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Abstract

The dissertation describes the incorporation of a stable organopaliadium
fragment into several macrocyclic structures, in which three of four palladium
coordination sites are permanently occupied by an S,C ligand "bracket”. The
remaining metal site is filled by a more labile donor, and is used for binding
ancillary ligands (substrates) such as phosphines, o-aminopyridine, DNA
nucleobases and hydrazine derivatives.

Chapter 2 describes the synthesis, oxidative addition, and coordination
chemistry of [PY(TT[11IMC)J[BF ] (4), [Pd(TT[11IMC)][BF ], (8) and
[Pd(pr-TOMB-1)][BF ] {14), in which one donor (E=S,0) is displaced by stronger
ancillary ligands, as confirmed by X-ray structural data as well as *H and "*C{'H}
NMR spectroscopy.

Chapters 3 describes the synthesis of several metalated macrocyclic
receptors, [Pd(CH,CN)(TOMB-0)][BF ] (21), [Pd(CH,CN)(TOMB-1)J[CF,SQ,], (23)
[Pd(CH,CN)(TOMB-3)][BF ], {25) and [Pd(CH,CN)(TOMB-5)]{BF ], (26),
containing an easily displaced ancillary acetonitrile ligand and polyether arrays for
first- and second-sphere interactions with substrates. The receptors were
characterized by "H NMR spectroscopy and X-ray crystallography.

Chapter 4 describes competition experiments of 21, 23, and 25 for pyridine
and o-aminopyridine in which it was found that an increase in the number of
oxygen atoms increases selectivity for o-aminopyridine. In extraction experiments
performed in acetonitrile with the DNA nucleobases, only 21 was found to extract

adenine in any appreciable amount, and 25 exhibits molecular recognition for

e



cytosine, over adenine and guanine. The nature of the first- and second sphere
interactions was determined by X-ray crystallography

Chapter 5 describes the optimization of simultaneous first- and
second-sphere interactions using primary amines and hydrazine derivatives as
substrates, with 25 and 26 as receptors. Receptor 25 was found to be selective
for n-butylamine over N-methylbutylamine. Both receptors exhibit remarkable
interactions with hydrazine derivatives, forming 4 point and 7 point interactions
between the hydrazinium cation and 25 and 26 respectively, as determined by
X-ray crystaliography.

Chapter 6 describes the development of a new receptor, incorporating a
ferrocene moiety for additional characterization of receptor-substrate interactions.
Metalation of the macrocycle proved to be difficult due to reduction of the

paliadium starting material by the ferrocene moiety.
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Chapter 1

Introduction

1.1 Historical Background

in 1967 Charles Pedersen published an article in The Journal of the
American Chemical Society detailing the synthesis of 33 cyclic polyether
compounds which he coined "crown ethers™ (Figure 1.1). This article, though not
the first to describe the synthesis of cyclic compounds?®, was enormously
important to the field of macrocyclic chemistry. It was the first to recognize the
potential that macrocycles had to bind alkali and alkaline earth metal cations
using non-covalent interactions between the electron rich oxygen atems and the
electron poor metals ions. Over the next 20 years the area of macrocychic
chemistry proliferated and in 1987 the Nobel Prize in Chemistry was awarded to
Charles Pedersen®, Donald Cram* and Jean-Marie Lehn® for their work in
picneering, developing and investigating the now vast area of macrocyclic

chemistry.

] o)
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Figure 1.1  Dibenzo-18-Crown-6, first isolated and identified by Pedersen.

Pedersen's article described the synthetic procedure and utility of

macrocycles ranging in size from 9 to 60 atoms and containing 3 to 20 oxygen



atoms using severa! different synthetic strategies. Although he was aware that
there was ‘an unusual mechanism' at work, now known as the template effect,
Pedersen did not know why the formation of these large rings was ailowed at the
time he published his paper®. The template effect”** can be easily understood
by considering the interaction of a metal cation with a polyether chain containing
a nucleophilic function on one end, and a leaving group on the other. The
polyether chain wraps around the metal atom, and if the metal is the appropriate
size {the right template), the nucleophile and electrophile on the same molecule

are placed in close proximity and react to form the macrocycle (Figure 1.2).

(
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Figure 1.2 Na' acts as a template in the cyclization of 15-Crown-5.

With the advent of a facile route towards macrocycles of various sizes,
peripheral groups and other donors were quickly added to the central core of
macrocycles and their chemistry explored. At the forefront of those who caught
on to this exciting new area of organic chemistry were Jean-Marie Lehn and
Donald Cram.

Lehn's major contribution to the field of macrocyclic chemistry was to add a

third strand of donor groups across Pedersen's crown ethers. In order to



distinguish his molecules from existing macrocycles Lehn coined the name
"cryptands™ * . While crown ethers complexed cations, the cryptands, because
of their 3-dimensional shape, (Figure 1.3) were designed to fully encapsulate

metal cations, in effect replacing the first solvation sphere.
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Figure 1.3  Lehn's [2.2.2]-cryptand and [3.2.2]-cryptand.

—

After reading Pedersen's paper on macrocyclic ethers, Cram realized work
he previously considered with cyclic tetramers derived from furan and acetone
had been too narrow in scope®. He soon found his own niche in the field,
developing chiral macrocycles which could in principle permit the stereochemical
differentiation of racemic mixtures of optically active ammonium salts* *? (Figure
1.4a). He also developed a variety of rigidly reinforced concave molecules he

termed “hemispherands” (Figure 1.4b) and spherands™ 15",
a

Figure 1.4  a) Cram's optically active binaphtho-20-crown-6. b) One of Cram's
hemispherand molecules.



As research in the area continued the variety of macrocyclic structures
nereased. Workers such as Gutsche pioneered the area of “calixarenes™”
which are so named to describe the calix, or vase, shape resulting from the
arrangement of arene rings. Donor groups attached to the bottom of the ‘vase'
complex metal cations. Gokel and co-workers developed "lariat ethers" in which
pendant arms are attached to a crown ether such that a donor at the end of the
arm can cap the planar coordination sphere of a complexed cation'®®, These
lariat ethers show increased binding and selectivity for metal cations over their
crown ether predecessors.

It is perhaps wise at this point to aiso mention the class of macrocycles
known as cyclophanes®'. These molecules incorporate an aromatic ring(s) into
the macrocycle and as such spherands and calixarenes may be included in this

group. The term cyclophane is, however, intended to refer to macrocycles

containing aromatic rings that are not already a class unto themselves® =,

1.2 Crown Thioethers.

(i) Synthesis. Atabout the same time that Pedersen discovered the
crown ethers, the group of Daryle Busch and others had been working on
macrocyclic complexes containing nitrogen and sulfur donor atoms for a numter
of years®. The synthetic route to thioether macrocycles at that time involved the
reaction of the sodium salt of a dithiol with an appropriate dihalide®. Initially the
synthesis of 1,4,8,11- tetrathiacyclotetradecane (14-S-4) resulted in only a 7.5%

yield. This was later increased to 55% by performing the reaction at higher



dilution™ %,

In 1981, Buter and Kellogg reported a facile synthetic route towards sulfur
containing macrocycles in yields ranging from 73% to 90%%. The method
involved using Cs,CO, as a base to remove the acidic thiol protons and form
reasonably soluble cesium thiolates. Rather than a template mechanism, the
method utilizes a large charge separation between the cesium atom and the
thiolate in DMF solution to increase the attraction of the nucleophilic thiolate for
electrophilic carbon atoms, as determined by a **Cs NMR experiment™. At
moderate dilution conditions (4 mmo! of dithiol and 4 mmol of dihalide in 700 mL
DMF), moderate temperatures (50-55 °C) and relatively slow addition times
(12-15 h) the intramolecular cyclization is favoured over intermolecular oligomer
formation, vielding relatively pure ligands in good yields.

(i) Ligand Conformation. In a conformational analysis of macrocyclic
ligands, a good measure of the strain inherent in the ligand is found in the
torsional angles. Deviations of these torsional angles from the optimal values of

+ 60° (gauche) and +180° (anti) (Figure 1.5) indicate that the ligand is relieving
—
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Figure 1.5 Gauche and anti placements at C-C-E-C bonds.
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this strain. Dale first used this technique in a pioneering conformational analyses
of crown ethers™.

in an extension of Dale's research, Stephen Cooper and coworkers
published an elegant paper” in which he applied the technique to crown
thioethers. For a full description the reader is referred to that paper as only a
brief synopsis will be given here. They observed in the crystal structures of
several macrocyclic crown thioethers that the vast majority, if not all, of the
torsional angles associated with the sulfur atoms adopt gauche placements
{angles near 60°), whereas torsional angles associated with oxygen atoms
typically adopt anti placements (angles near 180°) as much as possible.

These gauche placements resuit in the sulfur atoms being oriented outside
of the macrocyclic cavity in an exodentate™ conformation. This, then, requires
that the ligand rearrange itself to turn the sulfur atoms into the macrocyclic cavity,

with a concomitant energy requirement, in order to chelate to a single metal atom.

Figure 1.6  Crystal structures of 12-S-4, 15-S-5 and 18-S-6. Note thatall C-S
linkages in 12-S-4 and 18-S-6 and 8 of 10 in 15-S-5 are gauche.



(iii) Bonding of Thioethers. In 1981, Murray and Hartley reviewed the
coordinative ability of thioether ligands®. They reported that relatively few
thioether complexes had been isolated in comparison to phosphine and amine
complexes due to their poor ability to act as electron donors. On going from
phosphines (R,P) to thioethers {R,S) to organic chlorides (RC!) the number of
lone pairs of electrons remaining after ccordination increases from 0 to 1 to 2.
Thus in phosphines there are no repulsive effects between metal based electrons
and phosphine lone pair electrons. In thioethers repulsive effects increase, and
in organic chlorides they increase once again.

Phosphine-metal bonding involves s-donation by the phosphine and back
donation from the metal atom to empty phosphine n-orbitais®. Thicether-metal
bonding, however, can in principle involve o- and n-donation to the metal atom™.
The n-donation arises from the uncoordinated z-orbital on the sulfur atom which
can fill an empty =- or d-orbital on the metal (Figure 1.7), giving rise to the

aforementioned additional repulsion to metal based electrons. The sulfur atom

Figure 1.7 Metal-thioether bonding assuming sp® hybridization at sulfur. ¢ and
w-donation to M, and rn-back donation to S.

also has empty d-orbitals that may act as n-acceptors. Therefore, thioethers can

potentially act simultaneously as o- and n-donors, and as n-acceptors.



The questions then arise that if thioethers are poor ligands in comparnson
to phosphines, then why should they be studied and why do macrocyclic thioether
complexes form at all?

In Cooper's review™, it is stated that four considerations have fuelied
recent interest in macrocyclic thicethers: 1) a possible analogy between the
coordination chemistry of thioethers and phosphines; 2) the relevance of thioether
coordination to blue copper proteins®; 3) synthetic improvements have made
crown thioethers more readily available; 4) the increasing availability of X-ray
diffraction facilities.

Crown thioether complexes form, as one might expect, because of the
presence of more than one donor atom within the ligand; the chelate effect isa
well known phenomenon in coordination chemistry™. Indeed, the stabiiity
constant for the Cu(il) complex of the reduced Curtis macrocycie is 10* times
greater than the stability constant of the open chain analogue; about an order of
magnitude more than expected based on the addition of a fourth chelate ring®™.
The term "macrocyclic effect” was coined to describe this additional stability. This

effect has also observed in crown thioethers® (Figure 1.8).
/'

Figure 1.8  Copper(ll) compiex of 14-S-4, and its open chain analogue.
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The general coordination chemistry of macrocyclic thioethers has been
reviewed by Schréder™ and by Cooper®. Since the focus of this dissertation is
not on the coordination chemistry of thioethers but rather on simultaneous first-
and second-sphere coordination and its application to molecular recognition, an
extensive listing of these complexes will be avoided and the reader is referred to

those reviews.

1.3 Second-Sphere Coordination

(i) Concept. The concept of second-sphere coordination was first eluded
to by Wemer as early as 1893. He found the concept necessary to explain
solvents of crystallization, the dependence of optical rotation on the nature of the
solvent and anion, and adduct formation between amines and saturated
compiexes®'. It was only recently though that Stoddart and coworkers considered
crown ethers and other macrocyclic receptors as models for solvent or anion
interactions with the first-sphere ligands of metal complexes.

The intention of this section is not to provide the reader with a
comprehensive review, which would be quite long. Rather, an introduction to the
concept of second-sphere coordination is given along with a few illustrative
examples to give the reader a basic understanding. For a comprehensive
description of second-sphere coordination the reader is referred to an excellent
review by Stoddart, Colquhoun and Williams®.

At this point, a description of the terms "first-sphere coordination” and

"second-sphere coordination" is in order. The concept of first-sphere
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coordination is quite simple: ligands (ex. ammonia) directly bonded to a metal,
exist in the first sphere of coordination of that metal. Next, if one considers the:
non-covalent interaction of a crown ether with the first-sphere ligands on the
metal (ex. hydrogen-bonding, electrostatic attraction, charge transfer, Van Der
Waal's interactions), the crown ether exists in the second-sphere of coordination

of the metal atom. A schematic diagram of this concept is shown in Figure 1.9.

M
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NHg: first-sphere of M.

18-crown-6: second sphere of M.

Figure 1.9  Schematic diagram of 18-crown-6 in the second sphere of M.

(i)) Second-Sphere Coord:nation. The first second-sphere complex
structurally characterized, by Stoddart® et al, contains two molecules of
trans-[PtCL(PR,)(NH,)] hydrogen-bonded, via the ammonia ligand, to staggered
oxygen atoms of a bifacial molecule of 18-crown-6; the crown ether exists in the
second coordination sphere cf two individual platinum atoms. The demonstrated
ability of 18-crown-6 to act as a bireceptor led to formation of {trans-[PtCL(NH,),]
(18-crown-6)}. © which is polymeric by virtue of the trans orientation of the two

ammonia ligands.
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The antitumor drug Cisplatin, cis-[PtCI,{NH,).], interacts with 18-crown-6 in
much the same way that trans-[PtCL(PR,)(NH,)] does, with one NH, ligand of
each cis-[PtCl,(NH,),] hydrogen-bonding with each face of the crown ether*
(Figure 1.10). The second NH, ligand of each cis-[PtCl.(NH;),] also
hydrogen-bonds with the crown-ether, preventing polymerization and forming the
complex [{cis-[PtCL(NH,),] dma}, (18-crown-6)], with two molecules of

dimethylacetamide included in the crystal lattice.
e

Figure 1.10 Crystal structure of [{¢is-[PtCl,(NH,),] dma}, (3 8-crown-6)].

The receptor molecule in second-sphere coordination is not restricted to
18-crown-6: one such example is the interaction of dibenzo-30-crown-10 with
[Rh(COD)NH,),]" (Figure 1.11)**. The X-ray crystal structure reveals that the
large macrocycle adopts a V-shape conformation with a [Rh(COD)(NH,).]" ion
hydrogen-bonded via the Rh-amine ligands. The two amine ligands of the metal
complex ‘straddle’ the poiyether chain such that one amine ligand is hydrogen-
bonded within the cavity and the other hydrogen-bonds with the oxygen atoms in

the straddled chain.
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Figure 1.11 Crystal structure of [{Rh(COD)(NH,).}" (dibenzo-30-crown-10)].

In complexes of dibenzo-3n-crown-n ethers with [Pt(2.2'-bipyridine)(NH,),],
it was observed that in addition to second-sphere hydrogen-bonding with the
polyether chains, the 2,2' bipyridyl aromatic rings also a-stack with the phenyl
rings of the receptor in the second-sphere, imparting additional stability on
second-sphere complexes®. In order to qualitatively define the significance of the
a-stacking interactions between the electron rich arene units of the receptor and
the electron deficient BPY ligand, the benzo-units of dibenzo-30-crown-10 were
replaced with naphtho-units and the second-sphere complex of
[Pt(2,2-bipyridine)(NH,),] was isolated and structurally characterized (Figure
1.12)“. The structural data revealed that the platinum complex is significantly
tilted in comparison to its position in the dibenzo receptor, in order to maximize

charge transfer interactions between the arene units.
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Figure 1.12 Crystal structure of [{Pt(2,2"-bipyridine)(NH,),}" -
(dinaphtho-30-crown-10)].

With macropolycyclic receptors a more preorganized cavity for binding of
[Rh(COD)(NH,),] is observed®®. The macro-ring encircles the metai complex and
stabilizes the structure by the formation of eight hydrogen-bonding interactions

with distances in the range of 3.00-3.26 A (Figure 1.13)*.
4

Figure 1.13 Crystal structure of macropolycyclic complex of [Rh(COD){NH,),}.

(iii) Simultaneous First- and Second-Sphere Coordination. It S
possible for a ligand to interact with a metal complex such that it occupies sites in

both the first and second coordination spheres of a metai. The first examples of
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this were observed by Alcock ef af in Rh (I) complexes of bis-phosphine ligands
joined by polyether chains®. X-ray crystalicgraphyconfirmed that water and
ethanol molecules coordinate to Rh (1) in the first-sphere, and hydrogen-bond to

the polyether chain in the second-sphere of the metal (Figure 1.14).

/ (YA

Figure 1.14 Crystal structures of Alcock’s Rh (1) complexes with a) water and b)
ethanol interacting in the first- and second-sphere of the metal
atom.

The bis-phosphine ligand acts as a first-sphere ligand, coordinating directly
to Rh (I). Atthe same time, italsoactsasa second-sphere ligand, hydrogen-
bonding with the first-sphere water/ethanol ligands. 1t is interesting to note that
the opposite is also true. The water/ethanol ligand acts as a first-sphere ligand,
coordinating directly to Rh (1). Atthe sametimeitalsoactsasa second-sphere
ligand, hydrogen-bonding with the first-sphere bis-phosphine figand. it follows
then, that any non-covalent interaction between two distinct ligands in a metal
complex can be termed simultaneous first- and second-sphere coordination.

Since the isolation and characterization of these first examples, many more have
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appeared in the literature. These are covered in the Introduction sections in

Chapters 4 and 5 and will not be discussed here.

1.4 Molecular Recognition

Molecular recognition is the study of supramolecular complexes and
assemblies, formed between two or more designed chemical species, and held
together by intermolecular forces®?, It is controlled by the geometric and
electronic complimentarity between the receptor (host) and the substrate (quest)
(Figure 1.15). This involves a balance of the energetic and stereochemical
foatures of non-covalent intermolecular forces within the resulting host-guest

complex® .
-

Receptor (Host) Substrate (Guest)

Figure 1.15 Schematic diagram of geometric complimentarity between a
receptor and a substrate.

There has been considerable interest in the design of molecules capable
exhibiting molecular recognition and binding of small molecules. Two general
approaches have been taken in the design of these receptors. One has involved
the use of solvophobic, n-n stacking and dispersion forces in water-soluble

cyclophane frameworks?' (Figure 1.16). This method has lead to important
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quantitative results regarding hydrophobic and solvation effects, but these forces
are essentially non-directional. The result is a receptor that uses only weakly
oriented binding interactions, in contrast to systems in nature which show good

substrate selectivity, chiral recognition and catalytic activity.
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Figure 1.16 Schematic diagram of a) [2.2]paracyclophane and b) 15,15,36,36-
tetramethyl-1,8,22,29-tetraoxa[8. 1.8.1]paracyclophane.

With this in mind, the other approach to synthetic receptors is one in which the
directional interactions of n-n stacking and multiple hydrogen-bonding groups are
combined in a bracket or macrocyciic cavity with well defined geometry™. This
combination makes these hosts a much more selective class of receptor.

The use of weak forces between neutral molecules, such as hydrogen-
bonding and n-x stacking, has attracted recent attention and several research
groups have demonstrated quite elegantly that selective binding of guests can
occur by a combination of n-r interactions and directed hydrogen-bonds. Some
selected examples of molecular recognition are given below.

The research group of Hamilton synthesized a macrocyclic receptor

containing six endodentate hydrogen-bonding sites™. It was shown by NMR
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titration to bind barbitol more strongly than two other barbiturates due to the
maximal complimentarity between the substrate and receptor (Figure 1.17a).
Whitlock and coworkers have synthesized cyclophane ‘cage’ receptors that were
shown to bind p-nitropheno! utilizing n-hydrogen-bonds between substrate

hydrogen atoms and an arene ring of the receptor™ (Figure 1.17b).

Figure 1.17 a) Hamilton et af's receptor-substrate complex of barbito! with 6
hydrogen-bonds. b) Crystal structure of Whitlock's receptor-
substrate complex with n-hydrogen-bonds.

One of ultimate goals of molecutar recognition (to mimic biological
processes) is almost realized in the elegant self replicating system by Rebek et
af5. The molecule acts as a template, utilizing hydrogen-bonds and n-n stacking
interactions to recognize precursors and catalyze the formation of itself, a
primitive sign of a living system (Figure 1.18).

Synthetic receptors allow for a detailed study of the binding interactions
that must occur in molecular recognition processes in biological systems. A farge

volume of research has been performed in this area (Hamilton®®, Nolte™
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Figure 1.18 Rebek’s self replicating system utilizing hydrogen-bonding and n-=
stacking interactions for recognition.

Rebek’s, Whitiock® and Zimmerman™) and rather than describe all of it the

reader is referred to the literature for a complete listing.

1.5 Scope of the Thesis

(i) Summary. This dissertation describes the incorporation of a stable
organopaliadium fragment into several macrocydlic structures, in which three of
four coordination sites are permanently occupied by an S,C "bracket’. The
remaining metal site is filled by a more labile donor, and is used for bonding of
ancillary ligands (substrates).

Chapter 2 describes the synthesis and coordination chemistry of discrete
macrocyclic complexes (TT[11]MC and pr-TOMB-1) in which one donor (S.0)is
displaced by stronger ancillary ligands. Chapters 3, 4,5and 6 describe the
synthesis and utility of several metalated macrocyclic receptors containing a

palladium coordination site for first-sphere c-donation by a substrate, and
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polyether arrays for second-sphere hydrogen-bonding interactions with the
substrates. The receptors were designed with the goal of achieving molecular
recognition by cooperatively combining the coordination site with the polyether
arrays to make selective receptors. Factors considered were preorganization of
the receptor, the number of hydrogen-bonding sites available and methods of

characterization.

(ii) Trivial Naming. As the acronym TOMB-X will be used throughout this
dissertation to refer to cyclophanes containing both thioether and ether donors,
(Figure 1.19) a brief description of its meaning is given here. The T refers to thia,
O refers to oxa, M refers to meta and B refers to benzenophane. The proper
naming of the series of macrocycies outlined in this work would place ‘oxa’ before
thia’ in alphabetical order. Also, molecules of this type are more correctly
referred to as cyclophanes®™ rather than benzenophanes, but as OTMC-X is not
easily pronounced, the acronym TOMB-X was chosen. The number X foliows the
name in order to distinguish particular cyclophanes from one another and refers
to the number of oxygen atoms contained within the macrocycle. As a rule, all
the donor atoms in the aliphatic portion of the cyclophanes are joined by ethylene
groups. As with every rule there are exceptions. The acronym pr-TOMB-1, for
example, refers to the cyclophane in which the donors are joined by propylene
groups, rather than ethylene groups.

It is also interesting that this trivial naming system has some support in the

literature: viz. Lehn's "cryptands™; Cram's "carcerands™.
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Figure 1.1 Macrocyciic TOMB ligands studied in this dissertation.
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Metalated Thioether Macrocycles
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Chapter 2

2.1 Introduction

(i) Thought Process. In previous research done by Loeb et al.® the
thiacyclophane molecule TT[O]MC was reacted with Pd(PhCN),Cl, to form the
simple square planar complex Pd(TT [9]MC)CL, in which two of the three S donor

atoms displaced the benzonitrile ligands on the starting material.

r

Figure 2.1  Crystal Structure of Pd(TT[9IMC)CL. The Pd atom is closer to
C1-H than to S3.

In the crystal structure of the complex (Figure 2.1)%, it was observed that the
Pd(li) centre was closer to the hydrogen atomn on C1, than to the third S atom in
the macrocycle. Furthermore, examination of molecular models indicated that
removal of one of the chloride ligands, followed by intramolecular coordination of
the third S donor to the Pd atom, would place the hydrogen atom on the
2-position of the aromatic ring in direct contact with the Pd(ll) centre. However,
attempts to ortho-metalate the aromatic ring in TT[OJMC by removal of one of the
chloride ligands with Ag” failed. This result was attributed to the restricted size of

the macrocyclic cavity. The strain the macrocycle would be required to endure in
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supporting four fused 5-membered chelate rings probably prevents the formation
of a square planar metalatd complex; this is shown in Figure 2.2a.

In order to ortho-metalate the thiacyclophane, it is necessary to
accommodate the size of the metal atom inside the macrocycie. This problem

was solved by increasing the length of the linkages between the S atoms in

A aa)

CiD <\,

a

Figure 2.2 a) Fourfused 5-membered chelate rings in metalated TTOIMC
prevent its formation. b) Propylene linkages form two
6-membered chelate rings, lowering strain on TT[11IMC.

TT[S]MC from ethylene to propylene chains to make TT[1 1JMC®. Two of the four
chelate rings in an ortho-metalated complex of TT[11]MC would be 6-membered,
reducing the strain placed on the macrocycle in accommodating the metal, as
shown in Figure 2.2b.

This chapter, therefore, deals with the syntheses and complexation studies
of the ligands 2,6, 10-trithia[11]m-cyclophane (TT[11]MC) and 6-oxa-2,10-dithia-
{11}m-cyclophane (p~-TOMB-%). The ligands contain a tndentate
S-CH,-CH,-CH.-S bracket (S,C) (Figure 2.3), thatis ideally suited to
accommodating three of the four sites on a square planar metal atom. The fourth

site on the metal atom is occupied by another donor joined to the two thioethers
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E=S TT[1]MC
E=0O pr-TOMB-1

Figure 2.3  Placement of the donor atoms in TT[11]MC and pr~-TOMB-1.

by propylene linkages. The macrocycles are easily metalated using palladium
and platinum starting materials and the reaction chemistry of the metal containing
complexes has been explored.

(i) Literature Background. There have been several examples of
ortho-metalation of ligands containing similar X-CH,-C¢H,-CH,-X brackets with
X=OR, NR,, PR, and SR which are outlined below. Research by Friedrich
Bickethaupt et al incorporates the m-xylyl bracket described above, with ail the
donor atoms being oxygen. The reaction of 2-bromo-1,3-m-xylyl-15-crown-4 and
2.bromo-1,3-m-xylyl-18-crown-5 with magnesium starting materials afforded the

Grignard reagents and diarylmagnesium complexes®.
f

Figure 24. Crystal structure of 2-(phenylmagnesto)-1 ,3-xylylene-18-crown-5.
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The authors illustrated that in addition to the proximity of the crown ether, the
rn-xylyl orientation of the donor atoms contributes significantly to the ease of
halogen-metal exchange in these macrocycles. These ligands have also been
used to stabilize mercury-carbon bonds which are formed by the reaction of the
Grignard reagents described above with mercury starting materials®.

A large amount of research has been done by Van Koten and co-workers
on non-macrocyclic systems using the X-CH_-CH,-CH.-X bracket with X=NR,.
Several complexes containing platinum(ll) and nickel({l) exhibit interesting
substitution chemistry at the fourth co-ordination site on the metal centre™. They

have also isolated a metalated macrocyclic Pt(l1) complex®® (Figure 2.5).
(

Figure 2.5. a) Crystal Structure of trans-[2,6-(dimethyl-2,13-
diazatetradecanediyl)-phenyl-N-N1platinum(ll) iodide.

In addition to the results on platinum and nickel complexes , Van Koten
and coworkers have also synthesized a number of complexes with the same
ligands and other metals such as Fe(li)®, Sn(IV)¥, and Ti(lit), Hg(!), and PA(IN®.
Van Koten has reviewed this and additional research from his and other

laboratories®.
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Metalated complexes containing phosphines as the donor atoms have
been synthesized by Shaw and co-workers™ and others™. The ligand
1,3-bis{(di-t-butyl- phosphino)methyllphenyl (PCP) reacts with several square
planar starting materials to form the complexes [MX(PCP)] where M=Ni, Pd, Pt,
Rh. Ir and X=C!, CN, CCPh, CO, H.. The complexes are all air stable compounds
exhibiting the expected NMR spectra. Another similar complex was formed by
the reacticn of the bulky phosphalkane ligand
1,3-bis(2.4,6-tri-t-butylphenylphospha-2-alkene)phenyl with Pd(PhCN),CL™. This
ligand permits electrochemical reduction of the metal containing complex, with the
electron residing on a ligand z-antibonding orbital as determined by EPR
spectroscopy.

Thioether analogues having the X-CH,-C,H,-CH,-X bracket have also
been synthesized by Pfeffer and co-workers. 1,3-bis(methyithiomethyl)benzene
reacts with the complex [{Pd(CH,CH,NMe,-2)Cl1},] in the presence of acetic acid
to give the complex [PdCI(C,H,(CH,SMe),)-2,6)] in high yield®. The complex was
found to react with an excess of +-butyl-NC to give a product in which one
isocyanide ligand has inserted into the Pd-C bond and another has displaced one
of the SMe donor groups™. Shaw and co-workers have also synthesized the
thioether ligand 1,3-bis(t-butylthiomethyi)benzene and metalated it with
Na,[PdCl,] to give [PdCl(CsHs(Cst-t-Bu)z)-z,6)]75, as is shown in Figure 2.6

Until recently the appearance of ortho-metalated Pt(IV) complexes in the
literature has been rare™. The complexes known to date inciude

[PIX(C,H,{CH,NMe,},-2,6)] (X=Cl, Br, 1) and [PtRX(C;H,{CH,NMe},-2.6)] (X=Br,
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Figure 2.6. Crystal structure of [PdCI(SCS)].

I, R=p-totyl), [Pt (CH {CHNMe,}),] and [Pt)(z(C,‘,i-IS{CHle\!Ie.‘,})Z]77 (X=Br, 1) and
[PtCL((2-methylthio)azobenzene)}™.

2.2 Experimental

General Comments. Pt(COD)C!, was prepared by the literature
method™. o,o’-Dibromo-m-xylene, meta-xylene-a,o-dithiol, thiourea, cesium
carbonate, N, N-dimethylformamide, sodium sulfide nonahydrate, 1,3-propanediol,
3-bromopropanol, silver tetrafiucroborate, diphenylmethyl phosphine,
[Pd(CH,CN) JIBF J,, [Pd(PhCN),Cl,] and all deuterated solvents were purchased
from Aldrich and used as received. |, and CuCl, were purchased from BDH and
used as received. All reactions were performed under an atmosphere of N,(g)
using standard Schlenk technigues and all solvents were distilled and degassed
prior to use. 'H and *C{*H} NMR spectra were recorded on a Bruker AC300
NMR spectrometer locked on the deuterated solvent at 300.1 and 75.5 MHz

respectively. *'P{*H} NMR spectra were recorded on a Bruker AC200 NMR
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spectrometer at 81.0 MHz with H,PO, (85%) as the external reference. Infrared
spectra were recorded on a Nicolet S5DX FTIR spectrometer and elemental
analyses were performed by Canadian Microanalytica! Services, New
Westminister, British Columbia, Canada

(i) Preparation of 4-thiaheptane-1,7-diol, (1)*. Sodium sulfide
nonahydrate (23.638 g, 0.098 mol) was dissolved in anhydrous ethanoi (250 mL)
and to this solution 3-bromopropanoi (27.205 g, 0.196 mol) was added by syringe
and the mixture stirred at refiux for 21.5 hours. The solution was cooled, filtered
and the solvent was removed in vacuo. The remaining liquid was dissolved in
CH,CL,, filtered and the solvent was removed in vacuo. The resulting clear oil
was vacuum distilled (bp. 134-138 °C, 1 mmHg). Yield 9.008g (61%). H NMR
(CDCL): 5 (ppm) 3.64 (s, 2H, OH), 3.61 (t, 4H, OCH,), 2.54 (t, 4H, SCH,), 1.74
(m, 4H, CH,). *C{'H} NMR (CDCI,). 3 (ppm) 60.9 (CH,OH), 31.9 (SCH,), 28.4
(CH,).

(i) Preparation of 4-thiaheptane-1,7-dithiol, (2)". 4-thiaheptane-
1,7-diol (28.507 g, 190 mmol) and thiourea (32.215 g, 0.423mol) were dissolved
in concentrated hydrochloric acid (95 mL, 1.143 mol) and stirred at reflux for 36 h
during which time the solution turned from red to orange. Upon cooling, sodium
hydroxide (45.911 g, 1.143 mol) dissolved in water (200 mL), was added through
a slow addition funnel and the solution was refluxed for a further 2 h. The
reaction mixture was reacidified to pH 2 and then extracted with CH,Cl, (3 x 200
mL) (Caution, Extremely irritating odour!). The extracts were combined, dried

over MgSO,, filtered and the solvent was removed in vacuo leaving a brown
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liquid. Vacuum distillation (bp. 108° C, 5 x 10 mmHg) gave a clear oil. Yield:
17.149 g, (49%). "M NMR (CDCL): 5 (ppm) 2.59-2.50 (m, 8H, SCH,). 1.79 (m,
4H, CH,), 1.32 (t, 2H, SH). C{*H} NMR (CDCL,): & (ppm) 33.1 (CH,SCH,), 30.1
(HSCH,), 23.2 (CH,).

(iii) Preparation of 2,6,10-Trithia[11]-m-cyciophane, TT11]MC, (3),
Method A. To a stirred suspension of cesium carbonate (8.191 g, 28.2 mmol) in
DMF (400 mL) was added a solution of a.a-dibromo-m-xylene (3.717 g, 14.1
mmol) and 4-thiaheptane-1,7-dithiol (2.573 g, 14.1 mmol) in DMF (200 mi). The
addition was performed over 27 h with the solution temperature at 50-55 °C.
After addition, the mixture was stirred at room temperature for 24 hours. The
DMF was removed in vacuo and the resulting solid was dissolved in CH,CI, (150
mL) and filtered. The CH,CI, solution was washed with 0.1 M NaOH (2 x 50 mL)
and the organic layer was dried over MgSO,. After filtration and removal of the
solvent the crude product was recrystaliized from acetone/absolute ethanol.
Yield: 3.282 g, (82%); m.p. 57-58 °C. 'H NMR (CDCL): 5 (ppm) 7.43 (s, 1H,
aromatic), 7.17-7.25 (m, 3H, aromatic), 3.70 (s, 4H, benzylic), 2.48 (t, 4H, 23=7.1
Hz, S-CH,), 2.38 (t, 4H, 2J=7.1 Hz, S-CH,), 1.58 (m, 4H, CH,). "*C{'H} NMR
(CDCL): 5 (ppm) 139.5, 129.4, 128.8, 127.7 (aromatic), 36.9 (benzylic), 31.2
(CH,), 30.2 (CH,S), 29.9 (CH,S). Anal. Calcd. for C,H,S;: C, $9.09; H, 7.10; S,
33.81. Found: C, 58.88; H, 7.00; S, 33.54.

(iv) Preparation of 2,6,10-Trithia[11]-m-cyclophane, TT1IMC, (3),

Method B. To a stirred suspension of cesium carbonate (7.691 g, 23.6 mmol) in



31

DMF (300 mL) was added a solution of m-xylene-a,o-dithiol (2.003 g, 11.8 mmol)
and 4-thiaheptane-1,7-ditosylate (5.402 g, 11.8 mmol) in DMF {200 mL). The
slow addition was performed over 17 hours with the solution temperature at 60
°C. After addition, the mixture was stirred at room temperature for 12 hours and
the product was isolated as in method A. Yield 2.693 g, (80%).

(v) Preparation of [Pt(TT[11]JMC)]J[BF ], (4). PtCI(COD) (0.399 g, 1.07
mmol), TT{11]MC (0.303 g, 1.07 mmol), and AgBF, (0.216 g, 1.11 mmol} were
combined in acetonitrile (100 mL) and the solution was refluxed for 48 h. The
resulting mixture was filtered to remove AgCl and the solvent was removed in
vacuo to give an off white solid which was recrystallized from acetonitrile/diethy!
ether. Yield: 0.521 g (87%). 'H NMR (CD,CN): 3 (ppm) 7.12 (m, 3H, aromatic),
3.91 (d, 2H, 4J=15.9 Hz, %J,,,,=70.4 Hz, benzyiic), 4.41 (d, 2H, 2J=15.9 Hz,
benzylic), 3.67 (m, 2H, 3J,,,,=81.1 Hz, SCH,), 3.33-3.12 (m, 4H, SCH,), 2.89 (m,
2H, SCH,), 2.60 (m, 2H, CH,), 2.00 (m, 2H, CH,). "C{'H} NMR (CD,CN}: & (ppm)
157.9 (*J,,.=854.6 Hz, Pt-C1), 147.4 (4,,.=111.1 Hz, aromatic) 126.6, 122.1
(3Jpc~30 Hz, aromatic), 52.5 (*J,,.~30 Hz, benzylic), 38.6 (*J,,=23.5 Hz, SCH,),
35.8 (3Jp.e, SCH,), 28.2 (3J,,.=29.9 Hz, CH,). Anal. Calcd. for C, H,,BF S,Pt: C,
29.74; H, 3.39; S, 17.02. Found: C, 28.55; H, 3.26; S, 17.28.

(vi) Preparation of [Pt{PPh,Me)(TT[11IMC)])[BF ], (5).
[Pt(TT{11]MC))[BF,] (0.098 g, 0.177 mmol) was dissolved in acetonitrile (15 mL)
and PPh,Me (0.035 g, 0.177 mmol) was added with stirring at room temperature.
After 24 h, the solvent was removed in vacuo leaving an off-white solid which was

recrystallized from acetonitrile/diethyl ether. Yield: 0.110g, (81%). 'H NMR
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(CD,CN): 3 {ppm) 7.67 (m, 4H, aromatic PPh.,Me}, 7.53 (m, 6H, aromatic
PPh,Me), 7.17 (m, 3H, aromatic TT{11]MC), 4.92 (d. 2H, *J=17.0 Hz, benzylic),
4,43 (d, 2H, 2J=17.0 Hz, *J,,,,=37.0 Hz, benzylic), 3.14 (m, 2H, SCH,)}, 2.54 (m,
6H, aliphatic TT[11]MC), 2.32 (m, 4H, aliphatic TT{11JMC), 1.77 (br s, 3H, CH,
PPh,Me). *C{'H} NMR (CD,CN): 5 (ppm) 169.1 (%), .=103.3 Hz, Pt-C1), 150.1
(3),,..=105.6 Hz, aromatic TT[11]MC), 127.0, 122.2 (TT[11]MC). 133.4 (d.
'J,c=48.3 Hz, aromatic PPh,Me), 133.4 (*J,.=10.6 Hz, aromatic PPh,Me), 132.4
(aromatic PPh,Me), 130.0 (3J,.=7.5 Hz, aromatic PPh,Me), 52.6 (benzyiic), 40.3
(SCH,), 29.4 (SCH,), 28.6 (3J,,c=38.1 Hz, CH,), 13.7 (*J,,=30.2 Hz, CH,
PPH,Me). *'P{"H} NMR (CD,CN): 3 (ppm) -0.3 ('J,,,=1950.4 Hz). Anal. Calcd.
for C,,H,BF PS,Pt: C,42.35; H,4.22; S, 12.66. Found: C, 42.11; H, 4.03; S,
12.69.

(vii) Reactions of [Pt(TT[11]MC)][BF J with CO, H, and CH,.
[PYTT[11IMC)][BF,] was dissolved in acetonitrile (25 mL); the solution was
placed under 1 atm. of CO(g), H,(g). or C,H,(g) and stirred at room temperature
for 24 h. The atmosphere was then replaced by N.(g) and the solvent was
removed leaving a colouriess solid which was recrystallized from
acetonitrile/diethyl ether and identified as [Pt(TT[11]MC)}[BF,] by NMR
spectroscopy.

(viii) Reactions of [Pt{TT[11]JMC)][BF ] with CH,l, PPh,, and DMAD.
[PYTT[11IMC)][BF ] (0.116 g, 0.205 mmo!) was dissolved in acetonitrite (25 mL)
and 1 equiv. of the reagent (0.205 mmol) was added with stirring. After 24 h, the

solvent was removed leaving a colouriess solid which was recrystallized from
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acetonitrile/diethyl ether and identified as [Pt(TT[11]MC)J[BF ] by NMR
spectroscopy.

(ix) Preparation of [PtL(TT[11IMC)I[BF ], (6). [P{TT[11]MC)J[BF,]
(0.080 g, 0.142 mmol) was dissolved in acetonitrile (20 mL) and |, (0.037 g, 0.146
mmol} was added with stirring. The red solution stirred for 12 h and the solvent
was then removed in vacuo leaving a dark red solid which was recrystallized from
acetonitrile/diethyl ether. Yield: 0.083 g (71%). 'H NMR (CD,CN): & (ppm) 7.27
(m, 2H, aromatic), 7.11 (m, 1H, aromatic), 4.93 (m, 4H, benzylic), 3.45 (m, 2H,
SCH,), 3.37 (m, 4H, SCH,), 3.10 (m, 2H, SCH,), 2.89 (ddd, 2H, %J,,,=60.0 Hz,
CH,), 2.41 (m, 2H, CH,). "*C{"H} NMR (CD,CN): & (ppm) 149.6 ('J,=634 Hz,
Pt-C1), 144.8 (4),,.=51.8 Hz, aromatic), 132.7, 128.4 (3, ~30 Hz, aromatic),
48.3 (3, ~20 Hz, benzylic), 34.3 (SCH,), 32.7 (SCH,), 22.0 (J,,=19.5 Hz,
CH,). Anal. Calcd. for C,H,;BF SLPt: C, 20.52; H, 2.34; S, 11.74. Found: C,
20.77: H, 2.43; S, 11.85.

(x) Preparation of [PtCL(TT[11IMC)][BF ], (7). [PY(TT[11IMC)][BF ]
(0.100 g, 0.177 mmol) was dissolved in acetonitrile (20 mL} and CuCl,.2H,0
(0.061 g, 0.358 mmol) was added with stirring. The colourless solution
immediately tumed orange and a yellow solid precipitated. The solid was isolated
by filtration, washed with diethyl ether and dried in vacuo. Yield: 0.064 g (57%).
'H NMR (DMSO-d,): § (ppm) 7.22 (s br, 3H, aromatic), 4.95 (d br, 4H, benzylic),
3.35 (m br, 8H, SCH,), 2.85 (m br, 4H, CH,). ™C{'"H} NMR (DMSO-d,): 5 (ppm)
143.8 (1, =625 Hz, Pt-C1), 142.9 (J,,=43.7 Hz), 127.4, 125.3 (aromatic), 44.8
(benzylic), 33.3 (SCH,), 32.2 (SCH,), 21.1 (CH,). Anal. Calcd. for
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C,HBF.S,CLPt C.26.42; H,3.02; S, 15.12. Found: C,26.22; H,3.14; S,
15.21.

(xi) Preparation of [Pd(TT[11]MC)]{BF ], (8). Pd(PhCN).Cl, (0.404 g,
1.05 mmol), TT[11]MC (0.297 g, 1.04 mmol), and AgBF, (0.234 g, 1.20 mmol}
were combined in acetonitrile (70 mL), and the mixture was refluxed for 48 hours.
The resulting mixture was filtered to remove AgCl and the solvent was removed
to give an orange solid which was recrystallized from acetonitnle/diethyt ether.
Yield: 0.348 g (75%). *H NMR (CD,CN): & (ppm) 7.08 (br s, 3H, aromatic), 4.71
(d, 2H, 2J=16.0 Hz, benzylic), 4.31 (d, 2H, 2J=16.0 Hz, benzylic), 3.44 (ddd, 2H,
2J=1.8, 7.6, 11.9 Hz, SCH,), 3.21 (td, 2H, J=1.9, 11.1 Hz, SCH,), 3.10 (t, 2H,
2J=5.0 Hz, SCH,), 2.86 (t, 2H, 2J=11.4 Hz, SCH,), 2.58 (m, 2H, 2J=7.3 Hz, CH,),
2.00 (t, 2H, 2J=10.6 Hz, CH,). ™C{"H} NMR (CD,CN): & (ppm) 165.8 (Pd-C1),
149.8, 126.6, 123.0 (aromatic), 50.0 {benzylic), 38.3 (CH,S), 35.1 (CH,S), 27.7
(CH,). Anal. Caled. for C, H,BF PdS,: C, 35.27; H, 4.03; S, 20.18. Found: C.
35.11; H, 3.92; S, 20.29.

(xii) Preparation of [Pd(PPh,Me)(TT[11]MC)I[BF ], (S).
[PA(TT[11]MC)][BF ] (0.103 g, 0.216 mmol) dissolved in acetonitrile (15 mL) and
PPh,Me (0.043 g, 0.215 mmol) was added with stirring. After 10 minutes the
solvent was removeg leaving an orange/yellow solid which was recrystallized
from acetonitrile/diethyt ether. Yield: 0.125 g (86%). 'H NMR (CD,CN): & (ppm)
7.70 (m, 4H, aromatic PPh,Me), 7.54 (m, 6H, aromatic PPh,Me), 7.06 (br s, 3H,
aromatic TT[11]MC), 4.75 (d, 2H, 2J=16.7 Hz, benzylic), 4.25 (d, 2H, *J=16.7 Hz,

benzylic), 3.11 (m, 2H, aliphatic), 2.70 (m, 6H, aliphatic), 2.14 (br s, 4H, aliphatic),
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1.87 (d, 3H, 4,,=3.6 Hz, CH, PPhMe). BC{H} NMR (CD,CN): 8 (ppm) 169.8
(Pd-C1), 151.5, 126.7, 123.5 (aromatic TT[1 1JMC), 136.0 ('J,.=23.4 Hz, aromatic
PPh,Me), 133.0, 131.1, 128.9 (aromatic PPh,Me), 49.7 (benzylic), 38.2 (CH.S).
32.2 (CH,S), 28.5 (CH,), 12.9 (d, 2J..=9.8 Hz, CH, PPh,Me). FPOH} NMR
(CD,CN): & (ppm) ~11.2. Anal Caled for C;H,,BF PS,Pd: C, 50.16; H, 5.00; S,
14.89. Found C, 49.89; H, 4.83; S, 14.98.

(xiii) Preparation of [PACL(TT[11IMC)], (10). PdCL(PhCN), (0.082g.
0.24 mmol) and TT[11]JMC (0.066 g, 0.23 mmol) were combined in acetonitrile (10
mL) and stirred at room temperature for 12 h. The resulting yellow precipitate
was filtered and washed with acetonitrile (5 mL) and diethy! ether (10 mL). Yield:
0.084 g (78%). 'H NMR (DMSO-d,): & (ppm) 8.29 (s, 1H, aromatic), 7.41 (brm,
2H, aromatic), 7.30 (br s, 1H, aromatic), 4.73 (br d, 1H, benzylic), 4.30 (br m, 1H,
benzylic), 3.92 (br d, 1H, benzyiic), 3.72 (brm, 1H, benzylic), 2.94 (br m, 2H),
2.57 (m, SH), 2.16 (br m, 2H), 1.88 (m, 2H), 1.30 (m, 1H). Anal. caled. for
C,H,S,CL,Pd: C, 36.40; H, 4.37; S, 20.83. Found: C, 36.12, H, 4.22; S,
20.67.

(xiv) Attempted oxidation of [PA(TT[11IMC)I[BF,1. Toa solution of
CuCl, (0.072 g, 0.422 mmol) in acetonitrile (25 mL) was added
[PA(TT[11]MC)J{BF,] (0.104 g, 0.218 mmol). The initially green solution turned
orange/red with a red precipitate present in the solution. After gentle heating for
20 h an orange precipitate was filtered and washed with acetonitrile, dried in
vacuo, and identified by NMR spectroscopy as [PdCL(TT[11]MC)]. Yield: 0.080

q. (82%).
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(xv) Metalation of [PdCL(TT[11]MC)]. To a suspension of
[PACL(TT[11]MC)] (0.076 g, 0.165 mmol) in acetonitrile (10 mL) was added
AgBF, (0.038 g, 0.195 mmol). The mixture was refluxed for 24 h, filtered and the
solvent was removed in vacue leaving an orange solid which was identified by
NMR spectroscopy (in CD,CN) as [PA(TT[11]MC)}[BF,]. Yield: 0.052 g (66%).

(xvi) Preparation of 4-oxaheptane-1,7-diol, (11). Sodium metal (3.068
g, 133 mmoi) was dissolved in 1,3-propanediol (49.568 g, 651 mmol) at 60° C to
give a yellow solution. 3-bromopropanol (18.290 g, 132 mmol) was syninged into
the solution and the reaction maintained at 80° C for 12 h. The excess
1,3-propanediol was removed in vacuo leaving a light brown oil which was
distilled on a Kugelrohr apparatus to give a clear liquid. Yield: 12.601 g (71%).
'H NMR (DMSO-d,): 5 (ppm) 4.36 (3J=7.6 Hz, 2H, OH), 3.41 (m, 8H, OCH,), 1.61
(m, 4H, CH,). *C{'H} NMR (DMSO-d,): 3 {ppm) 67.2 (OCH,, ether), 57.8
(HOCH,, alcohol), 32.7 (CH,).

(xvii) Preparation of 4-oxaheptane-1,7-dithiol, (12). This preparation
follows that used for the synthesis of compound 2*'. 4-oxaheptane-1,7-diol:
(4.687 g, 34.9 mmol); thiourea: (5.866 g, 76.8 mmol); concentrated hydrochloric
acid: (17.5 mL, 210 mmol). The crude product was distilled in vacuo (bp 70° C at
5x10 torr) to give a clear oil. (Caution! Extremely imritating odour.) Yield: 2.35g
(40%). 'H NMR (CDCL,): § (ppm) 3.48 (t, 4H, OCH,), 2.60 (m, 4H, SCH,), 1.82
(m, 4H, CH,), 1.33 (t, 2H, SH). “C{'H} NMR (CDCL): 5 (ppm) 68.6 (OCH,), 33.7

(HSCH,), 21.4 (CH,).
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(xviii) Preparation of 6-oxa-2,10-dithia[1 1]-m-cyclophane,
(pr-TOMB-1), (13). To a stirred suspension of cesium carbonate (6.060 g, 18.6
mmol) in DMF (400 mL) was added a solution of a,o’-dibromo-m-xylene (2.392 g,
9.06 mmol) and 4-oxaheptane-1,7-dithiol (1.476 g, 9.04 mmol) in DMF {150 mL).
The addition was performed over 40 h with the temperature at 50-55 °C. After
addition, the mixture was stirred at room temperature for 15 hours and the
product was isolated in the same manner as TT[1 1IMC (procedure (iii)). The
crude product was recrystallized from hot isopropanol. Yield: 1.407 g (58%). 'H
NMR (CDCL,): 8 (ppm) 7.32-7.22 (m, 4H, aromatic), 3.64 (s, 4H, benzylic), 3.38 (t,
4H, OCH,), 2.37 (t, 4H, SCH,), 1.79 (m, 4H, CH,). “C{'H} NMR (CDCL,): 3 (ppm)
138.2, 130.6, 129.2, 127.8 (aromatic), 68.8 (OCH,), 34.8 (benzylic), 29.6 (SCH,),
25.9 (CH,).

(xix) Preparation of [Pd{pr-TOMB-1)I[BF ], (14). pr-TOMB-1 (0.150 g,
0.559 mmot) and [Pd(CH,CN),J[BF ], (0.252 g, 0.567 mmol) were dissolved in
acetonitrile (40 mL). The orange solution was refluxed for 15 min. during which
time it tumed yellow. The solvent was removed in vacuo and the pasty solid was
washed with chioroform {10 mL) and then recrystallized from chloroform. Yield:
0.185 g (72%). *H NMR (CD,CN): 8 (ppm) 7.01-6.94 (m, 3H, aromatic), 4.45 (d,
2H, 2J=16.9 Hz, benzylic), 4.08 (d, 2H, 2J=16.9 Hz, benzylic), 4.72 (m, 2H, OCH,),
3.55 (m, 2H, OCH,), 3.29 (m, 2H, SCH,), 3.13 (m, 2H, SCH,), 2.09 (m, 4H, CH,).
BC{'H} NMR (CD,CN): 3 (ppm) 151.7, 125.2, 122.3 (aromatic, Pd-C1 not

observed), 70.0 (OCH,), 43.6 (benzylic), 37.2 (SCH;), 26.0 (CH,).
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(xx) Preparation of [Pd(PPh,Me)(pr-TOMB-1)][BF ], (15).
[Pd(pr-TOMB-1)}[BF,] (0.026 g, 56.4 umol) was dissolved in acetonitrile (5 mL)
and PPh,Me (0.012 g, 61.8 pmol) was added by syringe after which the solution
was brighter yellow. The solution stirmed for 24 h and the solvent was removed in
vacuo. The remaining solid recrystallized from acetonitrile/diethyl ether. Yield:
0.020 g (55%). 'H NMR (CD,CN): & (ppm) 7.67 (m, 4H, aromatic PPh_Me), 7.52
(m, 6H, aromatic PPh,Me), 7.09 (m, 3H, aromatic pr-TOMB-1), 4.73 (d, 2H,
2J=17.1 Hz, benzylic), 4.26 (d, 2H, 2J=17.1 Hz, benzylic), 3.53 (m, 2H, OCH,),
3.33 (m, 2H, OCH,), 3.09 (m, 2H, SCH,), 2.58 (m, 2H, SCH,), 2.14 (d, 3H, Y=7.4
Hz, CH, PPh,Me), 1.88 (m, 2H, CH,), 1.72 (m, 2H, CH,). “C{'H} NMR (CD,CNY):
8 (ppm) 171.7 (Pd-C1), 152.2, 126.5, 123.0 (aromatic pr~-TOMB-1), 133.4, 131.9,
130.0 (aromatic PPh,Me), 71.0 (OCH,), 49.4 (d, 2J=12.9 Hz, benzylic), 38.1
(SCH,), 26.5 (CH,), 13.1 (d, 'J,.=21.8 Hz, CH, PPh,Me). *'P{'H} NMR (CD,CN):

5 (ppm) -4.0.

2.3 X-Ray Diffraction Data Collection, Solution, and Refinement.

(i) General Procedures. Diffraction experiments were performed on a
four-circle Rigaku AFC8S diffractometer with graphite-monochromatized MoKa
radiation. The unit cell constants and orientation matrices for data collection were
obtained from 20 centred reflections (15° < 26 < 35°). Machine parameters,
crystal data, and data collection parameters are summarized in Appendix A. The

intensities of three standard refiections were recorded every 150 reflections and
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showed no statistically significant changes over the duration of the data
collections. The intensity data were collected using the ®-26 scan technique, in
four shells (26 < 30, 40, 45, and 50°). Absorption coefficients were calculated
and absorption as well as decay corrections applied to the data. The data were
processed using the TEXSAN software® package running on a VAX 3520 or a
SGI Challenge computer. Refinements were carried out by using full-matrix
least-squares techniques on F by minimizing the function Tw(F- F.)? where w=
1163(F.) and F, and F_ are the observed and calculated structure factors. Atomic
scattering factors® and anomalous dispersion terms* were taken from the usual
sources. In the final cycles of refinement, all non-H atoms were assigned
anisotropic thermal parameters with exceptions noted for the carbon atoms in
some structures in the individual Structure Determination sections. Fixed
hydrogen-atom contributions were included with C-H distances of 0.95 A and
thermal parameters 1.2 times the isotropic thermal parameter of the bonded C
atoms. These H atoms were not refined, but were updated and included in the
structure factor calcutations as refinement continued. All atomic positional
parameters, bonding parameters and thermal parameters are listed in Appendix
A

(i) Structure Determinations of TT[11]MC (3), [Pt(TT[11]MC)][BF,]
(4), [PPPh,Me)(TT[11IMC)][BF ] (5), [PH,(TT11]MC)][BF ] (6). The X-ray
structural analyses for compounds 3, 4, 5 and 6 were performed by Professor

Stephen J. Loeb and full details of the solutions are given in the literature® 8.
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(iti) Structure Determination of 6-oxa-2,10-dithia[11]-m-cyclophane,
pr-TOMB-1, (13). Colourless crystais of pr-TOMB-1 were grown by siow
evaporation of a CDCl, solution of the compound. A statistical analysis of the
intensity distributions and a determination of observed extinctions were consistent
with the orthorhombic space group Pnma, and this was confirmed by a successful
solution refinement. A total of 1461 reflections were collected, and 712 unique
reflections with F.?>3c (F.?) were used in the refinement. The positions of the
sulfur and oxygen atoms were determined by direct methods from the £-map with
the highest figure of merit. The remaining carbon atoms were located from a
difference Fourier map calculation. in the final cycles of refinement, all atoms
were assigned anisotropic thermal parameters. This resulted in R =
|IFHFVEIF ) = 0.0385 and R,= (Z(IFHFNYE,F.2)'? = 0.0233 at final
convergence. The A/c value for any parameter in the final cycle was less than .
0.0002. A final difference Fourier map calculation showed no peaks of chemical
significance; the largest was 0.201 electron /A® and was associated with the S1
atom. Crystal data, intensity collection and structure refinement details, as well
as all atomic positional parameters, bond distances and angles are summarized
ih Appendix Table A1.

(iv) Structure Determination of [Pd(pr~-TOMB-1)][BF ], (14). Colourless
crystals of [Pd(pr-TOMB-1)}[BF,] were grown by recrystallization from a CDCl,
solution of the compound. A statistical analysis of the intensity distributions was
consistent with space group P1, and this was confirmed by a successful solution

refinement. A total of 3721
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reflections were coliected, and 2116 unique reflections with £.2>3c (F.?) were
used in the refinement. The positions of the palladium and sulfur atoms were
determined by direct methods from the E-map with the highest figure of ment.
The remaining carbon and oxygen atoms were located from a difference Fourer
map calcuiation. In the final cycles of refinement, all atoms were assigned
anisotropic thermal parameters. This resulted in R = 0.0462 and R, = 0.0367 at
final convergence. The A/c value for any parameter in the final cycle was less
than 0.003. A final difference map Fourier map calcuiation showed no peaks of
chemical significance; the largest was 0.850 electron /A? and was associated with
the BF, anion. Crystal data, intensity collection and structure refinement details,
as well as all atomic positional parameters, bond distances and angles are

summarized in Appendix Table A2.

2.4 Results and Discussion

(i) Synthesis and Characterization of TT[11]MC, (3). TT[11]MC can
be readily prepared by using the Cs* ion mediated cyclization method of Buter
and Kellogg®. The synthesis involves the formation of two carbon-sutfur bonds
and can be performed as a one-pot reaction from commercially available or easily
prepared starting materials in one of two methods. A) Reaction of
+thiaheptane—1 ,7-dithic!® with an eguimolar amount of a,o’-dibromo-m-xylene or
B) reaction of m-xylene-a,a'-dithiol with 4-thiaheptane-1 . 7-ditosylate™, in the

presence of cesium carbonate, both give TT[11]MC in high yields (Scheme 2.1).
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The ligand is air stable, colourless, and easily crystallized from a variety of
organic solvents (CH,COCH,, CH,Cl,, CHCI,, CH,, CH,CN).

4 )

-
SH SH &
L/ \J . 2Cs,CO5
S Br Br
DMFE ~ Q\
S S
(s

l/ \J . g TT1IMC (82%. 80%)
S DMF

Scheme 2.1 These two routes can both be used to synthesize TT[11]MC.

The macrocycle was characterized first by NMR spectroscopy. In the 'H
NMR spectrum the expected meta substitution pattermn is observed in the aromatic
region of the spectrum, with the H-atom at the 2-position of the aromatic ring
appearing slightly downfield (7.42 ppm) of the other aromatic hydrogens
(7.25-7.15 ppm). A single resonance for the benzylic CH, groups appears at 3.70
ppm and triplets for the mathylene units adjacent to S1 and $3, and to S2 appear
at 2.48 ppm and 2.38 ppm respectively. The central CH, groups in the propylene
chains appear as a pseudo quintet at 1.58 ppm. Single resonances for pairs of
methylene groups indicate that the ligand is symmetrical in solution.

The ™C{'H} spectrum is equally diagnostic with a resonance at 139.5 ppm
for the quatemary carbons and resonances at 129.4, 128.8 and 127.7 ppm for the

remainder of the aromatic nuclei. Resonances for symmetrical aliphatic carbon
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atoms appear at 36.9 ppm for the benzylic CH, group, at 31 .2 ppm for the central

CH,, and at 30.3 and 29.9 ppm for the CH, groups adjacent to sulfur atoms.

-

S1 S3

S

Figure 27  TT[11]MC with heteroatom numbering scheme consistent with
crystal structure and NMR discussion.

In addition to the evidence described above, crystals of TT[11]MC were
grown by slow evaporation of an acetone solution of the compound and the
crystal structure was determined.

(ii) Crystal Structure of TT[11]MC (3). The unit cell is monoclinic and
contains four molecules of TT[11]MC. A perspective view of the molecule with
the atom numbering scheme is shown in Figure 2.8. Complete listings of
crystallographic parameters including atomic positions, bonding parameters and
details of data coliection are listed in the literature®. Selected parameters are
given in the figure caption.

Sulfur-carbon distances range from 1.792(6) to 1.806(5) A and
C(sp?)-C(sp?) distances range 1.373(6) to 1.384(6) A. The two C(sp?)-C(sp’)
bonds are 1.514(6) and 1.507(7) A and the C(sp®)-C(sp°) bonds average 1.47(9)
A with a relatively large range from 1.31(1) to 1.54(1) A, resulting from a slight

disorder in the C11-C12 linkage. These distances compare well with those found
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Perspective ORTEP drawing of TT[11]MC (3) showing the atom
numbering scheme with 30% thermal eliipsoids. Selected bond
distances (A) are: S1-C7 =1.806(5), S1-C8 = 1.805(6), S2-C10 =
1.817(6), S2-C11 = 1.750(8), S3-C13 = 1.792(6), S3-C14 =
1.795(5). C6-C7 = 1.514(6), C2-C14 = 1.507(7) A. C(sp?)-C(sp?)
distances range from 1.373(6) to 1.384(6) A. C(sp®)-C(sp’) bonds
average 1.47(9) A.
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for other thiacyclophanes and macrocyclic thioethers™ &,

in examining the structure of TT{11]MC, two main features are observed.
The two C{benzylic)-S bonds are positioned on the same side of the aromatic ring
which has the effect of orienting the aliphatic chain approximately perpendicuiar
to the aromatic ring. This is consistent with the structures of the smaller
thiacyclophanes TT[S]OC and TT[9]MC® and in contrast to the structure of
TT{11)JOC® and to TOMB-3 (vide infra) which both have the C(benzylic)-S bonds
oriented on opposite sides of the aromatic moiety, forcing the aliphatic chain to
loop around from one side of the aromatic ring to the other.

It is well known that ;hioether macrocycles prefer to adopt excdentate
conformations as wiiccordinated ligands® ® and examination of Figure 2.8
verifies that the sulfur donor atoms point out of the macrocycle. Closer
examination of the torsional angles about the sulfur atoms reveals that 4 of 6
adopt gauche placements (Table 2.1) and one is intermediate between gauche
and anti: only C12-C13-33-C14 has an anti conformation and it deviates

significantly from the 180° torsional angle in an ideal anti placement.

Table2.1  Torsional Angles about Sulfur Atoms in TT[11]MC.

[Linkage Angle (°)
lce-c7-s1-C8 -62.0(4)
C7-81-C8-C9 65.7(4)
ICQ-C‘I 0-S2-C11 -56.3(6)
C10-S2-C11-C12 -97.4(5)
C12-C13-83-C14 161.5(5)
C13-83-C14-C2 -66.5(4)
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(1)) Formation of [Pt{TT[11]JMC)][BF ], (4). The reaction of equimolar
amounts of TT[11]MC, Pt{COD)C!, and AgBF, in refluxing acetonitrile yields
[PHTT[11]MC)][BF,] (Figure 2.9) as an off white solid which is easily recrystallized

from acetonitrile/diethyl ether to give the complex as a colouriess crystalline solid.

I-\gBF4
S S+ PycoD)Cl, > S—p—S

\) CH4CN (81°) |
S s

Figure 2.8  Metalation Reaction for formation of [Pt(TT[11]MC)][BF ).

'H and *C{'H} NMR spectroscopy both indicate that a symmetrical
ortho-metalated product was formed. The absence of a ligand proton resonance
at 7.43 ppm® ™ and the downfield shift and splitting of the benzylic resonance
into a pair of doublets, with a large three-bond ***Pt coupling of 70.4 Hz to the
downfield signal centred at 4.90 ppm, offer strong evidence for the metalation
product. n.addition, large one- and two-bond couplings of 855 and 111.1 Hz to
BC{'H} resonances at 157.9 and 147.4 ppm for the carbon atoms at the 2- and
1-positions of the aromatic ring (shifted downfield from 128.8 and 139.5 ppm
respectively) are strong evidence for the formation of the Pt-C bond. The

resonances for the carbon atoms adjacent to the sulfur atoms are also shifted
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downfield upon coordination from about 30 ppm to 38.6 and 35.8 ppm, offering
more evidence for the inclusion of the Pt(il) centre inside the macrocyclic cavity.

(iv) Crystal Structure of [P{(TT[11]JMC)}[BF J, (4). The unit celiis
monoclinic and contains four molecules of [PY(TT[11JMC)][BF ]. A perspective
view of the molecule with the atom numbering scheme is shown in Figure 2.10.
Complete listings of crystallographic parameters including atomic positions,
bonding parameters and details of data collection are tabulated in the literature™.
Selected bonding parameters are given in the figure caption.

The platinurn atom: is in a square planar environment with three sulfur
atoms and one carbon atom providing the coordination sphere for the metal. The
Pt-S2 bond distance of 2.365(6) A is significantly longer that the Pt-S1 and Pt-S3
distances of 2.255(6) and 2.266(4) A respectively, due to the strong trans
influence of the aromatic group and the relaxed nature of the 6-membered
chelate rings. The Pt-C1 distance is 1.99(3) A. The ligand bite angles
at the Pt centre are S1-Pt-C1 = 83.0(9)° and S3-Pt-C1 = 86.4(9)" for the rigid
metalated fragment containing the strained 5-membered chelate rings and
S1-Pt-S2 = 98.2 (2)° and S3-Pt-S2 = 94.3 (2)° for the more flexible 6-membered
chelate rings. The effect of constraining the Pt(ll) centre inside the macrocycle is
evident from a number of bonding parameters. First the mutually trans Pt-S
distances are significantly shorter than those recently found for a series of P(li)
complexes with open chain thioether ligands, [PYX(RS(CH,),S(CH,),SR)]"
(X=halide, R=Et, Ph, i-Pr)*®*. The Pt-S bond distances in these complexes range

from 2.290 (4) to 2.308 (5) A when no chelate strain was present. Thereisalso a
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Figure 2.10 Perspective ORTEP drawing of the [Pt{TT[11]MC)]" (4) cation
showing the atom numbering scheme with 30% thermal ellipsoids.
Selected distances (A) and angles are Pt-C1 = 1.99 (3), Pt-S1 =
2255 (6), Pt-S2 = 2.365 (6), Pt-S3 = 2.266 (4). S1-Pt-C1 = 83.0(9)",
S3-Pt-C1 = 86.4(9)°, S1-Pt-S2 = 98.2 (2)°, S3-Pt-S2 = 94.3(2)°,
C1-Pt-S2 = 170.4 (6), S1-Pt-S3 = 163.6 (2)°
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tetrahedral distortion at Pt evidenced by the C1-Pt-S2 and $1-Pt-S3 angles of
170.4 (6) and 163.6 (2)°. This distortion presumably arises from the angular
constraints of the rigid S,C bracket in the ligand.

(v) Substitution Chemistry of [Pt(TT[1 1]MC)I[BF }; Preparation of
[Pt{PPh,Me)(TT[11IMC)][BF ], (5). A number of substitution reactions were
atiempted with simple two-electron donor groups and [PHTTI11IMCHIBF,]. With
CO, C,H,, and RCCR (R = Ph, COOMe} no reaction could be detected by NMR
spectroscopy, while with PPh, and PPh,Me compstition for the Pt-S2 site was
evident in solution. The -S(CH,),S(CH,),S- chain is flexible enough to
accommodate substitution of the central sulfur atom by strong donor groups.
However, PPh,Me was the only donor group strong enough to compete
successfully with S2 for the coordination site and give an isolable product.

The *H and C{"H} NMR spectra of the adduct confirm the presence of the
PPh,Me. A comparison of the 3C{'H} NMR chemical shifts for the aliphatic chain
of [Pt(TT[11]MC)JiBF ] and [Pt(PPh,Me)(TT[11]MC)][BF ] following the atom
numbering scheme in Figure 2.10 for [Pt(TT{11]JMC)][BF ] is given in Table 2.2.
Upon addition of the phosphine, the resonance for C10 and C11 moves upfield
from 35.8 to 29.4 ppm, near where it appears in the spectrum of the
uncoordinated ligand. This evidence, coupled with the fact that the *'P{'H} NMR
spectrum contains a single resonance (5 -0.3 ppm) with 'Jp, .= 1950.4 Hz,
indicates that the central S2 atom has been displaced by PPh,Me. In addition to
the NMR evidence given above, X-ray quality crystals of the phosphine adduct

were grown by vapour diffusion of diethyl ether into an acetonitrile solution of
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Table2.2  “C{'H} NMR Chemical Shifts for TT[11]MC, [Pt(TT[11]MC)]" and
[Pt{PPh.Me)(TT[11]MC)]".

Carbon Atom#  |TT[11]MC PHTTI1MC)” | (PY{PPh,Me)
(TTH1MO))

C7,C14 36.9 52.5 52.6

C8, C13 30.2 38.6 40.3

C9, C12 31.2 28.2 28.6

€10, C11 29.9 35.8 29.4

[Pt(PPh,Me)(TT[11]MC)I[BF ] and the crystal structure was determined.

(vi) Crystal Structure of [Pt(PPh,Me)(TT[11IMC)][BF ], (5). The unit
celi is monoclinic and contains four molecules of [PH{PPh,Me)(TT[11]MC)][BF ].
A perspective view of the molecule with the atom numbering scheme is shown in
Figure 2.11. Complete listings of crystallographic parameters including atomic
positions, bonding parameters and details of data collection are tabulated in the
literature™. Selected bonding parameters are listed in the figure caption.

The X-ray structure of the complex shows that the Pt atom is in a
square pianar environment and that the aliphatic chain is flexible enough to allow
the central sulfur atom to be displaced from the platinum by the phosphine. Bond
distances to the platinum are Pt-S1 = 2.290(4), Pt-S3 = 2.292 (4), Pt-P1 = 2.344
(5) and Pt-C1 = 1.99 (2).. The angles at the Pt centre are S1-Pt-C1 = 84.4 (5)°
and S3-Pt-C1 = 84.7 (5)° for the 5-membered chelate rings in the metalated
portion of the cyclophane and S1-Pt-P1 = 96.6 (2)° and S3-Pt-P1 = 94.2 (2)° for
the non-chelating PPh,Me ligand. Since the Pt atom is no longer constrained
inside the macrocycle there is less tetrahedral distortion, as shown by the

C1-Pt-P1 and S1-Pt-S3 angles of 172.7 (5)° and 169.1 (3)°. This relaxation of the



51

Figure 2.11 Perspective ORTEP drawing of the [Pt(PPh Me)(TT[1 1IMC)" (5)
cation showing the atom numbering scheme with 30% thermal
ellipsoids. Selected distances (A) and angles are: Pt-S1 = 2.290
(4), Pt-S3 = 2.292 (4), Pt-P1 = 2.344 (5), Pt-C1=1.99 (2).
S1-Pt-C1 = 84.4 (5)°, S3-Pt-C1 = 84.7 (5)°, S1-Pt-P1=96.6 (2)°,
S3-Pt-P1 = 94.2 (2)°, C1-Pt-P1 = 172.7 (5) °, S1-Pt-83 = 169.1 (3)°
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macrocycle results in significantly longer Pt-S distances and slightly larger S-Pt-C
angles as compared to those in [PY{TT[11]MC)}[BF 1.

(vii) Oxidation Reactions of [Pt(TT[11]JMC)][BF,]; Preparation of
[Pt,(TT[1]MC)I[BF ] (6), and [PtCL(TT[11]JMC)I{BF ], (7). The demonstrated
flexibility of the aliphatic chain in TT[11]MC suggested that {Pt(TT{11]JMC)][BF ]
might also accommodate the structural changes required for oxidative addition to
PH(IV) complexes. The reactions of [Pt(TT{11]JMC)][BF ] with 1 equivalent of
either CuCl, or 1,” yielded the oxidative-addition products [PEX(TT[11IMC)][BF ],
where X =1 (6), C! (7). however no reaction was detected with Mel. NMR
spectroscopy, particularly *C{'H}, confirms that oxidation from Pt{ll} to Pt(IV) has
occurred. The resonances for the metaiated carbon atoms in both oxidation
products [PtCL(TT[11]MC)][BF ] and [Pti(TTI11]MC)][BF ] undergo upfield shifts
from & = 157.9 ppm to 143.8 and 149.6 ppm for X = Cl and | respectively, and a
reduction in the Pt-C coupling constants from 855 Hz to 625 Hz and 634 Hz
respectively. This is a well established trend and can be attributed to less
electron density on the Pt(IV) centre as compared to Pt(Il)*. The actual geometry
about the metal atom was established from the X-ray crystal structure of
[Pt(TT[11]MC)I(BF .

(viii) Crystal Structure of [Ptl(TT[11]MC)][BF J, (6). The unit cell is
monodiinic and contains four molecules of [Ptl{l"l‘[1 1]MC}][BF,]. A perspective
view of the molecule with the atom numbering scheme is shown in Figure 2.12.
Complete listings of crystallographic parameters including atomic positions,

bonding parameters and details of data collection are tabulated in the literature™.
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Figure 2.12 Perspective ORTEP drawing of the [Pti,(TT[11]MC)]" (6) cation
showing the atom numbering scheme with 30% thermal ellipsoids.
Selected distances (A) and angles are: Pt-C1 =2.04 (2), Pt-S1 =
2.325 (5), Pt-S2 = 2.346 (5), Pt-S3 = 2.331 (5), Pt-11 =2.739 (2),
Pt-12 = 2.681 (2). S1-Pt-C1=86.1 (5)°. S3-Pt-C1 = 83.6 (6)°,
S2-Pt-C1 = 84.6(5)°, 11-Pt-12 = 91.31(5)°, 11-Pt-C1 = 177.8(5)°,
12-Pt-S2 = 173.7{1)°, S1-Pt-S3 = 168.2(2)°
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Selected bonding parameters are given in the figure caption.

Octahedral Pt(IV) with a PtCS,\. coordination sphere is formed in which the
iodine atoms are cis to one another and the ligand is folded such that the aliphatic
chain is perpendicuiar to the aromatic ring and S2 is coordinated to the Pt(IV)
centre ¢is to the metalated carbon atom. Pt-C1 = 2.04(2), Pt-S1 = 2.325(5).
Pt-S2 = 2.346(5), P1-S3 = 2.331(5), Pt-I1 = 2.739(2), Pt-12 = 2.681(2). Pt-L
distances for the complex show that the Pt-S2 distance trans to 12 is slightly
longer than the cther two Pt-S distances. The Pt-11 distance is longer than the
Pt-12 distance reflecting the trans influence of the aromatic group, similar to that
observed for Pt-S2 in [P{TT[11]MC)][BF,]. The significantly longer Pt-C1
distance of 2.04(2) A compared to 1.99(3) A in [P{TT[11]JMC)][BF ] can be
attributed to the higher oxidation state on the metal, the change in coordination
geometry, and the presence of extra donors in this six coordinate complex. The
chelate angles associated with the folded macrocycle are S1-Pt-C1 = 86.1 (5)°,
S3-Pt-C1 = 83.6 (6)° and S2-Pt-C1 = 84.6(5)°. The 11-Pt-I2 angle is 91.31(5)".
The slightly distorted octahedral geometry is exemplified by the trans angles
14-Pt-C1 = 177.6(5)°, 12-Pt-S2 = 173.7(1)° and S$1-Pt-S3 = 166.2(2)".

In order to further explore the chemistry of TT[11]MC and to observe the
effect that inciuding a different metal atom inside the macrocyclic cavity would
have on the reaction chemistry of TT[11]MC complexes, metalation experiments
were also carried out using Pd(ll).

(ix) Formation of [PA(TT[11]JMC)[BF ] (8). The reaction of TT[11]MC

with one equivalent of Pd(PhCN),Cl, in acetonitrile yields the simple adduct
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Pd(TT[11]MC)CL, in which two of the three sulfur atoms in TT[11]JMC displace the
labile benzonitrile ligands in a2 manner analogous to reaction of Pd(PhCN),Cl, with
TT[OIMC®. The compiex is a bright yellow powder with limited solubility in polar
organic solvents such as DMF and DMSO. The "H and “C{'H} NMR spectra
(d,-DMSO) are similar to that observed for PA(TT[S]MC)CI, in which coordination
in a bidentate fashion results in non-equivalent halves of the macrocycle;
separate resonances for all hydrogen and carbon atoms are observed.

Addition of one equivalent of AgBF, to a suspension of Pd(TT[11]MC)Cl, in
acetonitrile followed by refiuxing for 48 h yielded an orange compound which was
identified by *H and *C{'"H} NMR spectroscopy as the palladation product
[Pd(TT[11IMC)][BF,]. Reaction of one equivalent each of TT[11]MC, AgBF, and
Pd(NCPh).Cl, in refluxing acetonitrile also yielded the same compound.

The proton resonance for the hydrogen atom on the 2-position of the
aromatic ring appearing at 7.43 ppm in the spectrum of the free ligand is absent
in the spectrum of the metalated product, and the aromatic region integrates to
only 3 hydrogens. The benzylic resonance at 3.70 ppm in the spectrum of the
free ligand is split into 2 doublets at 4.71 and 4.31 ppm. This is evidence that
inversion of the sulfur atoms has been slowed down in solution by coordination to
the palladium. The individual hydrogens on the benzylic carbons are rendered
inequivalent on the NMR time scale and as a result couple to each other (Figure
2.13).

Further evidence for the metalation product is found in the **C{*H} NMR

spectrum. The resonance for the carbon atom at the 2-position of the aromatic
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Figure 2.13 Sulfur coordination renders adjacent benzylic H-atoms inequivalent
resulting in AB splitting pattern.

ring has a large downfield shift of 165.8 ppm. The resonances for the carbon
atoms adjacent to the sulfur atoms are also shifted downfield from their position in
the spectrum of the free ligand due to coordination by the adjacent sulfur atoms.
The C{'H} NMR spectrum is consistent with a symmetrical complex in solution
by the presence of only 8 peaks: 4 for the aromatic ring and 4 for the 8 aliphatic
carbon atoms, in a pattern similar to that for [Pt(TT[11IMC)][BF .

The isolation and subsequent metalation of PA(TT[11]JMC)Cl, gives
information about a possible mechanism of formation of the metalated complex.
The macrocycle displaces the solvent ligands from Pd(Sol),Cl, and the AgBF,
most probably reacts in a concerted process with the PdCl, solvate to remove
one of the chloride ligands. The paliadium cation then reacts with TT{11]MC to
form a third Pd-S bond. This process places the remaining Pd-Cl bond in direct
contact with the C-H bond at the 2-position of the aromatic ring (Scheme 2.2).
The metalation most likely proceeds via electrophilic aromatic substitution
pathway®, with mass balance requiring the loss of HCI.

in addition to the information outlined above, a crystal structure of the

complex was solved and confirmed that the ortho-metalated product was indeed
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formed®' (Figure 2.14).

/ ~ I

CHiCN

TT[11]MC + Pd(Sol),Cly

81° S

P

Figure 2.14 Crystal Structure of the [Pd(TT[11]MC)]" cation.

(x) Comparison of [P{(TT[11]MC)][BF ] (4) and [Pd(TT[1 1JMC)I[BF ]

{8). When the 'H NMR spectra for the paltadium and platinum complexes of
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TT[11]MC are compared to cne another, despite the lack of NMR active isotopic
satellites in the spectrum of the palladium complex and some minor chemical shift
differences, the two spectra are almost superimposable in a variety of solvents.
This is a strong indication that the two complexes are rigid and isostructural in
solution.

In companing the lattice parameters of the crystal structures of
[PA(TT[11IMC)][BF,] and [PHTT{11IMC)IBF ]. it can be seen that there are
definite similarities (Table 2.3) demonstrating that the two compounds are

isostructural in the solid state as well as in solution.

Table 2.3  Comparison of some X-ray structural parameters for
[PtTT{11]MCI[BF ] and [Pd(TT[1 1JMC][BF %" 7.

Compound [PA(TT{11IMC)][BF ] [PYTTI11JMC)][BF ]
Space Group P2./c P2,/c

a A 8.3583 (2) 8.373 (1)

b, A 21.889 (5) 21.784 (7)

c, A 9.437 (3) 9.517 (4)

B, deg 95.89 (2) 95.09 (2)

v, A3 1722.5 (14) 1729.1 (16)

(xi) Reaction Chemistry of [Pd(TT[11]MC)][BF ], (4). A number of

reactions were attempted with [Pd(TT[11]JMC)j[BF ] and 2 electron donor groups

such as CO, C,H,, DMAD, dipheny! acetylene and PPh,Me. However, only the

strongest donor PPh,Me reacted to give the isolable adduct [Pd{(PPh,Me)-

(TT[11JMC)][BF,]. The *H, *C{'H}, and *'P{'H} NMR spectra all confirm the

presence of PPh,Me and TT[11]MC in this adduct.
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Based on a comparison of 'H and "“C{'"H} NMR spectra of the palladated
complex and the phosphine adduct (Figure 2.15) it was concluded that the
phosphine containing complex is a 5-coordinate Pd(ll) adduct with pseudo
trigonal bipyramidal geometry. If the sulfur atom had been completely displaced
by the phosphine, the resonance for the carbon atoms adjacent to the central

sulfur atom wouid be shifted upfield from 35.1 ppm to about 30 ppm, where

/ PthMe S—
I

Figure 2.15 "C{'H} NMR spectrum of [P{(PPh,Me)(TT[11JMC)}[BF ] at 298 Kin
CD,CN with inset diagram of the cation.

it appears in the spectra of TT[11]MC and [PYPPh,Me)(TT[1{]MC)}[BF . Instead
the chemical shift observed is 32.2 ppm, consistent with the sulfur atom

remaining coordinated to the Pd(ll) centre in the presence of PPh,Me.
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Another interesting feature of the *C{'H} NMR spectrum is the chemical
shift of the metalated carbon atom. The resonance appears at 169.8 ppm, 4.0
ppm downfield from that [PA(TT{11]JMC)][BF ], indicating that the carbon atom is
deshielded in comparison to [P4(TT[11]MC)]{BF ]. This can be attributed to
n-back bonding from the metal to the phosphine® reducing the electron density
on the carbon atom. The *'P{'"H} NMR spectrum exhibits a singie resonance at
-11.0 ppm, shifted downfield from -27.0 ppm in the spectrum of the free
phosphine.

An attempt was also made to oxidize the Pd(il) centre in
[PA(TT[11IMC)][BF ] to Pd(IV} using CuCl, as the oxidizing agent. The isolated
preduct was shown, however, to be Pd(TT[11]MC)CL, by NMR spectroscopy.
The addition of CI' could be easily reversed by addition of one equivalent of
AgBF, to an acetonitrile suspension of the product, regenerating the metalated
complex.

Because we were interested in investigating substrates that would not be
as strong a donor group as PPhMe, the next step in the development of these
metalated complexes was to increase the lability of the central donor group in
order to increase the reactivity of the complex. The approach taken was to
replace the central sulfur atom with 2 weaker donor, such as an oxygen atom,

(xii) Preparation of 6-0xa-2,10-dithia[11]-m-cyclophane, (pr-TOMB-1)
(13). The method used to make the oxygen containing analogue of TT[11]MC
was to employ the Buter and Kellogg ring closure method™ and react

HS(CH,),O(CH,),SH with a,o’-dibromo-m-xylene. The 4-oxa-1,7-heptanedithiol
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was synthesized (Scheme 2.3} by first reacting 3-bromopropanol with the
monosodium salt of 1,3-propanediol to make dipropylene glycol. The dialcoho!

was then converted to the dithiol by reaction with thiourea in refluxing HCI®',

~

HO(CHo)30H
Br-{CHo)30H + NaO(CHp)30H -~ - "% o4 O  OH

Thiourea

Scheme 2.3 Preparation of 4-oxa-1,7-heptanedithiol.

Reaction of 4-oxa-1,7-heptanedithiol and a.,a’-dibromo-m-xylene in the
presence of two equivalents of Cs,CO, in DMF at 55° C gave the ligand
pr-TOMB-1 in good yield. The 'H NMR spectrum of the ligand contains the
expected meta substitution pattern ranging from 7.29-7.22 ppm for the aromatic
hydrogens atoms. The benzylic hydrogens appear as a singlet at 3.64 ppm, the
CH, group adjacent to the oxygen atom appears as a triplet at 3.38 ppm, the CH,
group adjacent to the sulfur atoms appears as a triplet at 2.37 ppm and the
central CH, group in the propylene chain is a multiplet at 1.79 ppm. The *C{'H}
NMR spectrum is equally diagnostic with the expected meta substitution pattermn
observed in the aromatic region, a peak at 68.8 ppm for the OCH, group and
peaks at 34.8 {benzylic), 29.6 (SCH,) and 25.9 (CH,) for the remainder of the

methylene groups in the macrocycle.
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In addition to the NMR evidence outlined above, X-ray quality crystals of
the ligand were grown by slow evaporation of a chloroform solution of the ligand
and the crystal structure of pr~-TOMB-1 was determined.

(xiit) Crystal Structure of 6-oxa-2,10-dithia[11]-m-cyclophane,
(pr-TOMB-1), (13). The unit cell is orthorhombic and contains four molecules of
pr-TOMB-1. A perspective view of the molecule with the atom numbering
scheme is shown in Figure 2.16. Complete listings of crystallographic parameters
including atomic positions, bonding parameters and details of data colilection are
collected in Appendix Table A1. Selected bonding parameters are given in the
figure caption.

Each asymmetric unit contains one half of the molecule with the other half
being related to it by a mirror plane through C1, C4 and O1. As is the case for
TT[11]MC, the C(benzylic)-S bonds are perpendicular to the aromatic ring. The
remainder of the aliphatic portion of the macrocycle bends back up towards the
aromatic ring with the oxygen atom pointed into the macrocyclic cavity. C5-81 =
1.822(3), S1-C6 = 1.803(3), 01-C8 = 1.408(3). C5-S1-C6 = 101.0(1)°, C8-01-C8
= 113.9(3)". All the bond distances are similar to those observed previously for
thiacyciophanes and for crown ethers®™ %, The torsional angles C2-C5-S1-C6 =
66.9 (3)° and C5-S1-C6-C7 = 73.9 (3)° are both consistent with an exodentate
orientation of the sulfur atom. The torsional angle C7-C8-01-C8"* = .173.1 (2)°
is alternately consistent with an endodentate conformation of oxygen. As
observed previously®, pr~-TOMB-1 shows a tendancy for sulfur atoms to be

exodentate and oxygen atoms to be simultaneously endodentate.
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S1*

Figure 2.16. Perspective ORTEP drawing of pr-TOMB-1 (13) showing the atom
numbering scheme with 30% thermal ellipsoids. Selected bond
distances (A) and angles are: C5-S1 = 1.822 (3), $1-C6 = 1.803 (3),
01-C8 = 1.409(3). C5-S1-C6=101.0 (1)°, C8-01-C8 = 113.9 (3)".
C2-C5-S1-C6 = 66.9 (3)°, C5-S1-C6-C7 = 73.9 (3)°, C7-C8-01-C8”
=-173.1 (2
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(xiv) Preparation of [Pd(pr-TOMB-1)][BF ]}, (14). The palladium centre
was incorporated into the macrocycle by direct metalation of the aromatic ring
employing [Pd(CH,CN),]J[BF .1, in acetonitrile solution®. Removal of the solvent
followed by recrystallization from chloroform or acetonitrile affords the clean
product in 72% yield. The complex was characterized by 'H and *C{'H} NMR
spectroscopy. The 'H NMR spectrum contains a muitiplet at 5 7.01-6.94 ppm
which integrates to 3 H atoms, indicating the loss of the hydrogen atom at the
2-position of the aromatic ring. The benzylic hydrogen atoms have been shifted
downfield from & 3.64 ppm and split into two pairs of doublets at 4.45 and 4.08
ppm, consistent with sulfur coordination to the Pd(ll) centre. The remainder of
the methylene nydrogen resonances have all been shifted downfield and split into
complex multipiets by oxygen coordination to the palladium atom. The BCH}
NMR spectrum exhibits resonances at § 151.7 ppm for the metalated carbon
atorn, at 70.0 ppm for the oxygen bonded carbon atoms and at 37.2 ppm for the
carbon atoms adjacent to the sulfur atoms. Other carbon resonances appear as
expected, and both spectra indicated symmetry in the molecule. In addition to the
evidence outlined above, crystals of the complex were grown from chloroform and
the crystal structure was determined. |

(xv) Crystal Structure of [Pd(pr-TOMB-1)I[BF ], (14). The unit cell is
triclinic and contains two molecules of [Pd(pr~-TOMB-1)][BF ] and two molecules
of chloroform solvate. A perspective view of the molecule with the atom
numbering scheme is shown in Figure 2.17. Complete listings of crystallographic

parameters including atomic positions, bonding parameters and details of data
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C5

Q
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Figure 2.17. Perspective ORTEP drawing of the [Pd(por-TOMB-1)]" (14) cation
showing the atom numbering scheme with 30% thermal ellipsoids.
Selected bond distances (A} and angles are: Pd-S1 = 2.286 (2),
Pd-S2 = 2.284 (3), Pd-C1 = 1.951 (8), Pd-01=2.119 (5).
S$1-Pd-C1 = 84.1 (3)°, S2-Pd-C1 = 83.5 (3)°, $1-Pd-O1 = 94.3 (2)°,
S$2-Pd-01 = 98.2 (2)°, C1-Pd-O1 = 176.7 (3)°, S1-Pd-S2 = 167.20
8y
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coliection are collected in Appendix Table A2. Seiecied bonding parameters are
given in the figure caption.

The palladium atom is in a square planar environment defined by the two
sulfur atoms, the ether oxygen atom and the metalated carbon atom. Pd-S1=
2.286(2), Pd-S2 = 2.284(3), Pd-C1 = 1.951(8), Pd-O1 = 2.119(5). The Pd-S
distances compare well with the mutually trans Pd-S distances in
[PA(TT[11IMC)][BF J. The Pd-O distance is significantly shorter than the Pd-S2
distance in [P4(TT[11]MC)][BF ). This shorter bond distance can be explained by
the smaller size of oxygen. The 01-C10 and O1-C11 bond distances average
1.44 (1) A while the S2-C10 and S2-C11 bond distances in [Pd(TT[1 1JMC}([BF ]
average 1.825 (7) A. The smaller bond distances 'tighten up' the macrocycle,
pulling the oxygen atom closer to the metal centre. The S1-Pd-C1 and S2-Pd-C1
bond angles for the two strained 5-membered chelate rings are 84.1 (3)° and 83.5
(3)° respectively while the 6-membered chelate rings contain bond angles around
the palladium of 94.3 (2)° and 98.2 (2)° for S1-Pd-O1 and S2-Pd-0O1. Thereisa
slight tetrahedral distortion at Pd as evidenced by the C1-Pd-O1 and $1-Pd-S2
angles of 176.7 (3)° and 167.20 (8)° . The presence of a bond between an ether
oxygen and a paltadium(il) centre is unusual but can be explained by the
chelate/macrocyclic effect placing the donor in close proximity to the metal.

(xvi) Preparation of [Pd(PPh,Me)(pr-TOMB-1)J[BF j, (15). Addition of
PPh,Me to an acetonitrile solution of [Pd(pr-TOMB-1)][BF ] affords the phosphine
adduct in moderate yield. The 'H and *C{"H} NMR spectra both indicate that the

phosphine is coordinated to the paliadium atom. Muitiplets appear centred at &
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7.7 and 7.5 ppm for the aromatic hydregens on the phosphine and at 7.1 ppm for
the aromatic ring of the cyclophane. Doubiets at 4.73 and 4.25 ppm for the
benzylic hydrogens have been shifted downfield by 0.28 and 0.13 ppm
respectively due to the presence of phosphine. The remainder of the chemicali
shifts arising from the aliphatic chain of the macrocycle are shifted upfield from
their position in the spectrum of [Pd(pr-TOMB-1)]{BF ], indicating higher electron
density on the aliphatic chain. The methyl group on the phosphine appears as a
doublet at 2.14 ppm with a 2J,,=7.4 Hz. The “C{'H} NMR spectrum contains a
resonance at § 171.70 ppm for the metalated carbon atom as well as resonances
for the remainder of the aromatic carbon atoms in 2 pattern similar to that
observed for [Pd(PPh,Me)(TT[11]MC)]IBF,]. The resonance for the carbon
atoms adjacent to the oxygen atom appears at 70.99 ppm, the benzylic carbons
appear as a doublet at 49.40 ppm with %J, . = 13 Hz, and the remainder of the
carbon atoms in the macrocycle appear at 38.14 and 26.46 ppm. The methyl
carbon atom on the phosphine appears as a doubiet at 13.1 ppm with 'J, .= 22.1
Hz.

The *P{"H} NMR spectrum contains a single resonance at 3 -4.0 ppm.
The placement of this peak indicates that the phosphine has compietely displaced
the oxygen as one would expect., As shown in Table 2.4, coordination to the
palladium atom in [Pd(Pthmgj(I\'T[1 1JMC)][BF ] results in a chemical shift of
-11.2 ppm for the phosphorus atom in the presence of the thioether donor atom.

In the absence of the strong thioether donor atom, as in

[Pd(PPh,Me)(pr-TOMB-1)J[BF ], the *'P{'"H} NMR resonance shifts further
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Table 2.4  *'P{'H} NMR Chemical Shifts of PPh.Me.

Phosphine environment 5 (ppm)
Uncoordinated -27.0
[Pd(PPh.Me)(TT[11IMC)][BF ] -11.2
[PdA(PPh,Me)(pr~TOMB-1)][BF ] 4.0

downfield from -27.0 ppm for the uncoordinated phosphine to -4.0 ppm, indicating
that the phosphorus atom is coordinated to a greater extent that it is in the
presence of the thioether donor and that the oxygen atom has been completely
displaced by the stronger phosphine donor group. In addition, the chemical shift
of the metalated carbon atom, which is 171.7 ppm, indicates that the phosphine
has completely displaced the ether donor atom. This chemical shift is almost 2
ppm downfield of the same resonance in [Pd(PPh,Me)(TT[11]MC)][BF ],
indicating that the carbon atom is further deshielded by more efficient n-back
bonding to the phosphine from the palladium atom. For this to occur the
c-donation from the phosphine must be more efficient than it was in the

TT[11IMC complex.

2.5 Conclusion

The formation of [Pt(TT[11JMC)][BF,] was found to proceed in good yieid
by the one pot reaction of one equivalent each of TT[11JMC, P{CGD)Cl, and
AgBF,. Substitution reactions with several 2-electron donors were attempted but
only the strong donors PPh, and PPh,Me are able to displace the central sulfur

atom and only PPh,Me gives an isolable square planar adduct. Oxidative
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addition reactions with the oxidants CuCl, and 1, gave the cis dihalo-Pt(IV)
complexes.

Ortho-metalation of TT[11]MC with Pd(PhCN),Cl, in the presence of AgBF,
was found to proceed in good vieid to form the complex [Pd(TT[11]MC][BF].
presumably via an electrophilic substitution mechanism. Substitution reactions
with several 2-electron denors were attempted but only the strong donor PPh,Me
was able to displace the central sulfur atom to form the 5-coordinate trigonal
bipyramidal adduct [PA(TT[11]MC)(PPh,Me)][BF,]. Attempts to oxidize the
palladium centre with CuCl, failed, yielding Pd(TT{11]JMC)CI,.

Replacement of the central sulfur donor atom in TT{11]MC with a weaker
oxygen donor to make pr-TOMB-1 followed by metalation gave the palladation
product [Pd(pr~-TOMB-1)}[BF ]. PPh,Me was shown to fully displace the weaker
oxygen donor in comparison to {Pd(TT[11]MC)][BF ] to form the square planar
complex [Pd{(pr~-TOMB-1){PPh,Me)][BF ].



Chapter 3

Preparation of Receptors

70
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Chapter 3
3.1 Introduction

(i) Thought Process. In the previous chapter, two approaches were
taken to increase the affinity of the metalated complexes for ancillary ligands, or
substrates as they will commonly be referred to. The first was to change the
metal atom from platinum to palladium, which resulted in less strongly
coordinated PPhMe in [Pd(PPh,Me)(TT[11IMC)][BF ] in comparison to that in
[Pt(PPhMe)(TT[11]MC)][BF . The second was to replace the central thioether
donor in TT[11]JMC with a weaker donor oxygen atom, which resulted in more
strongly coordinated PPh,Me in [Pd(pr~-TOMB-1)(PPh,Me))[BF ] in comparison to
[PA(TTI11]JMC)(PPh,Me)][BF . To further increase the ability of the ‘receptors’
outlined in this work to bind substrates, a third approach was taken.

The metalation and formation of four fused 5-membered chelate rings was
shown to be preciuded in TT[9IMC®. Although the central sulfur atom in this
ligand is as good a donor as the two thicethers in the S,C bracket, the ligand
prefers to coordinate in a bidentate ¢is fashion rather than ortho-metalate and
endure the strain imposed by four S-membered chelate rings. In addition, oxygen
has already been shown to be a weaker donor for palladium than sulfur (vide
supra), as one would expect. We, therefore, reasoned that placing oxygen atoms
within the aliphatic chain and arranging them in such a way that they wouid be
forced to form 5-membered S-Pd-O chelate rings would create very labile Pd-O

bonds. The interaction of the oxygen atom(s) with the palladium would not,
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however, interfere with the trans coordination of the bracket sulfur atoms
necessary for the metalation reaction, as the central sulfur atom did ir TT[9]MC.
Towards this end the macrocyclic mixed thioether/ether ligands
5-Oxa-2,8-dithia[9]-m-cyclophane (TOMB-1), 5,8,11-Trioxa-2,14-dithiaf15}-
m-cyclophane (TOMB-3) and 5,8,11 ,14,17-pentaoxa-2,20-dithia[21]-
m-cyciophane (TOMB-5), along with the oxygen deficient model ligand
2.14-Dithia[15]-m-cyclophane (TOMB-0), were synthesized and subsequently

metalated yielding the four receptors shown in Figure 3.1.

[

S—pg—S S—pd—9
U e
NCCH,
[Pd(CH,CN)(TOMB-0)]* [PA(CH,CN)(TOMB-1)]*
[ tllCCHaj ( NCCHJ
0 'e) 0 0
o C 3
0 0
o/
[Pd(CHLCN)(TOMB-3)]* [PA(CH3CN)(TOMB-5)]*

Figure 3.1 Schematic diagrams of the four [Pd(CH,CN)(TOMB-0)T",
[PA(CH,CN)(TOMB-1)]", [Pd(CH,CN)(TOMB-3)]" and
[Pd(CH,CN)(TOMB-5)]" cationic receptors.
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The metalated ligands, or ‘receptors', were designed to incorporate a Lewis acidic
metal centre readily available for dative bonds, and ether oxygens available as
simultaneous hydrogen-bond acceptors.

(i) Background Literature. There have been several exampies of
systems incorporating metal centres for ligand to metal coordination, and ancillary
frameworks for weaker secondary interactions. Among these is tetrakis-
(n-acetoxylato)dirhodium (11)*' shown in Figure 3.2. The rhodium centres can

accept coordination bonds and the acetoxy oxygens are available as hydrogen-

A

o0
Rh

|

0

bond acceptors.

-

S

(RI:I
0}/01

Figure 3.2  Structure of tetrakis-(u-acetoxylato)dirhodium (i).

There have also been examples of receptor molecules with various
secondary groups attached to porphyrins®. These include research done by
Ogoshi and co-workers, as shown below in Figure 3.3.

Elegant work from the Kimura laboratory® utilizes N-H hydrogens and a
pendant-arm acridine group (Figure 3.4} available for secondary interactions with

complimentary substrates, along with a readily available metal coordination site.
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Figure 3.3  Ogoshi's porphyrin receptor containing coordination site and
hydrogen bond donors.

((

/_ng
g

Figure 3.4  Kimura's Zn{ll)-cyclen receptor with pendant arm acridine group and
N-H hydrogens for secondary interactions with substrates.

Manfred Reetz and coworkers have synthesized a number of receptor
molecules containing a Lewis acidic boron atom as an anion receptor and a
polyether macrocyclic chain for simultaneous complexation of <ither cationic
metal ions or ammonium ions™.

interesting results relevant to this dissertation has been produced by the
Reinhoudt 1ab®. Their systems incorporate large polyether chains
for hydrogen-bonding and a N, N-ethylenebis(salicylideneaminato) moiety for the

complexation of metal centres such as Ni(fl) and UO, as shown in Figure 3.5.
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Figure 3.5 Reinhoudt's receptor molecule with a Ni(ll) centre as the Lewis acid
and polyether chains as hydrogen-bond acceptors.

Lehn and others have synthesized receptor molecules containing an X,N
bracket®. The bracket is linked to an azacrown ether creating a 'lateral
macrobicyciic cryptand' with a soft chelating unit (the bracket) and a polyether

unit for interaction with hydrogen-bond donors or hard metal centres (Figure 3.6).
—

“igure 3.6 Lehn's cryptand containing soft and hard donor sets.

Several years ago Fritz Vogtle and co-workers synthesized a large series
of ligands¥ of the general form shown in Figure 3.6a. Included in this

series are the two ligands TOMB-1 and TOMB-3, shown in Figure 3.7b,c.
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Figure 3.7 a) General form of ligands synthesized in the Vogtie lab. b)
TOMB-1 and ¢) TOMB-3.

Systems closely related to the ones discussed in this dissertation®™ have
been synthesized by Loeb's lab™ and others'®. The receptor molecules contain
a metat centre available for dative bonding, a polyether chain for
hydrogen-bonding and aromatic rings for z- stacking of substrates (Figure 3.8).
r

Figure 3.8  Receptor molecule synthesized by Loeb et al, containing a metal
centre, hydrogen-bond acceptors and n-stacking units.

Part of the work described in this chapter has been previously described

by us'®.
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3.2 Experimental

General Comments. All starting materials, deuterated solvents and
anhydrous N,N'-dimethylformamide (DMF) were purchased from Aldrich
Chemicals and used without further purification. Acetonitrile was distilled from
CaH, under N,(g). All reactions were performed under an atmosphere of N(g)
using standard Schlenk techniques and all solvents and liquid starting maternials
were degassed prior to use. *H and C{'H} NMR spectra were recorded on a
Britker AC300 spectrometer locked to the deuterated solvent at 300.1 and 75.5
MHz respectively, and infrared spectra were recorded on a Nicolet SDX FTIR
spectrometer. Elemental analyses were performed by Canadian Microanalytical
Service, Delta, British Columbia.

(i) Preparation of 2,14-Dithia[15}-m-cyclophane, (TOMB-9), (16). Toa
suspension of Cs,CO, (7.274 g, 22.3 mmol) in DMF (500 mL) at 60 °C, was
added a solution of 1,11-dibromo-undecane (3.500 g, 11.1 mmol) and
m-xylene-a,o’-dithiol (1.900 g, 11.2 mmol) in DMF (120 mL) over 24 h. Upon
completion of the siow-addition, the suspension was cooled for 2 h and the DMF
removed in vacuo leaving a brown oil and cesium salts. The oil was dissolved in
CH,Cl, (200 mL), filtered and washed with 0.1 M NaOH (2 x 50 mL) and distilled
water (50 mL). The solution was dried over anhydrous MgSO, for 3 h, filtered,
and the CH,CI, reduced to 25 mL. This solution was then added to boiling
anhydrous ethanol (25¢ mL) which was cooled to -10 °C, filtered, and the
resulting solid dried in vacuo. Crude yield: 2.679 g (75 %). Further purification

was accomplished by concentrating a petroleum ether solution of TOMB-0 and
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stirring it over silica gel (10g, 70-230 mesh, 60 A) for 0.5 h, filtering and then
evaporating the solution to dryness. Yield: 2.179 g (61 %Y. m.p. 27 °C. '"H NMR
(CDCL): & (ppm) 7.25-7.18 (m, 4H, aromatic), 3.68 (s, 4H, benzylic), 2.39 (t, 4H,
SCH,), 1.45 (q, 4H , B-CH,), 1.32 (g, 4H, y-CH,), 1.25 (s br, 10H, CH,). “C{'H}
NMR (CDCL,): 5 (ppm) 138.77, 129.23, 128.78, 127.38 (aromatic), 36.16
(benzylic), 30.98 (SCH,), 28.50, 27.52, 27.12, 26.84 (CH,). Anal. Caicd. for
C,oHyS,: C. 70.37; H, 9.38. Found: C, 71.68; H, 9.39.

(ii) Preparation of 5-Oxa-2,8-dithia[3]-m-cyclophane, (T OMB-1), (17).
To a suspension of Cs,CO, (4.756 g, 14.59 mmol) in DMF (350 mL) at 56 °C was
added a solution of 3-oxapentane-1,5-dithiol (0.965 g, 6.98 mmol) and
oo -dibromo-m-xylene (1.839 g, 6.97 mmol) in DMF (140 mL) over 36 h. The
solution stirred for an additional 8 h at 56 °C after which the DMF was removed in
vacuo leaving a brown oil and cesium salts. The residue was dissolved in CH,Cl,
(200 mL), filtered, and washed with 0.1 M NaOH (2 x 50 mL) ard distilled water
(50 mL). The solution was stirred over anhydrous MgSO J/charcoal for12 h,
filtered twice, the solvent evaporated, and the white solid dried in vacuo. Yield:
1.114 g (66 %); m.p. 46 °C. 'H NMR (CDCL,): 3 (ppm) 7.61 (s, 4H, aromatic),
7.31-7.17 (m, 3H, aromatic), 3.76 (s, 4H, benzylic), 2.98 (t, 4H, CH,0), 2.55 (t,
4H, SCH,). C{'H} NMR (CDCl,):  (ppm) 138.61, 130.26, 129.20, 127.87
(aromatic), 67.63 (CH,0), 37.04 (benzylic), 29.82 (SCH,). Anal. Calcd. for
C,.H,,0S, C,59.95; H,6.72. Found: C,59.84; H, 6.72.
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(iii) Preparation of 5,8,11-Trioxa-2,14-dithia[15]-m-cyclophane,
(TOMB-3), (18). To a suspension of Cs,CO, (3.790 g, 11.6 mmo!) in DMF (250
mL), at 62 °C, was added a solution of m-xylene-a,o’-dithiol (0.960 g, 5.64 mmol)
and tetraethylene glycol di-p-tosylate (2.833 g, 5.64 mmoi) in DMF (125 mL) over
48 h. After the slow addition was complete, the DMF was removed in vacuc
ieaving a brown oil and cesium salts. The residue was dissolved in CH,CI, (200
mL), filtered, washed with 0.1 M NaOH (2 x 50 mL) and distilled water (50 mL)
and then dried over anhydrous MgSO /charcoal for 3 h. The solution was then
filtered and the CH,Cl, evaporated to dryness in vacuo. Column chromatography
using 50/50 petroleum ether/diethyl ether as eluent (R, = 0.30) and 40 g of
(70-230 mesh 60 A) silica gel gave a white solid upon evaporation of the solvent.
Yield: 1.110 g (60 %); m.p. 53 °C. 'H NMR (CDCl,): & (ppm) 7.33 (s, 1H,
aromatic), 7.29-7.21 (m, 3H, aromatic), 3.81 (s, 4H, benzylic), 3.67-3.58 (m, 12H,
CH,0), 2.51 {t, 4H, SCH,). “C{'H} NMR (CDCL,): 5 (ppm) 138.41, 130.82,
129.23, 127.51 (aromatic), 72.13, 70.92, 70.37 (CH,0), 36.22 (benzylic), 29.59
(SCH,). Anal. Caled. for C,H,,0,S,: C, 58.49; H, 7.38. Found: C, 58.46; H,
7.34.

(iv) Preparation of 1,17-dichloro-3,6,9,12,15-pentaoxaheptadecane,
(19). To a solution of SOCL, (8.7 g, 73 mmol) in 100 mL of CH,Cl, was added a
solution of hexaethylene glycol (10.015 g, 35.5 mmol) and pyridine (5.9 g, 74
mmol) in CH,CL, (100 mL) over a 4h period. The solvent was reduced to 75 mL
and the solution was washed with water (25 mL), 0.1 M HCI (25 mL) and water

(25 mL) and then dried over MgSO, overnight. The solution was filtered and the



80

solvent was removed leaving a yeliow oil which was vacuum distilled. Yield:
9.143 g (81%). 'H NMR (CDCl,): 3 (ppm) 3.73 {t, 4H, OCH,), 3.64 (s br, 16 H,
OCH,), 3.60 (t, 4H, CH,CI). C{'H} NMR (CDCI,): & (ppm) 71.45 (OCH,), 70.77,
70.71 (OCH )}, 42.81 (CH,C!).

(v) Preparation of 5,8,11,14,17-pentaoxa-2,20-dithia[21]-m-cyclophane,
(TOMB-5), (20). To a suspension of Cs,CO, (7.718 g, 23.7 mmol) in DMF (500
mL), at 56 °C, was added a solution of m-xylene-c,o-dithiol (1.977 g, 11.6 mmol)
and 1,17-dichloro-3,6,9,12, 15-pentaoxaheptadecane (3.705 g, 11.6 mmol) in
DMF (115 mL) over 36 h. After the slow addition was complete, the DMF was
removed in vacuo leaving a brown oil and cesium salts. The residue was
dissolved in CH,CL,(200 mL), filtered, washed with 0.1 M NaOH (2 x 50 mL) and
distilled water (50 mL) and then dried over anhydrous MgSQ, overnight. The
solution was then filtered and the CH,Cl, evaporated to dryness in vacuo.
Column chromatography using diethyt ether as eluent (R, = 0.30) and 60 g of
silica gel (70-230 mesh 60 A) gave a clear oil upon evaporation of the solvent.
Yield: 1.448 g, (30%). 'H NMR (CDCL,): & (ppm) 7.26-7.15 ppm (m, 4H,
aromatic), 3.74 (s, 4H, benzylic), 3.63-3.51 (m, 20H, OCH,), 2.56 (t, 3J=6.7 Hz,
4H, SCH,). “C{*H} NMR (CDCl,): 5 (ppm) 138.81, 129.65, 128.91, 127.67
(aromatic), 71.10, 70.80, 70.45, 76.35 (OCH,), 36.54 (benzylic), 30.50 (SCH,).

Preparation of Receptor Compiexes. In a typical metalation reaction, one
equivalent each of [Pd(CH,CN),J[BF ], and TOMB-X (X=0,1,3,5) were added to a

Schienk flask (100 mL) and dissolved in ca. 40 mL of dry CH,CN with stirring.
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Within 5-10 minutes, the solution changed colour from orange to pale yellow.

The solution was then refluxed for 2-12 h. Upon cooling, the solution was
concentrated to 3-5 mL and the complex crystallized by vapour diffusion of diethyl
ether into the CH,CN solution of the complex.

(vi) Preparation of [Pd(TOMB-0){(CH,CN)I[BF ), (21). [Pd(CH,CN),J[BF ],

(0.162 g, 0.366 mmol), TOMB-0 (0.117 g, 0.363 mmol). Yield of pale yellow
crystals: 0.180g (89 %). 'H NMR (CDCL): 3 (ppm) 7.04-6.93 (m, 3H, aromatic),
4.35 (d, 2H, benzylic, J = 16.0 Hz), 4.06 (d, 2H, benzylic), 3.05 (m, 4H, SCH,),
2.38 (s br, 3H, CH,CN), 1.96 (m, 4H, B-CH,), 1.62-1.18 (m, 14H, CH,). Anal.
Calcd. for C,,H,,BF ,NPdS,: C, 45.37; H, 5.81. Found: C, 45.01; H, 5.75.

(vii) Preparation of [Pd(TOMB-1)(CH,CN)][BF ], {22).
[Pd(CH,CN),J[BF ], (0.185 g, 0.416 mmol), TOMB-1 (0.103 g, 0.429 mmol). Yield
of deep orange crystals: 0.117 g (60 %). 'H NMR (CDCl,): & (ppm) 7.01-6.92 (m,
3H, aromatic), 4.49 (d, 2H, benzylic, J = 17.0 Hz), 4.11 (d, 2H, benzylic), 3.95 (dt,
2H, CH,0), 3.54-3.40 (m, 4H, SCH,CH,0), 2.89 (td, 2H, SCH,). *C{'H} NMR
(CD,CN): & (ppm) 157.04 (Pd-C, aromatic), 154.60, 125.72, 122.88 (aromatic),
67.39 (CH,0O), 45.06 (benzylic), 24.96 (SCH,).

(viii) Preparation of [Pd(TOMB-1)(CH,CN)I[CF,S0,}, (23). PdCl, (0.091
g, 0.513 mmol) and [Ag][CF,SO,] (0.127 g, 1.05 mmol) were dissolved in dry
CH,CN (30 mL) and protected from fight. The solution was refiuxed for 1 hand
then filtered from the AgC! precipitate onto TOMB-1 (0.127 g, 0.528 mmol). The
resulting solution was then refiuxed for 2 h. A floculent white precipitate was

filtered from a yellow solution and the solvent reduced to S mi.. The product was
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crystallized by vapour diffusion of diethy! ether into a CH,CN solution of the
complex. Yield of deep orange crystals: 0.168 g (61 %). 'H NMR and *C{'H}
NMR (CD,CN, 295 K) were identical to that found for [Pd(L"}(CH,CN)][BF,]. Anal.
Calcd. for C,¢H,,F,NO,PdS,: C, 33.62; H, 3.39. Found: C, 33.84, H, 3.49.

(ix) Preparation of [Pd(TOMB-3)Cl], (24). [PdCL(PhCN),] (0.227 g,
0.592 mmol), [Ag)[CF,SO,] (0.171 g, 0.667 mmol) and TOMB-3 (0.194 g, 0.591
mmol) were dissolved in CH,CN (50 mL). The yeliow solution was refluxed for 48
h, cooled, filttered from a yellow precipitate, and the solvent was removed in
vacuo. The orange residue was dissolved in acetonitrile {10 mL) and diffusion of
diethyl ether into this solution gave [Pd(TOMB-3)CI] as a yellow crystalline solid.
Yield: 0.179 g (64%). 'H NMR (CD,CN): 3 (ppm) 6.98 (m, 3H, aromatic), 4.41
(s, 44, benzylic), 4.06 (s, br, 4H, OCH,CH,S), 3.58 (s, 4H, OCH,CH,0), 3.51 (s,
4H, OCH,CH,0), 3.20 (s, br, 4H, SCH,CH,0). 3C {"H} NMR (CD,CN): 3(ppm)
155.89, (aromatic, Pd-C), 151.68, 126.33, 123.49 (aromatic), 72.22, 71.20, 71.11
(CH,0), 45.05 (benzylic), 38.07 (-SCH,).

(x) Preparation of [Pd(TOMB-3)(CH,CN)][BF ], (25).
[PA(CH,CN) JIBF ], (0.272 g, 0.612 mmol), TOMB-3 (0.201 g, 0.612 mmol). Yield
of yellow crystals: 0.295 g (86 %). 'H NMR (CDCL,): § (ppm) 7.00-6.91 (m, 3H,
aromatic), 4.37 (s, 4H, benzylic), 4.09 (s br, 4H, CH,0), 3.73 (s, 4H, CH,0), 3.61
(s, 4H, CH,0), 3.39 (s br, 4H, SCH,), 2.20 (s, 3H, CH,CN). Anal. Calcd. for
C,HBF ,NO,PdS,: C, 38.48; H, 4.67. Found: C, 38.25; H, 4.66

(xi) Preparation of [Pd(TONi2-5)(CH,CN)][BF ]}, (26).

[PA(NCCH,) JIBF J, (0.116 g, 2.61 x 10 mol), TOMB-5 (0.108 g, 2.59 x 10 mol).
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Yield of yellow paste: 0.129 g, (82%). 'H NMR (CDCL,): 3 (ppm) 6.91 (m, 3H,
aromatic), 4.44 (m vbr, 4H, benzylic), 3.93 (s br, 4H, OCH.,), 3.71-3.58 (m br, 16
H, OCH,), 3.30 (s br, 4H, SCH,), 2.31 (s, 3H, CH,CN).

(xii) Preparation of [Pd(CH,CN)(TOMB-P4)][BF ], (27).
[PA(CH,CN)(TOMB-P4)][BF ] (27) was synthesized by Shannon L. Murphy in
partial fulfiiment of her fourth year research project and details of the synthesis

and crystallization of these compounds can be found in her written report™.

3.3 X-Ray Diffraction Data Collection, Solution, and Refinement.

(i) General Procedures. The general procedure for data collection and
solution refinement is identical to that outlined in section 2.3 (i) and the reader is
referred to it for the sake of brevity.

(ij) Structure Determination of 5,8,11-trioxa-2,14-dithia[15]-
m-cyclophane, TOMB-3, (18). Colourless crystals of TOMB-3 were grown by
slow evaporation of a CDCI, solution of the compound. A statistical analysis of
the intensity distributions and a determination of observed extinctions were
consistent with the monoclinic space group P2,/c, and this was confirmed by a
successful solution refinement. A total of 3214 reflections were collected, and
853 unique reflections with F.2>3c (F.%) were used in the refinement. The
positions of the sulfur and oxygen atoms were determined by direct methods from
the E-map with the highest figure of merit. The remaining carbon atoms were
located from a difference Fourier map calculation. In the final cycles of

refinement, all atoms were assigned anisotropic thermal parameters. This
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resulted in R = 0.0628 and R, = 0.0441 at final convergence. The A/c vaiue for
any parameter in the final cycle was less than 0.0002. A final difference Fourier
map calculation showed no peaks of chemical significance; the largest was 0.292
electron JA? and was associated with the O3 atom. Crystal data, intensity
collection and structure refinement as well as all atomic positional parameters,
bond distances and angles are summarized in Appendix Table A3.

(iii) Structure Determination of [Pd(CH,CN)(TOMB-0)][BF J, (21). Pale
yellow crystals of [Pd(CH,CN)(TOMB-0)][BF ] were grown by vapour diffusion of
diethyl ether into an acetonitrile solution of the compound. A statistical analysis of
the intensity distributions and a determination of observed extinctions were
consistent with the monoclinic space group C2/c, and this was confirmed by a
successful solution refinement. A total of 4703 refiections were collected, and
2959 unique reflections with F.>3c (F.?) were used in the refinement. The
positions of the palladium and sulfur atoms were determined by direct methods
from the E-map with the highest figure of merit. The remaining carbon atoms
were located from a difference Fourier map calculation. In the final cycles of
refinement, all atoms were assigned anisotropic thermal parameters. This
resulted in R = 0.0562 and R, = 0.0528 at final convergence. The A/c value for
any parameter in the final cycle was less than 0.04. A final difference Foun‘er
map calculation showed no peaks of chemical significance; the largest was 0.711
electron /A® and was associated with the F1 atom. Crystal data, intensity
collection and structure reﬁnemént details, as well as all atomic positional

parameters, bond distances and angles are summarized in Appendix Table A4.
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(iv) Structure Determination of [Pd(CH,CN)(TOMB-1)][CF,SO,], (23).
Deep orange crystals of (Pd(CH,CN)(TOMB-1)}{CF,SQ,] were grown by vapour
diffusion of diethyl ether into an acetonitrile solution of the compound. A
statistical analysis of the intensity distributions and a determination of observed
extinctions were consistent with the monoclinic space group P2,/c, and this was
confirmed by a successful soiution refinement. A total of 3558 reflections were
collected, and 1333 unique reflections with F_?>3c (F?) were used in the
refinement. The positions of the palladium and sulfur atoms were determined by
direct methods from the E-map with the highest figure of merit. The remaining
atoms were located from a difference Fourier map caiculation. In the final cycles
of refinement, all the heteroatoms and C1 were assigned anisotropic thermal
parameters. This resulted in R = 0.0468 and R, = 0.0407 at final convergence.
The A/c value for any parameter in the final cycle was less than 0.0002. A final
difference Fourier map calculation showed no peaks of chemical significance; the
largest was 0.566 electron /A® and was associated with the Pd1 atom. Crystal
data, intensity collection and structure refinement details, as well as all atomic
positional parameters, bond distances and angles are summarized in Appendix
Table AS.

{(v) Structure Determination of [Pd(TOMB-3)CI], (24). Yellow crystals
of [PdCI(TOMB-3)] were grown by vapour diffusion of diethyl ether into an
acetonitrile solution of the compound. A statistical analysis of the intensity
distributions and a determination of observed extinctions were consistent with the

triclinic space group P, and this was confirmed by a successful solution



86

refinement. A total of 3261 reflections were collected, and 2647 unique
reflections with F,2>3c (F.%) were used in the refinement. The positions of the
palladium and sulfur and chlorine atoms were determined by direct methods from
the £-map with the highest figure of merit. The remaining atoms were located
from a difference Fourier map calculation. In the final cycles of refinement, all
atoms were assigned anisotropic thermal parameters. This resulted in R =
0.0515 and R, = 0.0410 at final convergence. The A/c value for any parameter in
the final cycle was less than 0.001. A final difference Fourier map caleulation
showed no peaks of chemical significance; the largest was 1.489 electron /A% and
was associated with the Pd1 atom. Crystal data, intensity coliection and structure
refinement as well as all atomic positional parameters, bond distances and angles
are summarized in Appendix Table A6.

(vi) Structure Determination of [Pd(CH,CN)(TOMB-3)][BF ], (25).
Yellow crystals of [Pd(CH,CN)(TOMB-3)][BF ] were grown by vapour diffusion of
diethy! ether into an acetonitrile solution of the compound. A statistical analysis of
the intensity distributions and a2 determination of observed extinctions were
consistent with the triclinic space group PT, and this was confirmed by a
successful solution refinement. A total of 3957 reflections were collected, and
2226 unique reflections with F,%>>3c (F%) were used in the refinement. The
positions of the palladium and sulfur atoms were determined by direct methods
from the E-map with the highest figure of merit. The remaining atoms were
located from a difference Fourier map calculation. In the final cycles of

refinement, alt atoms were assigned anisotropic thermal parameters. This
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resulted in R = 0.0459 and R, = 0.0367 at final convergence. The A/c value for
any parameter in the final cycle was less than 0.0005. A final difference Fourier
map calculation showed no peaks of chemicai significance; the largest was 0.612
electron /A® and was associated with the BF, anion. Crystal data, intensity
collection and structure refinement details, as well as all atomic positional
parameters, bond distances and angles are summarized in Appendix Table A7.
(vii) Structure Determination of [Pd(CH,CN)(TOMB-P4)I[BF ], (27).
Yeliow crystals of [Pd(CH,CN)(TOMB-P4)][BF ] were grown an acetonitrile/
chioroform solution of the complex. A statistical analysis of the intensity
distributions and a determination of observed extinctions were consistent with the
monoclinic space group P, and this was confirmed by a successful solution
refinement. A total of 5480 reflections were coliected, and 3818 unique
reflections with F.2>3c (F.2) were used in the refinement. The positions of the
paliadium and sulfur atoms were determined by direct methods from the £E-map
with the highest figure of merit. The remaining atoms were located from a
difference Fourier map calculation. In the final cycles of refinement, all atoms
were assigned anisotropic thermal parameters. This resulted in R = 0.0418 and
R, = 0.0423 at final convergence. The A/c value for any parameter in the final
cycle was less than 0.01. A final difference Fourier map calculation showed no
peaks of chemical significance. Crystal Data, Intensity Collection and Structure
Refinement as well as all atomic positional parameters, bond distances and

angles are summarized in Appendix Table A8.
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3.4 Results and Discussion

(i) Synthesis of the ligands TOMB-0,1,3,5. The thiacyclophanes
employed in this study were prepared from the reaction of meta-xylene-a,'-dithiol
with the appropriate dihalide or ditosyiate, or from the reaction of
a, o -dibromo-meta-xylene with the appropriate dithic! employing Buter and
Kellogg's Cs*-ion mediated method in DMF solution® as outlined in Scheme 3.1
for TOMB-1 and TOMB-3. This synthetic route produced these compounds as

colourless, crystalline materials (or as an oil for TOMB-5) in yields of 60-66 %.

\
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Scheme 3.1 Preparation of TOMB ligands by two methods.

The 'H NMR spectra of TOMB-1, TOMB-3 (Figure 3.9), and TOMB-5
contain four well separated sets of resonances attributable to aromatic, benzylic

OCH, and SCH, hydrogen atoms, with the proton at the 2-position of the aromatic
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ring assigned to a singlet slightly downfieid of the other three aromatic protons.
For TOMB-0 the 'H NMR spectrum has the same SCH, and benzylic resonances;
aliphatic CH, resonances further upfield replace the -OCH, resonances, and the
aromatic protons appear as a muiltiplet similar to those observed for TOMB-X,
X=1,3,5. The ®C{'H} NMR spectra for these ligands show well resolved peaks

for all carbon atoms which are assigned in Table 3.1.

-

Figure 3.8 'H NMR spectrum of 5,8,11-Trioxa-2, 14-dithia[15]-m-cyclophane,
(TOMB-3).

Table 3.1  C{'H} NMR assignments (CDCL,) for TOMB-X (X=0,1,3,5).

Ligand Aromatic O-CH,' Benzyllic S-CH,

TOMB-0 138.8, 129.2, |28.5, 27.5, 36.2 31.0
128.8, 1274 {27.1,26.8

TOMB-1 138.6, 130.3, |67.6 37.0 29.8
129.2, 127.9

TOMB-3 1384, 130.8, [72.1,70.9, 36.2 29.6
129.2, 127.5 |70.4

TOMB-5 138.8, 129.6, |71.1,70.8, 36.5 30.5
128.9, 127.7 |70.4,70.3

a) O-CH, resonances are replaced by CH, resonances for TOMB-0

In addition to the spectroscopic information observed for TOMB-3, X-ray

quality crystals were grown by slow evaporation of a dichloromethane solution of
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the ligand and the crystal structure was determined.

(ii) Crystal Structure of TOMB-3, (18). The unit cell is monoclinic and
contains four molecules of TOMB-3. A perspective view of the molecule with the
atom numbering scheme is shown in Figure 3.10. Complete listings of
crystaliographic parameters including atomic positions, bonding parameters and
details of data collection are listed in Appendix Table A3. Selected bonding
parameters are given in the figure caption. Sulfur-carbon distances range from
1.799(9) to 1.825(9) A and C(sp?)-C(sp?) distances range 1.34(1) to 1.40(1) A.
The two C(sp?)-C(sp®) bonds are 1.50(1) A and the C(sp®)-C(sp®) bonds average
1.46(1) A. These distances compare well with those found for other
thiacyclophanes and macrocyclic ethers™: 38 .

In examining the structure of TOMB-3, the main feature that should be
noted is the orientation of the aliphatic chain to the aromatic ring. As observed
for TT[11]JMC®, the two C(benzylic)-S bonds are approximately perpendicular to
the plane of the aromatic ring with C7-S1-.C8 = 102.5(4)° and C15-82-C16=
102.5(4)°. The difference between TT[11}MC and TOMB-3, in this respect, is that
the two C(benzylic)-S bonds are oriented on opposite sides of the aromatic ring
whereas in TT[11]MC they are arranged on the same side of the aromatic ring.
This has the effect of looping the aliphatic chain from one side of the aromatic
ring to the other. The torsional angles for TOMB-3 are listed in Table 3.1.

The two sulfur atoms are exodentate with torsional angles ranging from -55.9(8)°
to -80.5(9)°, consistent with the range found for other thiacyclophanes™. The

torsional angles about the oxygen atoms are consistent with the endodentate
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Figure 3.10 Perspective ORTEP drawing of TOMB-3 (18) showing the atom
numbering scheme with 30% thermal ellipsoids. Seiected bond
distances (A) are: S1-C7 = 1.815(9), S1-C8 = 1.791(8), S2-C15 =
1.799(9), S2-C16 = 1.825(9), average C-O = 1.40(1), average
C(sp?)-C(sp?) = 1.38(1), average C(sp*)-C(sp®) = 1.46(1).
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Table 3.2 Selected Torsional Angles for TOMB-3, (18).

linkage angle (°)
C14-C15-82-C16 -80.5(9)
C2-C16-S2-C15 -55.9(8)
C6-C7-S1-C8 -59.0(8)
C7-81-C8-CS -77.7(8)
C8-C9-01-C10 -175.3(7)
C9-01-C10-C11 -164.9(8)
C10-C11-02-C12 -174.2(9)
C11-02-C12-C13 -1€7.4(9)
C12-C13-03-C14 161.7(8)
C13-03-C14-C15 171.8(8)

conformation observed for ether functional groups in other mixed ether/thioether
ligands® ¥, with angles ranging from 161.7(8)° to 175.2(7)°. The endodentate
and exodentate nature of the oxygen and sulfur atoms can easily be seen in
Figure 3.10.

(ii) Metalation of the Ligands TOMB-0 (16), TOMB-1 (17), TOMB-3
(18), and TOMB-5 (20). The paltadium centre was incorporated into the
racrocycles by direct metalation of the aromatic ring employing
[Pd(CH,CN) J[BF }, in acetonitrile solution. The metalation most likely proceeds
via an electrophilic aromatic substitution pathway®, with the law of conservation
of mass requiring the loss of HBF,. As was expected, the formation of
5-membered chelate rings containing oxygen is not favoured in these complexes
and as a result an acetonitrile solvent molecule, rather than an ether oxygen,

resides on the fourth coordination site of the pafladium atom (Figure 3.11). The
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resulting complexes [Pd(TOMB-X)(CH,CN)J[BF j (X = 0,1,3), obtained in high

yields, are yellow air-stabie crystaliine solids although

—
[ j [ j BF,
+
S S CH4CN S—pg—S
[ j+ [PUNCCHy)JBF ly - » [ NCCHJ
0 0 -HBFy o o

Figure 3.11 Typical Preparation of a [Pd(TOMB-X)(CH,CN)][BF ;] complex.

[Pd(TOMB-0)(CH,CN)][BF,] shows a slight sensitivity to moisture.

[Pd(TOMB-0)(CH,CN)][BF ], (Pd(TOMB-3)(CH,CN)J[BF ] and
[Pd(CH,CN){TOMB-5)][BF ] are quite soluble in most polar organic solvents,
however, [Pd(TOMB-1)}(CH,CN)]{BF ] was considerably less soluble in the same
solvents and was converted to the [CF,SO,]" salt for most manipulations including
X-ray diffraction and substrate competition experiments in CDCI, (Chapter 4).
The isolation of [Pd(TOMB-5)(CH,CN)JiBF ] is not quite as straightforward as the
isolation of the other [Pd(TOMB-X)(CH,CN)][BF ] (x=0,1,3) complexes. This
complex exhibits high sensitivity to atmospheric moisture and is isolated as a
paste rather than a crystalline solid.

The ligand TOMB-3 was also reacted with Pd(PhCN),CL, in the presence

of one equivalent of AgGBF, to give the neutral ortho-metalated compound
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[PA(TOMB-3)CI] in moderate yield. 1t is interesting to note that the absence of a
third thioether donor atom in the macrocycle leaves a chloride anion coordinated
to the palladium centre, as was determined by X-ray crystailography (vide infra).

(iv) NMR Spectroscopy of [Pd(TOMB-X)(CH,CN)]" Cations (X=0,1,3,5).
Four features in the *H NMR spectra of the reaction products (Figure 3.122-d)
indicate that metalation of the ligands has occurred: (i) the absence of a
downfield resonance in the aromatic region of the 'H NMR spectra; (ii) the
splitting of the benzylic protons into a pair of doublets for
[Pd(CH,CN)(TOMB-0)][BF ] and [Pd(CH,CN)(TOMB-1)][BF J; (iii) the downfield
shift of the -SCH, resonances; (iv) the downfield shift of coordinated acetonitrile.
These observations are consistent with other metalated thiacyclophanes®™ ™,

Because [Pd(TOMB-3)(CH,CN)]{BF ] and [Pd(TOMB-5)(CH,CN)][BF ] do
not exhibit the same sharpening of peaks in the 'H NMR spectra that
[Pd(TOMB-0)(CH,CN)J[BF ] and [Pd(TOMB-1)(CH,;CN)I[CF,SO,] do, it was
thought that a process whereby the aliphatic chain 'flips’ from one side of the
aromatic ring to the other was occurring. This process requires the ancillary
CH,CN ligand to be displaced from the palladium centre by one of the ether
oxygen atoms (Figure 3.13) and would be accompanied by inversion of the sulfur
atoms, possibly explaining the broad benzylic resonances. in order to test this
hypothesis a low temperature NMR experiment was performed on
[Pd(TOMB-3)(CH,CN)][BF ] (Figure 3.14).

Upon cooling the chioroform solution of the receptor down to 213 K, the

broad CH, resanances become sharp. In addition, the peak at 2.2 ppm at 298 K,
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Figure 3.12 'H NMR Spectra (ppm) of a) [Pd(TOMB-0)(CH,CN)]" (21) (CDCL),
b) [Pd(TOMB-1)(CH,CN)J" (23) (CD,CN), c) [Pd(TOMB-3)"
(CH,CN)I" (25) (CDCL,), d) [Pd(TOMB-5)(CH,CN)]" (26) (CDCI.)
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assigned as the CH,CN peak, separates into 2 peaks. One peak appears at 2.43

ppm for coordinated CH,CN, accounting for 40% of the total. The other appears
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Figure 3.13 Schematic diagram of the aliphatic chain flipping’ from one side of
the aromatic ring to the other in the [Pd(TOMB-3)(CH,CN)]" (25)

cation.

Figure 3.14 Low temperature (213 K) 'H NMR spectrum of the [Pd(TOMB-3)-
(CH,CN)Y" cation in CDCL,. At iow temperature free and
coordinating acetonitrile appear at 2.05 and 2.43 ppm respectively.

at 2.05 ppm for uncoordinated CH,CN and accounts for the remaining 60% of the

acetonitnile.
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This result indicates that the aliphatic chain undergoes the 'flipping’
process shown in Figure 3.13. The presence of oxygen donors in the aliphatic
chain, coupled with the flexibility of the chain, allow for dissociation and
recomplexation of the acetonitrile ligand. The asymmetric nature of the CH,
(benzylic) resonances indicate that one of the ether oxygen atoms replaces the
ancillary CH,CN ligand to form a 5-membered chelate ring, leaving the complex
asymmetric. Recomplexation of the acetonitrile to palladium can resultin the
aliphatic chain being oriented on either side of the square plane of the palladium
atom; the polyether chain flips'.

The NMR spectra of [Pd(TOMB-3)CI] recorded in CD,CN as well as in
CDCI, are simitar to the spectra of [Pd(TOMB-3)(CH,CN)][BF,] recorded in the
same solvents. This indicates that in solution the chloride ligand is at least
partially dissociated from the cation and the vacant coordination site is filled by
acetonitrile or one of the ether oxygen atoms.

In addition to the NMR evidence discussed above, yellow or orange X-ray
quality crystals of [Pd(TOMB-0)}(CH,CN)][BF ], [Pd(TOMB-1){CH,CN)J{CF,SQ,],
[Pd(TOMB-3)Cl] and [Pd(TOMB-3)(CH,CN)}[BF ] were grown by vapour diffusion
of diethyl ether into CH,CN solutions of the receptors.

(v) Crystal Structure of [Pd(TOMB-0)(CH,CN)][BF ], (21). The unit cell
is monodlinic and contains eight molecules of [Pd(TOMB-0)(CH,CN)][BF ] and
four CH,CN molecules of crystallization. A perspective view of the cation with the
atom numbering scheme is shown in Figure 3.15. Complete listings of

crystallographic parameters including atomic positions, bonding parameters and
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Figure 3.15 Perspective ORTEP drawing of [Pd(CH,CN)(TOMB-0)" cation (21)
showing the atom numbering scheme with 30% thermal ellipsoids.
Selected bond distances (A) and angles are: Pd1-S1 = 2.299(2),
Pd1-S2 = 2.327 (2), Pd1-C1 = 1.987(7), Pd1-N1 = 2.125(8).
S1-Pd1-C1 = 85.1(2)°, $2-Pd1-C1 = 85.3(2)°, S1-Pd1-N1 = 92.6(2)",
S2-Pd1-N1 = §7.0(2)°, C1-Pd1-N1 = 177.6(3)°, S1-Pd1-S2=
169.86(8)". '
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details of data collection are listed in Appendix Table A4. Selected bonding
parameters are given in the figure caption.

The palladium atom is in a square planar environment with the S,C bracket
occupying three sites and an ancillary CH,CN ligand occupying the fourth site.
The Pd-S distances are significaritly longer than those found for
IM(TT[11IMC)I[BF ], (M=Pd, Pt)®"-® or for [Pd(pr-TOMB-3)][BF ], averaging
2.313(2) A. The long aliphatic chain is more flexible than that in TT[11]MC or
pr-TOMB-1 and the metal atom is strictly speaking not contained in a macrocyclic
environment. As a result the Pd-S bonds are allowed to lengthen and are more
comparable with Pt-S distances in open chain analogues™. The Pd1-C1
distance is 1.887(7) A and the Pd1-N1 distance is 2.125(€) A'®2. The angles at
the palladium atom are S1-Pd1-C1 = 85.1(2)° and S2-Pd1-C1 = 85.3(2)° for the
5-membered chelate rings, and are larger at the non chelating acetonitrile group
with S1-Pd1-N1 = 92.6(2)° and $2-Pd1-N1 = 97.0(2)°. There is a slight distortion
at the palladium atom with S1-Pd1-S2 = 169.86(8)° while the C1-Pd1-N1 bond is
almost linear at 177.6(3)°.

(vi) Crystal Structure of [Pd(TOMB-1)(CH,CN)]J[CF,SO,], (23). The unit
cell is monoclinic and contains four cations and anions each of
[PA(CH,CN)Y(TOMB-1)][CF,SO,]. A perspective view of the molecule with the
atom numbering scheme is shown in Figure 3.16. Complete listings of
crystallographic parameters including atomic positions, bonding parameters and
details of data collection are listed in Appendix Table AS. Selected bonding

parameters are given in the figure caption.
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Figure 3.16 Perspective ORTEP drawing of [Pd(CH,CN)(TOMB-1)]" cation (23)
showing the atom numbering scheme with 30% thermal ellipsoids.
Selected bond distances (A) and angles are: Pd1-S1 = 2.315(4),
Pd1-S2 = 2.316(4), Pd1-C1 = 1.98(1), Pd1-N1=2.13(1), Pd...O1 =
2.714(8). S1-Pd1-C1 = 85.4(4)°, S2-Pd1-C1 = 85.4(4)°, S1-Pd1-N1
= 95.3(3)°, $2-Pd1-N1 = 93.3(3)", S1-Pd1-52 = 160.6(1)°,
C1-Pd1-N1 = 177.6(5)°.
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The palladium atom is in a square planar environment with the S,C bracket
occupying three sites, and an ancillary CH,CN ligand occupying the fourth site on
the metal atom. The Pd-S distances are again longer than those found for
[M(TT[11JMC)]IBF,], (M=Pd, Pt) or for [Pd{pr-TOMB-3)][BF,]. averaging 2.316(4)
A. The Pd1-C1 distance is 1.98(1) A and the Pd1-N1 distance is 2.13(1) A,
similar to those observed for the [Pd(CH,CN)(TOMB-0)]" cation. The angles at
the palladium atom are S1-Pd1-C1 = 85.4(4)° and S2-Pd1-C1 = 85.4(4)° for the
5-membered chelate rings, and are larger at the non chelating acetonitrile group
with S1-Pd1-N1 = 95.3(3)° and S2-Pd1-N1 = 93.3(3)°. There is a significant
distortion at the palladium atom with $1-Pd1-S2 = 160.6(1)°, due to the short
five-atom chain joining the two sulfurs. The C1-Pd1-N1 bond is almost linear at
177.6(5)".

(vii) Crystal Structure of [Pd(TOMB-3)CI], (24). The unit cell is triclinic
and contains two molecules of [Pd(TOMB-3)CI]. A perspective view of the
molecule with the atom numbering scheme is shown in Figure 3.17. Complete
listings of crystallographic.: parameters including atomic positions, bonding
parameters and details of data collection are listed in Appendix Table AS.
Selected bonding parameters are given in the figure caption.

The palladium atom is in a square planar environment with the S,C bracket
occupying three sites, and a CI" ligand occupying the fourth site on the metal
atom. The Pd-S distances are similar to those found for [M(TT[11]JMC)][BF,],
(M=Pd, Pt) and for [Pd(pr~-TOMB-3)][BF ], averaging 2.284(2) A. The Pd1-C1

distance is 1.982(7) A and the Pd1-Cl1 distance 2.405(2) A. The angles at the
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Figure 3.17 Perspective ORTEP drawing of [Pd(TOMB-3)Ci] (24) showing
the atom numbering scheme with 30% thermal ellipsoids. Selected
bond distances (A) and angles are: Pd1-S1 = 2.284(2), Pd1-S2 =
2.285(2), Pd1-C1 = 1.982(7), Pd1-Cl1 =2.405(2). S1-Pd1-C1=
85.4(2)°, S2-Pd1-C1 = 86.0(2)°, S1-Pd1-CI1 = 94.96(7)°,
S$2-Pd1-Cl1 = 93.91(8)°, $1-Pd1-82 = 170.54(8)°, C1-Pd1-Clt =
175.7(2)°.
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palladium atom are S1-Pd1-C1 = 85.4(2)° and S2-Pd1-C1 = 86.0(2)° for the
5-membered chelate rings, and are larger at the chloride ligand with
S1-Pd1-Cl1 = 94.96(7)° and S2-Pd1-Cl1 = 93.91(8)°. There is a slight distortion
at the palladium atom with $1-Pd1-S2 = 170.54(8)° and the C1-Pd1-Cl1 bond is
almost linear at 175.7(2)°. The polyether chain is almost perpendicular to the
square plane of the pailadium atom, with the C-S-C angles averaging 103.2(2)".
(viii) Crystal Structure of [Pd(TOMB-3)(CH,CN)][BF ], (25). The unit
cell is triclinic and contains two cations and anions of [Pd(TOMB-3){(CH,CN)]-
[BF,]. A perspective view of the molecule with the atom numbering scheme is
shown in Figure 3.18. Complete listings of crystaliographic parameters including
atomic positions, bonding parameters and details of data collection are listed in
Appendix Table A7. Selected bonding parameters are given in the figure caption.
The paliadium atom is in a square planar environment with the S,C bracket
occupying three sites and an ancillary CH,CN ligand occupying the fourth site on
the metal atom. The Pd-S distances are similar to those found for the other
[Pd(TOMB-X)(CH,CN)I* receptors, averaging 2.303(3) A. The Pd1-C1 distance
is 1.984(6) A and the Pd1-N1 distance 2.120(6) A, similar to those observed for
the other [Pd(TOMB-X)(CH,CN)]" cations. The angles at the paliadium atom are
S$1-Pd1-C1 = 85.7(2)° and S2-Pd1-C1 = 85.8(2)° for the 5-membered chelate
rings, and are larger at the non chelating acetonitrile group with S1-Pd1-N1 =
94.2(2)° and S2-Pd1-N1 = 94.4(2)°. There is a slight distortion at the palladium
atom with S1-Pd1-S2 = 171.27(7)° and the C1-Pd1-N1 bond is almost linear at

177.2(3)°.
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Figure 3.18 Perspective ORTEP drawing of [Pd(CH,CN)(TOMB-3)]" cation (25)
showing the atom numbering scheme with 30% thermal ellipsoids.
Selected bond distances (A) and angles are: Pd1-S1 = 2.307(3),
Pd1-S2 = 2.299(3), Pd1-C1 = 1.984(6), Pd-N1 = 2.120(6).
S1-Pd1-C1 = 85.7(2)°, S2-Pd1-C1 = 85.8(2)°, S1-Pd1-N1 = 94.2(2)°,
S$2-Pd1-N1 = 94.4(2)°, S1-Pd1-82 = 171.27(7)°, C1-Pd1-N1 =
177.2(3)°.



105

In addition tc the work done on the receptors outlined above, receptors
containing aromatic spacing units in addition to polyether chains were
synthesized in order to utilize n-stacking interactions with aromatic substrates.
These receptors and their host-guest complexes were synthesized and
crystallized by Shannon Murphy as part of her fourth year project and crystal
structures of three compounds are detailed in this work. One is described in
section 3.4 and two others in section 4.4.

(ix) Crystal Structure of [Pd(CH,CN)(TOMB-P4)][BF ], (27). The unit
cell is monoclinic and contains two cations and anions of [Pd(PAP)(TOMB-P4)]
[BF.]. A perspective view of the cation with the atom numbering scheme is
shown in Figure 3.19. Complete listings of crystallographic parameters including
atomic positions, bonding parameters and details of data collection are listed in
Appendix Table A8. Selected bonding parameters are given in the figure caption.

The palladium atom is in a square planar environment with the S,C bracket
occupying three sites and the acetonitrile ligand occupying the fourth site on the
metal atom. The Pd-S distances are Pd1-S1 = 2.313(2) A and Pd1-S2 = 2.307(2)
A Pd1-N1=2.137(5) A and Pd1-C1 = 1.995(5) A. The angles at the palladium
atomn are S1-Pd1-C1 = 84.8(2)° and S2-Pd1-C1 = 83.6(2)° at the 5-membered
chelate rings and S1-Pd1-N1 = 92.3(1)° and $2-Pd1-N1 = 99.1(1)° at the
non-chelating ligand. The paliadium atom is significantly distorted from an ideal
square planar geometry with S1-Pd1-S2 = 167.70(5)°. The N1-Pd1-C1 angle is
almost linear at 175.7(2)°. There is a n—r interaction between the acetonitrile

ligand and the aromatic rings in the receptor. Contacts ranging from 3.34 Ato
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Figure 3.19 Perspective ORTEP drawing of [Pd(CH,CN}(TOMB-P4)]" cation
{35) showing the atom numbering scheme with 30% thermal
ellipsoids. Selected bond distances (A) and angles are: Pd1-S1 =
2.313(2), Pd1-82 = 2.307(2), Pd1-N1 = 2.137(5), Pd1-C1 =
1.995(5). S1-Pd1-C1 =84.8(2)°, S2-Pd1-C1 = 83.6(2)°, S1-Pd1-N1
=92.3(1)°, S2-Pd1-N1 = 99.1(1)°, S1-Pd1-S2 = 167.70(5)",
N1-Pd1-C1 = 175.7(2)°.



107

3.69 A are observed for N1 and C29 of the acetonitrile ligand to the C9-C11
atoms and to the C22-C24 atoms in one of the aromatic spacing units of
the receptor. The two aromatic spacer units are almost perpendicular to each
other, with an angle between the mean plane of the two aromatic rings of 96.31°.
(x) Comparative Structural Analysis for the [Pd(TOMB-0)]" (21),
[PA(TOMB-1)]" (23), [Pd(TOMB-3)]" (25) cations. The major structurai
difference between these complexes is the composition and spatial orientation of
the chain joining the two sulfur atoms. For [Pd(CH,CN)(TOMB-0)]", the purely
hydrocarbon chain bends back towards the square planar palladium as the chain
is traced away from the sulfur atoms. This is presumably a result of minimizing
repulsive contacts and optimizing packing forces in the solid state. For
[Pd(CH,CN){TOMB-1)]" the short length of the ether chain joining the sulfurs
results in a potential hydrogen-bonding site directly below the metal coordination
piane in which is oriented parallel to the Pd-N1 bond. Therefore, both the
coordination site on the palladium and the ether oxygen are directed towards any
incoming substrate. The longer polyether chain for [Pd(CH,CN)(TOMB-3)]", which
contains three ether oxygen atoms, is also oriented perpendicular to the
coordination plane and contains three potential hydrogen-bonding sites. Similar
to [Pd(CH,CN)(TOMB-1)I", this results in a solid state orientation appropriate to
allowing simultaneous hydrogen-bonding with a substrate to accompany metal

coordination.
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3.5 Conclusion

In this chapter the general synthetic procedure for the macrocyclic mixed
ether/thioether ligands TOMB-1, TOMB-3 and TOMB-5 and that for the model
thioether ligand TOMB-0 was discussed. The ligands are easily synthesized
using the method of Buter and Kellogg to give products in approximately 60%
yield. The crystal structure of TOMB-3 was determined.

The ligands are easily ortho-metalated using [Pd(CH,CN) I[BF ], as the
palladium (Il) source and give the receptor molecules in high yields (60-85%).
The receptors [Pd(CH,CN)(TOMB-3)][BF ] and [Pd(CH,CN)(T' OMB-5)](BF,] do
not exhibit sharp *H NMR resonances in CDCL, as is observed for the receptors
[Pd(CH,CN)(TOMB-0)][BF ] and [Pd(CH,CN)(TOMB-1)][CF,SO,]. A low
temperature NMR experiment on [Pd(CH,CN)(TOMB-3)][BF ] demonstrated that
the receptor undergoes a dynamic dissociation process whereby the ancillary
CH,CN ligand is displaced by one of the ether oxygen atoms.

Three of the four receptor molecules can be isolated as crystalline solids
and the crystal structures of [Pd(CH,CN)(TOMB-0)][BF ], [Pd(CH,CN)
(TOMB-1)][CF,S0,] and [Pd(CH,CN)(TOMB-3)][BF ] were determined. The
structures of the [Pd(CH,CN)(TOMB-1)I" and [Pd(CH,CN)(TOMB-3)]" cations in
the solid state are such that they are ideally suited to substrate-receptor complex
formation by simultanecusly utilizing both coordination bonds to the palladium (1)

centre and hydrogen-bonds to the polyether chains.
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Chapter 4

4.1 Introduction

(i) Thought Process. This chapter deals with the application of the
receptor molecules synthesized in Chapter 3 for use in Simultaneous First- and
Second-Sphere Coordination. The goal of the research outlined in this chapter
was to determine whether the presence of second-sphere hydrogen-bonding
interactions accompanying the normal coordination of a ligand/substrate would
allow for selectivity or molecular recognition by the receptor molecule. Towards
this end, substrates were chosen such that they contained hydrogen-bond donors
in addition to groups capable of forming dative bonds. In order to test for this
selectivity, it was also necessary to study the interaction of the receptors with
substrates that contained no hydrogen-bonding groups and compare the two
types of interactions. The first substrates chosen were o-aminopyridine (OAP),
which contains a hydrogen-bond donor group in addition to the strong N donor,

and pyridine (PYR) which contains only the aromatic nitrogen donor (Figure 4.1).

Figure 4.1  Structures of pyridine and o-aminopyridine.

These substrates were chosen because (i) they are commercially avaitable

at low cost, (i) they are soluble in a variety of solvents, (iii) the orientation of the
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amino group to the aromatic nitrogen in OAP directs both the first- and second-
sphere interactions towards the receptor and (iv) the orientation of the amino
group to the aromatic nitrogen in OAP is similar to that in the second set of
substrates studied: adenine, guanine, cytosine and thymine (Figure 4.2). As such

they are a model for interactions between the nucleobases and the receptors.

i L, X
Ty N> o ey
k‘N NH  NH, N NHi\% O)\NH
Adenine Guanine Cytosine Thymine

Figure 4.2  Structure of the four biological nucleobases in DNA.

(i) Background Literature. Molecular recognition is currently a popular
topic in the literature. It has been observed in systems supported by frameworks
such as calix{4]arenes'®, large ring macrocycles'®, supramolecular bicyciic
systems'®, cyclodextrins'®, macrotricyclic hosts™ and non-macrocyclic systems
 as wel®> %", |t has also been used to affect chemical transformations'®. A more
detailed review of the subject can be found in Chapter 1.

The interaction of metat atoms with adenine, guanine or cytosine, or their
sugar/phosphate derivatives, has been observed in the absence of second-
sphere coordination'®

In the previous chapter receptors synthesized by Reinhoudt's lab were
mentioned. They utilized these receptors in binding urea, and other neutral

organic guests, in which the guest molecule coordinates to a lithium atom in one
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case'™ and to an immobilized UO, centre in two other cases™ ™" (Figure 4.3) in

the first-sphere, and to a polyether chain in the second sphere of the metal.

/

Figure 4.3  Crystal structure of uranyl containing receptor-urea complex.

Hisanobu QOgoshi and coworkers have developed a series of receptor
molecules containing 2-hydroxynaphthyl groups attached to metalated porphyrins.
These receptors have been shown to complex amino acid guests® "? via

simultaneous first- and second-sphere coordination, as shown in Figure 4.4.

-

Figure 4.4 Simultaneous first- and second sphere coordination of the methyl
ester of leucine by bis(2-hydroxynaphthyl)porphyrins.
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The molecular recognition of biomolecules such as DNA nucleobases has
attracted a lot of interest recently. Eiichi Kimura et af have done elegant work in
this area with his Zn(It) cyclen complex® in which multi-point binding of
deoxythymidine and uridine allows for selectivity of these two biomolecules using
first-sphere coordination and second-sphere hydrogen-bonding and w-stacking

interactions (Figure 4.5).

~

Figure 4.5  Zn(ll) cycien receptor binding 1-methyithymidine via first-sphere
coordination and second-sphere hydrogen-bonding and n-stacking.

The tetrakis~(p-carboxylato)dirhodium(il) dimer mentioned in Chapter 3 has
been implicated in carcinostatic activity, and as a result great interest has been
stimulated in this area™. Aoki and coworkers, and others have studied the
interactions with biomolecules'™ and other model substrates™ '* in which the
substrate binds to the receptor in the first sphere at rhodium, and in the second
sphere at the carboxyiato, or at the acetamido (Figure 4.6) framework. Other

similar work has been done by Marzilli with a Co(lll)-(acac), receptor'™>.
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“j0012)

Figure 4.6  Crystal structure of tetrakis-(u-acetato)dirhodium(lt) dimer
complexing caffeine in first and second sphere™.

Recently Loeb's research group has been able to trap the biological
nucleobase guanine in a receptor containing palladium for first-sphere
coordination, and ether oxygens for hydrogen-bonding and aromatic rings for

n-stacking in the second sphere of the palladium®.

Figure 4.7  Crystal Structure of guanine coordinating to palladium in the first
sphere and hydrogen bonding and =-stacking in the second sphere
of the palladium.
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4.2 Experimental
General Comments. All starting materials, pyridine (PYR),

2-amino-4-picoline (PIC), o-aminopyridine (OAP), cytosine (CYT), adenine (ADE)
and guanine (GUA) and thymine (THY), deuterated solvents and anhydrous
N,N-dimethyliormamide (DMF) were purchased from Aldrich Chemicals and used
without further purification, except acetonitrile which was distilled from CaH,
under N(g). All reactions were performed under an atmosphere of N.(g) using
standard Schlenk or dry-box techniques and all solvents and liquid starting
materials were degassed prior to use. 'H and *C{'"H} NMR spectra were
recorded on a Britker AC300 spectrometer locked to the deuterated solvent at
300.1 and 75.5 MHz respectively, and infrared spectra were recorded on a
Nicolet 5DX FTIR spectrometer. Elemental analyses were performed by
Canadian Microanalytical Service, Delta, British Columbia.

(i) Preparation of Receptor-Substrate Complexes. In a typical reaction,
5 mL of an acetonitrile solution of [Pd(CH,CN)Y(TOMB-0)][BF ],
[PA(CH,CN)(TOMB-1)][CF,SO,], [Pd(CH,CN)(TOMB-1)][BF ] or
[Pd(CH,CN)(TOMB-3)][BF,] was combined with the appropriate amount of
substrate solution (pyridine, o-aminopyridine, 2-amino-4-picoline in CH,CN) and
shaken for 5 min. The solvent was removed in vacuo and the pasty solid
triturated with 5 mL of diethyi ether for 1 h to remove excess substrate and
solvent. The solid was then dried in vacuo for 1 h providing essentially

quantitative yields of receptor-substrate complex.
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(ii) Preparation of [Pd(PYR}(TOMB-0)I[BF ], (28).
[Pd(CH,CN)(TOMB-0))[BF ] (5.0 mL, 7.4 x 10° M, 37 umol), pyridine (0.25 mL,
0.16 M, 40 umol). Yield of white solid: 0.021 g {95 %). ‘H NMR (CDCL): & (ppm)
8.56 (d, 2H, pyr), 8.02 (t, 1H, pyr). 7.70 (t, 2H, pyr), 7.08-6.91 (m, 3H, arcmatic),
4.52 (d. 2H, benzylic, J = 16.4 Hz), 4.17 (d, 2H, benzylic), 2.95-2.79 (m, 4H,
SCH,), 1.95 (m, 4H, B-CH,), 1.49-1.34 (m, 14H, CH,). Anal. Calcd. for
C,.H,BF.NPdS,: C,48.53; H, 5.78. Found: C, 48.60; H, 5.71.

(iii) Preparation of [Pd(OAP)(TOMB-0)I[BF ], (29).
[Pd(CH,CN)(TOMB-0)][BF ] (5.0 mL, 7.4 x 10°M, 37 umol), c-aminopyridine
(0.23 mL, 0.16 M, 37 umol). Yield of white powder: 0.022g (100%). 'H NMR
(CDCL,): & (ppm) 7.67 (d, 1H, oap), 7.51 (t, 1H, oap), 7.06-6.96 (m, 3H+1H,
aromatic + oap), 6.66 (t, 1H, oap), 5.92 (s, 2H, NH,), 4.53 (d, 2H, benzylic, J =
16.2 Hz), 4.17 (d, 2H, benzylic), 2.80 (dm, 4H, SCH,), 2.01-1.84 (m, 4H, B-CH,),
1.50 (s br, 6H, CH,), 1.35 (s br, 8H, CH,). Anal. Calcd. for C,H..BF N,PdS,: C,
47.33; H, 5.81. Found: C, 47.05; H, 5.77.

(iv) Preparation of [Pd(PYR)(TOMB-1)][CF,SO,], (30).
[Pd(CH,CN)(TOMB-1)J[CF,S0] (5.0 mL, 7.5 x 10°M, 37 pmoi), pyridine (0.25
mL, 0.16 M, 40 umol). Yield of an orange-yellow powder: 0.019 g (89 %). H
NMR (CDCL): 8 (ppm) 8.86 (d, 2H, pyr), 7.99 (t, 1H, pyr), 7.58 (t, 2H, pyr),
7.02-6.95 (m, 3H, aromatic), 4.62 (d, 2H, benzylic, J = 17.5 Hz), 4.54 (d, 2H,
benzylic), 4.10 (dt, 2H, SCH,), 3.43 (dt, 4H, SCH,), 3.01 (dt, 2H, SCH,). Anal.
Calcd. for C,,H,F.NO,PdS,;: C, 37.66; H, 3.52. Found: C, 37.34; H, 3.57.
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[PA(TOMB-1)(PYR)][BF } was prepared in exactly the same manner from
[Pd(TOMB-1)(CH,CN)][BF } and was identical to the triflate salt by spectroscopic
analysis.

(v) Preparation of [Pd(OAP)(TOMB-1)J[CF,SO.], (31).
[PA(CH,CN)(TOMB-1)][CF,SO,] (5.0 mL, 7.5 x 10°M, 37 umol), o-aminopyridine
(0.24 mL, 0.16 M, 37 umol). Yield of an orange powder: 0.023 g (100%). 'H
NMR (CDCL,): 5 (ppm) 8.16 (dd, 1H, oap), 7.56 (dt, 1H, oap), 6.98 (m, 3H,
aromatic), 6.73 (t, 1H, oap), 6.68 (d, 1H, oap), 6.03 (s, 2H, NH,), 4.61 (d, 2H,
benzylic, J = 17.5 Hz), 4.20 (d, 2H, benzylic), 4.05 (dt, 2H, SCH,), 3.44 (dt, 4H,
SCH,), 2.99 (dt, 2H, SCH,). Anal. Caled. for C,iH,,F;N,0,PdS;: C, 36.70; H,
3.60. Found: C, 36.76; H, 3.65. [Pd(TOMB-1){(oap)]{BF,] was prepared in the
same manner from [Pd(TOMB-1)(CH,CN)][BF ] and was identical to the triflate
salt by NMR spectroscopic analysis.

(vi) Preparation of [Pd(PYR)(TOMB-3][BF ], (32).
[Pd(CH,CN)(TOMB-3)][BF,] (5.0 mL, 7.1 x 10°M, 36 pmol), pyridine (0.25 mL,
0.16 M, 40 pmol). Yield of a pale yellow powder: 0.021g (10C %). 'H NMR
(CDCL): & (ppm) 8.77 (d, 2H, pyr), 7.93 (t, 1H, pyr), 7.60 (&, 2H, pyr), 6.99 (s br,
3H, aromatic), 4.55-4.43 (g br, 4H, benzylic), 4.00 (s br, 4H, SCH,CH,0), 3.60 (s
br, 4H, CH,0), 3.60 (s br, 4H, CH,0), 3.05 (dm, 4H, SCH,). Anal. Calcd. for
C,,HBF ,NO,PdS,: C, 42.05; H, 4.71. Found: C, 4215 H, 4.66.

(vii) Preparation of [Pd(OAP)(TOMB-3)I{BF ], (33).

[Pd(CH,CN)(TOMB-3)}[BF,] (5.0 mL, 7.1 x 10°M, 36 pmol), o-aminopyridine
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(0.23 mL, 0.16 M, 36 pmol}. Yield of 2 white powder: 0.022g (100 %). 'H NMR
(CDCL): & (ppm) 7.88 (d, 1H, oap), 7.45 (t, 1H, oap), 7.01-6.99 (m, 3H,
aromatic), 6.94 (d, 1H, oap), 6.56 (t, 1H, oap), 6.40 (s br, 2H, NH,). 4.67 (d, 2H,
benzylic, J = 15.3 Hz), 4.41 (d, 2H, benzylic), 3.88-3.37 {m, 12H, CH,0),
3.20-3.02 (m, 4H, SCH,). Anal. Calcd. for C,,H,BF N,O,PdS,: C, 41.02; H,
4.76. Found: C, 40.76; H, 4.77.

(viii) Preparation of [Pd(PIC)(TOMB-3)I[BF ], (34). 0.5 mL of a 2.25 x
102 M solution of [Pd(CH,CN)(TOMB-3)J{BF ] in CDCl, and 14.9 uL of 2 0.753 M
solution of 2-amino-4-picoline in CDCI, were mixed and the NMR recorded. The
product was crystallized by vapour ciffusion of diethy ether into this CDCl,
solution of the complex. Yield of yellow crystals: 0.005 g (71%). ‘H NMR
(CDCI,): & (ppm) 7.75 (d, 1H, pic), 6.98 (m, 3H, aromatic), 6.70 (s, 1H, pic), 6.40
(d, 1H, pic), 6.20 (s br, 2H, NH,), 4.65 (d, 2H, benzylic, J = 15.4 Hz), 4.47 (d, 2H,
benzylic), 3.87-3.37 (m, 12H, CH,0), 3.15-3.01 (m, 4H, SCH,), 2.22 (s, 3H, CH,).
Anal. Caled. for C,H,,BF N,0,PdS,: C, 42.01; H, 4.98. Found: C, 41.94 H,
4.95.

(ix) Preparation of [Pd(CYT)(TOMB-3)}[BF ], (35). 0.75 mLofa8.6x
10" M CDCY, solution of [Pd(TOMB-3)(CH,CN)][BF ] was added to ca. 10-fold
excess of cytosine and sonicated for 15 min. The excess solid was filtered off and
washed with CH,CN (2 mL). Diethyl ether (5 mL) was added to the CH,CN
solution and it was cooled to -10 °C to yield colouriess crystals. *H NMR (CDCL,):
5 (ppm) 9.20 (s, br, 1H, NH, cyt), 7.39 (d, 1H, aromatic, cyt), 7.29 (s, br, 1H,

NH,), 7.00-6.95 (m, 3H, aromatic), 6.49 (s br, 1H, NH,), 5.81 (d, 1H, aromatic,
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cyt). 4.57 (d, 2H, benzylic, J = 15.9 Hz), 4.45 (d, 2H, benzylic), 4.21-3.85 (m, aH,
CH,0), 3.58-3.33 (m, 8H, CH,0), 3.20-2.98 (m, 4H, SCH,). Anal. Calcd. for
CoHyBF.N,O,PdS,: C, 38.02; H, 4.48. Found: C, 37.99; H, 4.44,

(x}) Nucleobase Extractions. In a typical extraction experiment, 0.8 mL
of 2 0.01 M solution of [Pd(CH,CN)(TOMB-0)}{BF ], [Pd(CH,CN}(TOMB-1)]"
[CF,SO,] or [Pd(CH,CN)(TOMB-3)}[BF } in CD,CN or CD,COCD, was sonicated
for 15 min in the presence of a 10-fold excess of solid nuclecbase, the mixture
was filtered, and the 'H NMR spectrum was recorded.

(xi) Competition Reactions. A 1:1 mixture of PYR and QAP was mixed
with 1 equivalent of [Pd(CH,CN){TOMB-0)][BF ], [Pd(CH,CN)(TOMB-1)1"
[CF,S0O,] or [Pd(CH,CN)Y(TOMB-3)][BF ] in CDCH, solution, and the 'H NMR was
recorded at 213, 233, 253, 273 and 293K. The ratic OAP/PYR for complexed
substrate was determined by integrating the lowest field resonances of
coordinated and uncoordinated pyridine.

(xii) Syntheses not performed by the author.
[Pd(PAP)(TOMB-P4)}[BF ] (36) and [Pd(PAP)(TOMB-M4)][BF ] (37) were
synthesized by Shannon L. Murphy in partial fuffilment of her fourth year research
project and details of the synthesis and crystallization of these compounds can be
found in her written report. The free ligands contain aromatic spacing units
between the polyether chain and the S,C bracket, and the "P" or "M" in the name
of the complexes above, refers to para or meta substitution on these aromatic

spacer units.



120

4.3 X-Ray Diffraction Data Collection, Solution, and Refinement.

(i) Genera! Procedures. The general procedure for data collection and
solution refinement is identical to that outlined in section 2.3 (i) and the reader IS
referred to it for the sake of brevity.

(i) Structure Determination of [Pd(OAP)TOMB-1)][BF ], (31). Deep
yellow crystals of [Pd(OAP)(TOMB-1)][BF ] were grown by vapour diffusion of
diethy! ether into an acetonitrile solution of the complex. A statistical analysis of
the intensity distributions and a determination of observed extinctions were
consistent with the monoclinic space group P2./c, and this was confirmed by &
successful solution refinement. A total of 3815 reflections were collected, and
2326 unique reflections with F.2>3c (F.%) were used in the refinement. The
positions of the palladium and sulfur atoms were determined by direct methods
from the E-map with the highest figure of merit. The remaining atoms were
located from a difference Fourier map calculation. In the final cycles of
refinement, all atoms were assigned anisotropic thermal parameters. This
resulted in R = 0.0695 and R, = 0.0614 at final convergence. The A/c value for
any parameter in the final cycle was less than 0.001. A final difference Fourier
map calculation showed no peaks of chemical significance. Crystal data,
intensity collection and structure refinement as welil as all atomic positional ¢
parameters, bond distances and angles are summarized in Appendix Tabie AS.

(iii) Structure Determination of [Pd(PYR)(TOMB-3)][BF ], (32). Yellow
crystals of [Pd(PYR)(TOMB-3)][BF,] were grown by slow evaporation of a CDCl,

solution of the complex. A statistical analysis of the intensity distributions and a
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determination of observed extinctions were consistent with the monoclinic space
group PT, and this was confirmed by a successful solution refinement. A total of
3304 reflections were collected and 2079 unique reflections with £ >>3c (F.)
were used in the refinement. The positions of the palladium and sulfur atoms
were determined by direct methods from the E-map with the highest figure of
merit. The remaining atoms were located from a difference Fourier map
calculation. In the final cycles of refinement, all heteroatoms were assigned
anisotropic thermal parameters. This resulted in R =0.0514 and R, = 0.0462 at
final convergence. The A/c value for any parameter in the final cycle was less
than 0.001. A final difference Fourier map calculation showed no peaks of
chemical significance. Crystal Data, Intensity Collection and Structure
Refinement as well as all atomic positional parameters, bond distances and
angles are summarized in Appendix Table A10.

(iv) Structure Determination of [Pd(PIC)(TOMB-3)][BF ], (34). Yellow
crystais of [Pd(PIC)(TOMB-3)][BF ] were grown by vapour diffusion of diethyl
ether into an acetonitrile solution of the complex. A statistical analysis of the
intensity distributions and a determination of observed extinctions were consistent
with the monoclinic space group PT, and this was confirmed by a successful
solution refinement. A total of 4929 reflections were collected, and 3084 unique
reflections with F.>3¢ (F,?) were used in the refinement. The positions of the
palladium and sulfur atoms were determined by direct methods from the E-map
with the highest figure of merit. The remaining atoms were iocated from a

difference Fourier map calculation. in the final cycles of refinement, ail atoms
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were assigned anisotropic thermal parameters. This resulted in R = 0.0438 and
R, = 0.0472 at final convergence. The A/c vaiue for any parameter in the final
cycle was {ess than 0.001. A final difference Fourier map calculation showed no
peaks of chemical significance. Crystal Data, Intensity Collection and Structure
Refinement as well as all atomic positional parameters, bond distances and
angles are summarized in Appendix Table A11.

(v) Structure Determination of [Pd(CYT)(TOMBE-3)I[BF 1. (35).
Colouriess crystals of [Pd(CYT)(TOMB-3))[BF ] were grown by cooling a diethyl
ether/acetonitrile soiution of the complex to -10 °C. A statistical analysis of the
intensity distributions and a determination of observed extinctions were consistent
with the monoclinic space group P2,/n, and this was confirmed by a successful
solution refinement. A total of 5258 reflections were collected, and 2335 unique
reflections with F,2>3c (F.%) were used in the refinement. The positions of the
palladium and sulfur atoms were determined by direct methods from the E-map
with the highest figure of merit. The remaining atoms were located from a
difference Fourier map calculation. In the final cycles of refinement, all
heteroatoms were assigned anisotropic thermal parameters. This resulted in R=
0.0461 and R, = 0.0354 at ﬁnai convergence. The A/c value for any parameter in
the final cycle was less than 0.001. A final difference Fourier map calculation
showed no peaks of chemical significance. Crystal Data, Intensity Collection and
Structure Refinement as well as all atomic positional parameters, bond distances

and angles are summarized in Appendix Table A12.
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(vi) Structure Determination of [Pd(PAP)(TOMB-P4)][BF ], (36).
Yeliow crystals of [Pd(PAP)(TOMB-P4)][BF,] were grown from an
acetonitrile/dichioromethane solution of the complex. A statistical analysis of the
intensity distributions and a determination of observed extinctions were consistent
with the monoclinic space group P71, and this was confirmed by a successful
solution refinement. A total of 5902 reflections were collected, and 3241 unique
reflections with F,2>3¢ (F.?) were used in the refinement. The positions of the
palladium and sulfur atoms were determined by direct methods from the E-map
with the highest figure of merit. The remaining atoms were located from a
difference Fourier map calculation. In the final cycles of refinement, ail atoms

were assigned anisotropic thermal parameters. This resulted in R = 0.0400 and

R, = 0.0348 at final convergence. The A/c value for any parameter in the final
cycle was less than 0.0002. A final difference Fourier map calculation showed no
peaks of chemical significance. Crystal Data, Intensity Coliection and Structure
Refinement as well as all atomic positional parameters, bond distances and
angles are summarized in Appendix Table A13.

(vii) Structure Determination of [Pd(PAP)(TOMB-M4)][BF ], (37).
Yellow crystals of [Pd{(PAP)(TOMB-M4)][BF ] were grown by vapour diffusion of
diethyl ether into an acetonitrile solution of the complex. A statistical analysis of
the intensity distributions and a determination of observed extinctions were
consistent with the monoclinic space group P2./c, and this was confirmed by a
successful solution refinement. A total of 5047 reflections were coliected, and

1404 unique refiections with F,2>3c (F_.?) were used in the refinement. The
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positions of the palladium and sulfur atoms were determined by direct methods
from the E-map with the highest figure of merit. The remaining atoms were
located from a difference Fourier map calculation. In the final cycles of
refinement, all heteroatoms were assigned anisotropic thermai parameters. This
resulted in R = 0.0547 and R, = 0.0482 at final convergence. The A/ value for
any parameter in the final cycle was less than 0.0006. A final difference Founer
map calculation showed no peaks of chemical significance. Crystal Data,
Intensity Collection and Structure Refinement as well as all atomic positional

parameters, bond distances and angles are summarized in Appendix Table A14.

4.4 Results and Discussion

(i) Formation and NMR Spectroscopy of Receptor-Substrate
Complexes. [Pd(CH,CN)(TOMB-0)]", [Pd(CH,CN)(TOMB-1)]" and
[Pd(CH,CN)(TOMB-3)]" were reacted with pyridine or o-aminopyridine in a 1:1
ratio to produce the aromatic amine adducts in essentially quantitative yield.

The 'H NMR spectra of the pyridine adducts contain downfield shifted
resonances for the substrates consistent with coordination. Only a slight
sharpening of the receptor CH, peaks in the spectrum of [PA(PYR)(TOMB-3)]" is
observed, consistent with competition between pyridine and the ether oxygen
atoms. The receptor CH, resonances for [Pd(CH,CN)(T OMB-0)]" and
[Pd(CH,CN)(TOMB-1)]" however, remain sharp and essentially unchanged upon
addition of pyridine; the aliphatic chain in [Pd(CH,CN)(TOMB-0)I" does not

compete with the substrate for the palladium coordination site and the ether in-
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[Pd(CH,CN)(TOMB-1)]" is locked in a rigid conformation.
Coordination of o-aminopyridine to Pd in all three receptors was evidenced
by significant changes in the chemical shifts of the aromatic protons of the

substrates (Figure 4.8). In the adduct [Pd(OAP)(TOMB-0)T", in which there can
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Figure 4.8  Comparison of the 'H NMR spectra of the [Pd(OAP)(TOMB-0)}"
(top), [PA(OAP)(TOMB-1)]" (middle) and [Pd(CAPYTOMB-3)]
(bottom) cations. Hydrogen bonding shifts the NH, resonances
further downfield in the spectra of [Pd(OAP)(TOMB-1)]" and
[Pd(OAP)(TOMB-3)T".

be no hydrogen-bonding, the NH, peck shifts downfield from 4.54 ppm to 5.92

ppm due solely to coordination by the aromatic nitrogen. For the adducts



125

[Pd(OAP)(TOMB-1)]" and [Pd(OAP)TOMB-3)]" where substrate/receptor
hydrogen-bonding can occur, further deshielding of the NH,, protons was
observed in the 'H NMR spectra. This is indicative of hydrogen-bonding and is
quite comparable to similar shifts observed for purely organic hydrogen-bonding
receptors®. Additionally, the resonances for the aliphatic portion of
[Pd(OAP)(TOMB-3)]" are sharp, with the benzylic splitting indicating that
polyether chain does not compete with the substrate on the NMR time scale but
rather hydrogen-bonds with the NH, group.

It is also interesting to note that in several NMR experiments with
[Pd(CH,CN)(TOMB-3)]" and 2-aminopicolines the splitting pattem observed for

the aliphatic portion of the macrocycle at 4.0-2.9 ppm is identical to that observed

for the OAP adduct. This indicates that the aliphatic portion of the receptor is in
the same conformation in solution regardless of the placement or presence of the
methyl group on the substrate.

In addition to the NMR evidence observed for the substrate-receptor
complexes, X-Ray quality crystais were isolated for [Pd(OAP)(T OMB-1)][BF ],
[PA(PYR)(TOMB-3)][BF ] and [Pd(PIC)(TOMB-3)j[BF,] and the crystal structures
were determined.

(i) Crystal Structure of [Pd(OAP)(TOMB-1)}{BF ], (30). The unit cell is

monoclinic and contains 4 cations and anions each of [Pd(OAP)YTOMB-1)][BF 1.
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Figure 4.9 Perspective ORTEP drawing of the [PA(OAP)YTOMB-1)]" cation
(30) showing the atom numbering scheme with 30% thermal
ellipsoids. Setected bond distances (A) and angles are: Pd1-31=
2.298(4), Pd1-S2 = 2.312(4), Pd1-N1 =2.14(1), Pd1-C1= 1.99(1),
Pd1-01 = 2.75(1), N2-O1 = 2.95(2). S1-Pd1-C1 = 85.5(4)°,
§2-Pd1-C1 = 85.3(4)°, S1-Pd1-N1 = 96.1(3)°, S2-Pd1-N1 = 95.4(3)",
S$1-Pd1-S2 = 160.8(1)°, C1-Pd1-N1 = 172.0(4)°.
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A perspective view of the cation with the atom numbering scheme is shown in
Figure 4.9. Complete listings of crystallographic parameters including atomic
positions, bonding parameters and details of data collection are listed in Appendix
Table A9. Selected bonding parameters are given in the figure caption.

The palladium atom is in 2 square planar environment with the S,C bracket
occupying three sites and the o-aminopyridine aromatic nitrogen atom occupying
the fourth site on the metal atom. The Pd-S distances are Pd1-S1 = 2.298(4) A
and Pd1-S2 = 2.312(4) A. Pd1-N1=2.14(1) Aand Pd1-C1 = 1.99(1) A The
angles at the palladium atom are S1-Pd1-C1 = 85.5(4)° and $2-Pd1-C1 = 85.3(4)°
at the 5-membered chelate rings and S1-Pd1-N1 = 86.1(3)° and $2-Pd1-N1 =
95.4(3)° at the non-chelating substrate. The $1-Pd1-S2 angle is 160.8(1)° which
is the same as that observed in the free receptor within experimental error, again
small due to the short chain tying the two sulfur atoms together. C1-Pd1-N1 =
172.0(4)° deviates slightly from linearity, presumably due to the substrate being
oriented in order to maximize hydrogen-bonding between the substrate and the
receptor. The Pd-O1 distance is essentially unchanged from that of the free
receptor at 2.75(1) A and the O1 atom forms a hydrogen-bond with the N2 atom
of the substrate with N2...01 = 2.95(2) A%,

(i) Crystal Structure of [Pd(PYR)(TOMB-3)J[BF ], (31). The unitcellis
triclinic and contains two cations and anions of [Pd(PYR)(TOMB-3)}{BF ] and two
CDCl, molecules of crystallization. A perspective view of the cation with the atom
numbering scheme is shown in Figure 4.10. Complete listings of crystaliographic

parameters including atomic positions, bonding parameters and details of data
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Figure 4.10 Perspective ORTEP drawing of the [Pd(PYR)(T OMB-3)]" cation
{31) showing the atom numbering scheme with 30% thermal
ellipsoids. Selected bond distances (A) and angles are: Pd1-S1 =
2.294(3), Pd1-82 = 2.285(3), Pd1-N1 = 2.144(8), Pd1-C1 = 1.98(1)
S1-Pd1-C1 = 84.7(3)°, S2-Pd1-C1 = 85.6(3)°, S1-Pd1-N1=
93.7(3)°, S2-Pd1-N1 = 96.8(3)°, S1-Pd1-82 = 163.7(1)°, C1-Pd1-N1
= 175.4(4)°.
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collection are listed in Appendix Table A10. Selected bonding parameters are
given in the figure caption.

The palladium atom is in a square planar environment with the S,C bracket
occupying three sites and aromatic nitrogen atom occupying the fourth site on the
metal atom. The Pd-S distances are Pd1-S1 = 2.294(3) A and Pd1-S2 = 2.285(3)
A. Pd1-N1 = 2.144(8) A and Pd1-C1 = 1.98(1) A. The angles at the palladium
atom are S1-Pd1-C1 = 84.7(3)° and S2-Pd1-C1 = 85.6(3)° at the S-membered
chelate rings and S1-Pd1-N1 = 93.7(3)° and §2-Pd1-N1 = 96.8(3)° at the
non-chelating substrate. $1-Pd1-S2 = 163.7(1)°, which is significantly smaller
than the same angle of 171.27(7)° in the free [Pd(CH,CN)(TOMB-3)]" receptor.
The angle is reduced due to a reorientation of the aliphatic chain, possibly a
result of crystal packing forces and steric interaction with the substrate. The
C1-Pd1-N1 angie is almost linear at 175.4(4)".

(iv) Crystal Structure of [Pd(PIC)(TOMB-3)I[EF ], (33). The unitcell is
triclinic and contains two cations and anions of [Pd(PIC)(TOMB-3)][BF ]. A
perspective view of the cation with the atom numbering scheme is shown in
Figure 4.11. Complete listings of crystallographic parameters including atomic
positions, bonding parameters and details of data collection are fisted in Appendix
Tabie A11. Selected bonding parameters are given in the figure caption.

The palladium atom is in a square planar environment with the S,C bracket
occupying three sites and the aromatic nitrogen occupying the fourth site on the
metal atom. The Pd-S distances are Pd1-S1 = 2.299(2) A and Pd1-S2 = 2.304(2)

A. Pdi-N1=2.139(5) A and Pdi-C1 = 1.983(6) A. The angles at the palladium
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Figure 4.11 Perspective ORTEP drawing of [P4A(PICYTOMB-3)]" cation (33)
showing the atom numbering scheme with 30% thermal ellipsoids.
Selected bond distances (A) and angles are: Pd1-S1 = 2.299(2),
Pd1-S2 = 2.304(2), Pd1-N1 = 2.139(5), Pd1-C1 = 1.983(6), N2...01
= 2.980(8). S$1-Pd1-C1=85.1(2)°, S2-Pd1-C1 = 81.1(2)°,
S1-Pd1-N1 = 94.7(2)°, S2-Pd1-N1 = 99.7(2)°, S1-Pd1-82 =
159.93(7)°, N1-Pd1-C1 = 177.2(2)°.
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atom are $1-Pd1-C1 = 85.1(2)° and S2-Pd1-C1 = 81.1(2)° at the 5-membered
chelate rings and S1-Pd1-N1 = 94.7(2)° and S2-Pd1-N1 = 99.7(2)° at the
non-chelating substrate. The significantly smaller S2-Pd1-C1 angle in

comparison to [Pd(CH,CN)(TOMB-3)][BF ], accompanied by the significantly
larger S2-Pd1-N1 angle are a result of the aliphatic chain reorienting itself in order
to form a hydrogen-bond between O1 and N2, with a hydrogen bonding distance
of N2...01 = 2.980(1) A. The $1-Pd1-S2 angle of 159.93(7)° is smaller still than
the same angle in the pyridine adduct. This is again due to the aliphatic chain
reorienting itself to form the hydrogen-bond, as can be seen in Figure 4.11. The
N1-Pd1-C1 angle is almost linear at 177.2(2)°.

(v) Comparative Structural Analysis of the Receptor-Substrate
Complexes [Pd(OAP)(TOMB-1)][BF ] (30), [Pd(PYR}TOMB-3)][BF J.CHCI,,
(31), and [Pd(P!ICYTOMB-3)I[BF ] (33). In [Pd(OAPYTOMB-1)]",
[PA(PYR)(TOMB-3)]" and [Pd(PIC)(TOMB-3)j", the plane of the pyridyl ring is
approximately perpendicular to the square plane of the palladium centre. For
[Pd(OAP)(TOMB-1)]*, the NH, group is oriented on the same side of the square
plane as the aliphatic chain, and the ether oxygen atom which is positioned below
the Pd atom hydrogen-bonds to the amino group with a N2...01 distance of
2.95(2) A. For [Pd(PYR)(TOMB-3)]", the polyether chain maintains the open
configuration observed in the free receptor complex [Pd(CH,CN)(T OMB-3)]". For
[PA(PIC)YTOMB-3)}[BF ] the amino group is positioned on the same side of the
square plane as the ether oxygen atoms and there is a hydrogen-bond between

N2 and O1 at a distance of 2.980(8) A. In order to form the hydrogen bond
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between N2 and O1, the S2 atom moves away from the substrate and the
polyether chain reorients itself to bring the O1 atom closer to the N2 atom. This
results in a decrease of the S1-Pd1-S1 bond angle from 171.27(7)° down to
159.93(7)".

(vi) Crystal Structure of [Pd(PAP)(TOMB-P4)][BF ], (35). The unit cel!
is triclinic and contains two cations and anions each of [Pd{PAP)Y(TOMB-P4)]’
[BF,]. A perspective view of the cation with the atom numbering scheme is
shown in Figure 4.12. Complete listings of crystallographic parameters including
atomic positions, bonding parameters and details of data collection are listed in
Appendix Table A13. Selected bonding parameters are given in the figure
caption.

The palladium atom is in a square planar environment with the S,C bracket
occupying three sites and the aromatic nitrogen atom occupying the fourth site on
the metal atom. The Pd-S distances are Pd1-S1 = 2.311(2) Aand Pd1-S2 =
2.301(2) A Pd1-N1 = 2.147(5) A and Pd1-C1 = 1.992(6) A. The angles at the
paliadium atom are S1-Pd1-C1 = 84.7(2)° and S2-Pd1-C1 = 83.6(2)° at the
5-membered chelate rings and S1-Pd1-N1 = 91.1(1)° and S2-Pd1-N1 = 101.1(1)°
at the non-chelating substrate. The $1-Pd1-S2 angle is significantly distorted
from linearity at 159.98(6)°. The N1-Pd1-C1 angle is aimost linear at 175.1(2)".
The smali S1-Pd1-S2 angle and the large $2-Pd1-N1 angie are due to ihe
macrocyclic chain of the receptor and the substrate arranging themselves in order

to maximize n-stacking and hydrogen bonding interactions. The aromatic

rings of the receptor n-stack with the PAP substrate in an offset manner with the
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Figure 4.12 Perspective ORTEP drawing of [Pd(PAP)(TOMB-P4)]" cation (35)
showing the atom numbering scheme with 30% thermal ellipsoids.
Selected bond distances (A) and angles are: Pd1-S1 =2.311(2),
Pd1-S2 = 2,301(2), Pd1-N1 = 2.147(5), Pd1-C1 = 1.992(6), N2-O3
=3.12(1). $1-Pd1-C1=284.7(2)°, S2-Pd1-C1 = 83.6(2)°,
S1-Pd1-N1 = 81.1(1)°, $2-Pd1-N1 = 101.1(1)°, S1-Pd1-82 =
159.98(6)°, N1-Pd1-C1 = 175.1(2)°.
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top of the ring defined by C25-C26 and the bottom of the ring defined by
C32-C33-N1 separated by about 3.3 A. These two rings are almost perfectly
coplanar at an angle of 1.98° to each other. The closest contact between the
substrate and the other aromatic ring in the receptor is between C32-C33 and
C12-C13-C14 averaging about 3.4 A; these aromatic rings aren't coplanar, at
37.27° to each other. The N2...03 hydorgen-bonding distance is 3.12(1) A.

(vii) Crystal Structure of [Pd(PAP)(TOMB-M4)I[BF ], (36). The unit cell
is monoclinic and contains two cations and anions of {Pd(PAP)(TOMB-M4)][BF ].
A perspective view of the cation with the atom numbering scheme is shown in
Figure 4.13. Complete listings of crystallographic parameters including atomic
positions, bonding parameters and details of data collection are listed in Appendix
Table A14. Selected bonding parameters are given in the figure caption.

The paliadium atom is in a square planar environment with the S,C bracket
occupying three sites and the aromatic nitrogen atom occupying the fourth site on
the metal atom. The Pd-S distances are Pd1-S1 = 2.310(6) A and Pd1-S2 =
2.306(6) A. Pd1-N1=2.11(1) A and Pd1-C1 = 2.00(2) A. The angles at the
palladium atom are S1-Pd1-C1 = 82.5(5)° and S2-Pd1-C1 = 81.5(5)° at the
5-membered chelate rings and S1-Pd1-N1 = 98.4(4)° and S2-Pd1-N1 = 97.6(4)°
at the non-chelating substrate. The S$1-Pd1-S2 angle of 163.8(2)° is significantly
distorted from 180°, presumably due to rearrangement of the macrocyclic chain to
maximize n-stacking and hydrogen-bonding interactions with the substrate. The
N1-Pd1-C1 angle of 178.3(6)° is essentially linear. The PAP substrate n-stacks

with the aromatic ring C21-C26 of the receptor with the average distance
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Figure 4.13 Perspective ORTEP drawing of [Pd(PAP)(TOMB-M4)]" cation (36)
showing the atom numbering scheme with 30% thermal ellipsoids.
Selected bond distances (A) and angles are: Pd1-S1=2.310(6),
Pd1-S2 = 2.306(6), Pd1-N1 = 2.11(1), Pd1-C1 = 2.00(2), N2-02
=3.51(1), N2-03 = 3.12(1). $1-Pd1-C1 =82.5(5)°, 82-Pd1-C1 =
81.5(5)°, S1-Pd1-N1 = 98.4(4)°, S2-Pd1-N1 = 97.6(4))°, $1-Pd1-S2
= 163.8(2)°, N1-Pd1-C1 = 178.3(6)".
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between carbon atoms being about 3.55 A and the angle between the two rings
being 2.33°, making them essentially coplanar. The angle between the second
aromatic ring C9-C14 in the receptor and the substrate is 47.68° and there is a
close contact between C14 and the C32 and C33 carbon atoms of the substrate
at 3.52 and 3.30 A respectively. One N-H proton hydrogen-bonds in a bifurcating
fashion, with N2...02 = 3.52(1) A and N2...03 = 3.12(1) A,

(viii) Selectivity Experiment on [Pd(CH,CN)(TOMB-X)I" (X=0,1,3) for
o-aminopyridine (OAP) and pyridine {PYR). In order to test whether the
presence of second sphere hydrogen-bonding would lead to selectivity by the
receptor molecules for OAP over PYR, competition experiments were performed
in which receptor, OAP, and PYR were mixed in CDCl, in a 1:1:1 ratio, and the 'H
NMR spectrum was recorded, as is shown in Figure 4.14. Selectivity was

determined by integrating the lowest field resonance for uncoerdinated and

/ .
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Figure 4.14 'H NMR spectrum a 1:1:1 mixture of [Pd(CH,CN)(TOMB-3)][BF J,
OAP and PYR in CDCI, at 253 K. The ratio of coordinated
OAP:PYR is 6.33:1.



138

coordinated pyridine, at 8.59 and 8.73 ppm respectively in Figure 4.14. The
results of this experiment are summarized in Table 4.1. As the temperature IS
lowered there is no substantial change in the OAP.PYR ratios for either the

[Pd(TOMB-0)]" or [Pd(TOMB-1)]" receptors. However, as the temperature is

Table 4.1 Resuits of variable temperature NMR selectivity experiment listing

OAP:PYR ratios and percentage of OAP bound by the receptor’.

T (K) [PA(TOMB-0)]" [PA(TOMB-1)]" [P(TOMB-3)]"
OAP:PYR ratios OAP:PYR ratios OAP:PYR ratios
293 (1.94:1) [(66%) 3.78:1 79% 4.42:1 81%
273 2.11:1 68% 3.28:1 77% (5.33:1)  ((84%)
253 2.23:1 69% 3.46:1 78% 6.33:1 86%
233 2.66:1 73% 3.59:1 78% 6.96:1 87%
213 2.56:1 72% 3.92:1 80% 12.34:1 |92%

a) Numbers in parentheses are extrapolated from observed data points

lowered for the [PA(TOMB-3)]" OAP/PYR solution, the ratio of coordinated
OAP:PYR shows an increase. This is possibly because the decrease in the rate
the aliphatic chain fiips' results in more non-chelating ether oxygen atoms,
providing more hydrogen-bonding sites for the substrate to interact with.
Ortho-aminopyridine is expected o be a stronger c-donor than the
unsubstituted pyridine, and this is demonstrated by the OAP:PYR ratio of 2.23:1
employing [Pd(CH,CN)(TOMB-0)]" at 253 K in which no hydrogen-bonds can
form. The increase in this ratio to 3.46 and 6.33 when [Pd(CH,CN)(TOMB-1)]
and [Pd(CH,CN)(TOMB-3)]" are used demonstrates that the observed
second-sphere interactions have a significant effect on the interaction between

receptor and substrate. Since only one intramolecular hydrogen-bond is formed
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with both [Pd(CH,CN)(TOMB-1)]" and [Pd(CH,CN)(TOMB-3)T". it is difficult to
explain why the OAP:PYR ratio is larger for [Pd(CH,CN}TOMB-3)]". Itis
possible that additional intermolecular hydrogen-bonding between an unused
ether oxygen and the remaining amino hydrogen atom accouats for the increased
ratio. Similar trends, where a receptor's ability to select OAP over PYR increases
as the number of ether oxygen atoms increases, are observed at temperatures

ranging from 213 K to 293 K (Figure 4.13).
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Figure 4.15 OAP:PYR ratio for each receptor at various temperatures. More
ether oxygen atoms in a receptor results in a higher OAP:PYR ratio.

(ix) Molecular Recognition of Biological Nucieobases. Extraction
experiments with adenine, cytosine, guanine and thymine were performed in
CD,COCD, and CD,CN solutions®. The results are summarized in graphical

form in Figure 4.16 and provide a qualitative picture of the relative affinities of the

receptors for the four nucleobases.
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Figure 4.16 Plots of percent extraction of solid nucleobase (cytosine C, adenine
A, guanine G, thymine T) into a solution of PdTX
(IPd(CH,CN)(TOMB-X)){BF ], X=0,1,3) in CD,CN and CD,COCD,,.
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Cytosine has potential metal coordination and hydrogen bonding sites at
N3 and N4, two of the three sites employed in Watson-Crick base pairing. Figure
4.16 shows that in CD,CN solution [Pd(CH,CN)(TOMB-3)]" exhibits molecular
recognition for cytosine, with a 56% extraction value compared to less than 5%
for the other nucleobases. The 'H NMR spectrum (CD,CN) of an isolated sampie
of [PA(CYT)TOMB-3)][BF ] (Figure 4.17) shows the typical benzylic splitting, and
free and hydrogen-bonded NH, signais &t 6.71 and 7.28 ppm for bound cytosine,
as compared to a singie resonance at 6.69 ppm for [Pd(CYT)YTOMB-0)]" in which

no hydrogen-bonding can occur?®*.
-

Figure 4.17 'H NMR spectrum of [Pd(CYT)(TOMB-3)]" (CD,CN). Free and
hydrogen-bonded N-H protons are observed at 6.71 and 7.28 ppm.

Guanine has potential metal coordination and hydrogen-bonding sites at
either N7 and N2 or N3 and N2, however only one isomer was observed by NMR.
Extraction experiments show guanine to be the least extracted of adenine,
cytosine and guanine, while thymine was not extracted in any appreciable

amount as it lacks the aromatic nitrogen-donor for o-donation to £d.
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Adenine has potential metal coordination and hydrogen-bonding sites at
either N1 and N6 employed in Watson-Crick base pairing, N7 and N6 employed
in Hoogsteen base pairing'™ "> ', or N3 and N6, Type il (Figure 4.18). In
extraction experiments performed in acetonitrile, only [PA(CH,CNYTOMB-1)I
was able to extract adenine in an appreciable amount at 26%, compared to <5%
for the other 2 receptors.

In performing extraction experiments, two isomers for a bound adenine
substrate were observed with the receptors. 'H NMR spectra in CD,COCD,
employing 1:1 solutions of the receptors and S-ethyladenine showed isomer ratios
of 1:1, 1.96:1 and 1.64:1 respectively. These ratios are a result of competition
between Watson-Crick and Hoogsteen type binding modes while Type [l binding
is not observed. Watson-Crick type bindinj aliows for optimization of the
hydrogen-bonding interaction but the higher basicity of N7 favours the Hoogsteen
type binding mode. In the case of [Pd(CH,CN)(TOMB-0)]", in which

4,
//,h-

Hoogsteen Binding Watson-Crick Binding Type Wl

Figure 4.18 Three types of binding modes possible for adenine.

no hydrogen-bonding occurs the ratio is 1:1, but when the possibility of hydrogen-
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bonding is introduced for [Pd(CH,CN)(TOMB-1)]" and [Pd(CH,CN)(TOMB-3)]" the
Watson-Crick type interaction is favoured. This is more pronounced for
[Pd(CH,CN)(TOMB-1)I" and CPK models show that aithough both receptors can
undergo hydrogen-bonding, the short polyether chain for [PA(CH,CN)(TOMB-1)]*
is locked in a rigid, preorganized conformation with a smaller spacing between
the Pd and Q binding sites which favours Watson-Crick type binding.

in addition to the NMR evidence observed in the extraction experiments.
X-Ray quality crystals of the [Pd(CYT)(TOMB-3)}[BF ] were grown from an
acetonitrile/diethyl ether solution and the crystal structure was solved.

(x) Crystal Structure of [Pd(CYT)(TOMB-3)][BF ], (34). The unitcellis
monoclinic and contains 4 cations and anions of [Pd(CYT)(TOMB-3)][BF ] and
four acetonitrile solvent molecules. A perspective view of the cation with the
atom numbering scheme is shown in Figure 4.19. Complete listings of
crystallographic parameters including atomic positions, bonding parameters and
details of data collection are listed in Appendix Table A12. Selected bonding
parameters are given in the figure caption.

The palladium atom is in a square planar environment with the S,C bracket
occupying three sites and the cytosine substrate occupying the fourth site on the
metal atom. The Pd-S distances are Pd1-S1 = 2.309(3) A and Pd1-S2 = 2.299(3)
A. Pd1-N1=2.164(4) A and Pd1-C1 =1.992(7) A. The angles at the palladium
atom are S1-Pd1-C1 = 85.4(2)° and S2-Pd1-C1 = 81.8(2)° at the 5S-membered
chelate rings and S$1-Pd1-N1 = 92.0(2)° and S2-Pd1-N1 = 101.2(2)° at the

non-chelating substrate. As was observed for [Pd(PIC)(TOMB-3)I", the angle
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Figure 4.19 Perspective ORTEP drawing of [PA(CYT)(T OMB-3)]" cation (34)
showing the atom numbering scheme with 30% thermal ellipsoids.
Selected bond distances (A) and angles are: Pd1-S1 = 2.308(3),
Pd1-S2 = 2.299(3), Pd1-N1 = 2.164(6), Pd1-C1 = 1.992(7), N2...01
=3.06(1). S1-Pd1-C1 = 85.4(2)°, S2-Pd1-C1 = 81.8(2)°,
S$1-Pd1-N1 = 92.0(2)°, S$2-Pd1-N1 = 101.2(2)°, S1-Pd1-S2 =
161.80(8)°, N1-Pd1-C1 = 176.6(3)".
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S1-Pd1-S2 = 161.80(8)° is substantially reduced from its value in the structure of
the free receptor. The amino group is positioned on the same side of the square
plane as the ether oxygen atoms and there is a hydrogen-bond between N4 and
01 at a distance of 3.06(1) A. !n order to form the hydrogen bond between N4
and O1, the S2 atom moves away from the substrate and the polyether chain
reonents itself to bring the O1 atom closer to the N4 atom. This results in a
decrease of the $1-Pd1-S1 bond angle from 171.27(7)° to 161.80(8)".

The angle C1-Pd1-N1 = 176.6(3)° is essentially linear.

The conformation of the [Pd(TOMB-3)]* receptor in the 2-amino-4-picoline
and cytosine complexes is very similar. This can be seen by examining the bond
angles about the palladium atom (Table 4.2). The same reorientation of the
polyether chain results upon complex formation with cytosine or 4-aminopicoline

which both contain a hydrogen-bond donor group.

Table4.2 Comparison of Bond Angles around palladium for the four
[PA(LY(TOMB-3)]" complexes.
Angles around ([Pd(CH,CN) |[Pd(PYR) [Pd(PIC) [PA(CYT)
Pd. (TOMB-3)]" (TOMB-3)]" (TOMB-3)]" (TOMB-3)]"
S1-Pd1-82 171.27(7) 163.7(1)° 159.93(7)° 161.80(8)°
S1-Pdi-C1 85.7(2)° 84.7(3)° 85.1(2)° 85.5(2)°
S2-Pd1-C1 85.8(2)° 85.6(3)° 81.1(2)° 81.7(2)°
S1-Pd1-N1 94.2(2)° 93.7(3)° 94.7(2)° 92.0(2)°
S2-Pd1-N1 94.4(2)° 96.8(3)° 99.7(2)° 101.2(2)°
N1-Pd1-C1 177.2(3)° 175.4(4)° 177.2(2)° 176.7(3)°

The S2-Pd1-C1 angles decrease to about 81.5° the S2-Pd1-N1 angles

simultaneously increases to about 100°, and the S1-Pd1-S1 angles decrease to




146

about 160°, all due to the reorientation of the polyether chain in forming the

hydrogen bond between N2 and O1.
/— ™

4.5 Conclusion

The three receptors [Pd(CH,CN)(TOMB-0)}", [Pd(CH,CN)(TOMB-1)]" and
[Pd(CH,CN)(TOMB-3)]" were reacted with pyridine and o-aminopyridine. Crystals
of the receptor-substrate complexes [Pd(OAP)(TOMB-1)][BF .
[PA(PYR)Y(TOMB-3)][BF ], [Pd(PIC)(TOMB-3)][BF ], and [Pd(CYT)(T OMB-3)][BF ]
were isolated and the crystal structures were solved. In complexes in which the
substrate contains an amino group, simultaneous interaction with the primary and
secondary coordination sphere of the palladium atom occurs via c-donation to the
metal and hydrogen-bond formation with an oxygen atom in the polyether chain.

Competition experiments were performed between each of the three
receptors and a mixture of pyridine and c-aminopyridine in a 1:1:1 ratio in CDCl,.
The NMR spectra were recorded at various temperatures and the percentage of
coordinated o-aminopyridine was determined. It was observed that as the
number of oxygen atoms in a receptor increases from 0 to 1 to 3 the ratio of

coordinated OAP to coordinated PYR increases. The hydrogen-bonding
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receptors are better able to select o-aminopyridine over pyridine than the model
receptor [Pd(CH,CN)(TOMB-0)][BF 1.

The concept of using simultaneous primary and secondary coordination to
distinguish between substrates of different shapes was applied by performing
several extraction experiments with the biological substrates cytosine, guanine,
adenine or thymine. It was observed that [Pd(CH,CN)(TOMB-3)][BF ] is selective
for cytosine over the other three biologicat nucleobases and that only
[Pd(CH,CN)(TOMB-1)][BF ] is able to extract adenine into solution in an

appreciable amount.



Chapter 5

Muiti-point Binding of Amines
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Chapter 5
5.1 Introduction

(i) Thought Process. It was observed in the work with the ortho-
aminopyridine substrates in Chapter 4, that no more than one second-sphere
hydrogen-bond is formed in the solid state between the substrate and the
receptor to which it is coordinatively bonded. This is due to two factors. (i) The
orientation of the NH. group to the polyether chain prevents the formation of more
than one intramolecular hydrogen-bond. (ii) The presence of only one hydrogen-
bond donor group on the substrate does not facilitate the formation of multiple
hydrogen-bonds.

The goal of the work outlined in this chapter was, therefore, to choose
substrates that would maximize the number second-sphere hydrogen-bonding
interactions that accompany primary coordination by the substrate. The receptors
[Pd(CH,CN)(TOMB-3)][BF j and [Pd(CH,CN)(TOMB-5)][BF,] were chosen for this
investigation because they contain polyether chains capable of forming muttiple
hydrogen-bonds. The substrates that were chosen ali contain non-aromatic

amine donor groups for primary coordination to the metal centre.

\l

Examination of CPK models indicated that upon formation of the
palladium-amine bond, the N-H protons are ideally situated to form two
hydrogen-bonds with the ether oxygen atoms adjacent to the sulfur atoms in the
receptor (Figure 5.1). In addition, some R-groups were chosen that also contain

hydrogen-bond donors (X= -NH, and -NH;") for additional hydrogen-bonding.
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Figure 5.1  Schematic diagram of simuitaneous primary and secondary
coordination of amines. X=NH, or NH,"

(ii) Background Literature. Extensive work has been performed in
binding ammonium cations using hydrogen-bonding interactions with several
macrocyclic crown ethers. The research groups of McKerve W Stoddart™®, lzatt
and Bradshaw'® and Cram'® have all performed studies on the thermodynamic
and structural considerations involved in forming these complexes. Shown below
(Figure 5.2) is a schematic diagram and a crystal structure of a complex isolated

by Cram and coworkers'™.

Figure 5.2 Schematic diagram and crystal structure of the 2'-carboxy-1',3'-xylyl-
18-crown-5-{t-butylamine) complex.

Hydrogen-bonding interactions in the second-sphere between the Fe(lll)
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complex shown in Figure 5.3a and the hexa-aqua metal complexes [MY(OH.)J*
(M=2n, Ni, Co, Mn) have been employed by Wieghardt et al'*' to effect selectivity
of the Fe(ill) complex for the Zn(ll), Ni(il} and Co(!l) complexes over the Mn(ll)
complex. The crystal structure of the hydrogen-bonded Zn(il) complex is shown

in Figure 5.3b and shows the extensive hydrogen-bonding interactions.
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Figure 5.3 &) Schematic diagram of Fe(lll) 'receptor’ complex. b) Crystal
structure of hydrogen-bonded Fe(ill)-Zn(ll) ‘receptor-substrate’
complex; receptor carbons are omitted for ciarity.

Second-sphere interactions between crown ethers and the N-H hydrogens
in metal-amine complexes have also been observed by Stoddart and coworkers®
and others'2, as shown in Figure 5.4 for {{Cu(NH,) (H,O)I[PF ;- (C,;H,.Og)}.. A

summary of Stoddart's work is found in the introduction.
(

Figure 5.4  Crystal structure of {{Cu(NH,),(H,C)IPFl-(C,;H. O}
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There are several examples of simultaneous first- and second-sphere
coordination to receptors containing Lewis acidic centres. Reetz and co-workers
have also observed this phenomenon in which first-sphere coordination by a
primary amine to a boron centre is accompanied by second-sphere coordination
of the amine protons to a polyether chain® (Figure 5.5a). Stoddart and
co-workers determined the crystal structure of a complex in which the two
nitrogen atoms of N,O, coordinate to two Rh (1) atoms and ammonia ligands
bonded to the rhodium atoms simultaneously hydrogen-bond to the ether oxygen

atoms of the macrocycle'® (Figure 5.5b).

Figure 5.5 a) Crystal structure of Reetz's substrate-receptor complex. b)
Crystal structure of Stoddart's [(Rh(COD)(NH,)),NOJ[PF¢l,
complex.

In addition to the work done in this chapter on simultaneous first- and
second-sphere coordination of amines, work in which the 'substrate’ is a Ag”
ion interacting with: the -cloud of the aromatic ring; the polyether chain of the
receptor; the palladium atom; and a CF,SO;, group, is also described. Thereis

precedence for unusual interactions between silver atoms and aromatic rings'*
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{Figure 5.6) and several crystal structures have been determined.
/

Figure 56  Crystal structure of the complex of Ag™ with a cis-stilbene™*.

The labs of Vrieze and Van Koten have both done research involving
metal-metal bonds between d® transition metals and Ag and Cu'® ', The silver
atom is stabilized by the donor transition metal and a bridging ligand, as shown in
Figure 5.7a. The aromatic ring was alsc shown 10 be electron rich enough to

react with methyi iodide and form an sp® hybridized carbon atom (Figure 5.7b).

Figure 5.7  a) Schematic diagram of [PtAg(C,H,(2,6-Me,NCH,),)(RNCHNR")Br]
complex stabilized by a bridging ligand. R=p-tolyl, R'=alkyl.
b) Crystal Structure of Pt((CH,-C,H,(2,6-Me ,NCH,),)(o-tolyl)]fi].

Part of the work described in this chapter has appeared as a preliminary

communication'Z.
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5.2 Experimental

General Comments. All starting materials, hydrazine monohydrochloride,
hydrazine monchydrate, n-butylamine, N-methylbutylamine, N,N-dimethyl-
butylamine and allylamine (ALL), deuterated solvents and anhydrous
N, N-dimethylformamide (DMF) were purchased from Aldrich Chemicals and used
without further purification, except acetonitrile which was distilled from CaH,
under N,(g) and [Pd(CH,CN)(TOMB-3)J[BF ] and [Pd(CH,CN)(T OMB-5)][BF ]
which were prepared as per Chapter 3. All reactions were performed under an
atmosphere of N,(g) using standard Schienk or dry-box techniques and all
solvents and liquid starting materials were degassed prior to use. 'H and BC{H}
NMR spectra were recorded on a Briker AC300 spectrometer locked to the
deuterated solvent at 300.1 and 75.5 MHz respectively, and infrared spectra were
recorded on a Nicolet 5DX FTIR spectrometer. Elemental analyses were
performed by Canadian Microanalytical Service, Delta, British Columbia.

(i) Preparation of [Pd(NH,)(TOMB-3)][BF ], (38).
[Pd(CH,CN)(TOMB-3)][BF ] (0.031 g, 55 umol) was dissolved in acetonitrile (5.0
mL) and NH, (g) was passed over the solution for 10 min. The solution was
aliowed to stir for 2 h at room temperature after which the solvent was removed in
vacuo. The resulting paste was recrystallized from acetonitrile/diethyt ether.
Yield of pale yellow powder: 0.021 g, (71%). 'H NMR (CD,CN, 298 K): 3 (ppm)
7.13 (s br, 3H, aromatic), 4.49 (s br, 4H, benzylic), 4.01 (s br, 4H, OCH,), 3.75 (s

br, 4H, OCH,), 3.69 (s br, 4H, OCH,), 3.5-3.2 (m br, 4H, SCH,), 2.54 (s br, 3H,
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NH,). PC{'"H} NMR (CD,CN): & (ppm) 148.56, 126.23, 123.36 (aromatic, Pd-C1
not observed), 71.08, 70.22, 68.86 (OCH,), 47.07 (benzylic), 38.93 (SCH,).

(i) Preparation of [Pd(NH,-n-Bu)(TOMB-3)][BF ], (39).
[Pd(CH,CN)(TOMB-3)])[BF ] (0.023 g, 41 umol) was dissclved in acetonitrile (3.0
mL) and n-butyiamine (7 pL, 71 umol) was added by syringe. The solution was
stirred at room temperature for 4 h, the solvent was removed and the resulting
paste was triturated with diethyl ether overnight. The diethy! ether was decanted
off, and the pale yellow powder was dried in vacuo. Yield: 0.023 g, (95%). 'H
NMR (CDCL): § (ppm) 6.97 (m br, 3H, aromatic), 4.47 (d, 2H, 2J = 14.8 Hz,
benzylic), 4.33 (d, 2H, benzylic), 3.99 (s br, 4H, OCH,), 3.7-3.2 (m, 12H, OCH,;
2H, NH,), 2.66 (m, 2H, N-(a)CH,), 1.55 (m, 2H, N-(B)CH,), 1.34 (m, 2H,
N-(y)CH,), 0.92 (¢, 3H, 3J = 7.3 Hz, N-(3)CH,).

(ii)) Preparation of [Pd(NH(Me)-n-Bu){TOMB-3)][BF ], (40).
[Pd(CH,CN)(TOMB-3)]{BF ] (0.030 g, 53 umol) was dissolved in acetonitrile (3.0
mL) and N-methylbutylamine (7 uL, 59 umol) was added by syringe. The solution
was stirred at room temperature for 4 h, the solvent was removed and the
resuiting paste was triturated with diethyl ether ovemnight. The diethyl ether was
decanted off, and the pale yellow powder was dried in vacuo. Yielid: 0.031 g,
(96%). *H NMR (CDCL): § (ppm) 6.94 (s br, 3H, aromatic), 4.47-4.36 (m, 4H,
benzylic), 4.14-3.88 (m, 6H, OCH,), 3.71-3.25 (m, 6H, OCH,; 4H, SCH,), 2.73 (m,
2H, N-(a)CH,), 1.74 (m, 2H, N-(B)CH,), 1.33 (m, 2H, N-(y)CH,)}, 0.92 (t, 3H, U=

7.3 Hz, -N-(8)CHy).
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(iv) Attempted Preparation of [Pd(NMe,-n-Bu)(TOMB-3)][BF J.
[PA(CH,CN)(TOMB-3)][BF,] (0.030 g, 53 umol) was dissolved in acetonitrile (3.0
mL) and N,N-dimethylbutylamine (8 pL, 57 umol) was added by syringe. The
solution was stirred at room temperature for 4 h, the solvent was removed and
the resulting paste was triturated with diethyl ether. overnight. The diethyl ether
was decanted off, and the pale yellow powder was dried in vacuo. The powder
was shown by 'H NMB‘ spectroscopy to be free [Pd(CH,CN)(TOMB-3)][BF ]
receptor.

(v) Preparation of [Pd(ALL)(TOMB-3)][BF ], (41).
[Pd(CH,CN)(TOMB-3)][BF ] (0.045 g, 80 umol) was dissolved in chioroform (15
mL) and allylamine (2 pL, 122 umol) was added by syringe. The solution was
stimed overnight and the solvent was then removed in vacuo. The resulting
yellow paste was recrystallized from chioroform/diethyl ether. Yield: 0.042 g,
(91%). 'H NMR (CDCL,): 5 (ppm) 6.95 (m, 3H, aromatic), 5.96 (m, 1H, R-CH=R),
5.23 (m, 2H, R=CH,), 4.45 (d, 2H, %) = 14.8 Hz, benzylic), 4.31 (d, 2H, benzylic),
3.97 (s br, 4H, OCH,), 3.68-3.50 (m, 8H, OCH,; 2H, NH,), 3.32-3.24 (m, 4H,
SCH,; 2H, NCH,). ™C{"H} NMR (CDCL,): 5 (ppm) 157.39, 147.36, 125.64, 122.74
(aromatic), 136.07 (olefinic CH), 117.82 (olefinic CH,), 70.37, 69.17, 68.39
(OCH,), 47.44 (NCH,), 46.71 (benzylic), 38.87 (SCH,).

(vi) Preparation of [Pd(H,O)(TOMB-S)][BF ], (42). Yellow crystals of
[Pd(H.O)(TOMB-5)][BF,] were grown from a diffusion of diethyl ether into an

acetonitrile solution of [Pd(CH,CN)(TOMB-5)][BF,J. Atmospheric moisture in the



157

acetonitrile/diethyl ether displaced the ancillary acetonitrile ligand. 'H NMR
(CD,CNY): § (ppm) 6.99 (M, 3H, aromatic), 4.48 (m br, 4H, benzylic), 3.86 (s br,
4H, OCH,), 3.54 (m br, 18H, OCH,, H,0), 3.26 (s br, 4H, SCH,).

(vii) Preparation of [Pd(NH,NH,)(TOMB-3)][BF ], (43).
[PA(CH,CN)(TOMB-3)]{BF ] (0.061 g, 110 umol) and excess hydrazine hydrate
(NH_NH.-H.O) were dissolved in acetonitrile (10 mL}) and stirred overnight. The
solvent was then removed in vacuo and the complex was recrystallized from
acetonitrile/diethyl ether to give a pale yellow powder. Yield: 0.048 g (80%). 'H
NMR (CDCL,): & (ppm) 6.96 (m, 3H, aromatic), 5.57 (s, 2H, a-NH,), 5.05 (s, 2H,
B-NH,), 4.39 (d, 2H, 2J = 14.2 Hz, benzylic), 4.25 (d, 2H, benzylic), 4.03-3.57 (m,
12H, OCH,; 2H, SCH,), 3.22 (d br, 1H, %) = 14 Hz, SCH,), 3.07 (d br, 1H, SCH,).

(viii) Preparation of [Pd(NH,NH,}(TOMB-5)][BF j}, (44).
[Pd(CH,CN)(TOMB-5)J{BF J (4.0 mL, 25 x mM, 100 pmol) and excess hydrazine
monohydrate were dissolved in acetonitrile (10 mL) and stirred under N,
overnight. The solution was filtered and the solvent was reduced to 1-2 mL.
Diethyl ether was diffused into the solution which gave a pale yeliow powder.
Yield: 0.022 g (34%). *H NMR (CDCL,): 3 (ppm) 6.95 (m, 3H, aromatic), 5.6 (s br,
NH,NH,), 4.6-3.9 (br, 8H, benzylic, OCH,), 3.8-3.6 (m, 16H, OCH,), 3.4-3.1 (s br,
4H, SCH,).

(ix) Preparation of [Pd(NH,NH,)(TOMB-3)J[CF,SO,],, {45). [AgCF,SO,]
(0.062 g, 230 pmol), NH,NH_-HCI (0.008 g, 130 pumol) and [PdCI(TOMB-3)]

(0.0534 g, 115 umol) were stirred and warmed in acetonitrile . The AgCl was
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filtered off and the solvent was removed in vacuo to give a yellow solid which was
recrystallized from acetonitrile/diethyl ether. Yield: 0.053 g {(60%). This
compound was also prepared by the addition of one equivalent of AgBF, to
hydrazine monochydrochloride and the receptor [PA(CH,CN)YTOMB-3)){BF . The
anions associated with the di-cationic species do not affect the 'H NMR
spectrum. 'H NMR (CDCL): 5 (ppm) 7.10-6.75 (d. t, d, 3H, aromatic), 4.65 (s br,
4H, benzylic), 4.21-3.61 (m, 12H, OCH,, SH, NH,NH,), 3.34 (s br, 4H, SCH.,).

(x) Preparation of [Pd(NH,NH,)(TOMB-S5)][BF 1., (46).
[PA(CH.CN)(TOMB-5)J[BF J (4.0 mL, 25 mM, pmol) and [NH,NH J[BF ] (2.0 mL,
52 mM, 100 uM) were stirred at room temperature for 1 hin acetonitrile (5 mL)
after which time the solvent was reduced to 1 mL. Diethyl ether was diffused into
the solution which vielded yellow crystals. Yield: 0.037 g (51%). A good quality
NMR spectrum could not be obtained, however in CD,COCD, the presence of the
hydrazinium is indicated. 'H NMR (CD,COCD,): 5 (ppm) 7.00 (s br, 3H,
aromatic), 4.57 (s vbr, 4H, benzylic), 4.2-3.9 (m br, 8H, OCH,), 3.72- 3.31(m br,
21H, OCH,, SCH,, NH,NH,)

(xi) Preparation of [PdAg(H,0)(TOMB-3)(CF,SO,)JICF,SO, (47).
[Pd(TOMB-3)CI] (0.075 g, 160 umol), AGCF,SO, (0.045 g, 345 umol) and
pyrazine (0.008 g, 81 pmol) were stirred in CH,Ci, (7 mL}) under N, and protected
from light. The solution was filtered to remove AgCl and the sclvent was reduced
to 2 mL. The complex was recrystallized by vapour diffusion of diethy! ether into

the CH,CI, solution leaving yeliow crystals. Yield: 0.056 g, (41%). Solvation in
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polar solvents resulted in decomposition of the complex so no solution spectra

could be obtained. The compound was characterized by X-ray crystallography.

5.3 X-Ray Diffraction Data Collection, Solution, and Refinement.

(i) General Procedures. The general procedure for data coliection and
solution refinement is identical to that outlined in section 2.3 (i) and the reader is
referred to it for the sake of brevity.

(i) Structure Determination of [Pd(NH,)(TOMB-3))[BF ], (38).

Yellow crystals of [Pd(NH,)(TOMB-3)][BF ] were grown by vapour diffusion of
diethyl ether into an acetonitrile solution of the complex. A statistical analysis of
the intensity distributions and a determination of observed extinctions were
consistent with the orthorhombic space group Pbea, and this was confirmed by a
successful solution refinement. A total of 3863 reflections were collected, and
630 unigue reflections with F.>>3c (F.%) were used in the refinement. The
positions of the palladium and sulfur atoms were determinec by direct methods
from the E-map with the highest figure of merit. The remaining atoms were
located from a difference Fourier map calculation. The tetraflouroborate anion
and the aromatic ring were refined as a rigid groups. In the final cycles of
refinement, the palladium, nitrogen and sulfur atoms were assigned anisotropic
thermal parameters and the rigid group constraint was removed from the aromatic
ring. This resulted in R = 0.0662 and R, = 0.0639 at final convergence. The A/s
value for any parameter in the final cycle was less than 0.007. A final difference

Fourier map calculation showed no peaks of chemical significance. Crystal data,
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intensity coliection and structure refinement details, as well as all atomic
positional parameters, bond distances and angles are summarized in Appendix
Table A15.

(iii) Structure Determination of [Pd(H,OXT OMB-5)I[BF ], (42).
Yeliow crystals of [Pd(H,0)(TOMB-5)]{BF ] were grown by vapour diffusion of
diethyi ether into an acetonitrile solution of the compiex. A statistical analysis of
the intensity distributions was consistent with the triclinic space group P71, and
this was confirmed by a successful solution refinement. A totai of 4521
reflections were collected, and 2277 unique reflections with F,2>3c (F.%) were
used in the refinement. The positions of the palladium and sulfur atoms were
determined by direct methods from the E-map with the highest figure of merit.
The remaining atoms were located from a difference Fourier map calcutation. In
the final cycles of refinement, all atoms were assigned anisotropic thermal
parameters. This resulted in R=0.0322 and R, = 0.0412 at final convergence.
The A/c value for any parameter in the final cycle was less than 0.0001. A final
difference Fourier map calculation showed no peaks of chemical significance.
Crystal data, intensity collection and structure refinement as well as all atomic
positional parameters, bond distances and angles are summarized in Appendix
Table A16.

(iv) Structure Determination of [Pd(NH,NH,)(TOMB-3)][BF ], (43).
Pale yellow crystals of [PA(NH,NH,)(TOMB-3)][BF ] were grown by vapour
diffusion of diethyl ether into an acetonitrile solution of the complex. A statistical

analysis of the intensity distributions was consistent with the triclinic space group
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PT, and this was confirmed by a successful solution refinement. A total of 3817
reflections were coliected, and 2713 unique reflections with £ *>3c (F.) were
used in the refinement. The positions of the palladium and sulfur atoms were
determined by direct methods from the E-map with the highest figure of merit.
The remaining atoms were located from a difference Fourier map calculation. in
the final cycles of refinement, all atoms were assigned anisotropic thermal
parameters. This resulted in R =0.0348 and R, = 0.0286 at final convergence.
The A/s value for any parameter in the final cycle was less than 0.0002. A final
difference Fourier map calculation showed no peaks of chemical significance.
Crystal Data, intensity Collection and Structure Refinement as well as all atomic
positional parameters, bond distances and angles are summarized in Appendix
Table A17.

(v) Structure Determination of [Pd(NH,NH )}(TOMB-3)][CF,SO.,],, (45).
Yellow crystals of [Pd(NH,NH,)}(TOMB-3)][CF,SO,], were grown by vapour
diffusion of diethyl ether into an acetonitrile solution of the complex. A statistical
analysis of the intensity distributions and a determination of observed extinctions
were consistent with the monoclinic space group P2,/c, and this was confirmed by
a successful solution refinement. A total of 5350 reflections were collected, and
2961 unique reflections with F >3 (F.%) were used in the refinement. The
positions of the palladium and sulfur atoms were determined by direct methods
from the E-map with the highest figure of merit. The remaining atoms including
H1-H5, were located from a difference Fourier map calculation. In the final cycles

of refinement, all non-hydrogen atoms were assigned anisotropic thermal
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parameters. This resulted in R = 0.0430 and R, = 0.0309 at final convergence.
The A/c value for any parameter in the final cycle was less than 0.03. A final
difference Fourier map calculation showed no peaks of chemical significance.
Crystal data, intensity collection and structure refinement details, as well as all
atomic positional parameters, bond distances and angles are summarized in
Appendix Table A18.

(+i) Structure Determination of [Pd(NH,NH,)(TOMB-5)][BF ], (46).
Yellow crystals of [Pd(NH,NH,)(TOMB-5)][BF ], were grown by vapour diffusion
of diethyl ether into an acetonitrile solution of the complex. A statistical analysis
of the intensity distributions was consistent with the triclinic space group P71, and
this was confirmed by a successful solution refinement. A total of 5195
reflections were collected, and 3070 unique reflections with F,>3¢ (F,?) were
used in the refinement. The positions of the paliadium and sulfur atoms were
determined by direct methods from the E-map with the highest figure of merit.
The remaining atoms were located from a difference Fourier map calculation. In
the final cycles of refinement, all atoms were assigned anisotropic thermal
parameters. This resulted in R = 0.0405 and R, = 0.0379 at final convergence.
The A/s value for any parameter in the final cycle was less than 0.0002. A final
difference Fourier map calculation showed no peaks of chemical significance.
Crystal data, intensity collection and structure refinement details, as well as all
atomic positional parameters, bond distances and angles are summarized in

Appendix Table A19.



163

(vii) Structure Determination of [PdAg(H,0)(TOMB-3)(CF,SQ,)I"
[CF,S0,], (47). Yellow X-ray quality crystals of the comglex were grown from a
vapour diffusion of diethyl ether into a CH,Cl, solution of the complex. The

crystal structure was determined by Dr. Stephen J. Loeb.

5.4 Resuits and Discussion

(i) Reaction of [Pd(CH,CN}{TOMB-3)])[BF,] with ammonia. Gaseous
ammonia was passed over a solution of [Pd(CH,CN)(TOMB-3)][BF ] in
acetonitrile. The *H NMR spectrum of the product (Figure 5.8) in CDCI, indicates
that the NH, is bonded to palladium by the presence of a peak for the substrate at

2.49 ppm. The broad rescnances for the polyether chain are consistent with the

Figure 5.8  *H NMR spectrum of [Pd(NH,)(TOMB-3)]{BF,] in CDCI, at 298 K.

flipping process discussed in Chapter 3; the NH, substrate is small enough to
remain inside the receptor's cavity during this process. The chemical shift of the
resonance for the aromatic protons at 6.97 ppm remains essentially unchanged

from that in the NMR spectrum of the free receptor.
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The resonance for free ammonia appears at 0.42 ppm in CD,CN'®.
Since acetonitrile is a hydrogen-bond acceptor'® it would be expected that the
resonance for ammonia in a non-hydrogen-bonding solvent, such as chloroform,
would be upfield from where it appears in acetonitrile. The downfield shift of the
resonance of more than 2 ppm for the ammonia substrate in [Pd(NH,)(TOMB-3)]"
[BF.] in CDCl,, in comparison to that for free ammonia in CD,CN is consistent
with the substrate being bonded to the palladium atom.

in order to determine to what extent hydrogen-bonding affects the
chemical shift of the N-H protons, an NMR spectrum of the complex was also
recorded at 218 K (Figure 5.9). As was indicated in Figure 5.2, two simultaneous
hydrogen-bonds are possibie at one instant leaving the third hydrogen atom ina

non-hydrogen-bonding environment. Examination of the '"H NMR spectrum

Figure 5.9  "H NMR spectrum of [Pd(NH,(TOMB-3)][BF ] in CDCl; at 218 K.

recorded at 218 K reveals that inversion of the sulfur atoms has slowed on the
NMR time scale as indicated by the sharpened aliphatic resonances. More
interestingly, the single resonance for NH, at 2.4 ppm has separated into two

distinct resonances at 2.60 and 2.49 ppm which integrate to 2 and 1 hydrogens
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respectively. The resonance further downfield at 2.60 ppm is assigned as the
two hydrogen-bonded N-H protons and that at 2.49 ppm is assigned as the
non-hydrogen-bonded N-H proton.

in addition to the NMR evidence for {Pd(NH,)(TOMB-3)}[BF ], X-ray quality
crystals of the complex were isolated and the crystal structure was determined.

(ii) Crystal Structure of [Pd(NH,)(TOMB-3)][BF ], (38). The unitcellis
orthorhombic and contains 8 cations and anions each of [Pd(NH,}(TOMB-3)]
[BF,]. A perspective view of the cation with the atom numbering scheme is
shown in Figure 5.10. Listings of crystaliographic parameters including atomic
positions, bonding parameters and details of data coliection are listed in Appendix
Table A15. Selected bonding parameters are given in the figure caption.

The paliadium atom is in a square planar environment with the S,C bracket
occupying three sites and the ammonia nitrogen atom occupying the fourth site
on the metal atom. The Pd-S distances are Pd1-S1 = 2.27(1) A and Pd1-S2 =
2.30(1) A. Pd1-N1 = 2.15(3) A and Pd1-C1 = 1.96(4) A. The angles at the
palladium atom are S1-Pd1-C1 = 83(1)° and S2-Pd1-C1 = 81(1)° at the
5-membered chelate rings and S1-Pd1-N1 = 99.9(8)° and S2-Pd1-N1 = 96.7(8) °
at the non-chelating substrate. $1-Pd1-S2 = 163.3(4)° and C1-Pd1-N1 = 176(1)°
bonds both deviate from linearity, presumably due to the complex arranging itseif
in order to maximize hydrogen-bonding between the substrate and the receptor.

The aliphatic portion of the macrocycle is bent upwards towards the
square plane of the palladium atom in order to form two hydrogen-bonds between

O1 and O3 and the ammonia substrate, thus ptacing two of the ammonia
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Figure 5.10 Perspective ORTEP drawing of the [Pd(NH,)(T OMB-3)]" cation (38)
showing the atom numbering scheme with 20% thermal ellipsoids.
Selected bond distances (A) and angles are: Pd1-S1 = 2.27(1),
Pd1-S2 = 2.30(1), Pd1-N1 = 2.15(3), Pd1-C1 = 1.96(4). S1-Pdi-C1
= 83(1)°, S2-Pd1-C1 = 81(1)°, S1-Pd1-N1 = 99.9(8)°, S2-Pd1-N1 =
96.7(8) °, S1-Pd1-S2 = 163.3{4)°, C1-Pd1-N1 = 176(1)".
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hydrogen atoms in approximately equivalent environments. The hydrogen
bonding distances are N1...01 = 2.97(1) A and N1...03 = 3.04(1) A% Note
should be taken of the third hydrogen atom on ammonia which, as predicted by
CPK models and observed by 'H NMR spectroscopy, is directed away from the
macrocyclic cavity in a non-hydrogen-bonding environment.

(iii) Reaction of [Pd(CH,CN)(TOMB-3)]J{BF ] with Amines: Formation
of [Pd(NH,-n-Bu)(TOMB-3)I[BF ] (39) and [Pd{NH(Me)-n-Bu)(TOMB-3)][BF ]
(40). In reactions with n-butylamine, N-methylbutylamine and N,N-dimethyl-
butylamine, [Pd(CH,CN)(TOMB-3)][BF ] formed 1:1 adducts with only the primary
and secondary amines. The tertiary amine is expected to be more Lewis basic
than the other two amines due to hyperconjugation from the aliphatic groups.
Therefore, the receptor's reluctance to form a complex with N,N-dimethyl-
butylamine, as indicated by free amine and free receptor resonances in the 'H
NMR spectrum in CDC,, is most probably due to steric repulsion between the
comparatively bulky amine and the receptor.

In the *H NMR spectra of [Pd(NH,-n-Bu)(TOMB-3)][BF ] and
[Pd{NH(Me)-n-Bu)(TOMB-3)][BF ] (Figure 5.11), the nitrogen-bonded CH,
resonances of both substrates (and the CH, resonance for N-methylbutylamine)
undergo additional coupling to the amino N-H proton(s) that is not observed in the
300 MHz spectra of the free -substrates. The CH, resonances at 2.66 and 2.73
ppm for 39 and 40 respectively appear as complicated multiplets and the CH,
resonance for N-methylbutylamine at 2.59 ppm is split into a doublet. The

remaining resonances for the aliphatic chains are also consistent with



168

Figure 5.11 'H NMR spectra of [Pd(NH,-n-Bu)(TOMB-3)][BF ] (39) (top) and
[P(NH(Me)-n-Bu)(TOMB-3)}[BF ] (40) (bottorn) at 298K in CDCl,.

coordination of the amines to the metal atom. The benzylic resonances for the
receptor at about 4.4 ppm are split into the pattern of two sets of doublets and the
aliphatic portion of the macrocycle exhibits sharpened resonances. Both these
factors indicate that inversion of the suifur atoms has stopped on the NMR time
scale due to coordination by the substrate.

The NH, resonance for the [Pd(NH,-n-Bu)(TOMB-3)][BF ] and
[Pd(NH(Me)-n-Bu)(TOMB-3)][BF ] are shifted downfield and inciuded in the group
of resonances ranging from 3.7 ppm to 3.3 ppm.

(iv) Competition of NH,-n-Bu and NH(Me)-n-Bu for
[Pd(CH,CN)(TOMB-3)J[BF ]. Ina 1:1:1 competition experiment between
NH,-n-Bu and NH(Me)-n-Bu for {Pd(CH,CN)(TOMB-3)]{BF ] in CDCY, (Figure
5.12), the n-butylamine formed a 1:1 complex with the receptor leaving the
N-methylbutylamine as uncoordinated ligand. The CH, resonances for

n-butylamine appear at the same chemical shifts and have the same spiitting
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pattern as is observed in the spectrum of [Pd(NH,-n-Bu)(TOMB-3)][BF ].
~
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Figure 5.12 'H NMR spectrum of 1:1:1 competition between NH,-n-Bu and
NH(Me)-n-Bu for [Pd(CH,CN)}TOMB-3)]J[BF ] in CDCI, at 298 K.

The resonances for the N-methylbutylamine, by contrast, appear at the same
chemical shifts and have the same splitting patterns observed in the spectrum of
the unoobrdinated substrate.

As the secondary amine would be expected to be a stronger Lewis base,
the primary amine must compete successfully for the palladium coordination
site as a result of two factors. (i) The primary amine is able to form one more
hydrogen-bond with the receptor than N-methylbutylamine. (ii) n-Butylamine is
sterically less bulky than the secondary amine.

(iv) Reaction of Allylamine with [Pd(CH,CN)(TOMB-3)j[BF J:
Formation of [Pd(NH,-CH,CH=CH,)(TOMB-3)][BF ], (41) Allyl halides and allyl
Grignard reagents are known to form n’-complexes with transition metals. In the
hope of using hydrogen-bonding to induce proton transfer from the CH,, group
to the amine to form an organometallic receptor-substrate interaction (Figure

5.13), the receptor was reacted with allylamine in a 1:1 ratio. The substrate was
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shown by 'H and *C{*"H} NMR spectroscopy to be bonded to the palladium atom

Figure 5.13 Intended geometry of organometaliic receptor-substrate complex.

via the NH, group rather than a r-donor group.

Only minor changes in the chemical shifts and splitting pattems for the
three olefinic hydrogen atoms are observed, and the aliphatic CH, group remains
unchanged upon coordination to the metal. The NH, hydrogens are shifted
downfield by 2.2 ppm. If proton transfer had occuired the aliphatic CH,
resonance would have been replaced by an olefinic CH resonance integrating to
1 hydrogen and the amine resonance would have been replaced by an
ammonium resonance integrating to 3 hydrogens. The metalated carbon
resonance appears at 157.4 ppm, 2 ppm downfield from that observed in the free
receptor.

(vi) Crystal Structure of [Pd(H,0)(TOMB-5)}[BF ]}, (42). In an attempt
to grow crystals of [Pd(CH,CN)(TOMB-5)J[BF ] employing a vapour diffusion of
diethyl ether into an acetonitrile solution of the complex, crystals of the aqua
adduct were isolated and the crystal structure was solved.

The unit cell is triclinic and contains two cations and anions each of
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Figure 5.14 Perspective ORTEP drawing of the [Pd(H,0)(TOMB-S)]" cation (42)
showing the atom numbsering scheme with 30% thermal ellipsoids.
Selected bond distances (A) and angles are: Pd1-S1 = 2.327(2),
Pd1-S2 = 2.308(3), Pd1-06 = 2.158(5), Pd1-C1 = 1.972(7), 06-02
= 2.80(1), 06-03 = 2.97(1), 06-04 = 2.90(1), 06-01 = 3.16(1),
06-05 = 3.34(1) S1-Pd1-C1 = 84.9(2)°, S2-Pd1-C1 = 83.8(2)",
S1-Pd1-06 = 94.8(2)°, S2-Pd1-06 = 96.4(2)°, S1-Pd1-82=
168.36(8)°, C1-Pd1-06 = 178.1(3)".
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[Pd(H,O)(TOMB-5)I[BF J. A perspective view of the cation witn the atom
numbering scheme is shown in Figure 5.14. Complete listings of crystaliographic
parameters including atomic positions, bonding parameters and details of data
collection are listed in Appendix Table A16. Selected bonding parameters are
given in the figure caption.

The palladium atom is in a square planar environment with the S,C bracket
occupying three sites and the oxygen atom of the water molecule occupying the
fourth site on the metal atom. The Pd-S distances are Pd1-S1 = 2.327(2) A and
Pd1-S2 = 2.308(3) A. Pd1-06 = 2.158(5) A and Pd1-C1=1.972(7) A. The
angles at the palladium atom are S1-Pd1-C1 = 84.9(2)° and S2-Pd1-C1 = 83.8(2)°
at the 5-membered chelate rings and S1-Pd1-06 = 94.8(2)° and S2-Pd1-06 =
96.4(2)° at the non-chelating substrate. The S1-Pd1-S2 = 168.36(8)° angle
deviates from linearity presumably as a result of constraints imposed by the S,C
bracket, and of the receptor arranging itself in order to maximize hydrogen-
bonding between the water molecule and the ether oxygen atoms. The
C1-Pd1-06 angle is aimost linear at 178.1(3)°

The large aliphatic chain of the receptor loops around the water molecule
with the $1-C8 and $2-C19 bonds directed away from each other on opposite
sides of the aromatic ring. There are three strong hydrogen-bonds® ® with the
substrate, with 06...02 = 2.80(1) A, 06...03 = 2.97(1) A, 06...04 = 2.90(1) A.
There are also two weaker interactions, perhaps weak only as a result of

crowding of the aliphatic chain, with 06...01 = 3.16(1) Aand 06..05=3.34(1) A
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(vii) Reaction of [Pd(CH,CN)YTOMB-3)}{BF ] and [Pd(CH,CN)
(TOMB-5))[BF ] with Hydrazine: Formation of [Pd(NH,NH,)(TOMB-3)J[BF ],
(43) and [Pd(NH,NH,)}(TOMB-5)I{BF ], (44). The two receptor molecules were
reacted with excess NH,NH,H,O in acetonitrile at room temperature and the
complexes were isolated as hygroscopic pale yellow powders.

Upon examination of the 'H NMR spectrum of [PA(NH_NH,)(TOMB-3)}[BF ]
(Figure 5.15), the splitting of the benzylic resonances centred at 4.32 ppm into
two slightly broad doublets and the sharpening of the remainder of the aliphatic
resonances is consistent with coordination of the hydrazine substrate to the
palladium (i1} centre. in addition, resonances for the hydrazine substrate are
observed at 5.59 ppm for the coordinating NH, and 5.07 ppm for the non-

coordinating amine group. Both resonances integrate to 2 hydrogens each.
—

Figure 515 'H NMR spectrum of [PA(NH,NH,)(TOMB-3)]{BF } in CDCI, at 298K.

kel

The *H NMR spectrum of [Pd(NH,NH_,)}(TOMB-5)}{BF ] (CDCL,) is, as
expected, broader and not quite as diagnostic as that for the smaller receptor.

The only resonance observed for the hydrazine substrate appears as a broad



174

peak at 5.61 ppm, indicating that the nature of the receptor-substrate
hydrogen-bonds are changing on the NMR time scale.

in addition to the NMR evidence observed for [PA(NH,NH,)(TOMB-3)][BF
X-ray quality crystals of the complex were isolated and the crystal structure was
determined.

(viii) Crystal Structure of [Pd(NH,NH,)(TOMB-3)][BF ]}, (43). The unit
celi is triclinic and contains two cations and anions each of
[PA(NH,NH,)(TOMB-3)][BF ]. A perspective view of the cation with the atom
numbering scheme is shown in Figure 5.16. Complete listings of crystailographic
parameters including atcmic positions, bonding parameters and details of data
collection are listed in Appendix Table A17. Selected bonding parameters are
given in the figure caption.

The palladium atom is in a square planar environment with the S,C bracket
occupying three sites and the nitrogen atom of hydrazine occupying the fourth
site on the metal atom. The Pd-S distances are Pd1-S1 = 2.298(1) A and Pd1-S2
=2.289(1) A. Pd1-N1 = 2.133(4) A and Pd1-C1 = 1.986(5) A. The angles at the
palladium atom are S1-Pd1-C1 = 82.0(1)° and $2-Pd1-C1 = 83.2(2)° at the
5-membered chelate rings and S1-Pd1-N1 = 98.6(1)° and S2-Pd1-N1 = 86.1(1)°
at the substrate. The C1-Pd1-N1 angle is essentially linear at 178.8(2)°. The
S1-Pd1-S2 = 165.16(5)° angle deviates additionally from linearity due to the
reoeptor-arranging itself in order to maximize hydrogen-bonding interactions.

The aliphatic chain bends upwards towards the plane of the aromatic ring

in order to form two hydrogen-bonds® & between the receptor and substrate.
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Figure 5.16 Perspective ORTEP drawing of the [Pd(NH,NH X(T' OMB-3)]" cation
(43) showing the atom numbering scheme with 30% thermal
ellipsoids. Selected bond distances (A) and angles are: Pd1-S1=
2.298(1), Pd1-S2 = 2.289(1), Pd1-N1 = 2.133(4), Pd1-C1 =
1.986(5), N1-O1 = 2.89(1), N1-03 = 2.95(1), N2-O1 = 3.60(1).
$1-Pd1-C1 = 82.0(1)°, S2-Pd1-C1 = 83.2(2)°, S1-Pd1-N1 = 98.6(1)",
$2-Pd1-N1 = 96.1(1)°, C1-Pd1-N1 = 178.5(2)°, S1-Pd1-82 =
165.16(5)".
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The hydrogen-bonding distances are N1...01 = 2.89(1) A and N1...03 = 2.95(1)
A and there is a weaker interaction between N2 and O1 at a distance of 3.60(1)
A. One can also envisage how partial rotation of the $1-Pd1-S2 vector around
the C1-Pd1-N1 axis causes inversion of the sulfur atoms and renders the benzylic
hydrogens partially equivalent, possibly explaining the slightly broadened set of
doublets for the benzylic hydrogens observed in the 'H NMR spectrum.

(ix) Reaction of [Pd(CH,CN)(TOMB-3)][BF ] and [Pd(CH,CN)
(TOMB-5)][BF,] with the Hydrazinium cation: Formation of
[PA(NH,NH,)(TOMB-3)J{CF,SO;1,, (45) and [Pd(NH,NH,Y(TOMB-S)]{BF ], (46).
The receptors were reacted with a previously prepared CF,SO, or BF salt of the
hydrazinium cation NH,NH," in an approximately 1:1 ratio in acetonitrile to give
the complexes in moderate yields. A fully diagnostic NMR spectrum of
[PA(NH,NH,)(TOMB-5)][BF ], could not be obtained in either CD,CN and
CD,COCD, due to fluxional behaviour, however the spectrum recorded in
CD,COCD, is consistent with the formation of a 1:1 complex. The complex does
not dissolve in less polar solvents such as chloroform or dichloromethane. The
[Pd(NH,NH,)(TOMB-3)][CF,SO,], complex was, however, soluble enough in
CDCL, to obtain poorly resoived 'H and *C{"H} NMR spectra.

The resonances for the aromatic hydrogens, which normally appear as a
set of overiapping peaks in the receptor-substrate complexes, appear as three
separate resonances in the 'H NMR spectrum at 7.10, 6.88 and 6.76 ppm. The
benzylic hydrogens appear at 4.65 ppm as a broad peak. This is indicative of

inversion of the sulfur atoms, possibly a result of electrostatic repulsion between
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the cationic substrate and the cationic receptor allowing the oxygen atoms of the
receptor to displace the hydrazinium cation. The remainder of the resonances for
the aliphatic hydrogens are somewhat sharpened in comparison to the free
receptor due to the presence of the substrate. Because of the broad nature of
the spectrum it is difficult to identify the resonances for the hydrazinium substrate
itself. 1t is likely, however, that they are very broad due to fluxional hydrogen-
bonding with the ether oxygens and so are not observed.

in the C{*"H} NMR spectrum, asymmetry is indicated in the receptor by the
presence of six peaks in the aromatic region of the spectrum. This asymmetry
must be a result of the presence of the hydrazinium cation as the free receptor is
symmetrical in solution.

In addition to the spectroscopic evidence observed for
[PA(NH,NH,)(TOMB-3)][CF,SO,], and [Pd(NH,NH,)(TOMB-5)][BF /], X-ray quality
crystals of the complexes were isolated and the crystal structures were
determined.

(x) Crystal Structure of [Pd{NH,NH,)(TOMB-3)]J[CF,S0,],, (45). The
unit cell is monoclinic and contains four cations and anions each of
[PA(NH,NH,)(TOMB-3)][CF,SO,],. A perspective view of the cation with the atom
numbering scheme is shown in Figure 5.17. Complete listings of crystaliographic
parameters including atomic posiﬁons, bonding parameters and details of data
collection are listed in Appendix Table A18. Selected bonding parameters are in
the figure caption.

The palladium atom is in a square planar environment with the S,C bracket
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Figure 5.17 Perspective ORTEP drawing of the [Pd(NH,NH,XT OMB-3))*
dication (45) showing the atom numbering scheme with 30%

thermal ellipsoids. Selected bond distances (A) and angles are:

Pd1-S1 = 2.290(2), Pd1-S2 = 2.314(2), Pd1-N1 = 2.172(6), Pd1-C1

= 1.987(5), N1-O1 = 2.885(8), N2-02 = 2.956(9), N2-03 = 2.952(8).

Pd1-C1 = 83.1(2)°, S2-Pd1-C1 = 83.9(2)°, S1-Pd1-N1 = 94.5(2)°,
S$2-Pd1-N1 = 98.4(2)°, C1-Pd1-N1 = 177.4(3)°, $1-Pd1-82 =

166.04(7)".
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occupying three sites and the NH, nitrogen atom of the substrate occupying the
fourth site on the metal atom. The Pd-S distances are Pd1-31 = 2.290(2) A and
Pd1-S2 = 2.314(2) A. Pd1-N1 = 2.172(6) A and Pd1-C1 = 1.987(6) A. The
angles at the palladium atom are $1-Pd1-C1 = 83.1(2)° and S2-Pd1-C1 = 83.8(2)°
at the 5-membered chelate rings and S1-Pd1-N1 = 94.5(2)° and S2-Pd1-N1 =
98.4(2)° at the non-chelating substrate. The C1-Pd1-N1 angle is essentially linear
at 177.4(3)°. The S1-Pd1-S2 = 166.04(7)° angle further deviates from linearity in
comparison to the free receptor as a result of the receptor arranging itself in order
to place the oxygen atoms in hydrogen-bonding proximity to the N-H atoms on the
substrate.

(xi) Crystal Structure of [Pd(NH,NH,}(TOMB-S)I[BF ], (46). The unit
cell is triclinic and contains two cations and anions each of
[Pd(NH,NH,)(TOMB-5)}J[BF J,. A perspective view of the cation with the atom
numbering scheme is shown in Figure 5.18. Complete listings of crystallographic
parameters including atomic positions, bonding parameters and details of data
collection are listed in Appendix Table A19. Selected bonding parameters are
given in the figure caption.

The paltadium atom is in a square planar environment with the S,C bracket
occupying three sites and the NH, nitrogen atom of the substrate occupying the
fourth site on the metal atom. The Pd-S distances are Pd1-S1 = 2.307(2) A and
Pd1-S2=2.311(2) A. Pd1-N1=2.167(6) A and Pd1-C1 = 1.972(7) A The
angles at the palladium atom are S1-Pd1-C1 = 85.6(2)° and S2-Pd1-C1 = 85.2(2)°

at the S-membered chelate rings and S1-Pd1-N1 = 91.0(2)° and $2-Pd1-N1 =
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Figure 5.18 Perspective ORTEP drawing of the [PA(NH,NH,)(T' OMB-5)*
dication (46) showing the atom numbering scheme with 30%
thermal ellipsoids. Selected bond distances (A) and angles are:
Pd1-S1 = 2.307(2), Pd1-S2 = 2.311(2), Pd1-N1 = 2.167(6), Pd1-C1
=1.972(7). N1-O1 = 2.853(7), N1-02 = 3.005(8), N2-02 =
3.053(8), N2-O3 = 2.834(8), N2-04 = 2.782(7), N2-05 = 2.773(8).
S1-Pd1-C1 = 85.6(2)°, S2-Pd1-C1 = 85.2(2)°, S1-Pd1-N1 = 91.0(2)°,
S2-Pd1-N1 = 98.1(2)°, C1-Pd1-N1 = 176.7(3)°, S1-Pd1-82=
170.79(7)".
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98.1(2)° at the non-chelating substrate. The C1-Pd1-N1 angle is essentially linear
at 176.7(3)°. The $1-Pd1-S2 = 170.79(7)° angie is simiiar to that observed for
[Pd(H,0)(TOMB-5)][BF ] as a result of constraints imposed by the S,C bracket,
and the receptor arranging itself in order to place the oxygen atoms in
hydrogen-bonding proximity to the N-H atoms on the substrate.

(xii) Comparative Structural Analysis for the [PA(NH,NH,)(T OMB-3)*
(45) and [PA(NH,NH,)(T OMB-5)]** (46) dications. In both compounds, the
primary interaction is coordination of the amino nitrogen atom to the palladium
atom. The degree of second-sphere coordination depends on the ability of the
NH,NH," cation to penetrate the different sized crown ether cavities and the
number of ether oxygen atoms that can potentially act as hydrogen-bond
acceptors. For [Pd(NH,NH,)(TOMB-3)I”", the polyether chain bends upwards
towards the hydrazinium ion which perches over the crown ether ring. There is
one hydrogen-bond from the NH, group to O1, N1...01 = 2.885(8) A, while
another hydrogen atom of the NH," group forms a hydrogen-bond in a bifurcated
fashion to 02 and 03; N2...02 = 2.956(9) A and N2...03 = 2.952(8) A. This
results in a four point interaction between the receptor and the cationic substrate.

For [PA(NH,NH,)(T OMB-5)]%, the fit of receptor and substrate is quite
remarkable. The polyether chain wraps around the NH,NH," ion which is nested
within the larger crown ether cavity. Six hydrogen-bonding interactions
accompany the Pd-N o-bond, two to the NH, group: N1..01 = 2.853(7) A; N1...02
= 3.005(8) A, and four to the NH," group: N2...02 = 3.053(8) A; N2..03 =

2.834(8) A; N2-04 = 2.782(7) A; N2-O5 = 2.773(8) A. This results in a seven
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point interaction between the receptor and substrate.

It is noteworthy that the receptor and the substrate are both cationic, and
despite the electrostatic repuision that must be present between the two entities,
the formation of stable complexes in the solid state, and to some extent in
solution, is possible. This interaction is no doubt due in part to the formation of
hydrogen-bonds between the receptor and the substrate as well as the formation
of a c-bond between the NH, group and the paliadium (ll) centre.

(xiii) Interaction of AGCF,SO, with [Pd(CH,CN)}(TOMB-3)J[BF J:
Formation and Crystal Structure of [PdAg(H,OXT OMB-3)(CF,S0O,)JICF,SO,],
(47). Another interesting application of [P4(CH,CN)(T OMB-3)][BF ] is that
second-sphere coordination could be used to stabilize otherwise weak bonding
interactions in the primary coordination sphere of the palladium (Il) centre. The

reaction of [Pd(TOMB-3)CI] with two equivalents of AGCF,SO; in CH,CI, resulted

0
CF3SON_ /O
Aq——u
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Figure 5.19 Schematic diagram of the interaction of Ag’ with [Pd(TOMB-3)]".

in the formation of the bimetallic complex [PdAg(H,O)TOMB-3)(CF,S0,)]
[CF,SO0,] as identified by an X-ray crystal structure (Figure 5.20).
The complex crystallizes as the CH,Cl, solvate and the water source is

presumably atmospheric moisture or incomplete drying of the solvent. The
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Figure 5.20 Perspective ORTEP drawing of [PdAg(H,O)(T OMB-3)(CF.SO,)I",
(47) showing the atom numbering scheme with 30% thermal
ellipsoids; only 08 of the CF,SO, ligand is shown. Selected bond
distances (A) and angles are: Pd-S1 = 2.296(5), Pd-S2 = 2.298(9),
Pd-04 = 2.14(1), Pd-C1 = 1.98(2), Ag-C1 = 2.40(2), Ag-Pd =
2.884(2), Ag-O1 = 2.60(1), Ag-O2 = 2.38(1), Ag-O3 = 2.66(1),
Ag-08 = 2.54(2). C1-Ag-02 = 160.5(6)°, 01-Ag-03 = 126.6(4)°,
Pd-Ag-09 = 137.6(5)°
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pailadium atom is in a square planar environment with the S,C bracket occupying
three sites and the water molecule occupying the fourth site on the metal atom.
The Pd-S distances are Pd-S1 = 2.296(5), Pd-S2 = 2.298(5) A, and Pd-04 =
2.14(1) A and Pd-C1 = 1.98(2) A. The Ag" 'substrate’ is situated directly over the
Pd-C bond and is bonded to the metalated carbon atom at 2.40(2) A and the
palladium atom at a distance of 2.884(2) A. The oxygen atoms of the polyether
chain stabilize the receptor/substrate interaction in the second sphere of the Pd
with Ag-O1 = 2.60(1), Ag-02 = 2.38(1), Ag-03 = 2.66(1) A. A single oxygen
atom from one of the CF,SO, groups, Ag-08 = 2.54(2) A, completes the
coordination sphere of the silver. The geometry around the silver(l) ion can best
be described as a very distorted octahedron with the C1 trans to 02, C1-Ag-02 =
160.5(6)°, O1 trans to O3, 01-Ag-03 = 126.6(4)° and Pd trans to 09, Pd-Ag-09
= 137.6(5)".

The X-ray structure of [PdAg(H,O)(TOMB-3)(CF,SO,)J[CF;SO,l
demonstrates that the Ag* ion is bound inside a unique cavity stabilized by a set
of four relatively weak interactions; (i) an Ag"™-C(x-arene) interaction (i) a Pd-Ag
donor-acceptor interaction, (i) Ag* ion-ether oxygen dipolar interactions and (iv)
electrostatic interaction between Ag” and CF,SO,. Molecular orbital calculations
(performed by Dr. Stephen J. Loeb) suggest that the major interaction is that
between the electrophilic Ag™ centre and the electron rich Pd-C bond, which is
then stabilized by peripheral coordination of the polyether oxygens and the
counterion in the second-sphere of the palladium. Although each type of bonding

interaction with the Ag" ion has precedence (see Ch. 5, introduction), none is
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substantial enough alone to stabilize the complex. It is only the sum of these
weak secondary interactions that allows isolation of this unique compound and
identification of the Ag-(Pd-C) interaction.

Attempts to record NMR spectra of this compound were thwarted by the
need for polar solvents such as acetonitrile, which resutted in decomposition of
the complex and formation of [Pd(CHSCN)(TOMB—3)][CF3803]. A similar reaction
of [Pd{CH,CN)(TOMB-3)][BF ] with one equivaient of AgCF,S0O, in CDCl, was
performed and the 'H NMR was recorded (Figure 5.21). 1t shows a separation
and downfieid shift of the overlapping resonances observed for the aromatic
protons of the free receptor to a triplet at 7.29 ppm for the hydrogen atom para to
the metal, and a doubiet at 7.08 ppm for the hydrogen atoms meta to the metal
atom, indicative of a Ag*-aromatic ring interaction. A sharpening of the aliphatic

resonances into seven broad peaks rather than 5 peaks for the free receptor,

/

Figure 5.21 *H NMR spectrum of interaction between AgCF,SO, and
{Pd(CH,CN)(TOMB-3)]{BF ] in CDCI, at 298 K.

consistent with coordination of the ether oxygen atoms to the silver atom, is aiso
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observed. The resonances at 4.9 and 4.5 ppm are assigned as the benzylic
hydrogens and those at 3.4 and 3.15 ppm are assigned as the SCH, hydrogen
atoms based on their integration to only 2 hydrogens each and their chemical
shifts. The remainder of iz resonances at 4.3, 3.9 and 3.6 ppm are assigned as

the OCH, hydrogen atoms.

5.5 Conclusion

It was observed, both by low temperature NMR spectroscopy and X-ray
crystallography, that the ammonia substrate in [PA(NH,)(TOMB-3)][BF ] exhibits
simultaneous first- and second-sphere coordination to the receptor with the
~ formation of two hydrogen-bonds between the amino hydrogens and two ether
oxygen atoms.

In reaciions of n-butylamine, N-methylbutylamine and N,N-dimethylbutyl-
amine with [Pd(CH,CN)(TOMB-3)][BF ] the formation of a 1.1 complex with the
N,N-dimethylbutylamine was precluded due to steric interference between the
methyl groups on the amine and the receptor. However, 1:1 complexes with the
primary and secondary amines were formed quantitatively. In a 1:1:1 competition
between [Pd(CH,CN)(TOMB-3)][BF J, n-butylamine and N-methylbutylamine, the
receptor forms a complex with the primary amine exclusively.

The reaction of amines containing additional hydrogen-bonding groups
(-NH,, -NH,") with [Pd(CH,CN)(TOMB-3)}{BF ] and [Pd(CH,CN)(TOMB-5)][BF ]
yielded complexes with muitipoint substrate-receptor interactions. X-ray

crystallographic studies of [PA(NH,NH,)(T OMB-3)][BF ],
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[PA(NH,NH,)(TOMB-3)][BF ], and [Pd(NH,NH,)(TOMB-5)][BF J, showed
first-sphere coordination by the amine and 2, 3 and 6 second-sphere
hydrogen-bonding interactions to the receptors respectively.

The reaction of [Pd(L}(TOMB-3)][BF ] (L = H,0, CH,CN) with [Ag][CF,SO;]
yielded the interesting bimetallic complex in which the Ag” atom is stabilized by

Ag-C(arene), Pd-Ag, Ag-O(ether) and Ag-CF,SO, bonding.



Chapter 6

Receptors Centaining Ferrocene
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Chapter 6

6.1 Introduction

(i) Thought Process. In Chapters 4 and 5, the application of the receptor
molecules to simuitaneous first- and second-sphere coordination was observed
by 'H NMR spectroscopy and X-ray crystallography. However, using these two
methods of characterization demands that the substrate-receptor complexes have
well resolved and well separated NMR resonances, and that crystals of the
complexes can be isolated. In the case where NMR resonances are not well
resolved or separated and/or crystals of the complex cannot be isolated, another
method of characterization becomes a necessity. A good example of this
scenario is [PA(NH,NH,)(TOMB-5))[BF ] (44), which exhibits broad "H NMR
resonances for the receptor-substrate complex, and for which crystals could not
be isolated.

The approach taken to making another form of characterization available
was to include a redox active molecule within the receptor’s framework (Figure

6.1). Ferrocene is well known as an electrochemical standard, exhibiting a

s

S S

coY
fed

Figure 6.1  Schematic drawing of ligand TOMB-F2, containing ferrocene.
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reversible one electron oxidation in most common organic solvents''. Attaching
oxygen atoms to the cyclopentadienyl (Cp) rings would no doubt affect the
oxidation-reduction potential of the ferrocene moiety; oxygen atoms are well

known to affect the electronics of aromatic rings'™

/

S"“Pd“’s

/NHz__

=

Figure 6.2 A pnmary amine hydrogen-bonding with the receptor induces a
change in ferrocene moiety redox potential.

Therefore, the formation of hydrogen-bonds between the oxygen atoms
and a substrate (Figure 6.2) would resuit in a change in the electron density on
the oxygen atoms which would be communicated to the Cp rings. This would
result in a change in the redox potentials of the ferrocene, measurable by cyclic
voltammetry. In effect, the receptor would be an electrochemical sensor for
hydrogen-bond formation.

(i) Background Literature. The concept of including a ferrocene moiety
within a macrocyclic framework has been used extensively in past years to
provide an electrochemical- handle on the binding of cationic guests by a
macrocycle. This large volume of work available for comparison made ferrocene

an obvious choice for the redox active moiety to be included within the
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macrocycle.

The first group of crown ethers containing ferrocene, or ‘ferrocenophanes’
(Figure 6.3), were reported by Biemat and Wilczewski'> and shortly thereafter
pentaoxa[13)-ferrocenophane was shown by Saji et al"™* to exhibit anodic shifts in

the oxidation potential resulting from the addition of alkali metal saits.

(

O“cm Oy O™
) G Orss %J)

Figure 6.3  Selection of ‘ferrocenophanes’ initially reported by Biernat and
Wilczewski.

Paul Beer and co-workers have dcne extensive work with macrocycles
containing ferrocene both as a pendant arm redox centre, as a fink joining two

macrocycles and as part of the primary macrocyclic framework'® (Figure 6.4).
/_

Figure 64  Selected macrocycles containing ferrocene synthesized by Beer's
group.

Hall et al™® and others™ have synthesized ferrocene-cryptand molecules
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in which the ferrocene moiety is part of the cryptand framework. These cryptands
were shown to exhibit anodic shifted redox couples upon addition of alkali and
lanthanide metal cations, consistent with inclusion of the cations in the

macrocyclic environments.
[

Figure 6.5 Cryptand molecules containing ferrocene.

In addition to molecules containing oxygen and nitrogen heteroatoms in the
macrocycle, ferrocenophanes with sulfur atoms as the primary donors, designed
to encapsulate transition metal atoms, have also been prepared by a number of
groups'™. Of particular interest is work done by Sato and coworkers'™ (Figure
6.6) which describes the spontaneous reduction of Cu(ll) to Cu(l) by the ferrocene

moiety, which is simultaneously oxidized to the ferricinium
[

s('\s.

= M

Fe j + CulBF), ——— Fe™ S\cu{s) 1BF1,
s S <5 s
N N

Figure 6.6 Spontaneous reduction of Cu(il) by ferrocene.
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cation. Other work by the same authors' describes the inclusion of metal
cations such as PH(Il), Cu(l), Ag(l), Hg(ll), and Pd(ll). Of particular interest within
this series is the palladium complex of 1,5,8-trithia[9](1 .1")-ferrocenophane in

which there is a direct Fe(il)-Pd(ll) bond.
- 2

Figure 6.7 Crystal Structure of [Pd(CH,CN)(1 ,5,9-trithia[91(1,1')-
ferrocenophane)]BF L.

These and many other macrocycles, in which ferrocene is either a pendant
arm or an integral part of the macrocyclic framework and the hetercatoms are
either homogeneous or mixed, are described in reviews by Beer®™ and by

Reinhoudt''.

6.2 Experimental.

General Comments. All starting materials, deuterated solvents and
anhydrous N,N-dimethyiformamide, (OMF), were purchased from Aldrich
Chemicals or Strem Chemicals (copper(l) acetate) and used without further
purification. Acetonitrile was distilled from CaH, under N,(g). All reactions were

performed under an atmosphere of N,(g) using standard Schilenk techniques and
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all solvents and liquid starting materials were degassed prior to use. 'H and
“C{'H} NMR spectra were recorded on a Brilker AC300 spectrometer locked to
the deuterated solvent at 300.1 and 75.5 MHz respectively, and infrared spectra
were recorded on a Nicolet SDX FTIR spectrometer.

(i) Preparation of 1,1'-Dibromoferrocene, (48)'“. All solvents and
reagents were distilled and/or dried under N, immediately prior to use. Ferrocene
(6.000 g, 32.25 mmol) was dissolved in hexane (200 mL) and cannulaed into a
slow addition funnel mounted on a 500 mL 3-neck flask. N,N,N',N'-tetramethyl-
ethylenediamine (TMEDA) (12.0 mL, 79.5 mmcl) followed by n-butyllithium (51
mL, 1.6 M in hexane, 81.6 mmol) were syringed into the flask under N, and stirred
for 10 min. The ferrocene solution was added over 60 min. and then stired at
room temperature for 6 h during which time an orange precipitate formed. The
solution was cooled to -78° C and 1,2-dibromotetraflucroethane (8.6 mL, 72
mmol) was added via syringe over 15 min. The solution was warmed to room
temperature, filtered through a pad of silica gel on celite and the solvent was
removed in vacuo. The resulting solid was recrystallized from methano! twice and
dried to give an orange solid. Yield: 7.140 g (64%). ‘H NMR (CDCI,): 3 (ppm)
4.40 (t, 4H, o-CH: Cp), 4.15 (t, 4H, B-CH: Cp), 4.14 (s, 3H, CH, 23% ferrocene
impurity). *C{'H} NMR (CDCL): & (ppm) 78.3 {C-Br), 72.7 (a-C: Cp), 69.9 (-C:
Cp), 67.9 (ferrocene impurity).

(ii) Preparation of 1,1'-diacetoxyferrocene, (49)**".
1,1"-dibromoferrocene (2.995 g, 6.54 mmol) and copper(l) acetate (7.502, 61.2

mmol) were dissolved in 50% aqueous ethanol (250 mL) under N, and refluxed
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for 40 min. Upon cooling the solution was filtered and the filtrate was added to
water (300 mL). The aqueous solution was extracted 4 times with diethyl ether
(50 mL), the combined extracts were dried over MgSO,, and the solvent was
removed in vacuo. The product was purified by column chromatography (~35 g
of 70-230 mesh 60 A silica gel) using petroleumn ether (b.p. 35-60°C) as eluent to
remove ferrocene and 1,1'-dibromo-ferrocene impurities. The product was then
flushed off the silica gel with acetone. The acetone was removed in vacuo to
give an orange liquid that solidified on standing. Yield: 1.769 g (89%). 'H NMR
(CDCIL): 5 (ppm) 4.45 (s br, 4H, a-CH: Cp), 3.99 (s br, 4H, B-CH: Cp), 2.16 (s,
6H, CH,). *C{'H} NMR (CDCl,): § (pprﬁ) 169.1 (CO), 1156.0 (C-OCOCH,), 64.6
(x-C: Cp), 62.1 (B-C: Cp), 21.3 (CH,).

(iii) Preparation of 1,1*-bis(2-chloroethoxy)ferrocene, (50)'4*.
1,1'-diacetoxyferrocene (0.805 g, 2.66 mmol) and 18-crown-6 (0.202 g, 0.764
mmol) were added to 10% aqueous potassium hydroxide (10 mL) under nitrogen
and the solution was refluxed for 30 min. The heat was reduced and
1,2-dichloroethane (9.6 mL, 121 mmol) was syringed in at once; the mixture was
heated at 80° C for 6 h. The solution was cooled and extracted three time with
diethyl ether (25 mL); the extracts were combined, washed with water, dried over
MgSO, and the solvent was removed in vacuo. The remaining oil was purified by
column chromatography (40 g of 70-230 mesh 60 A silica gel) using S:1
petroleum ether-acetone as eluent. The second band was collected and the
solvent removed to give an orange solid. Yield: 0.402 g, (44%). 'H NMR

(CDCL,): & (ppm) 4.12 (£, °J = 1.9 Hz, 4H, «-CH: Cp), 4.06 (%, %) =5.5Hz, 4H,
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OCH,), 3.88 (t, >J = 1.9 Hz, 4H, B-CH: Cp), 3.74 (t, 3J = 5.5 Hz, 4H, CH.C!).
BC{'H} NMR (CDCL,): & (ppm) 126.2 (O-C: quatemary), 70.5 (OCH,), 62.7 {a-C:
Cp), 56.5 (B-C: Cp), 42.4 (CH,CI).

(iv) Preparation of 1,1"-bis(5-chloro-3-oxapentoxy)ferrocene, (51)'**".
This preparation follows that for compound 50 except bis(2-chloroethyl)ether was
substituted for 1,2-dichioroethane. 1,1'-diacetoxyferrocene (0.576 g, 1.91 mmol),
18-crown-6 (0.146 g, 0.552 mmol), 10% aqueous potassium hydroxide (7.2 mL),
bis(2-chioroethyl)ether (8.467 g, 60.5 mmol). The crude oil was purified by
column chromatography (40 g of 70-230 mesh 60 A silica gel) using 9:1
petroleum ether-acetone as eluent. The second band was collected and the
solvent removed to give an orange solid. Yield: 0.301 g, (36%). 'H NMR
(CDCL): & (ppm) 4.13 (s br, 4H, a-CH: Cp), 3.97 (t, *J = 4.4 Hz, 4H, OCH,), 3.88
(s br, 4H, B-CH: Cp), 3.76 (m, 8H, OCH,), 3.63 (t, *J = 5.8 Hz, 4H, CH.CI).
BCI'H} NMR (CDCl,): 3 (ppm) 126.9 (O-C: Cp quaterary), 71.6 (CpOCH,), 70.0
(OCH,), 69.9 (OCH,), 62.6 (a-C: Cp), 56.1 (B-C: Cp), 42.8 (CH,C).

(v) Preparation of 5,9-dioxa-2,12-dithia-6,8-ferrocenyl[13]-
m-cyclophane, (TOMB-F2) (52). To a stirred suspension of Cs,CO, (0.590 g,
1.81 mmoi) in IjMF (250 mL) at 57 °C was added a solution of
1,1-bis(2-chloroethoxy)-ferrocene (0.206 g, 0.600 mmol) and
meta-xylene-a,c-dithiol (0.102 g, 0.599 mmo!) in DMF (150 mL) over 72 h. The
DMF was then removed in vacuo leaving a brown oil and cesium salts. The

residue was dissolved in CH,CL, (100 mL), filtered, and washed with 0.1 M NaOH
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(2 x 25 mL) and distilied water (25 mL). The solution was dried over anhydrous
MgSO, for 12 h, filtered, the solvent evaporated, and the orange paste dried in
vacuo. Recrystallization from hot hexane yielded a pale orange solid. Yieid:
0.069 g (26%). 'H NMR (CDCL,): 3 (ppm) 7.29 (m, 4H, aromatic), 4.07 (. =19
Hz, 4H, a-CH: Cp), 3.90 (t, 3) = 6.2 Hz, 4H, OCH,), 3.81 {1, 3) = 1.9 Hz, 4H,
B-CH: Cp), 3.7 (s, 4H, benzylic), 2.62 (t, °J = 6.8 Hz, 4H, SCH,). BCH} NMR
(CDCL,): & (ppm) 138.4, 131.1, 129.6, 127.8 (aromatic), 126.2 (O-C: Cp
quaternary), 71.2 (-OCH,), 61.9 (a-CH), 55.8 (B-CH), 35.9 (benzylic), 28.4
(SCH,).

(vi) Attempted preparation of 2,18-dithia-5,8,12,15-tetraoxa-9,11-
ferrocenyl{19])-m-cyclophane, (TOMB-F4) (53). To a stirred suspension of
Cs,CO, (0.510 g, 1.56 mmol) in DMF (100 mL) at 57 °C was added & solution of
1,1"-bis(5-chloro-3-oxapentoxy)ferrocene (0.301 g, 0.698 mmol) and
meta-xylene-a,a’-dithiol (0.102 g, 0.716 mmol) in DMF (50 mL) over 24 h. The
DME was then removed in vacuo leaving a brown oil and cesium salts. The
residue was dissolved in CH,Cl, (100 mL), filtered, and washed with 0.1 M NaOH
(2 x 25 mL) and distilled water (25 mL). The solution was dried over anhydrous
MgSO, for 12 h, filtered, the solvent evaporated, and the orange paste dried in
vacuo. Yield (based on 1,1"-bis{5-chloro-3-oxapentoxy)ferrocene). 0.215g
(64%). 'H NMR (CDCL,): & (ppm) 7.25 (m, 4H, aromatic), 4.18 (m br, 8H, a-CH:
Cp), 3.95 (m, 16H, OCH,), 3.77 (m, 8H, B-CH: Cp; 4H, benzylic), 3.62 (m, 8H,

-OCH,), 3.52 (£, ®J = 7 Hz, 4H, CH,CI), 2.59 (t, 3) = 7 Hz, 4H, SCH,). “C{'H}
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NMR (CDCL,): 3 (ppm) 138.8, 129.6, 128.0, 127.7 (aromatic), 71.5, 71.0, 70.0,
69.8, 69.7, 69.6 (OCH,), 62.7, 62.3 (a-CH: Cp). 56.0, 53.4 (B-CH: Cp), 42.7

(CH.CI), 36.6 (benzyiic), 30.3 (SCH,).

6.3 X-Ray Diffraction Data Collection, Solution, and Refinement.

(i) General Procedures. The general procedure for data collection and
solution refinement is identical to that outlined in section 2.3 (i) and the reader is
referred to it for the sake of brevity.

(i) Structure Determination of 5,9-dioxa-2,12-dithia-6,8-ferrocenyl
[13]-m-cyclophane, (TOMB-F2) (52). Orange crystals of TOMB-F2 were grown
by slow evaporation of an acetone solution of the macrocycie. A statistical
analysis of the intensity distributions and a determination of observed extinctions
were consistent with the monoclinic space group P2,/n, and this was confirmed
by a successful solution refinement. A total of 3947 reflections were collected,
and 1732 unique reflections with F.2>3c (F,.?) were used in the refinement. The
positions of the iron and sulfur atoms were determined by direct methods from the
E-map with the highest figure of merit. The remaining atoms were located from a
difference Fourier map calculation. In the final cycles of refinement, ali atoms
were assigned anisotropic thermal parameters. This resulted in R = 0.0440 and
R, = 0.0393 at final convergence. The A/c value ft_)r any parameter in the final
cycle was less than 0.0006. A final difference Fourier map calculation showed no

peaits of chemical significance. Crystal data, intensity collection and structure
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refinement details, as well as all atomic positional parameters, bond distances

and angles are summarized in Appendix Table A20.

6.4 Results and Discussion

(i) Synthesis of TOMB-F2, (§2). The ligand TOMB-F2 was prepared by
the reaction of 1,1*-bis(2-chloroethoxy)ferrocene with meta-xylene-c.o’-dithiol
using the cesium ion mediated ring closure method of Buter and Kellogg® as is
shown in Figure 6.8 below. 1,1™-bis{2-chloroethoxy)ferrocene was prepared

according to the literature'> <.

r
CI CI K@\

2Cs,CO4 S 3
HS-CH,~(CgHy)-CHy-SH >
é é DMF, 60°

Figure 6.8 Preparation of TOMB-F2 from 1,1"-bis(2-chloroethoxy)ferrocene and
meta-xylene-a,a’-dithiol.

The 'H NMR spectrum (Figure 6.9) is consistent with the forrnation of the
macrocycle with a multiplet centred at 7.25 ppm integrating to 4 aromatic
hydrogens. Two triplets at 4.07 and 3.81 ppm are present for the hydrogens on
the a and p positions of the Cp rings and are identified by their small coupling

constants of 1.9 Hz. Two more triplets at 3.91 and 2.62 ppm for the OCH, and
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Figure 6.9 'H NMR spectrum of TOMB-F2 in CDCl,.

SCH, ethylene hydrogens respectively, and a singlet at 3.77 ppm (benzylic) are
consistent with the *H NMR spectra of cther TOMB-X ligands (vide supra).

The *C{*H} NMR spectrum is also consistent with the formation of the
ligand with the expected meta-substitution pattern observed in the aromatic
region along with a weak peak at 126.2 ppm for the quaternary O-C carbon atom
of the Cp rings. Further upfield, resonances at 71.2 ppm for the OCH, carbon
atoms, at 61.9 and 55.8 ppm for the carbon atoms on the « and  positions of the
Cp rings, at 35.9 for the benzylic carbon atoms and at 28.4 ppm for the -SCH,
carbon atoms are consistent with the macrocyclic structure drawn in Figure 6.8.

In addition to the spectroscopic evidence for the formation of the
macrocycle, X-ray quality crystals were grown by slow evaporation of an acetone
solution of TOMB-F2 and the crystal structure was determined.

(ii) Crystal Structure of TOMB-F2 (52). The unit cell is monoclinic and
contains four molecules of TOMB-F2. A perspective view of the macrocycle with

the atom numbering scheme is shown in Figure 6.10.
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Figure 6.10 Perspective ORTEP drawing of TOMB-F2 (52) showing the atom
numbering scheme with 30% thermal ellipsoids. Selected bond
distances (A) and angles are: S1-C7 = 1.813(6), $1-C8 = 1.797(7),
$2-C21 = 1.799(7), S2-C22 = 1.811(6), average C(Cp)-O =
1.352(7), average C(sp®)-O = 1.442(7), average C(sp?)-C(sp?) =
1.386(7), average C(sp®)-C(sp®) = 1.488(8), average C(sp?)-C(sp°) =
1.505(8). Average C-C (Cp) = 1.408(9), average Fe-C(Cp) =
2.032(7) A. C7-S1-C8 and C21-S2-C22 = 102.5(3)".
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crystallographic parameters including atomic positions, bonding parameters and
details of data collection are listed in Appendix Table A20. Selected bonding
parameters are given in the figure caption.

Sulfur-carbon distances range from 1.797(7) to 1.813(6) A and
C(sp))-C(sp?) distances range 1.376(8) to 1.406(7) A. The two C(sp*)-C(sp°)
bonds are 1.509(8) and 1.501(7) A and the C(sp®)-C(sp®) bonds average 1.488(8)
A. The C(Cp)-O distances average 1.352(7) A and the C(sc®-O distances
average 1.442(7) A. The C-C (Cp) distances average 1.408(9) and the Fe-C(Cp)
distances average 2.032(7) A. These distances compare well with those found
for other thiacyclophanes, macrocyclic ethers and ferrocenyl complexes® -8 14®
chapter 3

in examining the structure of TOMB-F2, the main feature to note is the
placement of the ferrccene moiety with respect to the aromatic ring. As observed
for TT[11]MC®, the two C(benzylic)-S bonds are approximately perpendicular to
the plane of the aromatic ring with C7-S1-C8 and C21-52-C22 angles both at
102.5(3)°. The two C(benzylic)-S bonds are oriented away from the aryl ring and
the chain bends back as the backbone is traced away from the sulfur atoms, such
that the plane of the aryl ring partially cuts the ferrocene moiety.

The two sulfur atoms are exodentate with torsional angles ranging from
-58.8(5)° to -80.4(6)°, consistent with the range found for other thiacyclophanes™
& The torsional angles about the oxygen atoms are consistent with the
endodentate conformation obsérved for other crown ethers; torsional angles

involving the Cp carbon atoms of 7.3° and 13.3° (rather than values close to 180°)
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are a resuit of Cp carbon atoms in the same plane as those with torsional angles
close to 180° (Table 6.1 and Figure 6.10).

It is also noteworthy that although one would expect the low energy
conformation of a 1,1' disubstituted ferrocene to have the substituents staggered,

the two oxygen atoms bonded to the Cp rings are almost eclipsed, with a dihedral

Table 6.1 Torsional angles around sulfur and oxygen atoms for TOMB-F2.

inkage angle (°) linkage angle (°)
C6-C7-51-C8 64.9(5) C20-C21-S2-C22 |-80.4(6)
C7-S1-C8-C8 69.3(5) C2-C22-52-C21  |-58.8(5)
C8-Ce-01-C10 178.6(4) C15-02-C20-C21 [-168.5(5)
C9-01-C10-C11  |7.3(9) C19-C15-02-C20 [13.3(9)
C9-01-C10-C14  |-173.3(6) C16-C15-02-C20 }-171.2(6)

angle of 4.42° between the planes defined by 01-C10-Fe and Fe-C15-02. This
is perhaps due to energetic requirements piaced on the ferrocene moiety in
accommodating the low energy conformation of the remaining part of the
macrocycle.

(iii) Attempted Preparation of (TOMB-F4) (53). In order to further
explore the potential of a series of macrocyclic ligands containing ferrocene, the
synthesis of a second macrocycle containing four oxygen atoms, TOMB-F4, was
undertaken (Figure 6.11). The synthesis involved the reaction of meta-xylene-
a.a'-dithiol with the appropriate dichloro starting material moiety,

(1 .1‘-bis—(s-chloro-a-oxapentoxy)-ferrooene)"’- 3 using Buter and Kellogg's
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Figure 6.11 Intended preparation of TOMB-F4.

cesium ion technique®. However, upon analysis by 'H and *C{'H} NMR
spectroscopy the product was determined to be a 2:1 substitution product as
shown below in Figure 6.12. In the *H NMR spectrum a multiplet at 7.25 ppm with

integration = 4 was assigned as the aromatic hydrogens. A broad multiplet with

Figure 6.12 Actual product formed during preparation of TOMB-F4.

integration = 8 at 4.18 ppm was assigned as a-CH (Cp) hydrogen atoms and a

multiplet at 3.77 ppm with integration = 12 was assigned as the 8 B-CH (Cp)
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hydrogen atoms overlapping with the benzylic hydrogen atoms' resonance. A
broad multiplet at 3.95 ppm with integration = 16 was assigned as OCH,
resonances as was another multiplet at 3.62 ppm with integration = 8 hydrogens.
A well defined triplet at 3.52 ppm with integration = 4 was assigned as CH.CI
hydrogen atoms and an additional triplet at 2.59 ppm, also with integration = 4,
was assigned as the SCH, resonance.

The ™C{"H} NMR spectrum is even more diagnostic with the expected
meta-substitution pattern observed in the aromatic region of the spectrum, and
six separate resonances for the OCH, carbon atoms at 71.5, 71.0, 70.0, 69.8,
69.7, 69.6 ppm indicating asymmetry within the ferrocene moiety. Each Cp
carbon atom exhibits two resonances, appearing at 62.7 and 62.3 ppm (a-C: Cp),
and 56.0 and 53.4 ppm (B-C: Cp) (the quatemary O-C carbon atoms were not
observed). Finally, resonances at 42.7 ppm (CH,C!), 36.6 ppm (benzylic), and
30.3 ppm (SCH,) all indicate that only one of two chlorine leaving groups on two
separate 1,1-bis(5-chloro-3-oxapentoxy)ferrocene molecules reacted with
meta-xylene-a,a'~dithiol.

(iv) Attempted Metalation of TOMB-F2; Oxidation of Ferrocene. With
TOMB-F2 synthesized, the next step was to metalate the ligand. Upon addition
of acetonitrile (20 mL) to TOMB-F2 and [Pd(CH,CN),J[BF ], (1:1), the solution
turmned dark brown and was accompanied by the formation of a dark precipitate.
The 'H NMR spectrum (CD,CN) of the reaction product consisted of a series of
very broad and weak peaks and could not be interpreted. With the idea that the

product might have been fluxional in acetonitrile, *H NMR spectra were also
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recorded in CDCI, and DMSO-d,. In both cases the result was the same: the
spectra contained broad, uninterpretable resonances. An attempt to record
3C{'H} NMR spectra was also made but only solvent peaks were observed.
These results indicated that the product may have been paramagnetic. If
one examines the redox potentials for ferrocene and Pd* in aqueous solution™
(Scheme 6.1), the potential for the two combined haif reactions is positive

meaning that the reaction is spontaneous. in order to test if the same reaction is

—
2 Ferrocene —— ——» 2 Ferrocene™ + 2¢” EC= .0.400 V
Pa2t+2e" — % PO E°=0.915V

2 Eerrocene + Pd2t ———— 2 Ferrocene™ + Pd® EC= +0.515V

Scheme 6.1 The redox potential for 2 ferrocene + Pd®" is positive; the reaction is
spontaneous.

spontaneous in acetonitrile (the solvent in which the metalation was attempted),
ferrocene and [Pd(CH,CN) J[BF j, were mixed in a 2:1 ratio and the solution
turned deep green almost immediately, indicating oxidation from Fe(li) to Fe(lil).
The same test was then performed using TOMB-F2 and [Pd(CH,CN)J*" in a 2:1
ratio. After refluxing, the solution tumed green with precipitation of Pd",
consistent with the formation of the ferricinium cation of TOMB-F2 (Figure 6.13).
The brown colour of the attempted metalation was therefore most probably due to

the presence of the additional equivalent of [Pd(CH,CN),J[BF ],
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Figure 6.13 Redox reaction between TOMB-F2 and [Pd(CH,CN) J*".

+ Pd°

6.5 Conclusion

In this chapter the synthetic route towards a new series of TOMB-FX
ligands was developed. The synthesis of TOMB-F2 was performed and the
ligand was isolated in moderate yield. The crystal structure of the ligand was
determined and shows typical bond distances and torsional angles, and the
oxygen atoms bonded to the ferrocene moiety are in an eclipsed conformation.
The attempted synthesis of TOMB-F4 resulted in the formation of a 2:1
substitution product and was not pursued further. it is the opinion of the author,
however, that TOMB-F4 can be synthesized under carefully controlled conditions.

The attempted metalation of TOMB-F2 did not result in insertion of the
palladium atom into the S,C bracket as was expected. The paliadium starting
material instead oxidizes the ferrocene to the fericinium cation precipitating
palladium metal in the process. Attempts are now being made to overcome this
problem. Chemical oxidation of the ferrocene moiety prior to the metalation

reaction will be performed to prevent decomposition of [Pd(CH,CN),J{BF ], by
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ferrocene (Figure 6.14). Upon metalation of [TOMB-F2]'{X}, the ferricinium

" moiety will be reduced back to ferrocene so that NMR spectroscopy and cyclic
voltammetry can be used to characterize the receptor and its receptor- substrate
complexes. Preliminary electrochemical tests on the potentiai required

to reduce [Pd(CH,CN)(TOMB-3)][BF,] will also be performed in order to
/

p— -_

2 N

+[PACHCNYJBF )y - = 7~ » S——-pd—-s
o o]

NCCH
Figure 6.14 Proposed method of metatation of TOMB-F2.

3

determine the potential required to reduce the palladium atom inside the S,C
bracket. Hopefully this potential will be less than the absolute value of the
oxidation potential of the ferrocene moiety, which will make the potential of the

combined half reactions negative.
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Table A1.1 Summary of Crystal Data, Intensity Collection and Structure
Refinement for pr-TOMB-1, (13).

formula C,Hx0S,

fw 268.43 gmol”
colourfform colourless block
a, A 10.592(4)

b, A 16.601(6)

c, A 7.944(2)

o, B, v, deg a0

Vv (A% 1396.9(1.5)
crystal system orthorhombic
space group Pnma (#62)

p (gmL™) 1.28

Z 4

u, cm™ 3.63
diffractometer Rigaku AFC8S
A, (A) 0.71068

T (°C) 23

scan type 0w-26

speed, deg min” 32

scan width (deg) 1.05 +0.30 tan
20 range (deg) 4.5-50

5t data collected 1461 (+h,+k,+)
# unique data with 712

F 232

4 vanables 83

datalvar ratio 8.6

goodness of fit 1.66

R(F.), % 3.85

R.(F.). % 2.33




Table A1.2 Positional parameters and f(eq) for pr-TOMB-1, (13).

atom X y z B(eq)
S1 0.17383(9) 0.45510(5) 0.05127(13)  4.47(5)
O1 0.4409(3) 1/4 0.0377(4) 3.8(2)
C1 0.1268(4) 1/4 -0.1352(5) 2.9(2)
C2 0.0649(3) 0.3225(2) -0.1121(4) 2.9(2)
C3 -0.0604(3) 0.3221(2) -0.0629(4) 3.5(2)
C4 -0.1222(4) 1/4 -0.0361(6) 3.8(3)
CS 0.1311(3) 0.4021(2) -0.1412(4) 4.3(2)
C6 0.2919(3) 0.3883(2) 0.1365(4) 3.6(2)
Cc7 0.4183(3) 0.3910(2) 0.0445(4) 4.2(2)
102 0.5023(3) 0.3212(2) 0.0890(4) 4.2(2)

Table A1.3 Intramolecular Distances (A) involving the Nonhydrogen
Atoms for pr-TOMB-1, (13).

atom-atom distance atom-atom distance
$1-C5 1.822(3) C2-C5 1.513(4)

$1-C6 1.803(3) C3-C4 1.381(4)

01-C8 1.409(3) C6-C7 1.527(4)

C1-C2 1.382(3) C7-C8 1.504(4)

C2-C3 1.385(4)

Table A1.4 Intramolecular Bond Angles involving the Nonhydrogen
Atoms for pr~-TOMB-1, (13).

linkage angle (°) linkage angle (°)
C5-S1-C6 101.0(1) C2-C3-C4 120.1(3)
C8-01-C8 113.9(3) C3-C4-C3 120.2(4)
C2-C1-C2 121.1(4) $1-C5-C2 114.2(2)
C1-C2-C3 119.2(3) $1-Ce-C7 114.3(2)
C1-C2-C5 121.4(3) C6-C7-C8 112.6(3)
C3-C2-CS 119.4(3) 01-C8-C7 107.8(3)



Table A1.5 Torsional Angles for pr-TOMB-1, (13).

212

linkage angle (°) linkage angle (°)
$1-C5-C2-C1 -104.9(4) C2-C1-C2-C5 178.5(3)
$1-C5-C2-C3 75.6(3) C2-C3-C4-C3 -1.9(8)
$1-C6-C7-C8 -165.5(2) C2-C5-81-C6 66.9(3)
01-C8-C7-C6 62.3(4) C4-C3-C2-C5 179.9(4)
C2-C1-C2-C3 -0.9(7) C7-C8-01-C8 -173.1(2)
C1-C2-C3-C4 0.5(6) C5-81-C8-C7 73.9(3)
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Table A2.1 Summary of Crystal Data, Intensity Collection, and Structure
Refinement for [Pd(pr-TOMB-1)][BF 1, (14).

formula C,.H.,BF ,0S.Cl,Pd
fw 580.01 gmol”
colour/fcrm yellow block

a, A 10.728(4)

b, A 12.723(4)

c, A 8.425(2)

o, deg 92.38(3)

B, deg 106.12(2)

y, deg 105.18(3)

V (A% 1058.2(1.4)
crystal system triclinic

space group PT (#2)

p (gmL™) 1.82

VA 2

n, cm 14.75
diffractometer Rigaku AFCES
A, (A) 0.71

T (°C) 23

scan type w-20

spead, deg min™ 8

scan width (deg) 1.05 +0.30 tan
20 range (deg) 4.5-50

# data collected 3721(h, 2k, 1)
H# unique data with 2116
F.>30(F.)

3t variables 245

data/var ratio 8.6

goodness of fit 1.34

R(F,). % 462

RF.). % 3.67




Table A2.2 Positional Parameters and B(eq) for [Pd{pr-TOMB-1)}J[BF ], (14).

atom x y z Pleq)
Pd1 0.94773(8) 0.87780(6) 0.27012(9) 2.93(2)
ci 0.4178(3) 0.4553(2) 0.1748(3) 5.5(1)
c12 0.3555(3) 0.5911(2) 0.4044(3) 6.4(1)
ci3 0.1400(3) 0.4466(2) 0.1415(3) 5.9(1)
S1 0.8720(2) 1.0280(2) 0.2938(3) 3.54(9)
S2 1.0605(2) 0.7545(2) 0.2296(3) 3.58(9)
F1 0.8486(9) 0.357(1) 1.223(1) 16.8(6)
F2 0.694(1) 0.2306(6) 1.264(1) 13.4(5)
F3 0.7041(8) 0.2533(6) 1.0117(8) 9.5(4)
F4 0.650(1) 0.3656(8) 1.151(1) 15.5(7)
01 0.7690(6) 0.7649(5) 0.2873(7) 4.1(3)
C1 1.114(1) 0.9857(7) 0.267(1) 3.2(3)
c2 1.2344(9) 0.9583(7) 0.309(1) 3.3(3)
C3 1.355(1) 1.0365(8) 0.314(1) 4.4(4)
c4 1.351(1) 1.1417(8) 0.286(1) 5.7(5)
C5 1.232(1) 1.1682(7) 0.243(1) 5.0(4)
ce 1.113(1) 1.0917(7) 0.234(1) 3.4(3)
C7 0.976(1) 1.1128(7) 0.182(1) 4.4(4)
cs 0.701(1) 0.9801(8) 0.149(1) 5.2(4)
C9 0.619(1) 0.884(1) 0.209(1) 6.0(5)
C10 0.640(1) 0.7722(9) 0.182(1) 5.8(5)
C1 0.772(1) 0.6574(8) 0.321(1) 5.7(5)
C12 0.903(1) 0.6531(8) 0.431(1) 4.9(4)
C13 1.014(1) 0.6474(7) 0.357(1) 5.0(4)
C14 1.2293(8) 0.8418(7) 0.344(1) 4.0(4)
c15 0.306(1) 0.5299(7) 0.197(1) 4.1(4)
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Table A2.3 intramolecular Distances (A) Involving the Nonhydrogen
Atoms for [Pd(pr-TOMB-1)][BF ], (14).

atom-atom distance atom-atom distance
Pd1-S1 2.286(2) 01-C10 1.45(1)
Pd1-S2 2.284(3) 01-C11 1.42(1)
Pd1-O1 2.1198(5) C1-C2 1.38(1)
Pd1-C1 1.951(8) C1-Cs 1.39(1)
Cl1-C15 1.758(9) C2-C3 1.40(1)
Cl2-C15 1.758(9) C2-C14 1.51(1)
CI3-C15 1.736(9) C3-C4 1.38(1)
S$1-C7 1.826(9) C4-C5 1.37(1)
S1-C8 1.83(1) C5-Cs 1.37(1)
S2-C13 1.825(9) Ce-C7 1.51(1)
S2-C14 1.826(9) Ccs8-C9 1.31(1)
F1-B1 1.30(1) C9-C10 1.51(1)
F2-B1 1.29(1) C11-C12 1.47(1)
F3-B1 1.33(1) C12-C13 1.50(1)

F4-B1 1.28(1)



Tabie A2.4 Intramolecular Bond Angles Involving the Nonhydrogen

Atoms for IPd(pr-TOMB-1)I[BF ], (14).

linkage angle (°) linkage angle (°)
S1-Pd1-S2 167.20(8) C3-C4-C5 121.0(9)
S1-Pd1-01 94.3(2) C4-C5-C6 120.8(9)
$1-Pd1-C1 84.1(3) C1-C8-C5 119.3(9)
S2-Pd1-O1 98.2(2) C1-C8-C7 116.4(8)
S$2-Pd1-C1 83.5(3) C5-C6-C7 124.2(9)
01-Pd1-C1 176.7(3) S$1-C7-C6 107.1(6)
Pd1-81-C7 96.0(3) $1-C8-C9 109.7(7)
Pd1-S1-C8 101.1(3) C8-C9-C10 119(1)
C7-S1-C8 108.1(5) 01-C10-C8 112.8(8)
Pd1-82-C13 104.3(3) 01-C11-C12 113.1(8)
Pd1-S2-C14 96.0(3) C11-C12-C13 119.6(9)
C13-S2-C14 107.3(4) $2-C13-C12 116.5(6)
Pd1-01-C10 118.2(5) $2-C14-C2 107.4(6)
Pd1-01-C11 118.9(6) Cl1-C15-Ci2 109.3(5)
C10-01-C11 114.6(7) Ci1-C15-CI3 111.4(5)
Pd1-C1-C2 119.5(6) Cl2-C15-CI3 110.4(5)
Pd1-C1-C6 120.3(7) F1-B1-F2 109(1)
C2-C1-Cs 120.1(8) F1-B1-F3 108(1)
C1-C2-C3 119.9(8) F1-B1-F4 107(1)
C1-C2-C14 117.7(8) F2-B1-F3 114(1)
C3-C2-C14 122.3(9) F2-B1-F4 110(1)
C2-C3-C4 118.7(9) F3-B1-F4 108(1)
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Table A3.1 Summary of Crystal Data, Intensity Collection and Structure
Refinement for TOMB-3, (18).

formuia C,eH..0.8,
fw 328.48 gmol”
colourfform colouriess block
a A 11.280(3)
b, A 14.085(2)
c, A 12.166(7)
o, deg 90

|B, deg 115.62(3)
y, deg 90
V (AY) 1743(1)
crystal system monoclinic
space group P2,/a(#14)
p (gmL™) 1.25
Z 4
u, cm™ 3.12
diffractometer Rigaku AFC6S
A, (A) 0.71069
T (°C) 23
scan type ©—26
scan width (deg) 1.05 +0.30 tan
20 range (deg) 4.5-50
{# data collected 3214
4 unique data with 853
F°2>30(F02)
2 variables 110
data/var ratio 7.8
largest +/- peaks (e/A%) 0.292/-0.260
max shift/error 0.00016
goodness of fit 1.84
R(Fo), % 6.28
R(F.), % 441
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Table A3.2 Positional parameters and B(eq) for TOMB-3, (18).

atom x y z Bleq)
S1 0.0678(2) 0.7302(2) 0.0822(2) 6.6(1)
S2 -0.4897(2) 0.7028(2) -0.5547(2) 6.3(1)
o1 -0.1636(6) 0.8983(5) -0.0200(6) 6.2(4)
02 -0.2308(6) 0.9975(4) -0.241917) 6.2(3)
03 -0.3162(8) 0.8903(5) -0.4621(6) 6.9(4)
C1 -0.2201(9) 0.7253(6) -0.2358(8) 4.2(2)
c2 -0.3294(8) 0.6706(6) 0.3079(8) 4.2(2)
C3 -0.3183(8) 0.5729(6) -0.2988(8) 4.9(2)
o -0.202(1) 0.5325(6) -0.2214(9) 5.0(2)
C5 -0.0972(8) 0.5849(7) -0.1528(8) 4.8(2)
cs -0.1015(8) 0.6835(7) -0.1563(8) 4.1(2)
c7 0.0137(8) 0.7444(6) -0.0807(8) 5.5(2)
c8 -0.0761(8) 0.7616(7) 0.1010(8) 5.3(2)
Cco -0.1045(9) 0.8642(7) 0.100(1) 6.2(3)
c10 -0.186(1) 0.9984(8) -0.032(1) 7.0(3)
c11 0.277(1) 1.0204(8) 0.156(1) 7.4(3)
c12 -0.318(1) 1.0289(8) -0.359(1) 7.8(3)
c13 -0.284(1) 0.9869(9) -0.452(1) 7.1(3)
C14 -0.327(1) 0.8452(7) -0.569(1) 5.7(3)
C15 -0.3421(8) 0.7437(7) -0.5616(8) 5.6(2)
C16 -0.4523(8) 0.7199(6) 0.3943(8) 5.2(2)
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Table A3.3 Intramolecular Distances (A) Involving the Nonhydrogen Atoms

for TOMB-3, (18).

atom-atom distance atom-atom distance
$1-C7 1.815(9) C1-Cé 1.398(9)
S1-C8 1.791(8) C2-C3 1.38(1}
S2-C15 1.799(9) C2-C16 1.50(1)
S$2-C16 1.825(9) C3-C4 1.36(1)
01-C9 1.40(1) C4-C5 1.34(1)
01-C10 1.43(1) C5-C6 1.39(1)
02-C11 1.39(1) Ce6-C7 1.50(1)
02-C12 1.41(1) C8-C9 1.48(1)
03-C13 1.40(1) C10-C11 1.45(1)
03-C14 1.40(1) C12-C13 1.46(1)
C1-C2 1.40(1) C14-C15 1.46(1)

Table A3.4 Intramolecular Bond Angles Involving the Nonhydrogen Atoms

for TOMB-3, (18).

linkage angle (°) linkage angle (°)
C7-S1-C8 102.5(4) C1-C6-C7 120.1(9)
C15-82-C16 102.5(4) C5-C6-C7 123.0(9)
C9-01-C10 115.3(8) $1-C7-Cé 113.6(6)
C11-02-C12 111.2(8) $1-C8-C9 116.3(7)
C13-03-C14 $15.6(8) 01-Cs-C8 110.6(8)
C2-C1-C6 121.6(8) 01-C10-C11 109.3(9)
C1-C2-C3 118.3(8) 02-C11-C10 113.9(9)
C1-C2-C16 118.9(8) 02-C12-C13 110.7(9)
C3-C2-C16 122.8(9) 03-C13-C12 108.6(9)
C2-C3-C4 119.8(9) 03-C14-C15 110.5(9)
C3-C4-CS 121.8(9) S$2-C15-C14 116.9(7)
C4-C5-C6 121.5(9) $2-C16-C2 113.9(6)
C1-Ce-CS 116.9(8)



Table A3.5 Torsional Angles for TOMB-3, (18).
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linkage angle (°) linkage angle (°)
$1-C7-C6-C1 117.9(8) C1-C6-C5-C4 -1(1)
S1-C7-C6-C5 -63(1) C2-C3-C4-C5 0(2)
S$1-C8-C8-01 79.5(9) C2-C3-C4-C5 0(2)
§2-C15-C14-03  65(1) C14-C15-S2-C16  -80.5(9)
C2-C1-Cs-C5 (1) C2-C16-S2-C15  -55.8(8)
C2-C1-C6-C7 179.9(8) C6-C7-S1-C8 -59.0(8)
$2-C16-C2-C1 110.6(9) C7-81-C8-C9 -77.7(8)
§2-C16-C2-C3 -67(1) C8-C9-01-C10 -175.3(7)
C6-C1-C2-C16 -177.9(8) Cs8-01-C10-C11  -164.9(8)
C3-C2-C1-C6 0(1) C10-C11-02-C12 -174.2(8)
01-C:0-C11-02 -63(1) C11-02-C12-C13  -167.4(9)
C3-C4-C5-C6 0(2) C12-C13-03-C14 161.7(8)
02-C12-C13-03  71(1) C13-03-C14-C15 171.8(8)
C4-C5-C8-C7 179.9(8)
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Table A4.1 Summary of Crystal Data, intensity Coliection and Structure
Refinement for {Pd(CH,CN)(TOMB-0)][BF ], (21).

lformula C.,H..N.BF S.Pd *ﬁ
fw 596.87 gmol” !
colour/form yellow block |
a A 13.273(4)

|b. A 19.206(2)

c. A 20.323(2)

o, deg a0

B, deg 93.98(2)

7, deg 80

V (A% 5168(3)

crystal system monoclinic
space group C2/c (#5)

p ({gmL™} 1.481

Z 8

u, cm’” 8.02
diffractometer Rigaku AFCES
7., (A) 0.71

T (°C) 23

scan type ©-20

scan width (deg) 1.05 +0.30 tan
20 range (deg) 4.5-50

# data collected 4703

# unique data with 2959

F 2>3c(F )

H# variables 287

data/var ratio 10.3

largest +/- peaks (e/A%) 0.7111-0.772
max shift/error 0.04

goodness of fit 2.38

R(F.). % 5.62

RF). % 5.28




Table A4.2 Positional Parameters and B(eq) for [Pd(CH,CN){TOMB-0)][BF j,

21).

Atom x y z Bleq)
Pd1 0.77425(4) 0.16126(3) 0.506839(3) 3.32(3)
S1 0.8932(2) 0.1938(1) 0.5882(1) 4.4(1)
S2 0.6780(2) 0.1258(1) 0.4122(1) 4.4(1)
F1 0.3153(6) 0.1512(6) 0.6920(4) 17.2(8)
F2 0.211(1) 0.2129(5) 0.6467(6) 24(1)
F3 0.1625(7) 0.1297(6) 0.6896(5) 22(1)
F4 0.2327(9) 0.2033(6) 0.7518(5) 20.7(9)
N1 0.6649(5) 0.1392(3) 0.5751(3) 4.2(3)
N2 12 0.0591(8) 1/4 11(1)
C1 0.8810(6) 0.1816(3) 0.4452(4) 3.3(4)
C2 0.8590(6) 0.1782(4) 0.3768(4) 3.6(4)
C3 0.9334(7) 0.1957(4) 0.3344(4) 4.9(5)
Ca 1.0283(7) 0.2150(4) 0.3596(5) 5.4(5)
C5 1.0504(8) 0.2174(4) 0.4259(5) 4.9(5)
Ccé 0.9788(6) 0.2005(4) 0.4700(4) 4.0(4)
c7 1.0050(6) 0.2035(5) 0.5427(5) 6.3(6)
Cs 0.9213(6) 0.1166(5) 0.6376(4) 5.3(5)
Cco 0.9308(7) 0.0507(5) 0.5993(5) 6.1(5)
C10 0.9549(8) -0.0125(6)  0.5431(6) 8.2(7)
Cc11 0.880(1) -0.0296(6) 0.6926(6) 8.7(8)
c12 0.770(1) .0.0368(6)  0.6668(6) 8.4(8)
c13 0.746(1) -0.0912(6)  0.6181(6) 8.3(8)
C14 (0.6398(8)  -0.0905(6)  0.5867(6) 7.4(7)
C15 0.6307(8) 0.1190(6)  0.5181(6) 8.5(7)
C16 0.685(1) -0.0799(6)  0.4669(6) 8.6(8)
C17 0.6553(9) -0.0063(6) 0.4606(5) 7.4(7)
Cc18 0.7091(8) 0.0330(5) 0.4065(5) 6.8(6)
C19 0.7544(6) 0.1621(5) 0.3500(4) 5.0(4)
C20 0.6152(6) 0.1270(4) 0.6162(4) 4.0(4)
C21 0.5525(6) 0.1101(5) 0.6701(4) 5.6(5)
c2- 12 0.116(1) 1/4 7(1)
c23 12 0.191(1) 114 (1)
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B1 0.228(1) 0.166(2) 0.6984(7) 12(1)

Table A4.3 Intramolecular Distances (A) Involving the Nonhydrogen Atoms
for [Pd(CH,CN)(TOMB-0)][BF ], (21).

atom-atom distance atom-atom distance
Pd1-S1 2.299(2) C2-C19 1.49(1)
Pd1-S2 2.327(2) C3-C4 1.38(1)
Pd1-N1 2.125(6) C4aC5 1.36(1)
Pd1-C1 1.987(7) C5-C6 1.39(1)
S1-C7 1.811(9) Ce-C7 1.49(1)
S1-C8 1.814(9) C8-C9 1.50(1)
S$2-C18 1.84(1) Cs-C10 1.53(1)
$2-C19 1.814(8) C10-C11 1.50(1)
F1-B1 1.27(2) C11-C12 1.52(1)
F2-B1 1.27(2) C12-C13 1.46(1)
F3-B1 1.19(2) C13-C14 1.50(1)
F4-B1 1.26(2) C14-C15 1.49(1)
N1-C20 1.124(8) C15-C16 1.51(1)
N2-C22 1.09(2) C16-C17 1.47(1)
C1-C2 1.404(9) C17-C18 1.55(1)
C1-Cé 1.41(1) C20-C21 1.46(1)

C2-C3 1.39(1) C22-C23 1.43(2)
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Table A4.4 Intramolecular Bond Angles Involving the Nonhydrogen Atoms

for [Pd(CH,CN)(TOMB-0)][BF ], (21).

linkage angle () linkage angle (°)
S1-Pd1-82 169.86(8) C1-Ce-C7 120.6(7)
S1-Pd1-N1 92.6(2) C5-Ce-C7 120.4(8)
S1-Pd1-C1 85.1(2) $1-C7-C6 111.0(6)
S2-Pd1-N1 97.0(2) S1-C8-C9 115.1(6)
S2-Pd1-C1 85.3(2) C8-Cs-C10 113.0(9)
N1-Pd1-C1 177.6(3) C9-C10-C11 116.4(S)
Pd1-81-C7 101.8(3) C10-C11-C12 117(1)
Pd1-S1-C8 106.4(3) C11-C12-C13 118(1)
C7-S1-C8 102.9(4) C12-C13-C14 116(1)
Pd1-82-C18 102.8(3) C13-C14-C15 114(1)
Pd1-S2-C19 99.2(3) C14-C15-C16 116.7(9)
C18-S2-C19 100.9(4) C15-C16-C17 114(1)
Pd1-N1-C20 172.8(7) C16-C17-C18 113(1)
Pd1-C1-C2 120.2(6) $2-C18-C17 108.2(7)
Pd1-C1-C6 120.5(6) $2-C19-C2 112.2(5)
C2-C1-C6 119.3(7) N1-C20-C21 178.7(9)
C1-C2-C3 119.5(8) N2-C22-C23 180.00
C1-C2-C19 119.8(7) F1-B1-F2 104(1)
C3-C2-C19 120.4(7) F1-B1-F3 114(2)
C2-C3-C4 120.3(8) F1-B1-F4 102(1)
C3-C4-C§ 120.5(8) F2-B1-F3 105(2)
C4-C5-C6 121.4(8) F2-B1-F4 116(2)
C1-C6-C5 119.0(8) F3-B1-F4 115(2)
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Table A5.1 Summary of Crystal Data, Intensity Collection and Structure
Refinement for [Pd(CH,CN){TOMB-1)]J[CF,SO,}, (23).

formula C,;H,,O,NF,S,Pd
fw 535.89 gmol
colour/form orange block
a, A 8.639(4)

b A 17.165(2)

c, A 13.099(2)

a, deg 90

B, deg 91.85(2)

Y, deg 80

vV (A% 1941.3(5)
crystai system monoclinic
space group P2,/c (#14)

p (gmL™) 1.833

Z 4

u, cm’ 13.282
diffractometer Rigaku AFCES
A, (A) 0.71069

T (°C) 23

scan type ©-26

scan width (deg) 1.05 +0.30 tan
26 range (deg) 4.5-50

k4 data collected 3558

# unique data with 1333
F,>3a(F,)

g variables 179

datalvar ratio 7.4

max +/- peaks (e/A%) 0.566/-0.507
lmax shift/error 0.000135
goodness of fit 1.36

R(F,). % 4.69

IRUF.). % 4.07




Table A5.2 Positional Parameters and B(eq) for [Pd(CH,CN)}(TOMB-1)]

[CF,S0,], (23).

atom x y z B(eq)
Pd1 0.4927(1) 0.03704(6) 0.11411(8) 2.49(4)
S1 0.7544(4) 0.0204(2) 0.1511(3) 3.5(2)
S2 0.2272(4) 0.0396(3) 0.1336(3) 3.7(2)
S3 -0.0035(5) -0.3592(2) -0.0505(3) 4.1(2)
F1 0.115(1) -0.2252(7) -0.096(1) 12(1)
F2 -0.079(2) -0.2178(8) -0.015(1) 15(1)
F3 -0.099(2) -0.2454(7) -0.163(1) 14(1)
01 0.492(1) 0.0657(5) 0.3178(6) 3.4(5)
02 -0.152(1) -0,3827(8) -0.040(1) 11(1)
03 0.061(2) -0.3922(7) -0.134(1) 12(1)
04 0.093(2) -0.3582(8) 0.033(1) 14(1)
N1 0.507(1) 0.1596(6) 0.0916(8) 3.3(8)
C1 0.475(1) -0.0760(7) 0.1405(8) 2.3(6)
C2 0.328(1) -0.1117(7) 0.146(1) 2.8(3)
C3 0.320(2) -0.1936(9) 0.161(1) 4.1(3)
Ca 0.450(2) -0.2368(8) 0.173(1) 3.4(3)
C5 0.596(2) -0.2035(8) 0.171(1) 4.0(3)
Ccé 0.609(1) -0.1228(7) 0.155(1) 2.7(3)
Cc7 0.765(2) -0.0850(9) 0.153(1) 3.8(3)
C8 0.762(1) 0.046(1) 0.288(1) 4.1(3)
(04 0.624(1) 0.0233(8) 0.348(1) 3.6(3)
c10 0.343(1) 0.0315(8) 0.339(1) 3.7(3)
C11 0.221(2) 0.0657(9) 0.270(1) 4.4(3)
C12 0.184(2) -0.0636(8) 0.133(1) 4.0(3)
C13 0.512(2) 0.2249(8) 0.081(1) 3.3(3)
C14 0.520(2) 0.3091(8) 0.067(1) 3.2(3)
C15 -0.016(2) -0.256(1) -0.083(2) 5(1)



227

Table A5.3 Intramolecular Distances (A) Involving the Nonhydrogen Atoms
for [Pd(CH,CN)(TOMB-1)][CF,SO,], (23).

atom-atom distance atom-atom distance
Pd1-S1 2.315(4) 01-Cs 1.40(1)
Pd1-82 2.316(4) 01-C10 1.45(1)
Pd1-N1 2.13(1) N1-C13 1.13(1)
Pd1-C1 1.88(1) C1-C2 1.42(2)
$1-C7 1.81(1) C1-C6 1.41(2)
$1-C8 1.85(1) C2-C3 1.42(2)
S2-C11 1.84(1) C2-C12 1.50(2)
S2-C12 1.81(1) C3-C4 1.35(2)
8§3-02 1.36(1) C4-C5 1.38(2)
S$3-03 1.37(1) C5-C6 1.41(2)
S3-04 1.26(1) C6-C7 1.50(2)
83-C15 1.82(2) C8-C9 1.50(2)
F1-C15 1.27(2) C10-C11 1.49(2)
F2-C15 1.25(2) C13-C14 1.46(2)

F3-C15 1.26(2) Pd1...01 2.714(8)
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Table A5.4 Intramolecular Bond Angles Involving the Nonhydrogen Atoms
for [Pd(CH,CN)(TOMB-1)J[CF,SO, (23).

linkage angle (°) linkage angle (°)
S1-Pd1-S2 160.6(1) C1-C2-C3 119(1)
S1-Pd1-N1 95.3(3) C1-C2-C12 120(1)
S$1-Pd1-C1 85.4(4) C3-C2-C12 121(1)
S2-Pd1-N1 93.3(3) C2-C3-C4 1219(1)
$2-Pd1-C1 85.4(4) C3-C4-C5S 122(1)
N1Pd1-C1 177.6(5) C4-C5-C6 119(1)
Pd1-$1-C7 100.1(5) C1-C6-C5 121(1)
Pd1-$1-C8 100.3(4) C1-C6-C7 119(1)
C7-81-C8 103.0(7) C5-C6-C7 121(1)
Pd1-S2-C11 100.0{5) 81-C7-Cé 113(1)
Pd1-S2-C12 100.8(5) $1-C8-C9 116.2(9)
C11-82-C12 103.3(7) 01-C9-C8 112(1)
02-83-03 112(1) 01-C10-C11 110(1)
02-83-04 119(1) $2-C11-C10 117(1)
02-83-C15 105.4(9) S2-C12-C2 111(1)
03-83-04 113(1) N1-C13-C14 180(2)
03-83-C15 103.8(9) S3-C15-F1 113(1)
04-83-C15 102.0(9) 83-C15-F2 112(2)
Cs-01-C10 117(1) S$3-C15-F3 111(1)
Pd1-N1-C13 179(1) F1-C15-F2 107(2)
Pd1-C1-C2 120.4(9) F1-C15-F3 108(2)
Pdi-C1-C6 121.0(9) F2-C15-F3 105(2)
C2-Ci-C6 118(1)
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Table A6.1 Summary of Crystai Data, intensity Collection and Structure
Refinement for [Pd(TOMB-3)Cl], (24).

formula C,:H,0,5.ClPd
fw 469.33 gmol™
colour/form yellow block
a, A 10.276(5)

b, A 10.343(5)

c. A 8.875(3)

a, deg 94.04(4)

B, deg 94.34(4)

v, deg 100.22(4)

V (A%) 922.3(7)
crystal system triclinic
space group PT (#2)

p (gmL™) 1.690

V4 2

u, cm™ 13.88
diffractometer Rigaku AFC6S
A (A) 0.71069

T (°C) 23

scan type ©0-26

scan width (deg) 1.05 +0.30 tan
26 range {(deg) 4.5-50

g data collected 3261

#t unique data with 2647

F 2>3c(F 2

# variables 208

data/var ratio 12.7

largest +/- peaks (e/A%  |1.489/-1.598
max shift/error 0.00076
goodness of fit 2.93

R(Fy), % 5.15

R.(F.). % 410




Table AS.2 Positional parameters and B{eq) for [Pd(TOMB-3)CI], (24).
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atom x y z Bleq)
Pd1 0.68850(6) 0.61461(6) 0.16299(6) 2.91(2)
Ci 0.8072(2) 0.5788(2) 0.0550(2)  4.6(1)
S1 0.5221(2) 0.6910(2) 0.0317(2) 3.15(8)
) 0.8307(2) 0.5312(2) 0.3238(2) 3.55(8)
02 0.9786(5) 1.0604(5) 0.2541(6) 4.4(2)
03 0.7133(5) 1.0649(5) 0.0669(6) 4.2(2)
04 1.1322(6) 0.8353(6) 0.3175(8) 6.5(3)
c1 0.5991(7) 0.6574(6) 0.3462(7) 2.6(3)
c2 0.6526(7) 0.6380(6) 0.4912(7) 3.03)
c3 0.5895(8) 0.6636(7) 0.6178(7) 3.5(3)
c4 0.4737(8) 0.7113(8) 0.6033(8) 4.5(4)
Cs 0.4188(8) 0.7353(8) 0.4632(8) 4.2(4)
Ccé 0.4818(7) 0.7080(7) 0.3337(7) 3.0(3)
c7 0.4173(7) 0.7225(7) 0.1788(8) 3.9(3)
cs 0.5974(7) 0.8544(7) .0.0094(8)  3.5(3)
co 0.6830(7) 0.9396(7) 0.1175(8) 3.8(3)
C10 0.7966(9) 1.1622(7) 0.169(1) 47(4)
c11 0.939(1) 1.1618(8) 0.171(1) 5.0(4)
Ci2 1.1136(9) 1.0575(8) 0.253(1) 5.2(4)
C13 1.1610(8) 0.9706(9) 0.363(1) 5.7(4)
Ci4 0.9994(8) 0.7745(8) 0.314(1) 4.8(4)
C15 0.9955(8) 0.6289(8) 0.3174(8) 4.3(4)
ci6 0.7819(8) 0.5869(8) 0.5068(8) 4.0(3)



231

Table A6.3 Interatomic distances (A) Involving the Nonhydrogen atoms for
[PA(TOMB-3)CI], (24).

atom-atom distance atom-atom distance
Pd1-Cl1 2.405(2) 03-C14 1.385(9)
Pd1-81 2.284(2) C1-C2 1.402(8)
Pd1-S2 2.285(2) C1-C6 1.399(9)
Pd1-C1 1.982(7) C2-C3 1.380(9)
81-C7 1.794(8) C2-C16 1.516(9)
S1-C8 1.796(7) C3-C4 1.36(1)
S2-C15 1.816(8) C4-C5 1.385(9)
$2-C16 1.814(7) C5-C6 1.407(9)
01-C9 1.405(8) Ce6-C7 1.508(8)
01-C10 1.410(8) Cg-Cs 1.503(9)
02-C11 1.416(9) C10-C11 1.48(1)
02-C12 1.406(9) C12-C13 1.47(1)

03-C13 1.415(9) C14-C15 1.51(1)
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Table A6.4 Intramolecular Bond Angies Involving the Nonhydrogen Atoms
for [PA(TOMB-3)CI}, (24).

linkage angle linkage angle
Cl1-Pd1-S1 94.96(7) C1-C2-C16 118.9(6)
Ci1-Pd1-S2 93.91(8) C3-C2-C16 119.9(6)
Ci1-Pd1-C1 175.7(2) C2C3C4 119.6(7)
$1-Pd1-82 170.54(8) C3-C4-C5 121.4(7)
S1-Pd1-C1 85.4(2) C4-C5-C6 119.2(7)
S2-Pd1-C1 86.0(2) C1-C6-C5 120.1(6)
Pd1-81-C7 102.0(2) C1-Ce-C7 119.7(6)
Pd1-51-C8 104.3(2) C5-C6-C7 120.0(7)
C7-S1-C8 103.1(3) $1-C7-C6 111.4(5)
Pd1-82-C15 107.3(2) S1-C8-C9 116.8(5)
Pd1-S2-C16 100.8(2) 03-C9-C8 106.3(6)
C15-S2-C16 103.4(4) 03-C10-C11 115.8(7)
C11-02-C12 112.9(7) 02-C11-C10 112.7(7)
Cg-03-C10 116.1(6) 02-C12-C13 113.5(8)
C13-04-C14 116.1(7) 04-C13-C12 115.8(7)
Pd1-C1-C2 120.8(5) 04-C14-C15 107.5(7)
Pd1-C1-C6 120.8(5) S2-C15-C14 114.7(5)
C2-C1-C6 118.4(6) $2-C16-C2 112.0(5)
C1-C2-C3 121.2(7)
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Table A7.4 Summary of Crystal Data, Intensity Collection and Structure
Refinement for [Pd(CH,CN){TOMB-3)]1[BF ], (25).

formuia C,;HBNO,F,S,Pd
fw 561.73 gmol
colour/form yellow block
a, A 10.838(5)

b A 11.295(4)

c. A 10.219(86)

a, deg 98.31(4)

B, deg 108.86(4)

vy, deg 102.78(4)

V (A% 1122(2)
crystal system trictinic
space group PT (#2)

p (gmL™") 1.66

V4 2

p, cm” 10.66
diffractometer Rigaku AFCES
A, (A) 0.71068

T (°C) 23

scan type ®—-26

scan width (deg) 1.05 +0.30 tan
26 range (deg) 4.5-50

# data collected 3957

Ht unique data with 2226
F.>30(F,)

g variables 267

datalvar ratio 8.3

largest +/- peaks (/A%  [0.612/-0.404
max shift/error 0.00044
goodness of fit 1.45

R(Fg), % 4.59

R.(F.). % 3.67
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Table A7.2 Positional parameters and 8(eq) for [Pd(CH,CN){TOMB-3)][BF ],

(25).

atom x y z Bleq)

Pd1 0.54145(6) 0.87465(6) 0.42239(7) 3.85(2)
S1 0.5122(2) 0.9565(2) 0.2240(2) 4.54(7)
S2 0.6004(2) 0.8180(2) 0.6364(2) 4.36(8)
F1 1.0259(8) 0.7124(6) 0.7734(7) 12.1(4)
F2 1.126(1) 0.8933(7) 0.9163(8) 14.1(4)
F3 1.1737(8) 0.7336(9) 0.9775(8) 14.9(5)
F4 0.986(1) 0.759(1) 0.961(1) 17.8(6)
o1 0.6113(6) 0.7006(5) -0.0045(6) 5.9(2)

02 0.7389(6) 0.5627(5) 0.2162(6) 5.4(2)

03 0.7065(6) 0.5201(5) 0.4976(6) 5.1(2)
N1 0.3467(6) 0.7420(6) 0.3344(7) 4.9(3)
C1 0.7272(7) 0.9927(6) 0.5005(8) 3.6(2)

C2 0.8174(7) 0.9960(6) 0.6363(8) 3.8(3)
c3 0.9495(8) 1.0730(8) 0.6869(9) 5.2(3)

c4 0.9921(8) 1.1483(8) 0.607(1) 6.1(4)
c5 0.9048(9) 1.1465(8) 0.473(1) 5.2(3)

o 0.7727(7) 1.0690(6) 0.4196(8) 3.6(3)
C7 0.6747(8) 1.0733(7) 0.2795(9) 5.0(3)

cs 0.5147(9) 0.8420(8) 0.081(1) 5.8(3)

co 0.6207(9) 0.7777(8) 0.123(1) 5.8(4)

c10 0.722(1) 0.648(1) 0.014(1) 6.2(4)

C11 0.708(1) 0.533(1) 0.068(1) 5.9(4)

C12 0.734(1) 0.4534(8) 0.271(1) 6.1(4)

C13 0.7938(9) 0.4886(8) 0.430(1) 5.5(4)

C14 0.6974(8) 0.6444(7) 0.5037(s) 4.4(3)

C15 0.6255(8) 0.6655(7) 0.6033(8) 4.5(3)

c16 0.7720(8) 0.9212(7) 0.7304(8) 4.8(3)

C17 0.2432(8) 0.6762(7) 0.2855(8) 4.5(3)

Cc18 0.1055(8) 0.5886(8) 0.224(1) 6.2(4)

B1 1.080(1) 0.773(1) 0.809(1) 4.7(4)
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Table A7.3 Intramolecular Distances (A) Invoiving the Nonhydrogen Atoms
for [Pd(CH,CN)(TOMB-3)][BF ], (25).

atom-atom distance atom-atom distance
Pd1-S1 2.307(3) 03-C13 1.42(1)
Pd1-S2 2.299(3) 03-C14 1.42(1)
Pd1-N1 2.120(6) N1-C17 1.106(9)
Pd1-C1 1.984(6) c1-C2 1.41(1)
S1-C7 1.810(8) C1-Cé 1.40(1)
S1-C8 1.82(1) C2-C3 1.38(1)
S2-C15 1.804(9) C2-C16 1.50(1)
S2-C16 1.818(7) C3-C4 1.37(1)
F1-B1 1.33(1) C4-CS 1.38(1)
F2-B1 1.32(1) C5-C6 1.38(1)
F3-B1 1.25(1) Ce-C7 1.50(1)
F4-B1 1.28(2) C8-C9o 1.47(1)
01-Ce 1.42(1) C10-C11 1.47(2)
01-C10 1.43(1) C12-C13 1.49(1)
02-C1 1.41(1) C14-C15 1.49(1)

02-C12 1.42(1) C17-C18 1.47(1)
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Table A7.4 Intramolecular Bond Angles invoiving the Nonhydrogen Atoms
for [Pd{CH,CN)(TOMB-3)][BF ], (25).

linkage angle () linkage angle (°)
S$1-Pd1-82 171.27(7) C3-C4-C5 120.6(7)
S1-Pd1-N1 94.2(2) C4-C5-C6 120.1(9)
S$1-Pd1-C1 85.7(2) C1-C6-C5 120.1(7)
S2-Pd1-N1 94.4(2) C1-C8-C7 119.4(6)
S2-Pd1-C1 85.8(2) C5-C6-C7 120.3(8)
N1-Pd1-C1 177.2(3) $1-C7-C6 112.8(6)
Pd1-S1-C7 100.6(3) $1-C8-C9 115.0(6)
Pd1-S1-C8 108.8(3) 01-Cs-C8 105.8(7)
C7-81-C8 103.7(4) 01-C10-C11 115.2(9)
Pd1-82-C15 106.9(3) 02-C11-C10 110.9(7)
Pd1-82-C16 101.7(3) 02-C12-C13 110.1(7)
C15-82-C16 103.6(4) 03-C13-C12 115.5(8)
Cs-01-C10 113.2(6) 03-C14-C15 105.3(7)
C11-02-C12 111.2(7) S$2-C15-C14 116.2(6)
C13-03-C14 114.5(7) $2-C16-C2 111.0(5)
Pd1-N1-C17 177.1(7) N1-C17-C18 179(1)

Pd1-C1-C2 120.0(6) F1-Bi-F2 108(1)

Pd1-C1-C6 121.0(5) F1-B1-F3 111(1)

C2-C1-C6 119.0(6) F1-B1-F4 108.9(8)
C1-C2-C3 119.8(8) F2-B1-F3 110.3(9)
C1-C2-C16 121.2(6) F2-B1-F4 108(1)

C3-C2-C16 118.9(7) F3-B1-F4 110(1)

C2-C3-C4 120.4(7)



237

Table A8.1 Summary of Crysta! Data, Intensity Collection and Structure
Refinement for [Pd(CH,CN)(TOMB-P4)]J[BF ], (27).

formula C,,H,BNO,F,S.,Pd
fw 728.93 gmot”
colour/form yellow bilock
a A 12.076(2)

b, A 12.314(2)

c, A 11.730(2)

o, deg 109.59(1)

B, deg 106.18(1)

v, deg 75.73(1)
V(A% 1555.3(4)
crystal system triclinic

space group PT (#2)

p (gmL™) 1.56

v4 2

r, cm’ 7.91
diffractometer Rigaku AFCES
A, (A) 0.71069

T (°C) 23

scan type w-26

scan width (deg) 1.05 +0.30 tan
20 range (deg) 4,5-50

# data collected 5480

4 unique data with 3818

F 23c(F )

# variables 388

data/var ratio 9.8

max shift/error 0.01
goodness of fit 1.98

R(F,), % 418

R.F.). % 423




Tabie A8.2 Positional Parameters and B(eq) for [Pd(CH,CNYTOMB-P4)]"
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[BF ], (27).

atom X y z Bleq)
Pd1 0.73065(4)  0.38840(4)  0.43701(4)  2.53(2)
St 0.7571(1) 0.2235(1) 0.2723(1) 2.97(7)
S2 0.7126(1) 0.5729(1) 0.5752(1) 3.19(7)
01 0.7711(4) .0.0625(3)  0.6398(4) 4.0(2)
02 0.5729(4) 0.0267(4)  0.7326(4) 4.4(2)
03 0.3918(4) 0.1525(4) 0.8226(4) 4.3(2)
04 0.5178(3) 0.3337(4) 0.8945(4) 4.1(2)
N1 0.6308(4) 0.3099(4) 0.5025(4) 3.1(2)
C1 0.8166(5) 0.4575(5) 0.3632(5) 2.7(2)
c2 0.8498(5) 0.5679(5) 0.4260(8) 3.2(3)
c3 0.8984(5) 0.6202(5) 0.3678(6) 3.9(3)
ca 0.9164(5) 0.5658(6) 0.2510(7) 4.3(3)
cs5 0.8872(5) 0.4561(6) 0.1884(6) 3.7(3)
Cc6 0.8368(5) 0.4013(5) 0.2439(5) 3.1(3)
c7 0.7987(6) 0.2844(5) 0.1724(6) 3.9(3)
cs 0.8952(5) 0.1374(5) 0.3323(5) 3.2(3)
c9 0.8702(5) 0.0846(5) 0.4188(5) 2.7(2)
c10 0.8894(5) 0.1349(5) 0.5455(6) 3.1(3)
c11 0.8601(5) 0.0881(5) 0.6237(5) 3.2(3)
C12 0.8083(5) -0.0108(5) 0.5727(5) 2.8(2)
c13 0.7878(5) 0.0625(5)  0.4460(6) 3.4(3)
C14 0.8199(5) 0.0170(5)  0.3693(5) 3.1(3)
C15 0.7678(5) -0.0012(6)  0.7671(6) 4.0(3)
C16 0.6860(6) 0.0488(6)  0.8047(6) 4.6(3)
C17 0.4834(6) -0.0449(6)  0.7780(7) 4.8(4)
c18 0.4412(6) 0.0598(6) 0.8750(6) 4.7(4)
Cc19 0.3619(6) 0.2606(6) 0.9098(6) 4.6(3)
C20 0.3930(5) 0.3542(5) 0.8739(6) 3.9(3)
C21 0.5696(5) 0.3955(5) 0.8519(5) 3.0(3)
Cc22 0.5105(5) 0.4880(5) 0.8025(6) 3.6(3)
c23 0.5737(5) 0.5442(5) 0.7646(5) 3.6(3)
c24 0.6929(5) 0.5128(5) 0.7757(5) 3.2(3)



c25
C26
c27
c28
c29
C30
Fi
F2
F3
F4
B1

0.7509(5)
0.6389(5)
0.7621(6)
0.8340(5)
0.5806(5)
0.5141(6)
0.0804(5)
-0.0522(5)
0.1260(6)
0.0743(8)
0.062(1)

0.4190(5)
0.3614(5)
0.5753(6)
0.6250(5)
0.2581(5)
0.1901(5)
0.2168(4)
0.1890(6)
0.0940(6)
0.2743(8)
0.189(1)

0.8240(5)
0.8618(5)
0.7384(6)
0.5567(6)
0.5265(5)
0.5563(6)
0.1019(5)
-0.0606(5)
-0.0695(5)
-0.056(1)
-0.023(1)

3.3(3)
3.3(3)
4.2(3)
3.7(3)
3.1(3)
4.1(3)
10.2(3)
11.8(4)
14.1(5)
23.1(9)
5.9(5)
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Table A8.3 Intramolecular Distances (A) Involving the Nonhydregen Atoms
for [Pd(CH,CN)(TOMB-P4)][BF ], (27).

atom-atom distan<e atom-atom distance
Pd1-81 2.313°2) Cs-C7 1.513(8)
Pd1-S2 2.307(2) C8-C9 1.501(7)
Pd1-N1 2.137(5) Cs-C10 1.381(8)
Pd1-C1 1.995(5) Co-C14 1.401(7)
$1-C7 1.818(6) C10-C11 1.391(7)
S1-C8 1.837(6) C11-C12 1.382(7)
82-C27 1.831(6) C12-C13 1.383(8)
S2-C28 1.327(6) C13-C14 1.383(7)
01-C12 1.379(6) C15-C1i6 1.489(8)
01-C15 1.437(7) C17-C18 1.494(9)
02-C16 1.408(7) C19-C20 1.508(8)
02-C17 1.421(7) C21-C22 1.398(8)
03-C18 1.402(7) C21-C26 1.380(8)
03-C18 1.416(7) C22-C23 1.383(8)
04-C20 1.430(7) C23-C24 1.376(8)
04-C21 1.373(6) C24-C25 1.402(8)
N1-C29 1.122(6) C24-C27 1.493(8)
C1-C2 1.409(7) C25-C26 1.385(8)
C1-C6 1.398(7) C29-C30 1.468(8)



C2-C3
C2-C28
C3-C4
C4-C5
C5-Cé

1.390(7)
1.502(8)
1.361(9)
1.383(9)
1.403(7)

F1-B1
F2-B1
F3-B1
F4-B1

1.35(1)
1.33(1)
1.28(1)
1.27(1)
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Table A8.4 Intramolecular Bond Angles Involving the Nonhydrogen Atoms

for [Pd(CH,CN)(TOMB-P4)I[BF ], (27).

linkage angle (°) linkage (°) angle

S1-Pd1-S2 167.70(5) C1-C6-C5 119.9(6)
S1-Pd1-N1 92.3(1) C1-C6-C7 120.1(5)
S1-Pd1-C1 84.8(2) C5-C6-C7 119.9(6)
S2-Pd1-N1 99.1(1) $1-C7-C6 110.7(4)
S2-Pd1-C1 83.6(2) $1-C8-C¢ 107.1(4)
N1-Pd1-C1 175.7(2) C8-Cs-C10 122.9(5)
Pd1-S1-C7 100.6(2) C8-Co-C14 119.0(5)
Pd1-S1-C8 104.1(2) C10-C9-C14 118.1(5)
C7-81-C8 103.1(3) C9-C10-C11 122.1(5)
Pd1-82-C27 114.4(2) C10-C11-C12 118.9(5)
Pd1-S2-C28 99.7(2) 01-C12-C11 124.3(5)
C27-82-C28 89.8(3} 01-C12-C13 115.6(5)
C12-01-C15 118.7(5) C11-C12-C13 120.0(5)
C16-02-C17 113.7(5) C12-C13-C14 120.6(5)
C18-03-C19 113.8(5) C9-C14-C13 120.2(5)
C20-04-C21 118.5(5) 01-C15-C16 108.4(5)
Pd1-N1-C29 172.4(5) 02-C16-C15 108.9(5)
Pd1-C1-C2 120.7(4) 02-C17-C18 112.9(6)
Pd1-C1-C6 120.4(4) 03-C18-C17 108.9(5)
C2-C1-C6 118.7(5) 03-C19-C20 107.3(5)
C1-C2-C3 120.0(6) 04-C20-C19 106.2(5)
C1-C2-C28 118.5(5) 04-C21-C22 124.7(5)
C3-C2-C28 121.5(8) 04-C21-C26 115.3(5)
C2-C3-C4 121.1(6) C22-C21-C26 120.1(6)
C3-C4-C5 120.1(6) C21-C22-C23 118.8(6)



C4-C5-C6
C23-C24-C25
C23-C24-C27
C25-C24-C27
C24-C25-C26
C21-C26-C25
$2-C27-C24
$2-C28-C2

120.2(6)
118.6(5)
122.3(6)
119.2(6)
120.2(5)
120.4(5)
112.8(4)
108.1(4)

C22-C23-C24
N1-C28-C30
F1-B1-F2
F1-B1-F3
F1-B1-F4
F2-B1-F3
F2-Bi-F4
F3-B1-F4

122.0(6)
179.3(7)
103.6(8)
113.0(9)
111(1)
115(1)
100.8(9)
113(1)
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Table A9.1 Summary of Crystal Data, Intensity Collection and Structure
Refinement for [Pd{(OAP)(TOMB-1)1[BF ], (31).

formula C,;H.,ON_BF S.Pd
fw 526.69 gmol
colour/form orange block
a A 10.056(2)

b, A 18.889(2)

c. A 11.294(7)

o, deg 90

B, deg 112.32(4)

v, deg 90

V (A%) 1976(2)
crystal system monoclinic
space group P2,/c (#14)

p {gmL™") 1.770

V4 4

u, cm™® 11.75
diffractometer Rigaku AFC6S
A (A) 0.71069

T (°C) 23

scan type ®-20

scan width (deg) 1.05 +0.30 tan
20 range (deg) 4.5-50

g data collected 3915

J unique data with 2326
F.?>30(F,)

g variables 254

data/var ratio 9.2

max shift/error 0.001
goodness of fit 2.54

R(Fo). % 6.95

R, (F.), % 6.14




Table A9.2 Positional Parameters and B(eq) for [Pd(OAP)(TOMB-1)J[BF ],

(31).

atom x y z B(eq)
Pd1 0.2441(1) 0.09334(5)  0.2570(1) 2.00(3)
S1 0.3920(3) 0.0933(2) 0.4700(3) 3.2(1)
S2 0.0392(3) 0.1003(2) 0.0726(3) 2.7(1)
F1 0.172(1) 0.0920(5) 0.789(1) 6.5(5)
F2 0.241(1) 0.1918(5) 0.729(1) 7.9(6)
F3 0.040(1) 0.1911(5) 0.772(1) 6.5(5)
F4 0.255(1) 0.1813(7) 0.9287(9) 8.3(6)
01 0.047(1) 0.0502(5) 0.3566(7) 3.0(4)
N1 0.314(1) 0.0077(6)  0.213(1) 2.7(4)
N2 0.177(1) .0.0765(6)  0.291(1) 4.5(6)
c1 0.199(1) 0.1933(6) 0.287(1) 2.1(5)
c2 0.089(1) 0.2301(7) 0.193(1) 2.6(5)
c3 0.054(1) 0.2891(7) 0.215(1) 3.5(6)
C4 0.132(2) 0.3317(7) 0.330(1) 3.6(6)
cs 0.241(2) 0.2961(7) 0.427(1) 3.3(6)
cs 0.276(1) 0.2260(7)  0.404(1) 2.4(5)
c7 0.393(1) 0.1872(8)  0.508(1) 3.0(5)
C8 0.268(2) 0.0573(8) 0.540(1) 4.0(6)
co 0.111(1) 0.0798(8) 0.480(1) 3.5(6)
c10 -0.077(1) 0.0845(8) 0.266(1) 3.4(6)
c11 -0.093(1) 0.0650(7)  0.132(1) 3.3(5)
c12 0.005(2) 0.1945(7) 0.067(1) 3.4(6)
c13 0.266(2) 0.0728(6)  0.233(1) 3.1(6)
C14 0.323(2) -0.1358(8)  0.201(1) 43(7)
C15 0.426(2) -0.127(1) 0.149(1) 4.8(8)
C16 0.473(2) -0.064(1) 0.126(1) 4.8(8)
c17 0.414(2) 0.0058(8)  0.162(1) 3.6(6)
B1 0.179(2) 0.164(1) 0.805(2) 4.1(8)
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Table A9.3 Intramolecular Distances Involving the Nonhydrogen Atoms for
[PA(OAP)(TOMB-1)}[BF,], (31).

atom-atom distance atom-atom distance
Pd1-81 2.298(4) N2-C13 1.29(2)
Pd1-S2 2.312(4) Ci-C2 1.3%(2)
Pd1-N1 2.14(1) C1-Ce 1.39(2)
Pd1-C1 1.98(1) C2-C3 1.39(2)
S1-C7 1.82(1) C2-C12 1.51(2)
S$1-C8 1.84(1) C3-C4 1.38(2)
S2-C11 1.83(1) C4-CS 1.39(2)
$2-C12 1.80(1) C5-Cs 1.41(2)
F1-B1 1.37(2) C6-C7 1.50(2)
F2-B1 1.34(2) C8-Cs 1.53(2)
F3-B1 1.39(2) C10-C11 1.50(2)
F4-B1 1.35(2) C13-C14 1.42(2)
01-C9 1.41(1) C14-C15 1.37(2)
01-C10 1.43(1) C15-C16 1.33(2)
N1-C13 1.35(1) C16-C17 1.37(2)

N1-C17 1.36(2)
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Table A9.4 Intramolecular Bond Angles Involving the Nonhydrogen Atoms
for [Pd(OAP)YTOMB-1)][BF ], (31).

linkage angle linkage angle
S$1-Pd1-S2 160.8(1) C4-C5-C6 119(1)
$1-Pd1-N1 96.1(3) C1-C6-C5 120(1)
$1-Pd1-C1 85.5(4) C1-Ce-C7 121(1)
S2-Pd1-N1 95.4(3) C5-Ce-C7 119(1)
$2-Pd1-C1 85.3(4) $1-C7-C6 110.8(9)
N1-Pd1-C1 172.0(4) $1-C8-C9 117.6(9)
Pd1-S1-C7 100.9(4) 01-Cs-C8 110(1)
Pd1-S1-C8 100.3(4) 01-C10-C11 110(1)
C7-S1-C8 101.7(7) $2-C11-C10 117.7(9)
Pd1-S2-C11 99.8(4) §2-C12-C2 112.0(9)
Pd1-82-C12 100.3(4) N1-C13-N2 118(1)
C11-82-C12 102.4(7) N1-C13-C14 121(19)
C9-01-C10 118(1) N2-C13-C14 120(1)
Pd1-N1-C13 127.6(9) C13-C14-C15 116(1)
Pd1-N1-C17 115.6(8) C14-C15-C16 125(2)
C13-N1-C17 117(1) C15-C16-C17 115(2)
Pd1-C1-C21 20.5(9) N1-C17-C16 126(1)
Pd1-C1-C6 119.9(9) F1-B1-F2 108(1)
C2-C1-C6 120(1) F1-B1-F3 109(1)
C1-C2-C3 121(1) Fi-B1-F4 111(2)
C1-C2-C12 120(1) F2-B1-F3 110(2)
C3-C2-C12 120(1) F2-B1-F4 111(1)
C2-C3-C4 119(1) F3-B1-F4 108(1)

C3-C4-C5 122(1)



246

Table A10.1 Summary of Crystal Data, Intensity Collection and Structure
Refinement for [Pd(PYR)(TOMB-3)1[BF,], (32).

formuia C..H,,O,NBF S,Cl,Pd
fw 719.16 gmoi™
colour/form yellow block

a, A 11.982(3)

b, A 12.858(3)

c. A 10.048(2)

o, deg 103.59(2)

B, deg 99.63(2)

y, deg 77.56(2)

V (A% 1458.2(6)
crystal system triclinic

space group PT (#2)

p (gmL™) 1.64

Z 2

u, cm™ 11.05
diffractometer Rigaku AFC6S
A (A) 0.71069

T (°C) 23

scan type ©-26

scan width (deg) 1.05 +0.30 tan
20 range (deg) 4.5-50

# data collected 3304

# unique data with 2079
F.2>30(F2

# variables 220

datafvar ratio 9.4

imax shift/error 0.001
goodness of fit 1.87

R(F,), % 5.14

RF.), % 4.62




Table A10.2 Positional Parameters and B(eq) for [Pd(PYR)(TOMB-3)][BF 1,

(32).

atom x y z B(eq)

Pd1 0.13430(8) -0.09833(8) -0.1230(1) 2.90(5)
cH 0.7690(4) 0.6349(4) 0.8445(6) 12.1(4)
Cl2 0.9292(4) 0.4409(4) 0.8302(5) 10.9(3)
c3 0.7048(5) 0.4523(4) 0.8948(6) 12.4(4)
S1 0.1873(3) 0.0690(2) .0.05003)  3.8(2)
$2 0.0321(3) 0.2368(3)  -0.1791(3)  3.8(2)
F1 0.1200(8) 0.3556(8) 0.614(1) 13.6(8)
F2 0.232(1) 0.369(1) 0.798(1) 14.3(9)
F3 0.288(1) 0.3905(9) 0.625(2) 16(1)

F4 0.2768(7) 0.2298(6) 0.6325(9) 7.6(5)
01 0.4853(6)  -0.0214(7)  -0.2095(8)  5.1(5)
02 0.4297(7)  -02225(7)  -0.4171(8)  4.9(5)
03 0.2540(7) -0.3280(6) -0.3764(8) 4.9(5)
N1 0.2768(7)  -0.1768(7)  -0.000(1) 3.3(5)
c1 0.0115(9) 0.0247(9)  -0.246(1) 2.9(2)
c2 -0.076(1) 0.0780(9)  -0.322(1) 3.4(2)
c3 -0.156(1) -0.030(1) -0.419(1) 4.0(3)
c4 -0.147(1) 0.071(1) -0.437(1) 4.4(3)
cs -0.067(1) 0.127(1) -0.358(1) 3.8(3)
cs 0.015(1) 0.0792(9)  -0.262(1) 3.3(2)
c7 0.102(1) 0.141(1) -0.181(1) 4.3(3)
cs 0.333(1) 0.0600(8)  -0.078(1) 3.9(3)
co 0.365(1) -0.008(1) -0.215(1) 4.1(3)
c10 0.529(1) -0.073(1) -0.335(1) 6.2(4)
C11 0.538(1) -0.192(1) -0.374(1) 6.5(4)
C12 0.435(1) -0.33&{1) -0.449(1) 5.6(3)
c13 0.316(1) -0.361(1) -0.490(1) 5.5(3)
C14 0.147(1) -0.363(1) -0.408(1) 4.9(3)
C15 0.102(1) -0.364(1) -0.279(1) 4.4(3)
c1i6 -0.085(1) -0.188(1) -0.304(1) 4.4(3)
c17 0.282(1) -0.152(1) 0.138(1) 3.8(3)
c18 0.377(1) -0.195(1) 0.220(1) 5.1(3)



C19
c20
C21
c22
B1

Tabile A10.3 Intramolecular Distances (A) Involving the Nonhydrogen

0.465(1)
0.462(1)
0.365(1)
0.813(1)
0.227(2)

-0.260(1) 0.162(1)
-0.287(1) 0.024(2)
-0.244(1) -0.058(1)
0.521(1) 0.911(1)
0.335(1) 0.665(2)

Atoms for [Pd(PYR)(TOMB-3)][BF ], (32).

5.4(3)
6.4(4)
5.2(3)
5.6(8)
(1)
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tom-atom distance atom-atom distance

Pd1-S1 2.294(3) C2-C16 1.50(1)
Pd1-S2 2.285(3) C3-C4 1.39(1)
Pd1-N1 2.144(8) C4-Cs 1.35(1)
Pd1-C1 1.98(1) C5-Cé 1.41(1)
Cl1-C22 1.69(1) ce-C7 1.47(1)
Cl2-C22 1.74(1) C8-C9 1.51(1)
CI3-C22 1.69(1) C10-C11 1.47(2)
S1-C7 1.83(1) C12-C13 1.50(2)
S1-C8 1.79(1) C14-C15 1.49(2)
S2-C15 1.82(1) 03-C14 1.41(1)
S2-C16 1.83(1) N1-C17 1.34(1)
F1-B1 1.30(2) N1-C21 1.33(1)
F2-B1 1.30(2) C1-C2 1.40(1)
F3-B1 1.28(2) C1-Cs 1.39(1)
F4-B1 1.35(2) C2-C3 1.40(1)
01-C8 1.40(1) C17-C18 1.38(2)
01-C10 1.41(1) C18-C18 1.32(2)
02-C11 1.41(1) C18-C20 1.34(2)
02-C12 1.39(1) C20-C21 1.41(2)
03-C13 1.40(1)



Table A10.4 intramolecular Bond Angles involving the Nonhydrogen

Atoms for [Pd(PYR)(TOMB-3)][BF 1, (32).

linkage angle (°) linkage angle (°)
S1-Pd1-82 163.7(1) C3-C4-C5 122(1)
S$1-Pd1-N1 83.7(3) C4-C5-C6 120(1)
S1-Pd1-C1 84.7(3) C1-Ce-C5 120(1)
S2-Pd1-N1 96.8(3) C1-Ce-C7 121(1)
S$2-Pd1-C1 85.6(3) C5-Ce-C7 119(1)
N1-Pd1-C1 175.4(4) S1-C7-C6 110.9(8)
Pd1-S1-C7 100.8(4) S1-C8-C9 115.3(9)
Pd1-S1-C8 110.3(4) 01-C9-C8 107(1)
C7-81-C8 104.1(5) S2-C15-C14 119.0(9)
Pd1-§2-C15 115.8(4) 02-C11-C10 112(1)
Pd1-S2-C16 101.9(4) $2-C16-C2 110.8(8)
C15-S2-C16 102.7(5) 02-C12-C13 111(1)
C9-01-C10 114.8(9) N1-C17-C18 121(%)
C11-02-C12 114(1) 03-C13-C12 110(1)
C13-03-C14 111.3(9) C17-C18-C19 119(1)
Pd1-N1-C17 119.9(7) C18-C18-C20 121(1)
Pd1-N1-C21 120.9(8) C19-C20-C21 119(1)
C17-N1-C21 119(1) N1-C21-C20 120(1)
Pd1-C1-C2 120.6(8) Cci1-C22-Ciz 108.6(8)
Pd1-C1-C6 120.2(8) Cl1-C22-CI3 111.4(8)
C2-C1-C86 119(1) C12-C22-CiI3 111.4(8)
C1-C2-C3 121(1) F1-B1-F2 107(2)
C1-C2-C16 121(1) F1-B1-F3 112(2)
C3-C2-C16 119(1) F1-B1-F4 114(2)
C2-C3-C4 118(1) F2-B1-F3 105(2)
03-C14-C15 111(1) F2-B1-F4 110(2)
01-C10-C11 115(1) F3-B1-F4 108(2)
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Table A11.1 Summary of Crystal Data, Intensity Collection and Structure
Refinement for [Pd(PIC)Y{TOMB-3)][BF ], (34).

formula

fw
colourfform
a, A

b A

c. A

o, deg

B. deg

v, deg

V (A%)

crystal system
space group

p (gmL")

VA
M, Cm
diffractometer

A (A)

T (°C)

scan type

scan width (deg)
20 range (deg)
3 data collected

F# unique data with
F 2>30(F2)

G variables
data/var ratio
max shift/error
goodness of fit
R(F). %

R (F.), %

-1

C..H,,O,N,BF S.Pd
628.82 gmol”
yellow chunk
12.588(4)

14.249(6)

8.208(2)

95.65(3)

104.26(2)

66.07(3)

1304(2)

triclinic

PT (#2)

1.60

2
9.08

Rigaku AFC6S
0.71069

23

©-20

1.05 +0.30 tan
4.5-50

4929

3084

316
9.8
0.001
1.24
4.38
472




Table A11.2 Positional Parameters and B(eq) for [Pd(PIC)(T OMB-3)][BF ],

(34).

atom x y z B(eq)

Pd(1) 0.16963(5)  0.35027(4)  0.49493(7)  2.49(3)
S(1) 0.2733(2) 0.3829(2) 0.7511(2) 3.6(1)
S(2) 0.0426(1) 0.3789(1) 0.2325(2) 3.1(1)
F(1) 0.6705(5) 0.1643(4) 0.1040(8) 8.3(5)
F(2) 0.7695(8) 0.218(1) -0.003(1) 16(1)

F(3) 0.7935(6) 0.2302(6) 0.2665(8) 12.3(6)
F(4) 0.6264(8) 0.3262(6) 0.107(1) 17.4(8)
o(1) 0.4560(4) 0.2169(4) 0.5422(6) 3.8(3)
02) 0.4694(4) 0.0676(4) 0.2722(7) 4.6(3)
0(@) 0.2022(4) 0.1506(4) 0.1436(7) 4.5(3)
N(1) 0.1195(5) 0.2446(4) 0.5930(7) 2.9(3)
N(2) 0.3078(5) 0.1164(4) 0.6204(9) 4.4(4)
c() 0.2234(6) 0.4427(5) 0.4030(8) 2.7(4)
c(2) 0.2051(6) 0.4522(5) 0.2285(8)  2.8(4)
cE3) 0.2475(7) 0.5136(6) 0.1671(9) 3.9(5)
C(4) 0.3089(8) 0.5646(6) 0.273(1) 4.8(6)
c(s) 0.3268(7) 0.5575(6) 0.445(1) 4.3(5)
C(6) 0.2846(6) 0.4969(5) 0.5124(9) 3.2(4)
c) 0.2958(7) 0.4926(6) 0.697(1) 4.2(5)
c(8) 0.4248(7) 0.2887{6) 0.810(1) 4.9(5)
c(o) 0.4996(7) 0.2663(6) 0.682(1) 4.5(5)
C(10) 0.5110(7) 0.2088(6) 0.407(1) 4.3(5)
c(11) 0.4453(7) 0.1725(6) 0.254(1) 4.4(5)
c(12) 0.3981(8)  0.0302(6)  0.140(1) 5.5(6)
c(13) 0.2809(8) 0.0456(6) 0.172(1) 4.8(5)
C(14) 0.0897(7) 0.1690(6) 0.170(1) 4.3(5)
C(15) 0.0050(7)  02758(6)  0.123(1) 4.2(5)
C(16) 0.1399(6) 0.3938(5) 0.1168(8) 3.3(4)
cen 0.1929(6) 0.1466(5) 0.6333(8) 3.2(4)
c(18) 0.1533(7) 0.0780(6) 0.684(1) 3.8(5)
C(19) 0.0374(7) 0.1093(6) 0.696(1) 4.0(5)
C(20) 00385(7)  021247)  0.655(1) 4.6(6)
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C(21) 0.0054(7) 0.2748(6) 0.607(1) 3.8(5)
C(22) -0.009(1) 0.0361(8) 0.741(1) 6.5(8)
B(1) 0.715(1) 0.235(1) 0.126(2) 5.4(7)

Table A11.3 Intramolecular Distances (A) involving the Nonhydrogen
Atoms for [Pd(PIC)(TOMB-3)][BF 1, (34).

atom-atom distance atom-atom distance
Pd1-81 2.299(2) N1-C21 1.353(8)
Pd1-S2 2.304(2) N2-C17 1.361(9)
Pd1-N1 2.139(5) C1-C2 1.405(9)
Pd1-C1 1.983(6) C1-Cs 1.414(9)
S1-C7 1.812(8) C2-C3 1.380(9)
S1-C8 1.809(8) C2-C16 1.496(9)
$2-C15 1.814(8) C3-C4 1.37(1)
S2-C16 1.809(7) Ca-C5 1.37(1)
F1-B1 1.32(1) C5-C6 1.40(1)
F2-B1 1.35(1) Ce-C7 1.49(1)
F3-B1 1.31(1) C8-C9 1.50(1)
F4-B1 1.32(1) C10-C11 1.49(1)
01-C9 1.400(9) C12-C13 1.49(1)
01-C10 1.421(9) C14-C15 1.48(1)
02-C11 1.415(9) C17-C18 1.398(9)
02-C12 1.434(9) C18-C18 1.37(1)
03-C13 1.423(9) C19-C20 1.41(1)
03-C14 1.400(9) C19-C22 1.50(1)

N1-C17 1.344(8) C20-C21 1.35(1)



Table A11.4 Intramolecuiar Bond Angles Involving the Nonhydrogen

Atoms for [Pd(PIC)(TOMB-3)J[BF ], (34).

linkage angle (°) linkage angle (°)
$1-Pd1-S2 159.93(7) C4-C5-Ce 120.4(7)
S1-Pd1-N1 94.7(2) C1-C6-C5 119.3(6)
S1-Pd1-C1 85.1(2) C1-Ce-C7 118.8(6)
S2-Pd1-N1 99.7(2) C5-Ce-C7 121.7(6)
S$2-Pd1-C1 81.1(2) $1-C7-C6 111.1(5)
N1-Pd1-C1 177.2(2) 81-C8-C9 116.7(5)
Pd1-81-C7 100.2(2) 01-C9-C8 110.3(6)
Pd1-S1-C8 113.2(3) 01-C10-C11 108.9(6)
C7-81-C8 101.9(4) 02-C11-C10 110.1(6)
Pd1-S2-C15 120.1(3) 02-C12-C13 114.0(7)
Pd1-82-C16 98.2(2) 03-C13-C12 108.1(7)
C15-S2-C16 103.5(3) 03-C14-C15 110.8(6)
C9-01-C10 112.6(6) $2-C15-C14 117.4(5)
C11-02-C12 113.4(6) S$2-C16-C2 106.6(5)
C13-03-C14 111.4(6) N1-C17-N2 116.9(6)
Pd1-N1-C17 124.0(5) N1-C17-C18 121.9(7)
Pd1-N1-C21 119.0(4) N2-C17-C18 121.2(7)
C17-N1-C21 116.9(6) C17-C18-C19 120.5(7)
Pd1-C1-C21 20.4(5) C18-C18-C20 117.2(7)
Pd1-C1-C6 120.4(5) C18-C19-C22 121.7(8)
C2-C1-C6 119.2(6) C20-C19-C22 121.1(8)
C1-C2-C3 119.5(6) C18-C20-C21 119.4(7)
C1-C2-C16 117.7(6) N1-C21-C20 124.1(7)
C3-C2-C16 122.8(6) F1-B1-F2 103(1)
C2-C3-C4 121.3(7) F1-B1-F3 116(1)
C3-C4-C5 120.3(7) Fi-B1-F4 109(1)
F2-B1-F3 109(1) F2-B1-F4 109(1)
F3-B1-F4 111(1)
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Table A12.1 Summary of Crystal Data, Intensity Collection and Structure
Refinement for [Pd(CYT)(TOMB-3)]J[BF ], (35).

formula

fw

colour/form

a, A

b, A

c. A

o, deg

B. deg

v, deg

V (A%

crystal system
space group

p (gmL™)

VA
o, cm
diffractometer

A, (A)

T (°C)

scan type

scan width (deg)
20 range (deg}

# data collected

# unique data with
F.2>30(F )

# variables
data/var ratio

max shift/error
goodness of fit
R(F,), %

RuF.). %

-1

CH,,BN,OF,S.Pd

672.83 gmol”
colourless block
12.877(4)
16.567(3)
13.714(5)

90

101.53(2)

90
2866.5(2.6)
monoclinic
P2,/n (#14)
1.56

4

8.36

Rigaku AFCES
0.71069

23

©-20

1.05 +0.30 tan
4.5-50

5258

2335

242
9.6

0
21.52
4.61
3.54




Table A412.2 Positional parameters and B(eq) for [PA(CYTYT OMB-3)][BF ],

(35).

atom X y z B(eq)
Pd1 0.14166(5) 0.06126(5) 0.34342(5) 2.87(3)
S1 0.0886(2) -0.0708(2) 0.3108(1) 3.3(1)
S2 0.1696(2) 0.1857(2) 0.4182(2) 4.3(1)
F1 0.4359(6) 0.1017(5) 0.9285(6) 11.6(6)
F2 0.3121({6) 0.0164(5) 0.9385(7) 11.5(6)
F3 0.2771(7) 0.1371(5) 0.9485(7) 13.8(7)
F4 0.3030(7) 0.092(1) 0.8093(5) 18.5(9)
01 -0.0102(4) 0.0466(4) 0.1228(4) 3.7(3)
02 -0.0096(5) 0.20339(4) 0.029G(4) 5.2(3)
03 0.1482(5) 0.2734(4) 0.1990(4) 5.8(4)
04 0.3658(4) 0.0307(4) 0.4712(4) 4.8(3)
N1 0.2947(5) 0.0382(4) 0.3067(4) 3.2(3)
N2 0.2302(6) 0.0500(7) 0.1375(5) 5.1(4)
N3 0.4720(5) -0.0014(5) 0.3649(5) 4.3(4)
N4 0.505(1) 0.2091(8) 0.271(1) 12.0(9)
C1 -0.0030(6) 0.0784(5) 0.3705(5) 2.5(2)
C2 -0.0378(7) 0.1563(5) 0.3871(6) 3.4(2)
C3 -0.1401(8) 0.1673(6) 0.4067(7) 5.0(2)
C4 -0.2057(8) 0.1014(7) 0.4092(7) 5.2(2)
C5 -0.1721(8) 0.0242(6) 0.3916(7) 4.9(2)
ceé -0.0712(6) 0.0128(5) 0.3723(6) 2.8(2)
C7 -0.0344(6) -0.0704(6) 0.3577(6) 3.9(2)
C8 0.0426(7) -0.0872(5) 0.1785(6) 4.0(2)
C9 -0.0451(7) -0.0343(6) 0.1246(6) 4.4(2)
C10 -0.0975(7) 0.1002(6) 0.1007(6) 4.0(2)
Cc11 -0.0568(8) 0.1848(6) 0.1108(7) 5.0(2)
C12 0.0381(9) 0.2797(7) 0.0364(8) 6.2(3)
C13 0.1485(9) 0.2796(7) 0.0961(8) 6.7(3)
C14 0.2483(9) 0.2523(7) 0.2558(8) 5.6(3)
C15 0.2475(8) 0.2576(7) 0.3651(7) 5.9(3)
C16 0.0344(7) 0.2251(6) 0.3848(6) 4.5(2)
C17 0.3108(7) 0.0321(5) 0.2122(6) 3.4(2)



C18
C19
C20
C21
<22
B1

Table A12.3 Intramolecular Distances (A) Involving the Nonhydrogen

0.4095(8)
0.4876(7)
0.3766(7)
0.558(1)
0.625(1)
0.333(1)

0.0044(6) 0.1921(7)
-0.0119(6) 0.2707(7)
0.0231(6) 0.3847(6)
0.198(1) 0.218(1)
0.167(1) 0.155(1)
0.091(1) 0.898(2)

Atoms for [Pd(CYT)(TOMB-3)}[BF ], (35).

4.6(2)
4.3(2)
3.5(2)
8.9(4)
13.1(5)
8(1)
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atom-atom distance atom-atom distance
Pd1-S1 2.309(3) N1-C20 1.366(9)
Pd1-S2 2.299(3) N2-C17 1.34(1)
Pd1-N1 2.164(6) N3-C18 1.36(1)
Pd1-C1 1.992(7) N3-C20 1.37(1)
S1-C7 1.824(8) N4-C21 1.11(2)
S1-C8 1.814(8) C1-C2 1.40(1)
S$2-C15 1.80(1) C1-Cé 1.40(1)
S2-C16 1.829(9) C2-C3 1.41(1)
F1-B1 1.32(2) C2-C16 1.48(1)
F2-B1 1.39(2) C3-C4a 1.39(1)
F3-B1 1.33(2) C4-C5 1.39(1)
F4-B1 1.21(2) Cs-C6 1.39(1)
01-C9 1.42(1) Ce-C7 1.48(1)
01-C10 1.42(1) C8-C9 1.50(1)
02-C11 1.42(1) C10-C11 1.49(1)
02-C12 1.39(1) C12-C13 1.49(1)
03-C13 1.42(1) C14-C15 1.50(1)
03-C14 1.41(1) C17-Ci8 1.43(1)
04-C20 1.228(9) C18-C19 1.35(1)
N1-C17 1.356(9) C21-C22 1.42(2)
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Table A12.4 Intramolecular Bond Angles Involving the Nonhydrogen
Atoms for [Pd(CYT)(TOMB-3)][BF ], (35).

linkage angie (°) linkage (°) angle

S$1-Pd1-S2 161.80(8) C3-C4-C5 120.7(9)
S1-Pd1-N1 92.0(2) C4-C5-C6 119.6(9)
S1-Pd1-C1 85.4(2) C1-C6-C5 120.7(8)
S$2-Pd1-N1 101.2(2) C1-Ce-C7 120.0(7)
$2-Pd1-C1 81.8(2) C5-Ce-C7 119.2(8)
N1-Pd1-C1 176.6(3) $1-C7-C6 112.0(6)
Pd1-81-C7 99.9(3) $1-C8-C9 118.0(6)
Pd1-S1-C8 111.1(3) 01-Ce-C8 110.5(7)
C7-S1-C8 102.7(4) 01-C10-C11 108.6(7)
Pd1-82-C15 117.5(4) 02-C11-C10 109.5(8)
Pd1-S2-C16 98.8(3) 02-C12-C13 113(1)

C15-82-C16 104.0(5) 03-C13-C12 110.8(9)
C9-01-C10 110.8(6) 03-C14-C15 110.5(9)
C11-02-C12 113.4(8) S2-C15-C14 118.7(8)
C13-03-C14 112.6(8) $2-C16-C2 108.9(7)
Pd1-N1-C17 123.7(5) N1-C17-N2 118.2(8)
Pd1-N1-C20 116.5(5) N1-C17-C18 121.3(8)
C17-N1-C20 119.6(7) N2-C17-C18 120.5(8)
C19-N3-C20 122.3(8) C17-C18-C19 17.5(9)
Pd1-C1-C2 120.3(6) N3-C18-C18 120.5(9)
Pd1-C1-C6 120.3(6) - 04-C20-N1 121.3(8)
C2-C1-C6 119.4(7) 04-C20-N3 120.0(8)
C1-C2-C3 119.5(9) N1-C20-N3 118.7(8)
C1-C2-C16 119.0(8) N4-C21-C22 172(2)

C3-C2-C18 121.5(9) F1-B1-F2 105(2)

C2-C3-C4 120(1) F1-B1-F3 112(2)

F1-B1-t4 114(2) F2-B1-F4 112(2)

F2-B1-F3 98(1) F3-B1-F4 115(2)
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Table A13.1 Summary of Crystal Data, Intensity Coilection and Structure
Refinement for [Pd(PAP)(TOMB-P4)][BF 1, (36).

formula C,H..BN,OF S.Fd
fw 782.99 gmol™
colour/form yellow block
a, A 14.329(3)

b, A 15.123(2)

c, A 8.832(1)

o, deg 99.04(1)

B, deg 97.22(2)

v, deg 114.83(2)

V (A%) 1675.8(6)
crystal system triclinic

space group PT (#2)

p {gmL™) 1.76

z 2

u, cm’’ 12.62
diffractometer Rigaku AFC6S
A (A) 0.71068

T (°C) 23

scan type ®-20

scan width (deg) 1.05 +0.30 tan
20 range (deg) 4.5-50

 data collected 5902

# unique data with 3241
F.2>30(F 2

f# variables 425

data/var ratio 7.6

max shift/error 0.0002
goodness of fit 1.35

R(F,). % 4.00

R.(F.). % 3.48




Table A13.2 Positional Parameters and B(eq) for [Pd(PAPYTOMB-P4)][BF ],

(36).

atom x y z B(eq}
Pd1 0.15212(4)  0.20221(4) 0.44192(6) 2.57(2)
S1 0.3157(1) 0.2273(1) 0.3963(2) 3.35(6)
S2 -0.0234(1) 0.1655(1) 0.3935(2) 3.02(6)
F1 0.4087(4) 0.2363(4) 0.8642(8) 8.6(3)
F2 0.3522(4) 0.0883(4) 0.6988(5) 8.6(2)
F3 0.4876(5) 0.1460(5) 0.8949(8) 11.0(3)
F4 0.3289(5) 0.0940(4) 0.9410(6) 10.1(3)
o1 0.3229(4) 0.6527(4) 0.3248(6) 5.0(2)
02 0.3337(4) 0.8246(4) 0.5381(6) 5.2(2)
03 0.2719(4) 0.7590(3) 0.8345(5) 4.4(2)
04 0.0689(4) 0.5876(3) 0.8218(6) 4.4(2)
N1 0.2196(4) 0.3460(4) 0.6032(6) 2.8(2)
N2 0.3965(5) 0.6350(4) 0.8828(8) 5.7(3)
C1 0.1011(5) 0.0684(4) 0.2976(7) 2.8(2)
C2 -0.0067(5) 0.0036(4) 0.2446(7) 2.7(2)
C3 -0.0413(5) -0.0840(5) 0.1271(7) 3.6(2)
c4 0.0304(6) -0.1072(5) 0.0645(8) 3.9(3)
C5 0.1371(6) -0.0479(5) 0.1213(8) 3.4(3)
C6 0.1727(5) 0.0381(5) 0.2408(7) 3.0(2)
Cc7 0.2876(5) 0.0983(5) 0.3136(8) 3.9(3)
Ccs 0.3182(5) 0.2719(5) 0.2138(8) 4.3(3)
C9 0.3203(6) 0.3740(5) 0.2362(8) 3.7(3)
C10 0.4147(5) 0.4581(5) 0.3032(8) 4.0(3)
C11 0.4185(5) 0.5530(5) 0.3320(8) 3.9(3)
C12 0.3283(6) 0.5634(5) 0.2951(8) 3.8(3)
C13 0.2348(5) 0.4791(6) 0.2246(8) 3.7(3)
C14 0.2310(5) 0.3858(5) 0.1972(7) 3.6(3)
C15 0.4181(6) 0.7407(6) 0.411(1) 5.4(3)
c16 0.3908(7) 0.8266(6) 0.440(1) 6.1(4)
C17 0.3960(6) 0.2690(6) 0.710(1) 5.2(3)
C18 0.3272(6) 0.8609(5) 0.8254(9) 4.8(3)
Cc19 0.2076(6) 0.7472(5) 0.948(1) 4.9(3)



Cc20
Cc21
Cc22
C23
C24
C25
Cz26
c27
cag
C29
C30
C31
C32
C33
B1

0.1550(6)
0.0315(5)
-0.0467(5)
-0.0852(5)
-0.0489(5)
0.0258(5)
0.0660(5)
-0.0851(5)
-0.0851(5)
0.2892(5)
0.3480(5)

* 0.3357(5)

0.2629(5)
0.2073(5)
0.3896(8)

0.6407(5)
0.4862(5)
0.4425(5)
0.3415(5)
0.2823(5)
0.3270(5)
0.4279(5)
0.1740(5)
0.0292(5)
0.3643(5)
0.4586(5)
0.5390(5)
0.5205(5)
0.4248(5)
0.1402(8)

0.9538(8)
0.7731(8)
0.6371(8)
0.5708(8)
0.6399(8)
0.7773(8)
0.8458(8)
0.5614(8)
0.3147(8)
0.7346(8)
0.8325(8)
0.7946(8)
0.6596(8)
0.5698(7)
0.848(1)

4.3(3)
3.4(3)
3.9(3)
3.8(3)
3.1(2)
3.4(3)
3.7(3)
3.8(3)
3.7(3)
3.4(3)
3.9(3)
3.8(3)
3.5(3)
2.9(2)
5.4(4)
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Table A13.3 Intramolecular Distances (A) Involving the Nonhydrogen
Atoms for [Pd(PAP)(TOMB-P4)]{BF 1, (36).

atom-atom distance atom-atom distance
Pd1-81 2.311(2) C2-C28 1.502(8)
Pd1-S2 2.301(2) C3-C4 1.367(9)
Pd1-N1 2.147(5) C4-C5 1.382(9)
Pd1-C1 1.892(6; C5-Cé 1.393(8)
S1-C7 1.822(6) Ce-C7 1.498(9)
$1-C8 1.841(7) C8-C9 1.513(9)
52-C27 1.833(7) Cg-C10 1.383(9)
S2-C28 1.839(6) Cs-C14 1.374(9)
F1-B1 1.34(1) C10-C11 1.393(9)
F2-B1 1.34(1) C11-C12 1.372(9)
F3-B1 1.37(1) C12-C13 1.384(9)
F4-B1 1.33(1) C13-C14 1.369(9)
01-C12 1.372(8) C15-C16 1.50(1)
01-C15 1.452(8) Ci7-C18 1.49(1)



02-C16
02-C17
03-C18
03-C19
04-C20
04-C21
N1-C28
N1-C33
N2-C31
C1-C2

C1-C6

C2-C3

Table A13.4 Intramolecular Bond Angles Invoiving the Nonhydrogen

1.402(9)
1.402(9)
1.427(8)
1.427(8)
1.428(8)
1.367(7)
1.339(8)
1.347(7)
1.374(8)
1.403(8)
1.402(8)
1.402(8)

C19-C20
C21-C22
C21-C26
C22-C23
C23-C24
C24-C25
C24-C27
C25-C26
C29-C30
C30-C31
C31-C32
C32-C33

Atoms for [Pd(PAP)(TOMB-P4)J[BF ], (36).

1.478(9)
1.388(9)
1.378(9)
1.384(9)
1.389(8)
1.372(8)
1.507(9)
1.382(8)
1.383(8)
1.383(9)
1.387(9)
1.367(8)
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linkage angle (°) linkage angle (°)
S1-Pd1-82 159.98(6) C3-C4-C5 120.7(6)
S1-Pd1-N1 91.1(1) C4-C5-C6 120.0(6)
S1-Pd1-C1 84.7(2) C1-C6-C5 120.4(6)
S2-Pd1-N1 101.1(1) C1-Ce-C7 118.8(6)
$2-Pd1-C1 83.6(2) C5-Ce-C7 120.7(6)
N1-Pd1-C1 175.1(2) $1-C7-C6 109.7(5)
Pd1-31-C7 99.7(2) $1-C8-C9 112.6(5)
Pd1-S1-C8 102.7(2) C8-C9-C10 118.9(7)
C7-81-C8 98.7(3) C8-C9-C14 122.2(6)
Pd1-82-C27 118.4(2) C10-C9-C14 118.9(7)
Pd1-S2-C28 101.1{2) Cs-C10-C11 120.4(7)
C27-52-C28 101.1(3) C10-C11-C12 120.1(6)
C12-01-C15 117.1(6) 01-C12-C11 124.6(6)
C16-02-C17 114.4(6) 01-C12-C13 116.3(6)
C18-03-C19 112.7(5) C11-C12-C13 119.1(7)
C20-04-C21 118.7(5) C12-C13-C14 120.7(7)
Pd1-N1-C29 119.6(4) C9-C14-C13 120.8(8)



Pd1-N1-C33
C29-N1-C33
Pd1-C1-C2
Pd1-C1-Cé
C2-C1-Cé
C1-C2-C3
C1-C2-C28
C3-C2-C28
C2-C3-C4
C21-C22-C23
C22-C23-C24
C23-C24-C25
C23-C24-C27
C25-C24-C27
C24-C25-C26
C21-C26-C25
S$2-C27-C24
S$2-C28-C2
N1-C29-C30
C29-C30-C31

123.1(4)
116.6(5)
121.4(5)
120.5(5)
113.0(6)
120.5(6)
119.4(5)
120.1(8)
119.9(6)
119.4(8)
121.2(6)
117.9(6)
121.1(6)
120.9(6)
122.2(6)
119.2(6)
110.0(4)
107.9(4)
123.2(6)
119.3(6)

01-C15-C16
02-C16-C15
02-C17-C18
03-C18-C17
03-C19-C20
04-C20-C19
04-C21-C22
04-C21-C26
C22-C21-C26
N2-C31-C30
N2-C31-C32
C30-C31-C32
C31-C32-C33
N1-C33-C32
F1-B1-F2
F1-B1-F3
F1-B1-F4
F2-B1-F3
F2-B1-F4
F3-B1-F4

107.3(7)
113.8(7)
109.6(6)
110.2(6)
109.7(8)
108.9(8)
114.3(6)
125.6(6)
120.0(6)
121.6(7)
120.5(7)
117.9(6)
119.2(6)
123.8(6)
112.4(9)
103.6(7)
113.5(9)
107.5(9)
111.3(8)
108.1(9)
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Table A14.1 Summary of Crystal Data, Intensity Collection and Structure
Refinement for [Pd(PAP}{TOMB-M4)][BF ], (37).

formula

fw

colour/form

a, A

b, A

c, A

o, deg

B. deg

'y, deg

V (A%

crystal system
space group

p {gmL™)

Z
i, CM
diffractometer

A (A)

T (°C)

scan type

scan width (deg)
26 range (deg)
G data collected

3¢ unique data with
F2>30(F,)

4 variables
data/var ratio

max shift/error
goodness of fit
R(F,), %

RuF,). %

=1

C.H, BN.O,F.S,Pd

782.99 gmol™
yellow block
9.310(5)
24.201(5)
15.518(4)

90

105.93(3)

g0

3362(2)
monoclinic
P2./c(#14)
1.55

4

7.39

Rigaku AFC6S
0.71069

23

©—20

1.05 +0.30 tan
4.5-50

5047

1404
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5.4
0.000648
1.67

5.47
4.82




Table A14.2 Positional parameters and B(eq) for [Pd(PAP)T ONB-M4)I[BF ],

(37).

atom X y z B(eq)
Pd(1) 0.2124(2) 0.04541(7) 0.4789(1) 4.22(7)
S(1) 0.2064(5) -0.0463(2) 0.4369(3) 4.8(2)
S$(2) 0.2587(6) 0.1270(2) 0.5586(4) 5.9(3)
F(1) 0.789(2) 0.1982(86) 0.554(1) 11(1)
F(2) 0.576(2) 0.2053(7) 0.584(1) 14(1)
F(3) 0.669(2) 0.2751(6) 0.543(1) 16(1)
F(4) 0.580(2) 0.2116(7) 0.451(1) 14(1)
o) -0.109(1) 0.0031(5) 0.0768(9) 6.3(8)
02) -0.374(1) 0.0754(5) 0.009(1) 6.8(8)
0(3) -0.395(2) 0.1720(6) 0.111(1) 7.4(8)
04) -0.210(2) 0.2421(5) 0.246(1) 5.8(8)
N(1) 0.116(2) 0.0800(6) 0.351(1) 4.3(8)
"<(2) -0.064(2) 0.1588(7) 0.108(1) 6(1)
Cc(1) 0.309(2) 0.0139(7) 0.600(1) 4.1(4)
C(2) T 0.312(2) 0.0431(9) 0.679(1) 5.0(4)
C(3) 0.372(2) 0.0204(8) 0.765(1) 5.2(5)
C(4) 0.428(2) -0.0318(8) 0.768(1) 5.6(5)
C(5) 0.426(2) -0.0612(7) 0.692(1) 5.1(5)
C(5) 0.368(2) -0.0381(8) 0.609(1) 4.6(4)
C({@) 0.366(2) -0.0693(7) 0.525(1) 5.3(5)
C(8) 0.272(2) -0.0587(7) 0.338(1) 5.4(5)
C(9) 0.142(2) -0.0705(8) 0.255(1) 4.2(4)
C(10) 0.081(2) -0.1253(8) 0.241(1) 5.7(5)
C(11) -0.027(2) -0.1355(8) 0.165(1) 8.1(5)
C(12) -0.092(2) -0.096(1) 0.108(2) 7.0(6)
C(13) -0.048(2) -0.041(1) 0.125(1) 6.0(5)
C(14) 0.074(2) -0.0307(7) 0.199(1) 4.6(5)
C(15) -0.232(2) -0.0055(8) -0.001(1) 5.9(5)
C(16) -0.284(2) 0.050(1) -0.039(1) 7.2(6)
c(17) -0.437(2) 0.126(1) -0.027(1) 7.3(6)
C(18) -0.510(2) 0.1551(9) 0.032(2) 7.0(6)
C(19) -0.448(2) 0.203(1) 0.175(2) 7.1(6)



C(20)
c1)
C(22)
C(23)
C(24)
C(25)
C(26)
c@n
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
B(1)

Table A14.3 intramolecular Distances (A) Involving the Nonhydrogen

-0.326(3)
-0.080(3)
0.040(2)
0.179(2)
0.209(2)
0.091(2)
-0.051(2)
0.110(2)
0.245(2)
0.203(2)
0.147(2)
-0.004(2)
-0.088(2)
-0.022(2)
0.662(4)

0.2087(9)
0.239(1)

0.2660(8)
0.2631(3)
0.2356(9)
0.2095(8)
0.2103(8)
0.1734(9)
0.1005(8)
0.1101(8)
0.1359(8)
0.1334(7)
0.0975(7)
0.0740(8)
0.224(1)

0.259(1)
0.308(2)
0.286(1)
0.348(1)
0.428(1)
0.448(1)
0.388(1)
0.535(1)
0.667(1)
0.313(1)
0.231(1)
0.185(1)
0.225(1)
0.307(1)
0.536(2)

Atoms for [Pd(PAP)(TOMB-M4)][BF ], (37).

6.4(6)
6.0(6)
5.7(5)
6.4(5)
6.7(6)
5.0(5)
5.0(5)
7.6(6)
5.8(5)
5.4(5)
5.3(5)

3.9(4) -

4.3(4)
4.4(4)
7(2)
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atom-atom distance atom-atom distance
Pd1-S1 2.310(6) C2-C28 1.51(2)
Pd1-S2 2.306(6) C3-C4 1.36(2)
Pd1-N1 2.11(1) C4-C5 1.38(2)
Pd1-C1 2.00(2) C5-C6 1.37(2)
S1-C7 1.80(2) C6-C7 1.50(2)
S1-C8 1.83(2) Cs8-C9 1.53(2)
S2-C27 1.74(2) C9-C10 1.41(2)
$2-C28 1.83(2) C9o-C14 1.33(2)
F1-B1 1.29(3) C10-C11 1.40(2)
F2-B1 1.31(3) C11-C12 1.33(2)
F3-B1 1.25(3) C12-C13 1.39(3)
F4-B1 1.37(3) C13-C14 1.40(2)
01-C13 1.34(2) Ci5-C16 1.50(3)
01-C15 1.43(2) C17-C18 1.48(3)



02-C16
02-C17
03-C18
03-C19
04-C20
04-C21
N1-C29
N1-C33
N2-C31
C1-C2

C1-Ce

C2-C3

Table A14.4 Intramolecular Bond Angles Involving the Nonhydrogen

1.44(2)
1.41(2)
1.44(2)
1.43(2)
1.41(2)
1.32(2)
1.35(2)
1.29(2)
1.33(2)
1.41(2)
1.36(2)
1.41(2)

C19-C20
C21-C22
C21-C26
C22-C23
C23-C24
C24-C25
C25-C26
C25-C27
C29-C30
C30-C31
C31-C32
C32-C33

Atoms for [Pd(PAP)(TOMB-M4)][BF J, (37).

1.48(3)
1.41(2)
1.39(2)
1.39(2)
1.37(2)
1.37(2)
1.39(2)
1.58(2)
1.38(2)
1.39(2)
1.42(2)
1.38(2)
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linkage angie (°) linkage angle (°)
S$1-Pd1-82 163.8(2) C3-C4-C5 122(2)
S1-Pd1-N1 98.4(4) C4-C5-C6 120(2)
S$1-Pd1-C1 82.5(5) Ci-C6-C5 121(2)
S2-Pd1-N1 97.6(4) C1-C6-C7 118(2)
$2-Pd1-C1 81.5(5) C5-Ce-C7 121(2)
N1-Pd1-C1 178.3(6) $1-C7-C6 108(1)
Pd1-81-C7 97.6(6) $1-C8-CS 112(1)
Pd1-S1-C8 114.1(6) C8-Cs-C10 117(2)
C7-51-C8 100.7(8) C8-Co-C14 123(2)
Pd1-S2-C27 114.7(8) C10-C9-C14 120(2)
Pd1-S2-C28 98.2(7) C9-C10-C11 117(2)
C27-82-C28 100(1) C10-C11-C12 123(2)
C13-01-C15 118(2) C11-C12-C13 120(2)
C16-02-C17 115(2) 01-C13-C12 127(2)
C18-03-C19 115(2) 01-C13-C14 116(2)
C20-04-C21 117(2) C12-C13-C14 117(2)
Pd1-N1-C29 118(1) C9-C14-C13 122(2)



Pd1-N1-C33
C29-N1-C33
Pd1-C1-C2
Pd1-C1-C6
C2-C1-C6
C1-C2-C3
C1-C2-C28
C3-C2-C28
C2-C3-C4
C21-C22-C23
C22-C23-C24
C23-C24-C25
C24-C25-C26
C24-C25-C27
C26-C25-C27
C21-C26-C25
$2-C27-C25
S2-C28-C2
N1-C28-C30
C29-C30-C31

124(1)
118(2)
121(1)
120(1)
118(2)
122(2)
116(2)
122(2)
116(2)
118(2)
125(2)
117(2)
121(2)
123(2)
116(2)
122(2)
116(2)
108(1)
122(2)
122(2)

01-C15-C16
02-C16-C15
02-C17-C18
03-C18-C17
03-C19-C20
04-C20-C19
04-C21-C22
04-C21-C26
C22-C21-C26
N2-C31-C30
N2-C31-C32
C30-C31-C32
C31-C32-C33
N1-C33-C32
F1-B1-F2
F1-B1-F3
F1-B1-F4
F2-B1-F3
F2-B1-F4
F3-B1-F4

107(2)
111(2)
113(2)
108(2)
109(2)
112(2)
116(2)
126(2)
118(2)
124(2)
122(2)
114(2)
120(2)
125(2)
113(3)
115(3)
110(2)
109(3)
102(3)
107(3)
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Table A15.1 Summary of Crystal Data, Intensity Collection and Structure
Refinement for [Pd(NH,)(TOMB-3)J[BF ], (38).

formula C,HNO,BF S.,Pd
fw 537.71 gmol”
colour/form yellow block

a A 21.376(4)

b, A 21.656(5)

¢ A 9.437(6)

o, deg 90

B, deg 90

vy, deg S0

V (A% 4368(3)
crystal system orthorhombic
space group Pbca (#61)

p (gmL™) 1.63

V4 8

n, cm’ 10.91
diffractometer Rigaku AFCES
A (A) 0.71069

T (°C) 23

scan type w-29

scan width (deg) 1.05 +0.30 tan
20 range (deg) 4.5-50

g data collected 3863

’h unique data with 630
F.2>30(F,)

H variables 125

data/var ratio 5.0

max shift/error 0.006611
goodness of fit 2.04

R(F,), % 6.62

R.(F), % 6.39
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Table A15.2 Positional parameters and f8(eq) for [Pd(NH,)(TOMB-3)][BF ],
(38).

atom X y z B(eq)
Pd1 0.2124(1) 0.3958(1) -0.0134(3) 4.3(1)
S1 0.2901(6) 0.4647(5) -0.056(1) 5.9(6)
S2 0.1510(4) 0.3089(4) -0.014(1) 5.3(6)
o1 0.212(2) 0.571(1) 0.031(3) 8.2(7)
02 0.108(1) 0.548(1) -0.147(3) 9(1)
03 0.055(1) 0.425(1) -0.123(3) 7.0(8)
N1 0.150(1} 0.453(1) 0.108(3) 5(2)
C1 0.269(2) 0.339(2) -0.115(4) 4(1)
c2 0.250(2) 0.281(2) -0.182(4) 4(1)
C3 0.280(2) 0.250(3) -0.258(5) 7.6(9)
c4 0.352(2) 0.264(2) -0.256(5) 7(1)
C5 0.381(2) 0.311(2) -0.193(4) 7(1)
Cé 0.342(2) 0.357(2) -0.124(5) 5(1)
c7 0.358(2) 0.413(2) -0.046(5) 8(1)
Cs 0.306(2) 0.523(2) 0.090(4) 7(1)
Cco 0.274(2) 0.580(2) 0.045(5) 9(1)
C10 0.184(2) 0.617(2) -0.057(5) 9(1)
C11 0.114(2) 0.600(2) -0.067(5) 10(1)
C12 0.046(3) 0.534(3) -0.171(6) 11(1)
C13 0.035(2) 0.470(2) -0.215(5) 9(1)
C14 0.055(2) 0.368(2) -0.174(5) 10(1)
C15 0.068(2) 0.319(2) -0.058(4) 71
C16 0.182(2) 0.274(2) -0.183(4) 6(1)
B1 0.5565(7) 0.1332(7) 0.595(2) 14.7
F1 0.593(1) 0.163(1) 0.500(2) 10.7
F2 0.574(1) 0.0728(7) 0.601(3) 16.2
F3 0.4956(7) 0.137(1) 0.554(3) 19.1

F4 0.563(1) 0.159(1) 0.725(2) 17.4
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Table A15.3 Intramolecular Distances (A) Involving the Nonhydrogen
Atoms for [Pd(NH,)(TOMB-3)][BF ], (38).

atom-atom distance atom-atom distance
Pd1-81 2.27(1) C1-Cé 1.62(5)
Pd1-82 2.30(1) C2-C3 1.43(6)
Pd1-N1 2.15(3) C2-C16 1.49(5)
Pd1-C1 1.96(4) C3-C4 1.36(6)
$1-C7 1.83(5) C4-C5 1.33(6)
$S1-C8 1.91(4) C5-C6 1.44(6)
82-C15 1.84(4) C6-C7 1.46(6)
§2-C16 1.88(4) C8-C9 1.47(6)
01-C9 1.36(6) C10-C11 1.54(7)
01-C10 1.43(5) C12-C13 1.47(7)
02-C11 1.37(6) C14-C15 1.54(7)
02-C12 1.33(7) B1-F1 1.36(3)
03-C13 1.37(6) B1-F2 1.36(2)
03-C14 1.34(6) B1-F3 1.36(2)

C1-C2 1.29(5) B1-F4 1.36(3)



Table A15.4 Intramolecular Bond Angles Involving the Nonhydrogen

Atoms for [Pd(NH,)(TOMB-3)][BF ], (38).

linkage angle (°) linkage angle (°)
S$1-Pd1-82 163.3(4) C3-C4-C5 128(4)
S1-Pd1-N1 99.9(8) C4-C5-C6 118(4)
S$1-Pd1-C1 83(1) C1-C6-C5 115(3)
S2-Pd1-N1 96.7(8) C1-Ce-C7 113(3)
$2-Pd1-C1 81(1) C&-Cs-C7 132(4)
N1-Pd1-C1 176(1) 7-C7-C6 108(3)
Pd1-81-C7 100(1) $4-C8-C9 105(3)
Pd1-S1-C8 116(1) 01-C9-C8 111(3)
C7-S1-C8 103(2) C1-C10-C11 106(4)
Pd1-82-C15 117(1) 02-C11-C10 111(4)
Pd1-S2-C16 97(1) 02-C12-C13 115(5)
C15-82-C16 101(2) 03-C13-C12 116(4)
C9-01-C10 112(3) 03-C14-C15 112(4)
C11-02-C12 114(4) $2-C15-C14 115(3)
C13-03-C14 115(4) S2-C16-C2 104(3)
Pd1-C1-C2 123(3) F1-Bi-F2 110(2)
Pd1-C1-Ce6 118(2) F1-B1-F3 110(2)
C2-C1-Cs 118(3) F1-B1-F4 110(2)
C1-C2-C3 123(4) F2-B1-F3 109(2)
C1-C2-C16 120(4) F2-B1-F4 109(2)
C3-C2-C16 116(4) F5-B1-F4 109(2)
C2-C3-C4 117(5)
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Table A16.4 Summary of Crystal Data, Intensity Collection and Structure
Refinement for [Pd(H,0)(TOMB-5)][BF ], (42).

formula C,H,0,BF,S,Pd
fw 626.80 gmol”
colour/form yellow block
a A 11.076(3)
b, A 15.147(4)
c, A 8.586(2)
o, deg 92.42(2)
B, deg 112.12(2)
v, deg 74.58(2)
V (A% 1284(1)
crystal system triclinic
space group PT (#2)
p (gmL™) 1.62
V4 2
u, cm’? 9.48
diffractometer Rigaku AFC6S
A, (A) 0.71069
T (°C) 23
scan type 0-29
scan width (deg) 1.05 +0.30 tan
20 range (deg) 4.5-50
3 data collected 4521
unique data with 2277
g variables 307
data/var ratio 7.4
max shift/error 0.00009
goodness of fit 1.31
R(F,), % 3.22
R(F.), % 4.12




Table A16.2 Positional Parametersand B(eq) for [Pd(H,0(TOMB-5)][BF ],

(42).

atom x y z Bleq)
Pd1 0.22963(7) 0.18080(5) 0.23883(8) 2.98(3)
St 0.1205(2) 0.2412(1) 0.4198(2) 3.3(1)
S2 0.3334(3) 0.0930(2) 0.0747(3) 5.0(2)
F1 0.6522(6) 0.2953(4) 0.9470(7) 8.5(4)
F2 0.7283(7) 0.2770(5) 1.2245(8) 9.9(5)
F3 0.8032(6) 0.1671(4) 1.0849(8) 8.7(4)
F4 0.5%07(7) 0.1892(5) 1.065(1) 11.5(6)
O1 0.3682(5) 0.3117(4) 0.5038(6) 4.1(3)
02 0.3654(6) 0.4263(4) 0.2367(7) 4.9(4)
03 0.1828(6) 0.4565(4) -0.1161(7) 4.9(4)
04 -0.0250(6) 0.3776(4) -0.2060(7) 5.3(4)
05 0.0381(6) 0.1827(4) -0.1762(7) 5.0(4)
06 0.1933(6) 0.3118(4) 0.1152(7) 5.0(4)
C1 0.2567(8) 0.0610(5) 0.3469(9) 3.2(4)
C2 0.3524(8) -0.0176(5) 0.3295(9) 3.4(4)
C3 0.3697(8) -0.1011(8) 0.409(1) 4.2(5)
C4 0.294(1) -0.1061(6) 0.503(1) 4.4(5)
C5 0.1998(8) -0.0306(5) 0.5188(9) 3.7(5)
Cé6 0.1795(7) 0.0541(5) 0.4398(8) 2.9(4)
C7 0.0723(8) 0.1381(5) 0.4469(9) 3.4(4)
Cc8 0.2559(8) 0.2379(5) 0.6240(S) 3.8(5)
C9 0.3206(8) 0.3149(6) 0.636(1) 4.4(5)
C1i0 0.452(1) 0.3708(6) 0.526(1) 5.5(6)
C11 0.4822(9) 0.3760(6) 0.371(1) 5.5(6)
C12 0.394(1) 0.4517(7) 0.097(1) 6.3(7)
C13 0.270(1) 0.5107(7) -0.027(1) 6.6(7)
C14 0.050(1) 0.5100(6) -0.202(1) 6.4(7)
C15 -0.036(1) 0.4516(7) -0.309(1) 6.3(6)
Cc16 -0.118(1) 0.3262(9) -0.293(1) 7.3(8)
C17 -0.090(1) 0.2418(9) -0.189(1) 6.8(8)
C18 0.062(1) 0.0967(9) -0.103(1) 7.2(8)
C1¢9 0.204(1) 0.0437(7) -0.069(1) 7.2(7)
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C20 0.4299(8) -0.0049(6)  0.226(1) 4.6(5)
B1 0.692(1) 0.2339(8) 1.076(1) 5.0(7)

Table A16.3 Intramolecuiar Distances Irivolving the Nonhydrogen Atoms
for [Pd(H,0)(TOMB-5)][BF ], (42).

atom-atom distance atom-atom distance
Pd1-81 2.327(2) 04-C15 1.41(1)
Pd1-S2 2.308(3) 04-C16 1.41(1)
Pd1-06 2.158(5) 05-C17 1.43(1)
Pd1-C1 1.972(7) 05-C18 1.38(1)
S1-C7 1.829(7) C1-C2 1.41(1)
$1-C8 1.819(8) C1-C6 1.39(1)
$2-C19 1.82(1) C2-C3 1.40(1)
$2-C20 1.816(9) C2-C20 1.50(1)
F1-B1 1.34(1) C3-C4 1.38(1)
F2-B1 1.38(1) C4-CS 1.37(1)
F3-B1 1.35(1) C5-C6 1.402(9)
F4-B1 1.33(1) C6-C7 1.51(1)
01-C9 1.418(9) C8-C9 1.51(1)
01-C10 1.411(9) Cc10-C11 1.50(1)
02-C11 1.42(1) C12-C13 1.46(1)
02-C12 1.44(1) C14-C15 1.50(1)
03-C13 1.41(1) C18-C17 1.49(1)

03-C14 1.40(1) C18-C19 1.48(1)



Table A16.4 Intramolecular Bond Angles Involving the Nonhydrogen

Atoms for [Pd(H,0)(TOMB-5)J[BF ], (42).

linkage angle (°) linkage angle ()
S1-Pd1-S2 168.36(8) C4-C5-C6 119.9(7)
S1-Pd1-086 94.8(2) C1-Ce-C5 119.6(7)
S1-Pd1-C1 84.9(2) C1-C6-C7 118.7(6)
S$2-Pd1-06 96.4(2) Cs-Ce-C7 121.7(7)
S2-Pd1-C1 83.8(2) $1-C7-C6 109.4(5)
06-Pd1-C1 178.1(3} S$1-C8-C9 112.3(5)
Pd1-$1-C7 96.2(3) 01-C9-C8 109.0(6)
Pd1-81-C8 105.1(3) 01-C10-C11 110.0(7)
C7-S1-C8 100.2(3) 02-C11-C10 110.5(8)
Pd1-82-C19 104.0(4) 02-Ci2-C13 109.6(8)
Pd1-S2-C20 97.3(3) 03-C13-C12 109.2(8)
C19-S2-C20 98.9(4) 03-C14-C15 110.3(8)
C9-01-C10 111.9(6) 04-C15-C14 108.8(7)
C11-02-C12 113.5(7) 04-C16-C17 109.7(9)
C13-03-C14 112.0(8) 05-C17-C186 108.4(8)
C15-04-C16 111.9(8) 05-C18-C19 109.7(9)
C17-05-C18 112.1(8) $2-C19-C18 115.8(7)
Pd1-C1-C2 120.5(6) S$2-C20-C2 110.1(6)
Pd1-C1-C6 119.4(6) F1-B1-F2 109(1)
C2-C1-C6 120.1(7) F1-B1-F3 111.8(9)
C1-C2-C3 118.9(7) F1-B1-F4 110(1)
C1-C2-C20 116.9(7) F2-B1-F3 106.0(9)
C3-C2-C20 124 .2(8) F2-B1-F4 108.6(9)
C2-C3-C4 120.1(8) F3-B1-F4 111(1)
C3-C4-C5 121.4(8)
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Table A17.1 Summary of Crystai Data, Intensity Collection and Structure
Refinement for [Pd(NH,NH,)(TOMB-3)][BF ], (43).

formula C,¢H,N,O,BF S,Pd
fw 552.72 gmol”
colour/form yellow block

a A 11.652(2)

b, A 12.669(4)

c, A 8.356(1)

a, deg 94.12(2)

B, deg 92.34(2)

v, deg 117.21(1)

V (A%) 1090.3(4)
crystal system triclinic

space group PT (#2)

p {gmL™) 1.68

Z 2

u, cm™ 10.96
diffractometer Rigaku AFCES
A, (A) 0.71068

T (°C) 23

scan type ®-20

scan width (deg) 1.65 +0.30 tan
26 range (deg) 4.5-50

gt data collected 3817

# unique data with 2,713

F 2>36(F.?)

# variables 263

data/var ratio 10.3

max shift/error 0.0066
goodness of fit 1.58

R(F,). % 3.48

R.(F.). % 2.86




Table A17.2 Positional Parameters and B(eq) for [Pd(NH,NH,}(TOMB-3)]

[BFJ, (43).

atom X y z B(eq)
Pd1 0.03233(5) 0.21618(4) 0.39616(5) 2.81(2)
S1 0.1302(1) 0.2652(1) 0.6542(2) 3.23(5)
S2 -0.1111(2) 0.1369(1) 0.1723(2) 3.68(6)
F1 0.5864(5) 0.3682(4) -0.0389(5) 9.8(3)
F2 0.5181(4) 0.1955(4) -0.1781(4) 8.8(2)
F3 0.5817(4) 0.2167(3) 0.0842(5) 6.9(2)
F4 0.3982(4) 0.2143(6) 0.0057(5) 12.1(3)
O1 0.0166(3) 0.4400(3) 0.1924(4) 3.5(2)
02 0.2117(3) 0.5840(3) 0.4462(4) 3.8(2)
03 0.3577(4) 0.4776(4) 0.5708(4) 4.3(2)
N1 0.1882(4) 0.3414(4) 0.2775(5) 3.6(2)
N2 0.2193(5) 0.2981(5) 0.1345(6) 6.8(3)
C1 -0.1163(5) 0.0999(4) 0.5045(6) 3.0(2)
C2 -0.0958(6) 0.0683(5) 0.6566(6) 3.4(2)
c3 -0.1993(7) -0.0063(5) 0.7350(7) 4.9(3)
C4 -0.3230(7) -0.0546(6) 0.6636(8) 5.7(3)
C5 -0.3452(6) -0.0296(5) 0.5091(8) 4.9(3)
Cé -0.2412(6) 0.0486(5) 0.4308(7) 3.5(2)
C7 -0.2631(6) 0.0813(5) 0.2662(7) 4.6(3)
Cs -0.1204(6) 0.2473(5) 0.0539(6) 3.9(2)
Cs -0.1141(5) 0.3576(5) 0.1441(6) 3.5(2)
C10 0.0274(6) 0.5475(5) 0.2737(6) 3.6(2)
C11 0.1672(6) 0.6309(5) 0.3211(7) 4.0(2)
C12 0.3465(6) 0.6484(5) 0.4815(7) 4.7(3)
C13 0.3828(6) 0.4208(6) 0.6984(7) 5.0(3)
C14 0.2962(6) 0.2899(6) 0.6686(7) 4.6(3)
C15 0.0414(6) 0.1191(5) 0.7283(6) 4.0(2)
C16 0.3878(6) 0.5993(6) 0.6164(7) 4.7(3)
B1 0.5198(8) 0.2478(8) -0.031(1) 4.9(4)
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Table A17.3 Intramolecular Distances (A) Invoiving the Nonhydrogen
Atoms for [PA(NH,NH,)(TOMB-3)][BF ], (43)-

atom-atom distance atom-atom distance
Pd1-S1 2.298(1) 03-C13 1.412(6)
Pd1-S2 2.289(1) 03-C16 1.425(6)
Pd1-N1 2.133(4) N1-N2 1.423(5)
Pd1-C1 1.286(5) ci1-C2 - 1.396(6)
S1-Ci4 1.818(6) C1-C6 1.396(7)
S1-C16 1.835(5) C2-C3 1.372(7)
S$2-C7 1.823(6) C2-C15 1.498(7)
S2-C8 1.810(5) C3-C4 1.365(8)
F1-B1 1.366(9) C4-C5 1.392(8)
F2-B1 1.336(7) C5-C6 1.394(7)
F3-B1 1.363(7) Ce-C7 1.497(7)
F4-B1 1.342(8) C8-Cg 1.512(7)
01-C9 1.416(6) C10-C11 1.491(7)
01-C10 1.427(B) C12-C16 1.494(7)
02-C11 1.425(6) C13-C14 1.498(8)

02-C12 1.413(6)



Table A17.4 Intramolecular Bond Angles Involving the Nonhydrogen

Atoms for IPd(NH,NH,)(TOMB-3)][BF ], (43).
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linkage angle (°) linkage angle (°)
$1-Pd1-82 165.16(5) C2-C3-C4 120.3(5)
S1-Pd1-N1 98.6(1) C3-C4-C5 120.3(6)
S1-Pd1-C1 82.0(1) C4-C5-C86 119.5(6)
$2-Pd1-N1 96.1(1) C1-Ce-C5 120.4(5)
S$2-Pd1-C1 83.2(2) C1-C6-C7 119.0(5)
N1-Pd1-C1 178.8(2) C5-C6-C7 120.7(5)
Pd1-S1-C14 114.5(2) $52-C7-C6 108.4(4)
Pd1-81-C15 98.0(2) $2-C8-C9 117.3(4)
C14-81-C15 103.9(3) 01-C9-C8 109.6(4)
Pd1-S2-C7 99.8(2) 01-C10-C11 109.0(4)
Pd1-52-C8 113.9(2) 02-C11-C10 109.1(4)
C7-S2-C8 102.0(3) 02-C12-C16 110.1(5)
C9-01-C10 111.5(4) 03-C13-C14 108.6(5)
C11-02-C12 112.2(4) $1-C14-C13 108.2(4)
C13-03-C16 112.4(4) $1-C15-C2 106.7(3)
Pd1-N1-N2 116.8(3) 03-C16-C12 109.7(5)
Pd1-C1-C2 121.2(4) F1-B1-F2 107.0(6)
Pd1-C1-C6 120.7(4) F1-B1-F3 108.9(6)
C2-C1-C6 118.1(5) F1-B1-F4 111.3(7)
C1-C2-C3 121.3(5) F2-B1-F3 112.0(7)
C1-C2-C15 117.2(5) F2-B1-F4 109.2(6)
C3-C2-C15 121.5(5) F3-B1-F4 108.4(6)
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Table A18.1 Summary of Crystal Data, Intensity Collection and Structure
Refinement for [Pd{NH,NH,)(TOMB-3)][CF,SO,l,, (45).

formula C,HN,OF S Pd
fw 765.06 gmol™
colour/form yellow block

a A 11.906(4)

b, A 17.19(1)

c A 15.313(4)

o, deg 90

B, deg 111.18(2)

y, deg 90

V (A% 2923(4)
crystal system monociinic
space group P2,/c (#14)

p (gmL™) 1.74

Z 4

p, cm” 10.07
diffractometer Rigaku AFC6S
A (A) 0.71089

T (°C) 23

scan type ©—20

scan width {deg) 1.05 +0.30 tan
26 range (deg) 4.5-50

[# data collected 5350

3 unique data with 2961
F,>3a(F.)

gt variables 382

data/var ratio 7.8

max shift/error 0.03
goodness of fit 1.62

R(Fo), % 4.30

R(F.), % 3.09




Table A18.2 Positional Parameters and B(eq) for [Pd(NH,NH,)(TOMB-3)]

[CF,S0,], (45)-

atom X y z Bleq)
Pd1 0.65811(5) 0.00195(4) 0.31915(4) 2.57(2)
S1 0.7448(2) -0.1188(1) 0.3365(1) 3.12(8)
S2 0.6151(2) 0.1322(1) 0.3288(1) 3.58(9)
S3 0.6830(2) 0.1326(1) 0.0607(2) 4.0(1)
S4 0.2890(2) 0.3241(1) 0.4402(1) 3.31(9)
F1 0.8619(7) 0.0694(5) 0.1883(5) 13.8(5)
F2 0.9025(6) 0.1108(7) 0.0766(6) 17.6(7)
F3 0.8805(7) 0.1850(5) 0.1757(7) 16.4(6)
F4 0.0706(4) 0.2908(3) 0.4259(4) 9.2(4)
FS 0.0889(5) 0.3193(5) 0.2996(5) 13.7(5)
F6 0.0849(6}) 0.4056(4) 0.3958(7) 15.0(6)
o1 0.4412(5) -0.1470(3) 0.2660(4) 4.9(3)
02 0.2586(5) -0.0323(3) 0.1850(4) 5.1(3)
03 0.3575(4) 0.1094(3) 0.2667(4) 4.2(3)
04 0.6321(6) 0.1450(4) 0.1282(4) 7.5(4)
(05 0.6516(6) 0.0609(4) 0.0187(5) 10.8(5)
06 0.6763(6) 0.1917(5) 0.0001(€) 13.2(6)
07 0.3112(5) 0.3393(3) 0.5360(4) 5.6(3)
08 0.3074(5) 0.2468(3) 0.4188(4) 6.1(3)
09 0.3356(5) 0.3810(3) 0.3943(4) 6.1(3)
N1 0.5269(6) -0.0217(4) 0.1805(5) 3.2(3)
N2 0.4482(6) 0.0391(4) 0.1280(5) 3.3(3)
C1 0.7829(6) 0.0198(4) 0.4451(4) 2.8(3)
Cc2 0.8164(7) 0.0949(5) 0.4777(6) 3.7(4)
C3 0.9030(7) 0.1068(5) 0.5672(6) 4.6(4)
c4 0.9580(7) 0.0444(6) 0.6200(6) 4.6(4)
C5 0.9295(7) -0.0298(5) 0.5877(5) 4.0(4)
Cé 0.8396(6) -0.0431(5) 0.5007(5) 3.2(3)
c7 0.8070(6) -0.1230(4) 0.4641(5) 3.7(3)
Ccs 0.6387(7) -0,1984(4) 0.3089(5) 4.2(4)
Ccs 0.5298(7) -0.1916(5) 0.3357(5) 4.4(4)
C10 0.3276(8) -0.1517(5) 0.2757(7) 5.6(5)



C11
C12
C13
C14
C15
C16
C17
C18
H1
H2
H3
H4
H5

0.2393(8)
0.1989(7)
0.2309(8)
0.4135(7)
0.5264(7)
0.7610(7)
0.841(1)
0.1280(9)
0.481(4)
0.573(6)
0.38(1)
0.509(7)
0.405(6)

-0.1140(6)
0.0133(6)
0.0962(6)
0.0885(5)
0.1350(5)
0.1598(4)
0.1231(9)
0.3363(7)
-0.053(3)
-0.040(4)
0.002(8)
0.082(5)
0.064(4)

0.1918(7)
0.2311(6)
0.2288(6)
0.3638(5)
0.4023(5)
0.4138(6)
0.127(1)
0.3898(8)
0.181(4)
0.138(4)
0.072(9)
0.127(5)
0.158(5)

6.0(5)
6.1(5)
5.5(5)
4.5(4)
4.5(4)
4.5(4)
8.3(8)
6.4(6)
0(1)
5(1)
20.6(9)
8(1)
5(1)
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Table A18.3 Intramolecufar Distances (A) Involving the Nonhydrogen
Atoms [Pd(NH,NH,}(TOMB-3)][CF,SO,], (45).

atom-atom distance atom-atom distance
Pd1-S1 2.290(2) F6-C18 1.27(1)
Pd1-82 2.314(2) 01-C3 1.424(8)
Pd1-N1 2.172(€) 01-C10 1.416(9)
Pd1-C1 1.987(6) 02-C11 1.43(1)
8$1-C7 1.824(7) 02-C12 1.409(9)
S1-C8 1.806(7) 03-C13 1.423(9)
S2-C15 1.801(7) 03-C14 1.439(8)}
S2-C16 1.817(8) N1-N2 1.439(8)
$3-04 1.390(6) C1-C2 1.390(9)
S3-05 1.379(7) C1-C6 1.391(9)
S3-06 1.359(6) C2-C3 1.40(%)
S3-C17 1.79(1) C2-C16 1.47(1)
$4-07 1.418(5) C3-C4 1.36(1)
S4-08 1.405(5) C4-C5 1.37(1)
S4-09 1.428(5) - C5-C6 1.396(9)
S$4-C18 1.802(9) Ce-C7 1.48(1)
F1-C17 1.28(1) cs-C9 1.50(1)
F2-C17 1.26(1) C10-C11 1.48(1)
F3-C17 1.29(1) C12-C13 1.48(1)
F4-C18 1.29(1) C14-C15 1.49(1)

F5-C18 1.32(1)



Table A18.4 Intramolecutar Bond Angles Involving the Nonhydrogen

Atoms for [Pd(NH,NH,)(TOMB-3)][CF,SO,], (45).

linkage angle(®) linkage angle (°)
S1-Pd1-S2 166.04(7) C13-03-C14 114.1(6)
S1-Pd1-N1 94.5(2) Pd1-N1-N2 120.2(5)
S1-Pd1-C1 83.1(2) Pd1-C1-C2 120.6(6)
S2-Pd1-N1 98.4(2) Pd1-C1-Cé 120 1(5)
$2-Pd1-C1 83.9(2) C2-C1-Cs 119.3(7)
N1-Pd1-C1 177.4(3) C1-C2-C3 120.1(8)
Pd1-81-C7 98.8(3) C1-C2-C16 117.6(7)
Pd1-S1-C8 114.4(3) C3-C2-C16 122.3(8)
C7-81-C8 101.5(4) C2-C3-C4 119.5(8)
Pd1-82-C15 105.0(3) C3-C4-C5 121.3(8)
Pd1-S2-C16 97.0(3) C4-C5-C6 120.1(7)
C15-82-C16 99.8(4) C1-C6-C5 118.5(7)
04-53-05 111.5(5) C1-C6-C7 119.1(6)
04-83-06 117.3(5) C5-Cs-C7 121.3(7)
04-83-C17 104.1(6) S1-C7-C6 108.5(5)
05-83-06 114.3(5) $1-C8-C9 118.5(5)
05-83-C17 103.6(6) 01-C9-C8 108.5(6)
06-S3-C17 104.2(6) 01-C10-C11 106.8(7)
07-S4-08 115.4(4) 02-C11-C10 114.1(7)
07-84-08 115.0(4) 02-C12-C13 110.1(7)
07-54-C18 101.2(5) 03-C13-C12 112.8(7)
08-54-089 114.4(4) 03-Ci4-C15 106.8(6)
08-S4-C18 104.0(5) $2-C15-C14 112.8(5)
09-54-C18 104.5(4) $2-C16-C21 11.1(5)

Cs-01-C10 111.5(6) S3-C17-F1 112(1)

C11-02-C12 112.7(7) S3-C17-F2 113(1)

S$3-C17-F3 110(1) S4-C18-F5 108.9(9)
F1-C17-F2 109(1) S4-C18-F6 112.9(9)
F1-C17-F3 104(1) F4-C18-F5 106(1)

F2-C17-F3 108(1) F4-C18-F6 108(1)

S4-C18-F4 113.2(7) F5-C18-F6 106.4(9)
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Table A19.1 Summary of Crystal Data, Intensity Collection and Structure
Refinement for [Pd(NH,NH,}(TOMB-5)][BF ],, (46).

formula CoH3:N.O,B.FS.Pd
fw 728.64 gmo!™
colour/form yellow block
a, A 9.390(3)

b, A 18.292(5)

¢ A 9.107(2)

a, deg 94.46(3)

B, deg 102.02(2)

y, deg 103.51(1)

V (AY) 1474.4(8)
crystal system triclinic

space group PT (#2)

p {gmL™) 1.64

Z 2

u, cm! 8.55
diffractometer Rigaku AFC6S
A (A) 0.71069

T (°C) 23

scan type ©-20

scan width (deg) 1.05 +0.30 tan
20 range (deg) 4.5-50

{## data collected 5185

H# unique data with 3070
F.>30(F,)

B variables 362 .
datalvar ratio 8.5

max shift/error 0.007
goodness of fit 1.56

R(F,). % 4.65

IR.F.), % 3.79




Table A19.2 Positional parameters and B(eq) for [Pd(NH,NH,)(TOMB-5)]

{BF ], (46)-

atom x y z B(eq)
Pd1 0.47148(7) 0.18260(4) 0.11483(7) 2.64(2)
S1 0.5471(2) 0.1684(1) -0.1087(2) 3.47(8)
S2 0.4155(2) 0.1821(1) 0.3502(2) 2.95(8)
F1 0.8708(6) -0.1597(3) 0.2811(7) 7.9(3)
F2 0.9756(6) -0.1942(4) 0.1047(6) 8.2(3)
F3 1.1059(6) -0.1718(4) 0.3336(6) 9.5(3)
F4 1.0529(8) -0.0780(4) 0.217(1) 12.0(4)
F5 0.6877(6) 0.3300(4) 0.42984(7) 9.1(3)
F6 0.5057(6) 0.3864(3) 0.3612(6) 7.6(3)
F7 0.6516(6) 0.3700(3) 0.2059(6) 7.8(3)
F8 0.7471(6) 0.4529(3) 0.4152(6) 8.0(3)
o1 0.5133(7) 0.3194(3) -0.1820(6) 5.4(3)
02 0.2887(8) 0.3913(4) -0.1390(7) 7.13)
03 0.1458(8) 0.4233(4) 0.0947(7) 6.3(3)
O4 0.0965(6) 0.3272(3) 0.3212(6) 4.8(3)
05 0.0931(5) 0.1812(3) 0.2300(5) 3.9(2)
N1 0.3447(7) 0.2612(3) 0.0278(6) 3.5(3)
N2 0.2757(7) 0.2987(3) 0.1260(7) 3.9(3)
C1 0.5917(8) 0.1113(4) 0.1834(8) 3.0(3)
C2 0.6133(7) 0.0951(4) 0.3334(8) 2.9(3)
C3 0.6862(8) 0.0412(4) 0.3787(9) 3.9(3)
C4 0.7397(9) 0.0011(5) 0.276(1) 4.6(4)
CSs 0.7277(8) 0.0186(4) 0.131(1) 3.7(3)
Ce 0.6542(8) 0.0736(4) 0.0844(9) 3.3(3)
Cc7 0.6421(9) 0.0935(4) -0.073(1) 4.4(4)
C8 0.696(1) 0.2534(5) -0.093(1) 5.1(4)
Cs 0.648(1) 0.3039(5) -0.206(1) 6.0(5)
C10 0.448(1) 0.3595(6) -0.294(1) 7.4(6)
c1 0.296(1) 0.3610(6) -0.281(1) 8.5(6)
C12 0.204(2) 0.4421(8) -0.138(1) 12.3(8)
C13 0.217(2) 0.4764(6) 0.017(2) 13(1)
C14 0.152(1) 0.4498(6) 0.246(1) 6.9(5)



C15
C16
C17
c18
c19
C20
B1

B2

Table A19.3 Intramolecular Distances (A) Involving the Nonhydrogen

0.051(1)
-0.017(1)
0.044(1)
0.1226(8)
0.2558(9)
0.5639(8)
1.003(1)
0.647(1)

0.3963(6) 0.311(1)
0.2665(5) 0.347(1)
0.2000(5) 0.363(1)
0.1094(4) 0.2137(8)
0.1011(4) 0.3301(8)
0.1432(4) 0.4455(8)
-0.1479(7)  0.241(1)
0.3857(7) 0.351(1)

Atoms for [Pd(NH,NH,)(TOMB-5)] [BF 1, (46).

6.0(5)
4.9(4)
4.9(4)
3.7(3)
3.7(3)
3.4(3)
4.7(5)
4.5(5)
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atom-atom distance atom-atom distance
Pd1-81 2.307(2) 03-C14 1.41(1)
Pd1-S2 2.311(2) 04-C15 1.43(1)
Pd1-N1 2.167(6) 04-C16 1.420(9)
Pd1-C1 1.972(7) 0O5-C17 1.425(8)
$1-C7 1.817(8) 05-C18 1.407(8)
S$1-C8 1.807(8) N1-N2 1.430(7)
S2-C19 1.812(8) C1-C2 1.403(9)
S2-C20 1.805(7) Ci-Cs 1.394(9)
F1-B1 1.34(1) Cc2-C3 1.369(9)
F2-B1 1.39(1) C2-C20 1.509(9)
F3-B1 1.32(1) C3-C4 1.39(1)
F4-B1 1.31(1) C4-CS 1.38(1)
F5-B2 1.37(1) C5-C6 1.39(1)
F5-B2 1.36(1) Cce-C7 1.50(1)
F7-B2 1.34(1) C8-C9o 1.51(1)
F8-B2 1.36(1) C10-C11 1.47(1)
01-C9 1.41(1) C12-C13 1.46(2)
01-C10 1.42(1) C14-C15 1.45(1)
02-C11 1.39(1) C16-C17 1.47(1)
02-C12 1.36(1) C18-C19 1.51(1)
03-C13 1.37(1)



Table A19.4 Intramolecular Bond Angles Involving the Nonhydrogen

Atoms for [Pd(NH,NH,)(TOMB-5)] [BF 1., (46).

linkage angle (°) linkage (°) angle

$1-Pd1-S2 170.79(7) Ca-C5-C6 148.7(7)
S1-Pd1-N1 91.0(2) C1-C6-C5 121.0(7)
$1-Pd1-C1 85.6(2) C1-C6-C7 119.0(7)
S2-Pd1-N1 98.1(2) C5-C6-C7 120.0(7)
S$2-Pd1-C1 85.2(2) S$1-C7-C6 113.0(5)
N1-Pd1-C1 176.7(3) S$1-C8-C8 110.2(7)
Pd1-81-C7 100.1(3) 01-C9-C8 108.4(7)
£d1-S1-C8 103.2(3) 01-C10-C11 110.3(8)
C7-S1-C8 105.1(4) 02-C11-C10 114(1)

Pd1-S2-C19 105.5(2) 02-C12-C13 111(1)

Pd1-82-C20 98.9(2) 03-C13-C12 110(1)

C19-82-C20 99.7(3) 03-C14-C15 111.7(9)
C8-01-C10 112.8(7) 04-C15-C14 110.5(8)
C11-02-C12 115.9(9) 04-C16-C17 108.4(7)
C13-03-C14 115.0(9) 05-C17-C16 109.8(7)
C15-04-C16 113.0(7) 05-C18-C19 114.1(6)
C17-05-C18 116.0(6) $2-C19-C18 110.8(5)
Pd1-N1-N2 119.3(4) S$2-C20-C2 110.7(5)
Pd1-C1-C2 120.7(5) F1-B1-F2 105.7(9)
Pd1-C1-C6 121.5(6) F1-B1-F3 113.6(9)
C2-C1-Cs 117.8(7) F1-B1-F4 112.7(9)
C1-C2-C3 121.0(7) F2-B1-F3 104.3(9)
C1-C2-C20 117.8(6) F2-B1-F4 107.1(9)
C3-C2-C20 121.0(7) F3-B1-F4 113(1)

C2-C3-C4 120.3(8) F5-B2-F6 108.0(8)
C3-C4-C5 119.9(7) F5-B2-F7 108.8(9)
FS-B2-F8 108.0(9) F6-B2-F8 111.0(9)
F6-B2-F7 110.3(9) F7-B2-F8 110.7(8)
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Table A20.1 Summary of Crystal Data, Intensity Collection and Structure
Refinement for TOMB-F2, (52).

formula C..H,0.S.Fe
fw 440.39 gmol™
colour/form orange chunk
a, A 14.492(2)

b, A 7.372(2)

¢ A 19.366(3)

o, deg 90

B8, deg 95.31(1)

vy, deg 90

V (A% 2059.9(6)
crystal system monoclinic
space group P2,/n (#14)

o (gmL™) 1.42

Z 4

u, cm” 9.39
diffractometer Rigaku AFCES
A, (A) 0.71069

T (°C) 23

scan type ®-29

scan width (deg) 1.05 +0.30 tan
20 range (deg) 4.5-50

{# data collected 3947

4 unique data with 1732

F 230(F 2

3 variables 245

data/var ratio 71

max shift/error 0.0006
goodness of fit 1.62

R(Fo). % 4.40

R.F.). % 3.93




Table A20.2 Positional parameters and B(eq) for TOMB-F2, (52).

atom x y 2 Bleq)
Fe1 0.76994(8) 0.0873(1) 0.91894(5) 3.61(4)
S1 0.9634(1) 0.5074(3) 1.18930(9) 4.65(9)
S2 0.5055(1) 0.3761(3) 1.1284(1) 4.9(1)
o1 0.8719(3) 0.0961(6) 1.0664(2) 4.3(2)
02 0.6565(3) 0.2729(6) 1.0267(2) 4.6(2)
C1 0.7232(4) 0.6385(8) 1.1253(3) 3.3(3)
Cz 0.6333(4) 0.6582(8) 1.1423(3}) 3.1(3)
C3 0.6177(4) 0.7501(8) 1.2023(3) 3.4(3)
C4 0.6913(5) 0.8227(9) 1.2438(3) 4.5(4)
C5 0.7815(4) 0.8056(9) 1.2262(3) 3.8(3)
C6 0.7984(4) 0.7122(8) 1.1671(3) 3.3(3)
C7 0.8960(4) 0.6903(9) 1.1473(3) 4.2(3)
cs 0.9013(4) 0.3093(9) 1.1570(3) 4.2(3)
Co 0.9080(4) 0.274(1) 1.0815(3) 4.2(4)
C10 0.8701(4) 0.040(1) 0.9992(3) 4.0(4)
c11 0.9079(4) 0.126(1) 0.9427(4) 5.5(4)
C12 0.8900(4) 0.008(1) 0.8840(4) 6.1(4)
C13 0.8427(5) -0.143(1) 0.9040(4) 5.6(4)
C14 0.8282(4) -0.123(1) 0.9744(3) 4.4(4)
C1i5 0.6641(4) 0.221(1) 0.9610(4) 4.1(4)
C16 0.7040(5) 0.332(1) 0.9133(4) 5.7(4)
C17 0.6970(7) 0.246(1) 0.8478(4) 8.3(6)
Cc18 0.6522(6) 0.081(1) 0.8547(5) 8.0(6)
C19 0.6316(4) 0.063(1) 0.9238(5) 6.1(4)
C20 0.6263(5) 0.136(1) 1.0736(4) 5.5(4)
c21 0.6038(5) 0.226(1) 1.1382(4) 5.3(4)
C22 0.5538(4) 0.5807(9) 1.0956(3) 3.7(3)
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Table A20.3 Intramolecular Distances Involving the Non-Hydrogen Atoms
for TOMB-F2, (52).

atom-atom distance (A) atom-atom distance (A)
Fe1-C10 2.056(6) C5-C8 1.376(8)
Fe1-C11 2.030(6) C6-C7 1.5038(8)
Fe1-C12 2.012(6) C8-CS 1.497(8)
Fe1.C13 2.030(7) C10-C11 1.417(8)
Fe1-C14 2.026(6) C10-C14 1.413(8)
Fe1-C15 2.055(7) C11-C12 1.437(9)
Fe1-C16 2.038(7) C12-C13 1.38(1)
Fe1-C17 2.029(8) C13-C14 1.406(9)
Fe1-C18 2.017(7) C15-C16 1.398(9)
Fe1-C19 2.024(6) C15-C18 1.430(8)
$1-C7 1.813(6) C16-C17 1.41(1)
S1-C8 1.797(7) C17-C18 1.39(1)
S2-C21 1.799(7) C1-C6 1.406(7)
$2-C22 1.811(6) C2-C3 1.382(7)
01-C9 1.432(7) C2-C22 1.510(7)
01-C10 1.363(7) C3-C4 1.383(8)
02-C15 1.342(7) C4-C5 1.387(8)
02-C20 1.452(8) C18-C19 1.40(1)

Ci-G2 1.381(7) C20-C21 1.479(9)



Table A20.4 Intramolecular Bond Angles Invoiving the Non-Hydrogen

Atoms for TOMB-F2, (52).

linkage angle (°) linkage angle (°}
C10-Fe1-C11 40.6(2) C13-Fe1-C16 167.8(4)
C10-Fe1-C12 68.5(3) C13-Fe1-C17 129.0(3)
C10-Fei1-C13 68.1(3) C13-Fe1-C18 108.2(3)
C10-Fe1-C14 40.5(2) C13-Fe1-C19 117.5(3)
C10-Fe1-C15 106.4(3) C14-Fe1-C15 116.6(3)
C10-Fe1-C16 119.0(3) C14-Fe1-C16 151.1(3)
C10-Fe1-C17 153.8(4) C14-Fe1-C17 165.3(4)
C10-Fe1-C18 163.8(4) C14-Fei1-C18 126.6(4)
C10-Fe1-C19 125.7(3) C14-Fe1-C19 105.8(3}
C11-Fe1-C12 41.6(3) C15-Fei-C16 39.9(3)
C11-Fei1-C13 68.7(3) C15-Fe1-C17 68.4(3)
C11-Fel1-C14 68.5(3) C15-Fe1-C18 68.7(3)
C11-Fe1-C15 126.7(3) C15-Fe1-C19 41.0(3)
C11-Fe1-C16 109.5(3) C16-Fei-C17 40.6(3)
C11-Fe1-C17 120.9(4) C1i6-Fe1-C18 67.8(3)
C11-Fe1-C18 154.5(4) C16-Fe1-C19 67.7(3)
C11-Fe1-C19 164.0(3) C17-Fe1-C18 40.3(4)
C12-Fe1-C13 39.9(3) C17-Fe1-C18 68.1(4)
C12-Fe1-Ci4 68.0(3) C18-Fe1-C19 40.7(3)
C12-Fe1-C15 166.8(3) C7-S1-C8 102.5(3)
C12-Fe1-C16 130.9(4) C21-S2-C22 102.5(3)
C12-Fe1-C17 110.6(4) C9-01-C10 116.4(5)
C12-Fe1-C18 113.6(3) C15-02-C20 116.8(6)
C12-Fe1-C19 151.8(3) C2-C1-C6 121.4(6)
C13-Fet1-C14 40.6(2) 01-C9-C8 107.6(5)
C13-Fe1-C1i15 150.9(3) Fe1-C10-C14 68.6(3)
C1-C2-C3 118.9(5) C11-C10-C14 107.6(6)
C1-C2-C22 120.2(5) Fe1-C11-C10 70.7(3)
C3-C2-C22 120.9(5) Fe1-C11-C12 68.5(4)
C2-C3-C4 120.0(6) C16-C17-C18 107.5(9)
C3-C4-C5 121.1(6) C17-C18-C19 108.5(8)
Fe1-C10-01 128.4(4) C15-C18-C18 108.3(8)



Fe1-C10-C11
C4-C5-C6
01-C10-C11
01-C10-C14
C1-Ce-CS
C1-C8-C7
C5-Ce-C7
$1-C7-C6
C10-C11-C12
Fet1-C12-C11
Fe1-C12-C13
S$1-C8-C9
C11-C12-C13
Fe1-C13-C12
Fe1-C13-C14
C12-C13-C14
Fe1-C18-C17
Fe1-C18-C19
Fe1-C14-C10

68.7(4)
119.6(6)
128.9(7)
123.4(6)
119.0(5)
120.4(6)
120.6(6)
116.3(4)
108.7(7)
69.9(4)
70.8(4)
113.9(5)
108.8(6)
69.3(4)
69.6(4)
108.3(7)
70.3(5)
69.9(4)
70.9(4)

02-C20-C21
Fe1-C14-C13
C10-C14-C13
Fe1-C19-C15
Fe1-C19-C18
Fe1-C15-02
Fe1-C15-C16
Fe1-C15-C19
02-C15-C16
02-C15-C1¢
C16-C15-C1¢
Fe1-C16-C15
Fe1-C16-C17
C15-C16-C17
$2-C21-C20
Fe1-C17-C16
Fe1-C17-C18
S2-C22-C2

108.6(6)
69.9(4)
108.5(6)
70.7(4)
69.4(4)
129.9(4)
69.4(4)
68.3(4)
122.4(7)
131.2(8)
106.3(7)
70.7(4)
69.3(4)
109.5(8)
115.5(5)
70.1(4)
69.4(5)
113.4(4)
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