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ABSTRACT

The preparation of silylated ferrocenylmethyl chalcogen reagents CpFe(n®-
+ CsH4sCH2ESiMe; [E = S (1), Se (2)] in good yield is presented. These ligands
were designed to have an alkyl spacer between the cyclopentadienyl group of
ferrocene and the chalcogen atom that would act as an insulating bridge.
Reactions of (1) or (2) with group 11 metal salts afforded single crystals of
[Cus(SCH2Fc)3(PPh3)a] (3), [AgasSe(SCH2FC)36] (4), [Ag10(SCH2FC)10(PPh3)s] (5)
and [Ags(SeCH2Fc)s(PPhs3)4] (6) that were suitable for X-ray analysis.

Cyclic voltammetry experiments were conducted on (3) and (4) where
single pseudo-reversible oxidation waves were observed at all scan rates and
after repetitive cycles. No evidence of bond cleavage or communication between
iron centres and chalcogen atoms was observed suggesting that the alkyl spacer

acts as an insulating bridge.

KEYWORDS:
Nanocluster, semiconductor, ferrocene, group 11, chalcogen,

silylchalcogenolate, cyclic voltammetry, X-ray crystallography.

111



ACKNOWLEDGEMENTS

| would like to start off by thanking my supervisor Dr. John F. Corrigan for
all of his guidance, support and patience. It wasn’t until after my undergraduate
490 experience in this lab that | wanted to pursue a graduate degree. | must
admit that at first | had some regrets, mainly due to the lack of success in
obtaining any results. These past two and half years have been some of the most
frustrating and difficult years since | started my studies here at the University of
Western Ontario. However, with his (Dr. Corrigan) encouragement and
confidence in my abilities, | am now finally completing my Masters degree. | am
very grateful to have had a supervisor like Dr. Corrigan because | don't know
how many other supervisors could have put up with my antics, in and outside of
the lab. | would also like to thank John for solving and refining the structure of my
Ag4sSs(SCH2Fc)s6 cluster.

| would also like to thank members of the chemistry staff for their help and
support. Firstly, | would like to thank Yves Rambour, since the first day he started
here | made sure to keep him busy. If it wasn't for his promptness in repairing my
Schlenk line, several times, and our broken glassware, | would still be in the lab.
- Chris Kirby and Nadine Merkley for their assistance in running NMR
spectroscopy, and Doug Hairsine for running mass spectra for me. Mike
Jennings for running my Cu3(SCH2Fc); crystals and allowing us to use the
instrument on his days off. The helpful staff at Chem Stores, Marylou Hart, Sherri
McPhee and Marty Scheiring, for their assistance in meeting my chemical and

supply needs.

v



This journey has been made more memorable because | have been
privileged to have terrific lab mates. They have made the rough days easier to
get through and the good days that much better. In alphabetical order | would like
to thank Aneta Borecki, Marty Degroot, Diane Kanas, Chhatra (strongman)
Khadka, Collin Kowalchuk, Dan (G-diddy) MacDonald, and “Drill Sergeant”
Elizabeth Turner. | owe a special thanks to my boys Chhatra and Dan. Dan has
come in on weekends to run my crystals (all my silver clusters) and solved and
refined the structures of my Ag1(SCHzFc)io and Ags(SeCHaFc)s clusters.
Chhatra has not only been an amazing lab mate but also a great friend, he is the
reason why | haven'’t been sleeping on the streets of London.

Finally, | would like to extend my greatest thanks to my family for all their
love and support throughout this whole experience. Without them | know that |
would not have been able to accomplish what | have. My parents have sacrificed
everything to ensure that my brothers and | have all the opportunities to better
ourselves and have always encouraged us to do so. | am forever in their debt,
and hope that | have made them proud. | am also thankful for having two
younger brothers that have always been there when I've needed them to be. |
. can't forget to thank my girifriend Nikki Khetani for her love and encouragement.
Although she is not too fond of chemistry, she always pretends to be interested
and keeps me on track.

My experiences here at Western, both as an undergraduate and graduate
student have been the best ones of my life and | am very fortunate to have had

great friends, classmates, and colleagues.



TABLE OF CONTENTS

TITLEPAGE. ... ..o e i
CERTIFICATE OF EXAMINATION.........cociiiiiiiiii e, ii
ABSTRACT ... e iii
ACKNOWLEDGEMENTS.........ccooiii iv
TABLE OF CONTENTS......cooii e vi
LISTOF TABLES ... iX
LISTOF FIGURES............ooiiiii e X
LISTOF SCHEMES. ..ot Xii
LIST OF ABBREVIATIONS ... Xiii
CHAPTER 1. e e 1

Ferrocene and Ferrocenyl Derivatives: A Brief History and Recent
Advances Into the Realm of Semiconductor Nanomaterials

1.1. Semiconductor Nanomaterials.................cocoveviiini. 1
1.2. General Introduction to Nanomaterials and the Quantum
Confinement Effect............cooooiiiiiii 3
1.3. Synthesis and Uses of Silylated Chalcogen Reagents.................. 6
1.4. Ferrocene: A Brief History and Recent Advances........................ 10
1.5. Project Objectives........cocovviiiiiii 15
1.6. References for Chapter 1.........coooiiiiiiii 17
CHAPTER 2. . e 20

Preparation and Characterization of Novel Silylated Ferrocenylmethy!
Chalcogenolate Ligands

2.1, INtrodUCHION. ..o 20
2.2. Materials and Methods............cooooiiiiii 21
2.2.1. General Synthetic Techniques and Starting Materiais....... 21

2.2.2. Characterization (NMR Spectroscopy and Mass
SpPeCtroMetry)......coooviiiii 22
2.3. Experimental..........ccoiiii 22
2.3.1. Synthesis of CpFe(n>-CsHsCH20H)........ccoovvviiieiiinnee. 22
2.3.2. Synthesis of CpFe(n®-CsHaCHaCl)....oooeiiieiieiiiiee 23
2.3.3. Synthesis of Li'[SSIMes] .. .ccvvuriiiiiiiiiieiiiceiecce e 23
2.3.4. Synthesis of Li'[SESIME3] .....ccvuiiineeiieiiieeeeiieeaen 24

vi



2.3.5. Synthesis of CpFe(n®>-CsHisCH2SSiMes) (4)....vvevvrvenen... 24

2.3.6. Synthesis of CpFe(n°-CsHsCH2SeSiMes) (2)......oovvvvenene. 25

2.3.7. Synthesis of [CpFe(n>-CsH4CH2S) 2. vvvvveeeeeeriiiiiiiie, 26

2.3.8. Synthesis of [CpFe(n>-CsHaCH2Se)lo....vvvvvvniereiiiiiineen, 26

2.4. Results and DiSCUSSION........ouvieiiiieiiiii it et eeeeiieeaae e 27
2.4.1. Synthesis of CpFe(n°-CsH4sCH,SSiMe3) (1) and CpFe(n®-

CsHaCH2SESIME3) (2)..vvvveeeeeeiiuiiiiiieieeeeeeeee s 27

2.4.2. Attempted Functionalization of Various Metal Centres (M
= Cd, Zn, and Cu) with CpFe(n°>-CsH4sCH.ESiMe;) (E = S,

ST T PO 31
2.5. References for Chapter 2............cooveiiiiiiii 34
CHAPTER 3.t 36

Preparation and Characterization of New
Ferrocenylmethylchalcogenolate - Group 11 Metal Clusters

3.1 0ntroduction....... ..o 36
3.2. Materials and Methods............ooeiiiii 38
3.2.1. Starting Materials...............cooiiiiiii 38
3.2.2. Characterization ('"H NMR Spectroscopy, Single Crystal
X-ray Crystallography and Elemental Analysis)............... 39
3.3 Experimental..... ..o, 40
3.3.1. Synthesis and characterization of [Cu3(SCHzFc)3(PPh3)3]
(B) e 40
3.3.2. Synthesis and characterization of [AgssSe(SCH2Fc)36] (4)
and [Ag10(SCH2Fc)10(PPh3)4] (_5_) .................................. 40
3.3.3. Synthesis and Characterization of
[Agg(SeCHch)g(PPh3)4] (g) ........................................ 41
3.4. Results and DiSCUSSION..........ccvuieiiiiiiiiiiiee e, 42

3.4.1. Synthesis of [Cu3z(SCH.Fc)3(PPhs)s] (3),
[Ag4sSs(SCH2Fc)s6] (4) and [Ag10(SCH2Fc)10(PPha)a] (5)
and [Ags(SeCH2FC)s(PPh3)a] (6).......ovvvveeiniiiiiiie 42
3.4.2. Structural Characterization of [Cu3(SCHxFc)3(PPh3)s] (3),
[Ag48Se(SCH2F ¢)36] (4) and [Ag10(SCH2Fc)10(PPh3)s] (5)

and [Ags(SeCH2Fc)g(PPh3)a] (6)........cevvviiiiiiin, 45
3.4.3. Electrochemistry of [Cus(FcCH2S)3(PPhs)s] (3),

[Ag4aSs(FCCH2$)3e] (ﬂ) ............................................... 62

3.5. References for Chapter 3. 66
CHAPTER 4. 68

General Conclusions and Future Outlook

4.1, SUMMANNY. ...ttt ettt ettt e e e e e e a e 68
4.2, REfEIENCES. .. .ove it 71

vii



"H-NMR Data for (4) and X-ray Crystallographic Data Parameters
and Atomic Positions for (3), (4), (5) and (6).

Thermal Ellipsoid Diagrams Showing the Molecular Structure of the
Internal Cores of (3), (58) and (6).

CURRICULUM VITAE. ... e 101

viil



T e e e

LIST OF TABLES

Table 3.1

Table 3. 2

Table 3.3

Selected intramolecular bond lengths [A] and angles [°] for

X



LIST OF FIGURES

CHAPTER 1

Figure 1.1

Figure 1.2

Figure 1.3

Figure 1.4

CHAPTER 2

Figure 2.1

Figure 2.2
Figure 2.3

Figure 2.4

Figure 2.5

. CHAPTER 3

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Schematic energy band diagram for bulk semiconductor,
nanocrystal and molecule..............cc.coooiii 5

(a) Structure proposed by Pauson and Kealy (b) Structure
solved by Dunitz, Orgel and Rich...................coo 11

Metallocene receptors and their respective ion or molecule
detected (boXed).........c.vvviiiiiiiin 12

Ferrocifin (M = Fe) and Ruthenocifin (M = Ru) show
antitumor activity with different strains of breast cancer....... 15

Overall synthetic route to CpFe(n®-CsHsCH,SSiMes) (1),

and CpFe(n®-CsHsCH2SeSiMe3) (2)...vvvvveeeeeeiiiiiiinienne. 29
"H-NMR spectrum of (1) in CDCla..........coovvvvivvieeeeeennnne. 30
'H-NMR spectrum of (2) in CDCls..........cccoeveeeiiniiinniii, 31
Reaction schemes of various metals that were targeted with

(D) and (2). ..o 32
Reaction schemes of various metals that were targeted with

(1) @Nd (2)....eeeeieeeee e 33
'HNMR spectrum of (3) in CDCla.........ccoeveeeveeeeeeereereeinnn. 43
Ball and stick diagram of the molecular structure of cluster

(B) e 47
Space filling diagram of the molecular structure of cluster
() 48
Ball and stick diagram of the molecular structure of (4)........ 51



T T, T TSI RO T e

Figure 3.5

Figure 3.6

Figure. 3.7

Figure 3.8
Figure 3.9

Figure. 3.10

Figure 3.11
Figure 3.12

Figure 3.13

Figure 3.14

Ball and stick diagram of the Ag4sS42 core of (4)................. 52

Space filling diagram of the molecular structure of (4)......... 53

A ball and stick representation of the molecular structure of

Space filling diagram of the molecular structure of (5)......... 56

A ball and stick representation of the molecular structure of

Space filling diagram of the molecular structure of (6)......... 60

Cyclic voltammogram of (3) (0.5 mM) in dry THF and
BusNPFg (0.1M) as the supporting electrolyte at a scan rate
Of DO MVI/S. . 64

Cyclic voltammogram for (4) (0.2 mM) in dry THF and
BusNPFs (0.1M) as the supporting electrolyte at scan rates
of 100 mV/s for a) and b); 50 mV/s for c¢); and 200 mV/s for
d). For all diagrams potential in mV is shown on the
horizontal axis and current in A is shown on the vertical

Xi



LIST OF SCHEMES

CHAPTER 1

Scheme 1.1

Scheme 1.2

Scheme 1.3

CHAPTER 2

Scheme 2.1

CHAPTER 3

Scheme 3.1

Reaction scheme of cyclotrisilathiane with metal acetate
salts in the synthesis of metal silanedithiolato complexes...

Reaction scheme of bistrimethylsilylchalcogenide with
copper acetate in the synthesis of copper-thiolate cluster
Varying in SiZe........oviiiiiiiiii

General reaction equations for the synthesis of ME
complexes using acyclic silylated chalcogen reagents........

Reaction scheme to asymmetric chalcogenoethers as
reported by Segietal.............ccooiiiiiiiiiii

Reaction schemes for the preparation of (3), (4), (8) and

Xii



!

LIST OF ABBREVIATIONS
| A, Angstrom ML milliliter
) SO broad mm............. millimeter
i "BU......evvenens n-butyl mmol............ millimole
Bu............... tert-butyl am... nanometer
o] + JRUUUUR cyclopentadienyl NMR............ nuclear magnetic
CV.......o.o.o cyclic voltammetry spectroscopy
E..oooriis chalcogen atom OAC........\nin. acetate
Et............... ethyl Pheooeeeeeen. phenyl
eV......o.ol electron volts PPM....cco... parts per million
o CpFe(n®-CsHa) pr iso-propyl
L R TREE gram Proiiin. n-propyl
ho hours QD............. quantum dot
HOMO........... highest occupied - S organic side group
molecular orbital S.ieieeieeenean, singlet (NMR)
Ko, Kelvin THF.............. tetrahydrofuran
kdo kilojoule TMEDA......... tetramethylethyl-
LUMO............ lowest unoccupied enediamine
molecular orbital TOP.............. trioctylphosphine
R any metal atom TOPO............ trioctylphosphine
Me................ methyl oxide
MHz.............. MegaHertz UV........... . ultraviolet
xiii




CHAPTER 1

INTRODUCTION: Ferrocene and Ferrocenyl Derivatives: A Brief History and
Recent Advances Into the Realm of Semiconductor
Nanomaterials

1.1. Semiconductor Nanomaterials
In the past 30 years cluster chemistry has extended greatly in the fields of
both inorganic and organometallic chemistry and is now at the heart of the
emerging field of ‘nano-science’. Nanoclusters of semiconducting materials have
been intensively studied to determine how the characteristic properties of the
bulk solid-state develop with size. The physical properties of these materials
resemble intermediates between those of a molecular complex and the bulk
solid-state.® The synthesis of these materials has been difficult because of the
requirements of monodispersity in both shape and size, and perfect crystallinity.
In most instances nanocrystals have been made by using some form of arrested
precipitation reaction from organometallic precursors.*® Although many synthetic
approaches have been reported, one of the more common synthetic methods
involve the pyrolysis of organometallic reagents by injection into a hot
coordinating solvent which provides temporally discrete nucleation and allows for
'Controlled growth of larger nanocrystallites.® Size selective precipitation of
aliquots from the growth solution permits isolation of crystallites with narrow size
distributions, and this process can then be monitored by optical techniques. A
narrow size distribution in samples results in sharp absorption features and
strong “band-edge” emission which is tunable with particle size and

composition.*® Transition Electron Microscopy (TEM) and X-ray powder
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diffraction in combination with computer simulations are used to characterize
structural features. While very effective and simple, this approach has limited
scope because the exact molecular formulae and structural frameworks cannot
be determined using these techniques, and therefore there is great incentive to
find new and general synthesis routes to these materials.

Although there has been considerable progress in the controlled synthesis
of group 12-16 semiconductor crystallites, complete structural characterization
and interpretation of sophisticated optical experiments often remain difficult due
to polydispersity in size and shape, surface electronic defects due to uneven
surface derivatization and poor crystallinity. Therefore it is essential to have an
appropriate high quality model system to characterize and distinguish the
properties truly inherent to the nanometer size regime from those associated with
variations in sample quality. Recent progress in the synthesis of single-crystal
metal-chalcogen (ME, M = Zn, Cd; E = S, Se, Te) clusters has led to the
development of a homologous series of compounds with the largest cluster
molecule in the series overlapping in size with the smallest CdSe nanocrystals.’

Optical studies of CdSe series manifest the quantum-confinement effect seen for

_larger CdSe nanocrystals. Furthermore, in these systems surface ligands appear

to play a crucial role with respect to their emission properties.” For all cluster
molecules in the series, the photoluminescence spectra are broad, considerably
red shifted from the absorption onset, and no emission is detected at room
temperature.” These properties resemble the characteristics of the “deep trapped

emission” in larger nanocrystals, which arises from forbidden transitions of



surface states. Therefore there is further incentive to design general synthetic
methodologies to explore the tunability of these semiconducting clusters by
altering the nature of their surface ligands, and potentially introducing new

functionalities.

1.2. General Introduction to Nanomaterials and the Quantum Confinement
Effect

In the expanding world of nanotechnology, the term nano describes
structural features of a compound or material that have at least one dimension in
the nanometer range, typically 1-100 nm (1 nm = 10" m). These materials can
be subdivided into different subclasses depending on their physical features,
which ihclude, among many others, nanoparticles, quantum dots, nanowires,
nanotubes and thin films. The physical properties of these materials often differ
significantly with respect to their bulk or solid state properties.

Hlustrated in Figure 1.1 is a schematic energy diagram for a given bulk
metal (left), semiconductor (centre) and a molecule (right).? The lower energy
region is referred to as the valence band (VB) and energy states are typically
filled in bulk metals and semiconductors. The upper region is called the
“conduction band (CB) and is normally unoccupied.® For bulk solid-state
materials, an overlapping of energy levels or atomic orbitals of several hundred
thousand to millions of atoms results in a valence band that can be approximated
as a continuum. In contrast, for molecular compounds and semiconductor
nanoparticles the electronic properties are made up the sum of individual

molecular orbital contributions, where quantization of energy levels within the



valence and conduction bands is observed in addition to the separation by a
‘forbidden’ band gap.e'9 The lowest energy transition that can take place is
between the band gap of the highest occupied molecular orbital (HOMO) of the
valence band and the lowest unoccupied molecular orbital (LUMO) of the
conduction band.® Therefore, electrons are easily promoted into the conduction
band in metals because of negligible energy barrier between the two bands
giving rise to metals being good electrical conductors. In contrast, the molecular
or atomic units have a much larger band gap giving rise to properties
characteristic of insulators.® Semiconductors on the other hand, are defined as
solids whose electrical conductivity is in between that of a metal and that of an
insulator.’ These materials are of great interest in electronic applications
because they require a certain energy input to overcome the energy barrier
which allow for selective conductivity. Nanoparticles of metals and
semiconductors exhibit these properties resulting in to a systematic blue-shift in
their absorption spectra with decreasing size. ® This phenomenon is referred to
as the quantum confinement effect and is explained in the following section.

As already alluded to, an electron can be excited into the conduction band
.leaving behind a hole in the valence band. This electron-hole pair is referred to
as the Mott-Wannier exciton and exhibits a Coulombic attraction that can be
considered an ‘atomic-species’ with its own Bohr radius confined within the
boundaries of the particle."® A unique situation arises when the size of the
semiconductor crystal decreases and becomes smaller than that of the exciton

Bohr radius. As a consequence, the electrons acquire a higher state of kinetic






where k Boltzmann’s constant and m the mass of the electron/exciton, then at
room temperature (~300 K) A is found to be ~6 nm. Therefore, for a spherical
crystal of D < 6 nm results in the electrons or exciton confined into a space
smaller than it normally likes to have. In order to fit, the exciton takes on a higher
state of energy and gives rise to the blue-shift observed with decreasing particle
size. The effects of quantum confinement are more pronounced for
semiconductor nanoparticles than for metals. Thus there is further incentive to
develop synthetic methodologies to access semiconductor nanomaterials to

explore their unique optical and electronic properties.

1.3. Synthesis and Uses of Silylated Chalcogen Reagents

One route to the synthesis of semiconductor metal-chalcogen compounds,
M-E (E = S, Se, and Te) is the use of silylated chalcogen reagents which offer a
soluble source of the chalcogen at mild reaction conditions. Both cyclic and
acyclic silylated reagents have been used in the synthesis of metal-
chalcogenolate complexes and clusters. Schemes 1.1 and 1.2 outline some
reaction schemes used in the preparation ME complexes using silylated
_reagents.

Fenske and coworkers have utilized silylated reagents, RESiMe; (R =
alkyl, aryl or SiMe3; E = S, Se, Te), to synthesize a wide range of structurally
unique, monodisperse, high-nuclearity clusters.” Another attractive feature of
silylated chalcogen reagents is their solubility in common organic solvents that

allow for a wider range of reactivity with metal salts. The overall reaction of these



reagents is driven by the formation of thermodynamically favorable byproduct,

XSiMes (X = halide, acetate) as outlined in scheme 1.3.

NMe;
M=Fe Co NMeu,,,,}M.\\Sln, SiMe,
> v vV
S< L = pmdta R’Iez
Mezsi/ SiMe,
M(OAc)n + L + S\ -,S
ﬁllez M= Pd > Et3p"'Pd‘\\S”’(“'SiMez
L = PEts Et,PY , VS
(CsH5)TiCl3

v

Sy
\\tl//
& S . o WPEty

g cme—Pd:
/TI
Ci PEt;

Scheme 1.1 Reaction scheme of cyclotrisilathiane with metal acetate saits in
the synthesis of metal silanedithiolato complexes. "

CussS14(PtBusMe
R={Bu R =Me E=S [Cuzs 14(+ 2Me)12]

> [CusoS25(PtBuzMe)qgl

E(SiMe3) R =tBu, R' = Me; E = Se

CuOAc + PRyR' —» [Cu7pSess(PtBusMe)y1]
- SiMe3OAc

R=Me, R =Ph; E =Se
» [CusgS24(PMe2Ph)2o]

Scheme 1.2 Reaction scheme of bis(trimethylsilyl)chalcogenide with copper

acetateén the synthesis of copper-chalcogenide clusters varying
in size.



M-X, + n RESiMe; —» [M(ER),Jm + XSiMe; Eq. (1)

M-X, + n/2 E(SiMe;), > (ME.2)m + XSiMe; Eq. (2)

M-X, + n/2 RESiMe; + n/4 E(SiMe;); > [M(ER)n2En4lm* XSiMe;  Eq. (3)
X = halide, acetate; E = S, Se, Te

Scheme 1.3 General reaction equations for the synthesis of ME complexes
using acyclic silylated chalcogen reagents."’

The inherent strength of the E—Si bond (bond energy = 293 kJ/mol for E = S)™
allows for selective cleavage of this bond to make a M-E bond that is driven by
formation of X-Si bond (bond energies = 381 kJ/mol for X = Cl; 452 kJ/mol for X
= 0)." The silane by-product is soluble and volatile, therefore it can be easily
removed from the reaction solution as required, but does not typically interfere
with the crystallization of the metal-chalcogen species."' Furthermore, the
progress of these reactions can be easily monitored by identification of XSiMe;
using NMR spectroscopy.

The nature of the final M-E product is highly dependent on the reaction
conditions. The general synthetic strategy employed with these reagents
requires a transition metal salt, MX (X = halide, acetate), solubilized by a

. coordinating ligand, either a tertiary phosphine or an amine, to which the silylated
chalcogen reagent is added at a low temperature, usually below 0 °C.'®" The
solvent system, temperature, and steric effects of the solubilizing ligand all
contribute to the control of the nuclearity and structure of the final product.
Structural diversity is also observed due to the flexibility of chalcogenide (E?%)

and chalcogenolate (RE") ligands and their ability to adopt several stable bridging



coordination modes with transition metals.'® For example in scheme 1.3 equation
3, the use of both chalcogenide and chalcogenolate ligands leads to the
formation of both surface and interstitial M=E bonds. Chalcogenolate ligands of
the type RESiMe; (R = organic moiety) offer an additional mode of transport for
introducing various functional groups to metal centres and surfaces. Depending
on the steric requirements of the R group and ancillary ligands used, both
terminal and bridging coordination modes are observed for these ligands,
although the latter is more common for the larger chalcogens Se and Te.®

There are several approaches to the synthesis of silylated chalcogen
reagents, however the synthetic strategies employed by our group for E(SiMe3)
and RESiMe; will be presented. These reagents are relatively easily prepared.
Bissilylated chalcogenides, E(SiMes), (E = S, Se, Te), are made by silylating the
reduced elemental chalcogen, NasE, with chlorotrimethylsilane, CISiMes."®
Organo(trimethylsilyl) chalcogen reagents, RESiMe3; (R = organic group; E = S,
Se, Te), are typically synthesized by adding elemental chalcogens to a Grignard
reagent, R-MgX (R = organic; X = halide), with the desired R functionality in
dietyhyl ether.” The chalcogen elements S, Se and Te insert readily into the R~
- Mg bond of Grignard reagents, and can then be silylated with
cholorotrimethylsilane generating RESiMes; and MgX,.l"! An alternate route for
the synthesis of organo(trimethylsilyl) chalcogenides involves the reductive
cleavage of a diorganyldichalcogenide, RzE; (R = organic group; E = S, Se, Te),
with either a metal hydride or alkyllithium reagent to generate M*(ER).'

Silylation then generates RESiMe3 and MCI. From a synthetic standpoint, these
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reagents are ideal precursors since they allow for the controlled synthesis of
metal-chalcogen complexes, (ME),, at lower temperatures compared to ME
complexes obtained by the pyrolysis of phosphine chalcogenide precursors,
TOPE/TOPO (tri-n-octylphosphine chalcogenide/tri-n-octylphosphine oxide) that
require temperatures of up to several hundred degrees Celsius.*® Furthermore,
these reagents open the possibility for the synthesis of new precursors to
generate ME clusters with new functionalities as well as the opportunity to
synthesize heterometallic complexes MM’E."® Both of these areas are currently

being investigated by our group and several others.

1.4. Ferrocene: A Brief History and Recent Advances

The compound bis(n’-cyclopentadienyl)iron(ll) or better known as
ferrocene was first prepared unintentionally in 1951 by Pauson and Kealy by the
reaction of cyclopentadienyl (abbreviated as Cp) magnesium bromide and ferric
chloride with the goal of oxidatively coupling the diene to prepare fulvalene.’ It
was not until 1952 when Robert Burns Woodward and Geoffrey Wilkinson
proposed a structure based on its reactivity.20 The structure was later confirmed
by X-ray crystallography clearly showing the sandwich type structure that was
proposed earlier.?’ The work of Ernst Fischer and Geoffrey Wilkinson on
ferrocene and other metallocenes earned them a Nobel Prize in chemistry in

1973, and helped recognize organometallic chemistry as a distinct subfield.
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© Fe(ll)® Fe

a) b)

Figure 1.2 (a) Structure proposed by Pauson and Kealy (b) Structure solved
by Dunitz, Orgel and Rich.%°

Ferrocene is now prepared more efficiently by the reaction of sodium Cp
with anhydrous ferrous chloride in ethereal solvents. As illustrated in figure 1.2b,
the structure of ferrocene is described as a “sandwich” complex where the iron
atom is sandwiched between two parallel Cp rings. There is a small energy
barrier separating the staggered and the eclipsed rotational orientations of the
parallel Cp rings.?? The term ‘sandwich compound’ has since been extended in
organometallic nomenclature to describe any chemical compound containing a
metal atom sandwiched between two aromatic groups. The best known members
with the sandwich motifs are the metallocenes, M(CsHs), where M = Cr, Fe, Co,
Ni, Zr, Ti, V, Mo, W, 2Zn. These species are also called
bis(cyclopentadienyl)ymetal complexes. The properties of these compounds vary
. greatly, especially with respect to their stability. Metallocene MCp, where M =V,
Cr, Mn, Co are all very air-sensitive making them difficult to work with.?*

The chemistry of ferrocene has dominated that of other metallocenes,
mainly because of its stability and its inexpensive commercial availability which
has allowed for the preparation of many ferrocene derivatives and ferrocene

containing compounds. The stability of ferrocene can be accounted for by
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examining the metal-ligand interactions in these species which involve a
complicated covalent bonding situation resulting from a combination of donation
of electron density from the ligand to the metal and ‘back-donation’ from the
metal to the ligand.?* This type of bonding pattern is similar to that seen in
transition metal carbonyl compounds, such as [Fe(CO)s]. The importance of this
type of covalent bonding and the involvement of the metal d orbitals results in
nine bonding molecular orbitals that are filled, meeting the electronic
requirements for a stable 18 electron species.??*

Furthermore, the aromatic groups of metallocene compounds can be
easily functionalized which has allowed for a series of various metallocene
derivatives to have been prepared. For example, Beer and coworkers have

25-27

prepared a series of cobaltocenium and ferrocene?®?’ derivatives used to

selectively detect ions and neutral species.

7
PO o
x
Fe H
H Fe
N
O N A
' Me

@\ﬂ\ — Y@

Figure 1.3 Metallocene receptors and their respective ion or molecule
detected (boxed).>*?’
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Figure 1.3 shows some of these metallocene receptors and the molecules they
selectively detect. These receptors detect specific molecules by H-bonding
interactions between the amide group on the receptor and anion or neutral
molecules, similar to the mode of binding seen in enzyme binding sites.”>%" As a
result these receptor-ion interactions form a stable complex that can be detected
electrochemically. Cyclic voltammetric experiments showed significant shifts with
respect to free receptor.?’” The addition of specific anions or neutral molecules
resulted in significant cathodic shifts of the reversible Cp,Co'/Cp.Co or
CpaFe/Cp,oFe*. This suggests that the receptor is stabilized in the presence of
the anion and therefore more difficult to reduce. These receptors have also been
shown to be selective depending on the environment of the binding cleft and
anion of interest. Receptor molecules designed to non-covalently bind anionic or
neutral molecular species have a wide range of applicability in biological systems
and chemical processes.

A relatively new class of macromolecules, known as dendrimers, offers a
unique framework for the incorporation of ferrocenyl units. Dendrimers are nano-
sized, highly branched molecules which stem from a central core to a periphery
that becomes denser with increasing number of branches. Current emphasis of
these macromolecules is on the modification of the properties of dendritic
molecules (‘branches’) by either the introduction of internal functionalities into the

2830 various

dendrimer structure or the fictionalization of dendritic surfaces.
ferrocenyl dendrimers have been prepared and have the potential to function as

electrochemical sensors, in the same manner described above, when all
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ferrocenyl units are equivalent, that is there is no communication between
ferrocene units. The redox potentials of the ferrocene units are measured by
cyclic voltammetry (CV) and show a single wave for equivalent units indicating
that all redox centres are reduced at the same potential. A single wave would not
be observed if ferrocene units were able to interact or ‘sense’ the presence of
another unit. Rather, the oxidation of the subsequent unit would be more difficult
and seen as a second wave at a higher potential, as a result of the repulsion
between the two positive charges.?®3® Communication between terminal
ferrocenyl units can be spatially removed by long chains (alkyl, aryl, amide,
amino acid, silyl) and the through space Coulombic interactions appear to be
negligible.?® These dendritic units have been extended to passivate the surfaces
of nanoparticles and introduce their anion recognition functionalities.
Furthermore, ferrocene containing polymers have also been prepared and been
shown to have similar ion sensing capabilities.*® Depending on the structural
framework (polymer, dendrimer, nanoparticle) and the functional groups in the
bonding network (amide, silyl, alkyl, aryl etc.) these materials can be tailored to
selectively recognize a target molecule.

To further illustrate the progress the ferrocenyl chemistry, examples of
ferrocenyl derivatives have also made their way into the field of medicine and
there are many reports that have shown that these compounds have promising
activity in vitro and in vivo against several diseases.*'* Some ferrocene and
ruthenocene derivatives, figure 1.4, show promising results as antitumor agents,

and are now in clinical trials.®’
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O(CH2)nN(CHa)2

Figure 1.4 Ferrocifin (M = Fe) and Ruthenocifin (M = Ru) show antitumor
activity with different strains of breast cancer

Other fields of have also incorporated the ferrocene moiety because of its
electron-rich nature, and the focus is on the applications of these compounds in
areas such as homogeneous catalysis, polymer chemistry, and nonlinear optical
materials.

The chemistry of ferrocene, and to some extent that of other
metallocenes, is well understood. However, the potential applications of
metallocene complexes have yet to be fully determined. New functionalities and
frameworks remain to be explored that require different synthetic strategies that

‘could ultimately lead to novel materials and properties.

1.5. Project Objectives
Nanotechnology is one the fastest growing fields in the science
community because of the wide range of applications and potential these

materials possess. Several new journals such as Nano Today (2006), Small
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(2005), Nano Letters (2001), to name a few, are dedicated to research in this
field. The interest stems from the unique properties of these materials and their
applications. As mentioned earlier, nanomaterials exhibit properties that can be
considered an intermediate of that of the bulk material and molecular unit. In the
nano-size regime, the intrinsic physical properties of the material are solely
dependent on the size and composition. However, these properties can be
modified by altering the surface and interior functionalities, as well as their
framework to exhibit specific features. Because of the wide range of applicability
these materials have made there way into almost all disciplines of science.

One of the less developed areas of nanoscience is that of nanoclusters.
Nanoclusters are commonly grouped with nanoparticies or nanocrystals,
however the term here wili be reserved for compounds with well defined
structures solved by single X-ray crystallography. These compounds can serve
as ideal models for optical and electrochemical studies because their structural
framework and surface is well defined with little to no ambiguity. The problem
remains that there are few general synthetic strategies to target these single
crystals. One of the more successfui techniques is the use of silylated reagents,
in particular chalcogen reagents that have been used to prepare a variety of
group 11/12—-16 semiconductor cluster molecules in a controlled manner. These
reagents have not only been used to prepare metal-chalcogen clusters but also
been used to prepare many precursors. It has been demonstrated that redox
active ferrocenyl units can be introduced onto the surface of 11/12-16 clusters

using silylated reagents. Ferrocenes are suitable donor compounds for the
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synthesis of charge transfer complexes where their electron donor ability can be
altered based on the choice of functional group on the cyclopentadienyl ring.
Recently, the precursors [(ns-CsHs)Fe(n5-CsH4ESiMe3)] (E = S, Se) were
synthesized and used in the synthesis of the Ms clusters, [CdsCls{p-
(ECsHs)Fe(CsHs}s]> (E=S, Se).*® Both clusters adopt an adamantane cage
framework, with a central core of Cd4Es. Electrochemical studies revealed
degradation in the cluster framework as a result of oxidative cleavage of the
ferrocenyl chalcogenolate unit, leading to the formation of diferrocenyldiselenide
(FcSeSeFc), and diferrocenyldisulfide (FCSSFc), respectively.

The introduction of an insulating bridge between the metal chalcogen core
and ferrocene unit has been shown to be successful in preventing oxidative
degradation.®* The aim of this research project has been to prepare silylated
ferrocenyl chalcogenolate reagents with an alkyl spacer. The spacer is
introduced to act as an insulating bridge to eliminate any communication
between ferrocenyl units. These reagents will be used as shuttles to introduce
the ferrocenyl chalcogen moiety onto metal centers in the synthesis of 12-16

semiconductor nanoclusters.
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CHAPTER 2

Preparation and Characterization of Novel Silylated Ferrocenylmethyl
Chalcogenolate Ligands

2.1. Introduction

Although ferrocene was discovered over fifty years ago, new ferrocenyl
derivatives and ferrocene containing compounds are still being reported and
actively studied.” The stability and ease of derivatization of the cyclopentadienyl
groups make ferrocene an attractive source for an active redox centre. Continued
interest stems from the potential applications in electronic devices and
biosensors.? One of the challenges faced by synthetic chemists is designing
synthetic methodologies that will allow for the incorporation of the desired redox
centre into different frameworks.

It has been demonstrated that the optical properties of semiconductor
metal-chalcogen nanoclusters can be altered by the incorporation of ferrocenyl
units.® Also, ferrocenyl units allow for ion sensing similar to that reported for
dendrimers.* However, there are few examples of well defined nanosized
structural frameworks with multiple ferrocenyl units. One of the reasons is the
lack of ferrocenylchalcogenolate ligands available for the preparation of well
defined structures. Some examples of ferrocenylchalcogenolate ligands reported
include: Fe(n®-CsH4EPh), (E = S, Se) used in the synthesis of monomeric and
polymeric Au and Ag complexes®; Fe(n’-CsHsESiMes); (E = S, Se) used in the
preparation of polynuclear Cu and Ag cluster with multiple ferrocenyl units and

monomeric Pt and Pd complexes®’; CpFe(n®>-CsH4ESiMes) (E = S, Se) in the
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synthesis of polynuclear Cd clusters.® These reagents are typically prepared by
the lithiation of ferrocene with n-butyllithium in the presence of
tetramethylethylenediamine (TMEDA) to give either FcLi, or FcLi depending on
the molar ratios used. FcLi, can be reacted with ExPh; to give Fe(n®-CsH4EPh);
(E = S, Se),® or with elemental sulfur/selenium followed by the addition of
chlorotrimethylsilane to give Fe(n>-CsHsESiMes); (E = S, Se).® Fcli can be
reacted with elemental sulfur/selenium to give FCEEFc. Sonochemical reduction
of the diferrocenyldiselenide with sodium metal and Ph,CO followed by silylation
with chlorotrimethylsilane results in CpFe(n>-CsHsESiMes) (E = S, Se).? In the
following sections the preparation and characterization of two new
ferrocenylmethylchalcégenolates reagents , CpFe(n>-CsH4sCH,ESiMes) [E = S

(1), Se (2)], will be presented.
2.2. Materials and Methods
2.2.1. General Synthetic Techniques and Starting Materials

Due to the air and moisture sensitivity of the reagents and products, all
synthetic and handling procedures were carried out under an inert atmosphere of
high purity, dried nitrogen using standard double manifold Schlenk-line
techniques or a MBraun inert atmosphere (N;) glovebox. Tetrahydrofuran and
diethyl ether purchased from Caledon were dried and collected using an MBraun
MB-SPS solvent purification system with tandem activated alumina/activated
copper redox catalyst.® Chloroform-d (Cambridge Isotope Laboratories) was

dried and distilled over phosphorus pentoxide. Pyridine (Aldrich) and phosphorus
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trichloride (Aldrich) were dried and distilled over calcium hydride. Celite was dried
by heating at 100°C under vacuum for 48hr. The reagents E(SiMe3); (E = S,
Se),’® and ferrocene carboxylic acid were synthesized according to literature
procedures. All other chemicals were used as received from Strem Chemicals

and/or Aldrich.

2.2.2. Characterization (NMR Spectroscopy and Mass Spectrometry)

Solution 'H NMR and "*C NMR spectra were recorded on a Varian Inova
400 NMR spectrometer with an operating frequency of 399.76 MHz and 100.52
MHz respectively, and referenced internally to the residual proton signals of the

deuterated solvent, relative to tetramethylsilane (6 = 0.00 ppm). Mass

spectrometry was recorded on a Finnigan MAT 8200 mass spectrometer.

2.3. Experimental

2.3.1. Synthesis of CpFe(n®-CsHsCH,OH)"

A modified literature procedure was followed, where a solution of
ferrocenecarboxylic acid (3.40 g, 14.8 mmol) in 75 mL of diethyl ether was added
slowly to a slightly heated solution of LiAlH4 (3.98 g, 105 mmol) in 130 mL of
diethyl ether. The mixture was subsequently refluxed for 13h at 60°C. After
cooling, a 1:1 ethanol/ether (50 ml.) mixture was carefully added to destroy any
excess LiAlHs. The reaction mixture was poured into an excess of cold 2 M
NaOH solution and the ether and aqueous phases were separated. MgSO,4 was

added to the ether layer to remove any water and the solvent was removed in
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vacuo to give a dark orange solid. Using 'H-NMR spectroscopy the orange solid
was identified as ferrocenylmethanol. Yield: 2.71 g (85%).
'H NMR (CDCl3): & = 4.32 (s, 2H), 4.24 (t, 2H, Juy = 2 Hz), 4.17(s, 5H), 4.16 (t,

2H, 3Jun = 2 Hz), 2.04 (s, 1H) ppm.

2.3.2. Synthesis of CpFe(n’-CsH4CH,Cl)"?

Ferrocenylmethanol (2.71 g, 125 mmol) dissolved in anhydrous
tetrahydrofuran (65 mL) was deprotonated with pyridine (0.95 mL, 12.5 mmol).
The solution mixture was cooled to 0°C and freshly distilled phosphorus
trichloride (1.1 mL, 12.5 mmol) was slowly added resulting in a colour change
from a clear orange solution to a yellow solution with a pale yellow precipitate.
The reaction was stirred for 3 h at room temperature after which the yellow
precipitate was filtered off. The solvent was then removed in vacuo yielding an
orange-yellow solid. Using 'H-NMR spectroscopy the pale orange solid was
identified as ferrocenylmethyichloride. Yield: 2.28 g (76%).

'H NMR (CDCl3): & = 4.47(s, 2H), 4.26(t, 2H, Jun = 2 Hz), 4.20(t, 2H, *Ju = 2

Hz), 4.16 (s, 5H) ppm.

2.3.3. Synthesis of Li'[SSiMe;]

A literature procedure was followed where bis(trimethylsilyl)sulfide (0.38
mL, 1.83 mmol) was diluted with anhydrous tetrahydrofuran (10 mL) and cooled
to 0°C. n-Butyl lithium (1.6 M in hexanes,1.14 mL, 1.83 mmol) was slowly added

to the cooled solution and stirred for 30 min at 0°C followed by 30 min at room
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temperature. The solvent was removed in vacuo to yield a white solid. Using H-
NMR spectroscopy, the white solid was identified as lithium trimethylsilylthiolate.
Yield: 0.21 g (99%).

'H-NMR (CDCl5): 8 = 0.32 (s, 3H) ppm.

2.3.4. Synthesis of Li*[SeSiMes] *

A literature procedure was followed where bis(trimethylsilyl)selenide (0.40
mL, 1.83 mmol) in anhydrous tetrahydrofuran (10 mL) was cooled to 0°C and a
solution of n-Butyl lithium (1.6 M in hexanes, 1.14 mL, 1.83 mmol) was slowly
added. The mixture was stirred at 0°C for 30 min followed by 30 min at room
temperature. The solvent was removed in vacuo to yield a white solid. Using 'H-
NMR  spectroscopy, the white solid was identified as lithium
trimethylsilylselenolate. Yield: 0.29g (99%).

"H-NMR (CDCl5): 5 = 0.45 (s, 3H) ppm.

2.3.5. Synthesis of CpFe(n’-CsH4CH2SSiMes) (1)

Ferrocenylmethylchloride (0.43g, 1.83mmol) and lithium
. trimethylsilythiolate (0.21 g, 1.83 mmol) were each dissolved in anhydrous
tetrahyrdofuran (50 mL and 10 mL, respectively) and cooled to 0°C. The
solutions were mixed and stirred for 1h at room temperature. The solvent was
removed in vacuo and 25 mL of ether was added to solubilize
(ferrocenylmethyltrimethylsilyl)sulfide giving a yellow/orange solution with a pale

yellow solid. The solid was removed by passing the mixture through a sintered
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glass frit packed with Celite. The solvent was again removed in vacuo yielding a
yellow solid and identified as (ferrocenylmethyltrimethylsilyl)sulfide (1). Yield :
0.47 g (85 %).

'H NMR (CDCls): 8 4.18 (t, 2H, 3Jun = 2 Hz), 4.13(s, 5H), 4.09 (t, 2H, *Jun = 2
Hz), 3.50(s, 2H), 0.29(s, 9H) ppm. "3C NMR (CDCl,): 5 87.72 (CsHs), 6 68.70 (Cp
substituted), 5 68.43 (Cp substituted), & 67.79 (Cp substituted), 5 26.04 (CHy),
0.92 (SiMe3) ppm.

[M*]: found (calculated) at m/z = 304.0 (304.3)

2.3.6. Synthesis of CpFe(n’-CsH4CH,SeSiMe3) (2)

Ferrocenylmethylchloride (043 g, 1.83 mmol) and lithium
trimethyisilylselenolate (0.29 g, 1.83 mmol) were each dissolved in anhydrous
tetrahydrofuran (50 mL and 10 mL respectively) and cooled to 0°C. The
solutions were mixed and stirred for 1h at room temperature. The solvent was
removed in vacuo and 25 mL of ether was added to solubilize the
(ferrocenylmethyltrimethylsilyl)selenide resulting in a yellow/orange solution with
a pale yellow solid. The solid was removed by passing the mixture through a
. sintered glass frit packed with Celite. The solvent was again removed in vacuo
yielding a yellow solid identified as (ferrocenylmethyltrimethylsilyl)selenide (2).
Yield: 0.53 g (83 %).
'H NMR (CDCls): & 4.17 (t, 2H, 3Juu = 2 Hz), 4.12(s, 5H), 4.10 (t, 2H, *Juy = 2

Hz), 3.52(s, 2H), 0.38 (s, 9H) ppm. *C NMR (CDCl3): & 87.95 (CsHs), b 68.74
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(Cp substituted) d 68.62 (Cp substituted), & 67.90 (Cp substituted), & 17.28
(CHy2), 6 1.76 (SiMe3) ppm.

[M*]: found (calculated) at m/z = 351.9 (351.2)

2.3.7. Synthesis of [CpFe(n°-CsH4CH.S)]. *

A few drops of water were added to a solution of (1) (0.050 g, 0.16 mmol)
that had been dissolved in tetrahydrofuran (5 mL), and the solution was stirred
overnight. Removal of the solvent in vacuo afforded a yellow solid identified as
di(ferrocenylmethyl)disulfide. Yield: 0.038g (100%).

'H NMR (CDCls): 8 4.20 (t, 2H, 3Jpn= 2 Hz), 5 4.14 (t, 2H, *Jun =2 Hz), 5 4.12 (s,

5H), 5 3.54 (s, 2H)

2.3.8. Synthesis of [CpFe(n®-CsHsCH,Se)], '

A few drops of water were added to a solution of (2) (0.050 g, 0.14 mmol)
dissolved in tetrahydrofuran (56 mL) and the solution was stirred overnight.
Removal of the solvent in vacuo afforded a yellow solid. The solid was
redissolved in chloroform, where slow evaporation of the soivent afforded yellow
_ needles that were suitable for X-ray crystallography, identified as
di(ferrocenylmethyl)diselenide. Yield: 0.040g (98%).

"H NMR (CDCl3): 5 4.21 (t, 2H, 3Jun = 2 Hz), 5 4.14 (t, 2H, 3Juy =2 Hz),  4.12 (s,
5H), 6 3.79 (s, 2H) ppm.
3C NMR (CDCls): 8 109.76 (Substituted Cp), & 68.71 (Cp), 5 68.24 (Cp), 5 29.33

(CH2z) ppm.
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[M™]: found (calculated) at m/z = 556.9 (556.0)

2.4. Results and Discussion

2.4.1. Synthesis of CpFe(n’-CsHsCH;SSiMes) (1) and CpFe(n°-
CsH4CH,SeSiMes) (2)

Ferrocene containing molecules continue to be of great interest due to
their inherent redox active metal centre and the relative ease of functionalization
of the cyclopentadienyl rings that ultimately allows for various modes of ligation
to metal centres. The surface of nanoparticles can be functionalized with
ferrocenyl units and has been shown to alter the optical properties of the
particle.®> With the success of silylated chalcogen reagents as route to the
formati‘on of metal-chalcogen bonds, we sought out to synthesize a new
ferrocenyl chalcogenide that would allow for the introduction of redox active iron
centres onto metal-chalcogen cluster surfaces.

Recently, the synthesis of silylated and bis-silylated reagents, CpFe(n’-
CsH4ESiMes) and Fe(n®-CsH4ESiMes), (where E = S, Se), have been reported.®®
Both reagents have been shown to react readily with metal salts to form
polynuclear complexes of metal-chalcogenide cores with ferrocenyl units on their
surface. With respect to the “mono”-silylated reagent: CpFe(n®-CsHsESiMes),
electrochemical studies revealed degradation of the cluster framework as a result
of oxidative cleavage of the ferrocenyl chalcogenolate unit, leading to the
formation of the diferrocenyldiselenide (FcSeSeFc), and diferrocenyldisulfide
(FCcSSFc), respectively.® Previous reports have shown that the introduction of an

insulating bridge between the metal chalcogen core and ferrocene unit has been
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successful in preventing oxidative degradation.'® Therefore the focus of this
research has been to generate silylated ferrocenyl chalcogenolate ligands
containing an insulating bridge and incorporate them into metal centers in the
synthesis of semiconductor nanoclusters.

As a starting point, ferrocenecarboxylic acid was synthesized by following
the preparation techniques outlined by Breit and Breuninger.17
Ferrocenecarboxylic acid was directly reduced to ferrocenylmethanol by the
addition of excess LiAlH4 and refluxing this mixture for approximately 13 hours."
Excess LiAlH4 is required to ensure the complete reduction to the primary
alcohol. After separation of the organic layer from the aqueous layer, no further
purification was required and the product was obtained in high yield.

In order to attach our desired silylated chalcogenide, a better leaving
group was placed on the methyl group. Ferrocenylmethanol was deprotonated
with the addition of a weak base, pyridine, and then chlorinated with phosphorus
trichloride to produce the desired product, ferroceneylmethylchloride.'> The
phosphorus-oxide byproduct is not soluble in solution and therefore easily
removed by passing the reaction solution through a sintered glass frit. The
. removal of any excess pyridine and/or phosphorus trichloride is achieved in
vacuo and no further purification is required.

It has been shown previously by Segi and co-workers and our group that
lithium (trimethyisilyl)chalcogenolates can be used as a facile route for the
synthesis of trimethylsilyl chalcogenoethers and asymmetric chalcogenoethers

respectively, scheme 2.1."® Utilizing this methodology, ferroceneylmethylchloride
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is readily converted to (ferrocenylmethyltrimethylsilyl)sulfide, CpFe(n’-
CsH4CH,SSiMe;) (1), and (ferrocenylmethyltrimethylsilyl)selenide, CpFe(n®-
CsH4CH,SeSiMe;) (2), by nucleophilic displacement with Li'[SSiMes]” and
Li'[SeSiMes] respectively. The byproduct of the reaction, lithium chioride, is
slightly soluble in tetrahydrofuran and therefore an alternate solvent, diethyl
ether, is used to solublize (1) and (2) leaving the lithium chloride as a separable

solid. The overall reaction for the synthesis of (1) and (2) is shown in figure 2.2.

nBuSiMe; + LIiESiMe, —)—R—)S-—> R-E-R
2) nBuli

3) R’X

. . THF
nBulLi + E(SlMe3)2—o°—C->

E=S, Se

Scheme 2.1 Reaction scheme to asymmetric chalcogenoethers as reported
by Segi et al.

;COOH CH,OH
_LiAlH;
:!: Et20

e

1) Pyridine
2) PCl;
THF

CH,CI CH,ESiMe;

Li*[ESiMe;] Fe

E=S(1),Se (2

00

Figure 2.1 Overall synthetic route to CpFe(n®-CsHsCH,SSiMes) (1), and
CpFe(n®-CsHsCH,SeSiMes) (2).
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Attempts to crystallize (1) and (2) by a variety of crystallization techniques
were unsuccessful, all yielding yellow to pale orange oils. In the proton NMR
spectra of (1) and (2) (figures 2.2 and 2.3 respectively), the relative peak
positions are similar except for the methyl group protons [-ESi(CHz)3] on the silyl
groups where there is a 0.10 ppm upfield shift observed for (2). The peak
position for the trimethyl silyl group allows one to quickly monitor the reactivity of
(1) and (2) by the chemical shift of these peaks upon reacting with metal salts,

typically upfield.

—0.29

7 CpFe(n®-C4H,CH,SSiMe,) (1) Si(CHy),
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i
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Figure 2.2 'H-NMR spectrum of (1) in CDCls.
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79—_ CpFe(n®-C;H,CH,SeSiMe,) (2)
E
27043
035 'CH' FC'CHz'
w317 l
___ém | A a L VPR IL
5
AL SRELAL AN ML LI LR B LN L AL L L B AL L L NN DAL EL L DL L DL LN LN DL L LN SN BLEL AL N LA AL B
40 35 3.0 25 2.0 1.5 1.0 05

Chemical Shift (ppm)

Figure 2.3 'H-NMR spectrum of (2) in CDCls.

2.4.2 Attempted Functionalization of Various Metal Centres (M =
Cd, Zn, and Cu) with CpFe(n°-CsHsCH;:ESiMe;) (E =S, Se)

As was our initial goal was to functionalize the surface of metal clusters
with a redox active unit, the chemistry of group 11-12 metals was explored.
Recently, new synthetic strategies have led to structurally characterizable cluster
and nanocluster frameworks. The use of silylated reagents, RESiMes; and
E(SiMe3); (E = S, Se, R = alkyl, aryl), are advantageous because they have been
shown to react with a wide range metals salts in common organic solvents to
form metal-chalcogen clusters. Furthermore, the ability to modify the “R”
substitutent allows for a convenient method for the introduction of a desired

chemical functionality to polynuclear metal-chalcogen frameworks.
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Scheme 2.2 outlines the various metals that were tried, but for all cases

and reaction conditions no structurally characterizable products were obtained.

From what was expected to be a simple coordination complex reaction (i), three

products were obtained: (FCCH,),E, (FcCH2E), (E = S, Se) and an unidentified

product. To gain a better understanding of the reactivity, reactions were repeated

in CDCl3 and monitored, using 'H-NMR spectrometry, by taking aliquots of the

reaction mixture. The presence of (FcCH;E), and AcOSiMes;, and the

disappearance of any starting reagents suggests that the targeted (N,N*-

tmeda)Zn(ECH2Fc), (E = S, Se) complex may be unstable and therefore

chalcogenolate units are readily oxidized which would explain the presence of

i) Zn(OAc), + tmeda + CpFe(n®-C,H,CH,ESiMe,)

E=S(1). Se(2

i) CdCl, + PR, + CpFe(n>-C,H,CH,ESiMe,) >
R = Pr, Ph E=S (1), Se (2

iii) Cd(OAc), + PR, + CpFe(n5-C4H,CH,ESiMe,) >
R =Pr, Ph E=S (1), Se (2)

iv) CuOAc + PR, + CpFe(n5-C,H,CH,SeSiMe,) >
R =Pr, Ph

v

Figure 2.4 Reaction schemes outlining various metals that were
targeted with (1) and (2).
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(FcCH,E),. In addition, the presence of (FCCH3),E may also explain the instability
of coordination complex, where the lone-pair of electrons on the chalcogenolate
can act as a nucleophile and, in a Sy2 reaction, displace a "ECHzFc group on an
adjacent molecule, which can in turn react with the ferrocenyl unit on the original

nucleophile as illustrated in figure 2.4.

Fc F
\/ </—\ N/’ \N/

N/, E -
"/ n. + 2(FcCH,),E
[ (Zn\E: ] _— [ ( \ / \ 2( c 2)2
FAN AN
Fc Fc
Figure 2.5 Possible mechanism of the nucleophilic displacement of the

ferrocenylchalcogenolate unit.

As mentioned, chalcogens can adopt several bridging modes where in this
scenario the (N,N-tmeda)Zn(ECH.Fc), complex dimerizes via M-E-M bond
formation and could potentially be the unidentified product. Attempts to crystallize
and characterize this product proved to be difficult resulting in yellow amorphous
solids and/or oils.

It was expected that the reagents CpFe(n°-CsHsCH2ESiMes) (E = S (1),
~Se (2)) would have similar reactivity to that previously reported with CpFe(n°-
CsH4sESiMes) (E = S, Se) where a Cd4Es adamantoid cluster with six surface
ferrocenyl groups was obtained.? In addition, by changing the steric properties of
the solubilizing ligand, in this case the bulkiness of the R group on the
phosphine, and the stoichiometry of starting reagents, a range of M-E

frameworks can be achieved.' As shown in scheme 3 reactions (ii) — (iii) for all
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reaction conditions no single characterizable product was obtained. From the H-
NMR spectrum of the reaction mixture, no starting reagent was present and the
only identifiable product was the (FCCH2E), (E = S, Se). Crystallization attempts
gave either amorphous yellow solids or orange oils.

Due to the difficulties experienced with Zn and Cd, the chemistry of the
more reactive Hg complexes was not explored. Instead, the focus was shifted to
the chemistry of group 11 metals (Fig. 2.3 reaction iv). The reactivity of (1) and
(2) with Cu and Ag proved to be more fruitful where polynuclear complexes of
CuS, AgS and AgSe were obtained and will be discussed in the following

chapter.
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Chapter 3

Preparation and Characterization of New Ferrocenylmethylchalcogenolate -
Group 11 Metal Clusters.
3.1. Introduction

One area of current research on ferrocene is focused on preparing
frameworks that support multi-ferroceny! units. To date, aromatic,’ dendrimeric,?
and inorganic3 frameworks have been used as cores on which multiple ferrocenyl
groups can be attached. Semiconductor nanoparticles offer a unique framework
that remains to be explored. The main challenges faced by researchers is
developing general synthetic strategies to access well defined structural
frameworks, ideally with no size dispersion, and methods for the introduction of
ferrocenyl groups to their surfaces.

The use of silylated reagents has been shown to be very fruitful in metal-
chalcogen chemistry. The size of the final product obtained in the reactions of
silylated chalcogen reagents with metal salts depends on the ratio of starting
reagents, the steric demands of the phosphine ligand, and solvent used.” A
series of group 11-16 nanoclusters have been prepared by Fenske and Corrigan,
' Where the largest clusters of the series, [CusSers(PPha)s]* and
[Ag18sSsa(PR3)30]® have been characterized by X-ray crystallography. The series
of CuznEn (E = S, Se) clusters obtained using silylated reagents ranges from
Cuq2Ses to CuqseSers. These clusters exhibit some interesting structural and
physical properties. In particular, various coordination modes are observed

depending on the bridging chalcogen (S versus Se) and size of the cluster,
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where the larger clusters in the series, [CuzSess(PEts)2] and
[Cu146Ser3(PPh3)sg], have been shown to have layer type structural frameworks
similar to that found in the bulk material.>’ Preliminary studies of these clusters
show that their electrical conductivity is also dependent on their size.’
Computational calculations have shown that the phosphane-stabilized, PR3,
cluster complexes are metastable.? Therefore these clusters can be described as
a section of the structure of the bulk binary CuE phase material (E = S, Se)
surrounded by PR3 ligands® and can serve as potential models for the study of
the change in physical and chemical properties observed when going from small
molecules to bulk materials. These molecular clusters have the advantage over
other nanomaterials because there is no particle size distribution due to their well
defined structure.

The isolation, characterization and investigation of metal-chalcogen
clusters could provide insight into new nanomaterials with interesting properties.
It has been demonstrated that the incorporation of a redox centre, such as
ferrocene based ligands, onto metal-chaicogen nanoparticles can alter the optical
properties of these materials.® These complexes have gained much attention in
. material sciences, where the focus has been on preparing functional materials
such as biosensors.'® While these compounds exhibit interesting properties there
are few examples of ferrocenyl-chalcogen ligands reported for accessing such
materials.

Silylated chalcogen reagents of the type RESiMes (R = organic group; E =

S, Se, Te) are soluble in most common organic solvents and have the benefit of
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introducing various functionalities, “R”, into metal-chalcogen architectures.
Furthermore, they allow for homogeneous reaction conditions which are essential
for the formation and crystallization of larger complexes. The reagents Fe(n°-
CsH4ESiMes),'""2 and CpFe(n®-CsH4ESiMes)'® (E = S, Se) have been used to
passivate cluster surfaces. However, electrochemical analysis using cyclic
voltammetry of Cdg(EFc)s clusters showed a single irreversible anodic oxidation
wave followed by two reversible oxidation waves seen after repetitive cycles. The
irreversible wave was attributed to the oxidation of ferrocenyl units, which then
initiates the oxidative cleavage of the ferrocenyichalcogenolate units leading to
the formation of di(ferrocenylsulfide) and selenide (FCE-EFc) (E = S, Se).”
Similar cluster degradation was observed for clusters prepared with Fe(n’-
CsHsESiMes)..""'? Therefore, it is essential to prepare ferrocenyl ligands that will
remain attached to cluster frameworks to allow electrochemical studies of these
clusters. The successful synthesis of FCCH,ESiMe3 [E = S (1), Se (2)] reagents
was described in the previous section and its reactivity for the preparation and
characterization of [Cus(SCHzFc)3(PPhs)s] (3), [AgssSs(SCH2Fc)ss] (4) and
[Ag1o(SCH2Fc)10(PPh3)s] (5) and [Ags(SeCHaFc)s(PPhs)s] (6) clusters will be

- discussed in the following sections.

3.2. Materials and Methods
3.2.1. Starting Materials
All synthetic and handling procedures were carried out under an inert

atmosphere of high purity dried nitrogen using standard double manifold
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Schlenk-line techniques and a MBraun inert atmosphere (N;) glovebox.
Tetrahydrofuran, toluene, pentane, hexanes and diethyl ether purchased from
Caledon were dried and collected using an MBraun MB-SPS solvent purification
system with activated alumina catalyst.'"* Chloroform (purchased from) and
chloroform-d (Cambridge Isotope Laboratories) were dried and distilled over
phosphorus pentoxide. Deuterated THF (ds-THF) was purchased from Aldrich
and used as received. Copper (l) acetate was prepared according to literature
procedures. All other chemicals were used as received from Strem and/or
Aldrich. The reagents FcCH2ESiMe; [E = S (1), Se (2)] were prepared as outlined

in the previous chapter.

3.2.2. Characterization

Single crystal X-ray diffraction measurements were performed on an
Enraf-Nonius KappaCCD X-ray diffractometer in a cold nitrogen stream at 150K
using graphite-monochromated Mo-Ka radiation (A=0.71073 A) with ¢ and w
scans. Data reduction was performed using Nonius HKL DENZO and
SCALEPACK software. Molecular structures were determined via direct methods
| and Patterson (SHELXS-97) and refined by a full matrix least squares method
based on F2 using SHELXTL 5.0 software.

Diffraction data for (3) and (4) were collected by Dr. Mike Jennings and
solved and refined by Dr. John Corrigan. Diffraction data for (5) and (6) were

collected, solved and refined by Dan MacDonald.
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Elemental analyses were performed by Guelph Chemical Laboratories
(Guelph, Canada). Solution '"H NMR and *'P spectra were recorded on a Varian
Inova 400 NMR spectrometer with an operating frequency of 399.76 MHz and
161.96 MHz respectively. '"H NMR samples were referenced internally to the
residual proton signals of the deuterated solvent, relative to tetramethylsilane (5

= 0.00 ppm).

3.3. Experimental
3.3.1. Synthesis and characterization of [Cu3(SCH2Fc)3(PPh3);] (3)
Copper (l) acetate (0.84 g, 0.69 mmol) was solubilized with 2 equivalents
of triphenylphosphine (0.36 g, 1.4 mmol) in chioroform (6 mL). (1) (0.21 g, 0.69
mmol) was dissolved in chloroform (5 mL) and the temperature of both solutions
was reduced to O0°C. The clear colourless solution of copper (l)
acetate/triphenylphosphine was added to the yellow/orange solution of (1) and
stirred for two hours at room temperature. The resultant solution had a darker
orange colour. Layering the reaction mixture with hexanes (30 mL) afforded light
orange block-like single crystals within 48 hours. The structure was identified by
. X-ray crystallography to be [Cu3(SCH2Fc)3(PPh3)s] (3). Yield: 0.23 g (60%).
Spectroscopic Data:
'H NMR (CDCl3): 6 = 7.36-7.49 (m, br, Cu-PPh3), 3.91 and 4.05. (s, br, CsHa),
4.00 (s, br, CsHs), 3.79 (s, -CH2-) ppm.
Elemental Analysis: Calc. (founq)

(3) C, 62.54 (62.53); H, 4.71 (5.32)
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3.3.2. Synthesis and characterization of [AgssSs(SCH2Fc)i6] (4) and
[Ag10(SCH2Fc)10(PPh3)4] (5)

Silver (l) acetate (0.12 g, 0.70 mmol) was solubilized with 2 equivalents of
triphenylphosphine (0.37 g, 1.4 mmol) in chloroform (6 mL). (1) (0.21 g, 0.70
mmol) was dissolved in chloroform (5 mL) and the temperature of both solutions
was reduced to —60°C. The solutions were mixed at —-60°C and the reaction
mixture was slowly warmed to room temperature and was stirred for 2 hours,
after which an intense orange-red coloured solution is observed. Pentane (35
mL) was diffused over the reaction solution and after 48 hours two different types
of crystals were obtained. The major product was isolated as orange square
pyramidal crystals, and secondary product was isolated as small yellow cubes.
The structures of both were determined by X-ray crystallography to be
[Ag4sSe(SCH2Fc)36] (4) (orange crystals) and [Ag1o(SCH2Fc)10(PPh3)a] (5) (yellow
crystals). Yield: (4) 0.098 g (43%), (5) 0.095 g (30%).

Elemental Analysis: Calc. (found)

(4) C, 37.74 (35.29); H, 2.92, (2.01), (5) C, 49.29 (49.19);H, 3.86 (4.00)

3.3.3. Synthesis and Characterization of [Ags(SeCH2Fc)s(PPhs)s] (6)

Silver (1) acetate (0.13 g, 0.74 mmol) was solubilized with 2 equivalents of
triphenylphosphine (0.39 g, 1.5 mmol) in chloroform (5 mL). (2) (0.26 g, 0.74
mmol) was dissolved in chloroform (5 mL) and the temperature of both solutions
was reduced to —75°C. The two solutions were mixed at —75°C and the reaction
mixture was slowly warmed to —20°C and stirred at this temperature for 2 hours

resulting in a deep red solution. The reaction solution was cooled to -40°C and



42

layered with hexanes (35 mL). Several weeks later orange block-like single
crystals were obtained and identified by X-ray crystallography to be
[Ags(SeCHaFc)s(PPha)s] (6). Yield: (6) 0.16 g (44%)

Elemental Analysis: Calc. (found)

(6) C, 46.46 (46.66); H, 3.61, (4.23).

3.4. Results and Discussion

3.4.1. Synthesis of [Cu3(SCH2Fc)s;(PPhs)s] (3), [Ag4sSe(SCH2FcC)36] (4)

and [Ag1o(SCH2Fc)10(PPhs)s] (5) and [Ags(SeCH:Fc)s(PPhs)s] (6)

One of the most versatile synthetic strategies for the synthesis of metal
chalcogen nanocluster complexes involves the use of silylated chalcogen
reagents such as E(SiMe3), and RESiMe3 (E = S, Se, Te; R = organic moiety).
The synthesis of silylated ferrocenyl chalcogenlate reagents, Fe(n*-CsH4ESiMe3);
and CpFe(n®-CsHsESiMes), used in the preparation of polynuclear clusters
prompted us to investigate the effects of an alkyl spacer between the
cyclopentadienyl group and the chalcogen atom. The aim is to eliminate any
communication between the redox centre and the chalcogen that was observed
with Fe(n’-CsHsESiMes), and CpFe(n®-CsH4ESiMes) resuiting in  oxidative
cleavage of the ferrocenyl chalcogen groups.'" '

A freshly prepared solution of FcCH,SSiMe; (1) was reacted with
copper(l) acetate in the presence of a triphenylphosphine at 0°C in chloroform,
resulting a clear orange solution. The reaction mixture was stirred and the

temperature was gradually warmed to room temperature resulting in a darker

orange coloured solution. 'H-NMR spectroscopy can be used to monitor the
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overall reaction, figure 3.1. There is an upfield shift and broadening of the peaks
associated with the ferrocenyl protons and a downfield shift of methylene protons
(Fc-CH2-S). Although not shown in figure 3.1, there is also an upfield shift
observed for the acetate peak of copper-acetate and down field shift for the
trimethylsilane group of (1), as a result of the formation of acetoxytrimethylsilane
(CH3COO-SiMe;) indicating the absence of any starting reagents. Layering the
reaction mixture with hexanes affords pale orange block-like crystals of
[Cus(SCH2Fc)3(PPh3)s] (3), suitable for analysis by single crystal X-ray

crystallography, in good yield.
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Figure 3.1  "HNMR spectrum of (3) in CDCls.

Unlike copper acetate, silver acetate requires more time to be fully

solubilized with triphenylphosphine in chloroform to give a clear colourless
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solution. To this solution a freshly prepared solution of (1) in chloroform is added
at —60°C resulting in a clear pale orange solution. The reaction mixture is stirred
and slowly warmed to room temperature where a gradual colour change was
observed to a darker orange-red solution. Filtration was sometimes necessary to
remove any turbidity to give a clear homogeneous solution required for
crystallization. Slow diffusion of pentane over the reaction mixture affords two
crystalline products suitable for analysis by single crystal X-ray crystallography:
the major product was single orange square pyramidal crystals of
[AgssSs(SCH2FC)36] (4), and the secondary product was single yellow block-like
crystals of [Ag10(SCHzFc)10(PPh3)s] (5).

In a similar manner, [Ags(SeCHzFc)s(PPhs)s] (6) was prepared by reacting
a solution of silver acetate solubilized with triphenylphosphine with
FcCH,SeSiMe; (2) at —70°C in chloroform. The initial solution was a pale orange
colour, however upon warming to —25°C a dark red solution was obtained.
Reactions that were warmed up above —15°C resulted in the precipitation of an
amorphous black solid, and 'H-NMR analysis of the supernatant revealed the
presence of (diferrocenyl)diselenide (FcCH.Se);, suggesting thermal
. decomposition of the cluster. No further characterization was done on these
decomposition products. To avoid thermal decomposition, reactions were kept
below —25°C and layered with hexane, and then stored at —40°C. After several
weeks, single orange block-like crystals of (6) suitable of X-ray crystallography

were obtained.
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3.4.2. Structural Characterization of [Cu;3;(SCH.Fc);(PPhs)s] (3),
[AgssSe(SCH2Fc)36] (4) and [Agio(SCH2Fc)1o(PPhs)s] (8) and
[Ags(SeCHFc)s(PPhs)4] (6)

Clusters (3), (4), (5) and (6) have all been structurally characterized by X-
ray crystallography. Scheme 3.1 outlines the reaction conditions used to obtain
clusters (3), (4), (5) and (6). In figure 3.2 the molecular structure of (3) is shown,
which was satisfactorily solved and refined in the triclinic space group P71 with two
independent molecules in the asymmetric unit cell. Discussions here refer to
molecule one. The core of the cluster is a closed ring consisting of alternating
Cu-S-Cu bonds, where the thiolate ions adopt a p»-bridging mode, and each Cu
atom is also bonded to a phosphine ligand giving an almost trigonal planar
geometry (Z(bond angles) = 358.27-359.99°) about the copper centres. The
copper-thiolate distances for (3) [2.215(3)-2.306(3) A] are slightly longer than in
the related trinuclear complex [CpFe{n°-CsH3(1-PPh;)(2-CH-(CH3)S)}Cu]s (Cu-S
= 2.178(6)-2.251(6) A)'®, but are within range of three coordinate Cu(l)}-S
complexes reported [2.103-2.673 A)." Table 3.1 summarizes selected bond
lengths and angles for (3). The internal core is protected from further
condensation by the ferrocenyl and phenyl groups covering the surface of the
| cluster. In figure 3.3, a space filling diagram of (3) illustrates that the internal core
is completely covered by the ferrocenyl and phenyl groups. Two chioroform
molecules, represented as blue balls, are also found on the surface of (3).
Elemental analysis of (3) was found to be 62.53 and 5.32 % for C and H atoms
respectively. These values are within range of the calculated values C:H,

62.54:4.71 %.
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FcCH,SSiMe, (1) + (PPh;),MOAc —]

FcCH,SeSiMe, (2) + (PPhy),AgOAc —>

[Cus(SCH,Fc),(PPh3),] (3) + Me;SiOAc

[AQ4sSe(SCH;FC)36] (4) + (FCCH,),S + Me;SiOAC

+

[AQ1o(SCH,Fc)1o(PPhs),] (8) + Me;SiOAc

[Ags(SeCH,Fc)s(PPhy),] (6) + Me,SiOAC

Scheme 3.1

Reaction schemes outlining the preparation of (3), (4), (58) and (6).

Cu(11)-P(11)
Cu(11)-S(11)
Cu(11)-S(31)
Cu(21)-P(21)
Cu(21)-S(11)
Cu(21)-S(21)
Cu(31)-P(31)
Cu(31)-S(21)
Cu(31)-S(31)

2.203(3)
2.215(3)
2.306(3)
2.232(3)
2.240(3)
2.284(3)
2.195(4)
2.227(4)
2.233(3)

P(11)-Cu(11)-S(11)
P(11)-Cu(11)-S(31)
S(11)-Cu(11)-S(31)
P(21)-Cu(21)-S(11)
P(21)-Cu(21)-S(21)
S(11)-Cu(21)-S(21)
P(31)-Cu(31)-S(21)
P(31)-Cu(31)-S(31)
S(21)-Cu(31)-S(31)
Cu(11)-S(11)-Cu(21)
Cu(31)-S(21)-Cu(21)
Cu(31)-S(31)-Cu(11)

135.14(13)
116.35(13)
106.78(12)
122.48(12)
119.97(11)
117.34(12)
116.30(13)
133.32(13)
110.37(13)
98.61(12)
85.98(10)
94.92(13)

Table 3. 1

Selected intramolecular bond lengths [A] and angles [°] for (3).
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Ag(5)-S(5) 2.373(2) S(3)-Ag(3)-S(4)#1  100.15(6)
Ag(1)-S(1) 2.395(2) P(1)-Ag(2)-S(5)#1  100.39(7)
Ag(1)-S(3)#1  2.401(2) S(4)-Ag(4)-S(1) 100.65(6)
Ag(4)-P(2) 2.443(2) S(4)-Ag(4)-S(3) 102.94(6)
Ag(4)-P(2) 2.443(2) P(1)-Ag(2)-S(1) 103.33(7)
Ag(3)-S(3) 2.5170(18) P(2)-Ag(4)-S(3) 113.57(7)
Ag(2)-P(1) 2.558(2) P(1)-Ag(2)-S(2) 114.67(7)
Ag(2)-P(1) 2.558(2) P(2)-Ag(4)-S(1) 116.56(7)
Ag(2)-S(2) 2.571(2) S(2)-Ag(2)-S(5)#1  118.79(7)
Ag(2)-S(5)#1  2.635(2) S(5)#1-Ag(2)-S(1)  120.76(6)
Ag(4)-S(4) 2.6470(19) S(2)-Ag(3)-S@)#1  120.77(7)
Ag(4)-S(3) 2.726(2) P(2)-Ag(4)-S(4) 127.54(6)
Ag(5)-Ag(3)#1  2.9174(9) S(2)-Ag(3)-S(3) 138.97(7)
Ag(4)-Ag(5)  2.9851(9) S(1)-Ag(1)-S(3)#1  172.83(6)
Ag(1)-Ag(2)  3.0811(8) S(5)-Ag(5)-S(4) 176.16(7)
Ag(5)-Ag(1)#1  3.1822(8) S(1)-Ag(4)-S(3) 87.75(6)
Ag(2)-Ag(5)#1  3.2547(9) S(2)-Ag(2)-S(1) 98.62(6)

Ag(1)-Ag(3)  3.2820(8)

Table 3.2 Selected intramolecular bond lengths [A] and angles [°] for (5).
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Figure 3.10, 3.11 and 3.12 Illustrate the molecular structure of
[Ag10(SeCH,Fc)(PPhs)s] (6) that was satisfactorily solved and refined in the
monoclinic space group C2/c. The Ag-Se framework can be described as
consisting of four and eight membered rings (Fig. 3.11). There are four p; and
four s bridging selenolate ligands ("SeCH.Fc) with Ag—Se distances ranging
from 2.594(1)-2.621(1) A and 2.632(1)-2.665(1) A respectively. The Ag-Se
bond distances are within range of similarly sized AgSe clusters: [Ags(2,4,6-
Pr;CsH.Se)s]  [only pg: 2.465(1)-2.526(1) A]*' and [Ags(SezFc)s(PnPra)s] [ua2:
2.478(2)-2.633(2) A; pa 2.504(3)-2.933(3) Al.#? Comparing the coordination
geometry about the Ag centres of both [Ags(2,4,6-Prs'CgH2Se)s] and
[Ags(SezFc)s(PnPr3)s] with (6), where distorted linear to tetrahedral geometries
are observed for the first two clusters, in (6) all Ag atoms are exclusively in a
distorted trigonal planar geometry (Fig. 3.11). Four Ag centres are bonded to
one Wo-Se and two u3-Se atoms, and the other four are bonded to two py;3-Se
atoms and one triphenylphosphine ligand. Ag—Ag contact distances in (6) are all
greater than 2.87 A where no significant bonding interactions are present.

Selected bond lengths and angles for (6) are summarized in Table 3.3.










61

Ag(1)-P(1) 2.466(3) Ag(1)#1-Se(2)-Ag(2)  80.02(4)
Ag(3)-P(2) 2.488(3) Ag(3)#1-Se(4)-Ag(2)#1 75.19(4)
Ag(3)-Se(3) 2.5938(14) Ag(3)-Se(3)-Ag(4) 75.09(4)
Ag(1)-Se(2)#1 2.5958(15) Ag(1)-Se(1)-Ag(4) 72.79(4)
Ag(4)-Se(3) 2.6085(13) Ag(2)-Se(1)-Ag(4) 66.35(3)
Ag(2)-Se(2) 2.6211(13) Se(4)-Ag(4)-Se(1) 140.40(4)
Ag(2)-Se(1) 2.6323(13) Se(1)-Ag(2)-Se(d)#1  139.70(4)
Ag(3)-Se(d)#1  2.6339(13) Ag(2)-Se(1)-Ag(1) 127.59(5)
Ag(2)-Se(d)#1  2.6397(12) Se(3)-Ag(3)-Se(@)#1  125.72(5)
Se(4)-Ag(2#1  2.6398(12) P(1)-Ag(1)-Se(2)#1 123.17(9)
Ag(1)-Se(1) 2.6442(15) Se(2)#1-Ag(1)-Se(1)  123.15(5)
Ag(4)-Se(4) 2.6635(13) P(2)-Ag(3)-Se(3) 122.25(8)

| Ag(4)-Se(1) 2.6653(12) P(1)-Ag(1)-Se(1) 113.42(9)
Ag(2)-Ag(d)y#1  2.8729(11) Se(2)-Ag(2)-Se(1) 111.57(4)
Ag(2)-Ag(4) 2.8989(11) P(2)-Ag(3)-Se(4)#1 111.51(8)
Ag(1)-Ag(4) 3.1503(11) Se(3)-Ag(4)-Se(4) 110.34(4)
“Ag(3)-Ag(4) 3.1700(12) Se(3)-Ag(4)-Se(1) 109.16(4)
Ag(2)-Ag(3) 3.2173(11) Se(2)-Ag(2)-Se(4)#1 107.83(4)
Ag(1)-Ag@#1  3.3539(11)

Table 3.3 Selected intramolecular bond lengths [A] and angles [°] for (6).
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3.4.3. Electrochemistry of [Cus(FcCH2S)3(PPhs)s] (3),
[Ag4sSe(FcCH2S)36] (4)

Electrochemical measurements were obtained using a BAS 100W version
2.0 Electrochemical Analyzer potentiostat interfaced to a personal computer
using BAS 100W version 2.0 software. A standard 3-electrode arrangement was
used with a Pt working electrode, platinum flag counter electrode, and silver wire
reference electrode in tetrahydrofuran with BusNPFg (0.1M) as the supporting
electrolyte for both (3) and (4). Scan rates were run between 50 and 200 mV/s at
foom temperature in an inert atmosphere glovebox. All _potentials are reported
versus S.C.E. and were referenced internally to ferrocene (E° = 0.528 V),*
added at the end of the experiment.

Cyclic voltammetry was used to investigate the redox activity of the iron
centres and any iron-chalcogen communication in (3) and (4). The cyclic
voltammograms are shown in figures 3.13 and 3.14 for (3) and (4), respectively.
For (3), a single quasi-reversible oxidation wave was observed at all scan rates
with AE, (Epa — Epc) ranging from 227 mV for slower scan rates up to 347 mV at
higher scan rates. The determined peak cathodic/peak anodic current ratios for
(3) were in the range of 0.91 < ip/ia < 1, and the formal reduction potentials, E®
= (Epa + Epc)/2 = Eq2 = 490 mV, were scan rate independent between 50 and 200
mV/s.

For (4), a single quasi-reversible oxidation wave was observed at all scan
rates with AE, = 339 — 655 mV. Figure 3.14 shows the votammograms for (4)
where E> values remained relatively constant ranging between 466 to 495 mV

at all scan rates. The iy/ipa ratios range between 0.78 and 0.90.



63

The AE values for (3) and (4) suggest that the oxidation of the ferrocenyl
units are electrochemically irreversible, but the shape of the voltammograms
shows that they are chemically reversible at all scan rates and suggests that the
cluster framework remains intact. The values for is,ipc should be 1 for a simple
reversible couple,? and values found were close to or in the range thereof for (3).
Greater deviations from the ideal values for a reversible electronic process are
observed for (4). Large AE values are typically indicative of simple irreversible
electronic species, however, as the number of identical redox sites increases, a
significant amount of overlapping concentrations of partially reduced species
results in the broadening of the voltammogram and greater separation between
reduction potentials.?* Furthermore, slower diffusion, because of the large size of
the compound, to the electrode surface, solvent and electrolyte used all have an
effect on the reduction potentials. The presence of a single reversible oxidation
wave implies that the ferrocenyl units are oxidized independently at similar
potentials and that the alkyl spacer helps prevent any communication between

redox centres and chalcogen atoms
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Cyclic voltammogram of (3) (0.5 mM) in dry THF and BusNPFg
(0.1M) as the supporting electrolyte at a scan rate of 50 mV/s.
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Figure 3.14 Cyclic voltammogram for (4) (0.2 mM) in dry THF and BusNPFg
(0.1M) as the supporting electrolyte. Potential in mV is shown
on the horizontal axis and current in A is shown on the vertical
axis.
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Chapter 4

General Conclusions and Future Outlook
4.1 Summary

Nanometer-sized metal chalcogen clusters, “nanoclusters”, make up small
but quickly growing field of nanotechnology. In this subfield, the isolation and
structural characterization of monodisperse products has allowed researchers to
study the physical properties of semiconducting materials as a function of
decreasing size.! Silylated chalcogen reagents, E(SiMes), and RESiMe; (E = S,
Se, Te; R = organic group), offer a soluble source of E* and/or RE™ and have
been used extensively in the preparation of metal-chalcogen nanoclusters. The
mild reaction conditions and wide range of reactivity of silylated reagents with
transition metal salts have resulted in a series of novel group 10-12/16 clusters.”
® Reaction conditions are critical for the final product obtained and particularly
dependent on the stoichiometry of starting reagents, temperature, solvent and
steric effects of the solubilizing figand, PR'R,.%®° Further structural diversity can
be introduced to the surface of metal chalcogen clusters by varying the R group
of chalcogenolate reagents RESiMe3, where R is an organic group. The reagents
: ‘Fe(r]"’-CsH,;ESiMea)z“'s'8 and CpFe(n’-CsHsESiMes)® (E = S, Se) have been
recently reported and used to passivate the surface of metal chalcogen clusters.
The ferrocenyl units help stabilize the cluster core from further random
condensation, but more importantly, they functionalize the surface with redox
active centres. Electrochemical studies of the clusters obtained from the silylated

chalcogenolate reagents, Fe(n>-CsH4ESiMes); and CpFe(n’-CsH4ESiMes) (E = S,
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Se), all resulted in cluster degradation as a result of oxidative cleavage of the
ferrocenylchalcogenide. The degradation of cluster was attributed to the

"y communicating with the

instability of the oxidized ferrocenyl unit (Fe" — Fe
chalcogen atom and resulted in the formation of the stable
di(ferrocenyichalcogenide) [FCEEFc or (FCEz); E = S, Se].®%° Communication
between iron centres and chalcogen atoms can be eliminated by alkyl or aryl
spacers.'®"" Therefore, in order to study the electronic properties of ferrocenyl
passivated metal-chalcogen cluster, silylated ferrocenyl chalcogenolate reagents
with an alkyl spacer, -CH,- were prepared and used in the synthesis of novel
metal-chalcogen clusters: [Cuz(SCH2Fc)3(PPhs)s] (3), [AgssSe(SCH2Fc)3¢] (4) and
[Ag10(SCH2Fc)10(PPh3)s] (5) and [Ags(SeCHzFc)s(PPha)4] (6).

The successful preparation of ferrocenylmethylchalcogenolates ligands ,
CpFe(n®-CsH4CH.ESiMe; (E = S (1), Se (2)), are prepared directly from
ferrocene as outlined in chapter 2. Long term storage of (1) and (2) proved to be
difficult even in the solid state, where (1) and (2) slowly decompose to (FcCHzE).
within a week. Therefore, (1) and (2) were generated in situ and reacted
immediately with metal salts as described in chapter 3.

Single crystals of [Cuz(SCH2Fc)s(PPhs)s] (3), [AgseSe(SCH2FC)36] (4) and
[Ag10(SCH2Fc)10(PPh3)4] (5) and [Ags(SeCHaFc)s(PPhs)s] (6) were obtained and
allowed for the satisfactory refinement of their molecular structure. With respect
to their structural frameworks, these cluster exhibit characteristic coordinations

for group 11 metals, ranging from linear to tetrahedral geometries. Also, typical

bridging modes were observed for the chalcogen atoms, Yz to ps. The most
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notable structural feature was observed in (4), where thirty-six
ferrocenylmethyl groups exclusively stabilize a Ag4sS4, core. To date, (4) is
the largest cluster with the greatest number of ferrocenyl units to be
structurally characterized. Electrochemical studies were conducted on the
(3) and (4) and revealed that the alkyl spacer prevented oxidative cleavage
previously observed for Fe(n®-CsHsESiMes), and CpFe(n’-CsHsESiMes).
Single pseudo-reversible peaks were observed at all scan rates and after
repetitive cycles which suggests that metal chalcogen framework remain
intact. Future electrochemical studies on (§) and (6) remain to be
examined. In addition, in CV experiments, electrolyte and solvent both
have an effect on the shape of the voltammogram, where single broad
reversible peaks become resolved into two peaks by changing the
electrolyte.!” Therefore, these variables need to be addressed to have a
comprehensive understanding of the insulating effects of the alkyl spacer
and reversibility of the ferrocenyl units.

Thus, the synthesis and reactivity of (1) and (2) towards the formation
- of metal-chalcogen bonds has been discussed in this thesis. The isolation and
characterization of group 11/16 clusters, (3), (4), (8) and (6), further illustrates the
utility and applicability of silylated chalcogen reagents, -ESiMes. By changing the
reaction conditions, for example the temperature, solvent and tertiary phosphine

used, it should be possible to isolate ME clusters (M = group 10-12 transition

metal; E = S, Se) of different sizes and number of ferrocenyl units. Also, the
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ferrocenyl chalcogen reagents with longer alkyl spacers, amide and ester
spacers are currently be pursued, where the latter have been prepared and their
reactivity is currently being investigated. Future work of ferrocenyl chalcogen
reagents will be directed at use of these reagents in formation of a series metal-
chalcogen clusters with surface ferrocenyl groups that can be used in ion sensing

studies and optical studies.
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APPENDIX A:

'H-NMR Data for (4) and X-ray Crystallographic Data Parameters and Atomic
Positions for (3), (4), (5) and (6).



APPENDIX A.1.

Crystal data and structure refinement for [Cu3(SCH2Fc)3(PPh3)s] (3)

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system

Space group
Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission
Refinement method

~ Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

Coo Hgy Cig Cus Fes P3 S;3

2028.86

150(2) K
0.71073 A
Triclinic

P-1
a=16.617(2) A
b=22427(2) A
c=25.705(3) A

a= 103.077(6)°
B = 107.624(4)°.
y = 91.818(6)°.

8841.1(17) A3

4

1.524 Mg/m3

1.630 mm-1

4128

0.48 x 0.30 x 0.08 mm3

2.15 to 25.00°.

-19<=h<=18, -22<=k<=26, -30<=|<=22
30249

22344 [R(int) = 0.0693]

71.8 %*

None

0.8807 and 0.5084

Full-matrix-block least-squares on F2
22344 / 190** | 1857

0.944

R1 =0.0803, wR2 = 0.1832

R1 = 0.2044, wR2 = 0.2186

1.099 and -0.899 e.A-3

*The weakly diffracting nature of the crystal limited the number of data that could be indexed.

**Disordered Cp rings were refined as rigid groups with constrained Fe-C distances (SADI command).



Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x 103)
for (3). U(eq) is defined as one third of the trace of the orthogonalized Ui tensor.

X y z U(eq)
Cu(11) -1966(1) -3263(1) 2035(1) 38(1)
Cu(21) -732(1) -3366(1) 3318(1) 34(1)
Cu(31) -2427(1) -4198(1) 2776(1) 44(1)
Fe(11) -2074(1) -687(1) 3110(1) 37(1)
Fe(21) 883(1) -4626(1) 1999(1) 53(1)
Fe(31) -5794(2) -4042(1) 991(1) 62(1)
Fe(3A) -5874(8) -3817(5) 1385(5) 68(3)
S(11) -1666(2) -2765(1) 2931(1) 36(1)
S(21) -1081(2) -4407(1) 2995(1) 42(1)
S(31) -2897(2) -4116(1) 1887(1) 41(1)
P(11) -1823(2) -3033(1) 1277(1) 40(1)
P(21) 444(2) -2986(1) 4041(1) 36(1)
P(31) -3007(2) -4098(1) 3449(1) 40(1)
c(1y) -1216(7) -1954(4) 3094(4) 37(3)
C(21) -1863(8) -1576(4) 2805(4) 29(3)
C(31) -2712(8) -1551(4) 2813(5) 36(3)
C@41) -3103(8) -1152(5) 2478(5) 42(3)
C(51) -2516(8) -944(5) 2263(5) 41(4)
C(61) -1734(8) -1207(5) 2456(5) 38(3)
C(71) -1286(8) -380(5) 3920(5) 37(3)
C(81) -2139(9) -364(5) 3903(5) 47(4)
C(91) -2502(9) 43(5) 3559(5) 50(4)
C(101) -1855(9) 261(5) 3368(5) 46(4)
C(111) -1088(8) 1(5) 3602(5) 44(3)
C(121) -801(8) -4569(5) 2341(5) 41(3)
C(131) 97(8) -4412(6) 2475(5) 43(3)
C(141) 493(11) -3890(6) 2416(6) 71(5)
C(151) 1429(11) -3893(7) 2658(7) 76(5)
C(161) 1464(12) -4419(9) 2822(7) 88(6)
C(171) 744(11) -4749(8) 2750(7) 83(5)
C(181) 186(11) -5188(8) 1249(6) 76(5)
C(191) 495(15) -4623(10) 1188(7) 107(7)
C(201) 1354(16) -4542(9) 1410(8) 104(7)
C(211) 1626(11) -5066(10) 1579(7) 96(6)
C(221) 899(15) -5471(7) 1505(7) 96(6)
C(231) -3885(8) -3761(5) 1750(5) 57(4)
- C(241) -4567(6) -4203(5) 1297(5) 60(5)
C(251) -5125(7) -4676(5) 1337(5) 69(5)
C(261) -5677(7) -4959(4) 782(5) 70(5)
C(271) -5461(7) -4661(5) 399(4) 75(5)
C(281) -4775(7) -4194(5) 718(5) 64(5)
C(291) -5925(9) -3220(5) 1476(5) 70(5)
C(301) -6481(8) -3700(6) 1499(5) 86(6)
C(311) -7023(6) -3968(5) 942(6) 91(7)
C(321) -6801(7) -3654(5) 575(5) 69(5)
C(331) -6122(9) -3192(4) 905(5) 76(10)
C(24A) -5770(30) -4667(8) 970(15) 60(20)
C(25A) -5050(30) -4331(17) 1070(20) 52(18)
C(26A) -4710(16) -4131(19) 1620(20) 70(20)
C(27A) -5220(30) -4342(18) 1859(13) 70(20)

C(28A) -5880(30) -4673(12) 1457(17) 110(30)



C(29A)
C(30A)
C(31A)
C(32A)
C(33A)
C(341)
C(351)
C(361)
C(371)
C(381)
C(391)
C(401)
C(411)
C(421)
C(431)
C(441)
C(451)
C(461)
C(471)
C(481)
C(491)
C(501)
C(511)
C(521)
C(531)
C(541)
C(551)
C(561)
C(571)
C(581)
C(591)
C(601)
c(611)
c(621)
C(631)
C(641)
C(651)
C(661)
C(671)
C(681)
C(691)
. C(701)
C(711)
C(721)
C(731)
C(741)
C(751)
C(761)
C(771)
C(781)
C(791)
C(801)
C(811)
C(821)
C(831)
C(841)

-6320(40)
-5760(30)
-6080(30)
-6840(30)
-6990(20)
-1624(8)
-1947(3)
-1876(3)
-1390(3)
-1044(3)
-1174(3)
-1068(3)
-1191(3)
-582(3)
175(3)
317(3)
-312(8)
-2821(8)
-3212(9)
-3987(5)
-4390(5)
-4040(5)
-3268(8)
1351(7)
2150(9)
2804(8)
2695(8)
1919(9)
1257(8)
874(6)
1240(8)
1555(8)
1516(8)
1146(8)
830(8)
336(8)
-456(8)
-601(8)
86(9)
895(8)
1029(8)
-3485(8)
-3956(10)
-4280(10)
-4084(10)
-3665(9)
-3330(8)
-3870(9)
-4632(10)
-5252(9)
-5179(10)
-4439(10)
-3767(8)
-2270(9)
-2498(10)
-1917(12)

-3238(19)
-2910(9)
-2994(13)
-3370(20)
-3530(20)
-3653(5)
-4222(2)
-4740(2)
-4624(2)
-4006(2)
-3544(2)
-2400(2)
-2006(2)
-1539(2)
-1431(2)
1813(2)
2273(5)
-2798(5)
-2397(5)
-2175(4)
-2418(4)
-2843(4)
-3024(6)
2772(5)
-2970(5)
2782(5)
-2396(5)
-2189(5)
-2390(5)
-3472(5)
-3230(5)
-3619(6)
-4239(6)
-4484(6)
-4101(5)
-2268(5)
2118(5)
-1559(5)
-1143(5)
-1264(5)
-1823(5)
-4834(5)
-5229(6)
-5806(7)
-5965(6)
-5562(6)
-4985(6)
-3617(5)
-3763(6)
-3379(7)
-2863(7)
-2707(6)
-3074(5)
-3812(5)
-3412(5)
-3257(6)

+

883(18)
1400(20)
1818(16)
1560(30)

990(30)

732(5)

713(2)

265(2)

-52(2)

3(2)

396(2)
1345(2)

967(2)
1046(2)
1509(2)
1885(2)
1809(5)

904(5)
1226(5)
1015(5)

436(5)

86(5)

326(6)
3849(5)
4048(5)
3880(5)
3511(5)
3325(5)
3475(5)
4531(5)
5095(5)
5449(6)
5209(7)
4652(6)
4303(5)
4497(4)
4492(5)
4802(5)
5114(5)
5143(5)
4828(5)
3480(6)
2994(6)
3002(7)
3539(8)
4013(7)
3992(6)
3398(5)
3483(6)
3408(7)
3236(6)
3152(6)
3225(5)
4157(5)
4584(6)
5143(6)

130(60)
25(13)
70(20)

130(40)
80(20)
43(3)
59(4)
83(5)
81(5)
59(4)
53(4)
46(3)
49(4)
49(4)
50(4)
60(4)
45(3)
40(3)
50(4)
68(5)
73(5)
65(4)
53(4)
35(3)
45(4)
48(4)
47(4)
49(4)
46(4)
27(3)
46(4)
55(4)
58(4)
58(4)
50(4)
30(3)
40(3)
38(3)
39(3)
37(3)
45(4)
45(3)
71(5)
89(5)
76(5)
64(4)
50(4)
42(3)
66(5)
86(6)
72(5)
63(4)
47(4)
44(3)
62(4)
80(5)

76



C(851)
C(861)
C(871)
Cu(12)
Cu(22)
Cu(32)
Fe(12)
Fe(22)
Fe(32)
S(12)

S(22)

S(32)

P(12)

P(22)

P(32)

C(12)

C(22)

C(32)

C(42)

C(52)

C(62)

C(72)

C(82)

C(92)

C(102)
C(112)
C(122)
C(132)
C(142)
C(152)
C(162)
c(172)
C(182)
C(192)
C(202)
C(212)
C(222)
C(232)
C(242)
C(252)
C(262)
- C(272)
C(282)
C(292)
C(302)
C(312)
C(322)
C(332)
C(342)
C(352)
C(362)
c(372)
C(382)
C(392)
C(402)
C(412)

-1167(12)

-960(9)

-1509(8)

2548(1)
4182(1)
2395(1)
3095(1)
5023(1)

-1218(1)

3293(2)
3650(2)
1737(2)
2360(2)
5445(2)
2029(2)
3771(7)
3091(9)
2852(10)
2171(12)
1881(12)
2479(9)
4192(12)
4195(9)
3491(11)
3104(12)
3501(17)
3685(7)
4540(8)
4833(9)
5710(9)
5975(9)
5292(8)
4037(11)
4432(14)
5263(11)
5399(11)
4664(14)
684(7)
51(7)
-467(8)
-952(7)
-784(7)
-166(7)

-1527(7)
-2128(7)
-2501(8)
-2141(8)
-1508(8)

1305(8)
988(11)
193(13)

-262(12)

60(12)
856(9)
3063(9)
2743(9)

-3520(6)
-3906(6)
-4055(5)

1751(1)
1447(1)
800(1)
4245(1)
128(1)
720(1)
2124(1)
442(1)
850(1)
2141(1)
1769(1)
1004(1)
2931(4)
3341(5)
3708(5)
4004(7)
3793(8)
3416(6)
4513(7)
4818(7)
5154(6)
5039(8)

4633(10)
253(5)
420(5)
924(5)
918(6)
413(6)
98(6)

-344(10)
114(9)
-9(8)
-529(8)
-732(7)
1106(5)
629(5)
145(5)
-170(5)
125(5)
635(5)
1443(5)
916(5)
750(6)
1162(6)
1595(5)
2407(5)
2636(6)
2847(7)
2817(7)
2593(7)
2370(6)
2806(5)
3316(6)

5252(7)
4853(7)
4295(6)
2079(1)
3240(1)
2837(1)
3526(1)
1489(1)
1738(1)
2977(1)
2878(1)
1954(1)
1341(1)
3871(1)
3604(1)
3189(5)
3136(5)
2729(5)
2824(9)
3179(11)
3417(7)
4157(8)
3764(8)
3698(9)
4074(9)
4365(9)
2155(5)
2145(5)
1968(5)
2021(5)
2229(5)
2313(5)
847(7)
673(7)
728(6)
950(6)
1033(7)
1828(5)
1858(5)
1429(5)
1672(5)
2244(5)
2366(5)
1389(6)
1086(5)
1464(5)
1991(6)
1948(6)
1133(6)
1566(7)
1434(9)
880(11)
452(8)
576(7)
1394(5)
1213(5)

88(6)
60(4)
50(4)
39(1)
35(1)
33(1)
52(1)
43(1)
36(1)
39(1)
35(1)
34(1)
42(1)
35(1)
32(1)
43(4)
47(4)
77(5)
114(9)
123(10)
67(4)
87(6)
82(5)
109(8)
100(8)
134(10)
40(3)
38(3)
47(4)
54(4)
60(4)
48(4)
94(6)
94(6)
80(5)
70(5)
89(6)
38(3)
32(3)
39(3)
37(3)
38(3)
42(3)
40(3)
32(3)
47(4)
53(4)
46(4)
47(4)
67(5)
91(6)
104(7)
85(6)
69(5)
38(3)
46(3)
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C(422)
C(432)
C(442)
C(452)
C(462)
C(472)
C(482)
C(492)
C(502)
C(512)
C(522)
C(532)
C(542)
C(552)
C(562)
C(572)
C(582)
C(592)
C(602)
C(612)
C(622)
C(632)
C(642)
C(652)
C(662)
C(672)
C(682)
C(692)
C(702)
C(712)
C(722)
C(732)
C(742)
C(752)
C(762)
C(772)
C(782)
C(792)
C(802)
C(812)
C(822)
. C(832)
C(842)
C(852)
C(862)
C(872)
C(1S)

C(285)

C(39)

C(4S)

C(5S)

C(6S)

CI(1S)
C1(2S)
CI(38)
CI(4S)

3335(10)
4179(11)
4493(9)
3911(10)
2425(7)
2066(8)
2100(9)
2512(8)
2871(8)
2845(8)
6239(8)
5963(8)
6539(10)
7338(9)
7580(9)
7029(9)
5938(7)
5730(7)
6083(8)
6631(8)
6857(8)
6505(8)
5459(8)
4759(8)
4744(8)
5411(10)
6109(9)
6127(8)
1250(8)
629(8)
11(8)
9(8)
638(8)
1261(7)
1552(7)
1148(7)
773(7)
794(7)
1181(7)
1564(7)
2852(7)
2791(8)
3419(8)
4125(9)
4214(8)
3599(8)

-1155(8)
-3209(9)
-7998(13)
-9007(8)
-4234(11)
-3592(1)
-1106(1)

-285(1)

-2089(1)
-4107(1)

3804(7)
3768(6)
3244(6)
2787(6)
1616(5)
1017(5)

591(5)

743(6)
1330(6)
1766(5)
1946(5)
2279(5)
2462(6)
2291(6)
1938(6)
1766(5)
1264(5)

650(5)

270(5)

483(6)
1114(6)
1503(5)
2489(5)
2572(5)
3100(6)
3558(5)
3496(6)
2953(5)
1564(5)
1505(5)
1908(5)
2359(5)
2404(5)
2018(5)

319(5)
-160(5)
-694(5)
-727(5)
-264(5)

263(5)
1274(4)
1723(5)
1875(5)
1565(6)
1133(5)

970(5)

-5939(5)
-5707(5)
2731(9)
-1056(6)

945(6)
1912(1)

-6541(1)
-5874(1)
-6024(1)
-6131(1)

1262(6)
1439(6)
1611(6)
1589(5)

718(5)

593(5)

115(6)
-227(5)
-103(5)

366(5)
3554(5)
3143(5)
2894(6)
3032(6)
3423(6)
3682(5)
4326(5)
4135(5)
4474(6)
4993(6)
5218(6)
4857(5)
4366(4)
4561(5)
4947(6)
5142(5)
4965(5)
4578(5)
3619(5)
3863(5)
3828(5)
3527(5)
3290(5)
3333(4)
3724(5)
3249(5)
3320(5)
3841(6)
4316(6)
4246(5)
4274(4)
4727(5)
5240(5)
5318(5)
4889(5)
4374(5)
3027(6)
1228(5)
1284(7)

361(6)
6851(6)

943(1)
2495(1)
3638(1)
3186(1)

696(1)

65(5)
70(5)
66(4)
56(4)
35(3)
46(3)
57(4)
50(4)
49(4)
41(3)
41(3)
44(3)
59(4)
60(4)
60(4)
42(3)
36(3)
45(3)
53(4)
54(4)
56(4)
46(3)
30(3)
42(3)
50(4)
51(4)
49(4)
36(3)
32(3)
43(4)
41(3)
46(4)
33(3)
35(3)
34(3)
38(3)
43(3)
42(3)
45(4)
33(3)
24(3)
41(3)
44(3)
49(4)
41(3)
38(3)
56(4)
62(4)
129(7)
64(4)
89(6)
82(5)
1342)
106(2)
86(1)
101(2)
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CI(5S)
Cl(6)

CI(7S)
C1(8S)
C1(9S)
CI(10)
Cl(11)
CK(12)
CI(13)
Cl(14)
CK(15)
CI(16)
CK(16)
Cl(17)
Cl(17)
CI(18)
CI(18)

-2289(1)
-3212(1)
-7866(1)
-8970(1)
-7917(1)
-9789(1)
-8175(1)
-8618(1)
-3595(1)
-5336(1)
-4021(1)
-3373(1)
-3874(1)
-4682(1)
-4362(1)
-3210(1)
-2909(1)

-5851(1)
-5842(1)
-1966(1)
-3062(1)
2729(1)

-848(1)

-1307(1)

-431(1)
1483(1)
1046(1)

901(1)
2021(1)
1475(1)
1794(1)
2207(1)
2585(1)
2564(1)

1106(1)
1872(1)
1247(1)
864(1)
1999(1)
-165(1)
105(1)
948(1)
7395(1)
6755(1)
6227(1)
339(1)
292(1)
841(1)
1178(1)
1454(1)
910(1)

99(2)
96(2)
185(3)
177(3)
132(2)
122(2)
95(1)
67(1)
157(3)
108(2)
87(1)
109(3)
88(3)
89(3)
133(4)
80(2)
174(5)
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APPENDIX A.2.

80

Crystal data and structure refinement for [AgssSe(SCH2Fc)36] (4)

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Y4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
 Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

Ca03.50 Hao7 Agas Clis Fess Saz
14322.92

200(2) K

0.71073 A

Monoclinic

C2/c

a =27.646(6) A a= 90°.

b =44274(9) A B=108.01(3)".
c=43.101(9) A y= 90°.
50171(17) A3

4

1.896 Mg/m3

3.122 mm-1

27788

0.25x0.18 x 0.12 mm3

1.73 to 25.00°.

-32<=h<=31, -52<=k<=52, -48<=|<=51
172079

44118 [R(int) = 0.1095]

99.8 %

Full-matrix-block least-squares on F2
44118 [ 1770** / 1400

1.051

R1 =0.0981, wR2 = 0.2918

R1 =0.2075, wR2 = 0.3356

2.223* and -1.354 e A-3

* Un-resolved solvent peak

** Disordered Cp rings were refined with common Fe-C distances and the AFIX
command. The atomic coordinates of one solvent molecule were fixed after
locating in the difference Fourier map (occupancy = 0.5).



Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x 103)

for (4). U(eq) is defined as one third of the trace of the orthogonalized Ui tensor.

X y z Ul(eq)

Ag(1) 1444(1) 2073(1) 6550(1) 80(1)
Ag(2) 1069(1) 1443(1) 6361(1) 77(1)
Ag(3) 1723(1) 2715(1) 6786(1) 85(1)
Ag(4) 754(1) 838(1) 6713(1) 83(1)
Ag(5) -307(1) 1693(1) 6212(1) 73(1)
Ag(6) 1132(1) 1670(1) 7074(1) 79(1)
Ag(7) 637(1) 2469(1) 6768(1) 73(1)
Ag(8) 2003(1) 2452(1) 7657(1) 84(1)
Ag(10) -354(1) 1226(1) 6703(1) 86(1)
Ag(11) -208(1) 2067(1) 6829(1) 64(1)
Ag(12) 1051(1) 2066(1) 7616(1) 65(1)
Ag(13) 1248(1) 2918(1) 7711(1) 79(1)
Ag(14) 697(1) 3553(1) 7437(1) 87(1)
Ag(16) S711(1) 1217(1) 7317(1) 71(1)
Ag(17) -1236(1) 1708(1) 6507(1) 75(1)
Ag(18) 0 1735(1) 7500 62(1)
Ag(19) 0 2404(1) 7500 63(1)
Ag(20) 1541(1) 2419(1) 8252(1) 78(1)
Ag(21) 294(1) 2925(1) 7947(1) 76(1)
Ag(22) 955(1) 3497(1) 8163(1) 86(1)
Ag(24) -60(1) 3462(1) 8283(1) 86(1)
Ag(25) -1178(1) 3297(1) 8028(1) 91(1)
Ag(9) -34(2) 606(2) 7013(2) 61(2)
Ag(15) -1144(2) 679(1) 6834(1) 66(1)
Ag(23) -1285(4) 704(2) 7522(3) 64(2)
Ag(9A) 176(2) 574(2) 7080(2) 62(2)
Ag(1A) -952(2) 609(2) 6935(2) 67(1)
Ag(2A) -1130(4) 652(3) 7595(3) 73(2)
Fe(1) 2744(2) 1481(1) 5627(1) 131(1)
Fe(3) 93(1) -605(1) 6839(1) 111(1)
Fe(5) 296(1) 2176(1) 5227(1) 84(1)
Fe(7) 3188(2) 3481(1) 7019(1) 153(2)
Fe(8) 908(2) 3648(1) 5793(1) 166(2)
Fe(10) -1399(2) 139(1) 5729(1) 122(1)
Fe(12) -1808(1) 1296(1) 4993(1) 87(1)
Fe(13) -2947(1) 1248(1) 6535(1) 105(1)
Fe(14) 1526(1) 2922(1) 9350(1) 81(1)
~ Fe(15) 3782(1) 2959(1) 8590(1) 141(2)
Fe(16) 2576(1) 4093(1) 8269(1) 108(1)
Fe(17) 1087(2) 4374(1) 9116(1) 164(2)
Fe(18) 812(2) 4782(1) 7184(2) 199(2)
Fe(2) 2720(3) 2738(1) 5670(2) 71(2)
Fe(4) -2754(2) 572(1) 8120(2) 89(2)
Fe(6) 3482(3) 1870(2) 7259(2) 117(2)
Fe(9) -2409(3) 2219(2) 6801(2) 119(3)
Fe(11) 725(2) 679(1) 5443(1) 58(2)
Fe(2A) 2977(4) 2637(2) 5773(2) 125(3)
Fe(4A) -2382(3) 424(2) 8211(2) 113(2)
Fe(6A) 3581(2) 2041(2) 7321(2) 82(2)
Fe(9A) -2639(2) -140(1) 6736(1) 70(2)
Fe(11) 494(3) 691(1) 5363(2) 68(2)
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s(1)
S(2)
S(3)
S(4)
S(5)
S(6)
S(7)
S(8)
S(9)
S(10)
s(11)
S(12)
S(13)
S(14)
S(15)
S(16)
S(17)
S(18)
S(19)
S(20)
S(21)
S(22)
c(1)
C(2)
c(3)
C(4)
C(5)
C(6)
(7
C(8)
C(9)
C(10)
c(11)
C(12)
C(13)
C(14)
C(15)
C(16)
c(17)
C(18)
C(19)
C(20)

- C(21)

C(22)

C(13A)
C(14A)
C(15A)
C(16A)
C(17A)
C(18A)
C(19A)
C(20A)
C(21A)
C(22A)
C(23)

C(24)

1920(2)
1575(2)
240(3)

-1417(2)

423(2)
1799(2)
1907(2)

458(2)
-929(2)

-1145(2)

248(2)

-1198(2)
-1284(2)

716(2)
2364(2)
1662(2)

341(3)
1373(2)

0
0

752(2)
-233(2)
1954(7)
2453(8)
2918(12)
3341(10)
3183(12)
2635(9)
2187(11)
2640(11)
3039(13)
2889(11)
2352(9)
2243(9)
2071(13)
2090(11)
2105(11)
2095(11)
2074(12)
3283(16)
3341(17)
3368(18)
3326(15)
3273(15)
3490(20)
3499(19)
3504(17)
3504(15)
3498(19)
2541(12)
2403(13)
2256(13)
2304(15)
2479(14)

496(10)

3(9)

1598(1)
2549(1)
369(1)
1103(1)
2084(1)
2051(1)
2936(1)
3029(1)
269(1)
978(1)
1218(1)
1847(1)
1618(1)
2516(1)
2301(1)
3177(1)
3876(1)
3779(1)
3274(1)
868(1)
2536(1)
1603(1)
1628(4)
1549(5)
1748(7)
1498(6)
1213(7)
1204(5)
1556(7)
1785(6)
1599(8)
1344(7)
1251(6)
2510(5)
2652(6)
2959(6)
2957(5)
2648(5)
2459(5)
2990(9)
3007(8)
2693(9)
2482(7)
2665(9)
2860(11)
2546(12)
2351(9)
2545(10)
2859(10)
2886(7)
2886(6)
2609(7)
2438(7)
2609(8)
15(6)
-180(6)

6437(1)
6244(1)
6587(2)
7836(1)
6342(1)
7200(1)
7317(1)
6561(1)
7296(2)
6443(2)
6268(1)
5979(1)
7049(1)
8304(1)
8230(1)
8215(1)
8101(2)
7283(1)
7500
7500
7350(1)
7979(1)
6005(5)
6029(5)
6078(8)
6058(7)
6015(8)
6023(6)
5214(7)
5256(7)
5273(9)
5212(7)
5199(6)
6228(6)
5842(7)
5741(7)
5411(6)
5308(6)
5575(7)
5560(10)
5915(11)
6043(9)
5767(9)
5469(8)
6016(13)
6122(11)
5850(12)
5575(10)
5678(12)
5570(8)
5837(7)
5882(7)
5641(9)
5448(9)
6709(7)
6681(7)

81(1)
86(2)
125(3)
77(1)
67(1)
70(1)
82(1)
80(1)
111Q2)
108(2)
70(1)
80(1)
62(1)
65(1)
84(1)
85(1)
112(2)
98(2)
69(2)
62(2)
66(1)
65(1)
78(5)
96(6)
166(11)
129(8)
158(10)
125(8)
153(10)
151(10)
174(12)
144(10)
123(8)
116(7)
110(20)
65(9)
87(11)
68(9)
62(9)
131(18)
130(18)
134(19)
83(11)
128(18)
160(20)
150(20)
160(20)
113(15)
180(30)
73(10)
97(13)
66(10)
120(20)
125(16)
145(10)
78(5)

82




C(25)
C(26)
c@27)
C(28)
C(29)
C(30)
Cc(31)
C(32)
C(33)
C(24A)
C(25A)
C(26A)
C(27A)
C(28A)
C(29A)
C(30A)
C(31A)
C(32A)
C(33A)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
C(40)
C(41)
C(42)
C(43)
C(44)
C(35A)
C(36A)
C(37A)
C(38A)
C(39A)
C(40A)
C(41A)
C(42A)
C(43A)
C(44A)
C(45)
C(46)
C(47)
C(48)
C(49)
C(50)
c(51)
C(52)
C(53)
C(54)
C(55)
C(56)
C(57)
C(58)
C(59)
C(60)

-224(10)
-638(10)
-667(11)
271(11)
803(11)
619(13)
220(11)
157(10)
517(10)
725(15)
1005(15)
673(16)
187(15)
219(16)
241(12)
35(16)
-498(19)
-620(20)
-165(18)
-2048(6)
-3501(16)
-3379(16)
-3158(12)
-3142(16)
-3354(15)
-2149(12)
-2361(14)
-2354(13)
-2138(8)
-2012(11)
-3240(20)
-3020(20)
-2705(19)
-2720(19)
-3050(20)
-1920(10)
-2019(12)
-1859(14)
-1662(13)
-1700(11)
284(6)
351(6)
-99(7)
147(8)
644(7)
782(7)
188(9)
-148(10)
109(13)
572(10)
645(10)
2414(7)
2812(13)
3205(12)
3556(12)
3379(16)

-233(6)
-452(6)
-535(7)
-367(7)
-724(7)
-744(7)
973(7)

-1095(6)

-941(6)
-206(8)
-529(9)
-690(8)
-467(9)
-168(9)
-741(8)

-1007(8)

-907(12)
-580(13)
-477(9)
1027(4)
503(9)
811(9)
886(7)
623(9)
386(7)
775(6)
501(7)
237(6)
348(4)
680(5)
439(14)
661(10)
500(13)
178(11)
141(11)
701(5)
425(7)
184(7)
311(7)
631(6)
2291(4)
2063(3)
1914(4)
1733(5)
1773(4)
2000(4)
2657(5)
2518(6)
2311(7)
2378(6)
2584(6)
1850(4)
2011(7)
2104(7)
2270(8)
2279(10)

6942(6)
6823(6)
6488(7)
6400(7)
6943(8)
7226(8)
7157(7)
6832(7)
6699(6)
7018(10)
7163(12)
7378(11)
7365(10)
7143(12)
6482(9)
6651(11)
6682(13)
6532(15)
6408(12)
7891(4)
7917(9)
7937(9)
8267(9)
8452(8)
8236(11)
7972(7)
7763(7)
7989(6)
8337(5)
8327(6)
8066(13)
8324(16)
8611(12)
8530(14)
8193(14)
8072(6)
7895(7)
8123(9)
8440(8)
8409(6)
5936(4)
5692(4)
5463(5)
5253(6)
5355(5)
5622(5)
5193(6)
4962(7)
4758(8)
4882(7)
5179(7)
7270(5)
7273(9)
7549(7)
7441(9)
7099(10)

78(5)
78(5)
78(5)
78(5)
107(13)
130(20)
82(10)
97(13)
69(9)
108(13)
190(30)
135(19)
129(16)
230(30)
97(12)
150(20)
200(30)
220(40)
150(20)
77(5)
150(20)
150(20)
84(11)
210(40)
105(14)
74(10)
124(16)
160(20)
22(5)
79(11)
280(50)
150(20)
210(30)
180(20)
160(20)
54(8)
114(15)
126(16)
133(17)
78(10)
71(5)
65(4)
87(5)
106(7)
89(6)
89(6)
102(6)
129(8)
162(11)
123(8)
133(9)
85(5)
91(15)
88(11)
115(15)
130(20)

&3




c(61)
C(62)
C(63)
C(64)
C(65)
C(66)
C(57A)
C(58A)
C(59A)
C(60A)
C(61A)
C(624)
C(63A)
C(64A)
C(65A)
C(66A)
C(67)
C(68)
C(69)
C(70)
C(71)
C(72)
C(73)
C(74)
C(75)
C(76)
c(77)
C(78)
C(79)
C(80)
C(81)
C(82)
C(83)
C(84)
C(85)
C(86)
C(87)
C(88)
C(89)
C(90)
C(91)
C(92)

C(93)

C(94)
C(95)
C(96)
C(97)
C(98)
C(99)
C(90A)
C(91A)
C(924A)
C(93A)
C(94A)
C(95A)
C(96A)

2919(15)
4157(16)
3923(18)
3474(16)
3430(17)
3851(19)
2818(11)
3145(10)
3463(10)
3333(11)
2935(13)
4269(12)
4351(12)
3991(13)
3687(13)
3859(13)
2507(6)
2535(4)
2869(4)
2803(6)
2476(6)
2364(5)
3641(9)
3895(9)
3932(9)
3701(10)
3521(9)
525(6)
763(7)
495(6)
855(7)
1345(7)
1288(6)
461(10)
491(10)
1019(11)
1316(8)
971(12)
-1400(9)
-1808(12)
-2169(15)
-2657(15)
-2597(13)
-2073(13)
-2130(13)
-2503(16)
-2888(13)
-2753(14)
-2284(13)
-2351(12)
-2031(9)
-2313(10)
-2808(11)
-2832(12)
-2419(12)
-2796(13)

2119(10)
1710(10)
1644(10)
1454(10)
1401(10)
1559(10)
2125(7)
2311(6)
2484(6)
2405(7)
2183(8)
1872(6)
1938(6)
1771(6)
1602(6)
1665(6)
3164(3)
3269(2)
3103(2)
3322(3)
3536(3)
3527(3)
3564(6)
3358(5)
3532(7)
3846(6)
3866(5)
3128(4)
3430(3)
3707(4)
3943(4)
3812(4)
3495(4)
3476(7)
3799(6)
3879(5)
3605(7)
3356(5)
-23(5)
44(7)
-1(10)
124(11)
246(9)
197(8)
-617(9)
-639(8)
-553(10)
-479(10)
-519(7)
55(8)
107(6)
264(6)
308(7)
179(10)
-583(8)
-591(8)

6995(9)
7339(12)
6990(11)
6955(10)
7282(12)
7519(9)
7262(7)
7513(6)
7372(6)
7033(7)
6965(7)
7694(8)
7391(8)
7144(8)
7293(8)
7633(8)
7382(3)
7059(3)
6909(3)
6610(4)
6597(4)
6900(3)
7488(5)
7299(7)
7000(6)
7004(6)
7306(7)
6168(4)
6167(4)
6106(4)
6147(5)
6233(5)
6245(5)
5352(7)
5316(6)
5381(6)
5457(6)
5439(7)
7129(6)
7082(8)
7263(9)
7070(10)
6770(9)
6778(8)
6775(9)
6878(8)
6657(11)
6417(9)
6490(9)
7172(8)
6979(6)
6697(6)
6715(8)
7008(9)
6639(8)
6815(8)

90(20)
170(20)
170(20)
134(17)
220(30)
133(18)

56(9)

82(11)

71(9)

69(10)
100(20)
175(13)
175(13)
175(13)
175(13)
175(13)

94(6)

96(6)
155(10)
134(9)
153(10)
185(13)
163(11)
185(13)
195(14)
213(15)
181(12)

73(5)

97(6)
121(8)
130(8)
142(9)
149(10)
213(15)
182(12)
180(12)
208(15)
183(13)
111(7)

85(12)
119(18)
118(17)
102(15)

83(11)
180(30)

99(13)
110(16)
340(70)

75(10)

89(12)

46(7)

63(9)

82(12)
120(19)
105(15)

91(12)

84



C(97A)
C(98A)
C(99A)
C(100)
C(101)
C(102)
C(103)
C(104)
C(105)
C(106)
C(107)
C(108)
C(109)
C(110)
c(11)
C(112)
C(113)
C(114)
C(115)
C(116)
C(117)
C(118)
C(119)
C(120)

c(121) -

C(112)
C(113)
C(114)
C(115)
C(116)
C(117)
C(118)
C(119)
C(120)
C(121)
C(122)
C(123)
C(124)
C(125)
C(126)
C(127)
C(128)
C(129)
C(130)
C(131)
C(132)
C(133)
C(134)
C(135)
C(136)
C(137)
C(138)
C(139)
C(140)
C(141)
C(142)

-3247(11)
-3148(10)
-2637(11)
-1027(8)
-1435(9)
-1912(9)
-2064(8)
-1688(8)
-1246(8)
-727(9)
-1050(10)
-1546(11)
-1484(10)
-981(10)
100(6)
438(12)
902(14)
1448(14)
1322(15)
698(15)
41(10)
349(10)
704(9)
615(10)
205(10)
1151(10)
1276(10)
964(10)
645(9)
760(9)
-217(10)
73(11)
420(10)
345(11)
-49(11)
-1541(7)
-1411(7)
-1606(8)
-1323(8)
-1041(8)
-1066(7)
-2492(9)
-2529(10)
-2296(11)
-2009(9)
-2165(9)
-1974(6)
-2207(7)
2269(8)
-2523(8)
-2622(8)
2427(7)
-3296(9)
-3389(10)
-3635(10)
-3744(12)

-423(7)
311(7)
-410(6)
751(5)
488(5)
421(5)
114(5)
-15(5)
194(5)
94(6)
323(6)
143(6)
-157(6)
-182(6)
1015(4)
898(8)
1096(8)
854(9)
506(9)
533(8)
689(5)
855(5)
667(5)
384(5)
398(5)
543(6)
809(6)
1016(5)
878(5)
586(5)
693(5)
864(5)
678(6)
392(6)
401(5)
1537(4)
1517(4)
1720(5)
1623(5)
1357(5)
1305(4)
1158(5)
1310(6)
1160(7)
917(5)
906(5)
1522(4)
1361(4)
1020(5)
969(5)
1268(5)
1496(4)
1377(6)
1060(6)
1013(6)
1314(7)

6622(8)
6327(7)
6337(7)
6111(5)
6047(6)
5852(6)
5885(6)
6095(6)
6230(6)
5617(6)
5414(7)
5224(7)
5364(7)
5607(7)
5859(4)
5785(9)
5646(11)
5710(11)
5888(11)
5934(11)
5137(7)
5011(6)
4957(6)
5050(7)
5161(7)
5761(7)
5665(7)
5719(7)
5848(6)
5874(6)
5084(7)
4945(7)
4875(8)
4970(8)
5099(7)
5724(5)
5406(5)
5119(6)
4913(6)
5015(5)
5348(5)
5015(6)
4732(7)
4555(7)
4710(6)
5047(6)
7014(4)
6706(5)
6691(6)
6327(5)
6154(5)
6413(5)
6882(6)
6829(7)
6511(7)
6346(8)

87(11)
102(13)
69(9)
99(6)
113(7)
113(7)
105(7)
103(6)
106(7)
126(8)
143(9)
147(10)
133(9)
132(8)
73(5)
80(12)
130(20)
110(17)
127(19)
150(20)
59(9)
59(8)
58(8)
64(9)
71(10)
64(9)
65(10)
55(9)
41(7)
43(8)
60(9)
70(10)
78(11)
108(15)
74(11)
89(6)
78(5)
106(7)
104(7)
97(6)
92(6)
116(7)
137(9)
147(10)
117(7)
121(8)
67(4)
80(5)
104(7)
98(6)
102(6)
92(6)
122(8)
136(9)
140(9)
165(11)

85




C(143)
C(144)
C(145)
C(146)
C(147)
C(148)
C(149)
C(150)
C(151)
C(152)
C(153)
C(154)
C(155)
C(156)
C(157)
C(158)
C(159)
C(160)
C(161)
C(162)
C(163)
C(164)
C(165)
C(166)
C(167)
C(168)
C(169)
C(170)
c(171)
C(172)
- C(173)
C(174)
C(175)
C(176)
C(177)
C(178)
C(179)
C(180)
C(181)
C(182)
C(183)
C(184)
C(185)
C(186)
C(187)
C(188)
C(189)
C(190)
C(191)
C(192)
C(193)
C(194)
C(195)
C(196)
C(197)
C(198)

-3485(11)

772(6)
1209(6)
1150(7)
1615(8)
2041(9)
1746(8)
1215(9)
1099(9)
1565(9)
1984(9)
1758(10)
2712(8)
3197(9)
3257(11)
3782(12)
4041(11)
3693(11)
3625(12)
3706(12)
4136(13)
4410(13)
4027(14)
2107(7)
2124(8)
2471(10)
2387(11)
1988(11)
1833(7)
3154(10)
3351(11)
3105(11)
2730(10)
2713(9)

564(9)

692(8)

375(7)

655(9)
1145(8)
1168(7)
1424(12)
1854(10)
1717(11)
1203(11)
1021(9)
1076(9)
1048(11)

703(8)

903(11)
1371(11)
1461(9)

428(10)

144(8)

418(12)

872(10)

878(9)

1564(7)
2608(4)
2830(3)
3143(4)
3256(5)
3038(5)
2759(5)
2645(5)
2947(6)
3093(5)
2912(5)
2622(6)
2634(4)
2656(5)
2861(6)
2864(7)
2632(7)
2473(6)
3196(8)
3443(7)
3359(7)
3100(8)
2975(8)
3444(4)
3758(5)
3816(6)
4129(7)
4231(6)
4007(5)
3940(6)
4121(7)
4414(6)
4403(6)
4120(5)
4179(5)
4089(4)
4151(5)
4039(5)
3909(5)
3940(4)
4768(6)
4594(7)
4564(6)
4720(6)
4846(5)
4115(5)
4342(5)
4415(6)
4664(6)
4744(6)
4545(7)
4845(5)
4926(6)
5150(6)
5208(5)
5019(6)

6584(8)
8748(4)
8867(4)
8921(4)
9041(5)
9088(6)
8966(5)
9603(6)
9635(7)
9781(6)
9816(6)
9730(7)
8469(5)
8369(6)
8150(7)
8099(8)
8366(8)
8484(7)
8971(9)
8741(8)
8721(8)
8882(9)
9037(9)
8129(5)
8303(5)
8621(7)
8678(8)
8383(7)
8165(5)
8084(7)
8361(7)
8279(8)
7977(7)
7833(6)
8348(6)
8694(4)
8910(6)
9242(5)
9232(5)
8893(5)
8915(6)
9162(9)
9480(7)
9430(6)
9081(7)
7019(6)
7257(6)
7428(7)
7633(6)
7589(7)
7356(7)
6667(5)
6876(7)
7092(6)
7018(7)
6755(7)

86

155(10)
68(4)
62(4)
76(5)
98(6)

117(7)

104(6)

112(7)

127(8)

109(7)

119(8)

133(9)
95(6)

113(7)

146(10)

159(11)

156(10)

147(10)

180(12)

161(11)

165(11)

191(13)

191(13)
90(6)
97(6)

127(8)

151(10)

142(9)
92(6)

129(8)

147(10)

145(10)

132(8)

112(7)

118(7)

133(8)

164(11)

158(10)

177(12)

128(8)

209(15)

300(20)

214(15)

192(13)

169(11)

119(8)

165(11)

170(11)

183(13)

237(18)

198(14)

143(9)

185(13)

206(15)

203(14)

188(13)




C(1S)
Cl(1S)
C1(28)
CI(3S)
C(2S)
Cl(4S)
CI(5S)
CI(6S)
C(3S)
C1(10)
CI(11)
CI(12)
C(4S)
C(5S)
C(6S)

4175(11)
3647(4)
4010(3)
4270(3)
3194(10)
3632(4)
3239(3)
2600(3)
2804
3218
2890
2375(10)
5120(20)
5320(20)
5000

4512(6)
4692(3)
4138(2)
4727(2)
2202(6)
2066(2)
2595(2)
2078(2)
326
598
327
362(6)
2707(13)
2961(13)
2746(16)

9343(7)
9415(3)
9221(2)
9021(2)
9470(7)
9256(3)
9483(2)
9269(2)
5433
5687
5096
5530(6)
7851(15)
8256(16)
7500

162(10)
253(5)
169(3)
177(3)
152(9)
230(4)
157(3)
154(3)
180(20)
450(20)
275(11)
282(12)
170(20)
180(20)
140(30)
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Crystal data and structure refinement for [Ag10(SCH2Fc)10(PPh3)s] (5)

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.67°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

Cis4 Hi72 Ag1o Clg Feqo P4 Sqo

4677.60

150(2) K
0.71073 A
Triclinic

P-1
a=17.2487(7) A
b=17.7664(8) A
c = 18.0354(9) A

a = 90.543(2)°.
B = 113.253(2)".
y = 118.190(2)°.

4342.6(3) A3

1

1.789 Mg/m3

2.205 mm-1

2328

0.20 x 0.08 x 0.08 mm3
2.12to 27.67°.

-22<=h<=22, -23<=k<=23, -16<=I<=23

44222

19899 [R(int) = 0.1159]

98.0 %

Semi-empirical from equivalents
0.8521 and 0.6668

Full-matrix least-squares on F2
19899 /0/ 1009

0.913

R1 =0.0621, wR2 = 0.1154
R1=0.1750, wR2 = 0.1531
1.549 and -1.596 e.A-3




Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A2x 108)
for (5). U(eq) is defined as one third of the trace of the orthogonalized Ui tensor.

X y z U(eq)
Ag(1) 382(1) 6085(1) 544(1) 27(1)
Ag(2) 2177(1) 7857(1) 751(1) 33(1)
Ag(3) 1983(1) 5996(1) 53(1) 32(1)
Ag(4) 1150(1) 5243(1) 2074(1) 31(1)
Ag(5) -657(1) 3496(1) 1077(1) 31(1)
P(1) 2978(2) 9422(1) 1583(2) 35(1)
P(2) 2225(2) 5037(1) 3316(1) 30(1)
S(1) 1840(1) 6862(1) 1845(1) 25(1)
S(2) 3369(1) 7512(1) 528(1) 30(1)
S@3) 1192(1) 4750(1) 660(1) 26(1)
S(4) -732(1) 4717(1) 1556(1) 26(1)
S(5) -699(2) 2237(1) 560(1) 33(1)
Fe(1) 1464(1) 7782(1) 4105(1) 36(1)
Fe(2) 5625(1) 6701(1) 2256(1) 34(1)
Fe(3) 1973(1) 2870(1) -411(1) 30(1)
Fe(4) -3290(1) 3903(1) 2376(1) 31(1)
Fe(5) -2218(1) 847(1) 2259(1) 41(1)
C(1) 1525(6) 7151(5) 3188(5) 30(2)
CQ2) 2365(6) 7417(5) 3958(5) 31(2)
C(3) . 2065(7) 7030(6) 4554(6) 46(2)
C(4) 1018(8) 6507(5) 4140(6) 49(3)
C(5) 671(6) 6576(5) 3302(5) 33(2)
C(6) 1185(7) 8722(6) 3645(6) 48(3)
(7) 514(7) 8213(6) 3959(7) 55(3)
C(8) 1074(7) 8300(6) 4819(7) 52(3)
C(9) 2084(7) 8846(5) 5037(6) 44(2)
C(10) 2143(7) 9115(5) 4316(6) 46(3)
C(11) 1493(6) 7423(5) 2412(5) 31(2)
C(12) 4469(5) 6830(5) 1457(5) 29(2)
C(13) 4115(5) 6014(5) 1673(5) 35(2)
C(14) 4483(6) 5532(5) 1453(5) 40(2)
C(15) 5053(6) 6038(6) 1059(6) 45(2)
C(16) 5062(6) 6847(6) 1069(5) 41(2)
C(17) 6434(6) 7717(6) 3290(5) 43(2)
C(18) 6068(6) 6880(6) 3498(6) 47(2)
C(19) 6466(6) 6440(6) 3265(6) 48(3)
C(20) 7053(6) 6976(6) 2893(6) 46(2)
C(21) 7025(6) 7762(5) 2909(6) 45(2)
C(22) 4234(5) 7525(5) 1534(5) 32(2)
C(23) 1432(5) 3598(5) -162(5) 29(2)
C(24) 655(6) 2712(5) -582(5) 36(2)
C(25) 645(6) 2525(6) -1376(5) 42(2)
C(26) 1406(7) 3289(6) -1413(6) 47(3)
C(27) 1881(6) 3948(5) -687(5) 34(2)
C(28) 3034(6) 2941(6) 695(6) 39(2)
C(29) 2246(6) 2064(5) 321(5) 36(2)
C(30) 2139(6) 1823(6) -472(6) 45(3)
C(31) 2876(6) 2553(6) -608(6) 44(2)
C(32) 3423(6) 3240(6) 118(6) 42(2)
C(33) 1709(5) 4042(5) 691(5) 26(2)

C(34) -2229(6) 4376(5) 1960(5) 27(2)
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C(35)
C(36)
C(37)
C(38)
C(39)
C(40)
C(41)
C(42)
C(43)
C(44)
C(45)
C(46)
C(47)
C(48)
C(49)
C(50)
c(51)
C(52)
C(53)
C(54)
C(55)
C(56)
C(57)
C(58)
C(59)
C(60)
c(61)
C(62)
C(63)
C(64)
C(65)
C(66)
c(67)
C(68)
C(69)
C(70)
C(71)
C(72)
C(73)
C(74)
C(75)
C(76)
c(77)
C(78)
C(79)
C(80)
C(81)
C(82)
C(83)
C(84)
C(85)
C(86)
C(87)
C(88)
C(89)
C(90)

-3177(6)
-3789(7)
-3225(7)
-2263(6)
-2996(6)
-3949(6)
-4497(6)
-3883(7)
-2962(7)
-1357(5)
-1522(6)

-943(7)

-1535(7)
-2442(8)
-2429(7)
-1885(7)
-2226(7)
-3190(7)
-3460(7)
-2646(7)
-1266(6)

3981(6)
4618(7)
5347(7)
5448(7)
4830(7)
4102(6)
2171(7)
1304(7)
645(7)
839(9)
1691(11)
2368(8)
3624(5)
4300(6)
4862(6)
4771(6)
4081(6)
3520(6)
3366(6)
3812(6)
4679(7)
5106(7)
4656(6)
3788(6)
2641(7)
1946(7)
2191(9)
3157(10)
3885(9)
3637(8)
1695(6)
889(6)
457(6)
831(6)
1605(6)

3800(6)
4147(7)
4927(6)
5067(5)
3197(6)
2668(6)
3070(6)
3857(6)
3929(6)
4272(5)
1656(5)
1991(6)
2143(5)
1878(6)
1597(5)
-93(5)
109(5)
-77(5)
-399(5)
-394(5)
1365(5)
9825(6)
10722(6)
11023(6)
10456(7)
9559(7)
9249(6)
9773(5)
9558(6)
9770(6)
10225(7)
10452(8)
10224(7)
10198(5)
10075(5)
10670(6)
11370(5)
11482(6)
10896(5)
6066(5)
6275(6)
7067(7)
7667(6)
7468(6)
6685(5)
4312(6)
3493(6)
2901(7)
3122(8)
3955(8)
4559(7)
4542(5)
4593(5)
4222(6)
3831(5)
3757(5)

1285(5)
1227(6)
1865(6)
2312(5)
3224(6)
2563(6)
2524(6)
3165(6)
3586(6)
2224(5)
1653(6)
2518(6)
2828(6)
2130(7)
1420(6)
2599(6)
3119(6)
2625(6)
1771(6)
1763(6)
1039(6)
2627(5)
2986(7)
3768(6)
4250(6)
3901(7)
3096(6)
1668(6)

991(7)
1032(8)
1760(9)
2453(9)
2428(7)
1081(5)

942(5)

618(6)

411(5)

520(5)

862(5)
3973(5)
4831(6)
5295(6)
4878(6)
4024(7)
3561(5)
3122(6)
2612(6)
2445(6)
2805(8)
3322(8)
3492(7)
4001(5)
3943(5)
4469(6)
5028(5)
5082(5)

36(2)
49(3)
49(3)
35(2)
39(2)
41(2)
44(2)
42(2)
43(2)
30(2)
32(2)
53(3)
51(3)
55(3)
46(2)
44(2)
47(3)
47(3)
43(2)
48(3)
46(3)
38(2)
62(3)
60(3)
57(3)
60(3)
46(2)
42(2)
54(3)
68(3)
70(4)
82(4)
66(3)
32(2)
37(2)
45(2)
39(2)
412)
35(2)
32(2)
44(2)
60(3)
49(3)
48(3)
33(2)
39(2)
47Q2)
61(3)
73(4)
69(4)
66(3)
31(2)
35(2)
44(2)
36(2)
39(2)
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c(91)
c(18)
CI(1S)
Cl(2S)
CI(3S)

2045(6)
1583(7)
1683(3)
1789(4)

475(2)

4114(5)
1513(6)

593(2)
2046(2)
1264(2)

4577(5)
4786(6)
4719(2)
4029(2)
4753(3)

33(2)
55(3)
86(1)
130(2)
133(2)
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Crystal data and structure refinement for [Ags(SeCH2Fc)s(PPhs)s] (6)

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Y4
Density (calculated)
Absorption coefficient
F(000)
Theta range for data collection
Index ranges

- Reflections collected
Independent reflections
Completeness to theta = 27.49°
Absorption correction
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I1>2sigma(l)]
R indices (all data)
Largest diff. peak and hole

C169 H1ss Ags Clzo Feg P4 Seg
5317.77

293(2) K

0.71073 A

Monoclinic

C2/c

a = 29.8840(6) A a=90°
b = 44.2400(7) A B= 130.463(1)".
¢ =22.0150(5) A y =90°.
22144.1(8) A3

4

1.595 Mg/m3

2.943 mm-1

10392

2.08 to 27.49°.

-38<=h<=38, -57<=k<=56, -28<=I<=17
83259

25385 [R(int) = 0.1081]

99.8 %

Semi-empirical from equivalents
Full-matrix least-squares on F2
25385/ 196 / 956

1.511

R1 =0.0887, wR2 = 0.2539
R1=0.1653, wR2 = 0.2891
2.043 and -1.551 e.A-3




Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x 103)
for (6). U(eq) is defined as one third of the trace of the orthogonalized Ui tensor.

X y z U(eq)

Ag(1) 6141(1) 753(1) 4411(1) 47(1)
Ag(2) 5134(1) 1131(1) 1802(1) 43(1)
Ag(3) 5937(1) 1717(1) 2258(1) 45(1)
Ag(4) 5877(1) 1346(1) 3436(1) 42(1)
Se(1) 5911(1) 784(1) 3032(1) 42(1)
Se(2) 4642(1) 855(1) 446(1) 47(1)
Se(3) 6766(1) 1650(1) 3786(1) 43(1)
Se(4) 5201(1) 1702(1) 3520(1) 40(1)
P(1) 7141(1) 569(1) 5518(2) 51(1)
P(2) 6141(1) 1876(1) 1375(2) 49(1)
Fe(1) 7453(1) 723(1) 2849(1) 53(1)
Fe(2) 5047(1) -204(1) 1280(1) 46(1)
Fe(3) 6238(1) 2704(1) 3736(1) 46(1)
Fe(4) 6684(1) 1671(1) 6424(1) 54(1)
C(1) 6779(4) 655(2) 2854(6) 40(2)
C(2) 7201(6) 402(3) 3262(9) 72(4)
C(3) 7253(8) 275(3) 2726(12) 92(5)
C(4) 6819(8) 444(4) 1951(11) 107(7)
C(5) 6565(5) 679(3) 2071(7) 61(3)
C(6) ’ 7890(6) 1098(3) 3533(9) 73(4)
C(7) 8274(6) 856(3) 3801(8) 74(4)
C(8) 8252(6) 756(3) 3168(10) 75(4)
C9) 7863(7) 944(3) 2515(11) 86(5)
Cc(10) 7627(5) 1159(3) 2741(8) 61(3)
~C(11) 6664(5) 868(3) 3247(7) 54(3)
C(12) 4724(5) 206(2) 764(7) 48(3)
C(13) 4585(5) 137(3) 1268(7) 57(3)
C(14) 4247(6) -139(3) 952(9) 75(4)
C(15) 4178(5) -220(3) 317(7) 54(3)
C(16) 4467(5) -10(2) 185(6) 44(3)
c(17) 5907(5) -207(3) 1806(7) 64(3)
C(18) 5855(5) -200(3) 2386(7) 57(3)
C(19) 5558(5) -458(3) 2301(7) 59(3)
C(20) 5434(5) -623(3) 1664(7) 62(3)
C21 5647(5) -460(3) 1353(8) 56(3)
C(22) 5094(5) 466(2) 897(7) 56(3)
C(23) 6495(5) 2295(2) 3627(6) 42(2)
C(24) 5922(5) 2364(2) 2935(7) 52(3)
C(2%) 5950(5) 2642(2) 2624(7) 52(3)
C(26) 6535(6) 2728(2) 3127(7) 55(3)
C(27) 6870(5) 2526(2) 3733(7) 51(3)
C(28) 6408(5) 2704(2) 4795(8) 57(3)
C(29) 5804(5) 2678(3) 4153(8) 69(4)
C(30) 5613(5) 2937(2) 3649(7) 53(3)
C@31 6107(5) 3115(2) 4016(8) 57(3)
C(32) 6596(5) 2976(2) 4703(7) 56(3)
C(33) 6665(5) 2031(2) 4163(7) 51(3)
C(34) 6155(4) 1746(2) 5220(6) 42(2)
C(3%5) 6631(5) 1532(3) 5502(7) 62(3)

C(36) 7178(6) 1663(3) 6074(8) 70(4)



C(37)
C(38)
C(39)
C(40)
C(41)
C(42)
C(43)
C(44)
C(45)
C(46)
C(47)
C(48)
C(49)
C(50)
ci1)
C(52)
C(53)
C(54)
C(55)
C(56)
C(57)
C(58)
C(59)
C(60)
C(61)
C(62)
C(63)
C(64)
C(65)
C(66)
C(67)
C(68)
C(69)
C(70)
C(71)
C(72)
C(73)
C(74)
C(75)
C(76)
c(77)
C(78)
C(79)
C(80)
C(1S)
cl(1)

Cl2)

CI(3)

C(2S)
Cl(4)

CI(5)

C1(6)

C(3S)
cK7)

CI(8)

C1(9)

7062(6)
6430(5)
6520(7)
7098(7)
7110(9)
6513(11)
6144(8)
5528(4)
7732(5)
8224(5)
8661(6)
8601(5)
8072(6)
7659(5)
7231(4)
7054(5)
7145(5)
7379(6)
7516(6)
7459(5)
7387(5)
7002(5)
7182(6)
7781(6)
8171(6)
7990(6)
6821(5)
7275(5)
7788(6)
7886(7)
7445(7)
6914(6)
5591(5)
5376(6)
4964(7)
4751(5)
4971(7)
5367(6)
6206(5)
6613(7)
6631(7)
6268(7)
5829(7)
5809(5)
8842(19)
8815(10)
8731(7)
8711(7)
8999(14)
8810(20)
9309(8)
8505(6)
7024(6)
7688(5)
6919(4)
6542(3)

1983(3)
2017(2)
1299(3)
1388(3)
1687(4)
1755(4)
1535(3)
1683(2)
735(2)
579(3)
724(3)
1022(3)
1187(3)
1045(2)
168(2)
68(2)
-241(3)
-435(3)
-341(3)
-36(3)
606(3)
542(3)
547(3)
634(3)
714(4)
691(3)
2077(3)
2026(3)
2185(4)
2393(4)
2459(3)
2299(3)
2120(2)
2360(3)
2544(3)
2501(3)
2266(3)
2070(3)
1565(2)
1544(3)
1305(3)
1074(3)
1084(3)
1322(2)
1769(5)
1975(5)
1388(4)
1890(4)
-80(7)
-30(11)
-431(4)
-52(3)

-1273(3)
-1138(2)
-1589(2)
-1000(2)

6184(8)
5640(7)
6805(9)
7402(8)
7623(10)
7130(12)
6629(9)
4647(6)
5585(6)
5844(8)
5863(10)
5666(8)
5403(8)
5363(7)
5444(7)
4701(8)
4630(9)
5258(11)
5958(10)
6057(8)
6533(8)
6649(8)
7406(8)
8044(8)
7945(9)
7212(8)
1879(7)
2650(8)
3032(9)
2687(11)
1949(11)
1536(9)
530(7)
671(8)
59(10)
-678(9)
-849(9)
-248(7)
884(7)
800(9)
400(9)
151(8)
225(8)
598(7)
9411(18)
10024(15)
9337(11)
8586(10)
4700(20)
3810(20)
5125(11)
4843(8)
3761(11)
4536(7)
4083(7)
3509(5)

60(3)
52(3)
87(5)
83(5)
103(6)
117(7)
83(5)
46(3)
49(3)
72(4)
76(4)
66(4)
71(4)
55(3)
52(3)
59(3)
71(4)
88(5)
77(4)
67(4)
61(3)
57(3)
66(4)
86(5)
86(5)
83(5)
53(3)
62(3)
86(5)
87(5)
93(5)
73(4)
49(3)
62(3)
75(4)
70(4)
85(5)
64(3)
49(3)
73(4)
76(4)
73(4)
75(4)
49(3)
300(20)
530(13)
401(9)
375(8)
157(17)
370(30)
433(9)
337(7)
136(7)
270(5)
243(4)
191(3)
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C(4S)
C1(10)
CI(11)
Cl(12)
C(59)
Cl(13)
Cl(14)
C(6S)
CI(16)
CI(17)
CI(18)
C(6SA)
CI(1A)
CI(1B)
CI(1C)

9151(7)
9354(5)
9161(3)
9696(4)
4490(30)
5089(5)
4652(10)
9353(13)
8969(9)
9860(9)
9649(6)
9820(30)

10270(40)

9610(30)

10000(20)

1424(3)
1656(3)
1619(1)
1154(2)
1670(30)
1458(3)
1941(6)
1138(6)
1373(4)
1290(4)
836(3)
1057(13)
1363(15)
928(18)
794(11)

4101(9)
3731(7)
4774(4)
4560(6)

-2480(100)
-1782(7)
-2859(16)

7700(20)
7797(13)
7672(14)
8306(9)

6260(30)
6610(50)
5390(30)
6950(30)

123(6)
284(5)
142(2)
223(4)
400(120)
255(4)
317(13)
156(18)
243(8)
243(9)
175(5)
180(40)
610(70)
500(50)
320(20)
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APPENDIX B:

Thermal Ellipsoid Diagrams Showing the
Molecular Structure of the Internal Cores of

(3). (8) and (8).
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Appedix B.1. Molecular structure of complex (3) showing the disorder of the
Cu3S3 core.
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Appedix B.2. Molecular structure of complex (§) showing the disorder of the
Ag10S+o core.
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S Sel2A)

Appedix B.3. Molecular structure of complex (6) showing the disorder of the
Ag10Seg core.
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