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Die vorliegende Dissertatiobeschaftigt sich mit @mn elektrochemischen Verhalten
verschiedeneiFerrocenysubstituierter ThiopheneDabei wird sich zunachstmit dem
elektrochemischen Verhalten der Serie der Ferrocenylthiopbesehaftigtdie Anzalhder
Ferrocenyleinheiten variiertvon n = 171 4. Die Abhéngigkeit der elektronischen
Eigenschaftenvon numerischen undkonstitutionellenVeranderungen der redeaktiven
Gruppen wird evaluiertDaraus resultierend wird sicinereingehenderen Untersuchung
und Modifikation de<2,5-DiferrocenylthiopherMotivs zugewandtDiese Modifikationen
werden im Kontext moglichdradungstransferprozesse zwiscliem Ferocenyleinheiten
in den verschiedenen Redoxzustanden und unter Beeinflussurap dlen Thiophen
Briickenliganderdiskutiert. Es folgendes WeiterenAusfihrungen zuSubstitutionenan
den Ferroceylen (Einfihrung elektroneniehender Funktionalitaten) sowie der Vergleich
zwischen einer Thiopherund der EthylendioxythiopheBriickeneinheit. Anschliel3end
wird sich mit der elektronischen Variati des Brickenliganden durch die Einfihrung von
N-haltigen Substituenten befassh den #&schlielenden Kapiteln wird der Einfluss
zusétzlicher &- (FischercarbetKomplexe) oder “-gebundener([Ru(d®-CsHs)] /[Ru(d’>-
CsMes)]") Ubergangsmetaddbmplexfragmenteauf Ladungstransferwechselwirkyen im

2,5-Diferrocenylthiophenn verschiedenen Redoxzustandetheuchtet.

Stichworte: Ferrocen, Heterozyklen, Thiophenadungstransfer, Elektrochenie,

ElektronischeKommunikation Solvatochromie, SpektroelektrochenNahes Infrarot
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A INTRODUCTION

A INTRODUCTION
Our daily life is fulfilled with a diversity of charge transfer phenomeng,from electron

transfer reactions in biological cells tonning sparkgnition internal combustiorngines

in anybodys car

Since the disavery of the electricity and itextensive introductigni.e. the electric light
with all the required power plants and power lindse development opotentially
conductive materiglgained more and more importanddwus consecutivanvestigations
on metallic mateals regarding their temperatudependentelectric conductivitywere
carried out Within this contexthe phenomenonf supeconductivity wasdiscovered by
Kamerlingh Onnesn 1911 during low tempature experiments on mercufyLater, the
superconductivityof ceranics as high temperature superconductive materials was found
a breakthroughfor the use of superconducting devicasto areas such akighfield

magnetic engineeringr high current technologigfigureA1).>?

Metal cathode

Electron Transporting
Layer (ETL) and/or — 2-10VDC
Hole Blocking Layer (HBL)

Emitting

Layer f
/L ' Indium Tin Oxide
(ITO) anode

Glass or plastics

Hole Injection Layer (HIL)
and/or
Hole Transporting Layer (HTL)

Light output

Figure A1l. Left: Electric cables (12,500 Amperes) for accelerators at CERN. Conventional cables used for
the Large ElectrarPositron Collider (top) and superconduebased cables applied for the Large Hadron
Collider (bottom)(reproduced from referenc8). Right: Schematic construction of an organic lightitting diode
(OLED) (reproduced from referencewith permission of the Royal Society of Chermrjstry

Looking for organic materials with metallic propertiesgins could be found in the 1950s
wherethe preparabn of polyacetylenes a black powdemwasreportedby Giulio Nattaet
al.>” andthe first polyacetylenélms madeby Shirakawaet al. 20 years late} However,
only a behaviotypical for an electrical semiconductor could be obser By the way of
doping of the latter intrinsically conductingpolymer (ICP) the conductivity could be
increagd by fourteen orders of magnitudeé a milestone inthe field of organic
electronics’ ! In the following decades widely diversified portfolioof ICPs was
developedege.g. poly-para-phenylenespolyphenylene vinylers polyanilines,polyfurans,
polypyrroles and polythiophené®* Potentialapplications reacinter alia from flexible
electrode materialsanticorrosiveapplications, the usage asntistatic coatings or their
application in organic lightemitting diodes (OLEB, Figure A1).'*?* Especially
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polythiophenes haveeceivel much attention due to their remarkable stability against
aerobic conditions in the neutral aird the doped statéd:*?° For instance poly(3,4-
ethylenedioxythiophene}PEDOT) becamea standardmaterial for the construction of
transparenandpliable electrode®r in application asole-transport layer (HTL) in OLEDs
(Figure A1).>18212728Ragarding this the application depends strongly tme ICP&s
electronicpropertiegelectronic structurand the interaction between the repeating units as

well as orselectively madéunctionalizationg:*>2°

Therefore it is important to get a profounihsight intocharge transfer processisthat
kind of macromolecular system$hus a decreasef the systems to a small number of
repeating units and their functionalization with wiatlownredoxactiveprobes(the design
of model systems3houldprovideto a better understandiraf charge transfephenomena
in these system<” %’ Moreover the permanentminiaturization process of electronic
devices requires well-designedinnovative materials(molecular wire} t00***? Thus
aromatics modified with organometallicedoxactive transition metal fragmentshould
be interesting molecules regarding their use in molecular electr8iic¥. Due to their
revesible redox behavior, ferrocene derivativee® oftenapplied as versatile building
blocks for the investigation of electronic properties amtectron excitation

phenomend’#¢5

Within this thesisthe electronic interacti@nof ferrocenyl moietieover the thiophene
aromatic systemare investigated. Initially, an overview regarding -conjugated
systemsdromatics with redoxactive entitiesis givenin the corresponding theoretical
backgroundAfterward, the discussion devotes to the influence on electronic properties of
ferrocenyl thiophenesduring a numeric variaion of metallocenyl incrementsn
dependencyf the substitution patternThe following partdeak with the consequences of
well-directed functionalizatios. A final study on thiophené-complexes of transition

complex fragmentenferroceryl thiophenesomplets thethesis.
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B1 BACKGROUND THEORY

In the field of transition metal chemistry, electron excitation phenomena are often related
to optical d-d transitions (ligand field, LF)as one origin of color in transition metal
compounds?°® However, fi p u rd-e @bsorptions usually hava low intensityas a
consequence diormal transitional forbids (spimultiplicity and parity) due toa high
symmetry ofthet r ansi ti on me enwitordment. Thes® forbidscoald beo n
circumventedinter alia by symmetry distortion, vibronic and sparbit coupling®”*°
Neverthelessthe strong color of transition metal complexes comestly from several

charge transfer excitains

Prime examples display dimanganese heptoxide;@¥)nand chromium trioxide (Crg),
wherein opticaly-introducedligand to metalcharge transfe(LMCT, oxygento-meta)
interactions are the origin @blor.>® In generalan electron igormally transferred fronan
electrondonor to an-acceptor whera charge transfer takes placehis kind of redox
processegan appearas inter- or intramolecular reactian One special type of donor
acceptor complexes embody mixeglence(MV) complexes \{ide infra Chapter B3)A
first approach of ajualitative description oélectron transfer (ET) reactions in solution
was giverby R. A. Marcus:*>®>The reactiorcan occumseither a thermé&y or an optically

inducedprocesgFigure B1)

o
w
optically \
I induced ET
AG j'=;"Dl'-j"‘l
f‘ thermally
induced ET
+
O () .
x=ET coordinate ——»

before after
electron transfer electron transfer
x=0 x=1
(educt) (product)

Figure B1. Left: Comparisonof thermaly (red) and opticdy (green)inducedelectrontransfer reaction
pathway in mixedvalence complexe§.he size ofredox centerX andY denotes schematically the change
of geometry between different redox staght: Noncoupled (diabatic) free energy surfaces of a MV with
degenerate educt and product statespted from referencg? with permission of John Wiley and Spns
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On the thermal pathwatheelectron transfer from donor Y to theceptoiX™ (eductstate
happens by expending of an activation enem¥s({* Thus, asimultaneousdjustmenof
changing thesolvation shellthe reorganizatiorof geometriesand electron transfeed to
the final MV-species ax = 1 (Figure B1)In contrastduring an optically induced process,
the electron transfer step itselfcurs beforenner and outerelaxation eventsake place
(Figure B1)*"*° Therefore, avertical excitation from the ground stai@c¢ording to the
FranckCondon principle), at = 0 along the ET coordinatiroughabsorption of a photon
leads directly to the electron transfer. The required enerfiyr this process, which
consists of an environmentéd,) and a compoundpecific (ay) term, is called Marcus
reorganization energy (Figure BT)>

However, the Marcus (diabatic) tvy is limited to systems witlsmall electronic
interactiors, in relationship to the thermal energhkn adiabaticextension of thdatter
approachis given by the assumption ah electronic coupling larger thakT (Marcus

HushMulliken-Hushtheory)3"*°***The corresponding electronic communicatimtween
the educt and the product statesexpressed by the electronic couplidg, (Figure B2,

vide infrg).3"49°°

HAsS
optically |
I induced ET)|

vlem® coia
cut off at
¥=2H,,

ET dinat x=ET coordinate ————» x = ET coordinate ———
X= coordinate ——=

Figure B2. (adapted from referenc@7 with permission of John Wiley and Spnkeft: adiabatic free energy surfaces
(black lines) of a MV complex with nordegenerate MV states (degenerate statesp® = 0,

w0 O jtz0 O j_)%*5 Middle and Right: isualization of the relationship between
electronic couplingH,, and shape of the appropriate charge transfer band (probability of individual
excitations from diférent vibronic levels in the electronic ground stifeAbscissa(x) representsthe
electron transfefET) coordinate along an asymmetric stretching mode.

This parameter can be extracted from the absorption spectra of MV compleskeg
relationships developetly N. S. Hush®® The observation of these charge transfer
absorption bands is often located in the visible and/or NIR range. Thus, for a significant
electronic interaction (0 Ha, < &2), the diabatic states (Figure B2, blue dashed lines)
couple to two adiabatifree energy surfaces (FES) with two minima in the ground state.
The corresponding excitation energy (most probable transition,gt Figure B2) is
enlarged by the ground stateeparation @, if the ground state minima are

thermodynamically differenfrom each othercp & > 0, electronically asymmetric MV



B STATE OF KNOWLEDGE

compound).>’*°*°An estimation ofpp & can be made by deterniiig the redox potential
difference between both inddual redox sites (incrementside infra Chapter F%* In
Figure B2 the fine horizontal solid linesepresent different vibronic levels in the
corresponding electronic stat&uring anopticaly induced charge transfarvertical yide
suprg excitation from one ground state minimumwith an Boltzmanrawveighted
occupation othe appropriate vibronitevelsin the context othe high temperature limit
(HTL)*, takes placeo vibronic levels of the excited state. A following relaxation leads to
the product state (Figure B2 the case of wedk-coupled MV systemsGaussiarshaped
charge transfeabsorption bandgHTL) with its maximum at max= &+ o & are obtained
(Figure B2middle). The corresponding width at half height (j ) can beestimatedby

using equation B3">%°¢>7

Y ; OY0 p¢lg QY (B1)

Moreover, byafurther increasin@f Hap the probability of transitions at<’ n.xdecrease
Thus, with an increasing electronic interactiancuffoff takes place on the loenergy
side of the IVCT absorptionby a continuously strong loss of intensityntil
2Hap = ' max (Figure B2right, vide infrg).®%

Main advantages of this mdbatic theory againdla r cdiabadic approach displampter

alia a betterdescription of the absorption band sb&s well as the possibility tietermine
the electronic couplingfl,, from the experimental spectréhus,H,, can becalculated by
usingequation B2. Tietransition dipole momer{jleg canbe determinedy integration of
the corresponding absorption bafid®°364

KO) _,('X(I)(b with T8t WL l.|J—T— (BZ)

8 ;

(O]

- W (B3)

For true or nearly Gaussiatmaped absorption band. relatively weak interacting redox
centers, equation B2 can be simplified to equation®B%%*** However, for a
consideration of further charge transfer interadi@ng. between metal and bridge/ligand
together with the metahetal electronic couplingr a more straightforward access to
variables like the dipole moment difference of tiabatic states it is useful to extend the
model by a further symmetric stretching mode and up to three or four calptgrbnic

A The required energy for population the vibronic levels is smatloimparison with the thermal energy
(h" L kgT), ensuring a Boltzmann distribution of occupation.

5
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states’”***°Furthermore, the FraneRondon principle (BorOppenheimer approximation
analogugis assumed tde valid forthe description of moderate and striyxgoupled MV
systems, even though the investiga of electronic coupling byoptical transitions
potentially resonant with molecular vibration mod&¥:°¢-6%¢78

The shape of the adiabatic FES depends on the electronic coupling of the corresponding

diabatic potentials (Figure B3).

Class| Class Il Class lll
+ + +
+ isolated redox centers + electronically coupled redox centers + delocalized MV compound
» no electronic coupling (0 < H,, < Al2) (Hap > AI2)
(H,, = 0) = thermal and optical induced charge « homovalent redox centers
transfer (IVCT) * no charge transfer (IVCR)

+

AG —pp

x = ET coordinate

Figure B3. Top: schematic comparison of symmetrical maationic class | to Il MV complexes. Bottom:
two-state model FES with different electronic couplinbigy). Left: Hy, = 0. Middle: 0 <H,, < &2. Right:

Ha,, > a2. Dotted lines represent diabatic potentialyscissa (x) represents the electron transfer (ET)
coordinate alog an asymmetric stretching moglapted from referencé7 with permissionof the Royal Society of

Chemistry.
Hencefor 0 < Hy, < &2 the ground state free energy surface consists of two separated
minima, while for M, larger than the Marcus reorganization energy only one minimum
remains Figure B3right). Regarding a varyinglectronic interaction in donacceptor
systems (mixedalent species)Robin and Day have recommended a classificatibm in
three classesF{gure B3)®® Class | systems portray mixedalent species with no
reonance interaction (charge transfer) betwésndonor andthe acceptor moiety (no
coupling between the diabatic states), theoretidally= 0 (Figure B3} *°®%*Thys, the
separation of the donor and acceptor charge centrigsi§ equal with the geometrical
distance between the redox centers. However, this assumption was often taken for weak

coupled MV compounds, due to a challenging accegs,t6**°"%

In the context of an experimental investigation of MV compounds, a class | classification

was usually made for potentially couplsgstems if the extend of electronic coupling is

B Regarding this, see also the vibronic coupling model (PKS).
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beyond the limits of detectiol The opposite case is represented by class Il mixed
valence complex&sin which the charge is completely delocalizétif(> a/2, Figure B3).
No charge transfer takes place in thepecies, the intense, nsbplvatochromi€ and
asymmetric Yide supra absorption bands, which cdre detected in the VANIR range,
have their origins il d-fd)" *ransitions’’*° Furthermore, a designation of that kind of
absorptions as inter valence charge resorsfhl¢€R) should be also very deft§Figure
B3).”%" n practice, a mixedalent system islassified as delocalized (class |Myhenthe
corresponding species exhitdn almost homogenoug., 8  @nd less temperature
dependentharge distributioron a fastexperimental time scaf@>%°®>""The majorityof
MV compounds offer a weak or moderate electronic interaciotass 1), typicd with
rougHy to almost Gaussiarshaped and solvatochraminter valence charge transfer
(IVCT) bands0 < Hap < a2 (Figure B3, middle¥’*°*°Their valencerappedbehavior can
be monitoredby different spectroscopical and spectroelectrochemteahniquesin

dependence of the degf of electronic couplingvide infrg).3”474%:72

Moreover, theobservedlVCT absorptionsof the latter species showandwidths at half
height similar or larger than the Huphediction ¢ide suprd, while a valueof ¥’ ,-
noticeably smaller as the theoretical expectatimdicatesthe presence of a stronger
coupled (class 4to-11l limit or class Ill) mixed-valent compound® A further indication for
a distinct electronic interactioris represented by detectableredox splitting i.e. in a

symmetric homobimetallic speciesa given redox separationp@? is related with
H 37,47,49,51,56,57,73
ab-

(B4)

I 1 1
AGe=—AE"F = Em"tn (Z) + AGospar + MG gyn + AGres  (B5)

\ J
Y

AGHUTI.TES
Figure B4. The comproportionation equilibriunand the relationship between redox separatipi and
thermodynamic stability of the cationic mixedlent ©mplex towards neutral and doublyxidized
(dicationic) species.

€n truth, these complexes are homovalent.
P The dipole moment difference between the ground and excited state goes against zero.
E Thepassage from valeedrapped to delocalized goes ioma continuousiprocess .

7
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The thermodynamic stabilityk¢) of a mixedvalent species cahe directly determined
from the value ofpB? it increasesas the redox separation increases (Figure®B%)™*
However, the Gibbs energy of comproportionatign@) consistsalsoof terms causedy

so called nosresonance interactions(@onred, i.€. an entropic stabilization an
electrostatic terngp Gsia: (Stabilization due to charge repulsion in higher oxidized species
etc.)anda synergistic contributiong§ G,) resultingfrom resonance interactions between
redox center and ligasd(Figure B4)*®2™ Only from g Gs (stabilization due to
resonance between the redox centers) the thermal activation BaroeiGyras well as the
electronic couplingHap can be obtained®’®™® For strongercoupled systems with a
dominating resonance stabilization, the Gibbs energgesbnance can be estimated to

PGA PGS

Generally two different charge traesfmechanisms are distinguishaldecharge lopping

reaction pathwayn which the charge is transferred successively from one increment to
another(with a temporary charged bridjjeand a superexchaagnechanism (tunneling
process)wherein the charge transfer is only mediated by the bridge (virtual sharing of
electronic bidge statesy’*°°"">"®In the field of organic/organometallienixed-valence
complexes the superexchange process dominates mostly during the charge transfer.
Depending onthe charge ofthe appropriateMV speciesas well asthe involved
(real/virtual) electronic stateof the bridge an electron or a hole is formally

transferred’ %

B2 ELECTROCHEMCAL ASPECTS
The analysis of possible/existifi@radaic processes igny importantfor the investigation

of charge transfer and the characterization of mwadnce complexesn this regardthe
performingof electrochemicahnalysesg.g. voltammetric and amperometric/coulometric
experiments,should be very usefulOne necessary preadition for the generation of
charged mixeeralent species embody reversible redox processeser alia
(thermodynamially) stable cationshions®®"*’*’""® Regarding an electrochemical
reversibility, several requirements should be noe@d: A chemical (thermodynamic)
reversibility must be givere.g it is not possible to regenerate the carboxyl&igure B5,
vide infrg) from the hydrocarbon (RCGIEH.R) by applying an opposite over potential and

a reverse current flow (retigolbe electrolysis)’*%°
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Kolbe electrolysis

©
o} O R
- -CO _
R 6} R 6} R
H. Kolbe
1848

Figure B5. Reaction scheme fdhe Kolbe electrolysigdimerization) of alkanoic acids

Electrochemicdy reversible redwo processes in solutioimclude further a mass transport
which is only controlled by diffusiorfNernstian behaviorps well asfast heterogenic
electron transfer processes with eqgak constantéunrestrained) of the oxidation and its
associatededuction electrode reactiomhe influence of diffusion on the conversion of an
electreactive species at a potent@ntrolled electrodas described by the Cottrell

relationship(equation B6}" &

o %
Q —= for a planar electrode (B6)
QM QQ  Q wthf p | and = O © (B7)
cyclic voltammogram EPa
charge-passage dominated
v e diffusion dominated
i,_,-—-'-"" /;- | ? - -T $ -~ Emm-nigh
P c / c-onset
5 e g e Sl
g ,«/ / 3 El-l.Arn-Iow ot //
-
& o o0
] Epc E l:(El/z)
Distance
potenial (E)

Figure B6. Left: Visualization of the relationship betweanalyteconcentratiorat the electrodand current
responseadapted with permission from referen88. Copyright 1983 American Chemical Socigty Right: Characteristic
parameter of a cyclic voltammogram (potential sweep)

The charg passage potential dependence is expressed [ButleVolmer equationin

which d denotes the activation overpotent{gquationB7)." For an electrochemichi
reversible edox eventhe charge transfer coefficients of both electrode reactions are equal,
U= b = 0.5 During an anodic potential sweep and a successive increasing activation
overpotential ) the current riseslue toa higher conversion of the redective species

By the time, the concentration of the analygmds to zero and the current deceases

(limiting current of diffusion, Figure B6)-%

F The relationship between butioncentration and (equilibrium) electrode potential is given by the Nernst
equationf®

9



B STATE OF KNOWLEDGE

Thus, throughout recording a cyclic voltammagfa(also during a linear sweep) a
oxidation current peak If,) is detected aEp, (analogousfor reductions, Figure B6Y" ®°
The arithmetic mean of both peak potentialsdésignatedas halfwave potential Ey,
(voltammetry withsigmoidalresponse$ with or without hysteresis) or more generally as
formal potentialE® {Figure B6)**%" Furthermore, the relatiship between peak current
and scan rate for reversible systems is given byRiwedlesSevcik equatior(equation
B8)'80,81

N cwwpnel 6O at 298 K (B8)

The corresponding peak separat@amountsgpk & 57/n mV.%%%! In the field of pulsed
voltammetry techniquefOsteryound ssquare wave voltammetry (OSWV or SWV)
represets one of thenost appliedmethod.® In difference to differential pulse (DPV) or
normal pulse voltammetry (NPV) a forward aadeverse pulse with the same magnitude
(square pulse) are modulatemh a staircasepotential sweep, rediig in a higher
sensitivity, an effective background compensati@nd a formal symmetrical current

respons&°#

However,available analytical possibilitifer an eleatochemical investigation afensitive
redoxactive materialsare often limitednter alia due to the thermodynamic stabiliynd
dissociation capabilityof the conducting agentas well asthe conductivity of the
corresponding electrolyte especially in nonpolar soljestich as dichloromeéime or
toluene®¥®*  For instance the easydecomposition of tetrafluoroborate or
hexafluorophosphateinter alia by fluoride transfer reactia is well-known in the
literature®™®® The il e s s ramdanedkér \cawmlinating tetraphenylborasileit a
remarkablereceptivity towards electrophilic’ -attacks’>?°® Furthermore providing an
electrochemical window for anodic electrochemistifgemicaly inert conducting agents
are required withhigh oxidation potentialJesp. the anionys analyte,vice versafor
electron affinity in cathodic directid Thus the latter tetraphenylboratdés not very
suitable for anodic electrochemistry, having a redox potewct@de to the ferrocene
window (Ex2 = 0.41 Vvs. FcH/FcH).®>" In fundamental studies Geiger andworkers
repored a strong dependency of the thermodynamic stability of elebemically

generated anionsdtions on the chosenelectrolyte®® 81" The nucleophilicity of the

G After an initiation, the potential was varied between two different turning potentials (Figure B6)
periodically by tine. A cycle is completed if one turning potential is reached for a second time.

" For a reversible redox couple.

' Analogous forsolvents.
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counteraniornelectrolyte anionplays a crucial role during the investigation of cationic
intermediates under lowolarity conditions(vide infra see alscChapter E1§>1%41%°

Thus, an application of large, chardelocalized wealy coordinating anios (WCAs,

Figure B7 bottorh have several advantages in comparison twittitionaf anions (Figure

B7 top: Higher solbilities and dissociation of the electrolytee. a lower solution
resistance (about 50 % reducéa dichloromethane}>%% Furthermore, (highly)
positivecharged electrolysis products are obtained as more soaltie resulting in
noticeably reduced adsorption problems on the electrode and decreased electrode
passivation phenomena. The reduced nucleophilicity angaging (association constants

are approx. 2 orders of magnitudes smaller) propertiad further taa lower degree of
electronic structure distortion of the cationic species/analyte together with a kinetic

stabilization of electrophilic electrode products.

A descriptiverationalization of nucleophilicity/ioqpairing properties orhe size/charge

distribution of such anionss given in Figure B7\(de supra.*>*%

SO O

[BF.I [CIO. [PFel [AsFql- [CF3SOs]-

[B(CeFs)al [B(CeH3(CF3)2)al [AI(OC(CFs)s)al

Figure B7. Calculated electrostatic potential distributionsrepresentativelectrochemicdy appliedanions
Red atoms are most negativehargedwhile blue represent most positiyeehargedncrementgadapted from

referencel 06with permission of Elsevigr

The most widely used WCAs are represented by the perfluorinated tetraphenylborate
derivatives [B(GFs)s' (TFAB) and [B(GH3(CFRs)2)a]' (BArF.s), whereby the former
borate is chemichl more robustand BArF,4 offers lower ionpairing and a higher
solubility especially in combirieon with higHy charged cationgdmulti-ferrocenium
speciey?990:92:98.100.101.105.108 5 ragver, the preparatiteccessibilityof the latterborate is

more straightforwardnd effectivehanfor TFAB salts on daboratoryscale'®’

7 1% generation of weak coordinating anions.

11
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Furthermore, perfluorinated tetraalkoxyaluminates, like [AI(OGI§H' (Figure B7), as
examined by Kossing and cevorkers aresuitable for electrochemical investigation under
ipseudo gas pha%®0mednefit of dhessauminatederivatives
compared to latter borecontaining anions isa larger thermodynamic stability
(oxidation/reduction) and the higher resistance agatst alia attacks of transition metal
complexes (fragment$}:*> The nucleophilicity of [AI(OC(CE)3)4]' is comparable to those

of theformer perfluoroborate’§®109110

B3 MIXED-VALENCE COMPLEXESI SELECTEDEXAMPLES
Thefirst use of the term mixedalence complexes was reported by Kletal.during their

work on thiolatebridged Cu(l)/Cu(ll) complexeS? In the context of charge transfer, this
termis generdly used to describa special type of donacceptor complexes, in which the
electronic ground and excited state$ the mixedvalent incrementshave formal open

shell electron configuratia?®’**°°>® Mixed-valencecompoundslike Prussian blue and
Wursted s b | weleknaavn for centurie$***2 Above all, the CreutZaubecomplex
(B1), the monocationic biferrocen@B2) as well as the bisfulvalene diiraiBFD, B3)
cation represent prime examples of these species (Fig8yg'“*'’ These cations,
foremostB1, can be considered as first model compounds for the investigation of photo

introduced charge transfer betwermdoxactive (metal) centers, as predicted by Hush

(vide supra.®°
+
= | .
— o+ Fe
H.N)-RU—N.  N—Ru(NH = Fe Fe
(H3N)s N/ (NH3)s == Q—Q
N
B1 B2 B3
Creutz and Taube Kaufmann and Cowan Cowan and LeVanda
1969 1970 1972

Figure B8. CreutzTaube complex(B1l), monocationic biferroceneB@) and bisfulvalene diironcation
(BS) 114,115,117

Thus, lowenergy NIR absorptions were found regarding a direct medshl charge
transfer/charge resonance, Bt at amax = 1570 nm-** The latter band was reported as
solvent independent (strongly dependent on the bridging ligand), which could be seen as

one indication for the almost charge delocalized situation (classvite supra in
B1 56,59,66,114,118,119

12
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A similar low sollent dependency was found for theter valence charge resonance
(IVCR) absorption othe strondy-coupled bisfulvalene diiron cati (B3); the band could
beobserved at arour2000 cnt* in the NIR rang€?*?°Within this context, the invariance
of the electronic coupling in these BHalts against@ formal desymmetrizatignby
introduction of a diversity of functionalitiesauld be shown recently by Schmittel and co
worker!® During solid state investigations (Mdssbauer and XPSB2f the averaged
valence behaviocould be verified® In contrast for B2 only avalencetrapped situation
wasobserved in the solid state, whereby the degree of resobahweeen lie iron centers
depend®nits environmental conditiongter aliao n  a n i o f*bThecaorrasponding
IVCT absorption band shava significant solvatochromis(please see also Chapter E1,
vide infrg).>®"%221% Regarding this, the biferrocene cationciassifiedas a stronky-
coupled class Il or even horderline class II/lll systemaccording toRobin and

70,116,126,127
Day.68, 0,116,126,

However, metmetal CT/CR absorption bands of transition metal complexes are often
accompanied by further Ilocenergy transitions e.g. ligandfield (LF) or
interconfigurational (IC) transitions, which makes the band (shape) analysis
difficult.3"*"*** Thusi pyp e or gani ¢ mi xed valence compoun
for a qualitativestudy of the transformation of MCT/IVCR absorptions(band shape
analysis)during an increasing electronic coupling between the redox cemétiin this

context, amines functionalized with chagfabilizing (aromatic) substituents and

protected against oligomerization/polymerization shdwgdsuitable redeactive probes.

For instance tris(para-bromophenyl)amminium hexachloroantimonate (Magic Blue) is

well-knownas oxidizing reagerih organometallic electrochemistf32%**°

Lambert and cavorkers have applietN-di ani syl ami no grou-ps, [
systemsof varying lengths, for the investigation of charge transfer interactions (Figure
B9).5%13! For weaky-cowled mixedvalence compundsB4" (p&°= 60 mV) andB5*

(pB & 100 mV), the authors founesis typical for class Il systems, Gaussisimaped and
relatively weak IVCT absorptions (Figurd9).°***! During a decreasing of the bridging
ligand, until the constitution in 1sdiamino benzend®9, a successive increasing of the
redox separationqﬁl‘%f was observed together with an ongoing rise of the electronic
coupling matrix elementHa, (vide supra and Figure B9)®®* Moreover, a steady
desymmetrization of the IVCT/IVCR absorptione. the loss of intensity on the lew
energy side of the band (eoff, vide suprd, by an increasing electronic coupling between
the redox centers in the mixe@dlent species coulde recorded experimentally for thest
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time, in excellentaccordancewith the theoretical prediction (Figure B9 and Chapter
Bl) 37,49,50,60,63

MeO
MeQ OMe OMe MeQ OMe MeQ

B7 OMe B8 OMe Me!

—— B10"in CH,Cl,
---B10* in MeCN

4000 6000 8000 10000 12000 14000 7000 6000 8000 10000 12000 14000 3000 6000 8000 10000 12000 14000 5000 7500 10000 12500 15000 17500
cm’ cm’ em’ Fiem’

3000 6000 8000 10000 12000 14000 4000 6000 8000 10000 12000 14000 4000 6000 B00O 10000 12000 14000 2500 5000 7500 10000 12300 15000 17500
cm’ cm' cni’ viem’!

Figure B9. Top: triarylamine redox systen® i B10.°*'! Bottom (left): IVCT bands ofB4 i B9 (solid
lines) from spectroelectrochemistry in @, containing 0.1 M TBAF. Dotted lines denote Gaussian band
fits (adapted with permission from referen68. Copyright 1999 American Chemical SocigtyBottom (right): absorption
spectra ofB10" in different solvents and deconvolution of the absorption spectruBiL6f in CH,Cl, by
Gaussian functions (IVCT, dashed; bridge, ddstied; -" ¥ dotted), PES spectra simulation G\ , zZ;
b r i d gaeapted with)permission from refererk@2 Copyright 2006 American Chemical Socjety

The possibility of a (partial) througépace electronic interactione. without any direct -
conjugation, could be showiby connectingtwo triaryl amine increments viaa
[2.2]paracyclophane linker iB10" (Figure B9)**? Looking for cyclophanederivatives
with redoxactive transition metal fragments, Stetl al. reported substantial metaletal
electronic coupling in mixeglalent organocobalt superphanes dakkdiytbridged
cyclopentadienylcobalt cyclobutadiene moieties), in strong dependence on the férmal
through space gap® In the field of faceto-face metallocenedpr instancestudies on

[3.3](1,3)ferrocenophanare knowr:"*3*

In electrochemical investigations on naphthalbridgedmetallocenesl.eeet al repored
two well-separated Fc/Faedox processesp ®= 195 mV) forB11 (Figure B10).*71%
The valencdrapped situation 811", in which adirect cofacial interaction between the

ferrocenyls is formally possible, was determinedy UV-Vis-NIR and infrared

14
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spectroscopy of the corresponding tetrafluorobdfdf&. During investigations on
ferrocenylvinylsubstituted [2.2]paracyclophanes no IVCT absorptions were detected for
the corresponding MV specie812’, Figure B10), despite significant observed redox
separationd®*%" |t was reported that the electronioupling in these species is not only
affected by th€ -" interaction (through space) in the cyclophane, al$eband electron
densitymediated coupling (through bond) could provide a contribufioi® 142

04 80 o I e R @ﬂiﬂf%
SOREPVAS =N G
B11 B12 B13 B14

Lee et al. Micke et al. Atzkern et al.
1985 2013 1991

Figure B10. 1,8Diferrocenyl naphthaleneB(1), [2.2]paracyclophand312 and the 4,8&thane2,4,6,8
tetrahydres-indacene2,6-diide complexe®13 andB14,47137:143.144

Dealing with ferrocenyl compounds imcling paraffinic bridges, Atzkeret al. have
synthesizednoleculesB13 and B14 (Figure B10) for which under the chosen conditions
notable redox separations were fourgd&°= 200 mV and 195 mVPrCN/0.1 M
TBA[PFg]), indicating significant thermodynamic stabilities of the appropriate cationic
mixedvalent specie¥** During electrochemicastudies on diferrocenyl methanegll-
separated irotvased redox waves could becorded (qB°= 170 mV, AN/0.1 M
TBA[CIO,4]).*****®In further studies regarding the resonance interaction inettkésd of
bonding motifs, Jonest al found lowenergy charge transfer absorpso(IVCT) for the
monao-cations. Theobservedow intensities of latter transitions in combination with large
experimental widths at halfeight (¢p 1/2), in relation to the Husbrediction {ide supra,
and a strong solvatochromisnmindicate a classificion as wealy-coupled class Il

systemg0 68147

Regarding ferrocenglconnectedvith C,-building blocls, for 1,2-diferrocenyl ethane only
non-separated Fc/Faedox processesmgéé 40 mV) were repweted
suprg electrochemical conditions, as expectetf>'*® However, by the use of WGA
containing electrolytes in lowolarity media (DCM/TBA[B(GFs)4]) a remarkable
thermodynamic stability o °= 180 mV) of the relevant monocationic specieith
respect tahe appropriatelicationand neutral compound could tietecte.®® The higher

ability of the unsaturated 8noieties tofoster electronic coupling between the redox

15
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active entitiesdecreases in thgeriesHC=CH > C[ & C=CH, and with an increasing

chain lengthas well*7 149156

In systems with cumulenidinkers the metatmetal electronic interaction decreases
noticeableby the use of an oddumber ofbridging carbon atomss well as by the chain
length>"1%? Regardingferrocenylsubstituted aromatics, the electronic coupling in mixed
valent diferrocenyl benzenes is preferred along paea-substituion.*>*1%31®4A further
decreasing of the metaletal interaction in thesesystems canbe induced by
functionalization of the benzetwidge with electrorwithdrawing moietiesor by using
electronpoor heterocycle¥¥1® Thus, for relevat azabenzenderivatives, e.g
ferrocenylsubsttuted pyridines and triazinedecreased electronic interactsowere found

with regard to the appropriate benzetf&d®®

Looking for ferroceml-functionalized Smembered aromatic heterocyclaster alia a
portfolio of different boroles®*” furanes:’*'? phospholes’®'™® pyrrolest’918!

siloles® and thiopheng&>167 17118385 55 \ell asmetallacycle®®®® were investigated.

Upon using gyrrole-corefor the linkingof ferrocenylsrelatively large redox separations

(pBY were found together with intense lemergy NIR absorption band€:’”® In

contrast, lessntense IVCTFabsorptions as observed for situ generated mixedalent
diferrocenyl furans and thiophenes in combination with decreKgedaluesindicate a

lower degree of electronic metaletal interaction irthe latter species '**®°An increasing

of the bridging unit resultalsoin a decreased electronic interactias outlinecelsewhere

(quod vid@.*8172178.18518994 A ysariation of the electronic coupli should be possible

through modifications on these heterocyclgystems by the intoduction of electron
donatingandbr electronwithdrawingsubstituents. Thus, Hildebranelk al. have executed

selective functionalizations onthe phenyl moiety of2,5diferrocenytN-phenylpyrrole
(compoundsB15 7 B20, Figure B1l). A significant gain ofredox separations in
combination with rising oscillator strengtH¥ \(vere reported by introducing more electron

donating substituents on tiéphenyl group (Figuré311).}"°*%°However the impact of

these modifications on the electronic coupliisgless pronounced with regard to the
influence of f u-posittons mfmttee Imietallaceniyl anaremenitsn Lehteth

al. have reported a better stabilizatitit) of B24", due to the electrewi t hdr awi ng CI
)1_76

groups, by approx. 3 times the magdiuof B18" (Figure B11).”® Nevertheless, the

authors note a decreasing metahetal resonance interaction with increasing redox

K Difficult E/Z-differentiation due to isomerizatid14%:15%-1%6
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separatior’s larger qp B °values shouldoriginate fromel ect rostati c- i nter

conf or mi s t*d" Theerhegretatior of the UVis-NIR spectroelectrochemical

data supports this conclusioff.
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Figure B11. Influence of electromlonating and electrewithdrawing functionalities on the thermodynamic
stability (qp B °Kc) of mixed-valent 2,5diferrocenytN-phenylpyrrole (B15 i B24).167918%Scan rate: 100
mVs? in dichloromethane solutions (1.0 mM) at 25 °C, supporting electrolytBUjB(C¢Fs)] (0.1 M),

cyclic voltammogram (solid line) square wave voltammogram (dashed tipgiy voltammograms left: adapted
from referencel80 with permission of the Royal Society of Chemistry. Cyclic voltammograms right: adapted from ref&@@wnith
permission of Elsevier

Looking for thiophenes modifiedvith metallocenyl entitiessymmetric diferrocenyl
derivativesB25 and B26 are weltknown in the literaturdFigure B12).'®’ Similar redox
separations were founduring their electrochemical characterizatitm®°= 140 mv
(B25), B °= 150 mV B26)), indicating comparable thermodynamic stabilities of the
corresponding monocationsloreover,the ' Fc/F¢ redox procesfor B26 was observed
as significantly cathodadly shifted with regard to ferrocene, revealing a notable electronic
metatmetal couplng in B26".*"*%' The doservedow-energy charge transféandfor the
latter specieseveas a valencetrapped situationglass 1l accordingo Robin and Day®*"

For the appropriate benzp[derivative B29 a clearly larger redox separatiom & & 280
mV) was found compared tdB26 under gmilar conditions yide supra Figure
B12)163167.193% Ths an enlarged-bridging systemijnter alia throughout anulation
should result in amncreasing electronic coupling abmparable geometrical distances of
theredox sites. During the electrochemical analysis ofd&@&rocenyl benzdjjthiophene
(B28), a significany decreased thermodynamic stability foB28" could be
detectelf 1*>**°Electrochemical studies on 28nd 2,4diferrocenyl thiophene are still not
reported, exceplior applicationrelated investigations on their potential in semiconductor

devies®®’

- from B21" to B24", excepffor B18".1"®
Mvs B29"

17

-

C



B STATE OF KNOWLEDGE

Q)Ee
Fe Fe /N = [ )
\ ¥ == s
7\ Fe Fe Fe Fe
s =S <> s <L
B25 B26 B27
lyoda et al. Jin et al.
1997 2008
9 N
Fe& %Fe Fe&
E/ \E N B v
s — S - s <
Fe Fe Fe Fe Fe
<o <o <8 s <o
B28 B29 B30
Ogawa et al. Hildebrandt et ai.

2006 2010
Figure B12. Severabligoferrocenytsubstituted thiophene®@5i B30).163167183.195,1%6

As an example of a triferrocenyl thiophene, éiral. reported the synthesis of thiophene
B27 together with electrochemicahvestigations ona series of different ferrocenyl
aromatics->® Furthermore, hie authors attribute mixedhlent biferrocenes witthiophene

2,5-diyl spacersinstead ofpara-phenylene bridgesa stronger couplingFor B27, three
consecutive ferrocerydased onelectron redox events were foyndhereby theU
ferrocenyls will be oxidized firsf®® Moreover four well-separated Fc/Faedox processes
could be detected during the electrochemical examinations on tetraferrocenyl thiophene
(B30), using a 0.1 M solution of [MBuy][B(CeFs)4] in dichloromethane as supporting
electrolyte (Figure B12).2®® However, no lowenergy charge transfer absorpson
suggesting direct ireiron interactions, could be recordad the NIR range during the

successive oxidation processBg0.%
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CHAPTERC

C ELECTRON TRANSFER STUDIES ON FERROCENYL THIOPHENES -
SYNTHESIS, PROPERTIES AND ELECTROCHEMISTRY

J. M. Speck, R. Claus, A. Hildebrandt, T. Ruffer, E. Erasmus/an As? J. C. Swarfs

and Heinrich Lang

published inOrganometallic2012 31,63736380
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SectionC was generateavithin collaborationwith J. C. Swarts (#) and emorkerfrom the University of the
Free State Bloemfontein ZA comparativeelectrochemicaktudies manuscript preparationThe author of
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INTRODUCTION

Recently, organometallic and metaanic building blocks attached to aconjugated

core have gained topical interest, due to their conceivable application as model compounds
for transitionmetal-containing polymerand, for example, in thetudyof electrontransfer

in the respective mixedalent species and maetic exchange interactigff**%:164195.198
203

The use of redeactive metabased termini offers the possibility to design new materials,
like semiconductiy polymers or molecular wiréd:#"147:20%08 |5 this relationship, the
ferrocenyl moiety is a very promising candidate for using it as a radive group with a
very good stability in the neutral as Was oxidized state during oredectron transfer

processegi(i,171,179,180,183,186,189,2&91

Ferrocene derivatives were studied in a widegeaof organometallic chemistrg.g, as
active component in new anticancer drads™ as catalyst component in catalytic
processe$%2% as highburning rate catalysts in solid fuels and as donors in energy
transfer process?*?2So far, extensive research has beearried out on ferrocenyls
linked with different” -conjugated connectivitiegcluding arenes, annulenes, fiv@ six-
membered heteoycles, porphyrins and alkyn&s;*’1179.180.183,186.189.2091 Ay ayample of
ferrocenytfunctionalizel aromatic compounds hexaferocenylbenzene. Electrochemical

studies showed that this species can be oxidizethiee separateedox event$*
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Furthermore, the hekes(ferrocenylethynyl)benzene shows, depending on the electrolyte
counterion and the number of methyl substitueats the ferrocenyl units, cyclic
voltammograms with a single sedlectron response, three distinct telectron events, or a

cascade of six singlelectronwaves®**

In contrast, aromatic heterocycles including-26d 3,4diferrocenylthiophene as well as
2,6-diferrocenylpyridine, exhibit no observable matattal interactions, if the ferrocenyl
units were oxidized simultaneousfy. Larger peak separations between first and
secondoxidatiors (a£° f among symmetric ferrocenyl heteroaromatics have been reported
in 1,3di(ferrocenylpenzop]thiophene and 13li(ferrocenyl)benzfb]selenophené®® In
addition, electrochemical studies were carried out on azaferrocenes with pyridine or
thiopheneconnectivities between the metallocenyl termimsulting in excellentp & °

V8.|U€Sl.84'225

Very recently, a series of 2diferrocenyl and 2,3,4,8etraferrocenysubstituted
thiophenes, ftans and pyrroles as well &, 3 6 , 4hexaférrocenyB H-Bitbiophene
were synthesized using the NegisBiC crosscoupling protocof’*+79180.183.210Thg
electronic and electrochemical properties of these comgs were investigated by cyclic
voltammetry (CV), square wave voltammetry (SWV) amd situ UV-Vis-NIR
spectroscopy. It was found that the ferrocenyl termini can be separately oxgizeg up
to six reversible responses for the appropriate ferroemrdtituted heterocyclic
molecules NIR measurements confirmed electronic communicatsnlVCT absorptions
were found in the coesponding mixedialent specied®®171179.180,183,186,189.201 pyance

the compounds were classified as class Il molecules according to Robin affd Day.
However, during the stepwise oxtdm of 2,3,4,5tetraferrocenyhiophene and

3, 30, 4hex@férrocenyB p-Bitbiophene no notable transitions which could be
attributed to IVCT absorptions were observed in the NIR regierthe electrochemically

generated ferrocenium units mostly communicate electrostatically with eachi%tHr.

Fc Fc Fc Fc
FC/Q @ FCAFC @ Fc/@ Fcﬂ
c4 c9

c1 Cc2 Cc3

c11 c12 c13 >

Figure C1. Ferrocenyl thiophend81i C4 andC9i C13,163167.183:226.227
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In continuation of this work, we recently became interested in the preparation of
ferrocenytfunctionalized heteroaromatics as well as their spectroelectrochemical behavior.
Thus, we report herein the synthesis of the afid triferrocenyl thiophenes 2Bc,-

“C4H,S, 2,4Fc,-°C4H,S and 2,3,4c;-“C4HS (FigureCl). In the investigation of electron
transfer interactions between the ferrocenyl units on the thiophene, the electrochemical and
spectroelectrochemical properties of these species together with a series gfdnptrio

and tetraferrocenyl thiophenes (Rige C1) are discussed.

RESULTS AND DISCUSSION
The known ferrocenyl thiophengsl i C4, C12 and C13 are accessible by dérent

synthetic routes?®106.167.171,179,180,183,186,1891204. 226 227\ e ertheless, we synthesized all of
these compounds applying the palladipromoted NegishC,C crosscoupling protocol.
The thiophenes 2;Bc,-°C4H,S (C9), 2,4Fc,-°C4H,S (C10) and 2,3,4Fcs-“C4HS (C11) are
available by a tweor threefold NegishiC,C crosscoupling of the bromo thiophenes 2,3
Br-°C4H,S (C5), 2,4Br,-°C4H,S (C6) and 2,3,4Br3-°C,HS (C7) with FcZnCl C8; Fc =
Fe@-CsHa4)(d®-CsHs)) (SchemeC1) 2%

Scheme @. Synthesis of ferrocenyl thiophenes €i C11.

2B n FeznCl 3-Fen
5T —me—
C5-C7 c9-C11
Fe=-iox
[Pd] = [Pd(CH,CMe,P'Bu,)(u-Cl)l,, Fe
[Pd(PPha).] Ve

As catalyst either [Pd(PP%)4] or [Pd(CHCMePBuy)(u-Cl)]. was used (Experimental
Section)??***°After appropriate worlup, moleculeC9T C11 could be isolated as orange

solid materials.

They are soluble in bst comma organic solvents such &sluene, tetrahgrofuran, and
dichloromethane and are stable in the solid state as well as in solution toward air and
moisture.The ferrocenyl thiophengs9 i C11 have been identified by elemental analysis,

IR and NMR ({H, **C{*H}) spectroscopy. Furthermore, the solid state structur€idf

was determined by singl@ystalX-ray structure analysis.

All ferrocenyl thiophenes wereleetrochemically analyzed by cycloltammetry (CV)

and square wave voltammetry (SWV) adlas UV-VIS-NIR spectrelectrochemistry.
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The IR spectra of91 Cl1are not very expressivandthe'H and**C{*H} NMR spectra
of thiophenesC9 i C11 show the expected signal patterns in the predicenge

(Experimental Section).

Single crystals o€10 suitable for Xray diffraction studies could be obtained by diffusion
of n-hexane into a chloroform solution containi@l0 at ambient temperature. The
molecular structure o£10 in the solid state is shown in Figug2 together with selected
bond distances (A), bond angles and torsion angleg,@&piferrocenylthiophene C10)
crystallizes in the orthorhombic space grdupmain which C10is statistically disordered
along a crystallographically imposed mirror plane going through C12, SCHsW of the
thiophene ring. Mie two different molecules of£10 are disordered and thusre
superimposed above each other, since different atomic gusitiould be refined for S1
and C13.

The molecular structure o€10 (Figure C2) doesnot imply the crystallographically
imposed G symmetry. FurthermoreC10 is isomorphic to 24liferrocenyl thiophene
(C3).2*' As observed for the latter thiophene, moleddl® possesses synconformation

in the solid statevith regard tahe orientation of the two ferrocenyl units on the thiophene
core. In this context, the ferrocenyl moieties are rotated by 10.4 ° out of the plane of the
thiophene core. As ¢xessed by the torsion angle -D1-D2-C6 = 6.8 °, the
cyclopentagenyl ligands at the iron atoms exhibit an almost eclipsed conformaiion.
comparison of the FB distances shows no significant differences (FigL2g

Figure C2. ORTEP diagram of thiopher@10 (50 % displacement ellipsoids). Hydrogen atoms are omitted
for clarity. Selected bond distances (A), bond angles and torsion angles (PPIFd1648(1), FeD2
1.643(1), SC11 1.687(5), SC13A 1.720(18), C1LC12 1.394(3), C&11 1.464(3), C1B1-C13A 976(7),
C12-C11-S1 108.8(3), C1C12-C11A 113.9(3), C1X11-S1-C13A 0.3(10), C18C6-C11-S1-9.7(4) (D1 =
centroid of GHs at Fel, D2 = centroid of #, at Fel). (Symmetry generated atoms are indicated by the
suffix A; symmetry code: xy+1/2, z.)

A calculaton of the mean plane from the thiophene core revadligh degree of planarity
(rms. deviation from planarity: 0.007 A; highest deviation from planarity calculated for
C11A, 0.012 A) similar to thiophen€13® This olservation is in contrast to Mt
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CsFG)(CO);, CsHFGs, and GFcs, where the central core dewat much more from
planarity €.g.0.152(6)A in hexaferrocenyl benzen&>**? Due to the intrinsic statistic
disorder ofC10 a further discussion of the thiophene core bond lengths and its connection
to the ferrocayl units is lmmpered by the fact that carboarbon single and double bonds
are superimposed to eacther. The observed thiopheneGbond distances with 394(3)

A (C11-C12, C12C11A) and 1.45(3) A (C11AC13A) are significantly shorter than the
correponding values iiC3, the GS bond lengths with 1.687(5) A (£111) and 1.720(18)

A (S1-C13A) are observed as expected, lying betweeS €ingle and C=S double
bonds?** The GC bondconnecting the thiophene ring and the ferrocenyl @&C11)

is, at alength of 1.464(3) Avery similar to the corresponding bond lengtiC®1#**

The redox properties @17 C4 andC9 i C13were studied by cycligoltammetry (CV),
square wae voltammetry (SWV) and UWis-NIR spectroelectrchemistry. As supporting
electrolyte, a 0.1 M dichloromethane solution of'BN,][B(CsFs)s] was used>*® The
electrochemical data are summarized in T&dleand presented in Figu@s.

Table C1. Cyclic voltammetry data (potentialsvs. FcH/FcH*) of 1.0 mmolL ™ solutions of C1i C4 and

C91i C13 in dry dichloromethane containing 0.1 moL ™ of [N"Bu,][B(C¢Fs)4] as supporting electrolyte
at 25 °C.

E°P ag/BE® ImV]® (ipdipa)”
Compd. Wave (no.)
(1) 2) (3) (4)
c1 16/60 (0.99)

c2 19/67 (0.99)
C3  i53/60 (1.00) 195/62/248 (1.00
C4  149/71(0.99) 195/70/244 (1.00

C10  121/68 (0.98) 148/69/169 (0.98
C11  1118/63 (0.99) 148/61/266 (0.99) 427/61/2791.00)

C12  i71/66 (1.00) 151/62/222 (0.99) 374/70/223 (1.00)

C13'®®  {161/62 (1.00) 58/64/219 (1.00) 418/64/360 (0.99) 604/60/186 (0.99)

3 Formal potential E°}. Difference between the oxidatiof,f) and reduction Eﬁgc) peak potential &Ep).
Redox separation between the formal imased redox events#t’ °= E°2) i E° £1)). ® Ratio of current
peaks aE,; andEp..

)
)
C9  i51/71(0.99) 232/73/283 (0.99)
)
)
)

From TableC1, all electrochemical processes involving the oxidation of a ferrocenyl group
could be assigned a&ectrochemically reversibl@sthe gk values were all smaller than
80 mV at slow scan rates. Theoreticathe g E for electrochemically reversible processes

should be 59 m\>234237

All ferrocenyl oxidations were observed agmically reversible, since thg/ip, ratios are
approximately unity in all cases. dho-substituted thiophengsl and C2 show only one

ferrocenyl oxidation. The ferrocenyl group oférocenylthiopheneG2) is oxidized at a
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potential 25 mV lower thathat of 2ferrocenylthiophenel), having a redox potential of
E°°= 16 mV (TableCl and Figure C3). This indicates a higher degree of electronic
interaction between the thiophene core andifierrocenylin comparisorto the situation

in 3-ferrocenylthiophene. The diferrocenyhiophenesC3, C4, C9 and C10 show two
well-resolved onelectron transfer processes (Fig@®. For thiophené&10 the potential

of the f'wave E° & 121 mV) is shiftedto higher potentialin compaison to that of the
other diferrocenythiophenesfor which the first redox event occurs nearly at the same
potential (TableC1).

Compd.
c1 J\
C2 A
C3 M

c4a M

co9 _M
%10 EA A

c10 J\/L

{ﬁ NNN
w M

600 400 200 0 200 400 600 800 400 200 0 200 400 600 800
E vs FcH/FcH* [mV] E vs FcH/FcH* [mV]

ww

Figure C3. Left: cyclic voltammograms (CV) of ferrocenyhiophene<C1i C4 andC9 i C12, scanrate:
100 mVs' in dichloromethane solutions (1rM) at 25 °C, supporting electrolyte TBIU,[B(C¢Fs)] (0.1
M). Right: gjuare wave voltammograms (SWV) of ferrocenyl thiophe@dsi C4 and C9 i Cl2
Conditions: 5 Hz €1, C2, C9, C10), 2.5 Hz C12), and 2Hz (C3, C4, C11)) in dichloromethane suotions
(1.0 mM) at 25 °C, supporting electrolyfdl"Bu,][B(CeFs)4] (0.1 M). For cyclic voltammetrydata see Table
C1;for CV and SWV ofC13 seeref 183

The separation of the redox potentialsE]f decreases in the series of
diferrocenylthiopheneasC9 > C3 & C4 > C10, in which the largest value was observed
for 2,3diferrocenylthiophene C9) (aE° % 283 mV), while for the 24lerivative C10)

only aredoxseparation ofE® & 169 mVwas found(TableC1, Figure CB However, the
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communication between the ferrocenyl units in such molecules cannot directly be derived
from the separato of the redox potentials &’y since the free energy of
comproportionationcp G, vide supra is not only a funtion of the resonance stabilization
(pGy. G includes &0 terms corresponding to theo@omb energy, to a statistic
contribution and to bonding synergisms!"® The electrochemistry ofetraferrocenyl
thiophene C13) was described in detail in a previous work and the results are presented in
TableC1.'®

In order toget more insight into the oxidation process of thiophebes C4 andC9 i

C13, we carried out spectetectrochemical studies by a stepwise increase of the potential
vs Ag/AgCl in an OTTLE cell (= Optically TranspareThin Layer Electrochemistry}®

using a 0.1 M dichloromethane solution of"Bu4][B(CeFs)s] as supporting electrolyte.
This procedure allows the in situ generation of species such'a€2’, C3"", C4™, c9™,

C10™ (n =1, 2),c11™, C12™ (n = 1i 3) andC13™ (n = 1i 4).

Table C2. NIR data of C1i C4 and C9 i C13 in dry dichloromethane containing 0.1M of
[N"Bug][B(C ¢Fs)4] as supporting electrolyte at 25 °C.

, .t
Compd. Transition (Cha [E?:][OﬁTCI;lTTl])a @ 12 [cm™° B 1/2(thecy (€M
c1t LMCT 10917 (1295) 2984
LF 4234  (70) 1096
co* LMCT 11905 (943) 2985
LF 4241  (46) 1223
LMCT 10080 (624) 2884
cat IVCT 4994 (2129) 3843 3397
LF 4054 (572) 439
MLCT/LMCT 3524 (831) 989
LMCT 12180 (824) 3522
c4* IVCT 5405 (70) 7761 3534
LF 4208 (31) 902
LMCT 11534 (946) n. a.
Cco* IVCT 5300 (401) 5492 3499
LF 4065 (66) 769
LMCT 12005 (1429) 3263
ci10* IVCT 6098 (151) 5620 3753
LF 4143 (78) 857
LMCT 12225 (547) n. a.
ci11’ IVCT 6628 (184) 5736 3913
LF 4039 (31) 1019
LMCT 13193 (1075) n. a.
c11* IVCT 7511 (244) 6733 4165
LF 4094 (54) 978
LMCT 10129 (515) 3314
c1ot IVCT 4914 (1583) 4628 3369
LF 4062 (326) 475
MLCT/LMCT 3568 (353) 862
LMCT 11761 (1654) 3170
c12* IVCT 5975 (639) 5895 3715
LF 4012 (135) 712
C13 seereferencel 83

2 Wavenumber of the bands maximum intensity.{), extinction coefficient at may (Ghay).- ® Bandwidth at
half height ¢ 1,,). © Bandwidth at half height expected from the Hush theq¥y 4 neo)= (2310 ma)2).
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If deconvolution of NIR absorptions was used, transitions with Gaussian shapes were taken
to get fits good enough to allow an almost exact overlay of the sum of the spectral
components with the experimentapectra. All neutral ferrocenythiophenes do not
contain, as expected, any absorptions in the fdiRje (Figures C4 and C5 aA@pendix
Figures AG11 AC-4). During the oxidation process @fl typical absorptions in the UV

Vis region of inner ferrocenyl liganatb-metal charge transfer (LMCT) transitions as well

as absorptions, which are attributed to LMCT interactions between the thiophene core and
the ferrocenyl moieties could be observed (a2, Figure C3.3%%92%1 The |atter
absorption was found fa1" in the border section close to the NIR rangeak= 10917

cm* (TableC2). The corresponding transition f@2" was observed as less intensive than

for C1" and suggests a lower degree of electronic interaction between the thiophene core
and the ferrocenyl unitvide supra Figure AG1).2>%! Furthermore a very weak low-

energy absorption band was found &t" andC2" around 4200 cih, which is attributed

to a forbidden ligand field transition (LF, Figuréd, AC-1).210242244

2000 -

1500 * Cl —C1
E
<
<1000
£
=
D
500
_—
0 f T ¥ T ¥ |
300 1200 2100 3000
wavelength [nm]
500 +
400 +
5 300 +
E
=, 200 +
L]
1 \ ﬂ
0 T T T )
10000 8250 6500 4750 3000

wavenumber [cm]
Figure C4. UV-Vis-NIR spectra ofC1 at rising potentials. Tof:500 to 350 mV. Bottom: deconvolution of
NIR absorptions at 350 mV, using transitions with Gaussian shapes (dotted line corresponds to absorptions
caused by interactions beten ligand and metal, dotted dashed line represents ligand field transitions). All
potentialsvs Ag/AgCl at 25 °C in dichloromethane, supporting electrolyt€BiN][B(CgFs)s] (0.1 M).
Arrows indicate increasing or decreasing absorptions.

During the6gwipraal absorption bavinds rvegri eo no
(vide ,sFp@urildow energy absorptionmn,pgdabédiddwas

cim, which is attributed to an intervalence
wi dath -hai goghp), 06f the | atter band shows stil]l
peak wi dhtehi gahtf2 hHea) fsi nce cl ass | I systems typ
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40 % in excess of the Hush preds covem| odkhed
Hushos treegeMettT(HBa®'PVeabsorpti on ibanascampa
10080 (EMCT), ™OWHM) camd a'mtxaBmad4tactom itdotut e d

charge transfer i nteractions C2betawdenFi qmat a
nN66, 171,179, 18I, 11824 6 8Q.,209 +- 2 gt :
C5H6! ZLLEZAEEP, 18R 2P O oC'it A fTieosnu lotfs i n a de
ofethliv@bsorption) band (Figure C5
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Figure C5. Left: UV-Vis-NIR spectra ofC3 at rising potentials. Topi500 to 600 mV. Middle:
deconvolution of NIR absorptions at 600 mV, using four distinct overlapping transitions with Gaussian
shapes (dashed line indicates IVCT absorption, dotted line corresponds to absorptions causedtipnmtera
between ligand and metal, dotted dashed line represents ligand field transitions). Bottom: 650 to 1400 mV.
Right: UV-Vis-NIR spectra ofC4 at rising potentialsTop: 1500 to 500 mV. Middle: deconvolution of NIR
absorptions at 500 mV using three ulist overlapping transitions with Gaussian shapes (dashed line
indicates IVCT absorption, dotted line corresponds to absorptions caused by interactions between ligand and
metal, dotted dashed line represents ligand field transitions). Bottom: 550 to A&OMlInpotentials vs
Ag/AgCl at 25 °C in dichloromethane, supporting electrolytéBiN][B(CeFs)4] (0.1 M). Arrows indicate
increasing or decreasing as well as shifting absorptions.

During spectroelectrachemiroalendau dviecgrsyv aei avke
absorption arwausndf 65400 ucpmo B4, g ewmheircalt i oan od |l s
assigned to an | VCT transition (Table C2 a

®Pi,vyalue is to be treated with caultaiognht siisnc
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more than twice as | arge as the predicted v
intensity (Tabl eAC8i minldarFilgaihraev il®g) fwoars tfhoeu
corresponding cati-tomiifcers pecifA%dr thieenrzheodee 5
absorption band in the NIR region, cl ose t
transfer interactions between méethad 4a2@W8 | i g
cmMcan be assigned to a | f'daaf8 field transit
For t he mdnal,deiromcenyld) tthhropdeabsdrptions
region were obs®tfiMAT)at 5161504 Cc)nenmand a very
absorptiof, awhi4cOh6 5c achrm be assigned again to ¢
(LF, T&blga&nc2)2., After the oxidaheopopenteab w
agaiifoa@atvmdg/ AgCl for checking the reversibil
spectrum differs only sHKiguhntad ylAd€trtoonm,t hger eqgr |
During successive oxidation RiI®cebasaddicetrhe
absorptions Cidire fhenNI'Regl2066, admwIandm
4143 icanmwhich the weak absdrptiaobhrbbmdeadr ba
tranast wabho62Are gurd® AC

As a result, in theopbdenes ohedihéeracényh
in thexmdnaed compounds CHeeoeClde 4" i nT htulsg s e
t he aatnio@ndioffer ntdd ep@ddnes hows by far the | ai
and foditfree thiomppnl neCsdbearl iyv at ivea y weak inter
transfer interaction was observed.
Successive oxi dathiiconglChdifreest dtsihfeteaf roa ad@it yi Id o r o f
which |l ow energy absomnptli2a2n? 5 d&ciCsT ) we 1666 280 wcm
(1'vCcT) ant( L4FQ 3 GRakbirgeu -® . AG comp¥CiTsabsofptio
frodhlwith the correspdmaoidwe.,rb dedtrhoiCoepihyeia e 2
dewrati ve shows aexstliingchtti odne@trbeed siee )7d fethrt tah e r
oxidaticifhreputos in a slight hypsochromic a
atg pti ohpap @B U1 (Gawr 301 clinol st mi It ghnoesveiyo u s
obsefowddmp4a,r5 ferrocenfyur itmg otpthee Glp2NleR at i on
absorpthagh 8129 ( cWCT), 49AIVACTOm *406P amd 356:¢
ciMcoul d be t bbsstdaanodf d whschl so attributed to
transitions, caused by interCEftgandyp . B&Ehween
relatively |l arge extinctiofoOb6demfgesestsbhmi

t r anstiot itohbosseer vG8'd hTiesrs ise i md aa ggroeement wi t h t
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Jien aald. it mfersapreecck r oel ect r oCae@i °Fhesoudidas | o
ofCl2up to thecatispreicti vempound results in a
LMCT absorption, in tha shddrdceraeds dthiso M bkRe tt vin
| VCT absorapt i 6B Eendurdg . A®oerree0 a di Bappear ar
| osvnergy absorptiontwasndolms euwad ,8 &@idndiclfraorr

thi op@3emEeableFi gur-d . ACTheoespettochemical be
tetraferroc@lndyds compoiuousl|ly descabbedpt whes
attbuting to intecovaldnbe obaegeetdr amsftdeér N

successive oxiCtidi’i ons process

CONCLUSI ON
The diferrod8arn@ltthn d pthlreen etsr i f eClrlmrce ngy Vv aidlea b
i n straight f eprrwoammodt e ¢p aC N €di issyhtn i n g reactions
correspontdhingpbhemen® and ferrocenyl zinc chl ¢
The strucdiufreer rtodfd e2pdednei n( t he soli d state w
single -rcayysdtalucXt ur e anal ysi Gl @Grnys tcalnlfii zz arss i
orthor hombi cPnsnpaarc e wiglr@bhap st ati stically diso
i somor p Hiid etyad & ,e5p08)e.n e (
The redox OQli Chaen@@iCGlsdveorfedised bvyolcdyacrimec ry ( C°
sqguawve waltammetr ywWi{d86WV)s pacabanossitercyt.r oThe st
f errotcheinoypphenes diGlpGQay EIEIhEOrCildPne tGlrlee (
Cl?® or CLBurweddol ved el ecetvreacsheldméectad dyy tr an
processes. DPoei egtt be hsefpeercrad chesroypl@lme &% o f
the LMCT abQoarrpotuinodn Iftodr O obmerved as | ess i
Cl',suggesting a | owererdcedrioea dfetavleent rtcrei ct hi
the ferrocenyl ruama it e miTchael ssptefucetnrreomec! emfcytit hreo | oel
suggest weed ka | ma tnd le rcaoatriesmpo nidm hghéwa ixesd ( Tabl
C2), while in the hsephesneasf tthief emtecamcyli on
in the monooMhndszaedcrcempBd>C%H>CClNe Cderies
Furthermore, a compari sonhebephweleVwWCT)h ea npde atkh
Hush predizefodBncs, co,crgciiciiici2anaglr2j i s
clearly consistent wi t-éhn etrhgey iadbesnotrtiftiiiscoant i @ ® S
compounds aécocrlcisng t o " Riotwievemnd ddaiyng the
oxi datCldo tamibl e transition, which could be a
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observed in the NIR region. These results e
ferrocenium units mostly commbt®ficate el ectr
I n summar yn fidunhda st hbaete t he f etp ®cietniiwam afni t
t hi ophenmgr e ndvweiradr gfingevreber ed hiet argeyclival ues
the extinction coefficient can-t+met alet aaded

intervargercerahsfer absorptions of the indi

EXPERI MENTAL SECTI ON

Gener al P.r okleldureacti ons were carried out l
standard Schlenk techni gurlsex aTlneet rvaéhryaelr pbior &
distillation from sodium/ benzophenone ketyl

fr 04I®10P

Reagenflebhutay| ammon etraki s ( jpeonmtadfel uwwasopprealy &
met at hesi s ofpeéntdafilumorteegheaerkyilsy b Srcateent et h e
tenbatyl ammonium bromide, accoPtAildg ottther p

chemicals were purchasamnd fweme cwsneneeras al e cali

| nstr umelnrifsr ar ed spectra wer e obt aklnRe d wi t
spectrometer using KBr press techniqgues fo
recorded using an BNMRespdutahombREGE.5308 FT
MHz E{fH} NMR at 125.813 MHz) at ambient tem
Chemicall) sahrid tseported in parts per million
(TMS) wusing the solvemnt hl MNMRIe R@LHHFMef er en
NMRi= 77. 1%€ppm)i ng Jcoarsed amemsor(ted in Hertz |
are reported in number of protons. The foll
patterns: s = singlet, d = doubl et, pt = ps
flushed capgieltleamiexe)d wesrieng a Gall enkamp MFE
apparatus. Mi croanal ysis was perfor med by
instrument. High resolution mass spectra we
an Apol-bout teESI

Syntimesodi f2egr3rocenyCO) tAi 9phenieofd of ferrocenc
and 0.125Bwqg( ®.f38KOg) in 60 mbholtet@80C 6aACdr of
Afterward, 2.0 eqt gbltx.yd I ml)h i arpre estoa duet 6 vois i and
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drwipe during a *fhffriemd Dfh liSsoni mer mal stirrin

of [2Z2Ch T ] was added in a single e@owason g
warmed to O AC for 30 min. -Fiubntdhmotn@®f ep h &n &
as well as 67,0 OmMEPBUOCISFSE &) ®.fF13F PdricCIH ( 0.

ofPd[( BPhwer e added in a single portion. The
for 36 h. After cooling down to ambient tenm
wi thM hydrochtbei agaebdsahdyer was separate
with 20 mL of dichloromethane. The saaoamhbi ned
after evaporation of all volatiles, the <cru
by col umn pchhyr o(ncactiowginGa i 3ecm) omexadwmébieneus:i
mi xture ofv)r atsi @l 4eht(vAIll volatiles were r
compod®wds obtained as an VMaEIBu@®©Chp] Bdb60Yigel
(8.0 mmola,sed4do¥ ro,not hi opshlened .;8(J Pgd(P®h2 mm
based -doinbr2o,né¢ hiAnmphen b eSd (f4br2. A7) : C,63. 7E¢
Found; C, 63.40; H, 4.4%. NMP902mAQ92I5Rwdatl
s, 1A42NMRs .( @QECIl 7 .38 6d3 HHS) 1H7JEL 5.d3, Hz,

1H,HE) , 4343F A.p8 ,HH) , 2H.J2E (@UpB, HHE) , 2H, 2L (pt
Jun= 1.8 HR) , 2H,17TH:(s,45HF Cp8, H), , 2H6L ( s,

CsHs) *€{H} NMR JEDCIL3-€HS) ( C13GHD) ,( CL3eS)L, (C

122 .48S)C 8@CHp, (BCH) ,( T4H) 6 ()0 ©6$Hs)4 (66 . 8

(s, 68)1 (©GEH)9 -FHR MS (calc) [m/4]M] 451.995

Synt hes-dsfefr@c¢cdnyCl Q) PAi sppHeairtd o(n of ferrocen
and 0.125 e®Bu(7H @@hyylOdfeurran wad80c oACed ¢
foll owed by an addition of lt.ebuégIm{ nin@ i mL)
pentane within 5 min. After 30 mink»®dfhfi]Jsoth
were added in a single portion and the rea
Aft er wamal, (2000 fmgfCMaPBOHOCIJ?° d%°d 0.5 eq (0. 6°¢
2 -4 br omot B6) opMeearee a(dded in a single portion
stirred for 4 h at 30 AC. After eolapedatnon
50 mL of diethyl et her and washed three tim
|l ayer was dpraed eoewapomMgtS®Od t o dryness. The
by column chromatography (colnhmmasiaze:iel 2@nx
Al |l volatiles were removed QlnWas okktdaicrad pa
orange solid. Yield: 150C6mg AmMal3.3,HngnEdd d f1@r. |
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(452.17): C, 63.75; H, 4.46. RFdanhd; {JEBr pBch
3089 m, 2923 w, 1HNMRw, QUEHCI8 791847 Bz, 1H
CHS) , 6347 1(.#, HELS) 1H4 W& I .p& , KR , 2HIE (pt,
= 1.8 HH), 2H.I3E (AUp1B, HHy) , 2H.J2{€ @Up1B, HH) , 2H, C
4. 12 (sbls), 54, 0GHs('C{HHP HNMR U DCN 4-GH,83) (C140. 0
(CHS) , 1HIS)9 (1QHsS.)7, (8LsHH , ( BPCHE) ,( C7 EHs) 2 ( C
69. BHs)(,C 648H4) 8 ©G@H) S ©GEGH4) 1 64) 7 -FHEIS [ m/ z] (cal
452.0010 (451.9980) [ M]

Synt hesi-tsr ioff e r2r, 3c e4dn@lll ) t A i toegpthreanhey d(r of ur an s ol
ferrocene (23.4 mmol, 4. 3B% gasan®®0&EQ 3 oe q
then 2 eq (29. 16ebmlt)yl éf t B n i et Banl®u tweorne iand d
within?Astmirnl h isothermal stiriti2ngfdneasq
added in a single portion and resulting re
Af terwar d, g0. 207ft e2q, b3(,4m6 O §CT) o pahse nvee Emo la s( 4508 . 3
mg) [ ®d 6COMHPB bL,OCI1J%° #°*re added in a single po
reaction mixture was kept at 55 AC for 40 h
mi xture was hyd#Mydrpséddowi thadied.aqhkewausse rl mo/re
separ ae¢xtdr anntded with dichl oromethane and t h
over MgB860Oter evaporation of alll vol atil es,
chromatography20cal 8mem$i nhexbuénimaxe wsiengfa
ratiovp:adas(eltueckiwaf€ompoanded as an orange
(3.43 mmol , &)5. Y%Arbals.e A &lgsc d( 6f306r. 1® ) : C, 64. 1
Found: C, 64. 46 ; H, 4.73. WMp: 332 AMC QRO®EB) .
w, 1495 ®NMR4I1®ME! 7. 464Hd) s, 4149 Cpt8, Hz, 2H
CHg) , 4.333 (pt8, HH) , 24,134 (Ipt8, HHy) , 2H, 3 C ( s,
CHs) , 4.3 (Apt8, HH) , 24H, 2%Hsf s, 35 A (@Apt8 Hz, 2H
CsHy) , 3.J8 (1pt8, HHy) , 28, 8 GHy ST {HENMR Q QOC!|

139. €«HY{C 13CHH, (C36HS) (CLHI) 4 GGHp, (3. 3

( LCsHa) , 8 ECeth) , ( C7 2Ha)5, (7GH4)9, (7CH.)3, (7CHs)0, (6@ . 5
(&) , 668H:)0 (6@H,)0 (6GHs)2 (6GBH,)9. -BEMS [m/ z] (cal
635.9973 (6.35.9956) [ M]

El ectrochkeedi £t et rochemical measurements we
at mosphemMdionhllarOomet hane s MY ¢ BF)LTCc arst ai ni
supporting electrolyte wuctall ilza mayr aat ooy t farl ard
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Anmal y P21 ¢RlUrthermore, an OTTLE cell (= Opti.
El ectrochenhi sthra) VRl a&/n-8SCRrogpSs0 00N WB\pectr ome
useds gfeocetlrect r oc hemi é3Ho rmevaosl utraenmpeentersyt, r oad et hcree
witmplatinum auxiliary electrode, a §l assy
reference electrode were wused. The working
Buehler micro cloth using Buehler dm)amond p
Theg/Mrgef erence el ectrodesivhsecowstaegghsdrfe
capill alwgowi th pachdMpirgioiansg WoeM D BB @ § BE:)F1

in acetonuggi hecaphi §alLy ewa sudgigt sne rcieeptli hl il natr oy
VWwcor tipasgi Ol BayMwWERNPs ol uti on in dichl oromet
experiments under the same experi ment al con
oxidati on potentials were reprodatsblwer wit
referenced dgpafesenae Agl &dgtrode but the res
against theoumpdH=F¢H. 0 V) as reqydWhend by
decamet hyl ferrocene was used as an i nterne
potential was waFrcwHd iFbcyHd a d dii®iod BETfe cycl i c
voltammograms were taken asteeredpicabet wbe
cycvolkt ammogr ams, in which the signal patt

Finally, the wexgempirmertsaleddatna Mi crosoft EXxc

Crystall o@ragphyCh 0 d@EtFaS,f oMr =mdbH52 016 hgr hombi
Pnma= 0. 71a0-B3 2pH6 DbE2R 3 3ij2832(96)72¥E(2B73.51(8)
i3Z= faizse 1.6030=g 166% rmMm = Ulrlaén gke, i=2 53 .24
reflections coll e®Rt,®2d0. CGRABE), , 0i. DAReBple niemeR2t = (I
20(1) 1 . Singl@l weryesstalbsaiorfednhlewxadief fi indioona ocfhl
solution Cétoantt aK@88mpta were <collected with
Di ffractometer, with grlaphlite¢ci B0 VAOWBo mat iuzs
otcloat edc osonloecdk crystal s. The structure was s
by -mattix | eastesskpindr’@? procedur

Suppormnf ogmalt ¥l R speCzx €% ClopfCl lan €1 2i n
di chl or omet hanmedi@mp en divxa ihdaepditieeo dAelf Cnf r a
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INTRODUCTION

There is an enduring interest in the chemistrjeofocenyisubstituted homoand hetere
aromatics because such molecules can be regarded as model species for studying metal
metal electronic  interactigit'®16419519800,202203 £, thermore, these” -conjugated
organometallic compounds are qualified to design iafiee eletro-active

materi alSAEO,47,l47,20I'4208

For the investigation of electron transfer between metal atetastroctemical studies,
especially cyclic voltammetry (CV) ad square wave voltammetry (SW\§re most
common. In comparison with the high number of electrochemical studies on
organometallic compounds which are published to date, spectroelectrochemical
examinations have been reportathly sporadically. An example of ferrocenyl
functionalized aromatic compounds iexaferocenylbenzené?® Electrochemical studies
showed that this species can be oxidizechined separated redox eventg 462.8,132.2

and 222.4 mV, respectivefd®

Hexa(ferrocenythynyl)benzene derivatives were synthesized by Negis@i coupling
from ethynylferrocenes and;Brg, alsa®* Depending on the electrolyte counteriorl ahe
number of methyl substiemts on he ferrocenyl units, their cyclieoltammograms show a
single sixelectron response, three distinct telectron events, or a cascade of six single
electron waves. In contrast, aromatic heterocycles includind@3 & 150 mV) and 34
diferrocenylthiophene(aE® T 140 mV) as well as &diferrocenylpyridine exhibit weak
or nearly no observable mefaletal commauication if the two ferrocenylavere oxidized
simultaneously®***” Higher peak separations between first and secondoxidation

(a£° Y among symmetric ferrocenyl heteroarorosiave been reported in dBerrocenyl
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benzopjthiophene &E° & 280 mV) and 1,3liferrocenyl benzib]selenophenese® & 305
mV).»*® In addition, electrochemical studies were carried out oneazaenes with
pyridine or thiophene connectivities between the metallocenyl termasulting in

excellentzE? Yalues!®+?%°

Recently, we enriched the family of ferrocesybstituted Smembered heterocycles
including furan, thiophene, and-R:-pyrrols (R = Me, Ph) by the synthesis and
electrochemistry of seral di, tri- and tetraferrocenyl  derivatives
thereoft’1179.180.183,186,189.209.288y clic square wave and linear sweep voltammetgtioer
with in situ NIR spectrelectrochemistry highlight that these molecules display up to four
separated ektrochemical reversible oradectron transfer processes.
Spectroelectrochemistry confirmed that positive charges are localized on'tigeoEps

(Fc = ferrocenyl; Fe-CsH.)(d*-CsHs)) in the mixedvalent intemediates if no charge
transfer bands of significant strength could be detected.

In continuation of this work, we recentlpgecameinterested in the preparation of
ferrocenyl-functionalized oligeheter@romatics. We report here on the synthesis,
properties and electrochemical behavior of atropsom c¢ 3, héxafetrocényl, 5, 50
2 , -Bitbiophene.

RESULTS AND DISCUSSION
For the pr ep,ad @héxabdroceayR , -Athidplienedd3) two synthesis

methodologies were applieds shown in Schem@1, whereby the palladivwpromoted
NegishiC,C crosscoupling of 2Br-3,4,5Fc-°C4S (D1) with 2-ZnCl-3,4,5Fc-°C4S (D2)

can be considered askey step.2,3,4Triferrocenyl thiophen@® (C11) was reacted with
one equivalent ofBuLi to obtain the appropriate lithispecies, which on treatment with
[ZnCl,-2thf] shoud give the respective zincal® (SchemeD1). However, it appeared that
incomplete lithiation always occurred, even using different reaction conditions

(temperature, solvengxcess ofBulLi).

As a result,a more straightforward synthesis procedure was developed including the
formation of the organainc compound?2 from bromo thiophen®1, since this molecule
enables a selective brontithium exchange.Molecule D1 was accesble by the
consecutive reaction of 2,3tdferrocenylthiophene@11), prepared from 2,3;&ibromo
thiophene and feocenyl zinc chloridé>® with "BuLi and 1,1,2,2etrabromoethane in

tetrahydrofuran alow temperature (Scheme D1)ddition of "BuLi to thiopheneD1 and
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metathesis of the appropriatéhium intermediate with [ZnGI2thf] gave 2ZnClI-3,4,5
FC3-CC4S (D2)

Scheme [1. Consecutive synth e s i s o f -Bexalefocehyl-24 ,68itdopherée (D3).2
Fc

Fc

[0) Fe (i) Fe (ii)
[ >—pr — > | D—znci
Fc S Fc S
D1 D2

Fc

Fc
]f\g
S

Fc
c11

Fc= *?@ D2
Fe
< D3

2 Conditions: (i) Tetrahydrofuran;®1"BuLi, i 25 °C, 35 min; #: 1,1,2,2tetrabromoethane, 25 °C, 1 h. (ii)
Tetrahydrofuran; % "BuLi, 750 °C, 45 min; 2 [ZnCl,-2thf], 0 °C, 1 h. (iii) £* D1, 2" [Pd], 55 °C, 48 h
([Pd] = [PA(CHCMe,PBu,)(H-Cl)],). (iv) Tetrahydrofuran; St "BuLi, 725 °C, 35 min; 2 [ZnCl,-2thf], 0
°C, 1h.
Under NegishiC,C crosscoupling conditions, compounid2 was treated with an further
equivalent of thiophen®1 in presence of catalytic quantities of [Pd(CHe,P'Buy)(u-
C)],**?% (SchemeD1). After apropriate workup, bithiophened3 could be isolated as
an orange solid material imaverall yield of 18 % (Experimental Sectipaide infra).
ThiopheneD1 and bithiophen®3 are stable to air and moisture in the solid state as well

as in solutio.

They are less soluble in npolar solvents includingn-hexane, while in toluene,
dichloromethane and tetrahydrofuran they show gadal) er sufficient D3) solubility.

Both compounds have been characterized by elemental analysis, IR and (dynamic) NMR
(*H, *C{H}) spectroscopy. ESTOF mass spectrometry and singlgstal Xray
structure analysis D3) were additionally carried out. The electrochemical and

spectroelectrohemical properties dd1 andD3 were determined.

Less meaningful are the IR spectra®i and D3, since only absotmns typical for

ferrocenyl units and thiophene moieties evéound (Experimental Sectiorlh contrast to
thiophenesC11?*® and D1 (Experimental Section), the NMR spectra of bithioph&se

shov an unexpected signal patterRrom Figure D1 (left) it can be seen that the
cyclopentadienyl §Hs protons give rise to three singlets at 3.7, 4.2 and 4.4 ppm. In the

case of the gH, protons a total of 12 resonance signals are observed at 25 °Qy whic

differs from the expected six pseuttplets as characteristiofr AAO XXO spin sy

(Figure D). This observation can be ascribed wifth atropisomeric behavior B3 and is
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based on the hindered rotation along the thioplteiophene C,C axis. Successive

temperature rise to 105 °C resulted in an increasing rotation frequency (Bigure

—— 854 /850/850

105 ”
‘ —— 744 /745744

100

Ty - m
£ 90 ﬂ”lbm - L 257/256/257 %
o 80 I i -— — 117/117/118 B
2 70 ” | — — 61.2/63.9/64.1 Q@
5 60 ih\ — — 36.0/36.5/363 ©
2 50 b — — 21.2/213/21.3 &
8 40 b N — 116/11.8/114 =

30 u N 87 /87 /94 N

25 b 6.7 /6.6 /6.8

T T T T T T T T T T 1T T T T T T T T T T 1
46 44 42 40 3.8 46 44 42 40 3.8
Chemical Shift (ppm) Chemical Shift (ppm)

Figure D1. Left: '"H NMR spectra oD3 in the range of 3.6 and 4.8 ppm\atrious temperatures (toluene
Dg). Right: SimulatedH NMR spectra ofD3 with different exchange rates (separately for the ferrocenyl
protons in 3,36, 4,46 and 5,56 position).

The exchange rates could be determined bydhapefitting of the NMR spectra at the
appropriate temperatures (Figuil, right). The activation parameters of the inner
bithiopheneC,C bond rotation could be quantified from the exchange rates usingicgbph
methods according to Eyrirfg*?>° Values for the activation enthalppH = 54.3(4.0)
kdmol™* and activation entropgp %= 150.3(11.8) &™*mol™* could be deterined for the

rotation barrief>*?>N

Single crystals oD3 suitable for Xray diffraction analysis could be obtained by diffusion
of n-hexane into a toluene solution containid at ambient temperatur&ghe molecular
structure ofD3 in the solid state is shown in FiguB2. Important bond distances (A),
bond angles (°) and torsion angels (°) are summarized in the caption of BguFer

crystal and structure refinement data see Experimental Séditiieninfra).

BithiopheneD3 crystallizesin the triclinic space groupp as orange plates. The-rgy
structure analysis shows that the bithiophene core unit is not coplanar, since a torsion angle
of 61.4(1)° was observed between the thiophene mean planes. This differs from other
bithiophene sy shisdamgcenyetisynyla, -Bithiophebe, dnd R-5 0

SCN2 , -Bithiophene (R = Br, SCN), respectiv}’®’ The ferrocenyl substituents are
rotated by 54.73(9) (Fel), 50.61(13) (Fe2), 56.68(1F) (Fe3), 57.68(1F) (Fe4),
39.85@1) (Fe5) and 53.75(10)° (Fe6) eot-plane of the thiophene units. Both facts
indicate a overstrained molecule geometry B8. However, the inner C6€68 bond with

1.456(4) A corresponds to typical distances found for similar species and oligé*aryls.

N Standarcerroris given in parentheses.
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The thiophene core bond lengths (Fighx2) show delocaliation with distances between
Ci C/Ci S single and C=@=S double bonds?

c17 N ?18
C39 c13 A\ -
% @3"0 @ 2 ciz R\ Fe2 @019
ce QD casl oz g%;w&\m/“ 4
ca7 @3 g @ ct @F_)
z) ) C28, 0% C22 C20
Fed S ca1 Z)
c34 3ol ( Fe3 cez/ C1' “eis
\
; @035 A\ cog @C27 (g @D
= c31 )
osz@ N\ @)ce4 Q< o c2
®ces D% o @} P
ces - S @]@03
@ ’@Cfﬂ S1 @CGO C4
car7 C46 Cc42 C57X)) 7 Fet
@ @ X—Qoa \%\651055 a ;AC59
cas. oy o5%) ® Fe6 csé@“ @/ ce c7
, X
Q 0 Qcaz $O*5 = =B
/50 Y % clo &%
[ & caa c53 Bcsa co

C49

Figure D2. ORTEP diagram (50 % probability levedf the molecular structure dd3-1.5C;Hg with the
atomnumbering schemell hydrogen atoms and 1.5 molecules of toluene have been omitted for clarity.
Selected bond distances (A), angles (°) and torsion angels (¥c68%4.456(4), ST61 1.723(3), ST64
1.720(3), C61C62 1.368(4), C6L£63 1.449(4), C6&E64 1.374(4), SE651.715(3), SAC68 1.727(3), C65
C66 1.382(4), C6€&67 1.450(4), C6L68 1.382(4), CL61 1.475(4), C1L62 1.481(4), C2L63
1.478(4), C31C65 1.477(4), C41L66 1.484(4), C51C67 1.481(4); DIFel 1.6573(6), D2Fel 1.6453(6),
D1-Fe2 1.6473(5), D2ZFe2 1.648(5), D1-Fe3 1.6488(4), DFe3 1.6552(4), DFed 1.6550(6), DFed
1.6500(6), DiFe5 1.6559(4), DFe5 1.6470(4), DFe6 1.6596(4), DFe6 1.6610(4); C6&64S1
118.5(2), C6451-C61 93.24(14), C64€68S2 1181(2), C6552-C68 93.44(14), DFelD2 178.86(4)D1-
Fe2D2 176.93(4), DIFe3D2 174.56(4), DiFe4D2 176.23(4), DIFe5D2 178.76(3), DiFe6D2
175.75(4); SAC64-C68-S2 116.7(2), C6&64-C68C67 119.5(5); D denotes the centroids of the
corresponding cyclopentadienyl rings (D1 sHg, D2 = GH,).

The ferr@wenyl cyclopentadienyl rings are rotated by 20.7@el),13.0(3y (Fe2),i

2.5(3f (Fe3), 4.9(3) (Fed),15.4(2y (Fe5)andi 12.2(2)° (Fe6) to each othererifying
almost eclipsed conformations, whereas the rotation in Fel is well described with a
staggered arrangement. Moreover, TheDFdistances of the ferrocenyl termini do not
show significant differences (Figui®2). The FeCiys, distances (FeC1l 2.69(3), Fe2

C11 2.065(3), Fe®21 2.085(3), Fe€31 2.086(3), Fe&41 2.071(3)and Fe€&C51
2.082(3) A) are elongated, in comparison to the othelCdsgs bonds. A similar
observation has been made $65FcS 12 (d°-CsFcs)Mn(CO),**? CsHF s and GF .22

The calculation of the mean plane of the tivmphene units reveals these fimembered
heterocycles to be planar (S1, G@6&4: rms deviation from planarity 0.0128 A; highest
deviation from planarity calculated for atom C61 with0169(16) A; S2, C6&£68: rms
deviation from planarity 0.0168 A; highest deviation from planarity calculated for atom
C65 with 0.0235(15) A). A similar behavior was found $65Fc,S %2
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The redox properties @1 andD3 were studied by cycligoltammetry (CV), square wave
voltammetry EWV) (FigureD3) and U\Vis-NIR spectroelectrochemistriFigure D4).
As supporting electrolyte dichloromethane and anisole solutions"BLUENB(CeFs)4] (0.1
M) were used>*®The cyclic voltammetrystudies were carried oat scan rates of 100
and 200 m\¢®, the corresponding da&re summarized in TabiB1. All potentials are
referencedagainst FcH/FcH(FcH = Fe@-CsHs),) as suggested by IUPAZ? The cyclic
voltammogram oD1 shows three separated ferrocerglated oxidation halfeactions in
the anodic sweep and reduction halactions in the cathodic CV sweep (Figlr@, left
top, and Tabl®1).

Table D1. Cyclic voltammetry data (potentialsvs FcH/FcH") of 1.0 mmolL™ (sat.) solutions of D1 and

D3 in dry dichloromethane and anisole containing 0.1 molL™ of [N"Bu,][B(C¢Fs), as supporting
electrolyte at 25 °Cand 100 °C,respectively.

E° faE JaE” {mV]?

Compd. Solvent «[°C] Wave (no.)
(1) (2) (3) (4) (5)
D1 CHJCI, 25 -103/74  135/70/238 484/68/349
D3 CH.CI, 25 -108/123 279/78/387 489/80/210 623/79/134 775/64/152

D3 CeHsOCHs 25 -131/102  260/79/391 471/82/211 569/86/98
D3 CeHsOCHs 100 -165/156 261/74/426 491/78/230 651/71/160 800/78/149

2 Formal potential E°}. Difference between the oxidatiof,f) and reduction K, peak potential £E,).
Redox separation between the formal itmsed redox eventsft® & E° 2)1 E° £1)).

The firstredox event occurs & %1103 mV, thesecondat 135 mV and théhird wave at

484 mV. Each of the three ferrocenyls ses@av r ever si bl e el ectrochem

#E,0 74 mV). The squar Blisaswydepictedih Figa@8r\widr a m

its better resolution it confirms three separated -sldiped onelectron processes
indicating a good interaction betweeretferrocenyl terminiThe separation between the
first andsecond wave isE® & 238 mV, whileaE® & 349 mV is typical for the difference
of thesecondandthird redox processlhus, diring a subsequent oxidation process, mixed

valent intermediate®1" andD1** are formed (Figur®4).

The cyclic and square wave voltammogsanh D1 differ in the potential values of the
individual redox processes fro@il1, which is attributed to the various substituefvisie
suprd.®®® As it can be seen from FigurB3, the cyclic voltammogram ofD3 in
dichloromethane (bottom, leftlutilizing [N"Bug][B(CeFs)s] as supporting electrolyte
exhibits five ferrocenytelated redox events at 25 °C (for data see Tafile It is obvious

that thefirst wave contains two redox processes close together.
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Figure D3. Left (top): CV (scan rate: 100 ns¥, left ordinate) and WV (0.5 Hz, right ordinate) ob1 in
dichloromethanesolution (1.0 mN at 25 °C, supporting electrolgt [N'Bug][B(CeFs)s] (0.1 M). Left
(bottom): CV (scan rate: 200 m\¢’, left ordinate) and SWV (0.5 Hz, right ordinate) B3 in
dichloromethane solution (sat.) at 25 °C, supporting electroliBU[B(CsFs)4] (0.1 M). Right: CV (scan
rate: 100 m\¢?, left ordinate) and SWV (1 Hz, right ordinate)®8 in anisole solutions (1.0 mMat 25 °C
(top) and at 100 °C (bottom), supporting electrolyt8g][B(CsFs)4] (0.1 M). For cyclicvoltammety data
see Tabld1, abbreviations arexplained in context.

The observed current decrease of theeslox wave can be explained pabiy with a less
solubility of D3* in dichloromethane. Anisole was chosen as further solvent because of
the better solubility oD3 in this medium. The CV measured in anisole at 25 °C (Figure
D3; topright) reveals with its formally four redox events a different behavior, which is also
most probably attributed to a strong adsorptio8t" onto the electrode and as a result
the lackof the @ redox event\(ide supra?**?*°To prove his issue, electrochemical
experiments onD3 were carried outat 100 °C (FigureD3; bottom, right) The
corresponding cycligoltammogram offera similar shape as observed in dichloromethane
with five waves aE® & i 165, 261, 491, 651, and 800 mV as welkd values between

71 and 78nV according to onelectron processes. However, thist redox event shows a
peak separatioess, of 156 mV (TableD1), indicatingthat this wave corresponds to two
redox events close togethevide suprd. Deconvolution of the SWV confirms this
observation, whereas the superposition (DEC SUM) of all processsssts of six one
electron redox events (Gauss) and the increasing background current (background) at the

anodic end of the electrochemical window (FigD&).

In order to get more insight into the oxidation procesDtfand D3 we carried out

spectroelectrochemical studies by the stepwise increase of the poterdglAgCl in an
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OTTLE (= Optically Transparent Thin Layer Electrochemigti)cell by using
dichloromethane [§1) or anisole D3) solutions and [RBuy][B(CsFs)s] as supporting
electrolyte. This procedure allows timesitu generation 0D1™ (n = 1, 2, 3) and3"™ (n =

17 6) (FigureD4). Compound®D1 andD3 do not contain, as expected, any absorptions in
the NIR range (Figur®4). In catrast, the spectra of moecationicD1" and dicationic
D1?* show characteristic absorptions for mixetent systems (Fe(ll)/Fe(lll)).
Deconvolution of the NIR absorptisof D1* and D1** was achieved using three distinct

overlapping transitions with Gaussian shapes (Fipdretop and middle).

Figure D4. UV-Vis-NIR spectra oD1 (left, right top and middle) anD3 (right bottom) at rising potentials:
1500 to 200 mV (left top), 175 to 400 mV (left middle), 325 to 1000 mV (left bottompfioandi 500 to
1100 mV forD3 vs Ag/AgCI at 25 °C in dichloromethaneD() or anisole D3), supporting electrolyte
[N"Bug][B(CeFs)4] (0.1 M). Expanded spectra (right top and middle) display the deconvolution of NIR
absorptions at 200 mV (top) and 400 mV (middle) during the successive oxidatidt (fashed line
indicate IVCT absorptions, dotted line corresponds to absorptions chysettractions between ligand and
metal as welas ligand field transition}® Arrows indicate increasing or decreasing as well as shifting
absorptions.

The fits are good enough to allow an aéhexact overlay of the sum of the spectral
components with the experimental spectra. During the generati@i’of weak low
energy absorption at 1450 nrgh{x = 210 Lmol'cm™, ¢ 1o = 6367 cnit) was observed,

which is attributed to an IVCT transitioft. is already known that such class Il ®&yms
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