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ABSTRACT:

REDOX ACTIVE MOLECULES WITH MOLECULAR ELECTRONICS AND 

SYNTHETIC APPLICATIONS.

Alan Andrew Wiles, Doctor of Philosophy, The University of Glasgow, 2013

Redox active molecules are ubiquitous to nature and have properties that make them 

coveted targets for applications in areas of synthesis as well as for the development of 

materials. This thesis describes the synthesis and characterisation of several flavin 

donor-acceptor dyads designed around an oligothiophene donor backbone and a flavin 

acceptor moiety. These show potential applications as optoelectronic materials. It also 

describes the synthesis of a ferrocene-flavin tetracyanobutadiene super-acceptor 

compound which showed preliminary evidence of non-linear-optic effects. Finally, a 

novel method was developed to investigate the redox umpolung activated reactions of 

vinylferrocene. The vinyl group  of vinylferrocene was activated by polarity inversion of 

ferrocene to ferrocenium and was able to undergo Diels-Alder cycloadditions with 

cyclobutadiene and furan, as well as, Markovnikov addition of thiols. These reactions 

were then used to explore the use of vinylferrocene as a redox auxiliary  and as a redox 

active tag in polymers and have the potential to be used in nanoparticles as well as 

biological systems.
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AM 1.5 light: Air mass solar energy; a simulation of atmospheric solar radiations

BHJ: Bulk heterojunction

C60: Fullerene

COSY: Homonuclear correlation spectroscopy

CuPc: Copper phthalocyanine

CV: Cyclic voltammetry DAP: Diaminopyridine

DAT: Diaminotriazine

DCM: Dichloromethane

dppf: 1,1’-bis(Diphenylphosphino)ferrocene

DSSC: Dye-sensitised solar cell

DEPT:  Distortionless enhancement by polarization transfer

DFT: Density functional theory EDTA: Ethylenediaminetetraacetic acid

DMA: 4-(N,N-Dimethylamino)phenylacetylenes

FAD/FADH2: Flavin adenine dinucleotide

FDA: Food and Drug Administration

FMN/FMNH2: Flavin mononucleotide

FRET: Fluorescence resonance energy transfer

H-G II: Hoveyda-Grubbs 2nd generation catalyst

HOMO: Highest occupied molecular orbital

HPLC: High performance liquid chromatography

HTL: Hole transport layer

HSQC: Heteronuclear single-quantum correlation spectroscopy

ICnBA: bis-Indene-Cn

ICT: Intramolecular charge transfer

IR: Infra-red spectroscopy ITO: Indium tin oxide

LUMO: Lowest unoccupied molecular orbital

MABFL: 3-Methyl-8-[[p-[bis(ethyl)amino]phenyl]azo]-isobutylflavin

MCM-41: Mobil Composition of Matter, a type of mesoporous molecular sieve.
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MPA: Mercaptopropionic acid

NHC: N-Heterocyclic carbene

NLO: Non-linear optics / non-linear optical

NMR: Nuclear magnetic resonance spectroscopy

OLED: Organic light emitting diode

OPV: Organic solar cell

QD: Quantum dot

QDSC: Quantum dot solar cell

P3HT: Poly(3-hexylthiophene)

PCnBM: Phenyl-Cn-butyric acid methyl ester

PBDTT-DPP: Poly{2,6′-4,8-di(5-ethylhexylthienyl)benzo[1,2-b;3,4-b]dithiophene-

alt-5-dibutyloctyl-3,6-bis(5-bromothiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4-dione} 

PEDOT:PSS: Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)

PV: Photovoltaic

TCBD: Tetracyano-butadienes 

TCNE: Tetracyanoethene

TCNQ: 7,7,8,8-Tetrecyanoquinodimethane

TFA: Trifluoroacetic acid 

THF: Tetrahydrofuran UV-Vis: UV-visible spectroscopy

ROM-CM: Ring opening meththesis - cross metathesis

ROMP: Ring opening metathesis polymerisation 

SCE: Standard Calomel electrode

SWNT: Single-walled carbon nanotube
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CHAPTER I: GENERAL INTRODUCTION

Redox active molecules are ubiquitous to nature and are involved throughout the 

processes of life.1 For this reason, considerable effort  has been spent in the scientific 

community  to synthesise model systems in order to understand the processes of redox 

systems.2 Greater understanding always leads to more focused research, for instance, 

redox enzymes have become part of a chemist’s portfolio of reagents as catalysts for an 

increasing number of syntheses.3 In the same way, synthetic redox molecules are now 

being investigated for the implementation as biomimetic enzymatic systems which 

could have applications in medicinal chemistry.4 A second benefit that comes from 

understanding these processes is that it  also opens the way towards new applications of 

redox active molecules. Redox molecules are now being used for applications in 

synthesis, in catalysis, and in materials, where their properties form a key  part of their 

function. This thesis describes the use of naturally occurring (flavins) redox active 

molecules in the preparation of materials with potential optoelectronic application as 

well as the use of ferrocene in the development of a new method which utilises the 

redox properties of ferrocene to promote known synthetic reactions.

2. Flavins

2.1. History of Flavins:

In 1879, Blyth isolated a yellow pigment from the whey of cow’s milk and named it 

lactochrome.5 Little did he know that he had successfully isolated one of the most 

common proteins in nature. Several years later, in the 1920’s and 30’s, the interest in the 

yellow pigment with greenish fluorescence flourished and lead to its isolation from a 

wide variety  of sources. At the same time it was found to be part of the vitamin B 
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complex.6 Richard Kuhn7 and Paul Karrer8 almost simultaneously  elucidated and proved 

by synthesis the structure of what is now know as riboflavin 1 (Figure 1).

Riboflavin 1, now more commonly  known as vitamin B2, exists essentially in nature as 

two different cofactors found in all flavoproteins: flavin adenine dinucleotide 2 (FAD) 

and flavin mononucleotide 3 (FMN) (Figure 2). Both were discovered in similar 

fashion. First, Theorell discovered FMN 3 in 1935.9 Then, Warburg and Christian 

identified FAD 2, in 1938,10 thanks to the work of Krebs who identified the existence of 

a different flavoprotein than that studied by  Theorell.11 Flavoproteins have attracted a 

lot of interest  to date, this is primarily  due to the very particular properties of the flavin 

component itself.
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Fig. 1: Structure of riboflavin 1.
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2.2. Properties:

Flavins are a family of compounds derived from riboflavin. They  are tricyclic 

heteronuclear aromatic compounds built around a pteridine 4 backbone. Flavins can 

also be referred to as isoalloxazine 5, the latter refers to the method used to synthesise 

flavins using alloxan condensation (Figure 3). These highly aromatic, electron rich 

systems have very interesting electronic, optical and physical properties.

Flavins have the ability to participate in one and two electron transfer processes. They 

can therefore exist in three different redox states: fully  oxidised, one electron reduced 

(semiquinone) and two electron (fully) reduced flavins. In 1982 Heelis proposed that 

unbounded flavins in free solution can exist  in as many as nine different pH dependant 
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Fig. 2: Structure of FAD 2 and FMN 3 riboflavin cofactors.
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Fig. 3: General structure of pteridine 4 and isoalloxazine 5.
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states (Figure 4).12 This particular property makes flavoproteins a ubiquitous part  of 

many redox processes in respiratory biological functions.10

The redox potential of riboflavin is know to be around -200 mV.13,14 However, this 

potential can be greatly influenced either by intermolecular interactions,14,15 often due to 

protein environment in biological systems, or by performing substitutions on the 

riboflavin core, examples of which will be seen shortly.16 

Flavins are also very  well known for the yellow-greenish fluorescence they  emit  upon 

excitation. This has meant that flavoproteins have been one of the most studied 

biological system to date17. In 1962, Tether and Turnbull noted that the singlet and 

triplet states of flavins could be affected by structural changes18, therefore the 
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Fig. 4: Structures of the nine redox states of flavins.
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fluorescence would be affected as a result. Since then, many have studied the effects of 

structural and environmental changes to the optical properties of flavins.19

Over the last two decades, the collaboration between Cooke and Rotello has looked in 

depth into the modulation of flavin properties.20 Their work has been focused on trying 

to synthesise model systems to understand flavoenzymes. This has enabled a much 

deeper understanding of the influences of substitutions and enzymatic environment on 

the redox potential, optical characteristics and supramolecular interactions.

In 2003, one study focused on redox potential and H-bonding binding affinity  of flavins 

substituted at the C(7) and C(8) positions (Figure 5). From the published results two 

major conclusions can be drawn. The first, upon binding to a diaminopyridine (DAP) 

partner the redox potential of each flavin, regardless of substitutions, is shifted on 

average by  + 80-90 mV (this has also been shown to be true in the case of 

intramolecular H-bonding)20c. This suggests that in an enzymatic system the reduced 

flavin radical anion is stabilised by intermolecular interactions. The second, substitution 

at C(7) and C(8) modulate the redox potential of the flavin by  about + 400 mV and an 

increase of the H-bonding affinity  with DAP by  618 M-1. Furthermore, Cooke, Rotello 

and co-workers showed in this publication that these properties could be correlated to 

linear free energy relationships. These correlations showed that, in an aprotic solvent, 

the redox properties of the flavin were affected by  substitutions at  the C(7) position 

whereas the binding of the oxidised flavin was influenced to a greater extent by 

subtitutions at the C(8) position.20a This conclusion was further sustained in a similar 

study of flavins with substituants only at the C(7) position.20f
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In 2004, Cooke, Rotello and co-workers investigated another environmental factor that 

is present in flavoenzymes.20b They  investigated the influence of π-stacking on H-

bonding affinity and found that π-stacking interactions with flavin increase the binding 

constant by  14 times with increasing π-system in the oxidised form and by 2.5 times in 

the reduced form (Figure 6).

In 2005, similar studies of a flavin derivative coupled to fullerene C60 showed that the 

presence of C60 quenched the fluorescence of the flavin unit and shifted the redox 

potential of the system by + 10-30 mV. This again shows that the reduced form of 

flavins (semiquinone radical cation) is stabilised by the π-interactions between the 
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Fig. 5: Structures of flavins showing substitution sites at C(7) and C(8)
and the three-way H-bonding interaction with DAP.

apoprotein. The identity of these contacts can result in signifi-
cant stabilization of the radical anionic state (Figure 1a) and
thus acts to tune the reactivity of the flavin. In previous work,
we developed and evaluated a simple model based on the
dipropamide of 2,6-diaminopyridine (DAP) to replicate the
effects of the natural three-point hydrogen-bonding pattern
on the reduction potential of the cofactor.4 It was found that
the binding constant between DAP and the flavin radical
anion was enhanced by a factor 500 times larger than that
observed for flavin in the oxidized form. In addition, the
reduction potential of the complex was observed to take place
at a potential some 155 mV lower than that of the flavin
alone, effectively mimicking the tuning function of a natural
flavoprotein.
In other work, we showed that other noncovalent contacts

commonly observed in the active sites of flavodoxins such
as those observed between tryptophan and tyrosine residues
(Figure 2b) or donor atoms in the form of carbonyl groups
(Figure 2c) or disulfides, and the electron poor aromatic
surfaces of the cofactor could be replicated using a more
complex model. These systems employed a 2,6-diaminotri-
azine (DAT) unit appended onto a xanthene scaffold to help
orient and anchor the cofactor in place through a similar
three-point hydrogen-bonding interaction as used previously
between flavin and DAP. The receptor design is such that
any interaction of interest can be placed in contact with the
electron-deficient aromatic surface of the flavin, with the
general result being that strongly electron-donating substit-
uents cause dramatic increases in binding to the oxidized
flavin but reduced association constants with the same flavin
in the radical anionic form.5

More recently, we showed that the reduction potential of
1,8-naphthalimide, an electron-deficient aromatic imide simi-
lar to flavin, was much more strongly stabilized by a simple
DAP receptor than the DAT analogue.6 As a result, while
both receptors showed identical binding constants with the
oxidized imide (160 M-1) the increase in binding constant
upon reduction of the imide was far more pronounced for
the DAP system (46 000 M-1, a ∼300-fold increase) than
DAT (900 M-1, a ∼6-fold increase). Extensive use of
computational methods showed that these effects could be
attributed to a greater polarizability within the DAP-imide
complex than the DAT-imide system. In light of this work,
we have developed an improved class of flavin receptor that
combines the strong electronic modulating ability of a DAP-
based recognition unit with the general utility afforded by
the modular nature of a xanthene scaffold to give the most
powerful synthetic flavoprotein model yet reported. In this
paper, we compare and contrast energetic data associated
with this new DAP-based xanthene system with values
obtained for the older DAT-containing analogues. Three
different receptors were synthesized and evaluated for each
of the DAP and DAT systems, through variations of the
aromatic unit suspended below the flavin π-system via: (i)
an anthracyl unit to typify the strong π-π interactions
observed in DesulfoVibrio Vulgaris, (ii) a thiomethylphenyl
unit to illustrate a general donor atom-π effect as seen in
flavodoxins such as Chrondus-Crispus or flavocytochrome-C
sulfide dehydrogenase,7 and (iii) a simple phenyl unit which
does not extend significantly below the flavin as a control.
The association constants (Ka(ox)) between N(10)-isobu-

tylflavin and all six receptors were quantified through NMR
titration in CDCl3 by following the downfield changes in

(4) Niemz, A.; Imbriglio, J.; Rotello, V. M. J. Am. Chem. Soc. 1997,
119, 887.

(5) (a) Breinlinger, E. C.; Rotello, V. M. J. Am. Chem. Soc. 1997, 119,
1165. (b) Breinlinger, E. C.; Keenan, C. J.; Rotello, V. M. J. Am. Chem.
Soc. 1998, 120, 8606. (c) Goodman, A. J.; Breinlinger, E. C.; McIntosh, C.
M.; Grimaldi, L. N.; Rotello, V. M. Org. Lett. 2001, 3, 1531.
(6) Gray, M.; Cuello, A. O.; Cooke, G.; Rotello, V. M. J. Am. Chem.

Soc. 2003, 125, 7882.
(7) Chen, Z.-W.; Koh, M.; van Driessche, G.; van Beeumen, J.; Bartsch,

R.; Meyer, T.; Cusanovich, M.; Mathews, F. Science 1994, 266, 430.

Figure 1. (a) Example of hydrogen-bonded contacts to the imide
portion of flavin, taken from the structure of lipoamide dehydro-
genase.8 (b) Example of π-π interactions between protein and
cofactor, taken from the structure of DesulfoVibrio Vulgaris.9 (c)
Example of a donor atom-π interaction between a flavoprotein
residue and cofactor, taken from a red algae Chrondus-Crispus.10
(d) Adaptable general model of flavoprotein active sites.

Figure 2. Binding constants observed for (a) the DAT-based
receptors and (b) the DAP-based receptors with flavin in both its
oxidized and radical anion states. The colored areas depict
approximate zones of influence according to the maximum extent
of π-overlap.

386 Org. Lett., Vol. 6, No. 3, 2004

Fig. 6: Structures showing the influence of π-stacking on the binding constant
of the three-way H-bonding interaction of flavins.20b
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flavin and C60 units.20d The same conclusions were also reached by investigating an 

intramolecular system 6 which provided elements of π-stacking and a DAP unit for 

binding (Figure 7).20e 

In summary, the properties of flavins can be easily  modified/tuned by performing a 

range of substitutions around the isoalloxazine tricyclic system which offers many 

diversification loci (Figure 8) and/or by inter/intramolecular interactions such as 

hydrogen bonding (Figure 5) or π-stacking. This makes flavins a very interesting target 

for the synthesis of fine tuned organic compounds for a range of applications.

2.3. Applications:

In this section, selected publications are presented, from research groups that have 

sought to utilise the properties of flavins outside of their original biological applications 
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Fig. 7: Structure of a flavin system with intramolecular H-Bonding and π-stacking interactions.20e
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Fig. 8: Structures of isoalloxazines showing possible substitution sites.
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and in synthesis, in the fabrication of molecular devices and more recently the interest 

generated around the need for new fuels.

2.3.1. Flavins in synthesis and catalysis:

Due to the ubiquitous nature of flavins in biological enzymes that catalyse many redox 

processes, much research has been focused on using synthetic flavins as biomimetic 

catalysts. In the last few years, flavins have been used as organo-catalysts to catalyse 

reduction and oxidation reactions, particularly under aerobic conditions.

Notably, in 2005 Imada and co-workers reported the first aerobic Baeyer-Villiger 

reaction catalysed with an organocatalyst.21 Using the knowledge that flavin-peroxides 

can be formed in the presence of molecular oxygen, they devised a new method to 

perform a nucleophilic Bayer-Villiger reaction chemoselectively. In their publication 

they  report the transformation of cyclobutanones to γ-butyrolactones using a riboflavin 

derivative 7. Under the conditions described in scheme 1 the flavin is oxidised in a 

biomimetic fashion by elemental oxygen to form peroxide “carrier” 7b (Figure 9) which 

operates the nucleophilic oxidation. Chemoselectivity comes from the absence of 

competing electrophilic epoxidation reactions which often occur in standard Bayer-

Villiger conditions. This is due to the nature of the oxidants used in the standard 

reaction. Here only the nucleophilic Bayer-Villiger reaction is observed even in the 

presence of moieties liable to epoxidation.
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This research has helped to develop several other flavin catalysts to perform other types 

of oxidative reactions, such as, the Dakin oxidation (Figure 10),22 the oxidation of 

aldehydes to carboxylic acids.23 The oxidative power of flavins has even been used in 

the reduction of olefins. Flavin has been used to perform the catalytic oxidation of 

hydrazine to generate diimide (a known reducing agent).24
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Scheme 1: Aerobic organocatalytic Baeyer-Villiger reaction.
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Fig. 9: Flavin peroxide 7b.
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In august 2012, Glusac and co-workers published their work which uses the oxidative 

power of the N(5)-ethylflavinium ion 8 (Figure 11) to induce the catalytic reduction of 

water.25 Their work describes the bulk electrolysis of an aqueous solution of             

N(5)-ethylflavinium ion which promotes the evolution of oxygen gas. This was the first 

example of a fully organic catalyst capable to perform the oxidation of water.
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Fig. 10: Example of the Dakin oxidation using a flavin peroxide catalyst.
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Fig. 11: Catalytic cycle of the oxidation of water by N(5)-ethylflavinium ion 8.
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2.3.2. Flavins as molecular devices:

The ability of flavins to participate in molecular recognition through H-bonding and π-

stacking, their distinctive optical properties and their reversible redox properties makes 

them very interesting targets in the synthesis of organic devices.

-Optical probes:

In 2008, Ju and Papadimitrakopoulos reported the synthesis of a flavin functionalised 

single-walled carbon nanotube (SWNT) (Figure 12).26 They reported that due to very 

strong π-stacking interactions between FMN and the SWNT the fluorescence of the 

flavin is quenched. They also report that this phenomenon can be reversible. Reduction 

of the FMN moiety to FMNH2 by sodium dithionite disrupts the ability of FMN to 

interact with the SWNT thereby restoring the fluorescence. Subsequent oxidation in the 

presence of oxygen restored FMN to its fully  oxidised form and promoted fluorescence 

quenching. Fluorescence was also restored upon addition of surfactants. These cover the 

surface of the nanotubes rendering π-stacking interactions impossible. This work is an 

example of a switchable luminescent device, which could see applications in 

biosensing.

Fig. 12: Cartoon depicting the “on” and “off” positions of the

flavin luminescence affected by π-stacking interactions with SWNT.26
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In 1999, Rotello and co-workers presented the use of FMN and N(10)-isobutyl flavin 9 

(Figure 13) as polarity  probes in both static and dynamic silica based systems.27 Both 

flavins exhibit solvatochromic properties, for example compound 9 shows a λmax of 

374nm in polar aqueous solvents and a λmax of 349nm in non-polar chloroform. They 

used this polarity induced bathochromic shift to assess different batches of silica. For 

instance in mesoporous silica prior to calcination the absorbance of compound 9 was 

374 nm whereas in MCM-41 grade silica the absorbance was 349nm confirming the 

absence of polar sites. Similar effects were observed using FMN in sol-gel silicates. 

Cooke and Rotello recently  published work where the optical properties of flavins were 

used to monitor stimuli-responsive gels.28 These gels are being studied extensively for 

their potential applications which ranges from drug delivery, to materials. Here, flavin is 

present as a probe to monitor the gelation process. The flavin containing polymers 10 

(Figure 14) are shown to successfully promote gelation of deionised water at  low 

concentration (1 wt%). Upon sonification the gel structure is disrupted and reverts to a 

more liquid-like form. UV-vis studies show a significant increase and bathochromic 

shift in absorbance at 337 nm when the gel is sonicated, this is believed to result from a 

solvatochromic effect characteristic of flavins. In gel form, the flavin is held in a non-

polar environment, but when the gel is disrupted the flavin is exposed to the polar 
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Fig. 13: N(10)-Isobutylflavin 9.
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aqueous environment. The flavin functionality embedded in polymer acts as a UV-vis 

probe to monitor the gelation process.

Cooke, Rotello and co-workers showed that 8-[[p-[bis(ethyl)amino]phenyl]azo] 

isobutylflavin (ABFL) 11 (Figure 15) exhibits an absorbance shift that  can be controlled 

by the extent of H-bonding with a DAP recognition probe.29 They observed a shift of 

the intramolecular charge transfer band that could be tuned by increasing the amount of 

DAP complexed with the molecule. However, the methylated flavin MABFL 12 (Figure 

15) showed no change in absorbance as it does not participate in H-bonding with DAP. 

The reversible aspect of this effect (due to H-bonding temperature dependance) means 

that such molecules could be used as optical probes using H-bonding recognition.
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Fig. 14: Structure of stimuli responsive polymers 10 containing a flavin probe.
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Fig. 15: Structure of ABFL 11 and MABFL 12.
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-Molecular machines:

Molecular machines are intrinsically part of nature’s processes. Synthesising these 

molecules not only  offers insight into the inner workings of our natural environment but 

also opens an avenue towards molecular devices such as switches. Molecular machines 

rely  on inducing motion through controlled conditions, such as change in oxidation state 

and competing hydrogen-bonding. Cooke, Rotello and co-workers successfully 

synthesised a flavin based rotaxane 1330 and a catenane 1431 (Figure 16).

  

Analysis of both molecules showed that in the resting state the hydrogen bonding 

interaction lied over the succinamide group. However, voltammetry studies show that, 

in both cases, the redox potential of the flavin is shifted showing a stabilisation of the 

flavin radical anion. As previously characterised by Cooke and Rotello, such 

stabilisation is due to a great increase in hydrogen-bonding binding. Therefore, one can 

assume that in the reduced state, the macrocycle is displaced to rest over the flavin 

moiety. This redox induced motion could see applications in redox molecular switches.
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Fig. 16: Flavin based rotaxane 13 (left) and catenane 14 (right).
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-Molecular electronic devices:

In recent years, materials research has been focusing on developing organic electronic 

devices to replace expensive and less practical inorganic semi-conducting materials. 

The development of such organic electronic devices relies on the ability to conduct 

electrons efficiently between donor and acceptor organic molecules. The ability of 

flavins to accept one or two electrons and their ability  to form macromolecular 

assemblies through molecular recognition has made them a target  molecule in this 

burgeoning field. 

An area of interest is focusing on self-assembly, the ability of small molecules to self-

assemble into defined structures using non-covalent interactions. Cooke, Rotello and 

co-workers have published extensively on the ability of the flavin moiety to interact  via 

hydrogen bonding and π-stacking. In 2008, they report a flavin derivative that has the 

ability  to self-assemble into nanowires or platelets by regulating hydrogen-bonding 

affinity.32 ABFL 11 and MABFL 12 (cf Figure 15 p.32) are flavin derivatives with a 

large dipole moment induced by a “push-pull” donor-π-acceptor motif. The dipole-

dipole interaction between the molecules is then responsible for the formation of 

nanostructures. Cooke and Rotello observed that the hydrogen-bonding ABFL forms 

nanowires whereas the non hydrogen bonding MABFL forms hexagonal platelets. They 

also observe that the morphology of the nanostructures can be modulated depending on 

the ratio of ABFL to MABFL (Figure 17).
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The ability to produce materials with defined nanostructures is important but flavins 

play  a more important role in the search for organic electronic materials due to their 

ability  to effect efficient electron transfer. In 2004, Isoda and co-workers showed that 

electron transfer occurred between a photo-excited flavin derivative 15 and porphyrin 

16 in a Langmuir-Blodgett heterojunction film (Figure 18).33 This work was following 

from several years of observing the photo induced electron transport in films containing 

FMN, cytochrome C and EDTA.34 They showed in their research that flavin readily 

interacts with other compounds in heterojunctions and is able to effect efficient electron 

transfer.

Fig. 17: Scanning electron microscopy micrographs of assemblies formed with c) ABFL and d) MABFL.
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In 2011, Cooke and Rotello reported the synthesis of polymer-quantum dots self-

assemblies with defined morphologies.35 Polymers equipped with diaminotriazine 

(DAT) unit interacted via three point hydrogen bonding with thiamine functionalised 

CdSe/ZnS Quantum-Dots (QD) (Figure 19). The interaction between the polymer and 

the QD resulted in the formation of distinct, tuneable morphologies that were dependant 

on the ratio of polymer to QD. A year later, they report  further investigation on the 

interaction between a Zn-Se quantum dot and flavin functionalised polymer.36 Thymine 

functionalised quantum dots self assembled by three-point hydrogen-bonding with a 

DAP functional group on a polymer containing a flavin unit (Figure 20). This brought 

the quantum dot  and the flavin in relative proximity, and enables the observation of 

Förster resonance energy transfer (FRET) in the solid state as well as in solution. This 

type of highly structured self-assembled QD incorporating photoactive molecules could 

find application as optoelectronic materials.

N
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N O
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8
N

N

N

N Ru

R1

R1

COOH

HOOC
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R2

Br

R1= OC13H27
R2= P(OCH3)3

15 16

Fig. 18: Structure of flavin 15 and porphyrin 16.
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Fig. 20: Schematic of the QD-polymer assembly between Thy-QD and DAP-Flavin-polymer.36
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Fig. 19: Schematic of the QD-polymer assembly between Thy-QD and DAT-polymer promoted by H-
bonding recognition.35
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We have demonstrated fluorescence resonance energy transfer

facilitated by recognition mediated assembly of quantum dots and a

tailor-made fluorescent polymer.

Organization of nanoparticles (NPs) into morphologically controlled

and organised structures is a central issue for bottom-up fabrication

of functional devices in optoelectronics, sensing, catalysis and medi-

cine.1,2 Directed host–guest assembly of NPs into polymer matrices3,4

is an effective route to form structured NP assemblies with advan-

tageous optical,5 electronic,6 magnetic,7 and mechanical properties.8

Polymer mediated self-assembly of NPs yields stable nanocomposites

and their properties can be tuned by varying the size and shape of the

NPs as well as by altering their surface monolayer.9Furthermore, the

functionality and structure of the polymer can be modified, lending

an additional element of control to the entire assembly process.10

In the past, we have demonstrated recognition mediated assembly

ofNPs into polymermatrices using ‘‘plug and play’’ polymers.3These

‘‘plug and play’’ polymers feature recognition elements designed to

interact with specific guest molecules via non-covalent interactions,11

hence allowing multiple systems to be assembled using a single

backbone. In previous studies using gold and magnetic NPs, we have

shown that polymer mediated self-assembly of NPs provides struc-

tures with increased ordering, controlled inter-particle spacing and

tunable physical12 and optical properties.13

Here, we report recognition mediated assembly of ZnSe quantum

dots (QDs) with a chromophore-functionalized polymer, facilitating

fluorescence resonance energy transfer (FRET) from QDs to the

chromophore. We have designed and synthesized a polyfunctional

copolymer (poly(MMA-co-DAP-co-Fl)) featuring a solubilising

methyl methacrylate (MMA) element, a diamidopyridine (DAP)

recognition element and a flavin (Fl) chromophore. Thymine func-

tionalized ZnSe QDs (Thy-QDs) were used as the guest in the

assembly. The choice of the flavin as a chromophore was based on

the spectral overlap of flavin absorptionwith ZnSeQD emission. The

self-assembly was driven by the multivalent DAP–thymine three-

point hydrogen bonding complementary interactions14 that also

brought the flavin and QDs into proximity (Scheme 1). Due to the

spectral overlap and the close proximity, FRET was observed from

ZnSe QDs to flavin both in solution and solid state, as confirmed by

steady-state and time resolved photoluminescence measurements.

The energy transfer efficiencies were tuned by controlling the molar

ratio between the QDs and the flavin-containing polymer. A control

system that cannot participate in hydrogen bonding, N(3)-methyl

thymine functionalized ZnSe QDs (MeThy-QDs) were also prepared

(Scheme 1).

Scheme 1 Schematic of recognition mediated assembly of Thy-QDs and

poly(MMA-co-DAP-co-Fl).
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2. Ferrocene

2.1. History of ferrocene:

Ferrocene 17 is an organometallic compound that  was serendipitously discovered in 

1951 by Pauson and Kealy  by  reacting cyclopentadienyl magnesium bromide with ferric 

chloride (Scheme 2).37 The structure of the organometallic compound was subject to 

much debate, but was correctly  assigned a year later by Wilkinson and co-workers and 

Fischer and co-workers.38  

Both Fischer and Wilkinson were awarded a Nobel Prize in chemistry in 1973, “for 

their pioneering work, performed independently, on the chemistry of the organometallic, 

so called sandwich compounds”.39 The elucidation of “sandwich” structure of ferrocene 

was a revolution in terms of understanding bonding in organometalic compounds. The 

organometallic compound is now considered to be an 18 electron compound with the 

iron centre having an oxidation of +2. The cyclopentadienyl rings each contribute 5 

electrons to the complex, this is labeled as ƞ5 binding since the binding is not covalent 

in nature. The cyclopentadienyl rings donate π electrons to the metal centre from it’s 

delocalised π system, this why  it adopts the sandwich structure. Since its discovery, 

ferrocene 17 has been at the heart of organometallic chemistry and its chemistry has 

been widely investigated.

Fe

FeCl3

MgBr

17

Scheme 2: Preparation of ferrocene 17.
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2.2. Reactions of ferrocene:

Reactions of ferrocene 17 are many, and only  a very small overview is presented to 

outline the types of reactions usually associated with ferrocene 17. The chemistry of 

ferrocene 17 is very  similar to that of aromatic compounds and due to its high electron 

density, it  reacts readily with electrophiles. Friedel-Crafts alkylations and acylations are 

the most common methods used to functionalise ferrocene,40 lithiation of ferrocene is 

also used to add functionality (Scheme 3).41

2.3. Properties:

2.3.1. Electrochemistry:

One of the major interests of ferrocene 17 has been in electrochemistry. Ferrocene 17 is 

known for its redox properties, it  is readily  oxidised to ferrocenium 18 (Scheme 4) at a 

relatively low potential (+ 0.4V vs. SCE, in acetonitrile and 0.1M  [NBu4][PF6])42. Most 

importantly the one electron oxidation of ferrocene 17 is fully reversible, therefore, it is 

Fe

17

R Cl

O

AlCl3

AlCl3
R Cl

n-BuLi

t-BuLi

Fe

Fe

Fe

Fe

R

O

R

Li

Li

Li

Scheme 3: Functionalisation of ferrocene 17.
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often used as a standard in cyclic voltammetry  to characterise the redox potential of 

other organic compounds.43

2.3.2. Electron richness:

As previously  described, ferrocene is a sandwich compound made of two aromatic 

cyclopentadienyl rings. This makes ferrocene an extremely  electron rich molecule. For 

instance, Alfrey-Price calculations (which offer “semi-empirical measure of electron 

richness”)44 of vinylferrocene 19 give an e factor of -2.1 as compared to other 

recognised electron rich substituents (Figure 21).44

2.4. Applications:

Ferrocene is one of the most common organometallic molecules in fields ranging from 

application in catalysis, medicinal chemistry  and materials. In this section, a few recent 

examples of the uses of ferrocene in the afore mentioned fields are presented to outline 

the versatility  of ferrocene which makes the molecule an interesting target in synthetic 

chemistry.

Fe

17

Fe

18

FeCl3

Scheme 4: Chemical oxidation of ferrocene 17 to ferrocenium 18.

Fe
N

MeO OMe

- 2.1 - 1.37 - 1.96
19 20 21

Fig. 21: Alfrey-Price e values of vynilferrocene 19,

p-N,N-dimethylaminostyrene 20 and 1,1’-dianysylethylene 21.
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2.4.1. Ferrocene as a catalyst:

Catalysis research is driven by the search for powerful, robust and versatile ligands. The 

stability  of the ferrocene moiety as well as the ability to tune it’s electronic properties by 

substitutions has made it a key target  for the development of powerful ligands for 

organometallic catalysts. Ferrocenes are widely  used in industry for homogeneous 

achiral and chiral catalysis. 

1,1’-bis(Diphenylphosphino)ferrocene 22 (dppf) (Figure 22) is one of the most common 

ligands used in achiral palladium catalysis. A recent review describes the application of 

dppf as a ligand in many palladium-catalyzed cross-coupling reactions such as the 

Heck, Suzuki–Miyaura, Sonogashira, Negishi, Stille and Hiyama reactions.45  

Ferrocenyl ligands have also been used in chiral catalysis. Since ferrocene offers the 

possibility to desymmeterise by introducing both planar and/or central chirality. Planar  

chirality in 1,1’- adducts is only understood when bound as ligand and the two 

substituants are locked in position. Many 1,1’- and 1,2- type ligands (Figure 23) have 

been developed and used in synthesis as well as industry.46

Fe

22

P

P

Fig. 22: Structure of dppf 22.
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In particular, Josiphos 23 (Figure 24) and its derivatives are of the most used 

ferrocenylphosphine achiral ligands. First discovered by Togni in 1996,47 it as now been 

successfully used in the industrial synthesis of the pesticide Metolachlor and Biotin.48

2.4.2. Application in medicinal chemistry:

The versatility of the ferrocene moiety is quite extensive, as well as being used in 

catalysis it is used in medicinal chemistry. For example, Ferrocerone 24 (Figure 25) was 

marketed in the USSR as treatment for anaemia.49

Ferroquine 25 (Figure 26) was designed as part of an initiative to develop an alternative 

to the FDA approved antimalarial drug Chloroquine 26 (Figure 26).50 Ferroquine has, as 

of 2011, sucessfully been through Phase II clinical trials.49

Fe Fe
R1

R2

R2
R1

Fig. 23: 1,1’-type (left) and 1,2-type (right) ferrocenyl ligands.

Fe
PPh2

PCy2

23

Fig. 24: Structure of Josiphos 23.

Fe O ONa.4H2OO

24

Fig. 25: Structure of Ferrocerone 24.
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Another very  promising ferrocene based drug target is Ferrocifen 27 (Figure 27). Like 

Ferroquine, Ferrocifen is a derivative of the FDA approved drug Tamoxifen 28 (used for 

treatment of breast cancer (Figure 27) and is one of many metallocenes showing 

promise for cancer treatment.49

2.4.3. Materials:

Finally, ferrocene 17 has also seen many applications in materials chemistry. Mesogens 

(liquid crystals) are extremely interesting molecules with a range of applications. 

Metallomesogens are mesogenic polymers containing metal centers, such polymers 

attract a great deal of interest due to the possibility of combining the properties of the 

metal center and the processability of the polymer.51 Ferrocene 17 has successfully been 

incorporated to mesogenic polymers. The review by  Gao and Shreeve outlines many 

different examples of ferrocene containing liquid crystals and identified the work of 

Fe

NHN

N

Cl NHN

N

Cl

25 26

Fig. 26: Structures of Ferroquine 25 and Chloroquine 26.

Fe
O

N
O

N

27 28

Fig. 27: Structure of Ferrocifen 27 and Tamoxifen 28.
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Deschenaux and co-workers on ferrocene-[60]fullerenes 29 (Figure 28)52 as well as  

ferrocene-phosphorus polymers 30 (Figures 30) as the most promising materials.

The combination of fullerene and ferrocene for instance could have application in the 

field of optoelectronics and other ferrocene-fullerene dyads have been synthesised and 

investigated to that purpose.53 Prato and co-workers developed several ferrocene-C60 

dyads,54 however the effects on the electrochemistry of C60 was negligible.

However, in 2002, Prato and co-workers did report ferrocene-C60 dyads (Figure 29) that 

not only  exhibited efficient photoinduced electron transfer and favourable charge 

separation and charge recombination rates.55 More importantly, dyad 31 also exhibited 

nanowire self-assembly on layer-by-layer thin films which facilitated charge transport 

and greatly  improved photocurrent efficiency  as compared with 32. This goes to show 

that the organisation of donor and acceptors in organic electronic materials plays an 

important role and greatly affect efficiency of the electron transport processes.

Fe

O

O

O

O OO

6 6
O

O

O

O

Fe
O

O

O

O

O O

10 10
O

O

O

O

29

Fig. 28: Structure of a ferrocene-[60]fullerene 29.52
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Other applications of ferrocene containing polymers included the work of Kannan and 

co-workers, who reported the synthesis of ferrocene-phosphorus mesogenic polymers 

and indicate that the combination produced materials with noteworthy fire-retardant 

properties.56 Ferrocene has also been incorporated to materials as a fuel additive for 

rocket fuel57 or as an electrolyte in solar cells.58

As has been shown, the versatility  of flavins and ferrocene makes both molecules very 

interesting targets for various applications. The following chapters will describe the 

work carried out with flavins as electron acceptors for the preparation of donor-acceptor 

systems for use in optoelectronic materials such as organic photovoltaics, as well as, the 

N

OH3C

O

Fe

CH3H3C

I

CH3

H
H

N
H3C

I

O
O

O Fe

3231

Fig. 29: Structure of a ferrocene-[60]fullerene dyads 31 and 32.55
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Fig. 30: Structure of a ferrocene-phosphorus 30.56a
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combination of flavin and ferrocene in the development of a novel organic super-

acceptor molecules and finally  the development of new umpolung methodology using 

the redox properties of ferrocene.
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CHAPTER II: SYNTHESIS  AND CHARACTERISATION OF 8-ETHYL-6,7-

BISTHIOPHENE-THIOPTERIDINE-2,4-(3H,8H)-DIONE AND ITS 

DERIVATIVES AS MATERIALS FOR OPTOELECTRONIC APPLICATIONS.

1. Introduction

Optoelectronics is a field of materials science which is concerned with devices that use 

electrical energy to produce an optical effect  or use optical energy to produce electrical 

energy. These devices are primarily semiconductors and therefore were, until recently, 

solely  based on inorganic materials such as silicon. However, organic small molecules 

and semiconducting polymers are progressively being used for such applications. 

Organic light  emitting diode (OLED) displays are found in household televisions and 

displays while current  research aims to commercialise indoors OLED lighting solutions 

to replace conventional bulbs. One field of organic optoelectronics which is thriving is 

the development of small molecules and conjugated polymers for photovoltaic devices. 

The photovoltaic effect was first observed by Edmond Becquerel in 183959 and consists 

of converting the energy of light into electricity. Considering the current need for clean 

renewable energy, research and development of photovoltaic devices is a vibrant area of 

scientific research. To date, industrial photovoltaic devices are mainly  manufactured 

using inorganic semiconductors. However, a great  deal of effort is being put in the 

research and development of organic semiconducting materials for use in photovoltaic 

devices. 

1.1. The photovoltaic (PV) effect:

The photovoltaic effect as described by the Collins English Dictionary is “the effect 

observed when electromagnetic radiation, especially visible light from the sun, falls on 

a thin film of one solid deposited on the surface of a dissimilar solid producing a 
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difference in potential between the two materials.”60 In the current search for renewable 

energies as imposed by the depletion of fossil fuel resources, solar energy is at the 

forefront of scientific research to find new and better ways to harvest the 

electromagnetic energy of the sun (Figure 31).

When designing a PV device it is important to try and capture as much of the energy  as 

possible. Although only  the visible part of the electromagnetic spectrum can be 

perceived by the naked eye, solar radiation includes ultraviolet and infrared radiations. 

It is important to notice that most of the energy in solar radiation is actually  found in the 

infrared region of the spectrum (Figure 32).62 Although, the strongest energy output is in 

the visible region, the area under the curve from near-infrared to infrared region is much 

greater.

Fig. 31: Typical silicon PV cell cartoon representation.61
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1.2. Overview of PV in the global market:

Modern photovoltaic devices are made up of a semiconducting material trapped 

between two electrodes. Several types of materials can be used the fabrication of PV 

devices, some of the more common ones are silicon, cadmium-telluride or copper 

indium gallium(di)selenide semiconductors.

To date, all commercial photovoltaic devices are made from inorganic materials.63 

These remain rather expensive, according to the Energy Saving Trust: “The average 

domestic solar PV system is 3.5 to 4kWp and costs around £7,000 (including VAT at 

5%), with the typical cost ranging from £5,500 to £9,500.”64 Efficiencies of commercial 

devices vary  from 6% for a silicon thin-film to 29% for concentrated multijunction 

devices (Table 1).65

Fig. 32: Representation of solar radiation power against wavelength.62
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Mono and Multicrystaline silicon PV modules remain the largest part of the market 

representing 37% and 48% annual PV cell and module shipments respectively.65 Despite 

major sale price reduction over the last 10 years, primarily  due to the market growth, the 

cost of manufacture of inorganic PV remains high. For this reason, although the 

research for more efficient inorganic PV devices continues, a lot of effort  is being spent 

in the development of organic materials that would be cheaper to manufacture and offer 

more practicality of use.

1.3. Emerging organic photovoltaics:

As can be seen from graph 1, research in emerging organic photovoltaics began ca. 

1990 and has now has seen much growth particularly  in the last decade. The research 

can be divided in three categories, dye-sensitised solar cells, quantum dot solar cells or 

conjugated organic small molecules and polymers.

Table 1: Table of commercial PV module efficiencies.65
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Graph 1: Graph representing the best research in PV technology by efficiency over time.65
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1.3.1. Dye-sensitised solar cells (DSSC):

A dye-sensitised solar cell is a thin-film solar cell where an organic dye is applied onto 

a mesoporous working electrode (TiO2) separated from a counter electrode (Pt) by 

electrolytes.66 As sunlight strikes the surface of the working electrode a photon with 

enough energy may oxidise the dye to an excited state that will provide an electron to 

the working electrode. This electron will then diffuse to the counter electrode through 

the electric circuit, at the same time the sensitiser is reduced by the electrolyte (I/I3 or 

CoII/CoIII) and the oxidised electrolyte is it self regenerated at  the counter electrode to 

close the circuit (Figure 33). The key  factor for this type of device relies in the choice of 

dyes that will absorb photons to provide the electron to the conduction band of the 

working electrode. DSSCs function in very similar fashion to photosynthesis and many 

of the most efficient dyes are based around a chlorophyll porphyrin-like ring.

Grätzel and O’Regan are regarded as the inventors of DSSCs. In 1991, they reported the 

first high efficiency DSSC device.67 They  managed to achieve 7.9% power conversion 

efficiency in artificial light. They introduced the use of TiO2 as working electrode and 

the use ruthenium based dyes. Ruthenium dyes, notably  “black dye” 33 (Figure 34) are 

amongst the best and have been reported to give some of the highest efficiency  to date. 

Fig. 33: Schematic representation of the composition and the operating principle of a DSSC.66
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Black dye 33, for instance, was reported to achieve efficiency of 11.1% by Chiba and 

co-workers in 2006.68 However, because ruthenium is an expensive material, recent 

efforts have been focusing on developing cheaper suitable dyes, particularly using 

porphyrins.

To date, the highest recorded efficiencies are in excess of 12% for DSSC under AM 1.5 

light.69 Gratzel and co-workers developed a DSSC using a porphyrin dye and a cobalt 

couple as the electrolyte. They managed to achieve a power conversion efficiency of 

12.3% using dye YD2-o-C8 34 with co-sensitiser Y123 35 (Figure 35).
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Fig. 34: Structure of “black dye” 33.
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Fig. 35: Structure of YD2-o-C8 34 and Y123 35.
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1.3.2. Quantum dot solar cells (QDSC):

In 1990, Barnham and Duggan first introduced the idea of using quantum dots as solar 

cell materials.70 They noted that, since single material (single band gap) solar cells can 

only absorb a limited energy range of incident photons, the use of multi-band gap solar 

cells offered an effective way to extend the absorption range of devices. This had 

already been achieved with multi-junction devices, where two to three layers of 

semiconductors with different band gaps absorb photons of different energy as they go 

through the device.

However, the manufacture of such devices is complicated and costly. Barnham and 

Duggan present calculations which suggest that greater conversion efficiencies can be 

achieved by using quantum dots. Quantum dots are nanocrystalline semiconductors; the 

important feature of quantum dots is that their properties can be easily tuned simply by 

changing their size. Also, quantum dots have access to different quantum states and can 

produce more than one electron-hole pair if excited with a high energy photon.71 

Therefore, a multi-band gap  solar cell could be devised from a single quantum dot 

material. Unlike DSSCs quantum dot solar cells do not follow a single type of device 

architecture. QDSC can be found in the form of bulk heterojunctions, sensitisers or even 

polymer hybrid solar cells.72

In 2012, Ip  and co-workers reported a QDSC device, using halide passivated PbS 

quantum dots, that achieved a record efficiency  in excess of 7.0%.73 The addition of 

halide atoms and mercaptopropionic acid (MPA) to the quantum dot were instrumental 

in minimising “trap state” areas. These area are fundamentally  responsible for the low 

power conversion of quantum dot devices because they promote charge recombination.
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Later the same year, Kim and co-worker reported a solid-state quantum dot sensitised 

solar cell.74 Here PbI perovskites were deposited on as a heterojunction with TiO2 doped 

with a hole transport  medium. This particular cell achieved efficiency of 9.7% under 

AM 1.5 light.

In practice, quantum dot solar cells have been prepared using a range of different 

materials but have yet to achieve high efficiencies. However, QDSC research is still in 

its infancy and the potential for low-cost high efficiency devices remains.

1.3.3. Organic/polymer solar cells (OPV):

OPVs have been part of the emerging PV market for the last  decade in an attempt to 

solve the short comings of traditional silicon PV systems. OPVs are either made with 

thin film polymers or small molecules. The main advantages are cost effective 

manufacturing processes (spin coating, printing...), low cost materials and applications 

to flexible substrates.  Although OPVs are reckoned not to be able to exceed the power 

efficiencies of their inorganic counter parts, they could make up for it in value for 

money.

-Device architecture:

There are two main architecture types for OPVs, bi-layer and bulk heterojunction 

(BHJ). Bi-layer devices will, as the name suggests, be made of two layers sandwiched 

between two electrodes, very much like a crystalline silicon PV cell. One layer consists 

of an electron donor material, the other of an electron acceptor. On the other hand, bulk 

heterojunction devices consist of a blend of donor and acceptor molecules.

Apart from the active layer(s), the rest of the device architecture is the same in most 

cases. Most devices consist of a transparent substrate (glass, polymer, ...) coated with a 
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transparent conductive oxide such as indium tin oxide (ITO) which is the anode. Then a 

layer of poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) is 

often found (particularily in BHJ) as a protective layer and a hole transport layer (HTL). 

The HTL is particularly  necessary in BHJ devices since both the donor and acceptor are 

in contact with both electrodes. The active layer is then applied and the device is then 

completed with the cathode, generally aluminium (Figure 36).

Since OPVs are still relatively new there is a lot of research around the materials used in 

their fabrication. For example, carbon nanotubes are being investigated as materials for 

the cathode, as well as acceptor materials.75, 76

-Mode of action:

As a photon of light goes through the anode, it  is absorbed by the donor material to 

produce an exciton (electron-hole pair). The exciton can then diffuse to the donor-

acceptor interface and dissociate or it  can recombine. The dissociated charges then 

travels toward their complementary electrodes, the electron travels to the cathode and 

then goes through the circuit back to the anode to generate current. The electron then 

recombines with a free hole and the process is repeated (Figure 37).77
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Fig. 36: Representation of device architectures, bilayer (left) and bulk heterojunction (right).
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-Active layer materials:

As previously  explained, OPVs consist of an active layer of donor and acceptor 

materials. Here a selected number of organic donor and acceptor materials and their key 

features are highlighted.

High power conversion efficiency  depends on several factors, but non so important  as 

charge transfer. As a photon of light is absorbed by the donor materials the exciton is 

formed by promotion of an electron from the highest occupied molecular orbital 

(HOMO) of the donor to its lowest  unoccupied molecular orbital (LUMO). The key of 

charge transfer is to quickly  transfer the electron from the LUMO of the donor to the 

LUMO of the acceptor before the charge recombines. Also if the HOMO of the donor is 

lower in energy than that  of the acceptor then the whole exciton can transfer from the 

donor to the acceptor (Figure 38). The charge cannot be separated and there is no 

generation of current. Therefore, one key feature of OPVs is well matched donor/

acceptor HOMO/LUMO levels. 

Fig. 37: Charge transfer process in a bi-layer device.77
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OPV materials are classed in two categories, small molecules and polymers. Since 

many review articles have already been produced on the progress of OPV active 

materials only a small number of important examples are highlighted here.77, 78

For a long time the bench mark of small molecule OPVs were copper phthalocyanine  

36 (CuPc) and fullerene C60 37, as donor and acceptor respectively  (Figure 39). The 

combination of both molecules represented the bench mark of small molecule OPV 

efficiency for a long time, achieving a maximum of 5% efficiency in a mixed-HJ 

device.79
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Fig. 38: Charge transfer process at the molecular orbital level, favourable staggered orbitals (right), 

disfavoured non staggered orbitals (left).
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Fig. 39: Structures of CuPc 36 and C60 37.
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In the years that followed, much work was done to find better donor molecules. 

Whereas, fullerene based acceptors have remained the acceptor molecule of choice, 

particularly phenyl-C61-butyric acid methyl ester (PC61BM) and its derivatives. New 

types of donor small molecules include squaraines (38)80 and oligothiophenes              

(39 & 40)81 (Figure 40). All of which have been incorporated to devices with fullerene 

acceptors and achieving efficiencies above the 5% bench mark set by CuPc 36.
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Fig. 40: Structures of alternative donor materials with acceptor partner and recorded efficiency.
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Polymers are also being used as OPV materials, the most note worthy is poly(3-

hexylthiophene) 41 (P3HT, Figure 41). Regioregular alkyl-polythiophenes are 

recognised as “the best class of balanced high-performance materials used as p-type 

semiconductors”.82 P3HT 41 is the most used donor in high efficiency OPV devices and 

was recently combined with a fullerene acceptor and a thiophene additive to achieved 

6.69% power conversion efficiency.83

In 2012, Dou and co-workers achieved the highest efficiency for a polymer based OPV 

device (8.62%).84 This was achieved using a tandem solar cell (multijunction). The first 

active layer consisted of a blend of P3HT 41 and IC60BA 42 and the second active layer 

was a blend of PBDTT-DPP 43 and PC71BM 44 (Figure 42). This kind of tandem solar 

cell using bend of small molecules and polymers could be the future of OPVs.

S
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32

Fig. 41: Structure of P3HT 41.
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However, there has been some interest in the development of “single material” OPVs 

where the donor and acceptor molecules are associated into one molecule/polymer.85 

Since charge transfer, charge mobility and charge separation is key to the efficacy of a 

PV device, it is thought that combining donor and acceptor moieties in single molecules 

might improve such factors. Also the combination of electron donating moieties to 

electron acceptor molecules is a very efficient way to tune electronic properties such as 

the HOMO-LUMO and absorption spectrum. So far, these dyads and triads have failed 

to rival efficiencies of blend devices,86 however when used in conjunction with other 

OPV materials they show potential.87
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Fig. 42: Structures of IC60BA 42, PBDTT-DPP 43 and PC71BM 44.
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2. Aims

The aim of this project  was to use recent findings by Cooke, Rotello and co-workers,88 

which suggest that flavins in a donor-acceptor dyad system have efficient energy and 

charge transfer properties. For this reason we used knowledge from general 

optoelectronic material and from current research being carried in the Cooke research 

group (unpublished results to date) to design a novel flavin based dyad.

10-Ethyl-6,9-bis-thiophene-benzopteridine-2,4-(3H,10H)-dione 45 (Figure 43) was 

previously  prepared by the Cooke research group (unpublished). It was thought that 

adding thiophene donor at  the C(6) and C(9) positions of a standard flavin would 

enhance electrochemical and optical properties of the flavin core. It would also make 

use of the three point hydrogen bonding ability of flavins for the potential formation of 

nanostructures. Investigation of the x-ray structure of 45 also provided knowledge that, 

in the solid state, only one of the thiophene rings was in conjugation with the flavin 

core. This is likely due to a combination of electronic effects and sterics from the ethyl 

side chain. After addition of an heptyl chain at the N(3) position to render the compound 

more soluble, selective bromination of the thiophene ring that is in conjugation with the 

flavin core was achieved to give flavin 46 (Figure 44). This gives a platform for further 

functionalisation and the formation of regioregular compounds with potential 

optoeletronic applications (dimersisation).

Fig. 43: Structure of compound 45.
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With that knowledge in hand 8-ethyl-6,7-bis-thiophene-thiophenepteridine-2,4-(3H,

8H)-dione 47 (Figure 45) was designed to be an effective donor-acceptor dyad for use in 

optoelectronic materials. Replacing the phenyl ring in the core flavin with thiophene   

and assuming that selective bromination would also happen with compound 47 in the 

same way as with compound 45, could lead to the formation of flavin based 

olygothiophenes (Figure 46).

Fig. 44: X-ray structure of flavin 46.
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Fig. 45: Structure of compound 47.
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The proposed synthesis of compound 47 follows a straightforward synthesis of the 

flavin from standard chemical transformations using relatively cheap starting materials. 

The first step would be the di-nitration of readily available 2,5-dibromothiophene 49 

using standard conditions followed by  a Stille type coupling using 2-(tributylstanyl)-

thiophene and a palladium (II) catalyst to give the terthiophene 3’,4’-dinitro-[2,2’,5’,

2”]-terthiophene 51. Then, reduction of the two nitro groups would give the diamino 

product 52 which would then undergo either mono N-alkylation or N-acylation and 

subsequent reduction to give N-ethyl-[2,2’,5’,2”]-terthiophene-3’,4’-diamine 53. 

Finally, 53 would undergo alloxan condensation under standard conditions to afford the 

target flavin 47 (Scheme 5).

S
S

S
S

S
S

NN

N N

N
N

N
N

O

O

6

O

O

6
48

Fig. 46: Structure of sexi-thiophene target 48.
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The next stage in the synthesis would see the functionalisation of flavin 47 to make a 

suitable material for photovoltaic applications. N-Alkylation of 47 to afford 3-heptyl-8-

ethyl-6,7-bis-thiophene-thiophenepteridine-2,4-(3H,8H)-dione 55 (Figure 47) would 

first improve the solubility of the material.
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Scheme 5: Proposed strategy for the synthesis of 47.
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Fig. 47: Structure of compound 55.
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Subsequent selective mono bromination would afford a platform to achieve the 

synthesis of the desired sexi-thiophene 48 via metal-catalysed coupling conditions 

(Scheme 6). Finally, these materials would be fully  characterised and their potential for 

the fabrication of a photovoltaic device assessed.

3. Results and discussion

3.1. Synthesis of 8-ethyl-6,7-bisthiophene-thiopteridine-2,4-(3H,8H)-dione 47:

3.1.1. Synthesis of 3,4-dinitro-2,5-dibromothiophene 50:

The first attempts to perform the nitration of 2,5-dibromothiophene 49 were done under 

standard conditions using a 3:2 mixture of concentrated sulfuric acid and concentrated 

nitric acid. This reaction was done on different scales ranging from a few milligrams to  
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Scheme 6: Synthetic strategy toward sexi-thiophene dimer 48.
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several grams and showed a peak efficiency  on a ten gram scale and diminishing yields 

when further increasing the scale. Though very  reproducible, this reaction was very  low 

yielding averaging around 25%. This was not an issue since both reagents and the 

starting material are reasonably inexpensive. However, after looking further in the 

literature, it  was noticed that by changing concentrated acids to fuming acids the yield 

of this reaction could be greatly improved.89 Rasmussen et. al. reported a 47% yield by 

using mixtures of both concentrated and fuming acids. In an attempt to keep costs as 

low as possible whilst still improving the yield of this reaction, the use of fuming nitric 

acid with concentrated sulfuric acid proved to be a good compromise and achieved 

routinely a 53% yield on a multi-gram scale.

3.1.2. 3’,4’-Dinitro-[2,2’,5’,2”]-terthiophene 51:

The Stille coupling reaction is one of many  palladium mediated cross-coupling 

reactions. The Stille cross-coupling reaction was discovered by John K. Stille and David 

Milstein in the late 1970’s and reported the palladium mediated coupling of               

sp2-hybridised organo-halide centers with organo-tin compounds.90  The mechanism of 

the Stille reaction is now well understood and proceeds via activation of the palladium 

species from palladium(II) to palladium(0). Then, the organo-halide reagent  undergoes 

oxidative addition and cis/trans isomerisation. Transmetalation with the organotin 

reagent gives an intermediate which can undergo reductive elimination thereby giving 

the desired product and regenerating the catalyst (Scheme 7).
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In this reaction the product of the first coupling reaction can react again through the 

same cycle with the catalyst and the stannane to give the desired terthiophene product. 

Product 51 was successfully and reproducibly synthesised in quantitative yields.

3.1.3. Reduction of nitro groups:

With the three thiophenes now in place, the nitro groups needed to be reduced to 

primary amines. This reaction proved a lot more troublesome than it first appeared.

The reduction of aromatic nitro groups can be achieved using many  different methods, 

catalysed hydrogenation91 and metal reduction92 are amongst the most used. Several 

methods were used to perform this reaction and some are reported in table 2.
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Scheme 7: Stille coupling catalytic cycle.
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Reagents Conditions Time Yield

SnCl2, EtOH,
conc. HCl

N2, 30 ºC 18 h 27 - 63%
varying purity

Sn, conc HCl r.t. 18 h no product

Fe, NH4Cl,
H2O, MeOH

reflux 100 h no product

SnCl2, EtOH,
conc. HCl, Toluene

90 ºC 18 h 90-97%

After much trial and many unsuccessful reactions it  was found that addition of toluene 

to the reaction mixture, using SnCl2 as the reducing agent, improved the yield and 

reproducibility, achieving routinely yields between 90-97%. In the original SnCl2 

procedure, toluene was used as solvent to extract the product from the tin residue. 

However, that procedure proved to be inefficient and often unsuccessful as the tin 

residue can be hard to extract fully, particularly  on multi-gram scales. Therefore, by 

adding toluene to the reaction, the product was directly  extracted into the organic layer 

as it is being formed and thus, the work up only consisted of separating and washing the 

layers. 

3.1.4. Synthesis of N-Ethyl-[2,2’,5’,2”]-terthiophene-3’,4’-diamine 54:

The next step in the synthesis was to prepare of N-ethyl-[2,2’,5’,2”]-terthiophene-        

3’,4’-diamine 54. This could be done in one of two ways, either by  direct alkylation or 

by N-acylation and subsequent reduction.

Table 2: Optimisation of dinitro reduction.
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-Acylation and reduction:

The acylation was performed under standard conditions using acetic anhydride in 

pyridine (mechanism, Scheme 8). The reaction was successful but  yielded only  49% of 

the mono-amide 53 after flash column chromatography  on neutral alumina, as the amide 

product is susceptible to ring closure (Scheme 9).93

Following the acylation reaction, the product was reduced under standard conditions 

using lithium aluminium hydride. This should give the N-alkylated amine 54 which, 

being also unstable, was transferred to the alloxan condensation step  without 

purification. However, only  a very small amount of the desired flavin 47 was isolated. 

Upon closer investigation of the NMR data of the two presumed precursors 53 and 54, 

the integration of the peaks was found to be incompatible with the synthesis of the 

mono adducts, but could correspond to a mixture of the bis and mono-adducts of the 

acylated and reduced products 58 and 59 (Figure 48).
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Scheme 8: Acylation mechanisn (T=thiophene).
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Scheme 9: Intramolecular N-cyclisation mechanism (T=thiophene).93
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-Direct alkylation:

It is well known that the direct alkylation of primary amines usually leads to over-

alkylated products. This is due to the greater reactivity of the secondary amine towards 

alkylation. In this case the presence of the large aromatic system renders the amines 

even more reactive. Nevertheless, the mono-alkylation of diamine 52 was attempted.

In the first attempt, ethyl bromide was used in the presence of potassium carbonate.94 

The reaction was first attempted at room temperature without success, the temperature 

was then increased to 40 ºC but without any formation of the desired product. A third 

attempt saw the addition of sodium iodide to promote halide exchange between bromine 

and iodine.95 This, however, did not make any difference and still no product was found 

upon work-up.

After some research in the literature it was found that the N-alkylation of 

phenyldiamines was achieved in high yield by reacting a dialkylcarbonate in the 

presence of a NaY zeolite catalyst.96 Unfortunately, this method did not work for this 

system and returned unreacted starting metrials and unidentified side products. This is 

probably  due to the fact that the cavity  of the zeolite is not big enough to accommodate 

the terthiophene substrates.

In a last  attempt to perform the direct alkylation of the diamine substrate, the activation 

of the alkylating agent towards SN2 substitution was again reconsidered and the use of 

an alkyl triflate reagent was investigated. This proved to be the method of choice, 
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NH HN
OO

ST T

NH HN

58 59

Fig. 48: Di-acylated 58 and di-alkylated 59 terthiophene products (T=thiophene).
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though the akylated diamine was not isolated, the 1H NMR spectrum of the crude 

material showed almost quantitative conversion to the desired product which was then 

used without purifictation in the next step of the synthesis.

3.1.5. Alloxan condensation:

Alloxan condensation has been the reaction used by many for the synthesis of 

isoalloxazines. The general procedure involves the activation of alloxan 60 by a borane 

reagent (here boric anhydride although boric acid is more commonly  used) which 

promotes the first intermolecular condensation and then the second intramolecular 

condensation takes place to give the final product (Scheme 10).

This final step  afforded the desired flavin 47 in 53% yield over 2 steps which proved the 

relative success of the alkylation reaction.
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Scheme 10: Proposed mechanism of alloxan condensation. 
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3.2. Analysis and characterisation of 47:

Compound 47 was compared to its analogue 10-ethyl-6,9-bisthiophenebenzo 

pteridine-2,4-(3H,10H)-dione 44 that had been previously  synthesised in the group. As 

previously  observed in compound 44, X-ray  crystallography of 47 (Figure 48) shows 

that the thiophene ring on the same side of the ethyl side chain is orthogonal to the 

flavin core resulting in only  one thiophene ring being truely  in conjugation with the 

flavin core (Figure 50). This is likely  due to a combination of steric hindrance of the 

ethyl chain and an electronic bias toward the other thiophene ring. This interesting 

feature of both flavin derivatives is what lead us to believe that mono bromination of 35 

would be regiospecific as previously observed with flavin 46.

Fig. 49: X-ray structure of compound 47.
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Fig. 50: Resonance structures of 47 showing conjugation of the “in-plane” thiophene.
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Secondly, the UV-visible spectrum of 47 was compared to that of 44. At the same 

concentration, compound 44 shows stronger absorption between 250 nm and 300 nm. 

Relatively similar absorption is shown between 400 nm and 500 nm showing the typical 

flavin three peak absorption.  However, 47 shows a slight increase in absorption toward 

the near infrared region with a peak at λmax= 551nm and an onset  at λonset=671 nm 

(Figure 51).

3.3. Synthesis and characterisation of flavin dyads for optoelectronic applications:

After having successfully synthesised compound 47, it was necessary  to try improving 

the solubility of this compound for its application in the manufacture of a thin-film 

organic photovoltaic device. Therefore, a long alkyl chain was added at the N(3) 

terminus of the molecule to synthesise 3-heptyl-8-ethyl-6,7-bis-thiophene-thiophene 

pteridine-2,4-(3H,8H)-dione 55. Compound 55 was successfully  synthesised in one step 

in 58% yield from 47 using standard N-alkylation conditions. (Scheme 11).
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Fig. 51: Comparison of absorption spectra of 47 and 44 (5 x 10-5 M, in DCM).
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As previously  mentioned, the thiophene ring on the same side as the ethyl side chain is 

orthogonal to the aromatic system. For this reason regiospecific bromination of 55 

should take place on the ring which is part of the conjugated system preferentially, as it 

should be more reactive. This reaction was first developed by Dr Brian Fitzpatrick, 

within the Cooke group, who worked on the synthesis of the benzene flavin analogue 

10-ethyl-6,9-bis-thiophene-benzopteridine-2,4-(3H,10H)-dione 44. After some trial and 

error, the mono bromination of 55 was successfully  performed. This reaction needs to 

be carried out  in the absence of light as it otherwise promotes the formation of the di-

brominated species 61 (Figure 52).  

After purification, the desired mono-brominated flavin was obtained in 81% yield with 

the dibrominated-flavin being isolated as 6% yield. X-ray  crystallography of the 
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Scheme 11: Alkylation of the N(3) terminus of 47.

S
S S

N N

N
N

O

O

Br Br

61

Fig. 52: Structure of compound 61.
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monobrominated species shows very  clearly that, in both compounds 46 and 56, the 

bromine atom is added regiospecifically (Figure 53). This then opens the platform for 

the synthesis of regiospecific oligothiophene dimers.

Because of the time constraints of this project, the remainder of the synthesis was 

carried out by  Dr Brian Fitzpatrick (for synthesis, see appendices 1-5). Who 

successfully  obtained the sexi-thiophene dimer 48 and we also managed to extend the 

conjugation by  adding thiophene spacer units to give oligothiophene dimers 62 and 63 

(Figure 54). Compounds 48, 62 and 63 were obtained in 43%, 55% and 63% yield 

respectively.

Fig. 53: X-ray crystals of monobrominated flavins 46 and 56.
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Fig. 54: Structures of the oligothiophene dimers 48, 62 and 63.
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3.4. Analysis and characterisation:

UV-vis and cyclic voltammetry studies of the target  compounds were carried out, in 

order to assess their potential as materials for optoelectronic applications.

-UV-vis spectroscopy (Figure 55):

As previously shown the parent flavin molecule 47 showed some absorbance in the near 

IR with λmax of 551 nm and an onset of absorbance at  671 nm. The absorption spectra of 

the oligothiophene dimers 48, 62 and 63 where therefore compared with that of 47. As 

can be observed from graph 3, the absorption spectra of the oligothiophene dimers 

shows a bathochromic red-shift of the absorption peak of the parent molecule         

(λmax= 551 nm) and greater absorbance with increasing number of thiophene units. This 

increase in absorption toward the near IR region of the electromagnetic spectrum is 

evidence of efficient intramolecular charge transfer within the dyads.
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-Voltammetry studies:

Cyclic and square wave voltammetry studies were carried out on compounds 47, 48, 62 

and 63. Derivation of E½(oxidation) and E½(reduction) was obtained using cyclic 

voltammetry at 1x10-5 M  concentrations in DCM using TBA.PF6 as the electrolyte with 

a 1.6 mm diameter platinum working electrode, a platinum wire counter electrode and a 

silver wire reference electrode calibrated versus the ferrocene/ferrocenium (Fc/Fc+) 

redox couple (Figure 56). Derivation of Ediff(oxidation) and Ediff(reduction) was 

obtained using square wave voltammetry at 1x10-5 M concentrations in DCM. Direction 

of sweep  from -2.0 V to +1.1 V vs Fc/Fc+. Cell conditions were identical to that of 

cyclic voltammetry  described above and the aniodic current is depicted as positive 

(Figure 57).
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Fig. 56: CV traces of 47 (t3, black), 48 (t6, red), 62 (t7, blue) and 63 (t8, green)

with corresponding E1/2 values (1 x 10-5 M, in Acetonitrile).
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These analyses show that the reduction potential of the oligothiophene dimer 48, 62 and 

63 is only  affected by a small amount (0.03-0.04 V). However, the oxidation potentials 

are significantly shifted by -0.26 V, -0.38V and -0.48 V for compounds 48, 62 and 63 

respectively. This means that the band gap of each molecule is significantly narrowed 

with increasing number of thiophene rings.

-Optoelectronic data:

HOMO and LUMO levels as well as band gap can be determined from both the UV-vis 

and voltammetry data using the following equations:
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Fig. 57: Square wave voltammetry traces of 47 (t3, black), 48 (t6, red), 62 (t7, blue) and 63 (t8, green)
with corresponding Ediff values (1 x 10-5 M, in Acetonitrile).

(1) EHOMO= - (4.8 + E½(oxidation))= - (4.8 + Ediff(oxidation))           (in eV)

(2) ELUMO= - (4.8 + E½(reduction))= - (4.8 + Ediff(reduction))           (in eV)

(3) Egap= !ELUMO - EHOMO!                                                                 (in eV)

(4) Egap= hc / λonset = 1240 / λonset                                                        (in eV)
h = Plank’s constant (4.135 x 10-15 eV.s); c= speed of light (3 x 108 m.s-1).
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Equations (1) and (2) are used to calculated the experimental value of the HOMO and 

LUMO energy  levels from the voltammetry  data.97 These levels correspond to the 

absolute potentials of oxidation and reduction and are therefore calculated with respect 

to the reference used. In this case HOMO and LUMO levels are calculated with respect 

to the absolute potential of the Fc/Fc+ couple (-4.8 eV).98 This enables us to calculate 

the electrochemical band gap  using equation (3). On the other hand, the UV-vis data can 

be used to calculate the optical band gap, using equation (4).99 A summary of the data 

obtained and the result of the calculations is found in table 3.

Electrochemical properties Optical properties

Cyclic Voltammetry Square wave voltammetry UV-Vis

E½ (ox) E½ (red) Egap Ediff (ox) Ediff (red) EHOMO ELUMO Egap λmax λonset Egap

Flavin (V) (V) (eV) (V) (V) (eV) (eV) (eV) (nm) (nm) (eV)

47 x -1.07 x 0.97 -1.08 -5.77 -3.73 2.04 547 652 1.90

48 0.70 -1.04 1.74 0.71 -1.04 -5.51 -3.77 1.74 606 789 1.57

62 0.58 -1.04 1.62 0.58 -1.04 -5.38 -3.76 1.63 671 820 1.51

63 0.48 -1.04 1.52 0.48 -1.05 -5.28 -3.75 1.53 673 820 1.51

The table shows that the energies derived from cyclic voltammetry  and square wave 

voltammetry are in good agreement with each other. It also confirms the conclusions 

made from observation of the voltammetry traces, that the band gap  is significantly 

narrowed from 2.04 eV for the parent flavin 47 to 1.53 eV for the octathiophene 

compound 63. This is primarily due to the HOMO level being raised as the LUMO 

levels for each compound remains effectively unchanged.

Density Functional Theory (DFT) calculations of the heptathiophene dimer 62 show 

some disparity between the theoretical and experimental LUMO levels. However, there 

Table 3: Summary of electrochemical and optical data. (x: data unavailable)
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is reasonable correlation between the predicted and experimental energy level of the 

HOMO, and that the HOMO is predicted to lie primarily on the conjugated thiophene 

backbone (Figure 58). This confirms experimental observations that the band gap is 

narrowed with increasing number of conjugated thiophenes.

Finally, the HOMO level of the octathiophene compound 63 is very close to that of the 

P3HT 41 donor (-5.10 eV), 63 (-5.28 eV) and that  the LUMO level is close to that of the 

IC60BA 42 acceptor (-3.7 eV), 63 (-3.75 eV).

Fig. 58: DFT calculations of HOMO/LUMO levels for heptathiophene dimer 62.
Calculations preformed on Spartan ’08, B3LYP exchange-correlation function with Basis Set 6-31G*
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4. Conclusions

The synthesis of a flavin based donor-acceptor dyad 47 was successfully completed and 

47 was use to synthesise three oligothiophene dimers 48, 62 and 63 (Scheme 16). 
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These molecules were assessed for their potential optoelectronic application. All four 

molecules exhibit  absorption spectra with absorbance in the near IR region of the 

electromagnetic spectrum. Also, the absorbance in this region increased significantly 

from the parent molecule 47 with increasing number of thiophene rings. Voltammetry 

studies provided characterisation of the HOMO/LUMO band gap of these molecules 

and showed that the band gap decreased with increasing number of thiophene rings also. 

This change is attributed to the change in the HOMO levels of the target molecules. 

Finally, the HOMO and LUMO levels of compound 63 (narrowest band gap) 

corresponded adequately to that  of P3HT 41, a recognised donor, and IC60BA 42 a 

recognised acceptor used in photovoltaic cells.

The aim of this project  was to synthesise a new family of organic donor-acceptor dyads 

for use in optoelectronic devices. These target compounds show properties desirable in 

both donor and acceptor compounds (high HOMO level, low LUMO level and narrow 

band gap) and could prove to be good donor-acceptor molecules.

5. Future work

In the first instance, the oligothiophene dimers will be sent to Professor Ifor Samuel at 

the University of St Andrews. There, they will be used to produce photovoltaic devices 

and will be assessed for their power conversion efficiency. From the observations made 

in this project, these devices should be tested as BHJ devices as well as single molecule 

devices. The BHJ devices could be made from either a blend of the compounds with 

P3HT 41 or with an acceptor or even with all three compounds blended together.

Since the number of conjugated thiophenes plays an important role in manipulating the 

HOMO levels, future work could included the synthesis of more derivatives with 
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increasing number of conjugated thiophenes (Figure 59). This may help to reach an 

optimum band gap and might increase absorbance as well. Other targets could include 

dimers with extended thiophene side chains to ascertain the role of the non-conjugated 

thiophene ring (Figure 60).
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CHATER III: SYNTHESIS  AND CHARACTERISATION OF 8-(3’-

FERROCENE-1’,1’,4’,4’-TETRACIANO BUTADIENE)-10-ISOBUTYL FLAVIN 

AS AN ORGANIC ELECTRON SUPER-ACCEPTOR.

1. Introduction

As previously described in chapters I and II, flavins are interesting targets for 

optoelectronic materials. This chapter describes the synthesis of an electron “super-

acceptor” molecule featuring a flavin unit. The term “super-acceptor” was coined by 

Diederich and co-workers100 and describes a class of organic acceptor molecules. These 

molecules were designed around known potent cyanocarbon acceptors tetracyanoethene 

64 (TCNE) and 7,7,8,8-tetrecyanoquinodimethane 65 (TCNQ) (Figure 61).

Fig. 61: Structures of TCNE 64 and TCNQ 65 (TCNQ).

TCNE 64 and TCNQ 65 are part of the family of chemical compounds known as 

cyanocarbons. These are molecules baring highly electron withdrawing nitrile groups. 

Cyanocarbons contain a sufficient amount of nitrile groups to alter the electronic 

properties of the molecule.101 In view of the interesting properties of cyanocarbons, 

Diederich and co-workers set  out to synthesise new cyanocarbon materials for 

electronic and non-linear optics applications.102 
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Following from their seminal work, they  investigated a range of cyanoethene 

compounds (Figure 62), their synthesis and optical properties. The research focused 

particularily  on donor substituted cyanoethynylethene diads,103 but soon took to a new 

class of cyanocarbons. In 2005, Diederich and co-workers introduced tetracyano-

butadienes (Figure 63, TCBD) as a new class of non-linear optical materials.104

Fig. 62: Structure of generic cyanoethene.

Fig. 63: Structure of generic tetracyanbutadiene.

These molecules result from the very high yielding reaction of TCNE 56 with 

dimethylaminophenyl-ethylenes. The reaction follows a [2+2] cycloaddition step 

followed by  electrocyclic ring opening of the resulting cyclobutene to give the desired 

TCBD compound (Scheme 13).

Scheme 13: Formation of TCBD via cyclodutene intermediate.
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Diederich and co-workers have since produced a substantial amount of publications 

relating to the formation of TCBD molecules and investigations toward optoelectronic 

applications. Their research primarily  focused on the use of such molecules for non-

linear optic applications due to efficient charge transfer that can be observed between 

the donor moiety and the TCBD component of such molecules. This relationship is even 

more interesting due to the fact that these molecules exhibit extensive conjugation 

through a non-planar system (Figure 64).104,105

Fig. 64: X-ray structure of push-pull TCBD compounds showing non-planarity.105

Fig. 1(ESI){). In benzene, the dr value equals 0, whereas values

between 0.08 and 0.10 are found in fully quinoid rings. For the

DMA rings in the two different molecules in the unit cell of 1, dr

averages to 0.036. The DMA rings in 3 exhibit a very high dr value

of 0.050, which is unprecedented for molecules with anilino donor

and cyano acceptor groups (see Table 1(ESI)).8 The quinoid

character of 2 shows the same trend, but because of the reduced

accuracy the results are less reliable.

Dicyanovinyl derivative 7 displays a single CT band at

lmax 5 477 nm (2.60 eV), whereas the TCBD derivatives show

multiple transitions (Fig. 2), resulting from different donor–

acceptor pathways. One of these transitions is always close in

energy to the CT band in 7. For example, the spectrum of 1

exhibits two rather weak CT bands at 481 and 570 nm (2.58 and

2.18 eV, respectively) with the end absorption reaching into the

near infrared (960 nm, 1.29 eV). Upon introduction of a second

DMA donor group, the intensity of the CT band increases

dramatically. All molecules show a distinct solvatochromism in

hexane–CHCl3 mixtures. The largest solvent effect is observed for

2, with the CT absorption shifting from 477 nm (2.60 eV) in

hexane to 526 nm (2.36 eV) in CHCl3.

Compounds 1–3 and 7 all displayed reversible first oxidation

and reduction steps (except for the irreversible reduction of 7) in

the cyclic voltammograms (CVs) recorded in CH2Cl2 (+0.1M

Bu4NPF6) at room temperature (see Table 2(ESI)). Thus, 1 gave

two well-resolved, reversible, TCBD-centered reduction steps at

20.69 and 21.26 V (vs. Fc+/Fc). The first of the two reversible

1e2-reductions in 2 and 3 are more cathodically shifted (20.89 in 2

and 21.06 in 3), which reflects the presence of two DMA donor

groups. With a first DMA-centered oxidation potential of 0.86 V,

the electrochemical HOMO–LUMO gap for 1 was estimated as

1.55 V; it is the lowest in the series. The two DMA groups in 2 are

oxidized at separate potentials (0.72 and 0.90 V; HOMO–LUMO

gap: 1.61 V), while 3 shows a single oxidation peak for a 2e2-

transfer at ca. 0.90 V (HOMO–LUMO gap: 1.92 V). In com-

parison, oxidation of the DMA moiety in 7 takes place at 0.66 V.

In investigations of the third-order nonlinear optical properties,

the rotational average of the second hyperpolarisability c was

measured in the zero-frequency limit by degenerate four-wave

mixing in CH2Cl2 at a wavelength of 1.5 mm, using fused silica,

with a third-order susceptibility x(3) 5 1.9 6 10222 m2 V22 at

1.5 mm, as a reference. Whereas compound 1 showed a c-value of

the order of 4 6 10248 m5 V22, the more extended chromophore 2

with its two, nearly orthogonal, donor–acceptor pathways, gave

c 5 (12 ¡ 2) 6 10248 m5 V22. This value is comparable to the

highest values obtained for donor–acceptor substituted TEEs and

other potent NLO chromophores1c and quite significant consider-

ing the small number of delocalised p-electrons in 2.

In conclusion, we have prepared, by elegant one- or two-step

protocols shown in Scheme 1, a series of new chromophores in

which DMA donors undergo efficient intramolecular CT interac-

tions with TCBD acceptors. The low energy of the CT bands and

the low electrochemical HOMO–LUMO gaps, in particular of 1

and 2, demonstrate substantial p-conjugative effects (beside

s-effects) despite the twist of the planes of the two dicyanovinyl

moieties as observed by X-ray analysis. The compounds are

thermally stable up to the melting points (1: 144–145 uC; 2: 191–

193 uC; 3: 273.5–274.6 uC) and can be sublimed without

decomposition, which opens perspectives for device construction

by vapor phase deposition techniques that are currently pursued.
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Notes and references

{ All new molecules were fully characterised by IR, UV/Vis, 1H and 13C
NMR, mass spectrometry and elemental analysis.

Fig. 1 ORTEP plots of 1 (a), 2 (b), 3 (c) and 7 (d) with vibrational

ellipsoids shown at the 30% probability level. For selected bond lengths

(Å) and angles (u), see Fig. 1(ESI).{ Quinoid character: dr 5 (((a + a9)/2–

(b + b9)/2) + ((c + c9)/2–(b + b9)/2))/2.7

Fig. 2 Electronic absorption spectra of 1, 2, 3 and 7 in CH2Cl2.
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Diederich and co-workers also published mechanistic studies of the cycloaddition of 

TCNE 64 to 4-(N,N-dimethylamino)phenylacetylenes (DMA). They observed and 

concluded that the reaction most likely  proceeded via a zwiterionic intermediate with 

the anionic charge highly stabilised between the two nitrile groups (Scheme 14).106 

Scheme 14: Proposed reaction mechanism for the formation of TCBDs.

Nitrile groups are often incorporated in strong electron acceptor molecules for varied 

electronics and optoelectronic applications. For example, 2,3-dicyano-5,6-di-(4-

(2,3,4,5-tetraphenylphenyl)phenyl)pyrazine 66 (Figure 65) was used as a blue-light 

emitting compound in the fabrication of a blue organic light-emitting diode (OLED).107 

The authors reported that addition of the highly electron withdrawing nitrile groups 

increased “injection and transfer of electrons”.
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Fig. 65: Structure of compound 66.  

Cyanocarbons are known in particular for the high stability of their radical anion form 

and their ability  to form charge transfer salts.108 As discussed previously, one of the key 

features of optoelectronic materials is to have good charge transfer properties. Recently 

many groups have been investigating the use of cyanocarbons in solar cells. Agarwal 

and co-worker published the synthesis and characterisation of several cyanocarbazole 

derivatives 67 (Figure 66) and showed that their band gaps were similar to that of 

PC61BM  and well matched to common donors P3HT 41 and CuPc 36.109 They also 

showed that most derivatives exhibited efficient charge transfer with P3HT 41. 

Fig. 66: Structure of cyanocarbozole organic acceptors 67.

Roncalli and co-workers also used TCBDs in the synthesis of donor-acceptor-donor 

triad as donor material 68 for OPV (Figure 67).110 A few other groups have also been 

investigating TCBDs as optoelectronic materials.111
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Fig. 67: Structure of cyanocarbon polymer triads as organic donors 68.

For example, Ye and co-workers synthesised a TCBD functionalised oligo(p-phenylene 

vinylene) 69 (Figure 68).111c Oligo(p-phenylenevinylene)s are known intramolecular 

charge transfer (ICT) compounds due to their push-pull system that possess optical and 

electronic properties. Their aim was to develop  an ICT compound with emitting 

properties that would self assemble into organised nanostructures. The TCBD 

funtionalised oligo(p-phenylene-vinylene) compound not only self assembled into 

organised nanotubes but also showed evidence of aggregation induced emission. This 

latter effect is often quenched in ICT compounds but  compound 69 proved to be a good 

red emitter with some emission in the near IR.

Fig. 68: Structure of TCBD-OPV compound 69.

Another example is found in the work of Michinobu.111b He successfully functionalised 

a known optoelectronic conjugated polymer 70 with TCBD moieties and noticed a net 

increase thermal and optoelectronic properties (Figure 69). He found that complete 
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addition of TCNE to the polymer resulted in a net increase in the decomposition 

temperature of the polymer from 291 ºC to 409 ºC and a slight increase in the glass 

transition temperature. In the same, it  was found that upon reaction with TCNE the 

TCBD functionalised polymer showed an increase in a charge transfer band at 470 nm. 

Fig. 69: Structure of TCBD functionalised conjugated polymer 70.

As part of the research for the development of TCBDs as optoelectronic materials, 

Diederich and co-workers introduced the previously mentioned super-acceptors.100 

These super-acceptor molecules are designed to be “push-pull” electronic systems. They 

include an alkyne spacer which, upon reaction with TCNE 64 or TCNQ 65, inserts the 

very strong TCBD donor moiety in the molecules (Scheme 15). In effect, super-

acceptors are fully conjugated donor-acceptor-acceptor triads. The result of having such 

an electronic configuration produces small molecules with a very large dipole.
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Scheme 15: Synthetic pathway of super-acceptors.

Diederich and co-workers showed that despite not being planar this new class of 

molecules exhibited efficient intramolecular charge transfer well into the near infrared 

region. They  also noted that these molecules had highly reversible redox properties and 

that their calculated electron affinities were in some cases higher than TCNE 64, TCNQ 

65. This indicates that these super-acceptors are good targets for optoelectronic 

applications.

2. Aims

Following the work of Diederich and co-workers, 8-(3’-ferrocene-1’,1’,4’,4’-

tetracyanobutadiene)-10-isobutyl flavin 71 (Figure 70) was designed to be an electron 

super-acceptor molecule. As previously mentioned TCBD compounds have interesting 

electronic and optical properties with potential applications in non-linear-optics. The 

core of the push-pull system works through an extensive conjugation system built 

around a TCBD moiety with a flavin electron acceptor and a ferrocene donor. 

Compound 71 could be obtained from the flavin precursor 8-ethynylferrocene-10-

isobutyl-benzopteridine-2,4(3H,10H)dione 72 (Figure 70) using the TCNE reaction 

described by Diederich and co-workers.

Precursor 72 was designed as a strong “push-pull” system, following the observations 

of Cooke and Rotello (Ch. I section 2.2) that substitutions at the C(7) and C(8) positions 
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can affect the electronics of flavins to a great extent. For the design of this molecule 

functionalisation was made at the C(8) position in the same way that the already 

reported strong push-pull ABFL flavin 11. Although the C(7) position offers significant 

influence of the electronics of flavins,20a the C(8) position provides a resonance 

structure that goes from the ferrocene to the carbonyl group of the flavin. This provides 

delocalisation showing a standard Switerionic structure with the positive charge 

stabilised over the ferrocene moeity (Figure 71). Also, nature seems to favours electron 

donating groups at the C(8) position for the functionalisation of flavins (roseoflavin 73, 

Figure 72).112
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Fig. 70: Structure of TCBD-flavin 71 and it’s precursor ferrocene-flavin 72.
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Fig. 72: Structure of reseoflavin 73.
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The flavin precursor 72 could be synthesised from inexpensive starting material 2,4-

dichloronitrobenze 74. In the first instance, 74 would be converted into mono-amine 75 

by nucleophilic aromatic substitution. Sonogashira coupling would then be used to 

incorporate the ethynylferrocene moiety to give 76. Diamine 76 would be obtained by 

the reduction of the aromatic nitro group. 76 would then undergo condensation with 

alloxan to give the target flavin 77. (Scheme 16). The target super-acceptor molecule 

would then be synthesised using the conditions described by Diederich and co-workers.

3. Results and discussion

3.1. First approach:

Unfortunately the approach described in scheme 3 proved to be inadequate as it was 

impossible to separate N-isobutyl-2-nitro-5-chloro-aniline 75 from its regional isomer 

N-isobutyl-3-chloro-4-nitro-aniline 78 (Figure 73).
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Scheme 16: Proposed synthetic approach towards 72. 
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Therefore, the strategy was changed to use 5-chloro-2-nitro-aniline 79 as starting 

material. Compound 79 would be converted to isobutyramide 80, which would then 

undergo Sonogashira coupling to give compound 81. Reduction of the aromatic amine 

and of the amide would give di-amine 77 and after alloxan condensation, would give the 

target flavin 72 (Scheme 21).

 

3.2. Synthesis of N-(5-chloro-2-nitro-phenyl)isobutyramide 80:
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Fig. 73: Structures of two regioisomers 75 and 78.
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Scheme 17: Alternative synthetic route to 72.
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The first attempt to convert compound 79 into 80 was done under standard amide 

formation conditions using isobutyrylchloride 82 in triethyl amine at room temperature. 

However, this was unsuccessful as primarily unreacted starting material was recovered. 

The next attempt was done under the same conditions but at  reflux temperature and 

gave 80 in 63% yield. In a final attempt to increase the yield, a catalytic amount of N,N-

dimethy-4-aminopyridine (DMAP) was used and compound 80 was successfully 

isolated in 94% yied (table 1).

Reagents Conditions Time Yield

Isobutyrylchloride, 
Et3N, THF

r.t. 18 h starting material

Isobutyrylchloride, 
Et3N, THF

reflux 18 h 63%

Isobutyrylchloride, 
Et3N, DMAP, THF

reflux 18 h 94%

3.3. Synthesis of N-(2-nitro-4-ethynylferrocene-phenyl)isobutyramide 81:

The next step in the synthesis of 72 is the Sonogashira cross-coupling of 80 with 

ethynylferrocene 83. The Sonogashira cross-coupling reaction was first introduced by 

Sonogashira and co-workers in 1975.113 It  is used to couple alkynes together with aryl 

halides in the presence of a palladium catalyst. While the acetylene is activated in a 

parallel copper mediated cycle, the aryl halide is activated by  the palladium catalyst. 

Table 4: Optimisation of amide formation.
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The two cycles meet with transmetallation liguand exchange, and after isomerisation the 

desired species is obtained by reductive elimination (Scheme 22). 

This transformation was first attempted using standard conditions but this proved to be 

unsuccessful. This was thought to be due to general low reactivity of arylchlorides. 

However, copper-free conditions reported to improve yields particularly with 

arylchlorides were used,114 and after some optimisation, 81 was synthesised in 62% 

yield (Table 5).
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Scheme 18: Proposed catalytic cycle of Sonogashira cross-coupling.

(R= aryl; R’= alkyl, aryl...;X= halide)
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Reagents Catalyst 
loading

Ligand 
loading

Conditions Time Yield

Ethynylferrocene,
PdCl2(PPH3)2 / CuI, Et3N

2.5% / 5% N/A r.t., N2 24 h 3%

Ethynylferrocene, 
PdCl2(PPH3)2 / CuI, Et3N

2.5% / 5% N/A reflux, N2 24 h 7%

Ethynylferrocene, XPhos,
Pd/C (10% w/w), K2CO3, DMA 

5% 5% 110 ºC, Ar 18 h 17%

Ethynylferrocene, XPhos,
Pd/C (10% w/w), K2CO3, DMA 

5% 5% 110 ºC, N2 24 h 0%

Ethynylferrocene, SPhos,
Pd/C (10% w/w), K2CO3, DMA 

5% 5% 110 ºC, Ar 2h 40%

Ethynylferrocene, SPhos,
Pd/C (10% w/w), K2CO3, DMA 

5% 5% 110 ºC, N2 2h 62%

3.4. Synthesis of 8-ethynylferrocene-10-isobutyl-benzopteridine-2,4(3H,10H) 

dione 72:

In the next step  both the nitro and amide moieties needed to be reduced to perform the 

alloxan condensation step (Scheme 19). After consideration about which should be 

reduced first to avoid potential intramolecular reactions from happening (Scheme 20), 

reduction of the amide was attempted first.

Table 5: Optimisation of Sonogashira cross-coupling conditions.
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However, when performing the hydride reduction of the isobutyramide, the crude 

product showed the reduction of both the amide and the nitro units in the one step. The 

crude product was therefore taken forward without further purification to the alloxan 

condensation step, as the diamine product was not very stable on silica.                         

8-Ethynylferrocene-10-isobutyl-benzopteridine-2,4(3H,10H)dione 72 was thereby 

isolated as a green solid in 34% yield over the two steps.
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Scheme 19: Final strategy towards synthesis of 72. 
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Scheme 20: Possible side products if nitro group is reduced before the amide group.
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3.5. Synthesis of 2-(ferrocene)-3-[8-(10-isobutyl-benzopteridine-2,4(3H,

10H)dione)]-1,4-buta diene-1,1,5,5-tetracarbonitrile 71:

Having successfully  synthesised the flavin push-pull system, the synthesis of the flavin 

based super-acceptor 71 was attempted using the conditions described by Diederich and 

co-workers. The first attempt at the TCNE 64 reaction yielded the desired product in     

44% yield. For the second attempt, the reaction was left to stir for a longer time but 

yielded mostly  decomposition products. Finally, the reaction was attempted in the dark 

for 72 hours where the target TCBD product 71 was isolated in 74% yield (Table 6).

Reagents Solvent Conditions Time Yield

60, TCNE THF reflux, N2 24 h 44%

60, TCNE (excess) THF reflux, N2 72 h Decomposition

60, TCNE THF reflux, N2, dark 72 h 74%

3.6. Analysis and Characterisation:

UV-vis and cyclic voltammetry studies of the target  compounds 72 and 71 were carried 

out. The super-acceptor characteristics of 71 were assessed as well as its potential as an 

optoelectronic material.
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Table 6: Optimisation of TCNE reaction.
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-UV-vis spectroscopy:

In the first instance, the absorption spectrum of 72 was recorded in solvents of different 

polarities to show evidence of solvatochromism, a feature of molecules with large 

dipole moments and can indicate NLO properties (Figure 74). It is interesting to note 

that the molecule shows a significant increase in absorption in the near IR region when 

recorded in DMSO with λmax= 750 nm and an onset at 1024 nm.

The absorption spectra of 72 and 71 were then overlaid for comparison (Figure 75). 

Although absorbance is lesser for the TCBD compound, a relative redshift of the 

absorbance is seen. This increase in absorption toward the near IR region of the 

electromagnetic spectrum gives evidence of intramolecular charge transfer.
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Fig. 74: Absorption spectra of 72 in different polarity solvents (all samples were recorded at 1 x 10-5 M).
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-Cyclic voltammetry studies:

In order to characterise the electronic properties of the TCBD compound cyclic 

voltammetry studies were carried out (Figure 76). Derivation of E½(oxidation) and 

E½(reduction) was obtained using cyclic voltammetry  at 1x10-5 M concentration in 

acetonitrile using TBA.PF6 as the electrolyte with a 1.6 mm diameter platinum working 

electrode, a platinum wire counter electrode and a silver wire reference electrode 

calibrated versus the ferrocene/ferrocenium (Fc/Fc+) redox couple.

The cyclic voltammetry traces show that both the oxidation and reduction potentials of 

the TCBD compound 71 are significantly more positively  shifted compared with the 

flavin parent molecules 72. In contrast with the one electron reduction wave of flavin 

72, compound 71 shows four distinct reversible one electron reduction waves. The first 

two reduction waves of 71 are likely to be the result of a one electron reduction at each 

of the TCNE derived moieties, the third is likely to be the flavin reduction.

Fig. 75: Absorption spectra of 72 and 71 (1 x 10-5 M in DCM).
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-Optical and electronic data:

As previously  shown in chapter II, the HOMO and LUMO energy  levels as well as the 

band gap  can be calculated from for the spectroscopic and voltammetry data. The 

results of these calculations are shown in table 7. 

Electrochemical properties Optical properties

Cyclic Voltammetry UV-Vis

E½ (ox) E½ (red) EHOMO ELUMO Egap λmax λonset Egap

Flavin (V) (V) (eV) (eV) (eV) (nm) (nm) (eV)

72 0.18 -1.08 -4.98 -3.72 1.26 568 741 1.67

71 0.47 -0.65 -5.27 -4.15 1.12 610 827 1.50

The table shows that  the electrochemical band gad of compound 72 is already 

“narrow” (1.26 eV) and transformation to the TCBD adduct 71 narrows the band gap 

even further (1.12 eV). These values are within the scale of Diederich’s super-acceptor 
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Fig. 76: CV traces of 72 (black), 71 (red) with corresponding E1/2 values (1 x 10-5 M, in Acetonitrile).

Table 7: Summary of electrochemical and optical data.
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molecules (0.48 ≤ ∆ ≤ 1.55 eV). However, the energy level of the first reduction wave 

of the TCBD compound 72 (-4.15 eV) remains higher than that of Diederich’s super-

acceptors (-4.50 ≤ E½ (red)1 ≤ -4.96 eV). The optical properties of the TCBD adduct 

show absorbance in the near infrared region of the electromagnetic spectrum. These 

values are good but remain in the lower end of the scale compared with Diederich’s 

super-acceptors (820 ≤ λonset ≤ 1640 nm). However, as compared with strong acceptor 

IC60BA, the LUMO level of 72 remains considerably lower (-3.7 eV and -4.15 eV 

respectively).

4. Conclusions

A push-pull ferrocene-flavin acetylene compound was successfully synthesised and the 

conditions described by Diederich and co-workers were used to perform a thermal [2+2] 

cycloaddition and retrocyclisation of TCNE 64 with compound 72. This provided a 

novel TCBD compound 71 as a potential super-acceptor molecule (Scheme 21). The 

final compound was characterised by  UV-vis spectroscopy and cyclic voltammetry to 

estimate its electron accepting properties. Although the band gap of 71 is very narrow 

(1.12 eV) and optical properties show increased absorbance in the near infrared (λonset= 

827 nm), cyclic voltammetry shows that the first reduction potential did not match that 

of other super-acceptor molecules described by Diederich and co-workers. However, as 

compared to standard electron acceptor molecules used in optoelectronic devices the 

TCBD compound 71 could still be considered as a super-acceptor molecule.
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5. Future work

In the first  instance, compounds 72 and 71 should be sent to our collaborator, Professor 

Ifor Samuel, in St Andrews University  to be assessed for their use in photovoltaic 

devices. Due to their narrow band gap  and good match to the energy levels of ITO and 

aluminium, these compounds could be used in unimolecular photovoltaic devices. On 

the other hand, since the energy levels of both compounds are very complimentary 

(Figure 77) they could be used to fabricate bulk heterojunction devices.
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Scheme 21: Summary of the synthesis of targets 72 and 71.
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An important continuation from this work would be the synthesis of the C(7) substituted 

analogue of 71 (Figure 78). The synthetic strategy used for 71 should be applied, using 

4-chloro-2-nitroanaline as a starting material. Comparison of the electronic and optical 

data of both compounds would bring new insights into the electronic behaviour of 

flavins and the effect of substituents at the C(7) or C(8) position.

Future synthesis of flavin based TCBD compounds could include the [2+2] 

cycloaddition of TCNQ 65 and F4-TCNQ 85 with 72 (Figure 79). The ferrocene moiety 

could also be substituted with N,N-dimethylanaline. Furthermore, the introduction of 

thiophene spacers may  improve the absorbance properties of these compounds toward 

the near infrared region (Figure 80), this should also have an important influence on the 

electrochemical properties of these compounds.
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Fig. 77: HOMO and LUMO level representation of 72 and 71 with respect to ITO and aluminium.

N

N
NH

N O

O
NC CN

CNNC

Fe

Fig. 78: Structure of the C(7) substituted TCBD flavin 84.
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Also, in the same way as described in the future work section of chapter II, the 

interaction of 72 and 71 with complementary hydrogen-bonding partners should be 

investigated and the consequences on electronic properties assessed. Finaly, as 

described by Diederich and co-workers, other applications could be investigated such as 

non-linear optics, OLEDs and other optoelectronic materials.
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Fig. 79: Structure of products of TCNQ 65 and F4-TCNQ 85 addition to 72.
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CHATER IV: NEW REDOX UMPOLUNG MEDIATED REACTIONS  OF 

VINYLFERROCENE.

1. Introduction

1.1. Umpolung chemistry: concept and history

The reactivity of organic molecules is largely governed by the patterns imposed by 

functional groups. In the same way, carbon-carbon bond forming reactions depend on 

the reactivity of such functional group. Carbonyl groups for instance are known to have 

a polar character imposed by the difference in electronegativity between carbon and 

oxygen (Figure 81). 

This reactivity also affects adjacent  atoms in a way that enables reactions such as the 

Adol condensation via the formation of an enolate (Scheme 22). In fact, this alternate 

reactivity pattern can be repeated infinitely  through conjugated systems. This pattern is 

used for instance to promote reactions such as the Michael addition (Scheme 23).
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Scheme 22: Formation of enolate governed by reactivity of carbonyl groups (E= electrophile).
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The concept of umpolung (reversed polarity) controlled reactions was first introduced 

by Seebach and Corey  in 1975.115 Umpolung is a german term that effectively means 

inversion of polarity. They  realised that the reaction of a carbonyl with a dithiol 

produced a new species (dithiane) that reacted with opposite affinity to the original 

carbonyl group. Furthermore, the dithiane functional group could be hydrolysed back to 

a carbonyl moiety. Effectively, the “masking” of a carbonyl with a 1,3-dithiane moiety 

inverts the polarity  of the carbon centre so that the previously  electrophilic carbon of the 

carbonyl could now be considered as nucleophilic (Scheme 24).

 

1.2. Synthetic examples of umpolung chemistry:

The use of dithianes forms a big part  of modern organic synthesis. Not only are they 

used as per the original umpolung chemistry  described by Seebach and Corey, but  also 

as carbonyl protecting groups, which arguably is a form of umpolung chemistry. 

Nowadays, umpolung chemistry  is not  only  carbonyl and dithiane chemistry. The 
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Scheme 23: Conjugated reactivity and Michael addition (Nu= nucleophile).
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umpolung concept has been used in the context of organocatalysis using N-heterocyclic 

carbenes (NHC) and into the area of materials where umpolung is used not to govern 

reactivity but physical properties. Umpolung methodology  is undoubtedly a powerful 

synthetic tool and has been used as a key strategic tool in many syntheses. The 

applications of this method have been clearly  seen in synthesis through chemical 

changes of functional groups in order to promote or prevent reaction. 

 

1.2.1. Examples of umpolung by chemical conversion:

-Chemistry of dithianes:

Dithianes have played a key  part in the synthesis of many natural products. The 

versatility of reactions that can be performed with carbonyl functional groups is greatly 

increased by using dithianes. In particular, the ability to access 1,2 and 1,4-diketones 

and α-hydroxyketones (Scheme 25).
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Scheme 25: Key reactions of dithianes.
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One recent example of the use of dithianes as a strategic synthetic tool can be seen in 

the total synthesis of Spirastrellolide A Methyl Ester 86 (Figure 82).116 Here, a dithiane 

was used in a key step to join frangments of the macrocycle and the dithiane moiety was 

later hydrolysed to a ketone (Scheme 26).

O

OTBS

OTBS OTBS OPMB

SS
+

O

OMe

PMBO
TESO

O
O O

OTBS

OTBS OTBS OPMB

SS

OH
OMe

PMBO

OTES

O

O

O O

OTBS

TBSO

O

OMe

OHO

O

O

O

OTf

-N-Heterocyclic carbenes and organocatalysis:

Organocatalysis is one of the most active research fields of organic chemistry.              

NHCs, phosphines and enamine-iminium catalysts are at  the heart of this research. The 

interest in the field lies principally  in an attempt to move away from expensive and rare 
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Fig. 82: Structure of Spirastrellolide A Methyl Ester 86.

Scheme 26: Key synthetic step toward 86.
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transition-metal catalysts that have a limited availability. The use of such 

organocatalysts encompasses numerous types of transformations. However, one interest 

lies in the ability to use NHCs and other organocatalysts as umpolung activators 

(Scheme 27).117 The interest generated by the research in umpolung methodology  has 

moved us to investigate whether the redox chemistry of the ferrocene moiety  (as 

described in Chapter I) could be used as an umpolung activator.

1.3. Redox umpolung (Ferrocene):

Although chemical conversion is the standard understanding of the umpolung concept 

introduced by Corey  and Seebach, the very  notion of umpolung relies on the principle 

of polarity inversion. In that respect, redox processes could be seen as umpolung 

processes, if the oxidation change operates a radical change in polarity and this change 

is used to switch on or off the properties or reactivity  of the reagents involved. A 

successful redox umpolung method has many advantages, they  are versatile  processes 

that can be chemically  or electrochemically controlled. Redox processes are ubiquitous 

to nature and many  core transformations that the scientific world is trying to emulate in 

the search for new materials, drug candidates and energy materials. Redox chemistry is 
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Scheme 27: Generic schemes of NHC and enamine-iminium umpolung catalytic proceses.
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often seen as a greener type of chemistry, particularly  when coupled with 

electrochemistry which offers scaling up at lower cost, as well as synthesis that doesn’t 

use harsh and toxic oxidising reagents. Ferrocene’s well known and characterised redox 

properties, along with the known polarity inversion which comes with switching from 

ferrocene to ferrocenium makes it an excellent target for redox umpolung processes.

In 2005, Plenio and co-workers incorporated the ferrocene moiety to the NHC ligand of 

the Hoveyda-Grubbs 2nd generation (H-G II) catalyst 87 (Figure 83).118 In their work, 

they  found that oxidation and reduction of ferrocene could be used to dictate the 

solubility properties of the catalyst. This, in turn, was used to switch the activity of the 

catalyst on and off. It also gives a new and efficient way to separate the catalyst from 

the products. Plenio later published an article where ferrocene was again used as a 

means to ease purification of Mitsunobu reactions (Figure 84).119 This process, labeled 

as a “phase-tag” by  the authors, is an example of umpolung property  control using the 

ferrocene moiety.

N NFe Fe

Ru

O

Cl
Cl

87

Fig. 83: Structure of ferrocene modified H-G II catalyst 87.
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In 2008, Fang and co-workers reported the synthesis of ferrocene appended cholesterol 

compound 88 as low molecular mass organic gelator (Figure 85).120 They  found that 

compound 88 was an excellent super-gelator (requiring only  0.09 wt % concentration) 

in the preparation of sol-gels in both cyclohexane and tetrachloromethane at room 

temperature and successfully prepared the gel into a flexible film. One of the key goals 

of sol-gel research is to be able to switch from solution to gel upon application of a  

stimulus. They  found that the gels containing compound 88 were responsive to the 

typical stimuli of heating and sonicating/shaking, however Fang and co-workers used 

the ability to easily switch the oxidation of ferrocene to be an effective switch from 

solution to gel. Upon chemical oxidation with (NH4)2Ce(NO3)6 they  found the gels 

would turn, gradually, from an orange gel to a green suspension. In the same way, 

addition of hydrazine and reduction of the ferrocene gradually  turned the solution back 

to orange and gelation occurred within seconds. 

Fe
PPh2

Fe
PPh2

Fe
PPh2
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Reactants

Products

Mitsunobu reaction

aq. Na2S2O3

HSiCl3

Fig. 84: Recycling cycle of ferrocene-phosphine unit.
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Similarly, Vancso and co-workers presented their work on the development of redox-

responsive poly(ferrocenylsilane) gelators.121 They present a number of polymeric 

materials with extremely  interesting properties and show that umpolung activation of 

ferrocene is used as a stimulus to control the morphology of the gels (swelling/            

de-swelling). Their research shows real application of this redox response of gel 

morphology in colour displays or artificial muscles.

Although the applications of umpolung methodology show great promise for the 

development of smart reactions and smart materials, from our search of the literature   

very few examples exists of ferrocene being used for umpolung reactivity  control (ie. 

selective promotion of reaction). Nevertheless, a good example of how ferrocene can be 

used for reaction control using umpolung methodology  was presented by White and co-

workers.122 They modified a bis(iminophenoxide) ligand used in polymerisation 

catalysis, and functionalised it to contain ferrocene units (Figure 86). In the first 

instance, they devised a method to chemically  oxidise and reduce the ferrocene 

moieties. They used silver triflate as an oxidant and decamethylferrocene a reducing 

agent and both the reduced and oxidised forms of the catalyst  89 (89 and 89* 

respectively) could be successfully isolated. They  then proceeded to check that 

umpolung effected a switch in the activity of the polymerisation catalyst. 
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Fig. 85: Structure of ferrocene appended cholesterol “super-gelator” 88.
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Polymerisation of rac-lactide was attempted with both 89 and 89*. They  found that the 

polymerisation of rac-lactide was of the order of thirty  times faster using 89. This 

showed that by switching the polarity of the ferrocenyl units, the reactivity  of the 

catalyst was greatly  affected. They also showed that in situ oxidation and reduction of 

the catalyst during the polymerisation process effectively turned the catalyst into an    

on/off switchable catalytic initiator. 

2. Aims

In order for ferrocene to be used successfully in umpolung controlled reactions, it is 

important for the inversion of polarity to be fully reversible. Therefore, it was important 

to develop a reliable and reproducible method for the chemical oxidation and reduction 

of ferrocene 17 (Scheme 28).

The goal was to investigate umpolung controlled reactions of vinylferrocene 19, 

cycloadditions and nucleophilic additions (Scheme 29). These reactions were chosen 

because of their high dependance on the electronic configuration of the reagents.
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Fig. 86: Structure of ferrocene appended cholesterol “super-gelator” 89.
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Scheme 28: Chemical oxidation and reduction of ferrocene 17.
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2.1. Cycloadditions:

The most popular cycloaddition reaction has to be the Nobel prize reaction developed 

by and bearing the name of Otto Diels and Kurt Alder.123 The Diels-Alder reaction is a  

[4+2] cycloaddition reaction, where a diene reacts with a dienophile to form a cyclic 

alkene species (Scheme 30).

The Diels-Alder reaction has a number of requirements but it  proceeds best  when two 

conditions are met. The diene needs to be electron rich and able to exist in a cis-

configuration (preferentially  locked in a cis position), on the other hand the alkene or 

dienophile reacts more readily  if it is electron deficient. The reverse demand 

cycloaddition is also possible using reciprocal inverse electronic configuration of the 

diene and dienophile (Scheme 31).
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Scheme 29: Redox umpolung controlled reactions of vinylferrocene 19.

Scheme 30: Standard [4+2] Diels-Alder cycloaddition.
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A reverse demand Diels-Alder reaction of vinylferrocene has already been reported in 

the literature.124 Khan and Upadhyay reported the reaction of vinylferrocene 19 and 

acryloylferrocene 90 with 1,2,3,4-tetrahalo-5,5-dimethoxycyclopentadienes 91 (Scheme 

32). The electron rich vinyl groups reacted readily with the electron deficient 

dieneophiles and gave endo products exclusively  in high yields. They also report that 

the range of norbornyl derivatives they synthesised had varying values of half-wave 

potential depending on the nature of the substituents on the norbornyl moiety.

For this reason, vinylferrocene should not be a good target for normal demand Diels-

Alder reactions as the ferrocene renders the alkene electron rich, however, by 

EWG
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EDG
+

EDG
EWG
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Scheme 31: Ideal Diels-Alder configuration and reverse demand configuration.
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Scheme 32: Reverse demand Diel-Alder cycloaddition of vinylferrocene 19
and acryloylferrocene 90 with 1,2,3,4-tetrahalo-5,5-dimethoxycyclopentadienes 91.
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converting the ferrocene substituent  to ferrocenium the polarity of the system would be 

inverted (umpolung) and should render the alkene electron deficient and more reactive.

This newly developed method of oxidation and reduction of ferrocene will therefore be 

used to activate vinylferrocene 19 towards Diels-Alder reaction with cis-dienes.

2.2. Umpolung nucleophilic additions:

Thiols and thioethers are amongst the most common functional groups in natural 

products, such as proteins and enzymes. Cysteine, biotin, lipoic acid and thiamine are 

amongst the most common sulfur containing biological compounds.125 Many 

biologically active compounds rely on the formation of carbon-sulfur bonds. Therefore, 

much effort has been spent in developing synthetic robust methods to make carbon-

sulfur bonds,126 and in particular the development of thiol-click reactions            

(Scheme 33).127 Thiol-click reactions include: radical thiol-ene and thiol-yne reactions, 

thiol-epoxy, thiol-isocyanate, thiol-halogen and thiol-Michael reactions. Although thiol-

click reactions do not wholly encompass the “click” chemistry requirements, it is used 

to describe controled reactions of thiols. Thiols are inherently very reactive and are 

prone to “over-react” and reactions of thiols can have many out comes. One of the core 

principles of “click” chemistry for a reaction to be simple and yielding only one 

product. It is developing controlled reactions of thiols, that  afford one selective product, 

that earns the classification of thiol-click.
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As well as its application in the synthesis of pharmaceutical candidates, sulfur 

compounds are found increasingly in ligands, chiral auxiliaries and materials. Thiols are 

increasingly  being used to functionalise reactive surfaces such as nano-particles.128 As a 

result thiol-click reactions are being increasingly used to afford functionalised 

nanostructures. 

Nucleophilic additions of thiols to electron deficient olefins (including styrene) are well 

known reactions that are either acid catalysed (protic and lewis acids)129 or occur 

through a free-radical process (thiol-ene reaction).130 However, as discussed previously, 

the vinyl group of vinylferrocene 19 is electron rich. Therefore, the method developed 

for the activation of vinylferrocene 19 toward cycloaddition could be used to promote 

the nucleophilic addition of thiols. Nucleophilic additions of thiols to electron deficient 

olefins can produce either or both the Markovnikov or anti-Markovnikov products 

(Scheme 34). 
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Scheme 33: Scope of thiol-click reactions.
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If the method for the activation of vinylferrocene proves successful the activation of 

vinylferrocene toward nucleophilic addition will also be investigated. This new method 

may prove to be a new type of thiol-click reaction promoted by umpolung activation. If 

successful it would pave the way for the functionalisation of thiol containing 

compounds with a ferrocene redox tag with applications that could reach from 

medicinal chemistry to materials.

3. Results and discussion

3.1. Reduction of ferrocium hexafluorophosphate 18 PF6:

L-Ascorbic acid was the reducing agent of choice for the reduction of 18 PF6. Ascorbic 

acid, otherwise known as vitamin C, is a known antioxidant found in many biological 

processes. It is also a relatively cheap very powerful reducing agent. One of the reasons 

why ascorbic acid was chosen to reduce the ferrocenium species is that  it is very soluble 

in water just like ferrocenium, whereas ferrocene species are not. This means that the 

work-up  of the reduction step would be straightforward and the organic ferrocene 

species would be easily extracted from aqueous solutions.

Fe + HSR

1. Oxidising agent

2. Reducing agent

Fe Fe
SR
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Markovnikov anti-Markovnikov
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19

Scheme 34: Potential outcome of umpolung activated nucleophilic addition.
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In this methodology, ferrocenium hexafluorophosphate 18 PF6 was dissolved in THF 

and an aqueous solution of L-ascorbic acid was added. THF was chosen as the solvent 

of choice since it  is a versatile organic solvent and is miscible with water. The green 

ferrocenium solution turned orange within seconds of the addition of L-ascorbic acid 

showing the change from iron(III) to iron(II). After extraction with DCM, ferrocene 17 

was recovered in quantitative yield proving the suitability of the reducing agent. The 

same procedure was repeated starting with ferrocene 17. FeCl3 was added to a solution 

of ferrocene 17 in THF, the solution turned from orange to green instantly attesting to 

the oxidation of ferrocene 17 to ferrocenium 18. Subsequently, aqueous L-ascorbic acid 

was added and the solution reverted to orange, after extraction, ferrocene 17 was 

recovered in quantitative yield. With a viable chemical oxidation and reduction 

procedure in hand, the same method was used for the promotion of cycloadditions.

3.2. Umpolung controled cycloaddition of vinylferrocene 19:

In the first instance, it  was necessary to find out whether umpolung activation of 

vinylferrocene 19 would promote Diels-Alder reactions with cyclopentadiene and to 

develop a reliable, reproducible procedure for this transformation. This method would 

then be used for the umpolung reactions of vinylferrocene 19, by keeping the same 

conditions it  would ensure direct comparison between reactions and would enable the 

use of the method for “blank reactions” (reactions necessary to prove that the reaction is 

umpolung activated). The reaction of vinylferrocene 19 with cyclopentadiene 92  was 

chosen as a template reaction (Scheme 35).
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3.2.1. Cycloadditions with cyclopentadiene 92:

-Control reaction without oxidising agent:

In order to prove that the cycloaddition of vinylferrocene and cyclopentadiene is 

umpolung controlled. The first attempts at the Diels-Alder reaction without oxidation of 

ferrocene were carried out under various conditions (Table 8). As predicted, no reaction 

was observed even with prolonged reaction times and higher temperatures.

Entry Conditions Time Observation

1 Acetone, N2, r.t 72 hrs SM

2 Acetone, N2, reflux 72 hrs SM

3 THF, N2, 50 ºC 24 hrs SM

4 THF, N2, reflux 72 hrs SM

-Optimisation of conditions:

In order to optimise the reaction of vinylferrocene 19 with cyclopentadiene 92 a wide 

range of conditions were used around the general oxidation and reduction procedure 

developed with ferrocene (Table 9). The first attempts showed straight away that under 

the umpolung conditions a Diels-Alder product was synthesised, although in low yield. 

However, the difference of outcome from entry 1 to entry 2 already  showed that the 

reaction was very susceptible to condition changes. A change of solvent from acetone 

and water to neat acetone gave two very different products, one of which remains 

Fe + Fe

1. Oxidising agent

2. Reducing agent

19 92 93

Scheme 35: The template reaction for method development, cycloaddition with cyclopentadiene 92.

Table 8: Various conditions for the blank reaction of vinylferrocene 19 and cyclopentadiene 92.

Chapter IV: New Redox Umpolung Mediated Reactions Of Vinylferrocene                                             

123



uncharacterised. Also, addition of FeCl3 was quite vigorous and from that point forward 

the addition of FeCl3 was done at subzero temperatures. This resulted in a direct  

improvement in yield of the desired product (comparison between entry 8 and entries 7, 

10 and 11). Entries 7, 10 and 11 also show that a peak of efficiency of 60% was reached 

when the reaction was warmed up  to temperatures nearing or equal to the boiling point 

of THF (45 - 66 ºC). In entry 13, the reaction temperature was raised to 110 ºC using 

toluene as a solvent in an effort to maximise yields. However, only  decomposition 

products were obtained.

One of the major side products of this reaction was the formation of dicyclopentadiene 

94 (Figure 87), which is the product of the dimerisation of cyclopentadiene via Diels-

Alder cycloaddition. Therefore, the number of equivalents of cyclopentadiene was 

increased to overcome this competitive side reaction. Equivalents of cyclopentadiene 

were increased from 5, to 10, to 20 and showed progressive increase in yield. Finally, an 

acceptable and reproducible yield of 88% was achieved by using 50 equivalents of 

cyclopentadiene (entry  14). Although 50 equivalents of cyclopentadiene may seem  

excessive, it remains acceptable due to the effective cost of cyclopentadiene.

94

Fig. 87: Structure of dicyclopentadiene 94.
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Entry Oxidising 
agent

Cp 
equivalents Conditions Reducing 

agent Time Observation

1 FeCl3 15 Acetone/H2O, r. t. L-Ascorbic 
Acid 18 hrs 40% (endo)

2 FeCl3 15 Acetone, N2, r.t L-Ascorbic 
Acid 18 hrs unknown 

product

3 FeCl3 5 Acetone, N2, -10 ºC L-Ascorbic 
Acid 4 hrs SM

4 FeCl3 5 DCM, N2, 0 ºC (load) 
warm to r.t.

L-Ascorbic 
Acid 1 h 40% (endo)

5 FeCl3 5 THF, N2, -78 ºC L-Ascorbic 
Acid 18 hrs SM

6 Ferrocenium 
PF6

5 DCM, N2, -78 ºC Decamethyl 
ferrocene 18 hrs SM

7 FeCl3 5 THF, N2, -20 ºC (load) 
warm to 50 ºC

L-Ascorbic 
Acid 24 hrs 60% (endo)

8 FeCl3 5 THF, N2, r.t (load), 
reflux

L-Ascorbic 
Acid 18 hrs 49% (endo)

9 FeCl3 5 THF, N2, r.t. (load) 
reflux Na2S2O3 18 hrs 34% (endo)

10 FeCl3 5 THF, N2, -20 ºC (load) 
warm to  45 ºC

L-Ascorbic 
Acid 24 hrs 57% (endo)

11 FeCl3 5 THF, N2, -20 ºC (load), 
reflux

L-Ascorbic 
Acid 24 hrs 59% (endo)

12 FeCl3 5 THF/H2O, N2,
-20 ºC (load), r.t.

L-Ascorbic 
Acid 24 hrs traces of endo

13 FeCl3 5 Toluene, N2,
-20 ºC (load), reflux

L-Ascorbic 
Acid 24 hrs decomposition

14 FeCl3 50 THF, N2, -40 ºC (load), 
warm to 55 ºC

L-Ascorbic 
Acid 18 hrs 88% (endo)

-Characterisation of products:

It is important to remember that, if one or both of the reagents in a Diels-Alder reaction 

have substituents, the outcome of the reaction will give rise to a number of different 

Table 9: Optimisation of the reaction of 19 with cyclopentadiene 92 (Cp). Endo product was the major 
isomer in all cases generally 11:1 ratio. All reaction carried out several times and were performed on a 

100 mg scale of vinylferrocene.
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isomers categorised as endo or exo. In this case since the diene is symmetrical there can 

be two exo and two endo products. However, the endo product should be favoured 

because it is the kinetic product and because of potential secondary orbital overlap 

(SOO) with ferrocene (Figure 88). The aim was to maximise the formation of the endo 

product, having kept reaction times relatively low.

The two exo products are diastreoismers of the two endo products and might therefore 

be separable from each other but would remain as two different mixtures of enantiomer. 

Unfortunately, the diastereoisomers of this reaction were not successfully separated 

even with high performance liquid chromatography (HPLC). Nonetheless, the endo 

product was characterised as the major isomer using NMR spectroscopy (Figure 89). In 

particular NOE (Nuclear Overhauser Effect) experiments were used to show the through 

space interaction between the hydrogen in the C(5) pseudo-axial position and the 

cyclopentadienyl hydrogens at C(9) and/or C(12). The NOE experiment reveals that  the 

hydrogen is the pseudo axial (5(ax)) position interacts with hydrogens at positions 

5(eq), 4, 6, 3 and only one of the hydrogens on the cyclopentadienyl ring, as well as a 

H
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R H

H
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Fig. 88: Endo preference because of SOO and endo/exo products.
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very small interaction with hydrogens at positions 13 to 17 (Figure 90). On the other 

hand the hydrogen at position 5(eq) shows no interaction with protons 9 to 12 (appendix 

5). This is further proof that the major product of the reaction is the endo product. It also 

indicates that there may  be a rotational lock (interaction of 5(ax) with only  one of the 

ferrocene hydrogens 9 or 12) due to the disfavoured steric interaction of the norbornene 

and the ferrocene.

Fig. 89: NMR spectrum of compound 93.
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Fig. 90: NOE interaction in compound 93.
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Entry 2 remains the most challenging of compounds to identify. Although the mass 

spectrometry  analysis gives a single molecular ion peak of 278 m/z (same as the desired 

product 93), the NMR spectrum of the product suggests mixture of three isomers that  do 

not resemble 93. The major product shows some similarities to 93, for instance, the two 

alkene peaks at 5.6 ppm and 6.25 ppm resemble closely those of 93 (Figure 91a) and the 

ferrocene peaks are somewhat similar too. However, a clear doublet at 0.95 ppm (major 

isomer) integrating to three hydrogens suggests the presence of a methyl group next to a 

single hydrogen. Also the signals corresponding to the bridge hydrogens have 

disappeared (Figure 91b).

 

H

Fe

Fig. 91a: Comparison of the NMR of 93 (red) and the product of entry 2 (blue).
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3.2.2. Cycloadditions with furan 95:

Having successfully  developed a reliable procedure for the umpolung controlled Diels-

Alder reaction of vinylferrocene 19 the same procedure was used with furan 95 as the 

diene. Furan 95 was reacted with vinylferrocene 19 in the hope to obtain the desired 

Diels-Alder product 96. However, the Diels-Alder norbornene type product was not 

isolated as it undergoes β-elimination and ring opening to give 97 (isolated in 22% 

yield) (Scheme 36).

H

Fe

H H

H

H

Fig. 91b: Comparison of the NMR of 93 (red) and the product of entry 2 (blue).
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Scheme 36: Umpolung controled Diels-Alder reaction of vinylferrocene 19 and furan 95.

Chapter IV: New Redox Umpolung Mediated Reactions Of Vinylferrocene                                             

129



Unlike the reaction with cyclopentadiene 92, several side products were isolated. After 

characterisation, these side products were identified as products of the self reaction of 

vinylferrocene. These products were investigated further and are described in the 

following section.

3.2.3. Oxidation and reduction of vinylferrocene 19 in absence of a diene:

The oxidation (and reduction) of 19 in the absence of a diene was investigated. 

Therefore, the same conditions that we developed for the Diels-Alder reaction were 

used, although omitting the addition of the diene. The major product of this reaction 

was an unidentifiable polymer like product that  was assumed to be the result of the 

chemical polymerisation of vinyferrocene 19. However, out of several minor side 

products two in particular were successfully identified.

The first identifiable side product of this reaction was isolated after flash column 

chromatography. Electron ionisation mass spectrometry gave a single molecular ion 

peak at 424.0 m/z, which corresponds to twice the mass of vinylferrocene (212 g.mol-1). 

It’s NMR spectrum shows the typical ferrocene peaks corresponding to eighteen 

hydrogens, two vinyl hydrogen peaks, one single hydrogen peak and a doublet 

corresponding to three hydrogens (Figure 92). After 2D NMR analysis (COSY and 

HSQC and DEPT) the product was identified as 1,3-bis-ferrocene-but-1-ene 98 (Figure 

93). This product is believed to result from a [2+2] addition of vinylferrocene with itself 

followed by a 1,3-sigmatropic rearrangement (Scheme 37).

Fe
1. Oxidising agent

Fe

2. Reducing agent

19 19*
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The second product which was identified is 1,3-bis-ferrocene-butan-1-one 99 (Figure 

94). 1,3-bis-Ferrocene-butan-1-one 99 provides another indication toward the [2+2] 

cycloaddition of vinylferrocene with itself. The formation of this side product is 

intriguing as the reaction was carried out under strict oxygen and water free conditions, 

the only potential source of oxygen is the extremely  hydroscopic FeCl3. This was 

Fig. 92: NMR of compound 98.

Fe Fe

98

Fig. 93: Structure of compound 98.

Fe

Fe

Fe

Fe

H H

Fe Fe

19* 98*

Scheme 37: Proposed mechanism for the formation of compound 98.
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confirmed as no trace of 99 was found when the reaction was done using silver 

tetrafluoroborate as the oxidant, however 1,3-bis-ferrocene-but-1-ene 98 was isolated 

when using those conditions.

The formation of 1,3-bis-ferrocene-butan-1-one 99 can be rationalised in one of two 

ways. Oxygen (likely  in the form of H2O) could be introduced to the cyclobutane dimer 

of vynilferrocene 19 and be oxidised in the generally  oxidising condition of the reaction 

(Scheme 38a), or it could be the result of an oxidation of 1,3-bis-ferrocene-but-1-ene 98 

mediated by  FeCl3 (Scheme 38b). The electron withdrawing ability of the oxidised 

ferrocenium species is likely  to facilitate this transformation by  rendering the carbon 

alpha to the ferrocene electrophilic.

O

Fe Fe

99

Fig. 94: Structure of compound 99.

Fe
1. FeCl3, THF

19

2. L-Ascorbic acid,
H2O

H2O

H

99

Fe

Fe
∂+

O

Fe Fe

Scheme 38a: First proposed mechanism for the formation of compound 99.
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The remainder of side products remains too complex to characterise but generally 

resembles the two products described above with some characteristic peaks 

distinguishable by NMR. Regardless, the formation of such products is another 

indication that  the oxidation of ferrocene is responsible for the promotion of such 

reactions.

3.3. Reactions of 6-ferrocene-bicyclo[2.2.1]hept-2-ene 93:

Having successfully developed a reliable umpolung controlled synthesis of 6-ferrocene-

bicyclo[2.2.1]hept-2-ene 93, several transformations were attempted on the substrate in 

order to scope-out some applications of this new method.

 

3.3.1. Ferrocene as a redox auxiliary:

The concept  of chemical auxiliaries was first introduce by  Corey in 1978,131 after 

having synthesised a chiral prostaglandin intermediate using 8-phenylmenthol as a 

chiral “director” for a Diels-Alder reaction.132 The use of chiral auxiliaries has been 

made more popular by  the work of Evans and co-workers with oxazolidinones in chiral 

aldol transformations.133

FeFe
FeFe

H2O

Fe

∂+

FeFe

OH2

Fe

O

Fe Fe

99

98

Loss of Hydrogen
and tautomerism

Scheme 38b: Second proposed mechanism for the formation of compound 99.
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Chiral auxiliaries are chemical compounds which impart chiral direction to the 

substrates they are attached to. Once the desired transformation is complete they are 

removed to reveal only the desired products. There was a sure value in assessing if 

ferrocene could be seen as an auxiliary  in the Diels-Alder reaction that I developed. 

However, ferrocene is known to be extremely stable, both chemically  and thermally. 

Nevertheless, it  has been shown that ferrocene can be reduced to cyclopentanes by 

catalytic hydrogenation.134,135

First, Van Bekkum and co-workers described the catalytic hydrogenation of ferrocene 

using palladium on charcoal (10% w/w) in acid medium.134 The two major observations 

were that  the rate of hydrogenation was greatly increased when using strongly  acidic 

media (trichloroacetic acid and perchloric acid) and that substituted ferrocenes were less 

reactive. Nevertheless, the hydrogenation could be done under relatively mild 

conditions and offers a route to substituted cyclopentanes.

A few years later Sokolov and co-workers used this method as a way to access 

disubstituted and chiral cyclopentanes.135 Substituted cyclopentanes are of particular 

interest as they can form a good platform towards the synthesis of prostaglandins or 

more generally prostanoids (Figure 95).

R1

R2 OH

O

100

Fig. 95: General structure of prostaglandins 100 R1= H, O, OH, R2= H, O, OH.
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Sokolov managed to show that the hydrogenation of ferrocenes had a 4:1 bias in favour 

of the trans product which is the right stereo chemistry for prostanoids (Scheme 39).

In view of this precedent, the reduction of the ferrocene moiety in the Diels-Alder 

product would be attempted to afford a functionalised cyclopentane. Ferrocene would 

not only be responsible for the activation of the diene towards cycloadditions but could 

also be responsible for stereospecific hydrogenation as per Sokolov’s observations (for 

multisubstituted ferrocenes). Finally, the ferrocene moiety  would effectively be 

removed after the key transformations had taken place making it a kind of redox 

auxiliary (Scheme 40).

-Synthesis of 1-cyclopentane-bicyclo[2.2.1]heptane 104:

In the first instance, 6-ferrocene-bicyclo[2.2.1]hept-2-ene 93 was reduced using 

standard hydrogenation procedures (Scheme 41). 1-ferrocene-bicyclo[2.2.1]heptane 105 

was obtained in quantitative yield reproducibly and was then subjected to the 

hydrogenation conditions described by Sokolov (Scheme 42).

Fe
R

Me

H2, Pd/C (10% w/w)

TFA 50ºC

Me Me

RR

R= COOH or CH2NMe2

4 : 1

+

101 102 103

Scheme 39: Stereospecific hydrogenation of ferrocene.

Fe

Fe

19 93 104

Scheme 40: Redox auxiliary synthetic strategy.
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The first observation was that  during the reaction, addition of the trifluoroacetic acid 

(TFA) turned the solution dark green, suggesting oxidation of ferrocene to ferrocenium. 

Also, the solid in the reaction mixture did not  seem to dissolve readily in TFA and this 

was assumed to be the reason for very  low initial yields. Therefore, the reaction was 

attempted again using a mixture of THF and TFA. In the first instance, the reaction was 

carried out at room temperature for four hours and yielded  52% of the desired product. 

Finally, the reaction was carried out at 50 ºC for eighteen hours and obtained routinely 

81-83% of the desired product (Scheme 43).

Fe Fe

H2, Pd/C (10% w/w)

EtOH, r.t.

quant.
93 105

Scheme 41: Hydrogenation of 93 to 105.

Fe

H2, Pd/C (10% w/w)

CF3COOH, 50 ºC

53%
105 104

Scheme 42: Hydrogenation of 105 to 104.

Fe

H2, Pd/C (10% w/w)

THF/TFA, 50 ºC, 18 hrs

81-83%
105 104

Scheme 43: Hydrogenation conditions of 105 to 104.
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Although neither Sokolov and Van Bekkum tried to explain why the reductive 

hydrogenation of ferrocene was made possible under those conditions, these 

observations lead to suggest that the strong acidic conditions generate a ferrocenium 

species (typical ferrocene/ferrocenium colour change from orange to green was 

observed). It could be that this “less stable” ferrocinium species is activated toward 

hydrogenation in an umpolung fashion.  

Identification and characterisation of the product could only  be done by gas 

chromatography-mass spectrometry as it  has no distinctive functional groups and is only 

composed of aliphatic cycles. It is therefore not suitable for IR spectroscopy or NMR as 

it only appears as a series of complicated overlapping multiplets (Figure 96). 

 

3.3.2. Ring opening metathesis-cross metathesis (ROM-CM):

In a view to investigate further reaction of 6-ferrocene-bicyclo[2.2.1]hept-2-ene 93 and 

ferrocene reduction, the decision was made to functionalise the Diels-Alder product 

using ROM-CM reactions (Scheme 44). In the first attempt at the ROM-CM reaction, 

Fig. 96: NMR spectrum of compound 104.
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styrene 106 was used as the cross metathesis partner (Table 10). The desired ROM-CM 

product 1-[(±)ferrocene]-2R,4S-[bis-(styrene)]-cyclopentane 107a was isolated only in 

8% yield, this was attributed to the formation of E-stilbene 108 and the ring opening 

metathesis polymerisation product  of 6-ferrocene-bicyclo[2.2.1]hept-2-ene 93, 1-

ferrocene-polynorbornene 109 (Figure 97).

E-Stilbene 108 is the known product of the homodimerisation of styrene 106. In 

Grubbs’ “categorisation of selectivity  in olefin cross metathesis”, it is categorised as a 

type I olefin, meaning it  undergoes fast homodimerisation with Grubbs 2nd generation 

catalyst.136 Therefore methyl vinyl ketone 110 was chosen as the cross metathesis 

partner since it falls under type II category (slow homodimerisation). In addition, 

norbornenes are known to readily undergo ring opening metathesis polymerisation 

(ROMP) using Grubbs catalyst. Therefore, the reaction was carried out using a higher 

concentration of methyl vinyl ketone to norbornene (maximise cross metathesis) and in 

overall more dilute conditions to minimise the formation of the ROMP product 109.

Fe

R
H H

H

Fe

∗ ∗

∗
R

R

Grubbs's catalyst

93 107a R= Ph
107b R= COCH3

Scheme 44: ROM-CM of 6-ferrocene-bicyclo[2.2.1]hept-2-ene 93.

Fe

H H

H n

108 109

Fig. 97: Structures of E-stilbene 108 and 1-ferrocene-polynorbornene 109.
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As seen in entry  2 (Table 10) hardly any  product was recovered. The reaction was 

therefore attempted at higher temperatures, under an atmosphere of ethylene to 

maximise the lifetime of the ring-opened intermediate 111 (Scheme 45) and to add the 

catalyst in portions,137 which gave 107b in 17% (entry 3). 

Finally, the reaction was attempted using a different catalyst  (Hoveyda-Grubbs II) and  

gave the desired product in 34% yield in the first instance. After optimisation of the 

conditions and reaction procedure, compound 107b was reproducibly  isolated in 

acceptable 65% yield (entry  5). Subsequently, 1-[(±)ferrocene]-2R,4S-[bis-(buten-3-

one)]-cyclopentane 107b was successfully reduced, under standard hydrogenation 

conditions, to 1-[(±)ferrocene]-2R,4S-[bis-(butan-3-one)]-cyclopentane 112 in 

quantitative yield (Figure 98).

Fe

93

Grubbs's catalyst

ethylene

Fe

H H

H

OO H H

H

Fe

107b111

Scheme 45: ROM-CM reaction with ethylene to maximise intermediate 111 lifetime.

OO H H

H

Fe

112

Fig. 98: Structure of compound 112.
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Entry CM 
partner Catalyst Conditions Time Product

1

106 5eq.

Grubbs II
1 mol%. DCM, N2, r.t. 18 hrs 107a 8%a

2
O

87 10 eq.

Grubbs II
5 mol% DCM, N2, r.t. 18 hrs 107b

less than 1%a

3
O

87 10 eq.

Grubbs II
5 mol%

Toluene, 110 ºC, 
ethylene 1 atm 24 hrs 107b 17%b

4
O

87 30 eq.

Hoveyda-Grubbs II
1 mol%

Toluene, 110 ºC, 
ethylene 1 atm 24 hrs 107b 34%b

5
O

87 30 eq.

Hoveyda-Grubbs II
1 mol% Toluene, 110 ºC, N2 3 hrs 107b 65%c

Although the hydrogenation of the ferrocene moiety  was attempted the time constraints 

attached with my research program did not allow enough time to fully interpret the 

results of what transpired to be a very complicated reaction. The desired product 113 

(Figure 99) was not observed at all.

However, it is possible that in such acidic conditions the ketone groups may have been 

reduced to give 1-[(±)cyclopentane]-2R,4S-[bis-(butan-3-ol)]-cyclopentane 114    

Table 10: Optimisation of ROM-CM conditions. a: catalyst added in one portion; b: catalyst dissolved in 
toluene and added in two portions, 1 hour apart; c: catalyst and 93 disolved in toluene (0.01 and 0.1 

mol.L-1 respectively), added in six portions over 1 hour.  

OO H H

H

113

Fig. 99: Desired product for the hydrogenation of 112.
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(Figure 100). If that  was the case, the product may have been extracted into the aqueous 

phase during work-up, explaining why no products were found in the organic phase.  

3.3.3. Ring opening metathesis polymerisation (ROMP):

As previously  mentioned norbornenes readily undergo ring opening metathesis 

polymerisation and we have previously observed that 6-ferrocene-bicyclo[2.2.1]hept-2-

ene 93 underwent polymerisation, although the product was not  characterised at the 

time. Polynorbornenes are an important class of polymers that attract  a lot of interest. 

Polynorbornenes are attractive polymers due to their high regioregularity, they are 

known for their high transparency, chemical resitance and electric properties,138 and are 

also known to form liquid crystalline polymers.139

Polynorbornenes containing ferrocene have been synthesised with the ferrocene moiety 

attached in a side chain.140 Masuda and co-workers, have reported ferrocene containing 

polymers with charge/discharge properties as targets for organometallic batteries,141 and 

norbornene polymers with pendant tetramethylpiperidine groups showing similar 

charge/discharge properties (Figure 101).142 Therefore, polynorbornene polymers with 

pendant ferrocene could have similar applications. 1-Ferrocene-polynorbornene 109 

(Figure 102) was synthesised by  ROMP using Grubbs II catalyst and was isolated as a 

glassy solid in 80% with an average molecular weight of 8499 g.mol-1 and 

polydispersity index of 1.45.

OHHO H H

H

114

Fig. 100: Potential product of the ferrocene hydrogenation of 112.
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3.4. Umpolung controlled nucleophilic additions:

Having successfully  developed a method for the umpolung activation of vinylferrocene 

19 toward cycloadditions, the same method would be adapted to attempt reactions of 

umpolung activated vinylferrocene 19 with nucleophiles (thiols).

3.4.1. Control reaction with oxidising agent:

As per the development of the cycloaddition reactions, there is need to prove that the 

reaction of vinylferrocene 19 with thiols only proceeded with umpolung activation of 

vinylferrocene 19. Therefore, the first attempt at the reaction was done in the absence of 

FeCl3. As expected, no reaction was observed between vinylferrocene 19 and hexane 

thiol 115 (Scheme 46) and only unreacted starting materials were recovered.
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Fig. 101: Structures of the charge/discharge polymers developed by Masuda and co-workers.
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H H
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Fig. 102: Structure of 1-ferrocene-polnorbornene 109.
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3.4.2. Umpolung activated reactions of vinylferrocene 19 with thiols:

Having proved that no reaction occurred between vinylferrocene 19 and haxanethiol 

115, the reaction of vinylferrocene 19 with thiols using the FeCl3/L-ascorbic acid redox 

activation method was attempted under several conditions (Table 11, p. 147). 

 -Entry 1: First attempt

As a first attempt the reaction was carried out at room temperature before trying higher 

temperatures (entries 1 & 2). Two equivalents of hexanethiol were mixed with 

vinylferrocene and cooled to -40 ºC, FeCl3 was added to the reaction mixture, which 

was then allowed to warm to room temperature (Scheme 47). Mostly unreacted 

vinylferrocene 19, octanethiol 118 (or disulfide) and an unidentifiable polymer like 

compound were recovered from this reaction. However, a product of thiol addition was 

identified as 1,2-bis-octanesulfide-ethylferrocene 119.

This double addition product can be explained by the use of an excess of thiol reagent in 

the reaction. Also, as was found in later reactions both 1-ethyl-1’-alkylsulfide-ferrocene 

Fe + HSR Fe Fe
SR

SR and/or
THF

115 R= C6H1319 116 117

Scheme 46: Blank reaction of vinylferrocene 12 with hexanethiol 115.

Fe HS R
Fe

S
R

S R
3 eq.

1) FeCl3, THF, N2 
load −40 ºC then r.t.

2) L-Ascorbic Acid, H2O
+

19 118 R= C8H17 119

Scheme 47: Reaction of vinylferrocene 19 and octanethiol 118 entry 1.
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116 and E-1-ferrocene-2-alkylsulfide-ethene 120 products were isolated from this type 

of transformation (Figure 103).

One possible explanation for the formation of 1,2-bis-octanesulfide-ethylferrocene 119 

would be primary formation of the E-alkene with the first thiol addition and secondary 

Markovnikov thiol addition to the E-alkene (Scheme 49).

 -Entries 2 to 5: Optimisation of conditions

Following the results given in entry 1 the temperature was raised to the boiling point of 

THF in an effort to increase the yield of the double addition product. However, 

increasing the temperature had a dramatic effect on the reaction and gave no thiol 

addition products. The major products were recovered thiol and an unidentifiable 

polymer-like compound. However, when the thiol was present from the start of the 

reaction trace amounts of 1,3-bis-ferrocene-but-1-ene 98 were isolated and small 

amounts of a compound consistent with 1-hexanesulfide-1-cyclopentadiene-3-

ferrocene-butane 121 (8%) (Figure 104) and vice-versa when the thiol was added after 

the oxidant. 1-Hexanesulfide-1-cyclopentadiene-3-ferrocene-butane 121 is a suggested 

Fe SR Fe

SR

116 120

Fig. 103: Sructures of compound 116 and compound 120.

Fe HS R Fe SRFe
SR

19 119120

HS R

RS

96 R= C8H17

Scheme 48: Proposed reaction progression for the formation of 1,2-bis-octanesulfide-ethylferrocene 119.
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product from the NMR data available, full characterisation was not achieved but the 

evidence provided remains strong in favour of this interpretation (appendix 4).

1-Hexanesulfide-1-cyclopentadiene-3-ferrocene-butane 121 is likely to be the product 

of the Markovnikov thiol addition of hexane thiol to 1,3-bis-ferrocene-but-1-ene 98 and 

of the subsequent decomposition of the ferrocene at C(1) to cyclopentadiene       

(Scheme 49). 

It was previously inferred that decomposition of ferrocene occurred under strongly 

acidic conditions which likely generated a less stable ferrocenium species that  could be 

decomposed through catalytic hydrogenation. The observation that ferrocene 

decomposes under these conditions strengthens this hypothesis as it is probably  made 

possible from the fact that the reaction is carried out under redox conditions (generation 

of ferrocenium) and acidic conditions that may be the result of the generation of HCl 

from the reaction of FeCl3 with hexanethiol 115.

SR

Fe

121

Fig. 104: Structure of compound 121 (R= C6H13).

Fe Fe

98

Fe

19

HS R
FeFe

SR SR

Fe

121

115 R= C6H13

122

Scheme 49: Proposed reaction progression for the formation of compound 121.
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Having tried umpolung-activated thiol additions with an excess of thiol, it is possible  

that the excess thiol had a detrimental effect on the reaction and promoted further 

reactions of the desired products (Markovnikov or anti-Markovnikov) (entries 3, 4 & 5). 

Therefore, the reaction was attempted again at reflux temperature, with one equivalent 

of thiol added both before and after the oxidant. When the thiol was added after the 

oxidant only trace amounts of compound 121 were isolated with mainly unidentifiable 

polymeric by-products. When the thiol was add before FeCl3 the major product again 

was unidentifiable, however, three minor identifiable products were isolated in low 

yields (Scheme 50). These products were identified as 1-hexanesulfide-1-

cyclopentadiene-3-ferrocene-butane 121 (22%), E-1-ferrocene-2-hexanesulfide-ethene 

120 (11%) and the desired Markovnikov product 1-ethyl-1’-hexanesulfide-ferrocene 

116 (8%).

E-1-Ferrocene-2-hexanesulfide-ethene 120 is an unexpected product for this reaction 

and could result  from a number of mechanisms. One potential mechanism could be seen 

to come from a nucleophilic attack of the alkene to toward a disulfide which could be 

formed in solution in the presence of FeCl3. The ferrocene iron centre could be seen to 

stabilise the carbocation intermediate, and elimination of hydrogen by chlorine present 

in solution would afford the alkene (Scheme 51).

Fe HS R
1 eq.

1) FeCl3, THF, N2 
load −40 ºC then Δ

2) L-Ascorbic Acid, H2O
+ Fe SR Fe

SR

SR

Fe

116 (8%) 120 (11%) 121 (22%)19 115 R= C6H13

Scheme 50: Reaction of vinylferrocene 19 and hexanethiol 115 entry 3 (thiol added before FeCl3).
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This hypothesis was put to the test by reacting vinylferrocene 19 with butanedisulfide 

122 under the same conditions (Scheme 52) but no evidence of the formation of the E-

alkene product was found.

The only  other hypothesis is that  E-1-ferrocene-2-hexanesulfide-ethene 120 may be the 

result of further reaction of the anti-Markovnikov product but this remains to 

investigated further (Scheme 53).

Since formation of polymers and potential oxidation of the thiol seemed to be the 

greatest obstacle to overcome, the same reaction was carried out at lower temperatures 

in an effort to promote the other reaction. When the thiol was added before FeCl3, 

formation of compound 120 and 1-ethyl-1’-hexanesulfide-ferrocene 116 did not 

Fe

RS SR

Fe
SR

Fe
SR

H

Cl

19 120

115 R= C6H13

Scheme 51: Proposed mechanism for the formation of compound 120.

Fe RSSR
1 eq.

1) FeCl3, THF, N2 
load −40 ºC then Δ

2) L-Ascorbic Acid, H2O
+ Fe

SR

19 122 R= C4H9 120

Scheme 52: Reaction of vinylferrocene 19 with butanedisulfide 122.

Fe Fe
lewis acid

RS-LA

Fe Fe

SR

Fe

SR

19

R= C6H13

120117

Scheme 53: Proposed mechanism for the formation of compound 120.
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improve, giving yields of 10% and 13% respectively. However, formation of products 

resulting from the dimerisation of vinylferrocene 19 was significantly reduced. This was 

further proved when the reaction was tried at 0 ºC and the yields of formation of 

compound 116 were unchanged but yields of dimerisation products were further 

reduced.

 -Entry 4: Key result

Finally, the desired Markovnikov product was successfully isolated in 67% yield by 

adding the thiol after the oxidant. This reaction is analogous to that  of styrene with 

thiols using lewis acid catalysts which also gives the Markovnikov product 

preferentially.116 In this case the Markovnikov carbocation intermediate could be further 

stabilised by  the neighbouring iron center (Scheme 54). Another interpretation for the 

promotion of this reaction could see the formation of a ferrocene fulvalene intermediate 

that would promote addition at the Markovnikov position in a Michael like addition 

(Scheme 55). Both interpretations could be valid but extensive analysis would be 

required to truly understand the mechanism of this reaction.

Fe Fe
lewis acid

RS-LA

Fe SR

19 116

R= C6H13

Scheme 54: Proposed reaction mechanism for the Markovnikov thiol addition.
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Fe
HS R

Fe SR Fe SR Fe

RS

SR

SR

Fe

O

Fe Fe Fe Fe

19 119 116 120 121 99 98

Entry RSH Conditions
Products

RSH added before 
FeCl3

RSH added after 
FeCl3

1 3 eq.
1)FeCl3, THF, N2, -40 ºC (load), 
warm to r.t., 18 hrs
2) L-Ascorbic acid, H2O

119 (27%)

2 3 eq.
1)FeCl3, THF, N2, -40 ºC (load), 
warm to reflux, 18 hrs
2) L-Ascorbic acid, H2O

121 (8%)
98 (traces)

121 (traces)
98 (8%)

3 1 eq.
1)FeCl3, THF, N2, -40 ºC (load), 
warm to reflux, 18 hrs
2) L-Ascorbic acid, H2O

116 (8%)
120 (11%)
121 (22%)

121 (traces)

4 1 eq.
1)FeCl3, THF, N2, -40 ºC (load), 
warm to r.t., 18 hrs
2) L-Ascorbic acid, H2O

116 (10%)
120 (13%)
121 (9%)
99 (8%)

116 (67%)
121 (9%)

5 1 eq.
1)FeCl3, THF, N2, -40 ºC (load), 
warm to 0 ºC, 18 hrs
2) L-Ascorbic acid, H2O

116 (9%)
99 (3%)

Unlike the cycloaddition reactions this reaction produced a wide array  of products and 

side products. Nevertheless, a reliable and reproducible result  was obtained whereby 

umpolung activation of vinylferrocene toward nucleophilic attack gave the 

Markovnikov product in high yields.

Fe Fe
lewis acid

RS-LA

Fe SR

19 116

R= C6H13

Scheme 55: Proposed reaction mechanism for the Michael-like Markovnikov thiol addition.

Table 11: Optimisation of the reaction of vinylferrocene 19 with thiols (RSH). All reaction performed on 
a 50 mg scale of vinylferrocene.
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4. Conclusions

A new method was successfully developed for the promotion of Diels-Alder 

cycloaddition of vinylferrocene 19 with cyclopentadiene 92 via umpolung activation. 

The same method was also implemented successfully to the promotion of nucleophilic 

addition of thiols to vinylferrocene (Scheme 56).

The reductive hydrogenation of ferrocene after promotion of the Diels-Alder reactions 

was also investigated, so as to consider ferrocene as a redox umpolung auxiliary 

(scheme 57). This method gives access to novel ferrocene and cyclopentane derivatives 

with potential materials and biological applications.

Fe

O

1) FeCl3, THF, N2 
load −40 ºC then Δ

19
1 eq.

95
3 eq.

2) L-Ascorbic Acid, H2O

96
22%

Fe

OH

Fe

1) FeCl3, THF, N2 
load −40 ºC then Δ

92
50 eq.

2) L-Ascorbic Acid, H2O

93
86%

Fe S R

1) FeCl3, THF, N2 
load −40 ºC
2) 115 Hexanethiol (1 eq.)
then warm to r.t.
3) L-Ascorbic Acid, H2O

116
67%

Scheme 56: Umpolung activated reactions of vinylferrocene 19.

Fe

H2, Pd/C (10% w/w)

THF/TFA, 50 ºC, 18 hrs

81-83%
105 104

Scheme 57: Reductive hydrogenation of ferrocene.
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Much work remains to be carried out to investigate other transformations and 

understanding mechanisms of those described above. However, I believe that sufficient 

progress has been made to support further research interest in this redox umpolung 

method. 

5. Future work

As part of a general approach, further optimisation of this method could be pursued. 

Particularly investigations into different  oxidising and reducing methods. One may find 

that milder oxidising agents could be used and that these could be more compatible with 

other substrates. Also, in an interest to scale up such reactions and to develop greener 

synthetic protocols, the redox umpolung method could be adapted to an electrochemical 

set-up. 

Future work for the umpolung activated cycloadditions of vinylferrocene 19 should 

include a wide array  of cycloadditions to investigate the scope of compatibility  of this 

method with other dienes (Scheme 58). Also since the observations made in this project 

showed that vinylferrocene readily undergoes homo-ene reactions, reactions of 

vinylferrocene in other [2+2] cycloadditons as well as other pericyclic reactons could be 

investigated. Similarly, in the case of nucleophilic additions, an array  of thiols and other 

nucleophiles should be tested against this method to assess its robustness and versatility.

Fe +

R1

R2 R6
R5

R4R3

1. Oxidising agent

2. Reducing agent Fe

R5

R2

R6

R1

R4

R3

19

Scheme 58: Umpolung activated cycloadditions of vinylferrocene 19.
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Seminal work has been carried out with regard to developing this umpolung 

methodology into an umpolung auxiliary method. Further investigations into the 

decomposition of ferrocene need to be carried out. In the first instance, reduction of the 

ferrocene moiety in the thiol additions substrates should be carried out (Scheme 59).

Also, in light of the decomposition product that has been isolated as part of the 

umpolung thiol reactions (1-hexanesulfide-1-cyclopentadiene-3-ferrocene-butane 121), 

the hypothesis that the decomposition of ferrocene is also an umpolung driven process 

should be tested to try  and understand that process better. Hydrogenation of ferrocene 

could be attempted under redox conditions in the absence of a strong acid (Scheme 60).

As mentioned in the introduction to this chapter, the reaction of vinylferrocene with 

thiols could be used to introduce the vinylferrocene as a redox tag to proteins and 

biological systems as well as to the surfaces of nanoparticles. Nucleophilic addition of 

natural thiols such glutathione to vynilferrocene could be investigated as well as the 

reaction of vinylferrocene with nanoparticles functionalised with pendant thiols.

Fe SR
SR

H2, Pd/C (10% w/w)

THF/TFA

Scheme 59: Reductive hydrogenation of the thiol addition products.

Fe
R

1. Oxidising agent
1. Catalytic hydrogenation

1. Reducing agent
R

Scheme 60: Umpolung activated reductive hydrogenation of ferrocene.
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CHAPTER V: EXPERIMENTAL

Experimental terms and methods:

Flash Column Chromatography: Using silica gel (Sigma-Aldrich) 40-63 µm 60 Å and 

solvent system is specified in each experimental.

TLC: Were performed using 5x4 cm SiO2 coated aluminium plates

Dry solvents: Innovative Technology inc. Pure Solv 400-5-MD solvent purification 

system (activated alumina columns)

Reaction temperatures: Room temperature refers to 20-25 ºC other temperatures were 

obtained using ice-water bath for 0 ºC and acetone-dry ice bath for -78 ºC.

Analytical methods:

HPLC: Analytical and preparative HPLC were performed using a P680 Dionex HPLC 

pump system. Analytical HPLC: Supelco® reverse phase column (HS C18, 250 x 

4.6mm, 5µm). Preparative HPLC: Phenomenex® reverse phase semi-preparative 

column (C8, 250 x 10mm, 5 µm).

IR: Was recorded on a Perkin Elmer FT-IR instrument, absorption (νmax) is given in 

wavenumbers (cm-1) and peak intensities are qualified as strong (str), medium (m). 

weak (w) or broad (br).

MS: Mass spectrometry  was performed by  Jim Tweedie mass spectrometry technician 

at the University of Glasgow.

M.p.: Recorded on a SMP-10 Stuart Scientific melting point machine. Melting points 

are uncorrected.
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NMR: Performed on either Bruker Avance 500, Bruker Avance 400. All spectra were 

characterised from 1H, 13C, HMQC methods, and were analysed using the Mestrelab 

research iNMR© package (for MacOS X®).

GPC: Performed using Polymer Lab GPC-50, on 2 Resipore columns (300 x 7.5 mm). 

The intrument was calibrated using MMA polymer standards.

CV: Performed using a CH Instrument Electrochemical Workstation (CHI 440a), 

Austin, TX, USA. Samples were analysed at 10-4 M concentrations using 0.1M 

TBA.PF6 as the electrolyte

UV: Performed using a PerkinElmer Lambda 25 spectrometer

CHAPTER II:

2,5-Dibromo-3,4-dinitrothiophene 50:

2,5-Dibromothiophene 49 (3.5 mL, 31.0 mmol) was added dropwise to a mixture of 

fuming nitric acid (11 mL) and concentrated sulphuric acid (33 mL) at 0 ºC. The 

reaction mixture was then allowed to warm to room temperature and was stirred over 3 

hours, after this time the reaction was quenched by  pouring slowly onto ice. The 

resulting precipitate was then filtered off and then recrystallised from hot methanol to 

give title compound 50 as a yellow solid (5.5 g; 53%); m.p. 132-134 ºC (lit. 

135.8-136.7 ºC)1; νmax/cm-1 (neat) 1534 (NO2 anti), 1315 (NO2 symm); δC (125 MHz, 

CDCl3) 113.5 (C), 140.7 (C); m/z (EI +) 331.7930 [M]+ (C479Br81BrN2O4S requires 

331.7925).

S BrBr

O2N NO2
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3’,4’-Dinitro-[2,2’,5’,2”]-terthiophene 51:

2,5-Dibromo-3,4-dinitrothiophene 50 (5.00 g, 15.06 mmol), 2(tributylstanyl)-thiophene 

(14.4 mL, 45.18 mmol) and dichloro-bis(triphenyl phosphino)-palladium II (1.12 g, 

1.50 mmol) were dissolved in dry THF (50 mL). The reaction was heated under reflux 

overnight under N2 atmosphere and the solvent was then removed under reduced 

pressure. The residue was then washed with hexane (4 x 100 mL) and purified by flash 

column chromatography  (DCM:Petroleum ether; 4:1) to yield title compound 51 as an 

orange solid (5.09 g; 99%); m.p. 138-140 ºC (lit. 147-149 ºC)2; νmax/cm-1 (solid state) 

3075 (C-H aromatic), 1537 (NO2 anti), 1381 (NO2 symm); δH (500 MHz, CDCl3) 7.18 

(2H, dd, J 5.1, 3.8, C(4, 4”)H), 7.55 (2H, dd, J 3.8, 1.1, C(3, 3” or 5, 5”)H), 7.61 (2H, 

dd, J 5.1, 1.1, C(3, 3” or 5, 5”)H); δC (125 MHz, CDCl3) 128.1 (C), 128.5 (CH), 131.2 

(CH), 131.3 (CH), 133.9 (C); m/z (EI+) 337.9492 [M]+ (C12H6N2O4S3 requires 

337.9490).

S

O2N NO2

S S
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[2,2’,5’,2”]-Terthiophene-3’,4’-diamine 52:

3’,4’-Dinitro-[2,2’,5’,2”]-terthiophene 51 (3.00 g, 8.8 mmol) was dissolved in EtOH    

(70 mL) and concentrated HCl (70 mL) a solution of SnCl2 (16.68 g, 88.0 mmol) in 

EtOH (70 mL) and toluene (140 mL) was then added and the reaction was left to stir at 

90 ºC overnight under a N2 atmosphere. The crude product was then extracted with 

more toluene (3 x 100mL) and washed with brine (4 x 20 mL), then water (2 x 20 mL) 

and dried over MgSO4. The drying agent was filtered off and the solvents were removed 

under vacuum. The resulting oil was then triturated with petroleum ether (40-60 ºC) and 

the product was then filtered off and dried under vacuum to yield 52 as a green solid 

(2.37 g, 97%); m.p. 83-85 ºC (lit. 96-98 ºC)3; νmax/cm-1 (solid state) 3365 (NH2) 

3107-3065 (C-H aromatic); δH (500 MHz, CDCl3) 3.65 (4H, broad s, 2 x NH2), 

6.98-7.02 (4H, m, C(3,5,3”,5”)H), 7.18 (2H, dd, J 4.9, 1.4, C(4,4”)H); δC (125 MHz, 

CDCl3) 110.1 (C), 123.9 (CH), 124.0 (CH), 127.8 (CH), 133.6 (C), 136.0 (C); m/z (EI +) 

278.0003 [M]+ (C12H10N2S3 requires 278.0006).

S
S S

H2N NH2
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8-Ethyl-6,7-bis-thiophene-thiophenepteridine-2,4-(3H,8H)-dione 47:

[2,2’,5’,2”]-Terthiophene-3’,4’-diamine 52 (0.8 g, 2.9 mmol) and K2CO3 (0.48 g, 3.5 

mmol) were dissolved in dry THF (5 mL) under N2 atmosphere. Ethyltriflate (0.39 mL, 

3.0 mmol) was then added slowly  and the reaction was left to stir overnight under N2. 

The crude product was extracted into DCM (2 x 20 mL) and dried over MgSO4. The 

drying agent was then removed by filtration and the solvents were removed under 

vacuum to yield 3’-amino-4’-N-ethyl-[2,2’,5,2”]-terthiophene 54 as a dark brown solid. 

This was used without further purification and dissolved into glacial acetic acid (50 mL) 

with boric anhydride (0.47 g, 6.8 mmol) and alloxan monohydrate (0.56 g, 3.5 mmol). 

The reaction mixture was left to stir at room temperature overnight and the solvents 

were then removed under reduced pressure. The crude product was then purified by 

flash column chromatography (THF:Hexane; 1:3) to yield the title compound 47 as a 

red-greenish solid (0.63 g, 53%); m.p. decomposed; νmax/cm-1 (solid state) 3159 (amide 

N-H), 1673 (amide C=O); δH (500 MHz, CDCl3) 1.22 (3H, t, J 7.0, CH3), 4.43 (2H, q, J 

7.0, CH2), 7.17-7.20 (2H, m, C(13&17)H), 7.34 (1H, dd, J 3.5, 1.2, C(12 or 16)H), 7.60 

(1H, dd, J 5.3, 1.2, C(14 or 18)H), 7.63 (1H, dd, J 5.1, 1.0, C(14 or 18)H), 7.83 (1H, dd, 

J 3.8, 1.0, C(12 or 16)H), 8.48 (1H, s, NH); δC (125 MHz, CDCl3) 12.7 (C(10)H3), 41.4 

(C(9)H2), 106.1 (C), 107.4 (C), 127.4 (C), 127.5 (C(13 or 17)H), 128.17 (C(13 or 

17)H), 129.0 (C(12 or 16)H), 129.8 (C(14 or 18)H), 130.6 (C), 131.6 (C(14 or 18)H), 

132.1 (C), 132.6 (C(12 or 16)H), 133.9 (C), 135.1 (C), 142.3 (C=O), 150.3 (C=O); m/z 

(FAB+) 413.0202 [M+H]+ (C18H13N4O2S3 requires 413.0201).
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3-Heptyl-8-ethyl-6,7-bis-thiophene-thiophenepteridine-2,4-(3H,8H)-dione 55:

Iodoheptane (0.16 mL, 1.0 mmol) was added to a solution of 12-ethyl-8,10-bis-

thiophene-thiopteridine-2,4(3H,12H)-dione 47 (0.15 g, 0.36 mmol) and potassium 

carbonate (0.19 g, 1.4 mmol) in acetone (20 mL).  The reaction was stirred under reflux 

overnight. The solvent was then evaporated and the reaction quenched with water (20 

mL). The crude product was extracted with chloroform (3 x 15 mL), washed with water 

(2 x 25 mL) and brine (2 x 25 mL). The combined organics were then dried over 

MgSO4, filtered and the solvent was removed under reduced pressure. The crude 

product was then purified by flash column chromatography (hexane / ethyl acetate; 3:1) 

to yield the title compound 55 as a red solid (106 mg, 58%); m.p. 189-191 ºC; νmax/cm-1 

(solid state) 2951-2855 (C-H aliphtic), 1659, 1585, 1558, 1524, 1435; δH (500 MHz, 

CDCl3) 0.87 (3H, t, J 6.8, C(25)H3), 1.18 (3H, t, J 7.0, C(10)H3), 1.25-1.42 (8H, m, 

C(21-24)H2), 1.72 (2H, dt, J 14.9, 7.5, C(20)H2), 4.06 (2H, t, J 7.5, C(19)H2), 4.37 (2H, 

q, J 7.0, C(9)H2), 7.14 (2H, ddd, J 5.1, 3.7, 1.1, C(13 & 17)H), 7.31 (1H, dd, J 3.7, 1.1, 

C(12)H), 7.56 (2H, ddd, J 5.1, 3.7, 1.1, C(14 & 18)H), 7.78 (1H, dd, J 3.7, 1.1, 

C(16)H); δC (125 MHz, CDCl3) 12.9 (C(25)H3), 14.2 (C(10)H3), 22.7 (C(24)H2), 27.1 

(CH2), 28.0 (C(20)H2), 29.2 (CH2), 31.9 (CH2), 40.9 (C(9)H2), 42.3 (C(19)H2), 107.0 

(C), 127.5 (C(13 or 17)H), 127.6 (C), 128.1 (C(13 or 17)H), 128.8 (C(16)H), 129.7 

(C(14 or 18)H), 131.0 (C), 131.3 (C(14 or 18)H), 132.4 (C), 132.6 (C(12)H), 133.8 (C), 

135.2 (C), 141.6 (C), 148.9 (C), 155.9 (C=O), 159.6 (C=O); m/z (FAB +) 511.1295 [M

+H]+ (C25H27N4O2S3 requires 511.1296).
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3-Heptyl-8-ethyl-6-(5’-bromothiophene)-7-thiophene-thiophenepteridine-2,4-(3H,8H)-

dione 56:

S

N N
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3-Heptyl-8-ethyl-6,7-bis-thiophene-thiophenepteridine-2,4-(3H,8H)-dione 55 (170 mg, 

0.32 mmol) was dissolved into DCM  (10 mL) and the flask was covered with 

aluminium foil to ensure “dark” conditions. N-Bromosuccinamide (64 mg, 0.36 mmol) 

was then added and the reaction mixture was left to stir overnight. The reaction was 

then quenched with water (100 mL) and the crude product extracted into DCM (3 x 50 

mL). The combined organics were then dried over MgSO4, filtered and the solvent was 

removed under reduced pressure. The crude product was then purified by flash column 

chromatography  (DCM  100%) to yield the title compound 56 as a green solid (158 mg, 

81%); m.p. 242-244 ºC; δH (500 MHz, CDCl3) 0.88 (3H, t, J 6.9, C(25)H3), 1.18 (3H, t, 

J 7.0, C(10)H3), 1.26-1.43 (8H, m, C(21-24)H2), 1.69-1.75 (2H, m, C(20)H2), 4.06 (2H, 

t, J 7.7, C(19)H2), 4.37 (2H, q, J 7.0, C(9)H2), 7.10 (1H, d, J 4.0, C(17)H), 7.15 (1H, dd, 

J 5.3, 3.5, C(13)H), 7.31 (1H, dd, J 3.5, 1.2, C(12)H), 7.43 (1H, d, J 4.0, C(16)H), 7.57 

(1H, dd, J 5.3, 1.2, C(14)H); δC (125 MHz, CDCl3) 12.9 (C(10)H3), 14.3 (C(25)H3), 

22.8 (CH2), 27.2 (CH2), 28.0 (C(20)H2), 29.2 (CH2), 31.9 (CH2), 40.9 (C(9)H2), 42.4 

(C(19)H2), 107.3 (C), 120.3 (C(18)Br), 127.5 (C), 127.6 (C(13)H), 128.2 (C(16)H), 

129.9 (C(14)H), 130.6 (C(17)H), 130.8 (C), 132.7 (C(12)H), 133.8 (C), 133.9 (C), 

135.3 (C), 140.4 (C), 149.0 (C) 155.8 (C=O), 159.5 (C=O); m/z (ES +) 611.0196 [M

+Na]+ (C25H2579BrN4NaO2S3 requires 611.0215).
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3-Heptyl-8-ethyl-6,7-(5’,5’’-bromothiophene)-thiophenepteridine-2,4-(3H,8H)-dione 

61:

Synthesis: see 3-Heptyl-8-ethyl-6-(5’-bromothiophene)-7-thiophene-thiophenepteridine 

-2,4-(3H,8H)-dione 56, compound 61 was isolated as a brown powder (13 mg, 6%); 

νmax/cm-1 (evaporated film) 2958, 2929, 2858, 1708, 1658, 1587, 1561, 1529, 1505; δH 

(500 MHz, CDCl3) 0.88 (3H, t, J 4.7, C(25)H3), 1.22 (2H, t, J 7.0 Hz, C(10)H3), 1.44 – 

1.20 (8H, m, C(21-24)H2), 1.71 (2H, quin, J 7.1, C(20)H2), 4.05 (1H, t, J 7.6, C(19)H2), 

4.40 (1H, quin, J 7.2, C(9)H2), 7.07 (1H, d, J 3.9, C(13)H), 7.10 (1H, d, J 4.0, C(17)H), 

7.12 (1H, d, J 3.9, C(12)H), 7.42 (1H, d, J 4.0, C(16)H); δC (125 MHz, CDCl3) 12.9 

(C(10)H3), 14.2 (C(25)H3), 22.8 (CH2), 27.2 (CH2), 28.0 (CH2), 29.2 (CH2), 31.9 (CH2), 

41.0 (CH2), 42.4 (CH2), 105.8 (C), 116.4 (C), 120.8 (C), 127.9 (C), 128.4 (CH), 130.5 

(CH), 130.7 (CH), 132.3 (C), 133.1 (CH), 133.6 (C), 134.0 (C), 135.1 (C), 140.9 (C=N), 

149.0 (C=N), 155.7 (C=O), 159.4 (C=O); m/z (EI +) 668.9481 [M+H]+ 

(C25H2579Br2N4O2S3 requires 668.9481).
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CHAPTER III:

N-(5-Chloro-2-nitro-phenyl)isobutyramide 80:

Isobutyryl chloride 82 (1.84 mL, 17.40 mmol) and triethylamine (2.43 mL, 17.40 

mmol) were added drop-wise to a solution of 5-chloro-2-nitroanaline 79 (2.00 g, 11.60 

mmol) in THF (100 mL).  The reaction was stirred at reflux overnight and the solvents 

were then evaporated under reduced pressure. The crude product was then purified by 

flash column chromatography  (petroleum ether / ethyl acetate; 5:95) and then 

recrystalised from hot ethanol to yield title compound 80 as yellow needles (2.66 g, 

94%); m.p. 92-93 ºC; νmax/cm-1 (solid state) 3358 (N-H, amide), 3119, 2972-2876 (C-H 

aliphtic), 1710, 1605, 1578, 1489; δH (500 MHz, CDCl3) 1.31 (6H, d, J 6.9, 2 x CH3), 

2.66 (1H, sept, J 6.9, CH isobutyl), 7.13 (1H, dd, J 9.0, 2.2 C(4)H), 8.19 (1H, d, J 9.0 

C(3)H), 8.98 (1H, d, J 2.2, C(6)H), 10.6 (1H, br. s, NH); δC (125 MHz, CDCl3) 19.5 (2 

x CH3), 37.8 (CH isobutyl), 121.9 (C(6)H), 123.5 (C(4)H), 127.2 (C(3)H), 134.5 (C(1 

or 2)), 136.3 (C(1 or 2)), 143.1 (C(5)), 176.4 (C=O); m/z (EI+) 242.0455 [M]+ 

(C10H11N2O335Cl requires 242.0458).

Cl NH

NO2
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N-(2-Nitro-4-ethynylferrocene-phenyl)isobutyramide 81:

N-(5-chloro-2-nitro-phenyl)isobyramide 80 (2.00 g, 8.2 mmol), ethynylferrocene 83 

(2.60 mg, 12.4 mmol), 10% Pd/C (0.44 g, 0.4 mmol), SPhos (0.17 g, 0.4 mmol), K2CO3 

(1.71 g, 12.4 mmol) and DMA (10 mL) were stirred at  110 ºC under an atmosphere of 

N2. After 2 hours the charcoal residue was filtered off and washed with water (500 mL) 

and Et2O (2 x 500 mL). The crude product was extracted with Et2O (2 x 500 mL), the 

organics were then dried over MgSO4 and the solvent was removed under reduced 

pressure. The product was purified by  flash column chromatography (toluene) and 

isolated as a red solid (2.12 g, 62%); m.p. 129-131 ºC (decomposition); RF: 0.38 

(toluene); νmax/cm-1 (solid state) 3333 (w. N-H) 2973-2872 (w. C-H aliphtic), 2196 (m. 

C≡C), 1705 (m. C=O), 1603 (m.), 1569 (str.), 1546 (w.); δH (500 MHz, CDCl3) 1.33 

(6H, d, J 6.9, C(1 & 3)H3), 2.68 (1H, sept, J 6.9, C(2)H), 4.26 (5H, s, C(18 - 22)H), 

4.32 (2H, t, J 1.9, C(14 &17)H or C(15 &16)H), 4.55 (2H, t, J 1.9, C(14 &17)H or C(15 

&16)H), 7.20 (1H, dd, J 8.8, 1.8, C(8)H), 8.19 (1H, d, J 8.8, C(7)H), 8.97 (1H, d, J 1.8, 

C(10)H), 10.60 (1H, s, NH); δC (125 MHz, CDCl3) 19.7 (C(1 & 3)H3), 37.9 (C(2)H), 

63.7 (C(13)), 69.9 (C(14 &17)H or C(15 &16)H), 70.4 (C(18 - 22)H), 72.2 (C(14 

&17)H or C(15 &16)H), 85.2 (C(11 or 12)), 96.4 (C(11 or 12)), 124.2 (C(10)H), 125.6 

(C(8)H), 126.2 (C(7)H), 132.9 (C(5, 6 or 9)), 134.5 (C(5, 6 or 9)), 135.6 (C(5, 6 or 9)), 

176.5 (C=O); m/z (EI+) 416.0822 [M+H]+ (C22H20FeN2O3 requires 416.0824).

H
N

NO2
O

Fe

1

2
3

45

6
7

8

9
10

11

12
13

1415

16

17
18

19

20 21
22

Chapter V: Experimental                                              

162



8-Ethynylferrocene-10-isobutyl-benzopteridine-2,4(3H,10H)dione 72:

LiAlH4 (626.2 mg, 16.50 mmol) was added portion-wise to a solution of N-(2-nitro-4-

ethynylferrocene-phenyl)isobutyramide 81 (685.0 mg, 1.65 mmol) in THF (120 mL). 

The reaction mixture was stirred overnight at room temperature under an atmosphere of 

N2. The reaction was then quenched by the addition of water (120 mL) and further 

addition of 10% NaOH (100 mL). The resulting precipitate was then filtered off and 

washed with Et2O (5 x 40 mL). The organic phase was then separated and dried over 

MgSO4 and filtered. The solvent was then removed under reduced pressure to give N-(2-

amino-4-ethynylferrocene-phenyl)isobutyl 77 as a crude product which was used 

without further purification.

The crude N-(2-amino-4-ethynylferrocene-phenyl)isobutyl 77, alloxan monohydrate  

(317.0 mg, 1.98 mmol) and boric anhydride (203.0 mg, 2.9 mmol) were dissolved in 

glacial acetic acid (50 mL) and stirred at room temperature overnight. The solvents 

were then removed under reduced pressure and the crude product was then purified by 

flash column chromatography (Et2O:EtOAc; 4:1) to yield the title compound 72 as a 

green solid (268.4 mg, 34%); νmax/cm-1 (solid state) 3012 (br. w. N-H), 2834 (w. C-H 

aliphtic), 1711 (m.), 1653 (m.), 1561 (m.), 1529 (str.); δH (500 MHz, CDCl3) 1.12 (6H, 

d, J 6.9, C(13 & 14)H3), 2.51 (1H, tt, J 14.0, 6.9, C(11)H), 4.32 (5H, s, C(22-26)H), 

4.43 (2H, t, J 1.8, C(18&21 or 19&20)H), 4.65 (2H, t, J 1.8, C(18&21 or 19&20)H), 

7.64 (1H, d, J 1.3, C(9)H), 7.63 (1H, dd, J 8.5, 1.6, C(7)H), 8.25 (1H, d, J 8.5, C(6)H), 

8.43 (1H, s, N(3)H); δC (125 MHz, CDCl3) 20.1 (C(13&14)H3), 27.5 (C(12)H), 51.4 

(C(15 or 16)), 62.9 (C(15 or 16)), 70.2 (C(18&21 or 19&20 or 22-26)H), 70.3 

(C(18&21 or 19&20 or 22-26)H), 72.2 (C(18&21 or 19&20)H), 117.3 (C(9)H), 129.8 

(C(7)H), 132.5 (C), 133.3 (C(6)H), 133.5 (C), 135.1 (C), 151.3 (C=O), 154.8 (C=O); m/

z (FAB+) 479.1176 [M+H]+ (C26H23N456FeO2 requires 479.1171).
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2-(Ferrocene)-3-[8-(10-isobutyl-benzopteridine-2,4(3H,10H)dione)]-1,3-buta 

diene-1,1,4,4-tetracarbonitrile 71:

N
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Tetracyanoethylene 64 (12.8 mg, 0.1 mmol) and 8-ethynylferrocene-10-isobutyl-

benzopteridine-2,4(3H,10H)dione 77 (50.0 mg, 0.1 mmol) were dissolved in dry THF 

(10 mL) in a flask covered with tin foil to keep out light. The reaction was left to stir at 

reflux temperature for 72 hours. The solvent was then removed under reduced pressure 

and the crude product was purified by  flash column chromatography (EtOAc 100%). 

The product was then dissolved into DCM  (2 mL) and was precipitated into petroleum 

ether (300 mL) and filtered to furnish the title compound 71 as a green solid (45.1 mg, 

74%); νmax/cm-1 (solid state) 3205 (br. w. N-H), 2917 (w. C-H aliphtic), 2363, 2224, 

1719 (m.), 1676 (m.), 1583 (m.), 1551 (str.),1518 (m.), 1443 (w.), 1399 (w.), 1295 (w.), 

1245 (w.); δH (500 MHz, CDCl3) 1.03 (6H, d, J 6.9, C(13 & 14)H3), 2.31 (1H, tt, J 14.0, 

6.9, C(12)H), 4.44 (1H, m, C(24 or 27)H), 4.55 (5H, s, C(28-33)H), 4.99 (1H, td, J 2.7, 

1.1, C(25 or 26)H), 5.19 (1H, td, J 2.7, 1.2, C(25 or 26)H), 5.68 (1H, m, C(24 or 27)H), 

7.53 (1H, dd, J 8.6, 1.8, C(7)H), 7.77 (1H, d, J 1.8, C(9)H), 8.34 (1H, d, J 8.6, C(6)H), 

8.65 (1H, s, N(3)H); δC (125 MHz, CDCl3) 20.3 (C(13 or 14)H3), 20.4 (C(13 or 14)H3), 

28.2 (C(12)H), 52.2 (C(11)H2), 71.0 (C(24 or 27)H), 73.7 (C(24 or 27)H), 73.8 

(C(28-33)H), 74.8 (C), 75.8 (C(25 or 26)H), 78.0 (C(25 or 26)H), 79.2 (C(16 or 20), 

89.7 (C(16 or 20), 111.2 (C(17 or 18 or 21 or 22)), 111.2 (C(17 or 18 or 21 or 22)), 

113.2 (C(17 or 18 or 21 or 22)), 113.4 (C(17 or 18 or 21 or 22)), 116.8 (C(9)H), 125.6 

(C(7)H), 133.6 (C), 135.0 (C(6)H), 136.9 (C), 137.5 (C), 140.6 (C), 151.5 (C), 154.6 

(C), 158.5 (C), 164.4 (C=O), 171.8 (C=O); m/z (FAB+) 629.1088 [M+Na]+ 

(C32H22N856FeO2Na requires 629.1107).
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CHAPTER IV:

6-Ferrocene-bicyclo[2.2.1]hept-2-ene 93:

Fe

1 2

3
45ax/eq

6
8
9

10
11

12

13-17

7a 7b

Cyclopentadiene 95 (0.18 mL, 2.40 mmol) was added to a solution of vinylferrocene 19    

(100.0 mg, 0.47 mmol) in anhydrous THF (10 mL). The mixture was stirred under 

nitrogen and cooled to -40 ºC, FeCl3 (80.4 mg, 0.50 mmol) was then added to the 

reaction mixture which was stirred at  -40 ºC for a further 30 minutes. The reaction 

mixture was then allowed to warm up  to room temperature before being left to stir at 

reflux for 24 hours under nitrogen. After this time the reaction mixture was allowed to 

cool to room temperature before adding a solution of L-ascorbic acid (250.0 mg, 1.40 

mmol) in water (10 mL). The solvent was removed under reduced pressure and the 

product extracted into DCM  (3 x 20 mL) and dried over MgSO4 and filtered. The 

solvent was then removed under reduced pressure. The crude product was then purified 

by flash column chromatography (100% petroleum ether) to yield the title compound 93 

as a yellow oil (115.7 mg, 59%) as an inseparable mixture of diastereomers (7:1, 

endo:exo); endo-6-ferrocene-bicyclo[2.2.1]hept-2-ene: νmax/cm-1 (solid state) 

2961-2867 (w. C-H aliphtic), 1449 (w.), 1337 (w.); δH (500 MHz, CDCl3) 1.13 (1H, ddd, 

J 11.6, 4.5, 2.6, C(5eq)H), 1.38 (1H, m, C(7a or b)H), 1.45 (1H, tdd, J 5.1, 2.9, 2.1, 

C(7a or b)H), 2.14 (1H, ddd, J 11.6, 9.1, 3.7, C(5ax)H), 2.77 (1H, d, J 1.1, C(1)H), 2.86 

(1H, d, J 1.1, C(4)H), 3.07 (1H, dt, J 9.1, 4.5, C(6)H), 3.81 (1H, s, C(9)H), 3.98 (1H, s, 

C(10 or 11)H), 4.01 (1H, s, C(10 or 11)H), 4.08(1H, s, C(12)H), 4.10 (5H, s, 

C(13-17)H), 5.74 (1H, dd, J 5.7, 3.0, C(2)H), 6.19 (1H, dd, J 5.7, 2.9, C(3)H); δC (125 

MHz, CDCl3) 33.8 (C(5)H2), 38.5 (C(6)H), 42.9 (C(4)H), 49.1 (C(1)H), 50.3 (C(7)H2), 

66.8 (C(9, 10, 11 or 12)H), 66.9 (C(9, 10, 11 or 12)H), 67.0 (C(9, 10, 11 or 12)H), 68.2 

(C(13-17)H), 68.5 (C(8)), 92.2 (C(9, 10, 11 or 12)H), 133.3 (C(2)H), 136.7 (C(3)H); m/

z (EI+) 278.0757 [M]+ (C17H1856Fe requires 278.0758).
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1-Ferrocene-bicyclo[2.2.1]heptane 105:

Fe

2 3ax/eq

4ax/eq
56ax/eq

1
8
9
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11
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13-17

7a 7b

A solution of 6-ferrocene-bicyclo[2.2.1]hept-2-ene 93 (129.4 mg, 0.47 mmol) in ethanol 

(5 mL) was added to a flask containing palladium on charcoal (10% w/w, 20 mg) under 

a hydrogen atmosphere. The reaction mixture was left to stir at room temperature for 4 

hours, after this time the flask was carefully  flushed with nitrogen and then restored to a 

normal atmosphere. The palladium residue was filtered of and washed with DCM (3 x 

10 mL), the solvent was then removed under reduced pressure. The crude product was 

then purified by  flash column chromatography (petroleum ether 100%) to afford the 

title compound 105 as a yellow oil (130.2 mg, quantitative) as an inseparable mixture of 

diastereomers; 1R-Ferrocene-bicyclo[2.2.1]heptane 105: νmax/cm-1 (solid state) 

2947-2868 (w. C-H aliphtic), 1456 (w.); δH (500 MHz, CDCl3) 1.17 (1H, ddd, J 9.5, 4.0, 

1.9, C(4ax)H2), 1.22 (1H, td, J 4.6, 2.1, C(3ax)H2), 1.24-1.26 (1H, m, C(6ax)H2), 

1.27-1.32 (1H, m, C(4eq)H2), 1.36 (1H, dq, J 9.3, 2.0, C(7b)H2), 1.48 (1H, dt, J 3.5, 1.8, 

C(7a)H2), 1.50 (1H, dt, J 3.5, 1.9, C(3eq)H2), 1.92-2.00 (1H, m, C(6eq)H2), 2.04 (1H, 

br. t, J 4.0, C(2)H), 2.24 (1H, br. t, J 4.5, C(5)H), 2.93 (1H, dddd, J 11.7, 5.7, 4.0, 1.8, 

C(1eq)H), 4.02-4.04 (1H, m, C(9 or 10 or 11 or 12)H), 4.06-4.09 (3H, m, C(9 or 10 or 

11 or 12)H), 4.10 (5H, s, C(13-17)H); δC (125 MHz, CDCl3) 23.4 (C(4)H2), 30.2 

(C(3)H2), 36.0 (C(6)H2), 37.5 (C(5)H), 40.7 (C(7)H2), 41.4 (C(1)H), 43.7 (C(2)H), 66.8 

(C(9, 10, 11 or 12)H), 67.2 (C(9, 10, 11 or 12)H), 67.6 (C(9, 10, 11 or 12)H), 68.4 

(C(13-17)H), 69.2 ((C(9, 10, 11 or 12)H)), 77.7 (C(8)); m/z (EI+) 440.0523 [M]+ 

(280.0916 C17H2056Fe requires 280.0915).
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1-Cyclopentane-bicyclo[2.2.1]heptane 106:

A solution of 1-ferrocene-bicyclo[2.2.1]heptane 105 (108.0 mg, 0.39 mmol) in THF (5 

mL) was added to a flask containing palladium on charcoal (10% w/w, 110 mg) that had 

been previously flushed to a hydrogen atmosphere. Trifluoroacetic acid (5 mL) was then 

added and the reaction mixture was left to stir at 50 ºC for 18 hours, after this time the 

flask was carefully flushed with nitrogen and then restored to a normal atmosphere. The 

palladium residue was filtered of and washed with DCM (3 x 10 mL), the solvent was 

then reduced almost to dryness under reduced pressure. The residue was then triturated 

with aqueous KOH (5%) and the product was extracted with Et2O (3 x 20 mL) and 

washed with brine (20 mL). The combined organics were then dried over MgSO4, 

filtered and the solvent was removed under reduced pressure to afford the title 

compound 106 as a colourless oil (51.2 mg, 81%); GC-MS (column temperature 

programme: 50 °C, 3 min; 10 °C/min; 250 °C, 30 min): retention time 13.08 min, MS 

(EI) – m/z (%): 164 (M+, 106, 69%), 220 (2,6-bis-(1,1-dimethylethyl)-4-methylphenol, 

31%)

Chapter V: Experimental                                              

167



1-[(±)Ferrocene]-2R,4S-[bis-(buten-3-one)]-cyclopentane 107b:

O O
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Buten-3-one (0.8 mL, 9.60 mmol) was dissolved in dry  toluene (8 mL) and left  to stir at 

reflux temperature under N2 atmosphere. endo-6-Ferrocene-bicyclo[2.2.1]hept-2-ene 93 

(88 mg, 0.32 mmol) was dissolved into dry  toluene (3 mL) and in a separate flask 

Hoveyda-Grubb’s catalyst (2nd generation) (19 mg, 0.03 mmol) was dissolved in dry 

toluene (3 mL). Both endo-6-ferrocene-bicyclo[2.2.1]hept-2-ene 93 and Hoveyda-

Grubb’s II catalyst were added to the reaction mixture in 6 equal (0.5 mL) portions at 

half hour intervals. After the last addition the reaction was left  to stir at reflux 

temperature for 4 hours. After this time the catalyst was filtered off and washed with 

petrol (3 x 10 mL), the combined organics were reduced by evaporation under reduced 

pressure. The crude product was purified by flash column chromatography (SiO2, 

petroleum ether 100%) to yield the title compound 107b as a mixture of 

diastereoisomers (6:1) as a yellow oil (81.8 mg, 65%); 1R-(Ferrocene)-2R,4S-[bis-

(buten-3-one)]-cyclopentane 107b: νmax/cm-1 (solid state) 2955-2854 (w. C-H aliphtic), 

1722 (w.), 1695 (w.), 1672 (str. C=O), 1622 (w.); δH (500 MHz, CDCl3) 1.53 (1H, ddd, J 

12.7, 10.6, 9.9, C(3b)H), 1.85 (1H, ddd, J 13.2, 10.4, 8.6, C(5b)H), 1.99 (3H, s, 

C(19)H3), 2.01-2.07 (1H, m, C(3a)H), 2.30 (3H, s, C(23)H3), 2.48 (1H, dtd, J 13.2, 7.7, 

1.1, C(5a)H), 2.80-2.92 (2H, m, C(2 and 4)H), 3.30 (1H, dd, J 16.6, 8.6, C(1)H), 

393-3.94 (2H, m, C(7 and 10)H), 4.09-4.10 (2H, m, C(8 and 9)H), 4.11 (5H, s, 

C(11-15)H), 5.81 (1H, dd, J 16.0, 1.0, C(17)H), 6.17 (1H, dd, J 15.9, 1.2, C(21)H), 6.25 

(1H, dd, J 16.0, 8.6, C(16)H), 6.86 (1H, dd, J 15.9, 7.4, C(20)H); δc (125 MHz, CDCl3) 

26.4 (C(19)H3), 27.4 (C(23)H3), 37.8 (C(3)H2), 38.4 (C(5)H2), 42.3 (C(4)H), 44.1 

(C(1)H), 47.4 (C(2)H), 66.5 (C(7 or 10)H), 67.9 (C(8 or 9)H), 68.0 (C(8 or 9)H), 68.7 

(C(11-15)H), 69.3 (C(7 or 10)H), 89.1 (C(6)), 130.3 (C(21)H), 130.9 (C(17)H), 150.0 

(C(16)H), 150.1 (C(20)H), 198.3     (C(18 or 22)=O), 198.4 (C(18 or 22)=O); m/z (EI+) 

390.1280 [M]+ (C23H2656FeO2 requires 390.1282).
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1-[(±)Ferrocene]-2R,4S-[bis-(butan-3-one)]-cyclopentane 112:
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A solution of 1-[(±)ferrocene]-2R,4S-bis-(buten-3-one)-cyclopentane 107b (23.0 mg, 

0.059 mmol) in DCM (2 mL) was added to a flask containing palladium on charcoal 

(10% w/w, 2 mg) that had been previously  flushed to a hydrogen atmosphere. The 

reaction mixture was left to stir at room temperature for 4 hours, after this time the flask 

was carefully  flushed with nitrogen and then restored to a normal atmosphere. The 

palladium residue was filtered off and washed with DCM (3 x 10 mL), the solvent was 

then removed under reduced pressure. The crude product was then purified by  flash 

column chromatography  (petroleum ether 100%) to afford the title compound 112 as a 

yellow oil (23.2 mg, quantitative) as an inseparable mixture of diastereomers (6:1):                    

1R-(Ferrocene)-2R,4S-[bis-(buten-3-one)]-cyclopentane 112: νmax/cm-1 (solid state) 

2932-2856 (w. C-H aliphtic), 1713 (str. C=O), 1411 (w.), 1357 (m.); δH (500 MHz, 

CDCl3) 0.74-0.78 (1H, m, C(3b)H), 0.84-0.92 (1H, m, C(16a or 16b)H), 1.20-1.24 (1H, 

m, C(16a or 16b)H), 1.41 (1H, dt, J 13.0, 9.0, C(5b)H), 1.61 (1H, m, C(20a or 20b)H), 

1.66 (1H, m, C(20a or 20b)H), 1.72-1.82 (3H, m, C(2, 3b and 4)H), 1.93 (3H, m,     

C(19 or 23)H3), 2.11 (3H, s, C(19 or 23)H), 2.13 (2H, t, J 7.8, C(17)H2), 2.23 (1H, dt,   

J 12.6, 7.8, C(5a)H), 2.43 (2H, t, J 7.7, C(21)H2), 2.91 (1H, q, J 8.1, C(1)H), 3.85 (1H, 

m, C(7 or 10)H), 3.93-3.94 (1H, m, C(8 or 9)H), 3.99-4.00 (1H, m, C(7 or 10)H), 

4.01-4.02 (1H, m, C(8 or 9)H), 4.03 (5H, s, C(11-15)H); δc (125 MHz, CDCl3)          

26.6 (C(16)H2), 29.8 (C(19 or 23)H3), 30.0 (C(19 or 23)H3), 30.4 (C(20)H2), 38.6 

(C(4)H), 38.6 (C(3 or 5)H2), 38.9 (C(3 or 5)H2), 42.4 (C(1)H), 43.0 (C(17 or 21)H2), 

43.2 (C(17 or 21)H2), 43.2 (C(2)H), 67.9 (C(7 or 8 or 9 or 10)H), 68.1 (C(7 or 8 or 9 or 

10)H), 68.2 (C(7 or 8 or 9 or 10)H), 69.4 (C(11-15)H), 70.1 (C(7 or 8 or 9 or 10)H), 

77.7 (C(6)H), 208.9 (C(18 or 22)=O), 209.1 (C(18 or 22)=O); m/z (EI+) 394.1586 [M]+ 

(C23H3056FeO2 requires 394.1595).
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1-Ferrocene-cyclohexan-1,3-diene-5-ol 97:

Furan 95 (0.10 mL, 1.40 mmol) was added to a solution of vinylferrocene 19 (100.0 mg, 

0.47 mmol) in anhydrous THF (10 mL). The mixture was stirred under nitrogen and 

cooled to -20 ºC, FeCl3 (81.0 mg, 0.50 mmol) was then added to the reaction mixture 

which was stirred at -20 ºC for a further 30 minutes. The reaction mixture was then 

allowed to warm up to room temperature before being left to stir under reflux for 24 

hours under nitrogen. After this time the reaction mixture was allowed to cool down to 

room temperature before adding a solution of L-ascorbic acid (250.0 mg, 1.40 mmol) in 

water (10 mL). The solvent was reduced under reduced pressure and the product 

extracted into DCM (3 x 20 mL) and dried over MgSO4 and filtered. The solvent was 

then removed under reduced pressure. The crude product was then purified by  flash 

column chromatography  (100% petroleum etherui) to yield the title compound 97 as a 

yellow oil (29.0 mg, 22%); νmax/cm-1 (solid state) 2961-2867 (w. C-H aliphtic), 1449 

(w.), 1337 (w.); δH (500 MHz, CDCl3) 1.56 (2H, d, J 7.2, C(6)H2), 3.86 (1H, q, J 7.2, 

C(5)H), 4.08-4.12 (9H, m, C(ferrocene)H), 5.95 (1H, dt, J 3.2, 0.8, C(4)H), 6.28 (1H, 

dd, J 3.2, 1.8, C(3)H), 7.32 (1H, dd, J 1.8, 0.8, C(2)H); δC (125 MHz, CDCl3) 20.0 

(C(6)H2), 33.0 (C(5)H), 66.5, 67.1, 67.3, 67.5, 68.6 (C(ferrocene)H), 103.9 (C(4)H), 

109.9 (C(3)H), 140.6 (C(2)H), 159.6 (C(1)); m/z (EI+) 440.0523 [M]+ (C24H2456Fe2O 

requires 440.0527).

Fe

OH
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1,3-bis-Ferrocene-but-1-ene 98:

νmax/cm-1 (solid state) 3094(w.) 2926-2852 (w. C-H aliphtic); δH (500 MHz, CDCl3) 

1.34 (3H, d, J 6.8, C(4)H3), 3.20 (1H, pseudo-quintet, J 7.0, C(3)H),  4.01-4.22 (16H, 

m, C(Ferrocene)H), 4.33 (2H, m, C(Ferrocene)H), 5.94 (1H, dd, J 15.8, 7.6, C(2)H), 

6.08 (1H, d, J 15.8, C(1)H); m/z (EI+) 424.0577 [M]+ (C24H2456Fe2 requires 424.0574).

1,3-bis-Ferrocene-butan-1-one 99:

FeCl3 (0.4 g, 2.50 mmol) was then added to a cooled solution of vinylferrocene 19                       

(0.5 g, 2.40 mmol) in anhydrous THF (25 mL) at -20 ºC. The mixture was stirred under 

nitrogen at -20 ºC for 30 minutes and was then allowed to warm up to room 

temperature before being left to stir at  reflux temperature for 24 hours under nitrogen. 

After this time the reaction mixture was allowed to cool down to room temperature 

before adding a solution of L-ascorbic acid (1.25 g, 7.10 mmol) in water (25 mL). The 

solvent was reduced under reduced pressure and the product extracted into DCM (3 x 

30 mL) and dried over MgSO4. The solvent was then removed under reduced pressure. 

The crude product was then purified by flash column chromatography  (100% DCM) to 

yield the title compound 99 as an orange solid (40.2 mg, 4%); νmax/cm-1 (solid state) 

3094(w.) 2878-2832 (w. C-H aliphtic), 1667 (m. C=O), 1451 (m.), 1404 (w.); δH (500 

MHz, CDCl3) 1.33 (3H, d, J 6.8, C(4)H3), 2.75 (1H, dd, J 16.2, 8.7, C(2)Ha/b), 2.91 (1H, 

dd, J 16.2, 5.1, C(2)Ha/b), 3.21-3.28 (1H, m, C(3)H), 4.08-4.10 (1H, m, 

C(3’Ferrocene)H), 4.11-4.12 (1H, m, C(3’Ferrocene)H), 4.13-4.14 (1H, m, 

C(3’Ferrocene)H), 4.15 (10H, 2 x s, 2 x C(1’ & 3’cyclopentadienyl)H), 4.47-4.49 (2H, 

Fe Fe

O

Fe Fe
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m, C(1’Ferrocene)H), 4.72-4.76 (2H, m, C(1’Ferrocene)H); m/z (EI+) 440.0523 [M]+ 

(C24H2456Fe2O requires 440.0527).

1-Ferrocene-polynorbornene 109:

Fe

n

A soltution of Grubb’s 2nd generation catalyst (34 mg, 0.040 mmol) in DCM (1 mL) 

was added to a solution of 6-ferrocene-bicyclo[2.2.1]hept-2-ene 93 (113.0 mg, 0.41 

mmol) in DCM (2 mL) under nitrogen atmosphere. The resulting mixture was left to stir 

at room temperature for 4 hours. After this time, the reaction was quenched with ethyl 

vinyl ether (0.02 mL, 0.20 mmol). The reaction mixture was then poured unto methanol 

(150 mL) to precipitate the desired polymer. The product was then filtered off to yield a 

glassy yellow solid (80 mg, 71%): GPC (THF, 1 mL/min, 30 ºC) Mn: 8499 g.mol-1, 

PDI: 1.45; δH (400 MHz, CDCl3) 1.70-3.13 (7H, broad multiplets, cyclopentane 

aliphatic), 4.06 (7H, broad singlet, ferrocene CH), 4.55 (1H, broad singlet, ferrocene 

CH), 4.84 (1H, broad singlet, ferrocene CH), 5.15-5.70 (2H, broad, vinyl CH).
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1-Ethyl-1’-hexanesulfide-ferrocene 116:

Fe

S1
23

4
5

6-10

11

12

13

14
15

16
17

18

Vinylferrocene 19 (50 mg, 0.24 mmol) was dissolved in dry THF (5 mL) and cooled to   

-40 ºC. FeCl3 (42 mg, 0.26 mmol) was then added to the reaction mixture after 5 

minutes hexanethiol (34 µL) was also added. The reaction mixture was allowed to warm 

to room temperature and was left to stir at room temperature overnight. After this time a 

mixture of L-ascorbic acid (127 mg, 0.72 mmol) in water (10 mL) was added to the 

reaction mixture. The crude product was then extracted with DCM  (3 x 20 mL) and 

washed with brine (30 mL). The combined organics were dried over MgSO4, filtered 

and the solvent was removed under reduced pressure. The product was then purified by 

flash column chromatography (DCM:Petrol; 5:95) to yield the title compound 116 as a 

brown oil (53.2 mg, 67%); νmax/cm-1 (solid state) 3095 (w.), 2956-2856 (m. C-H 

aliphtic), 1724 (m.), 1411 (w.), 1457 (m.), 1369 (m.), 1262 (m.); δH (500 MHz, CDCl3) 

1.88 (3H, t, J 7.0, C(18)H3), 1.25-1.37 (6H, m, C(15 and 16 and 17)H2), 1.68-1.54 (2H, 

m, C(14)H2), 1.65 (3H, d, J 6.9, C(12)H3), 2.44 (2H, td, J 7.4, 2.1, C(13)H2), 3.72    

(1H, q, J 6.9, C(11)H), 4.11 (2H, t, J 1.9, C(2, 3, 4 or 5)H), 4.14 (6H, s, C(6-10 and      

2, 3, 4 or 5)H), 4.17 (1H, q, J 1.7, C(2, 3, 4 or 5)H); δc (125 MHz, CDCl3) 14.1 

(C(18)H3), 21.7 (C(12)H3), 22.7 (C(16)H2), 28.9 (C(15)H2), 29.9 (C(14)H2), 31.2 

(C(13)H2), 31.6 (C(17)H2), 39.2 (C(11)H), 66.0 (C(2-10)H), 67.6 (C(2-10)H), 67.7 

(C(2-10)H), 68.0 (C(2-10)H), 68.8 (C(2-10)H), 92.2 (C(1)); m/z (EI+) 330.1108 [M]+ 

(C18H2656FeS requires 330.1105).
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E-1-Ferrocene-2-hexylsulfide-ethene 120:

νmax/cm-1 (solid state) 3095 (w.), 2927-2849 (m. C-H aliphtic), 1635 (m.), 1457 (w.); δH 

(500 MHz, CDCl3) 0.89 (3H, t, J 7.0, C(18)H3), 1.30-1.34 (4H, m, C(15 and 16)H2), 

1.41-1.50 (2H, m, C(14)H2), 1.73 (2H, td, J 8.2, 15.8, C(14)H2), 2.74 (2H, t, J 7.6, 

C(13)H2), 4.16 (5H, s, C(6-10)H), 4.36 (2H, m, C(2, 3, 4 or 5)H), 4.44 (2H, n, C(2, 3, 4 

or 5)H), 6.39 (1H, d, J 15.3, C(11 or 12)H), 7.07 (1H, d, J 15.3, C(11 or 12)H); m/z (EI
+) 328.0944 [M]+ (C18H2456FeS requires 328.0948).

Fe

S
1

23

4
5

6-10

11

12 13

14

15

16

17

18
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APPENDICES: 

Appendix 1: Experimental of 48, 62 and 63. Courtesy of Dr B. Fitzpatrick:

5’bis-[3-Heptyl-8-ethyl-6,7-bis-thiophene-thiophenepteridine-2,4-(3H,8H)-dione] 48

3-Heptyl-8-ethyl-6-(5’-bromothiophene)-7-thiophene-thiophenepteridine-2,4-(3H,8H)-

dione 56 (120 mg, 0.2 mmol), tris(dibenzylideneacetone)dipalladium(0) (3.7 mg, 4.0 

µmol), bis-(pinacolato)diboron (105mg, 0.4 mmol), K2OAc (40mg, 0.4 mmol) and X-

phos (40mg, 8.0 µmol) were added to a Schlenk tube, which was then evacuated and 

backfilled with N2 gas three times. A solvent mixture of dry 1,4-dioxane (15 mL) and 

dry DMF (5 mL) was added under N2 flow and the tube then sealed, protected from 

light and placed in an oil bath at 140ºC where the reaction mixture was stirred and 

monitored by TLC every  hour.  The reaction was terminated after 3h by diluting with 

DCM  (100 mL) and washed with water. The organic layer was dried over MgSO4, 

filtered and the solvent evaporated under vacuum. The product was purified by column 

chromatography  (100% DCM) to afford the title compound 48 (45 mg, 43%); 48; m.p. 

295 - 297 °C; νmax/cm-1 (film) 2929, 2857, 1705, 1655, 1585, 1559, 1523, 1475; δH (500 

MHz, CDCl3) 7.64 (2H, d, J 4.0, C(h)H), 7.55 (2H, dd, J 5.3, 1.2, C(a)H), 7.28 (2H, dd, 

J 3.5, 1.2, C(c)H), 7.27 (2H, d, J 4.0, C(i)H), 7.13 (2H, dd, J 5.3, 3.6, C(b)H), 4.35 (4H, 

q, J 6.8, C(z1)H2), 4.03 (4H, t, J 8.0, C(y1)H2), 1.70 (4H, quint, J 7.5, C(y2)H2), 1.41 – 

1.21 (16H, m, C(y3-y6)H2), 1.16 (6H, t, J 7.0, C(z2)H3), 0.86 (6H, t, J 6.9, C(y7)H3); δc 

(125 MHz, CDCl3) 159.5 (C=O), 155.8 (C=O), 148.9 (C=N), 140.9 (C=N), 140.3 (C), 

135.9 (C), 135.5 (C), 134.1 (C), 133.6  (CH), 132.6 (CH), 130.8 (C), 129.9 (CH), 129.0 

(CH), 127.6 (C), 127.6 (CH), 107.8 (C), 42.4 (CH2), 40.9 (CH2), 31.9 (CH2), 29.2 

(CH2), 28.0 (CH2), 27.2 (CH2), 22.8 (CH2), 14.2 (CH3), 12.9 (CH3); m/z (EI+) 

1041.2123 [M+Na]+ (C50H50N8O4S6Na requires 1041.2171).
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2,5-bis-[3-Heptyl-8-ethyl-6,7-bis-thiophene-thiophenepteridine-2,4-(3H,8H)-dione] 

thiophene 62

Compound 56 (110 mg, 0.2 mmol), 2,5-bis-(tributylstannyl)thiophene (55 µL, 0.1 

mmol) and tetrakis(triphenylphosphine)palladium(0) (6 mg, 5.0 µmol) were added, 

under N2 gas, to a two neck flask containing dry DMF (2 mL). The flask was sealed 

under N2 gas, protected from light  and stirred at 80 °C for 2h. The reaction was 

terminated by diluting with DCM (75 mL) and then washed with water (75 mL x3), 

dried over MgSO4 and filtered. The solvent was evaporated under vacuum and the 

product was purified by column chromatography (DCM  100%) to yield the title 

compound 62 (60 mg, 55%); m.p. 298 °C; νmax/cm-1 (film) 2929, 2857, 1704, 1653, 

1584, 1557, 1510; δH (500 MHz, CDCl3) 7.66 (2H, d, J 4.0, C(h)H), 7.54 (2H, dd, J 5.3, 

0.9, C(a)H), 7.30 (2H, dd, J 3.4, 0.9, C(c)H), 7.23 (2H, s, C(m)H), 7.16 (2H, d, J 4.0, 

C(i)H), 7.13 (2H, dd, J 5.0, 3.5, C(b)H), 4.33 (4H, q, J 7.0, C(z1)H2), 4.03 (4H, t, J 8.0, 

C(y1)H2), 1.70 (4H, quint, J  7.3, C(y2)H2), 1.42-1.19 (16H, m, C(y3-y6)H2), 1.14 (6H, 

t, J 7.0, C(z2)H3), 0.85 (6H, t, J 6.8, C(y7)H3); δC (125 MHz, CDCl3) 159.60 (C=O), 

155.87 (C=O), 148.97 (C=N), 142.77 (C=N), 140.99 (C), 136.81 (C), 135.49 (C), 

133.32 (C), 132.66 (CH), 131.55 (C), 130.94 (C), 129.89 (CH), 129.81 (CH), 127.61 

(C), 127.57 (CH), 126.32 (CH), 124.85 (CH), 106.88 (C), 42.34 (CH2), 40.87 (CH2), 

31.93 (CH2), 29.23 (CH2), 28.07 (CH2), 27.18 (CH2), 22.76 (CH2), 14.25 (CH3), 12.91 

(CH3); m/z (EI+) 1123.2049 [M+Na]+ (C54H52N8O4S7 requires 1123.2049).
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2,5’-bis-[3-Heptyl-8-ethyl-6,7-bis-thiophene-thiophenepteridine-2,4-(3H,8H)-

dione]-5,2’-bis-thiophene 63

Compound 56 (210 mg, 0.41 mmol), 5,5′-bis-(tributylstannyl)-2,2′-bithiophene (0.12 

mL, 0.2 mmol) and tetrakis(triphenylphosphine)palladium(0) (12 mg, 0.01 mmol) were 

added, under N2 gas, to a two neck flask containing dry DMF (4 mL). The flask was 

sealed under N2 gas, protected from light and stirred at 80 °C for 2h. The reaction was 

terminated by diluting with DCM (100 mL) and then washed with distilled water (100 

mL x 3), dried over MgSO4 and filtered. The solvent was evaporated under vacuum and 

the product purified by column chromatography (DCM 100%) to afford compound 63 

(150 mg, 63%); m.p. > 300 °C); νmax/cm-1 (film) 2923, 2853, 1704, 1651, 1582, 1556, 

1530, 1509; δH (500 MHz, C2D2Cl4) 7.73 (2H, d, J 4.0, C(h)H), 7.61 (2H, dd, J 5.3, 1.0, 

C(a)H), 7.34 (2H, dd, J 3.5, 1.0, C(c)H), 7.30 (2H, d, J 3.8, C(i)H), 7.22 (2H, d, J 3.9, 

C(m)H), 7.19 (2H, d, J 3.5, C(n)H), 7.17 (2H, t, J 4.1, C(b)H), 4.34 (4H, q, J 6.9, 

C(z1)H2), 4.03 (4H, t, J 7.3, C(y1)H2), 1.71 (4H, quint, J 6.5, C(y2)H2), 1.46 – 1.24 

(16H, m, C(y3-y6)H2), 1.19 (6H, td, J 7.0, 3.2, C(y7)H3), 0.91 (6H, t, J 6.8, C(z2)H3); 

δC (125 MHz, C2D2Cl4) 159.4 (C=O), 155.3 (C=O), 148.6 (C=N), 142.4 (C=N),       

140.7 (C), 137.0 (C), 135.5 (C), 135.2 (C), 133.0 (C), 132.5 (CH), 131.0 (C), 130.3 (C), 

130.0 (CH), 129.7 (CH), 127.4 (CH), 127.2 (C), 126.1 (CH), 125.1 (CH), 124.7 (CH), 

106.9 (C), 41.9 (CH2), 40.8 (CH2), 31.7 (CH2), 29.0 (CH2), 27.9 (CH2), 26.9 (CH2), 

22.6 (CH2), 14.1 (CH3), 12.6 (CH3); m/z (EI+) 1205.1926 [M+Na]+ (C58H54N8O4S8 

requires 1205.1926). 
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Appendix 2:

1-[(±)Ferrocene]-2R,4S-[bis-(styrene)]-cyclopentane:

Appendix 3:

X-ray data for compound 47

  Identification code               aaw011

      Empirical formula                 C18 H12 N4 O2 S3
      Formula weight                    412.50
      Temperature                       150(2) K
      Wavelength                        0.71073 A
      Crystal system, space group       Monoclinic,  P2(1)/c
      Unit cell dimensions              a = 9.1742(4) A   alpha = 90 deg.
                                        b = 7.4390(3) A    beta = 90.260(5) deg.
                                        c = 25.1811(16) A   gamma = 90 deg.
 
      Volume                            1718.51(15) A^3
      Z, Calculated density             4,  1.594 Mg/m^3
      Absorption coefficient            0.455 mm^-1
      F(000)                            848
      Crystal size                      0.75 x 0.15 x 0.02 mm

H H

H

Fe
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      Theta range for data collection   2.86 to 25.35 deg.
      Limiting indices                  -11<=h<=11, -8<=k<=8, -30<=l<=30
      Reflections collected / unique    13849 / 3134 [R(int) = 0.0994]
      Completeness to theta = 25.35     99.8 %
      Absorption correction             Analytical
      Max. and min. transmission        0.9910 and 0.7267
      Refinement method                 Full-matrix least-squares on F^2
      Data / restraints / parameters    3134 / 18 / 268
      Goodness-of-fit on F^2            1.047
      Final R indices [I>2sigma(I)]     R1 = 0.0562, wR2 = 0.1207
      R indices (all data)              R1 = 0.1128, wR2 = 0.1491
      Extinction coefficient            none
      Largest diff. peak and hole       0.49 and -0.41 e.A^-3
 

         Table 2.  Atomic coordinates ( x 10^4) and equivalent isotropic
         displacement parameters (A^2 x 10^3) for aaw011.
         U(eq) is defined as one third of the trace of the orthogonalized
         Uij tensor.
 
         ________________________________________________________________
 
                         x             y             z           U(eq)
         ________________________________________________________________
 
          C(1)         1895(6)       7795(5)       6395(2)       45(1)
          C(2)         3206(5)       7080(6)       6329(2)       52(1)
          C(3)         3348(15)      6570(20)      5769(5)       46(7)
          C(3')        1130(30)      7780(40)      5876(8)      130(20)
          C(4)         2054(4)       6960(5)       5477(2)       30(1)
          C(5)         1776(4)       6618(5)       4926(2)       30(1)
          C(6)          537(4)       6974(5)       4623(2)       28(1)
          C(7)          642(4)       6414(5)       4078(2)       29(1)
          C(8)         1952(4)       5598(5)       3963(2)       31(1)
          C(9)         2546(4)       4619(6)       3500(2)       34(1)
          C(10)        2730(20)      2760(20)      3431(8)       56(9)
          C(10')       3230(30)      5230(20)      3041(7)       36(7)
          C(11)        3362(5)       2225(7)       2943(2)       50(1)
          C(12)        3670(5)       3747(7)       2683(2)       50(1)
          C(13)       -4158(5)       8536(5)       3833(2)       31(1)
          C(14)       -3137(4)       8796(5)       4738(2)       32(1)
          C(15)       -1793(4)       7957(5)       4515(2)       28(1)
          C(16)       -1808(4)       7500(5)       3954(2)       28(1)
          C(17)        -530(5)       6336(5)       3176(2)       34(1)
          C(18)         -20(5)       7958(5)       2868(2)       44(1)
          N(1)         -678(3)       7741(4)       4837(1)       29(1)
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          N(2)         -569(3)       6717(4)       3752(1)       30(1)
          N(3)        -2899(4)       7782(4)       3631(1)       32(1)
          N(4)        -4222(3)       8981(4)       4374(1)       32(1)
          O(1)        -5223(3)       8837(4)       3552(1)       39(1)
          O(2)        -3244(3)       9258(4)       5201(1)       37(1)
          S(1)          853(4)       7915(4)       5893(1)       33(1)
          S(1')        3655(7)       6418(8)       5768(2)       34(1)
          S(2)         3032(1)       5583(1)       4531(1)       36(1)
          S(3)         3249(4)       5621(6)       2941(2)       42(1)
          S(3')        2564(8)       2344(10)      3503(3)       39(1)
         ________________________________________________________________
 
           Table 3.  Bond lengths [A] and angles [deg] for aaw011.
           _____________________________________________________________
 
            C(1)-C(2)                     1.326(6)
            C(1)-S(1)                     1.584(6)
            C(2)-C(3)                     1.469(13)
            C(3)-C(4)                     1.423(12)
            C(4)-C(5)                     1.433(6)
            C(4)-S(1)                     1.681(5)
            C(5)-C(6)                     1.391(5)
            C(5)-S(2)                     1.710(4)
            C(6)-N(1)                     1.365(5)
            C(6)-C(7)                     1.437(6)
            C(7)-C(8)                     1.378(5)
            C(7)-N(2)                     1.396(5)
            C(8)-C(9)                     1.481(5)
            C(8)-S(2)                     1.735(4)
            C(9)-C(10)                    1.400(14)
            C(9)-S(3)                     1.721(6)
            C(10)-C(11)                   1.420(15)
            C(11)-C(12)                   1.339(6)
            C(12)-S(3)                    1.586(6)
            C(13)-O(1)                    1.225(5)
            C(13)-N(3)                    1.383(5)
            C(13)-N(4)                    1.404(5)
            C(14)-O(2)                    1.220(5)
            C(14)-N(4)                    1.358(5)
            C(14)-C(15)                   1.494(5)
            C(15)-N(1)                    1.312(5)
            C(15)-C(16)                   1.453(6)
            C(16)-N(3)                    1.304(5)
            C(16)-N(2)                    1.377(5)
            C(17)-N(2)                    1.479(5)
            C(17)-C(18)                   1.509(5)
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            C(2)-C(1)-S(1)              117.9(4)
            C(1)-C(2)-C(3)              107.9(7)
            C(4)-C(3)-C(2)              111.4(9)
            C(3)-C(4)-C(5)              127.5(7)
            C(3)-C(4)-S(1)              108.2(6)
            C(5)-C(4)-S(1)              124.3(3)
            C(6)-C(5)-C(4)              129.7(4)
            C(6)-C(5)-S(2)              108.5(3)
            C(4)-C(5)-S(2)              121.7(3)
            N(1)-C(6)-C(5)              122.0(4)
            N(1)-C(6)-C(7)              123.8(4)
            C(5)-C(6)-C(7)              114.2(3)
            C(8)-C(7)-N(2)              129.8(4)
            C(8)-C(7)-C(6)              112.9(4)
            N(2)-C(7)-C(6)              117.3(3)
            C(7)-C(8)-C(9)              134.9(4)
            C(7)-C(8)-S(2)              109.0(3)
            C(9)-C(8)-S(2)              115.8(3)
            C(10)-C(9)-C(8)             128.7(8)
            C(10)-C(9)-S(3)             106.3(7)
            C(8)-C(9)-S(3)              124.9(3)
            C(9)-C(10)-C(11)            115.7(12)
            C(12)-C(11)-C(10)           105.8(7)
            C(11)-C(12)-S(3)            119.4(4)
            O(1)-C(13)-N(3)             121.8(4)
            O(1)-C(13)-N(4)             118.8(4)
            N(3)-C(13)-N(4)             119.4(4)
            O(2)-C(14)-N(4)             123.7(4)
            O(2)-C(14)-C(15)            123.2(4)
            N(4)-C(14)-C(15)            113.0(4)
            N(1)-C(15)-C(16)            125.1(3)
            N(1)-C(15)-C(14)            117.4(4)
            C(16)-C(15)-C(14)           117.4(4)
            N(3)-C(16)-N(2)             118.1(4)
            N(3)-C(16)-C(15)            124.9(3)
            N(2)-C(16)-C(15)            117.0(4)
            N(2)-C(17)-C(18)            111.0(3)
            C(15)-N(1)-C(6)             116.3(3)
            C(16)-N(2)-C(7)             120.5(3)
            C(16)-N(2)-C(17)            117.8(3)
            C(7)-N(2)-C(17)             121.6(3)
            C(16)-N(3)-C(13)            118.5(4)
            C(14)-N(4)-C(13)            126.7(3)
            C(1)-S(1)-C(4)               94.5(3)
            C(5)-S(2)-C(8)               95.3(2)
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            C(12)-S(3)-C(9)              92.7(3)
 
           Symmetry transformations used to generate equivalent atoms:

    Table 4.  Anisotropic displacement parameters (A^2 x 10^3) for aaw011.
    The anisotropic displacement factor exponent takes the form:
    -2 pi^2 [ h^2 a*^2 U11 + ... + 2 h k a* b* U12 ]
 
              U11        U22        U33        U23        U13        U12
    C(1)     55(3)      42(3)      37(3)      -5(2)      10(2)      -4(2)
    C(2)     39(3)      62(3)      56(4)      17(3)     -16(3)     -11(2)
    C(4)     18(2)      36(2)      37(3)       2(2)       3(2)      -3(2)
    C(5)     19(2)      29(2)      41(3)      -1(2)       6(2)       0(2)
    C(6)     19(2)      29(2)      37(3)       5(2)       5(2)      -1(2)
    C(7)     21(2)      32(2)      34(3)       1(2)       1(2)       0(2)
    C(8)     19(2)      35(2)      40(3)      -1(2)       8(2)       1(2)
    C(9)     18(2)      41(3)      42(3)      -7(2)       9(2)       2(2)
    C(10)    41(10)     75(15)     51(10)     30(8)      -3(7)     -10(7)
    C(11)    30(3)      62(3)      59(4)     -18(3)       0(3)      11(2)
    C(12)    20(2)      90(4)      40(3)      -1(3)       1(2)       6(2)
    C(13)    22(2)      34(2)      37(3)       1(2)       5(2)       2(2)
    C(14)    19(2)      39(2)      37(3)       7(2)       4(2)       3(2)
    C(15)    19(2)      33(2)      33(3)       1(2)       6(2)       0(2)
    C(16)    16(2)      30(2)      37(3)      -1(2)       3(2)      -1(2)
    C(17)    26(2)      43(2)      34(3)      -5(2)       5(2)       8(2)
    C(18)    42(3)      49(3)      40(3)      -1(2)       8(2)       5(2)
    N(1)     17(2)      33(2)      37(2)       1(2)       7(2)       4(1)
    N(2)     21(2)      34(2)      35(2)       0(2)       4(2)       2(1)
    N(3)     19(2)      39(2)      37(2)      -1(2)       5(2)       4(2)
    N(4)     18(2)      41(2)      36(2)      -2(2)       7(2)       8(1)
    O(1)     25(2)      49(2)      44(2)      -2(1)      -4(2)       6(1)
    O(2)     27(2)      51(2)      34(2)      -2(1)       6(1)       9(1)
    S(1)     28(1)      35(1)      37(1)       0(1)       2(1)      -2(1)
    S(1')    18(2)      39(2)      46(3)       0(1)       3(1)       9(2)
    S(2)     18(1)      47(1)      44(1)      -2(1)       7(1)       4(1)
    S(3)     27(2)      51(2)      46(2)       4(2)      12(1)       3(1)
    S(3')    31(2)      42(2)      43(3)      -2(2)      17(2)       8(2)

X-ray data of compound 46
      Table 1.  Crystal data and structure refinement for bftf.
      Identification code               bftf

      Empirical formula                 C27 H27 Br N4 O2 S2
      Formula weight                    583.55
      Temperature                       150(2) K
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      Wavelength                        0.71073 A
      Crystal system, space group       Monoclinic,  P 21/c
      Unit cell dimensions              a = 15.7775(19) A   alpha = 90 deg.
                                        b = 17.7289(19) A    beta = 100.785(6) deg.
                                        c = 9.3599(9) A   gamma = 90 deg.
 
      Volume                            2571.9(5) A^3
      Z, Calculated density             4,  1.507 Mg/m^3
      Absorption coefficient            1.794 mm^-1
      F(000)                            1200
      Crystal size                      0.200 x 0.050 x 0.010 mm
      Theta range for data collection   2.495 to 25.390 deg.
      Limiting indices                  -15<=h<=19, -20<=k<=21, -10<=l<=11
      Reflections collected / unique    16791 / 4646 [R(int) = 0.0631]
      Completeness to theta = 25.242    98.7 %
      Refinement method                 Full-matrix least-squares on F^2
      Data / restraints / parameters    4646 / 15 / 335
      Goodness-of-fit on F^2            1.016
      Final R indices [I>2sigma(I)]     R1 = 0.0584, wR2 = 0.1266
      R indices (all data)              R1 = 0.1203, wR2 = 0.1530
      Extinction coefficient            n/a
      Largest diff. peak and hole       1.031 and -0.550 e.A^-3
 

         Table 2.  Atomic coordinates ( x 10^4) and equivalent isotropic
         displacement parameters (A^2 x 10^3) for bftf.
         U(eq) is defined as one third of the trace of the orthogonalized
         Uij tensor.
       ________________________________________________________________
 
                         x             y             z           U(eq)
         ________________________________________________________________
 
          C(1)         3093(4)        758(3)       8115(5)       32(1)
          C(2)         3578(4)       1226(3)       9101(5)       31(1)
          C(3)         4459(4)       1078(3)       9202(5)       27(1)
          C(4)         4640(4)        507(3)       8300(5)       24(1)
          C(5)         5501(4)        251(3)       8197(5)       24(1)
          C(6)         6223(4)        543(3)       9094(5)       28(1)
          C(7)         7043(4)        374(3)       8894(5)       26(1)
          C(8)         7223(4)       -120(3)       7847(5)       27(1)
          C(9)         8121(4)       -104(3)       7554(5)       34(1)
          C(10)        8428(9)        245(10)      6409(17)      42(7)
          C(10')       8929(11)      -350(20)      8420(30)      29(10)
          C(11)        9324(5)        210(4)       6497(9)       68(2)
          C(12)        9651(5)       -154(4)       7730(8)       67(2)
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          C(13)        5668(3)       -304(2)       7160(4)       21(1)
          C(14)        6508(3)       -517(3)       7040(5)       22(1)
          C(15)        7407(4)      -1536(3)       6191(5)       31(1)
          C(16)        7564(4)      -2018(3)       7532(6)       42(2)
          C(17)        5875(3)      -1424(2)       5229(5)       21(1)
          C(18)        5054(3)      -1111(2)       5347(4)       19(1)
          C(19)        5267(4)      -2280(3)       3479(5)       24(1)
          C(20)        4274(4)      -1418(3)       4401(5)       23(1)
          C(21)        3700(4)      -2289(3)       2453(5)       27(1)
          C(22)        3329(4)      -2993(3)       3011(5)       30(1)
          C(23)        2477(4)      -3237(3)       2073(6)       34(1)
          C(24)        1748(4)      -2711(4)       2139(8)       69(2)
          C(25)         902(5)      -2967(5)       1237(8)       74(2)
          C(26)         203(7)      -2345(8)       1213(16)      79(4)
          C(27)        -637(7)      -2631(6)        424(12)      74(5)
          C(26')         -4(14)     -2780(18)      1380(30)      96(12)
          C(27')        -80(30)     -1990(19)       810(50)     155(19)
          Br(1)        1894(1)        752(1)       7627(1)       50(1)
          S(1)         3684(1)        147(1)       7296(1)       27(1)
          S(2')        8321(5)        356(5)       6144(9)       39(2)
          S(2)         8974(2)       -430(4)       8717(6)       57(2)
          N(1)         4951(3)       -599(2)       6283(4)       21(1)
          N(2)         6589(3)      -1117(2)       6091(4)       21(1)
          N(3)         5975(3)      -1994(2)       4372(4)       25(1)
          N(4)         4438(3)      -1983(2)       3475(4)       21(1)
          O(1)         3553(2)      -1198(2)       4435(3)       28(1)
          O(2)         5329(2)      -2809(2)       2661(4)       34(1)
         ________________________________________________________________
 
           Table 3.  Bond lengths [A] and angles [deg] for bftf.
           _____________________________________________________________
 
            C(1)-C(2)                     1.363(7)
            C(1)-S(1)                     1.703(5)
            C(1)-Br(1)                    1.862(6)
            C(2)-C(3)                     1.401(8)
            C(3)-C(4)                     1.381(7)
            C(4)-C(5)                     1.452(7)
            C(4)-S(1)                     1.742(5)
            C(5)-C(6)                     1.382(7)
            C(5)-C(13)                    1.441(6)
            C(6)-C(7)                     1.375(7)
            C(7)-C(8)                     1.384(7)
            C(8)-C(14)                    1.421(7)
            C(8)-C(9)                     1.493(8)
            C(9)-C(10)                    1.400(13)
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            C(9)-S(2)                     1.668(7)
            C(10)-C(11)                   1.402(14)
            C(11)-C(12)                   1.338(9)
            C(12)-S(2)                    1.614(8)
            C(13)-N(1)                    1.371(6)
            C(13)-C(14)                   1.403(7)
            C(14)-N(2)                    1.407(6)
            C(15)-N(2)                    1.477(6)
            C(15)-C(16)                   1.501(7)
            C(17)-N(3)                    1.318(6)
            C(17)-N(2)                    1.369(6)
            C(17)-C(18)                   1.432(7)
            C(18)-N(1)                    1.294(6)
            C(18)-C(20)                   1.479(7)
            C(19)-O(2)                    1.225(5)
            C(19)-N(3)                    1.362(6)
            C(19)-N(4)                    1.411(7)
            C(20)-O(1)                    1.208(6)
            C(20)-N(4)                    1.379(6)
            C(21)-N(4)                    1.465(6)
            C(21)-C(22)                   1.513(7)
            C(22)-C(23)                   1.524(7)
            C(23)-C(24)                   1.491(8)
            C(24)-C(25)                   1.510(9)
            C(25)-C(26)                   1.556(12)
            C(26)-C(27)                   1.480(13)
            C(26')-C(27')                 1.50(2)
 
            C(2)-C(1)-S(1)              114.0(4)
            C(2)-C(1)-Br(1)             125.8(4)
            S(1)-C(1)-Br(1)             120.1(3)
            C(1)-C(2)-C(3)              110.8(5)
            C(4)-C(3)-C(2)              114.3(5)
            C(3)-C(4)-C(5)              124.9(5)
            C(3)-C(4)-S(1)              109.9(4)
            C(5)-C(4)-S(1)              125.2(4)
            C(6)-C(5)-C(13)             115.5(5)
            C(6)-C(5)-C(4)              121.2(4)
            C(13)-C(5)-C(4)             123.3(5)
            C(7)-C(6)-C(5)              121.7(5)
            C(6)-C(7)-C(8)              123.9(5)
            C(7)-C(8)-C(14)             116.2(5)
            C(7)-C(8)-C(9)              116.5(5)
            C(14)-C(8)-C(9)             126.8(4)
            C(10)-C(9)-C(8)             128.7(7)
            C(10)-C(9)-S(2)             107.5(7)
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            C(8)-C(9)-S(2)              123.4(4)
            C(9)-C(10)-C(11)            115.1(11)
            C(12)-C(11)-C(10)           107.1(8)
            C(11)-C(12)-S(2)            116.8(6)
            N(1)-C(13)-C(14)            122.4(4)
            N(1)-C(13)-C(5)             115.4(5)
            C(14)-C(13)-C(5)            122.2(5)
            C(13)-C(14)-N(2)            116.9(4)
            C(13)-C(14)-C(8)            119.5(4)
            N(2)-C(14)-C(8)             123.6(5)
            N(2)-C(15)-C(16)            110.2(4)
            N(3)-C(17)-N(2)             118.9(5)
            N(3)-C(17)-C(18)            123.9(5)
            N(2)-C(17)-C(18)            117.2(4)
            N(1)-C(18)-C(17)            123.6(4)
            N(1)-C(18)-C(20)            117.9(5)
            C(17)-C(18)-C(20)           118.3(4)
            O(2)-C(19)-N(3)             121.1(5)
            O(2)-C(19)-N(4)             117.8(5)
            N(3)-C(19)-N(4)             121.1(4)
            O(1)-C(20)-N(4)             122.7(5)
            O(1)-C(20)-C(18)            123.1(4)
            N(4)-C(20)-C(18)            114.2(5)
            N(4)-C(21)-C(22)            113.1(4)
            C(21)-C(22)-C(23)           113.1(4)
            C(24)-C(23)-C(22)           113.7(5)
            C(23)-C(24)-C(25)           113.4(6)
            C(24)-C(25)-C(26)           110.2(7)
            C(27)-C(26)-C(25)           109.3(10)
            C(1)-S(1)-C(4)               90.9(3)
            C(12)-S(2)-C(9)              93.5(4)
            C(18)-N(1)-C(13)            118.6(4)
            C(17)-N(2)-C(14)            120.7(4)
            C(17)-N(2)-C(15)            116.8(4)
            C(14)-N(2)-C(15)            121.4(4)
            C(17)-N(3)-C(19)            118.7(4)
            C(20)-N(4)-C(19)            123.6(4)
            C(20)-N(4)-C(21)            117.4(4)
            C(19)-N(4)-C(21)            119.1(4)
           _____________________________________________________________
 
           Symmetry transformations used to generate equivalent atoms:
 
    Table 4.  Anisotropic displacement parameters (A^2 x 10^3) for bftf.
    The anisotropic displacement factor exponent takes the form:
    -2 pi^2 [ h^2 a*^2 U11 + ... + 2 h k a* b* U12 ]
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     ____________________________________________________________________
              U11        U22        U33        U23        U13        U12
    ____________________________________________________________________
 
    C(1)     44(4)      26(3)      30(3)       8(2)      15(3)       4(3)
    C(2)     51(4)      16(3)      29(3)       1(2)      14(3)       3(3)
    C(3)     47(4)      19(3)      17(3)      -2(2)      10(2)      -2(3)
    C(4)     45(4)      16(3)      13(2)       3(2)      11(2)       1(2)
    C(5)     45(4)      15(3)      13(2)       3(2)       8(2)      -3(2)
    C(6)     55(4)      16(3)      10(2)      -3(2)       2(2)      -2(3)
    C(7)     40(4)      19(3)      18(3)       3(2)      -1(2)      -6(3)
    C(8)     46(4)      19(3)      14(2)       2(2)       4(2)      -3(2)
    C(9)     40(4)      28(3)      32(3)      -8(2)       7(3)      -9(3)
    C(11)    80(6)      54(5)      83(6)      -8(4)      43(5)     -17(4)
    C(12)    40(5)      68(5)      88(6)     -24(4)       1(4)      -4(4)
    C(13)    42(4)      11(2)       9(2)       3(2)       6(2)       0(2)
    C(14)    37(4)      17(3)      12(2)       4(2)       6(2)       6(2)
    C(15)    36(4)      29(3)      29(3)      -8(2)       5(3)       1(3)
    C(16)    43(4)      31(3)      51(4)       5(3)       6(3)       8(3)
    C(17)    39(4)      11(2)      15(2)       4(2)       9(2)       3(2)
    C(18)    39(3)      11(2)      10(2)       4(2)       7(2)       1(2)
    C(19)    44(4)      15(3)      14(3)       1(2)      13(2)       0(2)
    C(20)    39(4)      14(3)      16(2)       5(2)       8(2)      -1(2)
    C(21)    43(4)      22(3)      15(3)      -2(2)       1(2)       0(3)
    C(22)    46(4)      20(3)      22(3)       1(2)       3(2)       0(2)
    C(23)    36(4)      33(3)      31(3)      -2(2)       6(3)       0(3)
    C(24)    53(5)      76(5)      72(5)     -17(4)       1(4)      11(4)
    C(25)    46(5)     107(7)      70(5)      12(5)      14(4)      14(5)
    Br(1)    51(1)      46(1)      56(1)      -4(1)      17(1)       3(1)
    S(1)     42(1)      19(1)      21(1)      -1(1)      10(1)       1(1)
    S(2')    43(4)      42(4)      28(3)      14(3)      -1(2)       8(3)
    S(2)     47(2)      77(3)      42(2)       2(2)      -4(1)       2(2)
    N(1)     40(3)      13(2)      12(2)       4(2)       8(2)       0(2)
    N(2)     32(3)      16(2)      17(2)       1(2)      10(2)       2(2)
    N(3)     41(3)      18(2)      16(2)      -2(2)       9(2)       1(2)
    N(4)     38(3)      12(2)      13(2)      -2(2)       3(2)      -1(2)
    O(1)     35(2)      25(2)      23(2)      -4(2)       6(2)       1(2)
    O(2)     52(3)      24(2)      28(2)     -12(2)      13(2)      -2(2)

    
______________________________________________________________________
 

Appendix 4:

1H NMR of 1-hexanesulfide-1-cyclopentadiene-3-ferrocene-butane 121
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Full NMR spectrum: Noticable large amount of aliphatic protons and several 

diastereotopic centres.

Zoom on 3.6 to 4.5 ppm showing only one ferrocene present

SR

Fe
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Zoom on 6.20 to 6.70 pmm: Showing evidence of a cyclopentadiene

Appendix 5: 

NOE spectra of compound 93 irridiated at position C(5) pseudo-equatorial:

Fe
9

12

H
H

H

H
5eq

5ax

H
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