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ABSTRACT

This work describes efforts towards creating chemical models for a variety of zinc
based metalloenzymes. A background on the current progress of modeling zinc enzymes
is presented, as is a brief review of zinc biochemistry.

The structure of triaquo(tris-2-pyridylphosphine)nickel(II) dinitrate is presented
and compared with its zinc analogue. Both structures have octahedral geometry with no
unusual bond lengths.

The synthesis and characterization of bis(2,4,5-tribromoimidazole)(diaquo)zinc(II)
(II) is also presented in this work. A similar compound, Zn(Im), (III) was also prepared
in this work. Both compounds were characterized by X-ray crystallography, IR
spectroscopy, and elemental analysis. Neutron crystallography was used to characterize
(II) as a peraquo species. Both (II) and (III) possess tetrahedral geometry about the zinc
atom. (III) is multiply catenated and cannot be considered as a discrete molecular species.

The pKa, of 2,4,5-tribromoimidazole, the organic ligand in (II), was measured and
found to be 10.7(2).

Bond valence theory was used to analyze (II). Extended Huckel molecular orbital
calculations were carried out on (IT). (II) was compared with a variety of other zinc-
imidazole compounds. It was discovered that (II) has unusually small carbon-nitrogen-

carbon angles within its tribromoimidazole rings. It is uncertain whether this



feature is because of the coordination of the tribromoimidazole rings to the zinc atom, or
whether it is an inherent feature of the tribromoimidazole rings.

A copper analogue of (IT) has also been synthesized and has been tentatively
assigned the formula Cu(ImBr3),(OH,), . X-ray characterization of this compound has not

yet been accomplished.
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1. INTRODUCTION AND BACKGROUND

1.1 Introduction

This work was designed to examine first row transition metal complexes of tripod-
style ligands (see section 1.2.4 below). This built upon previous work in our laboratory’,
designed to model the structure and function of metalloenzymes.

The first complex examined was a nickel compound, tris(1-methyl-2-ethyl-
imidazole)phosphine nickel(II), which we were unable to characterize properly. Further
studies on the structure of a different, but related compound (triaquo(tris-2-
pyridylphosphine)nickel(IT) dinitrate] yielded better results, but in the course of our
research, we discovered a simple ligand (2,4,5-tribromoimidazole) (I) (see section 1.2.5
below). (I) forms a complex with aqueous zinc(II) in basic solution to produce bis(2,4,5-
tribromoimidazolc)(diaquo)zinc(II}(II), which we soon realized to be a unique and
potentially useful model for a variety of zinc enzymes. If zinc(ll) is mixed with imidazole
under the same conditions, a multiply catenated structure with the formula Zn(Im), (III),
is formed. (I) also forms a complex with aqueous copper (II) (IV) in basic solution, but

characterization of the compound is incomplete.

As



The synthesis of (IT), several of its analogues, and the characterization of these
compounds by a variety of methods is the main focus of this thesis. Some theories
regarding the stability of (II) are presented. A comparison between the structural features
of (II) and relevant compounds is made. The implications of the structure of (II) towards
understanding zinc enzyme mechanisms are discussed. This thesis also presents the X-ray
structures of the nickel compounds mentioned previously. The solved structure of
[triaquo(tris-2-pyridylphosphine)nickel(II) dinitrate] is presented and compared with a

zinc analogue previously characterized by Mary Turner (see Reference 1).

The following sections outline our philosophy towards enzyme modeling with
particular regard to modeling zinc enzymes. Also, a brief review of zinc physiology and
biochemistry is included to make the reader more aware of the importance of this metal in

biological processes.

1.2 Building Chemical Models of Enzymes

1.2.1 Advantages of Chemical Models
When exploring the mechanism of enzymes, it is often useful to synthesize

chemical models of the active sites. This approach has several advantages.



(a) The characterization of small molecules by X-ray diffraction is much simpler
than the characterization of macromolecules, allowing a higher resolution picture of the

atomic structure,

(b) 1t is easier to make derivatives in order to probe the mechanism.

(c) The solubility of the model compound will likely be different from the solubility

of the enzyme, allowing a wider range of experiments to be performed.

(d) The spectroscopic characterization of the model compound is likely to be less

vague than spectroscopic observations of the macromolecule.

(e) In developing the chemistry and techniques necessary to model enzyme active
sites, new compounds and areas of research may be discovered, and our understanding of

the chemistry of the metal atoms will be enhanced.

1.2.2 Disadvantages of Chemical Models
There are, however, some drawbacks to the use of model compounds. Two
potential and related difficulties are outlined below. Both problems are an elaboration of

the obvious fact that the model compounds are not, by definition, the actual enzyme.



(a) The model compound may oversimplify the chemistry that occurs at the active
site. For instance, the interaction of residues not directly bound to the metal atom may not
be taken into account. The unique environment created in the active site of the protein
will not be reproduced precisely; important differences may arise between the chemistry of
the model compound and the chemistry of the enzyme. If these differences are not taken
into account, erroneous conclusions about the enzyme mechanism may be the result. The
defense against this problem is to take as many approaches as is possible by creating a

large variety of compounds which mimic the structure and chemistry of the enzyme.

(b) Active site models may have solubility or stability problems. These difficulties
will limit the experiments which may be performed and thus the utility of the compound as
a model for the enzyme. The solution to this problem is to effect slight variations in the
structure of the models; however, this solution creates another problem: a widening of the
difference between the model and the active enzyme. It has often been noted by scientists
who choose to take the approach of model building that the most appropriate models are

often the most difficult to synthesize!

1.2.3 Zinc Enzyme Model Categories
Models for zinc enzymes can be divided into three main categories: tripod ligands,
simple ligands, and polyamine macrocycles. An excellent review of zinc coordination

chemistry relevant to active site model building has been written by R. H. Prince?.



1.2.4 Tripod Ligands

The tripod ligands can be described as having three ligating groups joined by a
central atom. The central atom can be nitrogen, boron, carbon, or phosphorus. The
ligating group is typically a nitrogen heterocycle. Some examples are shown below in
Figure 1.2.4,

Figure 1.2.4 - Examples of Tripod Ligands

Wt Do, )

Compound A in Figure 1.2.4 was synthesized by Breslow et al.> and formed a 1:1

complex with zinc with a binding pKzaq of 8.47. A 1:1 zinc complex with compound B in



Figure 1.2.4 was prepared by Brown et al.* and showed a pKzq, value of 6.00. The
PKzum for both carbonic anhydrase and carboxypeptidase is 10.5. A zinc hydroxy
complex of compound C in Figure 1.2.4 was synthesized and characterized by single
crystal X-ray diffraction by Looney et al.’. Looney’s complex reacted instantly with CO,
in benzene to produce a carbonato complex as characterized by IR spectroscopy. The
zinc complex of compound D in Figure 1.2.4 was synthesized and characterized by

Thompson et al.®.

Tripod ligands take advantage of the chelate effect to form stable tetrahedral zinc
species. Unfortunately, the cost of employing the chelate effect is stereochemical rigidity;
this is a high price to pay if consideration is to be given to the putative tetra to penta
coordination change which has been invoked to explain the ubiquity of zinc in enzymes.
Also, the solubility and/or stability of the metal complexes with the tripod ligands in water

is often poor.

1.2.5 Simple Ligands

The initial efforts in trying to understand the chemistry of biological zinc consisted
of studies of zinc complexes of imidazole, substituted imidazoles, histidine, and related
ligands. The ligating groups of simple ligands are not joined by a central atom nor are

they linked as a macrocycle. These systems are chemically simple in comparison with the



other two approaches towards modeling zinc enzymes, yet a great deal of effort has been
applied towards trying to understand them. That is because they represent, at least

structurally, the most accurate models of the metalloenzyme active site.

These compounds do not have the advantage of the chelate effect for the
formation of stable complexes; it is difficult to obtain well defined coordination numbers,
especially lower ones (two, three, or four), with zinc complexes in solution. An excellent

study of aqueous zinc imidazole chemistry has been carried out by Sigel and Martin’ .

Sigel and Martin also showed that the characterization of zinc (II) complexes in
the solid state contrasts with the characterization of zinc (II) complexes in aqueous
solution. A recent evaluation of 490 crystal structures showed that divalent zinc has
coordination of four in 58% of the complexes. Coordination numbers five and six were

found for 13% and 27% of the complexes, respectively.

In terms of zinc-imidazole compounds, the imidazole molecule (or imidazole
derivative) can bind as neutral imidazole, in which case the doubly positive charge on zinc
must be balanced by two anions, as in (dichloro)(diimidazole)zinc(II)®. Imidazole can also
occur as a mixture of neutral and anionic ligands, as in the
{Zn(imidazole),(imidazolate); }(NOs) compound’ . {Zn(imidazole),(imidazolate); } (NOs)

comprises both terminal and bridging imidazole ligands (the neutral imidazole ligands are



terminal whereas the imidazolate ligands are bridging). The bridging imidazolate motif is
also displayed in Zn(Im),, first characterized by Lehnert and Seel'® and accidentally
reproduced in this thesis work. The zinc imidazole chains form a multiply catenated
species, in which the zinc atoms are all tetrahedrally coordinated by the nitrogen atoms of

the imidazolate ligands.

Despite the extensive characterization of zinc compounds with simple ligands, no
aquo species of imidazole coordinated zinc atoms have been characterized until now.
Such a species would be helpful towards understanding the enzyme mechanism, as the
imidazole groups would not be held in place with artificial links. It is assumed that the
histidine residues have a fair degree of flexibility within the active site of the zinc enzymes,

and thus it is likely that the complete zinc(Il) site environment dictates the coordination

geometry.

1.2.6 Nitrogen Macrocycles

Zinc (IT) complexes with nitrogen macrocycles do not suffer from the solubility
and stability problems of the tripod ligands. Two examples of nitrogen macrocycles are

shown in Figure 1.2.6 below.
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difficulty of accurately locating hydrogen atoms by X-ray analysis, the hydrogen atom
positions could not be determined directly from the crystallographic data. The assignment
of the hydrogen atoms and thus the formulation of the compound as a hydroxide species

rather than an aquo species is suspect.

Like the tripod ligands, the macrocycles take advantage of the chelate effect to
form strong complexes with zinc. They are fairly simple to synthesize and thus it is easy
to make systeinatic variations of the ligand structure in order to probe the coordination
geometry of the zinc atom and its effect on catalysis. The complexes are stable and
soluble in aqueous solution. Unfortunately, the environment around the zinc atom is only
nominally similar to the distorted tetrahedral coordination found around the zinc atoms in
enzymes (see Sections 1.7 and 1.9 for a description of zinc coordination geometry in

enzymes).

Despite the only slight similarity between the model and an enzyme such as
carbonic anhydrase (see Section 1.10 for a description of this enzyme), the pKa value of
the bound water atom in Zn(II)(OH;)12[ane]Ns is very close to that of carbonic
anhydrase. The bound water molecule has a pKa of 8.7 compared to a pKa of 7.3 for CA.
Also, the affinity constants for a series of ions (OH > CH;CO,'> SCN' >I'>Br>CI'>F)
show trends similar to those for carbonic anhydrase (the thiocyanate and acetate ions

switch places in the order for carbonic anhydrase). With regards to catalysis, the second
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order rate constant value for the hydration of acetaldehyde (this value is technically easier
to obtain then the value for the hydration of carbon dioxide) by Zn(II)(OH;)12[ane]Ns; is
approximately 200 M's™, which is one seventh the value determined for carbonic
anhydrase. The large discrepancy has been attributed to the overall difference in the zinc
environment in the model compound and the actual enzyme; the enzyme will have
hydrophobic pockets which may very well help to bind the substrate initially and then eject
it after catalysis. As previously discussed in Section 1.2.2, this difference is an inherent

problem with any chemical model of an enzyme active site.

The Zn(II)(OH;)12[ane]N; complex also shows activity towards carboxylate and
phosphate substrates, making it a viable model for enzymes like carboxypeptidase and
alkaline phosphatase. Despite their minimal structural resemblance to the biological
archetypes, the nitrogen macrocycles have been the most successful ligands for modeling
the zinc enzyme active sites. Their success is likely caused by a combination of the
stability given by the chelate effect with the flexibility afforded by the macrocyclic
structure. The stability, solubility, and relatively easy synthesis of these ligands have made

them a vast improvement over the tripod ligands.

1.3 Natural Abundance of Zinc

The body uses several first row transition and group IIB elements such as iron,

manganese, copper, and zinc. Of these four metals, zinc is the most widely used in
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biological systems. The special role of zinc in living organisms is highlighted by its
moderate abundance in nature: at 0.02 weight percent, it is the 27th most abundant
element in the earth’s crust. This can be compared to iron (4.2 weight per cent),

manganese (0.1 weight per cent), and copper (0.01 weight per cent)'*.

1.4 Zinc in the Body
A healthy adult human body weighing 70 kg contains 2 to 3 grams of zinc'*. The
daily requirement of zinc for that same human is in the range of 10-15 mg/day and is
increased up to 25 mg/day for pregnant women'®. The body loses approximately 5
mg/day of zinc through excretion, urination, sweat, and the sloughing of dead skin cells'®.
More than 99% of bodily zinc is intracellular'’ and tightly bound into proteins.
The remaining zinc can be found in the blood serum, bound mainly to what is thought to
be albumin, a transport protein.'® Particularly high concentrations of zinc are found in the

eye, the hippocampus, the prostate, prostatic secretions, and sperm'” .

1.5 Zinc Pathology

Subjects deficient in zinc show a wide range of symptoms including lethargy,
rough skin, absent pubic and auxiliary hair, hypogonadism, undescended testes, dwarfism,
and hepatosphlenomegaly®®. Pathogenesis from zinc excess is virtually nonexistent: brass
chills (resulting from the inhalation of zinc during the smelting process) is the only well

established toxic manifestation of zinc. The disease is never fatal and is completely
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reversible upon removal of the zinc fumes®' . Zinc is the only pre-, post-, or transitional

metal that is essentially nontoxic® .

A recent exception to the lack of zinc toxicity was revealed by the clinical findings
of Masters et al.> who showed that zinc supplements exacerbated the symptoms of
Alzheimer’s disease in a handful of patients. These findings were substantiated by the
work of Tanzi** et al. who reported that physiological levels of zinc could induce tinctorial
amyloid formation in solutions of human A4 protein. The formation of A} amyloids in
the neural tissue of subjects suffering from Alzheimer’s disease has been well established;
however, it is still not certain whether the amyloids are a symptom or a cause of the
disease. Tanzi’s result was underscored by his discovery that the same conditions will not
induce amyloid formations in rat AP0 solutions. Rats are immune to the formation of the

brain amyloids characteristic of Alzheimer’s disease.

1.6 Zinc Proteins

Obviously, zinc is an important biological metal. Biological zinc is found
exclusively as the divalent cation and, as mentioned above, nearly all (99%5 of zinc is
bound into proteins. Examples of zinc enzymes can be found in all six enzyme classes
(oxidoreductases, transferases, hydrolases, lyases, isomerases, and ligases). A survey of

these enzymes from Vallee and Falchuk’s excellent review” on zinc physiology is



reproduced in Table 1.6 below. Note that in approximately one third of the known zinc

containing enzymes, the role of the zinc atom has not yet been determined.

Table 1.6 - Zinc Enzymes

Name Source Role’  Name Source Role
Class I Class 11
(Oxidoreductases) (Hydrolases)
Alcohol yeast, vertebrates, C, s Leukotriene A, human c
Dehydrogenase plants hydrolase
Sorbitol dehydrogenase  vertebrates c Alkaline mammals, c,ca
phosphatase bacteria
D-Lactate bamacles, ? 5’-Nucleotidase bacteria, ?
dehydrogenase bacteria lymphoblast,
plasma
D-Lactate cytochrome  vertebrates, ca Phosphodiesterase ~ snake venom c
reductase plants
Superoxide Dismutase  fungi, bacteria ? Nuclease microbes ?
Class 11 (Transferases) Aminopeptidase mammals, c,ca
fungi, bacteria
Transcarboxylase P. shernamii ?
Astacin crustacea c
Aspartate E. coli 3
transcarbamylase
Thermolysin bacteria c
Phosphoglucomutase yeast ?
Carboxypeptidase vertebrates, c
crustacea,
plants, bacteria
RNA polymerase wheat germ, c
bacteria, viruses
Elastase P. aeruginosa c
Reverse transcriptase oncogenic viruses ¢
Collagenase mamimnals, c
bacteria
Nuclear poly (A) rat liver, virus c
polymerase
B-Lactamase II B. cerus, P. c
maltophila

* c= catalytic, ca=cocatalytic, s=structural, ?=unknown (see Section 1.9)



Continuation of Table 1.6 - Zinc Enzymes

15

Name Source Role’  Name Source Role
Class IV (Lyases) Class V
(Isomerases)
Fructose-bisphosphate  yeast, bacteria c Phosphomannose yeast ?
aldolase isomerase
1-Rhamnulose-1- E. coli c DNA E. coli ?
phosphate aldolase topoisomerase I
Carbonic Anhydrase animals, plants c Class VI (Ligases
Glyoxalase I mammals, yeast ¢ tRNA synthetase E. coli, B. c
stearothermop-
hilus
Pyruvate yeast, bacteria ?
carboxylase

1.7 Zinc Ligation

Biological zinc is typically bound to sulfur atoms (cysteine residues), oxygen atoms

(water, aspartic acid, glutamic acid), but is most often bound to the nitrogen atoms of the

histidine residue (see Figure 1.7 for the structures of the amino acids mentioned). A

survey of the ligation to biological zinc atoms can be found in Vallee and Falchuk’s review

on zinc physiology and is reproduced in Table 1.7 below.

¥ c= catalytic, ca=cocatalytic, s=structural, ?=unknown (see Section 1.9)
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Figure 1.7 Amino Acids which Bind to Zinc

Ny _-NH

Histidine (His)

NH3\ ,COz'
R General Amino Acid
yd Coz' \/COZ- /S H
Aspartate (Asp) Glutamate (Glu) Cysteine (Cys)

Table 1.7 Ligation of Zinc in Selected Enzymes

Enzyme Ligand 1 Ligand2 Ligand3 Ligand4
Alcohol Dehydrogenase Cys His Cys H;O
Alcohol Dehydrogenase? Cys Cys Cys Cys
Carboxypeptidase A/B His Glu His H,O
Thermolysin His | His Glu H,O
B. Cereus Neutral Protease  His His Glu H,O
Carboxypeptidase D His His His H,O
B-Lactamase His His His H,O
Phospholipase C His Glu His H,0
Alkaline Phosphatase Asp His His H,0
Carbonic Anhydrase IandII  His His His H,O

*The first entry is for the catalytic zinc site while the second listing is for the structural zinc site
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1.8 Chemical Properties of Zinc
There are several properties of zinc which make it an important metal in biological

systems.

(a) Under physiological conditions, it will not undergo redox reactions (divalent

zinc is a d'° ion).

(b) It is an amphoteric ion and can exist as either an aquo or a hydroxo ion at

physiological pH (approximately 7).

(c) Because the d-orbitals of zinc are full, it has .a variable coordination sphere and
is able to adopt a large variety of coordination geometries. The typical coordination
number of biological zinc ranges from four to six and it displays all of the coordination
geometries available within this range (tetrahedron, trigonal bypyramid, square pyramid,

and octahedron).

(d) The flexibility of the zinc coordination sphere allows it to submit to the
stereochemical demands of its environment, giving it a wide variety of chemical activities.
Protein structures affect the chemistry of bound zinc as much as zinc, in turn, affects the

conformation and adaptability of these large macromolecules.
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1.9 Zinc Motifs in Proteins

Zinc atoms in proteins can be divided into four categories: catalytic, cocatalytic,

structural, and zinc in metallothioneins.

1.9.1 Catalytic Zinc Sites

Catalytic zinc atoms are necessary for the enzyme to function - they are directly
involved in the catalytic process. Two examples of enzymes with catalytic zinc atoms are
carboxypeptidase and carbonic anhydrase. The former has catalytic properties towards
macromolecules (it cleaves C-terminus residues) whereas the latter has catalytic properties
towards small molecules (it catalyzes the interconversion between carbon dioxide and the
bicarbonate anion). In both cases, the bound zinc atom is in the active site of the enzyme.
Catalytic zinc is generally ligated by two or three histidine residues in a tetrahedral

geometry with water always occupying one of the vertices of the tetrahedron.

1.9.2 Cocatalytic Zinc Sites

Cocatalytic zinc atoms exist in close proximity to other zinc or magnesium atoms.
The metal atoms are usually ligated by histidine residues and are bridged by aspartic or
glutamic acid residues. These metal clusters then act as a catalytic unit. Examples of
enzymes with cocatalytic zinc sites include alkaline phosphatase, which contains two zinc

atoms and one magnesium atom at its active site; and leucine aminopeptidase, which has
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two zinc atoms at its active site. The former catalyzes the hydrolysis of phosphate esters,
whereas the latter is responsible for the cleavage of N-terminus peptide bonds.

Cocatalytic zinc atoms are not indispensable for enzyme activity or stability®.

1.9.3 Structural Zinc Sites

Structural zinc atoms are, as the name implies, responsible for enzyme structure.
They do not play an active catalytic role, but rather stabilize the tertiary and quaternary
structure of the protein in which they are found. An important example of a structural
zinc site is alcohol dehydrogenase. Alcohol dehydrogenase is the enzyme which allows the
body to process ethanol by converting it into acetaldehyde. The enzyme contains both a
catalytic and a structural zinc site with the structural zinc atom bound tetrahedrally by four
cysteine residues.

Another interesting example of a structural zinc site is revealed upon examining
zinc’s role in genetic processes. Several nucleoproteins directly involved with the
replication and transcription of DNA have been shown to contain structurally important
zinc atoms. A common motif in these proteins (as exemplified by Transcription Factor
IIIA?") is the tetrahedral ligation of zinc by conserved cysteine and histidine ligands. This
results in a loop containing the DNA binding domain of the protein in the sequence
between the ligating cysteine and histidine residues. This is commonly referred to as a
zinc finger”® . Up to 500 nucleoproteins are thought to contain zinc as an integral part of

their structure.
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1.9.4 The Metallothioneins

Metallothionein was first isolated as a cadmium and zinc-containing species®. It
contains 7 gram atoms of zinc or cadmium per mole of protein and has a primary structure
which is thirty per cent cysteine residues. Metallothioneins containing copper, iron, and
mercury have also been isolated. The function of metallothionein is not yet completely
known, but it is thought to play a role in removing heavy metals from the body, stabilizing

membranes, scavenging for radical ions®® and regulating zinc and copper metabolism.

1.10 Carbonic Anhydrase

To illustrate how zinc can assist a biological process, we will now take a detailed
look at the enzyme carbonic anhydrase. Carbonic anhydrase is found in both plants and
animals, and its only known biological function is to catalyze the interconversion of CO,

and HCOy', as shown below in Equation (1.10).

CO,+H,0 & H'+HCOy Equation 1.10

As shown in Table 1.7, the active site of carbonic anhydrase consists of a divalent
zinc atom bound tetrahedrally to three histidine residues and one water molecule. This

information was obtained from X-ray diffraction. Two other residues in the active site,
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neither of which are bound directly to the zinc atom are threonine (Thr-199) and
glutamine (Glu-106). Thr-199 and Glu-106 play an important role in the hydrogen
bonding network of the active site by acting as a proton shuttle® . There are also several

water molecules in the active site which are considered to be of functional importance® .

The pKa value of about 7 for carbonic anhydrase results from the deprotonation of
a species in the active site of the enzyme. Many candidates for the acidic species have
been suggested, including a zinc bound imidazole group, but the consensus is that it is a

water molecule bound to the zinc atom®.

The role of the zinc bound molecule has been supported by ab initio calculations
which show that the deprotonation of zinc bound water is more favorable than either the
deprotonation of zinc bound imidazolium or that of imidazole itself**. The use of ab initio
and semi-empirical approaches to modeling the enzyme mechanism has been justified on
the basis that there are very few solvent molecules in the active site, making the process

similar to a gas phase reaction.

The above results have been used to reject any mechanisms which involve the
deprotonation of an imidazolium ion rather than a zinc bound water atom. By rejecting
such mechanisms, workers have come to the conclusion that the role of zinc is to reduce

the pKa of bound water by electrostatic interaction, while at the same time allowing the
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hydroxyl group to retain sufficient nucleophilic character to attack CO,. This mechanism
is depicted in Figure 1.10.

Figure 1.10 - Carbonic Anhydrase Mechanism®®
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As shown in Figure 1.10, the zinc-water (1) species is first deprotonated, followed
by a nucleophilic attack upon CO;, by the resulting zinc-hydroxide species (3), forming the
zinc-bicarbonate complex (5). The bicarbonate anion is then displaced by the water
molecule(s) contained in the carbonic anhydrase active site, reforming 1, from which the

catalytic cycle continues. Solvent isotope studies of carbonic anhydrase have shown that



23

at high buffer concentrations (which mimic physiological pH) the likely rate determining
step in this catalytic cycle is the intramolecular proton transfer from 1 to a proton acceptor
(possibly a water molecule or a non-zinc bound imidazole molecule such as His-64) in the
active site (1-»2). At lower buffer concentrations the intermolecular proton transfer is
rate determining (2-»3). The effect of buffer upon the enzyme mechanism has been
discussed by Silverman and Lindskog®®. Once the intramolecular proton transfer is
complete, the proton is then transferred from the proton acceptor to a buffer in the

surrounding medium (2->3).

For the formation of the zinc-bicarbonate species, two basic mechanisms have been
proposed: in the first the oxygen atom attacks the carbon atom of CO, directly (an outer
sphere mechanism) while the second has the CO, oxygen atom coordinating to the zinc

atom followed by an attack of the oxygen atom of 2 (an inner sphere mechanism).

Finally, the loss of the bicarbonate anion is thought to be facilitated by a water
molecule in the carbonic anhydrase active site and by a simultaneous loss, from the water
molecule, of a proton to a residue in the enzyme, which then completes the catalytic cycle

by regenerating 1.



2. EXPERIMENTS

2.1 Crystallography

Single crystal X-ray and neutron crystallography were the major analytical tools
used in this work to characterize the compounds being studied. The experimental details
regarding neutron crystallography are presented in Section 2.3. This section gives the
experimental details regarding X-ray crystallography. The theoretical basis of single
crystal X-ray crystallography is discussed briefly and has been treated in detail by

Buerger”’ , Luger®®, and Stout and Jensen® .

2.1.1 Crystal Preparation

The crystals for the diffraction experiments were obtained by a slow evaporation of
- the reaction medium (up to two weeks). Because of the insoluble nature of the

compounds studied in the course of this work, recrystallizations were not attempted.

The dimensions of the crystals chosen for the diffraction experiments ranged from
0.02 mm to 0.5 mm. Crystals of this size will provide adequate diffraction intensity and
are uniformly bathed by the incident X-ray beam. The quality of the crystals chosen for a

diffraction experiment were judged according to cleanness, uniformity, and extinction

24



25

property. Sharp, complete extinction upon each 90° rotation of the crystal under crossed
polarizers should be observed for single crystals which do not have a three fold axis as a
symmetry element. The crystals chosen were mounted on a 0.05mm to 0.2mm diameter

glass pins with epoxy cement.

Crystal densities were measured by suspending the crystals in a mixture of two
miscible liquids, one less and one more dense than the crystal. The measurements were
performed in triplicate and typically had errors less than +0.005 gml™. Literature values

are typically quoted with an error range of +0.02 gml™.

The observed density of the crystal (pws) Was compared to the calculated density

of the crystal (pcac). Equation 2.1.1 shows how pcuc was calculated

Peaic = (M)(Z)/(0.6022)(V)  (g)(cm™) Equation 2.1.1

where M is the gram molecular weight, Z is the number of molecules in a unit cell, and V
is the volume of the unit cell in cubic angstroms. Good agreements between Poys and Peaic

were observed for the compounds studied in this work.
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2.1.2 Data Collection

Unit cell determination and intensity data collection were performed on a Nicolet
P3 diffractometer. The diffractometer was controlled through software run on a Vax
workstation running P3 softwear. Crystals were centred optically and, if possible, with the
longest axis aligned close to the -2 axis on the diffractometer, in order to minimize

errors in absorption correction.

The incident beam was generated by a Ag X-ray tube with power settings at 25 kV
and 15 mA. The beam was passed through a graphite monochromator (to isolate the K,
peak (A=0.56086 A) and then through a collimator in order to get a beam of uniform

dimensions.

A random search of reciprocal space was performed to find 25-30 reflections. A
search for possible supercells was done automatically. The determination of accurate cell
parameters, the orientation matrix, and the Laue group were also done automatically. The
resulting information was used to drive the diffractometer to appropriate angles for hkl

data collection.

Intensities were measured with a scintillation counter and then passed onto a Sun

computer for processing. Individual reflections were measured with either an ® scan or a
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0,20 scan (only one type of scan was used for any one specimen) to avoid intensity

overlap between neighbouring reflections.

An upper value of 20 was selected based on the diffracting power of the crystal.
Scans were made from 1.0° below the Ky position to 1.0° above the Ky, position. The

scan rate for each reflection was determined by the diffractometer software.

Two or three check reflections were chosen to be measured every 97 reflections.

The check reflections were used to monitor both the instrument and crystal stability.

Absorption corrections were accomplished by either the y-scan*® or the Gaussian
technique*' . The indexing of individual crystal faces for the Gaussian technique was
accomplished by optically aligning the crystal face perpindicular to the incident beam and
then cross-referencing the diffractometer settings to previously indexed values. The
crystal dimensions (for the y-scan) and the dimensions of individual crystal faces (for the
face-indexing) were measured with the use of a microscope connected to a television

monitor which was calibrated with a standard ruler.

More details about data collection can be found in the Nicolet P3 diffractometer

manual®? .
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2.1.3 Structure Solution and Refinement

The scattering factor of an atom (f) is shown in Equation 2.1.3(a).

f=f exp[-B(sin’0)/A?] Equation 2.1.3(a)

where f, is the scattering factor of a spherical atom and is a function of atom type and
[sin6/A]). Values of f, against [sin6/A] for all stable elements have been tabulated with
anomalous dispersion corrections® . B is the temperature factor, which is related to the

mean-square amplitude of atomic vibration.

For a crystal with a known structure, the structure factors can be calculated (F.)

for each reflection at hkl, according to Equation 2.1.3(b).

F(hkl)=Efexp[2mi(hx;+ky;+lz))] Equation 2.1.3(b)

where fj is the scattering factor of the jth atom, and x;, y;, z; are the positional parameters

of that atom. The sum is done over all atoms in the unit cell.
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If all of the structure factors of the hkl reflections are known, the electron density
(p) at any point (x,y,z) inside the unit cell can be calculated by a Fourier synthesis, as

shown in the two equivalent expressions Equation 2.1.3(c) and Equation 2.1.3(d).

p(x,y,z)=(1/V) ZXZFy, exp[-2ni(hx+ky+1z)] Equation 2.1.3(c)

p(%,y,2)=(1/V) ZEX | Fua | exp[-2mi(hx-+ky+1z-0t1)] Equation 2.1.3(d)

where V is the volume of the unit cell, and oty is the phase angle. The summations are

done over all h,k, and 1.

In practice, it is the moduli of the structure factors, | Faa | , that are observed.
Phases for each reflection have to be determined. The direct method was used in this
work to determine the phases associated with the individual structure factors.

The direct method uses probability to assign phases directly to a series of related
reflections. The relation among the reflections is that the indices of one of them must be
expressible as the sum of the indices of the other two. In practice, it is only necessary to

phase about 10% of the reflections (the strongest reflections are used) to obtain a
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recognizable picture of the molecular structure. The phases of the F, values are assigned
to the corresponding F, values. An improved solution is obtained after another Fourier
synthesis which uses all of the assigned F, values. A complete structure solution is
obtained from difference Fourier syntheses. The difference Fourier syntheses were carried
out after least squares refinement of positional, occupational, and thermal parameters.

The difference Fourier synthesis results in unassigned peaks of electron density (Ap), as

shown in Equation 2.1.3(¢e)
Ap=(1/V) 222 ( |Fo | - | E. |) exp[-2mithx + ky + 1z - o)] Equation 2.1.3(e)

where 0 is the phase determined for F.. Missing atoms appear as postive peaks in the

difference map; improperly assigned atoms appear as negative peaks.

Raw structures were refined by the method of least-squares. Refinements were
done against F* values. Refining against F* values allows all reflections with I > -307 to be
used during the refinement stages. Full-matrix least-squares minimized the function shown

in Equation 2.1.3(f).

zo(|F, |2 - |KF, |%? Equation 2.1.3(f)
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where wis an overall scaling factor and k is a scaling factor necessary to avoid false
minima. The summation is over all hkl. Atomic positional parameters, site occupancy
factors, temperature factors, and the overall scaling factor were varied. A difference
Fourier synthesis was performed after each refinement. Peaks from the difference map can
guide the refinement towards the most accurate solution. This process is repeated until all
of the parameters effectively cease to vary, and the difference map is essentially flat. The
quality of the final solution can be judged according to the R, Ry, and S values shown in
Equations 2.1.3(g-1). The R value is calculated for F, usually with a cutoff of between two

and four sigma. The R,, value is calculated for F* and is generally twice the value of R.

R=2(F |- |E[)/z |F]| Equation 2.1.3(g)
R.=[2w (|F [2- |R [9?/2 |R, |92 Equation 2.13(h)
S = [Ew (|F, > R |92 /M-N)12 Equation 2.1.3()

where w is the weight, M is the number of observed reflections and N is the number of

parameters refined. The sums are over all reflections.

Further details about structure solution and refinement can be found in the

references mentioned above.
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2.2 Experimental Details Regarding Individual Samples

2.2.1 Triaquo(tris-2-pyridylphosphine)nickel(IT) dinitrate

X-ray quality crystals for triaquo(tris-2-pyridylphosphine)nickel(II) dinitrate were
grown by recrystallization from a water/methanol mixture. Triaquo(tris-2-
pyridylphosphine)nickel(IT) dinitrate crystallizes with one molecule of water. The crystal
was mounted on a glass pin for data collection. Unit cell parameters were refined by a
least-squares fit of 40 reflections at 20 angles between 14.47° and 32.97°. A psi-scan was
made to correct for absorption problems, with the approximation that the crystal was an
ellipsoid. An mscan was used to obtain intensity data. The structure was solved by direct
methods. The space group was initially chosen to be P2,/n based on systematic absences
and a Wilson test which indicated that the space group was likely centrosymmetric. A
second solution was done in P2, (a non-centrosymmetric space group) to help model
disorder problems in the nitrate molecules, the ring carbon atoms, and the coordinated
water molecules. This resulted in two identical molecules of triaquo(tris-2-
pyridylphosphine)nickel(Il) dinitrate in the asymmetric unit. There was a high correlation
(approximately 0.9) between the positional and thermal parameters of the two molecules
during the refinement. Hydrogen atoms were placed in calculated positions with fixed
temperature factors. Scale, positional parameters, and the anisotropic temperature factors

for the remaining atoms were varied to minimize the least squares function (Equation
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2.1.3(e)). Because of a slight disorder problem with the coordinated oxygen atoms, the
anisotropic temperature factors of two of the coordinated oxygen atoms were restrained
to make the Uj; factors approximate isotropic behaviour (O2 and O3). Further details

regarding the specimen, the data collection and refinement are given in Table 2.2.1.
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Crystallographic Parameters forTriaquo(tris-2-pyridylphosphine)nickel(Il) dinitrate

Formula / Formula weight
Crystal colour / shape / size (mm)
Space Group

Incident Radiation (A)

Unit cell parameters (A and degrees)

Volume (A% /Z

Pealc

26 Range (degrees)

Indices Range

Temperature (°C)
Absorption coefficient (mm'l)
Transmission factor range

Standards / Decay

# of Reflns Measured / # of Unique Reflns
Rinl

F(000)

# of Parms for Refinement / # Restraints
R /Ry

Final A 6" -- Maximum / Average

Final Difference map -- Max / Min (e A?)
Weighting

S

Cis Hyo Ns Ni O P / 520.04

purple / needle / 0.22 X 0.22 X 0.84
P2,

Ag K, (0.56086)

a=8978(2) b=16.748(3) c=13.919(3)
o =90.00 B =91.90(3) y=90.00
2091.8(7)/ 4

1.651

3.6<206 <50.28
-1<h<13,-1<k25,-21 <1<21
22(1)

0.564

0.683-0.718

3 standards checked every 97 measurements
varied from 0.9817 to 1.0012

9595 /8265

0.041

1072

377113

0.045 /0.097

1.050/0.141

0.31/-0.30

w= [0’ (F.)+(0.0300P)’P]"  P=(F,’+2F.’)’
0.78
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2.2.2 Bis(2,4,5-tribromoimidazole)diaquozinc(II)

Crystals were grown over a two week period by allowing the reaction mixture
filtrate to evaporate slowly at room temperature. The infrared spectrum of the precipitate
which formed during the reaction was identical with that of the single crystals. A crystal of
irregular shape (0.17mm X 0.15mm X 0.05mm) was cut from the larger crystals and used for
single crystal X-ray structure determination.The crystal density was measured by suspension
in a solution of bromoform and methanol. The crystal was mounted on a glass pin for data
collection. Unit cell parameters were refined by a least-squares fit of 23 reflections at 26
angles between 14.5° and 29.3°. A psi-scan was made to correct for absorption problems,
with the approximation that the crystal was lamellar. A 6,26 scan was used to obtain
intensity data. The structure was solved by direct methods. The positions of the
hydrogen atoms were determined by the neutron diffraction study (see Section 2.3). The
hydrogen atom site occupancy factors were each fixed at 0.67. The oxygen-hydrogen
bond lengths were refined against the X-ray data with the use of fixed isotropic
temperature factors. The zinc atom was located on the two-fold axis and fixed in the x,y,
and z directions (i.e. only the anisotropic temperature factors were refined). Scale,
positional parameters, and the anisotropic temperature factors for the remaining atoms
were varied to minimize the least squares function (Equation 2.1.3(f)). Further details

regarding the specimen, the data collection and refinement are given in Table 2.2.2.
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TABLE 2.2.2 Crystallographic Parameters for Bis(2,4,5-tribromoimidazole)diaquozinc(II)

Formula / Formula weight

Crystal colour / Shape / Size (mm)
Space Group / Cell Setting
Incident Radiation (A)

Unit cell parameters (A and degrees)

Volume (A% /2

Peatc / Povs (Mg m™)

26 Range (degrees)

Indices Range

Temperature (°C)

Absorption coefficient (mm™)
Transmission factor range

Standards / Decay

# of Reflns Measured / # of Unique Reflns
Riy

F(000)

# of Parameters for Refinement / # Restraints
R/R,,

Final A 6" -- Maximum / Average

Final Difference map -- Max / Min (¢ A®)
Weighting

S

Ce¢HsBrgN4O,Zn / 708.96

colourless / irregular / 0.17 x 0.15 x 0.05
Aba2 / Orthorhombic

Ag K, (0.56086)

a=1.4140(2) b=15.348(3) c=9.547(2)
a=p=y=90.00

1676.3(6) / 4

2.809/2.77(1)

4.18 <260 <40.1
-1<h<13,-18<k<1,-11<IL 11

22(1)

8.424

0.657 - 1.000

3 standards checked every 97 measurements varied
from 0.9847 to 1.0303

1875 /1584

0.0328

1296

87/1

0.0440/0.0715

0.004 /0.000

0.520/-0.451

w= [02(F,2)+(0.0410P))]!  P=(F,%4+2F 2

0.921
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2.2.3 Catena di-p-imidazolatozinc(II)

The crystal density was measured by suspension in carbon tetrachloride. The
crystal was mounted on a glass pin for data collection. Unit cell parameters were refined
by a least-squares fit of 33 reflections at 20 angles between 14.72° and 29.60°. The (100),
(-100), (110), (1-10), and the (-110) faces of the crystal were indexed and measured and
used in a Gaussian absorption correction. An scan was used to obtain intensity data.
The structure was solved by direct methods. Hydrogen atoms were placed in calculated
positions with fixed isotropic temperature factors and not refined. Scale, positional
parameters, and the anisotropic temperature factors were varied to minimize the least
squares function (Equation 2.1.3(f)). Further details of the data collection and refinement

are given in Table 2.2.3.
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TABLE 2.2.3 Crystallographic Parameters for Catena di-p-imidazolatozinc(II)

Formula / Formula weight

Crystal colour / Shape / Size (mm)
Space Group / Cell Setting
Incident Radiation (A)

Unit cell parameters (A and degrees)

Volume (A% /Z

Peatc / Pos (Mg m™®)

20 Range (degrees)

Indices Range

Temperature (°C)

Absorption coefficient (mm™)

Transmission factor range

Standards / Decay

# of Reflections Measured / # of Unique Reflections
Rim

F(000)

# of Parameters for Refinement / # Restraints
R/R,

Flack Parameter

Final A "' -- Maximum / Average

Final Difference map -- Max / Min (¢ A®)
Weighting

N

Ci2 Hi; Ng Zn, / 399.04
colourless / needles / 0.14 x 0.10 x 0.09
I4,cd / tetragonal
Ag K. (0.56086)
a=23.408(5) b=23.412(5) c=12.413(2)
a=p=v7=90.00
6802.7(23)/ 16
1.558 /1.59(2)
3.88 <26 <40.08
0<h<28,0<k<28,-13<I<15
22(1)
1.489
0.731-0.771
3 standards checked every 97 measurements varied
from 0.9866 to 1.0210
5393 /2752
0.0579
3200
199/1
0.08 /0.0584
-0.03(4)
0.00/0.04
0.31/-0.26
w= [0°(F.)+(0.0138P)*]"  P=(F,’+2F.%)’

0.810



40

Alpha OpenVMS system. This software incorporates programs taken from the public

domain such as ortep, orfls, and orffe.

A radial scan was used for data collection. The radial scan was developed at Oak
Ridge Laboratories. A 6/20 scan is along the diffraction vector, and an o scan is
perpendicular to the diffraction vector. A radial scan is along the radius of Ewald's sphere.
As a result, the radial scan is equivalent to the ® scan at 20=0° and equivalent to the 6/20

scan at 20=180°,

Three reflections [(020), (002), (-1-20)] were chosen as standards and monitored
every 27 measurements. No appreciable decay of these standards was observed. Data
was collected for 3.5° < 20 < 50°. After the data collection, a y-scan was used to correct

for absorption.

The unit cell and its contents as obtained from single crystal X-ray analysis, with
the exception of the atomic hydrogen positions, was used as a starting point for the least

squares data refinement. The hydrogen positions were located by difference Fourier maps.
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2.4 Vibrational Spectroscopy

Infrared spectra were recorded on a Bio Rad FT'S-40 spectrometer. Solid samples
were prepared as KBr pellets (1-5%). Spectra were calibrated against a polystyrene
sample. The sample chamber was purged with dry nitrogen. The empty sample chamber
was scanned to provide a background spectrum, which was subtracted from the sample
spectrum. For both background and sample specta, a total of 16 scans at 2 cm™ resolution
were performed before applying a Fourier Transform to provide a spectrum. For sample

spectra, baseline corrections were performed manually.

2.5 Elemental Analysis

Elemental analyses were performed by Guelph Chemical Laboratories in Guelph,

Ontario, Canada.

2.6 Synthetic Procedures

All chemicals were from the Aldrich Chemical Company and the BDH Chemical

Company and used without further purification.
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2.6.1 Preparation of 2,4,5-tribromoimidazole (I)

2,4,5-tribromoimidazole (I) was prepared by the method of Wahren**. The melting
point (212-216°C, decomposition) matched the literature value (213-215°C). Experimental
results (infrared, pKa measurements) indicated that it was the acetate salt of the protonated

form of 2,4,5-tribromoimidazole which was actually isolated from this preparation.

2.6.2 Preparation of bis(2,4,5-tribromoimidazole)diaquozinc(Il) (II)

Compound (IT) was formed by dissolving tribromoimidazole (0.28g, 0.9 mmol) in
concentrated NHsOH (20 ml). Zn(NO;),'6H,0 (0.091 g, 0.3 mmol) was added to the resulting
solution. A colourless precipitate formed within 5 minutes which was isolated from the
solution by filtration. The filtrate was allowed to stand for 2 weeks, which resulted in the
formation of large transluscent yellow single crystals. The infrared spectrum of the colourless
precipitate was identical to that of the single crystals. The yield was 80% (0.17 g, 0.24 mmol).
The melting point of the single crystals was greater than 360°C. Elemental analysis: found (C
10.4%, H 0.8%, N 11.7%, Zn 7.7%, Br 67.5%) expected (C 10.2%, H 0.6%, N 7.9%, Zn

9.2%, Br 67.6%).
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2.6.3 Preparation of deuterated form of bis(2,4,5-
tribromoimidazole)diaquozinc(Il) (II-D)

The preparation of (II-D) was the same as for (IT) (given in 2.6.2), except that
concentrated ND,OD was used in place of concentrated NH4OH. An IR spectrum of the
colourless precipitate was taken for comparison with the non-deuterated sample. No
single crystals were obtained. The powder X-ray diffraction pattern (Section 3.3.3) was

identical to that of the non-deuterated sample.

2.6.4 Preparation of Catena di-p-imidazolatozinc(IT) (III)

The synthesis of (III) was similar to the synthesis of (I) except that imidazole was
used instead of tribromoimidazole. Imidazole (6.84 g, 10.1 mmol) was dissolved in
concentrated NH,OH. Zn(NOs),6Hy0 (2 g, 6.7 mmol) was added to the resulting solution.

A colourless precipitate formed within five minutes and was isolated from the solution by
filtration. Colourless, transparent, needle-shaped single crystals precipitated from the
filtrate within two days. The melting point was greater than 360° C. The infrared spectra of
the colourless precipitate and single crystals matched exactly. The yield was 90% (1.2g, 6
mmol) Elemental analysis: found (C 35.7%, H 3.1%, N 28.1%) expected (C 35.9%, H 3.0%,

N 28.0%).



2.6.5 Preparation of bis(2,4,5-tribromoimidazole)diaquocopper(Il) (IV)
Compound (IV) was prepared in a manner similar to (II) except that copper nitrate
was used in place of zinc nitrate. Tribromoimidazole (1.5 g, 4.9 mmol) was dissolved in 30 m!
of concentrated NH,OH. Cupric nitrate (0.40 g, 1.6 mmol) was added to the resulting
solution. The solution went from blue to colourless as dark red crystals precipitated. The
crystals were birefringent, displaying either a dark red or a dark green colour when viewed
under the microscope. The crystals were able to extinguish plane polarized light but were
unsuitable for X-ray diffraction. The infrared spectrum of the product was similar to the
infrared spectrum of (II) (comparison is shown in Section 3.5). The yield was 75% (0.85 g,
1.2 mmol). The melting point of the crystals was 140°C -143°C with decomposition.
Elemental analysis: found (C 10.0%, H 0.8%, N 11.6%, Cu 6.4%, Br 69.5%) expected (C

10.2%, H 0.6%, N 7.9%, Cu 9.0%, Br 67.8%).

2.7 Titration Data

The titration of ImBr; (I) was performed with a Tanager Scientific Systems 8901
autotitrator. The sample was stirred and purged with nitrogen during the measurement. A
background sample was run to correct for any carbonate which may have been present in the
systeﬁ A 0.1 M KCl solution was added to all solutions to level the background electrolyte

concentration.
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The pKa value was determined from the inflection point in a plot of pH versus time on
the titrator (see Figure 3.2(a)). The error was derived from the width of the peak in the plot of
the rate of change of the pH with respect to the time versus time (see Figure 3.2(b)). The pKa
value for () was determined to be 10.7(2). The second pKa value could not be obtained

because the diprotonated molecule was insoluble in water.

2.8 Molecular Orbital Calculations

Molecular orbital calculations on (II) were performed with CACAO software
package® . The Z-matrix reference system was used to define the molecular geometry. The
results from the Z-matrix file were compared against a similar file defined solely by
crystallographic coordinates. The comparison was exact, meaning that the Z-matrix file

defined a molecule with the same geometry found in the crystal structure of (II).



3. RESULTS

3.1 Triaquo(tris-2-pyridyiphosphine)nickel(ll) dinitrate

A diagram of the molecular geometry is shown in Figure 3.1(a). The molecular
packing is shown in Figure 3.1(b). Positional and thermal parameters are quoted for all
atoms (except calculated hydrogen atom positions) in Table 3.1(a). Bond lengths and
angles are quoted for only 1 of the molecules of triaquo(tris-2-pyridylphosphine)nickel(II)

dinitrate in the asymmetric unit in Tables 3.1(b-c).
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Figure 3.1(a) Molecular geometry of Triaquo(tris-2-pyridylphosphine)nickel(II)

Clec) 012)

0(9)
Thermal ellipsoids are shown at the 30% probability level. Hydrogen atoms, water of

crystallization, counterions, and one of the molecules in the asymmetric unit have been omitted
for clarity.
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Figure 3.1(b) Molecular packing in Triaquo(tris-2-pyridylphosphine)nickel(II) dinitrate
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lines. Hydrogen atoms have been omitted for clarity. The carbon atoms are shown as shaded
circles, the oxygen atoms as circles containing dots, the nitrogen atoms as open circles, the
nickel atoms as circles containing an X, and the phosphorus atoms as circles with slanted lines.
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Table 3.1(a) Positional and Equivalent Isotropic Thermal Parameters of Triaquo(tris-2-
pyridylphosphine)nickel(Il) dinitrate

Atom x y z Ueq

Ni | 02971(2) 0.26549(7) 0.5219(1)  0.0312(5)
Pl 0.2267(6) 0.4620(3) 0.4903(3)  0.048(1)
02  0.404(1)  02160(6) 0.6402(7) 0.045(3)
NIA 0.183(2)  0.3151(8) 0.4070(8) 0.033(3)
09  0.155(1) 0.1679(6) 0.5269(7)  0.039(3)
O11 0422(1)  0.1891(7) 0.4344(8)  0.044(3)
NIC 0.1702)  0.3339(7) 0.6093(9) 0.036(3)
C5A  0.034(2)  0.2944(1) 0259(1)  0.042(4)
C6A 0.1202)  0.262909) 0.338(1)  0.038(4)
NIB  0.454(1)  0.3546(8) 0.5116(8) 0.032(3)
C4A  0.008(2) 0377(1) 0253(1)  0.045(4)
C2A  0.157(2)  0.3921(9) 0.3989(8)  0.033(4)
C6B  0.599(2)  0.3344(9) 0.521(1)  0.038(4)
C2B  0.4152)  043358) 0.501(1)  0.0353)
C4C  -0022(2) 04191) 0.724(1)  0.048(4)
C5C  -0.006(2) 0.3440(1) 0.7404(1)  0.044(4)
C2C  0.1452)  0.413(1) 0.5921)  0.035@)
C3B  0.519(2)  0.490(1) 0.499(1)  0.039(3)
C3C  0.047(2)  0.4562(9) 0.648(1)  0.045(4)
C4B  0.681(2) 0467(1) 0.504(1)  0.056(5)
C6C  0.0942)  0.30498) 0.680(1)  0.039(3)
CSB 0.715(2)  0.386(1) 0.514(1)  0.048(4)
C3A  00772)  0421009) 0.323(1)  0.053(4)
05  02052) 0.0618(8) 0.6788(8)  0.052(3)
Nil  0.2031(2) 0.51672(7) 0.9784(1)  0.0298(5)
P3  02732(6) 0.3202(3) 1.0118(3)  0.040(1)
03  0.090(1)  0.5679(6) 0.8606(6) 0.042(3)
04  0341(1)  0.6130(6) 09714(7) 0.038(3)
06  0.080(1)  0.5935(7) 1.0664(7)  0.040(3)
N10 0.3252)  0.4692(8) 1.0954(8)  0.034(3)
N15 0333(2)  0.4449(8) 0.8886(8)  0.035(3)
Cl9 03822) 0.5125@8) 1.1591)  0.035(3)
HI9A 0.369(2)  0.5690(8) 1.152(1)  0.08

N24  0.039(2)  0.4314(7) 0.98659) 0.040(3)
C31  0.526(2) 0.3556(9) 0.786(1)  0.053(4)
H31A 0.598(2)  0.32579) 0.752(1)  0.08

C34  00742) 0355(1) 0.997(1)  0.038(3)



Table 3.1(a) Positional and Equivalent Isotropic Thermal Parameters of Triaquo(tris-2-
pyridylphosphine)nickel(Il) dinitrate (continued)

Atom X y z U
C37 0.4952)  0.440(1) 0.763(1)  0.051(5)
H37A 0.545(2)  0.465(1) 0.712(1)  0.08
C38 0.345(2)  0.388(9) 1.107(1)  0.038(4)
C44  -0.104(2) 0.452(1) 0.984(1)  0.041(4)
H44A -0.133(2) 0.507(1) 0.981(1)  0.08
C46  -0.042(2) 0.2963(1) 1.004(1)  0.046(4)
H46A -0.015(2) 0.241(1) 1.013(1)  0.08
C47 0358(2)  0.368(1) 0.908(1)  0.038(4)
C48  -0213(2) 0.392(1)  0.986(1)  0.056(5)
H48A -0.316(2) 0.406(1) 0981(1)  0.08
C49  0.448(2)  0.321(1) 0.857(1)  0.044(4)
H49A 0.455(2)  0.265(1) 0.869(1)  0.08
C53  0.398(2)  0.482(1) 0.8144(9)  0.043(4)
H53A 0.375(2)  0.536(1) 0.7989(9) 0.08
C55 0.430(2)  0.3544(9) 1.1805(8)  0.038(3)
H55A 0.447(2)  0.2980(9) 1.1870(8)  0.08
C62  0.463(2)  0.4890(9) 1.236(1)  0.046(4)
H62A 0.501(2)  0.5260(9) 1.2836(1)  0.08
C63  -0.176(2) 0.315(1) 0.994(1)  0.057(6)
H63A -0251(2) 0.274(1) 0.993(1)  0.08
C71  0.4852)  0.412(1) 1.248(1)  0.053(5)
H71A 0.545(2)  0.394(1) 1.302(1)  0.08
H2A  0.469(1)  0.1794(6) 0.6336(7) 0.08
H2B  0.384(1)  0.2322(6) 0.6961(7) 0.08
H5AA -0.008(2) 0.258(1) 0.211(1)  0.08
H6AA 0.136(2)  0.2064(9) 0.344(1)  0.08
H4AA -0.050(2) 0.401(1) 0.201(1)  0.08
H6BA 0.622(2)  0.2795(9) 0.534(1)  0.08
HACA -0.083(2) 0.450(1) 0.766(1)  0.08
H5CA -0.058(2) 0.317(1) 0.790(1)  0.08
H3BA 0.492(2)  0.546(1) 0.493(1)  0.08
H3CA 0.026(2) 0.5112(9) 0.634(1)  0.08
H4BA 0.758(2)  0.506(1) 0.501(1)  0.08
H6CA 0.110(2)  0.2492(8) 0.693(1)  0.08
H5BA 0.816:(2) 0.367-(1) 0.515(1)  0.08
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Table 3.1(a) Positional and Equivalent Isotropic Thermal Parameters of Triaquo(tris-2-
pyridylphosphine)nickel(II) dinitrate (continued)

Atom x y Z L8

N13  0207(1)  0.0799(6) 0.7644(6)  0.036(3)

017 0.150(1)  0.0387(7) 0.8258(8)  0.051(3)

027 0264(2)  0.1425(8) 0.7954(9)  0.066(4)

N16 0295(1)  0.7053(7) 0.7334(8)  0.053(3)

018  0.296(1) 0.7218(8) 0.8205(8)  0.054(4)

026 0349(1)  0.7542(7) 0.6781(8)  0.053(3)

035 0233(1)  0.6403(8) 0.7098(9)  0.056(3)

022 0407(1)  0.1436(9) 0217(1)  0.075(4)

N33  0279(2)  0.1151(7) 0.2243(9)  0.045(4)

041 02021(1) 0.104(1) 0.1545(8)  0.107(6)

056 0.246(1)  0.0889(7) 0.3029(9)  0.054(3)

043 0271(2)  0.6946(9) 0.203(1)  0.086(5)

N45  0214(2)  0.6692(9) 0278(1)  0.065(4)

061 0.098(1)  0.6387(9) 0.2855(9)  0.068(4)

060 0309(2)  0.6649(9) 0.3530(9) 0.076(3)

OIW 0.629(1)  0.596(1) 1.0120(9)  0.065(4)

O2W -0.126(2) 0.189(1)  0.4903(9)  0.079(5)

Table 3.1(b) Selected Bond Lengths for
Triaquo(tris-2-pyridylphosphine)nickel(II) dinitrate

Atoms Bond Bond Atoms Bond Bond
Length (A)  Length (4)" Length (d)  Length (A)"

Ni-N1C 2.05(1) 2.11(1) NI1B-C6B 1.34(2) 1.33(2)
Ni-N1A  2.05(1) 2.09(1) NIB-C2B 1372 1.32(2)
Ni-NIB  2.06(1) 2.06(1) C4A-C3A  1.35(2) 1.42(2)
Ni-09 2.08(1) 2.04(1) C2A-C3A 1.34(2) 1.38(2)
Ni-02 2.06(1) 2.09(1) C6B-C5B 1.36(2) 1.40(2)
Ni-O11 2.11(1) 2.11(1) C2B-C3B 1.34(2) 1.44(2)
P1-C2B 1.76(2) 1.89(2) C4C-C5C 1.28(2) 1.47(2)
P1-C2C 1.82(2) 1.84(2) C4C-C3C 1.39(2) 1.36(2)
P1-C2A 1.82(2) 1.84(2) C5C-C6C 1.41(2) 1.35(2)

N1A-C2A 1.32(2) 1.38(2) C2C-C3C  1.40(2) 1.35(2)
N1A-C6A 1.41(2) 1.25(2) C3B-C4B  1.50(3) 1.25(3)
N1C-C6C 1.31(2) 1.35(2) C4B-C5B  1.40(3) 1.33(3)
N1C-C2C 1.36(2) 1.33(2) C5A-C4A  1.41(2) 1.32(2)

CS5A-C6A  1.42(2) 1.33(2)

"The second bond length listings are for the equivalent atoms in the second molecule in the unit cell.



Table 3.1(c) Selected Bond Angles for Triaquo(tris-2-pyridylphosphine)nickel(II)

dinitrate
Atoms Bond Bond Atoms Bond Bond
Angle ()  Angle ()’ Angle )  Angle ()

NI1C-Ni-N1A  87.9(5) 87.7(5) C2C-N1C-Ni 122(1) 121(1)
NI1C-Ni-N1B  91.8(5) 92.7(5) C4A-C5A-C6A 112(2) 118(2)
N1A-Ni-N1B  88.7(5) 92.9(5) N1A-C6A-C5A 120(1) 127(1)
N1C-Ni-O9 93.8(5) 94.2(5) C6B-N1B-C2B 120(1) 121(1)
N1A-Ni-O9 93.1(5) 92.1(5) C6B-N1B-Ni 118(1) 119(1)
N1B-Ni-O9 174.2(5) 171.6(5) C2B-N1B-Ni 122(1) 120(1)
N1C-Ni-02 90.3(5) 91.9(5) C3A-C4A-C5A 115(2) 112(2)
N1A-Ni-O2 177.8(5) 177.3(5) N1A-C2A-C3A 121(2) 119(1)
N1B-Ni-O2 92.5(4) 89.8(5) N1A-C2A-P1 121(1) 122(1)
09-Ni-02 85.8(4) 85.3(4) C3A-C2A-P1 119(2) 124(1)
N1C-Ni-O11 176.8(5) 177.2(5) N1B-C6B-C5B 125(2) 119(2)
N1A-Ni-O11 93.2(5) 92.9(5) C3B-C2B-N1B 121(2) 121(2)
N1B-Ni-O11 91.2(5) 90.0(5) C3B-C2B-P1 118(1) 118(1)
09-Ni-O11 83.1(4) 83.0(4) N1B-C2B-P1 1<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>