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1. Introduction

The independent discovery of ferrockrie 1951 by Pauson and Miller and the rational
synthesis of bis(benzene)chromfutny Fischer and Hafner in 1955 heralded a new era in
organometallic chemistry, that of “sandwich-complexes”.

The introduction of substituents in the ring peripheadls to molecules with new structural,
electronic and electrochemical properties. Variationnwdtal and ligands offers a great
number of combinations obtained by different synthetichods. In this context should be
mentioned:

a) the metallation reaction employingoutyllithium,® which gives mono- and 1,1'-
dimetallated products. Subsequent reactions give a vafietpno- and 1,1'-disubstituted
bis(arene)metal derivatives including 1,1'-heteroatom sutish in the ring periphery;

b) the metal-ligand co-condensation, introduced in 1969 by $itifhanks to this technique,
complexes containing a large variety and number of substs as well as complexes
containing different types of transition- and post-triamsimetals became accessible.
Sandwich complexes play a central role in many areas:

-ligands in catalysts for stereoselective syntheses (i,1'-bis(diphenylphosphino)ferrocene
derivatives)®

-building blocks of redox active macrocycles in supramo#attiemistry*

-application in medical science (biosensors, anti tusgens;’

-components of molecular magnéts;

-utilization in non linear optics.

1.1 Crystal Engineering®

Originally, crystal engineering was concerned with tdesign of more efficient
topochemicadf* reactions, but now has greatly increased its scopeetdekign of molecular
crystals for a wide variety of physical and chemical pseso

Crystal engineering is the planning and the execution ofsaat structure synthesis from the
constituent molecule®s. Molecules and ions, chosen on the basis of the&, shape, and
extramolecular bonding capacity, are the ultimate dolesits. The assembly of these, i.e., the

nucleation and growth of a molecular crystal, is ohthe most basic processes in solid-state

1



chemistry and also one of the most impressive exangflesolecular recognition. Crystal
Engineering proceeds via the essential steps of anaysi$esis and application.

Molecular crystal engineering is an area where supramlalechemistry and material
chemistry meét: both disciplines are concerned with the utilizatioh ron-covalent
interactions to predetermine chemical and physical propesfisupramolecular aggregates.
The interest in organometallic crystal engineeringnstérom the enormous potential arising
from the possibility of combining, inter alia, the efectic and magnetic characteristics of
metal-bound ligands with those of metal atoms. The ptiegeof solid organometallic
materials depend on the electronic nature of the masalgell as on the characteristic of the
ligands. These are in general organic molecules as fragrtigat, in most cases, retain their
original extramolecular bonding capacity upon metal coatdin because the peripheral
atomic groups are not affected.

The crystals are the most accessible systems detaled study of geometry and energy of
non-covalent interactions. X-ray crystallography hlgags played an important role in the
development of organometallic chemistry. Ferrotenepresents the earliest example of an
organometallic crystal structure determination. Theveelee of X-ray crystallography in this
chemistry arose because the complex structural f=atfrorganometallic compounds (many
of which are air- and moinsture-sensitive) could not beerdened by any other known
methods-> This is particularly true for paramagnetic complexdere high-resolution NMR
spectroscopy fails as an analytical tool. Despite, tti® almost exclusive interest of
organometallic chemists lay in the molecular strucauré stereochemistry of organometallic
compounds rather than in their crystal structures anétimmaharacteristics® However,
crystals of organometallic complexes are molecutanature, and so they must be held
together by interactions that are, at least, sintitarthe interactions responsible for the
assembly of purely organic molecular crystal$he interactions utilized in the construction
of the desired superstructure are

a) the coordinative bonds between multidentate ligandsnagtal centers, in the case of
coordinative networks, and

b) van der Waals and hydrogen bonding between building ltltkt possess a defined
structure in solution, in the case of molecular neksor

The hydrogen bontf that may most generally considered to be a threercénie-electron
interaction, is the master-key interaction in criyséagineering because it combines
directionality with strength (nevertheless anionaafi and van der WadSinteractions take

part to the process of molecular recognition and crysthésion). Length and directionality



permit the planning of molecular aggregates formed by molet@aring donor and acceptor
groups opportunely choséh.This idea is now largely used to produce new crystalline
materiald® with suitable characteristics to confer useful properiie non linear optics,
optoelectronics and photonics, magnetism, conductivitypparosity, as well as applications

in catalysis, molecular traps, reservoirs and sies@g] state reactivity, mechaniet

1.2 Research Objectives

Organometallic complex offers the possibility to combihe large variety of the organic
synthetic methods with the stability of paramagnetimglexes. In particular our research is
focused on the paramagnetic complexes’-§;H/)(h>-CsHs)V] (TVC) [trovacene, Ki'-
tropilium)vanadiump®-cyclopenadienyl)], 1, and [Vh'-C;H7)(h>-CsMes)V] (TVC*), 2, in
their neutral form, and the paramagnetic complexh®{fsHe).Cr] (BBC),

bis(benzene)chromiurg,”, in its cationic form.

o = <

< < &

1° 2° 3"

The followed line of research is devoted to preparati@hciaracterization of novel building
blocks and of their precursors for the construction rgétalline materials via cooperative
strong and weak hydrogen borfdsThe prerequisites of the chosen candidate building blocks
are essentially 3-fold: (a) chemical stability to yialobust materials, (b) specific and
predictablecapacity for the formation of a large number of extriwar interactions, in
particular Q H---O and GH---O type$*, and (c) suitable shape for molding intermolecular
H-bond networks to achieve highdyganized superstructures.

Carboxylic acids and aldehydes bf and2 were chosen as buildings blocks, since, due to
their paramagnetic properties, they permit an investigabib the electron spin-exchange
interactions mediated by -®---O hydrogen bonds in solution, employing EPR

spectroscopy, in addition to that in solid state, emplo¥trgy diffraction.



When paramagnetic complexes are linked by a bridging ligagdse a binuclear complex, it
is possible to observe intermetallic interactions leetwboth spin centers, depending on the
nature of the spacers. The study of electron spinagxgsh coupling aid in understanding
which factors control the rate of electron-transfas, found in oxidation-reduction, and
electrochemical processes. The bridged complexds, and2 provide the opportunity to
study intramolecular electron-transfer between edeetfonor and electron-acceptor as a
function of the relative orientation and separatibaanor and acceptor. In this context, is of
interest, which factors determine both magnetic exahaagd intramolecular electron-
transfer?®

Moreover, varying the oxidation states of the individunital centers can be used to control
the spin state, hence the magnetic properties otadneplex. Magnetic materials, that are
based on organometallic open-shell complexes, have hadred extensively. Hence, in
organometallic systems the neutral or charged naturtheofligands, combined with the
variable oxidation states of metal atoms, allowsstiuely of the same building block in both
neutral and ionic environment$ Bis(benzoic acid)chromium, [Q1f-CsHsCOOHY)], 4, is a
good candidate to prepare magnetic materials due to thabiios of combining in a
controlled manner the charge (varied via a redox proceg#f) tiwe hydrogen bonding

capacity.

1.3 Electron Transfer and Exchange Interactions mediated hrough

Hydrogen Bonding

Electron transfer reactions are known to be tranethitirough non-covalent interactions such
as hydrogen bonds, which play an important role in bio&dgelectron-transfer systems for
example, non-covalent bonded proteins, model complexgshéiosynthesis’

Long range donor-acceptor electron transfer, mediateal faglecular bridge, represents one
of the fundamental charge transfer processes in cla¢éand biological systems.

Due to the possible relation betweepand J (exchange interaction coupling), the more facile
experimental access to J could deliver valuable informatimut electron transfer processes
through hydrogen bonds in biological molecules.

The hydrogen bond is the principal non-covalent intesacin the formation of molecular
crystals, because it combines strength with directiyfdl Etter’s elaboratiofi of Linus

Pauling’s definition describes “a hydrogen bond as an iciierathat directs the association
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of a covalently bonded hydrogen atom with one or morerstatoms, groups of atoms, or
molecules into an aggregate structure that is suffigiestélble to make it convenient for the
chemist to consider it as independent chemical speclégivever, for most purposes,
hydrogen bonding is defined as an interaction between ad&rdr and a Y acceptor, X and
Y being electronegative atoms or electron-rich groupshénsame or in another molecule
(X- H--Y).* This interaction is generally stronger (often muchrsjes) than the strongest
intra- and intermolecular van der Waals interactiofisH--Y). The H-Y and X-Y separations
are shorter than van der Waals contact distances, aHdYXangles tend to adopt the
linearity. Hydrogen bridges can be found in the solid statsolution, and in the gas-pha3e.
Charge assistanteto hydrogen bond is the enhancement of donor and accestems’
polarity by utilizing cationic donors and anionic acceptorseexd of neutral systems. The
favourable location of charges increases proton acadghitiyacceptor basicity.

Spectroscopic characteristics, and detection methdagdodgen bond are shown in Talile

Properties Detection Methods
The distance H--Y is shorter than the sum of X-ray Diffraction
van der Waals radii Neutron Diffraction

The distance XH increases compared to the X-ray Diffraction/Neutron Diffraction
free molecules Red-Shift of X---H Stretching in IR

The electron density at the H atom decreases

with the formation of hydrogen bridges Low Field Shift iIMR

Tablel: Properties and detection methods of hydrogen bonds.

The classical O-H---O hydrogen bonds formed by COOH aHdg@ups are among the
strongest neutral hydrogen bonds. However, the bond catrdr@ythened if the polarity of
the acceptor is increased via deprotonation. Negativedygeld O-H---O bonds have been
shown to possess dissociation energies in the range 630" >

The utilization of carboxylic acids permits the simankous use of neutral O-H---O and
charged O-H---Obonding interactions. The latter interactions camtmped in two distinct
categories: the O-H--:Anteractions, in which the donors belongs to a neut@kecule and
the acceptor is an anion, and the interaction"©-®, where both donor and acceptor groups
belong to an anion. In all cases the O---O distanasarsiderably shorter than the sum of

the van der Waals radii and there is a marked prefefendieearity. O-H:--O and O-H---O
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interactions, although possessing the same geometrigagnies as neutral O-H---O bonds,
are generally associated with O---O distances shtmter in the case of neutral systems
(roughly 2.45 against 2.65 Aj.

A recent example of engineering of a supramoleculamgemraent with target magnetic
properties is provided by crystalline [1,1'-bis(carbax§dbenzene)chromium][squarate],
[(h®-CsHe)2Cr'] [HC404] ", 5, obtained by reacting squaric acid (3,4-dihydroxy-3-cyclobutene-
1,2-dione) with [ti®-CsHe)-Cr']*, 3".%° The anion [HGO4]" self-assembles into chains linked
by ©)O-H.--0") interactions and simultaneously intercalates betwtbenbenzene ligands
forming p-stacking interactions. The presence of a charge &atrsinsition was detected by
diffuse reflectance UV-spectroscopy.

An EPR study of exchange interactions mediated by G&Hbonds for hydrogen bonded
dimmers of the paramagnetic complex h’-¢ycloheptatrienyl)(carboxir-
cyclopentadienyl)vanadium, H(-C;H7)(h>-CsH,COOH)\’], 6, has been reported

previously?®



2. Metallation of (h’-Cycloheptatrienyl)(h>-cyclopentadienyl)vanadium, 1 and
(h’-Cycloheptatrienyl)(h>-pentamethylcyclopentadienyl)vanadium, 2

The reaction between an organic (organometallic) compaamtaining a relatively acidic
hydrogen atom (R-H) and an organolithium reagent (R<4.pficonsiderably synthetic utility
since the resulting new organolithium reagent (R-Lindae used in a wide variety of
subsequent reactiond:

R-H + RLi ® R-Li+ R*H

Ring hydrogen atoms of cyclopentadienyl- as well as amegted complexes have weakly
acidic character. Reactions with alkyllithium reageesuit in ligand metallation under
formation of highly reactive products, which can be comekiinto a wide variety of ring-
substituted complexes.

The extent of polylithiation, which may occur in the eas the more acidic complexes, can
be controlled to some degree by an appropriate choice eofraaction conditions. For
example, addition of tertiary amines, such as N,N,Ntdfamethylethylendiamine
(TMEDA), and 1,4-diazabicyclo[2.2.2]octane (DABCO), accates lithiation by
coordination to the lithium, which in turn promotes disatien of aggregated structurés.
The stable coordination complexes formed are considerabig reactive in the metallation
reaction than the organolithium reagents alone.

The enhanced metalating ability of the coupleutyllithium/TMEDA may possibly arise
from the interation of the diamine with vacamt @bitals of the lithium ion. Such a process
may polarize the carbon-lithium bond to such an extbat the butyl group becomes a
considerably more powerful nucleophile tharbutyllithium alone. The presence of the
diamine does not affect subsequent reactions of thé/riemmed organolithium compounds.
The ability of various H{>-cyclopentadienyl)metal compounds to undergo the hydrogen
lithium exchange (metallation) reaction has playednagportant role in the development of
the chemistry of metallocenes. Metallation of fesoe, 7, with n-butyllithium in ether
solution, first reported independently by two reseagcoup in 19542 leads to lithio-
ferrocene and 1,1'-dilithio-ferrocene, that are veagilg converted to numerous derivatives.
Studies of the early transition metals have shown tfiatcycloheptatrienyl)™-
cyclopentadienyl)titaniumg, is readly monometalated by 1 equivrebutyllithium in ether
solution at 0°C, and the metallation take place prefaigniat the seven membered rifig.

Treatment of this mixed sandwich complex with 2.4 equim-bbityllithium/TMEDA affords
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the dimetalated product in high yiéfd.This is in contrast to the behaviour of the
corresponding vanadium and chromium compounds which arergngélly metalated at the
five-membered ring. The mono-metallation ofh’-cycloheptatrienyl}i*>-cyclopenta-
dienyl)vanadium can be achieved by employing 1.5 equivlaityllithium in ether solution

at room temperature overniht whereas the metallation oh%cycloheptatrienyl)>-
cyclopentadienyl)chromium9, is more difficult, but again the products isolated are
substituted mainly in the five-membered rffig.

These results have been interpreted with the aid otkl@ulations and ESCA measurements,
which suggest that the more negatively charged ring ofethesymmetrical sandwich
complexes is the more reactive towards lithiationesEnobservations are discussed in terms

of qualitative molecular orbital considerations on tharge distribution in the compléX.

0 Ti Vv Cr C/H7 CsHs 0
2 o £ ]
4 —|{-4
3d
b —  4s —{-6
48 = 4s ez
d — _
M 3d e 8
10— —{-10
e1
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Fig.1l: Estimated energies of thel @nd 4 orbitals of Ti, V, Cr, and of thp-orbitals of neutral
C;H; and GHs.*®

The rate of metallation employing-butyllithium at room temperature increases in the
sequence M= GrV< Ti. This observation indicates that the negativergdan the carbon
atoms of the seven-membered ring increases in the sagquence, leading to an enhanced
susceptibility for metallation, while the charge on thae-membered ring is much less
affected. A qualitative consideration of the moleculditats formed from the-orbitals of

the cyclic ligands and thed®rbitals of the metals is shown in the F2g’
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Fig. 2: MO diagram for bis(benzene)chromitfh.

Taking the line connecting the metal with the centérhe two rings as the-direction, the
3d/7, the 4s and theps orbitals of the metal, and the orbitals of the two rings have-
symmetry. The bonding-orbitals, occupied by four electrons, are essentiggnd orbitals;
the d;? orbital is almost non bonding (unoccupied in the titaniamdsvich, occupied by one
electron in the vanadium sandwich, and by two electiortee chromium sandwich). Eight
electrons occupy molecular orbitalssymmetry (thee; orbitals of the two rings), and the
dxz, Oyz, 4px, and 4, orbitals of the metal. It is obvious that the occufiedding orbitals are
essentially ligand orbitals, while the empty anti-bondorpitals are metal orbitals. The
remaining four valence electrons are placed in the bgnaholecular orbitals af-symmetry
(thed,y, andd,’, orbitals of the metal, and tleg orbitals of the seven-membered ring); &ae
orbitals of the cyclopentadienyl (Cp) ligand have too highrgy to be considered. The

character of the bonding MO’s aksymmetry is strongly dependent on the nature of the



metal, as the @orbitals of the metals (which increase in the sequémeev< Ti)*}, and the

e, orbitals of the seven-membered ring are close in grférg

It is argued that the ligand character of these occupieithtsr will increase in the sequence
Cr< V< Ti. This picture predicts that the bonding MO’s déymmetry are mainly metal
orbitals in9, but mainly GH- orbitals in8. Hence, the Cp ligand is more negative than the
cycloheptatrienyl ligand in the chromium compound, and vicesavein the titanium
compound, whereas I the two rings carry about an equal (negative) chérge.

In this case the charge of the seven-membered ring segiedeominantly on the hydrogen
atoms, the carbon atoms being almost neutral, whilehhege of the Cp ring is distributed
over the carbon and hydrogen atoms. In any case, hibisrsthat the negative charge on the
seven-membered ring of {85)M(C-;H7) increases in the sequence M=<C¥< Ti. The
interatomic distances @° [Cr-C(GsHs)= 2.18 A; Cr-C(GH,)= 2.16 A] and (@Hs)V(C/Hy)
[V-C(CsHs)= 2.210 A; V-C(GH,)= 2.208 A] (see next section for the values) have nbrma
values; while8* [Ti-C(CsHs)= 2.32 A; Ti-C(GH)= 2.19 A] displays abnormally short Ti-
C(G/H-) distances, as a result of the very short distance @).49 the metal to the plane of
the seven-membered ring.

This observation demonstrates the importanced-bbnding in the Ti-(@H;) moiety; a
decrease of the distance of the metal from the riagepgreatly increases the overlap of the
ligand e, orbitals with thed,’,? orbitals of the metal.

Mono-substituted complexes of trovacene are knownyiogrithe functional groups in the
cycloheptatrienyl- or in the Cp-ring. Compounds of thet figpe, [V°(h>-CsHs)(h’-C/HeR)],
(where R= -CH, -Ph, -CN, -OCH...) are obtained by refluxing the appropriate
cycloheptatriene derivative with tetracarbohyityclopentadienyl)vanadium, [V(h>-
CsHs)(CO)], 10.*” This method is limited by the accessibility of the lopeptatrienyl-
derivative (for example, it is very difficult to itduce aldehyde and acid groups to the
cycloheptatrienyl ring).

Because of the only marginally greater negative charghep, with respect to that on the
cycloheptatrienyl ligand, trovacene reacts slowly witfbuthillithium (1 equivalent of
trovacene and 1.5 equivalent ofbuthillithium) in ether at room temperature (maximum
yield: 50%)* resulting in metallation of the five-membered ring, mdidated by a colour
change of the solution from violet to dark-red. The mbthio derivative can be converted to
compounds of the typ&/(h>-CsHsR)(h"-C7H7)], where R= -CH', -CHO", -COOH”, -I*%, -
Br*?, -PPh>® -B(OHY™...
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The low yield of mono-metallation might be explained dgsuming a scrambling reaction,
which, in its simples case, would amount to a dismutatdrmonolithio-trovacene to
trovacene and 1,1-dilithio-trovacene, as it is postulde the equivalent reaction of
ferrocené

2FcLi ==Fc + FcL2

This reaction is confirmed by mass-spectroscopy analygiguenching the reaction mixture

with D,O. The fragmentations obtained in mass-spectroscepgisplayed in Tabla.

@—Li @—Li oo @—D @—D

n-BuLi \'a v’
—»

==
SO e @ T

It is known that dimetallation reactions of metalloes give very good yields: in almost all
cases more than 90% of dilithio-metallocene is obtaiftké percentage of unreacted
metallocene and monolithio-derivative is miniml).

When 1 equivalent of trovacene is treated with a comibmaf 4 equivalents of TMEDA,
and 4 equivalentsf n-butyllithium in ether at reflux temperature for 4 hquransmetallation
in both rings is effected as indicated by a colour ghaof the solution from violet to brown,
and the formation of a violet precipitate. The extdrthe transfer of lithium to trovacene was
determined by quenching the reaction mixture witfODand examination of its mass

spectrum.

=

n-Buli / TMEDA I D )

@ Et,0 CCbD Li T B0 C : D

1-

The detected fragmentations in the resulting mass rspectre displayed in the following
table (the spectra reveal a fragmentation patternhimgp C;-ring contraction and £ring

expansion, as it has been reported in literature ftodies of trovaceney.
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TVC-D |TVC-D,

51 A 98% 77%
116 CsHsHV”* 24% 3%
117 CsHsDV”* 32% 39%
129 CeHe" 14% 5%
130 CsHsD" 39% 69%

208 | CioHuDiV? 100% 2%
209 | CioHioDoV” 24% 100%

Table 2. Fragmentation pattern in the mass spectrum of thetioms of mono- and di-
metallation of trovacene quenched witbD The column named TVC-D corresponds to the
product isolated from the reaction of mono-lithiatiore tolumn named TVC-D) to that

isolated from the reaction of di-lithiation. %-valuepresent relatives intensity.

In addition, a study of the deuterated complexes was mpegib employing ENDOR
spectroscopy in order to avoid the hydrogen/deuterium sciragnmelaction, which can occurs

in mass spectrometry analysis (see section 2.1.2).

A new strategy to prepare [7]-trovacene derivativess developed by employing a trovacene
derivative bearing a pentamethylcyclopentadienyl (Cp*) ligahtien 1 equivalent ofh(’-
cycloheptatrienyl)(pentamethii-cyclopentadienyl)vanadium, 2 is treated with 2
equivalents of TMEDA, 2 equivalents of potassitert-butoxide and 2 equivalents of
butyllithium in petroleum ether at low temperature (-20°@jetallation in the seven-

membered ring was effected as indicated by a colour clarihe solution from clear violet

‘@7 K-+-BuO/TMEDA/ ‘@7
v n-BuLi Ve

_—

2-

to brown.

The presence of the Cp* ligand results in favourable ptiegen terms of increased stability
and solubility and lowered oxidation potential, due to itspl#ied donor capacity. In

addition, the 1,8-substitution pattern of trovacene devieatachieved under analogous
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reaction conditions of metallated intermediates wldttrophiles, is of course not possible in
the case ofH{’-cycloheptatrienyl)(pentamethti-cyclopentadienyl)vanadium moiety, which

might be of advantage with regard to a selective 1-manaifonalization.

2.1 ENDOR Studies of Trovacene Metallation

2.1.1 Fundamentals of ENDOR Spectroscopy

ENDOR (Electron-Nuclear Double-Resonance) spectroscapyai multiple-resonance
technique in which the spin system is simultaneoushdiated by a microwave and a radio
frequency field. This technique was introduced in £8%6 resolve hyperfine and nuclear
guadrupole interactions which were not accessible in tiie dpectra.

One disadvantage of EPR spectroscopy in rigid medibaisthe EPR lines are additionally
broadened by the g anisotropy and the hyperfine anisotroflyeoihteracting nuclei. As a
consequence, ligand hyperfine couplings are often not resmiibe EPR display.

In an ordinary EPR experiment the magnetic field isptwierough the region of resonance
H= hwJ/gb (where H= magnetic field strength, p, We = microwave frequency, g=
spectroscopic splitting factorh= Bohr magneton). An ENDOR experiment uses two
frequencies: a microwave frequency to partially satuedgetronic Zeeman transitions and
monitor the intensity of the EPR signal, and a str@atjor frequency, which is varied in order
to excite nuclear (NMR) Zeeman transition. The induc@dRNtransitions alter the spin
polarization or the spin alignment, leading to a charigeeoEPR signal intensity. By plotting
these EPR intensity changes versus the radio frequtreiENDOR spectrum is obtained.

In Fig. 3 the hyperfine coupling of one unpaired electron with four edgemianuclei (I= %2) in

a high field is show.

The four nuclear spins can be combined and classifieddiogaio their total spins values I=
2, 1, 0 with degeneracies D(I=2) = 1, D(I=1) = 4, D(I=0)6=Owing to the transition
frequency degeneracies, five EPR transitions areraatavith binomial intensity distribution
(1:4:6:4:1). The ENDOR spectrum, on the other hand, exhibits tard signals, since all
NMR transitions in the same Jdtate are degenerate. To generalize, each group of emntival
nuclei contributes only two ENDOR lines to the spectrum.itéald of non-equivalent nuclei

to the system causes a multiplicative increases ofiiingber of signals in the EPR spectrum,
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but only an additive increase in the ENDOR spectrum. iumaber of lines in an ENDOR

spectrum is considerably less, so the effective resaligiomuch greater.

a
ENDOR

5=12,1=12

a>0, lal2l<Vj

EPR 4 equivalent nuclei

Fig. 3. Energy-level diagram of a hyperfine-coupled spin systera high magnetic field,

consisting of one unpaired electron (S= %2) and four earivaluclei (I= ¥2)®

The narrow signal usually achieved in fluid solutionsirorsingle crystals are no longer

obtained in ENDOR experiments of disordered solid, iglasses or powders. Due to

absorption from a range of orientations of the radisaith respect to the direction of the

magnetic field, the ENDOR lines broaden and may becamng weak. In this situation the

ENDOR absorptions are spread out over a range of amothyperfine coupling values

with some buildup of intensity at three values corredpanto those radicals that have their

principal axes along the magnetic field (see Bjg.Fairly narrow lines are observed only if

the hyperfine anisotropy pertaining to the nucleus is small.
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Fig. 4: ENDOR lines shapes (absorption: top, first derivatétomn) resulting from axially

symmetric hyperfine tensd?.

2.1.2 Results

'H ENDOR experiments of trovacene and the deuterated tieeisabbtained by metallation
reactions were performed in frozen toluene solutiomroter to check the presence of the
deuterium atom in the five and in the seven-memberediribgth mono- and di-metallation
reaction.

The'H ENDOR lines appeared symmetrically around the free au¢teydrogen) frequency
(around 14.2 MHz). In the case of compoundthe isotropic hyperfine coupling constants
are 5.0 and 12.1 MHz for the five- and seven-membered msggectively. These values are
supported by NMR studies:l&(cp): 1.8 G (corresponding to 5.04 MHz), andra{= 4.3 G
(corresponding to 12.05 MHZ2J.Resonance in sandwich complexes in liquid solutionncen
be EPR saturated, which is a prerequisite for ENDORrefbee, in this work, the ENDOR
spectra ofl’, of mono-,11, and di-deuterated trovaceri have been recorded in frozen
toluene solution. The deuterated compounds have been preparaedoiated as described

above. The experimental spectra are displayed in 5ifs.

15



a(*H),,

< »-
< P

a(lH)cp
‘

\M\/\/\/ -
n
H

T T T T T T T T T T 1
10 15 20 25 30

Frequency [MHZz]

o -
[9)]

Fig. 5: '"H ENDOR spectra in toluene df at 130 K, frequency 9.5494 GHz, microwave
power 7 dB (42 mW), radio frequency power 3 dB (500 W), stadld 8371 G. The vertical
line indicates the free proton frequency (15.30 MHz).
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Fig. 6: '"H ENDOR spectra in toluene dfl (top) at 130 K, frequency 9.4889 GHz,
microwave power 7 dB (42 mW), radio frequency power 3 dB (500swtic field 3365 G,
and12 (bottom) at 129 K, frequency 9.4901 GHz, microwave power §58BmW), radio
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frequency power 3 dB (500 W), static field 3360 G. The vdriioas indicate: the free
deuterium frequency (2.4 MHz) and the free proton frequenc@3IMHz).

Frequency [MHZz]

Fig. 7: Enlargement of the deuterium frequency range of the @RIBpectra ol1 (top) and
12 (bottom). The vertical line indicates the free deutaritequency (2.2 MHz).

In the spectra, the line at 14.40 MHz (b}, 14.37 MHz (forll) and 14.34 MHz (fold2)
corresponds to the matrix signal (unresolved hyperfinerastions with the solvent), while
the other lines arise from the hyperfine interaction tbé cycloheptatrienyl and
cyclopentadienyl protons: the signals spread out betd#éhand 16.8 MHz, fot', between
11.6 and 17.2 MHz fot1 and12, (assigned to hyperfine interactions of the cyclopeeatsd
ring protons); between 8.3 and 20.5 MHz, for between 1.9 and 20.5 MHz féd and12,
(assigned to hyperfine interactions of the cycloheptatrieng protons). Differences noted
between the spectra may be attributed mainly to vamstin the experimental conditions
(e.g., experimental parameters, freezing of the solutiarthe spectrum o2, the frequency
range below 1.5 MHz shows a structure that is an ingntehdisturbance.

Applying the ENDOR selection ruleBM,= +1, DMs= 0, two ENDOR transitions at the
frequenciesnenpor=Cb * a/2; are obtained® Taking into account the ratio (6.51) of the
gyromagnetic moment from hydrogen (267.51 MHz/T)) and deute(l.06 MHz/T), one
can easily calculate the deuterium ENDOR transitiamsthie deuterium substituents in the
five and the seven-membered ring. Quadrupole couplings amesalved. Calculated values
for the five-membered ring: 1.75 MHz, 2.65 MHz; measured valugs MHz, 2.65 MHz.
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Calculated values for the seven-membered ring: 1.3 MHzMBi1; measured values: 3.15
MHz, the value in the range of 1 MHz could not be at#dibecause of the lower limit of the
spectrometer.

Both, 11 and12, show two deuterium signals, thereby confirming the sbliam reaction
postulated above, which would lead to a dismutation of rfitmotrovacene to trovacene
and 1,1-di-lithiotrovacene. Hence, the ENDOR results iconélso the results obtained from
mass spectroscopy (see Tabl@ Section 2). Moreover, during the long accumulatioret{1

h) no decrease of the deuterium signal was observedirmonf that no H/D exchange

occurs.
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3. Determination of the Structure of f’-Cycloheptatrienyl)(h>-cyclopentadienyl)-
vanadium, 1 and (h’-Cycloheptatrienyl)(h>-pentamethylcyclopentadienyl)-

vanadium, 2

3.1 Structure of (h’-Cycloheptatrienyl)(h>-cyclopentadienyl)vanadium, 1

The first low precision determination of the structuferovacene,l’ (present discrepancy
factor, R= 9.6%) was published in 1983In the present work, a redetermination of the
unsymmetric sandwich complex was undertaken in order poowe the low accuracy of the
original determination, which did not allow for a preaigcussion of structural parameters.
Crystals suitable an X-ray crystallographic determimati@re grown by sublimation as violet
hexagonal plates.

Crystals are orthorhombic with space group Pnma; latitmestantsa= 10.8759(8) A:b=
10.6309(11) A= 7.8759(6) A. In the adopted centrosymmetric space group,Prammg a
eightfold general position, the molecule must occupy &iapgosition in the unit cell, as
Z=4.

Fig.8: 1" view down the c-axis.
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The rings are bisected by a mirror plane, which passeaghrone apex carbon atom of each
ring. The carbon atoms bisected by the mirror plansyargeriplanar.

Fig.9: Projection ofl" perpendicular to the molecular axes.

V(1)-C(1)  2.1789(17) V(1)-C(2)  2.1898(12
V(1)-C(3)  2.1936(11) V(1)-C(4)  2.1924(11
V(1)-C(5)  2.2508(15) V(1)-C(6)  2.2612(11
V(1)-C(7)  2.2680(12) V(1)-C(2a) 2.1899(12)
V(1)-C(3a) 2.1937(11) V(1)-C(4a) 2.1925(11)
V(1)-C(6a) 2.2612(11) V(1)-C(7a) 2.2680(12)
C(1)-C(2)  1.4157(15) C(1)-C(2a) 1.4157(15)
C(2)-C(3)  1.4154(18) C(2a)-C(3a) 1.4154(18)
C(3)-C(4)  1.4127(17) C(3a)-C(4a) 1.4127(17)
C(4)-C(4a) 1.420(2) | C(5)-C(6)  1.4143(16)
C(6)-C(7)  1.4128(18) C(7)-C(7a) 1.416(3)

C(5a)-C(6a) 1.4143(16) C(6a)-C(7a) 1.4128(18)

Table3: Selected bond lengths (A) far.

C(3)-C(2)—C(1)
C(5)-C(6)-C()

128.51(11)
107.95(11)

C(4)-C(3)-C(2)  128.68(11)

Table4: Selected bond angles (deg) for

The average V-C distances for the five-membered ancisdiien-membered ring amount to
2.211(3) and 2.190(5) A, respectively. Accordingly, the distanom the metal to the ring

centers differ in that larger rings are approached rotmrgely by the metal. This situation
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leads to the relatively poor metal-ligand orbital oaprlso that centrosymmetric bonding of a
first row transition metal to a large ring is lessydarable than to a smaller ring. No
significant differences have been observed betweem#an C-C bond lengths of both rings
(1.414(2) and 1.415(2) A for the five-membered and the seven-methniirg, respectively).
The hydrogen atoms of the cycloheptatrienyl ring are lwemartds the central metal, as it can

be also observed in metal arenes such as bis(benzemajaem®?

Fig.10. Bending of the hydrogen substituents of the seven-mechbeng toward the

vanadium central metal.

3.2 Structure of (h’-Cycloheptatrienyl)(h>-pentamethylcyclopentadienyl)vanadium, 2

(h’-Cycloheptatrienyl)(pentamethi®-cyclopentadienyl)vanadium? crystallizes from a
petroleum ether solution at —20°C in form of violet nesdl

Crystals are orthorhombic with space group Pnma; latiwestantsa= 1021.1(1) pm;b=
1261.5(1) pm;c= 1103.1(1) pm; with four molecules per unit cell. The vanadaiom is
located on a crystallographic mirror plane, which bséoe two aromatic rings. However, the
carbon atom of the five-membered ring, C(5), and of éwers-membered ring, C(1), which
are bisected by the mirror plane, are trans to onehanothis situation is opposite to the
conformation found for trovacene, in which the carbtoms on the mirror plane are syn-
periplanar. Hence, the increased steric demand of #tbyinsubstituents i@ results in an

anti-periplanar conformations.
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Fig.11: Projection o perpendicular to the molecular axes.

V(1)-C(1) 2.179(3) | V(1)-C(2) 2.181(2)
V(1)-C(3) 2.183(2) | V(1)-C(4) 2.195(2)
V(1)-C(5) 2.247(2) | V(1)-C(6) 2.251(2)
V(1)-C(7) 2.261(2) | C(1)-C(2) 1.420(3)
C(2)-C(3) 1.404(4) | C(3)-C(4) 1.393(4)
C(5)-C(6) 1.420(2) | C(6)-C(7) 1.423(2)
C(5)-C(51) 1.507(3) | C(6)-C(61)  1.501(2)
C(7)-C(71) 1.495(2) | C(7)-C(7a)  1.427(3)
C(1)-H(1) 0.86(5) C(2)-H(2) 0.97(3)
C(3)-H(3) 1.01(3) C(4)-H(4) 0.94(3)
C(51)-H(511)  0.95(4) C(51)-H(512) 0.98(3)
C(61)-H(611) 0.98 C(61)-H(612) 0.98

C(61)-H(613) 0.98 C(71)-H(711) 0.98

C(71)-H(712)  0.98 C(71)-H(713) 0.98

Table5: Selected bond lengths (A) féar.

C(1)-C(2)-C(3)  127.9(2) C(3)-C(4)-C(4a) 128.4(2)
C(5)-C(6)-C(7)  107.9(1) C(6)-C(5)-C(51)  125.8(L)
C(7)-C(6)-C(61) 125.6(2) C(6)-C(7)-C(71) 126.6(2)

Table6: Selected bond angles (deg) Br

As expected, the two ligand planes are essentiallylielatangle of Tr plane to Cpplane is
3°). The average distances of the vanadium atom teatffeeon atoms of the cycloheptatrienyl-
and Cp*-ring are 2.185(7) and 2.254(6) A, respectively. The virtuatitgeof the average

carbon-vanadium bond distances for the Cp ligand irand 2 despite the higher steric
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demand of the Cp* ligand may be attributed to a very snraittstral trans effect, indicating
the tighter bonding of the more electron-rich Cp* tigaThe static structural differences in
M-Cp and M-Cp bonding should reflect related electronic difference#iCp and M-Cp

interactions. By a comparison of the free ligands &pd Cp*, the consequences of the

pentamethyl substitution upon the relevpslOs of Cp is shown in Schema®®

E (eV)
5 |
-7 — —
3n
9 —]
" Mﬂ +
2n
-13 —
] 1n
151
T 1r
-1 7—

Cp Cp

Schemal: p-MOs of the free ligands Cand Cp.%®

All p-levels are destabilized significantly for Cpand this must lead to non equivalent metal-
ring interactions for V-Cpvs V-Cp. Thep-orbitals of Cp to a certain extent are delocalized
over the five methyl groups. As the main bonding interachietween the metal and the ring
comes from the interaction df, anddy, with the 2 set of the cyclic ligands, the higher lying

and thus much bettgrdonor levels @ of Cp~ causes a stronger bonding from the metal to
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the carbon atoms of the pentamethyl substituted ring thedyweaker donating Cgigand
keeps more of its electron density in ifs2vel set.

In conclusion, the new electronic and steric environnocegdted by the Cp* moiety does not
greatly effect the overall structure.
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4. Aldehydes and Carboxylic Acids of If’-Cycloheptatrienyl)(h®-
cyclopentadienyl)vanadium, 1 and (h’-Cycloheptatrienyl)(h>-

pentamethylcyclopentadienyl)vanadium, 2

Whereas the study of intramolecular electron transfguires highly sophisticated techniques
of time resolved spectroscopy, intramolecular commatio, namely spin exchange
interaction in biradicals, can be explored by measutiegeixchange coupling constant J via
EPR®

A structural unit that plays an important role in elenttransfer pathway in non-covalently
linked proteins and in photosynthetic models is the hydroged.tOrganometallic molecules
bonded by hydrogen bonds have been widely studied in reearsy

The synthesis of paramagnetic organometallic aldehwahels carboxylic acids permits to
combine the two seemingly unrelated fields, in order tmlystelectron-electron spin-spin
exchange in the dimers formed by hydrogen bridge interactions

For this purpose, as a supplement to the previously prepared-afumityd&® and mono-
carboxylic acid® of 1, in which the functional groups had been introduced irecp ligand,

in the present work the dicarboxylic acitl3, and the bis-aldehyde df, 14, have been
prepared. Furthermore, the mono-carboxylic acldé,, and the mono-aldehydel6,
derivatives of2', bearing the respective functional group in the sevembered ring have
been synthesized. All new compounds have been studied bysp&iRoscopy and cyclic

voltammetry, and3 and16 have been further characterized by X-ray diffraction.

4.1 Synthesis of (Carboxyh’-cycloheptatrienyl)(carboxy-h*°-cyclopentadienyl)vanadium,
[(h’-C7HeCOOH)(h>-CsH,COOH)V?], 13, and (Formyl-h’-cycloheptatrienyl)(formyl-
h®-cyclopentadienyl)vanadium,[ (h’-C;HsCHO)(h®>-CsH,CHO)V Y, 14

(Carboxyh’-cycloheptatrienyl)(carboxi-cyclopentadienyl)vanadiun,3, was synthesized
by dilithiation of1" in ether solution witm-BuLi and TMEDA.

CO, was bubbled through the solution containing the 1,1 diliddgtroduct. Finally, the free
dicarboxylic acid was obtained by hydrolysis with dilute aqsebICI. 13 is obtained as

clear-green powder, low soluble in almost organic solvents
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v- wBuLi/TMEDA - 2) HCl v’
—_— —_—
Ci: Et,0 Céj_ L H,0 O—® COOH
1 13°

(Formyl-h’-cycloheptatrienyl)(formyh>-cyclopentadienyl)vanadiuml4, was synthesized
by dilithiation of 1' in ether solution witn-BuLi and TMEDA followed by addition of
dimethylformamide, and hydrolysis with dilute aqueous H@l.is obtained as a dark-green

solid, very good soluble in organic solvents.

v’ n-BuLi/ TMEDA e 2) HCI1 v
—_— _—_—
@ B e g
r 14

4.2 Synthesis of (Carboxyh’-cycloheptatrienyl)(h>-pentamethylcyclopentadienyl)-
vanadium, [(h’-C;HsCOOH)(h>-CsMes)VY], 15, and (Formyl-h’-cycloheptatrienyl)(h®-
pentamethylcyclopentadienyl)vanadium][ (h’-C;HsCHO)(h>-CsMes)VY], 16

The metallation oR proved to be quite difficult: no reaction is observethwhe common
deprotonanting agemtbutyllithium in diethyl ether or in petroleum ether ssvent, neither
in presence nor in absence of TMEDA as metal chelatinsolvent. In contrast tb, where
these metalating agents are sufficiently basic tocefigno- or di-metallation, in this case
stronger bases are necessary, due to the donor effiwet fife methyl groups. Deprotonation
of 2° was finally achieved under employment of a mixtur@-bltyllithium and potassiur+-
butoxide as superba&e.

15, was synthesized by regioselective lithiation ingegen-membered ring @f by use of a
mixture of TMEDA, Ki-butoxide andn-BuLi in petroleum ether solution. GOwas

subsequently bubbled through the solution containing the mtmatdid product. Finally, the
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free mono-carboxylic acid was obtained by hydrolysis vdilute aqueous HCI15 is

obtained as clear-green powder, low soluble in almoshargalvents.

ﬁ K-t-BuO/TMEDA/ ‘é’ 1) CO, @
y _ ; . 2) HC1 .
v* n-BulLi v* ) v

@ Tw {@]—L? (d)]—COOH

5 15°

16, was synthesized analogously by selective mono-lidmatif 2', followed by addition of
dimethylformamide, and hydrolysis with dilute aqueous H®l.is obtained as a dark-green

solid, very good soluble in organic solvents.

K--BuO/TMEDA/ 1) DMF
o n-BuLi . 2) HCI .
Vv A\ Vv

_— _—

@ PE (Cb]— i E (@]— CHO

16

2

The pentamethylation of Cp ring is a chemical modifcabf the complex that perturbs the
electronic structure, and thereby provides much informabiorthe orbital character and
sensitivity. The pentamethyl derivatives of trovacenehildt altered crystallization

characteristics and increased solubility.

4.3 Structure of (Carboxy-’-cycloheptatrienyl)(carboxy-h°-cyclopentadienyl)vanadium,
13

Crystals were obtained by suspension of the crude produater, followed by addition of

dilute aqueous NaOH. The solution was then layered \thigr €ontaining HBE
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Crystals are monoclinic with space group:/B2 lattice constants= 6.9723(14) A;b=
7.8419(16) Ac= 21.642(4) A; with four molecules per unit cell. The molacustructure of
one of the dimers in the unit cell is presented in E&).while the packing of the molecules
inside the unit cell is displayed in Fig3.

The hydrogen bonds of the two carboxylic groups give nsstiiong intermolecular forces
and are limiting the thermal motion of the molecul&zoTmolecules related by a center of
symmetry form a hydrogen bonding dimer. The formationtltidse dimers appears to
influence strongly many features of the molecular geoyrand crystal packing. The unit cell
contains two crystallographically independent dimers, whocttheir part are each linked by
hydrogen bonds between the carboxylic groups.

Both, the oxygen of the C=0 and that of the H-O groupseawve as acceptor, with hydrogen
bond distance values of: O(1)---O(4) 2.618(14) A, and O(2§3)}Q.573 A. The carbon
oxygen distances within the carboxylate substituents aresalegual, indicating a virtually

completely delocalised system.

Fig.12. Representation of the dimer formed by molecule$3fin the solid state. The dimer

contains a center of inversion.

Both trovacene units of the hydrogen bonded dimer adoptlranst perfectly eclipsed
configuration with both planar and parallel rings. The tadboxylic groups and the attached
ring carbon atoms are planar but are twisted slighiti respect to the corresponding ring.
The angle between the plane of C(13)-O(1)-O(2) and itge to which it is connected
122.4(12)°, while the corresponding angle for C(14)-O(3)-O(4R&.9°. The large twist for
the C(14) carboxylic group appears to be related to crgsieking forces. Both carboxylic

groups are bent slightly out of the plane of the ringsato® each other.
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The vanadium atom is centered between the arene ihgsaverage V-C distance is 2.254(9)
A to the five-membered ring, and 2.177(13) A to the seven-mesmibiéng. Hence, there is
virtually no difference in comparison to the respecéiverage distances in. Apparently, the

electronic modification due to the introduction of tharboxylate substituents remains
without influence on the strengths of the arene-metatlb.

Fig.13: 13 view down the c-axis.

V(1)-C(1)  2.167(11)] V(1)-C(2)  2.198(12)
V(1)-C(3)  2.178(12)| V(1)-C(4)  2.184(13)
V(1)-C(5)  2.169(13)| V(1)-C(6)  2.168(14)
V(1)-C(7)  2.174(14)| V(1)-C(8)  2.244(8)
V(1)-C(9)  2.274(9) | V(1)-C(10)  2.277(9)
V(1)-C(11)  2.248(9) | V(1)-C(12)  2.227(9)
C(1)-C(2)  1.433(16) C(1)-C(7)  1.464(17)
C(1)-C(13)  1.492(17) C(2)-C(3)  1.399(17)
C(3)-C(4)  1.351(19) C(4)-C(5)  1.382(18)
C(5)-C(6)  1.392(17) C(6)-C(7)  1.40(2)

C(8)-C(9)  1.4200 | C(8)-C(12)  1.4200

C(8)-C(14)  1.442(14) C(9)-C(10)  1.4200

C(10)-C(11) 1.4200 | C(11)-C(12) 1.4200

C(13)-O(1)  1.282(14) C(13)-0(2)  1.251(1%)
C(14)-0(3)  1.275(15) C(14)-0(4)  1.263(1%)

Table7: Selected bond lengths (A) &8 .
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C(2)-C(1)-C(7) 126.7(12) C(3)-C(2)-C(1) 126.9(1B)
C(4)-C(3)-C(2) 131.6(14) C(3)-C(4)-C(5) 128.8(18)
C(4)-C(5)-C(6) 129.2(14) C(5)-C(6)-C(7) 129.0(14)
C(6)-C(7)-C(1) 127.7(13) C(9)-C(8)-C(12) 108.0

C(10)-C(9)-C(8) 108.0 C(10)-C(11)-C(12)  108.0

C(11)-C(10)—C(9) 108.0 C(11)-C(12)—C(8) 108.0

C(2)-C(1)-C(13) 117.3(12) C(7)-C(1)-C(13) 115.7(12)
C(9)-C(8)-C(14) 125.9(8) | C(12)-C(8)-C(14) 125.8(8)
0(2)-C(13)-0(1) 122.4(12) 0O(2)-C(13)-C(1) 118.7(12)
O(1)-C(13)-C(1) 118.9(13) 0O(4)-C(14)-0(3) 123.9(12)
O(4)-C(14)-C(8) 118.1(11) O(3)-C(14)-C(8) 117.9(12)

Table8: Selected bond angles (deg) &'

4.4 Structure of (Formyl-h’-cycloheptatrienyl)(h>-pentamethylcyclopentadienyl)-

vanadium, 16

(Formyl-h’-cycloheptatrienyl)(pentamethii’-cyclopentadienyl)vanadium16, crystallizes
from a petroleum ether/diethyl ether solution at —20°f@1im of green-brown needles.
Crystals are orthorhombic with space group Pnma; latiwestantsa= 1061.7(1) pm;b=
1248.5(1) pmpg= 1115.5(1) pm; with four molecules per unit cell. As for sheicture of the
parent molecul€’, in 16 no equivalent vanadium-ligand distances are obseil(aegrage
value for V-C(Cp*): 2.251(2) A; average value for V-C(TH:190(3) A). Again, these
average vanadium-carbon distances are identicalntitliei margins of error to those observed
in the structure oR’, and 15, indicating the inertness of the trovacene framé&wioom
electronic effect of substituents. The structure is [Eo#} to that of2', bearing one formyl

function.

Fig.14: Projection ofL6 perpendicular to the molecular axis.
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The complex resides on a crystallographic mirror plaoaining the vanadium atom and

bisecting both aromatic rings. For this reason th@)8¢function is disordered equally over

two positions (thermal ellipsoid 20%).

V(1)-C(1) 2.186(3) | V(1)-C(2) 2.179(2)
V(1)-C(3) 2.204(3) | V(1)-C(4) 2.192(3)
V(1)-C(5) 2.249(3) | V(1)-C(6) 2.250(2)
V(1)-C(7) 2.254(2) | O(1)-C(11) 1.252(8
C(1)-C(2) 1.428(3) | C(1)-C(11) 1.452(6
C(2)-C(3) 1.397(4) | C(3)-C(4) 1.408(4
C(4)-C(4a)  1.406(6) | C(5)-C(6) 1.426(3
C(6)-C(7) 1.424(3) | C(7)-C(7a) 1.429(5
C(6)-C(61)  1.499(3) | C(7)-C(71) 1.499(3
C(2)-H(2) 0.92(3) | C(3)-H(3) 1.02(4)
C(4)-H(4) 0.91(3) | C(11)-H(11)  0.96(8)
C(51)-H(151) 0.92(5) | C(51)-H(152) 0.92(3)
C(61)-H(161) 0.98 C(61)-H(162) 0.98
C(61)-H(163) 0.98 C(71)-H(171) 0.98
C(71)-H(172) 0.98 C(71)-H(173) 0.98

Table9: Selected bond lengths (A) &6 .

C(2)-C(1)-C(2a) 126.3(3) C(2)-C(1)-C(11) 116.4(2)
C(1)-C(2)-C(3) 129.6(2) C(3)-C(4)-C(4a) 129.0(3)
C(2)-C(3)-C(4) 128.1(3) C(5)-C(6)-C(7) 108.1(P)
C(6)-C(5)-C(51) 126.0(1) C(6)-C(5)-C(6a) 107.9(2)
C(51)-C(5)-C(6a)  126.0(1) C(5)-C(6)-C(61) 125.8(2)
C(7)-C(6)-C(61) 126.1(2) C(6)-C(7)-C(71) 126.6(2)
C(6)-C(7)-C(7a) 107.9(2) C(71)-C(7)-C(7a) 125.4(2)
O(1)-C(11)-C(1) 122.8(4) O(1)-C(11)-H(11) 120.(6
O(1)-C(11)-H(11a) 10.(6) | O(1a)-C(11)-H(1la) 120.(6)

Table10: Selected bond angles (deg) i@ .

Similar to the analoguous moleculd’{cycloheptatrienyl)(formyh>-cyclopentadienyl)-
vanadium, [(h"-C/H7)(h>-CsH,CHO)V], 17, no hydrogen bonding exist between the
formyl groups of adjacent molecules. However, intergukr hydrogen contact interactions
were found between the formyl oxygen atoms and methyl paibneighboring molecules,
indicated by an underrun of the sum of van der Waal§ @(i1)-H(173)---O(1) 2.39 A (C-

H not normalized).
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Fig.15. Intermolecular hydrogen bonding it6 (only one of the two disorder images is

shown).

As expected, the two ligand planes are essentiallflplafangle of cycloheptatrienyl plane to

Cp* plane is 2°). The angle of Cp plane to C(O)H planeumts to 14°.

Fig.16. 16 view down the c-axis (only one of the two disorder imagehown).
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4.5 Cyclic Voltammetry of 13, 14, 15, 16

4.5.1 Fundamentals of Cyclic Voltammetry’

Cyclic Voltammetry is used to characterize the redoy@ries of compounds and to study
their redox reactions. In cyclic voltammetry the moisEd of a small, stationary working
electrode, which is immersed in an unstirred solutiowh@nged linearly with time starting
from a potential where no electrode reaction occursnamweing to potential where reduction
or oxidation of a solute (the material being studied) iset& supporting electrolyte is present
to repress migration of charged reactants and productkigicdse tetrabutylammonium salt
was used). The voltage applied to the working electrodeaisned linearly from an initial
value, E, to a predetermined limit (known as the switching potertigl,where the direction
of the scan is reversed. The potential of this workingtedde is controlled versus a reference
electrode such as a saturated calomel electrode (SC&)sdver/silver chloride electrode
(Ag/AgCI). A cyclic voltammogram is obtained by measurihg current at the working
electrode during the potential scan. The voltammograandsplay of current (vertical axis)

versus potential (horizontal axis).

Definition of the parameters:

Epa Ex= anodic and cathodic peak
potentials

E1»= half-wave potential

lpa lp= @nodic and cathodic peak currents

DE,= peak separation

E; = switching potential

Fig.17. Schematic representation of a cyclic voltammogramd, definition of the parameters.

By examination of these parameters, the electrorsfeaprocess can be assigned to one of

the three categories: reversible, quasi-reversilsteyversible reactions. Decisive for the
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electrochemical reversibility is the rate of hetgpeous electron transfer at the electrode
surface given by d(standard heterogeneous electron transfer rate constan

a) Reversible process

ks> 2-10% cm/s: the electron transfer process is faster tiruwiffusion.

The reaction is diffusion-controlled (no other proceskmit the current). The criteria for
diffusion control is that gk increases with Xf (v is the sweep rate, dE/dt) and is directly
proportional to the concentration. The electron temefaction at the electrode surface is so
rapid that equilibrium conditions are maintained even witeubstantial net current and a
rapidly changing potential. The criteria of reversipiare DE,= Eps-Ep= 57/n mV at 298 K,
where n is number of electrons transferred per ioniyaggnt/mol), values which must be
independent of scan rate and concentration. The/&8lue is situated exactly (within 2/n mV)
midway between f and E. The values of h and | should be identical for a simple

reversible (fast) couple, that ig/lp= 1.

b) Quasi-reversible process

2-10% cm/s > k> 5-10° cm/s: the rate of the electron transfer processjigl to that of the
diffusion.

The rate of electron transfer and diffusion are coaipla. The peak separatidE, of a
quasi-reversible process increases with The values ofyh and | should be identical, that

is lod/lp= 1. laand peare not proportional to'¢.

c) Irreversible process

ks > 5-10° cm/s: the electron transfer process is slower thamliffusion.

Electrochemical irreversibility is caused by slowctlen exchange of the redox species with
the working electrode. Irreversibility manifest itselfdigh DE,> 57/n mV at 298 KDE,
increasing with increasing v, and it is characterized bgparation of peak potentials greater
than indicated by the expressibBy= EpsE,@0,059/n.

4.5.2 Results

The 17-VE-complex trovacend,, exhibits in its crystalline phase air stability of ewf
minutes®® This property is confirmed by the cyclovoltammetry experit, indicated by a

redox potential B2 % of 0.26 V, [vs. 0.54 V of ferrocen&, a sandwich complex stable to
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air] (these values have been measured in DME/0.1 M TBAP40 °C;n= 100 mV/s; glassy
carbon electrode vs. SCE). Neutral trovacene possdbhseground state configuration
[(e2)*(a0)*(e))°], while the cationic form has the low spin configuratige,)*(a:)’(e1)"]. The
e-orbitals are so low in energy, that the configurafie)’] is more favorable also in the
ionized state. The introduction of electron-withdrawingssituents on the rings of trovacene
causes a reduction of the electron density at theatenital. In consequence, the effective
positive charge at the vanadium atom increases, irgsult a contraction of the essentially
non-bondinga; (V-3d,?) redox orbital and in a stronger binding of the occupyilegteon.
Therefore, the oxidation becomes more difficult andaaodic shiftof the redox potential is
observed. Similar to the parent molecule trovacene terivatives (carboxk-
cycloheptatrienyl)(carboxi#’-cyclopentadienyl)vanadium, 13, and (formylh’-
cycloheptatrienyl)(formyh®-cyclopentadienyl)vanadiuni4 show a second oxidation wave
(2+/+), that is irreversible for all complexes (the @ps formed has not been identified so
far). Trovacene is reversibly reduced to the mono-aator2.55 V: the transferred electron
will occupy the metal dominatesl;-orbital. The derivatived3 and14 are reduced also, but
more readily. This effect is explained by the increafsstability of thea;g-orbital, due to the
presence of the electron-withdrawing substituents. Itdd® noted, that the anodic shifts of
the oxidation steps to the monocations are smallen tine shifts of the corresponding
reduction steps to the monoanions. Hence, a transfen eleztron into a ligand-centered
LUMO would also be conceivable, resulting in the fororatof a paramagnetic biradical
species. This explanation may be adopted also for ¢lsend reduction of the formyl
complexes. Th@-bonded arene ring bearing a carbonyl substituent hasilitg to stabilize
an electron transferred into a ligand-centered LUMO bgaddization. Due to the low energy
and the corresponding higher electron affinity of thgand-centered LUMO, a further
reduction of the previously formed monoanion would be fatdd.

Cyclovoltammetric data for (carboxy-cyclopentadienyl){’-cycloheptatrienyl)vanadiuf,
6, (carboxyh’-cycloheptatrienyl)(carboxi#’-cyclopentadienyl)vanadiuml3, (formyl-h®-
cyclopentadienyl}{’-cycloheptatrienyl)vanadiuffi, 17, (formyl-h’-cycloheptatrienyl)-
(formyl-h°-cyclopentadienyl)vanadiuni,4, and for the parent molecule trovacefie, are
shown in Tablell. Typical cyclovoltammetric traces fd&3 and14 are depicted in Figdl8-
19.
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1 6 13 17 14
ExX O V] 0.260 0.480 0.615 | 0.496 0.688
DE, [mV] 2 64 74 74 90 60
r= indlipe 0.93 0.94 0.52 1 0.34
Epa[V] 1.03 | 1.043° | 1.034 1.100 1.102
E12%) V] -255 | -2.687 | -2.554 | -2.088 | -1.843
DE, [mV] 2 66 88 96 66
r= indlip 1 0.56 0.41 0.96
E 2 v © -2.499 | -2.070
DE, [mV] 2 136 152
r= ipdip 0.30 0.86

4 DEp= (BEpa— Epo) ®irreversible ©the r values do not strictly confirm reversibility

Table11: Cyclovoltammetric data fot', 6, 13, 17, 14 measured in DME/0.1 M TBAP, vs.
SCE,n=0.1VI/s, T=-40°C.

-2.9 -2.0 -1.0 0 +1.0 +1.7
[V]

Fig.18: Cyclovoltammetric trace fdt3.
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-2.9 -2.0 -1.0 0 +1.0 +1.7
[V]

Fig.19: Cyclovoltammetric trace fdt4 .

The introduction of a second electron-acceptor group @i thing of trovacene i3 leads

to more positive oxidation potential, higher also thaat tf ferrocene7, amounting to 0.54
V. This observation explains why the new derivativesstable to air. Tests to confirm this
property were performed in solid state and in solutionrepeated X-ray diffraction of the
crystals (in the case of the acid) stored without iaémiosphere over a period of two days,
and by measuring the EPR spectrum of a solution of theplesravhich had been exposed to
air.

By a comparison of the oxidation potentials of the mamat di-substituted derivatives bfa
trend in the anodic shift, which could provide the additis&ie per carboxy or formyl group
introduced in the trovacene moiety was not recognized.edery it was noted that the anodic
shift of the oxidation potential is more pronounced in ¢thses of formyl derivatives. In
addition, it is evident that the introduction of thestfiacceptor group causes the major shift of
the oxidation potential.

Comparing the function of cyclopentadienyl and cyclohejetagt as ligands, it is noted that
in the free ligand the levels are progressively stabilized with increasing ring® This has

important consequences on their ability to bind to meltatein be deduced, on grounds of the
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energy separation, that the interaction ofdherbitals with a metal is likely to decrease with
increasing ring size, while that of thgorbitals is likely to increase. Because of energyhef t
metal valence orbitals concerned is approximately intdiae between the, ande, orbitals
for the early transition metals, both tegande, molecular orbitals, will increase in ligand
character with increasing ring size. WhaiCp is a ligand, interaction of the orbitals is the
most important source of bonding, and as these orla@talsot fully occupied in the free
ligand (the Cp radical), this interaction is able to reenctarge from the metal. When
cycloheptatrienyl is a ligand, ity interaction with the metal is likely to be very dhand
chief source of bonding is the interaction. This theoretical consideration is suppobyea
systematic analysis of the species FiWHCHm) (h"-CiHn)] (M= Ti, Cr, V; m, n=5, 6, 7, 8)
by photoelectronic-spectroscopy, which confirmed thatctribution of the ring to theye
MO'’s of sandwich complex increases with increasingy réize, while it decreases with

increasing atomic number of the transition métal.

The substitution of Cp for Cp* is one of the best knomathods for increasing steric
congestion at a metal center. This modification ltesalso in increasing stability of reactive
metal complexes and altering of their catalytic prapsriThe favorable properties of the Cp*
ligand, such as increased electron donation, steric baii enhanced solubility in
comparison to the ubiquitous Cp ligand, are finding increasing inserganometallic
chemistry’*

The ligand-field strength of the Cp ring is significarglyhanced by the complete replacement
of the hydrogens with electron-donating methyl groups. hheeased electron density, and
donor strength of the permethylated ring reflects itsklf, instance, in low oxidation
potential’?

The influence of the introduction of Cp* into the trovaedramework has been studied by
cyclic voltammetry measurements, demonstrating a dathshift of the redox potential
relative to parent .

Cyclovoltammetric data forl5, 16, and for h’-cycloheptatrienyl)(pentamethfl-
cyclopentadienyl)vanadiun2 are shown in Tabl&2. Typical cyclovoltammetric traces for

the three compounds are depicted in Fafs22.
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E.. 79 | 0.080| 0.304] 0.314
DE, [mV] ? 98 72 48
r= ipa/ipc 1 1 1
Epa[V] ° 1.232 | 1.294| 1.430
Ev, % V] -2.592| -1.723 -2.090
DE, [mV] ? 36 58 60

1= indlip 0.96 | 0.45 1
Ext2) V] -2.504| -2.617
DE, [mV] 2 50
1= ipdip 1

“DEp= (Ba— Ex)  "irreversible

Table12 Cyclovoltammetric data fo2', 15, 16 measured in DME/0.1 M TBAP, vs. SCE,
n= 0.1 V/s, T=-40°C.

o

|

-2.9 20  -1.0 0 +1.0 +1.7
[V]

Fig.20: Cyclovoltammetric trace fa2'.

39



-2.9 -2.0 -1.0 0 +1.0 +1.7

[V]
Fig.21: Cyclovoltammetric trace fdt5'.
[ I I I I ]
-2.9 -2.0 -1.0 0 +1.0 +1.7
[V]

Fig.22: Cyclovoltammetric trace fat6
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All complexes show a fully reversible oxidation stepdahe carboxylic acid and formyl
derivatives show an anodic shift due to the electrahdsmawing character of the subtituent
groups, as expected. Fb6, as for all formyl derivatives, a further reduction bé tformed
anion is possible due to the increased electron affinity.

The effect of the transition from Cp to Cp* on the regotential of the Fe(0)/Fe(+1) couple
has been studied on a series of substituted ferroé&meghis study, a shift of the redox
potential by —0.203 V due to the replacement of Cp by Cp* wasndieet. Moreover, it was
revealed that the contributions of various substituemtshé overall potential shift were
additive.

Table 13 shows the increase of the redox potentials witheesing acceptor strength of the
functional group attached to the h’{cycloheptatrienyl)(pentamethi®-cyclopenta-

dienyl)vanadium moiety.

Substituent| Ep" % of E12 "% of DE1/,
TVC-R TVC*-R

H 0.260 0.080 0.180

CHO 0.496 0.314 0.182

COOH 0.480 0.304 0.176

Table13: Electrochemical data of TVC and TVC* derivatives.

A comparison between the oxidation potential of trovagerkits pentamethylated analogue
2 shows that the electronic contribution due to the finethyl groups amounts to a cathodic
shift of 0.180 V, with an average contribution of 0.36 V pethyl group. A comparison, as
was undertaken in the case of ferrocene, can not edaut due to the impossibility to
synthesize the couple of complexes TW& and TVC-R, which bear the same functional
group R in the seven-membered ring. However, the shifd.®80 V obtained from the
difference of the oxidation potentials of TVC and TVChdae used to predict the oxidation
potential of the hypothetical compound TVC-[7]R. Unexpecthd,addition of the cathodic
shift due to five methyl substituents to the potential valdi¢seotrovacene derivativés and
17, bearing one carbonyl substituent in the five-memberegaifords exactly the potential
values of the respective pentamethylated derivatd@sand 16, which bear the same
carbonyl substituent in the seven-membered ring (see T8&blelence, it may be deduced
that the shift of redox potential caused by the introduaioa carbonyl substituent into the

trovacene framework is independent from its ring lacati
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4.6 Electron Paramagnetic Resonance of 1314, 15, 16
4.6.1 Fundamentals of Electron Paramagnetic Resonariée

Electron paramagnetic resonance is a technique applitaistems with net electron spin
angular momentum. Free radicals in solid, liquid or gasestates are systems that fulfil this
condition. The unpaired electron with spin S= 1/2 has pessible values of the quantum
numbers M, +1/2 and —1/2. A strong and homogeneous magnetic field i®gatpalong the
z direction of laboratory coordinates, to separate ahendérly degenerate spin states (Zeeman
effect). The magnetic moments of the electron spiare oriented along the direction of the
applied magnetic field H:
M= -Ms g be=+1/2 gbe
where, g= electronic gyromagnetic ratio (g= 2.0023 farea £lectron)be= Bohr magneton
(= en 2437Y.
The quantization of spin angular momentum in a spectfiezttion leads to the quantization
of energy levels of a system of magnetic dipoles imagnetic field. Application of the
expression E=m H, (E= energy of a magnetic dipole of moment in a field H) and
substitution of -M g be for ny, gives a set of energies:
E1=+1/2 gbeHo

The application of the field §&plits E into two levels £and E.

E

A

E2=+1/2 g Be Ho

AE1,2= hvy
» Ho

E1=-1/2 g Be Ho

Fig. 23 Zeeman-Effect.

The separation, that can also be writB#f = g be Ho, between the Zeeman levels increases
linearly with the magnetic field. Transition betweér two Zeeman levels can be induced by

an electromagnetic field (h of appropriate frequency and polarization. If the photon
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energy Im of the electromagnetic field the matches energglleeparatiorDE; ,, than the
resonance condition is fullfilledE; -= hn= g beH,

where, h= Planck constant= 6.624°10s,n is expressed in hertz (Hz) #imagnetic field at
which the resonance condition is met.

A radical in an external magnetic field (when itrist subjected to an electromagnetic
radiation), shows a Boltzmann’s distribution of spmshie levels Eand E :

N, _ L- (DEj o/ kgT
N_z_e(l/z BT)
1

where, N= population in level E N,= population in level E ks= Bolzmann’s constant (=
1.3805-13° JK?), T= absolute temperature.

The population difference increases with decreasing textyrer and increasinBE; o, i.e.,
with increasing outer magnetic field H. The higher pbeulation difference the higher is the
net absorption of the spin system, when irradiateith wlectromagnetic waves of proper
frequency (resonance condition) and polarization (tagmatic field of vectors af and H
have to be perpendicular for maximum signal intensitie excited spin relax to the ground
state via several relaxation pathways (lattice, soJvett.), so that a continuous EPR signal
(net absorption) can be maintained for low power iatah. The spin system dependent
relaxation time determines the width of the EPR lilédech equations) and sets limits for the
experimental conditions.

Besides the g-factor, which determines the center of tgrder each EPR species, the
hyperfine interactions is of most interest to chemitarises from interactions of unpaired
electron with spin bearing nuclei (for instantid, ?H, *°C, ®V...). The hyperfine interaction
causes splitting of the EPR lines. The hyperfine intemactan be either anisotropic
(orientation dependent) or isotropic (independent of tentation of H with respect to a
molecular axis). The first arises from dipole-dipaleeraction between magnetic moments of
nucleus and electron. In solution the anisotropic parhygferfine interaction is usually
averaged out, because of the fast rotation of paramagnetecules. The isotropic part, also
called Fermi’'s contact interaction, arises fromfihiée (non zero) spin density at the nucleus.
This kind of hyperfine interaction is usually observedréaticals in solution.

For n equivalent nuclei with spinthe sum of hyperfine splitting constants (absolute values
for all nuclei must equal the separation in gauss betwleeroutermost lines. This sum is
Si2|a|Nili. The total number of energy levels in the sysfemone value of Mis given byP;

(2 I + 1 ). The maximum possible number of lines (when second-mulétings are not

resolved) is given bl (2 n I; + 1).
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4.6.2 Results

The frontier orbitals configuration of trovaceneJ{é)*(e,)°, corresponding tdA; state]
gives rise to an EPR spectrum of axial symmétijhe metal g, orbital is non-bonding, the
doubly degenerate;glevel has a high metal character (90%), and the antdibg doubly

degenerate g, level is covalent (40-609%.

3e,

\52(1] > CjH 5)

2ey

\Ez(W‘CTH:ﬂ 2

3eI(dxz,ﬂ - )

: 4,
3 a +e;+e la;(d,2 - ©)

N 1

ley(dy2.y2,, - 8)

M M(n-CsHs)(n-C7Hy) (n-CsH3)(n-C4H;)

Schema2: Qualitative molecular orbital diagram for trovacé&he.

The metal orbitals split into three sef8d,?(1a), ok, d,.(3&), and ¢%?, dy (1€), which are
of s, p, andd symmetry with respect to the metal-ring centroide akige 1a orbital is the
HOMO and is occupied by one electron. The relative eeengf these ligané orbitals and
the metald orbitals are such that the main contribution to megalkid bonding for Cp rings

comes from th@ MOs (g). However, for the bonding of the Tr ring, thé1O0s (e) are more
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important. The laorbital is essentially non-bonding (as the nodal cohehe d? orbital
intersects the metal-directed lobes of fheorbitals of the rings close to their region of
maximum electron density). The3orbitals are strongly antibonding and the brbitals
meta® carbon back bonding in nature. Tage; (D)) separation is greater than thatagfe,
(Dy). On energy grounds we expect the(;H-) e; orbitals to be the principal contributors to
thee; complex MOs, and thén{CsHs) e, levels to be the main contributors to thes. 2

The isotropic EPR spectrum of trovacene consists afcaet of lines caused by hyperfine
structure coupling to the nuclet® 1=7/2. The coupling constant°a()= -6.98 mT bears a
negative sign because the hyperfine interaction is thidadte caused by spin polarization of
filled inner s shells by the unpaired electron in theadium 31,2.° The super hyperfine
interaction of the electron with the protons of tireys is not resolved, due to overlapping,
and can only be observed with special methods like ENDIDR isotropic g-value,ig, is
1.987. The EPR spectrum of trovacene in fluid solution shavm dependence of the line
width. This is due to the slow movement of the moleculkich leads to an incomplete
averaging of the g- and A- tensdfsThe anisotropic spectrum in rigid solution yields a value
of g.= 2.003 (in the range of value of free-spig),gand g= 1.9784, through spin-orbit-

6/

,”® according to the equatiorn: Tge B

coupling with unoccupieé; s leve
with | = spin-orbit-coupling constant aE= [E(e) - E(ayg)].

The value of g is comparable to the free spin valug, diminished by contribution due to
spin-orbit-coupling with the unoccupieglevel.

The isotropic EPR spectra of the compouh@sand 14 in fluid (295 K) and rigid (100 K)
solution are shown in Fi4. Important parameters, along with data for6', and17, are
collected in Tabld 4.

a) b)

3000 | 3200 3400 3600 | 3800 3000 320 3400 3600 3600
Magnetic Field [G] Magnetic Field [G]
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c) d)

T T T T T T T T T T T T
3000 3200 3400 3600 3800 3000 3200 3400 3600 3800
Magnetic Field [G] Magnetic Field [G]

Fig. 24: EPR spectra of3 a) in THF at 295 K and b) 100 K; frequency 9.2175 GHz; and of
14 c) in toluene at 295 K and d) 100 K, frequency 9.2156 GHz.

1 6 13 17 14
<g> 1.9876 | 1.9809 1.9823 1.9817  1.9823
aCv)? -6.98 -7.34 -7.31 -7.29 -7.16

o 1.978 1.9745| 1.9723  1.974%
O 2.005 1.9970 2.0005  1.9974
An? -9.61 -10.38 | -10.37| -10.18
Al -1.39 -1.18 -1.28 -1.10

& coupling constants in mT
Tablel1l4: EPR parameter far ,6', 13, 17, and14, verified by simulation.

13 and14, as in the case df, show spectra with axial symmetry with<gg,..@.

A comparison of the EPR parameterslgfand its mono-derivatives demonstrates that the
hyperfine coupling constants®&() increases in the sequente 17 < 6. This observation
reveals an increase of tleorbital spin density on the vanadium atom along thieseThis
effect may be explained by a slight contraction of nb@-bonding SOMQy;, due to the
electron-acceptor character of the substituents initigs. The substituents remove electronic
density frome,-molecular orbital (metal dominated), but not from theakdominateda; 4
orbital. Hence, the effective positive nuclear chargesamadium increases and leads to the
contraction of;-orbital. The effect of the diminution of the spatialengion is an increase of
the spin-density om;g-orbital. Hence, the spin polarization of the inearbitals by V(3¢)*

increases and #y) rises’”
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For the disubstitued compounds lower values 6fA(with respect to the corresponding
monosubstituted complexes are found. This observationresgothers argumentations than
in the previous case. The two acceptor groups do not exartiadditive effect, but rather a
contrary effect. In comparison fo the cyclopentadienyl ligand bearing an acceptor group can
transfer less electronic density to vanadium, asdrcése 06 and17. On the other side, the
Tr ring is becoming a better acceptor, due to the preseinaeceptor substituent, and can
withdraw more electron density than in the others camgs. Hence, in this case the
vanadium atom possesses higher electron density in cmmpato 1, but lower in
comparison t& and17.

In accordance with the previous work 61> the possible formation of dimers in solution
caused by hydrogen bonding in the speti@sand14 was studied by recording EPR spectra
in extra-dry toluene. In the case I8, the very low solubility of the complex in toluenel di
not permit the recording of a spectrum (this could be oéthionly in THF solution).
However, in the case df4, an eight-line spectrum was obtained. This observatian
accordance with the results from the studieddfand 16 in the solid state, in which no
formation of hydrogen bridges between two formyl groups cbeldletected in the highly
disordered structure. In general, formyl groups form weakdgeair bonding, weaker than
those between carboxylic groups.

The EPR spectra of the compouisand16 in fluid and rigid toluene solution are shown in
Fig. 25. Important parameters f@r, 15, and16 in are collected in Tabl&5.

The measurement of the EPR spectr@ ofl5, and16 at 120 K reveals both the isotropic
vanadium hyperfine and the proton superhyperfine components.isTlaiributed to the
slowing down of the reorientation frequency of the ringth respect to the magnetic field.

As it is shown in Tabld6, a comparison of the ¥{/) values of2" and its derivatives leads to
a result contrary t the case df and the correspondent derivatives. In the later case, an
increase of atV) from 1to 6 and 17 is observed, explained by the effect of electron
withdrawing substituents located in the Cp ring. In félog electron density transferred to
vanadium from the Cp ring is less than in the cas& ,obecause of the electron acceptor
effect of the carboxylic and formyl groups. In additione thlectron density primarily
transferred to the central metal is then passed ofrthag, leaving on the vanadium a lower
electron density and hence higher spin density thamsohstitutedl . In the case o2, a
lower value of a'V) is found (in respect to the value B, that must be due to the presence

of the Cp* ligand, a superior electron donator. Hence, &t transfer more electron density
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to the vanadium than Cp. This characteristic of CpVidant in presence of electron acceptor
groups, as in the cases of compoubfisand16 . Unexpectedly, the values of#() decrease
from the parent molecul2 to 15 and 16. It may be argued that in these cases the Cp*
transfers much more electron density into the systduog to the combined electron
withdrawing action of the Tr ligand and its acceptor stupsti. Apparently, a fraction of the
overall electron density transferred to the Tr ringam® on the central metal atom, thereby
increasing the electron density and in turn decreasingpihedensity on the vanadium atom.

MO calculations could be helpful for an accurate desonpif the situation.
b)

|

T T T T T T T 1
3000 3200 3400 3600 3800 3000 3200 3400 3600 3800

Magnetic Field [G] Magnetic Field [G]

| W

T T T T 1 r
3000 3200 3400 3600 3800 3000 3200 3400 3600 3800

Magnetic Field [G] Magnetic Feld [G]

Fig. 25. EPR spectra d® a) in toluene at 310 K and b) 128 K; frequency 9.2326 GHz, and of
16 in toluene c) at 300 K and d) 128 K; frequency 9.2335 GHz.
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2 1 6 15 17 16
<g> 1.9852 = 1.9876/ 1.9809 1.9861 1.9817  1.9849
aC'v) -6.78 -6.98 -7.34 -6.54 -7.34 -6.51
o 1.9767 | 1.978 1.9723  1.9772
O 1.9968 | 2.0005 2.0005  1.9953
An? -9.86 -9.61 -10.37| -9.56
Al -0.74 -1.39 -1.28 -0.64

& coupling constants in mT
Tablel5: EPR parameter fat',1', 6,15, 17, and16, obtained by simulation.

To improve the resolution of the EPR experimenRodnd16 a second derivate spectrum,

shown in Fig26, was calculated.

TVCH*
TVC*-CHO
" 3000 3200 " 3400 " 3600 3800

Magnetic Field [G]

Fig. 26. Second derivate EPR spectrazofand 16 in toluene at 320 K; frequency 9.2468
GHz.

In the spectrum of eight superhyperfine lines are obtained, correspondingeos¢lien

equivalent protons of the Tr ring, while in the spectrofil6, seven hyperfine lines are
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obtained indicanting that in this case only six protogmmain almost equivalent. The low
intensity lines are not visible because of the poor atigoise ratio, but simulations
undoubtedly show the expected binominal distributions. Coendits indicate that all ring
protons have equal isotropic hyperfine constants withimathge of 10-20%.

It is noted that dH+,) are unaffected by substitution as inferred from exaelesolution of
'H hyperfine splitting. Obviouslyp-conjugation of C(O)H group with the Brsystem must

be very small, probably due to a twisted position offtinenyl group.

The EPR spectrum df5 was measured in extra dry toluene (see experimentabreto
study the possible formation of hydrogen bridges in soluésnin the case of compléx.”
The spectrum was recorded at 300 K from a ceE03molar solution. As in the case 6f the

spectrum shows the overlapping spectra of monomer and dpaeies present in solution.

‘@7 o = ‘@_ 0-H-0 ‘@7
@_(O—H @o—wo@

15

The EPR spectra of the5 in fluid extra-dry toluene solution, as well as with itidd of

methanol are shown in Fig7. EPR parameter obtained by simulation are shown liteT.

T T T T T 1 T T T T T 1
2800 3000 3200 3400 3600 3800 2800 3000 3200 3400 3600 3800

Magnetic Field [G] Magnetic Field [G]

Fig. 27: EPR spectra of th&5 at 300 K a) in fluid extra-dry toluene solution, 9.2432 GHz,
and b) with addition of methanol, frequency 9.2415 GHz.
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The equilibrium is influenced by the variation of concetrg temperature and solvent
polarity. In these experiments, it was not possibleoltain a pure dimer spectrum.
Subtraction of the monomer spectrum yields a residualdedispectrum, but the ratio
dimer/monomer is too low to permit a simulation. et confirm the presence of the
dimeric form in solution were performed by dropwise additbf methanol. The dimer signal
disappeared after addition of only one drop, leaving a spedtouthe pure monomer. The
ratio dimer/monomer is lower in the caseldf than in that o6'. A possible reason may lie
in the steric effect exercised by the Cp* in comparieo@p. However, the main reason must
be ascribed to the inductive effect of the five methylugsoof Cp*, which will reduce the
acidic strength in5, and likewise the corresponding strength of the hydrogelgdsi In
addition, in contrast to the case &f no temperature dependence was observed in the EPR
spectra ofl5 . This fact must be discuss in term of the too lowordimer/monomer observed

in solution of complex5.

4.7'"H ENDOR of 2, 14, 16, 17

Electron-Nuclear Double-resonance (ENDOR) experiments some new trovacene
derivatives were undertaken to investigate and confirnir thebstitution pattern. The
assignment of the isotropic hyperfine coupling constantghie five- and seven-membered
rings are given in Section 2.1 tH¢)= 5.04 MHz, and &Hy)= 12.05 MHz).

The'H ENDOR spectra of compoundd , 16, 17, are shown in Fig28.

The shift of the spectrum d# with respect to the others is due to the higher magfietit
used in the measurement, which results in a higher END&Rency (nuclear Zeeman term:
Nn= gbrBo/h ).

When a substituent is introduced in the seven-membergdhinsignal of the protons of the
Tr (about 20 MHz) disappears because the protons areom® equivalent. This result is in
contrast to that obtained analysing the second derivgie&rsim (see Section 4.6.2).

Indeed, the signal of the protons of the Tr-ring remaimsried (case df6). The situation is
inverted when there is a selective substitution infiireemembered ring (case & ): in this
case the Cp-protons are no more equivalent (about 17 .Mtdzgonfirm the effect of the

different substitutions, the spectrum b4, in which both rings bear a substituent, was
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recorded. As expected, both signals, that derived frenpitbtons of the Cp, and that from the

protons of the Tr, disappear. (For the parameters assijrs@e Section 2.1.2).

ny,

M Ut i

/M/JW TVC*CHO 16
T

/MM TVC-CHO 17
N

M TVC-(CHO), 14

I T T T T T T 7 T T T
0 5 10 15 20 25

Frequency [MHz]

Fig. 28 'H ENDOR spectra in toluene @ at 121 K, frequency 9.5178 GHz, microwave
power 13 dB (10 mW), radio frequency power 10 dB (125 W), statid 8373 G;15 at 121

K, frequency 9.5021 GHz, microwave power 7 dB (42 mW), réiquency power 3 dB
(500 W), static field 3373 G17 at 121 K, frequency 9.5067 GHz, microwave power 7 dB
(42 mW), radio frequency power 3 dB (500 W), static field 337245at 122 K, frequency,
9.4882 GHz, microwave power 3 dB (100 mW), radio frequency power (@B W), static
field 3760 G; free proton frequency= 14.38 MHz (spectr@ ofl5 and 17); free proton
frequency= 16.03 MHz (spectradd).

The ENDOR spectrum & (shown in Fig28) was also recorded to obtain the values of the
proton hyperfine coupling of the methyl groups in the five-mentbairg, which are
unaccessible by EPR. The following values gfTa) are obtained*A;= 4.7,%A,= 4.4,'As=

3.8 MHz (derived via simulation). From ENDOR the valués.gCp) are obtainedA;= 2.7
MHz, *A,= 1.32 MHz,’As= 0.12 MHz (directly measured on spectrometer) reflecting a
orthorhombic symmetry. The spectrum shows three lingkeircenter, one for each methyl
proton. All methyl protons are equivalent, because of tine@, fast rotation. Moreover, the
ENDOR spectrum affords the values of=A12.79 MHz and A= 11.05 MHz, indicative of
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axial symmetry. It is important to taking account that tbotropic hyperfine constants in
liquid solution is the time average of all equally possdilientations of the hyperfine tensor
with respect to the quantization axis given by the outagnetic field (see EPR spectrum
shown in Fig.26). In frozen solutions, in powder (see ENDOR spectrunwshio Fig. 28),
the complete hyperfine tensor has to be taken. Theotpart, or better the 1/3 trace of this
tensor is invariant against transformation of coordmated is comparable with the isotropic
hyperfine constant obtained in liquid solution. Hence, rdten which direction a hyperfine
tensor points to, the isotropic part remains constlimé. tensor components of the seven-
membered ring protons im {-cycloheptatrienyl}>-pentamethylcyclopentadienyl)vanadium,
2, have equal 1/3 trace <A> value, but different anisotrpaits because of their individual
orientations with respect to the seven-membered ringeplan130 K (temperature used in
the measurement) the seven-membered ring is stillmgtéster than the interaction time at
the ENDOR experiment. Therefore, time average ofhellindividual hyperfine tensors are
obtained in the ENDOR experiment. The ENDOR sevembezed ring lines of h(’-
cycloheptatrienyl)}§>-pentamethylcyclopentadienyl)vanadiun2,, (see also ENDOR of
trovacenep’) are axial symmetric and relative sharp. At lower temapees the lines will be
broaded and finally all anisotropic hyperfine couplings forhepooton in the ring will
become visible (T< 4K)? Substitution of the Cp or Tr ring slows down the ringation and
enhances the differences of the anisotropic part asawehe isotropic part of the individual

proton hyperfine constants.
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5. A Binuclear Complex of f’-cycloheptatrienyl)(h®-pentamethylcyclopenta-

dienyl)vanadium

Since the original studies of mixed-valence ferroceneptexas>° metal-metal interactions in
linked metallocenes have assumed great attention.

Redox active binuclear organometallic complexes witltomajugated hydrocarbon bridging
ligand, correspond to organometallic versions of theistatie redox systems first described
by Deutchert and Hiining.

The field has expanded in numerous directions including \@riatf the central metal atom,
and modification of the spacers between the metaloemits. The different nature of the
spacer allows to study the mechanism of interacticat, ¢an be through-space or through-
bond. The electron-electron spin-spin interactiorah be determined by various methods. In
this work, the temperature dependent measurement of theetimgsusceptibility was
employed in the solid state, and EPR spectroscopy fmliest in solution. To complete the
study of the exchange interaction, the redox behaviouheflinked trovacenyl-units was
examined by cyclic voltammetry.

A great number of dimeric and oligomeric complexesroVvdcene, with different bridging
ligands, were synthesized and analysed in our group duringghgelars (some examples are

given in Fig.29):

gV @ &
&

21 22
Fig. 29 Binuclear complexes of trovacene: [5-5]-bitrovac&nd9 , [7-7]-bitrovacené;

20", Bis([5]-trovacenyl)ethen, 21", 1,4-Bis([5]trovacenyl)benzenéj 21" .
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These molecules show different intermetallic exgjgaimteractions depending on the spacers.

In all cases the exchange interactions are antifeigogte.

5.1 Synthesis of E-1,2-bisf(’-cycloheptatrienyl)(h>-pentamethylcyclopentadienyl)-

vanadium]ethene, 18

After the well know chemistry of the [5-5]-binucleao¥acenyl derivatives, and the first [7-
7]-bitrovacene, the synthesis of first [7-7]-bitrovadeagmpound linked by a spacer was
performed in order to compare its electrochemical anttreleic properties with those of the
[5-5] isomers. The binuclear complé8" was synthesized by a modified procedure of the
McMurry reaction® a reductive coupling of carbonyl-compounds to olefins by lovened
titanium reagents, that had been optimised for trovadeeductive coupling of aldehydes
and ketones by titanium(ll) salts prepared in situ was itestin 1973 independently by two
group$? and has been further developed by the work of McMUri/hile ketones yield both
E- and Z- isomers, theE- olefins are formed exclusively from aldehyd@sThe
stereoselectivity of the olefin formation can be aagted for by the calculated energy
difference for theE- andZ- isomers, which will be reflected in the diol deoxygéng the
product determining transition state. When this differena®eds 4-5 kJmd|] only the more
stableE- isomer is isolated.
(Formyl-h’-cycloheptatrienyl}i>-pentamethylcyclopentadienyl)vanadiué was refluxed
for 20 hours in a DME solution containing the titanium¢gagent (TiGJ(DME)1 5 + Zn/Cu).
The product E isomer) was precipitated by petroleum ether as dark-greeder. In contrast
to the [5-5] isomers18" is very good soluble in toluene, due to the presenceeofCit

ligand.

‘@» TiCly(DME), 5/Zn-(Cu) Qi
v 7

_—_—mm—

DME
—
16° 18" @
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5.2 Cyclic Voltammetry of 18

5.2.1 Fundamentals of Cyclic Voltammetry of Binuclear Specse

In bridged compounds two types of interaction betweentd® moieties are possible:
interaction propagated through the bond (arising from anreldc system delocalised over a
diamagnetic spacer or by the mechanism of spin-polanizatf the electrons in the double
occupied bridging ligand orbitals by the unpaired electrond)tlarough space (electric field
effect, that describes the direct overlapping of batigudy occupied atomic orbitals).
Generally, a decreasing interaction with increasing rme&thl distance is observed. The
redox properties of dinuclear complexes of transitionaimieins depend on the metal, the
chemical nature of the bridging ligands, and the geonadtitye bridge.

Cyclic voltammetry is a method to study the metal-migtaractions via the parameter of the
redox splittingdEs, (potential difference of two subsequent redox stepshpéEmentary to
the determination of the exchange interaction, J, éetmthe electronic spins of the metal
centers. The redox splitting results from the repulbieveen equal charges. In a complex in
which the two metal centers are separated from edweh bwo cases are possible:

a) when an electron is transferred from one metatecethe second electron is transferred to
the other metal center at the same poterdial{ < 70 mV);

b) when the distance between the two metal cemgesmall, there is electrostatic repulsion
between the first negative charge and the second addetlvaegiaarge, hence, a shift to
cathodic potential is observed in the second electrosfera

The difference of potential between both electronstiers is the redox splittindEs . dEy/2 is

a measure of the extent of the interaction betwesh metal centers. Presupposition for a
determination ofdE;;, from the cyclic voltammogram is the reversibility the electron
transfer.

In an electrochemical experiméfita separationDE, of (RT/F)In2 is observed between the
first and last redox event8.

For a molecule with two redox centers, a separatioapproximately 36 mV should be
expected at 20 °C (rather smaller separation than tymtally resolvable in routine
electrochemical experiments). Larger, measurable sep@saire indicative of an interaction
between the two sites.

An intramolecular electron transfer can occur betwé®o metal centers of different

oxidation states. It can be distinguished between tpestypf compounds:
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a) mixed-valence (electron transfer is slow, the uegda&lectron is localised on one metal
center),

b) intermediate valence (electron transfer is fidm, unpaired electron is delocalised between
the two metal centers).

A comproportionation constantKgives a measure of the redox splitting:
M-X-M + [M-X-M] & =—= 2 [M-X-M]"
X= spacerdE; = (RT/F)InK.

Increased separation reflects an increased conpropaitioneonstant, i.e., an increased
stabilization of the mixed-valence species. Both eletatiocsand electronic effects contribute
to this stabilization. In metallocene systems it hasnbéound thatDE depends on the
separation between the metal centers and the degemmjofation in the bridge linking the

two metallocene®’

5.2.2 Results

Cyclic voltammetry data fol8 , and the [7-7]-bitrovaceft20  are shown in Tabld6.
Typical cyclic voltammetry trace fdr8" is depicted in Fig30.

5 0
Ev 7 v 0.158 0.290
DEp [mV] @ 64 80
r= ipa/iPc 0.46 1

Ev 2 v 0.445
DEp [mV] 107
r= ipdipc 1
dE]_/z [mV] ¢ 155
Epa[V] ° 1.228 1.096
E %P V] -2.490 -2.414
DEp [mV] # 86 80
r= ipdip 1 1
Ev 2 V] 2.739
DEp [mV] @ 63
r= ipdip 1
dE]_/z [mV] ¢ 325

“DEp= (BaEp)  °irreversibile ©dEy = (Ey™™2LE, ,"MY)
Tablel16: Cyclic voltammetry data fot8 , 20" measured in DME/0.1 M TBAP, vs. SOfs
0.1 V/s, T=-40°C.
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-2.9 -2.0 -1.0 0 +1.0 +1.7
[V]

Fig. 30: Cyclic voltammetry trace fat8 (mA/V, red® ox).

Surprisingly, the cyclic voltammogram @B" shows only one oxidation peak, while in all
dimeric analogues a redox splitting is observed. (Thadgantageous start potential of 0 V
may be obstacle the observation of a splitting inrélggon around 0 V).

The redox behaviour df8" differs from the others also in the cathodic regidso an this
case only one reversible peak is found. A comparisoneopdak currents of the reduction
and oxidation steps reveals much higher currents in afade latter process. This might be
indicative for a two electron process in the oxidatbep and a one electron process in case
of the reduction. Hence, a redox splitting of the reductvave has to be considered. It may
be possible that the second peak lies at more negativatiptig< 2.8 V) than the range

chosen in the experiment (limited by the redox propedfehe solvent).
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5.3 Electron Paramagnetic Resonance of 18

5.3.1 Fundamentals of Electron Paramagnetic Resonance of Biradis®

When in a molecule two monomeric units with no intdcarc between both electrons are
present, the molecule acts as double radical. Its ER&reim differs to that of a monoradical
by the double intensity of the signal (both having the sameeantration).

However, when an exchange interaction J betweemaiadenters is present, the isotropic
EPR spectrum is governed not only by Zeeman-Effect anbdyirerfine coupling, but also by
the ratio of the amount of J and the hyperfine couplingtaansin fluid solutions, anisotropic
interactions as the dipole-dipole coupling are averagidso that for the description of such

a system the isotropic Hamilton operatog,Hesults®

Hise= gmB[S(1) + S(2)] + a[l(1)S(1) + 1(2)S(2)] + [IS(1)S(2)]

Zeeman-effect hyperfine interaction  exale interaction

where, B= magnetic field, 1= nuclear spin operator,efectrons spin operator, A= hyperfine
coupling spin constant, J= scalar quantity for the exahamtgraction.

This Hamilton operator was used also for the EPR-spsicinalation in this work.

The simulation of the complete spin function witlh electrons and nuclear spin quantum
numbers leads to the diagonalization of a 256x256 matrikforvanadium centers with 1=
7/2 each. A 4x4 matrix for each permitted combination @i rand n(2) can be obtained by
approximatior?*

For each 4x4 matrix four resonance magnetic fieldebtained, B:

B1= nBot+[J+R-a(m(1)+m(2)))/2 e
Bo= nBot+[J+R-a(m(1)+m(2)))/2 doe
Ba= nBo+[J+R-a(m(1)+m(2)))/2 e
Ba= nBot+[J+R-a(m(1)+m(2)))/2 e
where, R= [3a{m(1)-m(2)}] "

- n 4 on

S and T determine if the leading contribution to the $pittions is given from singlet or
triplet term.

The equation for the relative intensities of the neswe fields are:
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Bi= Bs= (R-J)/4R
B,= Bs= (R+J)/4R

When J=0 is inserted in the equation, from all 4x4 medrionly eight different resonance
magnetic fields are obtained (spectrum 1 in B#). When J and atV) are equal the spectra
become complex. In this case the singlet and triplettions are mixed and in addition to the
T.« To transitions in the S= 1 triplet level spin prohibited sidons between Sand T. are
also observed (Fig1).

mg=+1 |1,+1> T+

/‘
A
s=1 ! m=0 1,05 To

S=0 V\ mg=0 |0,0> So
Singlet Resonance Y

Singlet Resonance

mg=-1 |1-1> T-
e

Magnetic field
Fig. 31 Representation of resonances 4. @&

The observation of the singlet resonance at highd@amdield side of the spectrum (spectra 3
and 4 in Fig32) allows to determine J accurately (see equation givenedf¥

When J increases, these lines are moving further aparthanintensity decreases strongly.
When J is essentially grater thaf™s(j, 2*21+1 resonance magnetic fields are obtained. In the
case of two equivalent vanadium nuclei 15 absorptioratsgaith intensity ratio 1:2:...:21 +
1):...:2:1 occur. The distance between the lines amounts tawathef the hyperfine coupling
constant of the individual units.

In Fig. 32 is shown a series of simulated EPR spectra for difted/a ratios.
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J=0.0 J=18 *10-4 cm™
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Fig. 32 Simulated EPR-spectra for binuclear vanadium(0) depgnafi the ratio J/a, with a=
57%10*cm®, width of linesDB= 30 G, without mdependence froB.

The simulation of experimental spectra is obtained ksingplex fit-routine, in which the
parameters a, g, and J are varted.

In frozen solution (rigid matrix) anisotropic parametbezome accessible, too, because the
dipole-dipole exchange interaction between the magnatiments of both unpaired electrons
and both nuclear spins (I= 7/2 each) are not averagedamunore by the molecular
movement. This results in an additional magneticraugon, called zero-field splitting. For

the axial zero-field splitting parameter D the followexpression is used:
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Dz - _ SCoiJ-l ﬂfﬂg

where,m’= magnetic moment in irdirection,g= angle between the distance vector coupling
electrons and the z direction, r= distance betwedein &ectrons. Therefore, measurements of

D, permits an estimation of the average outer spin distanc

5.3.2 Results

The EPR spectra of the compout®l’ in fluid and rigid toluene solution are shown in Figs.

33-34 Important parameters fa8", and the directly linked dim&0" are collected in Table
17.

T T T T T T T T 1
3000 3200 3400 3600 3800
Magnetic Field [G]

Fig. 33 EPR spectrum df8" in toluene solution at 295 K; frequency 9.2431 GHz.
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Fig. 34: EPR spectrum df8" in toluene solution at 120 K; frequency 9.2332 GHz.

5 0
Jiso 1.9860 1.9832
aCv) -6.7mT -7.19mT

J -2.4cmt | -2.59 cnt

Tablel7: EPR parameters fdi8 and20" obtained by simulation.

The EPR spectrum in fluid solution (295 K) consists of t¥dj in the correct binomial
intensity distribution of two magnetic equivalent vainad centers (2'V, 1=7/2). Therefore,
the spectrum points to an exchange coupling constant J, \eingetly exceeds the hyperfine
coupling constant a(V). The lines distance amounts to 33.5 G. The parametetbe
spectrum recorded at 295 K were obtained by simulation, hbagarecision for J is not very
high, because of the great ratio J/a= 388. SimulatiorthinJ range are not sensitive on
changes of J. A lower limit only can be given for thagnitude of exchange interaction. The
best fit gives a value dfJ/= 2.4 cni'. Considering the results of magnetic susceptometry, a
negative sign can be attributed to J, corresponding smtiferromagnetic interaction. In rigid
solution (120 K) a half-field signal is obtained, proving biradical character. The half-field
signal arises from the spin-forbidd®W=2 transition. The splitting in thBM<=2 multiplet
amounts to 47 G, which corresponds to half the value ohyperfine coupling constant

A~ (*'V), amounting to 94 G. This signal for weakly interaotié(d®) is often not observed
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because of the low intensity of the spin-forbidd#®i=2 transitions. According to 3<a>= 2
A~ + A;, a value of 13 G is obtained for;£&'V). A value for the zero-field splitting
parameter D can be extracted from the rigid solutieecttspm, assuming that the distance
between the outermost lines (low field, high field pexgtively) is equal to 2D + 74&V).
The value of D= 17 G could be extracted and is used iretatan D= 0.65 g/ r’(based on
the point-dipole approximatiotf)for calculating a value for r of r= 5.3 A, correspongio
the interspin distance in the dim8 . This value is too small compared with those obtained
employing molecular models: 7.69 A for the anti confornmatamd 7.04 A for the syn
conformation (these value are in accord with thoseddanE andZ [5-5]-isomersy". It must

be noted that in the formula is not taken accouth®ithanges of;g

In the relation an approximation was used by replacinyahee of ¢ with that of g, This

is permitted by the consideration that the values;ofogind in all trovacene dimers lie in the
range of those of monotrovacene derivates. The rataticthe two trovacene units in the
dimeric structure does not permit a collinear alignnoénihe molecule so that the value @f g
can be averaged.

A comparison will be carried out with [7-7]-bitrovace2€; , the other known dimer linking
the trovacene units through the seven membered ringsgkeeshown in Tabl&7).

As expected, the J values found for the dimer linked bytlzane bridge are lower than those
found in the directy linke®0" . The observation of the half-field signal indicagestrong
exchange interaction between the two vanadium cernifées.half field signal could not be
detected in all the other bridged trovacenes, linked thrtheyfive-membered ring except for
the directly bridgedl9 , where this signal is considerably weaker and only dabéxtby
spectral accumulation. This observation indicates ¢lectron spin dipolar coupling in [7-7]
linked dimers markedly exceeds that exhibited by its [5-5] é@smand the fact that the
deviation from the true value is small compared to theratkperimental errors.

Moreover, the decrease of®() in 18" confirms a diminution in the exchange interactions
due to the presence of the 1,2-ethenediyl bridge, as ialneely observed in the series of [5-

82,51

5] directly and through a bridge linked trovacenes {88¢21" and22").
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5.4 Magnetic Measurement of 18

5.4.1 Fundamentals of Magnetic Susceptibilifyy

A sample within an homogeneus magnetic field H acqairemgnetization M, that is related
to H through the magnetic susceptibility
M= cH

c is the algebraic sum of two contributions: a dianeign(negative) and a paramagnetic
(positive),cp andcp respectively:

C=Cp +Cp
Whencp dominates, the sample is diamagnetic (it is repellethbymagnetic field); wheop
is the leading contribution, the sample is paramagriétis attracted by the applied field).
Paramagnetic samples have alwaygs part, due to the interaction of the magnetic field with
the motion of the electrons in their orbits. Herte, value oft experimental obtained must
be correctedcy is independent of the temperature and the strengtreddpplied field and it
is additive calculated from tabulated data, whig,is dependent of the temperature. This

dependence for magnetic moments without intermolecdataractions is described by Curie-

Law:
c=CIT
where C is the Curie constant, C="NgS(S+1)/3k.

The temperature dependence for magnetic moments widak intermolecular interaction j,

is described by Curie-Weiss-Law:
c=C/(TQ)
where C is the Curie constaq,is the Weiss constan= zjS(S+1)/3k, z is the number of

interacting centers, S is the electronic spiniskthe Boltzmann constant.

fesy
fo)
/o\ x‘l /cm'3 mol

T/K

Fig. 35: Plot ofc™ versus T for an assembly of molecules obeying theeGfgiss law’>
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A plot of ¢ versus T[K] for a system obeying the Curie-Weiss-Laesgja straight line with
slope= C'. The intercept with the T axis yields two possible valoe€: a positive, that
indicates ferromagnetic intermolecular interactiorepd a negative, that indicates
antiferromagnetic intermolecular interactions.

The temperature dependence for two magnetic equivalentrgevith a strong intermolecular

interaction J, is described by Bleaney-Bowers expression
c= 2Nag’m?/(KT[3+exp(-J/KT)])

x/ 10° cm® mol

0 50 100 150 200 250 300
T/K

Fig. 36: Calculated:(T)-curves for J= 0 ant100°°

A plot of ¢ versus T[K] shown that for J< O, (the case of aife@nomagnetic interaction), the
magnetic susceptibility presents a maximum, and thetstenzero when T approaches zero.
Indeed, at low temperature only the diamagnetic ground itateermally populated. The
maximum of the susceptibility is characteristic for amtiferromagnetic interaction and
fulfills approximately the relation:

Y/4KT max= 1.599
When the interaction is ferromagnetic, a steeperafghe susceptibility is observed than in a
non interacting system. In this case, the progressidhe curve reacts non sensitively to the
changes of J. In factT for J= 0 is only 75% as large as when [J=because ¥ of the
molecules are singlets that do not contributeo®
The experimental values of the susceptibility are desdriby a modification of Bleaney-

Bowers expression through the introduction of an “eifetttemperature, (T/(1Q)):

c= 2Nag’ms?/(K(T-Q)[3+exp(-J/KT)])
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5.4.2 Results

The magnetic susceptibility fdi8" was measured in the temperature range from 1.8 to 300 K
at the constant magnetic field. The measurement wdsrped at different magnetic field
strengths: 5 kG, 10 kG, 15 kG, and 30 kG. The temperature depermdeheesusceptibility

measured at 30 kG is shown in F8). The values obtained for the exchange interaction and

the parameter®, andr are shown in the capture.

0,025 4

0,020

0,015

0,010 A

3 -1
X e/ €M Mol

0,005

0,000

T ' T T T v T ? T T T v T T T
0 50 100 150 200 250 300 350

T/K

Fig. 37. Experimental molare susceptibility data 8" at 30 kG in the temperature range
1.8-300 K. The solid line represents the best fit to tharig-Bowers expression with J=
-25.9 cnt, Q= -14.2 K, and = 0.0221.

The magnetic susceptibilitg, passes through a slight bump at about 50 K, then tocade
more pronounced bump at about 20 K, and rises to a maxahdmd K. It must be noted the
unexpected presence of a second bump at about 50 K, whiclbematgributable to theis

form of 18", even if in the case of McMurry coupling of aldeydes dhly formation of the
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transisomer is documented. EPR spectroscopy can not helpdoriet the second species,
because the two dimers give identical EPR spectra @', see Fig.34). Attempts of
separation by column chromatography were unsuccessful.

The experimental data can be described by a modifiec&jeBrowers relatior®

c

m

2Ng? 11
= - r)+———r
k(T - Q)3+exd- 3/KT) 2KT

The modification accounts for intermolecular magnetieractions by the paramet€ and

for traces of non coupled species in the sample,ddase an increase of the experimental
susceptibility below T= 5 K, by their mole fraction The impurity is assumed to follow the
Curie law, and to show the same g-value as the coupleiesp&ince each molecule D8
contains two vanadium centers, the Curie correceom tmust be multiplied by a factor of 2.
The fraction of the non coupled component was determioad=t0.0221. The value g=
1.9860 was taken from the EPR spectrum. Fit parametere texgierimental data using the
modified Bleaney-Bowers relation a8 and [7-7]-bitrovacen&' 20", are shown in Table
18.

IKIKT [JlmT | QK | g
18 -37.2 -25.9 -14.2 1.9860
20 -34.61 -24.05 -10.25 1.9832

Table18: Fit parameters to the experimental data using thefradd8leaney-Bowers relation
for 18 and20".

Considering the magnetic data for all studied dimericattene complexes, it is observed that
the magnitude of the exchange coupling constant for th@-Edmplexes (directly joined or
linked through a spacer) exceeds the values found for thg-ifemers. This finding
demonstrates that the exchange interaction is much effa&ive in bis(cycloheptatrienyl)-
ligands. The difference of the exchange interactioflects the different spin density
distribution on the ring protons depending on the ring ¥ize.

A direct comparison was carried out for both [7-7]-linkemmpounds 18" and 20" . The

exchange interaction J is antiferromagnetic in bothpdexes (J< 0).
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The value of J obtained by magnetic measurement comdsgo the sum of J (symmetric
anisotropic), J (asymmetric anisotropic), and J (isotjodihe value of J (isotropic) can not
be determined alone by magnetic measurements. In the eEp&iments the anisotropic
values of J are cancelled due to the molecular motioraddition, EPR measurements in
dilute solutions are not disturbed by intermolecular agBons. In magnetic measurements in
the solid state strong intermolecular interactioms lea anticipated, because it is reasonable to
believe that the crystal structure must be similathimse of19° and 20", in which the
vanadium-vanadium intramolecular distance is conigarto the intermoleculare distance
between adjacent molecul®sUnfortunately, J obtained by EPR spectroscopy are linided
values below 1.5 cth

In the case of the complé8” (in which the two monomer units are linked by a spacer), a
lower value of J than fa20" (in which the two monomer units directly linked) was expd.

A possible reason for this result is the presenceeoCipt ligand, which posses amplified
donor capacity in comparison to the Cp ligand. In the odshe dimed8" spin density is
transfer into the spacer, resulting in a stronger apesf orbitals, which finally leads to the

unexpected high value of J.
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6. Sila-trovacenophanes

Compounds in which carbon is bound to one of its higherdhegues, such as silicon, form
that particular branch of organometallic chemistry Whitas found the most extensive
technical applications.

In 1872 Ladenburg obtained the first silicon oil, and in 1901 Kigpcarried out the
pioneering work concerning silicones proper. The large-spaiduction of silicones was
triggered by the demand for new materials with special ptiepefThe elucidations of the
principles of polymerisation (Standinger, Nobel prize 19%8¢, development of a rational
method to prepare the monomers (Rochov and Miiller), taed silyleneferrocenylene
polymers (Rosenberg, 1969%tarted the interest in the formation and study dfafloeeene
containing bridging elements of group 14. Dehalogenation ofnorjdororosilane affords
organopolysilanes, that have been the focus of aitefdr technical applications. They have

found use as precursors in the manufacture of cerabnesfconsisting df-siliconcarbide.

Cyclic molecules attract considerable attention bexafishe questions they pose concerning
structure, bonding, reactivity, and their function aspreors to solid-state materials and new
polymer systems. Metallocenophanes are interestingnesiraarganometallic molecules, in
which the presence of a single bridging atom connectingtiloerings leads to a tilted
structure.

The synthesis of 1,1-ferrocenyldiphenylsilan@3, was the first example of a
metallocenophan€? Since then, a considerable number of others ferrocenephaas been

101

prepared (e.g., with P, As, Ge, and Zr serving as bridgmms). -~ Organosilane bis(arene)
transition metal complexes have become an areantinced interest, due to their remarkable
electronic properties, solvolytic lability, and potenpaécursors in inter- and intra-annularly
bridged specie¥?

Short inter-annular bridges require deviation from tlwdecular geometry of the metallocene,
such as ring tilt §), and distortions of the bridging substituents from timg plane §).
Hence, in metallocenophanes the rings are not plamhparallel as in simple metallocene
molecules, but they are inclined towards each otheramdrtls the bridging atom, and there

is considerable bond angle distortion at the substitcégbon atoms of both ring%
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Fig. 38 Molecular distortion in symmetrical and unsymmetrizetallocenophane$?

Prewious works have shown that the strain present isilferrocenophane profoundly
influences the chemical reactivity observed for theséecules. Moreower, the discovery that
[1]-silaferrocenophane undergoes spontaneous, exotheramid, quantitative thermally
induced ROP reactions when heated above their meltintingntspoio yield
poly(ferrocenylsilane), with an high molecular weight,&v620.000, M= 340.000 according
to gel permeation chromatography analysis) that correspmngslymer chains with over
1200 repeated unit§?*?

6.1 Synthesis of [1,8-(Diphenylsilanediylj(’-cycloheptatrienyl-h>-
cyclopentadienyl)vanadium], 24, and [1,8-(Tetramethyldisilane-1,2-diyl)b’-

cycloheptatrienyl)(h*-cyclopentadienyl)vanadium], 25

The accessibility of dilithiated trovacene allowed thsynthesis of [1,8-
(diphenylsilanediyl)i’-cycloheptatrienyh>-cyclopentadienyl)vanadium],24, and [1,8-
(tetramethyldisilane-1,2-diyl(-cycloheptatrienyl}§*>-cyclopentadienyl)vanadium]25, by
coupling reaction of 1,1-dilithiotrovacene, with 1,2-dichldighenylsilane and
dichlorotetramethyldisilane, respectively (in analogydported examples in the chemistry of
ferrocene and bis(benzene)chromidff):®

The ring-tilt distortion observed is the sum of boypes of distortion: ring-tilt using the

vanadium atom as a fulcrum, and ring-tilt about theroéds of the rings.
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6.2 Structure of [1,8-(Diphenylsilanediyl)h ’-cycloheptatrienyl-h>-cyclopenta-

dienyl)vanadium], 24

[1,8-(Diphenylsilanediyl)i’-cycloheptatrienyl}§>-cyclopentadienyl)vanadiump4, crystal-
lizes from an ether solution at —20°C in form of vialeedles.

Crystals are monoclinic with space groupi/R2 lattice constanta= 1114.3(2) pm;b=
1527.0(2) pmg= 1190.7(2) pm; with four molecules per unit cell. The mokcatructure is
shown in Fig.39, and important parameters are given in T0k21

The structure shows that the rings are planar andettkat an angle of 17a), in analogy to
the reported examples of(1,1'-ferrocenyldiphenylsilane6,'®* where the respective value
is 19.2°, and ofn(1,1',6,6-tetraphenylsilanechromiun®7,'*> where the tilting amounts to
14.6°. The C(1)-Si—C(8) bridging angle is 98.17(8)°, hence tl®rsiatom has a distorted
tetrahedral coordination. The deviatibrof the exocyclic bonds from the plane of the five-
membered ring amounts to 33°, and the respective deviatisom the plane of the seven-
membered ring amounts to 45°. Hence, this considerablartdist at the substituted carbon
atoms, C(1) and C(8), is the dominant parameter of tl@nsin bridged trovacene, more
important than the tilt angle of the ring)( and the bond-angle distortion at the bridging

silicon atom.
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Fig. 39: Molecular structure 024 (a, top); alternative view of a molecule2f (b, bottom).
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V(1)-Si(1) 2.880(7)| V(1)-C(1) 2.136(2

V(1)-C(2) 2.163(2)| V(1)-C(3) 2.206(2
V(1)-C(4) 2.210(2)| V(1)-C(5) 2.203(2
V(1)-C(6) 2.203(2)| V(1)-C(7) 2.178(2
V(1)-C(8) 2.216(2)| V(1)-C(9) 2.232(2

V(1)-C(10) 2.273(2)| V(1)-C(11)  2.284(2)
V(1)-C(12) 2.240(2)| Si(1)-C(1) 1.988(2)

Si(1)—C(8) 1.877(2) Si(1)-C(13)  1.866(2)
Si(1)—-C(19) 1.863(2) C(1)-C(2) 1.436(3)
C(1)-C(7) 1.435(3)] C(2)-C(3) 1.414(3)
C(3)-C(4) 1.409(3)) C(4)-C(5) 1.409(3)
C(5)-C(6) 1.410(3) C(6)-C(7) 1.409(3)
C(8)-C(9) 1.436(3)) C(8)-C(12)  1.440(3)

C(9)-C(10) 1.410(3) C(10)-C(11) 1.413(3)
C(11)-C(12)  1.411(3) C(13)-C(14) 1.395(B)
C(13)-C(18)  1.392(3) C(14)-C(15) 1.391(B)

Table20: Selected bond lengths (A) fag4 .

Si(1)-V(1)-C(1)  40.98(5) | Si(1)-V(1)-C(2)  64.57(6)
Si(1)-V(1)-C(3)  101.92(6) | Si(1)-V(1)-C(4)  134.62(6)
Si(1)-V(1)-C(5)  134.13(6) | Si(1)-V(1)-C(6)  100.73(6)
Si(1)-V(1)-C(7)  63.75(5) | Si(1)-V(1)-C(8)  40.67(5)
Si(1)-V(1)-C(9)  67.81(6) | Si(1)-V(1)-C(10)  100.97(6)
Si(1)-V(1)-C(11)  100.76(6) | Si(1)-V(1)-C(12) 67.41(5)

Table21: Selected bond angles (deg) &% .

6.3 Structure of [1,8-(Tetramethyldisilane-1,2-diyl)h’-cycloheptatrienyl)(h>-
cyclopentadienyl)vanadium], 25

[1,8-(Tetramethyldisilane-1,2-diyh(-cycloheptatrienyl}>-cyclopentadienyl)vanadium],
25, crystallizes from an ether solution at —20°C in farfwiolet needles.

The crystals are monoclinic with space group;R&ttice constanta= 664.0(1) pm;b=
1310.9(1) pmg= 944.8(1) pm; with four molecules per unit cell. The malecstructure is
shown in Fig40, and important parameters are given in T3
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Fig. 40: Molecular structure a25 (a, top); alternative view of a molecule2d (b, bottom).
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V(1)-C(1) 2.191(4) | V(1)-C(2) 2.191(5)

V(1)-C(3) 2.189(6) | V(1)-C(4) 2.196(6)
V(1)-C(5) 2.199(5) | V(1)-C(6) 2.194(5)
V(1)-C(7) 2.191(5) | V(1)-C(8) 2.262(6)
V(1)-C(9) 2.267(6) | V(1)-C(10)  2.267(6)

V(1)-C(11)  2.266(6) | V(1)-C(12)  2.255(6)
Si(1)-Si(2) 2.355(2) | Si(1)-C(1) 1.894(6)
Si(1)-C(13)  1.887(6) | Si(1)-C(14)  1.876(6
Si(2)-C(8) 1.890(6) | Si(2-C(15)  1.875(6
Si(2)-C(16)  1.858(6) | C(1)-C(2) 1.433(7

C(1)-C(7) 1.431(7) | C(2)-C(3) 1.410(8)
C(3)-C(4) 1.431(8) | C(4)-C(5) 1.405(9)
C(5)-C(6) 1.404(9) | C(6)-C(7) 1.416(8)
C(8)-C(9) 1.419(8) = C(8)-C(12)  1.414(8

C(9)-C(10)  1.429(9) | C(10)-C(11)  1.42(1)
C(11)-C(12)  1.43(1)

Table24: Selected bond lengths (A) fa6 .

Si(2)=Si(1)-C(1) 102.9(1)] Si(2)-Si(1)-C(13)  112.7(2
Si(2)-Si(1)-C(14)  112.5(2)| C(1)-Si(1)-C(13)  111.0(2
C(1)-Si(1)-C(14)  109.1(2)| C(13)-Si(1)-C(14)  108.5(3
Si(1)-Si(2)-C(8) 105.4(2)| Si(1)-Si(2)-C(15)  113.2(2
Si(1)-Si(2)-C(16)  112.4(2)| C(8)-Si(2)-C(15)  108.8(3
C(8)-Si(2)-C(16)  108.3(3)| C(15)-Si(2)-C(16)  108.5(
V(1)-C(1)-Si(1) 120.0(2) | Si(1)-C(1)-C(2) 115.6(3
Si(1)~C(1)~C(7) 116.3(3)| Si(2)-C(8)-C(9) 126.2(5
V(1)-C(8)-Si(2) 116.7(3) | Si(2)-C(8)-C(12)  126.2(5

L ——g

N

Table25: Selected bond angles (deg) &% .

The Si-Si and Si-C bonds show the manner in whichtrlaénscaused by bridging is relieved
by bond elongation rather than by significant twistingcsithe dihedral angle between the
two rings is very low, 4°. The same appliesn¢l,1'-ferrocenyltetramethyldisilanylene?g,
where the respective angle measures #4“3verall, the larger silicon covalent radius, which
governs the Si-Si and Siikgs bond lengths, permits the energetically more favourable
parallel disposition of the rings in the structure. Huipsed conformation of the ,$le,
bridge is another reflection of the greater covaledius of silicon compared to carbon. The
Chnethyr Si-Cmethyi bond angles (108.5(3)°) are larger than the,&Si-Si angle (105.4(2)°) and
Cr.ingSi-Si angle, (102.9(1)°), reflecting the constraint witthie bridging cycle.
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6.4 Comparison of the two Structures

Fig. 41: Molecular row of24 along theb-axis (a, top); molecular layer @6 (b, bottom).

The most significant difference between the two comgeus the tilt anglea between the
planes of the cyclopentadienyl- and the cyloheptatrigngl- 17° in m(1,1-
trovacenyldiphenylsilane24 and 4° inm(1,1'-trovacenyltetramethyldisilanylen@p. The
different degrees of ring tilting can also be appreciagedomparing the Cp-V-Tr angtk the
detected anglel= 81.64(7)° in compoun@4 is indicative of greater tilting compared to
compound25, where the respective value is 94.9(2)°. The presenadditional strain ir24

is evidenced by the anglelsc, and by, (see Fig. 38) between the planes of the
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cyclopentadienyl- and the cyloheptatrienyl-ligands and Gfeng)-Si bonds: the observed
values ofbr,= 33° andbc,= 45° in24 are much greater compared to those of 4° and 18° in
25 . This dramatic distortion from planarity at the ipswg carbon atoms bonded to silicon is
almost certainly the reason for the particular phygcaperties of the trovacenophaive.

In 24 the angle C(Cp)-Si-C(Tr), is very small, 98.17(8)°, in comparison to an idealized
value of 109.5° for an Sghybridized silicon atom. The smajlangle in24 causes a minor
widening of the C(Ph)-Si-C(Ph) angle to a value of 111.67&qnhificantly greater than the
corresponding angle found 85 (averagel04.15(2)°). The bond lengths between the carbon
atoms of the rings and the bridging silicon atom Zi#: 1.877(2) A for C(Cp)-Si, and
1.889(2) A for C(Tr)-Si; irR5: 1.890(6) A for C(Cp)-Si, and 1.894(6) A for C(Tr)-Si) differ
very slightly between the two compounds. In additionthe packing of molecul24 no
strong C-H-p interactions between ring protons of a molecule aedptienyl groups of the
adjacent molecule are present (value found for theesedft, to the phenyl groups:
H---Cor{centroid) 3.21 A), in contrast to [5]-trovacen®d, in which interactions of slightly
positively charged hydrogen atoms of a Tr ligand with eeteon-richp-electron system of
an adjacent Cp ligand is observed (value found: kc€ntroid) 2.700 A) [strong
interactions of this type have values in the range 2.583.@s can be deduced from an

examination of the Cambridge Structural Databd¥e].
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6.5 Cyclic Voltammetry of 24 and 25

Among the multitude of electroanalytical techniques alsbeléo study electroactive species,
cyclic voltammetry has proven to be most advantagemusvaluating the effects of ligands
on the oxidation/reduction potential of the central metais advantage derives from the
minimal quantities of substance necessary, and théitiypaf cyclic voltammetry to rapidly
convey information concerning the redox behavior ofl@sgnce over a wide potential range.
Trovacene has been the subject of previous cyclovoltarienretestigation’’ and provides a
basis for assessing the electrochemical effects tiylheand phenyl-silane bridging in the
mono-, and di-sila-trovacenophanes. The interest atoggltammetric investigation of the
two sila-complexes is due to the pronunced electron-vethiig character of the silyl-
substituents. This should cause a substantial anodicirstifie oxidation potential (RIM™),
and in the reduction potential f#¥1°). Precise data will be useful for ascertaining changes i
electronic structure, attributable to ring tilt in theot complexes (especially in mono-
silyltrovacenophane).

Cyclovoltammetric data for the two organosilane-stinstd trovacene complexes, and for

the parent molecule trovaceng, are presented in Tabf6. Typical cyclovoltammetric

traces for24 and25 are depicted in Figé2-43

-2.9 -2.0 -1.0 0 +1.0 +1.7
[V]

Fig. 42 Cyclic voltammogram fo24 .
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Fig. 43 Cyclic voltammogram fo25 .

Table26: Cyclovoltammetric data fo24, 25 measured in DME/0.1 M TBAP, vs. SCis

0.1 V/s, T=-40°C.

2.9 -2.0 1.0 0 +1.0 +1.7
[V]
TVC(1)Si TVC(2)Si| TVC
Evx”V[V] | E=376 | 0.248 0.260
Ep= 287
DE,? [mV] 76 64
r=ipalipc 1 0.93
Epa’ [MV] 1.025 1.066 1.03
EOD[V] | -2.473 | -2.489 | -255
DE,? [mV] 41 66 66
r=ipdipc 1 1 1
“DEp= (Ba—Ep)  "irreversible




The silatrovacenophargb displays an oxidation potential almost equal to thahefparent
complex trovacenel . This finding may be rationalized in terms of electdmmation from
the silicon-silicors bond to the ringp orbitals §-p conjugation), and a withdrawal effect of
ring electron density through silicash orbital overlap. The sum of both effects gives no
oxidation potential shift.

Due to the high sensitivity of the strained trovacenaopl2a, bearing a single silicon atom
bridge, the cyclic voltammogram is reproducible at the sates used in this study only for a
few cycles. This cycling results in a gradual decompositioat produces a transient
uncharacterized species. This fact reflects the aggrematen of silyl-substitution and
bending of the sandwich structure. It may be postulatedgaopening induced by electron
transfer. The same effect has been reported aldgbdazorresponding ferrocenophdfiéand
for the respective bis(benzene)chromium derivatiVeyhere a collection of data is prevented
by its high sensitivity towards bridge cleavage. Oxidatibthe metal center promotes bridge
cleavage, thereby releasing the considerable structurial stfiEcted by the bridging unit. In
contrast, the reversibility noted f@6, reflects the lower degree of structural strain duéeo t
-R4Shk- bridge. In this context, the data are in accordandé wiose collected for the
analoguous bis(benzene)chromium derivative.

The quantum mechanical calculations of Hoffman and Latfher the titanocene molecule,
Cp.Ti, are helpful to explain the effect of deformatiai the sandwich structure in
bis(arene)metal-types, especially the tilting of theg+inetal-ring axis, on their redox
potential. The authors studied the dependence of the enefdiestier orbitals on the tilting
angleq (see Figs44 and45). An important result is the destabilization afaabitals, that
reflects itself in a cathodic shift of the redox pokdndf the tilted complex with respect to its
undistorted analogue. The change in reactivity induced Itiygtiis based not only on the
increased steric interaction between the rings andr thbstituents, but also on the
modification of the nature and energy of the frontbebitals. Hence, the illustrated results

predict an easier oxidation of a tilted metallocene.

81



e297e2u

algyelgyeZQ d

e1gye1u

DR

¥
&

Fig. 44: Interaction diagram for agpmetallocene (the frontier orbitals are in the bdX).

As it is shown in Figs44 and 45, in a D54 metallocene th@ orbitals of the two parallel Cp
ligands yields three sets of nearly degenerate orb#alsw-lying filled pair of ag and a,
symmetry, a set of filled orbitals;geand e, and a high-lying empty set of anti-bonding
orbitals of symmetryg and e,. These orbitals interact with the orbitals of thetah yielding

a strong interaction with the metabndp orbitals and also a strong bonding interaction with
the g4 (di» d,) set. The remaining orbitals of the metal, thea(d/) and the g (d*,*) set

remain essentially non-bonding.
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Fig. 45: Cp;M orbitals as a function of the bending anife.

When there is a distortion of the £ moiety, an analysis focusing on the change in energy
and shape of the @ fragment orbitals witlg (CpMCp angle),(Fig45), it is noted that the

b, and 2a orbitals rise in energy with increasing bending, decngasi The basic trend noted

in Fig. 45 is that the orbitals descended frorg @re stabilized with bending and the orbitals
derived from g; and g4 are destabilized.

In the axially symmetric sandwich theyarbital is predominantly metalidn character; in
the bent sandwich the HOMO 28 allowed to mix with the sub-HOMO i&Since the la
being derived from g, possesses a sizeable ligand contribution,wdkh also acquire some
ligand character. Thus, a singly occupied HOMQ@ [@avides for spin transfer to the ligands,

leading to diminished spin population on the central metal.
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6.6 EPR of 24 and 25

ESR spectra of the two silatrovacenopha2¥s 25, in fluid and in rigid solution are shown

in Fig. 46, and the parameters are collected in T2@le

a) b)
3000 3200 3400 3600 3800 3000 | 3200 3400 3600 3800
Magnetic Field [G] Magnetic Field [G]
c) d)
3000 3200 3400 3600 3800 3000 3200 3400 3600 3800
Magnetic Field [G] Magnetic Field [G]

Fig. 46. EPR spectra a24 in toluene: a) at 295 K, b) at 127 K, frequency 9.2688 GHz, and
spectra of 25 in toluene: c¢) at 295 K, d) at 121 K, frequency: 9.2688 GHz.
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TVC(1)Si | TVC(2)Si

<g> 1.984 1.984

o 1.974 1.976

o 1.973 1.977

Os 1.996 1.999
a(*H)/ [G] 2.49 3.04
aisd[G] -67.6 -70.6

A4/[G] 96.8 103.4

AJl[G] 100.7 101.0
A3/[G] 6.1 7.5

Table27: EPR parameters of the sila-complefds and25 .

A comparison of the EPR parameters demonstrates thaka-,diand mono-sila-
trovacenophane form a homologous series, in which devends are evident:

- substitution by silicon groups and tilting leaves the vabfie<g>, and its anisotropic
components virtually unaffected;

-the vanadium hyperfine coupling constant °& decreases in the order
TVC(2)SPTVC(1)Si, indicating a greater degree of m@thgand spin transfer in proceeding
from 25 (4°) (in which the rings are almost parallel)24 (with a tilt angle between the rings
of 17°). This decrease concords with the reduced ringrtilthat in an untilted complex, the
p-orbitals of the arene ligands lie in the nodal plah¢he metald,®-orbital, i.e., they are
essentially non-interacting. Upon ring tilting, thesebitmls become increasingls-
antibonding, thereby rising in orbital energy, by increasingtal d,*-orbital{p-orbital
mixing,**° which in turn facilitates spin delocalisation frohetmetal center onto the ligands.
Therefore dH, 25)> afH, 24);

-the line width dependence from the nuclear spin quantum nukhiggV) increases in the

series: TVC(1)SiTVC(2)Si, in line with the increase of effective malé&ar radius.
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6.7 Poly(trovacenylsilane)

The incorporation of transition elements into a paymain chain would be expected to
allow access to processable materials with unusual aefill ysroperties (i.e., electrical,
magnetic, optical, catalyti¢}! This is particularly the case where the metal ataraspresent
in the main chain in close spatial proximity to onethap so as to promote cooperative
interactions-*2

Organopolysilanes, although containing-sgbridized Si atoms, display conjugation to a
certain extent. Therefore, it appeared interesting repgre organopolysilanes which also
contain paramagnetic building blocks in order to investigpte-spin interaction'*

Hence, it is of interest to see whether the reactba,w dichlorosilanes with metalated

trovacenes would lead to polymers, in addition to the @epesila-trovacenophanes:

The study of organometallic polymers is become an afegrawing interest, since such
systems can be useful precursors to novel materigieckadly, the exploration of processable
high molecular weight polymers with skeletal transitinetal atoms has generated interest
for their large potential in applications such as madtength novel electrical, optical, or
magnetic properties. The discovery that strained, ritegdtimetallocenophanes, such as the
silicon-bridge 1,1-dimethyl-1-silaferrocenophane30, undergo thermal ring-opening
polymerisation (ROP) to afford poly(ferrocenylsilanegsiprovided access to a range of new
transition metal-based polymers with intriguing propertiés

The corresponding sila-derivative of trovacene, [1,1-(thiylsilandiyl)(h’-cyclohepta-
trienyl)(h°-cyclopentadienyl)vanadiumBl, was synthesized as described below, and a ring-
opening polymerization attempt was performed to obtain ganmmetallic polymer with
paramagnetic properties.

Three different methods of polymerisation were tested:
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Since ring strain provides an important driving force foigfdopening polymerisatior81l
would be an excellent candidate for polymerisation studi€he monomer31l was
synthesised by slow addition of dimethyldichlorosilane tb-dilithiotrovacene, affording a
violet oil. Unexpectedly, the elementary analysish& product showed a nitrogen content of
2.6%, which may be attributed to an incorporation of TMEiDAt was used as chelating
agent in the dimetalation of trovacene. In the amglysthe fragmentation pattern of the mass
spectrum, in addition to the molecular peak of the momndmé= 264), an unexpected peak
at m/z= 734, corresponding to a trimer after loss oin@ethylsilyl unit, was observed. This

result shows that a successful polymerisation cannexdtleded.

Fig. 47. Fragmentation pattern in the mass spectrum of thadupt81 .
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6.7.1 Polymerisation Attempts and Analysis of the Products
Method A%

When31l is heated in an evacuated, sealed Pyrex tube at 150e°@ikth contents melt and
then become gradually more viscous. After 20 minutes the tdmtent is completely
immobile. Heating was continued for an additional 40 mmuwe the same temperature.
Finally, a dark violet solid was obtained, which is difftcsoluble in diethyl ether, and
soluble in toluene. Subsequent analysis of the product by spestroscopy indicates that a
possible polymeric structure may be present. Elementalysis values show the presence of

ca. 5% of nitrogen, probably due to coordination of TMEDA.

Polymerisation of the phenylated trovacenophadewas also attempted under the same
conditions as chosen f84 . No changes were observed in the sealed tube upondeatio
200°C. Another experiment was performed in solution (BEMR-tunder nitrogen), under
monitoring the progress of the reaction with increasingperature by EPR spectroscopy.
However, a change in the spectra was not observedfallbee of any polymerisation was
also confirmed by the absence of peaks above the mass ofonomer in the mass spectrum

of the sample after the heating.

Method B

This method comprises ring-opening polymerisation of thisispagnder employment of
PtCh as catalyst. The reaction of the crigle, was performed in toluene solution at 80°C
during 2 hours in presence of a trace of RtThe product, dark violet powder, was isolated
by precipitation from toluene into an anti-solvent sastpetroleum ether.

Mass spectroscopy analysis shows a peak of m/z= 943 fponding to a tetramer after loss
of two dimethylsilyl units). Considering this result, #G measurement was undertaken to
give a more accurate insight into the molecular masgiltition. The experiment was
performed using THF as eluent, and polystyrene as standaed wé€ight average of the
molecular mass, ] amounts to about 683, but in the plot is also notedntisdécules with
molar mass of about 2*f0are present. Hence, the ring-opening polymerisation yielded

mainly oligomers, but a small proportion of polymeric prodweas also formed.
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Fig. 48. GPC experiment performed on the product of reactioaindd in accord to Method
B. The dotted curve was obtained by UV-detection; thél smirve by index refraction-

detection.

Method C*°

The reaction between 1-1-dilithiotrovacene and dimetichldrosilane was performed in
refluxing THF during a period of 7 hours. After removal oé tsolvent, the residue was
dissolved in toluene and precipitated by addition of petrol ether to yield a brown-violet
precipitate. Analysis of the products of repeated reastinder similar conditions by mass
spectroscopy showed in one case the formation of ardamd in another case the formation
of a trimer. In elemental analysis no nitrogen waméb Attempts to separate and/or purify
the dimer and the trimer (by chromatographic column ortalimation) were unsuccessful. It

was not possible to control the reaction conditionget selectively only one product.

EPR studies were undertaken in all three cases: thetdics methods show an eight-line
spectrum, with broad lines, corresponding to a big molabalerotates slowly in solution (in
each spectrum a high percentage of monomer is preséwt)eaction products obtained by

method C show a superimposed fifteen-line spectrum and ywerd-line spectrum in
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varying proportions. Hence, both spectra reveal a mixtbreamomer and dimer as well as

trimer, as already suggested by the results of masgepempy. A simulation of the recorded

EPR spectra was not possible, since the proportioheofrtonomer was too high, and since

the structure of the oligomers was unknown. EPR speéesaribed above are shown in Fig.

49,

a)

T
3000

T T T T T T 1
3200 3400 3600 3800

Magnetic Field [G]

<)

T
3000

T T T T T T 1
3200 3400 3600 3800

Magnetic Field [G]

b)

T T 1
3400 3600 3800

Magnetic Field [G]

d)

T T T T 1
3400 3600 3800

Magnetic Field [G]

Fig. 49. EPR spectra of the products of polymerization attengtsn toluene at 298 K,
9.2680 GHz; b) in toluene at 298 K, 9.2632 GHz; c) in toluer29atK, 9.2625 GHz; d) in
toluene at 290 K, 9.2472 GHz.
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In order to interpret the results obtained from EPR mass spectrometry it is helpful to take
account of the mechanisms proposed for the ROP of [@ffenophanes, in which the
presence of dimeric and trimeric species is postulated.

The mechanism for the polymerisation of sila-metallopdanes is still under investigation.
However, experiments have suggested that the bond gleavaing thermal ROP of silicon-
bridged [1]ferrocenophanes occurs via heterolytic cleawddgbe Si-Cp bond rather than a
homolytic proces$™ Such cleavage might be initiated by minute traces of apbiéc
impurities (e.g. water). Alternatively, thermal hefgtic cleavage might afford a small
population of zwitterionic, resonance stabilized specigéb positive charge at silicon and
negative charge at the Cp ring, which could then initidi#&in propagation by nucleophilic
attack at the silicon atom of the initial monomerwéoer, a mechanism such as ring fusion
via s-bond metathesis is also possibie.In this case, the Si-C(Cp) bonds of the
silaferrocenophane add to those of another moleculgetd a cyclic dimmers via a four-
center transition state. The cyclic dimmer formedlddhan undergo the same reaction with
monomer to yield a cyclic trimer, and these ring-fusfmocesses could continue until
polymer is generated.

A mechanism proposed for the bond cleavage by metal hediddyst (e.g. Ptg)l involves
initial oxidative-addition of a strained Si-C bond te toordinatively unsatured metal center,
chlorine transfer from the metal to silicon generatirgg@wving chain and repetitive oxidative

addition/reductive elimination steps for chain propagatitn.
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7. Benzoic Acid and Benzoatp-Complexes of Chromium

The concept of utilizing organometallic building blocks, evhipermits to introduce the
characteristics of transition metals (such as redowcesses, ionic charges and
paramagnetism) into the crystals, are substantialejgpe novel materiafs.

In this work, organometallic carboxylic acids, where usarats in the construction of crystal
lattices. Aggregation is effect by means of hydrogen bandihich can be influenced by two
oxidation states of the central metal atom as webyathe degree of protonation. The latter
derives from the fact, that hydrogen bonding ability o®€H and -COO groups obviously
differ.

The neutral dicarboxylic acid [€h®-CsHsCOOH)] 4(H), and its cation [C¢h®-
CeHsCOOH)Y]* 4(H)," have different magnetic propertied(H), is diamagnetic, while
4(H)," is a 17-electron paramagnetic complex. These specfes aflarge number of
combinations of hydrogen bonding donor/acceptor capacity tegetith different ionic
charges. Removal of protons from neutt@l), leads to sequential formation of a monoanion
and of a dianion. Deprotonation 4¢H)," leads first to formation of the neutral sandwich
zwitterion [Ct(h®-CsHsCOOH)h®-CsHsCOO)] 4(H)', with one -COOH and one -COO(-)
system. Removal of protons frod(H) leads to the dicarboxylate monoanion (8%

CeHsCOO)] 4 with two -COO(-) groups.

92



Hence, the fundamental building block "BHCsHsCOO)" can participate, depending on the
extent of protonation and on the metal atom oxidatiatesin hydrogen bonding networks as
a monocation, as a neutral species, and as a mondiangbn building block.

A comparison will be carried out with the almost tsostural complexes based on ferrocene,
namely [F&(h>-CsH4sCOOHY)], 32, (known in two polymorphic modifications), and on the
cobaltocenium cation, namely [&¢h>-CsH.COOH)][PR]’,*?° 33", which are isoelectronic

and diamagnetic.

7.1 Synthesis of 1,1-Bis(carboxy®-benzene)chromium,[(h®-CsHsCOOH),Cr°], 4(H),

The neutral dicarboxylic acid(H),, was synthesized by lithiation of bis(benzene)chromium
in methylcyclohexane solution witlBuLi and TMEDA, as it is described in literatlfre(a
pioneer work concerned the synthesis of the correspordeem)*

CO, was bubbled through the solution containing the 1,1'diliddatomplex. Finally, the
free dicarboxylic acid was obtained by hydrolysis with @ilatjueous HCI. The red powder
obtained exposed to air produces immediately the catiomin {oxidation to chromiutj
recognizable by a turn of colour to orange. The complealn®st insoluble in organic
solvents, but good soluble in hot water.

Its vanadium analogue, 1,1'bis(carbox§-benzene)vanadiun(h®-CsHsCOOHLVY], 34,
due to its radical character, offers the possibility tadyg electron-electron spin-spin

interaction between the metal centers in moledin&sd by hydrogen bond.
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7.2 Structure of 1,1-Bis(carboxyh®-benzene)chromium, 4(H)

1,1%bis(carboxyh®-benzene)chromium, 4(klYforms a dimer in the crystal via a pair of
typical hydrogen bonded eight membered rings involving the tv@Od groups of the acid.
The molecular structure d{H), is shown in Fig50. Important parameters are given in Table
28-29

Fig. 50: Representation of the dimers formed by moleculeKldj, in the solid state.

Twin intermolecular hydrogen bonding of the type are wety common because their
formation requires a degree of structural flexibility ttltannot be adopted by the sigma
skeleton of the C-C—bonds in organic acids. In fads @bserved that dicarboxylic organic
acids tend to form chains in the solid state, rathem #e&lf-assemble in dimeric units. In
contrast, compound(H), can rotate around the coordination axis of the carbmclighnds
to yield the eclipsed conformation of the -COOH groups reduior the formation of the
dimer. Indeed, a comparable situation can only be fonnother organometallic sandwich
molecules such as ferrocene dicarboxilic a8,

The dicarboxilic acid of ferrocen&2 is known a monoclinic and a triclinic form, which
contain exactly the same type of dimeric unit, althougtiifferent packings in the solid state.
The three crystals are formed by layers of dimeranged in continguous rows. The main
difference between the packings of 1,1'-bis(carbéwyhenzene)chromium4(H), and
ferrocene dicarboxilic acid32 arises from the angles formed by the dimer long p=ssing

between two chromium or iron atoms (165° 4¢H),, 90° and 100° for the two polymorphs
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of. 32, respectively) and for the dimer rotation around theesares within the layer (90° for
4(H),, 0° and 90° for the two polymorphs 8%, respectively).

The hydrogen bonding parameters of the carboxylic acierdirm the two neutral systems
are very similar [O---O 2.558(2), 2.603(2), 2.638(2), 2.643(2) A(kh),; 2.593(2), 2.635(2)
A, and 2.620(2), 2.643(2), 2.625(2), 2.671(2) A respectively in the pelymorphic
modifications of 32]. Both, 4(H), and 32 crystals, show the presence of a web of
intermolecular C-H---O interactions between the gyelitadienyl or aryl hydrogen atoms
and the oxygen atoms of the -COOH groups. In both csysi@l dimers are aligned and the
oxygen atoms of the same side interacts with the Fhatf the aromatic rings. Some of the
values of (C)H---O distances and C-H---O angles, abthfor hydrogen positions normalized
to neutron diffraction value of 1.08 A, fall in the lowani for this type of interactions, even

if only organometallic molecules are considef&4d.

Cr(1)-C(11) 2.078(15) Cr(1)-C(3) 2.122(8)
Cr(1)-C(9) 2.124(13) Cr(1)-C(14)  2.132(11)
Cr(1)-C(10) 2.135(12) Cr(1)-C(13)  2.133(13)
Cr(1)-C(7) 2.136(13) Cr(1)-C(2) 2.141(13)
Cr(1)-C(4) 2.141(7) Cr(1)-C(12)  2.149(13)
Cr(1)-C(5) 2.150(13) Cr(1)-C(6) 2.177(13)
C(1)-0(1) 1.241(16) C(1)-0(2) 1.272(18)
C(1)-C(2) 1.418(19) O(2)-H(200)  1.0560
C(2)-C(3) 1.416(15) C(2)-C(7) 1.486(19)
C(8)-0(4) 1.314(18) C(8)-C(9) 1.45(2)
O(4)-H(400) 0.8627 C(9)-C(10) 1.417(18)
C(9)-C(14) 1.446(14) C(10)-C(11)  1.35(2)
Cr(2)-C(18) 2.108(14) Cr(2)-C(16)  2.115(11)
Cr(2)-C(17) 2.118(12) Cr(2-C(21)  2.127(10)
Cr(2)-C(19) 2.138(15) Cr(2)-C(20)  2.142(10)
Cr(2)-C(28) 2.144(14) Cr(2)-C(24)  2.147(10)
Cr(2)-C(23) 2.147(12) Cr(2)-C(26)  2.168(13)
Cr(2)-C(25) 2.175(13) Cr(2)-C(27)  2.215(14)
C(15)-0(6) 1.267(18) C(15)-0(5) 1.276(17)
C(15)-C(16) 1.532(17) O(2)-H(600)  0.0560
C(16)-C(17) 1.34(2) C(16)-C(21)  1.489(16)
C(22)-0(7) 1.229(18) C(22)-C(23)  1.520(16)
0(8)-H(800) 0.8097 C(23)-C(24)  1.376(17)
C(23)-C(28) 1.402(18) C(24)-C(25)  1.379(18)

Table28: Selected bond lengths (A) fdtH)s.
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0(1)-C(1)-0(2) 120.3(13) 0(1)-C(1)-C(2) 122.7(12)
0(2)-C(1)-C(1) 116.9(12) C(1)-0(2)-H(200)  122.8
C(3)-C(2)-C(1) 123.1(11) C(3)-C(2)-C(7) 119.0(12)
C(4)-C(3)-C(2) 119.8(6) C(5)-C(4)-C(3) 121.8(6)
C(4)-C(5)-C(6) 121.9(11) C(7)-C(6)-C(5) 118.9(13)
C(6)-C(7)-C(2) 119.7(13) 0(3)-C(8)-0(4) 121.8(14)
0(3)-C(8)-C(9) 123.2(14) O(4)-C(8)-C(9) 115.0(12)
C(8)-O(4)-H(400)  112.3 C(10)-C(9)-C(14)  120.1(11)
C(10)-C(9)-C(8) 124.8(12) C(14)-C(9)-C(8) 115.1(11)
C(11)-C(10)-C(9)  116.1(13) C(10)-C(11)-C(12)  127.0(14
C(13)-C(12)-C(11)  117.2(13) C(12)-C(13)-C(14)  121.5(12
C(13)-C(14)-C(9)  118.0(11) 0(6)-C(15)-0(5) 126.4(12
0(6)-C(15)-C(16)  118.4(11) 0(5)-C(15)-C(16)  115.1(12
C(15)-0(6)-H(600)  120.4 C(17)-C(16)-C(21)  122.3(12
C(17)-C(16)-C(15)  121.1(11) C(21)-C(16)-C(15)  116.6(12
C(19)-C(18)-C(17)  122.4(13) C(18)-C(19)-C(20)  118.7(12
C(19)-C(20)-C(21)  119.0(9) C(16)-C(21)-C(20)  118.6(10
0(8)-C(22)-0(7) 125.4(11) 0(8)-C(22)-C(23)  120.0(11
O(7)-C(22)-C(23)  114.6(12) C(22)-O(8)-H(800)  111.1
C(24)-C(23)-C(28)  120.9(11) C(24)-C(23)-C(22)  123.6(11
C(28)-C(23)-C(22)  115.4(12) C(25)-C(24)-C(23)  120.7(12
C(24)-C(25)-C(26)  118.7(12) C(27)-C(26)-C(25)  124.3(13
C(26)-C(27)-C(28)  113.8(12) C(23)-C(28)-C(27)  121.7(12

Table29: Selected bond angles (deg) &H)..

7.3 Synthesis of [1,1-Bis(carboxyr®-benzene)chromiunij[hexafluorophosphate], [h°®-
CeHsCOOH).Cr''[PFs]’, 4(HL" a and b [(Carboxy-h®-
benzene)(carboxylatoh®-benzene)chromiumj[ammoniumhexafluorophosphate],

[Cr(h®-CgHsCOOH)(h®-CsHsCOO0)]-[NH.][ PFs], 4(H)

Form, and

The cationic form [1,1'bis(carboxi®-benzene)chromium][hexafluorophosphate], 4{H)
4(H)," a formandb form , and the zwitterionic form [(carboXy-benzene)(carboxylath®-

benzene)chromiuffiammoniumhexafluorophosphate}(H) , were obtained by bubbling air
through aqueous solutions of 1,1 bis(carbol§dbenzene)chromiumd(H), and by adding a

saturated solution ¢NH,]'[PRs] under conditions (temperature, sequence of addition).
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7.4 Polymorphic Modification of the Salt [1,1-Bis(carboxyh®-

benzene)chromium[hexafluorophosphate], 4(H)"

7.4.1 Fundamentals of Polymorphisrif*

Polymorphism is the property of a substance to exist ieréifit crystalline phases resulting
from different arrangements of the molecules instia state.

Many organometallic molecules are structurally nordrigecause of the two distinctive
features of bonding between the metal center(s) antigdmeds, and the delocalised bonding
interactions between theunsaturated systems and the metal(s). Structural fiexiplays a
particularly important role in organometallic polymorhi The consequence is that
structurally non-rigid organometallic molecules are fikeandidates for the formation of
conformational polymorphs. Conformational polymorphism ocauh&n a molecule can
adopt different shapes due to internal degrees of freeddtifferent relative dispositions of
ligands in a metal-organic specfé3.With flexible organometallic systems, however, the
bonding mode of the ligands may change in the courseearfentational or migrational
(fluxional) processe¥® Pseudo-polymorphism refers to cases in which a givbstance is
known to crystallize with different amounts or typessolvent molecule¥>’ Crystals formed
by structural isomers related by a low-energy intercosior pathway are referred to as

crystal isomers.
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Crystal polymorphs or isomers may (or may not) intereoinvia a phase transition. The
change in the crystal structure associated with aeph@assition, in which intermolecular
bonds are broken and formed, is the crystalline equivadénén isomerization at the
molecular level. The chemical and physical propertiethefcrystalline material can change
dramatically in the course of the solid-state transédion*®

The characterization of polymorphs (often moleculesrgstallized with solvent molecules)
requires solid-state techniques as X-ray diffraction, powld&action, differential scanning
calorimetry (DSC), thermogravimetric analysis (TGA}, and NMR spectroscopy in solid-
state, optical and electronic microscopy.

Even though polymorphic modifications contain exactly saene substance, they differ in
chemical and physical properties such as density, diffragiattern, solid state spectrum,
melting point, stability, reactivity, morphology, colotlnyt also mechanical properties, those
relevant for comminution and tableting. Many drugs exist ifyrporphic modifications
which have different efficiencies of assimilatiorisarg from the differences in solubility?
Hence, the existence of polymorphism in substances destingharmacological use has

relevant commercial and biomedical implications.

7.4.2 Structures of [1,1-Bis(carboxylh®-benzene)chromiumj[hexafluorophosphate],

4(H)," a and b Form

The salt4(H)," has been crystallized in two polymorphic modificatica, andb form. The
crystal packings are shown in Figll, 52 Important parameters are given in Tak0e33

Both crystals,4(H)," a andb form, contain chains of complex cations held together
hydrogen bonds between the carboxylic groups, in which th® Geparations differ slightly
(2.629(2), 2.634(2) A id(H)," aform and 2.618(4) A id(H)." bform) and are comparable
to the value of 2.600(2) A observed for the cationic [1,1'a®obeniumdicarboxylic
acid][hexafluorophosphate], 33". The structure of [1,1'-bis(carboxiyf-
benzene)chromium][hexafluorophosphatgH).” a andb form is shown in Fig53.

These values are also very similar to those of #héral species, thus confirming that the
O---O separation is a rather "conservative" parametieich does not depend in any
appreciable manner on the charged or neutral nature of amplex or on the metal
involved*° Moreover, it must be noted that the differenisp#lues attributable td(H), and

4(H)," do not influence the strength of the hydrogen bridges.
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Fig.51: Packing projections along the cationic chains direstin4(H)," a form (the largest

spheres represent the orientationally disorderegl [RRions).

Fig.52: Packing projections along the cationic chains direstim 4(H)," b form (largest

spheres represent the orientationally disorderegl [RRions).

In both crystals4(H)," a andb form the cationic chains are placed side by side and &rm
stepladder superstructure with the {PRnions accommodated between the steps, as it is

shown in Fig53.
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Cr(1)-C(6) 2.1251(16) | Cr(1)-C(6a)  2.1251(16)
Cr(1)-C(5) 2.1298(17) | Cr(1)-C(5a)  2.1298(17)
Cr(1)-C(1) 2.1350(17) | Cr(1)-C(la)  2.1350(17)
Cr(1)-C(4) 2.1444(19) | Cr(1)-C(4a)  2.1444(19)
Cr(1)-C(2) 2.1496(18) | Cr(1)-C(2a)  2.1496(18)
Cr(1)-C(3) 2.154(2) Cr(1)-C(3a)  2.154(2)
C(1)-C(2) 1.3900 C(1)-C(6) 1.3900
C(2)-C(3) 1.3900 C(3)-C(4) 1.3900
C(4)-C(5) 1.3900 C(5)-C(6) 1.3900
C(6)-C(7) 1.509(3) C(7)-0(2) 1.260(3)
C(7)-0(2) 1.264(3) P(1)-F(1) 1.569(4)
P(1)-F(2) 1.580(4) P(1)-F(3) 1.575(4)
P(1)-F(4) 1.588(4) P(1)-F(5) 1.547(4)
P(1)-F(6) 1.568(4)

Table30: Selected bond lengths (A) fd(H)," a form.

Fig.53. Stepladder hydrogen bonding superstructure formed by the catahains in

crystalline4(H)," a andb form with [PR]” anions accommodated between the steps.
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C(2)-C(1)-C(6) 120.0 C(3)-C(2)-C(1) 120.0
C(2)-C(3)-C(4) 120.0 C(5)-C(4)-C(3) 120.0
C(6)-C(5)-C(4) 120.0 C(5)-C(6)-C(1) 120.0
C(5)-C(6)-C(7) 120.00(13) C(1)-C(6)-C(7) 119.89(13)
O(1)-C(7)-0(2) 125.2(2) O(1)-C(7)-C(6) 117.31(19)
O(2)-C(7)-C(6) 117.50(19) F(5)-P(1)-F(6) 178.3(5)
F(5)-P(1)-F(2) 88.6(4) F(6)-P(1)-F(2) 93.0(4)
F(5)-P(1)-F(3) 91.6(4) F(6)-P(1)-F(3) 83.0(3)
F(1)-P(1)-F(3) 93.1(3) F(5)-P(1)-F(2) 90.6(4)
F(6)-P(1)-F(2) 88.8(4) F(1)-P(1)-F(2) 87.5(3)
F(3)-P(1)-F(2) 177.8(3) F(5)-P(1)-F(4) 91.6(4)
F(6)-P(1)-F(4) 86.8(4) F(1)-P(1)-F(4) 179.7(4)
F(2)-P(1)-F(4) 92.3(3)
Table31: Selected bond angles (deg) &{H)." a form.
Cr(1)-C(6) 2.131(8) Cr(1)-C(6a) 2.131(8)
Cr(1)-C(5) 2.132(9) Cr(1)-C(5a) 2.132(9)
Cr(1)-C(2) 2.145(9) Cr(1)-C(1a) 2.145(9)
Cr(1)-C(4) 2.147(9) Cr(1)-C(4a) 2.147(9)
Cr(1)-C(2) 2.160(9) Cr(1)-C(2a) 2.160(9)
Cr(2)-C(3) 2.161(9) 0(2)-C(7) 2.161(9)
O(1)-C(7) 1.137(14) O(1)-C(7) 1.223(14)
C(1)-C(2) 1.3900 C(1)-C(6) 1.3900
C(2)-C(3) 1.3900 C(3)-C(4) 1.3900
C(4)-C(5) 1.3900 C(5)-C(6) 1.3900
C(6)-C(7) 1.505(14) P(1)-F(3a) 1.50(2)
P(1)-F(3b) 1.57(2) P(1)-F(2a) 1.563(19)
P(1)-F(2b) 1.544(16) P(1)-F(1a) 1.544(19)
P(1)-F(1b) 1.598(17)
Table32: Selected bond lengths (A) fé(H)," b form.
C(1)-C(2)-C(3) 120.0 C(2)-C(1)-C(6) 120.0
C(4)-C(3)-C(2) 120.0 C(3)-C(4)-C(5) 120.0
C(6)-C(5)-C(4) 120.0 C(5)-C(6)-C(1) 120.0
C(5)-C(6)-C(7) 117.2(7) C(1)-C(6)-C(7) 122.7(7)
0O(2)-C(7)-0(1) 124.8(11) O(2)-C(7)-C(6) 121.9(10)
O(1)-C(7)-C(6) 113.3(11) F(3a)-P(1)-F(3b) 54.2(12)
F(3a)-P(1)-F(2a) 93.2(13) F(3b)-P(1)-F(2a) 135.3(12
F(3a)-P(1)-F(1a) 91.1(13) F(3b)-P(1)-F(1a) 91.1(13)
F(3b)-P(1)-F(1a) 63.7(12) F(2a)-P(1)-F(1a) 91.0(16)
F(3a)-P(1)-F(1b) 69.2(12) F(3b)-P(1)-F(1b) 93.1(12)
F(2a)-P(1)-F(1b) 43.3(11) F(3a)-P(1)-F(2b) 131.0(13
F(3b)-P(1)-F(2b) 86.4(13) F(2a)-P(1)-F(2b) 98.2(11)
F(1a)-P(1)-F(2b) 41.4(12) F(1b)-P(1)-F(2b) 87.5(14)

Table33: Selected bond angles (deg) #{H)." b form.
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The structure o4(H)," a form.can be ideally converted into that4§H)," b form by sliding

in opposite directions two of every four layers formedchtionic chains and anions: this is
the main difference between the two forms. This i®rmefd by comparing the packing
projections (see Figh2-53 along the cationic chains in both crystals (the catiamains
extend along the c-axis #(H)," a form and along the (1-1-1) diagonal4(H)," b form).
The ion arrangement #(H)," b form is almost the same as that observed in thérismaral
salt [1,1-Cobaltoceniumdicarboxylic acid][hexafluorophoseha[Cd" (h°-CsHsCOOH)]*-
[PRs], 33".%

In 4(H)," a form the arrangement is such that pairs of cationicinshaf [Cr'(h°-
CeHsCOOH)Y] '} » (as well as pairs of rows of anions) are placed regath other and extend
along the c-axis.

Comparing the ion distributions in the two crystalgaih be noted that, whi(H)," b form
adopts a nearly cubic NaCl-like structudH),” a form shows presence of twin rows of

cations and anions.

7.5 Structure of the Zwitterion [(Carboxy-h®-benzene)(carboxylatoh®-
benzene)chromiumi[ammoniumhexafluorophosphate], 4(H) as Co-crystal with

[NH4][PFe], 4(H)

[(Carboxyh®-benzene)(carboxylath®-benzene)chromiutfiammoniumhexafluoro-
phosphate]4(H)', the zwitterionic form of compoundi(H),", was obtained as a co-crystal
with ammonium hexafluorophosphate. The chromium orgatallice zwitterion in 4(H)’
forms dimers joined together by two short hydrogen bondirgantions [2.477(2) A], as it is
shown in Fig54.
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Fig.54. Stepladder hydrogen bonding superstructure formed by the roviite chains of

4(H) .

Table34: Selected bond lengths (A) fa(H) .

Cr(1)-C(3) 2.101(10) Cr(1)-C(2) 2.113(11)
Cr(1)-C(11) 2.121(11) Cr(1)-C(12)  2.142(10)
Cr(1)-C(4) 2.113(10) Cr(1)-C(1) 2.137(11)
Cr(1)-C(10) 2.108(11) Cr(1)-C(13)  2.150(10)
Cr(1)-C(5) 2.116(11) Cr(1)-C(6) 2.137(11)
Cr(1)-C(9) 2.150(11) Cr(1)-C(8) 2.177(10)
C(1)-C(2) 1.3900 C(1)-C(6) 1.3900
C(2)-C(3) 1.3900 C(3)-C(4) 1.3900
C(4)-C(5) 1.3900 C(5)-C(6) 1.3900
C(6)-C(7) 1.51(2) C(8)-C(9) 1.3900
C(7)-0(2) 1.202(19) C(7)-0(2) 1.26(2)
C(9)-C(10) 1.3900 C(8)-C(13) 1.3900
C(10)-C(11) 1.3900 C(11)-C(12)  1.3900
C(12)-C(13) 1.3900 C(13)-C(14)  1.509(17)
C(14)-0(4) 1.232(19) C(14)-0(3) 1.262(18)
N(1)-H(100) 0.8259 N(1)-H(101)  0.9488
P(1)-F(4a) 1.545(16) P(1)-F(1) 1.539(14)
P(1)-F(6a) 1.555(17) P(1)-F(2) 1.534(16)
P(1)-F(5a) 1.581(16) P(1)-F(3a) 1.579(15)
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C(1)-C(2)-C(3) 120.0 C(2)-C(1)-C(6) 120.0
C(4)-C(3)-C(2) 120.0 C(3)-C(4)-C(5) 120.0
C(6)-C(5)-C(4) 120.0 C(5)-C(6)-C(1) 120.0
C(5)-C(6)-C(7) 119.9(10) C(1)-C(6)-C(7) 120.1(10)
0(2)-C(7)-0(1) 124.9(18) 0(2)-C(7)-C(6) 119.8(16)
O(1)-C(7)-C(6) 115.3(15) C(9)-C(8)-C(13) 120.0
C(8)-C(9)-C(10) 120.0 C(11)-C(10)-C(9)  120.0
C(12)-C(11)-C(10)  120.0 C(11)-C(12)-C(13)  120.0
C(12)-C(13)-C(8)  120.0 C(12)-C(13)-C(14)  119.3(10
C(8)-C(13)-C(14)  120.7(10) 0(4)-C(14)-0(3) 123.5(15
O(4)-C(14)-C(13)  117.6(14) 0(3)-C(14)-C(13)  118.9(15
H(100)-C(1)-H(101) 111.0 F(4a)-P(1)-F(1) 95.1(12)
F(4a)-P(1)-F(6a) 97.8(17) F(1)-P(1)-F(6a) 111.5(14
F(4a)-P(1)-F(2) 84.8(13) F(1)-P(1)-F(2) 178.9(12
F(6a)-P(1)-F(2) 69.6(14) F(4a)-P(1)-F(5a) 86.1(14)
F(1)-P(1)-F(5a) 78.1(12) F(6a)-P(1)-F(5a) 169.1(16
F(2)-P(1)-F(5a) 100.8(14) F(4a)-P(1)-F(3a) 175.4(14
F(6a)-P(1)-F(3a) 80.7(11) F(6a)-P(1)-F(3a) 85.6(15)
F(2)-P(1)-F(3a) 99.4(13) F(5a)-P(1)-F(3a) 91.1(13)

Table35: Selected bond angles (deg) #fH) .

The neutral dimers formed B\H), and4(H) differ with regard to the chromium oxidation
states, besides involving twice as many hydrogen bondingatiens in the dimer formation
in the case od(H) .

The O---O separation i#(H) is comparable with the value of 2.470(5) A observed in
cobalticinium salt35",*® but, while in35" the ammonium cation is completely encapsulated
within a cage formed by four molecules of zwitteriong{H) the ammonium cation interacts
both with the organometallic dimer and with the {PFRanion. The ammonium cation forms
two distinct types of hydrogen bonding interactions: onth whe oxygen atoms of the
carboxylic/carboxylate groups [N-H---O 2.818-2.909(2) A] and tihemwith the PF anions
[N-H---F of 2.208-2.517(2) Al.

The different organization ia(H) and in33" may reflect a subtle difference in size between
the two zwitterions (i.e., a hypothetical cage formedheychromium complex units would be
“too large” to accommodate conveniently the [WHcation), but may also indicate the

potential existence of an alternative packing availaimetese complexes (i.e., the existence
of polymorphic arrangements).

Crystals of zwitterionic molecules are formally malé&r in nature: they do not contain ions
carrying charges of opposite sign.
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7.6 Hydrogen Bonding Interaction in the three Species

A comparison between the hydrogen bonding parametersedotin complexes is shown in
Table36.

In terms of hydrogen bonding interaction it has beeeddiat the neutral speciééH), and
the cationic specied(H),” a andb form hydrogen bonding interactions that are strictly
comparable in length, while the respective bond in neatwéterionic dimer4(H) is much
shorter.The presence of shorter O---O distances in the cdségH)"~ a andb form and
4(H), with respect tat(H)' may suggest that, at least in the solid state, protmova from

- COOH groups, leaves the negative charge essentiallliziedaon the deprotonated group,
whose hydrogen bonding behaviour in the solid state appeal®e unaffected by the
electronic nature of the metal center. A possible egilan may be that the electron
localization allows full advantage to be taken of skabilizing contribution arising from the
electrostatic ¢+)-(d-) component of the interaction, even in the caséwlding blocks
carrying the same charg®.

By comparing the O-H---O interactions in the neutradeti (average value 2.630(2) A) with
the chain formed by the neutral zwitterions (2.447(2) &4H)", and the cationic chain in
4(H)," a form (average value 2.621 A) ad(H)," b form (2.618 A), it can be observed that
the acids in their fully protonated forms, whetheutr& or cationic, show long O---O
separations. Hence, the difference in O---O separatietween [COOH]---[COOH] and
[COOH]---[COQ] interactions does not depend on the neutral or ionicr@af the complex,

but on the acceptor group.
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Parameter type 4(H) 4(H)," a | 4(H)," b" 4(H)
0O---O0 2.638 2.643 2.629 2.634 2.618 2.447
2.558 2.603
O---N 2.909 2.86(0
2.818 2.841
(O)H---0O, O-H---O | 1.60170 1.71 161
1.77 162
1.63 164
1.90 152
(C)H---0, C-H---0 2.47 142 2.59 135 2.48 138
2.52 155
2.40 148
2.46 155
2.50 139
2.52 155
(N)H---F 2.45 128
2.52 112
2.21 130
(C)H---F, C-H---F 2.56 151 2.42 140 2.36 120
2.36 153 2.48 128 2.47 135
2.49 142 2.41 136 2.42 135
2.42 162 2.43 128 2.33 163
2.42 127 2.39 149 2.59 125
2.51 137 2.42 148 2.54 134
2.59 145 2.48 158 2.59 118
2.55126 2.55 156 2.55120
2.52 137
2.54 127
2.39 142
2.57 127

Table 36. Relevant hydrogen bonding interactidii€)H--O, (C)H--F, and (N)H—& 2.600

Al

in crystalline

4(H)2,

4(H)2+' a

and b

form,

4(H) .
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8. Summary

The strategy followed in this work is based on the utiimaof hydrogen bonds, master key
interaction in crystal engineering, between adequatelgctibnalised organometallic
molecules. Exchange interactions mediated by hydrogen bridge. O-H---O, in
paramagnetic complexes can be studied employing EPRGgaEmby.

Hence, a study of selective metalation of trovacdnein the five-membered ring, in both
rings, and in the seven-membered ring obtained employiecyclo-heptatrienyl)*-
pentamethylcyclopentadienyl)vanadiur®,, was undertaken and subsequent reactions of

carboxylation and formylation were performed.

The crystal structure df3 shows the formation of dimeric units, while in theeca$16 no
hydrogen bond between two formyl groups was found. EPR stooiiggm the absence also

in solution of hydrogen bonds between two formyl groupsathlrasesl4 and 16. In
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general, it is observed that formyl groups form weaker hydrdyends than carboxylic
groups.

The electronic changes caused by the Cp* ligand on thadeoe moiety are evident in EPR
and cyclic voltammetry studies. The EPR spectrumi®fshows the presence of a dimeric
species (due to the formation of intermolecular hydrdgems) with a ratio dimer/monomer
much lower than in the case oh’{cycloheptatrienyl)(carboxix-cyclopentadienyl)-
vanadium,6 . This may be traced to the inductive effect of the fivéhylegroups of the Cp*,
ligand which will reduce the strength of the hydrogen boind&5. Moreover, the EPR
measurements df5 and16 show a marked decrease of the hyperfine couplifty)g{n
comparison to6 and f’-cycloheptatrienyl)(formyh>-cyclopentadienyl)vanadium]17,
confirming the superior electron donor capacity of Cp* caegao Cp, which is stronger
than the electron withdrawing effect of the formyl aadboxylic groups.

In cyclic voltammetry measurements 2f 15 and 16 the effect of the methyl groups is
demonstrated by a decrease of the oxidation potentialeotdipmparison to non-methylated
trovacenes. A shift of the redox potential by -0.180 V dudé¢oréplacement of Cp by Cp*
was determined.

On the other side, the introduction of a second elecaceptor group on the trovacene
moiety also causes changes. In fact, in EPR studigs3 oénd 14 is noted that the two
acceptor groups do not exercise an additive effect, therra contrary effect, yielding lower
aC'V) values than in the cases of the corresponding rsobstituted complexes.

Furthemore, in cyclic voltammetry experiments on deeivaof 13 and 14 more anodic
oxidation potentials are obtained, which is in line wilk fact that the new derivatives are

stable to air (contrary, trovacene is stable to air @y few minutes).

A dinuclear speciesl8", was synthesized by McMurry coupling 8. The observation of
the half-field signal in the EPR spectrum 18" indicates a strong exchange interaction
between the two vanadium centers. The half-field sigmald not be detected in any other [5-
5]-trovacene dinuclear complex linked by a bridge. This masien indicates that electron
spin dipolar coupling in [7-7] linked dimers markedly excedust exhibited by its [5-5]
isomers. In addition, the intensified electron docapacity of the Cp* influences the results
of the magnetic measurements, in which the value efetkchange interaction J a8

exceeds that of the directed linked [7-7]-bitrovac2de.
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Distortion of the molecular geometry, such as rirtintl or deviations of the individual rings
from the planarity can be studied spectroscopicallyoish understanding of the bonding in
tited sandwich complexes. Strained, ring-tilted silaaflecenophanes are of interest because
of the fact that these species readily undergo thérmmaduced ring-opening polymerisation
(ROP). For this purpose, via dilithiation of trovacen@nosila- and disila-trovacenophanes

were synthesized, and, thermal or catalytic ring-opepiigmerisation was attempted.

The effect of the strain is demonstrated in the ERRlies by the decrease of the vanadium
hyperfine coupling constant in the ord@&>24 , indicating an increase of megaligand spin
transfer in proceeding fro@5 (in which the rings are almost parallel, tilt angl®ounts to
4°) to 24 (with a tilt angle between the rings of 17°). In amaf in cyclic voltammetry
experiments the oxidation potentials display electrmmation from the silicon-silicoa bond

to the ringp orbitals.

Gel permeation chromatography (GPC) studies of the nmpiag polymerisation 081

show that the reaction yielded mainly oligomers, bgtmall amount of polymeric products

was also formed.
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In organometallic carboxylic acids the hydrogen bonding agpaf the —-COOH groups can
be combined with the topology of the ligand coordinatiboud the metal centers. In this
study the chromium sandwich complex of benzoic acid(HBEsHsCOOH)] 4(H),, was
used as such as well as in the oxidized fd(ht),", containing Cras the central metal and in
the deprotonated, zwitterionic formd(H) . The different packing modes, governed by

hydrogen bonding, have been elucidated by means of X-ragalitin.

Analysing the structures of the neut#(H),, and the cationic formi(H),", (this last known

in two polymorphic modifications) it was interesting to endbhat the hydrogen bond lengths
between the carboxylic groups in both species are alidestical. Moreover, the zwitterionic
form, 4(H)", obtained as a co-crystal with WP, forms two types of hydrogen bonding
interactions: one with the oxygen atoms of the carlioxgrboxylate groups, and the other
with the Pk anions. A comparison between the hydrogen bonding paeesnfor all the
complexes leads to the conclusion that the differeimceO---O separations between
[COOH]---[COOH] and [COOH]---[COQ interactions does not depend on the neutral or

ionic nature of the complex, but on the respective aoceptgroup.
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9. Zusammenfassung

Die Strategie, die in dieser Arbeit verfolgt wurde, edsiauf der Ausnutzung von
Wasserstoffbriickenbindungen, der Schlisselwechselwirkung irystaCr Engineering,
zwischen entsprechend funktionalisierten  metallorgaaisch Molekilen.  Durch
Wasserstoffbriicken, d.h. O-H---O, vermittelte Austausatiwelwirkungen in
paramagnetischen Komplexen kénnen mittels EPR-Spektraskof@rsucht werden.

Hierzu wurde eine Untersuchung zur regioselektiven Metalig von Trovacenl, am
Finfring, an beiden Ringen und am Siebenring, letzteres weewvendung von H'-
cycloheptatrienyl)}f>-pentamethylcyclopentadienyl)vanadium? , sowie anschlieRender

Carboxylierungs- bzw. Formylierungsreaktionen durchgefihrt.

Die Kristallstruktur vonl3 belegt die Bildung von Dimeren, wahrend im Fall \idh keine
Wasserstoffbriicken zwischen zwei Formylgruppen gefunden wubERR Untersuchungen

bestatigen die Abwesenheit von Wasserstoffbricken-Vééginkungen zwischen
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Formylgruppen sowohl in Lésungen va@d als auch vorl6 . Dabei ist zu berlcksichtigen,
dal Formylgruppen im Allgemeinen schwéachere Wasserstofanicloilden als
Carboxylgruppen.

Die elektronischen Veranderungen, die der Cp* Ligand im dcemgerusbewirkt, werden in
EPR- und cyclovoltammetrischen Untersuchungen deutliek. EIPR-Spektrum volb zeigt
die Bildung einer dimeren Spezies (durch Bildung intermdéeku Wasserstoffbriicken) mit
einem viel geringeren Dimer/Monomer-Verhéltnis als infleFson (’-Cycloheptatrienyl)-
(carboxyh®-cyclopentadienyl)vanadiung; . Dies laRt sich auf den induktiven Effekt der funf
Methylgruppen des Cp*-Liganden zurtickfiihren, der die Wasséysioken inl5 schwacht.
Daruber hinaus zeigen die EPR-Messungeni®rund 16 eine im Vergleich z& und17
deutliche Verminderung der Hyperfeinkopplung™d}, was beweist, da? zum einen Cp*
weitaus starkere Elektronendonoreigenschaften besitz€@lsind da? zum anderen diese
Donoreigenschaften starker sind als der elektronenziehdaffekt der Formyl- und
Carboxylgruppen.

In cyclovoltammetrischen Messungen v@n 15 und 16 &ufert sich der Effekt der
Methylgruppen in einer kathodischen Verschiebung des Oxidatitergas um —0.180 V im
direkten Vergleich mit nicht-methylierten Trovacenen.

Zudem fUhrt auch die Einfihrung eines zweiten Elektroneamhkzs in das Trovacengerust
zu Veranderungen. EPR-Untersuchungen @ und 14 ergaben, dafl} die beiden
Akzeptorgruppen keinen additiven, sondern vielmehr einen emgegetzten Effekt
ausiiben, woraus geringere’®()-Werte als im Fall der entsprechenden monosubstitetie
Verbindungen resultieren.

AulRerdem wurden in cyclovoltammetrischen Experimenten @erivate 13 und 14
anodischereOxidationspotentiale bestimmt, was in Ubereinstimmung deit Beobachtung
ist, dal3 diese neuen Derivate an Luft unbegrenzt stabil($modacen hingegen ist an Luft

nur wenige Minuten stabil).

Durch McMurry-Kopplung vonl6 wurde die zweikernige Spezid8 synthetisiert. Die
Intensitdat des Halbfeldsignals im EPR-Spektrum vdi8  zeigt eine starke
Austauschwechselwirkung zwischen den beiden Vanadiunezersn. Ein Halbfeldsignal
konnte bisher in keinem der an den Funfringen Gber eine gnempe verbriickten Trovacen-
Dimere festgestellt werden. Diese Beobachtung deutet ddrawf dafl die dipolare
Elektronenspinkopplung in [7-7] verbundenen Dimeren diejerige[5-5]-verknipften

Analoga deutlich tbersteigt. AuRerdem beeinfluRt das hoHekeré&hendonorvermdgen des
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Cp* das Ergebnis der magnetischen Suszeptometrie, in d&g féine Austauschkopplung J

bestimmt wurde, die diejenige des direkt verbundenen [7-Ty:&Biten20" Ubersteigt.

Verzerrungen der molekularen Geometrie in gekippten Sahiteimplexen, wie
beispielsweise Ringkippung oder Abweichungen der einzeRiege aus der Planaritat,
konnen spektroskopisch untersucht werden und zum VerstandnBirdkingsverhéaltnisse
beitragen. Gespannte Sila-Metallocenophane mit gekipptegeRsind insbesondere von
Interesse, da sie sehr leicht thermisch induziemgtfinende Polymerisation (ring-opening
polymerisation, ROP) eingehen. Mittels Dilithilerung vdrrovacen wurden zunachst
Monosila- und Disila-trovacenophane synthetisiert, deihen anschliel3end thermisch oder

katalytisch induzierte, ringdffnende Polymerisationen vdrsuawirden.

Der Effekt der Spannung zeigt sich in EPR-Untersuchurigeeiner Verminderung der

Vanadium-Hyperfeinkopplungskonstante v@&b zu 24, was auf eine Zunahme des
Metall® Ligand Spintransfers beim Ubergang v@8 (worin die beiden Ringe annahernd
parallel sind, der Neigungswinkel betragt lediglich 4°@4u(mit einem Neigungswinkel von

17° zwischen den Ringen) hindeutet. Dariiber hinaus weisen daigciovoltammetrischen

Experimenten bestimmten Oxidationspotentiale auf einkti®leendonation aus der Si-Si-

Bindung in diep-Orbitale der Ringe hin.
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Gelpermeationschromatographische Untersuchungen (GPQjodokien der ring6ffnenden
Polymerisation vor81 ergaben, daf die Reaktion im wesentlichen Oligomerertjgédoch

auch einen geringen Anteil polymeren Produkts.

In metallorganischen Carbonsauren kann die Fahigkeit der H2Gppen, Wasserstoff-
briickenbindungen zu bilden, mit der Topologie der Ligandenkooiaindteziglich des
Metallzentrums kombiniert werden. In dieser Arbeit wurdeGerom-Sandwichkomplex von
Benzoésaure, [Onf-CsHsCOOH)Y] 4(H),, sowohl als Neutralkomplex als auch in der
oxidierten Form 4(H),", mit Cf als Zentralmetall sowie in der deprotonierten,
zwitterionischen Form4(H) studiert. Die durch Wasserstoffbriickenwechselwirkungen

bestimmten unterschiedlichen Packungsarten wurden srRtiadtgenbeugung aufgeklart.

Die Kristallstrukturanalyse der neutraletfH)., und der kationischen Form(H),", (letztere

ist in zwei polymorphen Modifikationen bekannt) ergab irdsamterweise, dal3 die Langen
der Wasserstoffbriicken zwischen den Carboxylgruppen in bejuezieS kaum voneinander
abweichen. Die zwitterionische Ford(H), wird als Cokristall mit NHPFs isoliert, wobei

die eingelagerten Ammoniumionen zwei Arten von Wass#bstickenwechselwirkungen
eingehen: eine mit den Sauerstoffatomen der Carboxyl/@g@eieGruppen und die andere
mit den Pk -Anionen. Ein Vergleich der H-Brickenparameter aller lgtare fuhrt zu der
Schluf3folgerung, dafd die Unterschiede in den O---O AbstanaelC@©H]---[COOH] und

der [COOH]---[COQ] Wechselwirkungen nicht von der Ladung oder der Natur des

Komplexes, sondern von der jeweiligen Akzeptorgruppe abhangen
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10. Experimental Section

10.1 Materials

All experimental manipulations involving the syntheses awdtallizations were carried out
under dry-oxygen free nitrogen by employing Schlenk techniques.
All the solvents were dried by refluxing over drying agesese(table) then distilled under

nitrogen atmosphere.

SOLVENTS DRYING AGENTS
Toluene Potassium
Diethyl ether Sodium/Potassium
Tetrahydrofuran 1.CaH2.Potassium
Petroleum ether(40-60°C) Sodium/Potassium
Methylcyclohexane Potassium
Dimethoxyethane Potassium
Methanol Magnesium
Acetone ROs

Table37: Drying agents for the used solvents.

The aqueous solutions 468, HCI 2 M, NaOH 0.1 M) were made oxygen-free by passing
through nitrogen for 2 days and stored under nitrogen. Exgriotdrene for EPR experiments
was dried over potassium followed by distillation oveAlH,; DME for cyclovoltammetric
experiments was purchased from Aldrich (>99%) and distilea sodium.

Aluminum oxide and silanized silica gel 60 were used for colwhromatography. The
stationary phases were dried at 120°C in vacuum for 2atai/stored under nitrogen.

The following compounds were purchased from commerciakssuwind eventually purified
(distillation, recrystallization) prior to use:

n-Butyllithium (solution 1.6 M in hexane), N,N,N',N'-tetnathylethylenediamine (distilled
over CaH), potassiuntert-butoxide, HBE (solution 54% in diethyl ether),
dimethylformamide (distilled over CaM (TiCls(DME); s + Zn/Cu)®® dichlorodiphenylsilane,
1,2-dichlorotetramethyldisilane, dichlorodimethylsilane, iplain(il)chloride, NHPFs.

The starting materials were prepared according to literatorocedures: h(-cyclo-
heptadienyl)i>-cyclopentadienyl)vanadiulif, 1 (h’-cycloheptadienyl}{>-penta-methyl-
cyclopentadienyl)vanadiuti?, 2', bis(benzene)chromiutit, 3.
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10.2 Instrumental Analysis

Mass Spectrometrymass spectra samples were prepared in special glagsnequ under
nitrogen and measured on a CH7 (EI-MS) (70 eV) Spectronfstanian MAT).

Elemental Analysi{C, H, N): the tin-crucibles (filled in special devise under nitrogen
atmosphere) containing the substance were burned in a oxygams The analytical
measurements were made employing Elementar Analyseo(KhY).

In the elementary analyses of vanadium sandwich co@ples noted that value found for
carbon is often lower than calculated. This is duehe formation of stable carbides of
vanadium. The effect is more pronounced in the case(hdfcycloheptatrienyl}g®-
pentamethylcyclopentadienyl)vanadium and its derivates,ubecaf the presence of the
additional five methyl groups. The combustion of the earlatoms is not complete.
Combustion would be complete at temperatures higherttise accessible with the analyse

available.

Infrared Spectroscopythe samples were prepared as KBr-pellets and the apesre
recorded on Interferometer IFS 88, (Bruker), from 4000 to 40b ¢

Gel Permeation Chromatographgamples with concentration of ca. 1 mg/mL were nness
in THF relative to polystyrene standards. A column (60 mm, Type SDV linear, 161,
PSS) were used. Detection was performed employing actiefaindex detector K731
(Knauer), and a UV/VIS-detector UV 3071 (Knauer). The evaoabf the measured data
was carried out by the computer program WinGPC Version £88)

'H NMR Spectroscopyhe spectra were measured on a AM-500 Spectrometer (Br&Rér
MHz. ds-THF d= 1.73, 3.58 ppm was used as solvent. Sample solutionsswbreitted in
sealed tubes; the solutions were tempered (at 60°C fooudr®)hprior to recording the spectra

in order to destroy Ccomplex radical cations adventitiously present.
Electron Paramagnetic Resonanadl measurements were performed in solutioff-10*

molar of the complexes on a X-Band Spectrometer ESP (B@fiker). The sample were

prepared in inert atmosphere in quartz or glass tuBiegl (mm) and flame-sealed under
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vacuum. A modified TE 102 Square-Pulse Resonator (Varias)employed as cavity. The

frequency was determined using the Frequency-Counter Mod. TR(/Ad¢dntest).

ENDOR 'H ENDOR spectra were recorded on a ESP 300 spectrometde(Bwith EN 200
S/E/T ENDOR-Triple accessory. The sample were preparéert atmosphere in glass tube

(A5 mm) and flame-sealed under vacuum.

Cyclic Voltammetry:the measurements were made in a special cell contaimstyred
millimolar solution of the complex in DME in the peege of (n-BuNCIO, (0.1 M) as
supporting electrolyte at —40°C and with sweep rate (v= yB/ditV/s. Working electrode: 2
mm glassy carbon electrode (EG & G); counter electrptiginum wire (Amel); reference
electrode: mercury/calomel electrode (Amel). The eqeipntonsisted of the potentiostat
(Amel, Mod. 522), function generator (Amel, Mod. 560), multipwgainit (Amel, Mod.
563). The voltammogramms were registered by a digitahgeooscilloscope (Nicolet, Mod.
3091) and X-Y-recorder (Kipp and Zonen, Mod. BD 90). Cyclovoitetry was performed

under argon protection. Dimethoxyethane was dried oveucalbidride.

Crystal Structure AnalysisX-ray diffraction data were collected on a NONIUS [GA
diffractometer equipped with a liquid nitrogen Oxford-Cryeatn device. Crystal date and
details of measurements are summarized in Tables. Conminail compounds: MoK
radiation,l = 0.71073 A, monochromator graphite, psi-scan absorptioeatamn.
SHELXL97"**was used for structure solution and refinement based.on F

SCHAKAL97*° was used for all graphical representations.

Correspondence between the structures determined by Xffiactibn and the bulk material
was confirmed by powder diffraction. Powder spectra werasored on an automated PW

1100 Powder Diffractometer with monochromatic Ca-kadiation.

Magnetic Susceptibilitymagnetic susceptibility was studied with a SQUID Magmedter
(Quantum Design) in the temperature range 1.8-300 K. Thmeplea for magnetic
measurements were prepared in special sealed teflomesic{filled under nitrogen
atmosphere). The samples contained ca. 10 mg of subsfBmeeadata were corrected for
magnetization of the sample holder (KLF), and dianedig corrections were applied to the

data based on Pascal’s constant.
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10.3 Preparations

Synthesis of (Carboxyh’-cycloheptatrienyl)(carboxy-h>-cyclopentadienyl)vanadium,
[(h’-C7HeCOOH)(h>-CsH,COOH)V?], 13. A 100 mL flask equipped with a magnetic
stirring bar was charged witth {-cycloheptatrienyl}§>-cyclopentadienyl)vanadium (0.70 g,
3.38 mmol), diethyl ether (40 mL), and TMEDA (2.04 mL, 13.52 mmbijenn-BuLi (8.34
mL, 13.52 mmol, solution 1.6 M in hexane) was added dropwis¢hanahixture was refluxed
for 4 hours. After cooling to room temperature, LC®as bubbled through the solution
containing the dark-violet suspension for 3 hours. The cdlamed immediately to green.
The solvent was removed in vacuum and the residue isssied in water. After filtration,
HCI (12 mL, 2 M) was added to the filtrate, yielding a clgeeen precipitate, which was
collected by filtration and dried under vacuum. Suitabiested for X-ray diffraction were
obtained by suspending 0.10 g of crude product in water, followeatigion of NaOH (2
mL, 0.1 M). The solution was then layered with 10 mL ietlyl ether containing HBF(3
drops, solution 58% in diethyl ether).

Yield: 0.83 g, 83%.

MS, m/e: 295 (75%, M), 251 (38%, M-COOH), 175 (25%, VEHsCOOH'), 159 (92%,
VCpCOOH), 129 (21%,GHsV™), 91 (98%,GH-"), 51 (14%,V).

Anal. Calculated for GH;,04V (295.19): C, 56.97; H, 4.11. Found: C, 56.56, H, 4.39.

IR (KBr): no.y 2653 cn, Nc=o 1678 cnif, nc=c 1498, 1476 cih Nc.o 1308 cnit, de.ring 795

cm™.

Synthesis of (Formylh’-cycloheptatrienyl)(formyl- h°-cyclopentadienyl)vanadium, [(h’-
C/HeCHO)(h>-CsH4,CHO)VY], 14. A 100 mL flask equipped with a magnetic stirring bar
was charged withh(-cycloheptatrienyl)§>-cyclopentadienyl)vanadium (0.70 g, 3.38 mmol),
diethyl ether (50 mL), and TMEDA (2.04 mL, 13.52 mmol). TimeBuLi (8.34 mL, 13.52
mmol, solution 1.6 M in hexane) was added dropwise and tkheine was refluxed for 4
hours. After cooling to room temperature, dimethylformam{@&0 mL, 27.04 mmol) was
added to the dark-violet suspension at —60 °C. The resultingt vioxture was stirred at —60
°C for 1 hour and at room temperature for additional 2 had4@ (1.75 mL, 2 M) was added
at -5 °C and the green suspension was stirred at roopetature for 1 hour, then the solvent
was removed in vacuum. The residue was dissolved innelaad dried over MgSOThe
product was chromatographed on aluminium oxide (neutral, @ryv The first fraction,

eluted with toluene, contained unreacted trovacenesdécend, eluted with toluene/THF
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(20:1), consisted ofh(-cycloheptatrienyl)(formyh>-cyclopentadienyl)vanadium, the last,
eluted with THF/toluene (3:1), contained the title compour: Jolvent was removed under
vacuum to yield a dark green powder.

Yield: 0.52 g, 58%.

MS, m/e: 263 (100%, M), 235 (8%, M-CHO), 207 (25%, TVQ, 157 (6%, VGHsCO"),
144 (8%, VCpCO), 141 (1%, VGHeC"), 128 (3%, VCpC), 129 (16%, GHeV"), 116 (40%,
CpV"), 91 (85%,GH7"), 51 (22%,V).

Anal. Calculated for GH;,0,V (263.19): C, 63.89; H, 4.60. Found: C, 63.46, H, 4.59.

IR (KBr): Nc(oyn 2961 cnt, Ne=o 1682 ¢, Ne=c 1497, 1463 ¢ de.tiring 799 CNT.

Synthesis of (Carboxyh’-cycloheptatrienyl)(h>-pentamethylcyclopentadienyl)vanadium,
[(h’-C7HeCOOH)(h>-CsMes)VY], 15. A 100 mL flask equipped with a magnetic stirring bar
was charged withh(-cycloheptatrienyl){>-pentamethylcyclopentadienyl)vanadium (0.15 g,
0.50 mmol), and petroleum ether (20 mL). At -50°C, TMEDA (@2, 1.0 mmol),
potassiuntert-butoxide (0.13 g, 1.0 mmol) was added and the solution waedstior 10
minutes. Then, at -20°Q-BuLi (0.9 mL, 1.0 mmol, solution 1.6 M in hexane) was added
dropwise and the mixture was stirred at this temperaturelfdhour. Then, at room
temperature, COwas bubbled through the solution containing the brown ss&peror 3
hours. The colour turned immediately to clear green.sbient was removed in vacuum and
the residue was dissolved in water. After filtratiortttg unreactedh(-cycloheptatrienyl)>-
pentamethylcyclopentadienyl)vanadium, HCI (4 mL, 2 M) wddeal to the filtrate, yielding a
clear green precipitate, which was collected by filbratnd dried under vacuum.

Yield: 0.034 g, 20%.

MS, m/e: 321 (50%, ), 277 (74%, M-COOH), 136 (100%, &CHs)s"), 91 (31%,GH-"),

51 (1%,V).

Anal. Calculated for ¢H»,0,V (321.31): C, 67.29; H, 6.90. Found: C, 63.96, H, 6.69.

IR (KBr): Ne.cre 2909 ¢, No, free 2627 ¢, No-H, bonded2542 chit, Ne=o 1651 crit, ne=c
1496, 1466 cM, das-crs 1430 ¢, ds.crs 1375 cn, nc.o 1319 crit.

Synthesis of (Formylh’-cycloheptatrienyl)(h®-pentamethylcyclopentadienyl)vanadium,
[(h"-C7HeCHO)(h>-CsMes)VY], 16. A 100 mL flask equipped with a magnetic stirring bar
was charged withh(-cycloheptatrienyl)§>-pentamethylcyclopentadienyl)vanadium (0.20 g,
0.72 mmol), and petroleum ether (20 mL). At -50°C TMEDA (0.3, hli44 mmol), and
potassiuntert-butoxide (0.18 g, 1.44 mmol) were added and the solution wasdsfor 10
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minutes. Then, at -20°Q-BuLi (1.2 mL, 1.44 mmol, solution 1.6 M in hexane) was added
dropwise and the mixture was stirred at this temperaturgé four. Dimethylformamide (0.2
mL, 2.88 mmol) was added to the brown suspension at —60 K€.rdsulting red-violet
mixture was stirred at —60 °C for 1 hour and at room terperdor an additional 2 hours.
HClI 2 M (0.3 mL) was added at -5 °C and the green suspensiorstwas] at room
temperature for 1 hour. After filtration, the solutimas dried over MgS© The product was
chromatographed on silica gel. The first fraction, elutgth petroleum ether, contained
unreacted K’-cycloheptatrienyl}>-pentamethylcyclopentadienyl)vanadium, the second,
eluted with petroleum ether/diethyl ether (10:1), contaittel product. The solvent was
removed under vacuum to yield green-brown crystals.

Yield: 0.044 g, 20%.

MS, m/e: 305 (100%, K}, 277 (29%, M-CHO), 91 (85%,&H;").

Anal. Calculated for gH,,0V (263.19): C, 70.81; H, 7.26. Found: C, 68.98; H, 7.54.

IR (KBr): Nc.che 2961 crit, neoyn 2771 ¢, du.c=o 2717 crit, Ne=o 1674 cnif, ne=c 1491,
Cas-crs 1426 cn, ds.crs 1374 cnil, nc.o 1306 cnf.

Synthesis of E-1,2-Bis}{’-cycloheptatrienyl)(h>-pentamethylcyclopentadienyl)-
vanadium]ethene, 18. A 100 mL flask equipped with a magnetic stirring bar was gdthr
with TiCl3(DME)1 5 (1.14 g, 3.94 mmol) and zinc-copper couple (3.80 g, 58.10 mma0) in
mL of DME. The mixture was heated at 80°C for 2 hour®tmfthe active titanium reagent.
After cooling to room-temperature, 1-formyl¢cycloheptatrienyl}f>-pentamethyl-
cyclopentadienyl)vanadium, (0.28 g, 0.90 mmol) in 10 mL bfEDwas added by a syringe,
and the mixture was heated for 20 hours. The reactiory si@s cooled to room temperature
and petroleum ether was added. The mixture was filtereddgh a small layer of silica gel to
remove inorganic salts. The filtrate was concentuatier vacuum and dissolved in petroleum
ether. From the solution a clear-green powder preagaitathich was collected, washed with
petroleum ether/diethyl ether and dried under vacuum toQy®/¢ (Yield= 58 %) of puré&-
18" isomer. The solution was concentrated to 5 mL andnechtographed on silicagel. A first
clear-green fraction was eluted with petroleum ethéis Tontains a few milligrams d
isomer. A second dark-green fraction eluted with petrolethrar/toluene contained unreacted
(formyl-h’-cycloheptatrienyl}i>-pentamethylcyclopentadienyl)vanadium.

MS, m/e: 578 (100%, K), 290 (6%, M*), 277 (39%, TVO), 185 (1%, CpV).

Anal. Calculated for gH44V, (578.63): C, 74.73; H, 7.66. Found: C, 70.39, H, 7.39.

IR (KBr): Nc.crs 2961 cnf, Ne=c 1629, 16920.s.crs 1449 crit, ds.crs 1375 crf.
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Synthesis of [1,8-(Diphenylsilanediyl}{’-cycloheptatrienyl)(h>-cyclopentadienyl)

vanadium], [(PhZSIi-h7-C7He)(hs-(I:5H4)VO], 24. A 100 mL flask equipped with a magnetic
stirring bar was charged witth {-cycloheptatrienyl)}§>-cyclopentadienyl)vanadium (0.20 g,
0.97 mmol), diethyl ether (30 mL), and TMEDA (0.58 mL, 3.83 mm®&hen,n-BuLi (2.41
mL, 3.83 mmol, solution 1.6 M in hexane) was added dropwisdhenthixture was refluxed
for 4 hours. After cooling to room temperature, dichlorodiplsiaye (0.2 mL, 0.97 mmol)
dissolved in 10 mL petroleum ether was added slowly (® kthe dark-violet suspension at —
20°C. The colour of the mixture turned from dark-brown tdetiand LiCl precipitated. The
mixture was stirred at room temperature overnight. Thi€}i,was filtered off. Violet crystals
suitable for X-ray diffraction were obtained by stgrime solution at —20°C.

Yield: 0.24 g, 64%.

MS, m/e: 387 (100%, M), 309 (14%, M-Ph), 232 (14%, N+2Ph), 205 (3%, MSi(Ph)).

Anal. Calculated for &H2SiV (387.45): C, 74.40; H, 5.20. Found: C, 73.14, H, 5.78.

Synthesis of [1,8-(Tetramethyldisilane-1,2-diyl}{’-cycloheptatrienyl)(h>-

cyclopentadienyl)-vanadium],[(MeZSIiSiMeg-h7-C7He)(hs-(3|5H4)V°], 25. A 100 mL flask
equipped with a magnetic stirring bar was charged with-cycloheptatrienyl)>-
cyclopentadienyl)vanadium (0.15 g, 0.72 mmol), diethyl etBérroL), and TMEDA (0.43
mL, 2.88 mmol). Thenp-BuLi (1.81 mL, 2.88 mmol, solution 1.6 M in hexane) was added
dropwise and the mixture was refluxed for 4 hours. Aftmrling to room temperature, 1,2-
dichlorotetramethyldisilane (0.13 mL, 0.72 mmol) dissolved im0 petroleum ether was
added slowly (2 h) to the dark-violet suspension at —20°C. ®loaircof the mixture turned
from dark-brown to clear violet and LiCl precipitated.eThixture was stirred at room
temperature overnight. Then, LIiCl was filtered off. Mio crystals suitable for X-ray
diffraction were obtained by storing the solution at —20°C.

Yield: 0.10 g, 45%.

MS, m/e: 321 (9%, N), 205 (37%, M-Si(CHs)>-Si(CHs),), 116 (54%, CpV), 91
(20%,GH7").

Anal. Calculated for &H2,SkV (321.46): C, 59.78; H, 6.90. Found: C, 56.83, H, 7.04.
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Attempted Synthesis of Poly(trovacenylsilane)-Si(CH3)2(h’-C7Hg)V°(h"-CsHa)-]n.
Synthesis of [1,8-(Dimethylsilanediyl) -cycloheptatrienyl)(h*-cyclopentadienyl)

vanadium], [(MeZISi-h7-C7He)(h5-|(35H4)V°], 31. A 100 mL flask equipped with a magnetic
stirring bar was charged witth {-cycloheptatrienyl)}§>-cyclopentadienyl)vanadium (0.20 g,
0.97 mmol), diethyl ether (30 mL), and TMEDA (0.58 mL, 3.83 mm®&hen,n-BuLi (2.41
mL, 3.83 mmol, solution 1.6 M in hexane) was added dropwisahenthixture was refluxed
for 4 hours. After cooling to room temperature, dichlorodiyisilane (0.12 mL, 0.97 mmol)
dissolved in 10 mL petroleum ether was added slowly (® kthe dark-violet suspension at —
20°C. The colour of the mixture turned from dark-brown tdetiand LiCl precipitated. The
mixture was stirred at room temperature overnight. The@| was filtered off, and the
solution was evaporated under vacuum to ysdidas violet oil.

MS, mle: 734 (50%, (TVC-Si(CH)s™-Si(CHs)), 264 (15%, M), 207 (2%, TVC), 91
(100%,GH7").

Anal. Calculated for GH16SIV (263.31): C, 63.86; H, 6.12. Found: C, 58.55, H, 6.82, N 2.57.

Method A: [1,8-(Dimethylsilanediyl)t’-cycloheptatrienyl}i*>-cyclopentadienyl)vanadium]
was sealed in an evacuated Pyrex tube and heated at 180 1Chéur. The content was
dissolved in THF, filtered and precipitated by additionpefroleum ether. The dark-violet
solid was collected by filtration, washed with additibpatroleum ether and dried under
vacuum.

MS, m/e: 470 (100%, (TVGSL"), 207 (13%, TVC), 91 (3%,GH;"), 51 (1%,V).

Anal. Calculated for GH16SiV (263.31): C, 63.86; H, 6.12. Found: C, 58.18, H, 7.73, N 3.28

(calculated on the monomer unit).

Method B: [1,8-(Dimethylsilanediyl)’-cycloheptatrienyl}i*>-cyclopentadienyl)vanadium]
was dissolved in 15 mL of toluene, and a few milligramBt&€L were added. The flask was
placed in an oil bath maintained at 80-90°C on a hot pldie solution was stirred vigorously
at this temperature for ca. 2 hours, during which timevibket suspension faded to brown-
violet. After cooling to room temperature, the suspensios filtered. Then, the filtrate was
added dropwise by a syringe to a flask containing petroleumn €66 mL), or petroleum
ether/toluene (80:20) with rapid stirring. A brown-violeegipitate was formed, which was
collected by filtration, washed with additional petrateather and dried under vacuum.
MS, mle: 943 (3%, (TVC-Si(CH)4"-2Si(CHs)), 759 (100%, (TVGSk'), 497 (9%,
(TVC),Sk"), 235 (2%, TVC-S)), 207 (3%, TVC), 91 (5%,GH-"), 51 (3%,V).
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Anal. Calculated for GH16SIV (263.31): C, 63.86; H, 6.12. Found: C, 44.94, H, 6.00, N 4.77
(calculated on the monomer unit).
GPC: M,: 682.59, M: 499.77, M/M: 1.3658.

Method C: A 100 mL flask equipped with a magnetic stirring bar was gggwith f'-
cycloheptatrienyl)§>-cyclopentadienyl)vanadium (0.20 g, 0.97 mmol), diethyl e(R8rmL),
and TMEDA (0.58 mL, 3.83 mmol). Then;BuLi (2.41 mL, 3.83 mmol, solution 1.6 M in
hexane) was added dropwise and the mixture was refluxedhiour4. After cooling to room
temperature, the solvent was evaporated under vacuurhe@nesidue was dissolved in THF.
Slow addition of dichlorodimethylsilane (0.12 mL, 0.97 mmolpdiged in 10 mL of THF to
the refluxing THF solution of 1,1 dilithiotrovacene-TMEDWas followed by refluxing for 7
hours. After removal of the solvent, the residue wasalved in toluene and precipitated by
addition of petroleum ether. A brown-violet precipitatas formed, which was collected by
filtration, washed with additional petroleum ether dnied under vacuum.

MS, m/e: 470 (9%, (TVGPHL"), 264 (11%, TVC-Si(Ch)."), 207 (25%, TVC), 91
(17%,GH7"), 51 (7%,V).

Anal. Calculated for @H36SiV (263.31): C, 63.86; H, 6.12. Found: C, 62.27, H, 9.56

(calculated on the monomer unit).

Synthesis of 1,1-Bis(carboxyh®-benzene)chromium, [(h®-C¢HsCOOH),Cr%, 4. A 100
mL flask equipped with a magnetic stirring bar was chargéh bis(benzene)chromium (1.0
g, 4.80 mmol), methylcyclohexane (60 mL), and TMEDA (1.54 mL2 I@mol). n-BulLi
(6.25 mL, 10.2 mmol, solution 1.6 M in hexane) was added dropavidethe mixture was
refluxed for 4 hours. Then at room temperature, @@s fed through the brown suspension
for 1 hour. The colour turned immediately to orange-re@. Sdlvent was removed in vacuum
and the residue was dissolved in water. After filmati of the unreacted
bis(benzene)chromium, HCI (20 mL, 2 M) was added to that#, yielding a red precipitate,
which was collected by filtration and dried under vacuum.
Bis(carboxyh®-benzene)chromium4 (0.10 g, 0.34 mmol) was dissolved in hot water,
followed by addition of NaOH (0.5 mL, 0.1 M). The solutias layered with 10 mL of
diethyl ether containing HBHO0.1 mL, solution 58% in diethyl ether). Red block crystals
were obtained after one week.

Yield: 1.1 g, 80%.
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MS, m/e: 122 (100%, §EisCOOH"), 105 (93%, @HsCO"), 77 (95%, GH;"), 51 (35%,
C4Hs").

'H NMR (300 MHz, THF-d8): 11.18 (s, 2H), 5.13 (d, 4H), 4.54 (m, 6H).

Anal. Calculated for GH1,04Cr (296.24): C, 56.76; H, 4.08. Found: C,

56.74, H, 4.10.

IR (KBr): nc.y 3085 cnit, no.y 2653 cnit, Nne=o 1680 cnif, ne=c 1499, 1468 cfh nc.o 1311
e, de i ring 727 cnit

Synthesis of [1,1-Bis(carboxyh®-benzene)chromium][hexafluorophosphate], [if °-
CsHsCOOH).Cr']'[PFs],31"a and 31" b. A 50 mL flask equipped with a magnetic stirring
bar was charged with bis(carbol§-benzene)chromium (0.05 g, 0.17 mmol). A saturated
solution of NHPF; in water (15 mL) was added, and air was fed through theurei
overnight at room temperature. Then, the solution wasd drnder vacuum. Yellow crystals
of 31" a suitable for X-ray diffraction were obtained by diethgther diffusion into an
acetone solution of the salt, while slow evaporatibaroacetone solution of the salt yielded

yellow crystals oB1" b.

Synthesis of [1,1-Bis(carboxylh®-benzene)chromium][ammoniumhexafluoro-
phosphate], [Cr(h®-CsHsCOOH)(h®-CsHsCOO)][NH.][ PFs], 32. A 50 mL flask equipped
with a magnetic stirring bar was charged with bis(carbdokpenzene)chromium (0.10 g,
0.34 mmol), and water (15 mL). Then, air was fed throughnthéure overnight at room
temperature. The yellow solution obtained was coole@°@ and NHPFK (0.01 g) was
added. The precipitate obtained was filtered and dried wadelum. Yellow crystals suitable

for X-ray diffraction were obtained by recrystallimmt from methanol.
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Appendix A: IR Spectra
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(Formyl- h’-cycloheptatrienyl)(formyl- h>-cyclopentadienyl)vanadium,14
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(Carboxy-h'-cycloheptatrienyl)(h>-pentamethylcyclopentadienyl)vanadium, 15
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E-1,2-bis[(h’-cycloheptatrienyl)(h>-pentamethylcyclopentadienyl)vanadium]ethene, 18
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[1,8-(Tetramethyldisilane-1,2-diyl)(’-cycloheptatrienyl) (h>-cyclopentadienyl)-

vanadium], 25
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1,1-Bis(carboxy-h°-benzene)chromium4(H),

o] |-
~N
o __| |-
O
o] |-
[Tel
N
vOo
U< F
c
o
=0
=3 — —
mm
[
[y
.
o
Sk ‘ L
‘ ‘ ~
¥ & 3
S 3 NI 2 <
- S S 3 X
. - N 2 o
o i3 1
g N H 2
3 <
] B R o~ o
o — % = i S
& 8 e
g R <

[T T T 1 I T T T T |
4000 3500 3000 2500 2000 1750 1500 1250 1000 750 500
Hellenzahl cm™

137



Appendix B: Experimental Data for the Crystal Structure Determinations

Trovacene, 1

Empirical formula

Formula weigh, g/mol
Crystal system
Space group

Unit cell dimensions, A

a, deg

b, deg

g deg

Volume, A
z
F(000)
Calculated density, g/ch

Crystal size, mm
Temperature, K

Limiting indices

Reflections collected
Unique reflections
min and max Transmittance (9
Goodness of fit on¥
Ri(on F, I>2s(1))
wR; (on B, all data)

6)

GoH1V

207.16
Orthorhombic
Pnma
a=10.8759(8)
b=10.6309(11)
c=7.8757(6)
90
90
90
910.59(13)
4
428
1.511
0.32x0.34x0.11
100
-14<=h<=15
-15<=k<=15
-10<=kk=11
10935
1515
0.8935-0.733
1.066
0.0308
0.0845
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(h’-cycloheptatrienyl)(h>-pentamethylcyclopentadienyl)vanadium, 2

Empirical formula

Formula weigh, g/mol
Crystal system
Space group

Unit cell dimensions, pm

a, deg

b, deg

g deg

Volume, pni
z
F(000)
Calculated density, g/ch

Crystal size, mm
Temperature, K

Limiting indices

Reflections collected
Unique reflections
Observed. Reflections withy#4s (F,)
min and max Transmittance (%)

Goodness of fit on¥
Ri(on F, 1> 2s(]))
wR; (on B, all data)

GH2V

277.30
Orthorhombic
Pnma
a=1021.1(1)
b=1261.5(1)
c=1103.1(1)
90
90
a0
1429.3(2)-16
4
588
1.289
0.41x0.31x0.06
193
-12<=h<=12
-15<=k<=15
-13<=k=13
19739
1515
1286
77/100
1.076
0.037

0.102
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(Carboxy-h'-cycloheptatrienyl)(carboxy-h*°-cyclopentadienyl)vanadium, 13

Unit cell dimensions, A

a, deg

b, deg

g deg

Volume, A
z
F(000)
Calculated density, g/ch

Crystal size, mm
Temperature, K

Limiting indices

Reflections collected
Unique reflections

Goodness of fit onF

Final R indices (on F,* 2s(1))

R indices (all data)

Empirical formula G4H1204V
Formula weight, g/mol 295.18
Crystal system Monoclinic
Space group Rk

g range for data collection, deg

a=6.9723(14)
b=7.8419(16)
c=21.642(4)
90
98.51(3)
90
1170.3(4)
4
604
0.854
0.19x0.17x0.16
243
3.32-26.97
-8<=h<=8
O<=k<=10
O<=lk=27
2570
2503
1.186
R;=0.1030
WR»=0.2582
R0.2898

WR>=0.3288
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(Formyl- h’-cycloheptatrienyl) (h>-pentamethylcyclopentadienyl)vanadium, 16

Empirical formula GsH20V
Formula weigh, g/molt 305.31
Crystal system Orthorhombic
Space group Pnma
a=1061.7(1)
Unit cell dimensions, pm ~ b=1248.5(1)
c=1115.5(1)
a, deg 90
b, deg 90
g deg 90
Volume, pni 1478.6(2)-16
z 4
F(000) 644
Calculated density, g/ch 1.371
Crystal size, mm 0.12x0.11x0.09
Temperature, K 193
-13<=h<=13
Limiting indices -15<=k<=15
-13<=Ik=13
Reflections collected 20251
Unique reflections 1568
Goodness of fit on¥ 0.097
R indices (all data) R0.0356
wR,=0.0887
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[1,8-(Diphenylsilanediyl)(h’-cycloheptatrienyl)(h°>-cyclopentadienyl)vanadium], 24

Empirical formula
Formula weight, g/mol
Crystal system
Space group

Unit cell dimensions, pm

a, deg

b, deg

g deg
Volume, pni

z
F(000)
Calculated density, g/ch

Crystal size, mm
Temperature, K

Limiting indices

Reflections collected
Unique reflections
Observed. Reflections withy#4s (F,)

Parameters

min and max Transmittance (%)

Goodness of fit onF
Ri(on F, 1> 2s(]))

wR; (on P, all data)

GaH20SIV
387.45
monoclinic
Rh
a=1114.3(2)
b=1527.0(2)
c=1190.7(2)
90
111.91(1)
90
1879.7(5)-16
4
804
1.369
0.23x0.2x0.08
193
13<=h<=13
-18<=k<=18
1l4<=lk=14
26752
3770

2544
344
82/100

0.817

0.0284

0.0604
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[1,8-(Tetramethyldisilane-1,2-diyl)(’-cycloheptatrienyl) (h>-

cyclopentadienyl)vanadium], 25

Empirical formula GeH22ShV
Formula weight, g/mol 321.47
Crystal system monoclinic
Space group R2
a=664.0(1)
Unit cell dimensions, pm b=1310.9(1)
€=944.8(1)
a, deg 90
b, deg 104.72(1)
g deg 90
Volume, pni 795.4(2)-16
z 2
F(000) 338
Calculated density, g/ch 1.342
Crystal size, mm 0.40x0.34x0.012
Temperature, K 193
-8<=h<=8
Limiting indices -16<=k<=14
11<=Ik=11
Reflections collected 11497
Unique reflections 3064
Observed. Reflections withy#4s (F,)
2917
Parameters 134
min and max Transmittance (%) 74/100
Goodness of fit on¥ 1.097
Ri(on F, 1> 2s(1)) 0.0631
wR; (on F, all data) 0.1755
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1,1-Bis(carboxy-h°®-benzene)chromium, 4(H)

Empiric formula G4H12CrOy
Formula weigh, g/mol 296.24
Crystal system monoclinic
Space group Cc
11.482(5)
Unit cell dimensions, A 10.035(4)
19.669(5)
a, deg 90
b, deg 91.13(3)
g, deg 90
Volume, & 2265.9(15)
z 8
F(000) 1216
Calculated density, g/ch 1.737
m mm* 1.016
Crystal size, mm 0.30x0.15x 0.30
Temperature, K 253(2)
g limits, deg 3-30
min/max h, k, | -16/16,0/14,0/27
Reflections collected 3551
Unique reflections 3379
Reflections with > 2s(1) 1970
Parameters 344
min and max Transmittance 0.86-1.00
GOF on E 0.983
Ri(on F, 1> 2s(1)) 0.0381
wR; (on P, all data) 0.1142
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Empiric formula
Formula weigh, g/mol
Crystal system
Space group

Unit cell dimensions, A

a, deg
b, deg
g deg
Volume, &
z
F(000)
Calculated density, g/ch
m mmnit
Crystal size, mm
Temperature, K
g limits, deg
min/max h, k, |
Reflections collected
Unique reflections
Reflections with > 2s(1)
Parameters
min and max Transmittance
GOF on F
Ri(on F, 1> 2s(]))
wR; (on P, all data)

G4H12CrFs04P
441.21
monoclinic
C2/c
7.649(4);
20.458(6);
10.044(3)
90
96.55(3)
90
1562(1)
4
884
1.877
0.992
0.22 x0.20 x 0.1
223(2)
3-30
-10/10,0/28,0/14
2401
2285
1655
134
0.94-1.00
1.020
0.0424
0.1300

[1,1-Bis(carboxy-h®-benzene)chromium][hexafluorophosphate], [4(H)] *- [PFe]” a form
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Empiric formula
Formula weigh, g/mol
Crystal system
Space group

Unit cell dimensions, A

a, deg
b, deg
g deg
Volume, &
z
F(000)
Calculated density, g/ch
m mmnit
Crystal size, mm
Temperature, K
g limits, deg
min/max h, k, |
Reflections collected
Unique reflections
Reflections with > 2s(1)
Parameters
min and max Transmittance
GOF on F
Ri(on F, 1> 2s(]))
wR; (on P, all data)

G4H12CrFs04P
441.21
triclinic

P1
7.580(10);
7.902(9):
7.882(4)
82.34(7)
66.02(9)
65.90(10)
393.5(7)
1
221
1.862
0.914

0.20x 0.18 x 0.1
223(2)
3-25

-8/8,-9/9,0/9
1465
1356

920
137
0.85-1.00
0.987
0.0918
0.2971

[1,1-Bis(carboxy-h®-benzene)chromium][hexafluorophosphate], [4(H)] *- [PFs]” b form
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[1,1-Bis(carboxyl-h°-benzene)chromium][ammoniumhexafluorophosphate],

[4(H) ]- [NH4PFg]

Empiric formula
Formula weigh, g/mol
Crystal system
Space group

Unit cell dimensions, A

a, deg
b, deg
g deg
Volume, &
z
F(000)
Calculated density, g/ch
m mmnit
Crystal size, mm
Temperature, K
g limits, deg
min/max h, k, |
Reflections collected
Unique reflections
Reflections with > 2s(l)
Parameters
min and max Transmittance
GOF on F
Ri(on F, 1> 2s(]))
wR; (on P, all data)

G4H15CrRsNO4P
458.24
monoclinic
R
7.518(2);
16.289(6);
13.791(5)
90
99.79(3)
90
1664(1)
4
1784
1.869
1.378
0.20 x 0.12 x 0.04
223(2)
3-26
-9/9,0/20,0/16
3537
3055
955
137
0.87-1.00
0.784
0.0876
0.3654
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Appendix C: X-ray Powder Diffraction of 2[PFg]a

148



