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Summary

Self-assembled monolayers (SAMs) on solid surfaces are of great current interest in
science and nanotechnology. This thesis describes the preparation of several
symmetrically 1,1’-substituted ferrocene derivatives that contain anchoring groups
suitable for chemisorption on gold and may give rise to SAMs with electrochemically

switchable properties.
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Figure I Ferrocene-based ligands investigated in this study. The derivatives 1 — 7 possess two
anchoring units, ligands 8 — 11 display four potential attachment possibilities.

g

The binding groups are isocyano (1) (-NC), isothiocyanato (2) (-NCS), phosphany!l (3)
(-PPhz), thioether (4, 5 and 8-11) (-SR) and thienyl (6 and 7). In the context of SAM
fabrication, isothiocyanates and phosphanes are adsorbate systems which,
surprisingly, have remained essentially unexplored.

SAMs on gold have been fabricated with the adsorbates 1 — 8 from solution and
investigated primarily by X-ray photoelectron spectroscopy and near-edge X-ray
absorption fine structure spectroscopy. The results of these analytical investigations
are presented and discussed in matters of the film quality and possible binding
modes. The quality of self-assembled monolayers fabricated from 1,1'-
diisocyanoferrocene (1) and 1,1’-diisothiocyanatoferrocene (2) turned out to be
superior to that of films based on the other adsorbate species investigated. Films of 1,
2 and 3 afforded well-defined SAMs of good quality. Films 1 and 2 exhibit a high

degree of chemical homogeneity, high packing density and orientational order. Film



3 also shows a high degree of chemical homogeneity and orientational order, but this
film is characterised by a lower packing density due to the “flat” adsorption
geometry of the bulky PPh: headgroups. All other films of this study (4 — 8) exhibit
chemical inhomogeneity and low orientational order of the film constituents and

therefore failed to give rise to well-defined SAMs.

SAM formation can be viewed to rely to a large extent on surface coordination
chemistry, which is naturally related to molecular coordination chemistry. Since all
SAMs described in this thesis were prepared on gold (111) surfaces, the ferrocene-
based ligands of this study have been investigated in their ability for complexation
towards gold(I). The sulfur-based ferrocene ligands [fc(SR):] failed to give stable
gold(I) complexes, but their reaction with AuCl provides clear evidence that
complexation with these thioethers takes place, followed by a redox-chemical
decomposition to elemental gold. In contrast, 1,1’-diisocyanoferrocene (1) proved to

be an excellent ligand for the complexation of gold(I). Several complexes were

prepared and characterised utilising a series of gold(I) acetylides.
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Figure 11: Molecular structure of the complexes [{Au(C=C-p-C¢H4CF3)},(u-1)] (13a),
[{Au(C=C-p-CgHs)}(u-1)] (13b) and [{Au(C=C-p-CsH,OMe)}»(u-1)] (13c) in the crystal.



These complexes show interesting structural motifs in the solid state, since
intramolecular aurophilic interactions lead to a parallel orientation of the isocyano
moieties, combined with an antiparallel alignment of neighbouring units.

The reaction of 1 with the gold(I) acetylide [Au(C=C-Fc)]» turned out to be very

unusual, since the two chemically equivalent isocyano groups undergo a different

reaction.
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Figure IV: Molecular structure of the complex [(Fc-C=C-Au-C=N-CsH,)Fe{CsH4-N=C(Au)-C=C-Fc}]s,

which is composed of three subunits 14, in the crystal.

One group shows an ordinary coordination and the other one undergoes an
extraordinary 1,1-insertion into the Au-C bond. This type of ‘schizoid” reactivity is
unprecedented and gives scope for further studies of this novel variant of induced
reactivity asymmetry.

Reaction of [Au(C=C-Fc)]» with dppf yielded the expected complex [(Au-C=C-Fc)2(u-
dppf)] and structural data confirm an ordinary coordination mode. The coordination

behaviour towards silver(I) was also investigated to fathom the coordination



chemistry of 1 and the structure of the complex [Agz(u-1)2]J(NOs)2H20 was

determined by X-ray diffraction analysis.

Reactions on monolayers are an attractive synthetic approach for tailoring surface
properties. As a sideline of the research of this thesis several ferrocene derivatives
have been tested for their suitability for potential surface reactions. Copper(I)
mediated 1,3-dipolar cycloadditions of azidoferrocene derivatives with terminal
alkynes appeared very promising in this context, but failed to a certain extent in
terms of ‘click” chemistry, since the formation of the triazoles depended on the strict
exclusion of oxygen and moisture and yields were only moderate. Staudinger
reactions between dppf and azidoferrocene derivatives were also tested. Only the
monosubstituted species, FcNs, gave rise to a well defined product, while 1,1’-
diazidoferrocene probably leads to the formation of polymeric material. The
nucleophilic additions of secondary amines to 1,1’-diisothiocyanatoferrocene (2) led
to the respective thiourea derivatives in quantitative yields. 2 is therefore best suited

for reactions on monolayers with terminal amino groups.
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Zusammenfassung

Die gezielte Oberflaichenmodifizierung mittels diinner Filme ist von grofler
Bedeutung in gegenwartiger Grundlagenforschung und Nanotechnologie. Die
vorliegende Arbeit  beschaftigt sich mit der Synthese und Untersuchung
symmetrisch 1,1’-disubstituierter Ferrocenderivate, die sich fiir die Fabrikation von
monomolekularen Filmen durch Selbstassemblierung (engl. self-assembled
monolayer; SAM) eignen. Da die Oxidation von Ferrocen bekanntermafien reversibel
ist (Ferrocen ist im positiv geladenen wie auch im neutralen Zustand stabil), ist zu
erwarten, dass monomolekulare Filme aus solchen Adsorbaten elektrochemisch
schaltbare Eigenschaften aufweisen. Solche (im Sinne eines definierten
Antwortverhaltens auf duflere Reize) ,intelligenten” Oberflichen sind ihrerseits
interessant im Hinblick auf mdégliche Anwendungen zur hochdichten Daten- oder
Ladungsspeicherung. Im &duflersten Fall konnte hier ein einzelnes Oberflachen-

molekiil als elektronischer Baustein dienen.
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Abbildung I: Allgemeine Architektur der Zielverbindungen.

Funktionalisierung der redoxaktiven Ferroceneinheiten an 1- und 1’-Position mit
chemischen Gruppen, die an Gold (111)-Oberfldchen chemisorbieren kénnen, fiihrt
zu potentiell mehrzahnigen Oberflaichenliganden, was die Anbindung an das
Substrat verbessern und zu besonders stabilen Monolagen fiihren sollte. Abbildung
II zeigt die verschiedenen Ferrocenderivate, die im Rahmen dieser Arbeit

synthetisiert und untersucht wurden.
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Abbildung II:  Auf Ferrocen basierende Liganden, die im Rahmen dieser Arbeit synthetisiert und
untersucht wurden. Derivate 1 — 7 besitzen potentiell zwei Hafteinheiten, wahrend sich
die Liganden 8 — 11 durch vier Anknupfungsmoéglichkeiten auszeichnen.

Von Verbindungen 1 — 8 wurden Monolagen prépariert und hauptsachlich mittels
XPS und NEXAFS untersucht. Bei den Hafteinheiten handelt es sich um Isocyano- (1)
(-NC), Isothiocyanato- (2) (-NCS), Phosphanyl- (3) (-PPhz), Thioether- (4, 5 und 8)
(-SR) und Thienylgruppen (6 und 7). Uberraschenderweise sind Isothiocyanate und
Phosphane dabei praktisch unerforschte Systeme im Gebiet der SAM-Herstellung.

Die Ergebnisse der oberflichenanalytischen Untersuchungen werden im Hinblick
auf die Filmqualitit der SAMs wie auch die mogliche Anbindungsweise der
Adsorbate dargestellt und diskutiert. Hierbei erwiesen sich die aus den Adsorbaten 1
(1,1’-Diisocyanoferrocen) und 2 (1,1’-Diisothiocyanatoferrocen) hergestellten Mono-
lagen allen anderen untersuchten Filmen als qualitativ iiberlegen. Die Filme der
Liganden 1, 2 und 3 zeichnen sich durch ein hohes Maf3 an Einheitlichkeit und eine
hohe Giite aus. 1 und 2 weisen dabei ein hohes Mafi an chemischer Homogenitat,
hohe Packungsdichte und Ordnung in Bezug auf die molekulare Orientierung auf.
Auch Film 3 zeigt eine wohlgeordnete Orientierung der Molekiile und ein hohes
Maf3 an chemischer Homogenitat, allerdings ist dieser Film durch eine geringere
Bedeckungsdichte gekennzeichnet, was sich auf eine ,flache” Adsorptionsgeometrie
der raumlich anspruchsvollen PPh: Gruppen zuriickfiihren ldsst. Alle anderen Filme
dieser Studie (4 - 8) sind chemisch inhomogen und besitzen nur geringe
Orientierungsordnung; daher sind sie fiir eine Fabrikation wohl definierter SAMs

nicht geeignet.
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Die Bildung von Monolagen beruht zu einem grofsen Teil auf Oberflachen-
koordinationschemie, die natiirlich mit der molekularen Koordinationschemie in
Beziehung steht. Im Gegensatz zur molekularen Koordinationschemie ist die
Oberflachenkoordination allerdings nur schwierig zu untersuchen. Das Ausloten des
Koordinationsverhaltens der untersuchten Adsorbatmolekiile ist somit eine logische
Erweiterung der Forschung, da der FEinblick in die molekularen Bindungs-
verhdltnisse einen Briickenschlag zur Oberflachenchemie liefern kann. Da samtliche
SAMs in dieser Arbeit auf Gold (111)-Oberflaichen préapariert wurden, sind die
Ferrocen-basierten Liganden dieser Studie vor allem in Hinblick auf ihr
Koordinationsverhalten gegeniiber Gold(I) untersucht worden. Dabei stellte sich
heraus, dass die Thioether unter den Ferrocenderivaten keine stabilen Komplexe mit
Gold(I) bilden. Durch die Umsetzung mit AuCl konnte jedoch eindeutig gezeigt
werden, dass eine Komplexierung von Gold(I) mit diesen S-Donor-Liganden
stattfindet, an die sich eine redoxchemische Zersetzung zu elementarem Gold
anschliefst. Im Gegensatz dazu erwies sich 1,1’-Diisocyanoferrocen (1) als aufierst

fruchtbarer Ligand in der Gold(I)-Chemie. Verschiedene Komplexe wurden mit einer

Serie von Gold(I)-Acetyliden hergestellt und charakterisiert.
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Abbildung IlI: Moleklstrukturen der Komplexe [{Au(C=C-p-CsH4CF3)}2(u-1)] (13a),
[{AU(C=C-p-CsHs)}2(u-1)] (13b) und [{Au(C=C-p-CeH,OMe)},(u-1)] (13c) im Kristall.



Diese Komplexe weisen im Festkorper interessante Strukturmotive auf, da
intramolekulare aurophile Wechselwirkungen zu einer parallelen Anordnung der
Isocyanoeinheiten fiihren, kombiniert mit einer antiparallelen Orientierung der
benachbarten Einheiten.

Die Umsetzung von 1 mit dem Gold(I) Acetylid [Au(C=C-Fc)]. erwies sich als
ausgesprochen  ungewohnlich, da die beiden chemisch &quivalenten

Isocyanogruppen jeweils unterschiedliche Reaktionen eingehen.
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Abbildung IV:  Umsetzung von 1 mit [Au(C=C—Fc)];.
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Abbildung V: Molekulstruktur des aus drei Untereinheiten 14 zusammengesetzten Komplexes

[(Fc-C=C-Au-C=N-CgH,)Fe{CsH4-N=C(Au)-C=C-Fc}]; im Kristall.

Eine der Isocyanogruppen zeigt eine gewohnliche Koordination, wahrend die andere
eine auflergewohnliche 1,1-Insertion in die Au-C Bindung eingeht. Diese Art
»schizoider” Reaktivitat ist bislang beispiellos, und weitergehende Untersuchungen
dieser neuartigen Variante induzierter Reaktivitditsasymmetrie bieten einen

interessanten Rahmen fiir zukiinftige Forschung.



Die Umsetzung von [Au(C=C-Fc)]. mit dppf lieferte den erwarteten Komplex [(Au-
C=C-Fc)2(u-dppf)], und die erhaltenen Strukturdaten bestédtigen eine gewdhnliche
Koordination. Um die Komplexchemie von 1 abzurunden, wurde dessen
Koordinationsverhalten auch gegeniiber Silber(I) untersucht, und die Struktur des
Komplexes [Agz(u-1)2]J(NOs)H20 konnte mittels einer Rontgenstrukturanalyse

bestimmt werden.

Die Modifizierung bereits bestehender Monolagen durch darauf folgende Reaktionen
ist ein attraktiver Ansatz, um Oberflaichen nach Mafs zu funktionalisieren. Im
Rahmen dieser Arbeit wurden einige Ferrocenderivate auf ihre Eignung fiir mogliche
Oberflachenreaktionen untersucht. Hierbei erschien die kupferkatalysierte 1,3-
dipolare Cycloaddition von Azidoferrocenderivaten mit terminalen Alkinen ein viel
versprechender Ansatz. Die Umsetzung gelang, scheiterte jedoch in einem engeren
Sinne als ,, Click”-Chemie, da die Triazolbildung hier nur unter striktem Ausschluss
von Sauerstoff und Feuchtigkeit und mit nur mafsigen Ausbeuten moglich war.
Erprobt wurden in diesem Zusammenhang auch Staudinger-Reaktionen zwischen
den Azidoferrocenderivaten und dppf. Die Umsetzung mit dem monosubstituierten
Azidoferrocen, FcNs, lieferte das erwartete Produkt glatt, wahrend die Reaktion von
dppf mit 1,1’-Diazidoferrocen zu einem aller Wahrscheinlichkeit nach polymeren
Material fiihrte. Die nukleophile Addition sekunddrer Amine an 1,1'-
Diisothiocyanatoferrocen (2) hingegen verlief quantitativ, und die entsprechenden
Thioharnstoffderivate konnten so ohne weitere Aufreinigung in analysenreiner Form
isoliert werden. Daher stellt 2 ein bestens geeignetes System fiir eine anschlieflende

Funktionalisierung von Monolagen mit terminalen Aminogruppen dar.
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Introduction

1.1 General Introduction — Motivation and Outline

Nanotechnology is one of the most fascinating and progressing branches of applied
science in the recent past. It is a highly multidisciplinary field of research whose
unifying theme is the control of matter on the atomic and molecular scale. The term
‘nano’ is normally used for objects with at least one dimension less than 100 nm.
These dimensions are already reached in current microelectronics by downscaling of
‘classical” fabrication techniques like lithography. However, there are fundamental
physical limits linked to an ongoing miniaturisation by this top-down approach.! The
opposite strategy, namely a bottom-up approach, is the preparation of very small,
functional structures by self-assembly of single functional units. In this case the
ultimate limit for such a unit, e.g. a device or switch, is a single molecule.

Molecular self-assembly has been defined by Whitesides as “the spontaneous
association of molecules under equilibrium conditions into stable, structurally well-
defined aggregates joined by noncovalent bonds”.? (‘Structurally well-defined’
means that self-assembled structures are 100% ‘crystalline’ organised within the
domains in the object.)?

Since the surface-to-volume ratio increases with decreasing scale (cube-square law)
and interactions between assembling molecules take place at the interface, in some
sense, nanostructures are ‘all surface’.* Thus, the control of surface properties is
crucial for nanofabrication and the key step for a bottom-up approach may be
considered in functionalisation of highly ordered surfaces.

A very attractive way to obtain highly ordered surfaces with tailored properties is
the fabrication of self-assembled monolayers (SAMs) on solid surfaces.*>678

SAMs are monomolecular films, formed spontaneously by the adsorption of

surfactants on suitable substrates and are themselves nanostructures. Due to the ease
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of their preparation and the possibility to add an enormous variety of organic or
organometallic functions at the surface of metals, semiconductors and metal oxides,
SAMs play a decisive role for the development of nanotechnology.

SAMs can be used to stabilise and functionalise preformed nanometer-scale
structures as well as macroscopic structures and thus provide an extraordinarily
broad field of potential applications, ranging from protective coatings (e.g. corrosion
inhibition),** microelectronics (or nanoelectronics)**® mentioned above to modified
electrodes,!! biosensors,'?!3 chemical sensors'*'>¢ and catalysis” up to molecular
machines. 817

The possibility to incorporate functional groups with switchable properties into a
SAM offers a convenient method to fashion ‘smart surfaces’, i.e. surfaces which
change their interfacial properties in a defined manner in response to an external
stimulus.?’ Stimuli responsive surfaces are well known in surface engineering and
find application for example in ‘smart windows’, where the light transmittance is
altered by impressing voltage to the interface. SAMs in which the physical, chemical
and biological properties are reversibly tuneable are an intriguing field for many
applications? and already realised for light-induced,??* pH-driven* or
electrochemical switching.?>%

In the field of SAM fabrication two adsorbate/substrate combinations became most
common and intensively investigated,” viz. alkylsilanes on oxide surfaces® and
sulfur-containing molecules on gold.? Since gold is the noblest metal and chemically
highly inert (it does not react with atmospheric oxygen), Au(111) films became the
standard substrate for SAM preparation. Sulfur-containing molecules, especially
thiols, have a high affinity for gold and displace other organic material from this
surface. Hence the SAM preparation is conveniently possible under ambient
conditions and sulfur-based adsorbates on gold can be considered as the
prototypical* or archetypal” system and are by far the most extensively studied class

of SAMs.
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The aim of the research described in this thesis is the preparation and investigation of
SAMs with electrochemically switchable properties based on a single molecular
component. The electroactive functional units employed are based on ferrocene.*3!32
The oxidation of ferrocene is reversible. Ferrocene is almost as stable in its positively
charged form (+) as in the neutral form (0). A surface regularly decorated with
ferrocene moieties therefore could be applicable for high density charge and/or data
storage.®

Since a highly ordered array of the molecules on the surface is crucial for an
optimised system and the process of self-assembly depends on miscellaneous
molecular parameters, an investigation of the impact of variations of the molecular
structure of the adsorbates is necessary. For the reasons mentioned above the
substrates of choice are gold (111) surfaces. Therefore, the research will place
emphasis on sulfur-containing ferrocene ligands.

Nevertheless, sulfur chemistry on gold surfaces is related to serious concerns with
regard to the long-term stability!'34% and an increase of the attractive forces between
the adsorbates and the substrate is desirable. This may be achieved by different
chemistry, i.e. surface-active groups which form more robust bonds and/or by
chelating ligands using multiple attachment points to the substrate.34363738

These demands lead to the following general architecture for the target molecules:

binding
Fe

E) binding
. unit

Figure 1-1: Design of the target compounds.

The ferrocene-nucleus serves as a terminal redox-active unit. Functionalisations at
the 1- and 1’- position with groups suitable for attachment to gold lead to
symmetrically disubstituted ferrocene derivatives. The binding units can be

separated by variable spacers from the cyclopentadienyl rings. Within the scope of

3
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the research described in this thesis I have focused on the systematic variation and
investigation of the contribution of the binding units towards SAM morphology and
stability. Therefore the synthesis of different spacer groups was less important in this

context.

The present thesis deals with surface coordination chemistry of ferrocene-based
ligands, which is difficult to study. An investigation of the molecular coordination
chemistry of these ligands is a meaningful extension of this research. Since all SAMs
described in this thesis were prepared on gold, insight into structural properties of
relevant gold(I) complexes of the ligands may provide a bridge between surface
chemistry and molecular coordination chemistry.® Therefore the focus of efforts in

this direction is put on the coordination chemistry towards gold(I) compounds.

Although all SAMs in this study are based on a single molecular component,
intentionally leading to a densely packed array of the functional units, this is not
desirable in every case. A ‘diluted” functionalisation of SAMs can be advantageous
for different applications and one attractive synthetic approach to realise such
structures is the modification of a SAM after formation by a subsequent chemical
reaction with terminal functional groups on the SAM.%4142 Therefore, the capability

of some ferrocene derivatives for potential surface reactions will be explored as well.
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1.2 Self-Assembled Monolayers

Self-assembled monolayers are highly ordered molecular assemblies, which form
spontaneously by the absorption of surfactants with a specific affinity of their
binding units to a substrate.** The handling of gold substrates is particularly simple,
since the clean substrate can be used under standard conditions, including oxygen

and moisture. The process of SAM preparation from solution is shown in figure 1-2.

] — -\~ NN

solution with substrate immersion time:

surface-active seconds up to hours
substance

functional unit

spacer unit

binding
substrate unit

gold(111)

Figure 1-2: SAM-Preparation.

SAMs can be conveniently prepared by immersing the substrate into a dilute (~ 1 - 10
puM) adsorbate solution. Strong interactions between the binding units of the
surfactants and the surface quickly lead (milliseconds to minutes) to a dense
coverage (usually 80 — 90 % of the maximum coverage). Lateral interactions between
the adsorbates cause a subsequent reorganisation on the surface, resulting in a
maximisation of packing density and order. (The maximum coverage of alkanethiols
on planar gold is ~2 x 10" molecules/cm?2.)* This latter process largely depends on

the immersion time and usually takes several hours (~12 — 18 h at room temperature
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for n-alkane thiols in ethanolic solution).* The self-assembly process is also largely
dependent on the solvent* and the right choice is crucial for the quality of a SAM.
Highly ordered SAMs are usually obtained from ethanol. Since ethanol has a low
vapour pressure, low toxicity and is available in high purity it is the most common
solvent for SAM fabrication on gold. Dichloromethane also usually gives rise to well
defined SAMs and can be a good alternative for adsorbates which are insoluble in

ethanol.

1.2.1 SAM Characterisation

SAM preparation may be simple, but the opposite is true for the characterisation of a
monomolecular film. To obtain detailed data about the quantitative chemical
composition of the monolayer, the type of binding, the orientation and the degree of
order of the absorbates on the surface it is necessary to combine quite an arsenal of

complementary analysis techniques.”#

IR, NEXAFS

Ellipsometry
SPR

Figure 1-3: Schematic side view of a molecule chemisorbed on a substrate and surface analytical
methods suitable for extracting pertinent information indicated in the figure.
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Figure 1-3 shows the most common surface analysis techniques for SAM
characterisation.

The chemisorption process and kinetics can be studied in real time by second
harmonic generation spectroscopy (SHG).## Film thickness can be investigated by
ellipsometry, surface plasmon resonance spectroscopy (SPR) and X-ray photoelectron
spectroscopy (XPS).# XPS is probably the most important tool in the field of SAM
characterisation since it is a quantitative analysis technique that measures the
elemental surface composition as well as the chemical and electronic state of the
elements at the surface. A complementary technique to XPS is near edge X-ray
absorption fine structure spectroscopy (NEXAFS)¥# which is highly sensitive to
bond angles and therefore suitable to investigate the orientation of the molecules on
the surface and their near-range order. Infrared spectroscopy (IR)* is also a powerful
tool for SAM characterisation since it is possible to obtain data about the chemical
composition as well as the orientation of the molecules with respect to the surface
normal. Microscopy-based techniques (STM, AFM) provide a direct image of the

structure and are irreplaceable in terms of local information of the SAM morphology.
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1.3 Ferrocene

Ferrocene was first prepared in 1951 by two different groups, simultaneously and
unintentionally in both cases. Kealy and Pauson tried to synthesise fulvalene by the
oxidative coupling of cyclopentadienyl magnesium bromide with ferric chloride.®
The group around Miller prepared ferrocene by high temperature reaction of freshly
distilled cyclopentadiene with iron.! The elucidation of its structure in 1952, again by
two groups simultaneously and independently, led to the award of the Nobel prize
for Chemistry in 1973 to Wilkinson®? and Fischer - and to an explosion of interest in
complexes of transition metals with hydrocarbons. Historically this may be
considered as the starting shot for the flourish of organometallic chemistry.

Ferrocene is the prototypical metallocene: two cyclopentadienyl rings bind on
opposite sides of a central metal atom leading to the sandwich compound fashion of
the complex. Since its discovery ferrocene has witnessed a remarkable career and
applications of ferrocene-based compounds are ranging from material science and

catalysis to bioorganometallic chemistry.

Fe

Figure 1-4: Structure of Ferrocene.

1.3.1 Physical Properties and Chemical Behaviour of Ferrocene

Ferrocene is an air-stable orange solid and sublimes easily in vacuum or upon
heating at atmospheric pressure. It is soluble in most organic solvents but is insoluble
in water. The electronic structure can be considered formally by the binding of two
aromatic cyclopentadienyl anions and an iron(II) cation leading to an uncharged 18-
valence-electron complex. The resulting noble gas electron configuration of krypton
makes ferrocene particularly stable. On the other hand the iron(Il) centre is readily

oxidised to iron(IIl) at low potential (~0.5 V vs. SCE). The ferrocenium cation is

8
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particularly stable and the ferrocene/ferrocenium redox couple therefore reversible,
hence ferrocene is often used as an internal standard in electrochemical experiments.
In its chemical properties ferrocene undergoes many reactions characteristic for
electron-rich aromatic compounds. Ferrocene is susceptible to electrophilic
substitution. Due to the high electron density of the cyclopentadienyl rings it reacts 3
x 10¢ times faster than benzene.** Reactions with strongly oxidising electrophiles lead
to oxidation of ferrocene to ferrocenium, which is inert to electrophilic attacks.
Therefore, direct nitration or halogenation of ferrocene is impossible. Alternatively,

derivatisation of ferrocene is often possible via metallation reactions.

[©ozncl

|
Fe

ZnCl

ZZV

2 "BuLi i PPh
TMEDA LI 2CIPPh, i
Fe ———+ Fe  TMEDA Fe

Li [©>PPh,

Figure 1-5: Synthetic Routes to 1,1’-symmetrical Ferrocene Derivatives relevant to this thesis.

Symmetrical 1,1’-substituition is usually carried out by lithiation of ferrocene with
two equivalents of butyllithium in the presence of N,N,N’,N’-tetramethylethylene-
diamine (TMEDA) in hexane® and subsequent reaction with an electrophile. Figure
1-5 shows the derivatisation of ferrocene with a series of electrophiles used within

the scope of this thesis.
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1.4 Chemistry of Gold

Since all surfactants in this thesis are tailored for adsorption to gold (111) surfaces the
investigation of their coordination behaviour towards gold(l) is a logical extension of
the surface-chemical research.

The electronic configuration of gold is 1s? 252 2p°® 3d'° 4s2 4d'0 4f4 552 5d'° 6s'. The
chemistry of gold is dominated by the oxidation states (I) and (III), having the
electron configuration [Xe] 4f** 54'° 6s° and [Xe] 4f* 5d® 6s°, respectively.

Compounds of Au' assume the coordination number two with a linear coordination
geometry and a 14 VE configuration in most cases. Au' complexes with a
coordination number of three (16 VE, trigonal planar) or four (18 VE, tetrahedral) are
also known but less common,* since the participation of the energetically high lying
6py and 6p: orbitals causes high promotion energies. The general form of gold(I)
complexes is LAuX ( L= neutral ligand; X = anionic ligand) and gold(I) exhibits a
strong preference for large and soft (easily polarisable) donor ligands L. The most
stable gold(I) complexes are formed with P- or S-donor ligands and isocyanides and

stability increases with rising polarisability (softness) of the ligand (PRs > RNC > SR2).

1.4.1 Relativistic Effects

Nowhere in the periodic table are relativistic effects more pronounced than in gold
chemistry.58%%0 These effects can be attributed qualitatively to the high speed of
electrons if they move near the heavy nucleus under the influence of a pronounced
point charge. The velocity of the 1s electrons of gold is 58% of the speed of light,
thus relativistic mass increase for these electrons becomes significant, also with
consequences for the orbital radii of these electrons. To keep the equilibrium between
the Coulomb force and the centripetal force for the increased mass, the Bohr radii of
the inner electrons shrink. This reduction of the radii causes an energetic stabilisation
and radial contraction of the s- and to a smaller extent also the p-orbitals. (The radial

shrinkage for the 1s orbital is 19% compared to the nonrelativistic estimated Bohr

10
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radius.)® On the other hand there is an enhanced screening of the nuclear attraction
for the ‘outer’ electrons, resulting in an energetic destabilisation and expansion on
the d- and f-orbitals. Since the s- and p-orbitals are pushed down in energy and the d-
and f-orbitals up, the 6s and 5d states are brought much together in energy. This
effect explains qualitatively the unique chemical behaviour of gold. Due to the
energetically stabilised low lying 6s state, gold exhibits the highest oxidation
potential and the highest electron affinity of all metals. On the other hand the
separation between the 6s and 5d orbitals is rather small and a hybridisation

therefore requires only very little promotion energy.

1.4.2 Aurophilicity

From a classical point of view gold(I) cations posses closed shells [5d4'°] and no
attractive forces are expected between two ions of the same charge, but electrostatic
repulsion. However, there is a lot of crystallographic evidence for Au—-Au distances
in sterically unhindered gold(I) complexes typically at 2.8 — 3.3 A, well below the
sum of the estimated van der Waals radii (~ 3.6 A).% The energy of this unexpected
bonding is in the region of 29 — 46 k] mol™!, comparable with hydrogen bonds,* and
similarly determines in part the molecular configuration and crystal lattices of gold
compounds. Schmidbaur introduced the term “aurophilicity” or “aurophilic
attraction” for this bonding between atoms with a seemingly closed-shell
configuration.®® Aurophilicity can be rationalised by the hybridisation of 54 and 6s
orbitals, giving rise to interactions between two donor ligands and gold along the
molecular z-axis. The aurophilic attraction occurs parallel or perpendicular to the

molecular axis and is a result of overlaps between the “broken up” 54'° shells.
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Chapter 2

Ferrocene-Based SAMs

The preparation of several symmetrically 1,1’-substituted ferrocene derivatives that
contain anchoring groups suitable for chemisorption on gold is described.

The results of analytical investigations of SAMs formed from several of the ferrocene
ligands are presented and discussed in matters of the film quality and possible

binding modes.

2.1 Introduction

Self-assembled monolayers (SAMs) on solid surfaces are of great current interest in
science and technology.'>**5 SAMs formed by the aggregation of organosulfur
compounds on gold have received most attention, ever since it was first reported that
SAMs on gold can be prepared conveniently by chemisorption of di-n-alkyl
disulfides or related cyclic derivatives from dilute solutions.® Adsorbate molecules
carrying terminal functional units can lead to functional SAMs.?? Depending on the
nature of the functional units, such SAMs can be utilised for diverse applications. For
example, redox-active adsorbate species based on tetrathiafulvalene,” ferrocene and
porphyrin® have been widely used for electrode modification and related purposes.’
Owing to a surface chelate effect, oligodentate adsorbate molecules can bind
particularly strongly to a substrate. Even with relatively weakly binding anchor units
such as, for example, thioethers'® stable and densely packed SAMs on gold have been
achieved this way.

The preparation of several new sulfur-containing 1,1’-disubstituted ferrocene
derivatives will be presented together with the results of a detailed investigation
concerning the behaviour of these and related dipodal adsorbate molecules on gold.

The ferrocene derivatives investigated in this study are collected in Figure 2-1.
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Synthetic work and crystal structures will be dealt with first, followed by a surface

science section focusing on film fabrication and characterisation.

|
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Figure 2-1: Ferrocene-based ligands investigated in this study. The derivatives 1 — 7 posses two
anchoring units, ligands 8 — 11 display four potential attachment possibilities.

2.2 Synthesis and Characterisation of Compounds

The preparation of compounds 2, 7 and 9 — 11 has not been described before.

2.2.1 Synthesis and Characterisation of 1,1’-Diisothiocyanatoferrocene (2)

N3 2 PPh, N:PPhe’ oes
Fe
=

CS [
Fe 2

— ———~  Fe

Figure 2-2: Synthesis of 1,1’-Diisothiocyanatoferrocene.

1,1’-Diisothiocyanatoferrocene (2) was obtained in good yield (82%) from the aza-
Wittig reaction of [Fe{CsHs(N=PPhs)}2]"! with CS2.12 [Fe{CsHa(N=PPhs)}2] was prepared
by the Staudinger reaction between 1,1’-diazidoferrocene®® and triphenylphosphane.
The subsequent reaction was carried out in a thick-walled ‘Rotaflo” ampoule at 90°C
for 3h with an extensive excess of carbon disulfide, which served as solvent as well.
Work-up was done by removing volatile components under vacuum and purification

of the crude product by column chromatography on silica gel with n-hexane.

16



Chapter 2

The 'H NMR spectrum of 2 in CDCls shows two singlets at 4.20 and 4.51 ppm. In the
BBC NMR spectrum three signals were found at 67.1, 68.0, 87.0 ppm in the region
typical for cyclopentadienyl C atoms, the fourth signal at 133.8 ppm corresponds to
the isothiocyanato carbon atom. The ESI mass spectrum of 2 shows the molecular ion
with peaks at 299.95, 300.95 and 301.94 amu in a ratio of 100 : 18 : 9, in nice
accordance with the calculated pattern.

Due to the very broad and dominant v(NCS) stretching mode at 2088 cm™, the IR

spectrum is quite significant for 2.
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Figure 2-3: IR-Spectrum of 2.

The electrochemical behaviour of 2 has been investigated by cyclic voltammetry.
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Figure 2-4: Cyclic voltammogram of 2. The chosen conditions were: 0.0001 M solution of 2 in CH,Cl,
with 0.1 M [N"Bug][PFs] as supporting electrolyte at a scan rate of 50 mV/s at room
temperature with Ag/AgCl reference electrode and Pt working and auxiliary electrodes and
ferrocene as internal standard.
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1,1"-Diisothiocyanatoferocene exhibits a quasi-reversible oxidation at E» = +0.86 V
with a AEr value of 78 mV. The redox potential is anodically shifted by ~0.36 V with
respect to ferrocene (at +0.50 V). This reflects the expected electron-withdrawing

effect of the NCS groups.

2.2.2 Synthesis and Characterisation of 1,1’-Di(3-thienyl)ferrocene (7)

|_i ’—ZnCI

27ZnCl, I 2Br—
Fe TMEDA ———

Fe _—
Pd°
o 20l

Figure 2-5: Synthesis of 1,1’-Di(3-thienyl)ferrocene.
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7 was prepared by Negishi coupling of [Fe{CsHi(ZnCl)}2] with 3-bromothiophene in
the presence of [Pd(PPhs)4] in analogy to the 2-thienyl analogue.’* [Fe{CsHa(ZnCl)}-]
was generated by the drop wise addition of a THF solution of ZnCl: to a suspension
of 1,1’-dilithioferrocene-TMEDA adduct in hexane. The overall yield could be
enhanced notably by the use of air-tight glassware (a thick-walled ‘Rotaflo” ampoule
or a Young-flask) instead of standard Schlenk equipment, increase of the reaction
temperature up to 60 °C and an extended reaction time (4 d).

The workup was done by hydrolysis with 1 M HCl and subsequent extraction with
Et2O and CH:Cl.. The combined organic layers were dried with Na:5Os and after
filtration the volatile components were removed in vacuo. The crude product was
purified by column chromatography on silica gel with n-hexane/CH:Cl> (20 : 1) as
eluent. The first two bands contained ferrocene and the mono-substitution product
(3-thienyl)ferrocene, while the third band afforded the product as an orange,
microcrystalline solid in good yield (68%).

1,1’-Di(3-thienyl)ferrocene shows two singlets in the 'H NMR spectrum (CDCls) in
the region typical for cyclopentadienyl rings at 4.21 and 4.39 ppm and three signals

at 6.90, 6.95 and 7.18 ppm, typical for aromatic protons. The C NMR spectrum
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shows signals at 68.1, 69.9, 118.0, belonging to the cyclopentadienyl carbon atoms,

and at 125.2, 126.3 and 138.6 ppm, caused by the thiophene units.

2.2.3 Synthesis of the Di(thioether) Derivatives 9, 10 and 11

. -R
LI 2 RSSR S
Fe TMEDA ——M— Fe
Li Es.

Figure 2-5: Synthesis of Ferrocene-based Sulfide Derivatives.

The di(thioether) derivatives [Fe{CsHa(SR)}2] (9: R = thien-2-yl, 10: R = thiazol-2-yl, 11:
R = benzothiazol-2-yl) were obtained from the reaction of 1,1’-dilithioferrocene!® with

the respective disulfide RSSR in analogy to the synthesis of [Fe{CsHa(SPh)}2].1¢

2.2.3.1 Synthesis and Characterisation of 1,1’-Di(thien-2-ylthio)ferrocene (9)

Two equivalents of di(2-thienyl)disulfide in toluene were added drop wise to a
suspension of the TMEDA adduct of 1,1’-dilithioferrocene (one equivalent) in n-
hexane and stirred overnight. The workup was done under ambient conditions.
Water was added to the reaction mixture and stirring continued for 10 min. The
organic layer was separated, washed with water and dried with MgSOa. Volatile
components were removed in vacuo after filtration leading to the crude product as a
yellow sticky material. Analytically pure material could be obtained by column
chromatography on silica gel, using n-hexane/CH:Cl> (10 : 1) as eluent. After
removing the solvent with a rotary evaporator the product was obtained as a yellow,
microcrystalline solid with 68 % yield.

The 'H NMR spectrum confirmed the identity of the product and shows two singlets
at 4.27 and 4.42 ppm (CDCls), typical for symmetrically disubstituted ferrocene, and
a multiplet at 6.89 and two doublets at 7.04 (] = 2.4 Hz) and 7.23 (] = 5.4) ppm

corresponding to the thienyl protons. The ¥C NMR spectrum shows signals at 66.9,
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74.2, 127.2 and 128.4 ppm, the former two attributed to the tertiary cyclopentadienyl
carbon atoms, the latter two belonging to the tertiary thienyl carbon atoms.

Crystals suitable for an X-ray diffraction analysis were obtained by slow evaporation
of a concentrated CH2Cl: solution of 9 in the fume hood. Unfortunately the quality of

the crystal structure determination was severely affected by disorder.

X-ray crystallographic data of 9:

Empirical formula CigH14FeSs
Formula weight 414.38
Temperature [K] 153(3)
Crystal system orthorhombic
Space group Fdd2

a[A] 21.883(11)

b [A] 19.335(18)
c[A] 8.303(4)

a, B,y 90, 90, 90
VA7 3513(4)

z 8

Peaica[g €M™ 1.567

u [mm™] 1.328

F(000) 1696

Crystal size [mm] 0.60 x 0.31x0.13
6 range [9 2.81-25.00
Reflections collected 5554
Independent reflections 1492

Rint 0.1060
Reflections with 1>20(1) 1424
Data/restraints/parameters 1492/1/100
GOF on F? 1.079

R1 (I>20(1))/wR2 0.0589/0.1583
largest diff. peak/hole [e-A~] 1.476/-0.761

2.2.3.2 Synthesis and Characterisation of 1,1’-Di(thiazol-2-ylthio)ferrocene (10)

A solution of di(2-thiazolyl)disulfide in toluene was added dropwise to a stirred
suspension of 1,1’-dilithioferrocene TMEDA adduct in n-hexane. After reaction over
night water was added and stirring continued for 10 min. The organic layer was
separated, washed with water and dried over MgSO.. Volatile components were
removed in vacuo. The brownish-yellow crude product was dissolved in a minimal
amount of CH2Cl> and purified by chromatography on neutral alumina, activity
grade II, with n-hexane/CH:Clz2 (3 : 1) as eluent, affording the product as a yellow,

microcrystalline solid in moderate yield (38 %). 10 is slightly sensitive to oxidation by
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air in solution. Workup therefore should be performed rapidly and the isolated
product stored under nitrogen.

The 'H NMR spectrum (CDCls) shows two singlets in the region typical for
cyclopentadienyl protons at 4.45 and 4.61 ppm and two doublets at 7.10 (J = 2.9 Hz)
and 7.58 (] = 2.8 Hz) ppm, belonging to the thiazolyl protons. All expected signals
were also found in the C NMR spectrum, namely at 69.8, 72.6, 76.3
(cyclopentadienyl) and 119.0, 143.1, 169.2 ppm (thiazolyl).

Single crystals of 10 were obtained by evaporation of a concentrated solution of 10 in
CH:Cl.. 10 exhibits perfectly staggered cyclopentadienyl rings, which is due to its

crystallographically imposed centrosymmetric molecular structure.

Figure 2-6: Molecular structure of 10 in the crystal. Selected bond lengths [A] and angles [?]: C1-S1
1.772(5), C6-S1 1.755(6), C6-S2 1.736(5), C6-N 1.323(6), C7-N 1.378(8), C7-C8
1.382(8), C8-S2 1.731(6); C1-S1-C6 101.7(3), C6-S2-C8 89.4(3), C6-N-C7 110.2(4).

Bond parameters are unexceptional and compare well with those of related species
such as, for example, (RSCH2CHz)2,'” (RSCH:)2-p-CeHa'® as well as RSSR (R = thiazol-2-

yl), whose crystal structure was also determined as a sideline of this research.
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X-ray crystallographic data:

Chapter 2

Compound RSSR (R = thiazol-2-yl) 10

Empirical formula CeHaN2S4 CisH12FeN2S,
Formula weight 232.35 416.37
Temperature [K] 133(2) 133(2)

Crystal system monoclinic triclinic

Space group P 2i/c P-1

a[A] 5.5034(9) 6.8474(12)

b [A] 19.354(3) 8.0194(16)
c[A] 8.5337(14) 8.3936(16)

a, B, v 90, 96.07(1), 90 110.72(1), 94.77(2), 97.97(2)
V [A% 903.9(3) 422.58(14)

Z 4 1

Pealcd [g €M™ 1.707 1.636

u [mm™] 0.991 1.384

F(000) 472 212

Crystal size [mm] 0.6 x 0.09 % 0.07 0.48 x0.20 x 0.02
6 range [q 2.10 — 25.00 2.62 — 25.00
Reflections collected 5753 2760
Independent reflections 1595 1402

Rint 0.1399 0.0901
Reflections with [>20(l) 1174 1017
Data/restraints/parameters 1595/0/109 1402/0/106
GOF on F? 0.927 0.934

R1 (1>20(1))/wR2 0.0515/0.1272 0.0590/0.1484
largest diff. peak/hole [e-A‘3] 0.405/-0.494 0.573/-0.860

2233

Synthesis and Characterisation of 1,1’-Di(benzothiazol-2-ylthio)ferrocene (11)

11 was prepared by the drop wise addition of two equivalents of di(2-
benzothiazolyl)disulfide in toluene to a stirred suspension of the TMEDA adduct of
1,1’-dilithioferrocene in n-hexane. After reaction overnight water was added and
stirring continued for 10 min. The dark yellow precipitate was isolated by filtration
and dried in vacuo. Its purity turned out to be already > 95 % by NMR spectroscopic
analysis. The yield was 92 %. An analytical sample was obtained by column

chromatography on silica gel with n-hexane/CH:Cl: (3 : 1) as eluent.

'H NMR spectroscopy confirmed the identity of the product. The spectrum shows
two singlets at 4.59 and 4.70 ppm (in CDCls), typical for cyclopentadienyl protons, as
well as signals at 7.23, 7.37, 7.63 and 7.82 ppm, which is in the region of aromatic
protons, corresponding to the benzothiazolyl rings. In the ¥*C NMR spectrum signals
were found at 73.0, 78.0, 82.8 ppm (cyclopentadienyl) and at 120.8, 121.8, 124.1, 126.1

ppm (benzothiazolyl).
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11 crystallised readily by evaporation of the solvent and the result of an X-ray

diffraction analysis is shown in figure 2-7.

C22

“c21 C20
o)

Figure 2-7: Molecular structure of 11 in the crystal. Selected bond lengths [A] and angles [?]: C1-S1
1.759(2), C6-S3 1.759(2), C11-S1 1.759(2), C11-N1 1.289(2), C11-S2 1.758(2),
C12-S2 1.744(2), C12-C17 1.406(2), C17-N1 1.398(2), C18-S3 1.757(2), C18-N2
1.289(2), C18-S4 1.7552(17), C19-C24 1.399(2), C19-S4 1.744(2), C24-N2 1.398(2);
C1-S1-C11 102.61(8), C11-S2-C12 88.29(8), C11-N1-C17 110.1(1), C6-S3-C18
101.88(8), C18-S4-C19 88.18(8), C18-N2-C24 109.8(2).

The cyclopentadienyl rings of 11 are arranged in an essentially eclipsed orientation,
as is usually the case for 1,1’-disubstituted ferrocene derivatives. Again, bond

parameters are unexceptional and compare well with those of related species such as,

for example, RSMe," (RS).CH: and (RSCH2CH20OCHpz): (R = benzothiazol-2-yl).2

X-ray crystallographic data:

Empirical formula C24H16FeN2S4
Formula weight 516.48
Temperature [K] 153(2)

Crystal system monoclinic
Space group P 2i/c

a[Al 6.9969(4)

b [A] 10.3383(8)
c[A] 30.2641(18)
a, B,y 90, 103.394(5), 90
V[A?] 2129.6(2)

z 4

Peaica[g €M™ 1.611

u [mm™] 1.116

F(000) 1056

Crystal size [mm] 0.55x0.26 x0.13
6 range [9 2.09-25.0
Reflections collected 13454
Independent reflections 3751

Rint 0.0301
Reflections with 1>20(1) 3249
Data/restraints/parameters 3751/0/281
GOF on F* 1.061

R1 (I>20(1))/wR2 0.0215/0.0529
largest diff. peak/hole [e-A~] 0.210/-0.217
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Intermolecular SIIB distances close to the sum of the estimated van der Waals radii of
3.7 A2 are present in the crystal structures of RSSR (R = thiazol-2-yl), 10 and 11, as is
typical for such sulfur-rich compounds. The origin of these S[MB contacts is
commonly attributed to weakly attractive interactions between the ‘soft” sulfur

atoms.

2.3 Film Preparation and Characterisation

The investigation of the SAMs presented in this thesis was done in cooperation with
Dr. Ballay, Dr. Weidner and Dr. Zharnikov from the research group ‘Applied
Physical Chemistry” at the University of Heidelberg (Germany).

Most of the adsorbate species collected in figure 2-1 (namely 1 — 8) have been used
for the fabrication of molecular films on gold, which were prepared at room
temperature by immersion of the substrate in a dilute (typically ~10 uM) solution of
the respective adsorbate species for several hours. Acetonitrile and especially ethanol
proved to be the preferred solvents. For example, according to near-edge X-ray
absorption fine structure data 1 did not form well oriented SAMs from DMEF,
whereas from ethanol no such problems occurred. These observations are in line
with results of a recent systematic investigation concerning the solvent influence on

SAM quality by Witte and coworkers.??

SAM fabrication with isocyanides® and thioethers** on gold is well known.? SAM
formation of thiophene and its oligomers on gold, which was first reported in 1996
for pristine thiophene in contradiction to theoretical predictions,® is of great current
interest, since the corresponding films are potentially useful for electronic devices
due to high electronic conductivity.? However, SAM formation of thiophene
derivatives continues to be a matter of current debate, since conflicting reports
concerning the mechanism of chemisorption, growth morphology as well as the

structure, integrity and stability of the resulting SAMs exist in the recent
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literature. 226293031 [sothiocyanates have not yet been investigated in detail in this
context. Perusal of the literature afforded only one report addressing this issue,
utilising, however, gold nanoparticles and not solid gold substrates.?>** On the basis
of surface-enhanced Raman scattering (SERS) data, the author comes to the
conclusion that aromatic isothiocyanides have vertical stances on gold, binding
through the sulfur atom. A similar lack of knowledge can be noted for SAMs on gold
based on phosphanes, although phosphane-protected gold nanoparticles are
ubiquitous. Again only a single relevant report exists in the literature. Persson and
coworkers have investigated the chemisorption of tertiary phosphanes on several
coinage and platinum metals and found multilayer formation from solution. After
removal of physisorbed PRs by ultrasonic treatment, the analysis of the remaining
thin film by infrared reflection absorption spectroscopy (IRRAS) suggested binding
of the adsorbate molecules to the metal surface by the phosphorus atom, similar to
metal coordination in molecular chemistry.3

The identity, composition, integrity, and structure of all target films were
investigated by two complementary experimental techniques, viz. X-ray
photoelectron spectroscopy (XPS) and near-edge X-ray absorption fine structure
(NEXAFS) spectroscopy. Due to the heterogeneity of the target systems just a
representative selection of spectra and respective numerical parameters in tabular
form are presented. As the first step the available experimental data are presented
and general statements are made on their interpretation and respective implications.
Most of these implications refer to all the systems of this study. Further the specific
results for every particular system are considered.

XPS gives quantitative information about the composition, chemical identity, and
effective thickness of the target films. For the sake of brevity, a film fabricated from
adsorbate species n will be termed ‘film n” (n =1 - 8) in the following. The relevant
adsorbate molecules 1 — 8 consist mostly of carbon and hydrogen and also contain
iron as well as sulfur, phosphorus and nitrogen, depending on the individual

molecular composition. The observation of the characteristic photoemission peaks
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assigned to the latter atoms is a fingerprint for the presence of the respective

adsorbate species in the derived films, whereas the respective binding energies

provide information on the chemical integrity and bonding configuration of the film

constituents. The total intensities of the S 2p, N 1s, and Fe 2p signals in the various

films investigated are summarised in figure 2-8.
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Figure 2-8: Normalised total intensities of the sulfur 2p, nitrogen 1s, and iron 2p XP spectroscopic
signals in the films 1 - 8.

7 8

The binding energy (BE) positions of the respective emissions (and of the P 2ps» peak

in the case of film 3) are shown in figure 2-9.

Film S 2pap, N 1s/P 2ps,  Fe 2pgp» Thickness
399.9(2.8)  708.1(1.9) 14.3
2 161.7(2.1) 399.8(3.3) 707.9(2.0) 9.6
3 131.1(1.0)  708.3(1.7) 9.6
4 162.3(2.1) 707.9(1.7) 6.8
163.5(2.1)
5 163.2(1.9) 707.7(1.7) 85
712.0(1.7)
6 162.1(2.1) 707.8(1.7) 6.7
163.6(2.1) 711.5(1.7)
7 161.9(1.6) 707.8(1.7) 8.2
163.6(1.6)
8 163.4(2.1) 707.8(1.7) 10.4

Figure 2-9: Binding energy positions [eV] and fwhm [eV] (in parentheses) of the sulfur 2ps,, nitrogen
1s, phosphorus 2p3, and iron 2pg, photoemission peaks for the films 1 — 8 along with the

respective film thickness values [A].
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All films exhibit an iron signal (even though with different intensities) with a
characteristic BE of about 708 eV, implying the chemisorption of the respective
ferrocene-based adsorbate molecules on the gold substrate. For films 5 and 6, this
signal is accompanied by additional Fe 2p emission at a higher BE (~712 eV), which
can be related to the partial oxidation and decomposition of the organometallic
moieties in the above molecules.

The intensity of the Fe 2p signal can be considered as a direct measure of the
ferrocene-type content in the films, since the organometallic moieties comprise the
film-ambient interface and are almost unaffected by attenuation effects typical for
photoemission. Further, all the films, except 3, exhibit either sulfur or nitrogen
signals (film 2 show both signals), in accordance with the molecular composition.

The analysis of the BE positions of the S 2p, P 2ps», and N 1s emissions gives valuable
information about the bonding configuration of the molecular adsorbates in the
respective films. This analysis will be performed below as soon as the individual

films will be considered.

Intensity (arb. units)

168 166 164 162 160
Binding energy (eV)

Figure 2-10: Normalised sulfur 2p XP spectra of films 2 and 4 — 8. The decomposition of the spectra
into the individual components is shown. A background is drawn.

27



Chapter 2

The S 2p XP spectra of the sulfur-containing films (2, 4 — 8) are presented in figure 2-
10. The N 1s and P 2ps2 XP spectra of films 1, 2 and 3, respectively, exhibit only one
emission (with parameters given in figure 2-9) and are therefore not presented.
Along with the Fe signal, the amount of the adsorbate molecules in the derived films
is represented by the effective film thickness. The respective values were obtained
from the C 1s/Au 4f intensity ratios,® using previously reported attenuation lengths.3
Pertinent data are collected in figure 2-9. Whereas the thicknesses are quite small in
each case, implying the formation of monolayer films, they do not fully correlate
with the respective Fe 2psq intensities (figure 2-8), even if one corrects for the
different iron/carbon ratio in the adsorbate molecules. This suggests that part of the
carbon signal may originate from hydrocarbon contamination, which was initially
present on the gold surface, and, presumably, not completely removed upon the
chemisorption of the adsorbate molecules.

Complementary information on the composition and chemical identity of the films
investigated is provided by the NEXAFS data. Generally, NEXAFS spectra give an
insight into the electronic structure of target films, sampling the electronic structure

of the unoccupied molecular orbitals of the film constituents.

55° . NEXAFS: Fe L-edge

Intensity (arb. units)

705 710 715 720 725

Photon enerqgy (eV)

Figure 2-11: Normalised iron L-edge NEXAFS spectra of films 1 — 8 acquired at X-ray incidence
angles of 55°
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The Fe L-edge spectra of films 1 — 8 recorded at the magic angle of X-ray incidence
(55°, at this orientation the spectrum is independent of the molecular orientation) are
presented in figure 2-11. These spectra were normalised to the pre-edge intensity and
are therefore representative for the amount of iron in the target films. The spectra of
all films exhibit the characteristic @* resonances related to the 4e1z and 3e2u orbitals of
ferrocene at both L:- and Ls-edges,® suggesting the chemisorption of the adsorbate
molecules on the gold substrate and therefore supporting the XPS results. The
intensity of these resonances varies significantly from film to film, correlating
roughly with the intensity of the XPS Fe 2p signal.

The carbon K-edge spectra of films 1 — 8 recorded at the magic angle of X-ray
incidence are shown in figure 2-12. These spectra exhibit a C 1s absorption edge
ascribed to the C 1s — continuum excitations and a series of absorption resonances

characteristic of the adsorbate molecules on the surface.

55 . NEXAFS: C K-edge

Intensity (arb. units)

285 290 295 300
Photon energy (eV)

Figure 2-12: Carbon K-edge NEXAFS spectra of films 1 — 8 acquired at X-ray incidence angles of 55°
Prominent absorption resonances are indicated.

Most of the spectra exhibit the characteristic m* resonances related to the 4e1; and 3ezu

orbitals of ferrocene at 285.6 eV and 287.2 eV, respectively, and a broad ¢* resonance
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of this organometallic moiety at ca. 292 eV.% For films 3 and 5, which contain phenyl
rings, the corresponding characteristic T* resonance at 285.1 eV is unequivocally
observed. The characteristic * resonance of an intact thiophene-type moiety (films 6
and 7) is expected at 285.6 eV, overlapping, however, with the 1t*(4e1s) resonance of
the ferrocene nucleus. Furthermore, the 0*(C-S), 0*(C-N), or 0*(C-P) resonances can
in principle be observed at ~287 eV, but they are presumably weak and therefore
not distinguishable from the m*(3exu) resonance of the ferrocene nucleus in most of
the spectra. Finally, a m*-like resonance at 288.6 eV observed in some spectra in
figure 2-12 can be alternatively assigned to conjugation phenomena (see below) or
contamination (CO).

In addition to the insight into the electronic structure of the target systems, NEXAFS
data provide valuable information on the orientation of the film constituents, since
the cross-section of the resonant photoexcitation process depends on the orientation
of the electric field vector of the linearly polarized synchrotron light with respect to
the transition dipole moment (TDM) of the probed molecular orbital. This effect is
called linear dichroism in X-ray absorption. For ordered molecular films, the
intensity of the absorption resonances changes at a variation of the incidence angle of
the synchrotron light. A convenient way to monitor these changes is the difference
between the spectra acquired at normal (90°) and grazing (20°) incidence. Such
carbon K-edge difference spectra for films 1 — 8 are displayed in figure 2-13. The
transition dipole moment of the m* orbitals is oriented perpendicular to the plane of
the Cs rings and to the NC axis in 1 and 2. The respective resonances are usually
quite sharp, which makes monitoring of the linear dichroism easier as in the case of

o* resonances, which are commonly observed as broad features.
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(e, NEXAFS: C K-edge
imt(3e,) 9020
LS

Intensity (arb. units)

280 285 290 295 300 305
Photon energy (eV)

Figure 2-13: Carbon K-edge NEXAFS difference spectra of films 1 — 8. The curves represent the
difference between the spectra acquired at X-ray incidence angles of 90°and 20° The
position of the prominent absorption resonances are indicated by dotted lines.

In the following the experimental data for the individual films will be discussed in
more detail. These films differ, inter alia, in the headgroups that provide the
anchoring to the gold substrate, giving rise to the following categories: isocyanide-
based film 1, isothiocyanate-based film 2, phosphane-based film 3, thioether-based
films 4, 5, and 8, and thiophene-based films 6 and 7.

2.3.1 Film 1

This film shows the highest Fe signal both in XP (figure 2-8) and NEXAFS spectra
(figure 2-11) and thus exhibits the highest packing density of organometallic moieties
among the systems investigated in this study. This agrees well with the highest
effective thickness as shown in figure 2-8. Both carbon K-edge and iron L-edge
spectra of film 1 exhibit intense resonance structure, characteristic of intact ferrocene-
type units, suggesting non-dissociative chemisorption of the adsorbate molecules.

In XPS only a single nitrogen 1s emission related to the isocyanide nitrogen appears
at 399.9 eV,44 indicating an exclusive isocyanide-mediated bidentate bonding of 1 to

the Au substrate with no contributions from monodentate binding or physisorption.
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This interpretation is strongly supported by IRRAS data, which also suggest an
essentially vertical orientation of the adsorbate molecules on the gold surface, as

shown in figure 2-14.
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Figure 2-14: IR spectra of 1 as bulk material (left) and after SAM formation on gold (right).

Comparison of the spectra obtained with the modified gold substrate and those
obtained from neat 1 reveals characteristic differences. The intensities of the out of
plane d(CH) bands at 1040, 1028 and 817 cm™ are decreased almost below noise level.
This confirms essentially parallel orientation of the cyclopentadienyl ring plane with
respect to the surface normal,**** as expected for the binding of both isocyano groups.
On the other hand, in-plane modes such as v(NC), v(CC), d(CH) and ring distortion
modes found in the IR spectrum of neat 1 at 2118, 1543, 1095, 855 cm™, respectively,
are clearly identified in the spectrum of 1 on gold. Interaction with the substrate
leads to a strong polarisation of lone pair electron density into the metal and causes a
shift of the v(NC) band from 2118 to 2181 cm™. This compares well with results
obtained with other isocyanides*464744 and also with the value of 2226 cm™ found
for [(u-1)(AuCl)z]».>°

There is no indication for any surface-unbound isocyano groups in the film. These
conclusions are further corroborated by the nitrogen K-edge NEXAFS spectra of film
1 shown in figure 2-15, which exhibit a single distinct w*(N*C) resonance at 400.4
eV 41515258 Features related to the corresponding NC orbital are also visible at the

carbon K-edge, as a shoulder at 286.6 eV.#! Furthermore, the relatively strong 7t*-like
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resonance around 288.6 eV can originate from the conjugation of the m* orbitals of the

ferrocene nucleus with the 7t* orbitals of the isocyano unit.”
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Figure 2-15: Nitrogen K-edge NEXAFS spectra of film 1 acquired at X-ray incidence angles of 90°
559 and 20° along with the difference between the spectra acquired at X-ray incidence
angles of 90°and 20°(bottom curve).

The NEXAFS difference spectrum of film 1 in figure 2-13 shows the pronounced
1*(4e1g) and 1*(3exu) peaks characteristic of high orientational order. These peaks
have the positive sign (and will be named “positive dichroism” in the following)
indicative of a vertical orientation of the cyclopentadienyl decks. Furthermore, a
strong positive dichroism is observed for the m*(NC¥) resonance at 286.6 eV,
indicating a predominantly vertical orientation of the isocyano headgroups. Film 1
exhibits the highest degree of orientational order and comprises vertically oriented

molecules.

2.3.2 Film 2

This film differs from film 1 in the attachment of a sulfur atom to each isocyanide
moiety, resulting in the formation of isothiocyanato headgroups. According to the
XPS (figures 2-8 and 2-9) and NEXAFS (figure 2-11) data, this modification resulted
in a noticeable reduction of the packing density, which is, however, still relatively
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high as compared to the other films of this study. Both carbon K-edge and iron L-
edge spectra of film 2 exhibit intense resonance structure, characteristic of intact
ferrocene-type moieties, suggesting non-dissociative adsorption of the target
molecules.

Similar to film 1, a single N 1s XPS emission at 399.8 eV related to the headgroup
nitrogen appears in the respective XP spectrum of film 2.442 Furthermore, only a
single doublet at a BE of 161.7 eV (S 2psp) is observed in the sulfur 2p XP spectrum
(figure 2-10), which is close to the characteristic value for thiolate-type bonding. Since
neither additional nitrogen 1s emission peaks nor features characteristic of unbound
sulfur were found, it can be assumed that 2 adopts a bidentate bonding configuration

on the gold substrate similar to 1.
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Figure 2-16: IR spectra of neat 2 and after SAM formation on gold (top).

The comparison of the IR spectra obtained from bulk material and those of the
modified gold substrate is intriguing in the case of 2, since the very strong v(NCS)
mode, characteristic for isothiocyanates, completely disappears after SAM formation
(figure 2-16). This suggests a dihaptic binding mode of each NCS moiety, where
both, the sulfur and the carbon atom attach to the gold substrate. The different
binding possibilities of the isothiocyanato group are compared in figure 2-17. For the
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sake of simplicity this topic is discussed in general (with R as an abbreviation for any
carbon residue) and lone pairs and formal charges are not shown in figure 2-17. The
geometry of isothiocyanates is treated as linear (R-N=C=5) in the following,
notwithstanding the fact that the C-N-C bond angle of isothiocyanates depends
largely on the nature of R and is usually around 140° for aliphatic isothiocyanates,
while it may rise to around 160° for aromatic substituents due to mesomeric

interaction.5*
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Figure 2-17: Two possible modes for the chemisorption of isothiocyanates on gold.

Isothiocyanates are known to be strong electrophiles, with the carbon as the
electrophilic centre. The electron withdrawing strength of the central carbon atom
may be explained by the polar resonance structures of the NCS group:
R-N"-C'=S < R-N=C=S < R-N=C'-S~

Considering a chemisorption of the isothiocyanato moiety just by the terminal sulfur
atom to the gold substrate, scenario a) in figure 2-17 describes the situation best. In
this case the geometry of the NCS group would stay intact and the v(NCS) stretching
mode should be clearly visible in the IR spectrum of the modified gold substrate.
Scenario b) shows the other possibility, where the chemisorption is equal to an
oxidative addition of the isothiocyanato group to the gold substrate. The binding of
the adsorbate is stabilised by a dihaptic linkage, which is thermodynamically
beneficial. Loss of the linear NCS geometry is consistent with the IR data obtained.
The NEXAFS difference spectrum of film 2 (in figure 2-13) shows the pronounced
1*(4e1g) and 1*(3exu) peaks characteristic of high orientational order. These peaks

have the positive sign indicative of a vertical orientation of the cyclopentadienyl

decks.
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2.3.3 Film 3

The carbon K-edge NEXAFS spectrum of this film (figure 2-12) displays a strong
feature at 285.0 eV related to the m:* orbital of the phenyl moieties®®¢57% of the
diphenylphosphanyl headgroups. The comparably high intensity of this resonance is
nicely compatible with the molecular composition, since 3 contains four phenyl
moieties. A horizontal (“flat”) adsorption geometry of the phenyl rings can be
deduced from the strongly negative dichroism of the m* resonance as seen in the
difference spectrum. The orientation of the cyclopentadienyl decks, however, cannot
be clearly made out from the difference spectra, since the t*(4e1;) feature of ferrocene
at 285.6 eV overlaps with the strong m:* difference peak of phenyl.

The phosphorus 2ps2 XP spectrum of film 3 exhibits a single emission at a BE of 131.1
eV. This particular BE is commonly related to aromatic diphenylphosphane
derivatives which are either unbound® or coordinatively bound to zero-valent
transition metals in metal complexes.®*®! In view of the relatively high film density
and orientational order, it is very likely in our case that most of the
diphenylphosphanyl headgroups are characterised by coordination-type attachment
to the gold surface. The low iron intensity observed in the XP Fe 2p spectra together
with the comparably high film thickness of 9.6 A is understandable in view of the
sterically demanding headgroups. The surface area occupied by 3 in a bidentate
binding configuration via its bulky diphenylphosphanyl headgroups is
approximately four to five times larger than that of 1, in agreement with the ~5: 1 Fe
2p intensity ratio of 1/Au and 3/Au. This is in accord with IR spectroscopic
measurements by Westermark et al., who found flat adsorption geometries and intact

binding of aromatic phosphanes on a variety of coinage metals.3

2.3.4 Films 4,5 and 8

The carbon K-edge NEXAFS spectra of these thioether-based films (figure 2-12) show
characteristic spectral features related to the organometallic moiety. In addition, the

spectrum of film 5 shows the characteristic m:* resonance at ~285 eV related to the
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terminal phenyl units of the adsorbate molecule. The difference NEXAFS spectra of
films 5 and 8 (figure 2-13) exhibit a negative dichroism of the ferrocene 7t*(4eig)
feature at 285.6 eV, accompanied by the negative dichroism of the m:* resonance
(phenyl rings) for film 5. Accordingly, the cyclopentadienyl decks (and the phenyl
rings in 5) are strongly inclined. The same is presumably true for film 4 as well, but it
seems to be more disordered than films 5 and 8 according to its NEXAFS difference
spectrum in figure 2-13.

The sulfur 2p XP spectrum of film 4 exhibits two S 2ps»12 doublets at BEs of 162.0 eV
and 163.8 eV (S 2p2s) related to two different sulfur moieties. The former doublet is
commonly assigned to a thiolate-type attachment to gold, which suggests the
cleavage of covalent C-S bonds for a part of the adsorbate molecules upon their
adsorption. Such a binding chemistry has been reported before for thioether
headgroups in various molecules.??* The second doublet observed at 163.8 eV is
characteristic of unbound or coordination-type bound S in thioethers.®2%®> The
coexistence of thiolate, coordination-type and/or unbound sulfur species might be a
reason for the low molecular order in film 4.

In contrast to film 4, sulfur 2p XP spectra of films 5 and 8 are dominated by the
doublet at 163.8 eV, suggesting the dominance of weakly bound or unbound
adsorbate molecules in the respective films. The intensity of the thiolate-related
doublet is very low, indicating that only a small part of the pristine thioether groups
was cleaved upon adsorption. In view of the horizontal orientation of the
cyclopentadienyl decks in these films, as derived from the corresponding NEXAFS
data (figure 2-13), it is very likely that part of the thioether units form coordinative
bonds to the surface, whereas the remaining ones are essentially unbound, with the
most likely scenario being that the dominant binding configuration on gold is mono-
and bidentate for 5 and 8, respectively.

The overall film quality and packing density differ among films 4, 5, and 8. While
films 4 and 8 show only traces of oxygen in the O 1s XP spectra and no oxidised iron,

film 5 exhibits considerable amounts of oxygen contaminations and oxidised iron (at
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~712 eV for Fe 2psp), which indicates that a considerable fraction of the
organometallic units got oxidised and presumably decomposed in this film. Films 4
and 8 exhibit relatively low Fe 2p XPS signals (figure 2-8) suggesting low packing
densities in contrast to film 5, which has an Fe intensity comparable to the more
ordered films 1 and 2. The sulfur 2p signal for film 4 is very high compared to the
respective iron intensity (figure 2-10). This might be explained by unbound anchor
groups which are oriented towards the film surface so that the respective
photoemission signal gets less attenuated. The relatively high S 2p signal observed
for film 8 is not unexpected since 8 contains four sulfur atoms as opposed to only two

present in 4 and 5.

2.3.5Fims6and7

The thiophene-based compounds 6 and 7 exhibit partial molecular decomposition
upon adsorption on the gold surface. The sulfur 2p XPS spectra of these films (figure
2-10) show two distinct doublets at ~162 eV (S 2ps2) and at 163.6 eV. The former peak
can be assigned to thiolate-type sulfur resulting from the cleavage of the C-S bond in
the thiophene ring, while the latter species can be ascribed to a weakly-coordinated
or unbound thiophene.???%* This conclusion is supported by the carbon K-edge
NEXAFS spectra of both films 6 and 7 (figure 2-12), exhibiting an absorption intensity
at ~285.0 eV, which has also been found for oligothiophenes and is commonly
associated with dissociative adsorption of thiophene,® i.e. cleavage of the C-S bond
in the thiophene ring to form a thiolate-type attachment to gold. The respective
feature is more intense in the spectrum of film 7, whereas in the spectrum of film 6
this feature represents only a shoulder of a stronger resonance at 285.6 eV, which, in
this particular case, is presumably a superposition of the 7*(4ei;) resonance of
ferrocene and the T:* resonance of intact thiophene.?”% Therefore, the position of the
sulfur atom in the thiophene ring with respect to the attached ferrocene nucleus is of
importance for the chemical stability of the adsorbate molecules upon their

adsorption on the gold surface. This difference in the attachment chemistry is

38



Chapter 2

surprising in view of the minor structural difference of molecules 6 and 7. However,
several authors have pointed out that the binding conformation of thiophene
derivatives is strongly influenced by their functional groups.?¢

A decomposition of the thiophene headgroup for part of the adsorbate molecules
results in a pronounced chemical heterogeneity of the derived film, which is strongly
disordered and presumably contains the adsorbate species in both bidentate and
monodentate bonding configuration. In fact, the NEXAFS difference spectra of films
6 and 7 (figure 2-13) exhibit a negative dichroism of the m*(4ei) and m*(3ezu)
resonances (at 285.6 eV and 287.0 eV, respectively) assigned to the cyclopentadienyl
decks. Consequently, it can be assumed that these decks show predominantly
horizontal orientation.

According to the iron 2p XPS data (figure 2-8), film 7 exhibits a much lower Fe
content than film 6. On the other hand, a higher packing density in film 7 as
compared to film 6 can be inferred from the film thickness values for these films,
being 8.2 and 6.7 A, respectively. It is possible that the molecular decomposition of 7
upon adsorption affects not only the thiophene moiety but also the ferrocene
nucleus. In this hypothesis, iron is lost (by desorption) during the film formation
process, allowing a denser packing of the residual, sterically less demanding carbon
backbone. Furthermore, the Fe 2p XP spectrum of film 6 shows a significant amount
of oxidised iron (38% of total Fe intensity), which is a signature of oxidised ferrocene-
type iron in this film. In contrast, no noticeable amount of oxidised iron was found in

film 7.

2.3.6 Summary

XPS and NEXAFS data suggest the formation of ferrocene-based, monomolecular
films on Au(111) from the adsorbate molecules 1 — 8. The attachment of these
molecules to the Au substrate occurs in a SAM-like manner, through the specific
headgroups, which are isocyano (1), isothiocyanato (2), phosphanyl (3), thioether (4,

5 and 8), and thienyl (6 and 7). The quality of the resulting films turned out to be
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rather different. A high packing density and orientational order was only observed
for films 1 and 2, which exhibit chemisorbed molecules with a predominantly
vertical orientation and bidentate binding configuration. These films also show a
high degree of chemical homogeneity and can, in view of all above factors, be
considered as true SAMs. A relatively high orientational order, chemical
homogeneity, and primarily bidentate bonding configuration was also observed in
film 3, but this film is characterised by a lower packing density due to the “flat”
adsorption geometry of the bulky PPhz headgroups. All other films of this study (4 -
8) exhibit chemical inhomogeneity, low orientational order and considerable
inclination of the film constituents. There are, presumably, both bidentate and
monodentate binding configurations in these films. In the case of the thioether-based
films (4, 5, and 8), C-S bond cleavage was observed upon adsorption for a part of the
adsorbate molecules, resulting in the formation of thiolate-anchored moieties, which
coexist with more weakly bound molecules anchored to the substrate by
coordination-type bonds typical for thioethers. Also for the thiophene-based films (6
and 7), a decomposition of the thiophene headgroups took place upon adsorption for
a part of the precursor molecules, resulting in the coexistence of strongly bonded
thiophene-derived species and more weakly coordinated pristine molecules in the
films. The relative portions of these two fractions were found to depend on the exact
position of the thiophene sulfur atom with respect to the ferrocene moiety. Partial
oxidation and decomposition of the organometallic moiety in some of the films

(especially, in films 5 and 6) cannot be completely excluded.

2.4 Conclusions

1,1’-disubstituted ferrocene derivatives [Fe(CsHsX):] (1 — 7, 9 — 11) which contain
substituents suitable for binding to a gold surface [X = NC, NCS, PPho, 2-thienyl, 3-
thienyl, and SR (R = Me, Ph, thiazol-2-yl, benzothiazol-2-yl)] were investigated.
Compounds 1 - 7 contain two ligating atoms for surface coordination. The atoms are

carbon in the case of the isocyanide 1, phosphorus in case of dppf (3), and sulfur in
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all other cases. Compounds 9 — 11 contain four potentially ligating sulfur atoms each,
similar to the tetrasubstituted ferrocene derivative 8, which contains four SMe
groups. The four sulfur atoms of 8 are chemically equivalent, which is not the case
for the structurally more complicated compounds 9 — 11. Film formation on gold
(111) substrates was investigated with the comparatively simple bidentate adsorbate
species 1 -7 and also the simplest of the tetradentate compounds (8) in this respect.
The diisocyano derivative 1 afforded well-defined SAMs of good quality. In contrast,
with the notable exception of the isothiocyanato derivative 2, all sulfur-containing
adsorbate species investigated in this study failed to give rise to well-defined SAMs.
However, the problems encountered with thioether- and thienyl-based anchor
groups (especially C-S bond cleavage) are not unprecedented (see above), and the
presented findings clearly support the notion that the behaviour of such anchor
groups is unreliable in the context of SAM fabrication. In view of these difficulties, an
analogous in-depth investigation of the tetradentate S ligands 9 — 11 has been
omitted.

The quality of SAMs fabricated from 2 was found to be similar to that of SAMs
prepared from 1. The most likely binding scenario is a dihaptic attachment of the
isothiocyanato moieties, involving both, the sulfur and the central carbon atom in the

chemisorption.
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Chapter 3

Coordination Chemistry of the Ferrocene Ligands

Synthesis as well as failed attempts to obtain complexes between the ferrocene based
ligands and especially gold(I) are described. A series of gold(I) acetylides has been
successfully coordinated to 1,1’-diisocyanoferrocene, which shows an unprecedented

“schizoid” reactivity with the gold(I) acetylide [Au(C=C-Fc)]x.

3.1 Introduction

Ferrocene-based ligands play a significant role in coordination chemistry'?3 and find
applications in any field of recent chemistry, ranging from material science,
biomedical chemistry, chemical sensing to catalysis.*> Since SAM formation relies to a
large extent on surface coordination chemistry, an investigation of the molecular
coordination behaviour of the ferrocene derivatives described appears to be useful. It
would be hubris to claim (or to try) an all-embracing exploration of the complex
chemistry for all ligands. Since all ligands in this thesis were tailored for a
coordination to gold (111) surfaces, a limitation and focusing on the molecular
coordination towards gold(I) (and its congener Ag(I)) is rather meaningful on both
counts, for the sake of scientific integrity and feasibility.

A feature all of the investigated ligands have in common is that the donor groups are
directly bonded to the ferrocene unit. This structural motif is particularly interesting,
since the distance between the two cyclopentadienyl decks in ferrocene is 3.32 A,
which is at the lower end of aurophilic interactions.® If sterically unhindered,
intramolecular Au-Au interactions can lead to formation of a ferrocenophane-like
structure by aurophilic aggregation. Such diaura-[6]ferrocenophane structures might
serve as a molecular model for surface attachment of the ligands, as we have been

able to show previously in the case of 1,1’-diisocyanoferrocene (see below).”
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Among the broad field of ferrocene-based ligands the chemistry of dppf (3) is by far
the best investigated and most developed one. It has been argued that the
overwhelming success of dppf and related ferrocene-based phosphane ligands in
catalysis and coordination chemistry has overshadowed and even delayed the
development and use of ferrocene-based ligands with other donor groups.® The first
gold(I) complex of dppf was [dppf(AuCl):] published in 1989 by Hill et al.® and
numerous studies have followed up to now.”!* Depending on the ratio of dppf and
gold(I) and the respective anion, dppf can act as a bridging or chelating ligand in
two-, three-, and four-coordinated fashion. A wuseful review addressing gold

chemistry with dppf as ligand was written by Gimeno and Laguna.

Ferrocene species with sulfur as donor atoms substituted onto the cyclopentadienyl
rings have been well known for many years.”? Symmetrical ligands are usually
obtained by reaction of 1,1’-dilithioferrocene with the corresponding disulfide;
unsymetrically disubstituted derivatives have been prepared by cleavage of the
trisulfur bridge in 1,2,3-trithia[3]ferrocenophane (fcSs).!131415 The coordination
chemistry of these ligands has been studied mainly with palladium and platinum,
but the coordination chemistry with gold(I) appears underdeveloped. Only one
compound has been described so far, where gold(l) is directly bonded to the
cyclopentadienyl-substituted  sulfur  atoms, wusing the ligand 1,1'-

bis(phenylthio)ferrocene, [Fe{CsHa(SPh)}-] (5).1

1,1’-Diisocyanoferrocene (1) was first described in 2001."” Surprisingly, the chemistry
of 1 has remained completely unexplored. In a preliminary investigation of the
coordination behaviour of 1,1’-diisocyanoferrocene (1) we realised the complexation
of 1 with gold(I) chloride and have been able to obtain an X-ray diffraction analysis
of the complex [ (AuCl)z(p-1)]».”18 The result is shown in figure 3-1 and may provide,
with caution, a model for the arrangement of 1 in SAMs on gold and therefore bridge

a gap between aspects of surface and molecular coordination chemistry.
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Figure 3-1: View of the association of [(u-1)(AuCl),] in the crystal. Selected bond lengths [A]: Aul-Au2
3.336(1), Aul-Au2' 3.484(1), Aul-Au2" 3.354(1).

Motivated by this result a more in-depth investigation of the coordination behaviour

of 1 was envisaged. In view of the isoelectronic nature of isocyanide and acetylide

ligands, coordination to gold(I) acteylides is an attractive approach to fathom the

gold chemistry of 1. To get a more complete picture analogous silver(I) species were

also addressed for complexation reactions.

Substituted acetylides (RC=C-) are particularly interesting as counter ions for gold(I),
since it is possible to modify the electronic properties of the acetylide by variation of
the substituent R. Alkynyl gold(I) complexes have witnessed increasing attention in
versatile applications like non-linear optics, materials science, conjugated linear
polymers and liquid crystals.!*22!

The affinity of gold(I) for alkynyl anions is high and their preparation therefore
usually easy. Gold(I) acetylides are oligo- or polymeric compounds (AuC=CR)x , in
which the alkynyl ligand usually bridges by bonding to one gold atom through the o
donor interaction and to a second one by its 7t electrons.?? Reactions with isocyanide
ligands (R'NC) usually afford monomeric, and therefore mostly soluble, linear

complexes of the type [Au(R'NC)(C=CR)].»
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3.2 Synthesis and Characterisation of Gold(l) Acetylides [Au(C=CR)], (12a-e), (a: R =
Pp-CsH4CF3, b: R = CeHs5,2% ¢: R = p-CsHaOMe,2* d: R = p-CeHsNMe2, e: R = -Fc¢)

NEt
R—C=CH + [AUCI(SMe,)] — = 1/n| R—C=C-Au

Figure 3-2: Synthesis of Gold(l) Acetylides

The gold(I) acetylides were prepared from [AuCl(SMe2)]* and the respective
acetylene derivative in the presence of triethylamine in CH2Cl, essentially according
to a procedure described by Hogarth,?* without any precaution against oxygen or
moisture if not stated otherwise.

The reactions worked best for acetylides bearing electron-donating substituents,
except for ethynylferrocene (HC=C-Fc),” while with HC=C-p-CcHiCFs, which
contains the strongly electron-withdrawing trifluoromethyl group, the reaction was
more sluggish and the yield was only moderate. In the case of HC=C-Fc a catalytic
amount of Cu(I) was found to be crucial for the conversion. Only the preparations of

new compounds are presented in more detail in the following.

3.2.1 Synthesis and Characterisation of [Au(C=C-p-CsHsCF3)], (12a)

HC=C-p-CsHsCFs and NEts were added successively under N to a stirred solution of
[AuCl(SMe2)] in deoxygenised CH2Cl: at 0 °C. The solution was stirred for 1h at 0 °C,
then deoxygenised MeOH was added. The mixture was stirred for another 2 h at 0 °C
and the precipitate was isolated rapidly by centrifugation under ambient conditions.
The pale yellow product turned out to be thermally unstable and decomposed slowly
at room temperature, affording a violet material. At low temperature (-40 °C) it can
be stored for several weeks without detectable change. The yield was moderate (38%)
and success of the reaction was confirmed by EA and IR spectroscopy, showing a
weak signal at 2003 cm™!, which is assigned to the v (C=C) stretching mode of gold(I)

acetylides.?
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3.2.2 Synthesis and Characterisation of [Au(C=C-p-CesHasNMez)],» (12d)

The reaction was carried out at room temperature without any special precautions
against moisture or oxygen. HC=C-p-CsHsNMe: and NEts were added successively to
a stirred solution of [AuCl(SMez)] in CH2Cl.. Precipitation started after a few minutes
and the reaction mixture was stirred overall for %2 h. The product was filtered off,
washed with MeOH and Et:O and dried in the air to give a yellow microcrystalline
powder in good yield (92%).

The IR spectrum shows a weak peak at 1999 cm™ characteristic for the v (C=C)

stretching mode.

3.2.3 Synthesis and Characterisation of [Au(C=C-Fc)]» (12e)

A solution of ethynylferrocene in CH2Cl> and NEts were added successively to a
stirred solution of [AuCl(SMe2)] in deoxygenised CH:Cl under N2. No precipitation
or any detectable reaction took place even over several hours. Addition of a catalytic
amount (the tip of a Pasteur pipette) of a copper(l) species (CuCl or Cul) to the
reaction mixture led to formation of an orange-red microcrystalline solid. After 14 h
reaction time the precipitate was filtered off, washed successively with CH:Cl,
MeOH and Et20 and dried under vacuum, giving 12e in good yield (71%).

Two v(C=C) bands are observed in the IR spectrum at 1976 and 2011 cm™.
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3.3 Synthesis and Characterisation of 1,1’-Diisocyanoferrocene Complexes

Within the scope of the research presented in this thesis a series of complexes
between coinage metals in oxidation state I and the 1,1’-diisocyanoferrocene ligand
have been realised. The gold(I) complexes will be presented first, followed by the

silver(I) analogues.

3.3.1 Synthesis of the Alkynyl Gold(l) Complexes [{Au(C=C-p-CeH4R)}2(u-1)] (13a—d)

|. NC 2RC,H;C=C-Au NEC—Au—CEC-C6H4R
Fe

Fe
@Nc @Nzc—Au—czc—C6H4R

Figure 3-3: Synthesis of Complexes 13a—d

Reactions of 1,1’-diisocyanoferrocene (1) with the corresponding gold(l) acetylide
12a-d afforded the expected complexes of the type [Fe{(CsHi-N=C)Au(C=C-p-
CsHaR)}2]. The reaction with 12e turned out to be a special case and will be discussed
separately. Complexes 13a—d were obtained in moderate to good yields by reacting
one equivalent of 1 with two equivalents of the respective alkynyl gold(I) complex
suspended in CH2Clz. Due to the very poor solubility of the compounds the reaction
time was extended and the reactions therefore were performed overnight at room
temperature. The products 13a—d were found to be generally sparingly soluble or
insoluble in common organic solvents. Among all tested solvents (THF, acetone,
MeOH, CHCls, CH2Clz, C:H4Cl,, CH3sCN) dichloromethane turned out to be the best
choice. The solubility in this solvent is highest for the CFs bearing compound 13a and
lowest for the NMe: bearing analogue 13d. 'H NMR spectra could be recorded for all
four compounds using CD:Cl.. However, attempts to recrystallize 13a-d in order to
obtain single crystals suitable for an X-ray diffraction study failed in the case of the

least soluble compound 13d.
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3.3.2 Characterisation of [{Au(C=C-p-CsH4CF3)}2(u-1)] (13a)

13a was obtained in moderate yield (56%) as a crystalline solid after reaction of 12a
with 1 overnight. Analytically pure material was obtained after subsequent washing
of the precipitate with MeOH and Et:O and drying under vacuum. The 'H NMR
spectrum of 13a in CD:Cl: shows two singlets in the region typical for
cyclopentadienyl protons at 4.49 and 4.93 ppm and two doublets at 7.28 and 7.32
ppm, typical for aromatic protons. The isocyano stretching mode v(N=C) in the IR
spectrum is observed as a strong band at 2192 cm™!, while the band due to the v(C=C)
mode at 2115 cm™ shows medium intensity.

Crystals suitable for an X-ray diffraction analysis were obtained by slow evaporation

of a saturated solution of 13a in thin glass tubes; the result is shown in figure 3-4.

Figure 3-4: Molecular structure of 13a in the crystal. Selected bond lengths [A] and angles [°]:C1-N1
1.20(2), C1-Aul 1.92(2), C9-Aul 1.97(2), C9-C10 1.24(2), C5-N2 1.14(2), C5-Au2
1.977(16), C20-C21 1.20(2), C20-Au2 1.989(13), Aul-Au2 3.3011(11), C15-F1 3.47(2),
F1-H15 2.54, C1-N1-C2 175.1(17), N1-C1-Aul 175.5(19), C1-Aul-C9 177.0(8), C10-C9-
Aul 176.7(15), C9-C10-C11 176.0(19), C5-N2-C6 177.4(18), N2-C5-Au2 172.4(17), C5-
Au2-C20 175.3(7), C21-C20-Au2 177.7(13), C20-C21-C22 175.0(16), C15-H15-F1 168.8.

As found for the other structurally characterised complexes 13b and 13c the
molecular structure of 13a indicates intramolecular aurophilic bonding, leading to an
eclipsed conformation of the cyclopentadienyl decks. A more detailed discussion will

follow in comparison of all complexes.
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X-ray crystallographic data:

Empirical formula CaoHisAuzFsFeN>
Formula weight 968.23
Temperature [K] 143(2)

Crystal system Monoclinic
Space group P 2:/m

alA] 11.4667(13)

b [A] 8.5646(8)

c [A] 14.1478(16)

a, B,y 90, 98.271(9), 90
V [A% 1375.0(3)

z 2

Peaica [g cm™] 2.339

u [mm™] 11.228

F(000) 896

Crystal size [mm] 0.35x0.21 x0.14
6 range [ 1.45-25.00
Reflections collected 8971
Independent reflections 2601

Rint 0.1376
Reflections with 1>20(1) 1652
Data/restraints/parameters 2601/0/223

GOF on F? 0.878

R1 (I>20(1))/wR2 0.0455/0.0819
largest diff. peak/hole [e-A] 1.758/-1.639

3.3.3 Characterisation of [{Au(C=C-p-CsHs)}2(u-1)] (13b)

13b was prepared in the same way as 13a and could be isolated in analytically pure
form in moderate yield (40%) as a crystalline solid. The 'H NMR signals of the
complex in CD:Cl: were detected at 4.47 and 4.94 ppm, caused by the
cyclopentadienyl protons. Two singlets are present at 7.13 and 7.30 ppm with an
integral ratio of 8 : 2. The v(C=C) and v(N=C) stretching modes in the IR spectrum of
13b are observed at 2121 cm™, with a medium intensity, and at 2203 cm™, as a strong

band, typical for the pronounced dipole moment of the isocyano moiety.
Figure 3-5 shows the result of an X-ray diffraction analysis of 13b. Single crystals

were obtained by evaporation of a saturated solution of the complex in CH2Clz in a

small beaker.
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C17

Figure 3-5: Molecular structure of 13b in the crystal. Selected bond lengths [A] and angles [°]:C6-N1
1.195(12), C6-Aul 1.940(10), C7-Aul 1.961(9), C7-C8 1.222(12), C20-N2 1.182(11),
C20-Au2 1.959(9), C21-Au2 1.962(9), C21-C22 1.230(13), Aul-Au2 3.3617(5), C6-N1-C1
174.3(9), N1-C6-Aul 174.4(7), C6-Aul-C7 173.8(3), C8-C7-Aul 172.2(6), C7-C8-C9
176.4(8), C20-N2-C15 176.3(8), N2-C20-Au2 171.2(7), C20-Au2-C21 171.1(3), C22-C21-
Au2 173.2(7), C21-C22-C23 174.5(10).

The arrangement of the phenyl rings and the eclipsed orientation of the

cyclopentdienyl decks is mostly the same as in 13a.

X-ray crystallographic data:

Empirical formula
Formula weight
Temperature [K]
Crystal system

Space group

a[A]

b [A]

c[A]

a, Byl

VA%

z

Peaica [g cm™]

g [mm~]

F(000)

Crystal size [mm]

6 range [

Reflections collected
Independent reflections
Rint

Reflections with 1>20(1)
Data/restraints/parameters
GOF on F?

R1 (I>20(l))/IwR2
largest diff. peak/hole [e-A]

CogHigAuzFeN,
832.23

173(2)
monoclinic

P 21/C
9.0781(7)
24.9236(18)
13.4933(11)
90, 128.191(5), 90
2399.5(4)

4

2.304

12.813

1536

0.60 x 0.33 x0.02
1.63 — 25.00
14072

4226

0.1336

3584
4226/0/298
1.004
0.0457/0.1044
1.853/-2.167
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3.3.4 Characterisation of [{Au(C=C-p-CsHsOMe)}2(u-1)] (13c)

Treatment of 1 with 12¢ in the same way as described before afforded 13c in 61%
yield. The solubility of 13c is considerably lower than that of 13a and 13b according
to the intensities of the 'H NMR signals of saturated samples in CD:Cl> at room
temperature. The signal of the methyl group is found as a singlet at 3.72 ppm. The
cyclopentadienyl proton shifts are at 4.47 and 4.93 ppm and the aromatic protons
lead to two doublets at 6.65 and 7.24 ppm, both showing a coupling constant of ~9
Hz. The relevant IR spectroscopic features are the v(C=C) band at 2123 cm™ and a

strong band due to the v(N=C) stretching mode at 2204 cm™".

Single crystals were obtained from evaporation of a saturated solution of 13c in thin

glass tubes.

22

Figure 3-6: Molecular structure of 13c in the crystal. Selected bond lengths [A] and angles [?]: C1-N1
1.19(3), C1-Aul 1.95(3), C13-Aul 2.01(3), C13-C14 1.17(3), C12-N2 1.19(2), C12-Au2
1.94(2), C22-Au2 1.99(2), C22-C23 1.22(3), C1-N1-C2 175.9(19), N1-C1-Aul 176.4(18),
C1-Aul-C13 178.4(8), C14-C13-Aul 179.0(18), C13-C14-C15 175(2), C12-N2-C7
178.3(19), N2-C12-Au2 174.9(16), C12-Au2-C22 178.7(7), C23-C22-Au2 171.3(17), C22-
C23-C24 178(2).

While the eclipsed orientation of the cyclopentadienyl decks is in line with the

structures of 13a and 13b, the phenyl rings exhibit here a parallel orientation.
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X-ray crystallographic data:

Empirical formula C30.5H23AU2CIFEN20,
Formula weight 934.74
Temperature [K] 173(2)

Crystal system Triclinic

Space group P -1

alA] 8.4412(12)

b [A] 11.8387(18)

c [A] 14.197(2)

a, B,y 87.290(12), 81.080(11), 84.569(12)
VA% 1394.6(4)

z 2

Peaica [g cm™] 2.226

u [mm™] 11.134

F(000) 874

Crystal size [mm] 0.53 x 0.10 x 0.03
6 range [ 1.45-25.23
Reflections collected 9181

Independent reflections 4698

Rint 0.0995
Reflections with 1>20(1) 2523
Data/restraints/parameters 4698/1/349

GOF on F? 0.820

R1 (1>20(l))/wR2 0.0614/0.1363
largest diff. peak/hole [e-A] 1.679/-2.375

3.3.5 Characterisation of [{Au(C=C-p-CsHsNMe2)}2(u-1)] (13d)

The reaction of 1 with 12d afforded the complex in a good yield of 66%. The
solubility of this compound is extremely poor and attempts to grow single crystals
suitable for an X-ray diffraction analysis failed therefore. Nevertheless, full 'H NMR
spectroscopic data could be obtained. 13d shows the expected shifts as a singlet at
2.89 ppm corresponding to the methyl protons, two singlets at 4.47 and 4.92 ppm
caused by the cyclopendienyl moieties and two doublets in the aromatic region at
6.47 and 7.19 ppm. The v(C=C) band is found at 2115 cm™ with a medium intensity

and the v(N=C) stretching mode causes a strong adsorption band at 2192 cm.

3.3.6 Discussion of the Complexes 13a—d

The v(C=C) and v(N=C) bands were observed in the IR spectra of 13a-d at ~2115 cm™!
and 2200 cm™, respectively. This compares well with values reported for closely
related compounds such as, for example, [Au(C=CPh)(C=NCsHsMe2-2,6)], where the
v(C=C) band is at 2119 cm™ and the v(N=C) stretching mode at 2211 cm™.2® The
V(N=C) band shift is about 100 cm™ with respect to uncoordinated 1 and an even
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slightly larger v(C=C) band shift occurs with respect to the respective gold(I)
acetylide 12, which is in accord with previous observations.?® These substantial band
shifts to higher energy indicate that the isocyanide acts as a strongly o-donating
ligand, whose coordination to Au(C=C-p-CsHiR) reduces the degree of metal-carbon

n-bonding in this moiety.?

The quality of the crystal structure determinations of 13a—c was affected by the small
size of the crystal in each case. It was further compromised by the presence of
disordered solvent of crystallisation in the case of 13c. Consequently, a meaningful
discussion of bond parameters is possible for the heavy atoms only. The
C-N=C-Au-C=C-C chains are nearly linear for all three compounds with bond
angles between ~171° and 178°, as expected for this kind of rigid-rod type molecular
units. A prominent feature of all three molecular structures is the fact that the
molecules adopt an eclipsed conformation with an intramolecular aurophilic contact.
This Au--Au distance apparently depends on the electronic properties of the
acetylide ligand C=C-p-CsHaR. It is 3.3011(11) A for 13a (R = CF3), 3.3617(5) A for 13b
(R = H) and 3.6219(12) A for 13¢ (R = OMe). Correlations between Au--Au distances
and the ‘hard’ or ‘soft” character of anionic ligands X in linear dicoordinate gold(I)
complexes [AuX(L)] have been found in previous theoretical and experimental
studies. For example, Pyykko et al. predicted an increase in the strength of the
aurophilic interaction for staggered dimers of the phosphane complexes [AuX(PHs)]
in the series of halogeno ligands with F < Cl < Br < L.* This trend was verified by X-
ray crystallography for [AuX(PPhMe2)] (X = Cl, Br, I) by Balch and coworkers.! In the
case of isocyanide complexes [AuX(CNR)], an opposite trend was found.?> A
theoretical study performed for dimers of [AuX(CNMe)] (X = Cl, I) revealed that in
this case the antiparallel, instead of the staggered, arrangement of monomeric units is
preferred.?® The major attractive contribution between monomeric units was found to
originate from the dipole—dipole interaction. Consequently, the Au--Au distance is

indicative of the presence, but not commensurate with the strength, of aurophilic
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interactions. In view of these results, the eclipsed molecular structures of 13a-c,
which correspond to the parallel arrangement of [AuX(CNR)] units, might appear
extraordinary. However, closer inspection of the crystal packing reveals an
antiparallel orientation of neighboring molecules as shown in figures 3-7-3-9. This
combination of parallel and antiparallel alignments is similar to the structural motif

observed for the chloro complex [(AuCl)z(p-1)].”

Figure 3-8: Molecular arrangement of 13b in the crystal.
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Figure 3-9: Molecular arrangement of 13c in the crystal.

In the case of 13¢, a one-dimensional chain of antiparallel molecules is formed, whose
intermolecular Au--Au distances of 3.5576(15) and 3.5921(16) A are very similar to
the intramolecular distance of 3.6219(12) A. A similarly nice balance between intra-
and intermolecular aurophilicity is present in the case of [(AuCl)2(u-1)], which is
aggregated as one-dimensional chains, too.” The insoluble nature of [(AuCl)(u-1)] is
reminiscent of the very low solubility of 13c and the even poorer solubility of the
NMe: substituted analogue 13d. It is likely therefore that 13d also forms such one-
dimensional chains in the crystal. In the case of 13b, the molecules are aggregated as
antiparallel dimers with intermolecular Au--Au distances of 3.9509(5) A. In the case
of 13a, which exhibits the shortest intramolecular Au---Au contact in this series, no
such intermolecular contacts are present. In addition to the short intramolecular
Au--Au contact, an intramolecular C-F---H-C interaction is observed for this
compound (indicated by a dotted line in figure 3-4).

The FHC angle of ~168.8° and the F--C and F--H distances of ~3.47 and 2.54 A,
respectively, are compatible with a weak hydrogen bond.*** Although their
existence, nature, and supramolecular relevance still is a contentious issue, weak
intramolecular C-F--H-C hydrogen bonds have recently been probed and
authenticated by NMR spectroscopic methods in solution and by neutron diffraction

in the solid state.3¢
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3.4 Synthesis and Characterisation of [(Fc-C=C-Au-C=N-CsH4)Fe{CsHs-N=C(Au)-
C=C-Fc}]s (14)s

Sometimes apparently simple reactions (in terms of foreseeability) may break ranks
in a prodigious way. The reaction of [Au(C=C-Fc)]. (12e) with 1 is such an
extraordinary case within the scope of this thesis. In view of the results just
described, a coordination of 1 with 2/n equivalents [Au(C=C-Fc)]. should lead to the
formation of an ‘orthodox” complex [Fe{CsHs(NC-Au-C=C-Fc)}2] (13e) in analogy to
13a-d. Furthermore, it is expectable that the product would exhibit an eclipsed
molecular conformation similar to that found for 13a-c¢, so that an efficient
communication between the two redox-active terminal ferrocenyl units could give

rise to some interesting redox-chemical behaviour.

[ >N=C-Au-C=C-Fc

|
Fe

N=C-Au-C=C-Fc

Figure 3-10: Anticipated molecular structure of 13e.

The reaction was carried out as described for 13a-d by addition of 1 to a stirred
suspension of 12e in CH2Cl.. The solubility of the product again was poor in common
organic solvents and CH2Clz proved to be the best solvent here as well. Nevertheless,
the solubility of the complex was significantly better than that of 13a-d and the
workup differed. Shortly after addition of a solution of 1 in CH2Cl: to the suspended
gold(I) acetylide the reaction mixture became dark red and nearly cleared up after
several hours. After 14 h the reaction mixture was filtered and concentrated.
Addition of MeOH caused almost complete precipitation of the product, which was
subsequently washed with MeOH and Et:O. After drying under vacuum the
complex was obtained in 71% yield. It was purified by recrystallisation from CH2Cl..
Microanalytical data of the product agree well with the composition of 13e.
However, its 'H NMR spectrum is not compatible with 13e, since it exhibits too many

signals for a species of such symmetry.
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Figure 3-11: 'H NMR spectrum of 14 in CD,ClI, (causing the main peak).

Single crystals suitable for an X-ray structure analysis were obtained by repeated
recrystallisation from CH:Cl.. The result of the diffraction analysis proved that the
product is not 13e, but rather the hexanuclear gold cluster [(Fc-C=C-Au-C=N-
CsH4)Fe{CsHs-N=C(Au)-C=C-Fc}]s, which is composed of three subunits 14.

a) < .
P AuzC & ' auc
| € | 1 ] -
I AutB » AulB | ]
AC i AUIC e
— ' g g
) AuiA \l ' o AutA ) ;
Au2A \—e— TR
Yo v T e 7\' \~
\ o\
Au2B AuzB
\ A/ A
N AV, |
L P Au1C (U autB

Figure 3-12:(a)Molecular structure of (14); in the crystal (stereographic representation with subunits
marked in different grey scales). Interatomic distances <4.0 A in the Aug cluster: AulA-
AulB 3.356(2), AulA-AulC 3.278(2), AulA-Au2A 3.352(2), Au2A-Au2B 3.165(2), AulB-
AulC 3.284(2), AulC-Au2C 3.391(2) A. (b) Molecular structure of one subunit (darkest
grey) in (a). Selected bond lengths (A): C1IA-N1A 1.31(3), C1A-C2A 1.40(4), C1A-AulA
1.98(3), C2A-C3A 1.22(4), C24A-N2A 1.15(3), C24A-Au2A 1.90(3), C25A-C26A 1.25(5),
C25A-Au2A 1.95(3), N1A-AulC 1.99(2).

The reaction that took place instead of the expected formation of 13e is therefore a
combination of an ‘orthodox’” coordination to one of the isocyano moieties and an
unprecedented 1,1-insertion of the other isocyano group into the gold(I) acetylide.

(Figure 3-13).
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Figure 3-13: Reaction of 1 with [Au(C=C-Fc)].

The spectroscopic data are fully in accord with this result. As shown in figure 3-11
there are ten peaks present in the 'H NMR spectrum in the region typical for
cyclopentadienyl protons, eight pseudo-triplets at 4.04, 4.37, 4.40, 4.42, 4.52, 4.56, 5.18
and 5.41 ppm and two singlets at 4.12 and 4.26 ppm, displaying an integral of the 2.5-
fold size of the triplets, indicative for the unsubstituted cyclopentadienyl decks. The
characterisation of the complex was hampered by its poor solubility. It was only
possible to obtain limited *C NMR data for the compound, despite an extended
recording time of 3 days. Ten peaks were found in a region between 67.9 and 72.3
ppm, typical for ferrocene-type carbon signals. However, the signals of the
quaternary C atoms could not be detected.

The IR spectrum is also in line with (14)s. In particular, due to the presence of the
0, 2-iminoacyl group a V(N=C) vibrational band is observed at 1491 cm ! in addition
to the expected V(N=C) and v(C=C) bands at 2201 and 2155 cm'?, respectively. For
comparison, the v(C=N) band of Ph-C=C-C(=NPh)Ph is located at 1560 cm™},* while it
occurs at 1530 cm™ in the case of the mononuclear iminoacyl complex [Pd{C(C=C-
Ph)(=NPh)}CI(PEts)2].3® It is well documented for binuclear complexes that a o, .-
iminoacyl coordination leads to a notable energy decrease of this band of ~ 60 cm!

with respect to the parent imine.*
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X-ray crystallographic data:

Empirical formula C110Hs2AuUsClsaFegNg
Formula weight 3314.07
Temperature [K] 133(2)

Crystal system Triclinic

Space group P -1

alA] 13.6125(18)

b [A] 19.243(3)

c[A] 23.262(3)

a, B, v 110.426(10), 104.403(10), 108.902(10)
VA% 4932.0(15)

z 2

Peaica [g cm™] 2.232

g [mm™] 10.323

F(000) 3120

Crystal size [mm] 0.25 x0.10 x 0.04
6 range [ 1.27 — 24.80
Reflections collected 24014
Independent reflections 12254

Rint 0.1122
Reflections with 1>20(1) 5764
Data/restraints/parameters 12254/0/927

GOF on F* 0.859

R1 (1>20(l))/wR2 0.0715/0.1567
largest diff. peak/hole [e-A] 2.569/-2.859

3.4.1 Discussion for (14)3

Due to the poor quality of the crystal, the data/parameter ratio of the X-ray structure
analysis is rather low. Consequently, a detailed discussion of bond parameters is
meaningful only for the heavy atoms. The gold cluster exhibits Au—-Au distances
which are typical for aurophilic interactions, ranging from 3.165(2) to 3.391(2) A. The
cluster core is a triangle of gold atoms whose three sides are each bridged by the N=C
unit of a single iminoacyl ligand. Such o,2-bridging iminoacyl ligands RN=CR’ are
quite common. In fact, even several clusters are known with a side of an Ms triangle
bridged by a o,pe-iminoacyl ligand, especially in the chemistry of osmium.* In
contrast, clusters with two bridged triangular sides of this type are rare.*'#? (14)s is
unique since bridging of all three sides of an Ms triangle with g,2-RN=CR’ ligands
has not been described to date. However, the general structural motif is not
unfamiliar in the chemistry of gold. Several triply bridged triangular clusters of the
type [Aus{o,u2-RN=C(OR’)}s] have been reported which contain carbeniate ligands
RN=C(OR’), which are akin to iminoacyl ligands RN=CR’. These gold clusters were
obtained from the reaction of [AuCI(L)] (L = SMez, PPhs) with isocyanides RNC in a

suitable alcohol R'OH in the presence of KOH.##4454647 They usually aggregate in the
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solid state due to aurophilic interactions.* For example, [Aus{o,p-p-TolN=C(OEt)}s]
forms dimeric units in the crystal through two intermolecular Au—Au contacts.* A
similar motif is observed for (14)s, where two atoms of the Aus triangle are each
connected with a further gold atom — in this case, however, intramolecularly. This is
caused by the Au—-Au contact present within two of the three subunits of (14)s. These
Au-Au interactions altogether result in an unprecedented chain of five gold atoms
with two neighboring atoms being bridged by a sixth one.

Finally let us focus on the component of 14 which is based on 1,1'-
diisocyanoferrocene. This unit was formed in a peculiar way. One of the two
isocyano groups shows the usual, and expected, coordination of the gold acetylide
unit Au(C=C-Fc). In contrast, the other one has undergone a 1,1-insertion reaction
with the Au—C bond of the gold acetylide, thus forming an iminoacyl group. 1,1-
insertion or a-addition reactions are common in the chemistry of isocyanides and can
occur with a wide range of metal-carbon bonds. For example, metalated aldimines
are formed in their reaction with organolithium compounds and Grignard reagents,
respectively.®® Analogous reactions are observed with M—C bonds of transition metal
complexes, which often lead to the formation of n>iminoacyl complexes, especially
in the case of early transition metals.>? Insertion reactions of isocyanides with
transition metal acetylide complexes are currently attracting particular attention. This
is primarily due to two reasons. Firstly, multiple and successive insertions have been
observed with heterodinuclear complexes of the type [Cl(PR3)Pd-C=C-Pt(PRs)Cl],
and even the living polymerization of aryl isocyanides has been described with this
system.> Secondly, examples have been reported for the catalytic coupling of
isocyanides with terminal alkynes.®>**” These reactions afford 1-aza-1,3-enines,
which are useful synthons in Organic Chemistry.*® Surprisingly, despite the recent
dynamic progress in the chemistry of gold,®®! insertion reactions of isocyanides
with Au—C bonds are practically unknown. Only two examples have been described

to date,®>% and only one of these involves a gold(I) species, viz. the 1,1-insertion of
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2,6-dimethylphenylisocyanide into the Au-C bond of the gold(I) enolate
[Au{CH2C(O)Ph}(PPhs)].

The 1,1-insertion of an isocyanide into an Au—C bond is very unusual as such. It is
even more unusual that in the present case this reaction occurs in conjunction with a
second, different, reaction. This observation requires some reflection. It is common
knowledge that two equivalent groups in a molecule often do not react
independently from one another. The fact that the reaction of the first group
influences that of an equivalent second group is known as induced reactivity
asymmetry.* This effect can be thermodynamic (different equilibrium constants)
and/or kinetic (different reaction rates) in origin. Simple examples reflecting a
thermodynamic influence are polyprotic acids such as, for example HsPOs, where the
consecutive decrease in acidity (pKa =2.16, pKaz = 7.21, pKas = 12.32) is mainly due to
electrostatic reasons. Essentially the same holds true for the different redox potentials
observed for the two formally identical subunits of 1,1’-biferrocene (Fc-Fc) (E”1 =
+0.31 V, E”2 = +0.64 V vs. SCE).%% With respect to kinetic effects, a common
observation is that the reaction rate slows down in consecutive reactions of
equivalent groups. Due to their relevance to polymer chemistry, the kinetics of
consecutive reactions of difunctional substrates has been treated theoretically, both
for interacting and non-interacting functional groups already half a century ago.” A
simple and particularly well studied example in this context is the reaction of
aromatic diisocyanates with alcohols.®

Although the induced reactivity asymmetry is a commonly known and widely
studied phenomenon in chemistry, the discussed variant is extraordinary, since the
consecutive reactions are not the same. To the best of my knowledge, it has never
been observed before that two chemically equivalent groups in a molecule undergo a
different specific reaction with the same reagent. This ‘schizoid” reactivity observed
for 1 in its reaction with 12e constitutes a novel phenomenon in chemistry.

Unfortunately, attempts to study the course of the reaction by 'H NMR spectroscopy
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have not been successful so far because of the essentially insoluble nature of both the

gold acetylide starting material and the gold cluster product.

3.5 Synthesis and Characterisation of Complexes of 1 with Ag(l) (15a-b)

[&oNC NEC—AgCEN

Fe + MX

|
Fe Fe
Ene ENzc—AgeaN—~<C

X = CI, NO;

2X

Figure 3-14: Synthesis of the Complexes 15a-b

The intriguing results obtained in the chemistry of gold(I) drew the attention to
silver(I), whose isocyanide coordination chemistry has been somewhat
overshadowed by that of its heavier congener. While gold(I) strongly prefers a two-
coordinated, linear arrangement of the ligands, the structures of silver(I) species are
more flexible, often being tri- or tetra-coordinate. The reactions were therefore

carried out in an 1 : 1 ratio of 1 with the respective Ag(I) salt.

3.5.1 Synthesis and Characterisation of [Ag2(u-1)2](NO3)2:H20 (15a)

The reaction of 1 with silver(I) nitrate (ratio 1 : 1) was carried out in CHsCN at room
temperature overnight. The product was obtained as golden shining platelets.
Workup was done by filtration and subsequent washing with MeOH, CHsCN and
Et:0. After drying under vacuum 15a was obtained in analytically pure form. The
complex is sparingly soluble in CH2Cl. and CHCI;, it is insoluble in all other common
organic solvents tested. Its characterisation was therefore hampered and only 'H
NMR data were recorded. The signals are shifted considerably from 4.26 and 4.69
ppm (uncoordinated 1 in CDCls) to 4.47 and 5.30 ppm.

The IR spectrum of [Ag:(u-1)2](NOs)2 exhibits a single v(NC) band, which is located
at 2193 cm'}, a shift of 75 cm™ compared to the v(NC) mode of the free ligand at 2118

cm L
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Single crystals suitable for an X-ray diffraction study were obtained by

recrystallisation form CH2Cl..

Fe2 )%

A,
:

@ os

Figure 3-15. View of the association of [Ag»(1-1),](NO3),*H,O in the crystal. The nitrate anions are not
shown. Selected bond lengths [A] and angles [°]: C3-N1 1.407(7), C1-N1 1.15, C1-Agl
2.086(6), C2-Agl 2.088(6), C2-N2 1.153(7), C8-N2 1.387(7), C15-N3 1.390(7), C13-N3
1.157(7), C13-Ag2 2.080(6), C14-Ag2 2.097(6), C14-N4 1.144(8), C20-N4 1.378(7), Agl-
O6A 2.497(9), Agl-O6 2.506(10), Ag2-O6A 2.426(9), Ag2-O6 2.516(10), C1-N1-C3
175.9(6), N1-C1-Agl 171.6(5), C1-Agl-C2 159.8(3), N2-C2-Agl 173.5(6), C2-N2-C8
178.7(6), C13-N3-C15 176.5(6), N3-C13-Ag2 172.3(5), C13-Ag2-C14 157.8(2), C14-N4-
C20 177.8(6), OB6A-06-Agl 77.5(8), O6A-06-Ag2 73.0(8), Agl-O6-Ag2 119.9(4), Ag2-

O6A-Agl 124.1(3).

X-ray crystallographic data:

Empirical formula CasH3z6AgaFeaN12014
Formula weight 1659.77
Temperature [K] 153(2)

Crystal system monoclinic

Space group C2lc

alA] 30.442(3)

b [A] 15.0416(7)

c[A] 11.6227(10)

a, B, v 90, 103.262(7), 90
Vv [A7] 5180.1(7)

z 4

Peaica[g €M™’ 2.128

u[mm™] 2.646

F(000) 3248

Crystal size [mm] 0.60 x 0.17 x 0.04
6 range [ 1.37 - 24.63
Reflections collected 15748
Independent reflections 4354

Rint 0.0723
Reflections with 1>20(1) 3264
Data/restraints/parameters 4354/0/389

GOF on F? 1.014

R1 (I>20(l))/WwR2 0.0427/0.1073
largest diff. peak/hole [e-A] 1.038/-1.178
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3.5.2 Synthesis and Characterisation of [Ag2(u-1)2]Cl2 (15b)

The preparation was performed in analogy to 15a, except that silver(I) chloride is
insoluble in CHsCN and therefore gave a suspension. The yellow solution gradually
turned to a suspension of shining platelets and after 3 days the complex was
obtained after washing (MeOH and Et:O) and drying under vacuum in analytically
pure form. 15b proved to be insoluble in all tested common organic solvents, so its
characterisation was limited to IR spectroscopy and elemental analysis, whose results
are in accord with the formulation of 15b.

In the IR spectrum of [Agz(u-1)2]ClL: a single V(NC) band is found, which is located at
2165 cm L. The shift caused by the coordination is less pronounced than in the case of

the nitrate analogue therefore.

3.5.3 Discussion of 15a

The first report concerning this class of compounds comes from the year 1952 and
describes the preparation of [Ag(p-Tol-NC)s](NOs)H20 from AgNOs and p-tolyl
isocyanide, together with the formation of [Ag(p-Tol-NC)2](NOs) from this product
during its recrystallisation from CHCIs/Et20.% This earliest example already nicely
reflects a fundamental feature of silver(I) isocyanide complexes in comparison to
related gold(I) compounds. The structures of the silver(I) species are more flexible,
with the Ag atoms often being tri- or tetra-coordinate. (Quasi-)linear two-
coordination of the metal by isocyanide ligands, which is the rule for gold(l), is the
exception for silver(I), where usually strong interactions with the anion are
observed.”””" The coordination-induced v(NC) band shift is 34 cm™! less than that
observed in the case of the gold complex [(u-1)(AuCl)z]. (see above), which is fully in
accord with results of a recent study which compares such band shifts for a variety of
gold and silver complexes.”

The obtained crystal structure analysis shows that one additional water molecule per
formula unit is incorporated in 15a. Two independent [Ag2(u-1)2]* species (A and B)

are present in the crystal, whose bond parameters are very similar. The water
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molecule is disordered over two sites. It acts as a bridging ligand and connects
neighbouring A and B species which alternate in the resulting polymeric chain [A(u-
H20)B(u-H20)]». This p2 coordination mode of water is unusual, but not
unprecedented, in the chemistry of silver(I).” The silver-coordinated water forms
hydrogen bridges with one of the two nitrate anions. This anion is disordered over
two sites with split positions for the O atoms in each case. Figure 3-15 shows the
molecular structure of an A(u-H2O)B unit, indicating a section of the polymeric
chain.

Each silver atom strongly interacts with two isocyanide C atoms and one water O
atom. The Ag-O distances are ~ 2.50 A, which compares well to the value of 2.468(3)
A reported for the isocyanide complex [Ag(OTf)(u-4-NC-3,5-iPr2-CsH2-NC)]» 7 as
well as to the Ag—OH: distances of 2.482(5), 2.50(1) and 2.51(1) A found for the three-
coordinate Ag atoms in the p-aqua complex [Ags(ps-hmt)z(ps-hmt)z(p-btc)z(p-
H:0)s]d8H20 (hmt = hexamethylenetetramine, btc = 1,2,4,5-benzenetetracarboxy-
late).” It is also in the same range as the short Ag—O contacts typically found in salts
with oxyanions.”757677 The closest AglID contact which involves a nitrate anion is ~
2.8 A and therefore represents a rather weak, but non-negligible, interaction by
commonly accepted criteria.”® The Ag atom is therefore embedded in a 3 + 1
coordination environment. The Ag—C and N-C bond lengths are ~ 2.09 A and 1.15 A,
respectively, which is similar to the corresponding values reported for closely related
complexes such as, for example, [Ag(k2-NOs)(TosCH:2NC):] (2.106(4) A; 1.133(4) A),70
[Aga(,1<I-NOs)a(pu-dmb)z] (2.084(7) A; 1.132(11) and 1.089(17) A),” [Ag(4-NC-3,5-iPr-
CoHL-NC)2][BF4] (2.092(5) and 2.098(5) A; 1.125(6) and 1.128(6) A),”* and [Ag(2,4,6-
tBu-CsHa-NC):][PFe] (2.075(14) A; 1.148(17) A).% The C-N-C-Ag units deviate
slightly from linearity, the nitrogen bond angles and N-C-Ag angles ranging from
172.3° to 173.6° and from 171.6° to 173.5°, respectively. In contrast, the C-Ag-C
angles of 158° and 160° are considerably smaller than 180°, which is due to the
additional interaction of the Ag atom with the water O atom. The Ag—-O-Ag bond

angle is 120° and 124°, respectively, for the two disordered sites.
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3.6 Synthesis and Characterisation of [(Au-C=C-Fc)2(u-3)] (16)

Pth o= [EPPhyAu-=—Fc
Fe +2/n Fe _— Fe
= Au—PPh@

PPh, > Fc

Figure 3-16: Synthesis of 16

While the reaction of 12e with 1,1’-diisocyanoferrocene (1) proved to be somewhat
unusual (see above), its reaction with 1,1’-bis(diphenylphosphino)ferrocene (3, dppf)
gave the expected result, namely the complex [(Au-C=C-Fc)2(u-3)] (16), which was
isolated in high yield (89%) as a yellow, microcrystalline solid. The reaction was
carried out in CH2Clz at room temperature without any precautions against oxygen
or moisture.

The v(C=C) vibrational band is observed at 2110 cm™ in the IR spectrum, which is
very similar to the values of 2105 cm™ and 2115 cm™ reported for the closely related
[{Au-C=C-C(CH2)Me}2(u-3)]*! and [(Au-C=C-Ph)2(u-3)],%? respectively. It is also in line
with the value of ~ 2115 cm™ found in the case of 13a—d.

The complex is nicely soluble in CH2Cl> and CHCIs and the characterisation by NMR
was easily possible. In the 'H NMR spectrum of 16 in CDCls five peaks are found in
the region typical for cyclopentadienyl protons, as expected. Four singlets display an
integral size corresponding to four protons at 4.05, 4.11, 4.36 and 4.44 ppm and one
singlet is found at 4.21 with an integral size corresponding to ten protons. The signals
of the aromatic protons are found as a complex multiplet in a range of 7.28 — 7.36
ppm with a respective intensity (20 H). The C{'H} NMR spectrum exhibits
cycplopentadienyl carbon signals at 65.8, 67.5, 67.8, 69.9 and 71.8 ppm, followed by
two doublets at 73.4 (] = 12.3 Hz) and 74.5 ppm (J = 12.7 Hz) due to coupling between
the 3'P hetero nuclei with the respective carbon atoms. Two signals at 98.7 and 102.1
ppm are indicative for the alkynyl function. Signals in the typical region for aromatic
carbon atoms are found at 128.2 (J =12.1 Hz) and 128.6 ppm (J = 9.5 Hz) as doublets, a

singlet at 130.4 ppm, a doublet at 131.2 ppm (J = 10.0 Hz), a singlet at 131.6 ppm and
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a doublet at 133.6 ppm and can be assigned to the phenyl rings. The 3P{'H} NMR

signal is observed as a singlet at 24.8 ppm, which is very similar to the value of 27.4

ppm reported for the chloro analogue [(AuCl)2(u-5)].8

C27

Figure 3-17: Molecular structure of 16 in the crystal. Selected bond lengths [A] and angles [{:C1-P
1.790(9), C6-C7 1.221(14), C6-Au 1.998(10), C7-C8 1.415(15), P-Au 2.293(2), C1-P-Au

110.9(3), C6-Au-P 178.0(3), C7-C6-Au 173.6(9), C6-C7-C8 173.4(11).

X-ray crystallographic data:

Empirical formula
Formula weight
Temperature [K]
Crystal system

Space group

alA]

b [A]

c[A]

a, B, y[1

Vv [AY]

z

Peaica [g €M™

K [mm~]

F(000)

Crystal size [mm]

6 range [

Reflections collected
Independent reflections
Rint

Reflections with 1>20(1)
Data/restraints/parameters
GOF on F?

R1 (I>20(l))/wR2
largest diff. peak/hole [e-A~]

CsgHasAuzFesPo
1366.37
143(2)
orthorhombic
Pbca
14.6431(8)
11.7790(5)
27.4725(15)
90, 90, 90
4738.5(4)

4

1.915

7.174

2640

0.25 x 0.09 x 0.02
1.48 — 25.00
15824

3995

0.1162

2466
4354/0/389
0.879
0.0430/0.0808
1.579/-0.702
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3.6.1 Discussion of 16

A single-crystal X-ray structure determination was performed for [(Au-C=C-Fc)(u-
5)] (Figure 8). The molecule exhibits crystallographically imposed inversion
symmetry. The P-Au-C=C-C chain is essentially linear, with bond angles between ~
173° and 178°. The Au-P bond length of 2.293(2) A is similar to the values found for
closely related compounds such as, for example, [{Au-C=C-C(CHz)Me}:(u-5)]
(2.279(2) A)® [{(AuC=CCH:0)2-p-CeHa}{u-PhaP(CH:)sPPha}] (2.261(7) and 2.278(7)
A)B and [{(PhsP)Aul{p-1,12-(C=C)>-1,12-C2BioHuo}] (2.2743(14) A).# These Au-P
bond length are marginally longer than those of the chloro complex [(AuCl)2(u-5)]
(2.239(3) A),® which reflects the comparatively higher trans influence of an alkynyl
ligand as opposed to a chloro ligand. The Au—C bond length of 1.998(10) A found for
[(Au-C=C-Fc)2(pu-5)] compares well with values observed for similar compounds such
as the three dinuclear gold(I) acetylide complexes just mentioned; the corresponding
values are 2.005(10) A for [{Au-C=C-C(CH2)Me}(u-5)], 2.03(2) and 2.05(3) A for
[{(AuC=CCH:0)2-p-CsHaH{p-PhoP(CH:)sPPh2}] and 2.007(5) A for [{(PhsP):Aul{p-1,12-
(C=C)2-1,12-C2B1oH1o}]. The structure of [{Au-C=C-C(CHz2)Me}2(p-5)], which seems to
be closest structurally characterized relative of [(Au-C=C-Fc):(u-5)], also exhibits
centrosymmetric molecules. Aurophilic interactions are absent in both cases, which is
probably due to the steric bulk of the acetylide ligands. In the structure of [(AuCl)2(u-
5)], which contains the much less bulky chloro ligand, two crystallographically
independent molecules are present. One of them exhibits crystallographically
imposed inversion symmetry with exactly staggered cyclopentadienyl rings, too. In
contrast to the two acetylide complexes [(Au-C=C-Fc):(u-5)] and [{Au-C=C-
C(CH:z)Me}2(u-5)], particularly short intermolecular Au--Au distances of 3.083(1) A
are observed in this case.! With the di(acetylide) ligand (C=C-CH20-p-CsHa4):SO,
which is unbranched at the a-carbon atom and therefore “leaner” than C=C-
C(CHz)Me and C=C-Fc, aurophilic aggregation to dimeric units has been observed.®
However, the Au--Au distance of 3.1488(7) A is still longer than that of the chloro

complex [(AuCl)2(u-5)].
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3.7 Complexation Reactions between Gold(l) and the Ferrocene based S-Donor
Ligands (4-11, fcSs)

As far as I am aware the only gold(I) complex of a di(thioether)-substituted ferrocene
with a direct attachment of gold(I) to the cyclopentadienyl-bonded sulfur atoms is a
result of the reaction between 1,1’-di(phenylthio)ferrocene, [Fe{CsH4(SPh)}:] (5) and
[Au(PPhs)]OTf, giving rise to [Au(PPhs){Fe{CsH4(SPh)}2}]OTf.1¢

A very similar complex (17) was prepared within the scope of this research with 1,1’-

di(thien-2-ylthio)ferrocene (9) as ligand.

0 Y
S S
5 [Au(PPh,)OTF S\ _
Iy e AUPPRh ot
s S s s
» Ly

Figure 3-18: Synthesis of 17.

All other attempts to obtain a complex of a di(thioether)-substituted ferrocene

derivative with gold(I) lacking a coordinated phosphane ligand to the gold(I) failed.

3.7.1 Attempts to Synthesise Two-coordinate Gold(l) Complexes of the S-Donor
Ligands

fc(SRY), + 2 AuCl
x /Rn
S—Au—CI
2 L-Au—Cl + fc(SRY), —#~= Fe
S\—Au—CI

L = SMe,, THT R

A

Na[AuCl,] + fc(SR),

Figure 3-19: Attempted synthetic strategies to obtain gold(l) complexes with the S-based ligands 4-11.
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Three synthetic strategies were tested, two of them more thoroughly, in several
variations. The first approach was the metathesis of the ferrocene derivatives fc(SR)2
and another sulfur ligand L (L = DMS or THT) from a respective complex [AuCl(L)]
in CH2Cl2 solution. A second route involved the redox reaction of the ferrocene-based
ligand with Na[AuCls] in solution, in analogy to the formation of the gold(I)
complexes [AuCl(SMe2)]*® and [AuCl(SCsHs)].%¢ Finally, several attempts were carried
out to obtain complexes by direct coordination reactions between the ligands and
AuCl suspended in CH2CL.

Route I: Metathesis reactions were tried with all of the ferrocene derivatives (4-11) as
well as with 1,2,3-trithia[3]ferrocenophane on an NMR tube-scale. The reactions were
carried out in CDCls with [AuCl(tht)] at room temperature and monitored by 'H
NMR spectroscopy over the course of several hours. In each case the spectra
indicated oxidation of the ferrocene units after a prolonged reaction time. (The
samples became paramagnetic). On the other hand, no additional signals or shifts
occurred in any case. Elemental gold was formed apparently, since all samples
became dark and in some cases a golden mirror on the glass was observed.

Especially the ligands [Fe{CsHs(SMe)}2] (4), [Fe{CsHs(SC7HsNS)}2] (11) and fcSs were
tested intensively on larger scales (~ 150 mg). The modifications of the reaction
conditions were a systematic variation of the temperature (-10°, 0°, ambient
temperature and ~ 40°C), impact of the concentration, the solvent (CH2Clz, acetone)
and the ratio of ligand to gold(I). The manipulations were carried out in an inert gas
atmosphere and purified solvents. In any case reduction of the gold species took
place (elemental gold deposited on the glass-ware) and no evidence for successful
complexation could be made out by 'H NMR spectroscopy. However, decomposition
was much slower in the cold, as expected.

Route II: Ligand 4, fc(SMe)2, and 1,2,3-trithia[3]ferrocenophane, fcSs, were tested in
an analogous reaction to that of the preparation of chloro(tetrahydrothiophene)
gold(I) from tetrachloroaurate(Ill), 3 namely:

2 Na[AuCls] + SCsHs + H2O — [AuCl(SCsHs)] + OSCsHs + 3 HCl
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Due to the redox sensitivity of the ferrocene moieties this approach seems not very
promising. Two control reactions were tried and indeed immediate formation of
elemental gold took place without any evidence for a successful coordination of
gold(I) to the S-donor ligands by 'H NMR.

Route III: The possibility to obtain the respective chloro gold(I) complexes by
reacting appropriate ligands (SRz, SeR2, RNC, PRs) directly with solid AuCl is long
known.¥” Several thioether gold(I) complexes were successfully realised this way and
since no oxidation process is involved and no other ligands have to be displaced, this
approach appears as the most promising. Several reactions were performed with the
ligands 4, 11 and also with fcSs in CH2Cl;, mostly under inert gas atmosphere. The
reactions were carried out at room temperature and in the cold at 0° and -10°C. At -
10°C no reaction was detectable, while at 0°C the result was the same as for the
reactions at ambient temperature, just considerably slower. In all cases formation of a
gold mirror on the glass was observed and a darkening of the previously bright
suspensions. It was not possible to isolate any complexes or to find any spectroscopic
evidence for their existence by 'H NMR of the tested samples. However, the
deposition of elemental gold as a thin layer from solution shows, that a complexation
must have occurred, but the complexes formed are chemically unstable and undergo
an oxidation of the ferrocene moieties with concomitant reduction of gold(I) to the

bulk metal.

3.7.2 Synthesis and Characterisation of [Au(PPh3){fc(SC4HsS)2}]JOTf (17)

The three-coordinate gold(I) complex was prepared by addition of one equivalent of
9 to [Au(PPhs)(OTf)] in CH2Clz2 at room temperature, as shown in figure 3-18. The
reaction mixture was stirred for 1 h and concentrated under vacuum. Addition of
Et20 caused the precipitation of 17 as an intensively yellow-brownish material. The
complex is unstable in solution and decomposes slowly at ambient conditions.

Purification was achieved by recrystallisation form CH2Cl: at -40°C and yielded 17 in
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moderate yield (28%). Attempts to obtain single crystals failed because of the
decomposition of the complex.

The NMR data obtained in CDCls are in line with the results of the corresponding
1,1’-di(phenylthio)ferrocene complex,'® but were affected by the slow decomposition
of 17 during the experiment. The aromatic protons give rise to a multiplet in the 'H
NMR spectrum in the region between 7.45 and 7.64 ppm. Another thiophene proton
NMR signal is found at 6.81 ppm. These typical aromatic proton resonances are more
or less well-resolved signals, while the cyclopentadienyl protons cause a single, very
broad multiplet at 4.48 ppm, indicative of a strong interaction between the gold(I)
atom and the ferrocene nucleus. The C NMR spectrum shows the typical aromatic

resonances at 123.8, 126.9, 129.6, 130.0, 132.8 and 134.0 ppm.

3.8 Summary and Conclusions

The ferrocene-based ligands of this study have been investigated in their ability for
complexation towards gold(I). While the sulfur-based ferrocene ligands [fc(SR):]
failed to give stable gold(I) complexes, their reaction with AuCl provides clear
evidence that complexation with these thioethers takes place, followed by a redox-
chemical decomposition to elemental gold.

In contrast, 1,1’-diisocyanoferrocene (1) proved to be an excellent ligand for the
complexation of gold(I). Several complexes were prepared and characterised utilising
a series of gold(I) acetylides. These complexes show interesting structural motifs,
since intramolecular aurophilic interactions lead to a parallel orientation of the
isocyano moieties, combined with an antiparallel alignment of neighbouring units.
The reaction of 1 with the gold(I) acetylide [Au(C=C-Fc)]» turned out to be very
unusual, not to say ‘impertinent” in terms of an ‘orthodox’ coordination chemistry,
since the two chemically equivalent isocyano groups undergo a different reaction.
One group shows an ordinary coordination and the other undergoes an
extraordinary 1,1-insertion into the Au-C bond. This type of ‘schizoid” reactivity is

unprecedented and gives scope for further research in the future. Reaction of
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[Au(C=C-Fc)]» with the dppf ligand yielded the expected complex [(Au-C=C-Fc)z(p-
dppf)] and structural data confirm an ordinary coordination mode. The coordination
behaviour with silver(I) was also investigated to fathom the coordination chemistry
of 1 and the structure of the complex [Ag:(u-1)2](NOs)-H20 was determined by X-ray

diffraction analysis.
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Chapter 4

Studies of Ferrocene Derivatives for Surface Reactions

Several ferrocene derivatives were examined in view of their suitability for reactions
on monolayers. Azidoferrocene and 1,1’-diazidoferrocene were found to be improper
precursors for ‘click” reactions, while 1,1’-diisothiocyanatoferrocene proved to be an
excellent candidate for subsequent functionalisation of SAMs bearing terminal amino
groups. Reactions of azido- and 1,1’-diazidoferrocene with dppf were examined as

well.

4.1 Introduction

Highly functionialised SAMs are needed for applications e.g. in medicine, biology or
microarray technology. Synthesis of functionalised ligands (like thiols or isocyanides)
is usually difficult even for ‘simple’ species. SAMs addressed for applications in
biology and medicine or micraoarray technology on the other hand mostly require
large and complex ligands and functional units in terminal position. This leads to a
conflict between the demand of a highly dense coverage of the surface in a SAM and
the steric demand of the functional molecules. Chemical transformations on SAMs
provide a versatile route to tailor surface properties and to build up complex
nanostructures, also with large and complex terminal functional moieties, in a wide
range. >34

Several classes of organic reactions have been explored for modifying SAMs,
including nucleophilic substitutions, nucleophilic additions, esterification and
acylation. These reactions ideally should be highly selective and efficient, in the best
case quantitative, to ensure a highly ordered SAM functionalisation. 1,3-dipolar
cycloadditions of azides with acetylides have attracted considerable attention in this
context, since they are both, efficient and selective.> The so called “click” chemistry®” is
a very viable route for the selective modification of surfaces, for example by micro-

contact printing® or by surface reactions on demand (controlled reactions by external
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stimuli).>® Functionalisation of SAMs with ferrocene moieties has been carried out
very successfully by this approach with ethynylferrocene and other ferrocene
acetylenes on SAMs bearing terminal azides.®!%!! Huisgen cycloadditions have been
described also with azidoferrocene'? but not with 1,1’-diazidoferrocene so far, which
might be an interesting candidate for ‘click’ reactions, since it could undergo
subsequent “click” reactions on the surface in bridging fashion.

Isothiocyanates are highly reactive and undergo diverse nucleophilic addition
reactions. The electrophilic centre at the carbon atom of the -N=C=S group reacts
rapidly and under mild conditions with oxygen-, sulfur- or nitrogen-centred
nuclesophiles to give rise to carbamates, thiocarbamates or thiourea derivatives
respectively.’31415 1 1’-Diaminoferrocene has been successfully applied for the
preparation of respective 1,1’-bissubstituted thiourea and amide derivatives in very
good yields by reacting fc(NH2). with hexylisothiocyanate or lipoic acid. SAMs on
gold surfaces of these ferrocene derivatives have been prepared and investigated in
their ability for electrochemical sensing in this context.’® Functionalisation of SAMs
bearing terminal amino groups with isothiocyanates has also been found to be an
excellent pathway for tailored surfaces.!”® Testing 1,1’-diisothiocyanatoferrocene (2)
for its applicability to form disubstituted thioureas is a meaningful extension of the
research therefore.

SAMs with terminal azido groups have found widespread use for subsequent
modification by ‘click” reactions. The related approach to react azides on surfaces
with phosphanes in terms of Staudinger reactions has not been described yet,
although several chiral iminophosphoranylferrocenes have been obtained by the
Staudinger reaction of dppf and arylazides. These compounds proved to be excellent
ligands for catalysis, exhibiting enantioselectivities up to 99%.2021222 Within the
scope of this thesis azido- and 1,1’-diazidoferrocene have been investigated for the

Staudinger reaction with dppf.
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4.2 Synthesis of ‘Click’ Compounds (18a—c)

,N:N
Na __cul) N\Q\R
Fe - Fe

o -

X =H, -N, Y = H, -triazole

+
Py
\

Figure 4-1: ‘Click’ reactions with azido ferrocenes.

The ‘click’-products were obtained in moderate yields by the reactions of azido- or
1,1’-diazidoferrocene with ethynylferrocene or phenylacetylene in the respective
stoichiometry. The preparations were carried out in dry THF under an atmosphere of
nitrogen using Schlenk technique and with exclusion of light at room temperature
overnight. CuCl was used as catalyst. Purification was achieved by column
chromatography on AL:Os (grade II) with CH2Cl: as eluent. Attempts to obtain single

crystals failed.

4.2.1 Characterisation of [Fc-N3C2H-Fc] (18a)

Figure 4-2: Structure of 18a.

Reaction of azidoferrocene with ethynylferrocene afforded the corresponding 1,2,3-
triazole in 41% yield. The product is sparingly soluble in acetone, THF, CH2Cl> and
chloroform, and is insoluble in Et2O and hexane. The 'H NMR spectrum (CDCls)
exhibits six signals in the region typical for cyclopentadienyl resonances between
4.08 and 4.21 ppm, both with a 2.5-fold integral size compared to the signals found at
4.26, 4.31, 4.75 and 4.86 ppm. A singlet at 7.64 ppm can be assigned to the single
triazole proton. Only one signal is present in the *C NMR spectrum in the region

typical for triazole carbon atoms and is found at 118.3 ppm, the quaternary carbon
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could not be detected even after a prolonged recording time of two days. In the
region of the cyclopentadienyl carbon atoms there are six signals at 62.2, 66.8, 66.9,
69.0, 69.8 and 70.4 ppm. The quaternary cyclopentadienyl carbon atoms could not be

detected.

4.2.2 Characterisation of [fc(N3C2H-Fc)2] (18b)

=
N
@u@ %

Figure 4-3: Structure of the bis(1,2,3-triazole) 18b.

The bis(1,2,3-triazole) from the reaction of 1,1’-diazidoferrocene and ethynylferrocene
was isolated in 38% yield. The NMR spectra are very similar to those of its
monosubstituted analogue 18a. The two triazole protons give rise to a singlet in the
'"H NMR spectrum in CDCls at 7.61 ppm. Four signals representing 4 H atoms each,
are present at 4.27, 4.36, 4.70 and 4.85 ppm, which correspond to the substituted
cyclopentadienyl rings, and the prominent singlet at 4.05 ppm belongs to the
unsubstituted cyclopentadienyl decks. Again, only the tertiary triazole carbon atom
signal could be detected in the *C NMR spectrum at 118.3 ppm, while five signals
are present in the ferrocene region at 64.0, 66.8, 68.4, 68.7 and 69.5 ppm, the latter one
with the highest intensity. No signals could be detected in a region typical for

quaternary cyclopentadienyl carbon atoms.

4.2.3 Characterisation of [fc—(N3C2H-CsHs)2] (18c)

N=
=0
Ot

Figure 4-4: Structure of 18c.
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18c was isolated in 29% yield, since the purification was extraordinarily cumbrous in
this case. However, the NMR data obtained are nicely in accord with the formulation
of the target compound: two sharp singlets at 4.39 and 4.96 ppm can be assigned to
the cyclopentadienyl protons. The phenyl protons are found in the typical region as a
singlet at 7.25 ppm, very close to the solvent peak (CDCls), a quartet of double
integral size at 7.28 and a doublet at 7.65 ppm. The triazole proton signal shows the
most pronounced high-field shift and is found at 7.76 ppm. In the 3C NMR spectrum
two cyclopentadienyl signals are present at 63.6 and 68.3 ppm. The triazole ring
again displays only one carbon signal at 118.5 ppm and in the region of the phenyl

carbon signals four peaks are present at 125.6, 128.1, 128,7 and 129.7 ppm.

4.2 .4 Discussion

‘Click’ reactions were described by Sharpless and co-workers as proper procedures
for undergraduates,® since they are inter alia highly selective, mostly efficient, and
their products are easy to purify and insensitive to air and water. The general
procedures for the copper(I) catalysed reaction of azides with alkynes described in
ref. [24] are all carried out under ambient conditions and in aqueous media and
yields of >80% are reported. The first approach to ‘click’ 1,1’-diazidoferrocene
therefore essentially adopted the general procedures published by Sharpless,?
modified in regard to the starting materials of course. Several attempts failed to
isolate the envisaged 1,2,3-triazoles, also with variations in temperature (0°C and
~50°C) and prolonged reaction time. Instead, considerable yields of the respective
Glaser coupling products of the terminal alkynes were obtained, bisacetylenes from
ethynylferrocene [Fc-C=C-C=C-Fc] or phenylacetylene [CsHs—C=C-C=C-CesHs].
Formation of such byproducts is known in this context,®?¢ and exclusion of oxygen
and use of a nitrogen-containing base are recommended to minimise the side
reactions. Disappointingly, first attempts with 1,1’-diazidoferrocene and

ethynylferrocene, which were carried out in the presence of ammonia under nitrogen
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with deoxygenation of all components led only to the ‘byproduct,
bisacetyleneferrocene.

However, the 1,3-dipolar cycloaddition succeeded in dry THF as solvent and strict
exclusion of oxygen. CuCl was used as catalyst in the absence of any nitrogen-
containing base. The reactions were carried out at room temperature overnight and
yields were moderate. The necessity to work under an inert gas atmosphere is a
significant limitation of the synthetic advantages described for the copper-mediated
1,3-cycloadditions: the high selectivity of both azide and alkyne groups in their
reactivity, their inertness to most chemical functionalities and their stability in a wide
range of solvents, temperatures and pH values.® 1,3-Dipolar cycloadditions should be
strongly favoured thermodynamically, and with respect to this demands both, the

mono- and the disubstituted ferrocene azide, failed in terms of “click” chemistry.

4.3 Synthesis of Ferrocene-based Thiourea Derivatives (19a-b)

S

1

/C\
N=C=S 2 R,NH H NR,
_
Fe e 4

N=C=S N< -NR,

R = Et (a), i-Pr (b) g

Figure 4-5: Synthesis of the ferrocene thioureas 19a-b.

The preparation of the thiourea derivatives was carried out under an atmosphere of
nitrogen in dry EtzO. Two equivalents of the respective secondary amine were added
to a stirred solution of 1,1’-diisothiocyanatoferrocene (2) in one portion at room
temperature. In the case of diethylamine a yellow precipitate formed within seconds
and after a few minutes the intensively coloured solution turned to a colourless
suspension. In the case of the sterically more demanding diisopropylamine the
reaction took more time (several hours) until the solution lost colour. The
supernatant solutions were filtered by cannula and the crude products dried under

vacuum. In both cases the yield of the crude product was quantitative, and the
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product proved to be analytically pure by 'H NMR and elemental analyses. The
thiourea derivatives are not stable towards oxygen and decomposition slowly takes

place over the course of several hours in solution.

4.3.1 Characterisation of {fc(NHCSNEt.)2} (19a)

19a is well soluble in acetone and chlorinated solvents like CHCl; and CH:Clz, but is
insoluble in n-hexane and Et20. The 'H NMR spectrum of 19a in CDCls shows signals
at 1.27 and 3.37 ppm caused by the ethyl substituents. The cyclopentadienyl protons
give rise to two singlets at 4.07 and 4.60 ppm and the NH signal of the thiourea
function is found at 7.27 ppm. All expected signals are also found in the *C NMR
spectrum. The ethyl carbon signals are located at 12.8 and 45.6 ppm, followed by two
peaks at 65.0 and 65.8 ppm, which can be assigned to the cyclopentadienyl rings. The
quaternary carbon atom resonance is located at 98.4 ppm and the thiourea signal

(C=S) is found at 179.4 ppm.

4.3.2 Characterisation of {fc(NHCSN-£Pr2)2} (19b)

The solubility of 19b is similar to that of 19a. The 'H NMR spectrum displays a
pronounced doublet at 1.35 ppm, caused by the CHs protons of the isopropyl groups
and a broad multiplet at 4.82 ppm that corresponds to the respective CH protons,
which is an extraordinary low-filed shift. The cyclopentadienyl signals are found at
414 and 4.53 ppm and the NH signal is located at 6.88 ppm. In the *C NMR
spectrum of 19b two signals are present at 20.9 and 49.3 ppm, belonging to the
isopropyl carbon atoms. The cyclopentadienyl signals are found at 66.3, 67.7 and 96.7

ppm and the thiourea carbon signal is located at 182.1 ppm.

4.3.3 Discussion

Reaction of amines with isothiocyanates are well known to give rise to the
corresponding thiourea derivatives in high yields. The fact that 1,1'-

diisothiocyanatoferrocene reacted quantitatively in both cases and that the products
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were obtained in analytically pure form is a nice result from a preparative point of
view. 2 is therefore a most promising candidate for surface reactions on monolayers.
In addition, it is also an interesting precursor for other highly functionalised
disubstituted ferrocenes.'® The fact that the thiourea derivatives are sensitive to
oxygen is of course disadvantageous in this context. It is well known that N-
substituted ferrocenes with hydrogen at the nitrogen are generally not stable towards
oxidation.?” Subsequent substitution to a tertiary amine should enhance the stability

significantly, but would mean a loss of the preparative ease.

4.4 Synthesis and Characterisation of Bis(iminophosphoranyl)ferrocene Derivatives
from Dppf with Azido- and 1,1’-Diazidoferrocene

Fe

F>Ph2 N3 PP"‘ N@

l
o

Figure 4-6: Synthesis of {fc-(PPh,=N-Fc),} (20).

The reaction of azidoferrocene (2 equivalents) with dppf was carried out in dry
CH2Cl2 at room temperature under nitrogen, according to the procedure published
by Metallinos and co-workers for 1,1’-bis(triphenylphosphoranylidenamino)-
ferrocene.® After reaction overnight volatile compounds were removed under
vacuum. 'H NMR spectroscopy confirmed that the crude product largely consisted of
the bis(iminophosphoranyl)ferrocene 20. Unfortunately, purification was hampered
since the product is sensitive to moisture and oxygen. However, the identification of

the product by NMR is easily possible as shown in figure 4-7.
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Figure 4-7: "H NMR spectrum of 20.

The ferrocene moieties display five singlets at 3.69, 3.91, 4.04, 4.14 and 4.39 ppm. The
second one can be clearly attributed to the unsubstituted cyclopentadienyl decks
owing to its characteristic integral. The protons belonging to the phenyl groups show
resonances at 7.41, 7.50 and 7.62 ppm. In the *C NMR spectrum six signals can be
assigned to the cyclopentadienyl carbon atoms at 62.3, 67.9, 68.6, 73.7, 74.4 and 98.4
ppm, one of the quaternary cyclopentadienyl carbon atoms was not detectable,
however. Three peaks at 1283, 131.5 and 1324 ppm can be assigned to the
resonances of the phenyl carbon atoms. The 3P NMR spectrum displays a single

singlet at 5.9 ppm, in line with shifts reported for similar compounds.??*

The analogous reaction of 1,1’-diazidoferrocene with dppf was tested in some
variations, but only the formation of a sticky solid mass was observed. The most
probable explanation for this result is that both, dppf and fc(Ns)2, act as bridging

units and therefore formation of a polymer takes place, as shown in figure 4-8.

@ PPhN—
I

PPh2 N3 e Fe

Fe + Fe —— i
@Pth @—N3 Fe
Ph2P==N©

Figure 4-8: Formation of a ferrocenediyl iminophosphorane polymer.

91



Chapter 4

4.4.1 Discussion

The Staudinger reaction between dppf and azidoferrocene works well but the formed
product is not very robust to ambient conditions, which of course limits the range of
potential applications. For the purpose of a subsequent monolayer functionalisation
Staudinger reactions appear therefore a priori not as the best choice, since imino-
phosphoranes usually oxidise readily. On the other hand the dppf ligand is an
interesting candidate for further SAM modification, since it should act as a bridging
unit in perpendicular orientation to the surface due to the steric demand of the PPh:
groups.

Ferrocene-containing polymers have attracted considerable attention in the recent
past in material science and have been intensively investigated as prototypes of
molecular electronic devices and molecular conductors.®® Oligonuclear ferrocene
systems with unsaturated hydrocarbon or heteroatom bridges usually show strong
interaction between neighbouring ferrocene units.®® The formation of a (imino-
phosphoranyl)ferrocene-based polymers is intriguing in this context, since both

prerequisites are present.

4.5 Summary and Conclusion

As a sideline of the research of this thesis several ferrocene derivatives have been
tested for their suitability for potential surface reactions. The copper(I) mediated 1,3-
dipolar cycloadditions of azidoferrocene derivatives seemed very promising in this
context, but failed to a certain extent in terms of “click” chemistry, since the formation
of the triazoles depended on the strict exclusion of oxygen and moisture and yields
were only moderate.

In the case of Staudinger reactions between dppf and azidoferrocene derivatives only
the monosubstituted species, FcNs, gave rise to a well defined product. 1,1'-
Diazidoferrocene probably leads to the formation of polymeric material. Ferrocene-
based polymers are interesting for material science, and such compounds would be

worth for a more detailed investigation.
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The nucleophilic additions of secondary amines to 1,1’-diisothiocyanatoferrocene (2)
were very satisfying from a preparative point of view, since the yields were
quantitative. 2 is therefore best suited for reactions on monolayers with terminal
amino groups. The ferrocene-based thiourea derivatives are an interesting class of
compounds on their own and their use as chemical sensors has already been
probed.!® The potential of 2 as precursor for other nucleophilic addition reactions,
with alcohols or thiols for example, is also very promising and investigations could
be extended to the whole arsenal of isothiocyanato chemistry.!*?? 2 can also act as a
bridging ligand and can therefore give rise to ferrocene-containing polymers. It

should be also suitable for subsequent surface modifications this way.
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Chapter 5

Experimental

5.1 General Techniques and Methods

All preparations involving air-sensitive compounds were carried out under an
atmosphere of dry nitrogen using standard Schlenk techniques or a conventional
glove box. Solvents and reagents were appropriately dried and purified by
conventional methods.

NMR spectra were recorded on a Varian Unity INOVA 500 (500.13 MHz for 'H)
spectrometer.

Microanalyses were carried out at the microanalytical laboratories of the University
of Kassel by Jorg Ho and at the London Metropolitan University by Stephen Boyer.
FT-IR spectra were recorded with a BIO-RAD FTS-40a spectrometer in attenuated
total reflection (ATR) geometry. The spectral resolution was 2 cm !. Fourier trans-
form infrared reflection absorption spectroscopic investigations of the monolayer
films on gold were performed using an evacuated Bruker IFS 66v/S spectrometer
equipped with a liquid nitrogen cooled mercury cadmium telluride detector. P-
polarized light was incident on the sample at an angle of 80°. A total of 2000 scans
were measured at a spectral resolution of 2 cm' .

Electrochemistry was performed in a home-built cylindrical one compartment cell
with Ag/AgCl reference electrode and Pt working and auxiliary electrodes. The
electroactive species was investigated in 0.0001 M solution in CH:Cl> with 0.1 M
[N"Bus][PFe] as supporting electrolyte at a scan rate of 50 mV/s at room temperature.
Ferrocene was used as internal standard, where an appropriate amount of ferrocene
was added after the scans had been recorded. Electrochemical data were acquired
with a computer controlled Princeton Applied potentiostat model Versa Stat II
utilising the Princeton PowerSuite (vers. 2.58) software package.

X-ray crystallographic data collection was performed using a Stoe IPDS-II

diffractometer with an area detector. Graphite-monochromatised MoK« radiation (A
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= 0.71073 A) was used in each case. The data sets are corrected for Lorentz and
polarisation effects. A numerical absorption correction was applied and the
structures were solved by direct methods. The program SHELXS-97' was used for
structure solution and refinement was carried out using SHELXL-97 by full-matrix
least-squares refinement on F2. All non H atoms were refined anisotropically except
atom C7 in 9 which is affected by disorder of the thiophene ring around the C1-S1
axis, and was refined isotropically. H atoms were included at calculated positions
using a riding model. In [Ag2(u-1)2](NOs)>H20 the H atoms of the solvent molecule
could not be located and are not included in the model.

The gold substrates for film fabrication were prepared by thermal evaporation of 100
nm gold (99.99% purity) onto polished single-crystal silicon (111) wafers (Silicon
Sense) primed with a 5 nm Ti layer for adhesion promotion. The resulting films were
polycrystalline with a grain size of 20 — 50 nm and predominantly possessed (111)
orientation.?® Films were formed by immersion of freshly prepared gold substrates in
~10 pM solutions of 1 — 8 in DMF, ethanol and acetonitrile (1, 2, 4 — 8) or toluene (3) at
room temperature for 18 h. After immersion the samples were carefully rinsed with
the respective solvent, blown dry with argon and kept in plastic containers backfilled
with argon until characterisation.

The XPS measurements were carried out under UHV conditions at a base pressure
better than 1.500° mbar. The experiments were performed using an Al Ka X-ray
source and an LHS11 analyser. The energy resolution was ~0.9 eV. The X-ray source
was operated at a power of 260 W and positioned about 1.5 cm away from the
samples. The energy scale was referenced to the Au 4f7» peak of alkanethiol-coated
gold at a binding energy of 84.0 eV.

NEXAFS spectroscopic measurements were performed at the HE-SGM beamline of
the synchrotron storage ring BESSY II in Berlin, Germany. The spectra were collected
at the carbon K-edge, nitrogen K-edge, and iron L-edge with a retardation voltage of
—-150 V for the C K-edge and —-300 V for the N K-edge and the Fe L-edge. Linearly

polarised light was used. The energy resolution was approximately 0.4 eV and the
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incidence angle of the light was varied from 90° to 20°. Raw NEXAFS spectra were
normalised to the incident photon flux by division through a spectrum of a clean,
freshly sputtered gold sample. The photon energy scale was referenced to the
prominent T6* resonance of highly oriented pyrolytic graphite at 285.38 eV. Further,
the spectra were reduced to the standard form by subtracting linear pre-edge
background and normalizing to the unity edge jump determined by a horizontal

plateau 40 — 50 eV above the absorption edge.

5.2 Starting Material

Following compounds were synthesised by literature procedures:
1,1’-dilithioferrocene*

1,1"-bis(diphenylphosphino)ferrocene®

1,1’-dibromoferrocene®

1,1’-diazidoferrocene®

1,1’-diisocyanoferrocene (1)’

1,1’-di(methylthio)ferrocene (4)*

1,1’-di(phenylthio)ferrocene (5)°

1,1’-di(2-thienyl)ferrocene (6)°

1,1",2,2’-tetra(methylthio)ferrocene (8)'°
2,2’-di(thien-2-yl)disulfide!!

2,2’-di(thiazol-2-yl)disulfide?
1,1"-bis(triphenylphosphoranylidenamino)ferrocene!®
Ethynylferrocene!

[AuCl(PPhs)]'

[AuCl(SMe2)]®

[AuCl(tht)]"”

[Au(OTf)(PPhs)]*®

Azidoferrocene was prepared from Bromoferrocene in analogy to 1,1-

diazidoferrocene.¢
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Bromoferrocene was prepared by monolithiation of 1,1’-dibromoferrocene and
subsequent hydrolysis with water according to a procedure by Butler and Quayle.?”

All other reagents were commercially available and used as received.

5.3 Experimental Procedures

Unless stated otherwise all preparations were carried out under an atmosphere of

dry nitrogen using standard Schlenk techniques.

5.3.1 1,1’-Diisothiocyanatoferrocene (2)

CS2 (40 ml) was added to 1,1’- bis(triphenylphosphoranylidenamino)ferrocene (1.50
g, 2.00 mmol) in a thick-walled Rotaflo” ampoule. The suspension was stirred for 3 h
at 90 °C. The resulting clear solution was allowed to cool to room temperature.
Volatile components were removed in vacuo. The crude product was dissolved in a
minimal amount of dichloromethane and purified by column chromatography (silica
gel, n-hexane), which afforded an orange, microcrystalline powder (490 mg, 82 %).

'"H NMR (CDCls): 6 4.20 (s, 4 H), 4.51 (s, 4 H) ppm; BC{*H} NMR (CDCls): 6 67.1, 68.0,
87.0, 133.8 ppm. IR (cm™): v(NCS) 2088(b, vs). Elemental analysis (%) calcd for
Ci2zHsFeN2S2 (300.19): C 48.01, H, 2.69, N, 9.33; found: C, 48.13; H, 2.69; N, 9.39.

5.3.2 1,1’-Di(3-thienyl)ferrocene (7)

A 1.60 M solution of n-BuLi in hexane (15.0 ml, 24.0 mmol) was added in one portion
to finely ground ferrocene (2.00 g, 10.8 mmol). The mixture was stirred and TMEDA
(1.37 g, 11.8 mmol) was added drop wise. Stirring was continued for 14 h. The
precipitate (TMEDA adduct of 1,1’-dilithioferrocene, ~3.3 g) was filtered off, washed
with n-hexane (2 x 15 ml) and was subsequently suspended n-hexane (15 ml). A
solution of ZnClz (2.73 g, 20.0 mmol) in THF (15 ml) was added dropwise and the
mixture was stirred for 3 h. 3-Bromothiophene (3.26 g, 20.0 mmol) and [Pd(PPhs)4]

(0.23 g, 0.2 mmol) were added sequentially. After 4 d the mixture was hydrolysed
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with 1 N hydrochloric acid (15 ml) and subsequently extracted with diethyl ether (3 x
20 ml) and dichloromethane (1 x 30 ml). The combined organic layers were dried
with Na:SOs, which was subsequently removed by filtration. Volatile components
were removed in vacuo. The crude product was purified by column chromatography
(silica gel, n-hexane/dichloromethane 20:1). The first two bands contained ferrocene
and (3-thienyl)ferrocene (460 mg). The third band afforded the product as an orange,
microcrystalline solid. Yield 2.39 g (68 %).

"H NMR (CDCls): 6 4.21 (s, 4 H, CsHa), 4.39 (s, 4 H, CsHa), 6.90 (s, 2 H, thienyl), 6.95
(“d”, apparent | = 5.0 Hz, 2 H, thienyl), 7.18 (m, 2 H, thienyl) ppm; *C{'H} NMR
(CDCls): 6 68.1, 69.9, 118.0, 125.2, 126.3, 138.6 ppm. Elemental analysis (%) calcd for
CisHusFeS2 (350.29): C 61.72, H 4.03; found: C 62.64, H 4.53.

5.3.3 1,1’-Di(thien-2-ylthio)ferrocene (9)

A solution of di(2-thienyl)disulfide (2.60 g, 11.3 mmol) in toluene (40 ml) was added
dropwise with stirring to a suspension of the TMEDA adduct of 1,1’-dilithioferrocene
(~1.7 g) in n-hexane (15 ml), which had been prepared as described above from
ferrocene (1.00 g, 5.4 mmol), n-BuLi (7.5 ml of a 1.60 M solution in hexane, 12.0
mmol) and TMEDA (0.70 g, 6.0 mmol). After 14 h water (15 ml) was added and
stirring was continued for 10 min. The organic layer was separated, washed with
water (2 x 10 ml) and dried with MgSOs, which was subsequently removed by
filtration. Volatile components were removed in vacuo. The yellow sticky crude
product was dissolved in a minimal amount of CH2Cl: and purified by column
chromatography (silica gel, n-hexane/dichloromethane 10:1), affording the product as
a yellow, microcrystalline solid. Yield 1.40 g (68 %).

'"H NMR (CDCls): 6 4.27 (s, 4 H, CsHa), 4.42 (s, 4 H, CsHa), 6.89 (m, 2 H, thienyl), 7.04
(d, ] = 2.4 Hz, 2 H, thienyl), 7.23 (d, ] = 5.4 Hz, 2 H, thienyl) ppm; ®C{'H} NMR
(CDCls): 6 66.9, 74.2, 127.2 128.4 ppm. Elemental analysis (%) calcd for CisHisFeSs
(414.42): C 52.17, H 3.41; found: C 52.23, H 3.35.
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5.3.4 1,1°-Di(thiazol-2-ylthio)ferrocene (10)

A solution of di(2-thiazolyl)disulfide (0.93 g, 4.0 mmol) in toluene (20 ml) was added
dropwise with stirring to a suspension of the TMEDA adduct of 1,1’-dilithioferrocene
(~0.6 g) in n-hexane (10 ml), which had been prepared as described above from
terrocene (0.37 g, 2.0 mmol), n-BuLi (2.5 ml of a 1.60 M solution in hexane, 4.0 mmol)
and TMEDA (0.34 g, 2.1 mmol). After 14 h water (10 ml) was added and stirring was
continued for 10 min. The organic layer was separated, washed with water (2 x 10
ml) and dried with MgSOs, which was subsequently removed by filtration. Volatile
components were removed in vacuo. The brownish-yellow sticky crude product was
dissolved in a minimal amount of dichloromethane and purified by chromatography
(neutral alumina, activity grade II, n-hexane/dichloromethane 3:1), affording the
product as a dark yellow, microcrystalline solid. Yield 0.32 g (38 %).

'"H NMR (CDCl): 6 4.45 (s, 4 H, CsHas), 4.61 (s, 4 H, CsHa), 7.10 (d, ] =29 Hz, 2 H,
thiazolyl), 7.58 (d, ] = 2.8 Hz, 2 H, thiazolyl) ppm; BC{'H} NMR(CDCl): 6 69.8, 72.6,
76.3,119.0, 143.1, 169.2 ppm. Elemental analysis (%) calcd for CisHi2FeN2Ss (416.39): C
46.15, H2.90, N 6.73; found: C 45.37, H 2.87, N 7.40.

5.3.5 1,1’-Di(benzothiazol-2-ylthio)ferrocene (11)

A solution of di(2-benzothiazolyl)disulfide (6.80 g, 20.5 mmol) in toluene (70 ml) was
added dropwise with stirring to a suspension of the TMEDA adduct of 1,1'-
dilithioferrocene (~3.3 g) in n-hexane (50 ml), which had been prepared as described
above from ferrocene (2.00 g, 10.8 mmol), n-BuLi (15.0 ml of a 1.60 M solution in
hexane, 24.0 mmol) and TMEDA (1.37 g, 11.8 mmol). After 14 h water (50 ml) was
added and stirring was continued for 10 min. The dark yellow precipitate was
isolated by filtration and dried in vacuo. Its purity turned out to be already > 95 % by
NMR spectroscopic analysis. Yield 4.74 g (92 %). An analytical sample was obtained
by column chromatography (silica gel, n-hexane/dichloromethane 3:1).

'H NMR (CDCls): 6 459 (s, 4 H, GHs), 470 (s, 4 H, GH.), 7.23 (“t”, 2 H,
benzothiazolyl), 7.37 (“t“, 2 H, benzothiazolyl), 7.63 (d, ] = 8.0 Hz, 2 H,
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benzothiazolyl), 7.82 (d, | = 7.7 Hz, 2 H, benzothiazolyl) ppm; BC{'H} NMR(CDCls): 6
73.0, 78.0, 82.8, 120.8, 121.8, 124.1, 126.1 ppm. Elemental analysis (%) calcd for
CasHisFeN2Ss (516.51): C 55.81, H 3.12, N 5.42; found: C 55.71, H 3.22, N 5.49.

5.3.6 Synthesis of Gold(l) Acetylides (12a—e)

These compounds were prepared according to a route described by Hogarth and co-
workers? from [AuCl(SMe2)] and the respective acetylene derivative in the presence
of triethylamine. The reactions were carried out at room temperature in CH2Cl:
without exclusion of oxygen and any precautions against moisture if not stated

otherwise.

5.3.6.1 Synthesis of [AuC=C-p-CCsH4CF3] , (12a)

HC=C-p-CsHsCFs-4 (255 mg, 1.5 mmol) and NEts (1 ml, ~730 mg, 7.3 mmol) were
added sequentially to a stirred solution of [AuCl(SMe2)] (442 mg; 1.5 mmol) in
deoxygenised CH:Cl (20 ml) at 0 °C under Na. The solution was stirred for 1h. Cold
MeOH (20 ml) was added and the reaction mixture was stirred at 0°C for a further 2
h. The pale yellow precipitate was isolated by centrifugation and dried under
vacuum. Yield: 210 mg (38%). The complex is thermally unstable and decomposes
slowly at room temperature to a violet powder. At low temperature (-40 °C) it can be
stored for several weeks without any detectable change.

IR (cm™): v(C=C) 2003(w). Elemental analysis (%) calcd for CoHsAuFs (366.09): C
29.53, H 1.10; found: C 29.31, H 1.06.

5.3.6.2 Synthesis of [AuC=C-p-CeHsNMe2] » (12d)

HC=C-p-CsHsNMe2 (218 mg, 1.5 mmol) and NEt; (300 mg, 3.0 mmol) were added
sequentially to a stirred solution of [AuCl(SMe2)] (442 mg, 1.5 mmol) in

dichloromethane (20 mL). After 30 min the yellow precipitate was filtered off,
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washed with methanol (5 mL) and diethyl ether (5 mL) and dried in vacuo. Yield: 470
mg (92%).

IR (cm™): v(C=C) 1999(w). Elemental analysis (%) calcd for CioHioAuN (341.16): C
35.21, H 2.95, N 4.11; found: C 35.28, H 2.98, N 3.92.

5.3.6.3 Synthesis of [AuC=C-Fc] » (12e)

A solution of ethynylferrocene (315 mg, 1.5 mmol) in 10 ml dry CH2Cl> and NEts (0.4
ml, ~300 mg, 3 mmol) were added successively to a stirred solution of [AuCl(SMe:)]
(442 mg; 1.5 mmol) in deoxygenised CH2Cl: under Nz. After 10 min. a catalytic
amount of CuCl (tip of a pipette) was added and the reaction mixture was stirred
overnight. MeOH (10 ml) was added and the suspension was stirred for another 20
min. The resulting dark red complex was filtered, washed with MeOH and Et:O and
dried under vacuum to give 12e in 71% yield (430 mg).

IR (cm™): v(C=C) 1976(w), 2011(w). Elemental analysis (%) calcd for CizHoAuFe
(406.02): C 35.50, H 2.23; found: C 35.78, H 2.31.

5.3.7 Synthesis of Alkynyl Gold(l) Complexes [{Au(C=C-p-CeH4R)}2(u-1)] (13a—d)

General procedure: A solution of 1 (50 mg, 0.21 mmol) in CH2Cl: (10 mL) was added
to a stirred suspension of the respective gold(I) acetylide (2) (0.42 mmol; a 155 mg, b
126 mg, ¢ 140 mg, d 145 mg) in CH2ClL: (50 mL). The mixture was stirred for 14 h. The
product was isolated by cannula filtration, washed with methanol (10 mL) and

diethyl ether (10 mL) and dried in vacuo.

5.3.7.1 [{Au(C=C-p-CsH4CF3)}2(u-1)] (13a)

Yield: 115 mg (56%). '"H NMR (CD:CL2): 6 7.33 (d, ] =7.9 Hz, 4 H, CeéHs), 7.28 (d, | = 8.8
Hz, 4 H, CsHa), 4.93 (s, 4 H, CsHa), 4. 49 (s, 4 H, CsHa) ppm. IR (cnmi™): v(C=C) 2115(m),
V(N=C) 2192(s). Elemental analysis (%) calcd for CsoHisAuzFeFeN: -2 CH:Cl2
(1010.71): C 36.25, H 1.70, N 2.77; found: C 35.77, H 1.54, N 2.48.
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5.3.7.2 [{Au(C=C-p-CeHs)}2(u-1)] (13b)

Yield: 70 mg (40%). "H NMR (CD:Clz): 6 7.30 (s, 2 H, Ph), 7.13 (s, 8 H, Ph), 4.94 (s, 4 H,
CsHa), 4. 47 (s, 4 H, CsHas) ppm. IR (cm™): v(C=C) 2121(m), v(N=C) 2203(s). Elemental
analysis (%) calcd for CasHisAuzFeN: Y2 CH2CL (832.25-Y284.93): C 39.13, H 2.19, N
3.20; found: C 39.58, H 2.80, N 3.03.

5.3.7.3 [{Au(C=C-p-CsHsOMe)}2(p-1)] (13¢)

Yield 115 mg (61%). 'H NMR (CD:Cl2): 6 7.24 (d, ] = 8.6 Hz, 4 H, CsHa), 6.66 (d, ] = 8.8
Hz, 4 H, CeHa), 4.93 (s, 4 H, CsHa), 4. 47 (s, 4 H, CsHa), 3.72 (s, 6 H, Me) ppm. IR (cm™):
v(C=C) 2123(w); v(N=C) 2204(s). Elemental analysis (%) calcd for CsoH2Au2FeN:20: -2
CH2Cl2 (934.78): C 39.19, H 2.48, N 3.00; found: C 39.27, H 2.37, N 2.92.

5.3.7.4 Synthesis of [{Au(C=C-p-CsHsOMe2)}2(u-1)] (13d)

Yield 130 mg (66%). '"H NMR (CD:CL): 6 7.18 (d, ] = 8.9 Hz, 4H, CecHa), 6.48 (d, ] =9.1
Hz, 4H, CsHa), 4.92 (s, 4H, CsHa), 4. 47 (s, 4H, CsHa), 2.89 (s, 12H, NMe2) ppm. IR (cm-
D: v(C=C) 2115(m), v(N=C) 2192(s). Elemental analysis (%) calcd for Cs2HxsAu2FeNa-Y2
CH:Cl2 (960.87): C 40.63, H 3.04, N 5.83; found: C 40.57, H 3.03, N 5.92.

5.3.7.5 Synthesis of [(Fc-C=C-Au-C=N-CsH4)Fe{CsHs-N=C(Au)-C=C-Fc}]s (14)

A solution of 1 (67 mg, 0.28 mmol) in CH2Cl2 (15 ml) was added to a suspension of
12e in dichloromethane (15 ml). The reaction mixture was stirred overnight and
filtered. The residue was washed with CH2Clz (2 x 10 ml) and the combined filtrates
reduced to dryness in vacuo, yielding 216 mg (72%) crude product. Purification was
achieved by subsequent recrystallisation from dichloromethane.

'H NMR (CD:ClL): 6 5.41 (“t”, apparent | =1.9 Hz, 6 H), 5.18 (“t”, apparent | =1.9 Hz,
6 H), 4.56 (“t”, apparent | = 1.8 Hz, 6 H), 4.52 (“t”, apparent | = 1.7 Hz, 6 H), 4.42 (“t”,
apparent | =1.7 Hz, 6 H), 4.40 (“t”, apparent | =2.0 Hz, 6 H), 4.27 (“t”, apparent [ =1.8
Hz, 6 H), 4.26 (s, 15 H), 4.04 (“t”, apparent | = 1.8 Hz, 6 H) ppm. IR (cm™): v(N=C)
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1491(m), v(C=C) 2115(m), v(N=C) 2192(s). Elemental analysis (%) calcd for
CiosH7zsAusFesNs (3144.30): C 41.26, H 2.50, N 2.67; found: C 40.96, H 2.57, N 2.80.

5.3.8 Synthesis of Silver Complexes with 1 (15a—b)

Silver complexes of 1,1’-diisocyanoferrocene were obtained by reaction with the

respective silver salt in 1 : 1 ratio in acetonitile at room temperature.

5.3.8.1 Synthesis of [Ag2(p-1)2](NO3)2 (15a)

A solution of silver nitrate (170 mg, 1.00 mmol) in acetonitrile (15 ml) was added to a
stirred solution of 1,1’-diisocyanoferrocene (1) (236 mg, 1.00 mmol) in acetonitrile (50
ml). The mixture was stirred in the dark for 14 h. The product precipitated as shiny
golden platelets, which were filtered off, washed with acetonitrile (5 ml) and diethyl
ether (2 x 5 ml) and dried in vacuo. Yield 465 mg (57%). An analytical sample of the
monohydrate was obtained by recrystallisation from dichlormethane.

'H NMR (CDCls): 6 5.30 (“t”, 4 H), 4.47 (“t”, 4 H) ppm. IR (cm™): v(NC) 2193(vs).
Elemental analysis (%) calcd for the hydrate CsH»Ag:Fe:Ne¢O7 (833.91): C 33.57, H
2.66, N 10.08; found: C 33.06, H 2.43, N 9.55.

5.3.8.2 Synthesis of [Ag2(p-1)2]Cl2 (15b)

To a solution of 1 (120 mg, 0.50 mmol) in acetonitrile (30 ml) was added solid AgCl
(72 mg, 0.50 mmol) and the suspension was stirred in the dark overnight. The
product formed as golden microcrystalline powder. After filtration the sold material
was washed with acetonitrile (10 ml) and ether (10 ml) and dried in vacuo. Yield: 120
mg (63%).

IR (cm): v(NC) 2165(s). Elemental analysis (%) caled for CasHisAg2Cl2Fe2Nu (758.76):
C37.99, H2.13, N 7.38; found: C 37.72, H 2.62, N 6.98.
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5.3.9 Synthesis of [(Au-C=C-Fc)2(p-5)] (16)

Dppf (110 mg, 0.2 mmol) was added to a stirred suspension of 12e (160 mg, 0.4
mmol) in CH2Cl2 (50 ml). The mixture was stirred for 3 h. The slightly turbid solution
was filtered to remove traces of insoluble material. The volume of the filtrate was
reduced in vacuo to ~10 ml. The product was precipitated by slow addition of diethyl
ether (10 ml). Yield 242 mg (89%).

'H NMR (CDCls): 6 7.36-7.28 (m, 20 H, Ph), 4.44 (s, 4 H, CsHa), 4. 36 (s, 4 H, CsHa),
4.21 (s, 10 H, Cp), 4.11 (s, 4 H, CsHa), 4.05 (s, 4 H, CsHs) ppm; “C{'H} NMR (CDCls): 6
133.6, (d, ] = 15.5 Hz), 131.6, 131.2 (d, ] = 10.0 Hz), 130.4, 128.6, (d, ] =9.5 Hz), 128.2 (d,
J=12.1 Hz), 102.2, 98.7, 82.0, 81.6, 74.5 (d, | =12.7 Hz), 73.4 (d, ] =12.3 Hz), 71.8, 69.9,
67.8 ppm; *P{H} NMR (CDCl): 6 24.8 ppm. IR (cm™): v(C=C) 2110(w). Elemental
analysis (%) calcd for CssHisAuxFesP2 (1366.44): C 50.98, H 3.39; found: C 51.56, H
3.92.

5.3.10 Synthesis of [Au(PPha){fc(SC4H3S)2}]OTf (17)

A solution of fc(STh): (50 mg, 0.12 mmol) in CH2Cl> (20 ml) was added to a stirred
solution of [Au(OTf)(PPhs)] (73 mg, 0.12 mmol) in CH2Cl> (30 ml). The reaction
mixture was stirred for 1 h at room temperature and than reduced in vacuo to ~5 ml
Addition of Et2O (10 ml) caused precipitation of 17 in form of a yellow-brown
material. The product is sensitive to oxygen in solution and decomposes slowly
under ambient conditions. Purification was achieved by recrystallisation form CH2Cl
at -40 °C. Yield: 35 mg (28%).

H NMR (CDCl): 6 7.64-7.45 (m, 19H, Ph+C4HsS), 6.81 (s, 2H, C:HsS), 4.48 (m, broad,
8H, CsHa) ppm; BC{'H} NMR (CDCls): d 134.0 (Ph), 132.8 (Ph), 130.0 (Ph), 129.6 (Ph),
126.9 (CiHsS), 123.8 (CsHsS) ppm. Elemental analysis (%) calcd for Cs7H2oAuFsFeOsPSs
(1022.75): C 43.45, H 2.86; found: C 41.60, H 3.11.
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5.3.11 Synthesis of Ferrocenyl-1,2,3-Triazoles (18a—c)

The reactions were carried out in dry THF at room temperature under inert gas.

5.3.11.1 Synthesis of [Fc-N3C2H-Fc] (18a)

Ethynylferrocene (105 mg, 0.50 mmol) and a small spatula of Cul (~10 mg) were
added to a solution of azidoferrocene (115 mg, 0.51 mmol) in dry THF (15 ml). The
reaction mixture was stirred in the dark for 3 d. The yellow precipitate was filtered
off and dried in vacuo. Purification was achieved by column chromatography on
AlOs (grade 1I, 3% H20) with CH:Cl: as eluent. Yield: 90 mg (41%).

'H (CDCls): o 7.64 (s,1H, NsC2H), 4.86 (s, 2 H, CsHa), 4.75 (s, 2H, CsHa), 4.31 (s, 2H,
CsHa), 4.26 (s, 2H, CsHas), 4.21 (s, 5H, CsHs), 4.08 (s, 5H, CsHs) ppm; “C{'H} NMR: o
118.3 (NsCz2H), 70.4 (CsHas), 69.8 (CsHas), 69.0 (CsHa), 66.9 (CsHs), 66.9 (CsHs), 62.2
(CsHa) ppm. Elemental analysis (%) caled for C2HisFe2Ns (437.11): C 60.45, H 4.38, N
9.61; found: C 60.13, H 4.40, N 9.58.

5.3.11.2 Synthesis of [fc—(N3C2H-Fc)2] (18b)

Ethynylferrocene (420 mg, 2.00 mmol) and CuCl (30 mg, 15 mol%) were added to a
solution of 1,1’-diazidoferrocene (270 mg, 1.00 mmol) in dry THF (20 ml). The
reaction mixture was stirred in the dark for 14 h. The formed crude product was
tiltered off and purified by column chromatography (Al:0s grade II, CH2Cl2). Yield:
260 mg (38%).

'H (CDCl): & 7.61 (s, 2H, NsC2H), 4.85 (s, 4 H, CsHa), 4.70 (s, 4H, CsHa), 4.36 (s, 4H,
CsHa), 4.27 (s, 4H, CsHa), 4.27 (s, 4H, CsHa), 4.05 (s, 10H, CsHs) ppm; BC{*H} NMR: d
118.3 (NsC2H) , 69.5 (CsHas), 68.7 (CsHs), 68.4 (CsHa), 66.8 (CsHa), 64.0 (CsHs) ppm.
Elemental analysis (%) calcd for CssHzsFesNs (688.18): C 59.34, H 4.10, N 12.21; found:
C58.71, H4.07, N 12.00.
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5.3.11.3 Synthesis of [fc—(N3C2H-CesHs)2] (18¢)

Phenyacetylene (205 mg, 2.00 mmol) and Cul (38 mg, 10 mol%) were added to a
solution of 1,1’-diazidoferrocene (270 mg, 1.00 mmol) in dry THF (30 ml). The
reaction mixture was stirred in the dark for 14 h. The precipitate was filtered off and
purified by column chromatography on AL:Os (grade II) with CH2Cl: as eluent. Yield:
140 mg (29%).

'H (CDCls): & 7.76 (s, 2H, NsCzH), 7.65 (d, | = 6.8 Hz, 4H, CsHs), 7.28 (m, 4H, CsHs),
7.25 (s, 2H, CsHs), 4.96 (s, 4H, CsHa), 4.39 (s, 4H, CsHa) ppm; *C{'H} NMR: d = 129.7
(CsHs), 128.7 (CsHs), 128.1 (CeHs), 125.6 (CeHs), 118.5 (NsC2H) , 68.3 (CsHa), 63.6 (CsHa)
ppm. Elemental analysis (%) calcd for CasHz0FeNe (472.34): C 66.12, H 4.27, N 17.79;
found: C 64.40, H 4.60, N 14.42.

5.3.12 Synthesis of Ferrocene-based Thiourea Derivatives (19a-b)

The preparations were carried out at room temperature under inert gas atmosphere.

5.3.12.1 Synthesis of {fc(NHCSNEt2)2} (19a)

Diethylamine (74 mg, 1.00 mmol) was added to a solution of 1,1'-
diisothiocyanatoferrocene (2) (150 mg, 0.50 mmol) in dry ether (50 ml). After stirring
for %2 h the solution turned colourless and a yellow precipitate was formed. All
residues were removed in vacuo and gave rise to analytically pure product in
quantitative yield (225 mg).

'H (CDCls): 6 7.27 (s, 2H, NH), 4.60 (s, 4H, CsHa), 4.07 (s, 4H, CsHa), 3.73 (s, 8H, CH>),
1.27 (s, 12H, CHs) ppm; BC{H} NMR: 6 179.4 (C=S), 98.4 (CsHa), 65.8 (CsHa), 65.0
(CsHa), 45.6 (CH2), 12.8 (CHs) ppm. Elemental analysis (%) caled for CzoHsiFeNasS:
(446.46): C 53.81, H 6.77, N 12.55; found: C 53.52, H 6.76, N 12.48.
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5.3.12.3 Synthesis of {fc(NHCSN£Pr2)2} (19b)

DiPa (110 mg, 1.00 mmol) was added to a solution of 2 (150 mg, 0.50 mmol) in dry
ether (50 ml). After stirring for 4 h the reaction mixture turned colourless and all
residues were removed in vacuo. 19b was obtained in analytically pure form in
almost quantitative yield (256 mg, 98%).

H (CDCls): d 6.88 (s, 2H, NH), 4.82 (m, broad, CH), 4.53 (s, 4H, CsHa), 4.14 (s, 4H,
CsHas), 1.35 (d, ] = 6.7 Hz, 24H, CHs) ppm; BC{'H} NMR: d 182.1 (C=S), 96.7(CsHs), 67.7
(CsHa), 66.2 (CsHas), 49.3 (CH), 20.9 (CHs) ppm. Elemental analysis (%) caled for
CasHasFeNsS2 (502.57): C 57.36, H7.62, N 11.15; found: C 57.31, H7.79, N 11.55.

5.3.13 Synthesis of Bis(iminophosphorane)ferrocene-derivative {fc(PPh2=N-Fc)2} (20)

Dppf (138 mg, 0.25 mmol) was added to a solution of azidoferrocene (113 mg, 0.50
mmol) in dry dichloromethane (20 ml). The reaction mixture was stirred in the dark
for 14h. All volatile compounds were removed in vacuo and the crude product
washed with petrol ether (3 x 10 ml) under inert gas. Yield: 208 mg (83%). Further
purification was hampered since the product is sensitive to air.

'H (CDCls): 8 7.61 (g, J=11.5, 8 H, Ph), 7.50 (m, 4 H, Ph), 7.41 (d, ] = 6.3 Hz, 8 H, Ph),
4.39 (s, 4 H, CsHa), 4.14 (s, 4 H, CsHa), 4.04 (s, 4 H, CsHa), 3.91 (s, 10 H, CsHs), 3.69 (s, 4
H, GsHs) ppm; BC{H} NMR: d 132.4 (d, |JI = 9.0 Hz, PPh2), 131.5 (s, PPh2), 128.3 (d,
IJI =11.3 Hz, PPh2), 98.4 (CsHa), 74.4 (CsHa), 73.7 (CsHa), 68.6 (CsHa), 67.9 (CsHa), 62.3
(CsHs) ppm; 3P NMR: d 5.9 ppm. Elemental analysis (%) calcd for CsiHasFesN2P2
(952.47): C 68.10, H 4.87, N 2.94; found: C 66.27, H 4.95, N 2.58.
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