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Abstract

Electron transfer reactions are fundamental for biological proc&ises.he investigation

of such processes in viveeecomplicated or sometimes impossibieodel complexes for
biological system have been developed as a valuable tool. The investigation of electron
transfer proesses via the use of ferrocetezivatives provides insight intbeinfluenceof

the bridging urtifor therate of electron transfeincorporation of aymmetric bridgesuch

as carboxamidesprovides a model for proteinenvironmentsand have been studied
thoroughly The thioamide astructurallyrelated bridging unjthowever, has notyet been
explaredwith respecto electron transfer abilities.

In this study,N-Ferrocenyl substituted thioamides a@sily preparedrom the parent
carboxamidesby the use of Lawess@n reagent (2,4-bis(p-methoxyphenyhl,3
dithiaphosphetang,4-disulfide) Remarkablythe rotational barrier of the thioamides is
high enough to obsentZ isomerism in solution. IR and NMR spectroscopy give insight
into the hydrogen bonding motif of the thioamides, as well asébendary structure. The
mixedvalent compounds of dinuclear complexes emeestigatedby electrochemical
measuremest as well as UV/Vis and EPR spectroscopy. The electronic coughpds
calculated and compared to the parent carboxamides.

The reaction pathways of ferrocenium compasiin he presence @& nornucleophilic
base arestudied by means of spin trapping techngjdene formation of carbon centered
ferrocenyl radicals is reported and the location of the unpaired spin in the ferrocenyl
radicals could be determined. This dstugives insight into the reaction &rrocenyl
radicalsandstabilizing effects othemas aplausiblemode of action for ferrocene based
(pro-)drugs.

Besides the generation of radicalderrocenyl substituted thioamides show a second
reactivity upon oidation and deprotonation. A multistep reaction sequence leads to the
formaion of a noveN,Sheterocycle, which initiatedligomerization Intermediates of this
sequence includeparamagnetic piano stool like complexes with d*-coordinated
cyclopentadienytings, as well as super electrophilic ferrocenyl ketenimine cafiomsed
by elimination ofhydrogen sulfideA reaction mechanism is proposedaupported by
massspectrometry, EPR and NMR spectroscopy and DFT calculations. This work is crucial

for polymeic materialswith CN-backboneandheterocycliacchemistry.






Kurzzusammenfassung

Fur biologische Systemast Elektronentransferin fundamentaler Prozesfa die
Untersuchung solcher Prozesse in vivo kompliziert und oft unmoéglich ist, wurden
Modellkomplexefiir biologische Systeme als niitzliches Werkzeugleren Erforschung
entwickelt.Die Untersuchung von ElektronentransderFerroenderivaten liefert Einsicht
Uber den Einfluss der verbrickenden Gruppen auf die Geschwindigkeit des
Elektronentransfar Asymmetrisch verbrickende Gruppen, wie Carboxamide, welche ein
Modell fiur Proteinumgebungen darstellen, wurden grindlich untersucht. Thioamide
hingegen, die in ihregeometrischerstruktur &hnlich sind, wurden bisher noch nicht im
Hinblick auf ihre Elekronentransfereingenschafterforscht

In dieser Studie wird eine einfache Synthé&&€errocenyl substituierte Thioamide
durch den Einsatz von Lawessons Reagenz (24s(p-methoxyphenyl1,3
dithiaphospheta®2,4-disulid) aus de entsprechenden Carboxammdéerichtet Die
Rotationsbarriere von Thioamiden ist bemerkenswerterweise grol3 gen&gZ-lsomere
in Losung beobachten zu kénnen. IR und NMR Spektroskopie geben hierbei Aufschluss
Uber das Motiv der Wasserstdffickenbindungenin Thioamiden sowie deren
SekundéarstruktuDie gemischivalenten Verbindungender dinukkearen Komplexeverden
mittels dektrochemischerMessungen, UV/i6-Spektroskopieund ESRSpektroskopie
untersucht. Br elektronische Kopplungsparameké wird bestimmt und mit dender
entsprechenden Carboxamide verglichen.

Die Reaktionswege von Ferroceniumverbindungen in Anwesenheit niont
nukleophilenBa s e n werden-Tmappiehgn A®pHildngswm ht .
kohlenstoffzentrierten Ferrocenylradikalenwird untersucht und die Position des
ungepaarte Elektrons bestimmt Diese Forschungsarbeit gibt Aufschludtber die
Reaktivitatundmaogliche sthilisierende Effekteron Ferrocenylradikalelies konntesine
maogliche Erklarung fur digVirkungsweise von ferrocenbasimtMedikamentersein

Bei Deprotonierung und Oxidation zeigBiAferrocenyl substituiert&hioamideneben
der Bildung von Radikalereine zusatzliche ReaktivitditDurch ene mehrstufige
ReaktionsfolgeentstehemeuartigeN,S-Heterocyclen, welch®ligomerisationsreaktionen
einleiten kdnnen Zwischenprodukte dies Reaktionsfolge beinhaltgmaramagnetische
klavierstuhlartige Komplexe mitj*-koordinierten Cyclopentadienylringen, sowie ein

aulRerst elektrophiles Ferroceksgtenimirkation, welche durch die Eliminierung von



Schwefelwasserstontsteht Es wird én Reaktionmnechanismugpostuliert und anhand
von Massenspektrometrie, ESpektroskopie, NMRSpektroskopie und DFT
Rechnungen belegt. Diese Arbeit &stf3ert wichtig im Hinblick auf @ymereMaterialen
und die Chemie vondterocyclischen Verbindungen.
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fur die Mdoglichkeit an diesem komplexen Thema zu arbeiten, die wissenschatftliche
Betreuungund fruchtbaren Diskussionen, sowie #ienutigungdort weiterzu forschen,

wo andere langst aufgegeben hatten.






Damit das Mogliche entsteht, muss immer wieder das

Unmadgliche versucht werden.

Hermann Hesse, Brief an Wilhelm Gundert

Every member ithe Brown [Ajah]seeks to produce something lastiRgsearch or study

that will bemeaningful Other often accuse us of ignoring the world around us. They think

we only look backward. Well, that is inaccurate. If we are distracted, it is because we look
forward, towardtb se who wil |l come. And the informat
leave it for them. The other Ajahs worry about making today better, we yearn to make

tomorrow better.
Robert Jordan, The Wheel of Time, The Gathering Storm
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Abbreviations

Abbreviations

b angle between Cp ringaneand substituent bond
u chemical shift in NMR spectroscopy

Q difference descriptor

U Molar extinction coefficient

d tilt between two Cp rings

=3 wavelength

=3 Marcus reorganization energy

M micro

' wavenumber

G electronegativity

¥ Angle along the pseudGs axis in ferrocene
A hyperfine coupling constant

a.u arbitrary unitsor atomic units

Ac acetyl

Ala alanine

Ar aryl

B magnetic field

Boc tert-butyloxycarbonyl

'‘Bu tert-butyl

calcd. calculated

cat. catalyst

CD circular dichroism

Cp Cyclopentadienyl€sHs)

Cp* Pentamethytyclopentdienyl (eMes)

Cv Cyclic voltammetry

Cw Continuous wave

d doublet

DCM Dichloromethane

DDQ 2,3Dichloro-5,6-dicyanal,4-benzoquinone
DEPMPO 5-(diethoxyphosphoryip-methyl1-pyrroline-N-oxide
DFT density functional theory

DIPEA di-iso-propyl amine



Abbreviations

DMF
DMSO
DPPH

E
EPR
ER
ES

Et

ET
exp

F

Fc
FD(-MS)
Fmoc
Fn

g

G

G

Gly
GS

dimethylformamide
dimethylsulfoxide
2,2-diphenyl-1-picrylhydrazyl
doublet of quartet

energy

half wave potential

electron paramagnetic resonance
estrogen receptor

excited state

ethyl

electron transfer

experimental

Farraday constant

ferrocenyl Fe (d>CsHs)(d> CsHa)]
field desorption (mass spectrometry)
fluorenylmethyloxycarbonyl
[Fe(d>CsHa)(d>CsHa)]

g-factor

free energy

Gauss

glycine

ground state

hour

electronic couplingconstant
hyperfine coupling constant
highest occupied molecular orbital
nuclear spin

intramolecular hydrogenond
infrared

intervalence charge transfer
kelvin

rate of electron transfer
Boltzmann constant
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LUMO lowest unoccupied molecular orbital
M molar

m.p. melting point

Me methyl

min minute

MNP 2-methyl2-nitrosopropane

mT millitesla

ND nitrosodurene

NIR near infrared

"J coupling constant (NMRspectroscopy)
NMR nuclear magnetic resonance

NOB nitrosobenzene

NOESY nuclear Overhauser effect spectroscopy

P.'Bu tert-butylimino-tris(dimethylamino)phsphorane
PBN N-tert-butyl nitrone

PCET proton coupled electron transfer
Ph Phenyl CeHs

PhNO nitrosobenzene

pKa decadic logarithm of acid constant
ppm Parts per million

pt pseudo triplet

g charge

R gas constant

r.t. room temperature

Rag distance between A and B

ROS reactive oxygen species

S electron spin

S singlet

SOMO singly occupied molecular orbital
SWV square wave voltammetry

TFA trifluoracetic acid

THF tetrahydrofuran

Trp tryptophan
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Mixed-Valence and Electron Tmafer

1 Introduction

Iron isbelievedt 0 make up about 32% of tTHishighart hods
amount is largly attributed to the fact, that the inner core of the earth is believed to consist
entirely of an iromnickel alloy, while the concentration in the crust of the earthushm
lower® Iron is the most used metal with a stock of 2200 kg per capita andotieere
essential for humasociety!? But iron is not only essential for human society, but for life
itself. It is found in a variety of bioinorganic compounfis examplein hemoglobif!,
myoglobin¥, cytochrome P4582, in iron-sulfur cluster§-34land ferritin{*516l

The desire to understand biolcgl systems, such #se previously ones mentionddd
to synthesis and analysis of a variety of biomimetic model compl&%&$in the field of
study regarding biological systeramajor subject is electron transfer, whichngortant
in many biological processd& 3 While the theoretical foundation has been laid by
Marcus and Hudf344% for practical studigsmixed-valent compoundsespecially
ferrocenebased compund$iave show to be a valuable todbr the study of electron
transfer This led tothe exploratiorof symmetrially bridgedmixed-valent compoungé”

45l while studiesof asymmetrically bridged systesarestill scarcd?3:48 4]

Ferrocene has not only provembe valuable in the study of electron transfer. Since its
discovery in 195%% and itsstructure determination shortly theredftéy ferrocene has
been a fertile field of research. This is attributed to its high stability, reversible redox
behavior aneéasyaccess tderivatives bearing functional groups. Current research focuses
amongst othersn ferrocenyl containingpolymer$? 54 and pharmaceutical compounds
such as anticancer medicatfotr® antimalarial medicatigR”®° vasorelaxant&!! and
antibioticg®l,

With respect toantibiotic activity a poly thioamide extracted fro@lostridium
cellulolyticum showed remarkable activitpgainst multiresistant staphyloco&gi. In
biological systemghethioamide linkage is vemare. Only fivenatural products hauseen
found containing thioamide units and one is believed to be a product of decomp#sition.
%8 This fact is very favorabléor the use of thioamide linkagae medicatim, because it
provides greater stability against proteolytic degradation and improved absorption,

distribution, metabolism and excretion properttég!!
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All this proves that iron and especially ferrocene is a fascinating field of research,
providing new insights and applications, whigdm only be more exciting lifie addition

of thioamide units, pening a horn of plenty for futuseientists

1.1 Mixed-Valence and Electron Transfer

Redoxreactions are one of the most fundamental reactions in chemistry. These involve per
definition the xidation of one om or molecule and therefore theduction of another
atom or molecule, in gt an electrons transferredrom one to the other. Whileedox
reactiors havebeencommonly usedince even beforehemistry itself was establishetle
research andinderstanding of the electron transfer prodasgiew of mechanism and
kinetics only arted in the late 1940%]

Since electron tranef (ET) is such a fundamental procesise knowledge abolET
affecteda variety of research figs. In the biologcal field, ET contributedto clarify the
nature of intraprotein electron transfand hence reaction rate$ the forward and
backward reactioH? Future applications originating from electron transfer considerations
are proceses which requiréast electron transfer (molecular wirésy* or preventback

electron transfer reactiqmolecular diodesjye sensitized solar kg photoatalysid.[”™
78]

1.1.1 Marcus Theory T Diabatic Approach

R. A. Marcus made the first approach to quantitative description of electron transfer
reactions.While the heory was first developed to describelf-exchange reactionsee
Equation(1), it was found, that the theory is applicabbeelectron transfer reactions

general3+3l

"0Q "0Q © "0Q 00 ()

The startingpoint of the theory isthat redoxreactionscan be described as a motion of
atoms on a potential energy surfg¢seeFigurel). Theatoms included in this motion are
the ones of the reactisnas well as the atoms of the solvent molecules surrounding them
and can be described by the nuclear coordid#t#8 The transition from the reactants to

the productspasesa saddle point on this energy surface and can only occur if the system
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has enough energf¥he same is true faall electrontransfer reactions, if the electronic

interaction between the two reactants is relatively weak

Potential Energy U

Nuclear Coordinates

Figure 1. Profile of the real potential energy surface(red) and simplified

profiles (black) for a redox reaction.

The basicprinciple of the theory is, that while thermal electron transfer occurs, the
coordinates of the nuclei do not change, as it is for an optical elecamsfetr (Frank
Condonprinciple). Becausefe@nergy conservatioelectron transfer can only occur at the
saddé point of the energy surface and therefore fluctuations of atdowies have to
occur, to fulfill thesecriteria®+3"]

This rather complex energy diagradepending on nuclear motida,simplified bytwo
approximationsOne is the assumption that the energy change for motion of the teactan
atoms can be approximated by a harmonic oscillator potential. The secondondiid i ne ar
response approximationo, which states, that
electron transfer) leads to a proportional change in the polarizatitive afolvent.This
results in free energy curves for the reactardar@ products g shown inFigure2, which
are simple quadratic functions of ogeneral reaction coordindté With these simple
energy diagrams mind, the formulas resulting from Marg theory areasily understood.
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optical
ET

optical
ET
E=AG '+ A

A=A + 4
o

thermal
ET

Reaction Coordinate Reaction Coordinate

Figure 2. Diabatic free energy surface for electron transfer for a)
degenerate states and h)ondegenerate states and the possible pathway:

for electron transfer (optical and thermal).

The rate constant for thermal electron tfanss given by Equatio(2), an Arrheniudike
equation, wher®G' is the activationbarrierandA is determined by whether the electron
transfer igntramolecular or intenolecular.DGY itself is given by Equatio(B). DG is the
standard free energy of the reaction and differentiates two fmasglectron transfeiThe
first case forDG® = 0 and thereforalegenerate states atite second case f@G° , 0

resulting in nondegenerate statéss the reorganization energy of the system.

P yo @
0220w

y ae)

Yo ? == ©)

As appaent from the free energy surfaces, there are tpassible electron transfer
pathways. The thermal one, which was explained begfiona@elingand the optical electron
transfer which will now bedisclosed For the case of degenerate states, the optical
excitation energy equals the reorganization term. This leads to the understanding, that the

reorganization energy equals the energy that is liberated by rearrangement of the system
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after an opticaklectron transfer, to yield the new relaxed geometry. This reorganization
can be divided into to two basic terms. One is the inner reorganization €nengynely

the energy arising from the displacement of the product nuclei and one is the outer
reorganzation energy o, namely the energy to reorient the solvent molecules surrounding
the product®”!

In case of nordegenerate states the opticalcieation energy equals the sum of
reorganization energy and the standard free er@@jy Therelation of/ andDG® has a
direct effect orDG’, whichcanbe visualized for three differerglations, se€igure3. For
DG° = 0 the activation barrieDG’ is at its maximum (Marcusormal region). Vith
decreasing standard enthalpy, the activation batdereasesntil DG° =11, whereDG’
is zero For further decreasing standard enthalp&® > 71, the activation barrier rises
again. Tls regime is called the Marciisverted region. Gmbined with Equatiof2), this
means that the electrons transfer rate first increases for greater valX@y td a point
where it reachea maximum rate and then agdiecomeslower, if the reaction becomes

more exthermict®”]

AG

0 1
Reaction Coordinate

Figure 3. Free energy curves for different values obG°.

While Marcustheory in general leads to good quantitative resaltsajor dravback of this
theory is, that it is strictly speaking only ajgpble to systeswith very weakelectronic

interactions (asstated in the premises of thkebry). For systems with a significant
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electronic coupling e.g. intramolecular electron transfertie@; a more sophisticated
approach was made by Hush, who extended the Mdicesry towards strongly

interacting systems’!

1.1.2 Marcus-Hush Theory T Adiabatic Approach

The MarcusHush teory applies when electronic communication between two redox sites
is greater than the thermal energyT. In this adiabatic approach the electronic
communication is quantified by the electron couplithg. Coupling of the two diabatic

free energy curves for the reactants and products known from the previously discussed
MarcusTheory viaHag leads to the curves depictedkigure4. The free energy curves
show a double minimum in the adiabatic ground state and a single minimum for the excited
state. The energy separation between the gré@sjand excited statéES) is exactly 2

Has for both the degenerate and ribegerrate case.

optical optical
ET ET

/‘.=/VU+/LJ

thermal

Reaction Coordinate Reaction Coordinate

Figure 4. Free energy curves for adiahtic treatment for a) degenerae states and

b) non-degenerate states.

In the adiabatic case the term for the activation free ene@jyis not easyto obtain,
because of the fatthat the electronic coupling leads to a stabilization of the minima of the
curve.What basically is done is formulating a term for free enefgh® transition state
and the reactant minimum dependingHie andDGP (becausehe terms fothe reaction

coordinateare as well depending dtwg andDG?). The difference of thes®vo energies
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equals thdree energyof activationDG’.[” The formula for degenerate states is given in
Equation (4), the formula for netregenerate states in Equation (5).
¢O

T

AYe] (4)

oo - — — 0 ()

1.1.3 Mixed-valent Compounds

The term mixeevalent was for the first timesedby Klotz et al for a Ci/Cu'-Komplex!8%

In generala mixedvalentsystemis considered whetwo or moreredoxactive siteoccur

in different oxidation state©ne of the most famous compounds showing this behavior is
the CreutZTaubelon I, seeFigure5. It was first reported irl969 andincorporaés two
rutheniumredox centers bridged by a pyrazine ligand and saturated by five ammonia
ligands per centelhe molecule has an overallariye of5+, leading to eitheRu"' and RU/'
centes or an averaged oxidation state of 831 This compound was used to intensively
study electron transfer for the next thirty yeahs$.the same tira the frst ferrocene
containing mixeevalent compound wasublished by Cowaet al, biferoceniumll with

an overall charge df+ and therefore either an 'Fand Fé&' center or a formal oxidation

state of +2.5 for both centéfé8!

1+
5+

Il =\ ]

H3N)sRu—N N—Ru(NH
(H3N)s . (NH3)s = ot

Figure 5. Creutz-Taube-lon | and biferrocenium II

In the late 196QRobin and Dayclassifiedmixed-valent compoundand identifiedthree
classes of mixedtalent compound$€? Class I,without anyelectronic couplingClass I

with medium electronic coupling and Class Wjth strongly coupledcenters The
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differenceclarified by comparinghe electronic couplinglag is compared to the Marcus
reorganization energy as deronstrated irTable 1.3l

In Figure 6, the free energy surfasdor dassl, Il and Il are shown. Forlass | no
electronic coupling is observed. The energy diagram shows two distinct curves for the
ground states with no crosgirpoint and two strictly separated minima. Therefore the
Marcus reorganization energy depicted is meoélgheoretical kind. No electron transfer

can occur optically or thermally between the two redox centers.

Robin-Day-Class Electronic Coupling
I O T
Il mnm ¢O _
I o _

Table 1. Electronic coupling for the three Robin Day classes.

Class I, whichfeatures an electronic couplirggnallerthan he Marcus reorganization
energy is described by @ouble minimum in the electronic ground state O{° is
significantly smaller thar, vide supra) and optical and thermal electron transfer is possible
for this compounds With increasingDG® the energyrequiredfor the optical electron
transfer and thactivation energy for the thermal electron transfereasesis well. IfDG°
is on the order of the double minimum vanishes and only one minimum persists
thermal electron transfer is not possible anymore and an optical excitation does not lead to
a dharge transfer from one center to the other, becauselth@tionconverges to the same
state as beforthe optical excitation

Class llIfeatureslectronic couplindias at least as big a§ the adiabatic ground state
shows asingle minimum for thelegenerate case. Thmpairedelectron is completely
delocalized between the two redox centégtical excitations are still possible, but do not
lead to charge transfer, because the excited state is delocalized over both redox centers as
well, leading © no change in dipole moment. This concludes to the factatti@scription
of neither opticahor thermalelectron transfeis meaningful
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a)
AG class |
A
| L | |
0 1
Reaction Coordinate
c)
AG class Il
L | b L |
0 1
Reaction Coordinate
f)
AG class Il

Reaction Coordinate

Figure 6. Diabatic and adiabatic free energy curves for classlll with a),

c) and f)degenerate and b), d), e) and g) nedegenerate states.

d)
AG

e)
AG

class |

E=AG+ A

Reaction Coordinate

class Il
ES
=AG + A
M,

GS GUI
| | u L |
0 1

Reaction Coordinate
2Hee ]
n L L]

0 1
Reaction Coordinate

Nt
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In the case of nodegenerate states the distinction between Class Il and Class Il is

difficult, because there is still a double minimum in the ground state with a very small

thermal activation lraier. This leads to the observation, that the classification of the system

is dependent on the time scale applied to the systamm hasan effect on the analyat
methodapplied, for ach spectroscopic method has its own time scale {.&.4.fr opical

transitions, 10'*1 10 2 sfor vibrational spectroscopy, 10s for Méssbauer spectroscopy,

108 s for EPR spectroscopy, fa 108 s for NMR spectroscopy. Systems with tiseale

dependent class assignment lkmss 1l or Il are therefore oftesummarie d i n a #Afourt

class, namelylassll/II1. 4]

1.1.4 Optical Transitions, Band Shapesand Determination of
Has

The optical transition aflass Il systersis called intervalence charge transfer b@NeT).

It is often located at small energiesgo in the near IR in optical spectroscopy. The shape
of the band is that of a Gaussian cun&seen irFigure 25. The shape originates from
Boltzmann distributed vibrational states which are occupiedorL "Q“Y The most
probable transition in this setup the one from the lowest vibrational state of the ground
state to the excited state with the sarnerdinates (and thereforevibrational excited
state). The energy of this transitisrthe Marcus reorganization energplus the standard
free energy of the reactiap® and thereforalirectly correlated to the maximum of the
IVCT band as shown in Equati@é).

’ WO (6)

The optical transitions aflass Ill systeraare also oftecharge resonance bands (GRyl
appear in the same region of the optical spectrum as the IVCT bands of Class Il system
The band shape is strongly asymmetamparable to a Gaussian band shape with a cutoff
at Hag, which is the lowest energy for optical transition. The maximum of the IVCT band
is still related to the Marcus reorganization enefrglgut additionally Bias can directly be

receivedirom the cutof of the spectrunf®

10
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Reaction Coordinate Reaction Coordinate

Figure 7. Origin of the band shape fora) class Il and b) classll | systems.

One of the most importartterivations of the Marcullush heory is the possibility to
extract thevalue ofHas through band shaalysis of the IVCT band. Folass lIsystems
Has is given byEquation(7). In this Equation is the energy of the maximum of the
IVCT band in cm?, - is the extinction coefficient at the maximumd, g equals the

bandwiith at half height irem' 2, andRag is the charge transfer distaniceA.

- g 8
Y

O T8 ¢ T+ @)

For use of Equatiov) Rag is often set as the distance between the two redox sites, because
the actual effective charge transfer distance is very difficult to measure experim@ngally

by means ofStark spectsscopy. Thisin generaleads to a overestimation oRag and an
underestimation dflag.® For strongly coupledystems i.e. kass Il Equatior(8) is valid,

whereHag is given by half the energy of the maximum of the transition band.

0 @ — (8)

1.1.5 Half-Wave Potential $litting in Mixed -valent Systems

The above mentiongtiermodynamictabilizationof mixedvalent compounds has a large
impact on the electroch@cal analysis of theseompounds. As apparent from Equation

(10) the potential splittindetween the first oxidation to the mixgdlent compound and

11
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subsequent oxidatio¥O, is dependent on the comproportionation constant of the

compounds. Therefore the halive potential splitting is directly correlated to the free

energychangeof the system YO upon oxidatiorby Equation(11).

00 °©00 ©¢bod 9)
y

. 19

YO ¢ WOy (12)

The free energy change results from five contributions to the term. The statistical
contributionY"O , which accounts for 36 m¥nd arises from the fadhat the mixed
valent system is statistically favored in comparison to isovalent compoumelsdictive
contributionY"O , which arises from theact, that a change dlie oxidation state of one
metal center affects the bondinglay of the bridging ligand and therefore alters the redox
potential of the second metal centdrmagnetic exchangeontribution Y'O , which is
essentially proportional to the antiferromagnetic exchange term. The electrostatic
contributionY"O , which expresses that adding a second charge to an already charged
molecule requires more energind last there is theesonanceontributionY"O , due to
theresonance stabilization of theixed-valent compounds.

While it is obvious, that some contributions to the free energy chandeherefore to
the halfwave potential splittingare rather small and constant, others may contribute
significantly fora certain system so that a great ha#ve potential splitting may serve as
an indicator for electronic coupling in mixedlent systems, but cannot be used to quantify
the electronicoupling by any mearf&!

o

Yo YO Yo YO YO YO (12)
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1.1.6 Electron Transfer in Ferrocene GCompounds

Ferrocene compounds have besed since the 1970s to studixedvalent behavior and
electron transféf?8 These studies have led to interesting resioltsthe value of the
electronic couplinglependingn the type, length and electron richness of the bridipde

it would be desirable to study any mentioned effedtmwn, the nature of chemical bonds
prohibits strict separation betweabovementioned effectsHowever an attempt can be
madederiveasmuch informatbn abousingle effect as possible.

Comparing biferrocem I, diferrocenylmethanéll , 1,2diferrocenylethendV, and
diferrocenylacetylene/, it is eviden that the type of the bridge withespect to its
hybridization has a large impact, deégurel. While biferroceniuml showsa strong IVCT
band with_ p Y i i, differocenylmethanil displays no IVCT band and therefore
no electronic communication between the ferrocene u@ispoundlV has a slightly

smaller electronic couplinglerivedfrom an IVCT band at p x ul i, compared to

1+ 1+ 1+ 1+

/ —
Fe” Fe|” Fe I Fe lll Fe” Fe lll Fe Il Fe lll
=

] n v v
Hag = 485 cm™ Hag =0cm™’ Hag =430 cm™! Hag = 575 cm™”
Figure 8. Singly oxidized Lferrocene“3 |1, diferrocenylmethane? 3 111,
1,2-diferrocenylethend*# 1V, differocenylacetylene-*31 vV and their Hag in
CH2Clo.

biferrocendl . Finally, diferrocenylacetylen® exhibits the strongest electronic coupling
with an IVCT band at_ p v @ Ti. These results are of rather qualitative nature,
because biferrocere has a significantly smaller distance betwehe metal centers than

[l , IV andV and while the distance il , IV andV is rather similar, théridge of V is

more electron rich than that Bf . Thereforethe conclusion is thagermitting interaction

! Calculated from given values for the interaction paramgter

2 No solvent given in reference
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between theyclopentadienyl ligands of the twedox active centersa theorbitals of the

bridgeleads to strong electronic coupling.

1+ 1+
Fe lll
(D Sy (@ V()
Fell n Fell n Fe lll
I i

VI'Hpg =495 cm™  VI*Hpg = 290 cm™ VII* Hpg = 293 cm™
VI2H,g =430 cm™ VIPHpg =230 cm™ VIH,g = 460 cm™ VII® Hpg = 234 cm™
VBBH,g =390 cm™ VI8 Hug = 195¢cm™ VIBH,g = 405 cm™ VIIE Hag = 200 cm™”

Figure 9. Singly oxidized dferrocenylpolyenes and theirHas under the
assumptionof trans-configuration VI" and under theassumptionof cis-
configuration VII " in CH2Cl2.1*4

Launay and Spangle@onductedntensive researcbn differrocenylplyeneswith respect

to distance dependenaeerigure9.[*4! Themixed-valentcompounds vary in their polyene
chain length from n=16 and are, concerning the polyene chain, consideredtarisonly

(all Eisomers) This leaves two cas@4 " andVII ", wherein inVI" the ferrocene meties

are considered to lamti in respect to the polyene chain an&/Il " the Ferrocene bpieties

are considered to bsyn This affects the intemetal distance for each compound and
thereforethe calculated value éfas as shown in EquatiofT). Thedifferentiation between

both cases is merely a hypothetical one, because de facto no systematic crystallograph
results are availablenost likely sterical influences are rendered negligible with increasing
chain lengthand the compound is most likely flexible in solution, so an averaged UV/vis
spectrum and therefdag is measuredHowever, the data clearlghows decreasing
electronic coupling with increasing distance. In fact at least for the values calculated for
VI" the electronic coupling decaygmonentially with distance. Thelopeof this decay

correspondso adivision in halfof the value each &.
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1+
_ N _
| —R
=
E
Fell \ / Fe lll Fell \\ / Fe Ill
— =

viin X0
Vit E=s Hag = 320 cm™ IX'R=4-NMe, Hag = 700 cm™’
VIIIZE=0 Hag = 400 cm™’ IX2R=4-OMe  Hag =660 cm™’
VIIBE=NMe Hag =550 cm™ IX3 R=4-Me Hag = 655 cm™
VIII*E=NPh  Hag = 680 cm™’ IX* R=3-F Hag = 590 cm™

IX® R=4-CO,Et Hpg =580 cm™

Figure 10. Singly oxidized 2,5-diferrocenyl heterocycles in CHCI2.387]

Electron rich and poor bridgegerestudied by Lang et al. with heterocyclic fimeembered
ring systems as a bridge connecting two ferrocenyl substs, se&igure 10. Changing
the bridge form thiophene&/Ill * over furan VIII 2, N-methylpyrrole VIII 3 to N-
phenypyrroleVIIl 4, so varying the bridgeom electron poor to electron rich heterocycles
yields higher electronic couplingas. The same is true for changing the substituents on the
phenyl ring of N-phenylpyrrole derivativesX". Starting from 4dimethylaminophenyl
substituted pyrroldX ! to 4-ethylcarboxylphenyl substituted pyrrolX® Hag decrease
with increasing electrodeficiency ofthe bridge. In conclusigigenerallyhigher electronic
couplings are achieved with electron rich bridgatherthan with electron poor bridge
Concerning asymmetdly bridged ferrocene derivatives ledata isavailable. Molina
and Veciana et al. studietl,4-bis(ferrocenyl}2-azal,3-butadieneX, seeFigure 11
Compared to itsll-carbonanalogueVl 2 Hag is just half as largdt should be notedhat
the comparison isot fair, due to the fact, that with asymmetric bridging the redox
potertials ofthe ferrocenes are nomagguivalent. Heinzet al. did an intensive stuayf
amide bridged ferrocenes diminishing the effect of different oxidation potehyatise
linkage of two redox smiliaferrocene unitsn derivativeXIl . Comparing thelerivative

3 Has recalculatedfor Ras = 7.084 A, derived from single crystalRay diffraction of
VI 11 from givenHas values forRas = 2.1 A (experimental effective electron transfer

distance) for ease of comparison.
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XIlI with its analogue with different redox potentixls showsan almost 1.50ld increase

in Hag. The walues given for this compound are derived from oxidation in THF rather than
CHCl> and can therefore not directly be compared to the other valuesigitres section,

but it should be noted that thiag valuefor compoundXI increases to 200 c¢rhin CH.Cl
solution see Results and Discussion, stating that asymmetrical bradgelead to a
reasonalyl strong coupling, but with the adviage offacilitating a directionaklectron

transfer,n contrasto symmetrical bridge§88°l

1+ 1+ 1+
\ Y H :Fe m H gFe ! "NHBoc
=1 Fe Il roll 1 = Y =
= | | © MeOOC~ %) O
X X Xl
Hag = 260 cm™’ Hag = 140 cm™’ Hag =215 cm™
(CH,Cly) (THF) (THF)

Figure 11. Different asymmetrically bridged ferrocene derivatives (X}*¢],
X184 X11 #71) and their Has in THF .

1.2 Ferrocene Containing Oligopeptides

Oligopeptides containing ferrocene units the backbonecan be derived from three
different ferrocene derivativest,nddiaminoferroceneXlll , 1,n3ferrocenedicarboxylic
acid XIV, and aminoferrocenenécarbocylic acid XV (ferrocene amino acidFcg),
shown inFigure12. While oligopeptides containingy,nd-diaminoferrocenelIll and 1,&
ferrocenedicarboxylic acilV feature a parallel arrangement of peptide strands, ferrocene
amino acidXV yield an antiparbiel arrangement as common in natural peptitféQue to
conformationafreedom of ferrocene derivativés along the pseud@s axisdescribed by

the angle between the two substituenighe angleb between thecylopenedienyl ring
planeto substituent bonds well as the tilhinglebetween the two cyclopentadienyl rings

0 stereochemical descriptors have been establisteefigure13.
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o)
— B} — —
_NH, o NH,
Fe Fe Fe
NH, = %OH —= @7}(0*' —
o)

X1 XIv XV

Figure 12. 1,n&diaminoferrocene XIll, 1 , -fei@ocenedicarbocylic acid
XIV, l-amino-ferrocenen @aboxylic acid XV and their peptide strand

arrangements.

Rotational freedom along the pseu@e¢ axis distinguishes five isomerdhel , -ikadner
with an angle between the two substituents26° <w < 36°, thel , iBodner with 36° <
w < 108°thel , i8odner with 108° <w < 180°,thel , idodner withi 108° <w <1 180°,
and thel , iSotner withi 36° <w <1108°. Thel , i2otner and th& , i8odner introduce
P-helical chirality, while thel , idofer and. , iSother introduceM-helical chirdity. The
orientation of the C@amide bonds is given with a&Z nomenclature, wherg isomer
denotes that theubstituents at the amide with highgsiority are facing towards the
substituent at the other @mg. If the substituent with highest priority figcing the other

direction the amide bond is considered Ehsomer

P

180
<. el -
. e e ﬁ 7/? YQ

Z-isomer E-isomer

Fe (6 == Fe
\o = =

Figure 13. Stereochemical descriptors oferrocene containing peptides

All three ferrocene derivativesentioned aboveermit interstrand hydrogdsording. In

peptide chemistry the hydrogeonding pattern defines the nature of the turn structare. |
Figurel4i n o r mafireversatarastructures are showh.he turn i s call ed
the Hbond acceptor is located at thedininus of the peptide, whilet i s cal |l ed Al
if the hydiogenbond acceptor is located at the t€rminus. In case of a normal tutch

helices are featureloy 13-membered rings, whilb- andg-turns are featured by teand
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seveamemberedringf=or t he fr e v emeneeredtringfeatures arevelses v e n
U-helix, an eightmembered ring a revergeturn anda fivemembered ring a reverge
turn.

"norma "reverse"

HN © THA N Os N.%H N
\dl ’l'HO(13 T - ,-'5
NT o 0=
., -
N C N C

Figurel4 A Nor mal 6 and Areverseo tur

The hydrogenbonding motifs of faocene peptides feature similarns, so the same
nomenclature can be used. Additionally some strat motifs are named as shown
Figurel5. Th e @ H eonformatidéd features two termembered rings and therefore
induces -t ur n. a i h®t &enimatiofy! features a sevemembered ring and

thereforeayt ur n. Last the open Monformation is nar
Oj/
@ANV ©/L VNJ\@
H O
Q\WN\)\ Qﬁf @\WN\)\
@

"Herrick" "van Staveren" "Xu"

Figure 15. DifferentH-b o n di n g mo ferrdocendicasboxylit acia.d
Intensive research concerning the propsrtof amino acid conjugates oérfocene

dicarboxylic acidXIV was doney severaworking groupsThe general findings arhat

the ferrocenyl (Fn)bioconjugates show a ferrocene lthpesitive cotton effect in CD
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spectroscop?¥ Bioconjugates of_.-amino acids showP-helicity, while bioconjugates
derived fromp-amino acids showl-helicity.® Various anino acid conjugates are known
throughoutthe literature and their structure in the solithte and solution has been
disclosed®9%1 One of the most interesting findings for this kind of bioconjugates was a
tryptophane containing MECO-L-Trp-OMe];, which shows selfassembly to a
supramolecular nanofibrillar network. Stimuli responsive (oxidation/reduction,
temperature) morphological transformations for this compound were observed, rendering
it a good starting point for the development efvredoxactive functional biomaterial&”

The first bioconjugates derived froth , -diadninoferroceneXIll were reported by
Kraatz et al*®" A [Boc-Ala-NH]2Fn, which showsnterstrand hydrogebonding in two
tenrmembered rings in the solid state and preservdmbhiding in solution. The work was
carried on byHeinze ad Rapid!®? with asymmetric conjugates of the type B&A&-NH-
Fn-NH-Ac [AA=Gly, Ala, D-Ala, Val). It was found, thatsinglecovalentlybondedamino
acid is enough to induaghiral organization of the ferrocene centnait and the majority
posses®-helical conformation for-amino acids.

Bioconjugates oferrocene amino aciV (Fca)enable even morgiverseH-bonding
motifs compared td , -dianinoferrocenéXlll andferrocene dicarboxylic acilV 1%
Amongst othershey could be realized in formfoX-CO-FcaAA-OMe (X=Me or Boc),
with only a singleinterstrand hydrogen bond due to steric effeEts example the Me
CO-FcaVal-OMe derivative exhibits one NitA B@aa hydrogen bondorming a nine
membered ring% X-CO-AA'-FcaAA2-OMe derivatives were explored, with two
hydrogen bond®rming a 9membered andlevenmembered ring namely Nt D@z
and NHa2A B@aa; for the MeCO-Alal-FcaAla?>-OMe casel!04105195.106hege rings can

even be selectively enlarged by the usb-amino acids'®’!

R = OCH,-fluorenyl

Figure 16. Zig-zag-Conformation of olgoamides of Fcagxemplary for
Fmoc-Fcas-OMe XVI .
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Figure 17 DFT optimized geometries of [AeFcas-OMe]"™* XVI (n = 1-5);
spin density at 0.002 a. &+

Derivatives with more than one ferrocenyl moiety in the peptide backbone have been
studiedsince 1998This beganwith experiments from Nakamueg al*%® with Me-CO-
Fca-NHMe and was later continudy Heinzeet all*% with Me-CO-FcaNH-Fc. For both
compounds only intermolecular hydrogen bonds are observid sotid state. Thorough
investigationof compounds XCO-Fca-NH-Fc (n = 1,2, X= Me, OtBu, OCHfluorenyl)
revealed hydrogebonding in solubn. All oligopeptides form an eigithembered ring
with a 1,206 (deveddrpm nrclean &eshauser spectrascofff. This is
conform to DFT calculations of the stmm showing that one conformer is
thermodynamicallyfavored over the otherdDFT calcubltions also suggest, that the
hydrogerbondng motif is conserved during oxidation until every singterdécenyl moiety
is oxidized. Thenthe openconformation becomes thenergetically favored one.
Experimental evidence for this aurrently only obtainable byIR spectroscopy and the
absence of hydgen bonded amidgroups because thstrongparamagnetic nature of the
fully oxidized compound rendeNMR spectroscopy uselesBhis very stablehydrogen
bonding motif isalso called g-zagconformation and leads tonearly parallel alignment

of the indvidual amide dipole moment&grming a permanent macrodippkeeFigurel6.

4 Adapted fromD. Siebler, Dissertation, Johannes Gutenténgversity,201Q
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DFT calculationdor this system suggest mixedlentstatesjn which alternating Féand
Fe'"" units are presenseeFigure17. The same conformation is seen in oligoamides of the
kind FmocFca-OMe (n=25) 1471

1.2.1 A Structure Comparison of Amides ard Thioamides

In contrast to amidg whch have been extensively studibécause of their relation to
peptide confanations, thioamides have beessentiallyneglectedJust as the amide group
the thioamide showa neaty planar arrangement.he bond angles for both groups are
essentiallyidentical, as seen iRigure 18. Thelargest structuradlifferencein structureis
the significantly longerC=S bond length of 1.658, exemplarily for N-methyl
thioacetamide, compareld the C=0 bond length of 23 A of its amide analogué!l
Another difference is the smaller electronegativity of the sulfur ators @.58§'4
compared to oxygerc (= 3.44114 which renders the C=S bonai( = 0.03) significantly
less polar compared to the C=0 bogs £ 0.89).

1.01 1.52 1.01 1.51

H 118.8 H 118.3

N N
U R
/ 123.0 / 123.1
45 O 45 S

Figure 18. DFT optimized geometries oN-methyl acetamide andN-methyl

1. 1.23 1. 1.65
thioacetamide with their respective bond lengtein A and bond anglesn

deg (italics).

In both amides and thioamides Bnand Z configurationis feasible, se&igure 19. In
general the rotatial barrier aroud the NC bond islower for amidesompared to their
analogue thioamidd$'?! The origin of the higher rotational barrier for thioamideshis
largerstabilization of the ground state. The above mentioned difference in electronegativity
for oxygen and sulfur leads to very different polaritiestfa C=X (X= 0, S) bond. he
C=0bond is very polatherefore the orbital of the double bond has a higher coefficient

at the oxygen atom and a smaller one at the carbon atortinefdrorbital the situations

reversedvith largercoefficients at the carbaatom The electron densityithe C=S bond
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is evenly distributed between therlban and sulfur atom antherefore the orbital
coefficients of thep and p* orbital are evenly distributeds well For both amides and
thioamides the nitrogen lone pair @tes electrons into thg* orbital of the C=X (X= O,

S) bond seeFigure 20. In amides little stabilizatioms gained through electron donation
from the nitrogenatomto the carbonatom because # oxygen atom already has a high
electron density. In case of thioamides the stabilization is tawglr, because the charge
is not only donated from the nitrogen to carbon, but is passedtbadolfur atom, which

can easily accommodate higher elentdensities through its lagerbitals!*'®

H\ R’ R\N_<R .
— e

E

Figure 19. Z and E conformation for amides and thioamides.

For the transition stasel S1 and TS2, see Figure,2Guvergnat and Hiberty showeth

DFT calculations that a sp hybridizationat the nitrogen atoris energetically favored
compared to the $pybridizationof the ground stat®er formamide and thioformamid&
Thisis applicable to all amides and thioamidBsiring the rotation from the ground state
to the transition state, the orbital overlap between the nitrogen lone pair grtddHwstal
decreases essentially to zenothe transition state, due to the fact, that the orbitals are
orthogonal in the TSComparing the ground state and th® 1 for the amide onlgmall
change in C=0 bond length is vibwhile for the thioamides a significastiortening of

the C=S bond length occuiG:N bond is elongated in the transition state for both amides
and thioamiles, die to the cleavage of the parti@uble bondThis is conformto the model

of stabilization of the thioamides viectron donation to the sulfur atom, and for amide to

a donation to the carbon atom only.
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p o by spP m i H P m s w F p n
= / /g - , H p
«
X=08
TS1 GS TS2
N-CO: 1.427 N-CO: 1.349
N-CS: 1.422 N-CS: 1.323
C=0:1.177 C=0: 1.187
C=S: 1.603 C=S: 1.640

Figure 20. Schematic representation of the orbitals in amides (X=0) and
thioamides (X=S) in the ground stat€ GS) and both transition states(TS), and
calculated bond length inA.

Because of the chaggr|) transfer from the nitrogen atom to the sulfur atom and the longer
distancg® thioamides display a largdipole momentmp) in the ground state than amides

(fp 1 3B.15This was shown for dimethyl thioacetamide and dimethyl acetamttieir
groundstate(5.38 vs. 4.37 D), whereas the transition state exhibgsrdially the same
dipole moment for both (2.45 vs. 2.33 B)% This has great impact for the solvent
dependency of the rotational barrier for amides and thioamides. Thematdiarrier for
both increases with the polarity of the solvent, due to the energy needed for reorganization
of the solvent molecules. The greater change in dipole moment during rotation for the
thioamides compared to amides, means that the effectsditrent on the rotational barrier
is stronger for thioamidess shown imable2. Galabovet al.conductedDFT calculatios
for theeffect of electron donating and withdrawisigbstituent&?, seeFigure19. Electron
withdrawing substituents lower the rotational barrier significantly, while electonating
substituents lead to higher rotational barri€fIn case of hydrogen bonding, no studies
for thioamides have been done yet, but datafmides show, that hydrgen bond at the
NH groupwith anionic acceptors destabilizes tésomer while the effect of hydrogen
atomdonors is negligible. The study also shows, that the edfdotdrogen bonding is not
reliably predictable, muse chelating effects can oceund reverse the general effét{’

The effect of substitution patterns of secondary thioamides has been thoroughly studied
by Raoet al.for N-monosubstituted thioamid€<®! In generalthe E/Z ratio for thioamides
is determined by steric effecésd therefore the largsulfur atom compared to oxygen

leads to a greater proportion of thesomer TheE/Z ratio alsoincreases with the size of
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the alkyl substituent R seeFigure19. Increasing the size of'Ras the contrary effect, and

leads taan increasef theZ-isomer.

Medium e Dimethylthioacetamid¢ Dimethylacetamide
gas phase 1.00 74.1 64.1
cyclohexane 1.93 82.0 68.5
dichlormethane | 9.0 91.6 75.1
acetonitrile 32.7 92.9 74.3
water 61.0 97.9 79.7

Table 2. Experimental rotational barriers of for N,N&
dimethylthioacetamide andN,N&dimethylacetamide at 80°C113:119]

1.2.2 Thioamides aslsosteric Replacement

Thioamides argenerdly considered to be isosteric replacements for amides in amino acid
conjugates (e.g. peptides), but literature shows that this statement is irgly énie.
Because othe previouslymentioned longer C=S distance compared to the C=0 distance
in amides the hydrogen bonding of thioamides might introduce changes in protein
folding.[*2% The higher acidity of the thioamide NH proton makes better proton donor
for hydrogen bonding compared to amiddsa(p 18.5 vs. 25.p The largesulfuratomon
the other hands a weaker hydrogen bond acceptor than oxygen, leading to weaker
hydrogen bondsHencethe SCNHA & Aydrogen bond is strongthan the OCNHA & A
hydrogen bond, while the-NA 8&hydrogen bond is weaker than thelll @ hydrogen
bond.[6

This was testelly Miwa et al. by preparation of a thioamide analogue of GCN4, which
is ahelical peptide consisting of 35 aminod@giSubstitutionof one amide by a thioamide
at the Cterminus and in the middle of the strand did not lead to any significant change in
structure, as probed by circular dichroism measurenf@Htiefhaber et al. found
contrary results. Upon substitution of an amide unit by a thioamide unit in Alanine based
helical peptides at the-drminus or in the center a highly helix destabilizeffgct was
observed. Studies ttfie incorporation of thioamide units irfbeturn hairpin structures lead
to the conclusion, that the turn structure is essentially unaffected if the sulfur of the

thioamide group is pointing toward the exterdmd hydrogen bondgof the NH groups
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feasible. But if the thiocarbonyl sulfur is forced to participate in hydrogen bonding a
perturbation of theturn structure occurs. This effect éminishedif the thioamide
substitution is positioned at the terminal region. In conaiyshe effect of thioamides as
isosteric replacement in peptides is highly depending on the position of incorporation,
particularlyif the thioamide uniparticipate in hydrogen bonding interactioHs?

The weak hydrogen bonding of the thiocarbonyl sulfur can also be put to good use.
Beeson et al.probed the hydrogen bonding interaction of a ligand atanajor
histocompatibility complex class I, an antigen presenting peptide, in the main chain.
Subsitution of the mainchain carbonyl function wolvedin the hydrogen bonding with

sulfur lead to a 3@old increase ofigand dissociation,underliningthe crucialrole of

hydrogen bonding interactioHg®!
} >’(< 0] H
Hi} N
XVill

S wa)l\ »§OH
COOH
NH |,
HNI/K 5 N\/HTNVCOOH

Xvi
XIX
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H
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Figure 21. Natural products containing thioamide units.
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Only a singlenaturdly occurring protein containing a thioamigroup is known today. In
the methylcoenzyme Meductas&VII , seg-igure21, a thioglycin residue is incorporated
close tahe active sité>¢6124Here the thi@amino acid is not engaged in hydrogen bagdi
forming secondary structures likehelices orb-sheetslt is proposed that the thioamide
unit acts as redox mediator in the methéorening stepand maybe undergoesradox
inducedE/Z conformational facilitating the reaction.

Thioamidesas well as arboxamides undergo a#&'Z-conformational change under
irradiation. For amides thgY p* electronic transition is located a 200 nm and leads to
photodecomposition. Thidecompositions remarkably reduced in thioamides, where the
pY p* transition is reeshifted to 270 nm. This was put to use in a semisynthetic
ribonucleaseS containing a thioamide unit. Updrradiation 30% of the thioamide
switched from theZ- to theE-conformer rendering the enzyme inactive. More widespread
application of this method couldisclose important structural influences on enzyme
reactivity 125!

Thioamides compared to amides exhibit greater stability against protetdgtiadation
and improved absorption, distribution, metabolism and excretion prop&fti¥sThat
biological systemmare unfamiliato thioamides is also represented by the fact, that besides
theapo-methanobactiiXVIl in the nethylcoenzyme M reductase only four other natural
products containing thioamide groups are knowhe oxothioacetamide derivati®@
XVIII , which is believed to ba decompositiorproductof more complex molecules,
cycasthioamid€® XIX , which is a non proteinogenic amino acid isolated from plants,
thioviridiamide!®¥! XX, an apoptosis inducerf bacterial origin, and closthioamiff&!2¢l
XXI. The lattershows remarkablantibiotic activity and was isolated from the anaerobic
bacteriumClostridium cellulolyticumas a secondary metaboliteeeFigure 21. It was
shown, thathe thioamide groups are foindamentalmportance in this compound, because
tests withthe all carboxamide compound closamide showed no significant antibacterial

activity.

1.2.3 Thioamide Containing Ferrocene [@rivatives

All thioamide containing drrocene derivatives known before this themie formally
derived from ferrocene carboxylic acithe first thioamide bearing ferrocenyl derivative

was N,N-dimethyl ferrocene carbotbamide XXIl and wasreported by Nonoyamat
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al.l'?’l seeFigure22. This derivative was usdd form cyclopalladated compounds. This
work was later expanded usingN, N, Ndiranmétbylferrocené , -didarbothioamide
XX 228l

_ _BF,

N,
Ph, Ph Ph; ocio
’&s PPh, P\ /P RS J
@ 4: :; 2: :} /
Cu Ag \
Fe Fe Fe / 8 Fe Fe ! Ag Fe
= @(F Qfs @7\(8 5 YQ Qfs/: \ =
0O3CIO Ph
/N\ L /N\ /N\ _J /N\. 2
XX XX XXIV XXV XXVI

Figure 22. Various ferrocenyl thioamide containing ligand system and metal

complexes derived from them.

The essence of ferrocenyl substituted thioamides as a ligand was later picked up by
GPpni etka'® who  pr e p(dipelelghosphide)l-[(dimethylamiro)-thio-
carbonyl}HerroceneXXIV andit was found that this compourdn act as very flexible
ligand, which allovg perfect preorganization via rotation of the ferrocenyl moiety and
twisting of the thioamide unit around the@bond. The redox behavior of cooymd
XXIV is much more complex than that the oxo analogue, showing only irreversible
oxidations,which is pobably attributed tadhe fact that the HOMf the thioamide
compound encompasses the ferrocenyl and thioamide madiegycoordination properties
of compoundXXIV was probed by reaction with copper(l) and silver(l) resulting in
complexes of the type [QaP,aS-XXIV )2J[BF4 XXV and the dimeric complex
[Ag2(ClO4)( 8P,0SUSXXIV )2] XXVI .

Zakrzewskiet al. used ferrocenecarbothioamidéXVIll and its N-ethoxyarbonyl
derivative XXIX asprecursordor the synthesis of 2-diferrocenylthiazolexXX .[*30 A
proof of concept for the synthesis of ferrocene containing heterocycles, which are of
interest as redox active markéts'*? andfor their potential biological activit{y”59:60:133l
This work was continuedy the use ofXXXI as a pr ec ur-chemistryf or A ¢

compounds containing a ferrocenyl moiegeeSchemel.
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KSCN / MSA

XXVl XXX
é AICI3 / H30*
XXVII ”l
S (@] S o)
SCN-COOEt / MSA f”\”JJ\OEt HO A\NJJ\OEt "Click"-reactions
Fe _— Fe pp—
=
MSA = methanesulfonic acid XXIX XXX
Schemel.Synt hesi s of ferrocenyl sub
precursors.

The use of thioamides as anion receptors was disclosed byBalerThey synthesized

((butylamino}t hi ocar bonyl )ferrocene

from the

reagent. The comparison of the two ferrocene derivatives showed, that the dieibamdis

halogen anions more effectively than the carboxantide,c a u s e

therefore better hydrogen bonding abiliyroviding a better NMR antenna for anion

detectioft34,

Ry~ .Ry

S NR,
Fe

I=z

XXXl R=Me
XXX R=H

of it 6s

Ri
p-xylene @WN\
+ S Fe RZ
100-140°C < S
XXXIV

Scheme2. Condensation of (dimethylaminomethyl)ferrocene XXXII and

aminomethylferrocene XXXIII with aliphatic and aromatic amines.

A big step for the widespread application of ferrocenyl thioami@€slV was done by

Gasseetal** seeScheme2. A new synthetic route was developed starting from

(dimethylaminomethyljerrocene XXXII

or aminomethylferroceneXXXIll , elemental

sulfur and primary alky or arylamines om case of morpholina secomlary aminewith
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EPR Spectroscopy and Spin Trapping of Radicals

good tolerane of functional group(Ether, Ester, Nitro-, Amino- and hydroxylgroups as
well as halogens). This makes it one of the most straightforward synthetis toe

ferrocenyl thioamides.

1.3 EPR Sectroscopy andSpin Trapping of Radicals

EPR spectroscopy the analytical method of choice fdetection of unpaired electrans
When applying an external electromagnetic field to a paramagnetic compound, the Zeeman
effectoccurs, just like ilNMR spectroscopy. The parallel and antiparallel orientatidns
the spn are separated innergy and transition between the two states is possible by
absorption of irradiation. The shift of this absorptigivélue) depends mainly on the spin
orbit interaction which itselfgenerallydepends on the mass of the nucleus, andsga
rough estimation lout the location of the spin (i.edifferent elementscan be
distinguished). The main sourceinformation about the environment of the spin is derived
from hyperfine coupling interaction3he interactions of the electr@pin wih nuclear
spins, leads to a distinct coupling pattern, whoeim allow determination of the spin
location seeFigure 23. Due to the high reactivity of some radicaéspecially organic
radicals, and the mostly applied slow sweep technique to measure EPR aplettction

of theseintermediatespecies is impossible. For detection of sliwgd species spin

trapping isavaluable tool.

a) b)

Energy

Intensity

0
Magnetic Field Magnetic Field

Figure 23. a) Schematic representation of the Zeeman effect b) Hyperfine

coupling pattern.
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Spin trapping mearthat the radical species of interest undesgare addition reaction to a
diamagnetic compound (spin trap) forming a relagvehg lived spin adduct3®! Despite

the fact, that over 10@ifferent compounds have be@und to be suitable spin trapping
agents the most widespread used spin friag agentsare nitrones and nitroso
compounds$t®”! Both form sable nitroxide radicals, howevehe nitroso spirtraps can
provide more informtion, because the radical addisectly tothe nitroso nitrogen and is
therefore more likely to engage in hyperfine coupling interactions with the trapped spin,

seeSchemes.

X
N. . _N.
R o +* X R O
~ X
R2/‘\\\KI,O + X. e Rz)\N,O
| |
R R

Scheme3. Spin trapping reaction of nitroso and nitronecompounds

Q\/@ >© 0 J<
P v o 0. N
0 N

XXXV XXXVI XXXVII XXXV XXXIX

Figure 24. Most commonly used spin trapping agentd\-tert-butyl nitrone
(PBN) XXXV, 5,5dimethyl-1-pyrrolidine -N-oxide (DMPQO) XXXVI,
nitrosobenze (NOB) XXXVII, nitrosodurene (ND) XXXVIII and 2 -methyl-2-
nitrosopropane (MNP) XXXIX.

The most commonly used spin trappagents ard&-tert-butyl nitrone (PBNXXXV , 5,5
dimethyl1-pyrrolidine-N-oxide (DMPQO) XXXVI, nitrosobenzee (NOB) XXXVII ,
nitrosodurene (NDXXXVIII and 2methyl2-nitrosopropane (MNPXXXIX , seeFigure

24. The spin trapping of organic radicals has biegensively studied and extended tables
with parameters for different spin adducts eXit:*813°lIEven inorganic radicals can be
trapped for som&agmentshatare isolobal tmrganicradicals and are expected to behave
accordingly trapping a metal centered radical in a spin addtict*?14%l EPR spectra
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derived from a purely organiadical and a manganese centered radical trapped with

nitrosoduren&XXXVIIl are shown irFigure25.

a) b)
OLN '?'/O.
Mn(CO)s

Figure 25. Examples ofa) an organicl'3?® and b) a manganes&4%¢ centered
radical trapped with nitrosodurene.

1.4 FerroceneContaining (Pro-)Drugs

The exploration of ferrocene containing dssgarted as early as 1978, wHerynes and
coworkersfound, that femcenyl polyamines exhibit a low but significant antitumor
activity against lymphocytic leukemia388[*44 Since then the medicinal applications for
ferrocenyl derivatives have become a widespread researcH4#ld.

In 2000 afluconazoleXL analoguebearing a ferrocenyl moietyLI with antifungal
activity has been reported by Biet al, seeFigure 26. It showed remarkable growth
inhibition for some strains of yeasts of the gerimndida Antibacterial activity was
reported for ferrocenythiazoleacylhydrazoneXLIl against Staphylococcus aureus
Esherichia coliand Pseudomonas aerugina84 Even studies for ferrocenyl containing

vasorelaxants for the treatmenf hypertension showed promising reslitd. The

SEPR spectrum adapted f Magm Réson. Chen994132 525 J . Kov
531 with permission of John Wiley and Sons. Copyright994 John Wiley and Sons.

® EPR spectrum adapted frola Hudson, M. F. Lappert, P. W. Lednor und B. K. Nicholson,

J. Chem. Soc., Chem. Commut®74 966 with permission of th&oyal Society of

Chemistry Copyright © 1969, Royal Society of Chemistry
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ferroceryl-pyrido[2,3d]pyrimidines XLIIl studied were even more effective than the
control drug rolipranXLIV . Recently a Ferrocenylquinolin€. V was tested as potential

agent against leishmanial disease, whichrisjor problem in developing countriés.

F ()
R
Fe : @
v = HN-N  Fe
/= N
NEN F/‘\‘-‘N L__ ‘N\/\N Jl “\\
N N N NT S
oy ) Jow 0
N OH N HO
XL XLI XLII R=H, CH;y
0 Ry
Ro- N HN /
/j’\ | o}:> <:2 ° cl
-
07 "N N o) §
R ZONT TN S
2 Fe Fe - |
= = N 2
R1 = aryl
XL 2o~ alkyl XLIV XLV

Figure 26. Fluconazole XL, ferrocenyl-fluconazole analogueXLl, f errocenyt
thiazoleacylhydrazones XLII, ferrocenylpyrido[2,3-d]pyrimidines XLIII,

rolipram XLIV and ferrocenylquinoline XLV .

One of themostexciting research centers around ferroquxité/Il , a structural analogue
of chloroquineXLVI and potent antimalarial drugee Figure 27. The reseamh on
incorporation of ferrocenyl moieties into antimaddudrugs began in the mid 19969, but

it took until 2006 for the development of ferroquiXiVIl . This compound shows greater
antimalarial activity han its parent analogue chloroquiXdVl and even targets
chloroquineresistant malarial straifd¥ It was shown that the intramolecular hydrogen
bond of ferroquiné&LlIl , which is absent in chloroquin€_VI has a ginificant effect on
the biological activity, most probably due to the fact that it helps to maintain the
conformationof the molecule and allows better interaction with the recéSthiThe
mechanism of action of ferroquin€.Il is proposed to be a dual or@nthe one handt
targets the hemozoin formation, a crystalline formb-bematin, in which the cytotoxic
hematin is converted and therefore rendered harfi®s®n the other hand it is able to

form reactiveoxygen species (ROS)pon oxidation. This causes lipid peroxidation,
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eventually leading to death of the malarial para$it@dViost recently ferroquin®LIl has
entered phase 2 of clinical research and shows promising results as a standalone drug and

even in combination with other antimalarial drfg$.

\
/L/\/ ( ’I/N
HN NW H‘N%
= N =~
~ ~
cl N ci N
XLVI XLVII

Figure 27. Chloroquine XLVI and ferroquine XLVII.

The generation of ROS was also proposed as the mechanism of action for the antitumor
activity of ferrocenium derivatives as was disclosed more than 20 years after the first report
of anticancer activity for this derivativ€s¥ This thesis was proven be highly probable

by studies, where the oxidative damage to DNA in MCR type of breast cancer cells,

was monitored, under the additiondifferent ferrocenium compoundswas also possible

to spin trap reactive oxygen species via the use of DEPM@&®Divative of DMPMearing

a diethylester phosphonic acid substituerde supra.[!5°]

OH
- - O o
— — — /P{\
() () cl NH;
/ Fe / Fe
N N
o/ \ = o/ N = o

XLvii XLIX L LI

Figure 28. Antitumor agents.

The most promising ferrocene derivative in anticancer studies is ferro€liex, a
derivative of tamoxifeiXLVIII , which is widely used to tre&R-responsivédreast cancer
seeFigure 29.1*% Tamoxifen XLVIIl is a Selective Estrogen Receptor Modulator and

therefoe blocks this reeptor. Without the estrogen stimulus the proliferation of&Re
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responsivebreast cancer cells is inhibited. One major drawback of tamoXif&fll is,
that it is only effective against ER+ types of cancer callsich excludes about 40% of
breast canceumors from treatment. Ferrocifé¢LIX on the other hand shows powerful
anti-proliferative effects on bothAE+ and ERi cancer cell lines.

FerrocifenXLIX and a second derivative ferrociphehoshow even cytaixic effects
against arious types of melanontalls*>" Thesecompunds even showed higher activity
than cis-platin LI for mesotheolioma cell*® The research of ferrocifehas recently
become more widespread. New derivatives bearing two aminoalkyl ¢H8imsve been
found to show strong antiproliferative effects onastecancer cells. Other ferrocifen
derivatives have found to induce senescence in cancer cellse@ersible arrest in the
cell-cycle prohibiting proliferatioft®®! Remarkably it was foundthat the anticancer
activity of ferrocifen is not attributed to the generation of reactive oxygen S{B¢3)
as reported for ferrocenium derivat®é:% The mode of action for this compounds is still
yet to be disclosed.

Mokhir et al. synthesized a series ahino- anddiaminoferrocene based prodrugs for the
treatment of éukemia, sed-igure29. The Concept of the prodrudgdl , LIl andLIV is
based oithe cleavage of the-B bond undeoxidizing conditions, as found in cancer cells.
A phenolatelL VI is formed, which releasespaguinone methidé. VIl , which can affect
cancer cells, as well as an unstable ferrocenyl derivai# , which quickly undergoes
decarboxylation to theminoferrocene derivativelX . The aminoferrocene is either
oxidized under the predominant conditiandacts as ROS generatar @decomposeby
nucleophilic attack to F&Fe** ions, which can than generate ROS speaesling to cell
death, seeScheme4.'Y |t was found, that for the most commds the cytotoxicity
correlateswith the release of iron ions, except for the most active compbl@d which
only generate ferrocenium ions. Therefore it was concluded, that ferrocenium ions are
more cytotoxic, than mere iron iongtobably due to the retardedetabolism of such
compainds. The diaminoferrocene based prodrugj¢ exhibited a sghtly greater
antitumor effectthan the parent aminoferrocemempoundLll . This is most likely
attributed to the formation of a secomdjuinone methid&VII rather than a direct effect

of the substitution pattern of ferrocefié?
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Figure 29. Amino- and Diamonoferrocene based Prodrugs.

A variation of the shstituent at the amide nitrogéed to dramatic changes in activity.
While compoundd IV ai LIV d exhibit a rather similar activity.IV e andLIV f show
decreased activitfor at least one cell line typ&®! This sort of conpound doesiot only
show high activity, but also high selectivity for canccells, as it was found that
mononucear @lls are almost unaffectathen treated with the prodrug§!! Finally mice,
which carry Leukemiatreated withLIl e, had a prolonged life span, even if the applied
doses, wear much lower thathedeterminedsae maximum dose of the compourttfs!

From the facts reported above it is apparent, that femdaerivatives are valuable
compounds for pharmaceutical applicaioifhe potential of ferrocene as biologically
active moiety has just started to be explored and might lead to novel drugs and prodrugs in
the near future.

35



Introduction

OYO H,0, OYO H O\I&O
N-R H* HN-r N-R
Fe Fe Fe
=
LI LV LVI
N 0.__0
Fe2+ / Fe3+ -~ @ ‘RQ ‘-i @ ‘RZ +H* @ \RE R1
Fe Fe Fe
= ==
LX LIX LVII LVII

Schemed. Reaction mode for aminoferrocene based prodrugs LII.
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2  Aim of Work

The first part of this work focusem N-ferrocenyl substituted thioamides in comparison to
their parent carboxamide compounds to understand the effect of the axygeliur
exchange imespect tahe use of thioamides as isosteric replacements for carboxamides
and asymmetric hbdging unitsfor redox centersn general. The facilsynthetis ofN-
ferrocenyl substitutethioamides by means of oxygém sulfur exchange by the use of
Lawessois reagent  4,4-bis-(4-methoxyphenybl,3,2,4dithiadiphosphetas?2,4-
disulfide) is chosen to benefit fromehwell-established chemistry earboxamide bridged
ferrocenes to vary substttan patterns and redox potential$ie influence of the oxygen
to sulfur exchange on thE/Z or respectivelycis/trans conformation of thesynthesized
mono and dinutear thioamdes and thé& secondary structure is elucidated by NMR
spectroscopy in order to determine the rotational baraietsfavored structural motifsf

this kind of compounds. Aomparisonto DFT calculations for this systenms used to
validate the results @nvice versa validate the DFT methods applied for future
investigations Oxidation of the thuclear compounds to the mixedlent species and
probingby UV/Vis/NIR, EPRand NMR spectroscopy as well@gctrochemical methods
allows to determine the site okidation and the electronic couplinghis promises new
insights into eletron transfer reactions via asymmetricallyidged e.g facilitated or
hindered electron transfer compared to parertoamides.

The second part of this work centers on the agbiit ferrocenium compounds to
generate radicals under alkaline, srarceleophilic conditionsThese ferrocenyl radicals
can be envisaged to play a major role in the mode of action for ferrocengintogtdrugs
and prodrugs like ferrociferby Jaouenet al, ferroquine by Biot et al. and the
aminoferrocene based prodrugs by kho et al. These short lived radicals are investigated
by means of sputrapping echnique for EPRspectrsocopy providing insight in the
localization of the unpaired electroQuartitative EPR measurements are performed to
elucidate the reactivity of the radicals

The last paréxplores a specific reactivigf N-ferrocenylthioamideinder oxidizing and
alkaline conditionsleading to EPR signals that caot be explained by mere oxidation and

deprotonation of the compoundghis study gives insight into the process of formation of
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Aim of Work

this open shell intermediates, as well as the follow up reactions under elimination of
hydrogensulfidelnfluences of ligand perties of the thioamide unit are disclosed as well.
Thecomplexmechanism proposed is supported by NMR spectroscopy, mass spectrometry,
single crystal XRay diffraction and interpreted with the aid of DFT caldolag. These

study is valuable witlmespet to of synthesis of novel ferrocenyl containing polymers as

well as ferrocenyl containing (pro)drugs.
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3 Results and Discussion

In this chapterthe results are presentedtive form of two publications and submitted

manuscript.

The first secti on Impaa of ®f $1Bxchanheein Ferobehyl ¢ at i
Amides on Structure and Redoxchemistry T h e s i RRgy défraaionanalysia | X
reported weredone by Christoph Foérster. The publicatiomhich was publiséd in
Organometallicswas written by Torben Kienz (50%) and Katja Heinze (50%). All
synthetic work and analytical investigations, as well as DFT calculations were performed
by Torben Kienz. An easy route kferrocenyl substitutechioamides using Lawesss
reagent is reported. The synthesized moand dinuclear ferroceneompoundsare
analyzed by means of IR NMR-, EPR, UV/Vis/NIR-spectroscopy and mass
spectromely. The rotational barrier dl-ferrocenyl substituted thioamides is disclosed.
The dinuclear complexes exhibitydrogen bonding leading toa distinct secondary
structure Upon oxidation th dinuclear compounds are mixealent species of RobiDay
class Ilwith anelectron coupling paragaterHas = 190 and 230 chi .

In the second sectiph h e p u b $pin drappingoohCarnboefentered Ferrocenyl
Radicals with Nitrosobenzeoe i s present ed. compoBndswgree ct r a
performed by Andreas Neidlinger, expcept for the thioamide congastarting material,
which was performed by Torben Kienz. The simulation of EPR spectra was done by both
authors: Andreas Neidlimg (40 %) and Torben Kienz (8§. Electrochemical
measurements were performed by Andreas Neidlinger. DFT calculatidmes thidamide
containing products were performed by Torben Kienz, while the remaining calculations
were performed by Andreas Neidlinger. The publication, which was published in
Organometallics, was written by Andeeleidlinger (40 %), Torben Kieng40%), and
Katja Heinze (20 %)The generation of highly reactive carbon centered ferrocenyl radicals
is reported.These radicals may provide an additiom@ode of action for ferrocenyl

containing (pre)drugs.
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Results and Discussion

The | ast secti on c cGersiatmtasd Obgbmerizétien oRanus cr i g
ferrocenyl Ketenimines via Opeaell Intermediates Thesingle crystal XRay diffraction
analysis reported were dobg Christoph Forster. Thereparative work and analyses, as
well as DFT calculations were performed by Torben Kienz. The manuscript was written by
Torben Kienz (60%) and Katja Heinze (40 %) and submitted to Organometakipscific
reactionof N-ferrocenyl thioamidés reportedThe mechanistical investigation reveals, that
uponoxidation and deprotonation reactive open shell intermedategenerated, which
eliminate hydrogen sulfide generating aN-ferrocenyl ketenimine and initiating an
oligomerization reaction. Furthermoitee influence dthe ligand properties of themnide
containing ferrocene derivatives is disclosed. To complete the work DFT calculations for
the reactive open shelhtermediates of thenovel N-ferrocenyl ketenimnine were
performed.
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Supporting information for this article (withbuCartesian coordinates from DFT
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Impact of OS Exchange in Ferrocenyl Amides on StruadneRedoxchemistry

3.1.1 Abstract

The conformations and redox chemistry of ferrocenyl amides have been investigated in
considerable depth in the last few years, while ferrocenyl thioamidesakttaaeted less
interest so far, although distinctly different conformations and reactivity patterns are
expected. Monoferrocenyl amides -ReIC(O)CH (1) a n d-CHsO(O)G6En-
NHC(O)CH: (2) and diferrocenyl amides H¢HC(O)}Fc (B) and FeNHC(O)}Fn-
NHC(O)CH: (6) are easily transformed into the corresponding thioamiBle$ ¢, 8) by
treatmentwith. a we s s 0 n 6 s -bis(pemeethoxyphenyl)l 3-ditdiaphosphetang,4-
disulfide)(Fc = Fe(GH4)(CsHs), Fn = Fe(GHa4)2). The thioamide conformationsig/trans)
in 3, 4, 7, and8 and the hydrogen bond determined secondary structure of dithio8mide
are elucidated by IR and NMR spectroscopy as well as by DFT calculaB8hy'P,
LANL2DZ, PCM CHCI>) and contrasted with the corresponding amitle®, 5, and®6.

The electronic communication via the thioamide bridgé‘iand8* in comparison to the
interaction in the parent mixedhlent amidess® and 6* has been probed by cyclic
voltammetry, square wave voltammetry, UV/Vis spectroelectrochemistry, EPR
spectroscpy, and paramagnetic NMR spectroscopy. Additional chemical reactivity of the
thioamide unit has been detected by electrochemical analysis.
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Results and Discussion

3.1.2 Introduction

Although oxygerto-sulfur isosteic substitutions have been sessfully employed in

organic peptiderad protein chemistryit is generally accepted that organic thioamides R
CS)NHRO6 di ffer considerabl )ONH&® Bahdi t hexooao
of true isosteric replacememight be too simplified. Thimmides are more acidic than

amides:eg. pka(X=S) = 14.7 and a(X = O) = 21.5 for MeC(X)NH-Ph! In line with

this higher acidity thioamides are better hydrogen atom donors than amides X NH

hydrogen bond$.0n the other hand, due to the reduced electronegativity of sulfur vs.

oxygen thioanides are weaker kyogen acceptors in X5 hydrogen bondsThe better

hydrogen atom donor capability of thioamides has been exploited by Beer et al. in

ferrocenyl thioamide anion receptors (CharA1R ="Bu).2 The macrocylic derivative

< N
e H O
F ’T‘/R Fe H Oj
e —/

A H
B

H
R \ ! R
N__R N
X X
= = R

trans (o3 cis

Chart 1. Ferrocenyl thioamides as anion (A) or cation eceptors (B),
cis/transisomerism inN-aryl Thioamides (C), secondary structure of
oligoferrocenyl oligopeptides (D), and mixedralent digoferrocenyl amides

(E), disulfides (F), and benzothiazoles (G) derivettom thioamides.
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had been tested by Hall et al. as receptor for hard metal cations suchH as @&*. Not
too unexpectediithese metal cations do not bind&d On the other hanahature seems to
employ thio aminacids for binding of the softenetal cation Cti® Thioamides are more
stable towards hydrolysis by natural enzymesy. by the Z# containing enzyme
carboxypeptidase A. Replacing the hardZnon i n the enzymeds act.
Cd?* yields an active enzyme capable of clegvihioamides$.Furthermore, a fine tuning
of the secondary and tertiary structure of enzymes can be achieved by replacing amides
with thioamides'.

All ferrocenecontaining thioamides such AfFc-C(S)NHR) and dithioamides such as
B ( 1-FA(®(S)NHR)) reported to date are formally derived from ferrocenecarboxylic
aci d -temrocehedidafboxylic aciti*® To the best of our knowledg®-C(S)NH-Fc
thioamides derived from aminoferrocenes have not yet been reported. Interestingly, organic
N-aryl substituéd thioamide€ are typically obtained as mixturesa$ andtransisomers
(Chart 1) whileN-alkyl thioamides are exclusively formed @ans isomers simildy to
amides’ The thioamide conformation df-ferrocenyl thioamides remains to be elucidated.

Oligoferrocenyl complexes with amide bridges (Cham) have been shown to form
distinct secondry structures with intramoletar hydrogerbonds characterized by eight
membered ring® Mixed-valence cations of such oligoferrocenyl amidé&s feature
intervalene charge transfer bands arowdr = 10307 1055 nm with electronic couplings
Has = 1407 190 cm?, placing these mixeslalent specie€ in the RobinDay class i
with moderate electronic interactiéh.Hence, these oligoamides amslecular wires
equipped with a distinct secondary structure. As multiple positive charges are opponents to
the intramolecular hydrogen bondsill oxidation should disrupt the hydrogen bonds
giving an extended conformatitfrand rendering these amidasd foldamers responsive
to redox stimuli.

With the special features of thioamides in miwwe were interested in the effects of the
O- S substitution ilN-ferrocenyl (thio)amides with respect to (thio)amide conformation
(cis/transisomers?), secondary stture (occurence of intramolecular hydrogen bonds?),
electronic communication in mixedhlent systems (facilitated or hampered electron
transfer?)and redox stability of the ferrocenyl thioamide unit. In thet ¢ase especially
the oxidation/deprotonatin of t he t hi oamide to tHKS&S corre:
( NR6) CR F)E braenrothiazplés (Chart 1522 is of particular interestas this
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reactivity is obviously impossible for the parent amides. The diferrocenoyl disulfide Fc
C(O)-S-S-C(O)-Fc has been reported previously.

3.1.3 Results andDiscussion

Synthesis and Characte

rization.

The mone and diferrocenyl thioamide 4, 7, and8 shown in Scheme 1 were conveniently

prepared by thionation of the corresponding amije® 5, and6*®*wi t h

Lawessonao:

reagent (2,%is(-methoxyphenyhl,3-dithiaphosphetang,4-disulfide)® After column

chromatography the products were obtained as oréd@@ (o red powders7 8) in 40

90% isolated yield. All complexes were characterized by FD orniz8ls spectrometry,

NMR spectroscopy, and elemental analyses proving the desired composition and purity.

- QZ
<

Scheme 1. Syrtesis of hioamides 3, 4, 7, and 8 from the corresponding

amides 1, 2, 5, and 6 (atom numbering for NMR assignment).

LR

—_—
toluene
80°C

LR

toluene
80°C

12 1

H13CM(5)Me'S

In the UVAs spectra of the thioamid&s4, 7, and8 the charateristic ferrocene absorption

band in CHCI> is consisently shifted to lower energy in comparistm that of the
corresponding amidels 2, 5, and6 (amax = 441, 441, 445, 446 N4~ anax= 446, 444

470, 480 nm). These shifts already indicate some electronic influence of th& O

substitution and some admixed chatgensfer character of the Fc band (see Supporting

Information, Figures SIL S4).
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The IR spectra obtained as KBr disks show characteristic NH and CS(l) and CS(lIl)
absorption bands. The CO band of the ester grod@iri686 crit confirms that the ester
carbonyl oxygen atom is not exchanged
furthemore that the Cgergroup acts as a hydrogen atom acceptor in the solid state. The
NH stretching frequencies around 323310 cmi! are indicative of the presence of
hydrogen bonds in the solid state. An analogous observation has also been made for the
corresponding amide'$:144 shows two absorptions for the NH group at 3462 (br) emd
3288 (m) cmt, suggesting free and hydrogbonded NH groups, respectively (KBeste).

The dithioamideB features NH absorptions at 3375 and 3233'@arresponding to free
NH groups and hydrogemonded (NH S) groups, respectively.

In CHxCI> solution the hydrogen bonds 8fand7 are essentially disrupteds the NH
stretching vibations are observed around 3B8800 cmi!. This clearly proves the
intermolecular nature of the hydrogen bond8 and7 in the solid state. Estdrshows two
NH absorption bands at 3379 and 3281dmsolution. The CQuevibration of4 is shifted
to 1713 cmt, indicative of essentially free CO groups, in addition to stydrogen
bonded CO groups (shoulder at 1693 YnHence, estet features some (intramolecular)
NH¢ Oesterhydrogen bonds also in GEI, solution resulting in a sinembered ring (vide
infra). DithioamideB also shows the signatures of hydrogpemded andree NH groups at
3165 and 3384 chhin solution suggesting the presence of an intramoleculaf SH
hydrogen Dbond in addition to adsubstteted NH
ferrocenes have been shown to possess intramolecular hydrogen bonds*%¥ e
detailed conformationscig/trans) and especially the intramolecular hydrogen bon@& of

will be disclosed in the next section by NMR and DFT methods.

Conformational Analysis.

N-Ferrocenyl thioamide8 and 4 display a double set of resonances in thidirand°C
NMR spectraindicative of the presence ofs andtransisomers which do not interconvert
at room temperature ondMNMR time scale (Figure 1, Experimenaction). This finding

is congruent to repted organicN-aryl thioamides. From NOE spectra resonances are
assigned tais andtransisomers by the decisive contact of the methyl protohsHhe
thioamide proton NAin the trans isomer (see Supporting Information, Figure S5). In

addition to sigificantly different chemical shifts of the methyl proton§, ithe methyl
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carbon atom € and the C=S carbon aton? tbe cyclopentadienyl Hesonances dfans-

3 andirans4 are shifted to lower field by 0.47 and Og#@n in comparisoto the respective
cis counterparts, respectively, due to the vicinity of the sulfur atom to tipedtbn in the
transisomers. Conversely, the Niesonance is shifted to lower field by 0.73 and 0.37
ppm, respectively, in theis isomers as compared to thens isomers dueto the
neighboring sulfur atom. Theis:trans ratio obtained by integration of corresponding
proton resonances is approximately 1 : 13¥and 1 : 2.7 fod. Heating a toluene solution
of 3to 110°C allows observation dghe coalescence of the methyl proton resonanées H
aroundT. = 373 K (Figure 2). Froriic and the chemical shifts of the @proton resonances
(H an activation barrier afg3’ = 75 kJ mdl* can hence be estimated for ttig/trans
isomerization o3, similar to the barriers determined filfN é&imethylthioformamide and
N,N éimethylthioacetamidé®

a)

NH4 NH4 cis-3
A N 77 trans-3
i — /’_ﬁ¥_
1. .
®. ™ 6 6
9.0 85 ) 33 ‘ l
A A A A J Lk
T ))"T‘ T\’I‘\\_~ T T
2.18 2.085.09 5.00 2.03 2.08 317 3.31
58 56 54 52 50 48 46 44 42 40 38 36 34 32 30 28 26 24 §/ppm
b) NH4
NH4 ,\\ cis-4
e s N " 6 trans-4
029 092
- . . 1 6
. 85_8 7
9.0 S8 i f Y2 3 ‘ , ‘ J
J A JU AN AU JL .
e N RN o ™ T
0.74 1.86 2.00 2.43 0.832.35 1.19 2.90 300 1.13
58 56 54 52 50 48 46 44 42 40 38 36 34 32 30 28 26 24 5/ppm

Figure 1.'H NMR spectra of (a) 3 and (b) 4 in CRCI2 at room temperature
(atom numbering see Scheme 1).

DFT calculations (B3LYP, LANL2DZ, PCM Ci€l) yield somewhat higher activation
barriers of 101 and 110 kJ mblor 3 and4, respectively (Figure 3). The calculations show
a slight preference of thteansisomers, especially fot which matches the experimant
results trans-4 might form a intramokcuar NH® Oester hydrogen bondslightly more
stablethanthat ofcis-4 (trans-4: NHé O 1.94 Acis-4: NHé O 2.00 A). Such intramolecular
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NH¢é O hydrogen bonds giving a sisembered ring (Figure 3b) are likely present to some
extend in the ensemble in solutj@s already suggested by the IR data.

On the other hand, intermolecular hydrodgemds as suggested by the sdidte IR
spectra might stabilize thas isomer. Indeed, thioamid&crystallizes in the monoclinic
space group R& as centrosymmetric hydreg-bonded dimers ofisisomers (Figure 4).

In contrastits amide analogukcrystallizes with NM O hydrogerbonded chains dfans-
1in the solid stat€**11The N S distance irtis-3 amounts to 3.39 A. Theis thioamide
unit is nearly planar but twiisd relative to the Cp plane with &%°-N*-C!* angle of 51°.
This twist is also seen in the DFT calculationcs3 (44°) and of the hydrogen bonded
dimer (is-3)2 (39.0°, see Syprting Information, Figure S6).

In contrast to the case fdi-ferrocenyl amided and 2 cis/trans isomers with high
rotation barriers are found M-ferrocenylC-methyl thioamide8 and4. TheN-ferrocenyl
C-ferrocenyl thioamide7, however, displays only single sets of proton and carbon
resonances in the respectNMR spectra suggesting the presence of a single isomer only.
DFT calculations favor theransisomertrans-7 by 9.8 kJ mdl* with a rather planar Gp
NHC(S)}Cp bridge while the cis isomer cis-7 is severely distorted (see Supporting
Information, Figure S7)The NOE spectrum of in CD.Cl» (see Supporting Information,
Figure S8) reveals NOE contacts of theNirbton to H (strong) and Bl (medium) fully
consistent with thérans configuration (DFT distances ¢fans-7: H¢ H8 2.05 A, H¢ H3
2.47 A; DFT distances dfis-7: H¢ H® 3.97 A, H¢ H® 3.06 A, Supporting Information,
Figure S7).

‘ I
] ‘ ’,.x__ 383 K

I (bl _
|
r ‘u mk_f_,f, 373K
L]
B | T - L8
‘\'l\w lm|
I R | b - - < 1.9
|
6 iy 6
AN JUU UL’LiJ (- 296 K
trans-3 cis-3
2.30 2.20 2.10 2.00
S | ppm

Figure 2. Variable temperatureH NMR spectra of 3 in &-toluene.
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For diferrocene dithioamid® several further conformational possibilities are coraiglie
(Figure 5). A double signal set is observed in the integral ratio 1 : 6.4 itHthNMR
spectrum oB. The majorisomer is assigned to tlianstransisomer {rans,trans8) on

the basis of an NOE cropeak between the methyl groug®and the thioamide proton
NH?* (trans-Cp-NHC(S)Me moiety) and two NOE contacts between thioamidé &itdl

He (strong) and Fi(medium) similar to thérans-7 case. These data are consistent with the
DFT calculated metrics of theans,trans8 isomer (H¢ H® 2.22 A, H€ H3 2.48 A;
H% H%2.15 A). The minor isomer in solution is likely tirans,cisisomer with a terminal

cissCp-NHC(S)Me moiety {rans,cis8) similar to3 and4.

a)
E./kJ mol™ /I\ 9
A N Fe
)
S &
I

1007 %,

Figure 3. DFT (B3LYP, LANL2DZ, PCM CH 2Cl>2) calculated cis/trans

isomerization ofa) 3 and b) 4.
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As dithioamide8 features two hydrogen atom donors and two hydrogen atom acgeptors
intramolecular N S hydrogen bonds are feasible similar to theaallde complex6.
Indeed, amidé folds into a secondary structure in solution wetghtmembered NH O
hydrogenbonded rings (cf. Chart D). The IR spectra 08 suggest an intramolecular
hydrogen bond in C¥Cl2 solution as well (vide supra). DFT calculationdrahs,trans8

in different folding arrangements show tfian contrast t&6 i the sixmembered NHS
hydrogenbonded rings are more favorable (Figure 5). The most stable arrangenent of
comprises thesix-membered ring and & , -@dformation of the Cp rings of the

disubstituted ferrocene.

__dc12

Figure 4. Hydrogen bonding motif ofcis-3 in the solid state.

In the *H!H NOE spectrum (Figure 6) the terminal thioamide proton i 8 displays

three contacts to neighboring protons, namely one to the methyl gré)paldecond one

to the adjacent Cp protontH andi decisively a third catact to a Cp proton adjacent to

the bridging C(S) substituenfHThe latter contact is only feasible in the -Godformation

with the sixmembered ring (NH¢ H8 = 3.00 A) while for all other conformations (Figure

5) this distance is larger than 3.88 écarding to DFT calculationhe preference of the
smaller sixmembered ring in the dithioami@eas opposed to the eightembered ring in

the diamides can be ascribed to the larger atomic radius of sulfur as compared to oxygen
and the concomitantly loreg bonds. To conclude this section,K€)NH-Fc thioamides

can formcis andtransisomers while théransisomer is preferred in FC(S)NH-Fc
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E./ kd mol™
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1,2'; 8-membered

3 7.3
1,1"; 6-membered

0.0
1,2'; 6-membered

Figure 5. DFT (B3LYP, LANL2DZ, PCM CH 2Cl2) calculated hydrogen
bonded isomers oftranstrans-8.
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Figure 6.'HH NOESY of 8 in CD:Cl2 at room temperature (top) and
selected NOE relevant metric data of the lowest energy conformation of ¢

(bottom, only relevant protons are shown).
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thioamides. In addition the disubstituted ferrocene-G8)NHFn-C(S)NHFc (8)

preferdly arranges in a simmembered ring with an intramolecular KB hydrogen bond.

Electrochemistry.

The monoferrocenyl derivative8 and 4 are oxidized in CECl> to the respective
ferrocenium cation radica® and4* atE,, =10.020 V ancE:,, = 0.205 V (vs. FcH/FcH,
respectively (Figure 7). The higher potential of 4 couple is due to the presence of the
electron withdrawing ester substitugas expected’®8In comparisonto the respective
amidesl/2 the potentials 08/4 are shiftel to highervaluesby 851 100 mV (Figure 7).
Obviously, the NHC(S)Me group is more electron withdrawing than the NHC(O)Me
substituent. At higher potentials an irreversible wave is obseBged 0.345 V andg, =
0.510 V for3 and4, respectively). This agation (corresponding to only 0.5 electrons) can
be ascribed to oxidation of the sulfur 3 or 4* to give transient ferrocenium surfuryl
diradicals3?* or 4%*. These doubly charged ferrocenium thioamide radical cations should
be hghly acidic and shoulé@asily bse a proton to give the diradica&Hl]* or [4-H]",
respectively (Scheme 2). In full agreement DFT calculatiortsams-3"* (n = O'2) assign

the first oxidation to the Fc/Faouple and the second oxidation to the sulfur atasn
judged from F& Cp(centroid) distances and spin densities {lse8upporting Information,
Figure S9). In agreement with the proposed increased acidity thhdHengths increase
asthe positive chargbecomes greatefrom 1.018, 1.019 to 1.022 A (see Supporting
Information, Figure S9). The sulflmased radicals should be prone to disulfide formation.
Hence, we propose an intermolecular radical couplin@-®f][ with 3* and B-H]* with

4*, respetively. This suggestion fitthe observed transfer of only @5n the seond
oxidation step (Figure 7). A further proton loss might stabilize the neguttixedvalence
disulfides B-H]2" and B-H]2* (Scheme 2). A ferrocenogontaining disulfide R€(O)-
SSC(O)Fc had been prepared before by iodine oxidation and deprotoo&faC(O)SH

or by thionation of F&C(O)im (im =N-imidazolice) wi t h L a we'SGxioatidhs r e a g
of organic thioamides by iodine, €wr quinones has been repattto yield disulfides with
corcomitant deprotonatiotf. Hence, the proposed EEC pathway (Scheme 2) is a viable

mechanism.
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-04 -02 00 02 04 06 08 -04 -02 00 02 04 06 08 1.0
E/V vs. FcHfFcH' E/V vs. FoHiFcH'

Figure 7. Cyclic (bottom) and squarewave voltammograms (top) of a) 1/3
and b) 2/4 in CH:CI2/["Bu4N][PFe).
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Scheme 2. Suggested EEC mechanism and intermolecular disulfide

formation of 3 and 4 (postulated species in brackets).

The observed redox processes are basically similar for the diferrocanes8 with the
first oxidation potential of the ferrocenaits shifted to higher values in comparigorthe
corresponding amideésand 6 (Figure 8). We ascribe the first two oxidation waves to the
oxidations of the ferrocene units to give the mixatent specie§*/8* and the aHFe"
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complexes72*/8%*, respectively. At somewhat higher potentials the irreversible sulfur
oxidations arebservedyielding the reactive tricationg®*/8%* (Figure 8). Similar t/4,
deprotonation and disulfide formation might be the dominating pathway &ftadd
oxidation of 7 and 8. For dithioamide83* intramolecular disulfide formation might be
feasibk in addition to intermolecularS coupling. Apossible reaction pathway yiéhd) a
mixed-valent disulfideansaferrocene 8-2H]" is depicted in Scheme 3. According to DFT
calculations the proposed disulfid®ZH] " is shown to be an unstrained [5]ferrnophane

with an appended ferrocenium ion (Figur&9).

r : T T T r T T : . T T T :
04 -02 00 02 04 06 08 -04 -02 00 02 04 06 08
E/V vs. FcHIFeH E/V vs. FcHIFeH

Figure 8. Cyclic (bottom) and squarewave voltammograms (top) of a) 5/7
and b) 6/8 in CH:CI2/["Bu4N][PFe).

The monocationsl*, 2*, 5%, and 6* as well as3*, 4%, 7%, and 8" were prepared
electrochemically in an optically transparent tlager electrode cell and the UV/vis
spectra were recorded. As an example, the spectroelectrochemical oxid&itm8sfis
depicted in Figure 10. A clean oxidation of the ferroc®14é80 nm) to the mixeeralent
cation8* (527, 751, 1170 nm) is observed with isosbestic points at 464 and 500 nm. The
typical ferrocenium absorption bands of the amides are observed at 756, 799, 759 and 799
nm (1%, 2*, 5%, and6*; from Gaussian band shape anelysvhile those of the thioamides

are found at 799, 797, 800 and 751 r8h @*, 7*, and8"; from Gaussian band shape
analysis, Supporting Infemation, Figures S10 and S11). In addition, the mixalént
complexesh*, 6, 7*, and8" show intervalence charge transfer bands at 1075, 961, 1150,
and 1170 nm from Gaussian band shape anaFsis (9300, 10400, 8695, 8547 th
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Scheme 3. Suggested EEEC mechanism and intramolecular disulfide

formation of 8 (postulated species in bracéts).

These values show that in the thioamides the optical electron transfer occurs at lower
energy. From the Hush formula, the band shape parameters of the IVCT bands (see
Supporting Information, Figures S10 and S11) and an estimatdeeFrdistance of .2 A
the electronic couplirgyarecalculated a$ias = 200, 260, 190, and 230 th{+ 10 cm?)
for 5%, 6%, 7*, and 8", respectively. These moderate values assign class7il &md 8*
according to the RobirDay classificatiort! The similar electronic couiplg in amides and
their corresponding thioamides suggests that the electron transfer is not significantly
mediated by the (thio)amide bridge but rather occurs through space.

Activation barriers for the thermal electron transfer in the miadnt cations are
estimated fronyGYer = a4 +qiGY/2 + (@G°)2/(4(ei 2Hag) i Has + Has2/(a+ qiG°) with
o= Eop 1 3% as 0.43, 0.40, 0.36, and 0.34 eV %0y 6+, 7*, and8*, respectively42, 39,
35, 33 kJ mah).** The significantly lower barriers in the thioamidesNadC(S)-FnR (7,
8") are largely based on the smaller electronic differences of the ferrocene/ferrocenium
redox sites in thioamides. The oxidation potential GNFC(S)R is more similar to that
of F-C(S)NHRin comparisornto the very different potentials of AHC(O)R and E-
C(O)NHR. Facilitated electron transfer in thioamidéand8* is hence based on a more
pronounced redox similarity of the redox sites (smai&°) as opposed to a stronger
electronic interaction via the C(X)NH bridge (simitdg).
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Figure 9. DFT cakulated structure of [82H]* (CH hydrogen atoms omitted

for clarity) including spin density distributio n (isosurface value 0.01 a.u.).

Int. / a.u.

400 600 800 1000 1200 1400
A lnm

Figure 10. Spectroelectrochemical oxidation of 8 to*8n
CH2ClI2/["BusaN][B(C6Fs)4].

To experimentally corroborate the preferred site of oxidation the diferroéemet8 were
titrated with iodine Ex. =10.14 V vs. ferrocene in GEN)'® and paramagnetitH NMR
spectra were recordé®?°2As an examplethe 'H NMR spectra of7 and increaing
substoichiometric amounts of iodine are displayed in Figure 11 (see Supporting
information, Figure S12 for titration &with I2). Due to the typically fast intermolecular
selfexchange reaction of the FclFcouple averaged NMR resonances are obser
Clearly, the resonances of the MHbstituted ferrocene EHH* H° are more affected
(paramagnetic shift, paramagnetic broadenthgn the resonances of the-&&stituted
ferrocene (B, H% H!9 demonstrating that the NBUbstituted ferrocene is the site of
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primary oxidation similar to the amide cas®5".'% Fully analogously, the site of first
oxidation in 8/8" is the monosubstituted ferrocerses shown by iodine titrations (see

Supporting Information, Figure S12) anéDcalculations.

+1, (< 0.03 eq)
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Figure 11. 1H NMR spectra of 7 upon titration with iodine in C2Cl2 (atom
numbering according to Scheme 1).

The monocation8*, 4*, 7*, and8*" were additionally prepared by chemical oxidation using
one equivof AgSbFs in a mixture of CHCI, and THF (41). After rapid freezing to 77 K
EPR spectra of the ferrocenium cation radicals were recétdéehrly axial EPR spectra
were obtained witlg, = 3.400,gxy = 1.860 8%, qg = 1.54),g. = 3.300,0xy = 1.852 &*, qm

= 1.45) (see Supporting Information, Figures S13 and S14panrd3.300,gy = 1.881,0x
=1.845 7", qg = 1.46, Figure 2a). Comparable resonances have been observed previously
for [Fc-NHCORY]' radicals in CHCI, and assigned to contact ion pairs with the gBhiBn
attached via NHF hydrogen bond&'® In THF solvent separated ion pairs are additionally
present which feature NHD hydrogen bonds to the THF oxygen atom. These solvated
[Fc-NHCORYJ' radicals posss a smallerg anisotropy and sharper resonance Iiiés.
Notably,8" shows two signal sets with a broad resonange=ah.o.,gy = 1.889,gx = 1.849
(50%) suggestive of a contact ion pair and a sharp prominent resongnee2a340,gy =
2.067,0x = 2.001 ¢m = 0.3, 50%) with a smalb anisotropy (Figure 12b). The latter
resonance suggests that the smmying terminal [FENHCSR] unit is not hydrogen
bonded to [Sb' but rather to a different acceptor (oxygen of THF or sulfur of bridging
C=S). In contrast t@*, 4*, and7* a bridging C=S unit is available 8 as an internal

hydrogen atm acceptor. This results in an eighembereeing system ir8* (Figure 12b).
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A hexafluoroantimonate counten that might be additionally attached to the terminal
NHCSCH groupdoes not dramatically influence the terminal Fadical (Figure 12b and
Supporting Information). The terminal Fseems to be influenced mainly by the donor

atom coordinated to its proximal NH groufHF, counter ion, sulfur atom).

exp
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Figure 12. X-band EPR spectra in CHClz and THF (4:1) at 77 K,
simulations and DFT calculated spin density distributions (isosurface valut
0.01 a.u.) of a) 7and b) 8x[SbFs]" (bottom). Only relevant hydrogen

atoms are shown.

71



Results and Discussion

Interestingly, the DFT optimized lowest engrgonformation of8* features an eight
membered ringconfirming the EPR results. This conformation8f(eightmembered
ring, 1 , -@obdformation) is caldatedto be more stable than the shembered ringX( , -2 6
conformation) by 8 kJ mbll (see Supportingnformation). Hence, the intramolecular
NH¢ S hydrogen bond of the acidic terminalfH group favors theightmembered ring
in 8" as opposed to neutr@lwith a six-membered ring (Figure 5). The DFT calculations
do not reveal a significant spin density on sulfur aton® id*, 7*, and8*, respectively,
ruling out a significant contribution of sulfur radical character in the singly oxidized
complexes.

In summary, tb mixedvalent catior8* likely features aifferent secondary structure
(eightmembered ringglifferent from that ofts parent neutral thioamid(six-membered
ring) due to a changed preference of intramolecular hydrogen bonds (Scheme 3). This
contrastdo the secondary structure of ferrocenyl amides which is preserved upon a single

electron transfergightmembered ring).

3.1.4 Conclusion

Oxygen to sulfur exchange in ferrocenyl amides results in distinct consequences concerning
preferred conformations okutral complexes, electragrcommunication in mixedalence
systemsand reactivity of oxidized species. AmidesREIC(O)Me (e.gl, 2) prefertrans
conformations of the amigdehile for thioamides FNHC(S)Me @, 4) bothcis andtrans
isomers are equallccesdile. The barrier ofis/transisomerization has been measured as
75 kJ mol! for 3 by variabletemperature NMR spectroscopy. Tinens configuration of
the central thioamide is again favored for diferrocenyl thioamides of the typ&IEES)

Fn? (7, 8). Dithioamide 8 features a weltlefined secondary structure in solution
comprising an intramolecular NHs hydrogen bond giving a smembered ring in contrast
to the oxo analogué featuring an eighinembered ring with an intramolecular NB
hydrogen bnd.

In the thioamides the Fc/Feedox couples are typically shiftéd higher potentials in
comparisorto the corresponding amides. In addition irreversible oxidations follow at even
higher potential which can be ascribed to disulfide formations. Intriply charged
dithioamide8®* the disulfide formation may even occur intramoldarly and the possible
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formation of anansaferrocene[8-2H]* is proposed. This proposed oxidatively induced
cyclization reaction will be investigated in more detail in tbeurfe. Furthermore, the
preferred secondary structurk (; Zig-membered ring) of the dithioamid@etransforms
into an eightmembered ring with an inverted NI$ hydrogen bond motif upon oxidation
to 8". This perception will be exploited in the near futuiee redox stimulated
conformational changes in oligothiopeptides.

The mixedvalencecations7* and8* belong to the RobiDay class Il with electronic
couplingsimilar to that ofthe corresponding mixedalent amide$* and6* (Has & 220
cm'). However, &ectron transfer is more rapid in thioamidés and 8*, due to the
diminished redox asymmetry of the C(S)NH bridge as @egpto the C(O)NH bridge. In
any eventthe most easily oxidized site is still the monosubstitutetNIHEX subunit
irrespective othe chalcogen atom X of the bridge.

3.1.5 Experimental Section

General Procedures:

All reactions were performed undem argon atmosphere unless otherwise noted.
Dichloromethane was dried with CaBind distilled prior to use. All reagents were used as
receivedfrom commercial suppliers (Acros, Sigmddrich, ABCR). 1, 2, 5, and6 were
prepared according to literature proceddféé NMR spectra were recorded on a Bruker
DRX 400 spectrometer at 400.31 MH#] and 100.07 MHzC{*H}). All resonances

are reportd in ppm vs. the solvent signal as internal standardCGI*H: 1 5.32 ppm;

13C: i 54.0 ppm).ds-Toluene tH: & 2.30, 7.19 ppm). IR speet were recorded with a
BioRad Excalibur FTS 3100 spectrometer as KBr disks or by using KBr cellsi8I1£H
Electrochemical experiments were carried out on a BioLogib®®ltammetric analyzer

by using a platinum workuon electrode, a platinum wireounter electrode and a 0.01
Ag/AgNO:s reference electrode. The measurements were carried out at a scan @dte of 1
mV s ! for cyclic voltammetry experiments and at 50 mVfer square wave voltammetry
experiments in 0. ["BwN][PFs] as supporting electrolyte in GBI,. Potentials are
referenced against the decamethylferrocene/decamethylferrocenium doupl&90 £ 5

mV vsferrocene/ferrocenium under our experimental conditions) and are given relative to
the farocene/ferrocenium couple. UV/vis/nd& spectra were recorded on a Varian Cary

5000 spectrometer by using 1.0 cm cells (Hellma, suprasil). Spectroeleatnical
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experiments were performed using a thin layer quartz glass (path length 1 mm) cell kit
(GAMEC Analysentechnik, lllingen, Germany) equipped with a Pt gauze working
electrode, a Pt counter electrode and a Ag/AgNO3 reference electrods Ebltions in
CHCl> containing 0.1v ["BusN][B(CeFs)4]). CW EPR spectra (¥and; ca. 9.4 GHz; ca.

20 mv) were measured on a Miniscope MS 300 at 77 K cooled by liquid nitrogen in a
finger dewar (Magnettech GmbH, Berlin, Germany). Settings were as follows: fielater
2499.01 G; modulation amplitude: 3000 mG; receiver gain: 5.0; microwave attenuation: 3
dB; sweep time: 120 g-values are referenced to external®¥im ZnS @ = 2.118, 2.066,
2.027, 1.986, 1.946, 1.906). Simulations of EPR spectra were perforithe8asySpin (v
4.0.0¥? for MatLab (R2007b). FD mass spectra were recorded on a FD Finnigan MAT95
spectrometer. ESI mass spectra were recorded on a MicromdsSFQltima
spectrometer. Melting points were determined by using a GallenkaRip 595 010
capillary melting point apparatus and were not corrected. Elemental analyses were
performed by the microanalytical laboratory of the chemical institutes of the University of

Mainz.

Density Functional Calculations.

Density functional calculationsvere carried out with the Gaussian09/DFT séfied
programs. The B3LYP formulation of density functional theory was used employing the
LANL2DZ basis set. No symmetry constraints were imposed on the molecules. The
presence of energy minima of the growtates and first order saddle points was checked
by analytical frequency calculations. Solvent modeling was done employing the integral
equation formalism polarizable continuum model (IEFPCM, dichloromethane). The
approximate free energies at 298 K wertaoted through thermochemical analysis of the
frequency calculation, using the thermal correction to Gibbs free energy as reported by
Gaussian09.

Crystal Structure Determination.

Intensity data were collected with a Bruker AXS Smart1000 CCD diffractomteian
APEX Il detector and an Oxford cooling system and corrected for alsoignd other
effects using MK U radiation [ = 0.71073 A). The diffraction frames were integrated
using the SAINT package and most were corrected for absorption with MUE&XBShe
structures were solved by direct methods and refined by theé&itix method based on

F? using the SHELXTL software packa?’ All non-hydrogen atoms were refined
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anisotropically while the positions of all hydrogen atoms were generatedppitbpaiate
geometric constraints and allowed to ride on their respective parent carbon/nitrogen atoms
with fixed isotropic thermal parameters. Crystal dateHGFeNS (259.15)T = 173 K;

yellow plate; ®21i 0.17i 0.02 mm; monoclinic; PiZc; a= 14.23518) A; b = 9.4951(6)

A; c=8.4156(5) Ap=105.437(2)°V = 1096.45(11) A Z = 4; F(000) = 536.07=1.570

gcm 3 pu=1.528 mr; 2 Qrange = 5.227 55.76°; index rangesl 8 h@ 1 B2 k@
11;111100 10; reflections col lefieditng 36 jfafadeters; 26 1
maximuniminimum transmssion = 0.9701/0.7397; goodnessfibfon F? 0.957; largest
difference pak and hole = 0.468.381 e A% R1(l > 2s) = 0.0305; R1(all data) = 0.0465;

Rw(l > 2s) = 0.0709; Rw(all data) = 0.0741. CCEBZ8126 contains supplementary
crystallographic data for this paper. These data can be obtained free of charge from The

Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Synthess of 3.

Amidel (298 mg, 1.23 mmol) and Lawessonods re
suspended in toluene (250 mL) and heated tC8@r 3 h. The solvent was removed under
reduced pressure. After column chromatography (SiO2, 32 cm, CHCI,) 3 was
obtaned as orangsolid (286mg, 1.10 mmol, 90%R(SiO,, CHCI2) = 0.26. M.p. 130°C
dec *H NMR (400 MHz, CRCl, 298 K):[cis-3] ti= 9.01 (s, 1H, NH), 4.36 (pt, 2H3Jun

= 1.83 Hz, H), 4.23 (s, 5H, ¥, 4.17 (pt, 2H3Jun = 1.83 Hz, H), 2.40 ppm (s, 3HH°);
[trans-3] U= 8.28 (s, 1H, NH), 4.83 (pt, 2H3Jun = 1.80 Hz, H), 4.27 (s, 5H, M), 4.13
(pt, 2H,3J4n = 1.80 Hz, H), 2.59 ppm (s, 3H, B. *C{*H} NMR (100 MHz, CDxCl,, 298

K): [cis-3] ti= 205.9 (C), 94.9 (G), 69.9 (C), 67.1 (C), 66.0 (C), 30.3 ppm (€); [trans-

3] ti=200.4 (C), 95.8 (C), 70.2 (C), 66.0 (C), 64.8 (G), 36.2 ppm (€). MS(FD): m/z
(%) = 259.9 (100) [M]. IR(KBr): ¥ = 3261 (w, NH), 1548 (b, CS(l)), 1378 (b, CS(Il))
cm' L IR(CHClp): T = 3383 (m, NH), 1502 (m, CS(I)), 13gm, CS(Il)) cm!. UV/ivis
(CH2CLp): amadJ) = 348 (1890), 446 nm (365Mcm' 1). CV (CH.Cly, vs. FcH/FcH+)Ey,
=70.020 V (rev.)Ep = 0.345 V (irrev.) Anal. calcd forCioH13FeNS (259.1): C5.62, H
5.06, N 5.40, S 12.37;,dand C 55.29, H 4.79, N 5.38, S 12.37.

Synthesis of 4

Amide ester2 (100 mg , 0.33 mmol) and Lawessonod0s r1 eaf(
suspended in toluene (70 mL) and heated tt3Bfor 2.5 h. The organic phase was washed

with water, saturated aqueous sodibicarbonate solutioand brine. The organic phase
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was dried over MgS£and the solvent was removed under reduced pressure. After column
chromatography (Si©3i 12 cm, ethylacetate / petroleum ether (b.pi 40 °C), (1:1))

4 was obtained as oranged solid (56 mg, 0.18 mmol, 53%R(SiO;,, ethylacetate /
petroleum ether (b.p. 4060°C) 1:1) = 0.68. M.p. 105.5 °@4-NMR (400 MHz, CDRCl,,

298 K):[cis-4] ti= 8.86 (s, 1H, NH), 4.88 (pt, 2H3Jun = 1.97 Hz, H), 4.49 (pt, 2H3Jun

= 1.97 Hz, H), 4.37 (pt, 2H3Jun = 1.96 Hz, H), 4.21 (pt, 2H3Jun = 1.96 Hz, H), 3.86

(s, 3H, HY, 2.36 ppm (s, 3H, ®; [trans-4] Ui = 8.49 (s, 1H, NH), 4.82 (pt, 2H3Jun =
1.95 Hz, H), 4.73 (pt, 2H3Jun = 1.98, H), 4.48 (pt, 2H3Jun = 1.95 Hz, H), 4.19 (, 2H,
3Jun=1.98, H), 3.80 (s, 3H, M), 2.61 ppm (s, 3H, B. *C{*H} NMR (100 MHz, CDxCl>,

298 K):[cis-4] U= 206.1 (C), 170.7 (C9, 94.7 ("), 73.3 (C), 72.1 (&), 68.7 (C), 67.5
(C?), 52.4 (GY, 30.3 ppm (€); [trans-4] li= 202.4 (C), 171.6(C9), 94.8 (C"), 73.3 (C),

71.9 (&), 68.0 (C), 67.4 (C), 52.4 (GY), 35.5 ppm (€). MS(ESI): m/z (%) = 340.0 (100)
[M +NaJ". IR(KBr): £ =3462 (br, NH), 3288 (m, NH), 1686 (s, CO), 1578 (b, CS(l)), 1475
(b, CS(Il)), 1467 (b, CS(I1)) ch. IR(CHCl2): $ = 3379, 3281 (m, NH), 1713 (s, CO),
1695 (sh, CO), 1523 (m, CS(1)), 1508 (m, CS(l1)), 1370 (m, CS(I1)} daV/vis (CH:CL):
amax(() = 359 (sh, 3065), 444 nm (680 Mcm' Y). CV (CH:Cly, vs. FcH/FcH): Ex, = 0.205

V (rev.),Ep = 0.510 V (irrev.) Anal. calcd forCi4H1sFeNOS (317.2): C8.01, H4.77, N
4.42,S 10.11;6und C 52.83, H 4.62, N 4.35, S 10.10.

Synthesis of 7.

Diferrocene5( 300 mg, 0.73 mmol) and Lawessonods r e:
suspended in toluene (300 mL) and heate8Q6C for 16 h. The solvent was removed

under reduced pressure. After column chromatography(SiO 30 cm] with ethylacetate

/ petroleum ether (b.p. 4060 °C) (1:9)7 was isolated as a red solid (185 mg, 0.43 mmol,

59%). R(SiO,, ethylacetate / petrelim ether (b.p. 40 60 °C) 1:9) = 0.18. M.p. 230°C
(decomp)*H-NMR (400 MHz, CRCl,, 298 K):Ui=8.29 (s, 1H, NH), 4.94 (pt, 2H3Jun

=1.94, H), 4.87 (pt, 2H3Jun = 1.92, H), 4.49 (pt, 2H3un = 1.92, H), 4.27 (s, 5H, B),

4.24 (s, 5H, F), 4.16 ppm (pt, 2H3Jun = 1.94, H) 3C{*H} NMR (100 MHz, CD:Cls,

298 K):li=198.2 (C€), 96.4 (©), 85.8 (C), 71.9 (C), 71.3 (€Y, 69.9 (C), 69.1 (&), 65.9

(C%, 64.8 ppm (). MS(FD): m/z(%) = 429.3 (100) [M]. IR(KBr): £ = 3270 (w, NH),

1542 (m CS(l)), 1367 (b, CS(Il)) cm. IR(CHCI,): = 3397 (m, NH), 1537 (m, CS(l)),

1363 (m, CS(II)) crit. UVIvis (CH:CL2): amax(J) = 375 (2560), 470 nm (1560 Mcm' 2).

CV (CHxClp, vs. FcH/FcH): E,= 1T 0. 065 (r e vVE ¥ 0.34®DV (ZrevAnal.( r ev . ) \
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calcd forCziHioFeNS (429.1): G58.77, H 4.46, N 3.26, S 7.470#nd C 57.90, H 4.33,
N 2.98, S 7.53.

Synthesis of 8

Diamide6 ( 250 mg, 0.53 mmol) and LawessonoOs r¢
suspended in toluene (300 mL) and heated t6B@or 1.5h. The solvent was removed

reduced pressure. After column chromatography (SiO2, 35 cm) with CHCI, /

petroleum ether (b.p. 4060 °C) (82 to pure CHCI2) 8 was obtained as a red solid (108

mg, 0.22 mmol, 40%)R{(Si0,, CH.Cl, = 0.21. M.p. 175°Cdec. *H-NMR (400 MHz,

CD:Clp, 298 K).U = 9.57 (s, 1H, NEP), 8.45 (s, 1H, NH), 4.96 (pt, 2H3Jun = 1.96, H),

4.90 (pt, 2H3Jwn = 1.98, H), 4.61 (pt, 2H3Jun = 1.98, HY), 4.59 (pt, 2H 34w = 1.98,

H®), 4.26 (s, 5H, B), 4.23 (pt, 2H3Jun = 1.98, H?), 4.19 (pt, 2H3Jun = 1.96, H), 2.57

ppm (3H, H% 3C{*H} NMR (100 MHz, CD:xCly, 298 K):li= 202.6 (C%, 196.1 (C€), 95.7

(C?), 93.6 (CY), 87.0 (C), 73.1 (©), 70.1 (@), 69.9 (C), 68.8 (Ch), 68.1 (C?), 66.1 (C),

64.8 (G), 34.4 ppm (&%). MS(FD):m/z(%) = 502.3 (100)[M]. | R(3KB¥ )= 3375,
(w, NH), 1552 (b, CS(l)), 1364ClH:E=338AS( 1 1))
3165 (m, NH), , 1537 (m, CS(1)), 1504 (m, CS(1)), 1367 (m, CS(I\-chiV/vis (CHCL):

amax(() = 384 (3336)480 nm (2141 M cm'Y); CV (CH:Clz, vs. FcH/FcH):E.= 1 0. 035,
+0.205 V (rev.)Ep = 0.655 V (irrev.);Anal. calcd for GaHoFeN2S, (502.3): C 5.00, H
4.41,N5.58, S 12.77;,0and C 54.20, H 4.14, N 5.03, S 12.41.

3.1.6 Associated Content

Supporting Information

Figures, tables, CIF and .xyz files givit//vis spectra ofL and3 in CHxCl,, UV/vis
spectra ok and4 in CH.Clz; UV/vis spectra 0b and7 in CH2Cl; UV/vis spectra 06 and

8in CHxClz; *H!H NOESY of3in CD.Cl, at room temperatur®FT (B3LYP, LANL2DZ,
PCM CHCIy) calculatedcis-3)2, DFT (B3LYP, LANL2DZ, PCM CHCI) calculatectis-

7 andtrans-7, 'H'H NOESY of7 in CD.Cl, at room temperature, DFT (B3LYP, LANLDZ,
PCM CHCIy) calculatedrans-3"* (n = O 2), Gaussian band shape analysis of IVCT bands
of 7+, Gaussian band shape analysis of IVCT band8"ofH NMR spectra o8 upon
titration with iodine in CRClz; EPR spectrum o8 in THF/CHCI, (1/4) and simulation
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EPR specttimof 4in THF/CHCI.> (1/4) andsimulation Cartesian coordinates of optimized

geometries. This material is available free of charge via the Internet at http://pubs.acs.org.

Author Information

Corresponding Author.

*E-mail: katja.heinze@umninainz.de

Notes

The authors declare mompeting financial interest.

3.1.7 Acknowledgement

We are grateful to DiplChem. Andreas Neidlinger and Dyhem. Anica Winsche von
Leupoldt for helpful discussions of the EPR spectra, and Nathalie PiigeKatharina

Welter for preparive assistance.

3.1.8 References

[1] a) Huang, Y.; Jahreis, G.; Fischer, G.; LuckeC@em. Eur. J2012 18, 9841
9848; b) Bordwell, F. GAcc. Chem. Re4988 21, 456 463.

[2] a) Lee, HJ.; Choi, Y:S.; Lee, K-B.; Park, J.; Yoon, GJ.J. Phys. Chem. 2002
106, 7010 7017; b) Aleman, CJ. Phys. Chem. 2001, 105, 67176723; c) Artis,
D. R.; Lipton, M. A.J. Am. Chem. So&998 120, 12200 12206.

[3] Beer, P. D.; Graydon, A. R.; Johnson, A. O. M.; Smith, Diniirg. Chem1997,
36,2112 2118.

[4] Hall, C. D.; Danks,.IP.; Sharpe, N. Wl. Organomet. Cherd99Q 390, 227 235.

[5] a) Kloss, F.; Pidot, S.; Goerls, H.; Friedrich, T.; HertweckA@ew. Chen2013
125, 10945 10948;Angew. Chem. Int. E@013 52, 10745 10748; b) Behling, L.
A.; Hartsel, S. C.; Lewis, D. E.; DiSpirito, A. A.; Choi, D. W.; Masterson, L. R.;
Veglia, G.; Gallagher, W. HI. Am. Chem. So2008 130, 12604 12605.

78



Impact of OS Exchange in Ferrocenyl Amides on Structure and Redoxchemistry

[6]

[7]

[8]

[9]
[10]

[11]

[12]

[13]

[14]

[19]

[16]

Mock, W. L.; Chen, JdT.; Trang, J. WBiochem Biophys. Res. Commuh98],
102 389 396.

a) Miwa, H. J.; Patel, A. K.; Vivatrat, N.; Popek, S. M.; Meyer, A.Ofg. Lett.
2001, 3, 3373 3375; b) Grabarse, W.; Mahlert, F.; Shima, S.; Thauer, R. K;
Ermler, U.J. Mol. Biol.200Q 303 329 344.

a) Patra, M.; Hess, J.; Konatschnig, S.; Spingler, B.; Gass@rganometallics
2013 32, 6098 6105; b) SandovaChavez, C.; LopefLortéz, J.; Gutiérrez
Herndndez, A. I.; OrtegAlfaro, M. C.; Toscano, A.; AlvareZoledano, CJ.
Organomet. Chem2009 694, 36923 7 0 O ; c) Pl aUOuk, D.
RybarczykP i r e k , A. ; J. OrgamuongtaCiher2005 590 4302 4308.
Katritzky, A. R.; Moutou, JL.; Yang, Z.Synthesid4995 1497 1505.

a) Heinze, K.; Siebler, [XZ. Anorg. Allg. Chen2007, 633 2223 2233; b) Siebler,
D.; Linseis, M.; Gasi, T.; Carrella, L. M.; Winter, R. F.; Forster, C.; Heinze, K.
Chem. Eur. J2011, 17, 45404551, c) Siebler, D.; Forster, C.; Heinze,Xlton
Trans.2011 40, 3558 3575; d) Heinze, K.; Huttinger, K.; Sieds| D. InMode
ling of Molecular PropertiesComba, P., Ed.; Wiley CH Weinheim, Germany,
2011; pp. 32b346.

a) Robin, M. B.; Day, PAdv. Inorg. Chem. Radiochem 967, 10, 247 422; b)
Brunschwig, B. S.; Sutin, NCoord.Chem. Rev1999 187, 233 254.

a) Lo, WS.; Hu, W-P. Lo, H:P.; Chen, GY.; Kao, C:L.; Vandavasi, J. K,;
Wang, JJ.Org. Lett.201Q 12, 5570 5572; b) Mollin, J.; Kasparek, F.; Odlerova,
Z.; SindelarZ. ChemPapers1986 40, 239 246.

a) Imrie, C.; Cook, L.; Levendis, [@. J. OrganometChem 2001, 637 639, 266
275; b) Katada, T.; Nishida, M.; Kato, S.; Mizuta, MOrganomet. Chem 977,
129 189 196.

a) Heinze, K.; Schlenker, M. Eul. Inorg. Chem2004 2974 2988; b) Okamura,
T.; Sakauye, K.; Ueyama, N.; Nakamufa,Inorg. Chem.1998 37, 6731 6736;
c) Barigil, L. CroR&hpemlAct200275 Kogagia.l , V.
a) Jesberger, M.; Davis, T. P.; BarlerSynthesi2003 1929 1958; b) Murai, T.
Top. Curr. Chem.2005 251, 247 272.

Wiberg, K. B.; Rush, D. J. Am.Chem. So2001, 123 2038 2046.

79



Results and Discussion

[17]

[18]

[19]

[20]

[21]

[22]
[23]

[24]

[29]
[26]

80

Okamura, T-a.; Sakauye, K.; Doi, M.; Yamamoto, H.; Ueyama, N.; Nakamura,
A. Bull. Chem. Soc. Jpr2005 78, 1270 1278.

Lu, S.; Strelets, V. V.; Ryan, M. F.; Pietro, W. J.; Lever, A. Blnerg. Chem.
1996 35, 1013 1023.

Connelly, N. G.; Geiger, W. EEhem. Rev1996 96, 877 910.

a) Adams, J. J.; Curnow, O. W.; Huttner, G.; Smail, S. J.; Turnbull, MJ.M.
Organomet. Chem. 1999 577, 44i57; b) Musgrave, R. A.; Russell, A. D.;
Manners, |Organometallic2013 32, 5654 5667.

a) Siebler, D.; Forster, C.; Gasi, T.; Heinze,(tganometallic2011, 30, 313

327; b) Neidlinger, A.; Ksenofontov, V.; Heinze, Rrganometallic2013 32,

5955 5965.

Stoll, S.; Schweiger, Al. Magn. Resor2006 178 42 55.

Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A;;
Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson;, G. A
Nakatsuiji, H.; Caricato, M.; Li, X.; Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.;
Zheng, G.; Sonnenberg, J. L.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.;
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven,
T.; Montgomey, Jr., J. A.; Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.;
Brothers, E.; Kudin, K. N.; Staroverov, V. N.; Kobayashi, R.; Normand, J.;
Raghavachari, K.; Rendell, A.; Burant, J. C.; lyengar, S. S.; Tomasi, J.; Cossi, M.;
Rega, N.; Millam, J. MKlene, M.; Knox, J. E.; Cross, J. B.; Bakken, V.; Adamo,
C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L.; Morokuma, K.;
Zakrzewski, V. G.; Voth, G. A.; Salvador, P.; Damberg, J. J.; Dapprich, S.;
Daniels, A. D.; Farkas, O.; Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. J.
Gaussian 09, 2009, Revision A.02; Gaussian, Inc., Wallingford, CT.

SMART Data Collection and SAINAlus Data Processing Software for the
SMART Systerfvarious versions)Bruker Analytical XRay Instruments, Inc.:
Madison, WI, 2000.

Blessing, BActa Cryst.1995 A51, 33 38.

Sheldrick, G. Mu. SHELXTL, Version 5.1; Bruker AXS: Madison, WI, 1998.



Impact of OSExchange in Ferrocenyl Amides on Structure and Redoxchemistry

[27] Sheldrick, G. M.SHELXL-97; University of Géttingen, Gottingen, Germany,
1997.

81



Results and Discussion

82



Spin Trapping of Carbefentered Ferrocenyl Radicals with Nitrosoberee

3.2 Spin Trapping of Carbon-Centered Ferrocenyl

Radicals with Nitrosobenzene
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Supporting information forthis article (witlout Cartesian coordinates fro@FT

calculations) is found at pfa63. For full supporting information refer to:

http://pubs.acs.org/doi/supp0l1L.021/om500052k

Adapted with permission from.ANeidlinger, T. Kienz, K. Heinze,
Organometallic2015 34, 5310 5320
AThi s | s |eadaptatiomad dnfarticte thappeared in an ACS publication.
ACS has not endorsed the content of #uaptation or the context of ise.Copyright.
2015 American Chemical Sociedy.

84



Spin Trapping of Carbefentered Ferrocenyl Radicals with Nitrosobenzene

3.2.1 Abstract

In contrast to metal centered 17 valence electron radicals, such as [MA(&2@pcenium

ions  [Fe(GHs)]* (1%), [Fe(GMes)]® (29, [Fe(GHs)(CsHiED]" (3,
[Fe(GsHs)(CsHaNHC(O)Me)]™ (44) and [Fe(GHs)(CsHsNHC(S)Me)T (5%) do not add to
nitrosobenzene PhNO to give metalordinated stable nitroxyl radicals.the presence of

the strong and oxidatively stable phosphazene teatbutylimino-tris(dimethylaming-
phosphorane the quite acidic ferrocenium i@hs 5* are deprotonated to give a pool of
transient and persistent radicals with different deprotonation[sife¥]M [ 5 ¥|HOne
rather persistent irenentered radicdl 4 ™fdeprotonated at the nitrogen atom, has been
detected by rapifteeze EPR spectroscopy at 77 K. This icemtered radicdl 4 N#s

also inert toward®hNO. The transient carbecentered radicals 1 ¥]M [ 5 ¥]Aappear

to rapidly abstract hydrogen atsrfrom the adjacent base or the solvent to regenerate the
corresponding ferrocends 5. These transient radicals are ypresent in trace amounts

(< 1%). However, some of the transient carm@mtered radicals in the radical pool can be
trapped by I 1.2 equiv of PhNO, even at room temperatlige corresponding resulting
stable nitroxyl radicalfs]*1 [10]Awere studied by EPR spectroscopy at room temperature
and at 77 K. The hyperfine coupling pattern to protons close to the spin center allows to
assgn the site of PhNO attack in radic#*1 [10]A namely at the &Hs ring in [6]A [9CP]A
and[10°P]A at a methyl group ifY]*and at the methylene group[8#]A These studies give

a deeper insight into the stability and reactivity of radicdsived from ferrocene
derivatives which might also be relevant for the biological activity of-pigtent antitumor

and antimalaria ferrocer®ased drugs and prodrugs such as ferrocifen or ferroquine.
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3.2.2 Introduction

Ferrocene and its derivatives have béennd useful for a variety of applications in
fundamental research, especially electron transfer, in biology and catalysis, as well as in
material and pharmaceutical scieAiéeWhile many of these applications rely on the
reversible oxidation chemistryf the ferrocenyl moiety, investigation of the reactivity and
possible degradation pathways of the resulting ferrocenium cations is worthwhile.

For instance, ferrocene itself displays no antitumor activity, while ferrocenium
derivatives show in vitro cytokicity due to oxidative damage of DNPAThis has been
further exploited using amino ferrocene based selective prodkulgg Mohkir et al.
(Scheme 1). In tumor cells, ferrocen®sare oxidized to the corresponding ferrocenium
ionsA*. The ferrocenium catis A*, as well as their degradation products, iron(ll) ions,
appear to catalyze the generation of reactive oxygen sp&bissncreases the oxidative
stress in cancer cells and finally leads to apoptdsiBhis concept has been further
explored with avariety of amino ferrocene and diamino ferrocene based prodBjgs (
Scheme l1a)lhe degradation products BfB* again act as catalysts for generating reactive
oxygen specie$.In fact, first in vivo experiments show promising results for further

pharmacetical applicationg?
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Scheme 1. a) Aminofetocene based prodrugs A, B; b) chloroquine C and

ferroquine D; c¢) tamoxifen E, ferrocifen F and frrociphenol G.
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Spin Trapping of Carbefentered Ferrocenyl Radicals with Nitrosobenzene

The effectiveness of the antimalarial drug chloroq@rieas been drastically improved by
incorporation of a ferrocenyl moiety giving the potent drug ferrogDif®cheme 1b). This
adds the generation of reactive oxygen species as a further mode of action to the drug and
takes effect in all stages of the livgcte of the parasites, thus inhibiting merozoites
reinvasiont?13

While the generation of reactive oxygen species is a valuable mechanism for amino
ferrocene based prodrugs and B and ferroquineD, other antitumor agents appear to
follow a different modeof action.The ferrocene derivatives of tamoxifén ferrocifenF
and ferrociphenoG (Scheme 1c) show high levels of cytotoxicity against breast cancer
cells. FerrocifenF is even more cytotoxic thaois-platin!41® Both ferrocifenF and
hydroxyferrocienG cause less oxidative stress compared to tamokifért°Yet, in cells
treated with ferrocifen derivatives a higher rate of senescence has been found. As this is
unlikely to be related to oxidative stress a further mode of action is assumed shHwmving t
versatility of ferrocenium ions. Indeed, carboentered radicals have been proposed to be
generated after oxidation and deprotonation of ferrocifelis

Various experiments have been reported which focus on the ability of ferrocene to form
radicals iself. First hints to the existence of ferrocenyl radicals were obtained by-photo
and thermolysis of ferrocenyl azide by Sutherlahdl?! glrradiation of methylferrocene
lead to the ferrocenyl methylradic@l.Later, it was foundthat ferrocenyl substituted
radicals are stabilized due to spin delocalization to the iron %tdrihis can even be
exploited to generate polymetallocenylettesr in stereoselective pinacol coupling
reactions®®

The radical reactivity of ferrocenium isrhas been demonstrated by the oxidation of
ferrocenophanes with silver salts in the presence of sodium methé&sdeported by
Hisatome et al.this procedure results in the intermediate formation of a cecbotered
radical in the aliphatic bridge (Beme 2a)Ferrocenylmethylium cations, as shown by
Ashkenazi and Cais, react as biradicals with nitrosobenzene PhNO as spin trap (Scheme
2b) 26
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Scheme 2. a) Oxidation and deprotonation of a [4]ferrocenophane; b) spii
trapping of a ferrocenylmethylium ion with nitrosobenzene and c) spin

trapping of metal centered 17 valence electron radicals.

Obviously, spin trapping is a valuable tool for the investigation of transient radicals. Indeed,
various manganese centered 17 valence electron radicals prdparedmolysis of
carbonyl complexes could be spin trapped with nitrosodurene as spin trapping agent by
Hudson and Lappértas well as with 2,4#&i(tert-butyl)nitrosobenzene by Simpson et
al.?8 and with the aid of nitrostert-butane by Benner and BaléhLater on, Re, Co, Fe,
and Mo centered 17 valence electron radicals could be trapped with -2e3;&r6ethyil-
nitrosobenzene as spin trapping agent and identified by EPR spectroscopy (Sch@me 2c).
With the versatile and not yet fully understood reacfpathways of ferrocenium ions
in mind, we were interested to generate and trap radical species of different ferrocenium
ions under neutral and strongly basic conditions using the spin trapping technique. The
starting iron(lll) complexes ferrocenium 1*}, decamethylferrocenium 29),
ethylferrocenium3*), N-acetylaminoferroceniun#{), andN-thioacetylaminoferrocenium
(5%) were prepared by oxidation of the corresponding ferrocdnés5 with silver
hexafluoroantimonate. Spin trapping of radicals was attednpvith nitrosobenzene
(PhNO) in the absence and presence of the stronguceophilic, norcoordinating, and
oxidatively stable phosphazene basaeB® (tert-butylimino-tris(dimethylamino)
phosphorane (Scheme 3). In the presence,®&uP1* i 5* are eyected to yield the
corresponding radicals or radical popld TAH[] 5 1A#h]order to address the question as
to wetheradicals are formed at all and to identify the site of the generated radicals (carbon,
iron, nitrogen centered), the conceivable spin trapped nitroxide radical addatts of
and[ 1 TAH[] 5 TAdre probed by EPR spectroscopy (Scheme 3).
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Spin Trapping of Carbefentered Ferrocenyl Radicals with Nitrosobenzene

While ferracenyl nitroxide radicals have been prepared via autoxidation of ferrocenyl
hydrazine and investigated by EPR spectroscopy by Forrester and Hepburn, the present
approach offers a different and more general access to ferrocenyl nitroxyl rédicals.
Elschenloich has reported the electrochemical generation and EPR spectroscopic study of
isoelectronic radical anions of ferrocenyl arylketoft€Similarly, ferrocenoylsilanes have

been reduced to the corresponding radical anions by Grignard rei§ents.
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Scheme 3. Spin trapping reactions of ferrocenium derivatives in the
absence and presence ofiBu for a) 1%, b) 2", ¢) 3, and d) 4 and 5
investigated in this study. Relevant atom numbering is given. Possible

acidic hydrogen atoms are marked in red.

Reactions of ferroceniurt* with nitrogen bases (pyrazolide, 3jgnethyl pyrazolide,
imidazolide, and benzotriazolide) have been reported in the litefdt¥et, these bases
are oxidized by the ferrocenium catidhto the corresponding azolide radicalsile 1* is

reduced tdl. The azolide radicals are suggested to atfadk give N-ferrocenyl azoles
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after proton loss (Scheme 4). No ferrocenyl radicals were reported. Clearly, such a

reactivity is not expected with the baséBR employed in this study

—
@ Fe ® Fe*
< < -
DS E S A

Scheme 4. Suggested mechanism of the formationM{ferrocenylpyrazole

from ferrocenium radical cations and pyrazolide anions®

3.2.3 Results and Discussion

Spin Trapping of Ferrocenium lons.

The oxidations of ferrocendsi 5 to their respective catioris 1 5* (Scheme 3) are
performed in CHCl> under inert conditions using one equivalent of silver
hexafluoroantimonate AgSbRs oxidant as its oxidation potentigl p(CH-Cl2) = 650mV
vs. FcH/FcH]3%2is sufficient for this prpose E12(CH:Clz) = 0,7480,i 55,150,120 mV
for 11 5, respectively®. Furthermore, the @roduct silver is easily removed by filtration.

The presence of L 1.2 equivalents of PhNO does not influence the EPR spectra of the
ferrocenium ions. Indeed; is EPR silent both at 298 K and at 77 K as its EPR spectrum
has been observed only below 20 K due to fastlsiice relaxatiort* No EPR resonances
are observed in the presence of PhNO as well. Obviously, theerdered 17 valence
electron radiclal* does not add to PhNO to give the conceivable nitroxide adduct
PhNOJ*, in contrast to what has been reported for [Mn@Oadicals for example
(Scheme 2c). DFT calculations far, PhNO, and1-PhNOJ*" account for this lack of
reactivity as the formation ofl-PhNO]* is endergonic by 4RImol'! (Supporting
Information, Figure S1).

Similarly, 4* gives a nearly axial EPR resonance at 77 K in frozen sofatiamich
remains unchanged in the presence dfi®hAt room temperaturd* and the4*/PhNO

mixture are EPRsilent. Obviously, irorcentered ferrocenium radical ions are unable to
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react with PhNO to give the nitroxyl radicals. This behavior contrasts the reactivity of other

organometallic 17 valence etean complexes (Scheme Z¢)*°

Spin Trapping of Ferrocenium lons in the Presence of ad&se
The ferrocenium ion&* T 5" were treated with one equivalent of the ymarcleophilic and
noncoordinating  phosphazene basei'B® (tert-butylimino-tris(dimethylamino)-
phosphorane, . (MeCN) = 26.98§° asaproton acceptoiTo ensure that the ferrocenium
salts1* 1 5* are unable to oxidize the employedB? base, its redox potential has been
determined by cyclic voltammetry. Indeed!Bu is irreversibly oxidized &, = 400mV
vs. FcH/FcH (["BusN][B(CsFs)4]/CH2Cl2), significantly higher than the redox potentials
of the 1/1* 7 5/5* redox couples (Supporting Information, Figure S2). A mechanistic
scenario as shown in Scheme 4 for hetgelic nitrogen bases is possible in principle due
to the irreversible nature of the'Bu / R'Bu* oxidation, although it is not very likely.
Hence, a simple deprotonation BfT 5* to give the radicals and radical poflsl TAH ]
[ 5 TAshpuld be achieved (Scheme 3). As illustrated in Scheme 3, deprotondtiemdf
2* should yield the radicals 1 TARHH[ 2 TAHdspectively. A8*, 4" and5* possess five
chemically different protons, which might be abstracted, radical pools cogsi$tup to
five radical species might be presefhe different radicals will be designated by the
location of the abstracted proton[as ©PH [ 3 BJM[ 3 PJM[ 3 ©HAand[ 3 ?]Mor
the radical poo] 3 TAH 14 TPH [ 4 BIM[ 4 PIM 4 MNfand[ 4 Mefor the radical
pool[ 4 TAEAd[ 5 €K [ 5 PIM[ 5 P]H[ 5 MMand[ 5 Mt for the radical pool
[ 5 TABtheme 3)Trapping of these radicals or some of these radicals by the spin trapping
technique using nitrosobenzene PhNO is attemptedviVgtart with the simple ferrocene
and decamethylferrocene derivatijed 1A&hH[ 2 1A&hH then describe the more diverse
reactivity off 3 TAH[] 5 TAHDFT calculations were employed both for the radical species
[ 1 TAH] 5 12Bk]well as for the camivable corresponding PhNO adduyé®'1 [10]A

For thel*/PhNO/R'Bu mixture an EPR triplet resonancegas = 2.0063 with nitrogen
hyperfine coupling (hfc)A(**N) =11.1G was recorded (Figure 1), similar to typical
nitroxyl radicals>"4° Furthermore, hyperfine couplings to hydrogen nuclei of the phenyl
moiety and the substituted cyclopentadienyl ring are extracted from the simulation of the
EPR resonance (Tabig. H°, H™, and H denote theortho, meta andpara protons of the
phenyl subtituent, respectively, while Hand H are thealpha and beta protons of the

substituted Cp ringThe observed coupling pattern allows a clear assignment to the
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ferrocenyl phenyl nitroxide radicg8]A(N-oxyl-N-phenyterrocenylamine). The hfc 4N
in [6]Ais close to the observed hfc in the reported nitroxide radicaN[EY-tBu]* [A(**N)
=11.75GF**Some phenyl h y6ifare gmlar to ithbse ébsaineal for the
isoelectronic radical anion [FE(O)-PhP.3'® At 77K a slightly anisotropic signal at
gav@ 2.0071 with a large nitrogen hyperfine coupling®¢f*N) = 26 G in the high field
region is recorded (Table 2; Supporting Information, Figure $#g)erfine couplings to
hydrogen atoms are not resolved Ire tfrozen solution spectrynand hence a larger
linewidth was applied in the simulation instead.

Obviously, the increased acidity of the positively charged ferroceniudt i5rttallows
C-H deprotonation by #Bu. The initially formedC-deprotonated zwitterionic ferrocenium
species corresponds to an electronically excited state and relaxes to the carbon centered
radical[ 1 TAby]internal electron transfer (Supporting Information, Figure S3a; Mulliken
spin density at C 0.787; Mulliken ispdensity at Fe 0.212). Th@&centered radicdl 1 TAH ]
attacks the nitrogen atom of PhNO leading to the spin trapped nitroxyl raHmafl-N-
phenylferrocenylaming6]A(Figure 2a). DFT calculations revealed that the nitroxyl radical
[6]2is lower in enegy than the starting materials 1 TAldrjd PhNO by 208 mol'!
(Supporting Information, Figure S3a), explaining the facile formatid6]af

61

sim

Figure 1. X-band EPR spectrum (top) and simulated spectrum (bottom) of
[6]A(20mM 1 in CH2Cl>) at the following experimental parameters:
temperature = 298 K, field = 3358.98 G, sweep = 298.72 G, sweep time
120 s, modulation = 1000 mG, MW attenuation = 9 db.
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Spin Trapping of Carbefentered Ferrocenyl Radicals with Nitrosobenzene

Table 1. EPR parameters obtained by simulation of experimental spectra (2%3.

radical  giso AMN)  ACHY/  ACH™  ACHP)  ACHY/ A(*H®) / A(HY / Gauss pp Lorentz
/G G((23) IG /G G G G linewidth  pp
(23) / MHz linewidth

/ MHz

61" 2.0063 11.10 2.90 0.80 270 380(22) 0.60 () 0.15 0.08

[71* 2.0068 11.07 2.77 0.95 2.64 8.64 (23) 0.02 0.015

[81]A 2.0072 1116 2.77 1.00 2.65 2.10 0.035 0.065

[9%°]A 2.0072 10.90 2.77 0.90 2.64 1.20/1.10 0.70 (22) 0.06 0.02

[106"]‘& 2.0068 11.09 2.77 0.91 2.64 255/2.10 1.82/1.08 0.085 0.005

Table 2. EPR parameters obtained by simulatiorof experimental spectra (77K).

radical (mixture) O123 AMN) / G fraction / Gauss pp Lorentz pp
% linewidth / linewidth /
MHz MHz
61" 2.0104, 2.0068, 2.0040 4.0, 4.0, 26.0 0.90 0.30
m* 2.0094, 2.0067, 2.0048 4.0, 4.0, 26.0 1.50 0.60
89* 2.0095, 2.0073, 2.0045 3.0, 3.0,27.5 0.90 0.40
[9cP]” 2.0105, 2.0060, 2.0045 3.5,3.5,28.0 17 0.30 0.40
[ 4MH N/A? 1.9620, 1.9450 N/A 83 0.50 0.20
[ 4 7% =Ub,Cp,Me) 2.0095, 2.0065, 2.0030 0.8 0.30 0.2
[ 4 MM N/A?2, 1.9650, 1.9400 99.2 0.1 0.1
[10%7% 2.0105, 2.0060, 2.0020 3.5,3.5,28.0 5 0.60 0.60
[11af 2.3100, 2.0695, 1.9990 48 0.50 0.50
[11b]* 2.2250, 2.0565, 2.0095 47 0.50 0.50

a) Too broad to be observed.

93



Results and Disgssion
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Figure 2. DFT optimized geometries with spin densities (0.01 a.isosurface
value) in CHzCl2 continuum solvent as well as Lewis structures of nitroxide
radicals a) [6] b) [7]A and c) [§]A

Successful deprotonation bf with P,'Bu was further evidenced by cyclic voltammetry of
1 in the absence and presence of the base using ntbtrgf)ammonium
tetrakis(pentafluorophenyl)borate "BusN][B(CeFs)4]) as weakly coordinating
electrolyte*>*3*Expectedly, ferroceng shows a reversible oreectron redox process at a
potential ofE1, =0V vs. FcH/FcH per definition (Supporting Information, Figure S5a).

Addition of a stoichiometric amount of'Bu renders this oxidation irreversible, due to the
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deprotonation ofi* to [ 1 TAHMd follow up reactions of the highly reacti@ecentered
radical[ 1 TA¥Bupporting Information, Figure S5b). As the oxidation process occurs at
essentially the same potential (against the Ag/Agigerence electrode) in the presence
of Pi'Bu, deprotonation ofl to [ 1 7"Hy R'Bu prior to oxidation is unlikely.
Deprotonation of ferroceng however, is achieved using alkyl lithium bases as a well
known starting point for the rich ferrocene substitution chemtétty.

Despite the lack of aromatic-@ atoms, decamethylferrocemi2* reacts with PhNO
as well in the presence ofi'Bu (Scheme 3b). Obviously, the methyl groups become
sufficiently acidic upon oxidation &to 2* due to the increased electron deficiency. Hence,
the C-centered radical 2 TAlis]generated fron2* by depotonation of a Ckl group
(Supporting Information, Figure S3b, Mulliken spin density at C 0.650; Mulliken spin
density at Fe 0.513). Similar fo 1 TAH]2 TAlis]trapped by PhNO resulting in the
formation of the nitroxide radical [7]* 1-[(N-oxyl-N-phenylanno)methyl}

16, 2, 206, 3nprnarbethyiferdbaene $Fjgdreéd2b). The driving force for the formation
of [7]Afrom the starting materia[s 2 TABHd PhNO (Supporting Information, Figure S3b)

is calculated as 8QJ mol * by DFT methods. At 298 [7]Agives an EPR resonance with
parameters summarized in Table 1 (Figure 3). The nitrogen and hydrogen hyperfine
couplings for the PhNO moiety ¢7]*are very similar to those d6]* The two large
hydrogen hyperfine couplings PflA(A(*H) = 8.64 G) obtaned by simulation, are assigned

to the protons of the methylene grodlph e | arge hfcbés nicely fit
the ferrocenylmethyl radical prepariedm methylferrocenby girradiation @(*H) = 14.71

G).22 At 77K in frozen solution the nibxide radical[7]* displays a slightly anisotropic
resonance similar tf8] (Supporting Information, Figure S4b) with one large nitrogen
hyperfine coupling component (Table Zgain, hydrogen hyperfine couplings are not
resolved under these conditions.

In contrast tdl and2, ethylferrocen@ has five chemically different protons resulting in
five conceivableC-centered radical§ 3 M [ 3 BJM[ 3 PJH[ 3 YMand[ 3 BM
(Scheme 3c). Consequently, five distinct nitroxyl radicals can in principle be obtained from
this radical pool by reaction with PANO, namfg§°]A [82]A [8P]A [8%]A and[89A Despite
the possible mixture of products, the room temperature EPR speofr8]*is well
resolved suggesting the presence of only a single nitroxide radical. The EPR pd8§rn of

is well reproduced by assuming the typit'd and'H hf c6s of the PhNO u
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to a further hfc to a single hydrogen atom (Table 1js Perfectly fits to thé8!]Anitroxide
radical with the PhNO substituent attached to that6m of the ethyl substituerfor all
other nitroxide radical§8<r]A [82]A [8]A and[8%A more than one chemically different

hydrogen atom woul d have b eKearsimaxspeetwm asd
for [6]Ais recorded fof8%]A(Table 2; Supporting Information, Figure S4c).

[7r

sim

2.02 2.00 1.98
g

Figure 3. X-band EPR spectrum (top) and simulatedspectrum (bottom) of
[7]A(25 mm 2 in CH2Cl») at the following experimental parameters:
temperature = 298 K, field = 3346.20 G, sweep = 94.79 G, sweep time =
S, modulation = 250 mG, MW attenuation = 5 db.

The presence of only a single prod(@t* derived from[ 3 ®]Ms straightforwardly
explained by the pronounced stability of the secon@argntered radicdl 3 ©]My more
than 60kJ mol * with respect to all other radicdls3 *PH [ 3 BJM[ 3 P]Mand] 3 BM
according to DFT calculation§&gpporting Information, Figure S6, Mulliken spin density
at ¢ 0.757; Mulliken spin density at Fe 0.34However all five conceivable nitroxide
radicals [8°P]A [82]A [8P]A [8Y]A and [83* are quite similar in energy (Supporting
Information, Figure S7)The driving force for the formation 8% from [ 3 #]*Hand
PhNO amounts to 84Jmol'! (Supporting Information, Figure S7). Hence, the product
distribution is controlled by the relativéasility of theC-centered radicdl 3 #]Mbut not
by the relative stability of the product nitroxide radi@]?

In order to gain insight into the reactivity of N¢dntaining ferrocenyl compounds, which
are substructures of cytotoxic prodruggndB and antimalarial drug® (Scheme 1§13

we investigated the reactivity of the simple exand thioamides, namelyN-
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acetylaminoferroceniund* (Scheme 3d), andl-thioacetylaminoferroceniund* in the

presence of theiiBu base.

[8'F

sim

2.02 | 2.00 ' 1.98
g
Figure 4. X-band EPR spectrum (top) and simulated spectrum (bottom) of
[81]A(25 mm 3 in CH2Cl>) at the following experimental parameters:
temperature = 298 K, field = 3346.20 G, sweep = 94.79 G, sweep time =
s, modulation = 250 mG, MW attenuation = 0 db.

Because othe pesence of five chemically different protons4dnfive distinct radicals

[ 4 CH [ 4 RIM[ 4 PIM[ 4 NMand[ 4 M can be conceived in the radical pool

[ 4 TAgBtheme 3d)The same holds analogously ®&iThis translates to the corresponding
nitroxide radical§9cr]A [92]A [9°]A [9N]A and[9Ve]Aderived from4+ and PhNO anflLOcP]A

[102]A [10P]A [1OMA and[10Me]Aderived from the thioanalogu® and PhNOSimilar to

the situation observed f§84]A the room temperature EPR spectruni9jtis rather well

resolved, suggesting that only one or two nitroxide radical species are present (Figure 5).
The main features of the experimental EPR resonand¢@]dtan be simulated by the
expect ed PhNCniisty {fNpH°, H™ Ie°, Table 1) and coupling to four protons

of 1.2 G (1H), 1.1 G (1H) and 0.70 G (2Rurther small differences between the simulated

and the experimental spectrum are associated to the presence of a second nitroxide radical
with rather similar parameterslowever, simulation of a full second parameter set would

lead to severe ovggrar amet ri zati on of the simulation.
ferrocene protons are less well defined[8}fthan for[6]A [7]A and[8]* The presence of

four protons close to the radical center sugges{afd* nitroxide radical derived from

[ 4 *PHas the major trapped species (Figurdr6j9CP] the hfc to 1 is smaller than that
in[6f*and further mor e, t woachemitallygliffereintyfl atdmsfare e r e n t
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found for[9SP]A(Table 1). The larger hfc to®Hn [6]Ais easily traced back tbé favorable
coplanar orientation of the NO unit with theH ring (O-N-CPS%-C2 =7 23.0°) as compared

to the corresponding torsion angle[8FP]A(O-N-CPs®-Ca = | 31.4°). The larger twist in
[9¢P]Aarises from an intramolecular NH(amiél€)(nitroxyl) hydrogen bond (Figure 6).
Similar intramolecular hydrogen bonds have been amply rebdein ferrocenyl
polyamidest¥>! This hydrogen bond furthermore provides a straightforward explanation

for the chemically differentH26 pr ot on s .

[9°°T

sim

2.02 | 2.00 ' 1.98
g
Figure 5. X-band EPR spectrum (top) and simulated spectrum (bottom) of
[9SP]A(25 mm 4 in CH2Cl») at the following experimental parameters:
temperature = 298 K, field = 3346.20 G, sweep = 94.79 G, sweep time =
s, modulation = 1000 mG, MW attenuation = 10 db.

Expectedly, in the radical po§l 4 TAkhg nitrogerdeprotonated radicdl 4 Mfis the
moststable one (Supporting Information, Figure S9). However, this radical is essentially
iron-centered with a Mulliken spin density at iron of 1.248 with some small contribution of
the nitrogen atom (Mulliken spin density at N 0.016). Attack of PhNO at sexdluded
based on the general lack of reactivity of ferrocenium ions towards PhNO. Attack of PhANO
at the nitrogen atom ¢f 4 Mfto give[9N]Ais calculated to be disfavored by B¥mol'?
relative to the starting materials 4 NMand PhNO (Figure 6)A ring-slipped isomer

[ 4 NMfAhas been calculated as well, yet its spin density is also localized at the iron atom
(Mulliken spin density at Fe 1.268), precluding the reactidn 4f™ $Awith PhNO (Figure
S9).The calculated ringlipped structure df 4HM {Asuggests a viable decomposition

98



Spin Trapping of Carbefentered Ferrocenyl Radicals with Nitrosobenzene

E /kJmoI1

rel

3\3’1

X=0:[9Y" E, =37kl ol
X=S:[10M* E, =59 kJmol

rIJ S~
X = 0: PhNO + [4-H* E_ =0 kJ mol

X =S: PhANO + [5-HM* Ere, = 0 kJ mol!

. 2
o ‘ﬁ%—%
©/ \9.’ 9 >

X=0:[9%]" E_=-44kJ mol"

rel

X=S8:[10"]* E_=-43kJ mol™

rel

X Fe >

A, e

1
H"O/N a2
) \© ’ ‘
o]
?

X=0:[991" E._ =-66kJ mol’

rel
X =8:[10]]" E_ =-40kJ mol™

rel

-9 )ﬁ:&

X=0:[9" E_=-68kJmol"
X=8:[10f" E_ =-57 kJ mol

X=0:[9%]" E_ =-68kJmol”
X=S:[10%]* E_=-66 kJ mol”
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pathway of radical§ 4 TAreleasing the substituted cyclopentadienyl ligantl-asetyt
2,4-cyclopentadierl-imine. Indeed, the formation of di(cyclopentadiene) and
di(aminocyclopentadiene) has been observed in the reaction of profirugth H-O»
(Scheme 17.

In addition to these PhN@sistant irorcentered radicalf 4 Mfand[ 4 N{the
radicals[ 4 ©PH [ 4 PJM[ 4 PJMHand[ 4 ™M deprotonated at carbon atoms were
calculated by DFT (Figure S9). The reaction§ of TP [ 4 PIM[ 4 P]Mand] 4 Meph
and PhNO td9¢r]A [92]A [9P]A and[9M€]A respectively, are thermodynamically feasible
(Figure 6). Interestingly], 4 B]#mainlyfeatures spin density at the iron center (Mulliken
spin density at Fe 1.251) and is hence considered unreactive towards Pid{sbould
not be observedn [ 4 Metfthe spin density is smeared over the nitrogen, oxygen, and
CH: units of the substituent. This spin delocalization reduces the probability of PhNO
attack and hencf“e]Ais not particularly favored as wellhe remaining two highly
reactive radical§ 4 iHand[ 4 P]Malthough high in energy, might account for the
observed EPR pattern wific"]Aderived from[ 4 ©©Hbeing the major anf9?]Aderived
from [ 4 P]Mbeing the minor species based on simple statistical argumehis.
interpretation agrees with the EPR spectral dAfiaile the radical§ 4 *PHand[ 4HP]A
of the radical pool can be trapped by PhilGt NJfand[ 4 ™ {Aare inert towards PhNO.

In order to possibly detect the rather persistent and PiediStant Feentered radical
[ 4 M#ftapidfreeze EPR techniques have been employed.

The EPR spectrum recorded atk Tapidly after deprotonation @f in the presence of
PhNO shows a characteristic broad ferrocerhased resonance (83 %) in addition to the
slightly anisotropic nitrogesplit triplet resonance of a nitroxide radical withe large hfc
to N (17 %) (Figure 7, Table 2). The latter EPR resonance is very similar to the
corresponding resonance [6]*and is hence safely assigned to already formed nitroxide
radicals[9¢P?]A The broad ferrocenium resonangeAs= N/A, 1.9650, 1.9400, Table 2),
however, clearly differs from the EPR resonance of the ferroceniudt {gn2,3= 3.3500,
1.8750, 1.7870%° Hence, the resonance is assignefl # M#&This ironcentered radical
is unable to react with PhNO itself, but equilibrates with radical species deprotonated at
carbon atom§ 4 ¥Mx = a, b, Cp, Me). After annealing the saia to room temperature
for 5min and refreezing to 7R, the ferroceniuntesonance df 4 MN]fhas vanishedand

only the resonance of the nitroxide radida®*]Aremained.
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[4-HV] (83 %)

sim

205 200 185 190 185
g
Figure 7. X-band EPR spectrum (top) and simulated spectrum (bottom) of
[9¢P1A/ [ MAT2BImv 4 in CH2Cl») at the following experimental
parameters: temperature = 77 K, field = 3346.20 G, sweep = 499.77 G,
sweep time = 90 s, modulation = 5000 mG, MW attenuation = 10 db.

In the absence of PhNO, ragiteze EPR spectroscopy of #igP:'Bu mixture yields an
EPR spectrum displaying the resonance assigngd4a]#{(99.2%) (Figure S8a)This
finding supports the above assignmeltirthermore, a weak, but sign#ict slightly
anisotropic resonance g@t= 2.0 without resolved hyperfine cdus is detected (0.%)
(Table 2, Figure S8a). This resonance is assigned to traces of the-canbered radicals

[ 4 V]‘Hx =a, b, Cp, Me) of the radical po¢l 4 TA(-TabIe 2). At room temperature, this
sample exhibits a transient EP&o=R2.@380 nance
(Supporting Information, Figure S8b) which is assigned t€teentered radicals 4 ¥M
(x=a, b, Cp, Me) as well.The proposed extivity of 4* in the presence of a base is
summarized in Scheme 5. Deprotonatiodofives the radical podl 4 TA#ith [ 4 MM
being the most stable and abundant radical (¥9.2Neither4* nor[ 4 ™]freact with
PhNO.Less than one percent of the ehad radicals are carbaentered radical 4 M
(x=a, b, Cp, Me). However, two of these, namgly4 °"Hand[ 4 P]Mcan be trapped
by PhNO to give the respective nitroxide radid@®]*and[9?]* Quantificatiod? of the
nitroxide radical specief9°P]*and[9P]Awith respect to external calibration with DPPH
reveals that indeed less than 1 % of the original ferrocenium rddisatransformed into
the nitroxideg9°P]*and[9°]A One possible decomposition patiywof the radicals via the

ring-slipped isomef 4 ™ $is proposed on the basis of DFT calculationp &f ™}
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Scheme 5. Suggested radical reactivity of 4n the presence of a base and
PhNO; EPR data (77 K) of identified intermediates given.

Further radical reactivity might be hydrogen atom abstraction from the solvent or the base
to give the starting materidl. Indeed, quenching the radical pgoi 1AHy] hydrazine
hydrate essentially quantitatively recovers ferroceas shown byH NMR sgectroscopy.
The successful deprotonation4sfto the radical pod 4 1A furthermore evidenced
by cyclic voltammetry At 298K in CHCl2/["BusN][B(CeFs)4] a reversible onelectron
process is observedBi» =1 5 M@V vs. FcH/FcH and assigned to th4* couple (S10a).
After addition of stoichiometric amounts of Bu, this process is replaced by an irreversible
oxidation atEp =1 1 % vs. FcH/FcH (Figure S10b)The lower potential of thd/4*
couple in the presence of'Bu is ascribed to coordination of the base to the amide unit of
4 via a hydrogen bondOxidation to4* acidifies this NH protonand the proton is
transferred to the base giving the radidald TA,HN]th [ 4 W]%eing the major product.
Reduction of the ther persistent radic@l 4 F“]?*bccurs aEy6=1 8 IV vs. FcH/FcH
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(Figure S10b)These results reflect the intimate coupling of proton transfer and electron
transfer reactions in ferrocenium amides as reported in the litefatdre.

In order toinvestigate the effect of © S exchange in the amide for the spin trapping
experiments in the presence aff?, we employed thioamidgas sulfur analogue @f>?
Similar to 4*, a radical pool[ 5 K [ 5 RJM[ 5 P}M[ 5 MMand [ 5 M is
establisled after deprotonation &*. (Scheme 5) Fully paralleling the energies of the
corresponding radicals 4 TAHthe most stable one is the iroentered radicdl 5 ™#
(Figure S9) while the ring and side chain radi¢as K[ 5 PJM[ 5 P]dand][ 5 Mept

are higher in energy.

[10°]"

sim

2.02 | 2.00 ' 1.98
g
Figure 8. X-band EPR spectrum (top) and simulated spectrum (bottom) of
[10°P)A(25 mm 5 in CH2Cl>) at the following experimental parameters:
temperature = 298 K, field = 3346.20 G, sweep = 94.79 G, sweep time =
s, modulation = 1000 mG, MW attenuation = 10 db.

The EPR spectrum obtained from #iéPhNO/R'Bu mixture at room temperature is very

wel | simulated by a single set of paramete
with the nitroxide radical10°P]A Similar to[9SP]A hyperfine coupling to the Hatoms is

split due to the chemical dissimilarity oftdnd H6 [10fP]Afeaturing an intramolecular
NH(thioamide§ O(nitroxide) hydrogen bond (Figure 6). According to the DFT
calculations this hydrogerohd is shorter ifil OSP]A(NH¢ O 1.885 A) than ifi9ocP]A(NHé O

1.984 A), suggesting a stronger bond1ii°?]Ain agreement with the increased acidity of

thioamides! The stronger intramolecular hydrogen bond might also lead to a more
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pronounced differerdition between Mand HO . | n f a ahydrogenvatoms t h e
become chemically inequi v[E&(fable1d e largerel d di f
hfc to HF/H26  [10%P]Athan in[9P]Amight be associated with the smaller torsion angle O
N-CPso-Ca =1 25.1° in[10°P]A

In order to observe irenentered radicals, th&/PhNO/R'Bu reaction mixture was
subjected to EPR spectroscopy at 77 K (FigureTBe EPR spectrum displays three
discernible resonances. One resonance originates from the spiedtramluct10°r]A
(5%) bearing close resemblance to the resonance of the amide nitroxide j@&fral
(Table 2). The other two rhombic resonances, present in nearly equal intensiées (48
47 %; Table 2), appear to correlate to follayw productgllal*and[11b] of the initially
formed radical§ 5 TAHhe identity of these followp products is as yet unknown. In the
absence of PhNO, the resonances of these fallpvproducts[11a}* and [11b]* are
observed as well (Figure 10). This finding eliminates a reaction with PhNO as being
responsible for the formation ff1al*and[11b]? In the absence of PhNO, the resonance
of the5* catior?' is observed additionally (Table 2, Figure 10). Heritga*and[11b]A
seem to be associated to follmp products of the sulfur substitugnts 1AHRKdependent
of the presence of PhNO.

While it has been reported previously that the chemical reactivity and properties of
ferrocenyl thioamides can differ from tlwhemistry of the corresponding amidés;-
radical reactivity in the presented spin trapping reaction results in the analogous product(s)
[9CPP]Aand[10CP]A Yet, the sulfur atom appears to open further reaction pathways yielding
radicals[11al*and[11b]A Their investigation is beyond the scope of the present study and
will be reported elsewhere.

Obviously, oxidized ferrocenyl amides and thioamidésand 5 can be easily
deprotonated at their respective nitrogen atoms yielding the ceetiired rdicals] 4 ™
(observed by rapifteeze EPR) and 5 M™# These irorcentered radicals are even
resistant towards reaction with PhN®et, the N-deprotonated tautomefs 4 ™fand
[ 5 MNftan isomerize to reactiv@-deprotonated speci¢s4 ¥]4and[ 5 #]Mo a small
extent (x =a, b, Cp, Me). Some of thes@-centered radicalg 4 ¥]*&nd[ 5 ¥]4tan be
trapped by PhNO (<1%) to give the stable nitroxyl radi¢af8®]Aand[10°P]A In the
presence of a base even two more radical spgtied* and[11b]*are detected for the

sulfur derivatives* by EPR in the reaction mixturfl1al*and[11b]*are inert towards
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exp
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Figure 9. X-band EPR spectrum (exp) and simulated spectrum (sim) of
[10°P]Aconsisting of three components [19]A [11a] and [11b]} (5 mM 5 in
CH2Cl>) at the following experimental parameters: temperature = 77 K,
field = 3245.45 G, sweep = 697.96 G, sweep time = 90 s, modulation = 5(
mG, MW attenuation = 10 db.

I .
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Figure 10. X-band EPR spectrum (exp) and simulated spectrum (sim) of

5*/P1'Bu consisting of three components*5[11alt and [11b]} (5 mm 5 in

CH2Cl>) at the following experimental parameters: temperature = 77 K,

field = 2499.01 G, sweep = 3989.53 G, sweep time = 120 s, modulation
3000 mG, MW attenuation = 10 db.
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PhNO, similar to other ferrocenium radicdl§ 5*. It appears that FBIHC(X)R can be
oxidized to the rather stable conjugate acid/base paiNHRE(X)R]" / [F-NC(X)R]A(X =

O, S).C-centered reactive radicals are then slowly formed via intramolepubdon
coupled electron transfer (PCET) or hydrogen atom transfer (Scheh& 5).

In the PCET reactigra proton is transferred from a cyclopentadienyl carbon atom to the
nitrogen atomwhile an electron from the original CH bond is transferred to th€liip
centerHence4'/[ 4 Mfand5*/[ 5 Mfmight act as a reservoir for reacti@ecentered
radicals (maybe even under physiological conditiofisjs might also explain some of the
enhanced biological reactivity patterns observed for amino ferrdoased drugs and
prodrugs such a&, B, or D (Scheme 1)C-centered radicals have also been proposed for
the active species derived from ferrocifefScheme 1)Hence, a common feature of such
biologically active ferrocene/ferrocenium species might bgtasence of some ionizable
NH/OH group close to the ferrocenium site, suggesting an intimate coupling of electron
and proton transfer to generate metastabledeortered radicals. Highly reactive carbon
centered radicals might then be formed from theseciep in small amounts via
intramolecular protoitoupled electron transfer reactions. These might account for further

biological effects.

3.2.4 Conclusion

In contrast to other 17 valence electron metal centered radicals, such as [Mh(CO)
ferrocenium ions arn@ert towards the reaction with the spin trapping agent nitrosobenzene.
However, in the presence of a suitable base, small amounts of «aitened radicals are
generated. Some of these reactive radicals add to nitrosobenzene giving the respective
stabk nitroxide radicals. EPR spectra of the corresponding stable ferrocenyl phenyl
nitroxide radicals clearly reveal the position of the original radical site, namklyfGr
ferrocene, Chifor decamethylferrocene, and efér ethylferrocene. The most acidic site
in NHC(X)CHzs substituted ferrocene/ferrocenium couples=(®, S) is the NH group and
iron-centered radicals are formed according to EPR studies. Again, thessmtened
radicals do not add to nitrosobenzenet, ¥senall amounts o€-deprotonated tautomers
generated from theéN-deprotonated, irogentered radicals are trapped by attack of
nitrosobenzene at the Cp rings. Hence, these stable and inert NHG(X)MGstituted

ferrocene/ferrocenium couples slowly releesactiveC-centered radicals and can thus be
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considered as a reservoir for reactive radicals. This reactivity might also be of importance
in the biological mode of action of OH/NsUbstituted ferrocenrleased drugs and prodrugs,

such as ferrocifen, ferroqme and related compounds.

3.2.5 Experimental Section

General Corsiderations.

All reactions were performed under argon atmosphere unless otherwise noted.
Dichloromethane was dried over Calnd distilled prior to use. Ferroceng) (was
commercially availablerdm Acros. Decamethylferrocen2) (was used as received from
ABCR. Ethylferrocene 3), Pi'Bu, 2,2diphenytl-picrylhydrazyl (DPPH), and
nitrosobenzene (PhNO) were commercially available from Sigldach. N-
Acetylaminoferrocened),®® N-thioacetylaminofaiocene §),°! and ['BusN][B(CeFs)4]*?43

were prepared according to literature procedures. Filtrations from precipitated silver after
oxidation were performed with syringe filters (RotilaBpritzenfilter,d =15mm, pore

size= 0.20um; Carl Roth GmbH €0. KG, Germany). Electrochemical experiments were
carried out on a BioLogic SBO voltammetric analyzer using a platinum working electrode,

a platinum wire as counter electrode, and a ®.0Ag/AgNOs electrode as reference
electrode. The measurements weeagried out at a scan rate of 10¥ st for cyclic
voltammetry experiments and for square wave voltammetry experiments unless noted
otherwise using 0.@ ["BusN][B(CeFs)4] as supporting electrolyte and 0.0@Xkolution of

the sample in CkClo. Potentialsare given relative to the ferrocene/ferrocenium couple.
Referencing was achieved by addition of ferrocence or decamethylcobaltocene
(Ex2=T1 2 .\OVv4. FCH/FcH (CH.Cly; ["BusN][B(CeFs)4])) to the samplé?*3CW EPR
spectra (Xband; ca. 9.45Hz) were mesured on a Miniscope MS 300 at 22&nd at 7K

cooled by liquid nitrogen in a finger dewar (Magnettech GmbH, Berlin, Germany). Settings
are given at the respective displayed spegtvalues are referenced to external3¥im

ZnS @=2.118, 2.066, 2.02 1.986, 1.946, 1.906). Simulations of EPR spectra were
performed with EasySpin (v 5.0%) for MatLab (R2015a). For quantification
measurements, EPR tubes with an internal diameter oh2.@vere used. The calibration
curve was determined using commellgiaavailable 2,2diphenytl-picrylhydrazyl
(DPPH) as standard. The samples were prepared in a glove box undeaadythre EPR
tubes were filled with 400l of the solution and sealed with Critoseal®. They were inserted
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10.4cm (measured at the Teflowlder) into the EPR spectrometer. Three concentrations
(0.03, 0.01, and 0.008M) in CHCI> were used for the calibration. The settings for the
calibration curve and the sample EPR spectra were as follows: temper2f8&,
field = 3346.20G, sweep=94.79G, sweep time 90s, modulatior- 5000 mG, MW
attenuatiorn= 10 db, number of passes3. For an estimation of the error at the insertion of
the EPR tube into the spectrometer cavity, the sample withniv08oncentrdon was
inserted, measured,ingated, and measured three times. For¢he0.03mm sample a
variation of 13% between highest and lowest value of the three measurements after double
integration is obtained. Baseline correction was achieved with Ea$y8piMatLab with
normalization turned off. The obtained spectra were integrated twice with Origin Pro 8.0
and the double integral values were plotted against the concenffaigomes S11 and
S12).

Density Functional Calculations.

Thesewere carried outvith the ORCA 3.0.2 / DFT seri&sof programs. For geometry
optimizations and energy calculations, the B3LYP formulation of density functional theory
was used employing the SVPRS§° basis set, the RIJCOSX approximation, approximate
Second Order SCF (S&F)/%"*the zerottorder regular approximation (ZORAJ,’* the
KDIIS algorithm, at GRIDX4. No symmetry constraints were imposed on the molecules.
The presence of energy minima of the ground states was checked by numerieaidyequ
calculations. Solveanmodding was done employing the conductor like screening model
(COSMO, CHCI,).” The approximate free energies at 298véte obtained through
thermochemical analysis of the frequency calculation, using the thermal correction to Gibbs
free energy as reped by ORCA 3.0.2.

3.2.6 Associated Content

Supporting Information .

The Supporting Information is available free of charge on the ACS Publications website
at DOI: 10.1021/acs.organomet.5b00778.

Square wave and cyclic voltammograms afBR, 1, 1/Pi'Bu, 4, and 4/Pi'Bu in
CHoCl2/["BusN][B(CeFs)4] at 298 K, DFT optimized geometry and spin density inClk
for [1-PhNOT*, [ 1 TAH]2 TAH 13 ¥|H(x = a, b, Cp, 1, 2),[8° (x=a, b, Cp, 1, 2),
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[ 4 ¥]And] 5 ©Mx =a, b, Cp, N, Me), and 4 N EPR spectrand simulations in
CHClrat 77K of [6]A[7]A [8YA[ 4 Mfand[ 4 ¥HMx = a, b, Cp, Me), and at 29K of

[ 4 ¥]Mx = a, b, Cp, Me),EPR spectra of quantification experiments in.CHat 298K
of [6]A [7]A [8YA [9SP4]A [10°P]A and DPPH in0.03mm, 0.01mm, and 0.005nm
concentration, and Cartesian cdioates of optimized structures (PDF)

Cartesian Coordinates of all DFT optimized structures in .xyz format (XYZ)
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Supporting information for this article (withb Cartesian coordinates from DFT

calculations) is foundt ppl75.

Adapted with permission from.Kienz, C. Forster K. Heinze.
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3.3.1 Abstract
In the presence of oxidant (Ag[Sf)f-rand baseN-ferrocenyl thioamidd-c-NHC(S)CH

(H-1; Fc = Fe®5-CsHs)(0°5-CsHa)) converts in an unexpected multistep reaction sequence
to a novel N,Sheterocyclic ring which initiates an oligomerization reaction. Key
intermediates towards the resulting complicated materiahgs€l)s silver clusters of the
anionic N,Schelating ligandl', EPRactive piano stool complexes retsng from ring
slipped cyclopetadienyl ligands as well as electrophilferrocenyl ketenimine Fc
N=C=CH (2) and its ferrocenium catio”™ formed by hydrostide elimination.
Mechanistic insight is achieved using XRD, mass spectrometric as well as EPR and NMR
spectroscopic studies combined with DFT calculations. In addition to the fundamental
mechanistic insight, the results could have impact for smart -olgspolymers,

heterocycle synthesis and controlfetiease materials.
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3.3.2 Introduction

N-Ferrocenyl amides FNHC(O)R (Fc = Fef’-CsHs)(d>-CsHa); R = CHs: Z-[H-3]) and
thioamides F&NHC(S)R (R = CH: E/Z-[H-1]) become acidic upon oxidation to the
correspondingdrrocenium ions due to the increased positive charge close to the nitrogen
atom® Vice versa, deprotonation of the amide lowers the oxidation potential of the
ferrocene/ferrocenium redox couple due to the negative charge adjacent to
ferrocen€’® In addtion to the epected acidity of the NH grougf ferrocenyl amides and
thioamdes, CH activation can also occur in the presence of anadeophilic base (P

‘Bu) and an oxidant (Ag[SkP, leading to ferrocenyl radicals {#Bu = tert-butylimino-
tris(dimethylamino)phosphorane). These carbentered radicals have been trapped by
nitrosobenzene (PhNO) and unambiguously identified by EPR spectroscopy as their
characteristic nitroxide radicglBhN(O)-1]T and[PhN(O)-3]T, respectively (Steme 1a).

Even ferrocene Feg@ls). and decamethylferrocene Fels)> display such radical
reactivity giving the respective ferrocenyl phenyl nitroxide radicals
Fe(GHs)(PhNI(O))CsH4)  (Scheme  1b) and Fe(GMes)(PhNI(O)CHz)CsMes),

respectively.7

a) E )

S~ | <
@Fe” || E=siH® | @Fe*
YN E=o:H3® | o>
J HO : \—H®
i £ <
©\N»\ @\@)\ i Fe
Fe ;_' p— DFe® N i @
? o : 5
(traces) J + PhNO E=sS ‘ i ‘ + PhNO
E i
o~ | o
Fe ;_' ! Fe
T ? T
Ph” "0 } o]

E = S: [PhN(0)-1]" ! Fe(CsHs)(PhN(O)CsHq)
E = O: [PhN(0)-3]"

Scheme 1. Established and unexplained radical reactivity of &-thioacetyl
amino ferrocene H1 and N-acetyl aminoferrocene H3 and b) ferrocene
Fe(CsHs)2 in the presence of oxidant and base followed by trapping with

PhNO./
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Sulfur derivatives such &5/Z-[H-1]° exhibit a further, as yet undisclosed reactivity in the
presence of both base and oxidant, based on electrochemical data as well as on EPR
spectroscopic findings (Figure &jJUnusual rhombic EPResonances are sérved af7 K

in frozen solutior{Figure 1b). These EPR patterns differ significantly from the typical axial
resonances of ferrocenium ions, suchEafH-3]™ or E/Z-[H-1]™ (Figure 1af! In

addition to the rhombic symmetry, tigeanisotropy ¢m) is dramatically reduced. Yeiy

is still much lager than expected for EPR resmces of lightitom radicals, suggesting a
strong participation of the iron center. The occurrence of such resonances is specific for
ferrocenyl thioamides but not for fecenyl amides or unsubstiéat ferocene. Obviously,

the sulfur atom in place of the oxygen atom plays a major role. Furthermore, the 1:1 mixture
of E/Ziso-mersE/Z-[H-1] gives rise to two different rhombic EPR resonasdn CHCI,

in a 4:1 ratio suggesting an effect of the original guntation for these two opeshell

species (Figure 1b). In the presence of PhNO, the ratio of the two species changes to 1:1
pointing to subtle differences in solubility or reactivity of the radicals or precursors to the
radicals derived frork-[H-1] andZ-[H-1].”

In the present mechanistic study, we will disclose the unexpected reactivity of ferrocenyl
thioamide E/Z-[H-1] under oxidative and alkaline conditions. The proposed pathway
encompasses reactive oparell intermediates and finally leads to diamdigrferrocenyl
containing oligomers witfiCN]» backbone and N;8eterocyclic head groups. Details of
the suggested multistep reaction mechanism are supported by EPR and NMR spectroscopic
and mass spectrometric data, by single crystal XRD analyses of intermediates and products
as well as by density fational theory (DFT) calculations. Apart from the fundamental
mechaistic insight, the obtainedselts could be relevant for smart reemotive polymers
with ferrocene in the side chafit®, for heterocycle synthesis and for ferroceoataining

pro-drugs for controlled releasg.
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Figure 1. a) EPR spectrum of/Z-[H-1]™ in CH2Cl: at 77 K and simulated
spectrum [Bo 2499.81 G; sweep 3791.34 G; modulation 3000 mG; MW
attenuation 3 dB; gain 5.0; sweep time 120 s;= 20 mM] and b) EPR

spectrum of E/Z-[H-1] treated with Ag[SbFs] and Pi-‘Bu in CH2Clz at 77 K

[Bo 3245.45 G; sweep 697.96 G; modulation 5000 mG; MW attenuation 1

dB; gain 5.0; sweep time 90 ;= 19 mM]; simulated EPR spectrum of the

L)
2.4

radical mixture (ratio 4:1) and the corresponding subspetra.

3.3.3 Results and Discussion

The multifaceted interactions &/Z-[H-1] i) with Ag[SbFs], ii) with bases and iii) with
both agents will be examined and discussed in the following.

Reaction ofE/Z-[H-1] and Ag[SbFg].

In CHCl; solution, thioamiddE/Z-[H-1] exists as a 1:1 mixture of E/Z isomé&ns/Z-[H -
1] is conveniently oxidized to the ferrocenium cati@ig-[H-1]™ by Ag[SbF] in CH2Cl

according to their respective redox potentfaisThe presence of ferrocenium ions is
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confirmed by EPR spectroscopy wiRA[H -1]™ andZ-[H -1]™ delivering indistinguishable
esserntlly axial EPR resonances (kg 1a;g = 3.400, 1.860, 1.780).6 In GEN, the
oxidation potential of Agis insufficient for oxidation of the ferrocenyl unit B/Z-[H -
1].” The EST mass spectrum of this mixture in @EN diglays peak clusters at/z=
365.92 andn/z= 624.89 fitting to the monrand diligated silver complex catiofSg(H -
1)]* and[Ag(H-1)2]* with expected isotopic patterns 8f'1°%Ag, respetively (Scheme 2;
Supporting, Information, Figure S1).

FcHN NHFc

HsC o Fe
)<s )*NH s%CHa

HC N
: @(:uis;Cu/(@
e S AN
HiC.__S S CHs
HN—/<
FcHN Fc GCH, NHFc
Bla;9 BF,
[Cu,(H-1)6][BF 4]
XRD. NMR C1,Hq3FeNSAg
miz 365.92 (ESI)
H. Fc
+ [Cu(NCCH3),][BF ] N }
PN
HsC” “s—Ag
Fc. 8 Fc, ~ CHs @ [Ag(H-1)"
N~ N—( *Ag H.sFo
H CH H s
’ PN
Z-[H-1] E-[H-1] HC™ "S—Ag S\\r -
NMR EPR
AgH-)T" FeeMp
CaqHasFeaN2S,Ag
. H® } H&) m/z 624.89 (ESI) . H@ R H@
o~ @ O oD
Fe, %33 Fe, 4<CH3 @ e :<s:> Fc, :<s®
N= N= +Ag N . - Ag N
CH, © |=— CHs Agg(E-1)g | =—= CH,
719 E1© Z1+Ag Eiz1°
NMR

Scheme 2. Initial steps in the reaction sequence BfZ-[H-1] in the presence
of base and oxidan{compounds in boxes are identied by

spectroscopic/analytical techniques highlighted in yellow).

As the oxidative power of silvecations depends on their coardiion environment
(solvent, potential ligand¥) the redox reaction between Agnd sulfurcontainingH-1
and the competingS coordination reaction to givRAg(H-1)2]* is probably a delide
equilibrium (Scheme 2). Indeed, attempts to grow crystals of silver complexésl of
failed. However, a copper(l) complex has been successfully prepare&fofH -1] and
tetrakis(acetonitrile)copper(l) tetrafluoroborate (Scheme 2). The copper(l) @ompl
crystallizes with gCu2(H-1)s][BF 4]z stoichiometry featuring hydrogen bonded counter

ions (Figure 2a). A detailed discussion of the solidstate structure and comparison with
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similar compound$?! can be found in the Supporting Information (Supporting
Information, Table S1). NMR, IR, and conductivity studfés solution confirm that the
[Cu2(H-1)s]?* structural motif and the hydrogen bonded counter if@gH-1)6][BF 4]2

1:2 contact ion pairsis retained in CECI2 solution as discussed in more detail in the

Supporting Information.

Figure 2. a) Molecular structure of [Cw(H-1)s][BF 4]2 derived from single
crystal XRD analysis (CH protons omitted for clarity; four additional
[BF4]" ions are shown to illustrate the hydrogen bonding pattern). b)
Molecular structure of Age[ls-(E-1)]s derived from single crystal XRD

analysis (CH protons omitted for clarity).

These contact ion pairs are oxidize@Eat= 0.16 V 2 €), 0.36 V 4 €) and0.73 V €2

€), suggesting that the ferrocene units are reversibly oxidized to ferrocenium cations in two
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electrochemical steps. Finally, the copper(l) centers are oxidized quasireversibly as often

observed for copper(l) complexes (Supporting Inforrmatieigures S13 and S14). The

high positive charge of the terminal ferrocenium ions might be compensated for by counter

ions, yet the C{{ oxidation is not reversible on the electrochemical timescale. The UV/vis

absorption bands of the ferrocenyl moieté$Cu2(H-1)s][BF 4]2 in CHCl; are shifted to

lower energy from 348/446 nrhl(1) to 378/456 nm (Supporting Information, Figure S15).
Although silver(l) complexes of thioamidé$-1 could not be crystallized and NMR

spectroscopic analyses Af[SbFs)/H-1 mixtures are hampered due to the concomitant

formation of opershell species by oxidation processes, we assume, that, based on ESI mass

spectroscopic evidence (vide supra, Supporting Information, Figure S1) and the formed

copper(l) compleCuz(H-1)s][BF 4]2, contact ion pairs of the tyd&gn(H-1)m][SbFe]n

should be present i@H2Cl2 solution as well. Indeed, silver(l) complexes of the redoxinert

HpysS ligand display polymeric structuf@syn(HpyS-89)2n][X] nin the solid staté® Hence,

E/Z-[H-1] can simply coordinate to Ag[SHRo give[Agn(E/Z-[H-1])m][SbFe]n ion pairs

or can be oxidized by Ag[SlFto give E/Z-[H-1][SbFe] ferrocenium salts, depending on

the environment, e.g. the solvent (Scheme 2).

Reaction of andE/Z-[H-1] and bases.

Deprobnation of thioamideE/Z-[H-1] is facile with n-butyl lithium "BuLi, lithium
dimethyl amide Li(NMe) or phosphazene ba&éeP:i-'Bu (Scheme 2). In all cases, the
resulting'H NMR spectra confirm the NH deprotonation based on the disappearance of the
NH proton resonances at 8.96 and 8.25 ppmEgH-1] and Z-[H-1], respectively
(Supporting Information, Figure S16). Furthermore, all resonance$E«f]’ are
significantly broadeed and display lower intensity, while the resonanc¢g-af' remain

sharp. Indeed, a precipitate is observed. This precipitate might well consist of less soluble
[cation]'[E-1]" salts, while[cation][Z-1]' is obviously better soluble i@D.Cl, (cation=
[Li(THF)n]*; [H-P1-'Bu]*; Supporting Information, Figure S16). This different solubility
could be due to the different coordinating abilityf&f1]' and[Z-1]". HenceE/Z-[H-1]

can be deprotonated by bases to give $edt8on][E-1] and[cation][Z-1], respectively,

with different solubility (Scheme 2).
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