural correlations for open-chain diazine bridged
dicopper(TI) systems.

Chapter 3 deals mainly with dinuclear copper(ll) complexes containing two
open-chain diazine ligands (PAHAP, PMHAP, PYPZ, Figure 1-18) bridging two metal
centers. The variable-temperature magnetic property studies on such complexes wil be
presented, and a comparison of the propagation of the exchange interaction via one N-N
single bond and two N-N single bond linkages will be made. In this chapter, the studies on
a most unusual tetramucear copper(IT) complex bridged by N-N single bonds from the

open-chain diazine ligand and -1, 1- azide will be also presented.



Chapter 4 describes a series of spiral homodinuclear complexes of Ma(IT), Fe(I).
Fe(TIT), Co(ID), Co(TIT) and Ni(I) ions containing three N-N single bond bridges with a
formula [L,M;].(X),.mH,0 (L=PAHAP, PZHPZ, Figure 1-18; X=CIO, or NO,; n = 4, 6)

and an unusual seven-coordinate Fe(III) mononuclear complex. The X-ray structures,

iable-temperature magnetic propertis, istry and UVAvis, 'H NMR spectra
are discussed.

Chapter S focuses on a more extensive investigation of the coordination chemistry

of the open-chain diazine ligands (PHAAP, PAHAP, PAHOX, PAH, Figure 1-18). An

analysis of the crystal structures of a series of mononuclear and polynuciear first row

transition metal complexes is presented. "H NMR spectra of diamagnetic complexes and the

magnetic nplexes will be discussed.
In the last chapter, a general conclusion about coordination modes,

magnetostructural correlations, etc. of the open-chain diazine complexes will be made.

with regard to in this field
15 Analyses - spectroscopic and physical measurements
UV/VIS SPECTRA

Electronic spectra were recorded as Nujol mulls and in solution using a Cary SE
spectrometer.
INFRARED SPECTROSCOPY (IR)

Infrared spectra were recorded as Nujol mulls using a Mattson Polaris FT-IR



MASS SPECTRA
spectr ined using a
ELEMENTAL ANALYSES
C, H, N determinations were performed by the Canadian Microanalytical Service,

Delta, B.C., Canada.
'MAGNETIC MEASUREMENTS

Room temperature magnetic moments were measured using a Cahn 7600 Faraday
balance and variable temperature magnetic data (4-30SK) were obtained using an Oxford

Instrument ing Faraday jth a Sartori ‘microbalance.
A main solenoid field of 1.5 T and a gradient field of 10 T m* were employed. Calibrations
were carried out with HgCo(NCS), and temperature errors were determined with
[TMEN][CuCL] (TMEN=(CH,),HNCH,CH.NH(CH,);") [%9].
ESR SPECTROSCOPY.

ESR spectra were recorded with a Bruker ESP 300 X-band spectrometer at room
temperature.

MI¢ ENTS

Cyclicvoltammetry was performed at room temperature in H,0 and dimethyl-
formamide (DMF) (spectroquality grade dried over molecular sieves), under O, free
conditions, using a BAS CV-27 and a BAS XY recorder. A

system was used in which the working electrode and counter electrode were glassy-carbon
and platinum respectively, with a standard calomel (SCE) reference electrode. The



supporting electrolytes were KNO, for aqueous solution and tetra- ethylammonium itrate
(TEAN) for DMF solution. Al potentials (E,, values) are reported versus the standard
calomel electrode (SCE).
MELTING POINTS

Meling points were measured on a Fisher-Johns melting point apparatus and are
uncorrected.
'HNMR

'H NMR spectra were obtained with a General Electric 300-NB spectrometer with
tetramethylsiane (TMS) as an internal standard
1.6 Safety note

Both perchlorate and azide compounds are potentially explosive and should be
treated with care and used only in small quanities. In particular, Cu(N,), and many other
simple ionic metal azides are explosive, so care must be taken to avoid using an excess
‘amount of metal salt and azide during the preparation of the metal complexes. All azide and
perchlorate complexes reported herein were tested by controlled mechanical impact to

ensure their stabiliy.



CHAPTER 2 Dinuclear Copper(Il) Complexes Bridged by

One N-N Single Bond Only

21 Introduction

As mentioned previously, the literature references to copper(Il) complexes
containing open-ch ine i very limited. Such diazi ies in the ligands.
are much more flexible compared with those incorporated in heterocyclic compounds, and

generate many coordination modes. Type B systems exhibit moderately strong exchange
coupling with -2J value of about 210 cm”, while with Type AB diazine bridge systems,
which have a twisted conformation, variable exchange coupling pathways exist. i.e. -2J =
53 em’ in [CuPMK)CL] [79], and no coupling in [Cu(OPA)L(NO,),8HO (98]

Therefore, systematic studies on the structures and magnetic properties of this type of
polynuclear copper(Il) complex represent an interesting step forward towards the
understanding of magnetic exchange propagation via this kind of diazine bridge.

‘Therefore, this chapter presents a study of a series of binuclear copper(II) complexes of
the following diazine ligands, including their syntheses, structures, magnetic properties and
MO modelling. The ligands PAHAP, PMHAP, PHMAP, PHAAP and PYPZ were
synthesized by Scheme 2-1.
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22 Experimental
221 Materials

Commercially available solvents and chemicals were used without further
purification.
222 Measurements

Analysis, ic and physical Chapter 1)
223 Synthesis of the ligands

PAHAP (picolinamide azine)
This compound was prepared by a procedure different from that reported in the
literature [100], with an improved yield. 2-cyanopyridine (20.8 g, 0.200 mol) was reacted

‘with a solution of sodi hoxide, gen y additi i (0468, 0.020
‘mol) to dry methanol (200 mL), at room temperature for 12 hr to yield the methyl ester of
iminopicalinic acid (98], Picolinamide hydrazone [101] (27.6 g, 0.200 mol) was added to

id ester in situ and the resulting
for 24 hrs. Cooling to room temperature produced yellow crystals (yield 40.8 g, 85.0%),
which were recrystalized from ethanol and characterized by C, H, N analysis, MS, 'H
NMR and mp. (mp. 210

t. 210211°C).
PMHAP

Picolinamide hydrazone [100] (13.6 g, 0.100 mol) was reacted with 2-acetyl

pyridine (12.1 g, 0.100 mol) in boiling absolute ethanol (50 mL) for 4 hrs. The resulting

‘whereupon, ye Y i eld

17.9 g 80.0%, mp. 117-118°C). Mass spectrum (major mass peak; mvz): 239 (M), 224
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(M-CHL), 161, 133, 108, 78. Infrared spectrum, V., 1613 cm’, v, 3465 cm, 3318 can’.
Anal. caled. for C,H,N;: C, 65.26; H, 5.48; N, 29.27. Found: C, 65.26; H, 5.48; N,
2942

PHMAP

Picolinamide hydrazone [100] (13.6 g, 0.100 mol) was added to a boiling solution
of 6-methyl-2-pyridine carboxaldehyde (12.1 g, 0.100 mol) in absolute ethanol (60 mL),
The resulting solution was refluxed for 4 hrs. On cooling to room temperature, yellow
crystals formed (yield 19 g, 80%, mp. 125-126°C). Mass spectrum (major mass peak;
mz): 239 (M), 238 (M-H), 208, 147, 134, 119, 106, 79. Infrared spectrum, V. 1618
cm, 1604 c, v, 3484, 3455, 3362, 3300 car”. Anal. caled. for C,;H,,N, : C, 65.26; H,
5.48; N, 29.27. Found: C, 65.29; H, 5.46; N, 29.30.

PHAAP

13.7 g (0.100 mol) picolinic hydrazide, made from ethyl picolinate by reacting with
hydrazine hydrate in methanol at room temperature, was added to a 100 mL methanol
solution containing 0.1 mol of the methyl ester of iminopicolinic acid. The clear solution
was refluxed for 6 hrs. Cooling the solution to room temperature produced a pale yellow
crystalline product (yield 85-90%, mp. 215-216°C ). Mass spectrum (major mass peak;
miz): 241(M), 224, 223 (M-NH, and M-HLO respectively), 194, 163, 107, 79. Infrared

fowo 1667 ", Vg, 3305, 3167 cm'". Anal. caled. for CH,,N,

H,4.60; N, 29.21. Found: C, 59.73; H, 4.

,2934.



PYPZ

PYPZ was made ina similar fashion to that of PAHAP, using 2-pyrazinamide
hydrazone instead of picolinamide hydrazone, with a 90% yield (mp. 212-214°C). Mass
spectrum (major mass peak; mvz): 241(M), 225, 224 (M-NH,) 196, 195, 163, 162, 121,
120, 106, 105, 80, 79. Infiared spectrum, Vouy 1606 i, V o 3408, 3301 cm”. Anal
caled. for C,H,N;: C, 54.77. H, 4.60; N, 40.67. Found: C, 54.97; H, 4.53; N, 41.19.
22.4 Synthesis of the complexes

[Cu,(PAHAP)CIJH,O (1)

PAHAP (0.24 g, 1.0 mmol) was added to an aqueous solution (30 mL) of
CuCl, 2H;0 (034 g, 2.0 mmol), and the mixture was stirred for several minutes at room
temperature until the ligand dissolved. The deep green solution was filtered and the filtrate
was allowed to stand at room temperature for several days. Dark green crystals, suitable
for an X-ray structural determination formed; these were filtered off, washed quickly with
water and_air-dried (yield 90%). Anal. calcd. for [Cu(CH NJCLIHO: C, 27.34; H,
2.68; N, 15.94. Found: C, 27.45, H, 2.63; N, 16.12.

[Cu,(PAHAPYCL] 2)

‘This complex was prepared as brown crysals, which were suitable for an X-ray
structural determination, in a similar way to that of 1, with the exception that a 2-fold
excess of copper chloride was used. Yield 92%. Anal. caled. for [Cu(C,HN)CL): C,

28313 H, 237, N, 16.50. Found: C, 2837, H, 238 N, 16.57.



[Cu(PAHAP)BFH,0 (3)

This complex was prepared in a similar manner to 1, using copper(Il) bromide,
and was obtained as brown crystals (92%), suitable. for an X-ray structural determination.
Anal. caled. for [Cu,(C.H,,N)Br,] H,0: C, 20.44; H, 2.00; N, 11.92. Found: C, 20.55; H,
198N, 1192

[CuPAHAPXELO)I(NO), (§)

This complex was also prepared in a similar manner to 1, using copper(Tl) nitrate
(vield 80%), forming deep green crystals suitable for an X-ray structural determination.
Anal. caled. for [Cu,(CH,NJH,0),,JNO)),: C. 20.17; H, 3.24; N, 19.60. Found: C,
20.22; H, 3.03; N, 19.46. The X-ray sample, which was not vacuum-dried, was shown to
have four strongly and two weakly coordinated water molecules.

[Cu,(PAHAP-H)(N,),(NO,)] (5)

This compound was prepared as olive green microcrystals by addition of an
aqueous solution of sodium azide to an aqueous solution of 4. Anal. calcd. for
[Cu(CH,NIIN),(NO,)): C, 28.07; H, 2.14; N, 35.45. Found: C, 28.19; H, 2.18; N,
36.04.

[Cu,(PAHAP)(NCS),(DMF),] 2DMF (6)

Complex 4 (0.72 g, 1.0 mmol) was dissolved in 40 mL deionized water and added
slowly with strring to a solution of KSCN (0.8 g, 6.0 mmol) dissolved in water (30 mL).
A yellow-green precipitate formed immediately, which was allowed to stand ovenight,
filtered and washed with deionized water and dried under vacuum. Green crystals, suitable



for Xeray determination, were obtained by diffusion of ether into a DMF/MeOH (1:1)
) (NCS),(DMF),]

2DMF: C, 37.71; H, 4.52; N, 22.00. Found: C, 37.47; H, 4.37; N, 22.30.

solution of the precipitate (yield 90%). Anal. calcd. for [Cuy(C,.}

[Cu,(PAHAP)(NCO),]. 2DMF (7)

Compound 7 was prepared as olive green microcrystals in a similar manner to
compound 6 in 85% yield, by using KOCN instead of KSCN. Anal. calcd. for
[Cu(C,;H,N)(NCO) 2DMF: C, 38.76; H, 3.82; N, 24.66. Found: C, 38.30; H, 3.19:N,
2466,

[Cu,(PAHAP)(Bipy),(NO,),].(NO,), 4H,0 (8)

Bipy (0.312 g, 2.00 mmol) was added to a solution of compound 4 (0.72 g, 1.0
mmol) dissolved in 20 mL deionized water, forming a clear green solution after a few
minutes. The solution was fitered and allowed to stand at room temperature for a few
days. Deep green crystals, suitable for structure analysis, formed which were filtered off
and dried in air (yield 61%). Anal. caled. for [Cuy(C,;HN)(C,HN),(NO,),](NO),
4H,0: C,38.44; H, 3.63; N, 19.61. Found: C, 38 40; H, 3.35; N, 19.65

[Cu,(PAHAP)(Giyn-H),(NO,)(H.0)J(NO,).3H,0 (9)

Glycine (0.15 g, 2.0 mmol) was neutralised by addition of a solution of KOH (2.0
mmol in 5 mL H,0) and added to a solution of compound 4 (0.72 g, 1.0 mmol) dissolved
in 15 mL deionized water, with the formation of a deep green solution. The solution was
filteredand allowed to stand for 3 days. Dark blue crystals formed, which were suitable
for structural analysis (vield 84.4%) Anal. caled. for [Cuy(C,:HN)(CHNO,),I(NO,),
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4H,0: C, 26.96; H, 3.83; N, 19.60. Found: C, 27.01; H, 3.98; N, 19.68.

[Cu,(PAHAPYAln-H),(H,0),] (NO,), 3,0 (10)

‘This compound was prepared as dark biue, rod like crystals in a procedure similar
10 that for 9, except for the use of d,-alarine instead of glycine (yield 89.8%). Anal. calcd.
for [Cu(CHNXCHNO,), (H,0), JNO,), 3H,0: C, 28.54; H, 4.52; N, 18.49. Found
C.2826,H, 4.43; N, 18.39.

[Cu,(PAHAPXACAC-H),INO,), (11)

“This compound was prepared as dark blue crystals in a similar manner to 9 using
Sodi AC). Yield 0.60 g . Anal. caled. for [Cu(C,oH.N)

(CH,0,),J(NO,),;: C,38.32; H, 3.80; N, 16.24. Found: C, 38.28, H, 3.84; N, 16.29.

[Cu(PMHAP-HYNO,),] (12)

A hot solution of PMHAP (0.24 g, 1.0 mmol) in dichloromethane (10 mL) was
added t0 a ot solution Cu(NO,); 3H,0 (0.60 g, 2.5 mmol) in methanol (20 mL), and the
resulting solution was allowed to stand at room temperature overnight. Dark green
crystls formed, which were suitable for X-ray structure determination (yield 0.45 g,
81%). Anal. caled. for [Cuy(C,H,.N(NO,)J: C, 28.32; H, 2.19; N, 20.32. Found: C,
2830,H,231;N, 2029,

[Cu,(PMHAP)(H,0),(NO,),] (NO,), (13)

‘This compound was prepared as green crystals in a similar procedure to that of
compound 4 (71%), using PMHAP instead of PAHAP. The crystals lose weakly



coordinated water and lattice water on drying. Anal. caled. for [Cu(C,H NXELO),
(NO,I(NO,); C, 24.00; H, 2.63; N, 19.37. Found: C, 23.68; H, 243; N, 19.09.

[Cu,(PHMAP-H)(MeOH)(H,0XNO,),] (14)

PHMAP (024 g, 1.0 mmol) was dissolved in acetonitrile (10 mL) and added to a
hot solution of Cu(NO,), 3H,0 (0.53 g, 2.2 mmol) in methanol (20 mL). The resulting
dark green solution was filtered and the firate allowed to stand at room temperature
ovemight. Dark green, almost black, crystals formed which were filtered off, washed with

methanol and dried in air (yield 0.51 g, 84.8%). Anal. calcd. for [Cu,(C\,H,:N(H,0)

(MeOH)(NO,),]: C, 27.96; H, 3.02; N, 18.63. Found: C, 27.59; H, 2.95; N, 18.96.

[Cu,(PHAAP-H)(Br),(H,0)] (15)

PHAAP (0.241 g, 1.00 mmol) was suspended in a solution of copper(Il) bromide
(0.67g, 3.0 mmol) in 20 mL deionized water at room temperature. To the mixture, 10 mL
ethanol was added. A clear solution formed, which was filtered and allowed to stand at
foom temperature for a few days. Black crystals formed, which were filtered off and dried
i air (yield 0.50 g, 71%). Anal. caled. for [Cuy(C,,H,N,0)E,O)Br),]: C, 23.06; H, 1.94;
N, 11.20. Found: C, 23.69; H, 1.74; N, 11.42.

[Cu(PYPZ)CI]H,O (16)

PYPZ (0241 g, 1.00 mmol) was added to an aqueous solution of copper(Il)
chioride (0.68 g, 4.0 mmol) in 20 mL water, and the mixture was stirred for several
minutes at room temperature until the ligand dissolved. The deep green solution was

filtered, and the filtrate was allowed to stand at room temperature for several days. Dark
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green, diamond shaped crystals formed, which were suitable for an X-ray structural
determination. These were filtered off, washed quickly with cold deionized water, and air
dried (yield 80%). Anal. calcd. for [Cu,(C,/H,N,CLJH,O: C, 25.00; H, 2.48; N, 18.56.
Found: C, 24.67; H, 2.48; N, 18.20.

[CuPYPZ)BLIH,O (17)

‘This compound was prepared similarly to 16, using copper(Il) bromide instead of
copper(Il) chloride, and was obtained as brown crystals (yield 80%). Anal. caled. for
[Cu(C,
225 i lection and

N)Br H,0: C, 18.71; H, 1.86; N, 13.88. Found: C, 18.94; H, 1.83; N, 14.07.

PAHAP

A yellow crystal of approximate dimensions 035 x 025 x 0.40 mm was
transferred o a Rigaku AFCGS diffractometer with graphite-monochromatized Mo Ko
radiation. The diffraction intensities were collected at 26.1°C by using the © - 20 scan
technique t0 2 26 ,,, value of S0.1°. A total of 2533  reflections were measured and
1229 were considered significant with I, > 20 & ( I, ). The intensities of three

representative reflections, which were measured after every 150 reflections, remained

ekt s e stabilty "
correction was applied). An empirical absorption correction, based on azimuthal scans of
several reflections, was applied, which resulted in transmission factors ranging from 0.97
101,00, The data were corrected for Lorentz and polarisation effects. The cell parameters



were obtained from the least-squares refinement of the setting angles of 23 carefully
centred reflections with 2 @ in the range 20.1-26.3°

The structure was solved by direct methods [102, 103]. All atoms except
hydrogens were refined anisotropically. Hydrogen atoms were optimized by positional
refinement with isotropic thermal parameters set 20% greater than those of their bonded
partners at the time of their inclusion. However, they were fixed for the final round of
refinement. The final cycle of full-matrix least-squares refinement was based on 1229
observed reflections (I > 2.006 (1)) and 164 variable parameters and converged with
unweighted and weighted agreement factors of R = E||F.|-|Fc| /Z|F.| = 0.045 and R, =
[EW(|F.|-[E) EwF ] = 0.038. The maximum and minimum peaks on the final
difference Fourier map correspond to 0.14 and - 0.19 electron A”, respectively. Neutral

" i dispersion terms [105, 106], were taken from

the usual sources. All calculations were performed with the TEXSAN [107]
crystallographic software package using a VAX 3100 work station. Abbreviated crystal
data are given in Table 2-1.

[Cu(PAHAPICIJH,O (1), [Cu,(PAHAP)BrJH.O (3), [Cu(PAHAPYE,0)]
(NO),(4), [Cu(PAHAP)Glyn-H),(NO,)H,0)(NO,).3HO (9), [Cu(PAHAPYAln-H),
(NO,),]1 SH,0 (10), and [Cu,(PYPZ)CI]H,O (16). The data collections and structure
solutions for these crystals were carried out in a manner similar to that for PAHAP.

Bromine Br(3) in 3 exhibited itional disorder and ith two (80/20)




components. Only ated with the latice water be found

are given in Table 2-1.

[Cu,(PMHAP-HYNO,),] (12)

The crystals of 12 are green. A single crystal of 12 of dimensions 0.20 x 0.10 x
0.10mm  was transferred to a Siemens Smart three-circle diffractometer, equipped with a
CCD area detector using graphite-monochromatized Mo K radiation, and controlled by
2 pentium based PC running the SMART software package [108]. a-scans were used in
such a way that an initial 180° scan range consisting of 0.3° intervals is followed by three
further 120°, 180° and 120°scans with ¢ offsets of 88, 180 and 268", respectively. This
strategy samples the sphere of reciprocal space up to 2 = 56.62°. Cell parameters were
refined using the centroid values of 300 reflections with 20 angles up to 56.62°. Raw
frame data were integrated using the SAINT [109) programme. The structure was solved
by direct methods [110]. An empirical absorption correction was applied to the data using.
the programme SADABS [111]. Abbreviated crystal data are listed in Table 2-1.

[Cu,(PAHAP)(NCS)(DMF),] 2DMF  (6), [Cu,(PAHAP)(Bipy),(NO,),].(NO,),.
4HO (8), [Cu,(P/ -H),JNO,), (1), [C 0)NO,),]
(14), [Cu,(PHAAP)(BI),(H,0)] (15). Crystal data collection and structure refinement for

these crystals were carried out in a similar manner t0 that for 12. Abbreviated crystal data

forall jiven Table 2-1. analysis of a bulk sample of

6 clearly indicates the presence of four DMF molecules, but only the coordinated ones are
clearly defined in the X-ray structural analysis. The components of the latice could not be
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modelled successfully but the binuclear complex itself is however clearly defined. We
assume that in this unusual case the batch of 6 used for elemental analysis and structural
analysis may differ siightly, but we are confident by comparison of infrared spectra that the
complex itself is the same in each sample.

Despite repeated attempts at the structural solution of 8, and measuring diffraction
data for a second crystal, and also repeating the structural determination using a Rigaku
AFC6S diffractometer, the lattce nitrates, which are clearly evident from the elemental
analysis of the crystallographic sample, and other physical data, do not show up cearly in
the refinement. The structural features of the binuclear cation are clearly revealed, with
eminently sensible parameters for  binuclear copper(Il) complex of this sort, and 5o the
absence of the nitrates is considered to be due to less than optimal crystal quality. The
structures of both 6 and 8 are considered as preliminary at this point, but the structures of

the main fragments are clearly revealed.

Note in Table 2-1
# Rigaku data; * Siemens Smart data
R= Z|[F,| - |F, |[I/Z[F,l, R =[C(IF, | - [F, ['/EwE]"
RL=Z[[F,| - [F, | /Z|F,|, wR, = [E[w(IF, |*-|F. )Z[w(IF, )]}
®: Preliminary structure

a7



Table2-1.  Summary of crystallographic data for the ligand PAHAP and
complexes 1,3, 4, 6, 812, 14-16.

Compound PAHAP" 1 Bl
chemical formula CaHN, CHNOCICy,  C.HNOBrCu,
formula wt. 2027 52719 703,98
space group Pbea (461) C2e(#15) C2/e (#15)
a(A) 19.845(4) 26.732(6) 27336 2)
b(A) 13.178(5) 8.670 (9) 8.859(4)
o(A) 9.483(8) 16.436(4) 16.795(3)
(deg) 9% 9% 90
PB(deg) 9 100.88(2) 100.78(1)
¥(deg) 9% 90 90
v @A) 2480 (4) 3741 (6) 3996 (3)
Pasi(gem”) 1287 1872 2340
z 8 8 8
em') 079 872 100.75
x 071069 0.71069 0.71069
T.K 299(1) 299(1) 299(1)
RIR) 0.045R) 0.029R) 0.037(R)
WR2(R.) 0.038(R,) 0.025R) 0.030R,)




Table2-1.  (contd) Summary of crystallographic data for the ligand PAHAP
and complexes 1, 3, 4,6, 8-12, 14-16.

Compound 4 = r=l

chemical formula  CHuN,G0,,Cu;  ColnCuN.0,, S,  CoHaCuNO,

formula wt. T23.47 78476 80374
space group C2/e (#15) cue Peca
ak) 20.983(4) 36.7978(9) 13.9286(8)
b(A) 7.505(4) 15.75103) 12.5106(8)
<(A) 17.2193) 16.1358(4) 24.578(1)
o(deg) % % %
B(deg) 104.22.(1) 114992(1) %
1(deg) 90 90 9%
VA) 2628(1) 8476.7(3) 4282(4)
Pasci(BEm”) 1828 1230 1.247

z 4 3 4
W(mm) 1718 1239 1.044

A 071069 071073 071073
T.K 299(1) 298(2) 298(2)
RIR) 0.043(R) 00582 0.0547(R)
WR2(R, ) 0.053(R.) 0.1494 0.1296R,)




Table2-1.  (contd.) Summary of

‘crystallograpt
and complenes 1, 3,4 ,6, 8-12, 14-16.

hic data for the ligand PAHAP

Compound 9 10" u*
chemical formula  C,H,N,,0,,C CHCuN,O, CH,CuN,O,
formula wt. 67553 763.66 743.64
space group PI 34 P2/c
a(h) 11.506(12) 17.603(4) 17.226(3)
bRy 12.525(18) 18.378(4) 12.260(2)
o(A) 10.319(4) 10.742(4) 14.795(3)
a(deg) 94.47(7) 93.4403) %
Bldeg) 106.58(5) 93.19(3) 100.208(3)
1(deg) 114.55(9) 62.98(2) 9%
V&) 1263(2) 30m(2) 30752)
Pasalgem”) 1.776 1652 1.607
z 2 4 4
W(mm) 1.765 1.469 1459

A 071073 071069 071073
T.K 1502) 299(2) 2932)
RIR) 00538 0.060(R) 0.0263
WRAR, ) 0.1257 0.048(R,) 00620




Table2-L.  (contd.) Summary of crystallographic data for the ligand PAHAP
and complexes 1, 3,4, 6, 812, 14-16.

Compound. 12 14%
chemical formula  C,H,N,0,Cu, C.HNO,Cu,
formula wt. 55139 601.44
space group. P1 PI
ad) 7.838(1) 7.4754(1)
b(A) 8.0153) 8.7340(1)
oAy 15.655(4) 17.9942(2)
(deg) 99.813) 84.690(1)
B(deg) 101.742) 83.190(1)
¥(deg) 94.52(2) 66.885(1)
V&) 942.2(4) 1071.54(2)
PaalBem’) 1943 1864

z 2 2
nlem) 2328 2062
ARy 071073 071073
K 29802) 150(2)
RI®) 00708 0.0483
WR2(R, ) 0.1563 01038




Table 2-1. (mnld)Smnn-ry of crystallographic data for the ligand PAHAP
complexes 1, 3,4, 6, 812, 14-16.

Compound 15 16"
chemical formula  C,H,;N;0,Cu.Br, CyH,N,Cu,C1O
formula wt. 70599 52817
space group P2/c C2c(#15)
ad) 15.1463(3) 26.754(3)
b(A) 18.1847(4) 8.466(3)
(A 68554(2) 1633403)
a(deg) 90 %0
B(deg) 92.7450(10) 100.94(1)
¥(deg) 9% 90
VA 1886.02(8) 3632(1)
Pasigem”) 23176 1931

z 4 8
uem’) 8.64 8.458
A(A) 0.71073 154178
T.K 298(2) 299(1)
RIR) 0048 0.058R)
wR2®R, ) onm 0.039(R.)




23 Results and discussion
231 Structures

PAHAP

‘The structure of PAHAP is ilustrated in Figure 2-1, and relevant bond distances
and bond angles are listed in Table 2-2. The molecule is essentially flat and has a rans
configuration. The dihedral angle between the least squares planes including the atom
groups N(1)-C(5)-C(6)}-N(2)-N(3) and N(6)-C(8)-C(7)-N(5)-N(4) is 6.2°. The nitrogen-
nitrogen bond NG)-N(4) (1.424 (3) A) can be formally defined as a single bond, and
compares closely with the N-N bond distance in hydrazine (1.47 A). The sum of the
angles at C(6) and C(7) are 360.0° and 359.9° respectively, 5o the CN bonds C(6)-N(3)
and C(7)-N(4) (1.287(3) and 1.2953) A respectively) are considered to have full double
bond character. Intramolecular contacts between the amine hydrogen atoms attached to
N(2) and N(S) and adjacent sp” itrogen N(1), N(4) and NG3), N(6) respectively are too
long to be considered as hydrogen bonds. Considering the repulsion between  lone pair
electrons of 577 N(1) and N(3) and that of sp” N(4) and N(6) due to the planar structure,
the overall trans configuration is therefore due mainly to steric repulsion effects. An
examination of intermolecular contacts reveals only two of possible significance between
N(4) and N(6) and hydrogens bonded to N(5)' and N(2)' respectively (N-H 2.183 A and
2.179 A respectively), but these are clearly weak.



Table22.  Interatomic distances (A) and angles (Deg) for PAHAP.

N@2)-C(6) 1343(4) NG)-N@) 1.42403)
NG)-C(6) 1287(3) N(@4)»-C(7) 1.29503)
N(S)-C(7) 1.347(4)
N(2)-C(6)-C(5) 116.1(3) NE@NGKCE)  11092)
N(3)-C(6)-C(5) 117.73) N(3)-N(@)-C(7) 111.9(2)
NE-CMNG)  12490) N@-C(-CE)  11720)
N(5)-C(7)-C(8) 117.8(3) N(2)-C(6)-N(3) 126.2(3)

Figure 21 Structural representation of PAHAP with hydrogen atoms

omitted (40% probability thermal ellipsoids)



[Cu(PAHAP)CI,] HLO (1)

The structure of 1 is illustrated in Figure 2-2, and relevant bond distances and
‘angles are listed in Table 2-3. Two copper(Il) ions are bound to one PAHAP ligand each
via a pyridine and diazine itrogen in a twisted structure, with nominal four coordination
being completed at each copper centre by two chlorines. Cu-N and Cu-Cl distances are
normal for equatorial coordination to copper(Il). The diazine nitrogen-ritrogen bond

is 141149 A, implying si character, and largely unchanged
from the free ligand. The C=N bonds (C(6)-N(2) and C(7)-NG); 1.305(4) and 1.304(4) A

respectively) are essentially the same as those in PAHAP. However the sum of the angles
at N(2) and N3) (354.7°, 349.7° respectively) implies slight pyramidal distortion at these
centers.

The two copper planes do not adopt a rans-irans (Type B as defined in Chapter
1) conformation about the C=N bonds, as might have been expected, but instead adopt a

Type AB, with the planes. Molecular models
suggest that a type B structure would be unlikely, because of steric constraints associated

with the terminal chlorines and the amine groups. One signi responsible for the

acute folding is considered to be a long intramolecular axial contact between Cu(2) and
Ci(2) (3.080(3) A), which effectively locks the two copper planes in place, creating a
square-pyramidal geometry at Cu(2) (Figure 2-2). An analysis of intermolecular contacts
reveals that two molecules are joined together via a long contact between Cu(1) and CI(1)

(3.066 A) on an adjacent molecule, so that the complex is in reality a weakly associated



Figure 22, Structural representation of [Cu,(PAHAP)CI,JH,0 (1) with hydrogen

atoms omitted (40% probability thermal ellipsoids).

56



Table2-3  Interatomic distances (A) and angles (Deg.) relevant
coordination spheres.

Cu(1)-Ci()
Cu1)Ci2)
Cu(tyNQ)
Cu(iyN@)
NGHC(6)
N2)-NG)
NeMCm
CI(1)-Cu(1)-CI(2)
CI(1)-Cu(1)-N(1)
CI(1)-Cu(1)-N(2)
CI2-Cu(l)-N(1)
CI2)-Cu(1)-N(2)
N(-Cu(1}NG2)
N@-C(-NS)
N(S-C61-C(5)
NG)-C(T)-C(8)
NOMN@-CO)
CuMN@-NG)
Cu2}NG)NE)

and the ligand in lC‘hll’AHM’)C‘J I",C‘:‘)’
22331) Cu2)Cie) 225801)
22572) Cu(2)-Ci(4) 2.265(2)
2.027(3) Cu@@)NG) 1.99203)
1.9843) Cu(2}N() 2.026(3)
13214) N©-C(M) 13234)
1411(4) N@)-C©) 1.305(4)
1304(4) Cu(1)-Cu(2) 3.845(1)
93.85(7) CI3)-Cu(2)-CI(4) 93.82(5)
94.6(1) CI(3)-Cu(2)-N(3) 93.44(9)
171.91(9) CI(3)-Cu(2)-N(4) 170.62(9)
165.32(9) CI(4)-Cu(2)-NG) 170.45(9)
92.7(1) CI(4)-Cu)-N(4) 93.52(9)
80.0(1) NG)-Cu(2)-N(4) 80.0(1)
1263(3) N@)-C(6)-C(5) 113.603)
12010) NG)-C(-N6) 125.50)
1147(3) N6}-C(7)-C(8) 119.8(3)
115.53) N@-NE)»-C(7) 114.26)
123.12) Cu(1)-N@)-C(6) 16.12)
121.02) Cu2)NG)-C(7) 11452)




Figure2-3.  Sructural ion of the weakly associated dimer in

(Cu(PAHAPICIJELO (1),

tetranuclear dimer (Figure 2-3). The twist of the copper CuN.CL planes can best be

visualized in terms of the 77.1° dihedral angle between the planes Cu(1)-N(1)-C(5)-C(6)
N(2) and Cu(2)-N(4)-C(8)-C(7)-N(3). The resuiting copper-copper separation (3.845(1)
A) is quite long, as would be expected. The lattice water molecule is not involved in
coordination to copper. It can be concluded therefore that the molecular twist in
[Cu,(PAHAP)CILFLO (1) is the result of a balance berween steric factors, principally
associated with the chiorines and NEL groups on the ligand, and the weak axial interaction

between Cu(2) and CI(2).



[Cu,(PAHAP)Br,J H,0 (3)

The structure of 3 is illustrated in Figure 2-4 and relevant bond distances and
angles are listed in Table 2-4. The structure is very similar to that of 1, with two
‘essentially planar copper (1) centers bound in a twisted cis-conformation. Deviations of
the atoms in the N,Br, donor sets are < 0.24 A from their least-squares planes, with Cu(1)

displaced by 0.0160 A, i .0364 A ir respective planes. The
dihedral angle between the copper planes, as defined by the two CuN,C, chelate rings is
75.02°, it in 1. Cu-N di l, and Cu-Br distances

are close to 2.4 A. The Cu-Cu separation (3.826(1) A) is almost identical (o that in 1.
The Cu(1 (3.107(1) A) is very

contact in 1, and 5o it is reasonable to assume a similar bridging situation in 3. The

Cu(2)-Br(2) distance (3.611(1) A) is much too long for a second bridge. Intermolecular
potential bromine bri 100 long. igni 324 4),
and 50 3 is considered to be an essentially isolated binuclear species. The similarity in fold

angles for 1 and 3 is considered to result from the similar weak halogen bridged structural
amangement. Br(3) was modelled as two components in a disordered situation with an
80/20 composition. The residual electron density close to Br(3)A could not be sensibly

accounted for in any other way.



Table24.  Interatomic distances (A) and angles (Deg.) relevant to the copper

coordination spheres and the ligand in Cu,(PAHAP)BrJ O (3).

Br(1)-Cu(1)
Br(2)-Cu(1)
Br(3A)-Cu(2)
Br(3B)-Cu(2)
Br(4)-Cu(2)
Cu(1)-N(1)
Cu(1)N@)
Cul2)-NE)

Br(1)-Cu(1)-Br(2)
Br(1)-Cu(1)}-N(2)
Br(2)-Cu(1)-N(2)
Br(3A)-Cu(2)-Br(4)
Br(3A)-Cu(2)-N(4)
Br(4)-Cu(2)-N(4$)

2401(1)
2.402(1)
236202)
2392)
2398(1)
2025(5)
1.992(5)
2.0206)

93.12(4)
171.6@2)
93301)
92.1(1)
95.6(2)
168.32)

NEH-C(©)
N6MC()
N@}-NG)
N@MC©)
NGMC

Cu(1)-Cu(2)
Cu(2)-NG3)

Br(1)-Cu(1)-N(1)
BR2)-Cul1)}N()
N(1)-Cu(1)-N(2)
BIGA}Cu2)-NG)
Br(4}Cu2}NG)
NG)-Cu2)-Ne4)

1.334(8)
1.339(8)
1.416(6)
1.298(8)
1.282(8)
3.826(1)

1.991(6)

94.5(2)
169.6(2)
79.9(2)
17220)
93.42)
79.92)
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[Cu,(PAHAPYH,0),JNO,), (4)

The structure of 4 is illustrated in Figure 2-5, and relevant bond distances and
angles are listed in Table 2-5. The two distorted six-coordinated copper ions are bound to
PAHAP in a similar manner to 1, with a twisted arrangement of the copper basal planes
about the N-N bond, which clearly has single bond character (N(2)-N(2)' 1.430(8) A).
The C=N bond lengths (C(6)-N(2) 1.292(7) A) are the same as those in PAHAP, and the
sum of the angles at N(2) (359.6°) indicates that there is no pyramidal distortion at this
donor centre. Three water molecules are bound to each copper (IT) ion, two with short
contacts in the basal plane (Cu(1)-0(1) 1.954(4) A; Cu(1)-0(2) 1.980(4) A ), and one in
the axial position (Cu(1)-0(9) 2.392(5) A). A much longer contact to a nitrate oxygen
(Cu(1)-0(4) 2.724(5) A) indicates that a nitrate is semicoordinated as a weak sixth
ligand. The copper atom is displaced slightly from the mean N,0, basal plane towards O(9)
by 0.0367 A

The molecular twist in 4 about the N-N bond is substantially larger than in 1 and 3.
The dihedral angle between the least-squares planes Cu(1)-N(2)-C(6)-C(5}-N(1) and

Cu(1)a-N(2)a-C($)a-N(1)a s 100.2", indicating a significant opening of the complex along

the N-Nbond  in comparison with 1 and 3. Figure 26 llustrates a projection of 4 viewed
along the N-N bond. This gives a reasonable representation of the angle between the
copper magnetic planes, and explains why the Cu-Cu separation ( 4.389(2) A) is so much

larger thanin 1 and 3.



‘The most significant difference between 3, 5 and 6 rests with the different ligands
in the copper equatorial plane, and the presence of an axial, non-bridging water ligand
(0(9) ) in 6. Steric repulsions between the coordinated water molecules at each metal
centre, and also with the NH, groups, combined with the absence of a bridging ligand
interaction, would reasonably allow the copper planes to move further apart until a balance
between these repulsive forces was achieved. However such an effect cannot necessarily
be considered in isolation, and in this case hydrogen bonding interactions should also be
taken into account. Several hydrogen bonding contacts (X—H < 1.9 A) have been
identified (H(20A)-0(6) 1.824 A, H(3NA)-O(8) 1.871 A, H(90A)-0(7) 1832 A,
H(90B)-0(5) 1.782 A, H(10A)-0(3) 1.863 A, H(10B)-0(3)1.800 A, H(3NA)-O(8) 1.871
A), all of which have X—H-—Y angles in the range 153-175". These are illustrated in
Figure 2-5. Nitrate N(5) is involved in the most contacts, and provides significant links
between the binuclear complex ions through the shortest interaction (O(2)-0(6) 2.724(8)
A). Other contacts through O(7) and N(4) are also involved in intermolecular contacts to
water molecules O(1) and O(9). These hydrogen bonding interactions are possibly of
significance in creating intermolecular spin exchange pathways (vide supra), but may also
influence the twist between the copper equatorial coordination planes.



Table2-5.  Interatomic distances (A) and angles (Deg) relevant to the copper

‘coordination spheres and the ligand in [Cu,(PAHAP)H,0),J(NO,), (4).

Cu(1)-0(1) 1.954(4) Cu(l)-N(1) 2.000(5)
Cu(1)}-0(2) 1.980(4) Cu(l)NE) 1.952(4)
Cu(1}-0(9) 2392(5) Cu(1)-0(4) 2724(5)
C(51C6) 1.495(7) NE@)}NE)]a 1.430(8)
N@)-C(6) 1292(7) NG)-C(6) 1.306(7)

Cu(l}Cu(la  4389(2)

O@-Cu(}N(l)  173.42) Oo()Cu(1}0R) 9192
0(2)-Cu(1)-N(2) 93.2(2) O(1)-Cu(1)-N(1) 94.6(2)
N()-Cu(1)-N@) 8042 O(-Cu(l}N@)  1726(2)

N@MCE-CS)  1137(5) NQM-CENG)  1259(5)
Cu(l)-N@}N@@  125.8(4) NOMCEMCE)  1204(5)
N@MN@]W-CE)  1163(5) CulIN@)CE)  117.5(4)




Figure 25, Structural representation of [Cu,(PAHAP)H,0)JNO,), (4)

with hydrogen atoms omitted (40% probability thermal ellipsoids).

Significant hydrogen bonding contacts are shown (dotted lines)



Figure 2-6.  Structural representation of [Cu,(PAHAP)(H,0),J(NO,), (4)

viewed along an axis close to that of the N-N bond
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[Cu,(PAHAPYNCS) (DMF), ] 2DME(6)

‘The preliminary structure of 6 i illustrated in Figure 2-7, and some relevant bond
distances and angles are listed in Table 2-6. The dinuclear complex has a twisted
structure with the two copper(Il) square-pyramids bridged by the N-N diazine unit. Two
isothiocyanates are bound in cis positions to the copper basal planes with two PAHAP
nitrogens occupying the other basal sites. The NH, groups on PAHAP remain
uncoordinated. Equatorial Cu-N distances are quite short (< 2.03 A) with somewhat
longer contacts to the axial DMF molecules (Cu(2)-0(2) 2337(5) A, Cu(1)-0(1) 2.229(5)
A). Some positional disorder was observed for S(13), and it has been modelled with two
50% site occupancies. The copper centers are separated by 4.453 A, and the two copper
planes are twisted about the N-N bond by a dihedral angle of 103.6” (angle between the
least squares planes defined by Cu(1)-N(1)-C(5)-C(6)}N(2) and Cu(2)-N(4)-C(11)-C(12)-
NS).



Table 2-6. Mm(ﬂ)mmm«)mnnmmw
nd in

[Cu,(PAHAP,
2DMF(6).
Cul}N(3)  1919(7) Cu2}N(IS)  1.964(T)
Cu(1)-N(14) 1.962(7) Cu@-N(S)  2.009(5)
Cu(1)}-N@) 2.019(5) Cu@NG@)  2017(6)
Cu(1)-N(1) 2.025(5) Cu(2r0()  2337(5)
Cu(1)-0(1) 2.2295) Cu(1)}Cu(2)  4.453(3)
Cu2)-N(16) 1.954(8) N@NG)  1.407(7)
N(6)}Cu2)N(IS)  93.6(3) N(3)}Cu()}-N(14)  93.9G)
N(6MCu2-NG)  9292) N(13)-Cu(1)-N2) 92.5(2)
N(15)}-Cu(2)-N(S)  169.403) N(14)-Cu(1)-N@) 161.5(2)
N(I6)-Cu@)N@)  169.9(3) NO3}Cu()N()  169.12)
N(IS}-Cu2)-N(#)  93.103) NO4MCu()N()  923(2)
N($)-Cu(2)-N(4) 794(2) Ny-Cu(1)-N(1) 79.02)
N(I6}Cu(2)-0Q)  94.7(2) N(3)}Cu(-0(1)  94.22)
N(I5}Cu2-0()  97.0(2) NQ4)}Cu(1}-0(1)  1011(3)
NE}-Cu@}0(2)  908(2) N@-Cu()-0(1)  95.7(2)
N(4)-Cu(2)-02) 91.92) N(1)-Cu(1)-0(1) 933@2)
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[Cu,(PAHAP)(Bipy),(NO,),].(NO,), 4H,O (8)

“The structure of the cationic fragment of 8 is illustrated in Figure 2-8, and relevant
bond distances and angles are listed in Table 2-7. The dinuclear complex involves two
distorted i each with two PAHAP i idine and

diazine), two bipyridine nitrogens and a terminal nitrate ligand. The bidentate Bipy ligands
have short copper-nitrogen distances with Cu-N(1) (2.132(5) A) slightly longer than
Cu-N(2) (1.998(5) A). The copper ion geometry is in between a square-pyramid and a
trigonal-bipyramid, and using the distortion index established by Addison [75] (x = (B - )
/60; B =179.0°, & = 144.3°) a value of 0.58 suggests that a distorted trigonal bipyramid
is the most appropriate stereochemical description. The axial direction would then be
defined by N(2)-Cu-N(3). The molecular twist around the N-N bond is much more
pronounced with a much larger dihedral angle (119.8%) between the copper-N umni-Nprue
planes (as indicated by the angle between the Cu-N(3)-C(15)-C(16)-N(4) plane and the
symmetry related least-squares plane). This results because there is a major steric effect
between the two Bipy ligands, and they align themselves roughly parallel, effectively
twisting the two copper planes about the N-N bond in an attempt to keep the planar Bipy
ligands a safe distance from each other. The relatively large twist angle around the N-N
bond leads to quite a large Cu-Cu separation (4.229 A), when compared with

[Cu,(PAHAPICILHO (1),



Table 2-7.  Interatomic distances (A) and angles (Deg.) relevant to the copper

in[C )
(NOy, 4H,0 (8).
CuNG) 1.989(5)
Cu-N@2) 1.998(5)
CuN) 2016(5)
CuN(1) 2.132(5)
cu-0(1) 2.140(5)
Cu-Cu(a) 4229
N)-N(4a) 1416(9)
NG)»-Cu-NR) 179.002) NE@)-Cu-N(1) 1266(2)
NG)-Cu-N(&) 80.7(2) NG)-Cu-0(1) 89.32)
N(2)-Cu-N(4) 98.6(2) N@)-Cu-0(1) 90.8(2)
N(3)-Cu-N(1) 100.2(2) N@4)-Cu-0(1) 1443(2)
N(2)-Cu-N(1) 80.7(2) N(1)-Cu-0(1) 88.8(2)




Figure 2-8.  Structural representation of [Cu,(PAHAP)(Bipy),(NO,),].(NO,), 4H,0 (8)

with hydrogen atoms omitted (40% probability thermal ellipsoids)



[Cu,(PAHAP)Glyn-H),(NO,XH,0)J(NO,) 3H,0 ()

‘The structure of 9 is ilustrated in Figure 2-9, and bond distances and angles
relevant to the copper coordination spheres are given in Table 2-8. The metal centers are
square-pyramidal with a copper-copper separation of 4.412(4) A The basal donor set
comprises a diazine and pyridine itrogen pair along with the amino acid NO pair, within
plane distances < 2.0 A Longer axial contacts to O(31) (Cu(1)}0(31) 2.548(4) A)
belonging to a nitrate, and a water molecule (Cu(2)-0(50) 2.374(8) A) complete the
five-coordination. The copper basal planes are twisted around the N-N bridge with a
dihedral angle of 85.2(2)° between the least-squares planes Cu(1)}-N(1)-C(5)-C(6)-N(2)
and Cu(2)-N(5)-C(7)-C(8)-N(6) (torsion angle Cu(1}-N(2)-N(5)- Cu(2) 90.8(4)°).

Table2-8.  Interatomic distances (A) and angles (Deg.) relevant to the copper
coordination spheres and the ligand in [Cu,(PAHAP)(Glyn-H),(NO,)
(H0)I(NO,) 3H0 (9).

cu(-0(1) 1.935(5) Cu2}0(3) 1.967(4)
Cu(1)-N(T) 1.970(6) Cu2}N() 1977(5)



contd.

Cu(1)-N(1)
Cu(1)}N@)
Cu(1}-061)
Cu(1)-Cu(2)

O(1-Cu(1} N
NC-Cu(l)-N(T)
NOH-Cu(1}NE@)
OBFCUCINE)
NE-Cu2}NGS)
NEMCuIN(E)
0(3)-Cul2)-0(50)
N(S)-Cuf2)-0(50)

1975(5)
1.978(6)
2.548(5)

4.412(4)

85.20)
172.9(2)
100.9(2)
85.10(19)
99.62)
179.6(2)
93.42)
95.2(2)

Cu2yNGs)
Cu2¥NGE)

Cu(2-0(0)
N@ING)

O(1)-Cu(1}N(1)
O(1)}-Cu(1)-NG2)
NO)»Cu(}NG)
OQ)-Cu2-N(5)
0()-Cu2}N(E)
N(S-Cu(2)-N(E)

N(E-Cu(2)-0(50)

N(6)-Cu(2)-0(50)

1.985(5)
1.987(5)
2374(8)
1.409(6)

94.4(2)
169.12)
80.72)
170.12)

94.66(19)
80.7(2)
91.20)
88.40)




Figure 29, Structural representation of [Cu,(PAHAP)(Glyn-H),(NO,)(H,0)(NO,) 3H,0 (9) with hydrogen

atoms and weakly bonded axial ligands omitted (40% probability thermal ellipsoids).



[Cu,(PAHAPYAln-H),(H,0);] (NO), 3HO (10)
Two crystallographically independent, but very similar, molecules have been found

in 10. Figure and Figure

the expanded view of the coordination cores. Bond distances and angles relevant to the
copper coordination spheres are given in Table 2-9, The copper(Il) centers are close to
‘square-pyramidal with short equatorial contacts (< 2.0 A) to an N,0  in-plane donor set,
and weak axial coordination by two water molecules (e Cu(1)-0(5) 2428(4) A,
Cu(2)-0(6) 2.325(4) A, Cu(3)-0(11) 2.492(5) A, Cu(4)-O(12) 2.417(4) A). The copper
basal planes are twisted about the diazine N-N bond with dihedral angles of 85.9(4)"
between the least-squares planes Cu(1)}-N(1)}-C(S-C(6)}NG) and Cu(2)-N(4)-C(7)-
C(8)-N(6) (torsion angle Cu(1)-N(3)-N(4)-Cu(2) 87.8(4)°) and 89.1(4)° between the
least-squares planes Cu(3)-N(9)-C(23)-C(24)-N(11) and Cu(4)-N(12)-C(25)-C(26)-N(14)
(torsion angle Cu(3)-N(11)-N(12)-Cu(4) 86.8(4)"). The copper atoms are separated by
4.392(4) A (Cu(1)-Cu(2)) and 4.379(4) A (Cu(3)-Cu(4)).

Table 2-9.  Interatomic distances (A) and angles (Deg.) relevant to the copper
‘coordination spheres and the ligand in [Cu,(PAHAP)(Aln-H),(H,0),]
(NO,), 3H,0 (10).

Cu(1)-0(1) 1.93603) Cu(1)-N(1) 1.993(4)
Cu(1)-NG) 1973(4) Cu(1)-N(T) 2.010(4)



contd.
Cu(2-003)
Cu(2-N(6)
Cu(3)}0(7)
CuBFNG)
Cu(3)-N(15)
Cu(4yN(12)
Cu(4)N(16)
N(LN(12)
Cu)-Cut4)
O(1)-CA(1)-N(1)
O()-Cu(1)-N(7)
N(1)-Cu(1)-N(7)
0(3)-Cu(2)-N(4)
O(3)-Cu(2)-NS)
N(4)»-Cu(2)-N(8)
O(7-Cu3)-0(11)
O(7)-Cu(3)-N(11)
O(11)-Cu(3)-N(9)
O(11)-Cu@3)-N(15)
N(9)-Cu(3)-N(15)

1.959G)
1.994(4)
1.9570)
1.972(4)
1.965(4)
1.984(4)
1.975(4)
1.400(4)
4379(4)
93.301)
84.101)
168.62)
166.6(2)
842(1)
97.5(1)
89.6(1)
169.2(2)
8232)
953(2)

177.52)

Cu(2)}N(4)
Cu(2}N()
cu@)-o(11)
CuBMN(I1)
Cu(4)-0(9)
Cu(@)N(14)
NE)-N@)
Cu(1)-Cu(2)

O(1)-Cu(1)-NG)
NQ)-Cu(1)-NG)
NG)-Cu(1)-N(T)
0(3)-Cu(2)-N(6)
N(4)-Cu(2)-N(6)
N(6)-Cu(2)-N(8)
0(7)-Cu3)-N(9)
O(7)-Cu3)-N(15)
O(11)-Cu@)-N(11)
NO)-Cu(3)}N(11)
N(I1)-Cu(3)}N(15)

1977(4)
1.977(4)
2492(5)
1975(4)
1.940(3)
1.995(4)
14189
439264)

17133@2)
80.5(1)
101.42)
96.7(1)
80.6(1)
175.3(2)
95.9(1)
84.5(1)
100.12)
80.9(1)
99.1(1)



contd.

0(9)-Cu(4)-N(12) 174.2(2) 0(9)-Cu(4)-N(14) 93.9(1)
0(9)-Cu(4)-N(16) 83.71) N(12)-Cu(4)-N(14) 80.9(1)
N(12)-Cu(4)-N(16) 101.1(1) N(14)-Cu(4)-N(16) 170.7(2)

Figure 2-10a. Structural representation of [Cu,(PAHAP)(Aln-H),(H,0),J(NO,), 3H,0

(10) with hydrogen atoms omitted (40% probability thermal ellipoids)
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[Cu,(PAHAPYACAC-H), (H0),J(NO,), (11)
The structure of the cationic fragment of 11 is llustrated in Figure 2-11a. Figure
2-11b illustrates the expanded view of the coordination cores and the intramolecular

hydrogen-bonding contacts in 11. The relevant bond distances and angles are listed in

‘Table 2-10. i involves i The

bound by ial contacts to the PAHAP ligand via a
pyridine and diazine nitrogen, and to a pentanedionate via its two oxygens in a twisted
structure. The five-coordination at Cu(1) and Cu(2) is completed by weakly coordinated
H,0 molecules in an axial position (Cu(1)-O(3) 2.3686(14) A). Cu(2)-0(6) 2.440(2)A).
One of the nitrates is semi-coordinated to Cu(2) via 0(9) (Cu(2)-0(9) 2.688(2) A). The
H,O(6)is involved in the intramolecular hydrogen-bonding contacts.

The copper basal planes are twisted about the diazine N-N bond with a dihedral
angle of 82.04° between the least-squares planes Cu(1)-N(1)}-C(S}-C(6}NG) and
Cu(2)-N(6)-C(8)-C(7)-N(4) (torsion angle Cu(1)-N(3)-N(4)-Cu(2) 87.48°). The copper
‘atoms are separated by 4360(2) A.



Figure 2-11a. Structural representation of [Cu,(PAHAP)Y(ACAC-H), (H,0),J(NO,), (11)
‘with hydrogen atoms and weakly coordinated H,0(6) omitted (40%

probability thermal ellipsoids).

Figure 2-11b. Intramolecular hydrogen-bonding contacts in 11



Table 2-10. A ngles (Deg. the copper
[Cu -H),
(H,0),JNOy, (11).
Cu(1)-0(1) 1.9142(12) Cu(1}0(2) 1.9314(13)
Cu(1)NG) 1.9766(14) Cu(l)N() 2.0042)
Cu()-00) 23686(14) Cu2)}-0(5) 1.9189(13)
Cu(2)-004) 1.9461(13) Cu@FNE) 1.9974014)
Cu(2)-N(6) 20182) Cu(2)-0(6) 2.44002)
Cu(1)-Cu(2) 436002) NG)NE) 1.407(2)
O(1)-Cu(1)-0(2) 93.83(5) NG)-Cu(1)-0G3) 91.72(6)
O(1)-Cu(1)-NG3) 166.31(6) N(1)-Cu(1)-003) 92.89(5)
0(2)-Cu(1)}NG) 92.73(6) O(5)-Cu(2)-0(4) 94.62(6)
O(1-Ca(1)-N(1) 92.43(6) O(5)-Cu2)}N(4) 169.75(6)
0@)-Cu(1)-N(1) 170.58(6) O(4)-Cu(2)-N(4) 95.28(5)
NG)-Cu()-N(1) 79.71(6) O(5)-Cu2)-N(6) 90.60(6)
O(1)-Cu(1)-06) 99.92(5) O(4)-Cu(@)-N(6) 174.62(6)
0(2)-Cu(1)-003) 92.94(5) N(4)-Cu(2)-N(6) 79.56(6)




[Cu,(PMHAP-H)(NO,),] (12)

‘The structure of 12 is llstrated in Figure 2-12, and  relevant bond distances and
angles are listed in Table 2-11. The ligand PMHAP binds two copper centers in a
trans-structure (Type B), and acts in a quinquedentate fashion with Cu(1) coordinated to
pyridine (N(1)), diazine (N(2)) and amino nitrogens (N(3)), and Cu(2) bound to diazine
(N(4)) and pyridine (N(S)) nitrogens. The presence of only three itrates indicates that the
ligand has become deprotonated at N(3), which shows the presence of just one proton.
Each copper atom has four short equatorial bonds (< 2 A), and longer contacts to nitrate.
oxygens (Cu(1)-0(3) 2.489(4) A; Cu(2)-0(9) 2.544(4) A). The Cu(1)-N(3) distance
(1.916(5) A) is very short, as would be expected. The stereochemistry at both copper
centers s best described as distorted square-pyramidal, despite the nominal tetrahedral
distortion at Cu(2) (N(4)-Cu(2)-0(4) 156.2 (2)°; N(5)-Cu(2)-0(7) 148.5(2)°).

‘The trans-ligand arrangement s effectively locked into place by the coordination of
the deprotonated anionic nitrogen NG3) to Cu(l). This leads to a large copper-copper
separation (4.778(4) A), and an almost flat structure, with a dihedral angle between the
least-squares planes N(1)-C(5)-C(6)-N(2)-Cu(l) and N(4)-C(13)-C(12)-N(5)-Cu(2) of

165.2°



Table 2-11.  Interatomic distances (A) and angles (Deg.) relevant to the copper

‘coordination spheres and the ligand in [Cu,(PMHAP-H)NO,),] (12).

Cu(1}NG)
Cu(1)-N@)
Cu(1)-N(1)
Cu(1)-0(1)
Cu(2-0(4)
Cu(-NGs)
Cu(2N@)
Cu(1}03)

Cu(1)-Cu(2)

NG)-Cu(1}NE)

NG)-Cu(1)-N(1)

N)-Cu(1)-N(1)

NG)-Cu(1)-0(1)

N(2)-Cu(1)-0(1)

N(1)-Cu(1)-0(1)

0(1)-Cu(1)}-03)

1916(5)
1.948(4)
1.966(5)
1.990(4)
1.968(4)
1.970(4)
19714)
2.489(4)
4.778(4)
80302)
161.02)
81.6Q2)
99.42)
1773Q)
98.402)
55.7(2)

Cu(2-0(7)
N@)-C(6)
N@)-N(@)
NGK-C(13)
N@-C(13)
C(5)-C(6)
C12-ca13)
Cu(2-009)

N(#)-Cu(2)-0(4)
N(5)}-Cu(2)-0(7)
O(4)-Cu(2)-N(5)
N(S)-Cu(2)-N(4$)
0(4)-Cu(2-0(7)
N(4)-Cu(2)-0(7)

1.991(4)

1287(6)
1.389(6)
13036)
1.359(6)
1.496(7)
1.490(7)
2.544(4)

156.1(2)
148.5(2)
91.8(2)
826(2)
95.4(2)
101.52)







[Cu,(PHMAP-H)Y(MeOHYH,0)(NO,),] (14)

The structure of 14 is illustrated in Figure 2-13, and relevant bond distances and
angles are listed in Table 2-12. The ligand PHMAP acts in a pentadentate fashion with all
nitrogens acting as donors to the two five-coordinate copper(Il) centers in a rans-trans
conformation (Type B). Cu(1) binds to pyridine and diazine ritrogens N(1) and N(3)
respectively, and Cu(2) is bound to pyridine, diazine and amino nitrogens N(5), N(4) and
N(2) respectively. N(2) is deprotonated. Two nitrates are bound terminally to Cu(2) and
one to Cu(1), with the fourth and fifth coordination site at Cu(1) occupied by water and
‘methanol molecules, respectively. The nitrate bound to Cu(l) is disordered, and was
modeled as two nitrates with a total occupancy of 1. The stercochemistry at both Cu(1)

and Cu(2) is best described as distorted square-pyramidal with ¢ values [81] of 0.35 and

o ively. The effect of thi isto igand int

trans-trans configuration because of the coordination of N(2), coupled with the sp”
character at C(6), N(3), N(4) and C(7). The dihedral angle between the least-squares
planes Cu(1)-N(1)-C(S-C(6}-N(3) and Cu(2)-N(S}-CB}-C(TV-N(4) is 168.3°. The

Cu(1)-Cr i 759(1) A) s larg
Three short

‘This is illustrated in Figure 2-14, and shows the binuclear units linked head to tail in a
chain arrangement by H-bonding interactions between nitrate oxygen O(9) and methanol
oxygen O(2) (0(2)-0(9) 2.749(4) A), and water oxygen O(1) and nitrate oxygen O(6)



T s e e )
(N0, (14).
Cu(1)}-NG) 1.95503) Cu(2}N@) 1.963(4)
Cu(1)-061) 1971(11) Cu(2)-N(s) 2.0423)
Cu(1)-0(32) 2.00(5) Cu(2)-0(6) 20450)
Ccu(1)-0(1) 20073) Cu(2)-009) 22150)
Cu(lN(1) 20163) Cu(1)-Cu2) 4.759(1)
Cu(1}0(2) 2.153() NG)MN@) 1.368(4)
Cu(2)N(4) 1.944(3)
N@)-Cu(1)}-0(31) 172.73) NG)-Cu(1)}-062) 172.00)
NG)-Cu(1)-0(1) 92.78(12) 0(31)-Cu(1)-0(1) 94.003)
0(32)-Cu(1)-0(1) 88.0(13) NG)-Cu(1)-N(1) 80.25(12)
O@1)-Cu(1)-N(1) 95.003) 0(32)-Cu(1)-N(1) 95.4(13)
O(1)-Cu(1)}N(1) 151.69(13) NG)-Cu(1)-02) 92.102)
0G31)-Cul(1)-02) 86.4(2) 0(2)-Cu(1)-02) 95.89)
0(1)-Cu(1)-0(2) 94.11(14) N(1)-Cu(1)-02) 113.42)
N@)-Cu(2}N(2) 79.45(14) N(4)-Cu(2)-N(5) 81.16(12)
N@)-Cu(2)-N(5) 160.10(14) N($)-Cu(2)-0(6) 144.54(13)
NE@)-Cu(2)-0(6) 97.7114) N(5)-Cu(2)-0(6) 100.69(11)
N(4)-Cu(2)-0(9) 125.54(12) N@)-Cu(2)-0(9) 90.60(14)
(5)-Cu(2)-0(9) 97.03(12) 0(6)-Cu(2)-0(9) 89.63(10)

87



(0(1)-0(6) 2.732(4) A), wiith the chains cross-linked by another H-bonding contact
between nitrate oxygen O(10) and water oxygen O(1) (O(1)-0(10) 2.753(4) A).

Corresponding O-H-O angles fall in the range 160-177°.

Figure 2-13. Structural representation of [Cu,(PHMAP-H)(MeOH)(H,0)

(NO,),] (14) with hydrogen atoms omitted (50% probability

thermal ellipsoids).



Figure 2-14. Chain structure of compound 14,



[Cu(PHAAP)(BN),(H,0)] (15)

The structure of 15 is illustrated in Figure 2-15 and relevant bond distances and
angles are listed in Table 2-13. The ligand PHAAP also acts in a pentadentate fashion ke
PMHAP and PHMAP in complex 12 and 14, with N1, N4 (from pyridine rings); N2, N3
(from diazine) and deprotonated O(1) as donors to the four-coordinate copper(Il) centre
(Cu(1)) and five-coordinate copper(I) centre (Cul(2)) in a frans-trans conformation (quasi
Type B). The Cu(1) centre is close to square-planar with four normal bonds (Cu(1)-Br(1)
2.3208(8) A; Cu(1)-0(1) 1.978(4) A; Cu(1)-N(4) 1.996(5) A; Cu(1)-NG3) 1.917(4) A),
while the Cu(2) centre is close to square-pyramidal with four short equatorial contacts
(Cul)N(1) 2.029(5) A; Cu2)-N(2) 2.002(4) A; Cu(2)-0(4) 1.991(5) A; Cu2)-Br(3)
2.3967(9) A).

The dihedral angle between the least-squares planes Cu(1)-N(4)-C(8)-C(7)-N(3)
and Cu(2)-N(1)-C(1)-C(6)-N(2) is 153.2°. The expected large Cu(1)-Cu(2) separation

(4.717(4) A) is comparable with that found in complex 12 and 14,



Table 2-13.  Interatomic distances (A) and angles (Deg.) relevant to the copper
coordination spheres and the ligand in [Cu, PHAAP)(B1),(H,0)] (15).

Cu(1)-Br(1)
cuy-0)
Cu(2)-Br(2)
Cu(2)-04)
Cu(2)-N(1)

(6)-0(1)
COMNE)
Cul-Cu@)

NG)»-Cu(1)-0()

O(1-Cu(1)N(4)

O(1)-Cu(1)-Br(1)

O(4)Cu2)N)

N@)-Cu(2)yN(1)

N@)-Cu2)-Br(3)

O(4)-Cu(2)-Br(2)

N(1)-Cu(2)-Br(2)

2.3208(8)
1.978(4)
272129)
1.991(5)
2.029(5)
1.280(7)
13107
471749)
8L1Q)
1603(2)
99.53(12)
1683(2)
80.0(2)
93.84(13)
94102)

95.2914)

CuNG)
Cu(1)-N(4)
Cu@)Br(3)
Cu@INE)
N@MNG)
CONE)
CNG)

NG)-Cu(1)-N(4)
NG)-Cu(1)-Br(1)
N(4)-Cu(1)-Br(1)
O(4)-Cu(2)-N(1)
O(4)-Cu(2)-Br(3)
N(1)-Cu(2)-Br(3)
N@)-Cu(2)-Br(2)
Br(3)-Cu(2)-Br(2)

1917(4)
1.996(5)
23967(9)
2.002(4)
1.389(6)
1328(7)
13120

813(2)
167.65(14)
99.58(13)

93.202)
$7.77014)
152.1914)
95.95(13)

112370)




Figure 2-15. Structural representation of [Cu,(PHAAP)(Br),(H,0)] (15)

with hydrogen atoms omitted (50% probability thermal

ellipsoids).



[Cu(PYPZ)CL)H,O (16)

‘The structure of 16 is depicted in Figure 2-16, and relevant bond distances and
angles are listed in Table 2-14. The structure is very similar to that of 1, in which the
Cu(1) centre is bound to one pyridine nitrogen (N(1)) and one diazine nitrogen (N(2)),
while the Cu(2) centre is coordinated by one pyrazine nitrogen (N(6)) and one diazine
nitrogen (N(4)) with nominal four-coordination being completed at each copper centre by
two chlorines. The Cu-N and Cu-Cl distances are normal for equatorial coordination to
‘copper(IT) and comparable to those in 1.

The two copper planes (e.g. Cu(1)-N(1)-C(5)-C(6)-N(2) and Cu(2)-N(6)-C(8)-
C(7)-N(4)) are twisted about the N(3)-N(4) bond vector with a dihedral angle of 79.68°
‘The major factor for this acute twisting rests with the steric constraints associated with the
terminal chlorines and the amine groups as mentioned for 1 and the long intramolecular
axial contact between Cu(1) and CI(3) (3.111(2) A). The weak intermolecular contacts via
CI(4) and Ci(4a) (in adjacent molecule) dimerize the molecule in the same manner as in 1
(Cu(2)-Ci(4)a 2.979(2) A). The copper-copper separation is 3.831(2) A which is very
similar to that in 1.

‘The bond distances and bond angles in the NEL-C=N framework of the ligand
PYPZ in this complex are very close to those found in 1, which contains a very similar
ligand, suggesting that the free nitrogen atom in the pyrazine ring does not provide any
significant effects to the coordination properties of the ligand. However, recent studies on



coordination reaction of this complex with PICI.” show that this external itrogen can be

coordinated.

‘Table 2-14. ic di ) ) relevant to the copper

coordination spheres and the ligand in [Cu,(PYPZ)CLH,O (16).

cuQ-Ci() 22432) Cu(1)-Ci2) 2263(1)
Cu()N() 203303) Cu(1)-N(2) 1.996(3)
Cu(2)-CI(3) 2.243(1) Cu(2)-Ci(4) 2.238(1)
Cu(2}N() 197703) Cu2}-N(6) 2040(4)
N@)-N@) 1.426(4) Cu(1)-Cu(2) 38312)
CI()-Cu)-Ci2) 94.19(5) CI(1-Cu(1)}N(1) 933(1)
CU(1)-Cu(1)}N(2) 168.9(1) CI2)-Cu(1)-N(1) 1710(1)
CU2)-Cu(1)-N@) 93.9(1) N()-Cu(1)}N(2) 79.4(1)
CI(3)-Cu(2)-Ci(4) 93.94(5) CI@3)-Cu(2)-N(4) 933(1)
CIB)-Cu2)-N(6) 166.65(9) CI(4)-Cu(2)}N(4) 172.1(1)
CI(4)}-Cu2)-N(6) 93.2(1) N(4)-Cu2}N(6) 80.2(1)
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232 Spectroscopy

All of the complexes exhibit rather complex infrared absorption pattems above
3100 cm associated with both NH and/or OH vibrations (Table 2-15). The ligand
PAHAP has prominent NH absorptions at 3470 and 3268 cm. A sharp doublet at 3566,
3500 cm” for 1 is associated with the lattice water molecule, while a broad, strong
absorption envelope at 3346-3150 can can be assigned to NH stretch. The NH vibrations
can be clearly identified in 2, which has no water, and show up as two pairs of peaks at
3353, 3309 cm” and 3231, 3189 cm’, suggesting the possibilty of two different

NH, groups in 2. i 3 clearly the presence
of lattice water with a sharp doublet at 3579 and 3503 cm’, and a rather complex
absorption envelope in the range 3140-3340 cm" associated with NH absorptions. Strong
broad bands at 3338 and 3160 cm" are assigned to NH stretch. A sharp single nitrate
combination [112] band at 1763 e’ indicates that the nitrates are essentially ionic in
nature in 4. The azide complex § has a sharp single NH band at 3372 cm" and a broader
absorption at 3100-3200 cm”, consistent with a single NH proton at a deprotonated
centre, and an NH, group. Azide bands at 2092 and 2031 cm" are consistent with
terminally bound azide [113], probably in a local C,, environment. A weak band at 1750
" indicates the presence of nitrate, but it is difficult to determine its role. Based on its
infrared spectral information together with its UV/vis and magnetic properties, compound



Table 2-15. Infrared spectral and structural data of dicopper(II) complexes 1-17.

compound R (em) CaNGor,)
[Cu(PAHAP)CI].H,O (1) 3566,3500 (H,0); 33463150 (Vyge ); 2.02713)
1662, 1641 (v ; 1022 (Py) 2.026(3)
[Cu,(PAHAP)CL] (2) 3353, 3309, 3231, 3189 (Vya):
1664, 1639 (v ; 1020(Py)
[Cu,(PAHAP)Br,JH,O (3) 3578,3503(H,0); 3340-3140( 2.025(5)
1657,1636(v ) 1021(Py) 2.020(6)
[Cu,PAHAPYHLO)] ~ 3493(HLO); 33383160 (vyeq); 1664, 2.000(5)
(NO), (4) 1644 (vcu,) ; 1027(Py); 1763(NO; )
2092,2031(N;)
[Cu,(PAHAP-H)(N,), 3372(v g ); 3200-3100(br, vyq);1666(vcnd;
(NO,)(5) 1015 (Py); 1750 (NO;, coordinated)
[Cu,(PAHAP)(NCS), 3328,3176(v,qq ); 2100,2083,2059(SCN'), 2,025
(DMF),].2DMF(6) 1639(s.and br.vey Voo Of DMF), 1025(Py) 2017
[Cu,(PAHAPYNCO)] 3363,3266,3164(v qq); 2215(NCO);
2DMF(7) 1679 (v, of uncoordinated DMF); 1025(Py)
[Cu(PAHAP)(Bipy), 3500(H,0); 3329,3175(v,a0);1672,1648 1.989(5)
(NO,),.(NO,), 4H,0 (8)  (vc.):1748( NO,); 1031,1013(Py)
[Cu,(PAHAP) 3500 (H,0); 3363-3130 (v,g); 1684, 1.978(6)
(No,xﬂ,onmo,) m,o OV1635 (1742 (. NOS; 1603, 1.987(5)

1407(RCO;, unidentate) 1035 (Py);




Table 2-15. (contd.) Infrared spectral and structural data of dicopper(IT) complexes
17,

compound R (cm) Cu-NGor,,)
[Cu,(PAHAPYAIn-H),  3470(H,0); 3366,3300,3256,3129(Vyq5,0f 1.993(8)
(H,0),JNO,), 3H,0 (10)  PAHAP and glycinate); 1684,1650 (ve: 1.994(4)
1031(Py); 1763-1736 (vw. NO,); 1609, 1.972(4)
1410(RCO;, uni ) 1.995(4)
[Cu,(PAHAPYACAC-H), 3360-3140(v,q0): I757(N0,'),16M 1657 (veu):  2.004(2)
(EO)INO,), (1) 1583 (coordinatevc.o);1020 (By) 20182)
[Cu,(PMHAP-H)XNO,),]  3376(vq); 1770,1757,1724(uni- and 1.966(4)
az) bidentate NO,); 1602(v); 1010(Py) 1.970(4)

(Cu(PMHAPYH0),  3520(H,0); 3370-3150(v,q0); 1762, 1753
(NO,),JNO,,(13) (free and unidentate NO,); 1678(vyq5);
1028,1026(Py)

[C,PHMAP-H)NO,),  3347(vyqr); J600(HLO); 1777,1744,1735(sh),  2.016(3)
(MEOR)H0)] (14) 1721(sh),17120NO,); 1607(v; 1007(Ry)  2.042(3)

[Cu,(PHAAPYBI),(H,0)]  35SO(HLO); 3368-3172(multiplet, v, ) 1.996(5)
as) 1667(vyco): 1607(ven); 1022 (Py, br) 2.029(5)
[Cu,(PYPZ)CIJH,O (16)  35T0(H,0); 3340-3160(v,qo); 1662, 2.0330)

1639(veu); 1023 (py); 1044(Pyr) 2.040(4)

[Cu(PYPZ)BrIH,0 (17)  3STAGHLO); 3350-3161(v,go); 1658,
1635(vcu); 1028(py); 1042(Pyr)




Scheme 2-2

N %

Ou\
B

S might have a Type B structure like 12, 14 and 15 (see Scheme 2-2). Compound 6
exibits two Vg, infrared bands at 3328 and 3176 cm” associated with the NH, groups in
PAHAP, and three prominent V., bands at 2100, 2083 and 2059 cm” consistent with the
cis-amrangement of two isothiocyanates at each copper centre [114]. A broad, strong
absorption at 1639 cm' is associated with both coordinated and lattice DMF. The
isocyanate complex 7 has a sharp single band at 3164 cm and a doublet band at 3364,
3266 cm” associated with the NH, group in PAHAP, and only one strong and sharp ey
band at 2215 cm” consistent with the cis-arrangement of two isocyanates at each copper
centre. The 2215 cm band is so strong that other bands, expected to appear as a result of
local symmetry are not observed. A sharp band at 1679 cm”, which does not appear in
compound 6, clearly is associated with lattice DMF. Complex 8 exhibits two Vg, bands at
3329 and 3175 cm* associated with the NH, groups in PAHAP, a broad band at 3500 cm*

due to lattice water and a prominent nitrate band [112] at 1748 cm’. At least two nitrate
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‘combination bands [112] would be expected, associated with the lattice and coordinated
nitrates, but very strong Ve bands at 1672 and 1648 cm” dominate this region. The
infrared spectra of 9 and 10 above 3100 e are dominated by bands associated with
water (3500 cm’ in 9 and 3512 e in 10) and NH, groups in PAHAP and glycinate
(3363-3120 cm”) in 9 and alaninate (3366-3129 cm" ) in 10. Nitrate combination bands.
located at 1742 e (shoulder) for 9 and 1736 cm (shoulder) for 10 are associated with
ionic nitrate, and bands at 1603, 1407 cm” for 9 and 1609, 1410 cm for 10 can be
assigned as monodentate carboxylate absorption bands [115]. The vy bands are observed
in the infrared spectrum of 11 (3360-3140 cm), confirming the existence  of free NH,
‘groups. Nitrate combination bands (lttice and weakly coordinated) are observed at 1757
e [112]. The strong 1583 cm band is associated with the coordinated C=0 groups of
1,3-pentanedionates [116]. The ligand PAHAP has two prominent NH, absorptions at
3465 and 3318 cm”. The PMHAP complex 12 shows just one sharp NH absorption at
3376 e, associated with the hydrogen bound to N(3), and no absorption associated with
water. Three prominent nitrate combination bands are observed at 1770, 1757 and 1724
e, consistent with the presence of both monodentate and bidentate nitrate, although two
bands are usually observed in each case [112]. Another PMHAP complex 13 isolated
from aqueous solution shows a broad band at 3520 cm” due to coordinated water and &
broad absorption at 3370-3150 cm” associated with the NH, group. The 1762 and 1753
em bands are associated with the presence of lattice and coordinated nitrates [112). A

single Vyq, band at 3347 e in the infrared spectrum of 14 confirms the deprotonation at
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N(3) and the anionic nature of the ligand, and a broad shoulder at 3600 cm" is associated
with the coordinated water molecule. A complex group of nitrate bands is observed
(1777, 1744, 1735 (sh), 1721 (sh) and 1712 cm"), consistent with the three slightly
different monodentate nitrate groups [112]. The infrared spectrum of 15 above 3100 cm*
is dominated by bands associated with coordinated water (3550 cm') and NH, groups
(3368, 3331, 3287, 3232, 3172 cm"). The Vey, band at 3409 cm” in the free ligand PHAAP
has disappeared in the complex. The C-O is quite short (1.280 A), and C(6)}N(2) and
N(2)-NQ) are relatively short and similar. Also Cu(1)-N(3) is very short (1.917 A). This
suggests that N(3) might have significant negative charge and that the double bond is
delocalized around the O-C-N-N framework. This is consistent with the spectrum
indicating significant C=0O character. The complexes 16, 17 have similar bands in the range
4000-500 cm”. The lattice water band is clearly shown at 3570 cm (16) and 3574 cm
(17). Rather complex groups of NH, bands are observed at 3340-3160 cm for 17 and
33503161 cm for 17,

All the ligands clearly show strong Ve, absorptions: 1608 cm" for PAHAP, 1613
cm for PMHAP, 1618, 1604 cm" for PHMAP, 1602 for PHAAP and 1606 cm" for
PYPZ. This confirms that all these ligands adopt a rans-conformation with an open-chain
diazine structure, similar to PAHAP (Figure 2-1). If the diazine moiety, together with the
NH, groups, existed in a triazoline form, all these ligands should have only one V. band
at much higher frequency, as in the case of picolinamide hydrazone (1657 cm') and

pyrazinamide hydrazone (1643 cm"). Normally, when the nitrogen in the C=N group is
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coordinated to a metal ion, the V., band will decrease in frequency. The complex 12, 14,
15 of the ligands PMHAP, PHMAP and PHAAP respectively are consistent with this
situation. However, the Ve, frequency in all PAHAP and PYPZ complexes increases
dramatically, since the conjugation in the free ligand is broken when the ligands form
binuclear complexes with a twisted conformation about N-N single bond. The
deprotonated ligands in the complexes 12, 14, 15 have essentially fla structures, and so
the Ve bands decrease as expected, compared with that in the free ligands. The increase
of Ve frequencies in the twisted PAHAP and PYPZ dinuclear complexes were mirrored
in the structural parameters which show that the bond distances of the C=N bonds in the
complexes are somewhat shorter than or essentially the same as those in the free ligands,

and not much longer as expected, even though a direct comparison of C=N bond distances

‘with those ir

One characteristic infrared band for ligands containing 2-pyridyl fragments occurs
at about 990 cm” [117], while for 2,4-pyrazyl fragments it occurs at about 1015 cm”, and.
is associated with & pyridine or pyrazine ring breathing mode, which shifls to higher
energies on coordination. These bands occur at 997 cm® for PAHAP, 994 cm for
PMHAP, 995 cm* for PHMAP, 996 cm' for PHAAP, 994 em” (2-pyridyl), 1018 e
(24-pyrazy) for PYPZ, and are all shifted to higher frequencies on coordination, which
are mirrored in the Cu-N bond distances (pyridyl or pyrazyl) in the complexes with the
same ligand. The shorter the Cu-N (pyridyl or pyrazyl) distances, the higher the breathing

band frequencies.
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‘Table 2-16. UV/Vis spectral data for dicopper(IT) complexes 1-17 (nm).

compound solid  HO(E, dx'mor'cn®)  DMF(E, dut mattem)
[Cu,(PAHAP)CLH,O (1) 730 720(137.8)  780(298.3)
[Cu(PAHAP)CL] (2) 75 720(1643)  820(332.6)
[Cu,(PAHAP)Br,] H,0 (3) 704 720(150.9) 817(455.0)
[Cu(PAHAPYEH,0),J(NO), (4) 689 7151672)  710(3008)
[Cu,(PAHAP-H)(N,),(NO,)X(5) - - 695(461.4)
[Cu,(PAHAPYNCS),(DMF),]. 2DMF(6) 675 - 687(378.3)
[Cu,(PAHAPY(NCO),].2DMF(7) 620 - 680(435.3)
[Cu,(PAHAP)(Bipy),(NO,),J(NO,), 4H,0 (8) 725 740(2368)  722(256.4)
ggmg?lwmomon 630 640(175.1)  600(101.9)
ﬁ,&mﬂxn»ﬂmommo,)r 610 640(1733)  600(170.5)
[Cu,(PAHAPYACAC-H),(H,0),(NO,),(11) 607 630(1658)  630(359.0)
[Cu,(PMHAP-H)(NO,),)(12) 680  683(pH=5.5)198.7) 700(289.8)
724(pH=4.5)(98.40)

[Cu,(PMHAPYH,0),(NO,)JNO,)(13) 690 720(1002)  700(258.5)
[Cu,(PHMAP-H)(NO,),(MeOH)H,0)] (14) 695  710(pH=5.5)(159.7) 710(226.0)

752(pH=4.5)67.41)
(Cu,(PHAAPY(Br),(H,0)] (15) 870 - 800(298.5)
[Cu,(PYPZ)CI)H,O (16) 720 715193.6)  800(286.6)
[Cu,(PYPZ)Br,| H,0 (17) 72 706(176.3)  820(467.4)




Solid state mull transmittance, aqueous solution and DMF solution electronic
spectral data are listed in Table 2-16. Solid mull transmittance electronic spectra for 1-17

Aqueous solutions of 14 exhibit essentially identical spectra, with a broad
absorption at 720 nm, consistent with the same solution species in each case and solvation
of open coordination positions at each copper(IT) centre. In DMF solution, however, the
spectra are quite different (780 nm (1) , 820 nm (2), 817 am (3), 710 nm (4)), indicating
incomplete solvation effects. The longer wavelength absorptions for 1-3 in DMF suggest
the persistence of copper-halogen bonds in solution and for 2 a structure somewhat
different from that of 1. The most likely structure to resist solvation effects would be one
with intramolecular halogen bridges, and a possible structure for 2 would involve two
square-pyramidal copper(Il) centers in a pseudo-cis conformation with one or even two
chlorine bridges. Molecular models suggest these are reasonable structural possibilties,
‘which would create a relatively small angle between the two copper planes and not create
any serious steric problems on the part of the two NH, groups. Despite the fact that

2 ined, none i For

3, the long wavelength band (817 nm) suggests that the weak intramolecular bromine
bridging structure may persistin solution. For 4, the absorption band (710 nm) in DMF is

essentially the same as that in solid state, which shows that no solvation takes place in



DM solution. The electronic spectra of 6 and 7 are quite different (675 nm for 6, 620 nm
for 7) in solid state, while essentially identical in DMF solution (687 nm for 6, 680 nm for
7). In addition, It should be noted that 6 has a similar spectrum in the solid state to that in
DMEF solution. Theseelectronic spectral data, together with infrared data, indicate that the
two DMF molecules in 7 do not coordinate to the copper(Il) centers, which indicates that
7 may have a larger torsion angle about the N-N single bond because of less steric
problems compared with 6.

The electronic spectrum of 8 in the solid state and in DMF solution are exactly the
same (720 nm), and slightly different from that in aqueous solution (740 nm), suggesting
that two weakly bonded NO," ions in the solid state were replaced by water molecules in
aqueous solution. Compound 9 has an essentially identical spectrum in the solid state (630
nm) and in aqueous solution (640 nm) because the water molecules are only weakly
bonded to the Cu(Il) ions in the solid state. However, the spectrum in DMF solution s
different (600 nm). The reasonable explanation is that the complex would lose the weakly
‘bonded water molecules in the dried DMF solvent and they would reasonably be replaced
by DMF. Compound 10 has a similar spectrum in aqueous and DMF solutions to that of
compound 9, indicative of very similar solvation effects. Complex 11 exhibits an electronic
spectrum with a peak at 607 nm in the solid state and 630 nm both in aqueous and DMF
solutions because of solvation effects. I is of interest to note that an aqueous solution of
12 has a pH of 5.5 and a visible absorption at 683 nm. However, acidifying the solution
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slightly (pH = 4.5) shifts the visible band to 720 am, the exact position of 13 in aqueous

solution, and also consistent with 14, i ligand i atits amino
group, hence its Type B coordination mode in the solid state becomes Type AB in
aqueous solution. A similar result was observed for complex 14 (Table 2-16). Compound
15 extibits quite a long wavelength absorption at 870 nm in the solid state, and at 800 am
in DMF solution, which suggests a minor coordination environment change in DMF. The
spectra of 16 and 17 are quite similar to that of 1 and 3 respectively in the solid state and
in solutions, with the same solvation effects.
233 Magnetism

The room temperature magnetic moments and the best fit data to the

Bl i 1-4) for the variable 3

are presented in Table 2-17. Room temperature magnetic moments for complexes S, 12,

14, 15 are subnormal falling in the range of 1.42-1.60 BM, indicating spin coupling

ic moments for the other complexes are close to the normal values for

an uncoupled ‘might suggest the in exchany

Aplot of x,*T versus temperature for 1 is illustrated in Figure 1-17 and the rise
in 2,°T values from 044 emu.mol’ K at 296 K to 0492 emu.mol' K at 16 K, clearly
indicates the presence of intramolecular ferromagnetic coupling. The drop at lower
temperatures suggests the presence also of antiferromagnetism, which only shows up in

this temperature range. Fitting of the data to the eqn. 14 was carried out and the
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intramolecular ferromagnetic coupling confirmed with -2J = -24.4(2) cm” (g = 2.138(5),
-2J = -244(2) cm”, Na = 20°10° emu, p = 0, 8 = -1.85 K, 10°R = 1.3; R = [t -
Xw)/E1..71"). The solid line in Figure 2-17 was calculated using these parameters. The

small Curie-Weiss like correction term is negative, as would be expected, and confirms

h a very small anti i . which is
clearly intermolecular in nature. This can be assigned to the weak interdimer bridging
connection via C1 (1), which is the only significant intermolecular contact. A similar
bridging arrangement, with long axial copper-bromide contacts (Cu-Br 3.033 A), in the
complex [Cu(4-Metz),Br,],[118], also leads to weak antiferromagnetic coupling (-2J = 2.4
e,

Variable temperature magnetism for [Cu,(PAHAP)Br,J.H,O (3) is very similar to

that of 1, with x,.*T rising steadily from a value of 043 emu.mol" K at 295 K to 0.62

emu.mol" K at 3.9 K, indicative again of intramolecular ferromagnetic coupling. The data

were fitted to eqn. 14 to give g = 2.067(5), -2J =-22(2) cm”, p =0.00003, Na = 45 10*
emu, 8 =056 K, 10°R = 0.9. No apparent significant intermolecular contacts show up in
the structure of 3, and this is mirrored in the magnetic data.

The variable temperature magnetic properties of [Cu,(PAHAPYH,0),J(NO,), (4)
are in sharp contrast to those of 1. A plot of % versus temperature is ilustrated in Figure
2-18, and reveals a maximum in susceptibility at about 25 K. This is clearly indicative of

dominant antiferromagnetic exchange. The data were fitted successfully t0 eqn. 14 with



Table 2-17.

Magnetic, structural data and AE values of the dicopper(11) complexes

compound - 8 [) # g (RT) Cu-Cu ¥ AE
(em) ) (BM) @& (Deg) (meV)

[CoPAHAPCIIHO (1) -244Q2) 21385)  -185 187 3sas) 70 29

[Cu(PAHAP)CL) (2) 44.00) 2.101(6) 15 ]

[Cu(PAHAP)BLJ H0 (3) 20) 20675) 056 187 3826(1) 7502 46

[Cu,(PAHAP)(H,0)] 2830) 2291) 5 185 43892) 1002 153

(NO,), (49

[Cu(PAHAP-H)(N,), 207.4(7) 20050) 04 142

NOYXS)

[Cu(PAHAPYNCS), 5110) 20000) -4 178 44533) 1036 155

DMF),}.2DMF(6)

[Cu(PAHAP)NCO),) 128(4) 225(5) 24 176

2DMF(7)

[Cu,(PAHAP)(Bipy),(NO,),] no coupling 191 4229 1198 47

(NO,), 4H,0 (8)

[Cu(PAHAP)Glyn-H),(NO,)  1.53) 209(1) 08 186 4424) 852 9%

(H,0)](NO,).3H,0 (9)
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Table 2-17.  (contd ) Magnetic, structural data and AE values of the dicopper(ll) complexes

compound 2 [] o (RT) Cu-Cu ¥ AE
(em") &) (BM) *) (Deg) (meV)

[Cu,(PAHAPY Aln-H), 456(4)  20760) 36 177 4392(4) 86.8( 104

(,0),1(NO,),3H,0 (10) 4379(4) (e (cunena))

[Cu(PAHAPACAC-H), 178 4360(2) 8204 .

(H,0),JNOy), (11)

[Cu,(PMHAP-H)NO,),] (12)  173(3) 207(4) -076 157 4.778(4) 165.2 453

[Cu,(PMHAP)(H,0), 184

(N0, (NO),(13)

[Cu,(PHMAP-H)(NO,), 2082)  209() 0 153 4759(1) 1683 an

(MeOH)(H,0)(14)

[Cu,(PHAAP)(Br),(H,0)] (15) 153 4717(4) 1532

[Cu(PYPZ)CI H,0 (16) 186 38312) 7968 107

[Cu(PYPZ)Br) H0 (17) 185
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£=229(1), -2 =283(7) cm’, p=0.054, Nt = 46*10* emu,

K, 10R =101 The
solid line in Figure 2-18 was calculated with these parameters. The necessity for the
inclusion of a significant Weiss-like correction in the fitting procedure raises the question
of the appropriateness of the magnetic model, but it s clear from the structure that the
Bleaney-Bowers equation should reafistically interpret the exchange situation. Therefore
the negative value indicates an intemolecular antiferromagnetic _interaction. Although
there are many intermolecular hydrogen bonding interactions (vide infra), a logical
pathway for antiferromagnetic coupling would involve a direct connection between N(3)
and Cu(1) (via O(2)-0(6)-N(5)-0(8)). This is clearly very long (six bonds and two
butis

The magnetic properties of [Cu,(PAHAP)CL] (2) are also surprisingly quite

different from 1, even though the only analytical d the is
the clearly defined absence of water in 2. Variable temperature magnetism on 2 shows a
maximum in the %, versus temperature profile at 45 K, indicative of antiferromagnetic
coupling, but stronger than in 4. A reasonable fit of the data to equ. 1-4 was achieved and
the best fit gave g = 2.101(6), -2J = 44.0(3) em”, p = 0.00005, Nat = 60*10° emu, 6 =
15 K, 10°R = 1.3. The stronger antiferromagnetism in 2, comparable with that observed
for [Cu,(PMK)CL] , suggests a diffecent structure from 1 with a different angle between

the magnetic planes or an additional magnetic bridge. The suggested chlorine bridged
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structure for 2 would be consistent with this situation, if the bridge connected the two

‘magnetic orbitals directly. The significant 6 value, larger than that in 1, indicates a stronger

‘The azide complex [Cu,(PAHAP-H)(N,),(NO,)] (5) has a pronounced maximum
in susceptibilty at 180 K clearly indicating strong antiferromagnetic exchange. A good fit
to equ. 14 gave g = 2.035(3), -2J = 207.4(7) cm”, p = 0.0013, Nat = 78*10% emu, 0 =
0.4 K, 10°R = 0.7, The strong antiferromagnetic coupling s consistent with the proposed
trans-trans (Type B) conformation for this compound (vide infra).

‘The compound. [Cu,(PAHAP)(NCS),(DMF), . 2DMF (6) has a room temperature
magnetic moment 1.78 BM close to the spin-only value for copper(II), but displays a
maximum in the X, versus temperature profile at 40 K, indicative of weak
antiferromagnetic coupling (Figure 2-19). A fit to eqn. 1-4 gave g = 2.107(1), -2J =
5113) em’, p = 0.006, Na = 75*10° emy, § = -14 K, 10°R = 1.7. Compound
[Cu,(PAHAP)(NCO),] 2DMF (7) has a room temperature magnetic moment of 1.76 BM,
close to the spin only value for copper(IT). However the x,, versus temperature profile has
a maximum at 100 K indicating ~significant antiferromagnetic coupling between the
copper(l) centers, which are clearly bridged by the N-N diazine group. The data were

fitted o eqn. 1-4 to give g = 2.25(5), -2J = 128(4) cm”, p = 0.012, Nox = 66*10° emu, 6
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=-24K (10°R = 0.64). Compared with 6 the exchange is much larger, suggesting a large
dihedral angle between the copper coordination planes. This may well be associated, in

part, wit bsenc nated DMF in this leading to different

steric repulsion effects. The significant negative © value implies a weak intermolecular
antiferromagnetic exchange component, but this cannot be evaluated without structural
information.

The compound [Cu,(PAHAP)Bipy),(NO,),1(NO,), 4H,0 (8) has a higher room
temperature magnetic moment, 191 BM, and the x,*T values are larger than 0.41
emu.mol" K throughout the 5-300 K temperature range (Figure 2-20), indicative of no
significant coupling between the copper(IT) centers. This is consistent with the distorted
trigonal bipyramidal structure of this complex, and the equatorial bonding of the copper
centers to the diazine nitrogen bridge.

The compound [Cu,(PAHAP)(Glyn-H),(NO,),] 4H,0 (9) has a normal room
temperature magnetic moment (1.78 BM), and the x,*T values are larger than 0.41
emu.mol" K above 75 K. When the temperature is lowered, the %,*T values decrease to
0302 emumol'K at 4 K (Figure 2-20) indicating that there is a very small
antiferromagnetic interaction taking place. The data were fitted to eqn. 1-4 1o give g =
2,09(1), -2J = 1.5(3) em’, p =0.0007, Not = 72#10° emu, @ = -0.8K (10°R = 3.5). This is
not a good fit since the singlet-triplet splitting s very small and comparable with the
Zeeman energy (g/iH). The data were also fitted to the magnetization expression (eqn

2-1- equ 2-4) [119, 120] which is considered to be more appropriate for weakly coupled



dinuciear complexes. The presence of an interdimer interaction was considered by using

M= i (exp(-2AT) + )+ 1).. 21
%o =MH + Na 2]
Lo Xa/(1 - Q2o INGF).... 23]
ACu=xo(l -p) + NFFPVHD + Na... 24
eqn 24, where z s the number of i dimers and ' the interdi ge

parameter. Comparable fitting parameters were obtained by this method, with a slightly
improved fit (g = 2.103(7), -2J = 1.4(5) cm™, 2’ = —1.44 cm’, Na = 60*10%emu, p =
0.0005), confirming the very weak antiferromagnetic exchange in 9. The comparable 2J
and 2J" values suggests that the hydrogen bonds via the water and the weakly coordinated

P

‘The compound [Cu,(PAHAP)(Aln-H),(NO,),]. S, (10) has a room temperature
‘magnetic moment (1r = 1.77 BM) close to the spin only value, but a plot of 1, versus
temperature shows a maximum at = 40 K, indicative of intramolecular antiferromagnetic
coupling. Fitting of the variable temperature data to eqn. 1-4 gives g = 2.076(3), -2J =
45.6(4) cm”, p =0.0382, No = 75%10° emu, 8 = -3.6 K, 10°R = 0.93. A somewhat larger

than usual Wei ion was applied to gi 6it, and this implies

Compound [Cu,(PAHAPYACAC-H),J(NO,), (1) has a room temperature
‘magnetic moment of 1.78 BM, close to the spin only value for copper (II). No variable
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temperature magnetic data on 11 are available. However, from a structural perspective,
‘weak intramolecular antiferromagnetic coupling should be observed in this complex.

The plot of molar susceptibility versus temperature for [Cu,(PMHAP-HYNO,),}
(12) is illustrated in Figure 2-21. The maximum at ~ 160 K is indicative of firly strong
intramolecular antiferromagnetic coupling, and the solid line corresponds to a good data fit
10 eqn. 14 for g =2.07(4), -2J = 173(3) cm’, p = 0.0382, Net = 68*10° emu, 0 = -0.76
K, 10R = 0.85. The strong antiferromagnetic coupling is consistent with the rans-irans
(Type B) structure of this compound, in which there is clearly good overlap of the
magnetic copper orbitals and the p orbitals of the diazine bridge (vide supra).

[Cu,(PMHAP)(H,0),(NO,);] (NO,), (13) gives a room temperature magnetic
‘moment of 1.84 BM, close to the spin only value for copper(II) and may have very similar
variable temperature. magnetism to that of 4.

[Cu,(PHMAP)MeOH)(H,0XNO,),] (14) has a room temperature magnetic
moment (e = 1.53 BM) well below the spin-only value, indicative of significant
antiferromagnetic. coupling. The variable temperature susceptibility versus temperature
profile (Figure 2-22) displays a maximum at about 180 K, and fitting to eqn. 1-4 gives g =
2,097(12), -2J = 208(2) e, p =0.031, Na. = 66*10“ emu, 0 = 0K, 1R = 0,64, The
solid line in Figure 2-22 was calculated with these parameters. The sharp rise in
suscepibiliy at low temperature is indicative of a significant proportion of paramagnetic
impurity (3.1%). The extensive hydrogen bonding network in this compound (Figure



2-14) does not appear to provide any intermolecular contribution to the exchange
situation.

The complex. [Cu,(PHAAP-H)Br,(H,0) (15) has a room temperature magnetic
moment (s = 1.53 BM) well below the spin-only value, indicating significant

We await i

Complexes 16 and 17 ite hig i a=

1.86 BM for 16 and 1.85 BM for 17), and from structural perspectives may have very

1and

234 by single

N-N bonds

In the previous sections, a series of binuclear copper(ll) complexes with
open-chain diazine ligands has been described. In all cases, two copper(ll) centers are

bridged by the N-N single bond of the open-chain diazine ligands. However these

lexes exhibi ically i i properties. X-ray show that in

all d [Cuy0 i )1 (NO,), 4H,O (8), the
unpaired electron of the copper (IT) ion occupies a magnetic orbital of d,» symmetry,
which points towards the co-ordinating diazine nitrogen atoms. Therefore, considerable
electron delocalization should take place over these two nitrogen atoms only, and the
magnetic superexchange interaction becomes possible via mainly the o orbitals of the
ligands. Changes in the bridging geometry (e.g. the dihedral angle about the N-N single

bond) of the ligand are likely to i i iency hange pathway.
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Before trying to correlate the magnetic and the structural data, two facts should be
considered: 1) The terminal co-ligands are different in each complex. 2) The ligands,

PMHAP, PHMAP, PHAAP E 12,14,

have a negative charge. Firstly the electronegativity of the atoms bound to the copper(IT)

‘centers wil affect the spi g on

and the copper(Il) ions. The antiferromagnetic interaction will decrease when electron
density is removed from the bridging atoms and copper(II) ions. However, the effect for
terminal atoms is comparatively less important. Secondly, Oshio and Nagashima [121]
concluded that in the case of bridging ligands with a negative charge, the energy levels of
the nitrogen p o orbitals coordinated to the copper(l) ions, are closer in energy to the
‘copper(IT) d orbitals than those of the neutral bridging ligand. In other words, the bridging
ligand with negative charge will result in a stronger antiferromagnetic. interaction.
However, the variable temperature magnetic property studies on a series of doubly
N1,N2-1,2,4-triazole (neutral) bridged copper(IT) complexes and doubly N1,N2-124-
triazolate (negative) bridged binuclear copper(IT) compounds indicate that the isotropic
exchange constants for both series fll in the same range, namely, there s a very close
similarity in the superexchange capabiity of the triazole and the triazolate bridge.
Koningsbruggen et al. made a further conclusion that in determining the effectiveness of

the magneti ? i ‘minor i 3l

‘Therefore, obviously, geometrical factors involving the copper(Il) ions and the
bridging ligands should be invoked to account for the difference in magnitude of the



isotropic exchange constant for the present series of the dicopper(Il) complexes. The
structural parameters involving the copper(Il) atoms and the open-chain diazine network,
together with the isotropic exchange constants (-2J) are summarised in Table 2-17. With

ption of compound [Cu( i 0:1(NO), 4HO (8), all complexes
contain two approximately square planar or square pyramidal or distorted six-coordinate
copper(IT) centers linked by N-N single bonds with different dihedral angle (y ). With the
increase of ¥ values, the Cu-Cu distances increase significantly because of obvious
geometric factors. However, the increase of the Cu-Cu distances in different complexes in
the present series does not decrease the magnitude of -2J values at all, as would be
expected. Hence, the effect of changing the copper-copper distance is also less important

1o the

Consequently, the only factor that significantly affects the isotropic exchange
constant is the dihedral angle (torsion angle ) between the two copper(Il) magnetic
planes. Although a handful of compounds have previously been structurally characterized,
variable temperature studies, have been limited to [CuPMK)CL] (79], [Cu(HL)
C1,(H,0)].1.5H,0 (88] and [Cu(OPA)L(NO,), 8H,O [98] as mentioned in Chapter 1.
Both [Cu,(PMK)CL] and [Cu(HL)ChL(H,0)].1 SH,O are antiferromagnetically coupled
(20'= 52(4) cm" and 213.3 e respectively), but to a dramatically different extent. The
variable temperature magnetic property studies on [Cu(OPA)L(NO,), 8H,0 indicated no
‘coupling at all between copper(I) centers. This is clearly related to the angle between the

‘magnetic planes in these three complexes. For (Cu,(PMK)CL], the Cu-N-N-Cu dihedral
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angle is 70.8° indicating an acute angle between the magnetic planes. In contrast, the
magnetic orbitals in [Cu(HL)CL(H,0)].1.5H,0 are almost coplanar, while the angle in
[Cu(OPA)),(NO,),8H,O is 90°. In these three cases, the magnetic ground state for the
copper(Il) ceaters s of the d.».» type. The present series of dicopper(II) complexes, with
the exception of compound 8, is consistent with this situation, in that the magnetic plane
dihedral angles are 77.1° (1), 75.02° (3), 100.2° (4), 103.6° (6), 85.2° (9), 105° (10),
87.48°(11), 165.2° (12), 168.3° (14), 150.5° (15) and 79.68° (16) respectively. Figure
2:23 shows that the value of -2J increases from -28.3 cmi' o 208 cm as a function of
increasing magnetic plane dihedral angles from 75.02° to 168.3°. The solid line in Figure
2:23 corresponds to a best line fit leading to the equation [122, 123):

27=2233y - 183.7(cm) ... (23]

‘This firly good linear relationship in such a large range of angles and -2J values
‘might suggest that any other factors, such as the negative charge of the ligands in the
related complexes and the differences of the terminal co-ligands, might have litle effect on
the isotropic exchange constant. This resut represents the first successful
magnetostructural correlation between the isotropic exchange constant and structural
parameters for copper(Il) ions linked by a diatomic bridge. Even though Koningsbruggen
et al. [13] worked out a relationship between the isotropic exchange constant and the

N-Cu-N angles (the angle of N1-Cu2-N2' or N2-Cul-N1' see Figure 1-12) in a planar
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Cu-(N-N),-Cu framework for the series of doubly N1,N2-1,2,4-triazole bridged copper(II)
compounds, it is difficult o say whether the relationship is linear or not

It should be noted that equ. 2-5 was obined only within the dihedral angle range
75E-180E. It would obviously need to be modified for a very small dihedral angle system
or a system which involves a drastically different open-chain ligand, because of steric and
electronic effects. In addition, this equation can only be applied for dicopper(IT) complexes
which have a 2 ; ground state. Using the equation to calculate the -2J value for
compound 8 with a dihedral angle 119.8°, the calculated -2J value (83.8 cm) is clearly
inconsistent with the experimental data (no coupling). However, examination of the
copper(Il) ion stereachemistry reveals why. The geometry at the copper(Il) ceaters is
quite distorted, but is closer to a trigonal bipyramid than a square pyramid (t = 0.58) [81],
with the two coppers bridged through the N-N linkage via the equatorial lobes of their dz
orbitals. This is mirrored in the Cu-Cu separation (4.229 A), which is not longer as
expected, but significantly shorter than that in complex 4 or 6. Since this component of
the d; orbital carries a small proportion of the unpaired electron density, these observed
magnetic properties are entirely reasonable, which will be proved by molecular orbital
calculations in the next section. The lack of coupling between the copper centers in
compound 8 means that effective J,, = zero. Such an example should therefore provide

an opportunity for a theoretical calculation of the J, term for this complex (i = [T,gl).
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235 ital calculations for

To test the conclusion that the twist angle between the magnetic planes is the
‘major factor in determining the type and extent of coupling, molecular orbital calculations
based on the extended Hockel model turned out to be very useful in providing a more
quantitative description of the magnetic exchange interactions which occur in these
compounds.

‘The molecular orbital calculations have been carried out at the extended Hiickel
[124] level for 1, 3, 4, 6, 8-12, 14-16 and also for the complex [Cu,(PMK)CL] [79], using
the exact crystallographic coordinates. The data set for 4 was simplified by the removal of
the axial water molecules (O(9)), which did not alter the copper(IT) magnetic ground state,
or the molecular geometry. The differences in energy between the two triplet state
magnetic molecular orbitals for the present compounds are listed in Table 2-17.

The two highest antibonding triplet state molecular orbitals (SOMO's, Singly
Ocupied Molecular Orbitals) for compound 1, which are responsible for the magnetic
properties, are dominated by p orbital components on the diazine ritrogens and the
pyridine nitrogens. The molecular twist along the N-N bond (y = 77.1°) resuls in
misalignment of the adjacent p orbitals in the N-N bond, almost amounting to a situation
of orthogonality. With very limited overlap between these orbitals, it is no surprise that the

gy dif i i ic MO is very small (AE = 29
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meV). The symmetric and i orbital

in Figure 2-24. A similar situation exists for compound 3, again with a small energy
difference between the triplet state SOMO's (46 meV). The two comparable highest
energy molecular orbitals for 4 (Figure 2-25) and 6 are again dominated by p orbital

components on the pyridine ring and diazine nitrogens, but because of the flatter nature of

the molecule, the diazine p orbitals such that the dif in
& . . - . @E

=153 meV for 4 and 155 meV for 6). A similar calculation for [Cu,(PMK)CL,] indicates a

large energy dif the symmetric and ani i itals (AE =
269 meV), consistent with the stronger antiferromagnetic. coupling. However a direct
comparison of AE here cannot be made because of the differeat ligands.

The difference in energy between the symmetric and antisymmetric magnetic MO's
for compounds 9 and 10_is similar and relatively small (98 meV for 9 and 104 meV for

10), consistent with i ling in these

‘The molecular orbital picture for compound 12 (Figure 2-26) is complicated by
the presence of a different ligand and the additional copper-nitrogen bond (Cu(1)-N(3)
1.916(5) A), which is very short, and the antisymmetric MO shows a significant
contribution from the p orbitals in the framework Cu(1)-N(3)-C(13)-N(4)-Cu(2). This,
combined with the almost flat nature of the molecule, leads to a very large difference in
energy between ic molecular orbitals (453 me\V), consistent with the strong
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antiferromagnetic coupling observed for this complex. However the strong exchange in
i o . . on i

for compound 14 with AE = 377 meV. Even though 16 shows a very similar structure to
that of 1, the energy difference between two SOMOs is much larger (107 meV) than that
for 1 (29 meV), which is probably due to the contribution of the free pyrazine nitrogen
(Figure 2-27). However, the expanded views (Figure 2-28) of the energy level scheme for
both complexes are very simiar, suggesting that 16 might also demonstrate a
ferromagnetic coupling.

These calculations may be used in conjunction with the orbital model for the
exchange interaction [125-127] (equ. 2-6) between two copper(Tl) centers, in which the
exchange integral J can be correlated with geometric distortions. J can be written as the
sum of two terms,

EERAR

* (& e )0y - T, ..[26)

J, being the term defined by the exchange integral between the two localised molecular

orbitals, which is always ferromagnetic, and J,, which is composed of two components,
the square of the difference in energy between the two molecular orbitals (e, &) in the

triplet state, and the difference in coulomb integrals between the localised molecular

orbitals (7, J,). In dealing wi ions within a i ed compounds the term
that changes most is (¢, - €, and the other terms are considered to be largely invariant.
The energy difference between the two molecular orbitals calculated above is therefore

major function of the J,, term.
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‘The validity of these observations, within a limited data set, is best examined in the
context of a set of molecular models, and appropriate molecular orbital calculations. A
simple set of model systems that combines the essential features of the ligand (i.e. the two
s nitrogen centers linked by a single N-N bond), and the copper square planes, is

illustrated in Figure2-29.

Figure 229, Model compounds for MO calculations.

135



19POW 9puO[yD 9y} 105 9(Bue [euonwios aueid onauBew ayy 1sureSe ( '3 ¢ *3) SAFIAI [ENQI0 JO 10 "0E-Z N3t

(*3ap) 9[3uy jeuoneloy

ovL oEl ozt oLt 00k 06 08 oL 09
: : X . ; : : , T O b
ol e
. SSeLS o v
e, . ok o
3 b ] TS
v .
v
v
o
s,
= 3 v
B .
v
v
AN
v

(AN

(A) A310ug



L

“Iopou 0

i 10} 9)Buw vuoy " oy 1supdu (" *3) 1B1G10J0 101 1~ 3nSry
(-3ap) 213uy jeuoneIOY

09} 05} O¥} OE} 02} OLL 0O} 06 0B OL 09 05 OF

e
vy, {oz1-
., 441144
3 Ye, s ®
METEN {ene
L <<4< ]
ot " lew 8
et T |
. -
o’ I’H O%H e 3
.
. wd v
" HN, /zll,ﬂ “hew L



oot

*19pOW 3Oy 3y1 10y (3 - '3) 3ouasayIp A813u3 J0 10}d Z6-7 nBry.

(33p) 33uy jeuonuioy

56 06 S8 08 SL oL

T T T T T ™ 0}

NBW 8'V6g - 13Ty = IV

(Aaw) IV



Averaged bond distances have been used from eisting and related structures (e.g. C-N
200 A, Cu-C1225 A, Cu-Br240 A, Cu-O 1.95 A, N-N 143 A, C=N 1.30 A), and the
only molecular geometrical change involves rotation of each copper plane, in conjunction
with the CH, group, as a fixed unit, around the N-N bond. The energies of the appropriate
SOMOs in the trplet state (¢, and ¢,) are plotted as a function of magnetic plane dihedral
angle y (dihedral angle between the copper planes) in Figure 2:30 for the neutral chioro
model complex. The crossover of the symmetric and antisymmetric molecular orbital
energies occurs at 70° for the chloro-model (Figure 2-30). Thisis the point at which the
Jyy term is effectively zero.

A smooth variation in orbital energies occurs between about 65° and 120°, but

e " ) " adly, cons

with steric interactions between the chiorine and CH, groups approaching the rans-
conformation, and intramolecular chlorine bridging  interactions ~approaching the
cis-conformation. Figure 2-30 also illustrates the symmetric molecular orbital for the
chloro-model complex with a magnetic plane dihedral angle of 70°. Replacement of the
terminal chlorine ligands by bromines creates a similar energy profile with an energy
crossover at 70° also, indicating no significant effect on changing the halogen. The model
aquo-complex shows a smooth variation in symmetric and antisymmetric molecular orbital
energies in the magnetic plane dihedral angle range 40° to 140°, due mainly to the reduced

sterc constrant ing the Type AB ion. The energy a

65° (Figure 2-31),

139



A comparison of the exchange situation for 1 and 4 with the model study provides
a satisfying rationale for the dramatically different magnetic properties of these two
‘compounds. The positions of the coordination planes in these two complexes are fixed
with respect to the two nitrogen donors, as a result of the formation of the two
five-membered chelate rings. The net effect is that the copper magnetic planes simply
rotate about the N-N bond. This is modelled by fixing the relative positions of the NH,,
and the N=CH, groups, as the metal plane rotates. For 1 the magnetic plane rotational
angle, based on the five membered chelate ring , is 77.1° (¢, >&; AE = 29 meV) with the
‘antisymmetric molecular orbital lower in energy. A plot of , - €, for the chloro-model
complex is illustrated in Figure 2-32, and shows a good straight line relationship in the
range 70-100° (AE = 4.22% - 294.8 meV). For a magnetic plane dihedral angle (y ) of
77.1°, the value of AE calculated from this line is 30.6 meV, in very close agreement with
the value calculated for 1. This small difference in energy, in the same relative position in
the energy profile (.. &, > ), clearly indicates that the J,, term for 1 is very small giving

y ion as to why
For 4 the sitvation is quite different. The calculated energy difference between the

state itals is 153 meV for

dihedral angle of 100.2°, while for the model system a linear regression of E, - E_asa

function of magnetic plane dihedral angle in the range 65-120° (from Figure 2-31, AE =

4.11% - 275.6 meV) gives a AE value of 137 meV (1002°), in close agreement. This
relatively large energy difference for 4 leads to a large value for J,; , which clearly
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dominates the overall exchange situation, leading to net antiferromagnetic coupling. It is
very significant that the tetranuclear complex [Cu(OPA)L(NO,), 8H,O has an effective
magnetic plane dihedral angle of ~ 90°, and exkibits no coupling. A similar result was
found for compound 9 with a magnetic plane rotational angle of 85.2° and AE = 98
‘meV. Clearly J,; and J, for these two systems are approximately the same.

Optimal alignment of the nitrogen p orbitals, and the metal magnetic orbitals,
might reasonably be expected at large fold angles, approaching molecular planarity.
Compound 12 (as well as compound 14 and 15) is almost flat and exhibits much stronger
antiferromagnetic coupling than observed for 1, 3 and 4. This i also consistent with the
large energy difference between the triplet state molecular orbitals (453 meV) calculated
for this complex. ity of a longer, four-bond. ge route:

(Cu(1)-N(3)-C(13)-N(4)-Cu(2)) must also be considered in this case. Complex [Cu(HL)
CL(H,0)).1.5H,0 [88] has a comparable exchange integral (-2J = 2133 cm"), and a
similar additional four-bond potential exchange route.

The exchange process must be dominated by o interactions, because of the
hybridisation situation at the diazine nitrogens, and also the extent of exchange will, of
necessity, be dependent upon the extent of overlap of the appropriate diazine nitrogen p
orbitals. The free ligand HOMO is a & bonding molecular orbital with a comparable energy
to the metal d orbitals, and involves diazine ritrogen p orbital components which point
slong the C=N bonds. Interaction of the copper d,, type orbitals with these two p orbitals

leads to the formation of the antisymmetric and symmetric triplet state molecular orbitals,
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in which the p orbitals align themselves according to the relative orientation of the copper

‘The extent of p orbitals along the single N-N bond is

therefore dependent upon the dihedral angle between the magnetic copper planes, and so

at some. i ital orthogonality is achieved.

angles fall in a narrow range (65-75°), less than 90°, which is reasonable based on the

trigonal nitrogen atom geometry. Complexes 1, 3 and 16  have fold angles (77.1°, 75.0°

and 77.1° respectively) very close to tis situation , whereas for complexes 12, 14 and 15
ist leads to ebital overlap.

24 Conclusion
A spin exchange situation in a dicopper(Il) system bridged only by a single N-N.

bond, in which the exchange ism is dominated by G interaction,

a function of twist of the copper magnetic planes (dihedral angle) about this bond. At an
acute angle approaching orthogonality between the nitrogen p orbitals, ferromagnetic
coupling was observed, while at much larger angles significant overlap between the

P was seen to lead i i A linear relationship
is found between the dihedral angle and the exchange integral over a 105° range. This
alignment is controlled mostly by the co-ligands bound to the copper centers, which exert

primasily steric effects resulting in rotation of the copper magnetic planes sbout the N-N

bond. Molecular orbital calculations on comparable models successfully reproduced this

situation and indicated that, with i ligands, which
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influence the molecular twist, the specific synthesis of ferromagnetic dinuclear complexes
involving simple N-N bridging ligands is possible.
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CHAPTER3  Dinuclear and Tetranuclear Copper(Il) Complexes
Containing Two Diazine Ligands

31 Introduction

In the last Chapter, seventeen complexes were prepared and characterized. All of
these complexes are dinuclear and contain only one diazine ligand. However, as reviewed
in Chapter 1, O'Connor et al. reacted PMK with copper(1l) nitrate and got a mononuclear
‘complex which was characterized by X-ray crystallography [79]. Stratton et al. reported a
copper chioride a mononuciear complex with PAA (73], Thompson et al. gave another
example of mononuclear copper(IT) complex of AMM [80]. Al these open-chain diazine
ligands are symmetric and coordinated with copper(ll) in a cis-trans (Type C)
conformation. However an asymmetric open-chain diazine ligand, HOPA, forms a cyclic

‘when it reacts wit nitrate in a 1:1 ratio [98]. It

is quite clear that the coordination modes of such ligands to copper(l) are largely
dependent on what the R, R', X and X' groups are (see Figure 1-14). Therefore, it is quite
possible to obtain dinuclear copper(Il) complexes containing two open-chain diazine
ligands. Even though many dicopper complexes bridged by two diazine linkages in fused
aromatic rings have been documented, to our knowledge, there are no reports of any
structurally characterized dicopper complexes bridged by two open-chain N-N diazine
units. This chapter ies of this type of di

two symmetric or asymmetric open-chain diazine ligands (compound 18, 19, 20). This
chapter also describes a dinuclear copper(Il) complex which contains one open-chain
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diazine ligand (PAHAP) and one aromatic heterocyclic diazine ligand DPPN (21). In
‘addition, a unique tetranuclear copper(IT) complex containing N-N single bond bridges and
two kinds of  ,-1,1-N; bridges (22) will be described.
Scheme 3-1

. .

®AmAR) evman

“oo oLo

32 Experimental
321 Material

Commercially available solvents and chemicals were used without further
purification.
322 Measurements

Analysis, spectroscopic and physical measurements (see Chapter 1)
323 Syathesis of the ligands

PAHAP, PYPZ and PMHAP were prepared by procedures described in Chapter 2.

"DPPN and i i i 128-133]
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3.2.4 Synthesis of the complexes

[Cu,(PAHAP),(NO,H,O)I(NO,), H,0 (18)

Method A: 024 g (1.0 mmol) PAHAP was added to a solution of complex
[Cu,(PAHAP)(H,0)J(NO,), (4) ( 0.72 g, 1.0 mmol dissolved in 20 mL deionized water),
forming a clear deep green solution after  few minutes. The solution was fitered and
allowed to stand at room temperature for a few days. Deep green crystals, suitable for
structure analysis formed which were filtered off and dried in air (Yield, 85 %). Anal.
caled. for [Cuy(CH,:N),(NO)YH,0),JNO,), H,0: C, 31.69; H, 3.32; N, 24.64. Found:
C,31.56, H, 3.34; N, 24.50.

Method B: This complex was also synthesized in identical yield by mixing
equimolar amounts (2.0 mmol, 0.48 g) of PAHAP and copper(Il) itrate (2.0 mmol, 0.46
8) in 20 mL deionized water.

[Cu,(PMHAP),(NO,),J(NO,), 3H,0 (19)

This compound was prepared as green crystals in a similar manner (method A or
B) to compound 18  in identical yield, using PMHAP. Anal. calcd. for [Cu,(C,;H,,N,),
(NO,I(NO,), 3H0: C,34.75; H, 3.48;

[Cu,(PYPZ),(H,0).J(NO,), .0 (20)

Compound 20 was prepared as deep green, rod-like crystals in a procedure

(, 21.82. Found: C, 34,82, H, 3.46; N, 21.94.

similar to that for compound 18 in comparable yield, except for the use of PYPZ instead
of PAHAP. Anal. caled. for [Cuy(C,H,N,),(H,O}I(NO,), HLO: C, 29.00; H, 3.10; N,
27.65. Found: C, 29.04; H, 2.92; N, 2781



[Cu,(PAHAP)DPPN)(FLO)NO,I(NO,), (21)

0.243 g (1.00 mmol) DPPN (3,6-bis(2"pyridyl)-pyridazine) was added to a
solution of the complex [Cu,(PAHAPYH,0),J(NO,), (4) (0.72 g, 1.0 mmol dissolved in
20 mL deionized water) forming a clear green solution immediately. The solution was
fitered and allowed to stand at room temperature for a few days. Green crystals, suitable.
for structure analysis, formed (Yield, 85 %). Anal. calcd. for [Cu,(C,;H,;N) (C,H,N)
,22.52.

(NO(ELO)NO,),: C, 35.99; H, 2.79; N, 22.60. Found: C, 35.80; H, 2.90;

[Cu,(PAHAPYN,),(MeOH),J, (NO,), 2H,0 (22)

A hot solution of PAHAP (0.24 g, 1.0 mmol) in dichloromethane (10 mL) was
added to  hot solution of copper(I) itrate (0.46 g, 2.0 mmol) in methanol (15 m). A hot
‘methanolic solution (10 mL) of 0.13 g (2.0 mmol) NaN, was added dropwise to the
solution above and a dark green solution formed. This dark green solution was filtered and
allowed to stand at room temperature for 1-2 days, dark green crystals, suitable for
structural analysis, formed (Yield 73%). Anal. caled. for [Cuy(CHNJ(NL(CHO)),
(NO,), 2H,0: C, 24.96; H, 2.90; N, 31.35. Found: C, 24.95; H, 2.18; N, 31.60,

325 C i llection and refi

Crystal data collection and structure refinement for 18,19, 21, 22 were carried out
in a similar manner to that for 12. Abbreviated crystal data for all of these complexes are
given Table 3-1. Note in Table 3-1: * = Siemens Smart data.

R= Z[[F| - [E, [I/E[F], R, = [G(IF, | - [F, |y /EwE)]?

R1=E|[F,| - [F, |/E|F|, wRy= [E[W(|F, " [ Y/ELw(IFo Y1)
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Table3-1.  Summary of crystallographic data for complexes 18, 19, 21and 22.

Compound 8% 19%
chemical formula C,, H,; CuN, O, CyHy CuN, O,
formula wt. 43086 443.60
space group P2e ce
a(A) 11.281(2) 20.938(4)
b(A) 14.036(3) 14.8873)
o(R) 22.853(5) 1437203)
a(deg) %0 %0
B(deg) 102920) 127.433)
H(deg) % %
V(AY) 3527.1(12) 3557.4(12)
Prgem”) L623 1657

z 3 8
W(mm) 1288 1282
A 0.71073 0.71073
T.K 2932) 2932)
RIR) 01029 00299
wR2(R,) 02314 00374
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Table3-1.  (contd.) Summary of crystallographic data for complexes 18, 19, 21and 22.

Compound 2% 2*
chemical formula  CyH,CuN, Oy, C,yH, Cy; N, O,
formula w. 876.68 67156
space group PI PI
ak) 9.709(1) 8.4920
b(A) 17.688(2) 11.5573
o(A) 19.155(2) 15.4597
a(deg) 91691(4) 0
B(deg) 95.085(3) 83.200
Y(deg) 975013) 69.205
vA) 3245.7(9) 1337.10
Pai(gem™) 1792 1.683
z 4 2
w(em') 1402 166
r A 071073 071073
T.K 150(2) 1502)
RIR) 00375 00369
WR2(R, ) 00794 0.1006
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33 Results and discussion
33.1 Structures

[Cu(PAHAP),(NO,ELO),(NO, KLO (18)

‘The structure of 18 and the expanded view of the coordination core are depicted in
Figure 3-1 and Figure 3-2 respectively, and relevant bond distances and angles are listed
in Table 3-2. The two distorted octahedral copper(Il) ions are bridged by two ligands in a
spiral-like arrangement with diazine nitrogens acting as the bridging groups in the

cquatorial planes and one b ratebridging in il positions, Each ligand provides
one pyridine ring coordinating in the equatorial plane of one copper center (N(6) for
Cu(1); N(7) for Cu(2)) and another pyridine ring coordinating in the axial position of
another copper center (N(11) for Cu(1); N(1) for Cu(2)). A water molecule is coordinated
o each copper(II) center completing the equatorial coordination (O(10) for Cu(1); O(11)
for Cu(2)). The two copper equatorial planes are twisted by 63.47° (the angle between the
least-squares planes of Cu(1)-N(4)-C(7)-C(8)-N(6) and Cu(2)-N(9)-C(18)-C(17) -N(7))
about the two diazine bond vectors (N(4)-N(3) and N(10)-N(9)) and folded 130.24° by
the axially bridging nitrate via O(7) and O8). The Cu(1)-Cu(2) separation is 3.863(5) A.
Within each ligand, bond distances in the NH,-C=N framework are very similar to
those of the free ligand, indicating single bond character in the N-N diazine bonds
(NG)N(4) 1.423(8) A, N(10)-N(9) 1409(8) A) and in C-NH, bonds (N(2)-C(6)
1323(10) A, N(S}-C(7) 1.327(9) A, N(8)-C(18) 1.315(9) A, C(19)-N(12) 1343(10) A),
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Table3-2.  Interatomic distances (A) and angles (Deg.) relevant to the copper

coordination spheres and the ligand in [Cu,(PAHAP),(NO,)(EL,0),]

(N0, H.O(18).
Cu(1)-N(S) 1.995(6) Cu(2)NG) 1.987(6)
Cu(1)-N(10) 2.003(6) Cu)-N(7) 1.998(6)
Cu(1)}N(4) 2016(6) Cu2}NO) 2.004(6)
Cu(1)-0(10) 2.076(7) Cu(2)-0(11) 2.033(5)
Cu()-N(1T) 22389) Cu(2}N(1) 2.221(6)
Cu(1)-08) 2.434(6) cu2-0(7) 2621(5)
Cu(1)-Cu(2) 3.863(5)
N(10}-c(19) 1.323(9) N(10)-N(9) 1.409(8)
NG)-C(6) 13039) NG)-N@) 1.423(8)
N@)-C(7) 1.3009) N@)-C(6) 1323010)
NGMC() 13279) N(8)-C(18) 1315(9)
NE)-C(18) 13149) CQ19MN(12) 1343(10)
N(6)-Cu(1)-N(10) 167.92) N(6)-Cu(1)-N(4) 80.10)
N(10)-Cu(1)-N(4) 89.9(2) N(6)-Cu(1)-0(10) 93.703)
N(10)-Cu(1)-0(10) 9590) N(@4)-Cu(1)-0(10) 173.10)
N(6)-Cu(1)-N(11) 11240) N(10)-Cu(1)}-N(11) 76.6(3)
N(@)-Cu(1)-N(11) 104.50) O(10)-Cu(1)-N(11) 80.60)
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contd.

N(6)-Cu(1)-0(8) 84.10) N(10)-Cu(1)-0(8) 90.8(2)
N4)-Cu(1)}-0(8) 98.9(2) 0(10}-Cu(1)-0(8) 773G)
N(11)-Cu(1)-0(8) 153.20) NG)-Cu(2)}-N() 169.5(2)
N(3)-Cu(2)-N©) 89.7(2) N(7)-Cu(2)-N(9) 798Q2)
NG)-Cu(2)-0(11) 97.12) N(7)-Cu()-0(11) 9332)
N(9)-Cu2)}-0(11) 16332) NG)-Cu(2)}N(1) 7.92)
N(-Cu@-N(1) 104.002) N)-Cu(2)}N(1) 105.7(2)
O(11)-Cu(2)-N(1) 90.6(2) O(7)-Cu(2}N(1) 161.53(2)
O(7)-Cu(2)-0(11) 78.13(2) O(7)-Cu(2)-N(T) 9137(2)
O(7)-Cu2)-N(9) 86.82(2) O(7)-Cu(2)NG) 89.052)

and largely double bond character in the C=N bonds (N(3)-C(6) 1.303(9) A, N(4)}-C(7)
1300(9) A, N(9H-C(18) 1.314(9) A, N(10)-C(19) 1.323(9) A). The torsion angles around
N-N units in both ligands are very close (C(6)}NG)-N(4)-C(T), 78.32°; C(18)-N©)-
N(10)-C(19), 73.71°).
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[CuPMHAP),(NO,),I(NO,), 3H,0 (19)
The structure of 19 s depicted in Figure 3-3, and relevant bond distances and
angles are isted in Table 3-3. Figure 3-4 illustrates the expanded view of the coordination

coresin di

two distorted square pyramidal copper(Il) centers (the Addison distortion index t = 0.269
for Cu(1) and 0.319 for Cu(2) [81]) each with two pyridine nitrogens (N(S), N(6) for
Cu(1); N((1), N(10) for Cu(2)), one diazine nitrogen (N(3) for Cu(1) and N(8) for Cu(2))
and one nitrate oxygen (O(1) for Cu(1) and O(4) for Cu(2)) in the equatorial plane, and
‘another diazine nitrogen (N(7) for Cu(1) and N(2) for Cu(2)) in the axial position. In each
diazine unit, one nitrogen atom (N(3) or N(8)) is in the equatorial plane and the another
one (N(2) or N(7)) is in the axial position of the copper(IT) polyhedron. Therefore two
ligands orthogonally bridge two copper(IT) centers in a spiral-like manner, which is the
first example of open-chain diazine ligands adopting such a coordination mode. The
least-squares planes Cu(2)-N(10)-C(22)-C(21)-N(8) and Cu(1)-N(6)}-C(18)-C(19)-N(7)
are twisted of 79.76%, and the least-squares plane Cu(2)-N(1)-C(5)-C(6)}N(2) and

Cu(1)-NG)-C(8)-C(9)-N(5) are twisted of 82.43°.
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Table3-3.  Interatomic distances (A) and angles (Deg.) relevant to the copper
coordination spheres and the ligand in [Cu,(PMHAP), (NO,),J(NO,),

3H0 (19).
Cu(1)-NG) 1.965(3) Cu(1)-N(6) 1.988(3)
Cull)}N(S) 202203) Ccu(1-0(1) 20410)
Cu(1)-N(T) 2.1980) Cu2}NG) 1.9670)
Cul2XN(1) 1.996(3) Cu2)-N(10) 2.0290)
Cu(2)-0(4) 2.084(3) Cu(2)-N(2) 2.1583)
Cu(1)-Cu) 3.93002)
N(3)-Cu(1)-N(6) 168.72(13) N(3)-Cu(1)-N(5) 80.75(11)
N(6)}-Cu(I)}N(S) ~ 104.69(12) NG)-Cu(1)}-0(1)  89.23(11)
NE-Cu()-0(1)  89.94(11) NS-Cu(1}-0(1)  152.60(11)
NG}Cu()NT)  92.06(12) NE-Cul)-NT)  77.1912)
NGMCu()NT)  10247011) O()-Cu(l)-N(T)  103.33(10)

N@)-Cu@)-N(1)  171.09(13) N)-Cu2)-N(10)  80.33(11)
N()-Cu(2)-N(10)  103.54(11) N@)}Cu2}-0(4)  91.50(11)
N()-Cu2}-0(4)  88.60(11) N(I0)-Cu(2}-0(4)  151.93(11)
N(8)-Cu(2}N(2)  93.54(12) N(I)-Cu2-N@2)  77.67(12)
N(10)-Cu(2)-N(2)  107.39(11) O(4)-Cu(2)}-N(2)  99.85(10)
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Figure 3-4.  Expanded view showing the orthogonality between two copper

magnetic planes in 19 via N-N single bonds.
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[Cu,(PAHAPYDPPN)H,O)NO,)J(NO,), (21)

Two crystallographically independent, but very similar molecules have been found
in 21. Figure 3-5 illustrates the structure of one of them and Figure 3-6 depicts the
expanded view of the coordination cores in both molecules. Bond distances and angles
relevant to the copper coordination spheres are given in Table 3-4. In each molecule, the
ligand DPPN adopts a planar structure, as expected, with the same structural features as
found in its other complexes [128-133], and the open-chain diazine ligand PAHAP has a
twisted conformation as usual

The coordination geometries for all copper(IT) centers are in between a square
pyramid and a trigonal bipyramid, and using the distortion index established by Addison
[81] (= = (B - @)/60) the values in the range 0.219-0.421 suggest that a distorted square
pyramid is the most appropriate stereochemical description for all copper centers with
short equatorial contacts to an N, in-plane donor set for Cu(1) and Cu(3), and N,0 for

Cu(2) and Cu(4). The weak axial coordination positi spied by nitrate anions for

Cu(1) (0(24)) and Cu3) (O(15)), whereas diazine nitrogens from DPPN are bonded
axially to Cu(2) (N@)) and Cu(4) (N(13)). Therefore, within each molecule two
copper(Il) centers are bridged by an open-chain diazine unit in the equatorial plane, and
another aromatic diazine unit in an orthogonal manner, to form a boat conformation (boat
1: Cu(1)-N@)}NG3)-Cu(2)-NE)-N(7); boat 2: Cu(3)-N(12)-N(13)}-Cu(4)-N(I6}N(I7).
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‘Table 3-4. ind angles (Deg.
coordination spheres and the ligand in [Cu,(PAHAP)(DPPNYH,O)NO,)]
™oy, @)

Cu(1)-0(24) 2536(2) Ccu(3)-0015) 2629(2)
Cu(1)-N(1) 1.990(2) Cu3)-N(11) 19772)
Cu(1)-N@2) 2048(2) Cu(3)-N(12) 2.064(2)
Cu(1)}N() 1935(2) Cu@)N(1T) 1923(2)
Cu(1)-NE®) 2027(2) CuG3)¥NQI8) 2024(2)
Cu(2)-0(1) 2032(2) Cu(4)-0(2) 2055(2)
Cu(2yNG) 22282) Cu(4)}N(13) 2.1942)
Cu2)-N) 1.988(2) Cu(4yN(14) 1.980(2)
Cu2)-NEs) 20182) Cu(4)-N(15) 2022(2)
Cu(2)-N(6) 1.940(2) Cu@)-N(16) 1.935(2)
Cu(1)-Cu(2) 3.932(2) Cu(3)-Cu(4) 3.936(2)
N@MNG) 1.3340) N(12}N(13) 133403)
NN 1.4053) N(6)-C(20) 13113)
N-C@1) 1317G3) NE-C22) 13583)
NE»-C(20) 1322(4) NQI6}-N(IT) 141003)



N(16)-C(46)
N(19)-C(46)
0(24)-Cu(1)-N(1)
0(24)-Cu(1)-N(7)
N(1)-Cu(1)-N@)
N(1)-Cu(1)-N(8)
N(2)-Cu(1)-N(8)
O(1)-Cu(2-NG)
O(1)-Cu(2)-N(S)
NG)-Cu(2)-N)
NG)-Cu(2)-N(6)
N(4)-Cu(2)-N(6)
O(15)-Cu(3)-N(11)
O(15)}-Cu(3)-N(17)
N(1)-Cu@)-N(12)
N(11)}-Cu(3)-N(18)
N(12)-Cu(3)-N(18)
0(2)-Cu(4)-N(13)

131603)
132109)
78.85(9)
91.23(9)
80.68(9)
105.01(9)
143.66(9)
92.46(9)
154.03(9)
78.6709)
923109)
170.28(9)
92.799)
101.70(9)
80.66(9)
105.27(9)
152.22(9)
9253(9)
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NOT-C@T)
N(0)-C(47)
0Q4)-Cu(1)-N@)
0(24)-Cu(1)-N(8)
N(-Cu(1)}N(T)
N@»-Cu(1)}N(T)
N(7)-Cu(1)-N(8)
O(1)-Cu(2)-N(4)
0(1)-Cu(2)-N(6)
NG)-Cu@)N(S)
N(@)»-Cu2}N(S)
N(5)}-Cu2}N(6)
0(15)-Cu(3)-N(12)
O(15)-Cu(3)-N(18)
N(D-Cu@)-N(7)
N(12)-Cu(3)-N(17)
N(I7)-Cu(3)-N(18)
0(2)-Cu(4)-N(14)

13100)
13200)
18.119)
98.1109)
168.949)
100.04(9)
81.049)
87.46(10)
96.64(10)
113.398)
99.53(9)
80.60(9)
77.8309)
74.829)
165.339)
100.03(9)
81.049)
92.929)



contd.
O(2)-Cu(4)-N(15)  150.19(9) O(2)-Cu(4)-N(16)  92.00(9)
N(I3)-Cul@)N(4)  79.138) N(I3)}Cu(4)-N(15)  116.67(8)
N(I3)}-Cu(@)-N(16)  9381(8) N(4}Cu@)-N(15)  98.14(9)
N(14)}Cu(@)-N(16)  171.56(9) N(IS)-Cu(4)-N(16)  80.79(9)

To our knowledge, this is the first orthogonal bridging mode reported for an aromatic
diazine in a dicopper(II) complex. Concerning the boat conformations, the only difference
between the two molecules rests with the fact that two oxygens (water O(1) and nitrate
0(24)) are located in a trans position in boat 1, while another two oxygens (water O(15)
and nitrate O(2)) are located in a_cis-position in boat 2. This results in the dihedral angle
between the least squares planes Cu(1)-N(7)-C(21)-C(22)-N(8) and Cu(2)-N(5)}-C(19)-
C(20)-N(6) (85.91°) being quite different from that between the least squares planes
Cu(3)-N(17)-C(47)-C(48)-N(18) and Cu(4)-N(15)-C(45)-C(46)-N(16) (78.79°). The
torsion angle around the N(6)-N(7) bond vector in C(20)-N(6)-N(7)-C(21) is 104.72°,
while that around the N(16)-N(17) bond vector in C(46)-N(16)-N(17)-C(47) is only

90.60°.
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[Cu,(PAHAP)YMeOH),(N,).I, (NO,), 2H,0 (22)

‘The structure of 22 is depicted in Figure 3-7, and relevant bond distances and

angles are listed in Table 3-5. i as

of two [Cu,( 4)J* unts bridged y two -1, 1-N;” anions.
In each dinuclear [Cu,(PAHAPYMeOH),(N,)," urit, the copper(Il) ion Cu(1) has a
distorted square pyramidal coordination environment (t = 0.589) [81] and is coordinated

to two nitrogen atoms (N(1) and N(3)) of the ligand PAHAP. It is also coordinated to

another two  nitrogen atoms (N(10) and N(7A)) from different 4-1,1-N;" anions in the
basal plane (Cu(1)-N(TA) 1.971(2) A, Cu(1)-NG) 1.977(2) A, Cu(1)-N(1) 2.03002) A,
Cu(1)-N(10) 2.055(2) A), and the nitrogen N(7) from another ,-1,1-Ny  in the apical
position (Cu(1)-N(7) 2.271(2) A), while the copper(II) ion, Cu(2) has a typical square
pyramidal (z = 0.124) coordination environment (Cu(2)-N(4) 1.950(2) A, Cu(2)-N(6)
2.029(2) A, Cu(2)-N(10) 2.014(2) A, Cu(2)-0(8) 1.971(2) A, Cu(2)-0(7) 2.348(2) A).

i (3)-N(4)) and a ,-1,1-N;" unit

atN(10) in their equatorial planes.
The dihedral angle between the least-squares planes Cu(1)-N(1)-C(5)-C(6)-NG3)
and Cu(2}N(4)-C(12}-C(11)}N(S) is quite small (53.86%). This small angle makes it



Table 3-5. ic dis A) and angles (Deg.

‘coordination spheres and the ligand in [Cu,(PAHAP) (N,),(MeOH),)]..

(NO,), 2H,0 (22).
Cu(1)-N(T#1 1971(2) Cu(1)-NG) 1.977(2)
Cu(1)-N(1) 2.030(2) Cu(1)-N(10) 2.055(2)
Cu(1}N(7) 221102) Cu2)-N(4) 1.950@2)
Cu(2-0(8) 1L9712) Cu(2)}N(10) 20142)
Cu(2)-N(6) 2.0292) Cu(2)-0(7) 2348Q)
Cu(i)Cu(@) 3.49702) Cu(l}Cu(lA)  33512)
N@)-C(6) 132703) NE)-C(6) 13190)
NG)-N@) 1.406(2) N@)-C(12) 13130)
N(S)-C(12) 13210) N(10}N(11) 12230)
N(11)-N(12) 1.13503) N(7)-N@) 12413)
NG)}N©) 11215)
NOWI-Cu(1)-NG)  174.99(8) N(#I-Cu()N(1)  98.75(8)
NOHMCu)}N(1)  79.98(8) N(#I-Cu(1)}-N(10)  97.55(8)
NG)Cu(1)-N(10)  86.42(8) N(1)-Cu(1)-N(10)  139.68(9)
NOWI-Cu()N(T)  75.82(8) NG)}Cu()-N(T)  10020(8)



contd,

NO-Cu(l}N()  113.96(8) N(IO}Cu(1}N(T)  105.71(9)
N(4)-Cu(2)-0(8) 171.82(8) N(4)-Cu(2)-N(10)  88.06(8)
O(8)-Cu(2)-N(10)  99.33(9) N(@E-Cu2)-N©)  79.85(8)
O@)-Cu2)NG6)  92.01(8) N(I0}-Cu(2)-N(6)  157.48(9)
N(@)-Cu2)-0(1) 91.83(8) O0@)-Cu2y-0(7)  90.72(8)
N(10)-Cu(2}-0(T) ~ 97.43(8) N©E-Cu(2-0(7)  101.85(8)
NOMNGEMNO)  169.7(4) NON(I-N(12)  179.2(4)
Cu(1)}-N(10)-Cu(2)  118.48(10) Cu(}N(T)-Cu(1)#1  104.18(8)

possible for the azide (N(10)) to bridge the two copper(Il) centers in a. i,-1,1 fashion,
and leads to a relatively short Cu(1)-Cu(2) separation (3.497(2) A) and a large
Cu(1)-N(10)-Cu(2) azide bridge angle (118.48(10)°). However, compared with the Cu-Cu
separation found in some dicopper(IT) complexes bridged by a y1,-1,1-N,” and an aromatic

diazine unit (e.g. pyridazine, phthalazine), the Cu(1)-Cu(2) separation in 22 is still quite

large, which i ly consi ith the large Cu(1)-N( ngle.
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Figure 3-7.  Structural represent

ion of [Cu,(PAHAP)(N,),(MeOH),},.(NO,), 2H,0 (22)

with hydrogen atoms omitted (40% probability thermal ellipsoids).
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332 Spectroscopy

‘The major infrared absorption bands for 18-22 are listed in Table 3-6. Complex 18
extibits tWo vy infrared bands at 3355 and 3165 cm” associated with the NH, groups in
PAHAP, and a sharp band at 3510 cm” due to coordinated water molecules and the
lattice water band at ca. 3525 cm” (sh). TWo StrONg  Veuy bands at 1644 and 1665 cm,
which are much higher in energy than those of the free ligand, are in agreement with the
fact that the PAHAP ligands in the complex adopt a twisted conformation. A prominent
(v, +v) [112] nitrate band is observed at 1755 cm". Based o the structure more nitrate
combination bands would be expected, however. The pyridine ring breathing bands occur
at 1043, 1033, 1024 and 1013 cm”, all of which are higher than for the free ligand (997
cm”) [117], in agreement with the fact that all four pyridine rings from two PAHAP
ligands are coordinated. Two of them are strongly bound to the copper(Il) centers, which
i mirrored by the Cu-N,, bond distances (Cu(1)-N(6) 1.995(6) A, Cu(2)-N(7) 1.998(6) A,
Cu(1)-N(11) 2.238(9) A, Cu(2)-N(1) 2.221(6) A).

‘The infrared spectrum of 19 above 3100 cm" is dominated by bands associated
‘with water (3500 cm) and NH, groups (3340 and 3146 cm). Nitrate combination bands
[112] are observed at 1762 and 1749 cm, and their difference (13 cm”) is in agreement
with the presence of monodentate nitrate in the structure. The ionic nitrate band probably
coincides with one of three observed bands. A very strong band at 1664 cm” due to the
Vo Of the PMHAP ligands agrees with the twisted arrangement of the ligands in this
‘complex. Two pyridine ring breathing bands appearing at totally different positions (1044
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and 1017 cm") show the asymmetric property of the ligand. The higher energy band (1044
cm) is due to the pyridine ring in which the pyridine nitrogen is strongly coordinated to
copper(IT) (Cu(1)-N(5) 1.997(5) A), whille the lower energy band (1017 cm”) can be
assigned 1o the pyridine ring in which the pyridine nitrogen is weakly coordinated to
copper(Il) (Cu(1)-N(2) 2.021(5) A).

Complex 20 shows very similar infrared absorptions above 3100 cm to those of
18, and exibits only one prominent (v, + v,) [112] nitrate band at 1763 cm" associated
with free nitrates. A broad and strong band at 1673 cm due 0 Ve suggests a_twisted
arrangement of the PYPZ ligands like the cases in 18 and 19. A very strong band at 1034
e is most likely a combination of the strongly coordinated pyridine ring breathing band
and the weakly coordinated pyrazine ring breathing band, which is consistent with its

preliminary structure which shows one pyrazine nitrogen in the apical position and one

in the basal

A broad and strong band due to coordinated water dominates the region above
3100 cm™ in the spectrum of 21. A complex group of (v, + v,) [112] nitrate bands is
observed at 1754, 1744 and 1764 cm’, consistent with the two slightly different
monodentate nitrates and free nitrates. Two well separated v, bands at 1662 and 1686
e clearly suggest that the PAHAP ligands exist in two different conformations, which s
confirmed by its single crystal structure that shows totally different torsion angles around
the N-N bond vectors of the PAHAP ligands in each of the two crystallographically

independent dicopper molecules. The bands at 1026 and 1036 cm” due to the pyridine ring
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breathing modes are associated with the two different types of pyridine ring found in the
‘complex. Strong Vg, bands at 333 and 3167 cm” appear to mask the Vo bands of the
‘coordinated CH,OH and lattice water molecules in the spectrum of 22. Two azide bands
were observed at 2086 and 2057 cm”. The higher energy band is associated with the
Hy-1,1-azide linking Cu(1) and Cu(2) (N(10)), in agreement with other related systems
[21,113]. The lower energy band is therefore assigned to the intermolecular i1, 1-azide
bridge. Two clearly separated and equally intense V. bands at 1663 and 1679 cm*
indicate that the ligand is twisted in agreement with the structure data. Pyridine ring
breathing bands are observed at 1023 cm’, with a shoulder peak at 1002 cm. One (v, +
v [112] nitrate band at 1764 e is associated with the free ritrates.

Solid state Nujol mull transmittance electronic spectra for 18-22 are quite similar,
with one broad visible band observed in each case in the range 644-719 nm, consistent
with square or square-pyramidal coordination geometries at the copper(Il) centers.
Aqueous solution spectra of 18, 20 and 22 are slightly different from their solid spectra
(Table 3-7), suggesting minor changes to the coordination environment in solution. The
aqueous solution spectra of 19and 21 are esseatially the same as those in the solid state,
indicative of no significant solvation in these two cases. The UV/vis absorption data for

18-22 are summarised in Table 3-7.



Table 3-6. Infrared spectral data of dicopper(l) complexes 18-22.

Compound R (cm)
[Cu,(PAHAP),(NO,JE,0)J(NO,), HLO (18)  3510.3525E,0}: 33563165 : 17560N0,):
1665.1634(vu: 1043, 1033, 1024, 1013(By)
[Cu,(PMHAP),(NO,),J(NO,), 3H,0 (19) I500(H,0): 33403146 ); 1763.17450NO,)
164(v0) : 1044,10170)
[Cu,(PYPZ),(H,0),](NO,), H,0 (20) 3510-3100(H,0 and NH,): 1763(NO,);
1673 (v 1033(Py and )
[Cu(PAHAPYDPPNYH.O)NO,J(NO,), (21) 331040 and NH, 31764, 1744, 1754(NO);
1686.1662(v0.0 : 1026, 1036PY)
{[Cu,(PAHAP)N,),(MeOH),)]}, 3335, 3167 (v,0q ):2086,2057(N, ); 1764(NO, );
(NO,),2H0 (22) 1678.1663(vcu: 1023,1003®)

Table3-7.  UVAvis spectral data for dicopper(IT) complexes 18-22 (nm).

compound solid H,O (8, dnamot'm)
[Cu,(PAHAP),(NO,)XH,0),J(NO,), .0 (18) 05 721(272.4)
[Cu,(PMHAP),(NO,),](NO,), 3HLO (19) 79 712(177.6)
[Cu,(PYPZ),(H,0),J(NO,), H,0 (20) 700 710(216.3)
[Cu,(PAHAPYDPPNYHLOYNO)I(NO,), (21) 650 657(255.0)
{[Cu,(PAHAP)(N,),(MeOH),)]} - (NO,), 2H,0 (22) 644 695 (324.2)




333 Magnetism

Variable temperature magnetic susceptibility measurements were carried out for
powdered samples of the complexes 18, 19, 21 and 22, taken from the same uniform
batches used for structural determinations. The samples were pre-dried under vacuum in
order to prevent possible mass loss during sample preparation prior to a variable
temperature run. The room temperature magnetic moments and the best fit parameters to
the Bleaney-Bowers equation (eqn. 1-4) for the variable temperature (4-305 K) magnetic
data are summarised in Table 3-8.

The room i complex 18 (1.94 BM)

normal value for an uncoupled copper(Tl) system, and might suggest the absence of spin
exchange. A plot of %,*T versus temperature for 18 is illustrated in Figure 3-8, which
shows that the x,*T values are larger than 0.40 emu.mol” K above 25 K. When the
temperature is lowered, the x,*T values decrease to 0.322 emu.mol" K at 4 K, indicating
that there is a very small antiferromagnetic interaction taking place. The data were fitted to
eqn. 14 to give g = 2.191(7), -2J = 0.4(3) cm”, p = 0.00046, Nax = 75*10* emu, 6 =
2.1 K (10°R = 2.2). From the structural point of view, any intramolecular spin coupling
between the copper(Il) centers will occur via the two diazine linkages (¢.g. N(9)-N(10)

and N(3)-N(4)), and the small dihedral angle (63.47°) of the copper planes about the two

diazine bonds might 10 providea ic coupling pathway based on
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the results of Chapter 2. However, since there are no similar magnetostructural and model

studies on dicopper systems bridged by two N-N single bonds, the critical angle of

changeover i i i iour is likely

The compound [Cu,(PMHAPL(NO,),(NO,), 35,0 (19) also has a high room
temperature. magnetic moment, 1.91 BM, and the x,*T values are larger than 0.40
emumol K throughout the 5-300 K temperature range (Figure 3-9), indicative of no net
coupling between the copper(IT) centers. This clearly results because the two square
pyramidal copper(Il) centers are orthogonally bridged by two N-N single bonds (Figure
34), which is mirrored by the MO calculation (the energy gap between two SOMOs is
only 27 meV:; see Figure 3-10).

‘The room temperature magnetic moment for complex 20 (1.79 BM) i close to the
normal value for an uncoupled copper (IT) system, and might suggest the absence of spin
exchange. However, its preliminary structure shows a very similar twist angle to that
found in 18, indicative of very weak antiferromagnetic coupling between two copper (IT)
centers. We await the variable temperature magnetic data for this complex.

‘The compound [Cu,(PAHAP)YDPPN)(H,0)(NO,)J(NO,), (21) has a slightly lower
room temperature magnetic moment (1.74 BM) and a plot of 7 versus temperature in
Figure 3-11 reveals a maximum in the susceptiblity at about 40 K. This is clearly
indicative of dominant antiferromagnetic exchange. The data were fitted successfully to
equ. 1-4 with g=2.097(12), -2 = 40(2) e, p =0.031, Na=66*10%,6 =0K, 10R =
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0.64 (R = [Z(ton“Xeue) /E27]"). The solid line in Figure 3-11 was calculated with these
parameters. This dominant antiferromagnetic. exchange obviously arises from the two
- . .

the two structures. This raises the question as to which dicopper molecule dominates the

toul ing. F perspective, the di it in the DPPN ligand

contributes very litle to the exchange because it bridges two copper centers in an

orthogonal i lecules. Based on ions  for the dicopper systems

bridged by one N-N single bond in Chapter 2, the molecule containing the Cu(1) and
Cu(2) centers should be the dominant, because it involves a larger dihedral angle around
the N-N single bond in the PAHAP ligand. On the other hand, the extended Hiickel MO

calculations for both molecules surprisingly show that the energy difference between the

ic MO in ining the Cu(1) and Cu(2) centers
is significantly smaller (AE = 141 meV) than that in the molecule containing the Cu(3) and
Cu(4) centers (AE = 177 meV). The expanded views of the energy levels for both dicopper
centers in the different molecules are illustrated in Figure 3-12, which implies a
contradicting conclusion to the above. However, examinations of the copper(lI) ion
stereochemistries may reveal why. The geometries at al the copper(Il) centers are close

to square pyramidal, but trigonal bipyramidal distortions for Cu(1) ( = 0.421) and Cu(2)
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(x=0.271) are significantly larger than those for Cu(4) (x = 0.356) and Cu(3) (x = 0.219)
respectively. These larger geometric distortions in the molecule containing the Cu(1) and
Cu(2) centers will reduce the aniferromagnetic contribution to the total magnetic
exchange.

The azide complex [Cu(PAHAPXMeOH),JN,)J, (NO,), 2H,0 (22) has  room
temperature magnetic moment as 1.52 BM, and a pronounced maximum in susceptibility
at 220 K clearly indicating. strong antferromagnetic exchange (Figure 3-13). A good fit
0 eqn. 1-4 gave g = 2.15(7), -2J = 246(7) cm™, p = 0.0115, Na = 59*10“ emu, 6=-03

K I0R=18. he ~1,1-N;" anions bridge Cu(1) and Cu(1A) in

4 orthogonal fashion as described before, therefore any magnetic exchange in each
it should rough the N-N si (3)-N(4)) and the equ

bridging i1, 1-N; via N(10). Since the dibedral angle around the bridging open-chain
diazine unit is extremely small (53.86° between the least-squares planes Cu(1)-N(1)-NG3)-
C(S)MC(6) and Cu(2}N(4)-N(6)}-C(11}-C(12)), the N-N single bond would not be
expected to provide a large antiferromagnetic contribution to the total magnetic exchange,
based on the result in Chapter 2, and might, even, be expected to provide a ferromagnetic
contribution. Therefore, the equatorially bridging p,-1,1-Ny via N(10) seems to be the
only factor likely to be responsible for the net strong antiferromagnetic coupling. This
result is exactly consistent with the conclusion made by Thompson et al. [49-51], that

‘when the -1 I-azide bridge angle exceeds a value of approximately 106°, the azide
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bridge is if i ling. The i in 22(1185°)

is very large, and entirely consistent with the strong antiferromagnetic coupling in this
compound. To our knowledge, complex 22 might be the first real example which
contradicts the spin polarization mechanism [45-47] proposed 15 years ago to account for
the magnetic properties of azide bridged dicopper complexes. The extended Huckel MO
calculation for this complex was carried out by using exact structural data with two weakly
apically bound CH,OH molecules included. The energy difference between the symmetric

and antisymmetric MO (orbital 132 and 133 respectively, see Figure 3-14)is 71 meV,

131131 @540
132132853 LUMO (11622 eV)

Energy (eV)

QESSESp

136136 Boap

Figure 3-15. Expanded view of the energy levels for 22.
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which is fairly large and consistent with the magnetic behaviour. The fact that AE in this
case is significantly smaller than eg in 21 (AE = 141, 177 meV), and that
antiferromagnetic coupling in this compound s very much weaker, has litle relevance
‘because MO calculations at the extended Hickel level can only be safely compared in a
closely related series of compounds.
34 Conclusion

Three dicopper complexes doubly bridged by open-chain N-N units show no or
weak antiferromagnetic interactions. There is no coupling in 19 because of simple.orbital
orthogonality (dz. (Cu(1))L dz (Cu(1)a). The very weak coupling in 18 may result from
the twist of the two copper magnetic planes about two N-N single bonds which has not
reached the ferromagnetic realm for this type of compound. The stronger coupling in the
mixed diazine bridged dicopper complex 21 occurs through the open-chain N-N diazine
bridge and is consistent with the much larger dihedral angles (85.9°, 78.8°). The aromatic
diazine ligand DPPN does not contribute to the coupling because it acts as an orthogonal
bridge. Strong antiferromagnetic coupling has been found in the y1,-1,1-N;” and open-chain
diazine mixed bridged complex (22). Since the dihedral angle between the two copper
magnetic planes about N-N single bond is very small, the N-N single bond would be
expected to contribute very little to the total magnetic interaction. Therefore, the
1y71,1-Ny" i the only factor responsibie for the strong antiferromagnetic exchange in 22,

which ng the spi ion mechanism for

coupling in azide bridged complexes.



Chapter 4. Spiral Dinuclear Complexes of Tetradentate N,
Open-chain Diazine Ligands with Mn(II), Fe(II),
Fe(III), Co(IT), Co(IIT) and Ni(II) Salts.
41  Introduction

A number of Ni(HT) and Co(Il) dinuclear complexes bridged by a diazine group
incorporated in a heterocyclic aromatic ring, eg. pyridazine, phthalazine, have been
documented. X-ray structures showed that coordination occurs with one ligand or two
ligands (e.g. pyridazine or phthalazine) together with attached co-donors like imine or
carboxylic acid. The variable temperature magnetic susceptibiity studies indicated
antiferromagnetic interactions between the Ni(IT) centers (-2J = 25-47 cm") and cobalt(Il)
centers (-2 = 8-15 ca") [134-144]

Open-chain diazine ligands have variable coordination modes to copper ions and
lead to very interesting magnetic coupling phenomena as presented in Chapter 2, as well as
Chapter 3. Early investigations in the 1950's and 1960's showed that such ligands could
form variable types of coordination compounds with Co(ID), Ni(Il) and Fe(ll) salts,
including species with ML, ML, and ML, stoichiometries [73-76]. Among them the type

ML outto ion. Studies by

Busch et al. [73-75] on pyridine aldazine (PAA) suggested that the Fe(Il), Co(Il), Ni(Il)
dinuclear complexes contain the cation [M,(PAA),]** (M = Fe(ID), Co(Il), Ni(ID) with a
spiral structure, but no X-ray structures were reported. Magnetic property studies

indicated that the Fe(II) centres were low spin; the cobalt(II) centres were high spin but no
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variable temperature magnetic susceptibilty studies were reported and the Ni(II) centres
‘were coupled weakly (-J/k = 8.3 - 13.7 K) [139]. Similar complexes of the related ligand
2-pyridyl-methyl-ketazine (PMK) [M,(PMK),]" (M = Fe(Il), Co(Il), Ni(Il)) were also
reported later on with similar magnetic properties, namely the Fe were low spin
1.8 cm") [142]. The Co(l) complexes
showed no coupling at all, which is mirrored by NMR studies reported by Dei et al. [143],

‘and the Ni(l) centres were weakly coupled (-

A recent magnetic property study on dinuclear cobalt(Tl) complexes of an open-chain
diazine ligand, 4,5-dimethyl-3-pyrazolyl aldazine, indicated a weak antiferro- magnetic
interaction between two cobalt(ll) centres (-] = 6.88-7.36 cm”) in the complexes
[CoX L1 H,0 (X= Cl or Br) [144]. However no X-ray structures were reported.

The first Xeray structure of a spiral complex in this class was reported for
[Co,(PMK),}.ZnCl, [ZnCl,(H,0)],.4H,O in 1974 by Boyd et al. [145a), and showed that
the three tetradentate ligands around the two distorted octahedral Co(II) centres form a

spiral dinuclear with the diazine nt ing a triple bridge in
a Type AB conformation. The Co-Co distance is 3.81(1) A, and the average Co-N-N-Co
torsion angle is 44°, indicating a very pronounced twist of the three ligands about the
Co-Co vector. A very recent paper gave another example of such spiral-like structure in a
dinuclear Fe(TIT) complex [145b].

In order to frther investigate the coordination chemistry of open-chain diazine
ligands to the other first row transition metal ions in general and target new approaches to
supramolecular architecture which is currently a very active field [146-160], this chapter
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presents a series of spiral homodinuclear Mn(II), Fe(II), Fe(III), Co(II). Co(TII) and Ni(IT)
‘complexes of the ligands PAHAP and PZHPZ (Scheme 4-1). The studies on these
complexes focus on the structures and spectral, variable temperature magnetic

susceptibility andelectrochemical properties.

o0 YHo
42  Experimental

Scheme 4-1

Commercially avaisble solvents and chemicals were used without further
4.22 Measurements

Analysis, ic and phys 1
4.2.3  Synthesis of the ligands

PZHPZ was synthesized in a similar manner to PAHAP (see Chapter 2) using
2-cyanopyrazine instead of 2-cyanopyridine with a yield of 81% (mp. 306-308°C,
decompose) and was recrystalized from ethanol.

42.4 Synthesis of the complexes

[Mn,(PAHAP),J(CI0), SH,O (23), [Fe,(PAHAPY(CIO), 4H,0 (24),
[NL(PAHAP),(CI0,), SH,O (25)

PAHAP (036 g, 1.5 mmol) was added to

189



(40 mL) of 1.0 mmol M(CIO,), xH,0 (M = Mr*, Fe¥, Ni*), and the mixture stirred at
room temperature for several minutes, until the ligand dissolved. The clear solution was
filtered and the filtrate allowed to stand at room temperature ovenight. Well formed
crystals were produced in each case, which were filtered off, washed quickly with cold
water, and dried in air (Yields 80-85%). Anal Calcd. for [Mn,(C,HN,J(CIO,), SH,0
(yellow) (23): C, 33.25; H, 3.40; N, 19.38. Found: C, 33.21; H, 2.97; N, 19.26. Anal
Calcd. for [Fe,(CH N)I(CIO), 4H,0 (dark red-brown) (24): C, 28.63; H, 3.00; N,
16.69. Found: C, 28.63; H, 3.27; N, 16.71. Anal Caled. for [Ni,(C,;H,;N),](C10,), SH,0
(orange brown) (25): C, 32.61; H, 3.50; N, 19.01. Found: C, 32.63; H, 331; N, 19.07.

[Fe,(PAHAP)JNO)), 3H,0  (26),  [Fe(PZHPZ)JNO),SHO  (@7),
[Co,(PAHAP),J(NO)),3H,0  (28), [Ni(PAHAP),JNI(H,0)J(NO,) 4 SH,0  (29).
[Fe(PHAAP)(H,0), (NO,)] (NO,), (30)

PAHAP (048 g, 0.20 mmol) was added to a warm aqueous solution (40 mL) of
M(NO,), yH,0 (M = Fe; x =3, y = 9: M = Co, Ni; x = 2, y = 6) (2.0 mmol). The mixture
was stirred in air at room temperature for a few minutes until a clear solution formed,
‘which was filtered and allowed to stand at room temperature for several days. After this
time, well formed crystals appeared, which were filtered off, washed quickly with a
small amount of cold water, and air dried (Yields 30-40% for 26 and 28; 80% for 29).
Close examination of the product in 26 revealed that it was a mixture, containing & small
amount (+20 mg) of dark, almost black rectangular prisms (30), which were separated by
hand. Complex 30 has been shown to be a mononuclear derivative of a hydrolysed ligand
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PHAAP, derived from PAHAP (vide supra). PHAAP was synthesized independently
according to a procedure described in Chapter 2 and 30 prepared  independently by
reaction of PHAAP with Fe(NO,), 9H,0 in water. PHAAP (0.24 g, 1.0 mmol) was added
to an aqueous solution (20 mL) of Fe(NO,),9H,0 (0.40 g, 1.0 mmol) with stirring at
room temperature. Methanol (5 mL) was added to aid solution of the ligand. Within a few
minutes a dark greenish-black clear solution formed, which was filtered and the filtrate
allowed to stand at room temperature overnight. Black prismatic crystals formed, which
were fitered off, washed with a small amount of cold water, and air dried (Yields 80%).
Complex 27 was prepared in a similar manner to 24 by adding PZHPZ (0.36 g, 1.5 mmol)
to an aqueous methanol (75/25) solution of Fe(NO,), 9H,0 (0.40 g, 1.0 mmol). The
resulting dark colored solution was filtered and allowed to stand at room temperature for
several days. Dark brown crystals suitable for structural determination formed, which were
filtered off, washed quickly with a small quantity of cold water, and allowed to dry in air

(Yield 30% ). N v is from this reaction, but the low

yield of 27 suggests that a similar hydrolysis reaction is occurring. Anal Caled. for
[Fey(C,H.:N),] (NO,), 3H,0 (26): C, 38.11; H, 3.73; N, 27.16. Found: C, 38.14; H, 3.61;
N, 27.37. Anal Caled. for [Fe,(C,H,oNp),JINO,), SH,0 (27): C, 30.63; H, 3.43; N, 33.32.
Found: C, 30.90; H, 3.21; N, 33.20. Anal Calcd. for [Co,(C,;H,;N),J(NO,),3H,0 (28):
C, 34.19; H, 335; N, 2657. Found: C, 34.19; H, 3.40; N, 25.92. Anal Caled. for

[N(CHN,IINI(H,0)J(NO,), 4.SH,0 (29): C, 29.66; H, 3.94; N, 23.05 Found: C,
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29.64; H, 4.0, N, 23.04. Anal Caled. for [Fe(C,,H,N,O)(H,0), NO,)] (NO,), (30): C,
2776, H, 291; N, 21.58 . Found: C, 27.96; H, 2.97; N, 21.53.

[Fe,(PAHAP),}(CI0,), 4.5H,0 (31)

PAHAP (024 g, 1.0 mmol) was added to an aqueous solution (20 mL) of
Fe(ClO,), 6H,0 (036 g, 1.0 mmol) at room temperature, and complex 31 was obtained as
brown colored crystals within a few minutes (Yield 70%). The product was filtered off,
washed with a small amount of cold water and dried in air. Anal Calcd. for
[Fe,(CHN)ICI0), 4.SHO (31): C, 28.63; H, 3.00; N, 16.69. Found: C, 28.63, H,
32N, 1671,

[Co,(PAHAP),(CIO), 5.5H,0 (32)

PAHAP (036 g, 1.5 mmol) was added t0 a hot aqueous solution (20 mL) of
Co(CI0), 6H,0, and the mixture was stirred under a nitrogen atmosphere until the
mixture became a clear solution. The clear solution was filtered under a nitrogen
atmosphere, and the fltrate allowed to stand in a refrigerator ovemight. Well formed
orange crystals were produced , which were fitered Off, washed quickly with cold water,
and dried in air (Yield 78%). Anal Caled. for [Co(C,H N),J(CIO), S SH,O (32): C,
33.38; H, 3.5, N, 18.88. Found: C, 33.78; H, 3.24, N, 18.64.

425 C d £ of

Crystals of [Mn,(PAHAP),](CIO,), SH,0 (23) are yellow in appearance. A single
crystal of 23 of dimensions 0.10 x 0.10 x 0.10 mm was attached to a quartz fibre and

transferred to a Siemens Smart three-circle diffractometer with graphite-monochromatized
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Mo-Ko X-radiation and a CCD area detector was used for data collection [108]. @ -scans.

were used in such a way that an initial 180° scan range consisting of 0.3° intervals was.

y 120°, 180° and 120 ith ¢ offsets of 88°, 180° and 268°,
respectively. This strategy samples the sphere of reciprocal space up to 26 = 50.04°. Cell
parameters were refined using the centroid values of 300 reflections with 28 angles up to
50.04°. Raw frame data were integrated using the SAINT program [109]. The structure
was solved by di 10]. An empirical
data using the programme SADABS [111]. Abbreviated crystal data are listed in Table

1. Crystal data collection and structure refinement for 26, 29, 30 were carried out in a
similar manner to that for 23. Abbreviated crystal data for all of these complexes are also
given Table 4-1.

The crystals of [CoPAHAP),I(NO,),3H,0 (28) are deep blood red in

appearance. The diffraction intensities of a crystal of imate dimensions 0.40 x 0.20
x 0.40 mm were collected with graphite-monochromatized Mo-Ka X-radiation using a
Rigaku AFC6S diffractometer at 299(1) K and the 020 scan technique to a 26, value
of 50.1°. A total of 3549 reflections was measured, of which 1839 were considered
unique (R, = 0.024) and 1218 were considered significant with L, > 2.0 & (I, ). The
intensities of three representative reflections, which were measured after every 150
reflections, remained rough ion, indicati  and electronic

stability (no decay correction was applied). An empirical absorption correction, based on

azimuthal scans of several reflections, was applied and resulted in transmission factors
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ranging from 0.97 to 1.00. The data were corrected for Lorentz and polarisation effects.
‘The cell parameters were obtained from the least-squares refinement of the setting angles

of 24 y 5 . 321351

The structure was solved by direct methods [102, 103]. Al atoms except
hydrogens were refined anisotropically. Hydrogen atoms were optimized by positional
refinement with isotropic thermal parameters set 20% greater than those of their bonded
partners at the time of their inclusion. However, they were fixed for the final round of
refinement. The final cycle of full-matrix least-squares refinement was based on 1218
observed reflections (I > 2.000 () and 139 variable parameters and converged with
unweighted and weighted agreement factors of R=Z||F.|-|Fc||/Z|F.| =0.050 and R, =
[EW(IF.|-[F,|y/ IwF]"* = 0.054. The maximum and minimum pesks on the final
difference Fourier map correspond 1o 0.52 and -0.45 electron A”, respectively. Neutral
atom scattering factors [104] and anomalous-dispersion terms (105, 106], were taken from
the usual sources. All calculations were performed with the TEXSAN [107]

fiware package using a station data for
27 were collected and treated in a similar manner. Abbreviated crystal data for 27 and 28
are given in Table 4-1
Note in Table 4-1, # = Rigaku data; * = Siemens Smart data
R=Z[[E| - [F, [VE[Fol, R =[C(IF, | - [F, [)'/EwF)]"*
RI=E|[Fy| - [F, |VE[F,|, wR; = (Ew(|F, [* - /E{w(IF Y]



Table &1

‘Summary of crystallographic data for complexes 23, 26, 27, 28, 29 and 30.

Compound £ 26 7%
chemical formula  C,H,CIMN, 0, CoHGFeN.0, CoHi N, Fe.0s
formula wt pisss nmen 2532
space group (=73 Pa3 P2n
a(A) 13.4086(2) 21.0024(1) 14.0393)
b(A) 32.0245(1) 21.0024(1) 11.335(6)
o(A) 143132(2) 21.0024(1) 14.6517(15)
a(deg) % % %
B(deg) 115.63501) % 96.852(11)
Y(deg) % % %
V&) 5541.2(1) 9264.18(8) 2314.9(13)
Pualgem®) 1581 1683 1688

z 4 8 1
em*) 0738 0723 07330

S 071073 071073 0.71069
K 298(2) 2982) 29902)
RIR) 0.0664 0.0615 0,048
WR2(R) 01524 0.1640 o154
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Table 4-1.  (contd.) Summary of crystallographic data for 23, 26, 27, 28, 29 and 30.

Compound 284 29% 30%
chemical formula  CyHyN,,04Co;  CanHiagCaeMNsnNiasOsn  CiHisN,0,Fe
formula wt. 686.42 337.67 51917
‘space group. R3c(h) (#197) Ric P2/c
ak) 17.38(6) 1737133) 8.451703)
b(A) 17.38(6) 173733) 19.6456(6)
o(A) 32152 33.235(6) 12.6511(4)
a(deg) %0 90 9%
B(deg) % %0 109.400(1)
‘T(deg) %0 120 90
V&) 8415(5) 8685(5) 19813111
P uiEcm®) 1625 1743 1.740

z 12 27 4
em) 0692 1.207 0845

A 0.71069 071073 071073
K 299(1) 1502) 150(2)
RIR®) 0.050R) 00488 0.0462
WR2(R, ) 0.054Rw) 01133 00754




43 Results and discussion
431 Structures

[Mn,(PAHAP),J(CI0)), SELO (23)

The structure of 23 is illustrated in Figure 4-1, and relevant bond distances and
‘angles are listed in Table 4-2. The dimanganese cation consists of two distorted octahedral
manganese(Il) centres bridged by three ligands in a spiral-like arangement, with the
diazine nitrogens acting as the bridging groups and the pyridine rings occupying the
remaining coordination positions. A second projection of the structure (Figure 4-2),
viewed approximately down the Mn-Mn axis, shows the parts of the molecule related by
the two-fold rotational axis. Mn-N distances are all very similar, falling in the range
2.22-2.26 A. The Mn-Mr tion is 3.946(4) A, and the of the two

five membered chelate rings of each ligand (8. Mn(a)-N(30)-C(11)}-C(12)-N(9)) are
twisted by 67.8°. On the outside of the complex ion pairs of NH, groups are arranged in
three groups, with a separation of 3.735 A between adjacent pairs (e.g. N(7)-N(8)).
Within each ligand the bond distances in the N=C-NH, framework are very similar
1o those of the free ligand (c.g. N(2)-N(4) 1.425(6) A, N(2}-C(6) 1.309(6) A, C(6)-N(7)
1331(7) A, C(5)}-C(6) 1.492(7) A), indicating single bond character in the N-N diazine
bonds, and C-NH, bonds, and largely double bond character in the C=N bonds. The large
dihedral angle between the chelate rings within the same ligand indicates flexibility about
the N-N bond, an attribute which allows the spiral wrapping of the three ligands around



the two and ic variabilty apparent in the copper complexes of

this ligand.

Table 42 ic di A i
nation spheres and the ligand in [Mn,(PAHAP),}(CIO,), SH,0 (23).
Mn-N(4)#1 2.221(4) Mn-N(6) 2.235(4)
Ma-N@)#1 2.240(4) Ma-N(1) 2.244(4)
MaN(S) 2252(4) Mn-N@) 2259(4)
N@)-C(6) 1.309(6) NN 1425(6)
N@»-C(12) 1.298(6) NE)-C18) 1298(6)
N(6)-N(6)#1 1.437(8) N(7)-C(6) 13310
N(8)-C(12) 1.324(6 NE)»-C(18) 1.334(6)
Mn-Mna 3.946(4)
NE@WILMANGE)  903(2) NE@#I-MaNGWL  723(2)
NEMaNGHI  1613(2) N@#I-MND) 15820)
N(6)Mn-N(1) 96.9(2) NOWI-MND)  10182)
N@WI-MNG)  953(2) N6)-Mn-N(5) 772)
N@3)#1-Mn-N(5) 102.5(2) N(1)-Mn-N($) 106.5(2)
N@#-MNED)  869(2) N(6)-Mn-NQ) 90.4(2)

NGW
N(S»Mn-N(2) 162.0(2)

MN@)  952(2) N(1)-Mn-N@) 72.5(2)
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Figure 4-2.  Expanded view approximately down the Mn-Mn axis with some

carbon atoms in the pyridyl rings removed for clarity.



[Fe,(PAHAP),I(NO), 3O (26)

The structure of 26 is very similar to 23. The labelled asymmetric unit and a
molecular projection down the Fe-Fe axis are illustrated in Figure 4-3. Important bond
distances and angles are listed in Table 4-3. Metal ligand bond distances are substantially
‘shorter than those in 23, with Fe-N distances falling in the range 1.95-2.0 A, and a distance
of 3.552(4) A between the two iron cenires. Angles around the iron centres are in the
range 79.2:93%  indicating some distortion from an idealized octahedron. The ligands
exhibit a marked spiral twist around the dinuclear iron centre, with a dihedral angle of
67.5° between the five-membered iron chelate rings belonging to the same ligand. Despite
the shorter metal nitrogen distances in this complex compared with 23, the ligand twist is
very similar. Within each ligand the bond distances in the NH,-C=N framework (e.g.
N(2)-N(5) 1.409(6) A, N(2)-C(6) 1309(7) A) C(6)-N(3) 1.323(7) A ) are very similar to
those in 23 and in the free ligand, although in this case the similarity in C-N distances
suggests some double bound delocalization into the C-NH, bond.

Table 4-3. lnLeruovmc d.m(k) and angles (Deg.) relevant to the
n spheres and the ligand in [F:pmp),]mo,). SH,O (26).

Fe(1)NQ@) 1.960(4) Fe(1)N@)#1 1.960(4)
Fe(1)XN@W2 1.960(4) Fe(1)-N(1) 1.989(4)
Fe(1))N(I#L 1.989(4) Fe()N(Y#2 1.989(4)
Fe@}NGsWI 1.951(4) Fe}N(SY2 19514)
Fe(2)-N(5) 1.951(4) Fe(2)-N(4) 1.996(4)
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contd.
Fe(2)}-N(4p2
NO-C(5)
N@MNGS)
NS}-C(12)
CE»CE)
N@)-Fe(1)-N@#1
N(2)#1-Fe(1)-NQ2W2
N@)#1-Fe(1)N(1)
N@)-Fe(1)-N(#1
NE@)#2-Fe(1)N(1)#1
N@)Fe(1)N()#2
NE@)#2-Fe(1)}N(1 2
NQ#1-Fe(1)-N(1#2
NSWIFe2FN(S)
NS)¥1-Fe(2)-Ni4)
N(S)-Fe(2)-N(4)
N(SW2-Fe(2)}N(4Y#2
N(a)}Fe(2)} N2
N(SW2-Fe(2)-N()#1
N(&)-Fe(2)-N@#1

1.996(4)
1.369(7)
1.409(6)
13217)
1.486(8)
89.92)
89.9(2)
93.5(2)
168.6(2)
93.5(2)
93.5(2)
7922)
97.82)
90.5(2)
169.9(2)
80.12)
80.1(2)
96.72)
169.9(2)

96.7(2)

Fe@}N@#1
N@-C©)
NG)-C6)

NE-C(12)
Fe(1)-Fe(2)
NE@)HFe()N@#2
N@)Fe(1)}N(1)
N()#2-Fe(1)-N(1)
NQ)#1-Fe(1)-N()#1
N(1)-Fe(1)}-N(1)#1
N@)#1-Fe(1)-N(1)#2
N(1)-Fe(1)}N(1J#2
NGSWI-Fe2)-N(SH2
N(S¥2-Fe(2)-N(5)
N(SY#2-Fe(2)-N(4)
N(S)#1-Fe(2)-N@)#2
N(S)-Fe(2)}N(@)#2
NS)#1-Fe(2)-N@y#1
N(S)-Fe(2)}N(4)#1
N@#2-Fe(2)-N@#1

1.996(4)
1309(7)
1323(7)
1318(7)
3.552(4)
89.9(2)
79.22)
168.6(2)
79.22)
9782)
168.6(2)
97.82)
90.52)
90.5(2)
93.202)
93.202)
169.9(2)
80.12)
93.2(2)
9%6.72)




Figure 43.  Up: Asymmetrical view of 26 with labelling of the ligand; Down: Expanded
i i ihe Fo-Foaris wi

‘atoms in the pyridyl rings for clarity and with hydrogen atoms omitted

(40% probability thermal ellipsoids).
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[Fe,(PZHPZ),J(NO,), SH,O (27)

The labelled asymmetric unit and the structure of the molecular cation in 27 is
illustrated in Figure 4-4, projected slightly off the Fe-Fe axis, and shows the groups
related by the two-fold rotational axis. Important bond distances and angles are listed in
Table 4-4. The structure is essentially identical with those in 23 and 26 with a distance of
3.570(3) A between the iron(Il) centres. The Fe-N distances e in the range 1.94-1.97 A,
very similar to those in 26. There is no evidence for further interactions between the
dinuclear units that would involve any additional coordination of the external pyrazine
nitrogens. The N-N distances (eg. N(2)-N(12) 14133 A, N(22)-N(22)a 1.4183 A)

Sonds ikl esch Hgaid : ihin the N~C-NH, ligand

framework are very close to those in the free ligand PAHAP, which is very similar to the

current ligand PZHPZ, as expected. The spiral twist of the ligand around the two iron
centres is very similar to that found in 23 and 26, with e.g. a 66.3° angle between the
least-squares planes Fe(1)-N(2)- C(6)-C(5)-N(1) and Fe(1)a-N(11)-N(12)-C(15)-C(16).



Table4-4.  Interatomic distances (A) and angles (deg.) relevant to the iron
coordination spheres in [Fe,(P: @

e

Fel-N1
Fel-N21
Fel-Nlla
N2-N12
c2c6
N3-C6
Ni2-C16
NI3-C16
N22-C26
N22-N22a
Ni-Fel-N2
NI-Fel-N22
NI-Fel-Ni2a
N2-Fel-N22
N2-Fel-N12a
Nla-Fel-N21
Nila-Fel-N22

Nia-Fel-N12a

1.9513)
1.95403)
1.9590)
14133
13023
13309
1.3083
13155
13046
1.418(5)
79.90
168.99
9572
90.60
89.70
9636
93.05
80.13

Fel-N2
Fel-N22
Fel-N12a
N23-C26
Cs5-C6
cuciz
claCis
cls-C16
c21c22
C24-C25
NI-Fel-N21
NI-Fel-Nila
N2-Fel-N21
N2-Fel-Nila
N21-Fel-N22
Ni2a-Fel-N21

Niza-Fel-N22

1.94303)

1.9633)

19510)
13202
14736
13855
13719
14773

13770

95.03
9730
9431
169.17
80.06
169.04

8972
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[Co,(PAHAP),J(NO,), 3H,0 (28)
The structure of 28 is the same as the spiral structures reported for 23, 26 and 27

in Figure 4-5. ? ind angles are listed in Table 4-5. Bond

distances to the nitrogen donor atoms are very short (Co(1)-N(1) 1.915(4) A, Co(1)-N(3)
1.942(4) A, in keeping with the 3+ oxidation state of the cobalt centres. The cobalt
octahedra are somewhat distorted with N-Co-N angles ranging from 82.0-95.9°. The
Co-Co separation is 3.508(3) A. Within the N-C-N-N framework of the ligand the N-N
distance is quite short (1.397(7) A), in keeping with very short Co-N contacts.

‘The N-C (e.g. N(1)-C(1) 1.324(5) A) distance is somewhat longer, and the C-NH,
distance (C(1)-N(2) 1.305(5) A) somewhat shorter than in 23, 26 and 27, resulting in
more double bond character in the C-NH, bond. A comparison with the [Co,(PMK),]*
structure reveals much longer Co-N distances (2.07-2.18 A), and very much longer Co-Co
separation (3.81(1) A) in keeping with the lower oxidation state of the metal [145]. The
dihedral angle Co-N-N-Co for this compound is small (44%), but perhaps a direct
comparison with 28 is unwise because of the differences in the ligands. For 28 the dihedral
angle between the mean planes of the cobalt chelate rings associated with the same ligand
(50.8°) is in keeping with the general spiral geometry of the dimetal cation, but is
substantially smaller than those in the other complexes, and may be sssociated with short

metal-nitrogen contacts, and average N-Co-N angles closer to 90°



Table 4-5.  Interatomic distances (A) and angles (Deg.) relevant to the cobalt

rdination spheres and

INO,),
9H,0 (28)

Co(1)-N(1) 1.915(4) Co(1)N() 1915(4)

Co(1)-N(1) 1.915(4) Co(1)}NG) 1.942(4)

Co(1)}NG) 1.942(4) Co(1)-NG) 1.942(4)

N(1)-N(1) 1.39%(7) N(1)-C(1) 1.324(5)

N(1)-N(1) 1.305(5) Co(1)-Co(1) 3.508(3)
N(1)-Co(1)-N(1) 90.1(1) N(1)-Co(1)-NG) 17182)
N(1)-Co(1)-NG) 92202) N(1)-Co(1)-NG) 820(2)
N(3)-Co(1)-NG3) 95.9(1)
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INLPAHAP),JNI(H,0)J(NO,), 4.SH.O (29)

Complex 29 consists of two metal fragments, a dinuclear cation, with a similar
spiral twist to the other complexes, and the mononuclear cation [NI(HLO),J"". A structural
representation for the cations is ilustrated in Figure 4-6. Important bond distances and
angles are listed in Table 4-6. Nickel-nitrogen bond angles in the dinuclear cation fall in
the range 78.8-97.1°, indicating significant distortion of the nickel octahedra The
mononuclear cation [Ni(H,0)J* has an almost regular octahedral geometry (Ni-O
2.056(3) A, O-Ni-O 89.24-90.75°). The Ni-Ni distance is 3.691(5) A. The N-N distance
(NG)-NG)) is 1.428(5) A, and the C-N distances in the ligand framework (N(3)-C(6)
1.307(4) A, N(2)-C(6) 1.325(4) A) are very close to those in the free ligand, indicating
single N-N bond character in the ligand bridge. The dihedral angles between the mean
planes of the nickel chelate rings (70.1°) are close to those reported for the other
complexes, in keeping with the relatively long Ni-N bonds and large range of angles at the
nickel centres.

Table 4-6. A) and angles (Deg.) rele the nickel
coordination spheres and the ligand in [Ni,(PAHAP),]J[Ni(H,0),JINO,),.

4.5H0 (29).
Nil-NI#1 2.0636) Nil-NI 20633)
Nil-NI#2 2063(3) Nil-N3 207803)
Nil-N3#1 2.0780) Nil-N3#2 207803)
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Ni2-0143
Ni2-O1#4
Ni2-01
Ni2-01#7
C6-N3
N3-N3#8
NI#L-NiL-NI
NINil-N1#2
N#2-Nil-N3
NI#1-Nil-N3#1
NI#2-Nil-N3#1
NI#1-Nil-N3#2
NI#2-Nil-N3#2
N3#1-Nil- N3#2
01-N2-01
NI-C5-C6
N3-C6-N2
N2-C6-C5
CS-NI-Nil

C6-N3-Nil

2.056(3)
205603)
20563)
2.05603)
1307(4)
1418(5)

97.04(10)

97.04(10)

168.76(10)

78.81(10)

93.85(10)

168.76(10)

78.81(10)

90.98(10)
90.74(10)
114.60)
125.403)
119.40)
11392
113.92)

Ni2-01#3

Ni2-O1#5

Ni2-01#6
cs-C6

C6-N2

NI#1-Nil-N1#2
NI-Nil-N3
NI#1-Nil-N3
NI-Nil-N3#1
NI#3-Nil-N3#1
NI-Nil-N3#2
N3-Nil-N3#2
01-Ni2-01
01-Ni2-01
Ca-5-C6
N3-C6-CS
C-NI-Nil
C6-N3-N3

N3-N3-Nil

2.056(3)
2.0563)
2.056(3)
1.494(4)
1.325(4)

97.04(10)
78.81(10)
93.85(10)
168.76(10)
90.98(10)
93.85(10)
90.98(10)
89.26(10)
180019
123.70)
115.23)
12722)
11673)

119.56(11)
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[Fe(PHAAPYH,0), (NO,)] (NO,), (30)

‘The structure of the mononuclear cation in 30 is illustrated in Figure 4-7, and
important bond distances and angles are listed in Table 4-7. The ligand PHAAP has an
OH group in place of one of the NH, groups present in PAHAP. The iron(III) center is
seven-coordinate with the ligand acting as an N,0 donor. Oxygen O(1) is deprotonated.
‘The presence of two S-membered chelate rings provides a quite distorted environment in
the equatorial plane of the iron(III) center (N(1)-Fe(1)-N(3) 72.24(7)°; N(3)-Fe(1)-O(1)
75.04(7)"), such that the chelating bidentate nitrate (N(6)) can be accommodated easily
within this plane. The O(S)-Fe(1)-0(4) angle (58.30(6)°) is quite small, as would be
expected, with the other two angles being comparable with those associated with PHAAP.
Axial positions in the pentagonal bipyramid are occupied by two water molecules with

quite short contacts (<2.014 A). A simil ion exists with other £

chelating ligands with adjacent five-membered chelate rings [161,162]. The five equatorial
donors and the iron center are almost coplanar with < 0.08 A displacement of any atom
from the FeN,0, least-squares plane. The ligand itself is almost flat, and adopts a
pseudo-trans conformation with the uncoordinated pyridine ring pointing away from the
iron center. The pyridine ring has a protonated nitrogen (N(5)), and this takes part in a
hydrogen bonding interaction to nitrate oxygen O(12) (H(SN)-O(12) 204 A;
N(S)-H(SN)-0(12) 164°), which also is weakly hydrogen bonded to another hydrogen
bonded to nitrogen N(2) (H(22N)}-0(12) 238 A; N(2)-H(22N)}-0(12) 175°). This
combination of hydrogen bonds effectively locks the pyridine in place creating the
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trans-conformation (torsion angles N(4)-C(7)-C(8)}N(5) -2.9°, N(4)-C(7)-C(8)}-C(12)
178%). Further hydrogen bonding contacts involving lattice nitrates and an axial water

. and an additional

contact via water O(3) links the dimers in  chain in the  direction (Figure 4-9 and Table
+3)

The i i sites, and an provide

the potential for additional coordination capacity, and this has been used to advantage in a

‘most unusual reaction of 30 with copper perchlorate to produce a tetranuciear complex

(see Chapter 5) with aroughly rectangular arrangement of three copper(I) centres and
" inked by allowide be 5

Table 47.  Interatomic distances (A) and angles (Deg.) relevant to the iron

coordination spheres and the ligand in [Fe(PHAAP)(H,0), (NO,)]

(NOy), (30).
Fe(1)-0(2) 2.0092) Fe(1}-03) 20132)
Fe(1)-0(1) 20182) Fe(1)}NG) 2052(2)
Fe(1)-0(5) 21632) Fe(1)-0(4) 2.228(2)
Fe(1)-N(1) 2.25002) CO-NG) 1306(3)
CONE) 13230) c-o() 129303)



contd.
C(7)-N@)

N@)HEIN)
NE»N@)

0Q)Fe(1}00)
O(3)-Fe(1)-0(1)
O@)F(}NG)
0Q@)Fe(1)-0(5)
O(1)-Fe(1)-0(5)
0@)Fe(1)-0(4)
O(1)-Fe(1)-0(4)
O(5)Fe(1)-0(4)
OQ)Fe(1}N(1)
N(3)-Fe(1)-N(1)
O Fe(1}N(1)

13033)
0820)

1395G)

172.979)
93.698)
90.71(9)
88.44(8)
133.65(7)
88.93(8)
7534(1)
5830(6)
89.80(8)
7224(7)
137517

CT-C®)
NQ)-H22N)
N(SYH(SN)

O@YFe(1-0(1)
O@IFe(1FNG)
O(}Fe(1XNG)
OGHF(1)-0(5)
N(3)-Fe(1)-0(5)
OG)Fe(1)-0(4)
NG)Fe(1)-0(4)
OQ@IF(IMN(T)
O(Fe(1)-N(1)
O(5)-Fe(1)-N(1)

1.4820)
086(3)
0820)

9117(8)
95.44(8)
75.04(7)
84.53(8)
151.097)
87.4068)
150.13(7)
88.86(8)
147.13(7)
79221
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Table 4-8.  Hydrogen bonding distances (A) and angles (Deg.) in
[Fe(PHAAPY(H,0), (NO)I(NO,), (30).
NS}0(12) 28360) H(SN)-0(12) 204229
N@)-0(12) 32420) HQ22N)-0(12) 238029)
NE@)-08A) 2.9530) HQZIN-OBA) 2.13330)
0(2)-009) 2.6300) HQRIW)-0(9) 1816(33)
0(2)-0(11A) 2.67103) H(22W)-0(11A) 1.869(37)
0(3)-0(10B) 2.762(3) H(32W)-0(10B) 2015637
0(3)-0(9C) 2.686(3) H(31W)-0(9C) 1870(36)
NOMH(N-O(12)  163.64275)  N@MHQ2NMO(12)  174.72(244)
NQ@MHQIN-O(BA)  176.52(265)  OQIHQ@IWXO(9)  171.712(.12)
OQ}HZ2W}-O(114)  178.02(3.33)  O()}HG2W)-0(10B)  164.02(3.58)
OGYHEIW)-0(C)  170.96(3.16)
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Chain structure of [Fe(PHAAP)(H,0),(NO,)] (NO,), (30) in the a

Figure 4-9.
direction.
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432 Synthesis

PAHAP closely resembles PAA and PMK in terms of its coordinating ability, and
the spiral dinuclear complexes of PAHAP are very similar in structure to the only
previously reported example which contains the cation [Co,(PMK),]*. It is reasonable to
assume that other related complexes of PMK and PAA have similar spiral structures.
Previous reports on iron and cobalt complexes of PAA and PMK involve reactions of
Fe(Il) only, and in the case of Co(Il) air was excluded in the syntheses, preventing any
oxidation to Co(III). In the present study all reactions were conducted in air, with the
exception that PAHAP reacted with Co(CI0,), 6H,0 under nitrogen, and in the case of
iron both Fe(IT) and Fe(TII) salts were used in the syntheses.

Reaction of iron(II) nitrate with both PAHAP and PZHPZ in aqueous solution led
to spontaneous reduction over several days with the formation of low yields of [Fe,(L),]*
(L = PAHAP, PZHPZ). This suggests that a reducing medium is formed through
hydrolysis of the ligand. The discovery of the mononuclear Fe(Ill) complex 30, which
contains the ligand PHAAP, indicates that in addition a small proportion of the ligand
PAHAP itself undergoes a different hydrolytic process. Fe(Il) complexes of PAA, e.g.
[Fe,(PAA),]*, are unstable in aqueous solution, and have been shown to decompose
rapidly with the formation of the species [Fe(PAH),J"* (PAH = 2-pyridinalhydrazone) and
2-pyridinealdehyde. In fact the complex cation [Fe(PAA),]** could only be stabilized as a

solid by rapid addition of iodide to



solution decomposition of [Fe,(PAA),]* was obtained from magnetic measurements,
which showed that the low spin dinuclear complex was transformed into a high spin Fe(IT)

and

understood in terms of a simple hydrolysis of the coordinated ligand e.g. PAHAP, to
produce picolinamide hydrazone (starting material for the synthesis of PAHAP), which
would have significant reducing abilty. Preliminary coordination of Fe(lIl) to a diazine
nitrogen would enhance such attack by water by making the adjacent carbon more
electrophilic. The low yields of 26 and 27 suggest that some ligand is sacrificed to reduce
Fe(II) to Fe(TT) and produce the dinuclear Fe([I) complex of the remaining PAHAP and
PZHPZ. The explanation for the formation of the mononuciear Fe(IIl) complex 30 and
dinuclear Fe(Ill) 31 can be made as follows (Figure 4-10): In the prefiminary complex
[Fe(TM(PAHAP), ", Fe(II) acts as a Lewis acid to catalyze the hydrolysis process. The
bond breaking could happen either by route A-B, or A-C. In the presence of nitrate, the
A-B route leads to the formation of 30, while the A-C route generates an intermediate
Fe(Il) picolinamide hydrazone complex, which will be reduced to an Fe(ll) species
quickly, due to the strong reducing property of - picolinamide hydrazone. These Fe(ll)
species then react with free PAHAP to produce 26. If the Fe(IIT) perchlorate salt is used,
a reasonably stable dinuclear Fe(IlI) complex (31) is obtained which has much lower
solubility in aqueous solution, and 5o it precipitates before any significant hydrolysis and
reduction can occur.
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Figure 4-10. Schematic representation of the reaction of PAHAP with

Fe(NO), 9H,0 in water.

m



‘The formation of the Co(IIT) complex 28 under similar conditions in rather low
yield indicates the instabilty of Co(IT) PAHAP systems to oxidation (cobalt(IT) derivatives
of PAA and PMK were prepared under a nitrogen atmosphere), but thus far there is no

step, common in cobalt(l) chemistry, occurs through the prior formation of a 1:2 or 22
o, wi . .

To test this, iral inuclear complex
PAHAP with Co(CIO, 6H,0 in aqueous solution under a ritrogen atmosphere. This

and UVAvis ) and in aqueous solution (UV/vis) indicating that the spiral dinuclear Co(IT)
complex cannot be easily oxidized by air. In other words, the formation of the dinuclear
‘Co(TIT) complex may occur only from the initial reaction of the igand and metal salt. The
formation of a Co(TIl) dinuclear complex also implies that the ligand PAHAP has less
reducing ability than PAA or PMK.
433 Spectroscopy electrochemistry and magnetism

Infrared and UVAvis spectral, and room temperature magnetic moment data of
‘complexes 23-32 are quoted in Table 9.

The infrared spectra of all the compounds show high energy absorptions (> 3200
") associated with lattice and coordinated water, and the NH, groups. v, perchiorate



Table 4-9. Infrared and UV 1 and room temperature plexes 23-32
compound IR (cm) UVivis (nm) i (BM)
[Mn,(PAHAP),|(CIO,), SH,0 (23)  3600(H, o),:uwmouwmu,) 1657(C=N), - 60

1078(CI0,), 1014(Py)
[Fe,(PAHAP),(CIO), 4H,0 (24) xilo(uo).mu.mzmu,), 1657(C-N), 64)(solid) 093
1164(C10,) 532(s, 5200), 374(s, 3600
[NLPAHAP)](CIO), SH,0 (25)  3550(H,0), 3370,3300,32100NH,, 1659(C-N), 820, 890(sh), 546 (olid) 307
1087(C10,), 1021(Py) 823(6, 222.8), 890(sh),
54566, 17245
[Fe,(PAHAP),J(NO,), 3H,0 (26)  3550(sh, H,0), 3362,3331,3193(NH,), 1656(C=N), o
1753NO), 1027(Py)
[Fe,(PZHPZ),J(NO,), SH,0 (27)  3500(sh. H,0), 33753317, 31 8(NH,), 1639(C=N), 069
1764(NO), 1040(Pyr)
[Co,(PAHAP),I(NO,), 3H,0 (28)  3600(sh, H,0), 3375,32503180(NH,), I667(C=N),  550(solid and aqucous solution) 0.71
1032(py)
[Ni(PAHAP),J[Ni(H,0)J(NO),  3530(sh, H,0), 3367, 3175(NH,), 1649(C=N), 814, 890(sh), 550 (solid) 310
45H,0 (29) 1764(NO), 1020 815(6,106),545(c, 69)"
[Fe(PHAAP)(H,0),(NO,)] (NO,),  3480(H,0), 3380,3250,3180(NH,), 1664(C=0), 630(solid) 60
(30 1794,1774,1763,1703(NO, ), 1035,1009(Py) 6346, 900"
[Fe,(PAHAP)J(CIO,),4.5H,0 (31) 3558(H,0), 3355,3178(NH,), 1658(C=N), 645, 540(sh) a7
1089(C10,), 1013(Py) b
[Co,(PAHAP),](CIO,), 5.5H,0 (32) 3583(+,0), 3336,32003120(NH,), 1658(C=N) 962 (solid) 435
1092(C10,), 1018(Py) 960 (s, 25.93 )"

Note: *, measured in aqueous solution, ¢, dm”mol" cm’;
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absorptions associated with CIO, " are found at 1078 cm in 23, 1164 cm in 24, 1089 e
in31, 1090 cm in 25, 1088 cm" in 32, and v, + v, nitrate combination bands associated
with free nitrate are found at 1753 cm (26), 1765 cm* (27), and 1764 cm (28), while for
30 three prominent bands are found at 1794, 1774 and 1703 cm associated with bidentate:
and ionic nitrate [112].

Solid state electronic spectra for the iron(IT) complexes are dominated by intense

low energy charge transfer absorptions in the range S60-650 nm (570 nm (26), 565 nm

(24), 641 nm (27)). The i has a slightly longer

than 26 and 24 (645, 540 (sh) nm). In aqueous solution 26 and 24 have identical spectra,
‘with major absorptions at 532 nm (¢ = 5200 dm’.mol'.cm"), 580 am, (sh), 374 nm (3600
dm’.mol cm'") and 420 am (sh) (comparable spectra are obtained in DMF). The general
similarity in the solid state and solution spectra for 26 and 24 suggests that the spiral
dinuclear cation retains its integrity in solution. The aqueous solution spectra remain

essentially unchanged over an extended period of time (days), suggesting that the

bydrolytic instability which characterizes the comparable PAA. systems does not occur
significantly with the Fe(IT) PAHAP complexes.The longer wavelength charge transfer
absorption for 27 in the solid state indicates the effect of replacing pendant pyridine with

pyrazines, consistent with metal to ligand charge transfer as the origin of this absorption.

I ion sis it energy om, 411 nm).
Compiex 31 dissolves in water to give a brown solution, which gradually becomes

purple on standing over a period of several days. Initial broad bands at ~ 550 nm and 360
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m in aqueous solution change in relative intensity with the 550 nm band increasing and
the 360 nm band decreasing to be replaced exactly by the characteristic bands associated
with the iron(ll) complex. The suggested mechanism (Figure 4-10) for reduction
involves ligand hydrolysis presumably to form mononuclear Fe(Il) intermediates, but the
intense charge transfer bands of both the Fe(IIT) and Fe(Il) dinuclear complexes preciudes
the observation of such species which are likely to be weaker absorbers in this spectral
region. 28 has a broad shoulder absorption in the solid state at ~ 550 nm , associated with
a spin allowed transition in low spin Co(ll) (‘A,~'T,), which appears essentially

unchanged in aqueous solution. Complex 29 shows two solid state d~d absorption

Absorbance

700 80 00 1000 1100 1200

Wavelength (s

Figure 4-11. UV-visible spectrum of 1.74*10® mol " solution of 29 in .0
envelopes centred at 852 nm, and 550 (sh) am (or 11.8%10° cm” and 18.4%10° cm"). Using.

an octahedral model these absorptions can be associated with the v, CA,~'T,) and v,
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(CA,~'T,) transitions respectively. The splitting of v, may be associated with a lowering
of the octahedral symmetry, or a spin forbidden transition. These band positions compare
closely with those for [Ni(dipy),** [163]. The aqueous solution spectrum is essentially
identical, with quite high extinction coefficients (900 nm (¢ = 75 dm’mol" cm"); 815 am
(¢ = 106 dnv’mol" cm"); 545 nm (e = 69 dm’.mol”.cm")), indicating that the weakly
absorbing [Ni(H,0),J"" cation would not appear significantly in the spectrum. A strong
charge transfer band is also found at 305 am (¢ = 2.4*10° dm’.mol" con™), which covers

the v, (A,,~"T,,) transition band at 345.2 nm calculated from eqn. 4-1 to 4-3 [164]

11.8%10° (em"), 1
v, B=184%10° (cm™) = 3124, + 15/2B - 172{(15BY-18AB + A]"..............[4-2]
V,B = 304+ 15/2B + 12[(15BY-18AB + A7) . 3]

‘The calculations based on the eqa. 4-1 to 4-3 also give B as 800 cm" for complex 28,
which implies that PAHAP produces a very strong ligand field for Ni). 25 has an
identical spectrum, both in the solid state and in solution, except that the aqueous solution
absorption intensites are higher, as would be expected.

Complex 30 has a strong absorption at 630 nm in the solid state, and a dark green
colored aqueous solution of the complex has an intense single band at 634 nm (¢ = 990
dm? mol".cm"), which is clearly charge transfer in nature. This complex shows no
tendency to reduce, unlike its parental counterpart.

‘The fact that 31 is reduced slowly in aqueous solution to & more stable dinuciear

Fe(TT) species, with no tendency for spontancous re-oxidation prompted us to examine the
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redox properties of complex 26 (Figure 4-12). Cyclic voltammetry for an aqueous
solution of 26 (Pt counter electrode, glassy carbon working electrode, SCE reference
electrode, 0.1 M NaNO,, 10° M complex) reveals two well separated waves (E,s(1) =

0.16 V [AE, = 70 mV (25 mVs")]; E,, (2) = 0.38 V [AE, = 70 mV (25 mVs")], which

show very litle change as a function of scan rate. The redox processes are associated with
two one-clectron oxidation steps, with the formation of Fe(IT)-Fe(IIT) and Fe(III)-Fe(IIl)
species by what are essentially reversible processes. This clearly indicates the stability of

the spiral dinuclear cation in aqueous solution in two oxidation states, during the lifetime

of the experiment. Current hei ic and cathodic
are equal.
“The low spin Co(TIT) complex 28 was examined electrochemically under the same

26, and exhibit 'V associated with Co(TI) and

[ i . A weak quasi (some variation of AE, with

scan rate) at E,, = 0.1 V (AE, = 100 mV at 25 mVs") is associated with the formation of a
Col-Co(l) species, while a similar wave at E,, = -0.050 V (AE, = 100 mV)
corresponds o the formation of the fully reduced Co()}-Co(Il) species. Current heights
for the anodic and cathodic components of the second wave are equal. It is reasonable to
assume that the integrity of the dinuclear cation s maintained during the redox process.

of the di and dinickel(Il) species were

unsuccessful, and at the high potentials necessary to see electrochemical activity ligand

oxidation was beginning to occur.
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forall ds. Atigh

value (iz; = 6.0 BM) consistent wit high spin was
found for 23, The iron(TT) complexes are all low spin (j; = 0.71 BM (26), 0.93 BM (24).
0.69 BM (27)), while the iron(IIT) complex 31 has a high value (u; = 4.70 BM). This
value is smaller thanthe spin only value for five unpaired electrons and may indicate the

pling or a spin transition ph However, what is

more likely is that, since the Fe(ITYPAHAP system is inherently unstable (vide infra). the

‘complex is somewhat unstable, even in the solid state, and contains a small amount of a

low spin Fe(Il) complex, cither as a Fe(Il)-Fe(Il) species or possibly a Fe(Il)-Fe(Il)

species. The low value for 28 (jyy = 0.71 BM) i consistent with low spin cobalt(IIl). The

nickel(TT) complexes have magnetic moments close to the expected values for uncoupled
NI(IT) centers (= 3.05 BM (25), by =3.10 BM (29)).

Variable temperature magnetic studies were carried out on powdered samples of

23 (13-300K) and 29 (4-300K). The %,*T profile for 23 shows an unusual temperature

dependence (Figure 4-14) with x,*T rising from 4.66 emumol'K at 296 K to a

maximum at 40 K of 5.1 emu.mol" K, and then falling rapidly to 4.25 emu.mol K at 13 K.

‘This behavior s typical of i pin £,T at low
temperature suggests the presence of an antiferromagnetic component in the total spin
exchange. The data were fitted 1o an isotropic exchange expression for two § =572 spin
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states [7] derived from the exchange Hamiltonian:

H=-21S,8,
=gNegz A 10842
=+ Syt ST N 441

A=+ 50+ 14x!" +30x"° + 55, B =x + 3" + 5 + I+ 0+ 11

=-JKT

Ya is the magnetic susceptibility per metal center and other terms have their usual meaning

(p = fracti purity ). The best data was obtained for g
=2.029(6), 2J = 2.08(8) cm" , Na = 18*10°emu, p =0.0116, 8 = -9.6K, 10°R =095 (R
= [E(aAe) "= X1 Varisble temperature magnetic data for 25 indicate no
significant magnetic. interaction between the nickel(Il) centers. The x,*T values are
temperature invariant (1.2 emumol' K) from 296-10 K, with a very slight increase at
lower temperature, suggesting a possible weak intermolecular interaction. No fiting of
these data was attempted.

From a structural perspective any intramolecular spin interaction between the metal
centers would be dependent on magnetic orbital overlap via the bridging N, diazine
linkage. This is clearly inconsequential for the low spin systems, but for 23 and 25
interactions via t,,and e, orbitals are magnetically active (assuming an octahedral model).
Ina previous study (Chapter 1 and 2) the twist angle around the bridging N-N group was
found to be a critical factor in exchange propagation between the copper(Il) magnetic
orbitals and ferromagnetic coupling was achieved at twist angles around 70°, which was.
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directly related to effective orthogonality between the ritrogen p orbitals involved. The
average twist angle between the manganese chelate rings (Mn-Ny,..-C-C-N,,) for the
same ligand was found to be 67.8°, very close to the orthogonal limit found in the
dicopper(ll) case, and clearly reasonable in terms of the weak ferromagnetism observed
for 23. The significant negative © value indicates a weak intermolecular antiferromagnetic
interaction. The only way that such an interaction could take place is via the NH, groups
of the ligand, which are poised appropriately with respect to the M orbitals via a flat
ligand portion (N=C-NH,). Sigrificant hydrogen bonding contacts are found linking N(7)
and N(8) in neighboring molecules to water molecules O(91) and N(7) and N(S) to

0(6) and O(7). The ion N(7)-0( provides
a rather long, but potentially viable route for such an interaction.

Although no structural data are available for 25 it is reasonable to assume that the
dinuclear center dimensions are similar to those of the same cation in 29. In this complex
the dihedral angles between the Ni-N,,,-C-C-N,, mean planes are 70.1°, clearly
indicating an exchange situation close to the point of orthogonality for the nitrogen p
orbitals in the N-N bridge. The apparent lack of coupling in 25 is entirely consistent with
this structural extrapolation.

"HNMR studies on 26 and 28 were carried out either in d,-DMSO or in D0 with
the same results. The room temperature 'H NMR spectrum of the free ligand PAHAP in

d-DMSO is illustrated in Figure 4-15, and those of the complexes 26 and 28 in D,0 are
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Figure 4-16. Room temperature 'H NMR spectrum of complex 26 (up)

and 28 (down) in D.O.
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depicted in Figure 4-16. The signal due to the free amino NH, groups does not show up
because of H-D exchange between NH, and D0, while the pyridyl multiplets in both
complexes can be clearly observed. It should be noted that there are three possible factors
‘which could ical shifts of in the pyridyl rings:

First of all, inati ? the metal i
density in the pyridyl rings, which would lead to a shift of the pyridyl multiplets downfield,
in other words, having larger chemical shifts compared with those of the free ligand. This

is called the clectronic effect. Secondly, due to the twisted structures in the complexes

‘about the diazine N-N units, the delocalization in the free ligand will be broken after the

formation of ‘which could i density in the pyridyl rings,

hence reduce the chemical shifts of the protons in the pyridyl rings. However, the C=N and
N-N distances of the complexes are very similar to those of the free ligand, which implies.
that this factor s less i ‘The last one, which is the most i is

the so-called shielding effect. Because of the partcular spiral-like arrangement of the three
ligands in such dinuclear complexes, the three pyridy rings bound at each metal center are
50 close to one another that the protons in one pyridyl ring could be located in the
#-cloud of another pyridy ring, thus producing lower chemical shifts (Figure 4-17, which
was generated by ORTEP3 by using X-ray data of 26, exactly shows such a situation).
This factor is sensitively depended on how close the three pyridyl rings are, in other
words, it is largely depended on the M-N,, bond distances. The shorter the M-N,, bond
distances, the larger the shielding effect. However, shorter M-N,, bond distances also
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means stronger coordination, thereby leading t0 a larger electronic effect which results in
larger chemical shifts.

Fe

Figure 4-17.  Shielding effect in the spiral-like complex 26 with labeling of the

current circle.

M-N,, bond distances in both of these diamagnetic (low spin) dinuclear complexes
are quite short (e.g. Co(1)-N(3) 1.942(4) A in 28, and Fe(1)-N(1) 1.989(4) A, Fe(2)-N(4)
1.996(4) A in 26), which suggests that both the electronic effect and shielding effect are
Sgnifcant. . ’ i
observed at lower chemical shifts compared with those in the spectra of the free ligand




indicates that the shielding effect is the dominant one in both complexes. However, the
electronic effect is also a major factor which clearly explains that the set of pyridyl
mltiplets of 28 appears in a higher chemical shift position than that of 26 (Co-N,, bond
distances in 28 e significantly shorter than those of Fe-N,, in 26).

The shielding effect will disappear if the pyridyl rings are not close enough in a
complex molecule, but the electronic effect will stll exist. Examples will be given in
Chapter s.

44 Conclusion

Although one structural report on the elusive spiral dinuclear complexes of this
class of tetradentate diazine ligand (e.g. PMK) appeared in 1974, the structural details of
this class of compounds has remained somewhat of a mystery since the original discovery
by Busch in 1958, Five complexes in this class are presented in this chapter, all showing
the same spiral structure with three canted ligands wrapped around the dinuclear metallic
core and three diazine N, groups acting as bridges between the manganese, iron, cobalt
and nickel centers. The Fe(lT) and Co(Ill) complexes are low spin, while the Fe(lIl),
Co(ID), Mn(TT) and Ni(IT) complexes are high spin. The magnetic properties of the Mn(II),
derivative imply the presence of weak ferromagnetic coupling, associated with the twisted
nature of the PAHAP ligands. The shielding effect has been found to be a dominant factor
influencing the chemical shifts related to the pyridyl mutiplets in the 'H NMR of both 26

and 28.
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Chapter S Coordination Chemistry and of

Open-chain Diazine Ligands in Other Coordination

Modes

S1  Introduction

Chapter 2 and 3 presented a series of Type AB as well as quasi-Type B copper(Il)
dinuclear complexes which show very interesting magnetic properties. Chapter 4 described
a series of spiral-ike dinuciear complexes of Ma(I), Fe(ID), Fe(TID), Co(I, Co(IID), Ni(l)
with Type AB coordination mode for the ligands, together with an unusual seven-
coordinate Fe(Ill) complex in which the deprotonated ligand PHAAP adopts a new
coordination mode. In this chapter, to more thoroughly investigate the coordination
chemistry of open-chain diazine ligands and the magnetic properties of their complexes,
and to search for new approaches to generate homo-polynuclear metal complexes

[165-167), a series (homo- and h plexes of the
first row transition metal ions have been prepared with one symmetric ligand (PAHAP),

one pseudosymmetric ligand (PHAAP) and two asymmetric ligands (PAHOX and PTS).



The X-ray structures and magnetic properties of some complexes, together with their

spectral properties are preseated.

O, OO

52 Experimental
5.2.1 Materials

Commercially available solvents and chemicals were used without further
purification.
522 Measurements

Analysis, spectroscopic and physical measurements (see Chapter 1)
523 Synthesis of the ligands

PAHAP and PHAAP were prepared by procedures described in Chapter 2.
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PTS was prepared by the reaction of picolinamide hydrazone with salicylaldehyde
in absolute ethanol according to a published procedure [100, 101].

PAHOX

23-butanedione monoxime (10.1 g, 0.100 mol) was dissolved in absolute ethanol
(30 mL) and added slowly to a boiling solution of picolinamide hydrazone (13.6 g, 0.100
‘mol) in absolute ethanol (40 mL). The resulting solution was refluxed for 4 hours. Yellow
crystals were obtained on cooling ( yield 20 g, 92%). The product was recrystallized in
high yield from hot ethanol (mp. 153-155°). Mass spectrum (major mass peaks; m/z); 219
(M), 202, 161, 105, 98, 79, 78. IR, Voy, 3470 cm’, Vg, 3362 cm” Ve, 1610 cm’. Anal.
Caled. for C,jH,,N,0: C, 54.78; H, 5.98; N, 31.94. Found: C, 54.63; H, 5.98; N, 32.55.
5.2.4 Synthesis of the complexes

[Cu(PAHOX-H),](CIO,), HO (33)

PAHOX (0.228, 1.00 mmol) was suspended in a solution of Cu(CI0,), 6H,0 (0.74
8 2.0 mmol) in deionized water (40 mL) and the mixture heated to about 60°C for a few
minutes. A clear solution formed which was filtered and allowed to stand at room
temperature for a few days. Dark, almost black crystals, suitable for structural analysis,
formed, which were filtered off and dried in air (yield, 035 g). Anal. Calcd. for
[Cu(C,H,N,0)I(CIOY, HO (33); C, 30.78; H, 3.36; N, 17.95. Found: C, 30.86; H,
3.25; N, 17.89. The analytical sample contains a water molecule that was not revealed in

the X-ray structure.
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[Cu(PAHOX)(SO,)], 2H.0 (34)

Complex 34 was prepared in a similar manner using CuSO, SH,0 and obtained as
dark green crystals. Anal. Calcd. for [Cu(C,H,,N,0)(S0,)], 2H,0 (34); C, 30.26; H, 3.81;
N, 17.65. Found: C, 30.39; H, 3.86; N, 17.80.

[Co(PAHOX),J(NO,), 2H,0 (35)

PAHOX (0.22g, 1.0 mmol) was suspended in a solution of Co(NO,),.6H,0 (0.58
8, 2.0 mmol) in deionized water (20 mL) and the mixture heated to about 60°C for a few
minutes. A clear solution formed which was filtered and allowed to stand at room
temperature for a few days. Orange-red crystals, suitable for structural analysis formed
which were filtered off and dried in air (yield, 0.15 g). The composition of the complex
was confirmed by X-ray crystallography.

[VO,(PAHAP-H)] (36)

A hot solution of PAHAP (0.24 g, 1.0 mmol) in dichloromethane (10 mL) was
added to a hot solution VO(acac), (0.27 g, 1.0 mmol) in methanol (20 mL), then 0.17g
NH,NO, (2.0 mmol) was added to the solution. The resulting solution was filtered and the
filtrate was allowed to stand at room temperature overnight. Red crystals formed, which
were suitable for X-ray structure determination (yield 0.26 g, 81%). Anal. Caled. for
[VO,(C,;H,N)J: C, 44.73; H, 3.44; N, 26.08. Found: C, 44.51; H, 3.49; N, 26.22.

[Cd,(PAHAP),(NO,),(H,0),](NO,), 6H,0 (37)

PAHAP (024 g, 1.0 mmol) was added to an aqueous solution (30 mL) of

Cd(NO,), 6H,0 (0.69 g, 2.0 mmol), and the mixture was stirred for several minutes at
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room temperature until the ligand dissolved. The colorless solution was filtered, and the
filtrate was allowed to stand at room temperature for several days. Very slight yellow
(almost colorless) crystals, suitable for an X-ray structural determination, formed; these
were filtered off, washed quickly with water and air-dried (yield 90%). The composition
of the complex was confirmed by X-ray crystallography.

[Cu (PHAAP-H),J(CIO,), 4H,0 (38), [Ni,PHAAP-H),(H,0),J(NO,), 2.SH.0 (39)

PHAAP (0.24 g, 1.0 mmol) was added to a hot aqueous methanol (80/20) solution
(40 mL) of 1.0 mmol metal salt (Cu(CIO,), 6H,O or Ni(NO,), 6H,0) and the mixture
stired at room temperature for several minutes, until the ligand dissolved. The clear
solution was filtered and the filtrate allowed o stand at room temperature ovenight. Well
formed crystals (black-green for 38 and orange-red for 39) were produced in each case,
‘which were fitered off, washed quickly with cold water, and dried in air (ields 80-85%).
Anal. Caled. for [Cu/(C,H,N,0),J(C10), 4H,O (38): C, 34.21; H, 2.87; N, 16.62. Found:
C, 3425 H, 249, N, 1668. The composition of 39 was confirmed by X-ray
crystallography.

[Cu, Fe(PHAAP-H), (H,0),](CIO,), (40)

Toa hot solution of the complex [Fe(PHAAP)(H,0), (NO,)] (NO,), (30) (0.52 g,
1.0 mmol) in methanol (20 mL), 1 mmol triethylamine was added. A few minutes later, a
hot solution of Cu(CIO,), 6ELO (1.0 mmol in 10 mL methanol) was added to the solution.
The resulting solution was filtered and the filtrte was allowed to stand at room
temperature ovemight. Black crystals formed, which were suitable for X-ray structure



determination (yield 0.46 g). Anal. Calcd. for [Cu,Fe(C,H,N,0), (HLO)I(CIO), (40): C,
33.18; H, 2.55; N, 16.13. Found: C, 33.44; H, 2.66; N, 16.13.

[Cu(,CulD),PAH) Br,i] (41)

PTS (024 g, 1.0 mmol) was dissolved in acetonitrile (10 mL) and added to a hot
solution of CuBr, (0.45 g, 2.0 mmol) in methanol (20 mL). The resuiting dark brown

solution allowed to stand. ight. Dark

brown crystals formed, which were filtered off, washed with methanol and dried in air

(3ield 0.10 g). ion of nplex by Xeray

525 C

[Cu(PAHOX-H),}(CI0), H,0 (33)

Crystals of [Cu,(PAHOX-H),|(CIO,), H,O (33) are dark green, almost black in
appearance. A single crystal of 33 of dimensions 0.40 x 0.12 x 0.10 mm was attached to a
quartz iber and transferred to a Siemens Smart three-circle diffractometer with graphite-
monochromatized Mo-Kar X-radiation and a CCD area detector was used for data

collection [108]. w-scans were used in such a way that an initial 180° scan range

ng of 0.3° i y . 180° and 268° respectively.
This strategy samples the sphere of reciprocal space up to 2 @ = 50.04°. Cell parameters
‘were refined using the centroid values of 300 reflections with 26 angles up to 50.04°. Raw

frame data were integrated using the SAINT [109] program. The structure was solved by

[110]. An empiri i applied to the data using the

program SADABS [111]. Abbreviated crystal data are listed in Table 5-1.
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, JNO,), 2H,0 (35), [Ni 0 1(C10,),2.5H,0 (39)

Crystal data collection and structure refinement for these crystals were caried out
in a similar manner to that for 33. Abbreviated crystal data for all of these complexes are
givenin Table 1.

[Cu(PAHOX)(SO, )], 2H,0 (34)

‘The crystals of [Cu(PAHOXX(SO, )}, ZHO (34) are green yellow in appearance.
The diffraction intensities of an approximately 0.20 x 0.20 x 0.40 mm crystal were
collected with graphite-monochromatized Mo-Ka X-radiation using a Rigaku AFC6S
diffractometer at 26£1°C and the @-2 scan technique t0 2 20 ,,, value of 50.1°. A total
of 2917 reflections was measured and 1986 were considered significant with [ >2.0 o
(L,L). The intensities of three representative reflections, which were measured after every
150 reflections, remained constant through the data collection, indicating crystal and
electronic stability (no decay correction was applied). Azimuthal scans of several
reflections indicated no need for an absorption correction. The data were corrected for
Lorentz and polarization effects. The cell parameters were obtained from the least-squares
refinement of the setting angles of 20 carefully centered reflections with 20 in the range
3431-4051°.

The structure was solved by direct methods [102, 103]. All atoms except
hydrogens were refined anisotropically. Hydrogen atoms were optimized by positional
refinement, with isotropic thermal parameters set 20% greater than those of their bonded

partners at the time of their inclusion. However, they were fixed for the final round of
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refinement. The final cycle of full-matrix least-squares refinement was based on 1986
observed reflections (I > 2.000 (1)) and 209 variable parameters and converged with
unweighted and weighted agreement factors of R = Z||F.|-|Fc||/Z|F.| = 0035 and R, =
(.|~ |E,[}¥ EwF] = 0.033. The maximum and minimum peaks on the final

difference Fourier map correspond 0 0.39 and -0.45 electrons A” respectively. Neutral

" ispersion terms [105, 106],

the usual sources. All calculations were performed with the TEXSAN [107]
crystallographic software package using a VAX3100 work station. Abbreviated crystal
data are given in Table S-1.

[VO,PAHAP-H)]  (36).  [C4(PAHAP),(NO,)),(F,0),I(NO),6HO  (37),
[Cu,Fe(PHAAP-H), (H,0),](CI0,), (40),  [Cu(I),Cu(D),(PAH),Br,q] (41).

‘The data collections and structure solutions for these crystals were carried out in a
manner similar to that for [Cu(PAHOX)(SO,)}, 2HLO (34). Abbreviated crystal data for
those crystals are also given in Table 5-1.

Note in Table 5-1:
#= Rigaku data; * = Siemens Smart data
R= Z|[F,| - |F, [I/EIF,|. R, =[E(F,| - |F, [/EwE,)])"*

RL=Z|[F, | - IF, [ZIF|, wRy= [E[w(|F, | -[F.[DVE[w(|F, [ ]



Table S-1. 3941
Compound 33+ 34 35%
chemical formula  Cj, H,, CLCuN,, O,  CH,CuN,0S  C,H,CoN,O,
formula wt. 76247 396.86 72152
space group cu%e P2/n(k14) PL

ad) 33.5849(6) 9.866(2) 9.6852(3)
b(A) 7.6016(1) 10.128(2) 10.4377(4)
o(A) 2266543) 15.418(1) 14.3896(5)
(deg) % % 78.313(1)
B(deg) 106.949(1) 108.051(8) 84.565(1)
Y(deg) % % 3.74801)
V&) 5535.1(1) 1464.703) 1412.08(9)
Pl 1830 1800 1697

z 8 4 2
(mm' ) 1.804 1.668 0699

s 071073 071069 om0
K 1502) 299(1) 298(2)
RIR) 0.0465 0.035R) 00730
WR2(R,) 0.0991 0.033(R,) 02180




Table5-1.  (contd.) Summary i 7, 39-41.

Compound 36k B 3%

chemical formula  C,H,N,O;V  CuHgN,0,,Cd;  CyHyNyy,Ni,Ons

formula wt. 21 1081.50 1585.98
space group ce C2uc(#15) PI

ad) 8.973(9) 23.87003) 12.0509(6)
b(A) 11.2792(18) 13.418(8) 12.7498(6)
oA) 13.2184(9) 14.721(5) 23.1208(11)
o (deg) % % 93.1050(10)
B(deg) 96.170(7) 119.90(1) 100.1500(10)
Y(deg) % % 108.5050(10)
V(A 1330.1(14) 4087(2) 3292.9(3)
Pas(Bem’) 1,609 1757 1.600

z 4 4 2
W(mm ) 06385 1136 1222

e 154178 071069 071073
TK 293(2) 299(1) 1932)
RIR) 00383 0.034(R) 0.0659
WR2(R,) 00991 0.040(R,) 0.1992
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Table 1. (contd.) Summary of crystallographic data for complexes 33- 37, 39-41.

Compound 3 4
chemical formula  Cy Hig O Ny,Cu,FeCly C.H,BrCuN,
formula wt. 1812.80 86247
space group PI(#2) PI(#2)
ad) 146392) 9.253(3)
b(A) 17.707(2) 18.159(3)
oA) 14.448(2) 7.199(4)
 (deg) 103.65(1) 91310)
B(deg) 108.674(9) 107.35(4)
Y(deg) 3617 104.22(2)
V&) 3447.4(9) 1132)
PasBEm™) 1.746 257

z 2 2
(mm" ) 5371 176

r 154178 0.71069
T.K 299(1) 299(1)
RIR) 0.089(R) 0.037R)
WR2(R.) 0072R,) 0032(R,)




53 Results and discussion
53.1 Structures
[Cu,(PAHOX-H),}(CI0), (33)
sl in Figure 5-1, and bond i  bond ang)

relevant to the copper coordination spheres are listed in Table 5-2. The dinuclear
structural arrangement in 33 involving NO bridging is the result of a compromise in the
coordinating abilities of two very different portions of the same ligands. The well-

documented ablity of this class of N, dinucleating ligand to bind two metals does not

—— . it i dosamsid by thw o .
coordination mode occurs in the complex [Cu(HdoxN,)J" (HLdoxN, = 4,4-diaza-3,6-
dimethyl-3,5-octadiene-2,7-dione-2,7-dioxime) [84). However, with a similar N, ligand
(pyridazine-3,6-dicarbaldehyde dioxime) involving two terminal oxime groups bound to a
pyridazine, the dinucleating ability of the N, fragment prevails and the oxime oxygens
remain uncoordinated [63].

‘The copper centers are quite distorted, with four short in-plane contacts to the
‘nitrogen and oxygen atoms. The Cu-O contacts are very short (< 1.92 A), consistent with
proton loss from the ligand OH group. Longer axial contacts between the copper centers
and one perchlorate create an infinite chain structure along the b axis (Cu(1)-0(6)
24580) A, Cu(2}-0(4) 2.733(3) A, Cu(1)-O(5A) 3.124(3) A), suggesting that each
copper probably should be considered as having a distorted square-pyramidal structure

251



Table 5-2. A) and angles (Deg. copp
coordination spheres in [Cu,(PAHOX-H),](CIO,), H,0 (33).
Cu(1)-0(2) 1.916(2) Cu(1)-NG) 1.93403)
Cu(1)-N(S) 1.9370) Cu(1)-N(1) 2.02403)
Cu(2-0(1) 1891(2) Cu(2)-N(10) 1.9300)
Cu(2)-N(8) 1.9342) Cu2)-N(6) 2.0180)
Cu(1)-Cu(2) 3.49101) NS}O(1) 134403)
N(10)-0(2) 133103) NQ)-N(4) 1.38613)
NE}N() 1.386(4)
O@)-Cu(1}-NG)  156.71(10)  O(2)-Cu(1)}N(S) 102.81(10)
NEMCu(1MN(S)  90.59(11)  O@)-Cu(1)-N(1) 87.64(10)
NG)}Cu()}-N(1)  80.76(10)  N(S)}Cu(l)}-N(1) 168.98(11)
O(1)-Cu(2)-N(10)  103.12(10)  O(1)-Cu(2)-N(8) 149.93(11)
N(I0}-Cu2)-NE) ~ 90.96(11)  O(1)-Cu(2)-N(6) 88.96(10)
N(I0}-Cu@)}-N(6)  166.65(11)  N(8)-Cu(2)-N(6) 80.97(11)
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(Figure 5-2). The Cu(1)-O(5A) contact, despite being long, clearly is responsible for the
chain ordering. The result of the axial perchlorate coordination is to fold the molecule and
create a boat conformation in the six-membered Cu;N,0, ring, with an angle of 129.3°
between the CuNO planes. As a result the copper-copper separation (3.491(1) A) is firly
short for a system of this sort. An additional contact involving a hydrogen bond between
amino hydrogen H(7IN) and perchiorate oxygen O(4B) (H(7IN)-O(4B) 220(4) A,
N(7)-0(4B) 2.958(4) A, N(7)-H(7IN)-O(4B) 158(4)°) links the chains in pairs with a
double strand arrangement (Figure 5-3).

Figure S-1.  Structural representation of [Cu,(PAHOX-H),}(CIO), (33) with
hydrogen atoms omitted (0% probability thermal ellpsoids).
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Figure -3 Double stranded chain structure in 33,
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[Cu(PAHOX)(SO,)}; 2H,0 (34)

‘The molecular structure of 34 is llustrated in Figure 5-4, and bond distances and
bond angles relevant to the copper coordination spheres are listed in Table 5-3. The
bonding mode of the ligand PAHOX is similar to that in 33 (Type C), creating five- and
six-membered chelate rings, but the oxygen of the N-OH group is not bonded to an
‘adjacent copper. This equivalent basal position in 34 is occupied by an oxygen of a ,-SO,,
‘which bridges the two square-pyramidal copper centers with another oxygen occupying
the axial site in the adjacent copper. The basal copper-nitrogen and copper-oxygen
distances are short (< 2.01 A), with a somewhat longer axial contact to a sulfite oxygen
(Cu(1)}0(5) 2.1993) A). The ligand bonding amangement resembles that in
[CuPMK)NO,),], which is a mononuclear complex with an axial and equatorial
monodentate nitrate. The copper atom in 34 is displaced from the mean basal ligand plane:
towards the sulfate oxygen by 0.338 A. The two sulfate bridges form an unusual chair-like:
eight-membered chelate ring bridging the two copper atoms in an orthogonal manner with
2 Cu-Cu distance of 4.992(1) A. This is a most unusual sulfate bridging arrangement, and
while 11,-SO, groups can bridge two metal centers in a chelating intramolecular fashion
[168, 169, and in bidentate chain bridging arrangement 170, 171], the current inter-
molecular bridging mode appears to be only the second example of this kind of
coordination mode for sulfate [172]. A comparable non-sulfate structural analogue

involves two PO, bridges linking two square-pyramidal copper(II) centers with the
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formation of an eight-membered chelate ring [173]. However in this case each phosphate

sites

Table 5-3. ic di A) and angles (Deg.) copper

coordination spheres in [Cu(PAHOX)(SO,)],2H.O (34).

Cu(1)-0(2) 1.9723) S(1)-0(2) 1.491(3)
Cu(}0(s)  2.1990) S(1-0(5) 14643
Cu(1)-N(1) 1.995(3) N(2)-NG3) 1.376(4)
Cu(1)-N@2) 1.934(3) N(2)-C(6) 1.319(5)
Cu(1)N@)  2.00903) NEMC(™  1.284(1)
Cu(l)-Cu(ia  4.992(1)
0(2)-Cu(1)-0(5) 100.0(1) 0(2)-Cu(1)-N(1) 89.9(1)
O@}Cu(l)NE@)  1509(1) O@)MCu(}-N@)  96.4(1)
O(S)»-Cu()N()  101.9(1) O(S}Cu(1}NG)  109.0(1)
0(5)-Cu(2)-N(4) 87.3(1) N(1)-Cu(1)-N@2) 81.5(1)
N()MCu()N@)  167.80) N@)-Cu(1)}NG@)  88.0(1)
0(2)-5(1)-0(5) 109.6(2) Cu(1)-0(2)-5(1) 135.12)

Cu(}OGKS(1)  13590)




Figure S-4.  Structural representation of [Cu,(PAHOX),(SO,),] (34) with

hydrogen atoms omitted (50% probability thermal ellipsoids).



[Co(PAHOX),J(NO,), 2H,0 (35)

The structure of the mononuclear cation in 35 is illustrated in Figure 55, and
relevant bond distances and angles are lsted in Table 5-4. The complex molecule contains
two identical PAHOX ligands. The Co(IIl) center has a slightly distorted octahedral
coordination environment with each ligand acting as an N, tridentate donor in a Type C
manner, and with six comparable bonds in the range 1.890(4)-1.976(5) A. The angles
between two neighboring bonds fallin the range 81.8(2)-94.7(2)" and the axial angles are
almost the same (172.1(2)-172.7(2)°). The oxime oxygens (O(1) and O(1)) are not

deprotonated and do not coordinate to the Co(IIT) center, and provide potential additional

‘coordination capacity to form polynuciear complexes [174-176]

Table 5-4.  Interatomic distances (A) and angles (Deg) relevant to the cobalt

coordination spheres in [Co(PAHOX),I(NO,), 2H,0 (35).

Co-N2)
CoN(S)
CoN(I)
NQ)-N(4)

N@)-Co-N@2)

N@)-Co-N(5)

N(2)-Co-N(5)

N(2)-Co-N(1')

1.890(4)
1923(5)
1961(5)
1.390(6)
171272)
90.52)
94.6(2)
9272)

Co-N(2)

Co-N(5)

Co-N(1)

NE)MN@)

N@-CoN(S)
N@-CoN(S)
N(S)-Co-N(S)
N@)-CoN(1)

1.893(4)
1.931(5)
1.976(5)
13716)
94.7(2)
90.7(2)
87.02)
822(2)



N(5)-Co-N(I) 17242) N(5)-Co-N(1) 91.4(2)
N@2)»-Co-N(1) 8182) N(2)-Co-N(1) 93.1(2)
N(5)-Co-N(1) 908(2) N(5)}-Co-N(1) 17212)

N(1-Co-N(1) 91.7(2)

Figure S-S, Structural representation of [Co(PAHOX),J(NO,), 2H,0 (35) with
hydrogen atoms omitted (50% probability thermal ellipsoids).



[VO,(PAHAP-H)] (36)

‘The structure of 36 is depicted in Figure 5-6, and relevant bond distances and
angles are listed in Table 5-5. The ligand PAHAP binds the VO," cation in  tridentate
fashion with V(1) coordinated to pyridine (N(1)), diazine (N(2)), and amino (N(4))
nitrogens. The complex is neutral indicating that the ligand has become deprotonated at
N(4), which shows the presence of just one proton. The effect of this arrangement is to
lock the ligand into an almost planar configuration because of the coordination of N(4),

N i (C(7)-N(5) 1.306(10) A, C(6)-N(2)
1.299(9).A) and an N-N bond (N(2)-N(5) 1.396(9) A) which is somewhat shorter than

those in free ligand. The bond distances of V(1) to N(1), N(2) and N(4) are furly long and
similar (V(1)-N(4) 1.993(8) A, V(1)-N(1) 2.119(7) A, V(1)}N() 2.066(6) A), while the
bond distances of V(1) to O(1) and O(2) are quite short, but normal for VO," species
[177-179] (V(1)-0(1) 1.631(6) A, V(1)-0(2) 1.635(5) A), indicating V=0 double bond
character.

VO’ is one of the four well-defined cation species (V(IT), V(IIT), VO™ and VO,’)
[180). Even though the other V(V)
as trigonal bipyramidal, square pyramidal, octahedral, pentagonal bipyramidal etc., VO,”
usually is six-coordinated with a cis-arrangement because this allows better Op — Mdrx

bonding than a linear arrangement would allow [180]
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Table 5-5. &) and angles (Deg.)
vanadium coordination spheres in [VO,(PAHAP-H)] (36)
V()-0(1) 1631(6) V(1)}-02) 1635(5)
V)N 1.993(8) V()NER) 2.066(6)
VQ)NQ) 21197 N@)-C6) 1.2999)
NE)-NGS) 1396(9) NG)-C(6) 131209
N@y-cr) 1.321(10) NE-C(T) 1.306(10)
O-V(}0@)  1103G) O(-V()IN@)  1023(4)
O@V(OINE)  1043(3) O(-V(MNG)  12853)
OQMV(INEG)  12063) NOVONG)  T280)
O(1-V(1)-N(1) 96.4(3) 0@)-V(1)-N(1) 95.6(3)
N@VORNQ)  1458) N@MCONG)  12467)
NQ}-CE-CE)  112.9(6) NG}CEMCE) 122407
N(S)-C(7)-N@4) 122.1(7) N()-C(7)-C®) n7.4(n
N(@4)-C(7)-C(8) 120.4(7)
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[Cd,(PAHAP),(NO,),(H,0),J(NO,), 6H,0 (37)

‘The structure of 37 is depicted in Figure 5-7, and relevant bond length and bond
angle information is given in Table 5-6. The dinuclear CA(II) cation consists of two
identical octahedral cadmium(l) centers, bridged by two ligands via their N-N diazine
units in a spiral-like arrangement, with pyridine rings, H,O molecules and nitrates
coordinating to the remaining coordination positions to form a boat conformation through
Cd(1)}N(4)-NG)-CA(1)-NG)-N(4). The expanded view of the coordination cores is
illustrated in Fugure S-8. The Cd-donor distances are very similar, falling in the range
2.313(2)-2.403(2) A. The Cd-Cd separation is 4.783(2) A, and the least-squares planes of
the two five membered chelate rings of each ligand (e.g. Cd(1)-N(1)-C(5)-C(6)-N(3) and
Cd(12)-N(6)-C(8)-C(7)-N(4)) are twisted by 70.38".

Within each ligand for the NH,-C=N framework, the C=N bond distances are
‘somewhat shorter (¢.g. C(7)-N(4) 1.289(3) A, C(6)-N(3) 1.265(3) A) and the N-N bond
distances (N(3)-N(4) 1.440(3) A) somewhat longer than those of the free ligand, also
indicative of twisting of the igands in this complex.



Table 5-6.

*&

) relevant

coordination spheres in [CA,(PAHAP),(NO,),(FLO),}(NO,),.6H.0 (37)

cayon)
Cd(1)-N(1)
AN

Cd(1)-Cd(1)a
N@)-C(6)
NG

0(1)-Cd(1)-0(2)
O()-CANG)
O(1-CA1NE)
0@)}CUNG)
0@)-CANE)
NQ-CANE)
NG)-CA1)N)
N@-C4)NE)

2359(2)
23132)
23692)
47832)
12653)
1331¢4)

82.98(7)
146.78(7)
88.40(6)
12023(7)
9037(8)
116.06(8)
80.09(7)

70.91(8)

Cd1100)
CAING)
CAMNG)
NGING)
Neyc
cENE)

O(1-CAIN(T)
O(-CA(1N(S)
0(2)-Cd(1)-N(1)
0@)}-CA(1}NE)
N(-CANG)
NO)-CA1NE)
NG)-CA(1)N(E)

24032)
2363(2)
23142)
1.4400)
12890)
13313)

92307)
83.65(7)
8285(8)
157.23(6)
69.69(6)
173.039)

112.88(6)
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[Ni(PHAAP-H),(H,0),](NO,), 2.5H,0 (39)

‘The structure of the tetranuclear unt is depicted in Figure 5-9, and relevant bond
length and bond angle information is given in Table S-7. The expanded view of the
‘coordination cores is illustrated in Figure 5-10. The cluster consists of four Ni(IT) centers
bridged by four alkoxo groups of the four deprotonated ligands (O(1A), O(1B), O(IC)
and O(1D) to form a Ni,0, eight-membered ring with an almost square planar set of four

Ni fati I Ni(1)-Ni(4)
are -0.144(2), 0.145(2), -0.145(1) and 0.144(2) A respectively; Ni(1)-Ni(2) 3.969(2) A,
Ni(2)-Ni(3) 3.954(2) A, Ni3)-Ni(4) 3.966(2) A, Ni(4)}-Ni(1) 3.977(2) A; Ni(1)-Ni(3)
5.684(2) A, Ni(2)-Ni(4) 5.503(2) A; Ni(1)-Ni(2)-Ni(3) 91.69°, Ni(2)-Ni(3)-Ni(4) 88.02°,
Ni3)-Ni(4)-Ni(1) 91.40° and Ni(4)-Ni(1)}-Ni(2) 87.66°) and a bisphencid of oxygen
atoms. The alkoxo bridging angles (Ni-O(alkoxo)-Ni) are all quite large, falling in the
range 136.2(2)-140.1(2)". This peculiar Ni,0, structure shows some similarites to that of
tetrasulfurtetranitride (S,N,) [181]

Al the Ni(IT) centers have distorted octahedral coordination environments. Both
Ni(2) and Ni(4) centers have N,O, donor sets from two pyridine nitrogens, one diazine
nitrogen, two alkoxo oxygens and one water. The coordination polyhedron for Ni(1) is
iediy — e o v it i, i
forming an N,0, chromophore. The Ni(3) coordination sphere (NIN,0,) is comprised of

two pyridine nitrogens, two alkoxo oxygens and two water oxygens.



Each deprotonated ligand is approximately planar (the deviations from the least
squares plane formed by the four coordination donors for each of them are in the range
0.00234 to +0.10216 A), and bond distances are in accordance with the structural data

for the diazine N-N bond di y similar in each different

Table 7. Interatomic distances (A) and angles (Deg) relevant to the nickel

coordination spheres in [Ni,(PHAAP-H),(H,0),J(NO), 2.SHLO (39).

Ni(1)}-NGA) 1.972(5) NG)}-N(IC) 2.053(5)
Ni(1)-N@2D) 1.979(5) Ni(3)-N(4B) 2.059(6)
Ni(1)-N(ID) 2.132(5) NiB)}-0(1C) 2,061(4)
Ni(1)-N(4A) 2.156(5) Ni(3)-O(1E) 2.072(6)
Ni(1)}-0(1A) 2.176(4) NiG3)-0(1B) 2.096(4)
Ni(1)-0(1D) 21774) NiG)-0(1G) 2.097(6)
Ni(2)-N(2B) 1.966(5) Ni4)-NGC) 1.966(5)
NiQ)-N(1A) 2.044(5) Ni(4)N(4D) 2.053(5)
Ni2)-0(14) 2.075(4) Ni(4)-0(1D) 2.091(4)
Ni(2)-0(1H) 2.080(6) Ni(4)-O(4E) 2.10%(5)
Ni2)}N(1B) 2.115(6) Ni(4)N(4C) 2.10%(5)
contd.
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Ni(2)-0(1B)
O(1A}-C(6A)
O(1B)-C(7B)
0(1€)-C(6C)
O(1D)-C(7D)
Ni(1)-Ni2)
NiG)-Ni(4)
NGA)Ni(1)}N2D)
N@D)-Ni(1)-N(ID)
NQD)-Ni(1)-N(4A)
NGA)-Ni(1)-0(1A)
N(ID)-Ni(1)-0(1A)
NGA)-Ni(1)-0(1D)
N(ID)-Ni(1)-0(1D)
O(1A)-Ni(1)-0(1D)
N(B)-Ni(2)-0(1A)
N(2B)-Ni(2)-0(1H)
O(1A)-Ni(2)-O(1H)
N(IA)-Ni(2)-N(1B)
O(IH)-Ni(2)-N(1B)
contd.

2.165(4)
1.299(7)
1.288(7)
1.308(7)
1305(7)
3.969(2)
3.966(2)
17022)
730)
94.802)
75302)
973@2)
110.1(2)
15192)
89.62)
93.20)
93.00)
173.602)
9712)
9290)

Ni(4)-0(1C)
NQEAYNGA)
N@B)-NGB)
N@C}NGEC)
'N@D)-NGD)

Ni2)-Ni3)

Ni(1)-Ni(4)

NGA)-Ni(1)}-N(ID)
NGAYNI(1)}-N(4A)
N(ID)-Ni(1)-N4A)
'N@2D)-Ni(1)-0(1A)
N(4A)-Ni(1)-0(1A)
ND)-Ni(1)-0(1D)
N(4A)-Ni(1)-0(1D)
NEB)-Ni(2)}N(1A)
N(IA)-Ni(2)-0(1A)
N(1A)-Ni(2)-0(1H)
N(2B)-Ni(2)-N(1B)
O(1A)-Ni(2)-N(1B)
NB)-Ni(2)-0(1B)

2.158(4)
1.385(7)
1392(8)
1387(7)
1397(7)
3.954(2)
3972
98.0(2)
76.5(2)
90.8(2)
113.6@2)
151.5(2)
7512)
96.02)
171.92)
80.5(2)
93.5(3)
772)
90.0(2)
76.002)



N(I1A)}-Ni(2)-0(1B) 109.1(2) O(1A)-Ni(2)-0(1B)
O(IH)-Ni(2)-0(1B) 8732) N(IB)-Ni(2)-0(1B)
N(IC)-NiG3)-N(4B) 177.72) N(IC)-Ni3)}-0(1C)
N(B)Ni(3)}-0(1C) 96.92) N(IC}NiG)-O(1E)
N(B)-Ni(3)-O(IE) 91.42) O(IC)-NiB)}-O(1E)
N(IC)-Ni(3)-0(1B) 99.6(2) N@B)-Ni(3)-0(1B)
O(IC)Ni(3)-0(1B) 9172) O(IE)}-Ni(3)-0(1B)
N(C}NI(3)-0(1G) 94.12) N@B)-Ni(3)}-0(1G)
O(IC)NI3)-0(1G) 175202 O(IE}NIG)-0(1G)
O(IB)-Ni(3)-0(1G) 90.4(2) NGC)-Ni(4)-N(4D)
NGC)-Ni(4)-0(1D) 97.5Q2) N(4D)-Ni(4)-0(1D)
N(: 91.2(2) N(4D)-Ni E)
O(ID)-Ni(4)-O(4E) 17012) NGC)-Ni(4)}N(4C)
N(4D)-Ni(4)-N(4C) 96.4(2) O(ID)-Ni(4)-N(4C)
(O(4E)-Ni(4)-N(4C) 90.3(2) NGC)-Ni(4)-0(1C)
N(4D)-Ni(4)-0(1C) 109.12) O(ID)-Ni(4)-0(1C)
O(4E)-Ni(4)-0(1C) 89.42) N(@C)-Ni(4)-0(1C)
Ni2-0(1A)-Ni(1) 138.0(2) Ni(3)-O(1B)-Ni(2)
Ni(3)}-0(1C)-Ni(4) 140.12) Ni(4)-0(1D)-Ni(1)

92712)
153.8(2)
81.3(2)
90.02)
9233)
79.02)
170.02)
8752)
86303)
1742(2)
79.72)
915(2)
784(2)
89.4(2)
76.1(2)
94.7(2)
154.5(2)
136.2(2)
137.52)




Figure $-9.  Structural representation of Ni(PHAAP-H),(H,0),JNO,),2.5H,0

(39) with hyd ted (50% probabilty

ellipsoids)



ligand, falling in the range 1.385(7)-1.397(7) A), and slightly shorter than those in the
spiral-like dinuclear Ni(lT) complex (29) with the comparable ligand PAHAP; the C=N
double bond  distances in the NH,-C=N framework are somewhat longer (1.292(2)
-1306(2) A) than those in free ligand PAHAP and its polynuclear complexes, and ~the
C=N and C-O bond distances in the O-C=N framework are comparable to those in
[CuOPA)I(NO,), 8HLO [98] and the other relevant complexes (182, 183], indicating the
s’ hybridization for NQA-D) in the NCO (amide) fragments and the electron

delocalization over N(2A-D) and O(1A-D).

Figure 5-10. Expanded view of the coordination cores in 39.



(Cu, Fe(PHAAP-H), (H,0),1(CI0), (40)

The structure of this most unusual FeCu, heterotetranuclear complex cation is
depicted in Figure 511, and relevant bond length and bond angle information is given in
‘Table 5-8. The expanded view of the coordination spheres of the metal ions in 40 along.
with the atom labeling scheme is ilustrated in Figure 5-12. The four metal ions form a
geometry between a trapezium and flattened tetrahedron (Fe(1)-Cu(l) 3.944(2) A,
Cu(1)-Cu(2) 3.960(2) A, Cu(2)-Cu(3) 3.950(2) A, Cu(3)-Fe(1) 3.892(2) A), and the
deviations from the least squares plane (Fe(1), Cu(1), Cu(2), Cu(3)) are quite small
(-0.313(2), 0.308(2), -0307(2), 0.313(2) A respectively) suggesting that a trapezium is the
most appropriate stereochemical description.

Al four deprotonated PHAAP ligands adopt the same coordination mode as in
the tetranuclear nickel (IT) complex (39), with comparable relevant bond angles and bond
distances, and bridge the four metal ions (Fe(1), Cu(1), Cu(2), Cu(3)) via their alkoxo
groups (O(1), O(2), O(3), O(4)) that project above and below the trapezium plane (the
deviations for O(1), O(2), O(3), O(4) from O(1)O(2)O(3)0(4) least squares plane are
-0.719(2), 0.705(3), -0.798(2) and 0812(2) A respectively). The bridging angles
(M-O(0x0)-M(or M) are very close, falling in the range 133.6(2)-141.7(2)".

‘The coordination sphere around Fe(1) is highly distorted octahedral (O(3)-Fe(1)-
N(11) 149.7(1)°, O(4)-Fe(1)}-N(16) 150.2(1)", N(13)-Fe(1)-N(18) 171.4(2)°), consisting
of two pyridine nitrogens (Fe(1)-N(16) 2.151(5) A, Fe(1)-N(11) 2.140(4) A), two diazine

nitrogens (Fe(1)-N(13) 2.037(4) A, Fe(1)-N(18) 2.022(4) A) and two alkoxo oxygens
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(Fe(1)-0(3) 1.996(3) A, Fe(1)-0(4) 2.009(4) A). Cu(1) is in 2 tetragonally distorted
octahedron formed by two pyridine nitrogens (Cu(1)}-N(1) 2.0934) A, Cu(1)-N(20)
1.970(4) A), one diazine nitrogen (Cu(1)-NG3) 1.903(4) A) and one alkoxo oxygen
(Cu(1)- O(1) 2.201(3) A) in the equatorial plane. Two additional oxygen atoms from
alkoxo (O(4)) and water (O(5)) coordinate axially (Cu(1)-0(4) 2.248(4) A, Cu(1)-0(5)

2.370(5) A). i und Cu(2) and y similar, each with a
significantly distorted square pyramid. The basal plane for Cu(2) is made up of N(5),
0(6), N(10) and O( it 14 A, while the one:

for Cu(3) involves N(15), N(6), N(8) and O(2) atoms with comparable distances
(1.898(4)- 2.027(6) A). O(2) and O(3) coordinate axially to Cu(2) and Cu(3) respectively
(Cu(2)-02) 2219(4) A, Cu(3)-0(3) 2.236(3) A). Therefore, the structure clearly
indicates that the O(2), O(3) and O(4) atoms bridge the Fe(1), Cu(1), Cu(3) centers
orthogonally, while O(1) atom bridges Cu(1) and Cu(2) in the equatorial planes.

Even thougha number of Fe(IMCu(lT) mixed polynuclear complexes have been
reported [184-187], this Fe(Cu(I), tetranuclear cluster is unique.

Table -8 Interatomic distances (A) and angles (Deg.) relevant to the copper and iron
coordination spheres  in [Cu, Fe(PHAAP-H), (H,0),1(CIO,), (40).

Cu(1)-0(1) 22010) Cu(2)-0(1) 1.9903)
Cu(1)-0(4) 2.248(4) Cu(2-0(2) 2.2194)
Cu(1)-0(5) 2.370(5) Cu(2)-0(6) 2.03403)
Cu(1)-N(1) 2.093(4) Cu@}N(S) 1.967(4)
Cu(1)}NG) 1.903¢4) Cu(2-N(10) 1.975(5)

215



contd.
Cu(1)-N(20)
Cu(3)-0(2)
Cu3)-003)
CuG)N(E)
Cu3)-N(®)
CuMN(1S)
0o()-cm
0(2-C(19)
0G)-CE1
o(4)-c3)
Fe(1)-Cu(l)
Cu(2)-Cu3)
O(1)-Cu(1)-0(4)
0(2)-CuB)N(E)
O(1)-Cu(2)-0(6)
O(1)-Cu(1)N(1)
0(2)-Cu@B}N(1S5)
0(1)-Cu(2)-N(10)
O(1)-Cu1)-N(20)
O(3)-Cu@3)}-N(8)

1.970(4)
2.005(4)
2.2360)
2027(6)
1.898(4%
1.989(4)
1322(6)
1.296(6)
1.3096)
1318(6)
3984(2)
3.9502)
s’

159.72)
175.5(1)
155.3(1)
99.42)
93.5(2)
109.6(1)
106.7(1)
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Fe(1)-03)
Fe(1}-0(4)
Fe(1)}-N(11)
Fe(1)-N(13)
Fe(1)}-N(16)
Fe(1)-N(18)
NG)NE)
N@)-N(©9)
N(13)}N(14)
N(18)}-N(19)
Cu(1)-Cu(2)
Cu3)-Fe(1)
0(1)-Cu(2)-0(2)
0(1)-Cu(1)-0(5)
0(2)-Cu(3)-N(8)
O(1)-Cu(2)-N(S)
O(1)-Cu(1)-NG3)
0(3)-CuB)-N(©)
0(2)-Cu(2)-0(6)
0(4)-Cu(1)-0(5)

1.996(3)
2.009(4)
2.1404)
2.037(4)
2151(5)
2022(4)
1369(6)
1381(8)
1.385(6)
13970
3.96002)
3892)
96.2(1)
827(1)
79.1(2)
83.7(1)
75.41)
92.2(2)
86.8(1)
166.0(1)



contd
0@)-Cu2N(S)
0(4)-Cu(1)-N(1)
N(6)-Cu(3)-N(8)
O(6)}-Cu(2}N(S)
0(4)-Cu(1)-N(20)
N(8}-Cu3)-N(15)
N(S)-Cu(2)-N(10)
O(5)-Cu(1)-NG3)
Cu(1)-0(1)-Cu(2)
Cu(2)-0(2)-Cu(3)
Cu(3)-003)-Fe(1)
Cu(1)-0(4)-Fe(1)
O(3)-Fe(1)-N(11)
O(3)-Fe(1)-N(16)
O(4)-Fe(1)-N(11)
O(4)-Fe(1)-N(16)
N(1)-Fe(1)-N(13)
N(L1)-Fe(1)-N(18)
N(13)-Fe(1)-N(18)

11142)
96.7(2)
80.7(2)
92202)
78.2(2)

175.82)
169.4(2)
90.02)
141.72)
138.502)
133.602)
135.7(1)
149.7(1)
92.02)
93.6(2)
150.2(1)
75.62)
101.02)
171.402)

0(3)-CuB3)-N(1S)
0(2)-Cu(2)-N(10)
0(4)}-Cu(1)}-NG)
N(©6)»-Cu(3)-N(15)
O(6)-Cu(2)-N(10)
O(5)-Cu(1)-N(1)
0(2)-Cu(3)-03)
O(5)-Cu(1)-N(20)
N()-Cu(1)-NG)
N(1)-Cu(1)-N(20)
NG)-Cu(1)-N(20)
0(3)-Fe(1)-0(4)
0Q)-Fe(1)-N(13)
O()-Fe(1)-N(18)
O(4)-Fe(1)-N(13)
O(4)-Fe(1)-N(18)
N(I1)-Fe(1)-N(16)
N(13)-Fe(1)-N(16)
N(I6)-Fe(1)}-N(18)

77.301)
79.12)
9%8.12)
100.7(2)
903(2)
95.9(2)
95.3(1)
94.6(2)
80.0(2)
95.002)
173.52)
94.901)
7430)
1093(1)
112.602)
753(2)
94.92)
972(2)
75.1(2)




Figure 5-11.  Structural representation of [Cu, Fe(PHAAP-H), (H,0),}(CI0,),

(40) with hydrogen atoms omitted (30% probability thermal

ellipsoids).



Figure S-12. Expanded view of the coordination cores in 40.
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[Cu(),Cu(D,(PAH),Br,] (41)

The structure of 41 is ilustrated in Figure 5-13, and relevant bond distances and
angles are listed in Table 5-9. This peculiar six-centered mixed valence (188-202] copper
complex formed through a partially reducing process of Cu(ll) by the hydrolyzed product
PAH of PTS (Scheme 5-2) and can be described as the combination of four copper (IT)

Scheme 52
Hou
QO ==
—= H0 NHNH,
HO

cutn l o

Complex 41 <« Cuf)

centers bridged by a dinuclear copper(1) anion [Cu(DBrJ* via Br(1), Br(4), Br(1)a and
Br(4)a. Al copper (IT) b planner coordination envi . Each of them

has normal bond distances and angles e.g. for Cu(1) or Cu(2), the Cu-N,, distances fall in
the range 1.969(7)-2.047(6) A and Cu-Br distances in the range 2.366(2)-2.477(1) A. The
neighboring angles around each copper(IT) center fall in the range 79.8(3)-95.2(2)" and the
angles between two none-adjacent bonds fall in the range 171.3(2)-163.6(2)° . The sum of the

angles at the copper(Il) centers in each copper plane is 358.68 for Cu(1) and 360.75° for
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Cu(2). In the dinuclear copper() anion [Cu(T),Br,]*, two identical Cu(T) centers are bridged
by Br(5) and Br(5)a to form a typical planar rhombohedral geometry (Cu(3)-Br(5)-Cu(3)a-
Br(S)a) and each has a slightly distorted tetrahedral coordination geometry with normal
Cu(T)-Br bond distances in the range 2.460(2)-2.572(2) A and angles in the range 97.85(6)-
117.60(7)°. There are no significant interactions between Cu(1) and Br(3), and between
Cu(2) and Br(1) (Cu(1)-Br(3) (4.797(3)A), Cu(2)-Br(1) (4.327(3)A). The copper-copper
separations are 3.081(2), 3.269(2), 4.164(2) and 3.671(3) A for Cu(3)-Cu(3)a, Cu(3)-Cu(1),
Cu(3)-Cu(2) and Cu(1)-Cu(2) respectively.

Within the neutral PAH ligands, the structural data show the existence of a
N=C-NH-NH, framework for PAH (C(6)-N(2) 1.27(1) A, C(12)-N(6) 1.27(1) A; C(6)-NG)
1.30(1) A, C(12)-N(7) 1.309(9) A), not the proposed resonance structure HN=C-NH-NH2
<> HN=C-NH-NH, for the free ligand [100, 101]. This is due to the coordination of the
ligand to Cu(Il) centers via N(2) or N(6) which fixes the double bond characters in the
N-C-N framework.

It s interesting to note that even though the free [203-207] or bridging [13, 208, 209]
[Cu(MCL}* and [Cu(T)Br,]* species are known, the bridging arrangement in [Cu(T),Br,J* is

unique.
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Table 5-9. i di (A) and angles (Deg. the
‘coordination spheres  in [Cu(Il),Cu(D),(PAH) Br,] (41).
Cu(1)-Br(2) 2366(2) Cu(2)-Br(4) 24420)
Cu(1)-N(1) 2.047(6) Cu(2)-Br(3) 2388(1)
Cu()-N@) 1.969(7) Cu@2)-N(s) 2.044(6)
Cu(1)-Br(1) 2477(1) Cu(2)-N(6) 1.972(6)
Cu(1)Br(3) 47970) Cu@)Br(1) 43270)
Cu(3)-Br(5) 24672) NG)-N@) 142909)
Cu(3)-Br(5) 2.460(2) N()-N(8) 1.424(9)
CuQ3)-Br(1) 2572(2) C(6)N@) 127(1)
Cu()Bred) 25032) C(12)}NG) 127(1)
Cu(1)-Cu(2) 367103) CONG) 130(1)
Cu(1)-Cu(3) 3269(2) CA2-N 13099)
Cu(2-Cu@3) 41632) Cu(3)}-Cu3)a 3.0812)
Cu(1)}-Br(1)-Cu(3) 111.10(5) Cu(2)-Br(4)-Cu(3) 82.76(6) Cu(3)}Br(S)-Cu(3) 77.42(5)
Br(1)-Cu(1)}-Br(2) 93.28(5) Br(1)-Cu(}N(1) 1703(2) Br(1)}-Cu()N@) 913(2)
Br(2)-Cu(1}N(1)  94.3(2) Br(2)-Cu(1)-N(2) 163.6(2) N(1)-Cu()}N@) 79.8(3)
Br(3)-Cu(2}-Br(4) 93.25(5) Br(3)-Cu2}N(5) 952(2) Br(3)-Cu@}N(s) 163.9(2)
Br(4}Cu-N(S) 1713(2) Br(4)-Cu@)N(S) 91.82) N(S}-Cu2}-N(6) 80.5(3)
Br(1)-Cu(3)-Br(4) 97.88(6) Br(1)-Cu(3)-Br(5) 109.15(6) Br(1)-Cu(3)-Br(5) 115.80(6)
Br(4}-Cu(3)}-Br(S) 17.60(7) Br(4)-Cu(3)-Br(S) 114.41(6) Br(5)-Cu(3)-Br(5) 102.58(5)
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Figure 5-13. Structural representation of [Cu(Il),Cu(D,(PAH),Br, ] (41) with

hydrogen atoms omitted (50% probability thermal ellpsoids).
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532 Spectroscopy
Several viq; bands are observed in the infrared spectrum of 33 (3387, 3297, 3235

), i i free NH, group, is no higher energy band due

10 Vey In the v, CI-O stretching region three dominant perchiorate bands are observed at
1109, 1050 and 1011 cm, but expansion of this region reveals further fine structure and a
total of seven bands. The three mein bands are sensibly assigned to the bridging
perchlorate connecting the two copper centers in an intramolecular fashion, associated
with nominal Cyy local site symmetry. The additional bands are possibly due to the
‘asymmetric nature of this bridge, and the additional bridging interactions (Figure 5-2).
‘The pyridine ring breathing band was found at 1026 cm”. Visible absorptions for 33 are
difficult to resolve, with a broad shoulder occurring at about 600 nm in both solid and
solution.

‘The high energy region of the infrared spectrum of 34 is dominated by a strong,
sharp band at 3620 cm” (Vey; NO-H), and vyq, bands at 3440 and 3247 cm” due to the free
'NH, group. A very complex absorption envelope is observed in the range 9891172 em”,
with a total of eleven resolvable bands. These are clearly associated with the v, sulfute
vibration, splt as a result of reduced symmetry in the unusual bridging mode. The band at
1024

due to the pyridine ring breathing mode. This complex exhibits a broad visible
band in the solid state at 660 nm, which shifts to higher energy (595 nm) in water, but to

lower energy (715 nm) in DMF, indicati significant




‘The infrared spectrum of 35 shows similar bands above 3100 cm to those of 34,
indicative that both NE, and OH groups in the ligand are not coordinated to the Co(IIT)
ion. The pyridine ring breathing band appears at 1035 cm’ suggesting a strong
coordination of the pyridine nitrogen to the Co(IIl) centre. Only one prominent (v, + v,)
[112] nitrate band located at 1755 cm” indicates that the nitrates in the complex are
uncoordinated

Very complex viq, bands focated in the range 3380-3165cm” (five bands) are
observed in the infrared spectrum of 36, supporting the presence of two different amino
‘groups. Two pyridine ring breathing bands were observed at 995 cm, which is identical
to that of the free ligand, and at 1043 cm”, corroborating the structural evidence that only
one pyridine ring is coordinated to the V(V) centre. The strong band at 923 cm can be
assigned 10 v, stretch in the cis-VO,” group [177-179].

Complex 37 exhibits tWo v,q;infrared bands at 3360 and 3185 cm due to the free

NH, groups in PAHAP, and a sharp band at 3520 cm due to coordinated water
‘molecules and the lattice water band at ca. 3550 cm (br). The strong V. band at 1665
' i in agreement with the fact that the PAHAP ligands in the complex adopt a twisted

‘conformation. The prominent (v, +v,) [112] nitrate bands are observed at 1765 and 1755

cm!, suggesting the presence of monodentate nitrates. Only one pyridine ring breathing

band ved at 1020 cm”, i both pyridine ni i ligand a

in the same coordination environment.



‘Several bands above 3100 cm” were found in the infrared spectrum of 38, and the
broad bands at ca. 3600 and 3437 cm’ are associated with the lattice water and

3326 and 3207 cmr*

to N-H stretch of the free NH, groups. The strong band at 1664 cm' could result from a
C=0 incorporated in a conjugated system or C=N in a twisted open-chain diazine unit.
However the absence of a Vo, band at 3409 cm in the free ligand PHAAP suggests the
deprotonation of the ligand in this complex. Therefore, it is more reasonable to assign the
1664 e peak to the stretchis of the C-O group wit character

in this compound because there is no free pyridine ring breathing band observed, and
considering the normal room temperature magnetic moment (1.83 BM see next section)
for this compound, a situation in which the alkoxo group in the deprotonated ligand is
bound orthogonally, with a large Cu-alkoxo-Cu angle between adjacent copper centers to

form a cycli ion, Scheme 54, of

38in ion). The singlet v, Cl i of free CIO; at 1074 cm" is s0

strong that the pyridine ring breathing bands, expected to be at this region, cannot be
observed. 38 exhibits a broad visible band in the solid state at 658 nm, which is essentially
unchanged in aqueous solution (665 am, & = 550 daw”mol".cm"), indicative of very little
structural change in solution.

The bands above 3100 cm" in the infrared spectrum of compound 39 are very
similar to those of 38 with very little position differences. The C=O (in the O-C-N-N
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conjugated framework) stretch band was observed at 1658 e and coordinated pyridine
ring breathing bands were found at 1034, 1022 cm”. Only one prominent (v, + v,) [112]
nitrate band located at 1765 cm” indicates that all nitrates in 39 are uncoordinated. These
infrared data are in agreement with its cyclic tetranuclear structure. The sold state Nujol

mull i lut i of 39 give very similar bands at

955 nm (broad, & = 86.26 dm”.mol" cm") and 565 nm (shoulder, € = 50.97 dm”.mol".cm )
due to v, CA,—'Ty) and v, CA,~'T,) respectively, suggesting that all Ni(Il) centers
have distorted octahedral coordination environments and the coordination differences.

nge the positions of the UV/vis bands,

cant solvation ingi
The infrared spectrum of 40 is very similar to that of 38, which is as expected.
However, the position for each group in the spectrum of 40 is slightly different from that

for the corresponding group of 38, e.g. 3556 cm” (lttice water), 3437-3173 cm (NH),

1092 cmi* (v, stretching band of ree CIO, ). A broad visible band was observed at 615 nm
in the solid state and the same value (616 nm) was found in aqueous solution (¢ = 1834
dm’.mol".cm"), indicative of no significant solvation occurring in water. The large ¢ value
suggests that this band results from the CT absorption of L—Fe(IIl) or together with dd
absorptions in the copper centers

Two weak but sharp v,q, bands are observed in the infrared spectrum of 41 (3315
and 3286 cm"), consistent with the presence of NH, groups, but a detailed assignment

cannot be made. The pyridine ring breathing band occurs at 1021 em”, indicative of the
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coordination of pyridine nitrogens. The Ve, band appears at a slightly higher energy than
that of the free PAH (1644 cm*), which is not as expected. The reason for this is that the
C=N bond is delocalized in PAH, which is mirrored by its "H NMR spectrum, but in the
complex the C-N bond has significant double bond character (C(6)-N(2) (1.27(1) A). A
visible band was observed as a shoulder at 680 nm in the solid state Nujol mull
transmittance electronic spectrum of 41, which is basically dominated by a Br—>Cu CT
band at 465 nm.
533 Magnetism

Varisble temperature magnetic susceptibility data were collected for powdered
samples of the complexes 33, 34 and 40, and taken from the same uniform batches used
for structural determination. The samples were pre-dried under vacuum in order to prevent

possibie mass loss during sample preparation prior to a variable temperature run. In those:

Compound 33 has a very low room temperature magnetic moment (t,r = 0.8
BM), indicating spin coupling between the copper(Il) centers and the presence of net
strong antiferromagnetism. The  susceptbility versus temperature profile (Figure 5-14)
shows a rise in x,, approaching 300 K, but no maximum, and a sharp rise in X, at low
temperature indicating significant paramagnetic impuriy. Analysis of the data using eqn.

14 gives g = 2.069(22), 2J =-549(6) cm”, Na =49%10% emu, p=0.035,0 =-1.0K,
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1R = 17; R = [E((un - X} /o7 for the best fit line (Figure 5-14). The small
negative © value suggests the presence of a weak intermolecular antiferromagnetic
component. This could be associated with the perchiorate bridges and the hydrogen

bonding bridging interacti . : )

Reports of magnetic studit i i idged by
2 bis-41,-NO unit are limited, but strong antiferromagnetic. coupling is typical. The
symmetrically N-O bridged complex ion [Cu(DAPDH)),™ (Cu(NOXON)Cu) has a room
temperature magnetic moment of 0.6 BM indicative of strong antiferromagnetic coupling
[210], while the asymmetrically bridged iodo-complex [LCu(PyA),Cu(DICIO, CH,CN
(Cu(NO),Cu) (L = 1,4,7-trimethyl-1,4,7-triazacyclononane; PyA = monoanion of
pyridine-2-aldoxime) [176] exhibits very strong antiferromagnetic coupling (-2J > 1000
cm). The copper-copper separation in this complex (3.45 A) is comparable with that in
33, and it exkibits a similar boat shaped structure, with an angle of 120° between the
copper mean planes. It is not immediately obvious why the exchange situation for these
two complexes is so different, but from a structural perspective it appears that the
asymmetric (NO), bridging arrangement provides the stronger coupling. Extended Hackel
calculations on 37 show two triplet state molecular orbitals with a high degree of
alignment of the copper d orbitals and the nitrogen and oxygen p orbitals in the dicopper

chelate ring. A AE value of 82 meV is large enough to corroborate the antiferromagnetic

nge situation, but i ‘be made with complexes in Chapters 2 and 3.
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Compound 34 has a room temperature magnetic moment of (4,) 185 BM,
suggesting no coupling, and this is confirmed by the %,*T versus temperature profile,
which shows a constant x,*T value of 0.42 throughout the 4-300 K temperature range.
The two copper(Il) centers in 34 are completely uncoupled, consistent with the
axial/equatorial arrangement of bonds to the sulfute bridges, leading to effective
orthogonality between the copper magnetic orbitals. This contrasts with the magnetic
behaviour of the complex [Cu(S-UMP)dpa)(H,0)}, SELO [173] (5-UMP = Uridine-5'-

dpa = dipyridyl-amine), which exhibits weak ani exchange

(- = 108 cm'), associated with the equatorial/equatorial phosphate bridging

amangement. The weak coupling in this case can reasonably be explained by the bridging

Compotind 38  has a room temperature magnetic moment of 1.83 BM (per Cu(ID),
suggesting no coupling. Because of their relative ease of synthesis, and of the design of
many new polynucleating ligands for use in bioinorganic model and magnetochemical
studies, there are many examples of Cu(ll), complexes reported. The geometries of these
tetracopper(Il) complexes can be classified into many types [167] eg. rhomboidal,
parallelogram, distorted cubane, tetrahedral, linear, planar cyclic, and pair-of-dimers. The
partially finished single crystal structure of 38 shows that the four five-coordinate

copper(Il) centers (square pyramidal) are arranged approximately ina squareand are



bridged orthogonally via four alkoxo oxygens from four deprotonated ligands, which are
amanged in a very similar manner in the complex 39 and 40 (see Figure 5-9 and Figure
S11. Scheme 54 38).

of the planar cyclic Cu(ll), types. Because of the orthogonality between the copper(IT)

‘magnetic orbitals, the four copper(Il) centers in 38 should not have significant magnetic

coupling, which is consistent with the room temperature magnetic moment measurement.

We await a vari ic study




Complex 39 has a room temperature magnetic moment of 3.10 BM (per Ni(Il)).
‘The Ni-O-Ni angles are large and ful in the range 136.2-140.1°, which would be expected
to propagate some antiferromagnetic coupling between the nickel(I) centres. A
comparable tetranickel(IT) complex with Ni-O-Ni angles around 141° was shown to be

coupled, although no fitting

data was attempted [211].

Compound 40 has a room temperature magnetic moment of 5.02 BM (per mole).
A plot of i versus temperature for 40 is illustrated in Figure 5-15, indicating a very
complicated magnetic coupling process: the decrees in 1, value from 5.02 BM at 295.2
K to 4.79 BM at 63 K suggests the presence of intramolecular antiferromagnetic coupling
or a high-low spin transition for Fe(IIT) or both, while the rise in 1 ., value from 4.79 BM
at 63 K to 5.5 BM at 4 K, evidently demonstrates the presence of intramolecular
ferromagnetic coupling. The spin-only magnetic moment for a Fe(INCu(ll), cluster
assuming Fe(IlI) in a high-spin or a low-spin state is estimated on the basis of the
expression:

Mo’ = Moo’ * Hag™* ooy’ * e

and using po=1.73BMand p,, =5.92 BM for high spin Fe(III) and p,, = 1.73 BM for
low spin Fe(IIT). The calculated values are 6.64 and 3.46 BM respectively, both of which

are far away from the experimental value (5.02 BM). From a structural perspective, any

should occur only (1) and Cu(2) via
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O(1). All other bridge connections are effectively orthogonal. Assuming that the
antiferromagnetic coupling between Cu(1) and Cu(2) is very strong, because of the very
large Cu(1)-0(1)- Cu(2) angle (141.7°) [39] (&.8. Hoqy = Hoy = 0.5 BM), and using s,
= 5.92 BM for high-spin Fe(IIT) and i, = 1.73 BM for low-spin Fe(III), the estimated
room temperature magnetic moments of 6.28 BM and 2.54 BM for the high-spin or
low-spin extremes in 40 are still too far away from the experimental value (5.02 BM).

Therefore it i e in 40 exhibits a LS (S = 1/2) &>

HS (S = 52) transition in the solid state.
‘The spin transition phenomenon for Fe(TIT) was observed for the first time by
Cambi in the 1930s in some tris(dithiocarbamato) iron(IIT) complexes [212-214]. The

ligands are of in Sche and the ha

Fes, core. In the family of tris(dithiocarbamato) iron(IIT) complexes, if there

transition in the solid state, it is always very smooth, without detectable hysteresis.

Scheme 5-3
R s®
i
N—c\ N e

R s (

N
7/
i o) HsCf

X-saleten’ (b)
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Other interesting examples of spin transitions in iron(Ill) chemistry have been
reported by Hendrickson et al. [215-217] in the series of complexes with a general formula

[Fe(X-saleten),]Y (X-saleten' is shown in Scheme S-3b. Y is a counteranion like NO,,

PE; or BPh,). have a pseudo-octahedral ith a FeN,O, core,
and exhibit a LS (S = 1/2) ¢ HS (S = 5/2) transition without an intermediate spin state §
= 3/2 being observed. For most of them, the transition is gradual, and often incomplete at
low temperature. Compared with these complexes, the Fe(IIT) centre in complex 40 also
has a FeN,0, core, and with a very similar coordination environment. Therefore, assuming
that Fe(IITY(1) in 40 has an incomplete LS (S = 1/2) «» HS (S = 5/2) transition either at
room temperature (e.8. iy, = 4.65 BM at 295.2 K) or at low temperature (€8 ey =
4.41BM at 63 K), and there is a weak intramolecular ferromagnetic coupling between
Fe(1) and Cu(1) or Cu(3) because of their orthogonalities, the complicated magnetic
behaviour for 40 i reasonable, even though its detailed interpretation cannot be made at
this time.

Compound 41 has a room temperature magnetic moment of 1.34 BM (per Cul),
which suggests no coupling between the four Cu(ll) centers. There is no variable
temperature magnetic study on this complex. However, from a structural perspective, any
intramolecular magnetic interaction should only take place via the four Br-Cu(l)-Br
linkages of the [Cu(l),Br,]* unit, which are obviously t00 long to generate any significant

coupling.



Compound 35 has a room temperature magnetic moment of 0.50 BM, indicating
that Co(III) is diamagnetic and in a low-spin state, which is consistent with its structure.

Compound 36 is di ic (1= 0.41 BM at room ind gives a very

interesting 'H NMR spectrum. The room temperature 'H NMR spectrum of 36 in d-
DMSO (ilustrated in Figure 5-16) shows one set of multiplets (4H) at 8.39-8.89 ppm due
10 the coordinated pyridyl ring, which is further downfield than those in the free ligand
because of an electronic effect, and another set of multplets (4H) at 7.44-8.35 ppm which
is essentially the same as those of the free ligand (Figure 4-15). There is only one singlet
showing up in the spectrum, which may result from the proton in the coordinated NH or a
half deuterated free amino group. However, what is more likely is that, since the
coordinated amino group has already been deprotonated, further H-D exchange between
this amino group with D,0 (4, DMSO usually contains trace amounts of D,0) is not
favourable. Thus, the singlt is best assigned to the proton in the coordinated amino group
(NH) and the singlet due to the free amino group does not appear because of the H-D
exchange which is favoured by the coordination of the ligand to the metalion.

Compared with those in the 'H NMR of the free ligand, the pyridyl multiplets (4H)
in the 'H NMR spectrum of 37 in D0 (Figure 5-17) appear at slightly lower field (higher
chemical shifts) due to a weak electronic effect, since the coordination of the ligand to the
Cd(m) ion is comparatively weak (CA(1)}N(1) 2313(2) A; CA(1)-N(6) 2314(2) A). In
addition, each CA(II) centre only contains two pyridyl rings (not three as in the cases of 26
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and 28), which well separated so that a shieldi st in this case.

‘The order of the chemical shifts of H(10) and H(11) is reversed in this dicadmium()
complex compared to the situation of the free ligand. The reason for this is that the
electronic effect, which reduces electron density in the pyridyl ring via N(6), does not take
place for each proton in an average manner.
54 Conclusion

Unlike tetradentate N, diazine ligands with the diazine unit incorporated in

open-chain N, diaineli - e

on the properties of R, R', X and X' (Figure 1-14) and the central metal ions. PAHAP has
a dominant mode as a Type AB ligand as shown by the dicadmium complex 37, as well as
the complexes in HoChapter 2-4. wever, a new mode (Scheme 1-1a), which is similar to
that of the deprotonated PHAAP in complex 30, has been found in the novel 5-coordinate
VO, complex 35. A new N,O coordination mode (Scheme 1-2) for PHAAP with O
(alkoxo) acting as a bridging donor has been found in a series of cyclic tetranuclear
complexes. The tetranuclear copper(ll) complex 38 may not show magnetic coupling
because of the orthogonal geometry at each copper centre, while the tetranuclear nickel(Il)
complex 39 would be expected to have a magnetic interaction, since the Ni-O-Ni angles
are quite large. The hetero-tetranuclear Fe(ICu(ll), complex 40 shows a very
complicated magnetic behaviour for which a reasonable explanation includes very strong
antiferromagnetic coupling between Cu(1) and Cu(2), weak ferromagnetic coupling
between Fe(1) and Cu(1) and Cu(3), and an incomplete LS(S =1/2) > HS (S = 5/2)

300



process for Fe(1). In all the PAHOX complexes in which the oxime group of PAHOX acts
as:a N-O bridge providing a very strong antiferromagnetic pathway (33) or is free (34 and
35), the ligand PAHOX only demonstrates a Type C mode of bonding
'H NMR spectra of the mononuclear V(V) complex (36) and the spiral-like
dinuclear cadmium complex (37) clearly indicate that chemical shifts of the multiplets (4H)
due to the coordinated pyridyl rings are significantly higher than those in the spectrum of
‘which simply electronic effect




Chapter 6 General Conclusions and Final Remarks

6.1 Synthesis of the ligands
‘The ligands studied in this thesis have beea listed in Figure 1-15, and the synthesis

routes for ? hown in Scheme 2-1. PAHAP and PZHZP

ligands like PAA and PMK [93-96]. Usually, symmetrical organic compounds are
synthesized by symmetrical methods, which have been adopted for the synthesis of PAA
and PMK. However, there is no similar available method for the preparations of PAHAP
and PZHZP. F. H. Case [97] reacted picolinamide hydrazone with some esters and
obtained PAHAP. The reaction however occurs in a low yield, and the mechanism for the
reaction was not proposed. We repeated the reaction using picolinamide hydrazone and
the oxalate ester and separated three major compounds with very low yield (5-10%) for
'PAHAP as shown in Scheme 6-1.

Scheme 6-1




Our procedures for making PAHAP tumed out to be more straightforward with a
clear mechanism, a high yield and without any detectable side reactions, and has been
further used for making another symmetrical ligand PZHPZ, as well as for
quasi-symmetrical ligands PYPZ and PHAAP. It should be noted that PHAAP cannot be
‘made by reacting ethyl picolinate with picolinamide hydrazone, which lead to the same
‘compounds as shown in Scheme 6-1.

PMHAP and PHMAP were made by known procedures [109], which were

adopted to ligand PAHOX. The relevant l that

However, our X-ray structural analyses for the complexes of these ligands showed
that the ligands adopt open-chain structures and are not cyclized. We are confident that

the free ligands also have an open ring structure, because the IR spectra of the free ligands

show i . We await a structural ination of these ligands.

303



62 Coordination chemistry

Due to the their large flexibiity of coordination originating from the rotation
around the N-N bond and  the additional donors e.g. NH, and OH, these ligands are
extremely interesting and present an unusual arrangement of potential donor sites, with
many possible mononucleating, dinucleating and polynucleating coordination modes as
discussed in Chapter 1. However, the real coordination modes for these open-chain diazine
ligands are closely connected 0 the nature of metal ions and  the ligands, anions, organic
co-ligands,

‘The ligand PAHAP has a dominant Type AB mode of bonding as demonstrated

by a series of dicopper (IT) complexes in Chapters 2 and 3, the spiral-like complexes in
Chapter 4 and the dicadmium (IT) complex in Chapter S, even though & new coordination
type for open-chain diazine ligands has been found in its mononuclear VO,” complex
(Scheme 6-3, New Type 1). The coordination modes for PYPZ and PZHZP relevant to
the diazine units may also be dominated by Type AB as shown by complexes 16, 17, 20
and 27, The coordination modes for PMHAP and PHMAP are largely dependent on the
solvent propertis. In weakly polar solvents, Type B is preferred (12, 14), otherwise Type
AB (13), PAHOX seems to only have a Type C mode either in the complex (37), in which
oxime acts as & bridge, or in the complexes (38 and 39), in which the oxime group only
provides a nitrogen atom as a donor. Even though there are many potential coordination
modes for PHAAP, three structurally confirmed modes have been found for PHAAP so

far. A quasi-Type B mode was adopted in its dinuclear CuBr, complex (1) in which the
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diazine unt bridges two copper(IT) centers with the deprotonated alkoxo group acting as
‘monodentate donor. A new coordination type, which is very similar to that for PAHAP in
the mononuclear VO," complex, has been found in its unusual seven-coordinate
‘mononuclear Fe(IIT) complex. The most popular mode for PHAAP is as shown in Scheme
63 (New Type 2), which is presented in a series of hetero-tetranuclear (40), homo-

tetranuclear (38,39) complexes.

Scheme 6-3
W 7N\ ™
=S N>
FoD TR
New Type 1 New Type 2

The ligand PTS, belonging to the trazoline family, also contains a N-N single
bond, and its paramagnetic dimetal complexes would also be expected o have twisted
structures around this diazine linkage. We filed to get any crystals of PTS complexes, but
obtained a mixed valence six-centered Cu(lT),Cu(T), complex (41) of its hydrolyzed ligand
PAH which is responsible for the partial reduction of Cu(Il). Some modified ligands have
been prepared (see Figure 6-1), but no attempts have been made to produce crystals of
their complexes.
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63 Magnetiom
63.1

N-N single bond

The analysis of the magnetic and structural data for a series of dicopper (IT)
‘complexes in Chapter 1, in which the metal ions are linked in the equatorial coordination
plane by only one N-N single bond, showed that the singlet-triplet splittings vary as a
function of the torsion angle between two magnetic planes about the N-N single bonds.
Experimentally, the larger the torsion angle, the more the singlet-triplet molecular orbitals
split hence the larger magnetic exchange integral (-2J). Systematic studies on this system
by the modification of the open-chain diazine ligands and changing the co-ligands to
‘generate variable torsion angles gave a very good linear relationship between -2J values in
the range -24.4 to +208 e and the torsion angles in the range 75-168.3°. The reason
for this is that the extent of the overlap, which dominates the magnetic exchange in the
system, between the p orbitals along the single N-N bond dependent upon the torsion
angle between the magnetic copper planes. The observations have been supported by a

series of MO calculations for relevant model compounds.

632 f I N-N single

bonds or one N-N single bond along with the other bridging species

Attempts to establish a magnetostructural correlation for the dicopper(Il) system
containing two N-N single bonds have been made. However because of their particular
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twisted structures, the distortion of the coordination geometries and the existence of the
additional bridge (8. 1NO; in 18), the torsion angles between two copper magnetic
planes about these two N-N bonds  in 18 and most likely in 20 are very small and close to
the angle which is required for effective N-N p orbital orthogonality. Therefore no
significant magnetic interactions were observed in such system. Complex 19 shows no
coupling by a different mechanism, in which two copper(ll) centers are bridged by two
N-N single bonds in a strictly orthogonal manner.

‘The magnetic exchange in a mixed diazine bridged dicopper(Il) complex occurs
principally through chain diazine ls i ine diazine unit bridges
two copper centers in a orthogonal way, and the observed coupling in this complex is quite

weak because of the geometric distortions and the small torsion angle between the two
copper magnetic planes about the N-N single bond.

The first genuine example contradicting the spin polarization mechanism in azide
bridged complexes has been achieved in the tetranuclear copper(Il) complex 22, which
shows a strong antiferromagnetic interaction (-2J = 246 cm"). The complex contains two
dicopper(I) units orthogonally bridged by two yi-1,1-azides and each unit bridged by a
N-N single bond and a -1, -azide in the copper equatorial planes. Since the angle
between the two copper magnetic planes about the N-N single bond is particularly small,
this bond does not provide any significant contribution to the total antiferromagnetic
coupling based on the result in Chapter 1. The strong _antiferromagnetic coupling

therefore occurs mainly through the equatorially bridging -1, 1-azide because of the very
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large Cu-p-1,1-N,-Cu angle. The net antiferromagnetic exchange has been frther
corroborated on the basis of MO calculations.

633 Magnetism of the other dinuclear and polynuciear complexes
Weak ferromagnetic coupling was observed in the spiral-ike dimanganese(IT)
S 5 s "

(25) with the same spiral-like structure. In both complexes the torsion angles around the
three N-N single bonds are extremely small, but close o the angle required for the
effective orthogonality established for the dicopper(IT) systems containing one N-N single
bond.

The dicopper complexes of PAHOX demonstrate no coupling ¢.g. in 34 in which
two copper(Il) centers are orthogonally bridged by two bidentate SO, groups, or very
strong. antferromagnetic coupling eg. in 33 in which two copper(Il) centers are
‘equatorially bridged by two symmetrical N-O groups of the ligands.

The cyclic. hetero-tetranuclear Cu(Il),Fe(TIT) complex exhibits very complicated
magnetic behaviour, and based on the structural data, the complicated magnetism may
result from the combination of the very strong antiferromagnetic interaction between two
‘copper centers (Cu(1) and Cu(2)) via the alkoxo bridge (O(1)) in their equatorial planes,
and the incomplete high-low spin transition of Fe(Il, and weak ferromagnetic exchange

between Fe(IIT) and Cu(1) and Cu(3).



6.4 Spectral and electrochemical properties

It s very interesting to note that the V., bands in all complexes with twisted
structures around the N-N bond (Type AB) appear in higher energy positions compared
with those for the free relevant ligands, which seems to be in contradiction to the
observations for some complexes containing imine (C=N) ligands. It is evident that the
twisting of the ligand in those complexes increases the Ve., frequency significantly
through breaking the conjugation via the N-N single bond in the free ligand, even though

e frequency

Another interesting spectral result was obtained through studies on the 'H NMR
spectra of a series of spirallike diamagnetic complexes either containing three N-N
linkages (26 and 28) or two N-N linkages (37), and the mononuclear V(V) complex (36).
The result indicates that in the spiral-ike diamagnetic complexes (26 and 28) containing
three N-N linkages, the chemical shifts of the multiplets (4H) due to the coordinated
pyridyl rings are much lower than that for the free ligand, while those in the spectra of the
spiral-like diamagnetic complex containing two N-N linkages (37) and the mononuclear
V(V) complex (36) are significantly higher. It may be concluded that in the former cases,
the influence on the chemical shits is dominated by a shielding effect, which s achieved
by the particular arrangement of the three pyridyl rings bonded at each metal center, while
the increase of the chemical shifts in the later cases simply results from the electronic

effect (coordination effect).



complexes involving open-chain diazine ligands

6.5.1 New homo- and hetero-polynuclear complexes

Because of their high flexibilty, open-chain diazine bridges in polynucleating

ligands have been proved to be of fundamental interest in many aspects e.g. magnetism,
spectroscopy, electrochemistry through the research presented herein. In order to generate
new homo- and hetero-polynuclear complexcs containing open-chain diazine units from

the available ligands studied in this thesis or relevant new ligands, several strategies, some

in this thesis, can

of which

Strategy 1

Eg

Strategy 2.

L " ining diff

diazine units , in order to tune the torsion angle between two metal
magnetic planes.
Complex 4 (see Chapter2) + PYPZ (or PMHAP or PZHPZ)

reacted with other

lear complexes. This method to make the
‘Cu(T),Fe(I) complex 40.
PHAAP + M™ (Fe(IIl), VO", etal ) in 1:1 ratio- then reacts with M™



Strategy 3. Metal exchange. This method can be used to make hetero-polynuclear or

homi nplext direct

reaction of ligand with metal salt (e.g. [(PAHAP),Ni,(H,0)]")

Eg  complex 37 reacts with M™ in 1:1 ratio — (PAHAP),CdM moiety then
reacts with M™ to produce (PAHAP),MMor directly reacts with M™ in
1:2 ratio to produce (PAHAP),M,

Strategy 4
complexes.
Eg  3PAHAP+M" — [(PAHAP)MT" then reactswith M™

652 i th transition metal

polynuclear complexes bridged by open-chain diazine moieties
‘The first magneto-structural correlation for a dicopper system bridged by one N-N
single bond has been successfully established, which might be extended to the dicopper

system containing two N-N single bonds. However, because of the coordination geometry

difference plexes (mostly 4- or S-coordination) and the other first
row transition metal complexes (usually 6-coordination), systematic variation of the
torsion around the N-N single bond in the other first row transition metal polynuclear
complexes is obviously diffcult by using only the open-chain diazine ligands presented in
this thesis. Even though the spiral-ike dimanganese(TT) and dinickel(IT) complexes, which
show a weak ferromagnetic coupling and no coupling at all respectively, seem to exhibit
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very similar orthogonal torsion angles about the N-N single bond vector to those found in
the dicopper system bridged by one N-N single bond, no further conclusions related to
magnetic exchange properties in such systems could be made. Therefore, efforts to
establish magnetostructural correlations for such systems should be towards the synthesis

and designation of suitable new ligands and  their complexes. To meet this purpose, the

Scheme 6-4

ligand shown in Scheme 6-4 (or its modified ligands) and its complexes could be
considered (in Scheme 6-4, the rotational angle ¥ will vary with the change of the

co-ligand X).
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Appendix L Variation of Cu-N-N-Cu Dihedral Angle in Model Complex 1

60.,70.,80.,90,,100,,110,,120.
240.,250.,260.,270.,280.,290.,300.
0.0.0.DU

-1 1N 0.715,180.0.

-1 2N 07150.0.

1022H 1.02,112.90
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Appendix IL. Variation of Cu-N-N-Cu Dibedral Angle in Model Complex 2
$ Cu2(pahap)Br4 rotate

22 ODIST 2 6

60..70.,80..90.,100.,110.
240.,250.,260.,270.,280.,.290.

0.0,0.DU
-1 1N 0715,180.0.
-1 2N 0.715,0.0.
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Appendix IIL Variation of Cu-N-N-Cu Dibedral Angle in Model Complex 3

$ Cu2(pahap) rotate
%0 40IST0 00

iN 07151500
-1 2N 07150.0.

930H 093,120,135,



Appendix IV.  Magnetic Momeat vs. Temperature Data of Complex 40

TK) u(BM)
4.010492324829102 5.586578845977783
7.940032482147217 5213029384613037
10.85771560668945 5.150508880615234
15.5709276}993408 5.037305355072021

9982223510742 4.959061622619629
25.43278884887695 4912238121032715
3045068359375 4.873547554016113
35.16568374633789 4.850412368774414
39.9327507019043 4.829337120056152
44.71278762817383 4.819337368011475
49.43575286865234 4.809353351593018
53.20673370361328 4.804387092590332
58.02073669433594 4.799537181854248
62.82270050048828 4.794541358947754
67.63068389892578 4.798819065093994
72.45671844482422 4.797260761260986
771.27071380615234 4.802405834197998
82.10276794433594 4.810930252075195
90.50921630859375 4.827937602996826
100.7329483032227 4.843751430511475
1109747314453125 4.851213932037354
121.1984710693359 4.862908840179443
131.4582977294922 4.878834247589111
141,6579742431641 4.895988464355469
160.9259948730469 4.92579364776113
181.3915252685547 4.942158222198486
201 8510131835938 4.961419105529785
2223045043945312 4.989858150482178
242.7760314941406 4.988963603973389
263.2355346679688 5.003232955932617
283111328125 5.02127742767334
295.1343078613281 5.021476745605469
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