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Abstract

The objective of my MSc thesis is to study the self-assembly process of macrocyclic complexes,
as well as the properties that affect the obtained supramolecular architectures. The possibility of substrate
recognition within the cavity of these complexes is also of interest. Preparation of three new ligands based
on the triazole-pyridine chelating units connected through variable spacer groups, as well as the
complexes formed with octahedral metal ions, are described herein.

The first ligand contained a naphthalene spacer region, which was longer than the previously
examined xylene spacer. This extension increases the distance between metal ions in the complex, as well
as the size of the cavity. More work is required to obtain the unsaturated double-stranded complex, which
could potentially bind substrate molecules within its cavity. The triple-stranded saturated complexes with
[Fe(H,0)4](BF4); and [Ni(H,0)s](BF4), both gave insight into the process of self-assembly.

The next two ligands were designed to probe the effect that increasing the length of an aliphatic
spacer had on complex self-assembly. Both ethyl and propyl spacer units had been previously studied, so
butyl and pentyl spacer groups were the natural next step to analyze. The length of the alkyl spacer was
found to be very important in the nature of the obtained complex. As the length of the alkyl chain, and the
corresponding flexibility increased, so too did the complexity of the resulting supramolecular

architectures.
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Chapter 1

Introduction

1.1 Self Assembly: A Brief Introduction

In simplest terms, self-assembly is the spontaneous aggregation of an enclosed supramolecular
structure, obtained from the combination of molecular subunits.' Typically, molecular subunits which are
highly symmetrical in nature are utilized, thereby limiting the number of possible side products."™ ? The
resulting self-assembled structures are reversible and highly ordered, which is why the phenomenon is
extensively employed in coordination chemistry.*”

Despite the appeal of self-assembled supramolecular architectures, obtaining the desired complexes
presents some synthetic challenges, including symmetry concerns and unwanted by-products.* Techniques
have been designed and applied to the self-assembly of coordination complexes, which typically include a
combination of structurally rigid ligand component(s) as well as a level of flexibility to obtain the desired
architecture.” While chemists work to master self-assembly techniques, nature performs tasks of similar
complexity with relative ease.” Some examples of these self-assembly processes carried out by nature
include folding of nucleic acids, DNA recognition, as well as protein folding.*’

The diversity of coordination chemistry and self-assembly provides numerous opportunities for the
design of novel supramolecular architectures. A thorough understanding of the self-assembly process is
required to synthesize intricate, supramolecular systems from seemingly simple, individual molecular

components.'” This makes self-assembly extremely powerful and an essential part of a chemist’s toolbox.

1.1.1 Hydrogen Bond Directed Self-Assembly
Due to its prevalence in nearly all biological systems, hydrogen bonding has been used extensively in

1c, 4,8

supramolecular self-assembly. Hydrogen bonds offer both strength and directionality which make them



useful in the self-assembly of complex, well-defined architectures.” When molecular building blocks are
combined, the corresponding complex may selectively assemble, provided the hydrogen bonds are
cooperatively used."" ** Self-assembly with hydrogen bonds also features directionality and complementarity

of the individual subunits.®> **

There are many examples of supramolecular complexes that self-assemble
using hydrogen bonding, such as calixarenes, rotaxanes, helices and a number of cyclic hydrogen bonded
structures.’

Zafar et al. have presented an example where hydrogen bonding controls the formation of discrete
molecular architectures through self-assembly.8b In their molecular design complementarity between the
carboxylic acid and 2-aminopyridine functionalities was exploited (Figure 1.1). The two carefully selected

components formed a self-assembled architecture through hydrogen bonding interactions, with the nature of

the resulting compound dependent on the position of the hydrogen bonding groups.*
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Figure 1.1: A self-assembled architecture formed through hydrogen bonds between bis-carboxylic acid and

bis-acylaminopyridine (in acidic solution).®
While hydrogen bonding has provided numerous self-assembled architectures, the incorporation of

metal ions into the self-assembly process has redefined the field.

1.1.2 Metal-Directed Self-Assembly

The use of self-assembly to obtain supramolecular architectures containing metal ions has been
exploited as an alternative to the previously used organic synthesis.** Syntheses that were typically tedious

and low-yielding are now carried out by simply combining metal ions and ligand constituents to obtain a
2



spontaneously self-assembled architecture.* '* Some of the advantages of metal-directed self-assembly
include versatile geometry modes, reversibility and moderate to high bond strengths.'® Perhaps one of the
more important characteristics of this self-assembly process is the labile nature of the metal-ligands bonds,
which ensure that self-corrections can occur without too much difficulty.” There are several important
examples of these earlier supramolecular complexes that utilize metals in their architectures (Figure 1.2).
The scope of this self-assembly mode is endless, due to the vast number of chelating ligands and

coordination motifs.'® !

Figure 1.2: Earlier examples of supramolecular complexes:'® ' a) Cu'-chelated double helix (Lehn, 1987),

b) Cu+-temp1ated catenane (Sauvage, 1983), ¢) Metal-linked supramolecular complex (Maverick, 1984).

A more recent example of metal-directed self-assembly was designed by Fujita et al. which contained
a supramolecular complex with receptor potential. After combining square planar transition metals (right
angle directing) with a polydentate ligand, a macrocyclic square was obtained by self-assembly of the

molecular components (Figure 1.3).'° Both Pt" and Pd" metal ions were combined with 4,4-bipyridine, to



give the corresponding square macrocycle.' The Pd" complex offered a hydrophobic cavity in water,

therefore potentially allowing the recognition of neutral aromatic guest molecules. '

%
Polydentate Ligand
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Transition Metal
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Figure 1.3: Concept of metal-directed self-assembly, using a square-planar transition metal.'

Today, the vast number and type of coordination motifs and multidentate ligands available is taking

metal-directed self-assembly to the forefront of supramolecular architectural design.

1.2 Metallomacrocycles
The broadest definition of a macrocycle is one that encompasses any cyclic molecule containing nine

1 . .
or more atoms. © Metallomacrocycles, like macrocycles, are also large cyclic structures, however, one or

more of the connections are from a metal ion (Figure 1.4).12

Simple Organic

Metal Starting
Ligands

Materials

Figure 1.4: Illustrative representation of the components and requirements for metallomacrocyclic complexes. '
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The product of metal complexation may result in several different complexes, including those that are
chiral, achiral, helical, or non-helical in nature.”® The resulting supramolecular complex (or
metallomacrocycle) and its structural properties are dependent on the structure of the ligand, as well as the
metal ion and its coordination geometry.'* This category is extremely broad and encompasses numerous
supramolecular architectures. Some members of the metallomacrocycle family include, but are not limited

to, helicates, mesocates, and metalloreceptors.

1.2.1 Directional-Bonding Approach

Directional bonding is an approach to building metallomacrocyclic architectures by systematically

choosing the molecular components to obtain the desired supramolecular structure.' '*

In this approach, the
resulting metal containing complex is obtained from the combination of a metal center, which acts in a
highly directional manner, and carefully selected ligands that interact with the metal in a predictable
fashion."” "> The previously described “metal-directed self-assembly” approach is inherently similar to this
method, with an additional directionality component.

To ensure formation of the desired complex, metal ions with specific coordination geometries
(tetrahedral, octahedral and so on) are introduced with carefully designed chelating ligands (Figure 1.5). The
shape and structure of the complex are therefore pre-determined based on the preferred geometry of the

starting metal ions as well as the chelating and linker ligands.n’15
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Figure 1.5: Formation of supramolecular structures by the directional-bonding approach. The metal centers
have a highly directional effect on the resulting complex geometry: a) Dinuclear macrocycle, b)

Supramolecular triangle and c) Supramolecular square."

The directional-bonding approach is a high-yielding synthetic method for obtaining supramolecular
architectures with a specified shape and structure. One drawback however, overcome by the following
approach, is that the ligands are rigid, which eliminates the possibility of forming a flexible supramolecular

architecture.

1.2.2 Symmetry-Interaction Approach

Another approach to obtaining metallomacrocycle complexes is that of the ‘symmetry-interaction’
approach, which overcomes the rigidity of the previously discussed ‘directional-bonding’ method.> '* '°
Metals in the absence of coordinating ligands are used in conjunction with multidentate chelating ligands to
form a symmetrically designed supramolecular architecture. The nature of the resulting complex is

dependent upon the symmetry of the ligands and preferential coordination geometry of the metal ions.> "* I

n
comparison to the directional-bonding approach, there are additional synthetic considerations, including
metal ion geometry, ligand orientation, and possible ligand steric interactions.”’ Despite these added

challenges many novel architectures have been reported, including tetrahedral,4 adamantoid,13 and helical

structures'> '¢ (Figure 1.6).



Figure 1.6: Dinuclear structures assembled by the symmetry-interaction approach: a) Catenane b) Double-

stranded helicate conformation'® ¢) Dinuclear metallacryptand.'> !’
Yp

As described briefly here, helicate complexes belong to the metallomacrocycle family, and utilize
the symmetry-interaction approach of self-assembly. The concept is covered in more detail in the following

section.

1.2.3 Helicates and Mesocates

The term helicate, derived from the Greek word helix and suffix —ate, describes complexing between a
metal and a ligand.16 The term “helicate” was first defined in 1987 by Lehn and co-workers as a polymetallic
helical complex, or simply a metal-containing helix.'” Helicates may be further defined as architectures
containing one or more covalent organic strands coordinated to a series of ions, wrapped along a helical
axis.'® Helicates are of particular interest due to their wide range of applications in areas such as molecular
recognition, which is defined as the discriminatory interaction between two molecular components in a self-
assembly process.'> '*

Many examples of helices are present in nature, with the first and perhaps the most common example
being DNA. DNA exists as a double helix with complementary bases being held together through hydrogen

6a, 19

bonds and hydrophobic effects. Another example found in nature is collagen, which adopts a triple

helical structure and is made up of an array of peptides that adopt an a-helical structure.”



The difference between a helicate and a mesocate is simply the chirality about the metal centers. A
helicate will have the same chirality at each metal center, whereas a mesocate will have opposite (Figure
1.7).lga More specifically, a dinuclear helicate will have A, A or A, A chirality about the metal centers,

whereas a mesocate will have A, A or A, A.

/

/\c'g A AN

Helicate Mesocate

Figure 1.7: Structural representation of a helicate and mesocate and their corresponding chirality

assignments with octahedral metal ions.

Outlined below is the method used for assigning chirality based on the chelating ability of the
complex, with the tris-chelating complex highlighted below (Figure 1.8). In this instance, the direction of
the helix is determined from looking down the primary C3 axis. A left-handed helix corresponds to a lambda

(A) chirality assignment, and a right-handed helix corresponds to a delta (A) assignment.'®
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Figure 1.8: Assigning chirality for tris-chelating complexes (octahedral metal ions) The C3 axis of

symmetry has been indicated as well as the triazole-pyridine chelating units.'®

1.2.4 Helicates vs. Mesocates — The ‘Even-Odd’ Principle

Albrecht first introduced the even-odd principle, to define a stereochemical preference for
supramolecular architectures on the basis of their ligand design.”’ Dinuclear triple-stranded helicates of the
general formula [M;L;] can be formed from bidentate chelating ligands, which are bound to two octahedral
metal ions. The formation of these complexes results in chirality about each of the metal centers, therefore
leading to three conceivable coordination complexes. Two enantiomeric helicate complexes are possible (A,
A or A, A), or a diastereotopic mesocate complex (A, A) may also be formed based on the relative chirality
of the metal centers.”> There are general properties that typically affect the stereoselectivity, with the two

most relevant being: number of methylene groups in the alkyl spacer region and rigidity of the ligand.

With alkyl spacer units, helicates have been shown to preferentially form when there is an even
number of methylene groups, whereas mesocates are favoured with an odd number of methylene groups
(Figure 1.9).”*" Linear alkyl chains are known to be the most stable when a zigzag orientation of alkyl
substituents is obtained, which ultimately results in the complexes stereochemical preference. This

preference can be further explained in terms of the geometries favoured by the helicate and mesocate



complexes, with the macrocycles preferentially forming to maximize their overall stability. Helicates
typically form a conformation which resembles an ‘S’ whereby the ligands are wrapped around the metal
centers in a more or less linear fashion.”” Mesocates however tend to adopt more of a ‘C’ type

conformation.**

N T IN

even odd
l n=123... l
Helicate Mesocate

Figure 1.9: Representation of aliphatic ligands and determination of preferred conformation.***

When functionalities other than aliphatic units are used in the spacer region, the stereochemical
preference can be determined more simplistically. In these cases, helicates are typically favoured with more
rigid spacer groups, for example one that is aromatic.** This is a result of the ‘C’-type geometry required by

the mesocate conformation, which is not favoured on the basis of steric strain.

While metallomacrocycles have a vast number of potential applications, it is more specifically their
role as metalloreceptors that is of particular interest for the initial part of my project. Some of the different

properties of metalloreceptors as well as their potential applications are described below.

1.3 Metalloreceptors

Metalloreceptors are part of the metallomacrocycle family, but may be further classified by their

3,12

ability to act as molecular receptors for substrates.” ~ There has been tremendous interest in recent years in

designing and developing supramolecular systems that are capable of recognizing and binding substrates.*

There are a wide variety of different molecules that could be recognized and bound inside the cavity of a

metalloreceptor, some of which include drug molecules, environmental toxins and reactive molecules." © ¢

10



The motivation and reason for this interest is the role that many of the substrates play in biology, and
medicine, among many other fields.

There are many different examples of metalloreceptors in literature, ranging from circular
complexes,” to squares,”’ cages,”> and many more. Harding e al. have done considerable research on
metalloreceptors, with particular attention on the effect that guest molecules have upon incorporation into a

metallomacrocycle.

Figure 1.10: Metallomacrocycle formed with two ligands and two Zn" ions in the presence of a substrate
molecule. The metallomacrocycle contains pyromellitimide spacers, connected to 6,6’-disubstituted-2,2’-

bipyridines through a propynyl linker.*®

One example includes formation of a metallomacrocycle with various metal ions (Zn", Cd" or Cu'),
which has the capability of recognizing an aromatic substrate molecule within its cavity (Figure 1.10). The
metallomacrocycle was formed with a [2+2] stoichiometry in the presence of all three metal ions, Zn", Cd"
and Cu' and upon addition of an aromatic substrate molecule all of the complexes were capable of substrate
recognition. For the complex with Zn" the presence of the aromatic substrate within the cavity was observed

by a color change, indicative of a charge transfer between the spacer and substrate molecules.”® The results

11



obtained by using Cu' instead of Zn" were comparable, which suggests that the two metal ions are
structurally similar.®® Again, the results for Cd" were comparable to those for Zn", possibly due to the
similar coordination chemistry between the two metal ions.”® This example highlights the formation of a
metallomacrocycle that can also act as a metalloreceptor with specific substrate molecules.

Kruger et al. developed an example of a helicate complex capable of binding small anionic guests
(Figure 1.11). The guest molecules within the cavity of the metalloreceptor interact through hydrogen
bonding between the amide proton as well as the bipyridine Hy, as the primary mode of interaction.”**
Another factor that contributed to substrate binding was the available positive charge, coming from the Fe'
metal centers.”® Several observations were made in this study. First, the free ligand only interacted very
weakly in the presence of an anionic guest molecule. Second, the host complex was selective for chloride
anions, with other anions showing little to no changes through NMR spectroscopy titrations. Finally, upon
introducing the chloride anions to the metal-ligand complex, it adopts a helical conformation, consistent with

a [(Fey(L);)(CD),]*" stoichiometry (Figure 1.11b).

12



Figure 1.11: a) Structure of the amide-based bis-bipyridine ligand b) Model of the helicate complex with the

proposed mode of chloride (CI) binding within the intra-helical cavity.”*

The most important characteristics of these metalloreceptors are their selectivity and specificity. The
incorporation of metals into the macrocyclic architecture has opened up the opportunity for more robust

receptors and recognition of both ionic and neutral guest molecules.”” ¢ *’

Recognition of potential guest
molecules is dictated by the size, shape and additional properties of the corresponding metalloreceptors,
which in turn results in extraordinary accuracy and controllability.

Using ‘click’ chemistry (described below), we proposed a ligand design with the end synthetic goal of

a metalloreceptor.

1.4 Click Chemistry — An Overview

The term ‘click chemistry,” was devised simultaneously in 2002 by Sharpless and Tornee & Meldal to
describe a set of reactions used to rapidly assemble molecules with a specific structure and function from
smaller molecular subunits.”® In order for a reaction to be considered ‘click’, there are a set of stringent
conditions that must be met, meaning the reactions must: “be modular, be wide in scope, be high yielding,

produce only inoffensive by-products, be regioselective, be easy to perform, and use benign solvents that are

13



5528b
easy to remove.

Despite the numerous conditions that must be met, click chemistry has been and
continues to be, readily utilized, because the reactions are easy to perform, give the anticipated product(s) in
high yield, work under several conditions and are tolerant to the nature of the groups being connected to one
another.”” A number of reactions have been identified as ‘click’ and as such, follow the rigorous reaction
conditions outlined above (Scheme 1.1). Some examples include, but are not limited to, nucleophilic ring
opening reactions, non-aldol carbonyl chemistry, additions to carbon-carbon multiple bonds (oxidative

addition and Michael additions of nucleophile-hydrogen reactants) and cycloadditions reactions (1,3-dipolar

cycloadditions reactions).”

o)

A

\ o)
Diels-Alder (O] C=C Addition
Cycloaddition '\ OR" Catalyst lN
uc

‘Ho>_<

R’ Nuc
Natural Sources -
l[O] Nucleophl_llc
Ring Opening
I I
1,3-Dipolar Cycloaddition )]\
Cu(l) Catalyzed Huisgen R

Non-Aldol
Carbonyl Chemistry

Scheme 1.1: A selection of reactions that fit the ‘click’ reaction criteria.’® Note: ‘Nuc’ indicates a

nucleophile and [O] corresponds to addition to a C=C bond by oxidative addition.
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1.4.1 Copper-Catalyzed Azide-Alkyne Cycloaddition (CuAAC)

The “gold standard” for click chemistry is undoubtedly the Huisgen 1,3-dipolar cycloaddition
reaction, which yields exclusively the 1,4-disubstituted-1,2,3-triazole starting from an alkyne and an azide
(Scheme 1.2).**° Much like all other reactions that have been granted ‘click’ status, the Huisgen reaction
meets all of the rigorous criteria. While the uncatalyzed azide-alkyne cycloaddition (AAC) reaction has been
known since 1893 and has been extensively studied, the reaction yielded a mixture of 1,4- and 1,5-
disubstituted products and required very high reaction temperatures.”” The copper-catalyzed cycloaddition
reaction eliminated the need for high temperatures, significantly decreased reaction times and solely

produced the desired 1,4-disubstituted product.”*" **

N
NZ Sy—R
— 2
v - = _Cu 3N:N\1
N—N N3—R’ . X N\R'

\ R
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Scheme 1.2: The Cu' catalyzed Huisgen ‘click’ reaction resulting in exclusive formation of the 1,4-triazole,

while the thermal Huisgen cycloaddition yields a mixture of 1,4 and 1,5-triazole stereoisomers.”’
Despite its mechanistic complexity, the CuAAC reaction has been readily accepted thanks to its

straightforward reaction conditions along with high yields.

1.4.2 ‘Click-Triazole’: Applications

The triazole heterocycle has numerous applications, which is why it has received tremendous attention
in recent years. ‘Click’ triazoles are now seeing use as amide mimics, C-H hydrogen bond donor units, as
well as in catalysis, among many others.”* ** The ‘click’ 1,4-disubstituted-1,2,3-triazole also has the
potential to act as a bridging or chelating ligand.*** Bridging typically occurs through the N2 or N3 nitrogen,

with many examples of this type having been obtained and characterized.”***

15



A study by Crowley et al. demonstrated that di-1,2,3-triazole chelating units could be used to generate
a self-assembled metallomacrocycle, much like those obtained by using the commonly used dipyridyl
chelates (Figure 1.12).° A family of di-1,4-substituted-1,2,3-triazole ligands were generated by varying the

central and peripheral substituents.

R
\
N N B 1. Spacer = 1,3-phenyl, R=Bn
\ r’\"_ N“ 2. Spacer = 1,3-phenyl, R= PFBn
\ /y - 3. Spacer = 1,3-phenyl, R= 4-MeOBn
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Figure 1.12: Palladium ‘click’ cage complexes formed from ligands (variable spacer units and peripheral
substituents) combined with [Pd(CH;CN),](BF,), in CD;CN or DMSO-d;.>* Note: ‘R= PFBn’ refers to 4-

fluorobenzonitrile.

Also of interest were the effects that modifying the spacer and peripheral substituents had on complex
formation. Spacer units and substituents with varying geometries and flexibilities and the corresponding
ligands (2 equiv.) were combined with [Pd(CH;CN)4](BF4), (1 equiv.). In nearly all instances the
coordinatively saturated, quadruple stranded helical cage was obtained.”> When the 1,4-phenyl, rigid
aromatic spacer was used with a benzyl (Bn) ‘R’ group, the saturated complex did not form and a polymeric
species was observed instead. This result was attributed to steric interactions between the aromatic spacer
units, which made the polymer species more stable than the anticipated cage complex.” Overall, it was

demonstrated that di-1,4-substituted-1,2,3-triazoles may be used for self-assembly of helicate cages.’
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1.4.2.1 Triazole-Pyridine: Applications

Triazole-pyridine chelating units are also capable of being employed in the self-assembly of
supramolecular architectures. Our group is interested in new bidentate ligands, whereby one of the pyridine

functionalities is replaced with triazole, forming a triazole-pyridine chelating unit (Figure 1.13).

AN AN Traditional polypyridines, most commonly 2,2-bipyridines, are
| _~N N tedious to synthesize and purify.”> ** Comparison of triazole and
>@ ~ >@ pyridine structures shows that both are conjugated rings, and contain
327 N N,
| N—{\l/ a nitrogen atom capable of coordinating a metal ion. As a result of
O Y 1 2
5

/
R these similarities, replacing pyridine with a triazole becomes

Figure 1.13: Bipyridine and attractive because of readily available starting materials and easy
triazole-pyridine chelating units.

functionalization through the N1 nitrogen of the triazole. Similar
substituent orientation between the traditional 4-substituted-2,2’-bipyridine and triazole-pyridine

functionalities further justifies replacement of the bipyridine-chelating unit (Figure 1.14).

//—'{\ /s:/\ 5 \ N //—N\ NN N=N N—

Figure 1.14: Comparison of the substituent orientation and overall structures of the bipyridine and triazole-

pyridine chelating units.

1.5 Previously Studied Ligands

The scope of my thesis stems from work that was previously carried out within our lab, whereby a
triazole-pyridine chelating unit replaced the traditional 2,2’-bipyridine functionality. The ligand design
features two triazole-pyridine chelating units separated by a variable spacer region. Initially synthesized by

Crowley, and reproduced by Caroline Melan (4™ year student, Jan-Aug 2011) within our group, were the X1
17



and C3 ligands.”* *” The X1 ligand featured a p-xylyl spacer region, whereas the C3 ligand was aliphatic in
nature with a propyl spacer (Figure 1.15). The ligands were complexed with metal ions of traditional
octahedral geometry, Fe" and Ni" in solution and their properties analyzed (Caroline Melan, 4™ year student,

Jan-Aug 2011).

a 3 3 ) —
4 N=—nN NN
JN-CL T o

—N X1
b 6 N N=nN N=N —
7\ \\ //
_ NN }q /
C3

Figure 1.15: Previously synthesized a) X1 ligand, with a p-xylyl spacer region and b) C3 ligand with a

propyl spacer region.** "

1.5.1 Previously Studied X1 Ligand

The X1 ligand and the complexes formed with Fe' and Ni" were characterized by single crystal X-ray
crystallography and UV-vis spectroscopy, and Fe' complexes were also characterized by NMR spectroscopy
(Nan Wu, NSERC-USRA summer research student, 2010 assisted by Dr. Olivier Fleischel, and Caroline
Melan, 4™ year student, Jan-Aug 2011).

The complexes formed with the non-coordinating BF, anion were saturated, with a 2:3 metal-to-
ligand ratio, consistent with a [Fe,(X1);]*" stoichiometry. When the complex is considered saturated all of
the coordination sites that are available from the metal center are occupied by the ligand. In the unsaturated
complex (discussed below) there are available coordination sites that may be occupied by anions, or
potentially substrate molecules. The stoichiometry of both the Fe"" and Ni" complexes were confirmed by X-
ray crystallography. The crystal structures gave further insight into the physical properties of the complexes
and showed the Fe" and Ni" complexes were isostructural to one another (Figure 1.16). Also indicated from
the X-ray structures were the chiralities of the metal centers, which were identical in both chelating units
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within the same complex, corresponding to a helicate arrangement. This behaviour may be anticipated based
on the even-odd rule, with the p-xylyl spacer acting as an extended CH,-CH, bridge.”* The even-odd rule
proposed by Albrecht can be applied here, which predicts a mesocate structure for compounds containing

: 22
spacers with an odd number of carbons.™™

Figure 1.16: Crystal structure of [Fe,(X1)3](BF4)s and [Niy(X1);](BF4)s with Fe" and Ni" ions indicated, N
in purple, and C in grey (H atoms, solvent molecules and counter ions omitted for clarity). Selected bond
distances (A): Fe-Fe': 11.391, Fe"-Nruoie: 1.939, Fe"-Npyrigine: 1.997, Ni'-Ni': 11.468, Ni"-Nrpigore: 2.057,
Ni"-Npyridine: 2.102.777%

The stoichiometry was also confirmed through UV-vis titration experiments with X1 and metal ions,
Fe" and Ni" in acetonitrile (Caroline Melan, 4™ year student, Jan-Aug 2011) (Figure 1.17). Both complexes
showed a maximum of the absorbance vs. [(n(M") / nX1] graph at 0.67 (M = Fe" or Ni"), which indicates a
stoichiometry of [Fey(X1)s]*" and [Niy(X1);]*" in the presence of non-coordinating anions. The UV-vis
titration data for the [Fey(X1);](BF4)4 complex is shown below, and the [Ni,(X1);](BF4)s data was consistent,

also confirming a 2:3 metal: ligand stoichiometry.
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Figure 1.17: UV-vis titration spectrum for X1 with [Fe(H,0)s](BF4), in CH3CN. Inset: Absorbance vs.

[nFe"/ nX1] ratio for peaks at 425 nm and 280 nm. Note: ‘n’ refers to number of moles.””*

UV-vis titrations in the presence of a coordinating anion, such as chloride or acetate, were also
performed with X1 and Fe' and Ni" metal ions (Nan Wu, Research summer student, 2010). The complexes
that formed were unsaturated and double-stranded in nature (2:2 metal: ligand) in solution (Figure 1.18).
Unlike the titrations with the BF, anion, which showed a maximum in the absorbance vs. [#(M") / nX1]
graph at 0.67, the coordinating anions gave a maximum peak around 1.0. This maximum is consistent with
the 2: 2, metal: ligand stoichiometry, indicating the unsaturated complex is present in solution. The spectrum
below corresponds to the titration with X1 and [Ni(H,O)4(OAc),] in methanol and the titration with

[Fe(H,0),Cl,] confirmed the unsaturated complex as well.
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Figure 1.18: UV-vis titration spectrum for X1 with [Ni(H,O)4(OAc),] in CH3;0H. Inset: Absorbance vs.
[nNi"/ nX1] ratio for peak at 295 nm (Nan Wu, NSERC-USRA summer research student, 2010).

This result was what prompted the design for my initial ligand, which is discussed in detail in Chapter
2. The unsaturated complex observed with X1 has available binding sites, whereby potential substrate
molecules may be recognized. In this way we were hoping to expand on the knowledge obtained from X1,

and apply it to a similar ligand with a slightly larger hydrophobic cavity.

1.5.2 Previously Studied C3 Ligand

As with X1, C3 was synthesized and complexed with octahedral metal ions Fe" and Ni". The obtained
complexes were characterized by NMR spectroscopy, UV-vis spectroscopy and X-ray crystallography
(Caroline Melan, 4™ year student, Jan-Aug 2011). The X-ray crystal structure shown below again indicates
that the Fe" and Ni" complexes are isostructural with one another, with identical metal-metal distances

(Figure 1.19). Unlike X1 however, the complexes formed with C3 have opposite chirality at the metal
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centers, resulting in a mesocate structure.’”*° The even-odd rule, proposed by Albrecht can be applied here,

which predict a mesocate structure for compounds containing spacers with an odd number of carbons.”**

Figure 1.19: Single X-ray crystal structure of [Fe,(C3)3](BF4)s and [Niy(C3);](BF4)s with Fe' and Ni" ions
indicated, N in purple, and C in grey (H atoms, solvent molecules and counter ions omitted for clarity).
Selected bond distances (A): M"-M": 9.88, Fe"-Nryipoie: 1.925-1.945, Fe'-Npyrigine: 1.995-2.012, Ni'Nrgiagole:
2.042-2.085, Ni"-Npyrigine: 2.100-2.125.72% %

UV-vis titration experiments were performed to determine the stoichiometry of the complexes formed
between C3 and [Fe(H,0)¢](BF4), and [Ni(H,O)s](BF4), in solution (Caroline Melan, 4™ year student, Jan-
Aug 2011) (Figure 1.20). Unlike with X1, only non-coordinating anions were explored, because the

aliphatic spacer region is not overly conducive to substrate recognition.
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Figure 1.20: UV-vis titration spectrum for C3 with [Fe(H,0)s](BF4), in CH3CN. Inset: Absorbance vs.

[nFe"/ nC3] ratio for peaks at 425 nm and 280 nm.>"*’

Much like with X1, the preferred stoichiometry in solution, with non-coordinating anions is that of the
saturated, triple-stranded complex [Fex(C3):]*". From Figure 1.20 (inset) it can be seen that the maximum
value for absorbance vs. [nFe'" / nC3] graph occurs at 0.67, which is consistent with a 2:3 metal: ligand
stoichiometry. While the UV-vis titrations with C3 were quite uneventful, there were magnetism results that

were not expected. First, a brief background on the concept of spin crossover is described below.

1.5.2.1 Spin Crossover — A Brief Introduction

There remains ongoing interest in the synthesis and characterization of spin crossover (SCO) materials
because of their applications in the molecular memory and sensing industries as well as in visual display
devices.* An important characteristic that makes SCO materials so appealing in these industries is that they

can display bistability.*' This feature allows SCO materials to access two different electronic states at the

same temperature.41
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The phenomenon of spin crossover is related to the molecular architectures and their relationship
between the dependence of the ligand field strength on metal-ligand distance and electron-electron
repulsion.”” Spin crossover is indicated by a change in spin state, seen in certain metal complexes when an
external perturbation is applied to the system.* The most common is a change in temperature, however
others include changes in pressure, irradiation as well as an external magnetic field.”® Spin crossover can
oceur in d'*-d’ transition metals, with the Fe" metal ion and d configuration being the most common (Figure

1.21).%

E2  Weak Field Strong Field

4499 g — —
N 4L A,

WA A N

5T2(t294eg2) 1A1 (t2g6)
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high-spin low-spin R
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Figure 1.21: Electronic configuration for a ¢° Fe" ion in both the high-spin (HS) and low-spin (LS) states.**
g g gh-sp

1.5.2.2 Previously Studied C3 Magnetism Results

It was observed that the [Fey(C3);]*" complex displayed spin crossover behaviour at elevated
temperatures. In the temperature range of 2.5-300 K a gradual spin transition from low-spin and
diamagnetic, to high-spin and paramagnetic, was observed although the full transition was not seen.” This
was attributed to the fact that the full spin crossover was likely occurring at temperatures higher than those

that were examined.*’
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With these results in mind, two more ligands were designed, which will be discussed in detail in
Chapter 3. We were interested in probing the effects that aliphatic spacer length had on the resulting

complexes and perhaps obtaining other complexes that demonstrated spin crossover behaviour.

1.6 Research Objectives

1.6.1 Synthesis of Aromatic Spacers and Metal Complexes

Our goal was to synthesize new ligands with a naphthalene spacer region capable of recognizing and
binding substrates through electrostatic interactions and hydrophobic effects. In these ligands, the traditional
2,2’-bipyridine functionality was replaced with a triazole-pyridine chelating unit. We started by using a
naphthalene spacer region to increase the size (length) of the previously synthesized X1 ligand, which
featured a p-xylyl spacer (Caroline Melan, 4" year student, Jan-Aug 2011) (Figure 1.15 a).>**"*

We aimed to synthesize two new ligands, both containing a bis-substituted naphthalene spacer, but
featuring two different naphthalene substitution patterns. The initial ligand (N1) has a 2,6-disubstituted-
naphthalene spacer connected through methylene linkers to the triazole pyridine chelating units (Figure 1.22
a). The N2 ligand has a 2,7-disubstituted naphthalene spacer with ester functionalities connecting the spacer
to the methylene linkers and two triazole-pyridine chelating units (Figure 1.22 b). Compared to N1, this

ligand is anticipated to have a longer intramolecular metal-metal distance and subsequently a larger cavity

for potential substrate molecules.
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Figure 1.22: Structures of the target ligands with naphthalene spacer regions, varying substitution patterns

and functional group connectivity to the triazole-pyridine unit.

After synthesizing the ligands we will complex them with the octahedral metal centers, Fe' and Ni"
and study the physical properties of the resulting dinuclear complexes. The N1 complexes will be examined
with both coordinating and non-coordinating anions to observe if there are any variable structural properties
observed between the corresponding complexes.

Some features of the desired metallomacrocycles should enable them to potentially accommodate a
substrate molecule. In particular, these features include a hydrophobic cavity as well as coordinatively
unsaturated sites (if the substrate is a coordinating hydrophobic species). Many different types of substrate
molecules may be bound within this cavity, including drug molecules, environmental toxins, or even reactive
molecules. We are particularly interested in the encapsulation of medically relevant molecules within the

hydrophobic cavity of the spacer region.

1.6.2 Synthesis of Aliphatic Spacers and Metal Complexes

More of a conceptual study was carried out with the ligands containing aliphatic spacers, focusing on
how spacer length affects self-assembly properties of the corresponding complexes. We were also interested
in probing how the complexes varied when more flexibility was introduced. By varying the spacer length we

were hoping to assess the self-assembly modes of the metallomacrocyclic architectures, as well as to tune the
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metal-metal distances. The ligands were synthesized with increasing spacer length (butyl and pentyl) and

complexed with octahedral metal ions F " and Ni" (Figure 1.23).

d
N
\

Figure 1.23: Structures of the target ligands with a) butyl and b) pentyl aliphatic spacer regions.
With the characterization of C3 available, we were hoping to observe some properties of the ligands
that may be correlated to the nature of the spacer. Also, since [Fex(C3);]*" showed spin crossover behaviour,

the possibility of similar behaviours in these new complexes will also be probed.
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Chapter 2

Ligands Derived From Aromatic Spacers and Their Complexes

2.1 Introduction: Features of Aromatic Spacers

Described herein is the synthesis and characterization of ligands containing a triazole-pyridine
chelating unit, as well as a variable aromatic spacer region (Figure 2.1). The use of aromatic functionalities
in ligand design can introduce many desirable features into supramolecular architectures with metal ions.
The triazole-pyridine chelating unit also presents attractive characteristics, and in combination with an
aromatic spacer region can give rise to complexes stabilized by numerous interactions. Several of these
properties are outlined below, and include inter- and intramolecular interactions, as well as electrostatic and

m-interactions.

X1 :é

SOOI US U

Figure 2.1: Ligand design with triazole-pyridine chelating units and a variable spacer region. Structures

include: previously synthesized X1, and ligands of interest, N1 and N2.
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2.1.1 Increasing Spacer Length - Using Aromatic Functionalities

By manipulating and altering ligand design it is possible to control the self-assembly process as well
as properties of the complexes formed with metal ions. An example of this tuneability can be seen in Figure
2.2, whereby the initial 4,4’-bipyridine ligand was increased in length. As the length of the ligand was
increased the corresponding metal-metal distances also increased upon formation of the metal-ligand
complex.” For Steel et al. the benefits of increasing spacer length included control over the flexibility of their

ligands, as well as predictable increases in spacing between the metal centers of the complexes.

4,4’-bipyridine 1,2-di(pyridin-4- yI ethyne
Metal-Metal —> 11 A 13.5A
Spacing
</ \> < > < > NG \
N\ / \ VA
1,4-di(pyridin-4-yl)benzene 4.,4’-di(pyridin-4-yl)-1,1’-biphenyl
15 A 20 A

Figure 2.2: The relationship between aromatic spacer length and the resulting metal-metal distances upon

complex formation.’

As in the example above, upon lengthening the spacer region from xylene to naphthalene we
anticipate the metal-metal distance to increase accordingly. The size of the cavity will also increase, which
means the resulting complex may have the capability to recognize and encapsulate a greater number of

potential substrate molecules.

2.1.2 Variation in Naphthalene Substitution Pattern

By altering substitution on the naphthalene ring, different physical properties may be probed, not
only for the free ligand, but for the resulting complexes as well. Hambley et al. examined how altering
naphthalene substitution affected the physical properties and stoichiometry of the complex that formed with

metal ions (specifically Zn") (Figure 2.3). It was observed that both the 2,6- and 2,7-disubstituted
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naphthalene ligands formed metallomacrocycles, composed of a mixture of both helical and non-helical
complexes.’ The 1,5-disubstituted ligand however formed a 1:1 metal: ligand complex with Zn", and only at

low temperatures, which was attributed to a sterically unfavourable substitution pattern.’

Figure 2.3: Ligand design with 2,2’-bipyridine connected to a variable spacer region through oxapropyl

linkers. Naphthalene substitution of the spacer region varied.’
This study quite effectively demonstrated that the substitution pattern of naphthalene could have
profound effects on the resulting metallomacrocycle. When designing the ligands for my project, these

challenges pertaining to naphthalene substitution were certainly taken into consideration.

2.1.3 Previous Ligand: Containing a p-xylyl Spacer

The X1 ligand mentioned herein refers to the ligand with a p-xylyl spacer, first synthesized by
Crowley et al. in 2010" and later reproduced by others (Figure 2.4).* There are several reasons the 1,2,3-
triazolylpyridine chelating unit was chosen, but specifically there are multiple chelating sites, through both

the pyridine and triazole nitrogens.*"

Figure 2.4: Structure of the para-substituted X1 ligand, which has been previously synthesized and

d.lb, 4b,c, 5

characterize Atom numbering has been indicated and will be referred to in the corresponding

discussion below.
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The X1 ligand was reproduced in our lab and its properties were studied upon complexation with
octahedral metal ions, Fe" and Ni" (Nan Wu, NSERC-USRA summer research student, 2010 assisted by Dr.
Olivier Fleischel, and Caroline Melan, 4™ year student, Jan-Aug 2011). X1 has been complexed with
additional metal ions of varying geometries, including Ag' and Pb"."™* As explained in detail in Chapter 1,
the presence of non-coordinating (Caroline Melan) and coordinating anions (Nan Wu) affected the
stoichiometry of the X1 complexes obtained in solution. Use of a non-coordinating anion (tetrafluoroborate)
in solution consistently gave the saturated triple-stranded complex with both Fe" and Ni' metal ions."

Coordinating anions however, such as chlorides and acetates, were found to preferentially form a 2:2

stoichiometry (2 metal ions: 2 X1 ligands) in solution (Nan Wu, NSERC-USRA summer research student).

2.1.4 Ligand Components

The target ligands may be separated into two important components (Figure 2.5). First are the 1,2,3-
triazolylpyridine chelating units, which offer two coordination sites without being sterically hindered. The
two chelating units are connected to a variable spacer region, through a flexible methylene linker. The
flexibility of the methylene group is important in the self-assembly process, due to the rigidity of the

naphthalene spacer region.*

1,2,3-
triazolylpyridine

---------------------------------
. e

..................................

Figure 2.5: Structure of the N1 ligand illustrating its basic components and naphthalene substitution.
The second component of the spacer is the rigid aromatic core. The ligand that was synthesized
(N1), and the proposed design for the second (N2), have different substitution patterns on the naphthalene

ring, with the first being 2,6-disubstituted and the second a 2,7-disubstituted naphthalene.
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2.2 Ligand Syntheses

Two different ligands were designed, both containing a naphthalene core (spacer) connected to a
triazole-pyridine chelating unit through a flexible linker group. The first ligand, N1, contains a 2,6-bis-
substituted naphthalene spacer, connected to the chelating units by flexible methylene groups. The N2 ligand
also contains a naphthalene spacer, however it is 2,7-disubstituted, and has an ester functionality connecting
it to the triazole-pyridine chelating units through the methylene linkers. Synthesis of N1 is outlined below

and the initial steps towards obtaining N2 are included, however the final ligand was not obtained.

2.2.1 Synthesis of N1 Ligand

The target molecule N1 was obtained by first reducing the starting material, naphthalene-2,6-
dicarboxylic acid dimethyl ester to 2,6-bis(hydroxymethyl)naphthalene diol 2.1.° Bromination of diol 2.1
afforded the 2,6-bis(bromomethyl)naphthalene product, 2.2. Dibromide 2.2 was then subjected to the ‘click’
reaction in a one-pot two-step synthesis. The first step of the ‘click reaction’ involved formation of the azide,
which then underwent the copper-catalyzed azide-alkyne cycloaddition (CuAAC) reaction to form the

desired N1 ligand.
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2.2

99% 95%
2 NaN3
DMF
rt, 5h
0 N
2 .
N
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Scheme 2.1: Synthetic route for obtaining the N1 ligand.*
2.2.1.1 Synthesis of 2,6-bis(hydroxymethyl)naphthalene (2.1) ¢
Following a procedure slightly altered from literature, 1M lithium aluminum hydride in
tetrahydrofuran solution (2.5 equiv.) was added to the starting material of commercially available
naphthalene-2,6-dicarboxylic acid dimethyl ester (1 equiv.).* The reaction was quenched with 5 N
hydrochloric acid to break apart any aluminum hydroxides. The reduction reaction afforded the diol product

(2.1) as a white powder in excellent yields, which was used for subsequent steps without further purification.

2.2.1.2 Synthesis of 2,6-bis(bromomethyl)naphthalene (2.2) 6

Using a procedure slightly modified from literature, the starting material 2,6-
bis(hydroxymethyl)naphthalene (2.1) was dissolved in anhydrous dichloromethane. To the solution was
added phosphorus tribromide (3 equiv.), which was subsequently refluxed for 2 hours at 45 °C. The reaction

was extracted with chloroform and water, and the crude product obtained from the organic layer in excellent
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yield. The crude product was purified by flash column chromatography, giving the desired product (2.2) as a

white powder.

2.2.1.3 Synthesis of N1 — ‘Click Reaction’

The reaction procedure followed a one-pot, two step synthesis, to avoid isolating the product from
the first step, a potentially explosive azide. In the initial step, 2,6-bis(bromomethyl)naphthalene (2.2) was
reacted with sodium azide (3 equiv.), in a SN2 reaction, which afforded the bis-substituted azide. Without
isolating the azide, the next step, the ‘click’ reaction, was subsequently performed. To the reaction mixture
was added water, copper(Il) sulfate pentahydrate (0.40 equiv.), sodium ascorbate (0.9 equiv.) and 2-
ethynylpyridine (2.15 equiv.) and the solution left to stir at room temperature under argon for 20 h. After 20
h, ammonia, EDTA and water were added and the reaction was left to stir in the air until the solution was
green, and the precipitate white. The green color of the solution was an indication that the catalytic Cu' had
been converted to Cu" due to the O, present when the solution was left to stir in the air. The crude product

was purified by recrystallization from 95% ethanol, which gave the desired product as a white powder (N1).

2.2.2 Synthesis of [7-[(2-Chloroacetyl)oxy|naphthalen-2-yl 2-chloroacetate]|’ (2.3)

The commercially available 2,7-dihydroxynaphthalene was first recrystallized from toluene and then
utilized in the first step of the reaction. Using a method altered slightly from literature, 2,7-
dihydroyxynaphthalene (1 equiv.) and 2-chloroacetyl chloride (10 equiv.) were combined under neat
conditions. The reaction was refluxed at 100 °C for 4 h under argon with stirring. The reaction was cooled to
room temperature and cooled to 0 °C overnight. The resulting grey powder was filtered and washed with
cold ethanol, and further purified by column chromatography using 1:0.6 hexanes: ethyl acetate. This

afforded the desired product as white, shiny crystals.
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Scheme 2.2: Acylation reaction of 2,7-dihydroxynaphthalene.’

The product obtained from the acylation reaction was then supposed to be used for the 'click'
reaction to obtain the proposed N2 ligand. The ester functionality presented some synthetic challenges
however, because of its water and pH sensitivity. As a result of these synthetic challenges and time
constraints the final N2 ligand was not obtained. A proposed synthetic scheme may be found in Chapter 5-

Conclusions and Future Work.

2.3 Formation of Metallomacrocycles with Octahedral Metal Ions

We were interested in synthesizing and characterizing the complexes that formed between ligands
containing a naphthalene spacer and octahedral metal ions, Fe" and Ni". The complex with N1 was studied

in both the solid and solution states with non-coordinating anions, and in solution with coordinating anions.

2.3.1 Synthesis of [Fex(N1)3](BF4)4

The iron(Il) complex of N1 was obtained by mixing two equivalents of metal salt, [Fe(H,0)s](BF4),
with three equivalents of ligand (N1) in acetonitrile. This yielded a dark orange solution. Very slow vapour
diffusion of diethyl ether led to the formation of bright orange single crystals, which were suitable for X-ray

crystallography.

Fe2+ 2+
Lo M
Nz N NN N=N
JaRsVeegs ca o

3
2 [Fe(H 20)6](BF4)2 \_/

Scheme 2.3: Formation of [Fe,(N1);](BF4)4 from N1 and [Fe(H,O)s](BF4), in CD;CN.
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2.3.2 Synthesis of [Niy(N1);3](BF,)4

The nickel(Il) complex of N1 was obtained in an identical fashion, by mixing two equivalents of
metal salt, [Ni(H,O)s](BF4),, with three equivalents of ligand (N1) in acetonitrile. This instead yielded a pink

solution. Again, very slow vapour diffusion of diethyl ether led to the formation of bright single crystals.

N

<
=N NN Y/ —_—> N N=N N N
3%“ S mh\ P
2 [Ni(H,0)6](BF4),

Scheme 2.4: Formation of [Niy(N1);](BF4)4 from N1 and [Ni(H,O)s](BF4), in CH;CN.

2.3.3 Complex Formation of N1 with [Fe(H,0),Cl]

The coordinating chloride anion, obtained from [Fe(H,0)4Cl,], was complexed with N1 to observe
any structural or stoichiometric changes upon complex formation. The complex was studied by 'H NMR as
well as by UV-vis spectroscopy. For '"H NMR analysis, two equivalents of [Fe(H,0),Cl,] were combined
with two equivalents of ligand (N1) in a 1:1 mixture of CDC13*/CD3OD. This mixture of solvents was
chosen to accommodate the solubility of both [Fe(H,0)4Cl] and N1. The mixture containing two
equivalents of [Fe(H,0)4Cl,], and three equivalents of N1 was also examined by '"H NMR spectroscopy. In
both instances the resulting solution was a pale orange/yellow in colour. For UV-vis spectroscopy,
[Fe(H,0)4Cl,] and ligand solutions were prepared in methanol and aliquots of the Fe" solution were titrated
into the N1 solution until no further changes in absorbance were observed. As Fe" concentration increased,

the solution became increasingly yellow in colour, which is consistent with complex formation.

2.3.3.1 Previous Work with Coordinating Anions

Previous work with X1 (introduced in Chapter 1) demonstrated that the unsaturated double-stranded
complex (2:2 metal ion: ligand) was favoured in the presence of a coordinating anion (chloride, or acetate) in

solution (Nan Wu, NSERC-USRA summer research student, 2010).* The unsaturated complex was of
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particular interest because of its available substrate binding sites, as well as the hydrophobic cavity (Figure
2.6). Both the available binding sites and the hydrophobic cavity are characteristics that could be exploited to
potentially bind a substrate molecule through electrostatic interactions and hydrophobic effects. Given the
structural similarities between the X1 and N1 ligands, we were hoping to see the same trend with N1 and a

coordinating anion in solution.

/ Available

Binding

\ Sites

Hydrophobic Cavity
R

3
N
—N N—N2
/ Available 1
Binding
"\Sites . = Metal lon

Figure 2.6: Dinuclear double-stranded metal-ligand complex.
2.3.4 Complex Formation of N1 with [Ni(H,0)4,(OAc);]

As with [Fe(H,0)4CL], [Ni(H20)4(OAc),] was complexed with N1 to observe any structural or
stoichiometry changes upon complexation as a result of the coordinating anion. Due to the paramagnetic
nature of Ni', the obtained complex was only studied by UV-vis spectroscopy. Two equivalents of
[Ni(H,0)4(OAc),] were combined with two equivalents of ligand (N1) in methanol, which gave a light pink
solution. The goal was to obtain the unsaturated complex with 2:2 [Ni": N1] stoichiometry in solution, which

would have available binding sites for a potential substrate.
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2.4 Results and Discussion

2.4.1 Characterization of N1 Ligand

The N1 ligand, which featured a bis-substituted naphthalene spacer unit, was characterized by NMR
spectroscopy (‘'H, C, COSY, HSQC and HMBC may be found in Appendix A), mass spectrometry, and
elemental analysis (see Chapter 4 - Experimental Section).

Note: A full description of all instruments and techniques used for all ligands and complexes described

herein may be found in Chapter 4.

2.4.1.1 NMR Analysis of N1

NMR spectroscopy was used to confirm that the desired product was synthesized as well as to
characterize it (Figure 2.7). There were several characteristic signals that helped to confirm that the N1
ligand was obtained. The diagnostic singlet of the triazole proton was found at 8.1 ppm, which falls into the
typical range of 7.5-8.6 ppm.® The symmetric nature of the ligand was also reflected in the aromatic signals
of the naphthalene group, as three signals corresponded to the appropriate protons (highlighted as a, b and ¢

in Figure 2.7).
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Figure 2.7: "H NMR spectrum of N1 (CDCl;", 500 MHz, 25 °C).

2.4.1.2 Mass Spectrometry and Elemental Analysis of N1

The electron impact mass spectrum (Figure 2.8) further confirmed that the desired ligand was

obtained. The molecular peak at m/z 444.18 corresponded to [M'], as well as the peak at m/z 415.17, which

corresponded to [(M-N,")]. The peak at m/z 154.07 was consistent with [C1,H o]
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Figure 2.8: EI" - mass spectrum of N1, with select fragments outlined.

The elemental analysis confirmed the composition of the N1 ligand, as well as its overall purity (see
Chapter 4 - Experimental Section). The analysis indicated the presence of a small amount of water (0.25
equivalents) trapped in the crystals. The differences between the experimental and theoretical findings

however, still fell within the acceptable range of discrepancies.

2.4.2 Characterization and Analysis of [Fe;(N1);](BF4)4

The metallomacrocycle formed between N1 and [Fe(H,O)¢](BF4), was characterized by NMR
spectroscopy ('H and COSY), single crystal X-ray crystallography as well as by elemental analysis. All of
the characterizations were consistent with formation of a dinuclear complex with the general formula
[FeoL3]*". The complex was also further examined by UV-Vis spectroscopy analysis to examine its
properties and stoichiometry in the solution state. While mass spectrometry would have further confirmed
the formation of a dinuclear triple-stranded structure, previous attempts have been unsuccessful. In the

attempts that were made with iron(Il) and nickel(Il) the corresponding spectra contained only peaks
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corresponding to the partially dissociated complex, suggesting that the complexes are not stable under MS

experimental conditions. Similar difficulties were also seen by Crowley et al. with obtaining mass

spectrometry spectra of their ‘click’ complexes.’

2.4.2.1 NMR Analysis of [Fe,(N1);](BF4)4
The seemingly simple 'H NMR spectrum and well resolved peaks obtained for the [Fey(IN1);](BF4)4

complex are consistent with formation of a single, low-spin species. Compared to the spectrum of the free
ligand, the peaks had broadened slightly, however the proton assignments were still extremely clear. Of
particular interest were the diastereotopic protons, assigned to the bridging CH, groups, which were

equivalent in the '"H NMR spectrum of the free ligand. The proton assignments were confirmed by COSY

(Appendix A).
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Figure 2.9: 'H NMR spectrum of [Fe,(N1);](BF4)s in CD;CN (300 MHz, 25 °C).
While it was difficult to quantitatively compare the chemical shifts of the free ligand to that of the

complex (because different solvents were used) some observations were still made. Upon formation of the

45



complex it was observed that many of the chemical shifts had changed slightly, or become slightly broader
than in the free ligand. The changes in chemical shift were attributed to the proton's proximity to the
chelating site, and ultimately the Fe'" metal ion. It was also expected that some of the protons would show an
upfield shift upon formation of the dinuclear complex. These upfield shifts were attributed to the proton's

interaction with the n-system of adjacent ligands, ultimately leading to edge-to-face interactions.’

2.4.2.2 Single Crystal X-Ray Structure of [Fe,(N1)3](BF4)4

The crystal structure shown in Figure 2.10 gave insight into many interesting features and physical
properties of the metallomacrocyclic complex. The structure and tightness of the self-assembled architecture
was reflected in the nature of the spacer region, whether it was aliphatic or aromatic.** ** ' The self-
assembly trends observed with previous ligands in the solid state (C3, X1) may be applied to N1 with

octahedral metal ions, Fe" and Ni".

Figure 2.10: a) Single crystal X-ray structure of [Fe,(N1);](BF4)s (H atoms, counter-ions (BF4) and solvent
molecules (H,0) omitted for clarity; Fe orange, N blue, and C dark grey). Selected bond distances (A): Fe'-
Fe": 13.398, Fe"-Nyyigore: 1.923-1.951, Fe"-Npyrigine: 1.978-2.007. b) ChemDraw structure of N1, with the
spacer region outlined and the triazole-pyridine chelating unit numbered. Nofe: Anions and solvent

molecules were extremely disordered.
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The structure observed for the [Fey(N1);](BF,)s complex was cylindrical in nature, with both Fe'
octahedral coordination centers having the same chirality, which indicated a helicate structure. While it was
the A, A enantiomer indicated above, N1 formed as a racemic mixture of A, A and A, A enantiomers in the
solid state. Much like the previous ligand, X1, the naphthalene spacer unit of N1 behaved like an extended
CH,-CH, bridge. As a result of this behaviour the even-odd rule was applied, which anticipated a helicate
structure based on the spacer unit containing an even number of carbons.'" In the solid state, it was observed
that the saturated triple-stranded complex was formed with two metal centers and three ligands. Chelating to
the Fe" metal ion occurred through the nitrogen of the pyridine as well as N3’ from the triazole. The
complex was further stabilized by several electrostatic and m-interactions, which are discussed in detail
below.

The X-ray crystal structure was also used to probe potential spin crossover behaviour, by
determining whether the complex was in a high- or low-spin state. This information was inferred from the
metal-nitrogen coordination distances (A), from the Fe"" metal center to both the triazole (FeH-NTriaZOle) and
pyridine nitrogen's (Fe“-prridine).12 As a general rule of thumb, Fe"-N bond lengths between 1.95-2.00 A are
indicative of a low-spin state and high-spin states typically correspond to Fe"-N bond lengths that are longer,
ranging from 2.12-2.18 A."** From this it can see that the transition from low-spin to high-spin significantly
increases the Fe"-N bond lengths of a complex. For the [Fe,(N1);](BF4)s complex all of the coordination
distances corresponded with a low-spin state, with the Fe"-N distances ranging from 1.92-2.01 A.

A feature detected in many complexes containing the triazole-pyridine chelating unit, regardless of
the nature of the spacer, is that of head-fo-tail dimerization. This phenomenon has been observed quite
frequently with various metal ions (Ag', Cu', Pb") complexed to ligands containing a triazole-pyridine

chelate.'>#4¢13

The concept of dimerization involves m-interactions between the triazole-pyridine chelating
units of two adjacent helicate complexes. As a result of the combination of weak interactions a dimerization

box can be imagined between two complexes. The dimerization box (purple box in Figure 2.11) is composed
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of head-to-tail -1 stacking between neighbouring triazole and pyridine groups, hydrogen bonding between
pyridine protons and triazole N,’, and finally m-interactions between the pyridine protons and aromatic
spacer. Through long range self-assembly, the dimerization box for the N1 complex can be infinitely
extended from the same face of the naphthalene spacer (Figure 2.11, bottom).

Outlined in Figure 2.11 (black line), is the stacking of the triazole group from one complex with the
pyridine of another complex, which are considered face-to face interactions. For the [Fey(N1);](BF4)4
complex, the head-to-tail stacking distance between the triazole and pyridine groups (‘intermolecular’
distance) was 3.50 A, which was consistent with the distance observed for [Fex(X1);](BF4)s (3.51 A).* In
addition to m-stacking between the triazole-pyridine groups, interactions between the slightly acidic pyridine
proton (H4), and N>’ of the triazole were observed (Figure 2.11, blue lines). Both face-to-face as well as
edge-to-face interactions were observed in Figure 2.11 (fop), with the blue and black lines indicating face-

to-face interactions, and the red line indicating edge-to-face interactions.
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Figure 2.11: 'Head-to-Tail' dimerization of [Fe;(N1);](BF4)s. Top: purple box indicates the dimerization

box. Black line shows pyridine n-n stacking, blue line shows triazole-pyridine units interactions (H4py6+"

"N2*(triazole)), and red line shows interactions between pyridine and naphthalene spacer (H5+"' m). Bottom:

long-range self-assembly and extension of dimerization box.
It has been observed that the intermolecular distance may be a reflection of how tight the resulting
supramolecular architecture will be. The intermolecular distance is typically related to the rigidity of the

. . .. . . 4a. 4c. 10
spacer region, with a more rigid spacer creating a tighter complex.™ "

This observation was confirmed by
comparing the Hapy’™ Ny (iriazole) ‘intermolecular’ distances between two stacked helicate complexes for the
[Fey(X1);](BF,), and [Fe,(N1)3](BF4)4 complexes, which were 2.66 A and 2.57 A respectively (Figure 2.11,
blue line). As expected, increasing rigidity from xylene to naphthalene (X1 to N1) increased the 'tightness' of

the resulting architecture, which was reflected in a shorter ‘intermolecular’ distance."* As a result of

electrostatic interactions, the distances between the two closest metal ions of the stacked helicates
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(‘intermolecular’) were decreased and therefore brought into closer proximity than the metal ions of a single

complex (‘intramolecular’) (Table 2.1).

Table 2.1: Metal-metal distances within helicate complexes (‘intramolecular’ distances), and between

complexes through head-to-tail stacking (‘intermolecular’ distances).*

Complex [Fex(X1);](BF,)4 [Fex(N1)3](BFy)4
‘Intramolecular Distance’ (A) 11.39 13.40
‘Intermolecular Distance’ (A) 8.40 8.51

Note: The [Fey(X1);](BF4)s complex and corresponding X-ray crystal data were previously obtained by

Caroline Melan (4" year student, Jan-Aug 2011) in our lab.'**

2.4.2.3 Molar Absorptivity Determination of [Fe,(N1);](BF,)4

The saturated triple-stranded complex was obtained by combining two equivalents of metal salt,
([Fe(H20)s](BF4),) and three equivalents of ligand (N1) in acetonitrile to yield a dark orange solution. Molar
absorptivity values were obtained from the UV-vis spectra of the saturated metal-ligand complex, with
prominent peaks occurring at 225 nm, 280 nm and 425 nm. The molar absorptivity values were an indication
of how strongly the chemical species absorbed at a specific wavelength (Figure 2.12). The peaks in the
ultraviolet region, at 225 and 280 nm, were characteristic of ligand based n-n* and n-m* transitions,
attributed to the naphthalene spacer. The shoulder occurring around 330 nm and the broad peak highlighted
around 425 nm both corresponded to metal-to-ligand charge-transfer (MLCT) transitions. The MLCT
transitions were similar to those seen in previous complexes (confirmed by DFT calculations), which were
transitions from Fe" metal ions to triazole, and Fe" to pyridine. These obtained MLCT values were observed
to be lower than the [Fe(2,.2’-bpy)3]2+ (500 nm) counterpart.9 The two peaks centered at 330 nm and 425 nm

indicated complex formation and binding of N1 with the Fe" metal ions.
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While the epsilon values were expected to be independent of concentration, there appeared to be a

dependence on concentration (Figure 2.12, insef), perhaps indicating dissociation of the complex upon

dilution.
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Figure 2.12: UV-vis spectrum of [Fe,(N1);](BF4)s in CH;CN. wt-nt* / n-nt* transitions (225 and 280 nm) and
MLCT transitions (425 nm) highlighted

2.4.2.4 UV-vis Titration of N1 with [Fe(H,0)s](BF,),

Stoichiometry of the Fe"-N1 complex was determined in solution, by performing a UV-vis titration,
whereby aliquots of metal salt, ([Fe(H,O)s](BF4),) were added to N1 in acetonitrile. As the concentration of
Fe'" in solution increased two new bands began to form around 330 nm (shoulder) and 425 nm, both

consistent with MLCT transitions and complexation of N1 with Fe' metal ions.
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Figure 2.13: UV-vis titration spectrum for N1 with [Fe(H,0)s](BF4), in CH;CN. Inset: Absorbance vs. nFe"
/ nN1 ratio for peaks corresponding to MLCT transition (425 nm) and n-n*/ n- ©* transition (280 nm). Note:

n mentioned herein refers to the number of moles.'®

As Fe' concentration increased the solution became a darker yellow and the intensity of the charge-
transfer bands (330 nm and 425 nm) also increased. When there was no Fe" present in solution, the peaks at
330 nm and 425 nm were absent, so the enhancement of these peaks with increasing Fe' concentration
indicated complex formation. The presence of a sharp, well-defined isosbestic point at 275 nm suggested
there was an transformation from starting material to products, both of which are absorbing species. It is
likely that the absorbing species in solution are the [Fe,N1;5]* complex and free ligand."” The transformation
of these species was dependent on the concentration of Fe' present in solution. By plotting absorbance of the
bands centered at 280 nm and 425 nm as a function of [nFe" / nN1], complex stoichiometry was confirmed.
From the resulting graph (Figure 2.13, insef) it was seen that after the addition of about 0.67 equivalents of
Fe", there were no further increases in absorbance, indicating that the complex in solution was of the
formula, [Fe,N15]*".
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Figure 2.14: Job plot of N1 with [Fe(H,0)s](BF4), in CH;CN (lines are only connecting the experimental
points; no data ﬁtting)16 Note: mentioned herein, x refers to the molar ratio (moles of Fe"" / total number of

moles).

A Job plot was also performed to confirm the stoichiometry of the complex in solution. Seen in
Figure 2.14, absorbance was plotted as a function of the molar ratio, determined from the number of moles
of Fe'"/ the total number of moles. Consistent with the titration data, plotting absorbance vs. xFe'' showed a

maximum at x(Fe") = 0.40, which indicated formation of the saturated triple-stranded complex under these

conditions.

2.4.3 Characterization of [Niy(N1)3;](BF4)4

Unlike the [Fey(N1);](BF4)s complex, the Ni"' complex was paramagnetic in nature, meaning that
NMR spectroscopic analyses did not assist with characterization. Instead the obtained Ni" complex was
studied by UV-vis spectroscopy to investigate the accessibility of potential spin crossover behaviour in the
corresponding Fe' complex. While the concept of spin crossover was outside the scope of my thesis, a
simple UV-vis experiment gave much information about the possible phenomenon.

Strong metal-to-ligand charge transfer bands typically overlap with the weak d-d transitions in Fe"
complexes, the absence of a MLCT band made it possible to probe potential spin crossover behaviour from

the Ni" electronic spectrum. Unlike Fe", the @” electronic configuration of Ni" forces all of the electrons in
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the non-bonding orbital (t2g6) to be paired.17 With Fe'' however, which has a d° electronic configuration,
multiple orbital arrangements may exist. This variability permits Fe'" complexes to potentially display spin
crossover behaviour with an external perturbation. While Ni" complexes do not typically display spin
crossover behaviour, their d-d electronic spectra are quite well understood with regards to ligand field.'”"® It
was for this reason that solution state studies with Ni" were undertaken, and the potential spin crossover
behaviours then applied to the corresponding Fe' complexes.

While efforts were made to obtain X-ray crystallography quality crystals, unfortunately all attempts
were unsuccessful in obtaining single crystals. As explained in Chapter 1 however, X-ray crystal structures
were obtained by Caroline Melan for both the [Fey(X1);](BF4)s, and [Niy(X1);](BF4)4 complexes.la’ * In
comparing the Fe'" and Ni" crystal structures with X1, it was verified that the two were almost completely

'2.4¢ The metal-metal distances, both inter-

isostructural, and in both instances resulted in a helicate complex.
and intramolecular were essentially equivalent, varying only very slightly (see Chapter 1 for further
details).”” We can apply these observations to N1 and extrapolate that the X-ray crystal structure for
[Niy(N1);](BF4)s would be isostructural to the Fe" complex and share very similar metal-metal distances.

To confirm the intended Ni" complex was made as well as its composition and overall purity,

elemental analysis was also performed (see Chapter 4).

2.4.3.1 UV-vis Spectroscopy Analysis of [Niy(N1);](BF,)4

To better establish how the complex behaved in solution, a UV-vis titration experiment was
performed in acetonitrile to track stoichiometry changes and complex formation. Small increments of
[Ni(H,0)4](BF4), were titrated into the N1 solution and analyzed by UV-vis (Figure 2.15). Given the
similarities between X1 and N1, as well as the presence of a non-coordinating anion, it was expected that a

saturated dinuclear complex would form in solution.
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Figure 2.15: UV-vis titration spectrum for N1 with [Ni(H,O)s](BF4)s in CH3CN. Inset: Absorbance vs.
[nNi"/ nN1] ratio for peak at 287 nm."°

The sharp isosbestic points at 225 nm and 280 nm indicated transformation of the absorbing species,
likely free ligand to complex, dependent on the concentration of [Ni(H,O)s](BF4), in solution. The graph of
absorbance as a function of [nNiH/ nN1] (Figure 2.15, insef) confirmed that the dinuclear complex formed
with two Ni' metal ions and three ligands (N1). From the shape of the graph it was also inferred that the
complex formed with tight binding. This was based on the fact that there was a linear increase in absorbance

until 0.67 equivalents of Ni" were added, at which point a horizontal plateau occurred and the absorbance

remained constant.

2.4.3.2 Molar Absorptivity Determination of [Ni,(N1);](BF4)4

UV-vis spectroscopy was used to determine molar absorptivity values for the [Niy(N1);](BF4)s complex

at various wavelengths, much like for the [Fe,(N1);](BF4)s complex. From the UV-vis spectrum in Figure
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2.16, the ligand field strength value (wavenumber (cm™)) was obtained and as a result, the accessibility of

. . . 11
spin crossover in the corresponding Fe™ complex.
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Figure 2.16: UV-vis spectra of [Niy(N1);](BF4)s in CH;CN.

To determine whether spin crossover was accessible for the Fe' species, the ligand field strength
value (10Dq) for the [Niy(N1)3](BF,)s complex had to fall between 11,000-12,500 cm™."** It is within this
small range of values that spin crossover may be anticipated for the corresponding Fe" species. The ligand
field strength value relates to the d-d transitions, which have small intensities (¢ values) because they are
forbidden.'™ The ligand field strength value was concluded from the wavenumber (cm™) that was
determined based on the longest wavelength (nm), corresponding to the lowest energy. Based on these
characteristics Ni'"' was useful in determining the ligand field strength value as well as the accessibility of
spin crossover. The [Niy(N1);](BF4)s complex was found to have a ligand field strength value of 11,290

cm”, which was well within the range of values where spin crossover may be accessible for the

. it .
corresponding Fe™ species.
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2.4.4 Characterization of N1 with [Fe(H,0),Cl,]

2.4.4.1 NMR Analysis of N1 with [Fe(H,0),Cl]

Two mixtures were prepared, each with different stoichiometries and examined by 'H NMR
spectroscopy (proton assignments confirmed by COSY; see Chapter 4). The first solution was prepared by
mixing two equivalents of [Fe(H,0)sCL], and two equivalents of ligand (N1) in a 1:1 mixture of
CDCIL3*/CDsOD. This mixture of solvents were chosen because the metal was only sparingly soluble in
chloroform and N1 is minimally soluble in methanol. Based on this, a mixture of solvents was chosen where
both metal and ligand were soluble at the desired concentrations. The second solution was prepared in an
identical fashion, however the [Fe'" : N1] ratio was 2:3 instead of 2:2. By preparing and analyzing both
mixtures we were hoping to identify any significant spectral changes that may be attributed to formation of

the unsaturated 2:2 complex.
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Figure 2.17: a) Structure of the N1 complex with [Fe(H,0)4Cl,] and proton numbering Note: 'n' refers to the
number of ligands b) '"H NMR stack plot of the two mixtures: Top: 2 N1 (5.63 x 10° M) + 2 [Fe(H,0)4Cl,]
(5.63 x 10 M); Bottom: 3 N1 (3.75 x 10° M) + 2 [Fe(H,0)4CL] (3.75 x 10 M); (1:1 CDCL;*/CD;0D, 300
MHz, 25°C).
From Figure 2.17 it was observed that by changing the ratio of [Fe(H,0)4Cl;] to N1 there was a
very minimal change detected by '"H NMR spectroscopy. The 2:2 mixture showed a slight broadening of

peaks, as well a minor downfield chemical shift, however these changes were not significant enough to

indicate formation of the unsaturated complex. Based on the very similar '"H NMR spectra, it appeared that
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in both instances it was the triple-stranded complex that formed in solution. Further experiments were

conducted to try to force the formation of the unsaturated, double-stranded complex (titration with chloride

anions), however these were also unsuccessful.

2.4.4.2 UV-vis Analysis of N1 with [Fe(H,0),Cl]

Previous UV-vis work with X1 demonstrated that the unsaturated double-stranded complex (2 metal
: 2 ligand) was favoured in solution in the presence of a coordinating anion (chloride, or acetate) (Nan Wu,
Research summer student, 2010). It was the unsaturated complex that was of particular interest because of its
available binding sites and therefore potential substrate binding capabilities (Figure 2.6). Given the

similarities between X1 and N1, we were hoping to see the same preference with N1 for the unsaturated

double-stranded complex in solution.
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Figure 2.18: UV-Vis titration spectrum for N1 with [Fe(H,0)4Cl,] in CH;OH. Inset: Absorbance vs. nFe"

/nN1 ratio: peaks corresponding to 280 nm and 428 nm.

The titration gave ambiguous results, with no clear indication of which stoichiometry predominated

in solution. There were three prominent peaks in the titration spectrum, which occurred at 430 nm (MLCT
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transitions), 330 nm (a shoulder) and 278 nm (n-n* and n- ©* transitions). When X1 was complexed with
[Fe(H,0)4Cl,] there was a clear isosbestic point at 265 nm, whereas with N1 the isosbestic point was blurred
and unclear. The graph of absorbance as a function of [nFe" / nN1] (Figure 2.18, inser) showed a very
gradual increase as the concentration of Fe' increased, which suggested weaker binding than the
[Fex(N1)3](BF4)s and [Niy(N1);](BF4)s complexes. The maximum absorbance also was not very clear,
however when [nFe" / nN1] equalled approximately 2.0, the changes in absorbance became extremely
subtle. These results were not reproducible however, so information pertaining to the complex stoichiometry
could not be concluded.

The UV-vis titrations with [Fe(H,0)4Cl;] and N1 were repeated on several occasions, however each
time the results obtained were not consistent and were therefore inconclusive. Shown below is another
titration performed with N1 and the same metal, ([Fe(H,0)4Cl,]) in methanol. The data indicated a different
result, which was the case for the majority of the UV-vis experiments, and the reason that a concrete

stoichiometry determination could not be made.
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Figure 2.19: UV-vis titration spectrum for N1 with [Fe(H,0)4Cl,] in CH;OH. Inset: Absorbance vs. [nFe" /

nN1] ratio: peaks corresponding to 280 nm and 428 nm (lines are only connecting the experimental points;

no data fitting).
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In an attempt to obtain useful information about stoichiometry of the complex in solution, a Job plot
was performed in an identical manner to those with a non-coordinating anion (Figure 2.20). Much like with
the titration data, each Job plot indicated a slightly different stoichiometry in solution, sometimes it was the
saturated triple-stranded complex and other times it was the unsaturated double-stranded complex. Initially
the Job plot data was plotted as a function of xFe" (molar ratio of Fe""), which gave an absorbance maximum
between 0.4 and 0.5 (Figure 2.20). In order to get a more accurate representation of stoichiometry, the data
was plotted as a function of [nFe" / nN1], which indicated a maximum absorbance around 0.55. Neither
method of analyzing the Job plot data provided a consistent stoichiometry and much like the titration data,
the experiment was completed on several occasions.
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Figure 2.20: Job plot of N1 with [Fe(H,0)4ClL;] in CH;OH (line is only connecting the experimental points;

no data fitting).

Several different experimental techniques were used in an effort to accurately determine the complex
stoichiometry that was favoured by N1 with [Fe(H,0)4Cl,] in solution. Neither the titration data nor the Job
plot data indicated consistent results, with both the 3:2 and 2:2 complexes indicated in solution. To this end,
further experiments are required to accurately determine which complex stoichiometry(s) is favoured in

solution.
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2.4.5 Characterization of N1 with [Ni(H,0)4(OAc),]

2.4.5.1 UV-vis Analysis of N1 with [Ni(H,0)4(OAc);]

The octahedral metal ion Ni" was examined with N1, using the coordinating acetate anion to
determine how the complex behaved in solution, much like with X1. The paramagnetic nature of Ni" meant
analysis of the complex was limited to UV-vis spectroscopy, however useful information was still acquired
from this data. As with [Fe(H,0).Cl,], it was the unsaturated double-stranded complex that was anticipated
in solution, however the UV-vis titration and Job plot analyses did not distinctly support this prediction.

UV-vis titration results showed a slightly blurred isosbestic point at 278 nm and an absorbance
maximum at 285 nm (Figure 2.21, inset). The unclear isosbestic point was also observed with the
coordinating chloride anion ([Fe(H,0)4CL]), however with X1 this was not the case. This variability

between isosbestic points is also consistent with the differences in titration results between the two ligands.
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Figure 2.21: UV-Vis titration spectrum for N1 with [Ni(H,0)4(OAc),] in CH;0H. Full spectrum and zoom

(insef) on 272-284 nm, showing the isosbestic point (278 nm).
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For the graph of absorbance as a function of [#Ni" / nN1], absorbance at 295 nm was monitored. If
the chosen wavelength had been 285 nm, then the change in absorbance would have been insignificant
because absorbances are relatively constant at the isosbestic point (278 nm), which evidently was quite close
to the maximum absorbance. The graph indicated a Ni" to N1 mole ratio of about 0.7, suggesting that with

[Ni(H,0)4(OAc),], N1 favoured the saturated triple-stranded complex under those conditions.
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Figure 2.22: Absorbance vs. [nNi" / nN1] ratio for peak occurring at 295 nm (a line has been added to guide

the eye; no data fitting).

The titration data indicated that perhaps it was the triple complex present with those specific reaction
conditions in solution and Job plot supported this outcome. From Figure 2.23 it can be seen that the
maximum absorbance value was indicative of the triple-stranded complex and a 3:2 [N1: Ni'] binding
stoichiometry in solution. While an absorbance maximum was indicated at 1.0, it appeared that the slope of
the graph began to level off much before this point. It was also seen that around 3.0 there was another slight
increase in absorbance. Both of these findings were attributed to the inconsistencies that were obtained with
N1 and the coordinating anions in solution (with both double- and triple-stranded complexes being

observed). As with [Fe(H,0)4Cl,], an alternative method was used to confirm the stoichiometry obtained
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from the Job plot (Appendix B). Plotting absorbance vs. [nNi" / nN1] also indicated the saturated complex
in solution, supporting the titration data that was obtained.
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Figure 2.23: Job plot of N1 with [Ni(H,0)4(OAc),] in CH30H (line is only connecting the experimental

points; no data fitting).

It was a result of this inconsistency between experimental data that inhibited the determination of
complex stoichiometry in solution. Compiling all of the obtained data and analyzing it certainly suggested
that both the saturated and unsaturated complexes were possible in solution in the presence of coordinating

anions. Further work must be done to establish the criteria that favour one stoichiometry over the other.

2.4.6 Towards the N2 Ligand

A second ligand was designed, which would also feature the triazole-pyridine chelating unit. Again
naphthalene would be used as the spacer region, however the substitution pattern is varied from N1 and an
ester functionality will be introduced. The naphthalene is 2,7-disubstituted and the ester group will be added
between the naphthalene spacer and the methylene linker, which connects to the triazole-pyridine chelating
unit. We were hoping to understand how varying naphthalene substitution would affect the self-assembly

process of the resulting metallomacrocycle. The ester functionality was introduced to increase the size of the
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cavity as well as other useful characteristics in the resulting complex. While the synthesis of N2 was not

completed, the intermediate compound was successfully made and compared to literature.

As was outlined in the synthetic scheme above (Scheme 2.2), the desired intermediate compound was
obtained by an acylation reaction, using neat reaction conditions. Unlike with N1, this intermediate molecule
(2.3) contains a 2,7-disubstituted naphthalene, as well as an ester functionality in addition to the methylene
linker. NMR spectroscopy (‘H NMR and COSY) as well as mass spectrometry were performed and
compared to literature in order to confirm that the desired compound was obtained (2.3).”% The

corresponding spectra can be found in Appendix A.

Following synthesis of the intermediate compound (2.3) the 'click’ reaction was intended, however due
to time constraints the final N2 ligand was not synthesized. While the desired ligand was not obtained a
synthetic scheme has been proposed and will be explained in Chapter 5 - Conclusions and Suggestions for

Future Work.

2.5 Conclusions

In summary, a new ligand based on a naphthalene spacer region was synthesized, using the triazole-
pyridine chelating unit (with synthesis of the second underway). N1 was complexed with octahedral metal
ions, Fe'" and Ni" and properties of the resulting complexes studied. While the initial goal was to potentially
utilize N1 as a metalloreceptor, obtaining the unsaturated double-stranded complex in solution proved to be
more complex than originally anticipated. Future work may look into obtaining the unsaturated double-
stranded complex and potentially recognizing substrate molecules within the cavity.

Physical properties of the complexes formed between N1 and octahedral metal ions in the presence of
the tetrafluoroborate non-coordinating anion was also explored. Self-assembly properties obtained from

previously studied ligands and complexes (specifically X1) were used as a template for the newly designed
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N1 ligand and the corresponding complexes. N1 formed complexes that were saturated (triple-stranded),
with both metal centers having identical chirality, rendering it a helicate. These properties were anticipated
based on the nature of the spacer as well as the non-coordinating BF," anion.

Further work is required to synthesize N2. Following synthesis it may be complexed with Fe" and Ni"
metal ions, and the corresponding complexes characterized. The obtained complexes may be examined in
solid and solution states to determine how the naphthalene substitution pattern and presence of the ester

functionality affect the self-assembly process.

2.6 Notes and References

The work described in this chapter includes contributions from the following publication:

Stevenson, K. A.; Melan, C. F. C.; Fleischel, O.; Wang, R.; Petitjean, A., Solid-State Self-Assembly of
Triazolylpyridine-Based Helicates and Mesocate: Control of the Metal-Metal Distances. Cryst.

Growth Des. 2012, 12, 5169-5173.
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Chapter 3

Ligands Derived from Aliphatic Spacers and Their Complexes

3.1 Introduction: Previous Aliphatic Spacers

In addition to ligands containing aromatic spacer groups, work within our lab is also interested in
multinuclear complexes with aliphatic spacers of varying length. The ligand containing a propyl spacer (C3),
was first synthesized by Crowley et al. in 2010, and reproduced by Petitjean et al. in 2011 (Figure 3.1).'
Crowley et al. obtained an X-ray crystal structure of the C3 ligand and observed an anti-conformation
between pyridine and triazole nitrogen donors.'® A coplanar arrangement between pyridine and triazole
groups was also observed, with both of these conformations being commonly observed in nitrogen chelating

la, 2

units. Upon complexing with metal ions the ligand is forced to alter its anti-conformation in order to

chelate, and therefore must adopt a syn-conformation (anti-conformation outlined in Figure 3.1).
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Figure 3.1: Ligand design with triazole-pyridine chelating units and variable spacer region. Structures of

aliphatic ligands include: previously synthesized C3,"* and ligands of interest C4 and C5.
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The coordination chemistry of C3 has been previously studied with the labile Ag' metal ion.' In our
group, once the ligand was synthesized it was complexed with metal ions of octahedral geometry, Ni' and
Fe" and their physical properties examined (Caroline Melan, 4" year student, Jan-Aug 2011).

Compared to the ligands described in Chapter 2 (containing a naphthalene spacer region), the aliphatic
spacers offer flexibility, which may affect the self-assembly process as a result. Previous work by Albrecht
proposed an even-odd rule to assigning complex chirality, based on the number of carbons present in the
aliphatic spacer region (explained in detail in Chapter 1).* An alkyl spacer unit with an even number of
carbons typically corresponds to a helicate conformation, while an odd number of carbons characteristically
results in a mesocate structure.* With our preliminary ligands this rule may be applied, however as the length

of the aliphatic spacer increases, the assignment may not be as clear-cut.

3.1.1 Increasing the Length of the Spacer

As with the ligands in the previous chapter, increasing alkyl spacer alters length alters many physical
properties of the ligands as well as the complexes they form with metal ions. It has been previously observed
that the length of the spacer connecting the metal centers and the bridging ligands can have a profound effect
on the resulting complexes.’ Increasing the length of the aliphatic spacer also increases the flexibility of the
ligand, which may decrease the overall level of control over the self-assembly process.® A result of this
increased flexibility can be seen in the complex obtained from the pentyl spacer (C5), in which the even-odd

rule may not apply in as concrete a manner as was originally anticipated.'

3.2 Ligand Syntheses: Butyl (C4) and Pentyl (C5) - Alkyl Spacers

Both ligands were obtained from reaction of the commercially available alkyl dihalide to obtain the
‘click’ reaction product. A one pot, two-step synthetic procedure was followed in order to avoid isolating the

potentially explosive azide intermediate.'® The first step of the ‘click’ reaction involved reacting the alkyl
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dihalide starting materials (1,4-dibromobutane or 1,5-dibromopentane) with sodium azide, which was then
subjected to the ‘click’ reaction without isolation. In both cases the desired ligands were obtained with butyl

and pentyl aliphatic spacer regions corresponding to the C4 (Figure 3.2) and C5 (Figure 3.3) ligands

respectively.
—N
cat. CuSO, ;\l/ —
| N
Br -~ zo\cat NaAsc | ,N\/)'\Q
Br Zgal\:l‘l; N 74 \ 7 ;\j/\/\/ N Y/,
80°C, 241 20N DMF/H,0 \— (=N

Figure 3.2: Synthetic route for C4 with the butyl spacer region highlighted.

Unlike with N1, both aliphatic ligands required elevated temperatures for the initial step of the
reaction, the Sy2 reaction with sodium azide. Crowley et al. observed that when this step was carried out at
room temperature a mixture of both mono- and bis-substituted products were obtained."* By increasing the
temperature to 90 °C a much more complete conversion was observed, obtaining the desired bis-substituted
‘click’ product.la Based on these observations, the initial Sy2 step for both C4 and C5 was carried out at 80

°C, which gave the desired products in excellent yields following completion of the reaction.

cat. CuSO,
| N /\/\/\ N
2NaN; 2%y cat NaAsc Q{/\ \
Br/\/\/\Br b > \ Y, N\ /

DMF
80°C, 24 h rt, 20 h DMF / H,0

Figure 3.3: Synthetic route for C5 with the pentyl spacer region highlighted.

C4 and C5 ligands were chosen because we were specifically interested in how self-assembly of the
complexes with octahedral metal ions (Fe" and Ni') was affected by the increase in aliphatic chain length.
We wanted to observe whether the additional flexibility, which was correlated to alkyl chain length, played a
role in the nature of the supramolecular architectures that were formed. It was also previously observed that

the [Fex(C3)5](BF4)4 complex displayed spin crossover behaviour, with a transition to high-spin at elevated
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temperatures.”” We were hoping to better understand the properties that influence spin crossover behaviour

by studying other complexes with similar structural characteristics.

3.3 Formation of Metallomacrocycles with Octahedral Metal Ions

Much like with the N1 ligand, we were interested in the complexes that formed between C4 and C5
ligands and octahedral metal ions, Fe" and Ni". The complexes were obtained and studied by NMR
spectroscopy (only Fe" complexes), UV-vis spectroscopy and elemental analysis (see Chapter 4). These
ligands were only studied with the non-coordinating tetrafluoroborate anion (BF,), as the alkyl spacers are

not overly conducive to substrate binding, unlike the naphthalene spacer.

3.3.1 Synthesis of [Fe,(C4);](BF4); and [Fey(C5);](BF.)s

The Fe" complexes of both C4 and C5 were obtained by mixing two equivalents of metal salt,
[Fe(H,0)4](BF4),, with three equivalents of ligand (C4 or C5) in acetonitrile (Figure 3.4). Ethyl acetate was
then added to the solution to precipitate out the complex, and the solvent was subsequently removed.
Following removal of the solvent, ethyl acetate was added and the solution heated at 30 °C for 2 h to remove
any excess ligand remaining in solution. The resulting complexes were collected by vacuum filtration and in
both cases yielded a bright orange powder. The complexes were examined by NMR spectroscopy, UV-vis

spectroscopy as well as elemental analysis (see Chapter 4).

7
\\ 7 3 4 |
y =~ N CD,CN W t «a X
%
3 O\(/\N/\/\/N\I\FN — > 6=y - /N/\/\/N - N 3
= A = T e
2+
+ Fe2+ €

2 [Fe(H,0)6l(BF ),

Figure 3.4: Synthetic route for [Fe,(C4);](BF4)s in CD;CN with atom numbering indicated (same route for

[Fex(CS5);](BF,)4: pentyl spacer instead of butyl).
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3.3.2 Synthesis of [Niz(C4)3](BF4)4 and [Niz(C5)3](BF4)4

In the same way as with the Fe' complexes, the Ni' complexes were obtained by combing two
equivalents of metal salt, [Ni(H,O)s](BF4),, with three equivalents of ligand (C4 or CS5) in acetonitrile
(Figure 3.5). The same procedure was followed and pink powders were obtained for both C4 and C5
complexes. The complexes were examined by UV-vis spectroscopy and their molecular composition

confirmed by elemental analysis (see Chapter 4).

2 [Ni(H,0)6l(BF ),
Figure 3.5: Synthetic route for [Niy(C4);](BF4)s in CH3CN (same route for [Niy(C5);](BF4)4: pentyl spacer
instead of butyl).

3.4 Results and Discussion

3.4.1 Characterization of C4 Ligand

The C4 ligand, identified by a butyl spacer region, was obtained and characterized by NMR
spectroscopy (‘H, *C, COSY, HSQC and HMBC can be seen in Appendix A), mass spectrometry as well as
elemental analysis (Chapter 4). We were interested to see the effects, if any, that lengthening the aliphatic
spacer region had on self-assembly and complex formation with octahedral metal ions.

Note: A full description of all instruments and techniques used for the ligands and complexes described

herein may be found in Chapter 4.
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3.4.1.1 NMR Analysis of C4

The 'H NMR spectrum of C4 gave the anticipated chemical shifts corresponding to the triazole-
pyridine chelating unit, as well as the two methylene groups belonging to the butyl spacer region (Figure
3.6). As a result of the symmetrical nature of the ligand, only two peaks were assigned to the butyl spacer,
indicated by a and f in the 'H NMR spectrum. The diagnostic triazole singlet was found at 8.16 ppm, which
was in the acceptable range of 7.5-8.6 ppm, confirming that the ‘click’ reaction was successful.” To confirm

the proton assignments a COSY was performed and analyzed (Appendix A).
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Figure 3.6:'H NMR spectrum of C4 in CDCl; (300 MHz, 25°C)

The C4 ligand was further characterized by “C NMR, however ligand solubility at high
concentrations was poor in all organic solvents. In order to accurately assign all of the carbons, 2D NMR
experiments (HSQC and HMBC) were performed, further confirming the structure of the ligand (Appendix

A).
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3.4.1.2 Mass Spectrometry and Elemental Analysis of C4

Mass spectrometry and elemental analysis were analytical methods that were also used for the

characterization of C4. Electron impact mass spectrometry was utilized to confirm that the desired ligand

was obtained based on the theoretical molecular weight (Figure 3.7). The molecular ion peak at m/z 346.16

corresponded to [M'], and another peak to note was seen at m/z 318.16, consistent with [(M-N;")].
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Figure 3.7: EI'- mass spectrum of C4 ligand.

Elemental analysis confirmed the overall molecular composition and purity of C4 (see Chapter 4).

Despite extensive efforts to ensure the ligand was extremely pure (recrystallization and column

chromatography were both utilized), there were still traces of impurities in the elemental analysis data (0.15

equivalents of H,0O).
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3.4.2 Characterization of C5 Ligand

In a similar fashion to C4, C5 was also obtained and characterized by NMR spectroscopy, mass
spectrometry as well as elemental analysis. The pentyl spacer region, as compared to the butyl spacer of the
C4 ligand, was used to identify C5. Electron impact mass spectrometry confirmed that the correct, pure
ligand was obtained and the corresponding spectrum can be found in Appendix A. The molecular peak at
m/z 360.18 corresponded to the [M'], which was consistent with the theoretical molecular weight of the
ligand. Elemental analysis obtained for C5 agreed with the experimentally determined values for ligand
composition. The ligand appeared to be very pure with no traces of solvent or impurities present in the

analysis (see Chapter 4).

3.4.2.1 NMR Analysis of C5

'H NMR spectroscopy was once again used to determine the structure of the obtained ligand. Peaks
corresponding to the triazole (H;) and pyridine (H3-Hg) groups were identified, in addition to the aliphatic
peaks, which were assigned as Hy, Hp and H, (Figure 3.8). Again the symmetrical nature of the ligand
resulted in the two H, methylene groups being homotopic as well as the two Hp methylene groups. The
aliphatic protons closest to the triazole nitrogen were located the further downfield (H,), with decreasing
chemical shifts assigned to Hg and H,. This same equivalency was not observed once the ligand was

complexed with Fe", however this will be explained in Section 3.4.4.1 with the corresponding

characterization. The proton assignments were confirmed by COSY (Appendix A).
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Figure 3.8: "H NMR spectrum of C5 in CDCl;* (300 MHz, 25 °C)
C5 was further characterized by “C, HSQC and HMBC NMR experiments (in addition to the

previously discussed 'H and COSY experiments). See Appendix A for the corresponding spectra.

3.4.3 Characterization of [Fe,(C4);](BF4)4

The metallomacrocycle was obtained by combining two equivalents of metal salt, [Fe(H,0)s](BF4),
with three equivalents of ligand (C4) in acetonitrile. The complex was collected as a bright orange powder
and examined by NMR spectroscopy (see Appendix A), UV-vis spectroscopy as well as elemental analysis
(see Chapter 4). Through these experiments various properties were examined, including stoichiometry and
assignment of relative chirality at the metal centers based on consistency with the even-odd rule.* It was
anticipated that the saturated triple-stranded complex would form, with a 2:3 [Fe': ligand] stoichiometry,

due to the presence of the non-coordinating tetrafluoroborate anion (BFy).
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3.4.3.1 NMR Characterization of [Fe;(C4);](BF,)4

The 'H NMR spectrum of the [Fex(C4)5]* complex displayed slightly broad and complicated signals
compared to the spectrum of the free ligand. There appeared to be a mixture of products, however the
expected [Feo(C4);]*" complex appeared with the highest abundance. Despite the complexity of the 'H NMR
spectrum, proton assignments were confirmed by COSY (Figure 3.10). Spectra of this nature have been
observed in a few other instances and may be attributed to the increased flexibility of the alkyl spacer
region.® An equilibrium between helicate and mesocate conformations has previously been observed with
flexible alkyl spacers in solution, however the '"H NMR spectrum did not support this observation.* It was
instead speculated that the additional low abundance peaks were a result of polymeric or oligomeric species
that had formed in solution.® While there may have been additional species present in solution, entropically it
was the [Fez(C4)3]4+ complex that predominated based on stability.

Application of the even-odd rule suggested that there was a conformational preference for a helicate
structure to form based on the even number of carbons present in the butyl spacer.* While there is a
preference for a helicate to form, the aliphatic protons are expected to be diastereotopic regardless of a

helicate or mesocate conformation. Based on this the '"H NMR spectrum cannot be used to concretely
identify the nature of the species in solution. As will be seen with CS, the additional Hy proton is required to

distinguish between the two conformations. The peaks belonging to the pyridine and triazole protons were

assigned however, and were consistent with the spectrum obtained from the [Fe,(C3)s]*" complex.
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Figure 3.9: 'H NMR spectrum of [Fe,(C4);](BF4), in CDCN; (300 MHz, 25°C).

While direct comparison between free ligand (in CDCI;*) and [Fe;(C4);](BF4)s complex (in CD;CN)
could not be made because of solvent discrepancies, useful observations were still made. The '"H NMR
spectrum became much more convoluted and difficult to assign upon complexing with Fe", compared to the
free ligand. While a quantitative comparison could not be made, the downfield shift of the triazole proton
relative to the free ligand was an indication of complexing with Fe' ions.*® The other proton that had a
noticeable change in chemical shift upon complexation was Hg, as a result of the close proximity to the

chelating pyridine nitrogen.®
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Figure 3.10: 'H-'H COSY spectrum of [Fe,(C4);](BF4)s in CD;CN (300 MHz, 25 °C).

Despite the convoluted 'H NMR spectrum, a COSY experiment made proton assignments much
clearer. The COSY spectrum shown in Figure 3.10 identifies the proton assignments as well as the
corresponding proton-proton correlations.

Numerous attempts were made to obtain X-ray quality single crystals, however none were successful.
The X-ray crystal structure would have been extremely useful in confirming the stoichiometry of the

obtained complex, however the combination of NMR and UV-vis spectroscopy results gave some good

insight.

3.4.3.2 UV-vis Titration of C4 with [Fe(H,0)s](BF,),

By performing a UV-vis titration of [Fe(H,0)s](BF4), to C4, information was gathered about the

physical and structural properties of the complex, including stoichiometry and binding strength. As
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anticipated, an increase in Fe" concentration correlated with the solution becoming a darker yellow/orange
colour. This relationship was consistent with the observed spectrum (Figure 3.11), which showed an
increase in the peak around 430 nm, corresponding to a metal-to-ligand charge transfer (MLCT) band. The
overall spectrum showed four prominent peaks, which occurred at 240 nm, 280 nm, 330 nm (shoulder), and
425 nm.

There was an isosbestic point that occurred around 264 nm, which was indicated transformation from
starting materials to products. The absorbing species in solution were likely free C4 ligand and complex.’
The transformation was dependent on the concentration of [Fe(H,O)q](BF4), present in solution.” At the
isosbestic point absorbances remained constant, however absorbances on either side changed as the reaction

proceeded (increasing amount of [Fe(H,O)s](BF4), in solution).’”
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Figure 3.11: UV-vis titration data for [Fe(H,0)](BF4), to C4 in CH;CN. Full spectrum and zoom (inset) on
260-270 nm, showing the isosbestic point (264 nm)."

From the absorbance vs. [nFe" / nC4] ratio graph it can be seen that a complex formed with two Fe"
metal ions and three C4 ligands, which corresponds to a ratio of 0.67 (Figure 3.12). The maximum

absorbance at 0.67 was indicative of a complex with the general formula [Fex(L):]*", which was also
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consistent with a [2 Fe" : 3 L] binding stoichiometry. Another piece of information that was abstracted from
the titration data was the relative binding strength of the complex. The shape of the curve indicated that the
[Fey(C4);]* complex formed with relatively strong binding. This was gathered because when the ratio of
[nFe" / nN1] reached 0.67 (or two equivalents of Fe" to three equivalents of C4) the absorbance reached a
plateau and remained constant. A complex that formed with weaker binding would have a much more

gradual increase, and the point where absorbance reaches a maximum is not as clear.
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Figure 3.12: Absorbance as a function of [nFe" / nC4] ratio for peaks at 425 nm and 280 nm."° Note: ‘n’

mentioned herein refers to number of moles.

To further confirm complex stoichiometry a Job plot was performed with varying solution
concentrations (Figure 3.13). The Job plot method works on the premise that a series of solutions are
prepared, each with an equivalent number of moles of metal ion and ligand."" The ratio of moles varies in
each solution however, with [n(metal ion) : n(ligand)] typically ranging from zero to one.'" The Job plot

data was analyzed by plotting the absorbance at a specific wavelength as a function of the molar ratio of Fe"

(xFe™).
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Figure 3.13: Job plot of C4 with [Fe(H,0)s](BF4), in CH3CN (line is only connecting the experimental

points; no data fitting)."” Note: xFe" mentioned herein refers to molar ratio [moles of Fe' / total moles].
The Job plot indicated a very clear absorbance maximum occurring at xFe'' = 0.4. Based on this it was
confirmed that the species present in solution was the saturated triple-stranded complex, consistent with the

formula [Fe,(C4);]*".

3.4.3.3 Molar Absorptivity Analysis of [Fe,(C4);](BF4)4 and [Fex(C5);3](BF4)4

Molar absorptivity values for both C4 and CS complexes with [Fe(H,0)q](BF,), were determined by
UV-vis spectroscopy, which showed how strongly the species absorbed at a given wavelength. To the
[Fey(C4);](BF4)4 or [Fe(C5);](BF4)s complexes (powder) was added acetonitrile, which both yielded dark
orange solutions (Note: gentle heating and sonication was required to get a completely homogenous
solution). In both cases, as the concentration of Fe' in solution increased, the solutions became darker
yellow/orange in color, which also corresponded to an increase in MLCT absorbance. The peaks in the
ultraviolet region (230 and 280 nm) were characteristic of n-n* and n-m* transitions, corresponding to
promotion of an electron from a n-bonding to anti-bonding orbitals. The metal-to-ligand charge transfer band
occurred around 430 nm, which confirmed complexation and coordination of the ligands to Fe" metal ions.

The absorption spectrum has been shown in Figure 3.14, and the data summarized in Table 3.1.
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Figure 3.14: UV-vis absorption spectra of [Fe,(C4);](BF4)sand [Fe,(C5);](BF4)4 in CH;CN.

Similar trends in the UV spectra were observed for both complexes, with maxima occurring at the
same wavelengths, 240 nm, 280 nm and 425 nm. When solution concentrations were varied however there
were noticeable changes in molar absorptivity values for both complexes. It was expected that the € values
(M 'em™) were independent of concentration, so such a change indicated that the complex might be
dissociating upon dilution. This phenomenon has been seen before however, where as the solutions became

increasingly dilute, the complex dissociated into free metal and free ligand."?

Table 3.1: Summary of ¢ M "'em™) and log € values for [Fe,(C4);](BF4)s and [Fe,(CS5);](BF4)s complexes.

Complex Wavelength (nm) € (M'lcm'l) [log €]

[Fex(C4):](BF4)4 426 16,114.7 [4.2]
320 9,465.7 [4.0]
280 156,931.3 [5.2]
242 101,284.9 [5.0]

[Fex(C5);](BF4)4 430 14,452.9 [4.2]
280 106,075 [5.0]
242 78,297.6 [4.9]
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3.4.3.4 Models of [Fe,(C4)]*"

While we were unable to obtain single crystals suitable for X-ray crystallography, models were
predicted using the Advanced Chemistry Development Inc. (ACD/Labs) Software.” Both helicate and
mesocate structures of the complex formed between C4 and [Fe(H,O)s](BF4), were modelled. NMR
spectroscopy, UV-vis spectroscopy and elemental analysis that have been previously explained in detail
confirmed that it was the saturated triple-stranded complex favoured in solution with the tetrafluoroborate
anion. While these models cannot be interpreted as crystal structures, the structural properties may still be

examined and the differences between the helicate and mesocates structures observed (Figure 3.15).

Helicate Mesocate

Figure 3.15: Models of [Fe,(C4);]*", with both helicate and mesocate structures represented.13

The distance between Fe'" metal centers was measured upon energy minimization of the complex.
Unlike with an actual X-ray crystal structure, these values cannot be used for any more than a frame of
reference and to be very loosely compared to the previously obtained values for [Fe,(C3);]*". The Fe"-Fe"

distance for the theoretical [Fe,(C4);]*" complex was found to be 10.4 A, slightly greater than the
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experimentally determined value for [Fex(C3)s]* of 9.88 A. This slight increase in metal-metal distance can
be expected based on the increase in aliphatic chain length, from propyl to butyl.

Based on the even-odd rule and the even number of carbons present in the spacer region it was
anticipated that the helicate conformation would be favoured by C4. With both structures indicated above we
can observe the structural differences between the two (Figure 3.15). It has been previously indicated that
the helicate conformation tends to adopt a 'S' configuration, while the mesocate predominantly conforms to a
'C' configuration on the basis of stability.* The explanation for these preferred conformations is based on the
number of carbons present in the spacer region, and the preferential zigzag orientation of a linear alkyl
chain.* These conformations are confirmed in the models of [Fe,(C4);]*", which would then suggest

formation of the helicate complex as being the most stable.

3.4.4 Characterization of [Fe,(C5);](BF4)4

In an identical fashion to the [Fe,(C4);](BF4)s complex, the C5 metallomacrocycle was obtained by
combining two equivalents of metal salt, [Fe(H,O)¢](BF4),, with three equivalents of ligand (C5) in
acetonitrile. The complex was collected as a bright orange powder and examined by NMR spectroscopy (see
Appendix A), UV-vis spectroscopy (see Appendix B) as well as elemental analysis (see Chapter 4). These
experiments gave some fascinating results, some of which may challenge the previously identified even-odd
rule.* By increasing aliphatic spacer length, the amount of conformational flexibility also increased, which

has presented some additional characteristics which were not seen with previous complexes.

3.4.4.1 NMR Characterization of [Fe;(C5);](BF4)4

From the 'H NMR spectra it became apparent that there was additional complexity associated with the
increase in aliphatic spacer length. From the spectrum it appeared that several of the protons had multiple
peaks, which suggested that perhaps there were multiple species present in solution (Figure 3.16). Similar

behaviour has been observed previously, where ligands with flexible spacer regions formed a mixture of
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complexes in solution, however typically these ligands have heteroatoms connecting the spacer to the

chelating units, " > *

Regardless of a helicate or mesocate conformation the protons corresponding to Hy, Hp will be
diastereotopic, and it is the Hy protons that will be used to distinguish between the two different species in

solution. Depending on the presence of a helicate or mesocate the splitting pattern for Hy will be different,

and can give insight into the identity of the two species. For the C5 complex it appeared that there was a 1:2

mixture of species that formed in solution and COSY was used to distinguish between the two.
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Figure 3.16: 'H NMR spectra of [Fe,(C5);](BF4)4in CD;CN (300 MHz, 25 °C)
The COSY spectrum was ultimately used to distinguish which protons belonged to the mesocate
conformation, and which belonged to the helicate (Figure 3.17). From the 'H NMR spectrum it was

ascertained that not all of the protons had separate peaks, which indicated that the chemical shifts for the two
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conformations were quite similar. The protons that had clear, separate peaks were those of the aliphatic

spacer region, (Hg, Hg and Hy), as well as H¢ and Hg. For the triazole proton and Hg, the appearance of two

distinct peaks may be attributed to their proximity to the chelating nitrogens. The Hy protons appeared as

three broad signals, with peaks of similar intensities outlined (Figure 3.17 a). As such these protons were
used as the starting point to identifying the two different species and shown in Figure 3.17 b, a zoom on the

aliphatic region made the assignments more clear.

Starting from H, the correlation to Hg and Hp’ is indicated, showing that there was a slight overlap
with the acetonitrile solvent peak. H,” however seemed to only have one correlation, presumably to Hp’.

From the Hp and Hp’ peaks lines were added to show the correlations to Hy and Hy’, which suggested that

again the two overlapped and could not be distinguished from one another. Based on these correlations and
the ratios of the peaks, it appears that there was a 1:2 mixture of helicate to mesocate conformations that
formed in solution. While there appeared to be a mixture of both helicate and mesocate present, the
predominance of the mesocate conformation agrees with the even-odd rule and the odd number of methylene
groups in the pentyl spacer. This result was very unique however and it was attributed to the additional

flexibility of the aliphatic spacer.

88



x -
bk P B+B
a £Ye ©
t She o’+a

B 2.0

g
o

»
)

o
o

Q
Q+
Chemical Shift (ppm)

5
=)

7.0

8.0

LU o B e L LB o A L A

9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 10
Chemical Shift (ppm)

b a'+a

R
N
o

T
o
Chemical Shift (ppm)

F4.0

a+ :
o’ E
L4.5

45 4.0 35 30 25
Chemical Shift (ppm)
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Based on the assignment for the [Fey(C5):]*" complex by NMR, UV-vis experiments were conducted.

We were interested in tracking the complex formation through UV-vis titration experiments, as well as

seeing the stoichiometry that was present in solution.

3.4.4.2 UV-vis Titration of [Fe,(C5);](BFy),

Stoichiometry of the complex in solution was determined by two different UV-vis analyses, including
a titration and a Job plot. Molar absorptivity determinations were also completed in solution and discussed
previously in Section 3.4.3.3 (Figure 3.14).

The UV-vis titration was performed by adding a small number of aliquots of Fe" to C5 in acetonitrile
(Figure 3.18). As the concentration of Fe'" increased in solution, the intensity of the peaks at 330 nm and
425 nm also increased, consistent with MLCT transitions. The increase in absorbance of the peak at 425 nm
was plotted as a function of the [nFe": nC5] ratio (Figure 3.18, insef), which gave insight into the complex

stoichiometry in solution. It was seen that after about 0.67 equivalents of Fe" had been added the absorbance

remained constant, which suggested a 2:3 [Fe': C5] stoichiometry.
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Figure 3.18: UV-vis titration spectrum for C5 with [Fe(H,0)s](BF4), in CH3CN. Inset: Absorbance vs.

[nFe" / nC5] ratio for peaks corresponding to MLCT transitions (425 nm)."’
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Information pertaining to the relative binding strength of the complex was acquired from the titration
data as well. The shape of the curve suggested that the complex formed with strong binding because there
was a very clear transition, from linear increase in absorbance to a horizontal plateau when xFe'' = 0.67.

To further assess stoichiometry of the C5 complex in solution, a Job plot was performed (Appendix
B). As with the [Fe,(C4);]*" complex Job plot data was analyzed using two different methods, both of which
indicated formation of the saturated triple-stranded complex in solution. The first method used the molar
ratio of Fe' present in solution at a particular wavelength (410 nm) and plotted as a function of absorbance
(xFe'). The second method (nFe" / nC5) compared the mole fraction of Fe" to the mole fraction of C5 in
solution, which also indicated a maximum value around 0.67 equivalents of Fe", consistent with the

anticipated [Fe,(C5)s]*" complex in solution.

3.4.4.3 Model of [Fey(C5);]*"

Despite not being able to obtain an X-ray crystal structure, the structure of the [Fe,(C5);]*" complex
was approximated by modelling both helicate and mesocate conformations of the dinuclear complex in an
identical fashion to the [Fey(C4);]*" complex (Figure 3.19). The Fe'-Fe" distances were again calculated and
compared to those obtained for [Fe,(C4);]". As expected the metal-metal distances were greater than for
C4, consistent with increasing the length of the spacer region. There were minor differences between
distances of the helicate and mesocate conformations however, with the mesocate distance being slightly
longer than the helicate. The mesocate complex had a Fe'-Fe" distance of 12.4 A, while the helicate

conformation was 12.1 A, however differences such as these have been observed before.™
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Mesocate

Figure 3.19: Model of [Fey(C5);]*", with both helicate and mesocate structures represented.'

Application of the even-odd rule suggested that for CS a mesocate structure would be favoured based
on the odd number of carbons in the aliphatic spacer unit. This partiality was based on the preferred ‘C’-type
geometry required in the mesocate conformation. Another factor influencing the nature of the complex is
based on the fact that linear aliphatic chains are most stable when a zigzag conformation is obeyed.* ** Based
on the ‘C’ geometry and zigzag conformation it was anticipated that the mesocate conformation would be
favoured, however flexibility of the pentyl spacer permitted both helicate and mesocate conformations in

solution based on the NMR spectroscopy results.

3.4.5 Characterization of [Ni»(C4);3](BF4)4 and [Ni(C5);](BF4)4

Nickel(I) complexes with C4 and C5 were prepared as outlined in Section 3.3.2 and obtained as
bright pink powders, which were used for further analysis. The paramagnetic nature of Ni" made it possible
to only examine the complexes by UV-vis experiments and elemental analysis (see Chapter 4). Note: Due to
their extremely similar properties, C4 and C5 complexes with Ni" will be analyzed together.

The absence of a metal-to-ligand charge transfer band with Ni", made it possible to probe potential

spin crossover behaviour in the near-infrared region of the electronic spectrum (between 800-900 nm are of
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interest)."* Based on the ¢’ electronic configuration, which results in all of the electrons in the non-bonding,
t2g6 orbitals being paired, Ni'" is useful for determining ligand field strength values.'* Another appealing
feature of Ni'" is that the d-d electronic spectra are quite well understood in terms of ligand field.'* Based on
these reasons, solution state studies with Ni" were undertaken, and potential spin crossover behaviours
applied to the corresponding Fe' complexes, which have a very strong charge-transfer band overlapping

with the d-d transitions of interest.

3.4.5.1 UV-vis Analysis of [Ni;(C4)3;](BF.)s and [Niy(C5);](BF.),

To better establish how the complexes behaved in solution, UV-vis titration experiments were
performed in acetonitrile to track stoichiometry changes as well as complex formation. Job plots were also
performed for both C4 and C5 complexes to further confirm the stoichiometry in solution. Due to the
presence of the non-coordinating BF,™ anion, it was anticipated that the saturated triple-stranded complex
would form in solution, with two Ni'" metal ions, and three ligands (C4 or CS5).

The titration data corresponding to C4 with [Ni(H,O)s](BF4),] in acetonitrile, is shown in Figure 3.20.
There are two predominant peaks present in the titration spectrum, occurring at 240 and 285 nm, consistent
with n-n* and n-n* transitions. There are also two isosbestic points, both of which are in the ultraviolet
region of the spectrum, occurring at 235 and 280 nm. As with the Fe' complexes, the isosbestic points
indicate a clear transformation from starting materials to products in solution. The absorbing species are
likely free ligand (starting material) and complex (product), both of which are dependent on the
concentration of [Ni(H,O)¢](BF,4), present in solution. The titration obtained from [Ni(H,O)¢](BF,4),] to C5

in acetonitrile was also consistent with this finding (Appendix B).
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Figure 3.20: UV-vis titration data for [Ni(H,0)s](BF4), to C4 in CH;CN."

As with the previous complexes, stoichiometry was determined from the titration data by plotting
absorbance as a function of the [#Ni" to n(ligand)] ratio at various wavelengths (Figure 3.21). The changes
in absorbance were plotted corresponding to the maximum occurring at 295 nm. The titration spectra for the
two complexes showed similar properties, in terms of both isosbestic points and absorbance maxima. For
[Niy(C4);]*" and [Niy(C5):]*" complexes in the presence of a non-coordinating anion (BF4) the saturated

triple-stranded complex was favoured in solution as anticipated.
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Figure 3.21: Absorbance as a function of [#Ni' to nC4] ratio at 295 (line has been added to guide the eye;

no data fitting)."

Stoichiometry for the C4 and C5 complexes was further confirmed by performing Job plots, where the
mole fraction of Ni" was varied between zero and one. The Job plot obtained from the [Niz(C4)3]4+ complex
is shown below (Figure 3.22), however the [Niy(C5);]*" Job plot also confirmed the same stoichiometry
(Appendix B). The Job plot data was analyzed by plotting absorbance at a specific wavelength as a function
of the molar ratio of Ni" (xNi'). Much like with the Fe" complexes, both C4 and C5 complexes with Ni"
showed a maximum absorbance at xNi" = 0.4. For consistency and to further ensure the stoichiometry
determination was accurate a second method was used. The absorbance was plotted as a function of [nNi" /
n(ligand)] which showed a maximum value around 0.67 equivalents of Ni" for both complexes (Appendix
B). This absorbance maximum was again consistent with the formation of a dinuclear complex with the

general formula [Niz(ligand)3]4+.
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Figure 3.22: Job plot for [Niy(C4);](BF4)s in CH3CN (line is only connecting the experimental points; no
data fitting)."’

While NMR experiments showed the presence of low abundance peaks, it appeared that the additional

flexibility of the aliphatic spacer units did not affect the nature of the complex that formed in solution when

analyzed by UV-vis spectroscopy.

3.4.5.2 Molar Absorptivity Values for [Ni»(C4)3](BF4); and [Ni,(C5);](BF4)4

Molar absorptivity values were determined for both [Niy(C4);](BF4)s and [Niy(C5);](BF4)s complexes
in acetonitrile with varying solution concentrations. These values gave insight into how strongly the species
absorbed at a given wavelength.

As previously stated, Ni" complexes do not have absorbances corresponding to metal-to-ligand charge
transfer bands, which makes the information from the weak d-d transitions accessible. The graph shown in
Figure 3.23 has two peaks in the ultraviolet region, occurring at 240 and 285 nm, which correspond to n-n*
and n- n* transitions. There are three peaks occurring in the near infrared region, with one occurring at 520
nm, and two superimposed peaks centered at 850 nm. These peaks were of interest and they corresponded to

the forbidden d-d transitions, based on their very small epsilon (g) values (Figure 3.23 inset).
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Figure 3.23: Molar absorptivity values in CH;CN for [Niy(C4);](BF4)4 and [Niy(CS);](BF4)4.

As described in Chapter 2, in order for spin crossover to be accessible in the corresponding Fe'
species, the ligand field strength value (10Dq) for the [Niy(C4)3]"/[Niy(C5)3]" complexes must fall
between 11,000-12,500 cm™."” From the UV-vis data in Figure 3.23, the ligand field strength value was
determined based on the absorbance maximum that gave the lowest energy. Based on this criterion the
longest wavelength would give the lowest energy, which corresponded to 890 nm. The wavenumber (cm™)
was then calculated, which indicated the ligand field strength value was 11,235 cm™. Based on this, spin

crossover was determined to be accessible for the corresponding Fe'' complex because the ligand field

value was well within the acceptable range.

3.5 Conclusions

In summary, we have successfully studied how an increase in aliphatic spacer length affects complex
formation with octahedral metal ions, Fe" and Ni', which was described in detail within this chapter. C4 and

CS ligands as well as their complexes were synthesized and characterized, which were identified by butyl
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and pentyl spacer regions respectively. NMR spectroscopy analysis for the [Fe,(C4);]* and [Fe,(C5)s]*"
complexes indicated that additional flexibility may affect the self-assembly process, resulting in a mixture of
species in solution. The results obtained from UV-vis spectroscopy were much more predictable, since the
Fe" and Ni" complexes for both C4 and C5 favoured the saturated triple-stranded stoichiometry in the
presence of a non-coordinating anion. The systematic study of C4 and C5 and their corresponding
complexes have indicated that perhaps the predictability of the even-odd rule is only applicable for short

aliphatic spacers.
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Chapter 4

Experimental Section

4.1 General Methods

Commercially available compounds were purchased from Alfa Aesar, Aldrich, Strem Chemicals, and
VWR. All were used as received with the exception of 2,7-dihydroxynaphthalene, which was re-crystallized
in toluene prior to use. Anhydrous dichloromethane and tetrahydrofuran were dried by passing through an
activated alumina column according to the manufacturer’s instructions (Innovative Technology). Molecular
sieves were used to further dry the solvents. Anhydrous DMF was purchased from EMD (DriSolv) and was
used as received. All reactions were performed under Argon (Ar) unless otherwise stated. Deuterated
solvents (Cambridge Isotopes) were used as received, except for CDCl; which was sometimes neutralized by
passing through a short column of basic alumina (such treated CDCIl; will be signalled below by an asterisk,
i.e. ‘CDCl3*’). '"H NMR and ">C NMR analyses were performed using 300 MHz, 400 MHz and 500 MHz
Bruker instruments. Peak listings for all NMR spectra are given in ppm and referenced against the residual
solvent signal. UV-vis spectra were recorded on both Cary-50 and Cary-300 spectrometers (200-1100 nm).
Thin layer chromatography (TLC) analysis was performed on Merck silica gel with a pore diameter of 60
Angstroms. Column chromatography was performed with Silica-P flash silica gel with a particle size of 40-
63 um and a pore diameter of 60 Angstroms. Melting points were recorded on a MEL-TEMP (Laboratory
Device, USA) apparatus. X-ray crystallographic data was collected on a Bruker SMART APEX II X-ray
diffractometer and processed on a PC using the Bruker AXS Crystal Structure Analysis Package. Mass
spectrometry was performed on a Waters/Micromass GC-TOF EI-MS spectrometer or ESI-MS spectrometer.

Elemental analyses were conducted at the Elemental Analysis service at the Université de Montréal.
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4.2 Experimental Details

4.2.1 2,6-Bis(hydroxymethyl)naphthalene (2.1) !

b The synthetic method was adapted from literature protocols.'"

HO ) ‘O o Naphthalene-2,6-dicarboxylic acid dimethyl ester (200 mg, 8.20 mmol, 1

CH, ¢ equiv.) was dissolved in tetrahydrofuran (45 mL) under argon. To the
reaction mixture was added 1 M lithium aluminum hydride solution in tetrahydrofuran (21 mL, 21 mmol, 2.5
equiv.) drop-wise. The suspension was refluxed for 3 h at 75 °C with stirring. After cooling to room
temperature, aqueous hydrochloric acid (84 mL, 5 N) was added drop-wise with stirring. The resulting
homogenous solution was concentrated, and the residue was dissolved in dichloromethane (60 mL) and
water (40 mL). The final product precipitated in the aqueous layer, filtered and left to dry in the air. Traces
of the product were also found in the organic layer of the extraction. White, powder of the desired product
was afforded (1.527 g, 99 %). The physical and spectral data were consistent with those previously reported
in literature and the compound was used for the next step without further purification." § "H (300 MHz,
CDCls, 25 °C): 7.80 -7.76 (m, 4 H, Hy and H,), 7.44 (d, °J = 7.5 Hz, 2 H, H,), 4.78 (s, 4 H, CH,). Mp: 171-

174 °C (lit. 170-170.5 °C)."

4.2.2 2,6-Bis(bromomethyl)naphthalene (2.2) '*™?

b The synthetic method was slightly modified from literature protocols."® 2,6-

Br ) OO o Bis(hydroxymethyl)naphthalene (153 mg, 8.12 mmol) was dissolved in

CH, ¢ anhydrous dichloromethane (110 mL) under argon with stirring. Phosphorus
tribromide (2.22 mL, 23.4 mmol, 2.88 equiv.) was added drop-wise and the reaction was refluxed at 45 °C
with stirring for 2 h. TLC was performed and starting material was still present. Phosphorus tribromide (1.00

mL, 10.5 mmol, 1.30 equiv.) was added and the reaction was left to stir at room temperature overnight. The

solution was extracted using water (30 mL) and chloroform (20 mL) and the organic layer was dried over
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anhydrous sodium sulfate, filtered and concentrated. The crude product was purified by flash column
chromatography using dichloromethane as the eluent. This afforded the desired product as a cream powder
(2.105 g, 83 %). 6 'H (300 MHz, CDCl;): 7.83 (br. d, 2 H, Hy), 7.81 (br. d, 2 H, H,), 7.54 (d, J= 8.2 Hz, 2

H, H,), 4.67 (s, 4 H, CH,). TLC (SiO,, CH,Cl,); Rf = 0.60. Mp: 180-183 °C (lit.182-184 °C).2

4.2.3 [2-{1-[(6-{[4-(Pyridin-2-y])-1,2,3-triazol-1-yllmethyl}naphthalen-2-yl)methyl]-1,2,3-triazol-
4-yl}pyridine]] (N1)*

4 3 N—N a 2 d NN N= 2,6-Bis(bromomethyl)naphthalene (300 mg,
s S
=N EHz e N 0.95 mmol) was added to dimethylformamide

(12 mL) and sodium azide (180 mg, 2.77
mmol, 2.9 equiv.). The solution was stirred under argon at room temperature for 5 h. To the reaction mixture
was added, water (3 mL), copper (II) sulfate pentahydrate (95 mg, 0.38 mmol, 0.40 equiv.), sodium
ascorbate (170 mg, 0.85 mmol, 0.9 equiv.) and 2-ethynylpyridine (207 pL, 2.04 mmol, 2.15 equiv.). The
resulting yellow solution was degassed and left to stir at room temperature under argon for 20 h. The
solution was a yellow/orange colour after 20 h; concentrated aqueous ammonia (6 mL), saturated
ethylenediaminetetraacetic acid (6 mL) and water (30 mL) were added to the solution and the reaction was
left to stir vigorously in the air overnight. The light green suspension was filtered and the white precipitate
was washed with water and dried in the air overnight yielding the crude product (0.404 g, 96%). The crude
product was recrystallized from 95% ethanol and left to cool overnight. The precipitate was collected
through vacuum filtration, and the filtrate placed in the fridge overnight. Another fraction of precipitate was
collected. The desired product was afforded, and the powder was cream coloured and fluffy (0.314 g, 74%).
The product was further purified by column chromatography using 1:1 dichloromethane: acetone as the

eluent. This afforded the desired product as white powder (0.200 g, 47 %). 0 'H (500 MHz, CDCl;*, 25 °C):

8.52 (d, °J=4.1 Hz, 2 H, H), 8.19 (d, °J = 7.8 Hz, 2 H, H;), 8.09 (s, 2 H, H,), 7.85 (d, *J = 8.4 Hz, 2 H, H,),
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7.80 (s, 2 H, H.), 7.78 (t, °J = 7.8 Hz, 2 H, Hy), 7.46 (d, °J = 8.7 Hz, 2 H, H,), 7.21 (m, °J = 6.8 Hz, 2 H, Hs),
5.76 (s, 4 H, CH,). 6 °C (125 MHz, CDCl5*, 25 °C): 150.5 (Cq), 149.7 (Cy), 149.2 (C)), 137.2 (C4), 133.47
(Cq), 133.12 (C.), 129.62 (Cy), 127.8 (C.), 126.7 (C,), 123.3 (Cs), 122.39 (C)), 120.64 (Cs), 54.7 (CH,). TLC
(SiO,, 1:1 dichloromethane: acetone); Rf = 0.37. EA: calc. for C,sHyoNg © 0.25 H,O: %C 69.55, %H 4.60,
%N 24.96; found: %C 69.76, %H 4.50, %N 24.70. MS (EI): calc. for CosH,0Ng: 444.18, found 444.18 [M'],

416.17 [(M-N,)"]. Mp: 233-235 °C.

4.2.4 Metallomacrocycles Formed with Ligands Containing Aromatic Spacer Units
Non-Coordinating Anions

Iron(II) and nickel(Il) complexes of N1 were obtained by mixing 2 equiv. of metal salt,
[Fe(H,0)4](BF4), and [Ni(H,0)s](BF4), (typically, 4.0 x 10° mol) with 3 equiv. of ligand (N1) in a mixture
of chloroform and acetonitrile (~5 mL). This yielded dark orange and pink solutions respectively. Very slow
vapour diffusion of diethyl ether led to the formation of bright single crystals. Note: gentle heating was

required to solubilize the reagents. The corresponding UV-vis data can be seen in Chapter 2 and Appendix

B.
4.2.4.1 [Fey(N1);](BF4); Complex

Fe 5 'H (300 MHz, CD5CN, 25 °C): 8.84 (br s, 2 H, Hy),

Fe

b ;

m 8.17 (br d, °J = 7.6 Hz, H;), 8.08 (br t, °J = 7.3 Hz, H,),

— ~

H, ¢ |

5t ¢ Pb 7.84 (br d, °J = 5.4 Hz, H), 7.53 (br's, H,), 7.43 (br t, °J
\/ = 8.3 Hz, Hs), 7.34 (br d, °J = 8.2 Hz, Hy), 6.76 (br d, >J
=7.4 Hz, H,), 5.59 (d, 2J = 15.0 Hz, 2 H, CH"), 5.32 (d, °J = 15.4 Hz, 2 H, CH). UV-vis (CH;CN; Apax (nm)
[logio(€)]) 224 [5.2], 278 [4.9], 322 [3.9], 370 [sh; 3.8], 426 [4.0]; EA: calc. for C1sHeNasFesB4Fig » 3.6 H,O

* 1.2 CHCl5: %C 50.2, %H 3.4, %N 17.9; found: %C 50.21, %H 3.39, %N 17.90. Details of the crystal

structure are given in Appendix C.
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4.2.4.2 [Niy(N1);](BF,); Complex

UV-vis (CH;CN; Apax (nm) [logio(€)]) 226 nm [5.3], 284 [4.8], 514 [1.8], 790 [1.4], 850 [1.4]; EA: calc. for
C7sHgoN2Ni,B4F 6 ¢ 1.2 CHCI; * 5.85 H,0: %C 46.48, %H 3.59, %N 16.42; found: %C 46.51, %H 3.63, %N

16.45.

Coordinating Anions
Nickel(II) and iron(II) complexes of N1 were obtained by mixing 2 equiv. of [Ni(H,0)4(OAc),] or
[Fe(H,0)4Cl,] with 2 equiv. of ligand (N1) in methanol. This yielded pink and dark orange solutions
respectively. These solutions were tested by UV-vis spectroscopy. The Fe' complex was also examined by
NMR spectroscopy, instead using 1:1 CDCl;*/CD;0D as the solvents. The UV-vis, and titration data, can be

seen in Appendix B.

4.2.4.3 3 [N1]+2 [Fe(H,0),ClL]

§ 'H (300 MHz, 1:1 CDCL;*:CD;0D, 25 ° C): 9.54 (br. s, 2 H, H,), 8.54 (br. s, 2 H, Hs), 8.32 (br. m, 2 H,
H.), 8.00 (br. m, 2 H, Hy), 7.77 (s, 2 H, He), 7.69 (m, 2 H, Hs), 7.56 (m, 2 H, Hy), 7.08 (br. s, 2 H, H,), 5.92

(d,’J=11.8 Hz, 2 H, CH"), 5.60 (d, °J = 11.8 Hz, 2 H, CH).

4.2.5 [2-(1-{4-]4-(Pyridin-2-yl)-1,2,3-triazol-1-yl|butyl}-1,2,3-triazol-4-yl)pyridine]] (C4)

Nn=N — To a stirred solution of 1,4-dibromobutane (180 pL,
- 27—
57 \21 74 ;\l/\B/\/ N 4/ 151 mmol) in dimethylformamide (2.5 mL) was
4 §3 N—N

added sodium azide (226 mg, 3.47 mmol, 2.3 equiv.).
The white suspension was stirred under argon at 80 °C for 24 h. To the reaction was added:
dimethylformamide (0.6 mL), water (0.6 mL), copper (II) sulfate pentahydrate (153 mg, 0.6 mmol, 0.4
equiv.), sodium ascorbate (145 mg, 3.25 mmol, 0.9 equiv.) and 2-ethynylpyridine (330 pL, 3.25 mmol, 2.15

equiv.). The resulting mixture was stirred at room temperature under argon for 20 h. To the mixture was
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added, concentrated aqueous ammonia (5 mL), saturated aqueous ethylenediaminetetraacetic acid (5 mL)
and water (15 mL). The reaction was left to stir vigorously in air until the solution became green and the
precipitate white. The solid was filtered, washed with water, air-dried and purified by recrystallization from
hot 95% ethanol to give C4 as a white powder with an overall yield of 92% (0.482 g). A portion of the
product was further purified by flash column chromatography using 1:1 dichloromethane: acetone as the
eluent. This afforded white powder of the desired final product (0.112 g).  '"H (400 MHz, CDCl;*, 25 °C):
8.58 (br d, °J=5.0 Hz, 2 H, Hy), 8.18 (d, °’J = 7.9 Hz, 2 H, H3), 8.13 (s, 2 H, H,), 7.79 (td, °’J = 7.5 Hz, *J =
1.7 Hz, 2 H, H,), 7.24 (m, 2 H, Hs), 4.49 (t, ’J = 5.6 Hz, 2 H, H,), 2.04 (dt, ’J = 5.7 Hz, *J= 2.9 Hz, 4 H, Hjp).
§ C NMR (125 MHz, CDCl3*, 25 °C): 152.9 (C2), 152.3 (Cs), 151.1 (C1), 140.9 (C4), 126.6 (Cs), 125.8
(Co), 123.9 (Cs), 49.8 (Cy), 27.1 (Cp). TLC (SiO,, 1:2 dichloromethane/acetone); Rf = 0.23. EA: calc. for
CisHisNg ¢ 0.15 H,0: %C 61.93, %H 5.28, %N 32.10; found: %C 61.84, %H 5.15, %N 32.28. MS (EI+):

calc. for CgH gNg: 346.17; found: 346.16 [M'], 318.16 [(M-N,)"]. Mp: 223-224 °C.

4.2.6 [2-(1-{5-]4-(Pyridin-2-yl)-1,2,3-triazol-1-yl]pentyl}-1,2,3-triazol-4-yl)pyridine]] (C5)

G\N ¢ o Y N To a stirred solution of 1,5-dibromopentane (180 pL,
5@%{? /\B/\/\R’:w 1.32 mmol) in dimethylformamide (2.2 mL) was
vl " added sodium azide (198 mg, 3.04 mmol, 2.3
equiv.). The mixture was stirred at 80 °C for 24 h. Then were added dimethylformamide (0.5 mL), water
(0.5 mL), copper (II) sulfate pentahydrate (132 mg, 0.53 mmol, 0.9 equiv.), sodium ascorbate (236 mg, 1.19
mmol, 0.9 equiv.) and 2-ethynylpyridine (290 pL, 2.84 mmol, 2.15 equiv.). The resulting mixture was stirred
at room temperature under argon for 20 h. To the mixture were added a solution of saturated aqueous
ethylenediaminetetraacetic acid (4.5 mL), concentrated aqueous ammonia (4.5 mL) and water (15 mL). The
resulting suspension was stirred vigorously in air until the solution became dark green and the precipitate
white. The solid was filtered, washed with water, air-dried and purified by recrystallization from hot 95%

ethanol to give pure C5 as a white powder with an overall yield of 77% (0.368 g). The product was further
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purified by flash column chromatography using 0.5:1 dichloromethane: acetone as the eluent. This afforded
white powder in 74% yield. 6 'H (400 MHz, CDCl3*, 25 °C): 8.58 (d, ’J = 4.4 Hz, 2 H, Hy), 8.17 (d, J = 7.8
Hz, 2 H, Hy), 8.12 (s, 2 H, H,), 7.78 (td, °J = 7.7 Hz, “J = 1.39 Hz, 2 H, H,), 7.23 (m, 2 H, Hs), 4.43 (t, °J =
7.1 Hz, 4 H, H,), 2.03 (quin., J = 7.4 Hz, 4 H, Hy), 1.45 (m, 2H, H,). 6 °C NMR (125 MHz, CDCl;*, 25
°C): 150.3 (Cy), 149.3 (Cg), 146.6 (C,), 136.9 (C4), 122.7 (Cs), 121.6 (Cy), 120.3 (Cs), 50.1 (Cy), 29.6 (Cp),
23.5 (C,). TLC (SiOy, 1:2 dichloromethane/acetone); Rf = 0.32. EA: calc. for Ci9H;0Ns: %C 63.32, %H 5.59,
%N 31.09, found: %C 63.34, %H 5.54, %N 31.22. MS (EI+): calc. for Ci9H2Ns: 360.18; found: 360.18

[M'], 332.18 [(M-N,)']. Mp: 184-185 °C.

4.2.7 Metallomacrocycles Formed with Ligands Containing Aliphatic Spacer Units

Non-Coordinating Anions

Nickel(I) and iron(II) complexes of C4 and C5 were obtained by mixing 2 equiv. of metal salt,
[Ni(H,0)6](BF4), and [Fe(H,0)s](BF4), (typically, 4.0 x 10° mol) with 3 equiv. of ligand (C4/C5) in
acetonitrile (~5 mL). Note: gentle heating was required to solubilize the reagents. This yielded a pink or dark
orange solution respectively. Ethyl acetate was then added to the solution to precipitate out the complex (~ 8
mL). The solvent was then removed and 10 mL of ethyl acetate was subsequently added and the solution
heated at 30 °C for 2 h to remove any excess ligand that may remain in solution. The resulting complexes
were obtained by vacuum filtration and were pink and orange in color respectively. The corresponding UV-

vis data can be seen in Appendix B.
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4.2.7.1 [Fey(C4);3](BF4)s Complex
5 "H (300 MHz, CDsCN, 25° C): 8.73 (s, 2 H, Hy), 8.13 (m, 2

N N=n H, H3), 8.07 (m, 2 H, Hy), 7.91 (m, 2 H, Hg), 7.42 (br. m, 2
5®/<\/\N\/B\/\?‘;N "=
—/3 t a Nj\@ H, Hs), 437 (br. s, 4 H, H,), 1.72 (br. s, 4 H, Hp); UV-vis
3
(CH;3CN; Apax (nm) [logio()]) 240 [4.6], 280 [4.7], 319 [sh;
3.7], 426 [3.9]; EA: calc. for Cs4HsyNogFe,BoF 6 ¢ 5.45 H,O » 0.05 EtOAc: %C 40.67, %H 4.11, %N 21.0;
found: %C 40.49, %H 3.91, %N 20.80.

4.2.7.2 [Niy(C4);](BF4)4 Complex

UV-vis (CH3CN;  Anax  (nm)  [logio(e)]) 238 [4.8], 286 [4.6], 534 [1.4], 858 [1.3]; EA:  calc. for
Cs4Hs4NuNip,B4F ¢ 8.8 HyO ¢ 1.45 EtOAc: %C 40.12, %H 4.68, %N 18.78; found: %C 40.04, %H 4.50, %N

18.60.

4.2.7.3 [Fey(C5);](BF4), Complex

8 'H (500 MHz, CDsCN, 25° C): 8.70 (s, 3 H, Hy), 8.65

(s, 3 H, Hy), 8.12 (br s, 6 H, H3- and H3), 8.04 (m, 6 H,

H, and Hy), 7.87 (d, °J = 3.9 Hz, 3 H, H¢), 7.84 (d, °J
=3.9 Hz, 1 H, Hg), 7.38 (d, °’J = 5.2 Hz, 6 H, Hs> and Hs), 4.37-4.27 (br. m, 12 H, H,> and H,), 1.83 (br. s,
12 H, Hy and Hp), 1.35 (d, °J = 6.7 Hz, 3 H, Hy), 1.19 (br. s, 3 H, H,). UV-vis (CH;CN; Ay (nm)

[logio(e)]) 240 [4.7], 280 [4.8], 319 [sh; 2.8], 370 [sh; 3.8], 428 [4.1]; EA: calc. for Cs;HgoNa2sFe,BsF 6 ¢ 4.6

H,0 « 0.15 EtOAc: %C 42.28, %H 4.34, %N 20.54; found: %C 42.33, %H 4.41, %N 20.62.
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4.2.7.4 [Niy(C5);](BF4)4 Complex

UV-vis  (CHiCN;  Amex  (nm)  [logio(€)]) 238 [4.8], 286 [4.6], 528 [1.4], 842 [1.3]; BA:  cale.  for
Cs7HgoN2NisByF i » 1.5 H,O « 1.15 EtOAc: %C 44.19, %H 4.35, %N 20.08; found: %C 44.09, %H 4.22,

%N 19.95.

4.2.8 [7-[(2-Chloroacetyl)oxy|naphthalen-2-yl 2-chloroacetate]] (2.3) 4

b Method A: This method was altered from literature methods.*
o ° OO i 2,7-Dihydroyxynaphthalene (129 mg, 0.81 mmol) and 2-
ClEij\O/c“\OJ\/O ydroyxy p. ( g ).
chloroacetyl chloride (630 pL, 8.1 mmol, 10 equiv.) were
combined. The reaction was refluxed at 100 °C for 2 h under argon with stirring. The reaction was cooled to room
temperature and cooled to 0 °C overnight. The resulting powder was filtered and washed with ethanol, which
gave the desired crude product (96 mg, 38 %). The crude product was further purified by column chromatography
using 1:0.6 hexanes: ethyl acetate as the eluent. This afforded the desired product as white, shiny crystals (45mg,
18%). 6 'H (300 MHz, CDCls, 25 °C): 7.91 (d, °J = 9.2 Hz, 2 H, Hy), 7.61 (d, “J = 2.0 Hz, 2 H, H,), 7.30 (m, 2H,
H,), 4.37 (s, 4 H, CHy). TLC (SiO,, 1:0.6 hexanes/ethyl acetate); Rf = 0.12. MS (EI+): calc. for C4H;oCl,04:
312.00; found: 312.00 [M"].
Method B: This method was adapted slightly from literature protocols,5 2,7-Dihydroxynaphthalene (120 mg, 7.5
mmol) and triethylamine (0.50 mL, 15 mmol, 1.9 equiv.) were added to anhydrous dichloromethane (100 mL). To
the reaction mixture was added 2-chloroacetyl chloride (0.50 mL, 2.5 equiv.) drop-wise. The reaction was stirred
at room temperature under argon for 2 h. The reaction was washed with water, dried over sodium sulfate, filtered
and evaporated to give the crude product (1.18 g). The crude product appeared by 'H NMR to be a mixture of the
mono and bis-substituted acyl chloride, so further purification was performed to get the desired bis-substituted
product. The crude product was purified by column chromatography using 1:0.3 hexanes: ethyl acetate as the
eluent. This afforded the desired product as white, shiny crystals (190 mg, 8.1 %). TLC (SiO,, 1:0.3

Hexanes/EtOAc); Rf = 0.29.
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Chapter 5

Conclusions and Perspectives

5.1 Summary and Conclusion

In this work we have prepared three new ligands, each containing two triazole-pyridine chelating units
and a variable spacer region. Properties of the ligands as well as the complexes formed with octahedral metal
ions have been characterized. We have shown that the length and nature of the spacer unit can be used to
tune the metallomacrocycle. As the length of the aliphatic spacer increases, predictability of the self-

assembly process has been shown to become slightly more complex.

Two years ago, my MSc research began with synthesis of the N1 ligand, bearing a naphthalene spacer
group. As described in Chapter 2, this ligand design was chosen based on previous studies with X1,
containing a xylene spacer unit, which connected the two triazole-pyridine chelating units. Solution studies
with X1 had shown interesting properties, which suggested that the unsaturated double-stranded complex
was favoured in the presence of coordinating anions (chloride, acetate). With this in mind, N1 was
complexed with octahedral metal ions in the presence of coordinating anions and analyzed in solution,
however a similar behaviour was not observed. While the initial goal of using N1 as a metalloreceptor was
not achieved during the course of my project, the complex was still gave insight into self-assembly

properties.

The second part of my project, outlined in Chapter 3, involved synthesizing two new ligands that
contained varying aliphatic spacer lengths. We were particularly interested in the effect that the length of the
aliphatic spacer had on complex self-assembly. Much like with N1, it was previous work that inspired the
design of the new ligands. As an extension of the previously studied C3 ligand, came about C4 and CS5,

which contained butyl, and pentyl spacer regions respectively. As described in Chapter 3, C4 and CS were
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complexed with octahedral metal ions Fe'" and Ni" and characterized in solution. The results suggested that
an increase in alkyl length, and as a result the flexibility, greatly affected the complex that was obtained.
While the even-odd rule had previously been used with great success to assign chirality of the obtained
complexes, as the alkyl chain increased (specifically pentyl) these assignments were no longer as concrete.
We were able to show that the length of the aliphatic spacer can be used to predict the complex self-

assembly process, however as ligand flexibility increases there may be a greater number of factors at play.

5.2 Future Directions

As discussed in Chapter 2, obtaining the unsaturated double-stranded complex with N1 was much
more difficult than anticipated. Further work may be done in solution to determine the reaction conditions
that would favour the formation of this stoichiometry. Work may be done to try to force the unsaturated
complex to form, such as introducing an excess of the coordinating anion in solution, in the hopes that it
would preferentially bind over the ligand.

Synthesis of N2 may also be performed, with the suggested synthetic scheme outlined below (Scheme
5.1). Also, following synthesis of N2, the ligand may be complexed with octahedral metal ions Fe" and Ni",
much like with N1. The substitution pattern of N2 and the ester functionality connecting the naphthalene
spacer unit to the triazole-pyridine chelating units, are characteristics that would be useful for potentially
recognizing a substrate molecule. Based on these characteristics, attempting to obtain the unsaturated
double-stranded complex, as was done with X1, may be extremely useful with N2. Much like N1 was an
extension of X1, further work may look into lengthening the spacer region, perhaps looking into anthracene

and the complexes that it would form with metal ions.

Xy THF
2 NaN3, DMF Et;N
c \)I\ NS JJ\/C! =
() (o) rt, Sh > rt.20 h
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Scheme 5.1: Proposed synthetic scheme for N2.

For the C4 and CS complexes, work towards obtaining single crystals suitable for X-ray
crystallography would be extremely useful in further characterizing the complexes. Also, extending the
aliphatic library, to include longer alkyl chains, may provide useful in probing the extent that aliphatic spacer

length affects the self-assembly process.
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2,6-Bis(bromomethyl)naphthalene (2.2)
"H NMR (CDCl;, 300 MHz, 25 °C)
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'H - *C HMBC N1 (CDCl;*, 400 MHz, 25 °C)
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[Fex(N1)3](BF4)4
"H-"H COSY (CDCl*, 300 MHz, 25 °C)
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2 N1 + 2 [Fe(H,0),CLy]
'H NMR (1:1 CDCL*: CD;0D, 300 MHz, 25 °C)
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[2-(1-{4-[4-(Pyridin-2-y])-1,2,3-triazol-1-yl]butyl}-1,2,3-triazol-4-yl)pyridine]] (C4)
'H - '"H COSY (CDCl;*, 500 MHz, 25 °C)
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13C NMR C4 (1:1 CDCl;*/CD;0D, 125 MHz, 25 °C)
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'H - BC HMBC C4 (CDCls*, 300 MHz, 25 °C)
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Note: Only those peaks that were readily visible were labeled on the "*C axis for both HSQC and HMBC.

For complete carbon peak assignments, please see Chapter 4.



[2-(1-{5-[4-(pyridin-2-y])-1,2,3-triazol-1-yl|pentyl}-1,2,3-triazol-4-yl)pyridine]] (CS)
'H - 'H COSY (CDCl;*, 300 MHz, 25 °C)
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BC NMR C5 (CDClL3*, 125 MHz, 25 °C)
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'H - BC HSQC C5 (CDCl;*, 300 MHz, 25 °C)
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Note: A zoom region of the above spectrum has been included to assist with peak assignments.
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Electron Impact (EI") Mass Spectrometry (C5)
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'H - '"H COSY (CDCl;*, 300 MHz, 25 °C)
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UV-vis Spectra

i. Job plot for N1 with [Fe(H,0),CL,].
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ii. UV-vis titration for [Ni(H,0)4(OAc);] to N1 in MeOH.
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iii.

iv.

Absorbance as a function of [#Ni" / nN1] ratio at 295 nm with [Ni(H20)4(OACc),].
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Job plot for N1 with [Ni(H,0)4(OAc);]. Note: Two methods of analysis have been plotted.
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V.
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vi.

Job plot for [Fe,(C5);](BF4)4 in CH3CN. Note: Two methods of analysis have been plotted.
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vii. UV-vis titration for [Ni(H,O)¢](BF,4), to C5 in CH;CN.
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viii.  Absorbance as a function of [#Ni" to nC5] ratio at 244 nm and 215 nm.
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ix.

Job plot for [Niz(C5);3](BF4)4 in CH3CN. Note: Two methods of analysis are included.
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Crystallography Data

[Feo(N1)3](BF,); - 2.5 CH;CN - 2.5 Et,0 [CCDC: 891128]

A crystal of the compound (dark orange, block-shaped, size 0.20 % 0.20 x 0.15 mm) was mounted on
a glass fiber with grease and cooled to -93 °C in a stream of nitrogen gas controlled with Cryostream
Controller 700. Data collection was performed on a Bruker SMART APEX II X-ray diffractometer with
graphite-monochromated Mo K, radiation (A = 0.71073 A), operating at 50 kV and 30 mA over 20 ranges of
2.86 ~ 52.00°. No significant decay was observed during the data collection. Data were processed on a PC
using the Bruker AXS Crystal Structure Analysis Package:' Data collection: APEX2 (Bruker, 2006); cell
refinement: SAINT (Bruker, 2005); data reduction: SAINT (Bruker, 2005); structure solution: XPREP
(Bruker, 2005) and SHELXTL (Bruker, 2000); structure refinement: SHELXTL; molecular graphics:
SHELXTL; publication materials: SHELXTL. Neutral atom scattering factors were taken from Cromer and
Waber.” The crystal is monoclinic space group C2/c, based on the systematic absences, E statistics and
successful refinement of the structure. The structure was solved by direct methods.

Full-matrix least-square refinements minimizing the function Yw (F,” — Fc?) > were applied to the
compound. All non-hydrogen atoms were refined anisotropically, except two disordered BF4 anions.
SHELX commands, EADP and SADI were applied to resolve the disorder of the disordered BF4 anions. All
H atoms were placed in geometrically calculated positions, with C-H = 0.99(CH,), and 0.95(aryl) A, and
refined as riding atoms, with Uiso(H) = 1.2 UeqC(other C). Difference electron density maps revealed the
presence of disordered lattice solvate molecules, CH3;CN and Et,0, which were ultimately modeled through
the use of the SQUEEZE subroutine of the PLATON software suite. PLATON Reference: P. v.d. Sluis &
A.L. Spek. Acta Cryst. (1990), A46, 194. One big solvent accessible void per lattice were found, comprising

a total volume of 5771 A3 and contributing a total of 1231 electrons. The void was thus assigned to 20
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CH;CN and 20 Et,0, which contribute 20 x (22 + 42) = 1280 electrons, and occupy about 3200 A® in space.
The larger volume of the void may be a result of the disorder. The contributions have been included in all
derived crystal quantities although the precise composition of the lattice solvate is somewhat speculative.
Convergence to final R; = 0.0890 and wR, = 0.2294 for 9090 (I>25(I)) independent reflections, and R; =
0.1493 and wR, = 0.2585 for all 19070 (R(int) = 0.1134) independent reflections, with 1078 parameters and
21 restraints, were achieved.’ The largest residual peak and hole to be 1.301 and — 0.604 e/A’, respectively.
Crystallographic data, atomic coordinates and equivalent isotropic displacement parameters, bond lengths
and angles, anisotropic displacement parameters, hydrogen coordinates and isotropic displacement
parameters, and torsion angles are given in Table C1.1 to C1.6. The molecular structure and the cell packing
are shown in Figures C1.1 and C1.2.

[1] Bruker AXS Crystal Structure Analysis Package: Bruker (2000). SHELXTL. Version 6.14. Bruker AXS Inc.,
Madison, Wisconsin, USA. Bruker (2005). XPREP. Version 2005/2. Bruker AXS Inc., Madison, Wisconsin,
USA. Bruker (2005). SAINT. Version 7.23A. Bruker AXS Inc., Madison, Wisconsin, USA. Bruker (2006).
APEX2. Version 2.0-2. Bruker AXS Inc., Madison, Wisconsin, USA.

[2] Cromer, D. T.; Waber, J. T. International Tables for X-ray Crystallography; Kynoch Press: Birmingham, UK,
1974; Vol. 4, Table 2.2 A.

(3] Ry =2 [ Fo| - [Fel |/ X [Fo|

wRy = (¥ [w (Fo’ - FY']/ ¥ [w(Fo’)' ]}
(w=1/[6"(Fo>) + (0.1473P)" ], where P = [Max (Fo’, 0) + 2Fc’] / 3)
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Figure C1.1: Top, molecular structure with the BF4 anions shown as well as selective atom labels; Bottom,
Molecular structure (displacement ellipsoids for non-H atoms are shown at the 50% probability level. The

solvent molecules and anions are omitted for clarity.
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Figure C1.2: Unit cell packing
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Table C1.1: Crystal data and structure refinement for ap35a

Identification Code
Empirical Formula
Formula Weight
Temperature
Wavelength
Crystal System
Space Group

Unit Cell Dimensions

Volume

Z

Density (calculated)

Absorption Coefficient

F(000)

Crystal Size

Theta Range for Data Collection

Index Ranges

Reflections Collected
Independent Reflections
Completeness to theta = 26.00°
Absorption Correction

Max. and Min. Transmission
Refinement Method

Data / Restraints / Parameters
Goodness-of-fit on F>

Final R indices [I>2sigma(I)]
R Indices (all data)

Largest Diff. Peak and Hole

ap35a

Co3Hoz.50B4F 16F€2N26.5002.50
2080.38

180(2) K

0.71073 A

Monoclinic

C2/c

a=51.649(3) A
b=14.9251(8) A
c=26.5830(15) A
19416.1(19) A*

8

1.423 Mg/m’

0.394 mm”

8576

0.20 x 0.20 x 0.15 mm’
1.43 to 26.00°
-63<=h<=63, -16<=k<=18, -
32<=1<=32

86864

19070 [R(int) = 0.1134]
100.0 %

a=90°
B=108.648(3)°
vy =90°

Multi-scan

0.9433-0.9254

Full-matrix least-squares on F*
19070 /21/1078

0.929

R1=0.0890, wR2 = 0.2294
R1=0.1493, wR2 = 0.2585
1.301 and -0.604 e.A”
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Table C1.2: Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A’x 10%)

for ap35a. Note: U(eq) is defined as one third of the trace of the orthogonalized U tensor.

X y z U(eq)
Fe(1) 821(1) 7717(1) 4788(1) 40(1)
Fe(2) 1696(1) 7313(1) 10102(1) 39(1)
N(1) 944(1) 6777(3) 4376(2) 40(1)
N(Q2) 1198(1) 7611(3) 5243(2) 39(1)
NQ@3) 1349(1) 8011(3) 5679(2) 45(1)
N(4) 1601(1) 7656(3) 5787(2) 45(1)
N(5) 1957(1) 5469(3) 9247(2) 43(1)
N(6) 1742(1) 5925(3) 9307(2) 42(1)
N(7) 1846(1) 6465(3) 9710(2) 37(1)
N(8) 2091(1) 7415(3) 10544(2) 38(1)
N(©9) 918(1) 8753(3) 4418(2) 38(1)
N(10) 738(1) 8667(3) 5204(2) 39(1)
N(11) 638(1) 8690(3) 5605(2) 42(1)
N(12) 627(1) 9566(3) 5712(2) 41(1)
N(13) 1807(1) 9345(3) 9189(2) 45(1)
N(14) 1815(1) 8456(3) 9269(2) 42(1)
N(15) 1735(1) 8338(3) 9694(2) 40(1)
N(16) 1581(1) 8254(3) 10509(2) 39(1)
N(17) 430(1) 7715(3) 4328(2) 43(1)
N(18) 685(1) 6303(3) 5154(2) 39(1)
N(19) 798(1) 6262(3) 5551(2) 45(1)
N(20) 590(1) 5787(3) 5619(2) 48(1)
N(21) 904(1) 7067(3) 9199(2) 45(1)
N(22) 1142(1) 7508(3) 9279(2) 46(1)
N(23) 1321(1) 7095(3) 9689(2) 40(1)
N(24) 1619(1) 6290(3) 10522(2) 43(1)
c(1) 795(1) 6357(4) 3942(2) 50(1)

140



C(2)

C@3)

C4)

C(5)

C(6)

C(7)

C(8)

C9)

C(10)
c(11)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)
C(20)
C21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(28)
C(29)
C(30)
C(31)
C(32)

893(1)
1168(1)
1321(1)
1209(1)
1352(1)
1612(1)
1815(1)
1804(1)
1981(1)
1966(1)
2144(1)
2127(1)
1928(1)
1757(1)
1764(1)
1584(1)
1601(1)
1915(1)
2194(1)
2122(1)
2263(1)
2545(1)
2649(1)
2480(1)
2200(1)
1014(1)
1069(1)
1041(1)
945(1)
888(1)
786(1)

5675(4)
5429(4)
5841(4)
6516(3)
7018(4)
7046(4)
7940(4)
7418(4)
6748(4)
6257(3)
5551(4)
5103(4)
5345(4)
6026(4)
6492(4)
7197(4)
7645(4)
4856(4)
5708(3)
6339(3)
6882(4)
6898(4)
7439(4)
7968(4)
7932(4)
8722(4)
9471(4)

10301(4)
10356(4)

9570(3)
9504(3)
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3712(2)
3935(2)
4384(2)
4594(2)
5079(2)
5431(2)
6270(2)
6749(2)
6968(2)
7408(2)
7640(2)
8074(2)
8308(2)
8104(2)
7649(2)
7416(2)
6983(3)
8796(2)
9613(2)
9912(2)
10364(2)
10616(2)
11043(2)
11223(2)
10953(2)
4004(2)
3763(2)
3966(2)
4396(2)
4616(2)
5059(2)

55(1)
52(1)
51(1)
42(1)
46(1)
46(1)
51(1)
48(1)
49(1)
44(1)
54(1)
48(1)
47(1)
55(1)
48(1)
70(2)
68(2)
52(1)
49(1)
40(1)
48(1)
54(1)
60(2)
59(2)
49(1)
51(1)
55(1)
58(2)
51(1)
39(1)
40(1)



C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
C(40)
C(41)
C(42)
C(43)
C(44)
C(45)
C(46)
C(47)
C(48)
C(49)
C(50)
C(51)
C(52)
C(53)
C(54)
C(55)
C(56)
C(57)
C(58)
C(59)
C(60)
C(61)
C(62)
C(63)

714(1)
537(1)
764(1)
946(1)
1165(1)
1365(1)
1588(1)
1622(1)
1435(1)
1207(1)
1009(1)
798(1)
1878(1)
1718(1)
1676(1)
1584(1)
1505(1)
1419(1)
1417(1)
1495(1)
317(1)
38(1)
-129(1)
-19(1)
263(1)
407(1)
347(1)
654(1)
708(1)
518(1)
562(1)

10095(4)
9826(4)
9684(3)
10353(4)
10219(3)
10899(4)
10732(4)
9888(4)
9233(4)
9375(3)
8687(4)
8848(4)
9736(4)
9799(4)
9146(3)
9108(3)
9846(4)
9717(4)
8848(4)
8152(4)
8216(4)
8220(5)
7696(5)
7193(4)
7197(3)
6688(3)
6016(4)
5107(3)
5518(3)
6043(4)
6413(4)
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5397(2)
6171(2)
6687(2)
6902(2)
7358(2)
7579(2)
8016(2)
8264(2)
8070(2)
7617(2)
7391(2)
6928(2)
8740(2)
9549(2)
9874(2)
10332(2)
10566(2)
10995(2)
11184(2)
10935(2)
3895(2)
3636(2)
3820(3)
4260(2)
4507(2)
4961(2)
5272(2)
6046(2)
6578(2)
6695(2)
7197(2)

45(1)
49(1)
43(1)
44(1)
40(1)
55(1)
54(1)
47(1)
47(1)
39(1)
52(1)
52(1)
61(2)
51(1)
45(1)
42(1)
50(1)
58(2)
61(2)
49(1)
54(1)
70(2)
712)
55(1)
44(1)
46(1)
53(1)
55(1)
50(1)
69(2)
61(2)



C(64) 366(1) 6971(6) 7318(3) 97(3)

C(65) 405(1) 7250(5) 7827(3) 89(2)
C(66) 645(1) 7039(3) 8239(2) 47(1)
C(67) 839(1) 6556(3) 8122(2) 47(1)
C(68) 803(1) 6220(3) 7603(2) 47(1)
C(69) 997(1) 5684(5) 7480(2) 73(2)
C(70) 948(1) 5350(5) 6984(2) 73(2)
C(71) 663(1) 7376(4) 8779(2) 55(1)
C(72) 930(1) 6397(4) 9536(2) 51(1)
C(73) 1200(1) 6416(4) 9855(2) 50(1)
C(74) 1365(1) 5942(3) 10322(2) 46(1)
C(75) 1282(1) 5212(4) 10554(2) 55(2)
C(76) 1456(1) 4853(4) 11000(3) 64(2)
C(77) 1716(1) 5227(4) 11216(2) 63(2)
C(78) 1783(1) 5929(4) 10957(2) 54(1)
B(1) 2774(1) 4418(5) 9255(3) 66(2)
F(1) 2998(1) 3906(3) 9550(2) 85(1)
FQ2A) 2759(2) 5111(5) 9605(4) 85(1)
F(3A) 2842(2) 4852(7) 8854(3) 85(1)
F(4A) 2549(2) 3869(6) 9085(4) 85(1)
F(2B) 2740(3) 5246(7) 9405(5) 85(1)
F(3B) 2766(3) 4476(10) 8719(4) 85(1)
F(4B) 2527(2) 4015(8) 9266(5) 85(1)
B(2) 2306(3) 5713(10) 5848(5) 123(4)
F(5) 2070(1) 5589(4) 5410(2) 153(2)
F(6A) 2339(2) 5187(8) 6354(4) 113(4)
F(7A) 2518(3) 5342(10) 5709(5) 137(5)
F(8A) 2282(2) 6510(5) 5985(3) 103(2)
F(6B) 2354(3) 4937(9) 6117(5) 143(5)
F(7B) 2520(2) 5690(8) 5577(4) 105(4)
F(8B) 2419(11) 6410(40) 6130(20) 330(30)
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B(3)
F(9)
F(10)
F(11)
F(12)
B(4A)
F(13)
F(14)
F(15A)
F(16)
F(15B)
B(4B)

783(2)
1009(1)
575(1)
851(1)
705(1)
229(2)
463(1)
168(1)
211(2)
6(1)
267(6)
206(7)

2619(5)
3100(3)
3192(3)
2138(2)
2003(3)
4754(8)
4946(3)
3835(4)
5251(6)
5056(3)

4178(18)

4490(20)

Table C1.3: Bond lengths [A] and angles [°] for ap35a.

Fe(1)-N(10)
Fe(1)-N(18)
Fe(1)-N(2)
Fe(1)-N(9)
Fe(1)-N(17)
Fe(1)-N(1)
Fe(2)-N(15)
Fe(2)-N(23)
Fe(2)-N(7)
Fe(2)-N(16)
Fe(2)-N(24)
Fe(2)-N(8)
N(1)-C(1)
N(1)-C(5)
N(2)-N(3)

1.929(4)
1.932(4)
1.942(4)
1.982(4)
1.996(4)
2.003(4)
1.923(4)
1.926(4)
1.951(4)
1.978(4)
2.004(4)
2.007(4)
1.322(6)
1.364(6)
1.316(5)

C(5)-C(4)-H(4A)
N(1)-C(5)-C(4)
N(1)-C(5)-C(6)
C(4)-C(5)-C(6)
N(2)-C(6)-C(7)
N(2)-C(6)-C(5)
C(7)-C(6)-C(5)
N(4)-C(7)-C(6)
N(4)-C(7)-H(7A)
C(6)-C(7)-H(7A)
N(4)-C(8)-C(9)
N(4)-C(8)-H(8A)
C(9)-C(8)-H(8A)
N(4)-C(8)-H(8B)
C(9)-C(8)-H(8B)
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5668(4)
5961(2)
5443(2)
5275(2)
5979(2)
4008(4)
4363(2)
3909(2)
3582(3)
4176(2)
4673(10)
4193(14)

120.3
122.6(5)
112.4(4)
124.9(5)
108.0(5)
115.6(4)
136.4(5)
104.7(5)
127.7
127.7
111.6(4)
109.3
109.3
109.3
109.3

712)
102(1)
107(1)
89(1)
102(1)
66(3)
118(2)
144(2)
161(3)
88(1)
169(9)
66(3)



N(2)-C(6)
N(3)-N(4)
N(4)-C(7)
N(4)-C(8)
N(5)-C(20)
N(5)-N(6)
N(5)-C(19)
N(6)-N(7)
N(7)-C(21)
N(8)-C(26)
N(8)-C(22)
N(9)-C(27)
N(9)-C(31)
N(10)-N(11)
N(10)-C(32)
N(11)-N(12)
N(12)-C(33)
N(12)-C(34)
N(13)-N(14)
N(13)-C(46)
N(13)-C(45)
N(14)-N(15)
N(15)-C(47)
N(16)-C(52)
N(16)-C(48)
N(17)-C(53)
N(17)-C(57)
N(18)-N(19)
N(18)-C(58)
N(19)-N(20)
N(20)-C(59)

1.356(6)
1.347(5)
1.328(6)
1.463(6)
1.344(6)
1.353(5)
1.468(6)
1.312(5)
1.365(6)
1.305(6)
1.386(6)
1.346(6)
1.355(6)
1.323(5)
1.355(6)
1.344(5)
1.329(6)
1.489(6)
1.342(5)
1.369(6)
1.477(6)
1.332(5)
1.367(6)
1.349(6)
1.361(6)
1.340(7)
1.353(6)
1.309(5)
1.372(6)
1.346(5)
1.344(7)

H(8A)-C(8)-H(8B)
C(10)-C(9)-C(18)
C(10)-C(9)-C(8)
C(18)-C(9)-C(8)
C(9)-C(10)-C(11)
C(9)-C(10)-H(10A)
C(11)-C(10)-H(10A)
C(12)-C(11)-C(10)
C(12)-C(11)-C(16)
C(10)-C(11)-C(16)
C(13)-C(12)-C(11)
C(13)-C(12)-H(12A)
C(11)-C(12)-H(12A)
C(12)-C(13)-C(14)
C(12)-C(13)-H(13A)
C(14)-C(13)-H(13A)
C(15)-C(14)-C(13)
C(15)-C(14)-C(19)
C(13)-C(14)-C(19)
C(14)-C(15)-C(16)
C(14)-C(15)-H(15A)
C(16)-C(15)-H(15A)
C(15)-C(16)-C(17)
C(15)-C(16)-C(11)
C(17)-C(16)-C(11)
C(18)-C(17)-C(16)
C(18)-C(17)-H(17A)
C(16)-C(17)-H(17A)
C(17)-C(18)-C(9)
C(17)-C(18)-H(18A)
C(9)-C(18)-H(18A)
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108.0
118.6(5)
122.8(5)
118.6(5)
122.4(5)
118.8
118.8
123.8(5)
117.1(5)
119.1(5)
121.9(5)
119.0
119.0
120.3(5)
119.8
119.8
119.7(5)
120.5(5)
119.8(5)
121.8(5)
119.1
119.1
123.7(5)
119.0(5)
117.3(5)
122.0(5)
119.0
119.0
120.7(5)
119.7
119.7



N(20)-C(60)
N(@21)-C(72)
N(21)-N(22)
N(@21)-C(71)
N(22)-N(23)
N(23)-C(73)
N(24)-C(78)
N(24)-C(74)
C(1)-C(2)
C(1)-H(1A)
C(2)-C(3)
C(2)-H(2A)
C(3)-C(4)
C(3)-H(3A)
C(4)-C(5)
C(4)-H(4A)
C(5)-C(6)
C(6)-C(7)
C(7)-H(7A)
C(8)-C(9)
C(8)-H(8A)
C(8)-H(8B)
C(9)-C(10)
C(9)-C(18)
C(10)-C(11)

C(10)-H(10A)

C(11)-C(12)
C(11)-C(16)
C(12)-C(13)

C(12)-H(12A)

C(13)-C(14)

1.481(6)
1.321(7)
1.351(5)
1.457(6)
1.332(5)
1.337(6)
1.311(6)
1.351(6)
1.368(7)
0.9500

1.400(7)
0.9500

1.352(7)
0.9500

1.366(7)
0.9500

1.470(7)
1.369(7)
0.9500

1.509(7)
0.9900

0.9900

1.353(7)
1.422(8)
1.404(7)
0.9500

1.404(7)
1.434(7)
1.360(7)
0.9500

1.405(7)

N(5)-C(19)-C(14)
N(5)-C(19)-H(19A)
C(14)-C(19)-H(19A)
N(5)-C(19)-H(19B)
C(14)-C(19)-H(19B)
H(19A)-C(19)-H(19B)
N(5)-C(20)-C(21)
N(5)-C(20)-H(20A)
C(21)-C(20)-H(20A)
C(20)-C(21)-N(7)
C(20)-C(21)-C(22)
N(7)-C(21)-C(22)
N(8)-C(22)-C(23)
N(8)-C(22)-C(21)
C(23)-C(22)-C(21)
C(24)-C(23)-C(22)
C(24)-C(23)-H(23A)
C(22)-C(23)-H(23A)
C(23)-C(24)-C(25)
C(23)-C(24)-H(24A)
C(25)-C(24)-H(24A)
C(24)-C(25)-C(26)
C(24)-C(25)-H(25A)
C(26)-C(25)-H(25A)
N(8)-C(26)-C(25)
N(8)-C(26)-H(26A)
C(25)-C(26)-H(26A)
N(9)-C(27)-C(28)
N(9)-C(27)-H(27A)
C(28)-C(27)-H(27A)
C(27)-C(28)-C(29)
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111.4(4)
109.3
109.3
109.3
109.3
108.0
104.7(4)
127.7
127.7
108.1(4)
136.1(5)
115.8(4)
120.6(5)
113.8(4)
125.6(5)
119.1(5)
120.4
120.4
120.7(5)
119.7
119.7
117.8(5)
121.1
121.1
123.5(5)
118.2
118.2
122.8(5)
118.6
118.6
119.4(5)



C(13)-H(13A)
C(14)-C(15)
C(14)-C(19)
C(15)-C(16)
C(15)-H(15A)
C(16)-C(17)
C(17)-C(18)
C(17)-H(17A)
C(18)-H(18A)
C(19)-H(19A)
C(19)-H(19B)
C(20)-C(21)
C(20)-H(20A)
C(21)-C(22)
C(22)-C(23)
C(23)-C(24)
C(23)-H(23A)
C(24)-C(25)
C(24)-H(24A)
C(25)-C(26)
C(25)-H(25A)
C(26)-H(26A)
C(27)-C(28)
C(27)-H(27A)
C(28)-C(29)
C(28)-H(28A)
C(29)-C(30)
C(29)-H(29A)
C(30)-C(31)
C(30)-H(30A)
C(31)-C(32)

0.9500
1.343(7)
1.510(7)
1.406(7)
0.9500
1.407(7)
1.358(8)
0.9500
0.9500
0.9900
0.9900
1.357(7)
0.9500
1.439(7)
1.393(7)
1.356(8)
0.9500
1.371(8)
0.9500
1.396(7)
0.9500
0.9500
1.363(7)
0.9500
1.377(8)
0.9500
1.387(7)
0.9500
1.382(7)
0.9500
1.441(7)

C(27)-C(28)-H(28A)
C(29)-C(28)-H(28A)
C(28)-C(29)-C(30)
C(28)-C(29)-H(29A)
C(30)-C(29)-H(29A)
C(31)-C(30)-C(29)
C(31)-C(30)-H(30A)
C(29)-C(30)-H(30A)
N(9)-C(31)-C(30)
N(9)-C(31)-C(32)
C(30)-C(31)-C(32)
N(10)-C(32)-C(33)
N(10)-C(32)-C(31)
C(33)-C(32)-C(31)
N(12)-C(33)-C(32)
N(12)-C(33)-H(33A)
C(32)-C(33)-H(33A)
N(12)-C(34)-C(35)
N(12)-C(34)-H(34A)
C(35)-C(34)-H(34A)
N(12)-C(34)-H(34B)
C(35)-C(34)-H(34B)
H(34A)-C(34)-H(34B)
C(36)-C(35)-C(44)
C(36)-C(35)-C(34)
C(44)-C(35)-C(34)
C(35)-C(36)-C(37)
C(35)-C(36)-H(36A)
C(37)-C(36)-H(36A)
C(36)-C(37)-C(42)
C(36)-C(37)-C(38)
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120.3
120.3
119.0(5)
120.5
120.5
118.6(5)
120.7
120.7
122.3(4)
111.8(4)
125.8(5)
106.7(4)
116.4(4)
136.8(5)
104.2(4)
127.9
127.9
110.8(4)
109.5
109.5
109.5
109.5
108.1
119.8(5)
120.6(5)
119.5(5)
121.4(5)
119.3
119.3
120.7(5)
122.5(5)



C(32)-C(33)
C(33)-H(33A)
C(34)-C(35)
C(34)-H(34A)
C(34)-H(34B)
C(35)-C(36)
C(35)-C(44)
C(36)-C(37)
C(36)-H(36A)
C(37)-C(42)
C(37)-C(38)
C(38)-C(39)
C(38)-H(38A)
C(39)-C(40)
C(39)-H(39A)
C(40)-C(41)
C(40)-C(45)
C(41)-C(42)
C(41)-H(41A)
C(42)-C(43)
C(43)-C(44)
C(43)-H(43A)
C(44)-H(44A)
C(45)-H(45A)
C(45)-H(45B)
C(46)-C(47)
C(46)-H(46A)
C(47)-C(48)
C(48)-C(49)
C(49)-C(50)
C(49)-H(49A)

1.393(7)
0.9500
1.508(7)
0.9900
0.9900
1.366(7)
1.387(7)
1.380(7)
0.9500
1.420(7)
1.433(7)
1.373(7)
0.9500
1.407(7)
0.9500
1.355(7)
1.527(7)
1.404(7)
0.9500
1.438(7)
1.380(7)
0.9500
0.9500
0.9900
0.9900
1.364(7)
0.9500
1.443(7)
1.390(7)
1.361(7)
0.9500

C(42)-C(37)-C(38)
C(39)-C(38)-C(37)
C(39)-C(38)-H(38A)
C(37)-C(38)-H(38A)
C(38)-C(39)-C(40)
C(38)-C(39)-H(39A)
C(40)-C(39)-H(39A)
C(41)-C(40)-C(39)
C(41)-C(40)-C(45)
C(39)-C(40)-C(45)
C(40)-C(41)-C(42)
C(40)-C(41)-H(41A)
C(42)-C(41)-H(41A)
C(41)-C(42)-C(37)
C(41)-C(42)-C(43)
C(37)-C(42)-C(43)
C(44)-C(43)-C(42)
C(44)-C(43)-H(43A)
C(42)-C(43)-H(43A)
C(43)-C(44)-C(35)
C(43)-C(44)-H(44A)
C(35)-C(44)-H(44A)
N(13)-C(45)-C(40)
N(13)-C(45)-H(45A)
C(40)-C(45)-H(45A)
N(13)-C(45)-H(45B)
C(40)-C(45)-H(45B)
H(45A)-C(45)-H(45B)
C(47)-C(46)-N(13)
C(47)-C(46)-H(46A)
N(13)-C(46)-H(46A)
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116.8(5)
121.3(5)
119.4
119.4
120.3(5)
119.9
119.9
120.0(5)
122.2(5)
117.8(5)
121.2(5)
119.4
119.4
120.4(5)
122.7(5)
116.9(5)
120.1(5)
119.9
119.9
121.0(5)
119.5
119.5
110.7(4)
109.5
109.5
109.5
109.5
108.1
104.2(5)
127.9
127.9



C(50)-C(51)
C(50)-H(50A)
C(51)-C(52)
C(51)-H(51A)
C(52)-H(52A)
C(53)-C(54)
C(53)-H(53A)
C(54)-C(55)
C(54)-H(54A)
C(55)-C(56)
C(55)-H(55A)
C(56)-C(57)
C(56)-H(56A)
C(57)-C(58)
C(58)-C(59)
C(59)-H(59A)
C(60)-C(61)
C(60)-H(60A)
C(60)-H(60B)
C(61)-C(62)
C(61)-C(70)
C(62)-C(63)
C(62)-H(62A)
C(63)-C(68)
C(63)-C(64)
C(64)-C(65)
C(64)-H(64A)
C(65)-C(66)
C(65)-H(65A)
C(66)-C(67)
C(66)-C(71)

1.393(8)
0.9500
1.361(7)
0.9500
0.9500
1.384(7)
0.9500
1.369(9)
0.9500
1.353(8)
0.9500
1.394(7)
0.9500
1.418(7)
1.396(7)
0.9500
1.484(7)
0.9900
0.9900
1.366(8)
1.383(8)
1.394(8)
0.9500
1.392(7)
1.429(8)
1.367(9)
0.9500
1.400(8)
0.9500
1.350(7)
1.495(7)

C(46)-C(47)-N(15)
C(46)-C(47)-C(48)
N(15)-C(47)-C(48)
N(16)-C(48)-C(49)
N(16)-C(48)-C(47)
C(49)-C(48)-C(47)
C(50)-C(49)-C(48)
C(50)-C(49)-H(49A)
C(48)-C(49)-H(49A)
C(49)-C(50)-C(51)
C(49)-C(50)-H(50A)
C(51)-C(50)-H(50A)
C(52)-C(51)-C(50)
C(52)-C(51)-H(51A)
C(50)-C(51)-H(51A)
N(16)-C(52)-C(51)
N(16)-C(52)-H(52A)
C(51)-C(52)-H(52A)
N(17)-C(53)-C(54)
N(17)-C(53)-H(53A)
C(54)-C(53)-H(53A)
C(55)-C(54)-C(53)
C(55)-C(54)-H(54A)
C(53)-C(54)-H(54A)
C(56)-C(55)-C(54)
C(56)-C(55)-H(55A)
C(54)-C(55)-H(55A)
C(55)-C(56)-C(57)
C(55)-C(56)-H(56A)
C(57)-C(56)-H(56A)
N(17)-C(57)-C(56)
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108.1(5)
136.3(5)
115.6(4)
123.3(5)
111.9(4)
124.8(5)
118.9(5)
120.5
120.5
118.4(5)
120.8
120.8
119.8(5)
120.1
120.1
123.4(5)
118.3
118.3
121.8(5)
119.1
119.1
119.8(6)
120.1
120.1
119.1(6)
120.5
120.5
119.6(5)
120.2
120.2
121.6(5)



C(67)-C(68)
C(67)-H(67A)
C(68)-C(69)
C(69)-C(70)
C(69)-H(69A)
C(70)-H(70A)
C(71)-H(71A)
C(71)-H(71B)
C(72)-C(73)
C(72)-H(72A)
C(73)-C(74)
C(74)-C(75)
C(75)-C(76)
C(75)-H(75A)
C(76)-C(77)
C(76)-H(76A)
C(77)-C(78)
C(77)-H(77A)
C(78)-H(78A)
B(1)-F(2B)
B(1)-F(4A)
B(1)-F(3A)
B(1)-F(1)
B(1)-F(2A)
B(1)-F(3B)
B(1)-F(4B)
B(2)-F(8A)
B(2)-F(8B)
B(2)-F(6B)
B(2)-F(7A)
B(2)-F(5)

1.423(7)
0.9500
1.402(8)
1.355(8)
0.9500
0.9500
0.9900
0.9900
1.379(7)
0.9500
1.448(8)
1.386(7)
1.351(8)
0.9500
1.393(8)
0.9500
1.359(7)
0.9500
0.9500
1.326(11)
1.377(9)
1.385(8)
1.395(7)
1.409(9)
1.416(10)
1.423(11)
1.263(15)
1.30(5)
1.342(16)
1.377(18)
1.404(13)

N(17)-C(57)-C(58)
C(56)-C(57)-C(58)
N(18)-C(58)-C(59)
N(18)-C(58)-C(57)
C(59)-C(58)-C(57)
N(20)-C(59)-C(58)
N(20)-C(59)-H(59A)
C(58)-C(59)-H(59A)
N(20)-C(60)-C(61)
N(20)-C(60)-H(60A)
C(61)-C(60)-H(60A)
N(20)-C(60)-H(60B)
C(61)-C(60)-H(60B)
H(60A)-C(60)-H(60B)
C(62)-C(61)-C(70)
C(62)-C(61)-C(60)
C(70)-C(61)-C(60)
C(61)-C(62)-C(63)
C(61)-C(62)-H(62A)
C(63)-C(62)-H(62A)
C(68)-C(63)-C(62)
C(68)-C(63)-C(64)
C(62)-C(63)-C(64)
C(65)-C(64)-C(63)
C(65)-C(64)-H(64A)
C(63)-C(64)-H(64A)
C(64)-C(65)-C(66)
C(64)-C(65)-H(65A)
C(66)-C(65)-H(65A)
C(67)-C(66)-C(65)
C(67)-C(66)-C(71)
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112.7(4)
125.6(5)
105.8(5)
116.8(4)
137.2(5)
104.6(5)
127.7
127.7
112.1(4)
109.2
109.2
109.2
109.2
107.9
117.3(5)
121.5(5)
121.2(5)
122.2(6)
118.9
118.9
119.7(5)
118.0(5)
122.3(6)
120.5(6)
119.7
119.7
121.4(6)
119.3
119.3
118.4(5)
125.3(5)



B(2)-F(7B)  1.500(17)
B(2)-F(6A)  1.519(17)
B(3)-F(10)  1.355(9)
B(3)-F(9) 1.379(9)
B(3)-F(12)  1.379(9)
B(3)-F(11)  1.400(8)

B(4A)-B(4B) 0.66(3)

B(4A)-F(13)  1.307(11)
B(4A)-F(15A) 1.331(12)
B(4A)-F(14)  1.412(12)
B(4A)-F(16)  1.434(12)

B(4A)-F(15B) 1.92(3)
F(13)-B(4B)  1.43(3)
F(14)-B(4B) 1.22(3)
F(16)-B(4B)  1.32(3)
F(15B)-B(4B) 1.30(4)
N(10)-Fe(1)-N(18)
N(10)-Fe(1)-N(2)
N(18)-Fe(1)-N(2)
N(10)-Fe(1)-N(9)
N(18)-Fe(1)-N(9)
N(2)-Fe(1)-N(9)
N(10)-Fe(1)-N(17)
N(18)-Fe(1)-N(17)
N(2)-Fe(1)-N(17)
N(9)-Fe(1)-N(17)
N(10)-Fe(1)-N(1)
N(18)-Fe(1)-N(1)
N(2)-Fe(1)-N(1)
N(9)-Fe(1)-N(1)
N(17)-Fe(1)-N(1)

92.72(16)
93.71(16)
94.71(16)
81.31(16)
172.27(16)
90.58(16)
89.23(16)
81.32(17)
175.18(17)
93.64(16)
174.47(16)
90.59(16)
81.60(16)
95.76(16)
95.65(16)

C(65)-C(66)-C(71)
C(66)-C(67)-C(68)
C(66)-C(67)-H(67A)
C(68)-C(67)-H(67A)
C(63)-C(68)-C(69)
C(63)-C(68)-C(67)
C(69)-C(68)-C(67)
C(70)-C(69)-C(68)
C(70)-C(69)-H(69A)
C(68)-C(69)-H(69A)
C(69)-C(70)-C(61)
C(69)-C(70)-H(70A)
C(61)-C(70)-H(70A)
N(21)-C(71)-C(66)
N@21)-C(71)-H(71A)
C(66)-C(71)-H(71A)
N(21)-C(71)-H(71B)
C(66)-C(71)-H(71B)
H(71A)-C(71)-H(71B)
N(21)-C(72)-C(73)
N(21)-C(72)-H(72A)
C(73)-C(72)-H(72A)
N(23)-C(73)-C(72)
N(23)-C(73)-C(74)
C(72)-C(73)-C(74)
N(24)-C(74)-C(75)
N(24)-C(74)-C(73)
C(75)-C(74)-C(73)
C(76)-C(75)-C(74)
C(76)-C(75)-H(75A)
C(74)-C(75)-H(75A)
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116.4(5)
122.4(5)
118.8
118.8
117.7(5)
119.1(5)
123.2(5)
120.8(6)
119.6
119.6
122.3(6)
118.8
118.8
113.8(4)
108.8
108.8
108.8
108.8
107.7
105.4(5)
127.3
127.3
107.4(5)
116.3(5)
136.0(5)
122.0(5)
112.4(5)
125.6(5)
119.1(6)
120.5
120.5



N(15)-Fe(2)-N(23)
N(15)-Fe(2)-N(7)
N(23)-Fe(2)-N(7)
N(15)-Fe(2)-N(16)
N(23)-Fe(2)-N(16)
N(7)-Fe(2)-N(16)
N(15)-Fe(2)-N(24)
N(23)-Fe(2)-N(24)
N(7)-Fe(2)-N(24)
N(16)-Fe(2)-N(24)
N(15)-Fe(2)-N(8)
N(23)-Fe(2)-N(8)
N(7)-Fe(2)-N(8)
N(16)-Fe(2)-N(8)
N(24)-Fe(2)-N(8)
C(1)-N(1)-C(5)
C(1)-N(1)-Fe(1)
C(5)-N(1)-Fe(1)
N(3)-N(2)-C(6)
N(3)-N(2)-Fe(1)
C(6)-N(2)-Fe(1)
N(2)-N(3)-N(4)
C(7)-N(4)-N(3)
C(7)-N(4)-C(8)
N(3)-N(4)-C(8)
C(20)-N(5)-N(6)
C(20)-N(5)-C(19)
N(6)-N(5)-C(19)
N(7)-N(6)-N(5)
N(6)-N(7)-C(21)
N(6)-N(7)-Fe(2)

94.53(17)
94.81(16)
94.96(16)
81.23(17)
90.36(16)
173.62(16)
174.32(17)
81.15(17)
89.26(16)
95.04(16)
90.06(16)
174.63(17)
81.85(16)
93.11(16)
94.45(17)
117.3(4)
127.7(3)
114.9(3)
109.5(4)
135.1(3)
115.4(3)
105.8(4)
112.0(4)
129.1(4)
118.8(4)
111.8(4)
128.3(4)
119.8(4)
105.6(4)
109.8(4)
134.9(3)

C(75)-C(76)-C(77)
C(75)-C(76)-H(76A)
C(77)-C(76)-H(76A)
C(78)-C(77)-C(76)
C(78)-C(77)-H(77A)
C(76)-C(77)-H(77A)
N(24)-C(78)-C(77)
N(24)-C(78)-H(78A)
C(77)-C(78)-H(78A)
F(2B)-B(1)-F(4A)
F(2B)-B(1)-F(3A)
F(4A)-B(1)-F(3A)
F(2B)-B(1)-F(1)
F(4A)-B(1)-F(1)
F(3A)-B(1)-F(1)
F(2B)-B(1)-F(2A)
F(4A)-B(1)-F(2A)
F(3A)-B(1)-F(2A)
F(1)-B(1)-F(2A)
F(2B)-B(1)-F(3B)
F(4A)-B(1)-F(3B)
F(3A)-B(1)-F(3B)
F(1)-B(1)-F(3B)
F(2A)-B(1)-F(3B)
F(2B)-B(1)-F(4B)
F(4A)-B(1)-F(4B)
F(3A)-B(1)-F(4B)
F(1)-B(1)-F(4B)
F(2A)-B(1)-F(4B)
F(3B)-B(1)-F(4B)
F(8A)-B(2)-F(8B)
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119.1(6)
120.4
120.4
117.9(6)
121.1
121.1
124.6(6)
117.7
117.7
118.2(9)
83.4(7)
114.9(6)
120.5(8)
108.6(6)
108.8(6)
22.8(6)
115.7(7)
104.2(6)
104.1(6)
106.3(8)
87.3(6)
29.5(5)
110.7(6)
128.9(8)
100.4(9)
23.5(5)
131.5(8)
110.2(7)
93.3(7)
107.8(8)
32(2)



C(21)-N(7)-Fe(2)
C(26)-N(8)-C(22)

C(26)-N(8)-Fe(2)

C(22)-N(8)-Fe(2)

C(27)-N(9)-C(31)

C(27)-N(9)-Fe(1)

C(31)-N(9)-Fe(1)

N(11)-N(10)-C(32)
N(11)-N(10)-Fe(1)
C(32)-N(10)-Fe(1)
N(10)-N(11)-N(12)
C(33)-N(12)-N(11)
C(33)-N(12)-C(34)
N(11)-N(12)-C(34)
N(14)-N(13)-C(46)
N(14)-N(13)-C(45)
C(46)-N(13)-C(45)
N(15)-N(14)-N(13)
N(14)-N(15)-C(47)
N(14)-N(15)-Fe(2)
C(47)-N(15)-Fe(2)
C(52)-N(16)-C(48)
C(52)-N(16)-Fe(2)
C(48)-N(16)-Fe(2)
C(53)-N(17)-C(57)
C(53)-N(17)-Fe(1)
C(57)-N(17)-Fe(1)
N(19)-N(18)-C(58)
N(19)-N(18)-Fe(1)
C(58)-N(18)-Fe(1)
N(18)-N(19)-N(20)

115.1(3)
118.2(4)
128.3(3)
113.4(3)
117.7(4)
126.7(4)
115.6(3)
111.1(4)
134.1(3)
114.8(3)
104.5(4)
113.5(4)
128.2(4)
118.3(4)
112.2(4)
121.1(4)
126.7(5)
105.3(4)
110.1(4)
134.43)
115.4(3)
116.1(4)
128.0(4)
115.9(3)
118.1(4)
127.0(4)
114.7(3)
111.6(4)
134.5(3)
113.93)
105.2(4)

F(8A)-B(2)-F(6B)
F(8B)-B(2)-F(6B)
F(8A)-B(2)-F(7A)
F(8B)-B(2)-F(7A)
F(6B)-B(2)-F(7A)
F(8A)-B(2)-F(5)
F(8B)-B(2)-F(5)
F(6B)-B(2)-F(5)
F(7A)-B(2)-F(5)
F(8A)-B(2)-F(7B)
F(8B)-B(2)-F(7B)
F(6B)-B(2)-F(7B)
F(7A)-B(2)-F(7B)
F(5)-B(2)-F(7B)
F(8A)-B(2)-F(6A)
F(8B)-B(2)-F(6A)
F(6B)-B(2)-F(6A)
F(7A)-B(2)-F(6A)
F(5)-B(2)-F(6A)
F(7B)-B(2)-F(6A)
F(10)-B(3)-F(9)
F(10)-B(3)-F(12)
F(9)-B(3)-F(12)
F(10)-B(3)-F(11)
F(9)-B(3)-F(11)
F(12)-B(3)-F(11)

B(4B)-B(4A)-F(13)
B(4B)-B(4A)-F(15A)
F(13)-B(4A)-F(15A)
B(4B)-B(4A)-F(14)

F(13)-B(4A)-F(14)
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132.6(13)
114(3)
128.1(14)
103(3)
76.7(12)
102.9(12)
134(3)
107.0(12)
106.2(12)
108.5(11)
92(3)
101.5(13)
24.8(7)
100.2(9)
103.0(10)
90(2)
29.8(7)
98.9(12)
119.3(11)
121.4(12)
109.3(6)
110.0(6)
111.3(7)
110.4(7)
108.7(6)
107.1(6)
86(3)
166(4)
106.8(10)
59(3)
116.5(9)



C(59)-N(20)-N(19)
C(59)-N(20)-C(60)
N(19)-N(20)-C(60)
C(72)-N(21)-N(22)
C(72)-N(21)-C(71)
N(22)-N(21)-C(71)
N(23)-N(22)-N(21)
N(22)-N(23)-C(73)
N(22)-N(23)-Fe(2)
C(73)-N(23)-Fe(2)
C(78)-N(24)-C(74)
C(78)-N(24)-Fe(2)
C(74)-N(24)-Fe(2)
N(1)-C(1)-C(2)
N(1)-C(1)-H(1A)
C(2)-C(1)-H(1A)
C(1)-C(2)-C(3)
C(1)-C(2)-H(2A)
C(3)-C(2)-H(2A)
C(4)-C(3)-C(2)
C(4)-C(3)-H(3A)
C(2)-C(3)-H(3A)
C(3)-C(4)-C(5)
C(3)-C(4)-H(4A)

112.7(4)
129.0(5)
118.3(4)
111.8(4)
129.5(5)
118.7(4)
105.1(4)
110.3(4)
134.0(3)
115.5(4)
117.3(5)
128.2(4)
114.5(3)
123.2(5)
118.4

118.4

118.5(5)
120.8

120.8

118.9(5)
120.5

120.5

119.3(5)
120.3

F(15A)-B(4A)-F(14)

B(4B)-B(4A)-F(16)
F(13)-B(4A)-F(16)

F(15A)-B(4A)-F(16)

F(14)-B(4A)-F(16)

B(4B)-B(4A)-F(15B)

F(13)-B(4A)-F(15B)

F(15A)-B(4A)-F(15B)

F(14)-B(4A)-F(15B)
F(16)-B(4A)-F(15B)
B(4A)-F(13)-B(4B)
B(4B)-F(14)-B(4A)
B(4B)-F(16)-B(4A)

B(4B)-F(15B)-B(4A)

B(4A)-B(4B)-F(14)

B(4A)-B(4B)-F(15B)

F(14)-B(4B)-F(15B)
B(4A)-B(4B)-F(16)
F(14)-B(4B)-F(16)
F(15B)-B(4B)-F(16)
B(4A)-B(4B)-F(13)
F(14)-B(4B)-F(13)
F(15B)-B(4B)-F(13)
F(16)-B(4B)-F(13)
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115.6(9)
67(3)
110.9(8)
104.1(9)
102.1(8)
18(3)
68.5(9)
172.6(12)
71.8(10)
73.2(10)
27.7(14)
28.0(17)
27.5(15)
9.0(18)
93(4)
153(5)
105(3)
86(4)
121(3)
102(3)
66(3)
122(3)
87(2)
111(3)



Table C1.4: Torsion angles [°] for ap35a

N(10)-Fe(1)-N(1)-C(1)
N(18)-Fe(1)-N(1)-C(1)
N(2)-Fe(1)-N(1)-C(1)
N(9)-Fe(1)-N(1)-C(1)
N(17)-Fe(1)-N(1)-C(1)
N(10)-Fe(1)-N(1)-C(5)
N(18)-Fe(1)-N(1)-C(5)
N(2)-Fe(1)-N(1)-C(5)
N(9)-Fe(1)-N(1)-C(5)
N(17)-Fe(1)-N(1)-C(5)
N(10)-Fe(1)-N(2)-N(3)
N(18)-Fe(1)-N(2)-N(3)
N(9)-Fe(1)-N(2)-N(3)
N(17)-Fe(1)-N(2)-N(3)
N(1)-Fe(1)-N(2)-N(3)
N(10)-Fe(1)-N(2)-C(6)
N(18)-Fe(1)-N(2)-C(6)
N(9)-Fe(1)-N(2)-C(6)
N(17)-Fe(1)-N(2)-C(6)
N(1)-Fe(1)-N(2)-C(6)
C(6)-N(2)-N(3)-N(4)
Fe(1)-N(2)-N(3)-N(4)
N(2)-N(3)-N(4)-C(7)
N(2)-N(3)-N(4)-C(8)
C(20)-N(5)-N(6)-N(7)
C(19)-N(5)-N(6)-N(7)
N(5)-N(6)-N(7)-C(21)
N(5)-N(6)-N(7)-Fe(2)
N(15)-Fe(2)-N(7)-N(6)
N(23)-Fe(2)-N(7)-N(6)

-150.9(15)
82.4(4)
177.1(4)
-93.2(4)

1.1(4)
33.1(18)
93.7(3)

1.0(3)
90.7(3)
-175.0(3)

0.7(5)
-92.3(4)
82.0(4)

-126.8(18)

177.8(5)
-176.2(3)
90.8(4)
-94.8(4)
56(2)
0.9(3)
-0.4(5)
-177.4(3)
0.2(5)
-177.1(4)
0.9(5)

-174.7(4)
-1.4(5)

-176.2(3)
-94.6(4)

0.4(4)
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N(16)-Fe(2)-N(7)-N(6)
N(24)-Fe(2)-N(7)-N(6)
N(8)-Fe(2)-N(7)-N(6)
N(15)-Fe(2)-N(7)-C(21)
N(23)-Fe(2)-N(7)-C(21)
N(16)-Fe(2)-N(7)-C(21)
N(24)-Fe(2)-N(7)-C(21)
N(8)-Fe(2)-N(7)-C(21)
N(15)-Fe(2)-N(8)-C(26)
N(23)-Fe(2)-N(8)-C(26)
N(7)-Fe(2)-N(8)-C(26)
N(16)-Fe(2)-N(8)-C(26)
N(24)-Fe(2)-N(8)-C(26)
N(15)-Fe(2)-N(8)-C(22)
N(23)-Fe(2)-N(8)-C(22)
N(7)-Fe(2)-N(8)-C(22)
N(16)-Fe(2)-N(8)-C(22)
N(24)-Fe(2)-N(8)-C(22)
N(10)-Fe(1)-N(9)-C(27)
N(18)-Fe(1)-N(9)-C(27)
N(2)-Fe(1)-N(9)-C(27)
N(17)-Fe(1)-N(9)-C(27)
N(1)-Fe(1)-N(9)-C(27)
N(10)-Fe(1)-N(9)-C(31)
N(18)-Fe(1)-N(9)-C(31)
N(2)-Fe(1)-N(9)-C(31)
N(17)-Fe(1)-N(9)-C(31)
N(1)-Fe(1)-N(9)-C(31)
N(18)-Fe(1)-N(10)-N(11)
N(2)-Fe(1)-N(10)-N(11)
N(9)-Fe(1)-N(10)-N(11)
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-146.0(13)

81.4(4)
176.0(4)
90.8(3)

-174.2(3)

39.4(16)
93.2(3)
1.4(3)
83.1(4)

-128.3(16)

177.9(4)
1.8(4)
-93.5(4)
94.2(3)
54.4(18)
0.6(3)

-175.5(3)

89.2(3)
179.6(4)

-140.8(11)

85.9(4)
91.8(4)
43(4)
1.0(3)
40.7(13)
-92.6(3)
89.7(3)

-174.2(3)

2.9(4)
-92.0(4)
177.9(4)



N(17)-Fe(1)-N(10)-N(11)
N(1)-Fe(1)-N(10)-N(11)
N(18)-Fe(1)-N(10)-C(32)
N(2)-Fe(1)-N(10)-C(32)
N(9)-Fe(1)-N(10)-C(32)
N(17)-Fe(1)-N(10)-C(32)
N(1)-Fe(1)-N(10)-C(32)
C(32)-N(10)-N(11)-N(12)
Fe(1)-N(10)-N(11)-N(12)
N(10)-N(11)-N(12)-C(33)
N(10)-N(11)-N(12)-C(34)
C(46)-N(13)-N(14)-N(15)
C(45)-N(13)-N(14)-N(15)
N(13)-N(14)-N(15)-C(47)
N(13)-N(14)-N(15)-Fe(2)
N(23)-Fe(2)-N(15)-N(14)
N(7)-Fe(2)-N(15)-N(14)
N(16)-Fe(2)-N(15)-N(14)
N(24)-Fe(2)-N(15)-N(14)
N(8)-Fe(2)-N(15)-N(14)
N(23)-Fe(2)-N(15)-C(47)
N(7)-Fe(2)-N(15)-C(47)
N(16)-Fe(2)-N(15)-C(47)
N(24)-Fe(2)-N(15)-C(47)
N(8)-Fe(2)-N(15)-C(47)
N(15)-Fe(2)-N(16)-C(52)
N(23)-Fe(2)-N(16)-C(52)
N(7)-Fe(2)-N(16)-C(52)
N(24)-Fe(2)-N(16)-C(52)
N(8)-Fe(2)-N(16)-C(52)
N(15)-Fe(2)-N(16)-C(48)

84.1(4)
-123.8(16)
-176.0(3)
89.0(3)
-1.0(3)
-94.8(3)
57.3(18)
-0.3(5)
-179.2(3)
0.0(5)
-176.4(4)
-1.1(5)
-178.8(4)
0.3(5)
-177.5(3)
91.1(4)
43(4)
179.2(4)
-131.4(16)
86.1(4)
91.2(3)
-173.4(3)
1.5(3)
50.9(18)
91.6(3)
178.3(4)
83.7(4)
-129.7(14)
2.6(4)
-92.2(4)
-0.6(3)

157



N(23)-Fe(2)-N(16)-C(48)
N(7)-Fe(2)-N(16)-C(48)
N(24)-Fe(2)-N(16)-C(48)
N(8)-Fe(2)-N(16)-C(48)
N(10)-Fe(1)-N(17)-C(53)
N(18)-Fe(1)-N(17)-C(53)
N(2)-Fe(1)-N(17)-C(53)
N(9)-Fe(1)-N(17)-C(53)
N(1)-Fe(1)-N(17)-C(53)
N(10)-Fe(1)-N(17)-C(57)
N(18)-Fe(1)-N(17)-C(57)
N(2)-Fe(1)-N(17)-C(57)
N(9)-Fe(1)-N(17)-C(57)
N(1)-Fe(1)-N(17)-C(57)
N(10)-Fe(1)-N(18)-N(19)
N(2)-Fe(1)-N(18)-N(19)
N(9)-Fe(1)-N(18)-N(19)
N(17)-Fe(1)-N(18)-N(19)
N(1)-Fe(1)-N(18)-N(19)
N(10)-Fe(1)-N(18)-C(58)
N(2)-Fe(1)-N(18)-C(58)
N(9)-Fe(1)-N(18)-C(58)
N(17)-Fe(1)-N(18)-C(58)
N(1)-Fe(1)-N(18)-C(58)
C(58)-N(18)-N(19)-N(20)
Fe(1)-N(18)-N(19)-N(20)
N(18)-N(19)-N(20)-C(59)
N(18)-N(19)-N(20)-C(60)
C(72)-N(21)-N(22)-N(23)
C(71)-N(21)-N(22)-N(23)
N(21)-N(22)-N(23)-C(73)

-95.1(3)
51.4(16)
-176.3(3)
89.0(3)
88.2(4)
-178.9(4)
-144.2(18)
7.0(4)
-89.2(4)
-86.2(4)
6.7(3)
41(2)
-167.4(3)
96.4(3)
-96.6(4)
2.7(4)
-135.8(11)
174.6(4)
78.9(4)
83.1(3)
177.1(3)
44.0(13)
-5.7(3)
-101.3(3)
-0.2(5)
179.6(3)
0.0(5)
-179.9(4)
-0.8(5)
178.4(4)
0.7(5)
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N(21)-N(22)-N(23)-Fe(2)
N(15)-Fe(2)-N(23)-N(22)
N(7)-Fe(2)-N(23)-N(22)
N(16)-Fe(2)-N(23)-N(22)
N(24)-Fe(2)-N(23)-N(22)
N(8)-Fe(2)-N(23)-N(22)
N(15)-Fe(2)-N(23)-C(73)
N(7)-Fe(2)-N(23)-C(73)
N(16)-Fe(2)-N(23)-C(73)
N(24)-Fe(2)-N(23)-C(73)
N(8)-Fe(2)-N(23)-C(73)
N(15)-Fe(2)-N(24)-C(78)
N(23)-Fe(2)-N(24)-C(78)
N(7)-Fe(2)-N(24)-C(78)
N(16)-Fe(2)-N(24)-C(78)
N(8)-Fe(2)-N(24)-C(78)
N(15)-Fe(2)-N(24)-C(74)
N(23)-Fe(2)-N(24)-C(74)
N(7)-Fe(2)-N(24)-C(74)
N(16)-Fe(2)-N(24)-C(74)
N(8)-Fe(2)-N(24)-C(74)
C(5)-N(1)-C(1)-C(2)
Fe(1)-N(1)-C(1)-C(2)
N(1)-C(1)-C(2)-C(3)
C(D-C(2)-C(3)-C(4)
C(2)-C(3)-C(4)-C(5)
C(1)-N(1)-C(5)-C(4)
Fe(1)-N(1)-C(5)-C(4)
C(1)-N(1)-C(5)-C(6)
Fe(1)-N(1)-C(5)-C(6)
C(3)-C(4)-C(5)-N(1)
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-175.1(3)
2.1(4)
97.4(4)
79.1(4)
174.1(4)

-150.7(15)

-177.8(3)
87.0(4)
-96.5(4)
-1.53)
33.7(18)

-137.2(16)

-178.0(4)
86.9(4)
-88.4(4)

5.1(4)
42.9(18)
2.2(3)
-93.0(3)
91.7(3)
-174.7(3)
1.0(7)

-175.0(4)
2.2(8)

3.3(8)
-3.2(8)
-0.9(7)
175.6(4)

-179.0(4)
2.5(5)

2.1(8)



C(3)-C(4)-C(5)-C(6)
N(3)-N(2)-C(6)-C(7)
Fe(1)-N(2)-C(6)-C(7)
N(3)-N(2)-C(6)-C(5)
Fe(1)-N(2)-C(6)-C(5)
N(1)-C(5)-C(6)-N(2)
C(4)-C(5)-C(6)-N(2)
N(1)-C(5)-C(6)-C(7)
C(4)-C(5)-C(6)-C(7)
N(3)-N(4)-C(7)-C(6)
C(8)-N(4)-C(7)-C(6)
N(2)-C(6)-C(7)-N(4)
C(5)-C(6)-C(7)-N(4)
C(7)-N(4)-C(8)-C(9)
N(3)-N(4)-C(8)-C(9)
N(4)-C(8)-C(9)-C(10)
N(4)-C(8)-C(9)-C(18)
C(18)-C(9)-C(10)-C(11)
C(8)-C(9)-C(10)-C(11)
C(9)-C(10)-C(11)-C(12)
C(9)-C(10)-C(11)-C(16)
C(10)-C(11)-C(12)-C(13)
C(16)-C(11)-C(12)-C(13)
C(11)-C(12)-C(13)-C(14)
C(12)-C(13)-C(14)-C(15)
C(12)-C(13)-C(14)-C(19)
C(13)-C(14)-C(15)-C(16)
C(19)-C(14)-C(15)-C(16)
C(14)-C(15)-C(16)-C(17)
C(14)-C(15)-C(16)-C(11)
C(12)-C(11)-C(16)-C(15)
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179.9(5)
0.4(6)
178.1(3)
179.8(4)
2.5(5)
3.3(6)

-174.8(5)
-177.5(5)

4.4(9)
0.1(5)
177.0(5)
-0.3(5)

-179.5(5)

-93.0(6)
83.8(6)
103.4(6)
-77.3(6)
1.8(8)

-178.9(5)

179.1(5)
2.5(8)
178.7(5)
0.3(8)
-0.8(8)
-0.4(8)

-178.6(5)

2.1(9)

-179.8(5)

178.7(6)
2.5(8)
1.3(8)



C(10)-C(11)-C(16)-C(15)
C(12)-C(11)-C(16)-C(17)
C(10)-C(11)-C(16)-C(17)
C(15)-C(16)-C(17)-C(18)
C(11)-C(16)-C(17)-C(18)
C(16)-C(17)-C(18)-C(9)
C(10)-C(9)-C(18)-C(17)
C(8)-C(9)-C(18)-C(17)
C(20)-N(5)-C(19)-C(14)
N(6)-N(5)-C(19)-C(14)
C(15)-C(14)-C(19)-N(5)
C(13)-C(14)-C(19)-N(5)
N(6)-N(5)-C(20)-C(21)
C(19)-N(5)-C(20)-C(21)
N(5)-C(20)-C(21)-N(7)
N(5)-C(20)-C(21)-C(22)
N(6)-N(7)-C(21)-C(20)
Fe(2)-N(7)-C(21)-C(20)
N(6)-N(7)-C(21)-C(22)
Fe(2)-N(7)-C(21)-C(22)
C(26)-N(8)-C(22)-C(23)
Fe(2)-N(8)-C(22)-C(23)
C(26)-N(8)-C(22)-C(21)
Fe(2)-N(8)-C(22)-C(21)
C(20)-C(21)-C(22)-N(8)
N(7)-C(21)-C(22)-N(8)
C(20)-C(21)-C(22)-C(23)
N(7)-C(21)-C(22)-C(23)
N(8)-C(22)-C(23)-C(24)
C(21)-C(22)-C(23)-C(24)
C(22)-C(23)-C(24)-C(25)
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-177.2(5)
-179.8(5)

1.7(8)
178.5(6)
-0.3(9)
0.4(11)
-0.3(9)

-179.7(6)

-89.0(6)
85.8(5)
-58.3(7)
119.8(5)
0.0(6)
175.1(4)
-0.8(5)
179.9(5)
1.4(5)
177.3(3)

~179.2(4)

-3.2(5)
0.2(7)
177.8(4)
180.0(4)
2.4(5)

-177.1(5)

3.7(6)
2.7(10)

-176.6(5)

0.4(8)

-179.3(5)

-0.5(9)



C(23)-C(24)-C(25)-C(26)
C(22)-N(8)-C(26)-C(25)
Fe(2)-N(8)-C(26)-C(25)
C(24)-C(25)-C(26)-N(8)
C(31)-N(9)-C(27)-C(28)
Fe(1)-N(9)-C(27)-C(28)
N(9)-C(27)-C(28)-C(29)
C(27)-C(28)-C(29)-C(30)
C(28)-C(29)-C(30)-C(31)
C(27)-N(9)-C(31)-C(30)
Fe(1)-N(9)-C(31)-C(30)
C(27)-N(9)-C(31)-C(32)
Fe(1)-N(9)-C(31)-C(32)
C(29)-C(30)-C(31)-N(9)
C(29)-C(30)-C(31)-C(32)
N(11)-N(10)-C(32)-C(33)
Fe(1)-N(10)-C(32)-C(33)
N(11)-N(10)-C(32)-C(31)
Fe(1)-N(10)-C(32)-C(31)
N(9)-C(31)-C(32)-N(10)
C(30)-C(31)-C(32)-N(10)
N(9)-C(31)-C(32)-C(33)
C(30)-C(31)-C(32)-C(33)
N(11)-N(12)-C(33)-C(32)
C(34)-N(12)-C(33)-C(32)
N(10)-C(32)-C(33)-N(12)
C(31)-C(32)-C(33)-N(12)
C(33)-N(12)-C(34)-C(35)
N(11)-N(12)-C(34)-C(35)
N(12)-C(34)-C(35)-C(36)
N(12)-C(34)-C(35)-C(44)
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0.009)
-0.8(8)

-178.0(4)

0.7(9)
-3.3(7)
178.2(4)
3.9(8)
-3.3(8)
2.2(8)
2.1(7)

-179.2(4)
-179.5(4)

-0.9(5)
-1.7(8)

-179.8(5)

0.5(5)
179.6(3)

-178.4(4)

0.8(5)
0.1(6)
178.3(4)

-178.3(5)

-0.1(9)
0.3(5)
176.2(4)
-0.5(5)
178.0(5)
-99.0(6)
76.8(5)
90.1(5)
-86.1(6)



C(44)-C(35)-C(36)-C(37)
C(34)-C(35)-C(36)-C(37)
C(35)-C(36)-C(37)-C(42)
C(35)-C(36)-C(37)-C(38)
C(36)-C(37)-C(38)-C(39)
C(42)-C(37)-C(38)-C(39)
C(37)-C(38)-C(39)-C(40)
C(38)-C(39)-C(40)-C(41)
C(38)-C(39)-C(40)-C(45)
C(39)-C(40)-C(41)-C(42)
C(45)-C(40)-C(41)-C(42)
C(40)-C(41)-C(42)-C(37)
C(40)-C(41)-C(42)-C(43)
C(36)-C(37)-C(42)-C(41)
C(38)-C(37)-C(42)-C(41)
C(36)-C(37)-C(42)-C(43)
C(38)-C(37)-C(42)-C(43)
C(41)-C(42)-C(43)-C(44)
C(37)-C(42)-C(43)-C(44)
C(42)-C(43)-C(44)-C(35)
C(36)-C(35)-C(44)-C(43)
C(34)-C(35)-C(44)-C(43)
N(14)-N(13)-C(45)-C(40)
C(46)-N(13)-C(45)-C(40)
C(41)-C(40)-C(45)-N(13)
C(39)-C(40)-C(45)-N(13)
N(14)-N(13)-C(46)-C(47)
C(45)-N(13)-C(46)-C(47)
N(13)-C(46)-C(47)-N(15)
N(13)-C(46)-C(47)-C(48)
N(14)-N(15)-C(47)-C(46)
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0.1(7)
-176.2(4)
0.0(7)
177.4(5)
-176.4(5)
1.1(7)
-1.4(8)
0.4(8)
178.6(5)
1.0(8)
-177.1(5)
-1.4(7)
178.0(5)
177.8(4)
0.3(7)
-1.6(7)
-179.1(4)
-176.3(5)
3.2(7)
-3.2(8)
1.5(8)
177.8(5)
95.0(6)
-82.3(6)
-51.0(7)
130.9(5)
1.5(5)
179.1(5)
-1.2(5)
-179.8(6)
0.6(6)



Fe(2)-N(15)-C(47)-C(46)
N(14)-N(15)-C(47)-C(48)
Fe(2)-N(15)-C(47)-C(48)
C(52)-N(16)-C(48)-C(49)
Fe(2)-N(16)-C(48)-C(49)
C(52)-N(16)-C(48)-C(47)
Fe(2)-N(16)-C(48)-C(47)
C(46)-C(47)-C(48)-N(16)
N(15)-C(47)-C(48)-N(16)
C(46)-C(47)-C(48)-C(49)
N(15)-C(47)-C(48)-C(49)
N(16)-C(48)-C(49)-C(50)
C(47)-C(48)-C(49)-C(50)
C(48)-C(49)-C(50)-C(51)
C(49)-C(50)-C(51)-C(52)
C(48)-N(16)-C(52)-C(51)
Fe(2)-N(16)-C(52)-C(51)
C(50)-C(51)-C(52)-N(16)
C(57)-N(17)-C(53)-C(54)
Fe(1)-N(17)-C(53)-C(54)
N(17)-C(53)-C(54)-C(55)
C(53)-C(54)-C(55)-C(56)
C(54)-C(55)-C(56)-C(57)
C(53)-N(17)-C(57)-C(56)
Fe(1)-N(17)-C(57)-C(56)
C(53)-N(17)-C(57)-C(58)
Fe(1)-N(17)-C(57)-C(58)
C(55)-C(56)-C(57)-N(17)
C(55)-C(56)-C(57)-C(58)
N(19)-N(18)-C(58)-C(59)
Fe(1)-N(18)-C(58)-C(59)
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178.9(3)
179.5(4)
2.2(5)
-0.1(7)
178.8(4)

_179.4(4)

-0.4(5)

-179.8(6)

1.7(6)
0.9(10)

-177.6(5)

0.2(8)
179.3(5)
0.4(8)
-1.09)
-0.5(7)

-179.3(4)

1.0(9)
0.6(8)

-173.6(4)

-0.6(9)
1.3(10)
-2.009)
-1.3(7)
173.6(4)
178.9(4)
-6.2(5)
2.0(8)

-178.2(5)

0.3(5)

-179.5(3)



N(19)-N(18)-C(58)-C(57)
Fe(1)-N(18)-C(58)-C(57)
N(17)-C(57)-C(58)-N(18)
C(56)-C(57)-C(58)-N(18)
N(17)-C(57)-C(58)-C(59)
C(56)-C(57)-C(58)-C(59)
N(19)-N(20)-C(59)-C(58)
C(60)-N(20)-C(59)-C(58)
N(18)-C(58)-C(59)-N(20)
C(57)-C(58)-C(59)-N(20)
C(59)-N(20)-C(60)-C(61)
N(19)-N(20)-C(60)-C(61)
N(20)-C(60)-C(61)-C(62)
N(20)-C(60)-C(61)-C(70)
C(70)-C(61)-C(62)-C(63)
C(60)-C(61)-C(62)-C(63)
C(61)-C(62)-C(63)-C(68)
C(61)-C(62)-C(63)-C(64)
C(68)-C(63)-C(64)-C(65)
C(62)-C(63)-C(64)-C(65)
C(63)-C(64)-C(65)-C(66)
C(64)-C(65)-C(66)-C(67)
C(64)-C(65)-C(66)-C(71)
C(65)-C(66)-C(67)-C(68)
C(71)-C(66)-C(67)-C(68)
C(62)-C(63)-C(68)-C(69)
C(64)-C(63)-C(68)-C(69)
C(62)-C(63)-C(68)-C(67)
C(64)-C(63)-C(68)-C(67)
C(66)-C(67)-C(68)-C(63)
C(66)-C(67)-C(68)-C(69)
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-176.1(4)

4.1(6)
1.5(6)

-178.3(5)
-173.4(6)

6.8(10)
0.1(6)

-179.9(5)

-0.2(5)
175.0(6)

-103.0(6)

76.9(6)
58.4(7)

-124.6(6)

1.1(9)

178.1(5)
-2.6(10)
179.2(7)
-4.7(12)
173.6(7)
3.3(13)
0.7(11)

-179.5(7)

-3.3(9)
177.0(5)
2.709)

-178.9(7)
-176.1(5)

2.2(9)
1.8(8)

-177.0(6)



C(63)-C(68)-C(69)-C(70)
C(67)-C(68)-C(69)-C(70)
C(68)-C(69)-C(70)-C(61)
C(62)-C(61)-C(70)-C(69)
C(60)-C(61)-C(70)-C(69)
C(72)-N(21)-C(71)-C(66)
N(22)-N(21)-C(71)-C(66)
C(67)-C(66)-C(71)-N(21)
C(65)-C(66)-C(71)-N(21)
N(22)-N(21)-C(72)-C(73)
C(71)-N(21)-C(72)-C(73)
N(22)-N(23)-C(73)-C(72)
Fe(2)-N(23)-C(73)-C(72)
N(22)-N(23)-C(73)-C(74)
Fe(2)-N(23)-C(73)-C(74)
N(21)-C(72)-C(73)-N(23)
N(21)-C(72)-C(73)-C(74)
C(78)-N(24)-C(74)-C(75)
Fe(2)-N(24)-C(74)-C(75)
C(78)-N(24)-C(74)-C(73)
Fe(2)-N(24)-C(74)-C(73)
N(23)-C(73)-C(74)-N(24)
C(72)-C(73)-C(74)-N(24)
N(23)-C(73)-C(74)-C(75)
C(72)-C(73)-C(74)-C(75)
N(24)-C(74)-C(75)-C(76)
C(73)-C(74)-C(75)-C(76)
C(74)-C(75)-C(76)-C(77)
C(75)-C(76)-C(77)-C(78)
C(74)-N(24)-C(78)-C(77)
Fe(2)-N(24)-C(78)-C(77)
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-1.5(10)
177.3(6)
0.1(11)
0.2(10)

-176.9(6)

-98.3(6)
82.7(6)
-5.6(8)
174.7(6)
0.6(6)

-178.5(5)

-0.4(5)
176.2(3)

-176.0(4)

0.6(6)
-0.1(6)
174.2(6)
2.1(7)
177.8(4)
177.8(4)
2.3(5)
1.2(6)

-172.8(6)
-179.0(5)

7.1(10)
1.8(8)

-178.0(5)

0.0(8)
-1.4(9)
0.6(8)

-179.3(4)



C(76)-C(77)-C(78)-N(24)
F(15A)-B(4A)-F(13)-B(4B)
F(14)-B(4A)-F(13)-B(4B)
F(16)-B(4A)-F(13)-B(4B)
F(15B)-B(4A)-F(13)-B(4B)
F(13)-B(4A)-F(14)-B(4B)
F(15A)-B(4A)-F(14)-B(4B)
F(16)-B(4A)-F(14)-B(4B)
F(15B)-B(4A)-F(14)-B(4B)
F(13)-B(4A)-F(16)-B(4B)
F(15A)-B(4A)-F(16)-B(4B)
F(14)-B(4A)-F(16)-B(4B)
F(15B)-B(4A)-F(16)-B(4B)
F(13)-B(4A)-F(15B)-B(4B)
F(15A)-B(4A)-F(15B)-B(4B)
F(14)-B(4A)-F(15B)-B(4B)
F(16)-B(4A)-F(15B)-B(4B)
F(13)-B(4A)-B(4B)-F(14)
F(15A)-B(4A)-B(4B)-F(14)
F(16)-B(4A)-B(4B)-F(14)
F(15B)-B(4A)-B(4B)-F(14)
F(13)-B(4A)-B(4B)-F(15B)
F(15A)-B(4A)-B(4B)-F(15B)
F(14)-B(4A)-B(4B)-F(15B)
F(16)-B(4A)-B(4B)-F(15B)
F(13)-B(4A)-B(4B)-F(16)
F(15A)-B(4A)-B(4B)-F(16)
F(14)-B(4A)-B(4B)-F(16)
F(15B)-B(4A)-B(4B)-F(16)
F(15A)-B(4A)-B(4B)-F(13)
F(14)-B(4A)-B(4B)-F(13)

1.2(9)
176(4)
-53(3)
63(3)
2(4)
63(4)
-166(4)
-53(4)
14(4)
-76(4)
169(4)
49(4)
-18(4)
-173(12)
135(16)
-43(11)
66(11)
-124.0(19)
72(17)
121(3)
-131(12)
7(11)
-157(8)
131(12)
-108(11)
114.7(14)
-49(17)
-121(3)
108(11)
-164(16)
124.0(19)
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F(16)-B(4A)-B(4B)-F(13) -114.7(14)

F(15B)-B(4A)-B(4B)-F(13) 7(11)
B(4A)-F(14)-B(4B)-F(15B) -159(6)
B(4A)-F(14)-B(4B)-F(16) 87(5)
B(4A)-F(14)-B(4B)-F(13) -63(4)
B(4A)-F(15B)-B(4B)-F(14) 129(13)
B(4A)-F(15B)-B(4B)-F(16) -104(12)
B(4A)-F(15B)-B(4B)-F(13) 6(10)
B(4A)-F(16)-B(4B)-F(14) 91(5)
B(4A)-F(16)-B(4B)-F(15B) 154(5)
B(4A)-F(16)-B(4B)-F(13) 63(3)
B(4A)-F(13)-B(4B)-F(14) 77(4)
B(4A)-F(13)-B(4B)-F(15B) -177(5)
B(4A)-F(13)-B(4B)-F(16) -75(4)

Note: Symmetry transformations were used to generate equivalent atoms.

Table C1.5: Hydrogen coordinates (x 10*) and isotropic displacement parameters (A” x 10%) for ap35a.

X y z U(eq)
H(1A) 610 6538 3783 60
H(2A) 778 5376 3407 66
H(3A) 1245 4979 3774 62
H(4A) 1505 5664 4553 61
H(7A) 1766 6705 5422 55
H(8A) 1793 8586 6330 62
H(8B) 1996 7853 6222 62
H(10A) 2120 6606 6818 59
H(12A) 2281 5382 7490 65
H(13A) 2249 4624 8218 57
H(15A) 1627 6198 8272 66
H(17A) 1447 7365 7567 84
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H(18A)
H(19A)
H(19B)
H(20A)
H(23A)
H(24A)
H(25A)
H(26A)
H(27A)
H(28A)
H(29A)
H(30A)
H(33A)
H(34A)
H(34B)
H(36A)
H(38A)
H(39A)
H(41A)
H(43A)
H(44A)
H(45A)
H(45B)
H(46A)
H(49A)
H(50A)
H(51A)
H(52A)
H(53A)
H(54A)
H(55A)

1476
1734
2057
2371
2662
2840
2552
2083
1044
1126
1088

918

724

377

482

922
1342
1720
1458
1023

673
2004
1974
1691
1510
1363
1361
1489

432

-321

8116
4563
4383
5485
6536
7450
8348
8303
8152
9421
10829
10921
10730
9463
10465
10924
11476
11189
8669
8121
8380
9328
10314
10426
10431
10209
8741
7564
8579
8587
7685

169

6836
8718
8891
9654
10490
11219
11522
11073
3873
3458
3815
4536
5402
6170
6138
6735
7420
8151
8244
7561
6772
8638
8851
9569
10429
11162
11486
11067
3762
3332
3641

82
63
63
58
64
72
71
59
61
66
69
61
54
58
58
52
66
65
56
63
62
73
73
61
60
70
73
58
65
84
86



H(56A) -133 6839 4400 66

H(59A) 173 5775 5245 63
H(60A) 816 4758 6041 66
H(60B) 498 4687 5979 66
H(62A) 350 6159 6424 82
H(64A) 206 7150 7042 117
H(65A) 268 7595 7903 107
H(67A) 1006 6437 8396 56
H(69A) 1166 5553 7747 88
H(70A) 1084 4989 6913 88
H(71A) 663 8039 8773 66
H(71B) 498 7182 8863 66
H(72A) 793 5989 9556 61
H(75A) 1104 4968 10400 66
H(76A) 1403 4353 11165 76
H(77A) 1841 4997 11534 75
H(78A) 1961 6175 11101 65

Table C1.6: Anisotropic displacement parameters (A2 X 103)for ap35a. The anisotropic

displacement factor exponent takes the form: 272 h2a*2ull +  +2hka*b*Ul2].

Ul 1 U22 U33 U23 U13 U12
Fe(l)  34(1) 40(1) 47(1) -1(1) 17(1) 2(1)
Fe(2)  29(1) 41(1) 48(1) 0(1) 15(1) 1(1)
N(1) 37(2) 37(2) 46(2) 2(2) 13(2) -4(2)
N(Q2) 43(2) 33(2) 46(2) -4(2) 20(2) -3(2)
NQ@3) 41(2) 40(2) 52(3) 2(2) 13(2) -4(2)
N(@4) 38(2) 46(3) 54(3) 12) 20(2) -5(2)
N(5) 38(2) 43(3) 49(2) 0(2) 17(2) 5(2)
N(6) 35(2) 44(3) 50(2) 2(2) 20(2) 2(2)
N(7) 29(2) 40(2) 43(2) 12) 14(2) 2(2)
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N(8)
N(©9)
N(10)
N(11)
N(12)
N(13)
N(14)
N(15)
N(16)
N(17)
N(18)
N(19)
N(20)
NQ21)
N(22)
N(23)
N(24)
C(1)
CQ2)
C(3)
C(4)
C(5)
C(6)
C(7)
C(8)
C)
C(10)
c(11)
C(12)
C(13)
C(14)

35(2)
33(2)
34(2)
35(2)
33(2)
34(2)
29(2)
35(2)
30(2)
40(2)
35(2)
41(2)
52(3)
32(2)
28(2)
33(2)
49(3)
45(3)
55(3)
52(3)
40(3)
34(3)
42(3)
32(3)
44(3)
43(3)
39(3)
32(3)
38(3)
40(3)
44(3)

38(2)
40(2)
36(2)
49(3)
413)
52(3)
43(3)
35(2)
40(2)
43(2)
39(2)
38(2)
45(3)
51(3)
53(3)
42(3)
40(2)
49(3)
50(3)
49(3)
54(3)
46(3)
51(3)
50(3)
48(3)
53(3)
60(4)
52(3)
68(4)
57(3)
46(3)

43(2)
40(2)
43(2)
42(2)
51(2)
50(3)
54(3)
52(2)
50(2)
50(2)
44(2)
61(3)
53(3)
56(3)
58(3)
47(2)
44(2)
54(3)
62(4)
65(4)
62(4)
48(3)
48(3)
54(3)
53(3)
46(3)
49(3)
43(3)
56(3)
45(3)
53(3)

1(2)
1(2)
3(2)
-2(2)
-6(2)
5(2)
4(2)
2(2)
1(2)
-2(2)
-4(2)
-1(2)
-1(2)

-10(2)

-3(2)
-5(2)
-5(2)
5(3)
-9(3)
-7(3)
0(3)
5(2)
12(3)
4(3)
5(3)
-2(3)
-3(3)
-3(2)
3(3)
-7(3)
1(3)
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16(2)
11(2)
9(2)
15(2)
14(2)
14(2)
15(2)
16(2)
16(2)
20(2)
16(2)
25(2)
24(2)
17(2)
17(2)
17(2)
19(2)
14(3)
23(3)
34(3)
23(3)
15(2)
19(2)
12(2)
5(3)
11(2)
16(2)
6(2)
16(3)
12(2)
16(3)

-3(2)
-2(2)
-3(2)
0(2)
-1(2)
-7(2)
0(2)
-1(2)
3(2)
4(2)
1(2)
-5(2)
-6(2)
0(2)
-3(2)
0(2)
2(2)
1(3)
-3(3)
5(3)
14(3)
0(2)
2(3)
-3(2)
-3(3)
-6(3)
-7(3)
5(2)
6(3)
6(3)
7(3)



C(15)
C(16)
C(17)
C(18)
C(19)
C(20)
C21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
C(40)
C(41)
C(42)
C(43)
C(44)
C(45)

49(3)
40(3)
76(4)
70(4)
51(3)
44(3)
34(3)
36(3)
32(3)
36(3)
45(3)
35(3)
51(3)
53(3)
51(3)
43(3)
31(2)
25(2)
42(3)
42(3)
47(3)
51(3)
43(3)
69(4)
55(3)
43(3)
49(3)
40(3)
59(4)
43(3)
49(3)

56(4)
50(3)
80(5)
60(4)
43(3)
46(3)
47(3)
57(3)
65(4)
73(4)
62(4)
60(4)
49(3)
55(4)
52(4)
48(3)
413)
35(3)
39(3)
56(3)
38(3)
44(3)
33(3)
45(3)
57(4)
46(3)
42(3)
34(3)
38(3)
49(3)
70(4)

69(4)
55(3)
65(4)
79(4)
68(4)
54(3)
42(3)
53(3)
66(4)
63(4)
63(4)
52(3)
60(3)
65(4)
75(4)
65(3)
48(3)
55(3)
52(3)
53(3)
52(3)
43(3)
48(3)
56(3)
51(3)
54(3)
55(3)
51(3)
69(4)
65(4)
68(4)

5(3)
2(3)
17(3)
18(3)
-4(3)
5(3)
2(2)
10(3)
-6(3)
4(3)
2(3)
-2(3)
-7(3)
4(3)
14(3)
9(3)
-2(2)
0(2)
-1(2)

-11(3)

-3(2)
1(2)
-3(2)
2(3)
-1(3)
3(3)
11(3)
3(2)
2(3)
-9(3)
143)
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29(3)
19(3)
41(3)
29(4)
26(3)
143)
17Q2)
17Q2)
19(3)
6(3)
7(3)
13Q2)
29(3)
29(3)
26(3)
23(3)
16(2)
7(2)
13(2)
22(3)
28(3)
25(3)
21(2)
26(3)
17(3)
21(3)
24(3)
24(2)
34(3)
19(3)
26(3)

14(3)
6(3)
41(4)
3103)
2(3)
12(3)
7(2)
5(3)
4(3)
2(3)
-7(3)
3(3)
0(3)
-6(3)
-5(3)
12(3)
-2(2)
-1(2)
-1(2)
0(3)
-1(2)
-2(3)
-6(2)

_14(3)
220(3)

-4(3)
3(3)
0(2)
-4(3)
-3(3)
-1(3)



C(46)
C(47)
C(48)
C(49)
C(50)
C(51)
C(52)
C(53)
C(54)
C(55)
C(56)
C(57)
C(58)
C(59)
C(60)
C(61)
C(62)
C(63)
C(64)
C(65)
C(66)
C(67)
C(68)
C(69)
C(70)
C(71)
C(72)
C(73)
C(74)
C(75)
C(76)

51(3)
413)
38(3)
51(3)
54(3)
51(3)
48(3)
40(3)
39(3)
39(3)
36(3)
34(3)
413)
46(3)
64(4)
61(4)
47(3)
42(3)
55(4)
49(4)
32(3)
34(3)
37(3)
57(4)
60(4)
32(3)
37(3)
47(3)
47(3)
64(4)
80(5)

43(3)
38(3)
43(3)
43(3)
61(4)
66(4)
42(3)
62(4)
94(5)
91(5)
57(4)
42(3)
43(3)
50(3)
35(3)
39(3)
85(5)
74(4)
135(7)
122(6)
49(3)
43(3)
46(3)
109(6)
96(5)
63(4)
59(4)
58(4)
43(3)
47(3)
45(4)

55(3)
51(3)
413)
53(3)
63(4)
76(4)
60(3)
65(4)
70(4)
80(5)
73(4)
61(3)
61(3)
65(4)
75(4)
55(3)
70(4)
65(4)
81(5)
85(5)
60(3)
58(3)
60(3)
46(3)
68(4)
71(4)
66(4)
50(3)
56(3)
67(4)
81(4)

13)
2(2)
-3(2)
2(3)

_16(3)

-6(3)
-4(3)
0(3)
10(4)
-3(4)
-9(3)
-8(3)
-3(3)
-5(3)
3(3)
0(3)

11(4)
-18(3)
-35(5)
-35(5)

-9(3)
9(3)
9(3)
2(3)
1(4)
-7(3)

-20(3)
_11(3)
17(3)
-10(3)

303)
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11(3)
112)
6(2)
10(3)
23(3)
35(3)
23(3)
21(3)
10(3)
13(3)
19(3)
23(2)
25(3)
22(3)
37(3)
24(3)
13(3)
15(3)
-6(4)
8(4)
142)
6(2)
22(3)
7(3)
27(3)
18(3)
29(3)
25(3)
29(3)
37(3)
47(4)

1(3)
1(2)
8(2)
4(3)
2(3)
4(3)
-1(3)
-4(3)
0(3)
4(3)
-9(3)
6(2)
9(2)
-8(3)
3(3)
-7(3)
9(3)
5(3)
41(4)
23(4)
0(2)
6(2)
0(2)
31(4)
28(4)
6(3)

_11(3)
_11(3)
-10(3)
_11(3)

-4(3)



C(77)
C(78)
B(1)

F(1)

F(2A)
F(3A)
F(4A)
F(2B)
F(3B)
F(4B)
B(3)

F(9)

F(10)
F(11)
F(12)

75(4)
51(3)
55(4)
68(2)
68(2)
68(2)
68(2)
68(2)
68(2)
68(2)
63(5)
73(3)
87(3)
111(3)
126(4)

48(4)
50(4)
74(5)
86(2)
86(2)
86(2)
86(2)
86(2)
86(2)
86(2)
51(4)
91(3)
77(3)
53(2)
76(3)

72(4)
65(4)
67(5)
98(2)
98(2)
98(2)
98(2)
98(2)
98(2)
98(2)
104(6)
153(4)
168(4)
129(3)
136(4)

15(3)
6(3)
-2(4)
0(2)
0(2)
0(2)
0(2)
0(2)
0(2)
0(2)

-16(4)
226(3)
-10(3)

2(2)
2(3)
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34(3)
23(3)
15(4)
22(2)
22(2)
22(2)
22(2)
22(2)
22(2)
22(2)
34(5)
51(3)
55(3)
74(3)

88(3)

9(3)
5(3)
1(4)
9(1)
9(1)
9(1)
9(1)
9(1)
9(1)
9(1)
5(4)

-14(2)

1(2)
-3(2)
-10(3)
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