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Zusammenfassung

Zusammenfassung

Die vorliegende Dissertationschrift behandelt dieyntBese, kristallographische
Charakterisierung, sowie elektrochemische als aplabtophysikalische Untersuchung von
Thiophene—substituierten Methoxiden der Alkalimietabn(ll) und Selten Erden.

Der erste Teil ist der Synthese, NMR- sowie destatistruktur—Untersuchung der neuen
Verbindungen gewidmet. Um strukturelle und sterektebnische Effekt beziglich der

Molekuilgeometrie miteinander korrelieren zu konnemrde eine ausgedehnte Serie von
Metall-Alkoxiden dargestellt. Es wurden folgendeezviParameter variiert: die Natur des
Liganden, und die Natur des Metallzentrums. Zwdersthiedliche Syntheserouten wurden

ausgelotet: die Salz—Metathese und die Reaktioivgallamids mit dem Alkohol.

Der zweite Teil umfasst die electrochemischen Esgkaften der neuen Verbindungen. Die
zyklischen Voltamogramme werden durch die Oxidatielle der Thiophengruppen
bestimmt. Jedoch lasst sich weder eine Reduktiooh nOxidation der Metallzentren
nachweisen. Im Gegensatz zu den anderen Verbinduiiget das wiederholte Durchlaufen
der Redoxpotentiale von HO-CG{d:S,)s (1), {Nd[OC(CgHsS,)3]3(thf)s} 4 thf (10) und
Erf[OC(GHsS,)3)3(thf) (11) zur Ausbildung von Polymerfilmen.

Der dritte Teil beschreibt die Lumineszenz—Eigea$ielh der neuen Verbindungen. Die
UV-Vis Absorptionsspektren werden von den orgareschiganden £—z* Ubergange der
Aromaten) dominiert. Die  Emissionsspektren der WNair Kalium und
Yttrium—-Verbindungen zeigen breite Banden, welchen di*—z Ubergangen der
aromatischen Liganden zugeordnet werden. Zudengéelelie Lumineszenzspektren der
Nd®** und Sni* Alkoxide einen Energietransfer (“Antenneneffekém Liganden hin zum

Lanthanid-Zentrum.

Xl



Abstract

Abstract

The present work focuses on the synthesis, crgstatture determination, electrochemical
and luminescence studies of thienyl-substitutechaxédles of alkali, tin(ll) and rare earth

metals.

The first part is devoted to the synthesis, NMR arystallographic investigations of the new
products. To correlate structural and stereoelaatreffects on the molecular geometry, a
series of rare earth metal alkoxides was preparady were synthesized by varying two
parameters: the nature of the ligand, and the eabfirthe metal centre. Two alternative
synthetic pathways leading to alkoxides have beggastigated: the salt metathesis reaction

and the reaction between the metal silyl amidestla@aadarbinols.

The second part deals on the electrochemical piepeaf the novel compounds. The CVs are
dominated by the oxidation wave of the thiophermmugs. No reduction or oxidation of the
metal centres has been noticed. Contrarily to theracompounds, the repetitive cycling of
potentials of HO-C(gHsS;)s (1), {Nd[OC(CgHsS)s)s(thf)s} ¢ 4 thf (10) and
Er[OC(GHsS)3]3(thf) (11) leads to the formation of polymeric film.

The third part concerns the luminescence propedidte novel compounds. The UV-Vis
absorption spectra are dominated by the organantlg £—=z* transitions of the aromatic
groups). The emission spectra of the potassiumusodnd yttrium compounds reveal broad
bands attributed to ther*—xz transitions of the aromatic ligands. Furthermotie
luminescence spectra of the Xidind Sm* alkoxides exhibit an energy transfer (“antenna

effect”) from the ligand to the lanthanide centre.

XV



Résumé

Résumé

Ce travail porte sur la synthese, la déterminatles structures cristallographiques, I'étude
des propriétés électrochimiques et la luminescdraméthoxydes contenant des groupements

thiophéniques de métaux alcalins, d’étain(ll) etatees rares.

La premiére partie est consacrée a la synthésexettades RMN et cristallographiques des
nouveaux composés. Afin de corréler les effetscairaux et stéréoélectroniques sur la
géométrie moléculaire, une série d'alcoxydes mdtaes a été préparée. lls ont été
synthétisés en variant deux parametres: la nawuidegand et la nature du centre métallique.
Deux voies de synthese ont été envisagées: laggatt métathese et la réaction entre les

amidures métalliques et les carbinols.

La seconde partie traite des propriétés électrdgbies des composés. Les
voltammogrammes cycliques sont dominés par la vaglexydation des unités
thiophéniques. Aucune réduction ou oxydation dueaantres métalliques n’a été constatée.
Contrairement aux autres composés, aprés cyclade tempe de potentiels, la formation
d'un film électroactif a été observée dans le cas g@roduits HO-C(§HsS;)s (1),
{Nd[OC(CgHsS,)3]5(thf)s} « 4 thf (10) et E[OC(GHsS,)3](thf) (L1).

La troisieme partie concerne les propriétés de nestence des produits. Les spectres
d’absorption UV-Vis sont dominés par les ligandgamiques (transitionse—z* des
groupements aromatiques). Les spectres d’émisssncdmposés du potassium, sodium et
yttrium révelent de larges bandes attribuées aaxsitions z*—z des groupements
aromatiques. En outre, les spectres de luminescdasealcoxydes de Ndet de Sri'
mettent en évidence un transfert d’énergie (efeatténne) entre le ligand et le lanthanide.
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Chapter 1 Introduction

Part 1 Aims of this Study

During the last decade, the synthesis and photaogdiyisvestigations of trivalent rare earth
compounds have received a great deal of attehtiodeed, these types of materials have
found a lot of applications, for example as optisiginal amplifiers? lasers® or as
luminescence probes in biological systéhumfortunately, trivalent lanthanide ions have an
intrinsic small molar absorption coefficient in thid/-Vis—NIR spectrum due to their parity
forbiddenintra—configurational4f-4f transitions. However, upon coordination with origan
ligands acting as “antenna”, absorbing and trarislgienergy to the rare earth ion and thus
increasing their luminescence efficiency, lanthanmbmpounds appear to be promising
candidates. The choice of the ligand for complexation playkey role in constructing
efficient luminescence lanthanides complexes. Twmrmon requirements for selecting a
ligand for coordination with lanthanide ions are timetal binding strength and ultraviolet
(UV) absorption properties of ligands. Among seleategories of ligands, nitrogen— and
oxygen—donor groups have been utilized in the seagson of lanthanide luminescence. In
particular, bidendate aromatic amines, carboxyb@s andp—-diketonates are known to
provide energy transfer to lanthanides iénslowever, to date only few examples of
lanthanide complexes bearing sulphur moieties Hasen reportefiprobably due to the
generally lower stability and the mismatch betweenoft sulfur—donor ligand and a hard
lanthanide metal ion. In particular, those contagnihienyl rings have been barely explored,
although their transition metal counterparts haeerbinvestigated in detdilThis interest
stems from the fact that thiophene derivativesapriée attractive as organic ligand systems
because of their electroactive character and tiwirelectron system. A further aspect is the
ease of electropolymerisation of thienyl precurdnysoltametric methods, thus allowing the
formation of polymer films which can be conducting not? Moreover, poly-compounds

involving thiophene unit have attracted much attenas components of electronic devi®s.
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The Besancon research group has a long-standidigidraand experience on the design of
novel sulphur-rich compounds (dithiolenes, tetiathlivalenes, polythioethers and thiophene
derivatives) and the study of their physico—chemipeoperties (NLO, luminescence,
redox—activity, electropolymerization). Since thesearch group of Prof. Veith has the
know-how in the preparation of lanthanide compouads the handling of even quite
moisture sensitive metal alkoxides including tretructural characterization, the objective of
this Ph.D. work was to combine these complementampetences in order to design novel
lanthanide complexes bearing thienyl ligands. Tihategy that we have chosen is to develop
suitable tertiary alcohols with thienyl substituecapable to be bonded on rare earth metal
centres through a covalent M—O-R bond, leadingaordination compounds with singular

redox and luminescence properties.

Our objective is triple:
1) Synthesize and characterize new rare earth furadtzmd alkoxides containing thienyl
substituents.
2) Study the electrochemical properties of these camgs, the formation of polymeric
films and to correlate the influence of the diff@rerganic ligands and metal used.
3) Study the luminescence properties of the lanthaalkiexides and the influence of the

thienyl groups and lanthanides on the antennateffec

1 Synthesis and Crystal Structure Investigations of New Rare Earth

Methoxides Containing Thienyl Substituents

With the aim to synthesize new rare earths alkeig have chosen to study the reactivity
of tertiary alcohols containing thienyl substitueifFigure 1.1) towards lanthanides and to
determine their crystal structures. Their propéesito act as alkoxide ligands via covalent
M-O bonding are based on the inherent weak acdfithhese compounds, which therefore

can be easily deprotonated. Moreover, the produlatigined are assumed to be very suitable
for the elaboration of efficient luminescent madésidue to the electron-rich system and the
lack of high phonohgroups like OH or NH in the ligands, which wouldadl to some

guenching processes also in the case of lanth@mdeemitting in the NIR range.

' Phonons are a quantum mechanical version of aabpgoe of vibrational motion, known as normal

modes in classical mechanics, in which each paatlaftice oscillates with the same frequency.



Introduction

Figure 1.1. Examples of organic ligands used.

To correlate structural and steric effects on th@egular geometry, a series of rare earth
methoxides containing thienyl substituents was gmeg. They were synthesized by varying
two parameters: i) the nature of the alkoxothioghkgand, and ii) the nature of metal centre.
Two way of synthesis have been studied: the readct@ween the metal silyl amides and the

carbinols, and the salt metathesis reactions. Thesles will be developed in Chapter 2.

2 Electrochemical Studies of Metal Methoxides Conta ining Thienyl

Substituents

Thiophene derivatives are electrochemically oxidabi Chapter 3, we will present the redox
properties of the star—shaped molecules and thal mkbxides. We will study the influence

of two parameters on these properties: i) the acgiggand: the longer of the thienyl chains,
the number of thienyl and phenyl groups preserhémolecule, the functionalization of the
thienyl moieties and their attached position;hg hature of the metal centre.

3 Luminescence Studies of Metal Methoxides Containi ng Thienyl

Substituents

In Chapter 4, we will discuss about the luminesegmoperties of the products. The organic
ligands, alkali metal alcoholates and the yttriutkorides are investigated to get some

informations about the position of the electronkcited states of the bonded ligands. Then,

3
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we will present the luminescence properties of ldrethanide alkoxides and study the

influence of the organic ligands and the metalreensed on the “antenna effect”.

Part 2 Chemistry, Properties and Applications of Th iophenes,

Oligothiophenes and Polythiophenes

1 Thiophenes and Oligothiophenes

1.1 Thiophenes

Thiophene is a l1-heterocyclopenta—2,4—diene, ardwgtdic compound (Figure 1.2). It
contains a sulphur heteroatom carrying formally taan—bonding doublets. This system
containsz—delocalized electrons forming an aromatic strciofr 6 electrons. The aromatic
structure of thiophene is similar to that of theclopentadienyl anion. This latter can be
considered as a butadiene bonded to a negativalgeti carbon and in which the negative
charge is delocalized over the 5 carbons. In @adtthe thiophene skeleton contains a neutral
atom carrying free electronic pairs which are daliaed in a similar manner, thus providing
the two electrons necessary to satisfy the HiuaKels of 4 + 2 electrons. As can be seen in
Scheme 1.1, to optimize the orbital overlap, thetoatom is considered to bg’ hybridized:;
one electronic pair making part of the delocalizegystem is situated in theorbital lobe.
The second electronic pair is formally localizedsh hybrid orbital in a coplanar mode, and

therefore does not participated in an efficientrtagewith thez—conjugated ring system.

/
S ap orbital
\
[ orhilal
Figure 1.2. Thiophene molecule. Scheme 1.1. Atonuchitals of thiophene.
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Thiophene was discovered as a contaminant in berdZénwas observed that isatiforms a
blue dye if it is mixed with sulphuric acid and deubenzene. The formation of the blue
indophenin was long believed to be a reaction Wwéhzene. Victor Meyer was able to isolate
the substance responsible for this reaction fronzéee. This new heterocycle compound was
indeed thiophené? Thiophene and its derivatives occur in petrolelsometimes in

concentrations up to 1-3 %.

Several types of nomenclature have been establihvethe thiophenes and the thiophene
derivatives. Short notations like the original psepd by Bredf and later on by Steinkof
were later followed by the general and more coramnabbreviations T and nT. However,
only the much more complicated systematic nomemaaallows to precise denotation of
linkages between rings and positions or substitudiitie numbering scheme of thiophene and

2,2'-bithiophene is given in Figure 1.3.

Y AY
T T 2T

Figure 1.3. Nomenclature of thiophene T and of 2,2bithiophene 2T.

Thiophene is considered as an aromatic compoutttuglh theorical calculations suggest
that the degree of aromaticity is less than therekegf aromaticity of benzene. As a
consequence of its aromaticity, thiophene does exthibit the properties seen for

conventional thioethers.

Although the sulphur atom itself is relatively uacéve, the flanking carbon centres, the 2—
and 5—positions, are highly susceptible to attacklbctrophiles. For examples, halogens give
initially 2—haloderivatives followed by 2,5-dihafbphene. Perhalogenation is easily
accomplished to give£X4S (X = CI, Br, )*®

Thiophene is also readily lithiated witirbutyl lithium to give 2—lithiumthiophene, whichas

good precursor to a variety of derivatives, inchgpthienyl!*®

" |satin or 1H—indole—2,3—dione is an indole deifixat
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1.2 Oligothiophenes: Definition and Generalities

An oligothiophene is a delocalizedsystem consisting of a limited number of monommetsu

(n < 10), adopting an anti—conformation (Figure)1.4

/ N} s
\ ST AN

Figure 1.4. Representation of an oligothiophene.

The conjugated oligothiophenes are, like thiophéased polymers, materials which are
exhaustively studied since many years, since tlagy serve as model compounds for the
polymer investigations. Indeed, oligothiophenes aasier to be investigated than
polythiophenes. The first oligothiophenes, perfeckfined, have been isolated in 1947 by

Zechmeisteret al.t’

Since, they have been synthesized by differentsweaych as coupling
reactions'® for example (see section 2. Polythiophenes). Toignperisation of thiophene
derivatives containing more than 6 non-—substitumales is difficult due to their
insolubilities. However, it is not necessary toggla substituent on each cycle to increase the
solubility (contrarily to the polymers). The smallerms (up to 6 monomeric units) can be
polymerized:® The derivatives with 11 or 12 thiophenic cyclesibi electric conductivities

comparable to that of polythiophendg.
1.3 Applications

1.3.1 Luminescence Properties of Thiophenes, Thioph  ene Derivatives
and Oligothiophenes

In absorption and fluorescence spectroscopy, twportant types of frontier orbitals are
considered: the Highest Occupied Molecular Orbi(el®MO) and the Lowest Unoccupied
Molecular Orbitals (LUMO). Both of these refer tetground state of the molecule. The
different luminescent mechanisms in organic compsuhave been summarized in the
Perrin—Jablonski diagram (Figure 1.5). It shows pgussible processes such @soton
absorption, internal conversion, fluorescence, rgy'gem crossing, phosphorescence, and

delayed fluorescence and triplet—triplet transgion
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Figure 1.5. Perrin—Jablonski diagram and illustration of the relative positions of absorption, fluoresence
and phosphorescence spectra. The singlet electrorstates are denoted &fundamental electronic state),

S;; S, . . . and the triplet states, T; Ty; . . . : Vibrational levels are associated with ez electronic state.

The internal conversion is a non—radiative traosithetween two electronic states of the same
spin multiplicity. From &, internal conversion to  Ss possible but is less efficient than
conversion from Sto S, because of the much larger energy gap betwgean8 3.
Therefore, internal conversion from; $0 § can compete with emission of photons
(fluorescence) and intersystem crossing to thdetrigtate from which emission of photons
(phosphorescence) can possibly be observed. Emisgjghotons accompanying the-S S
relaxation is called fluorescence. It should be leasfzed that, (apart from a few exceptions),
fluorescence emission occurs fromahd therefore its characteristics (except polignado
not depend on the excitation wavelength (providedoarse that only one species exists in
the ground state).

In solution at room temperature, non—radiative deiation from the triplet state {J is
predominant over radiative de—excitation calledgphmrescence. In fact, the transition—+

S is forbidden (but it can be observed because iof-spbit coupling), and the radiative rate
constant is thus very low. During such a slow pss¢eéhe numerous collisions with solvent
molecules favour intersystem crossing and vibratioelaxation in & On the contrary, at low

temperatures and/or in a rigid medium, phosphorescean be observed. The lifetime of the
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triplet state may, under these conditions, be lengugh to observe phosphorescence on a
time—scale up to seconds, even minutes or morepfbsphorescence spectrum is located at
wavelengths higher than the fluorescence spectrecause the energy of the lowest

vibrational level of the triplet state, s lower than that of the singlet state S

Thiophenes, thiophene derivatives and oligothiopseare electron—rich systems via their
rings, and therefore can act as chromophores. ®isorption and excitation spectra are
dominated by the—#z* transitions and the emission spectra bysthesz transitions. Becker

et al?°

have studied the absorption and emission spettid@ ¢Table 1.1) and shown that the
increase of thienyl units in the oligothiophenesses a red-shift of the transitions due to a

more important conjugation inside the molecules.

T | 2T | 3T | 4T | 5T | 6T | 7T
Abs. Max. [nm] | 231 | 303| 354| 392| 417 | 436 | 441
Em. Max. [nm] 362| 426| 478 | 482| 502 | 522

Table 1.1. Shift of the maxima in the electronic sgctra of unsubstituted nT in dioxane at room

temperature.

One of the strategies to increase the luminescerugeerties of compounds containing thienyl
substituents consists to attach a paracyclophaite(RGP) on the heterocycle. The orbital
overlap between the two rings of the PCP is quibeenimportant and can possibly lead to an
electronic connection between appropriately sulpstits on both rings. In addition, although
cyclophanes usually have an electron-rich charattier may be adjusted by the choice of
appropriate substituents on both rings. This re$eaxis has been developed in the Besancon
laboratory by Guyardet al..?! For example, they have synthesized new cyclophane—
derivatized oligothiophenes (Figure 1.6), and destrated that for 4 or 6 thienyl units, the
molecules display a strong fluorescence and shmeilgfomising compounds for LED devices.

Figure 1.6. New cyclophane—derivatized oligothioptmes. n = 2, 3, 4, 6.



Introduction

1.3.2 Optical Applications: the Push—Pull Molecules

Another interest of these thiophene derivativelayothiophenes lies in these non-linear

122 there is a direct correlation

optical properties. According to the works of Dagycket a
between the NLO properties of organic materials #nar electronic structure. In the 80’s
Zyss® has shown that optimized candidates for strong Nig€haviour are molecules
possessing a donor group connected to an attragtivep via az—delocalisable electron
spacer (Scheme 1.2ndeed, the effect of the second order in NLO oaggs from the

intramolecular interactions between a donor andae@septor(charge transfer between two

groups of opposite nature).

Dono——{ z—conjugated systepr—Acceptor

Scheme 1.2. Schematic representation of a push—puiblecule.

Push—pull molecules containing thienyl derivatiee®ligothiophenes have been investigated
in previous works in the laboratoty.?*From the theoretical studies which are rendered th
principal factors to develop attractive NLO propest some chromophores have been

synthesized and their NLO properties investigakegure 1.7).

s
s
S
NAN
NI s
\ | /s
S

Figure 1.7. Examples of Push—Pull molecules studied the Besancon laboratory.
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1.3.3 Coordination Chemistry of Thiophenes, Thiophe  ne Derivatives

and Oligothiophenes
1.3.3.1 Transition Metals

As explained above, thiophene derivatives and tligphenes are attractive materials
because of their potential applications in thedfief electronic and optoelectronic devices.
Incorporation of transition metals with their largarieties of ligand environments and
oxidation states is expected to increase the miaetyperpolarizability and to enhance the
already appealing NLO properties of these compafmh8sveral types of metal-complexes
interacting with thiophene—-type ligands have beendised: ther—complexes, the cleaving of

C-S bonds from thiophenes and the functionalizatibrthe heterocycles to allow for the

appropriate ligated groups to be bonded to theiteimings.
1.3.3.1.1 Ther—Coordination

The reactions of the Cp*M units with thiophene datives can lead t@ metal-arenes with

varying coordination modes. For example, Angeéitial®

have elaborated one system in
which a new mode of thiophene ligand bonding iseoled (Figure 1.8). Another research
group’s, Grafet al,?” has synthesized [(CpR()’,n’~oligothiophene)](P&x and studied the

influence of the ruthenium on the properties oftéréhiophene array (Figure 1.8).

Figure 1.8. Examples ofr—coordination.

10
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1.3.3.1.2 The Cleaving of C-S Bonds from Oligothigmes

Organometallic complexes with thienyl ligands candbtained by exploiting the electron—
rich metal fragments ability to cleave C—S bondghibphenes in regioselective manfir.
This approach allows a one—pot access to new stalahotifs in which oligothiophenes may
act as spacers between metal centres. In this agiegwe can cite the
[MeC(CH,PPh)3]Rh{#*-SC[5—(2,2":5",2"—terthienyl)]=CHCH=CH} (Figure 1.9)?°

Figure 1.9. [MeC(CH,PPhy)s]Rh{#*-SC[5—(2,2":5",2"—terthienyl)]=CHCH=CH ,}.

1.3.3.1.3 The Functionalization of the Heterocyclds Allow for the
Appropriate Ligated Groups to Be Bonded to the Témal Rings

This domain of research is very large. Thiophenesol@othiophenes have been first

functionalized by lithium, ethylene function(s),Isiur atom(s), carboxylic acid, eté®.and
then react with metal derivatives to form the desicomplexes (Figure 1.10).

11
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S S.
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M =Ni,R=BuyN,n=2

M =Pd, R=EuN, n=2
M=Au R=PPN,n=1
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Figure 1.10. Examples of metal complexes containirtgiophene or oligothiophene derivatives.

1.3.3.2 Rare Earths

Lanthanides complexes containing thiophene or tligphene derivatives have been less

explored than theses transition metal analogsit the chemistry of such complexes is

receiving more and more attention because of #pplications as luminescence materials, for

example. Thiophene or oligothiophenes functiondlibg amine, carboxylate, nitrobenzoate,

benzoic acid, isophlatic acifl-diketonate, etc... are used as ligands in lantharodgplexes

(Figure 1.11f23!

12
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Figure 1.11. Examples of lanthanide complexes coriténg thiophene or oligothiophene derivatives.

2 Polythiophenes

2.1 Generalities

Since the first synthesis of polythiophene durihg purification process of thiophene with
sulphuric acid in 1883 the interest to study the intrinsic propertiestiidse materials has
considerable growr: However, efficient and rational synthesis of thpséymeric materials
was only achieved in the 80’s years. One of th& fihemical preparation of unsubstituted
polythiophene (PT) was reported in 1980 by the groilYamamotd® and the group of Lifi?
They are used a metal-catalyzed coupling reactith the 2,5-dibromothiophene in the
presence of Mg and Ni(bipy)€l One of the advantages of theses polymers iszthe
conjugation along the chain in which the thiophends are connected at the 2,5— positions.
Nevertheless, some minor defaults such as the @&,4he 2,3—couplings, lead to a loss of
conjugation, decreasing the conductivity and of Ni®perties”

13
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2.2 Regioregularity

As many other linear polyaromatic compounds, thithmphenes are almost insoluble in
organic solvents due to the rigidity of their skefes. Therefore, it is difficult to characterize
them. To avoid this problem, lateral flexible clegontaining at least 4 carbon atoms can be
attached at the —3 and/or —4 position of each memienunit>® This chemical modification
allows solubilising the polymers chains even inalsrganic solvents.

Different regioisomers could be obtained by theodtiction in position —3 (Figure 1.12): i)
Head-Tail (HT), ii) Head—Head (HH), iii) random d¢gyuration.

(HT)

(HH)

(random configuration)

Figure 1.12. Representation of the regioisomers.

The coplanearity in the HH—polymers is notably dased leading to a loss of conductivity.
However, no drop of conductivity is observed in tbase the HT—polymers. The
investigations on the regioregular polymers havewshthat the percentage of crystallinity
increases with the regioregularity. Moreover, thistallinity of the lateral chain is necessary
for the development of optimum physico—chemicalpprties of the polymer. In the case of
the random configuration—polymer, the optimal I&sgof the lateral chain to obtain good

conductivities and good NLO properties are in thege between 7 to 9 carbon atoth$o

14
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further improve the solubility and the percentagergstallinity, it is possible to add another
lateral chain at the —4 position. This substitutgattern limitso—f# coupling and therefore

reduces defaults inside the polymer chains. Howetles substitution causes a loss of
coplanearity. The presence of one or two alkoxysstents can reduce the loss of
conjugation since the oxygen atoms bonded to tiopliene unit is sterically less hindered,

thus limiting the loss of coplanearit$.

To prepare polythiophenes, three methods are iargensed: i) the electrochemical coupling,

i) the oxidative coupling, iii) the organometalltoupling.

2.3 Electrochemical Carbon—Carbon Coupling

The synthesis of polythiophenes by electrochemicadiation has received a great deal of
attention since the first results obtained by Dfalevertheless, the mechanism is not yet
exactly understood, but by analogy with electropwdyization of polypyroles’ the following
sequence it is in general assumed. In the firgt she radical cation is formed after oxidation.
In the second step, a coupling reaction betweenradaal cations takes place leading after
rearomatization to bithiophene (Figure 1.13). Th#me bithiophene unit is oxidised and

coupled with another radical cation of thiopheneriog a terthiophene.

WA >[@] B

N A W 2) -2k \ /

Etc...

Figure 1.13. Formation of polythiophenes by electhemical coupling.
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The oxidation potentials of the oligomers formingridg the oxidation process have lower
values than the starting monomer; therefore theynaore easily to oxidize. The polymer
formed is deposited on the electrode or on a sarfs#csemi—conducting substrates. This
method has the advantage to form quite stable filhhss type of polymerization has been
applied for the synthesis of non—substituted padythenes* for some soluble poly(3—
alkythiophenes¥ and for polymers containing oxygen atom(s) in keral chain (Figure
1.14) (methoxy, ethef} In all cases, the polymers obtained possess @drarconfiguration”.
These compounds exhibit conductivities about 1006mS. A transparent conducting

polymer has been also obtained by electropolyméoizaf 3,4—ethylenedioxythiophefeé.

Figure 1.14. Poly(3,4—ethylenedioxythiophene).

Even water soluble polythiophenes can be syntheésifter introduction of an ionic group in
the lateral chaiff’ If thiophenes are disubtituted at the 2,5—positiarith silyl groups, the

polymerization takes place with elimination of 8igyl groups?®
2.4 Oxydative Carbon—Carbon Coupling

Yoshino and Sugimotd’ have reported in 1986 a very simple method to gmep
polyalkylthiophenes (PATs). The monomer, 3—alkyfitiene is dissolved in chloroform and
oxidatively polymerized in the presence of FgtIMoCls or RuCk.*® In general, the Fegl
method is the most often used to prepare PRTne advantage of this route is to generate

exclusively 2,4—coupling in PATS.
2.5 Organometallic Carbon—Carbon Coupling

Another variation to synthesize polythiophenes he tarbon—carbon coupling reaction
catalyzed by organometallic nickel or palladium pdemes. These species are generated

situ during the reaction with an organomagnesium comgaiving rise to the oligomers or

16
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polymers. For example, in the 80’s, a new synthety consisting in the reaction of 2,5—
dibromothiophene with magnesium in presence ofckehicatalyst led to formation of a

polymeric materiaf® Mc Cullough et al®*

have prepared the regioregular “head—tail” 3—
alkylpolythiophene via the polymerisation of 2—bmmeagnesio—5—bromo—-3-alkylthiophene.
The regioregularity of these compounds are exce{#h % of “head—tail”), and they possess
better conductivity and optical properties compat@don-regioregular materials. Another
variation consists to replace Mg by Zn. For examjpbethe presence of NigHppp) as

catalyst, formation of regioregular “head—tail” poler has been reportéd.
2.6 Applications of Polythiophenes in Material Scie  nces

Many applications have been suggested for the aiimdupolythiophenes: as examples can
be cited, the utilization as transistrsthe conception of electroluminescent compounds,
photovoltaic cells, photochemical films, NLO ma#si batteries and diodes. Two types of
applications for conducting polymers can be considtei) static applications (electric
conductivity), ii) dynamic applications (modificati of optical properties and conduction due
to the application of electric potential or envineental stimulus). For the static applications,
we can cite the polymer blend Baytron P. contairthmg poly(3,4—ethylenedioxythiophene)-—
poly(styrene sulfonate) (Figure 1.15) utilized fdectrostatic coating. This material can be
used in dynamic applications when electrochemiogtmtial is applied to the polymeric film.
Its interesting electrochemical properties are eygd for the production of mirrors which

become opaque or reflective during the applicatiban electric current

VN "
Wy
< T N

SOy
Figure 1.15. Poly(3,4—ethylenedioxythiophene)—poltyrene sulfonate) (PEDOT PSS).

The use of polythiophene in sensing devices fomleidical applications or for the detection

of metallic ions is also emerginfin this regard, previous studies in our labora®iave
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demonstrated that poly{[5—-(2’,2—dithienyl]lmethano(Figure 1.16) deposited on a ITO
surface is a promising coating material for thetigrg of latex particles’

Figure 1.16. Poly{[5—(2’,2—dithienyllmethanol}.

Another strategy to obtain conducting polymers wvintiniguing electronic properties consists
to attach one PCP molecule on the thiophene umhg axis of research has been first

developed in our laboratory by Guyastial,*® 2% %8

and further improved by Salbt al. with
their studies of the influence of the PCP transdbam interactions on the polymer
properties’® The polymeric PCP-functionalized thiophene filmsg(ffe 1.17) deposited on
an ITO electrode are electro—active and electrarokrand exhibit a colour change from
orange—yellow to black after oxidatidh®® These films present also fluorescence propetties.
The presence of PCP trans—annular interactiongases the charge delocalization along the
polymeric chain. These electronic properties anepteng to envisage their incorporation in

materials for the elaboration of LEDs or for eféist organic molecules for ONL.

Figure 1.17. Examples of polymers of oligothiopheisefunctionalized by PCP developed in our laboratory

18
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Part 3 Chemistry, Properties and Applications of Ra re Earth

Metals

1 Generalities

The rare earth elements comprise all the lanthanjdielanthanoid according IUPAC) series
as well as the metals scandidf®c and yttrium*?Y. Together with the elements included
between the actiniunf?Ac and the lawrencium®.w, which are called actinides, the
lanthanides form the totality of teblock metals. Note that lutetium iglablock lanthanoid.
The lanthanides are divided in two categoriesctric group: from the lanthanutfia to the
samarium®Sm, and the yttric group: from the europi§f&u to the lutetiunf*Lu. Since the
chemical properties of the lanthanides, yttrium andndium are very similar, they can be
treated together in practice. Within this manudctipe terms “lanthanide” and “rare earth”

are used together to describe this block metal.

Rare Earths in the Nature

Two trends emerge from the data presented in ThReFirstly, the lighter rare earths are
more abundant than the heavier ones; secondlythbatlements with even atomic number
are more abundant than those with odd atomic nun@egrall, cerium, the most abundant
lanthanide on earth, has a similar concentrationparable to that of Ni and Cu (50 ppm),
whilst even Tm and Lu, the rarest lanthanides,naoee abundant than Bi, Ag (0.7 ppm) or

the platinum metals.

La|Ce|Pr|Nd|Pm|Sm|Eu|Gd|Tb |Dy |Ho|Er [Tm |Yb|Lu| Y

Crust | 35| 66| 9140 00| 7] 236.1[1.2/45/1.3/35/05|3.1/0.8| 31

Solar |4 5112/1.7/85/ 00| 25/ 1.0 3.3/ 06|39 09| 25| 0.4 | 2.4/ 0.4| 40.0
System

Table 1.2. Abundance of the lanthanide in the crugtin ppm) and in the solar system solar system (wit

respect to 10 atoms Si)®°

The principal sources of rare earth ores (Tablg dr@ the monazite (LnFG)) the bastnasite
[(Ln, Th)PQ] and the xenotime [(Y, Ln)PAD In addition to these minerals, there are Chinese
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rare earth reserves which amount to over 70 % ekttown world total, mainly in the form
of the ionic ores from southern provinces. The €b@&ores have made them a leading player
in lanthanide chemistry.

% La | Ce | Pr{Nd|Pm|Sm| Eu | Gd
Monazite | 20 | 43 | 45 16| O 3| 01} 15
Bastnasite| 33.2|149.114.3| 12| 0 | 0.8 0.12 0.17
Xenotime | 0.5 510722 0|19 02 4

% Tb | Dy Ho Er | Tm |Yb | Lu Y
Monazite | 0.05| 0.6| 0.00§ 0.2 0.002 0O{1 0.p2 25
Bastnasite| 160 | 310 50 35 8 6 1/ 0.1
Xenotime 1 8.6 2 54 09| 6.2 04 600

Table 1.3.Typical abundance of the rare earths in ores (itati values are in ppm)>*

2 Physical and Chemical Properties

2.1 Electron Configuration

Lanthanides are elements in which #i@rbitals are, in general, partially or completilied,
along with the actinides they are the only eleméatangf electrons. The contracted nature
of the 4f orbitals and their small overlap with the ligantbma orbitals attaches a
predominantly ionic character to lanthanoid-ligatdm bonds in complexes. In other words,
these electrons are hardly available to contriboteovalent bonding. The representation of

these sevedf orbitals is given in Figure 1.18.
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Lat®

4f (zyz) 4f [y(x2-z%)] 4f[=(z25%] 4f 20254

Figure 1.18.4f—orbital representation ®

In the lanthanide series, the electron configuratiaries from [Xed’5d'6<” to [Xel4f“*5d'6<
achieved by successive filling of tHé orbitals (Table 1.4). Note that, in the case ofalnal
Ce thedf orbitals have not contracted sufficiently to brthg energy of the 4f electrons below
that of the5d electrons; for Gd the effect of the half—filldflsub—shell dominates, explaining
the presence of thgd electron; in the case of Lu ti# sub—shell is entirely filled with 14
electrons, onéd electron is present. In contrast, for these elesgtirium and scandium
have the electron configuration [Kd'55° and [Ar] 3d'4<’, respectively, nd orbitals are
presents.

The oxidation state +3 predominates all the rartheseries (Table 1.4). For the lanthanides,
this finding can be explained by the fact that theectrons are core electrons. This most
stable oxidation state +3 encountered for all HreHanide series results from the los$®f
and5d electrons. Some lanthanides may have another toxidstate (Table 1.4) such as +2
(Snt*, EU* and YB*) and +4 (C&, P and TH"). This behaviour is due to the contribution
of empty, half-filled or totally—filled orbital to the stability of the considered ions éan
seen from Table 1.4, all the rare earths in catiémim are paramagnetic, with the exception
of lanthanum(lll), lutetium(lIl), yttrium(IIl) andcandium (III).
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Rare Name Electron Oxidation | Electron configuration of
Earths (2) configuration states + 3 oxidation states
La (57) Lanthanum [Xehd'65 3 [Xe]
Ce (58) Cerium [XeBf'5d'65 3-4 [XeJaf!
Pr (59) Praseodymium [Xeff6s 34 [Xel4f
Nd (60) Neodymium [Xelf'6s” 2-3-4 [Xel4f
Pm (61) Promethium [Xedf6s” 2-3 [Xe]4f'
Sm (62) Samarium [Xed’6s” 2-3 [Xe]4f
Eu (63) Europium [Xehf'6s 2-3 [Xe]4f
Gd (64) Gadolinium [Xepf'5d'6 3 [Xe]4f’
Tbh (65) Terbium [Xepf 6 34 [XeJ4f
Dy (66) Dysprosium [Xepf 6 2-3-4 [Xe4f
Ho (67) Holmium [Xel4f'6s 2-3 [Xe]af'*
Er (68) Erbium [Xe}f6s 3 [Xe]af
Tm (69) Thulium [Xel4f 6 2-3 [Xe]4f
Yb (70) Ytterbium [Xe}f 65 2-3 [Xe]af'
Lu (71) Lutetium [Xef'5d'6< 3 [Xel4f™
Y (39) Yttrium [Kr] 4d'5¢ 3 [Kr]
Sc (39) Scandium [ArBd'4< 3 [Ar]

Table 1.4. Electron configurations and oxidation sttes of rare earths (bold values are the most prolbte

oxidation states)®?

2.2 Nature of the Metal-Ligand Bonding

2.2.1 The HSAB Principle

The concept of chemical hardness has been cregteddrson in 1963 using the interaction

between a Lewis acid A and a Lewis base B (Equdtidn

A+B = A:B

Equation 1.1. Lewis acid—base reaction. A standsrfa Lewis acid or an acceptor of electrons and B fa

base or a donor of electrons.

Pearson has classified the acids and bases indtegaries according to their polarizabilities
(reductive ability, unsaturated degree):
- the hard acids and the hard bases which are haotdyisable

- the soft acids and the soft bases, which are easifrisable.
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He has postulated that the Lewis acids form prafeaky coordination bonding with the same
nature of ligand: it is the HSAB principle (HarddaBoft Acids and Bases): the hard acids
interact more strongly with the hard bases, thé aafl with the soft bases. The interactions
hard acid—hard base are principally ionic (distaméls of energy) and the soft acid—soft base
are in majority covalent (nearby levels of energfjhen using the concept of molecular
orbitals, an acid A is a molecule having the LUM@la base B is a molecule having the
HOMO as frontier orbitals. The resulting A—B entigystable, this formation corresponding to
a lowering of the global energy of the system. Doeading orbital is occupied by the two
electrons arising from the base and the antibondrbdal is empty. The Schema 1.3 shows a
representation of the interactions between the hard/hard base couple and the soft acid/

soft base combination.

hard-hard soft-soft
mteraction mteraction
E{LUMO)} .
I T X
" e{LUNMO)
; =
B b | AL
i
i S . S
; E(HOMO)
.
& (HOMO)

Scheme 1.3. Scheme of molecular orbital represengjrthe interaction between the frontier orbitals ofthe
pairs hard—hard and soft—soft. § = absolute hardness defined by (I — A)/2; = absolute electronegativity
defined by (I + A)/2; | and A are, respectively, tk first ionization potential and the first electroric affinity

of the considered specie.

2.2.2 Case of Lanthanides

The cations of lanthanides in the oxidation sté@eha&ive a high charge density and are few
polarisable due to the low spatial extension ofirtHeorbitals: therefore, they can be
considered as hard Lewis acid according to the sBearlassification. They interact
preferentially with ligand having hard donor atosisch as oxygen or nitrogen to form
interactions with strong electrostatic charactdére§e cations have also an important affinity
towards water molecules. Organic ligands which farectionalized by an oxygen donor

groups and having a charge such as carboxylatecavever capable to substitute coordinated
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water molecules, leading to stable complexes ireagsi reaction medium. Among the neutral
donors, the more polarisable amines are preferkend oxygen donors such as ethers. In
comparison, carboxamide and sulfoxide donor granperact more easily than less polar
ligands as alcohols. In general, the electrostdtazacter of the metal-ligand interaction gives
rises to labile complexes with fast kinetic of ditbion. Note in some rare case, also dative

interactions with a soft sulphur donors have bagstallographically evidence

2.3 Coordination Number and lonic Radii

2.3.1 Coordination Number (CN)

In the case of-orbitals, the non—directional lanthanide—ligantiiactions are translated by
extremely variable coordination numbers and assetigeometries. The stereochemistry of
rare earths complexes is dictated only by thecsteri electrostatic features of the ligafitis.
These very hard ions are accommodated with a laug#er of small ligands (8-9) to satisfy
their electronic requests. In other words, theisteonstraints play a major effect in the
coordination sphere, and a multidentate ligand icapose a very particular coordination
around the central ion. In the solid state, co@tiam numbers between 3 and 14 are observed,
the most frequent are between 7 and™12.

In solution, high coordination numbers are gengrablserved, the most common being the
coordination 8 and 9. The Ehions have a tendency to complete their coordinasigheres
with solvent molecules or anions, in particulathe number of donor site offered by the
ligands is not sufficient or if their electronicreities are too weak. The coordination numbers
and the ionic radii of lanthanides are closely elated® A lot of studies have shown that the
average CN of aqua—complexes [LaQ},]*" is about 9, for the beginning of the lanthanide
series (Ln = La—Nd), and about 8 as well for thaltenions (Ln = Tb, Lu$® The lanthanides
ions have the propensity to adopt to different mmments and Binzli nicknamed them “the
chameleon of coordination chemistR7”’In the case of the yttrium, aqua—complex has been
identified as [Y(HO)g]*".
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2.3.2 lonic Radii

The 4f series exhibit a decrease of the ionic radii witenatomic number increases (Table
1.5). This monotonous ionic radii contracfibnan be rationalized by the increase of effective

nuclear charge upon addition of an electron inftbebitals which are closer to the nucleus

than the more diffusd-orbitals of the transition metals. The screenitfigcot of a4f electron

towards another valence electron is weak, leading progressive contraction 6§ 5p, 6s

and6p-orbitals towards the cores.

M* CN=6 CN=7 CN=8 CN=9 CN=10 CN =12
La 1.032 1.100 1.160 1.216 1.270 1.360
Ce 1.010 1.070 1.143 1.196 1.250 1.340
Pr 0.990 1.126 1.179

Nd 0.983 1.109 1.163 1.270
Pm 0.970 1.093 1.144

Sm 0.958 1.020 1.079 1.132 1.240
Eu 0.947 1.010 1.066 1.120

Gd 0.938 1.000 1.053 1.107

Tb 0.923 0.980 1.040 1.095

Dy 0.912 0.970 1.027 1.083

Ho 0.901 1.015 1.072 1.120

Er 0.890 0.945 1.004 1.062

Tm 0.880 0.994 1.052

Yb 0.868 0.925 0.985 1.042

Lu 0.861 0.977 1.032

Y 0.900 0.960 1.019 1.075

Sc 0.745 0.870

Table 1.5. lonic radii of rare earths (Ill) for dif ferent coordination numbers®®

3 Energy levels of Ln 3' lons: the Russell-Saunders Model

In the Russell-Saunders coupling scheme, the etespins are coupled together separately
from the coupling of the orbital angular momentahad electron, and the orbital moment is
unquenched. The ground state for a given lanthaores unaffected by the ligands bound to
it because of the shielding of théelectron by the filledbs and5p orbitals.

The spins of the individual electron(s) are couptiegether (added vectorially) to give the
spin quantum number for the io%)( The orbital angular moment) (of the individual

electrons are coupled similarly.
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For anf electron,| = 3, so the magnetic quantum momeqntan have any one of the seven
integral values between +3 and —3. Vectorial additf them—values for thd electrons for
the multi—electron ion affords, the total orbital angular momentum quantum numbkere
is a weaker coupling, spin—orbit coupling, betweeand L. Vector addition of L and S
affords the resulting quantum numbér|t can have values oL (+9); (L+9 -1; ...; L -9).
For any ion, a number of electronic states areiplessThe ground state can be determined
using the Hund'’s rules:

1) The spin multiplicity (&+ 1) is as high as possible.

2) If there is more than one term with the same spuitiplicity, the term with the

highestL—value is the ground state.
3) For a shell less than halffilled for the ground state takes the lowest possibleeyal

for a shell more than half—filled,for the ground state is the highest possible;

To give an example, we work out the term symboltfer ground state of N8 (f°). First we
complete a “box diagram”, representing orbitals doyxes (7 boxes for 7 orbitals) and
electrons by arrows (Figure 1.19). We put the ebexstin separated orbitals when the shell is
less than half-filled, i.e. choosing the maximunmiver of unpaired electrons, and choosing

to maximize the values of to give the highedt—value (see Hund’s rule 2).

m 3 2 1 0 -1 -2 -3

1 T T

Figure 1.19. Box diagram for Nd"*.

SoS=) ms=% + Y2 + % = 3/2, therefor&z 1 = 4.
L=Ym=3+2+1=6,soitis an | state (Figure 1.20)

L 0 1 2 3 4 5 6

State Symbol S P D F G H I K

Figure 1.20. State symbol for different values df.
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Jcan have thevaluesdf ¢ S); (L+9 —-1;....; L -9, so herel = (6 + 3/2); (6 + 3/2) — 1;
(6 — 3/2). Since the shell is less than half—filldw state with the lowervalue is the ground
state (see Hund's rule 3), so this is 9/2. The t®ymbol for the ground state of Rids “Io..

4 Magnetic Properties of the Rare Earths

With the exception of L and Lu* and of course ¥ and S&', the L all contain unpaired
electrons and are paramagnetic. Their magneticeptiep are determined by the ground state,
as the excited states are so well separated frergrbund state (owing to spin—orbit coupling)
and are thus thermally inaccessible. For 3detransition elements, the paramagnetism is
determined only by the spin moment, the orbitaludargcontribution of magnetic moment
ions has been cancelled by the interaction betweerorbital field areas of ligands. In this
case, the maximum of paramagnetism coincided \ighnhaximum of unpaired electrons in
the 3d orbitals. In lanthanide ions, the spin—orbitaknaiction is important therefore there are
high couplings between orbital andleand the angular moment of spi The magnetic
moment for a free ion in & state is given by the Equation 1.2 in whitls the quantum

number combined with the total kinetic moment anthe Landé factor is defined by the

Equation 1.3.
Her = 954/I(J +D) Equation 1.2. Magnetic moment.
J=L+S

L-§<J<L+S
Equation 1.3. Determination of the Landé factor.
. J(J+D)+S(S+1)-L(L+D

2J(J +1)

g, =1

The magnetic moment values of lanthanide ions alteated in the Table 1.6.
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Ln%*ions Number of Ground Predicted | Experimental
electrons | term 5", 9 Hefr e @

ce** 1 “Fs/ 6/7 2.54 2.46
Pr* 2 H, 4/5 3.58 3.47
Nd>* 3 Norz 8/11 3.62 3.52
Pm** 4 Iy 3/5 2.68 —
St 5 Hs, 217 0.84 1.58
Eu®? 6 = 0 3.54
Gd** 7 83, 2 7.94 7.90
Th3* 8 Fe 3/2 9.72 9.60
Dy>* 9 ®Hys); 4/3 10.65 10.30
Ho>" 10 °lg 5/4 10.61 10.40
Ers* 11 s 6/5 9.60 9.40
™m>* 12 g 716 7.56 7.00
Yb®* 13 ’Fop 8/7 4.53 4.30

Table 1.6. Electronic properties of LA™ (Ue and g, are calculated in ground state with the Equationd..2
and 1.3). The magnetic moments are expressed in Bahagnetons. (a): values observed for crystal syste
of [Ln 5(SOy); * 8H,0].5% ™

The experimental and calculated magnetic momeniesadf Smi* and Ed* ions are different.
At room temperature, these ions present a smallilptpn degree of one or more smaller
exited electronic levels. For Sfnwe must consider the first excited levet 7/2 and for EXf,

the excited proximity level = 1 and] = 2 explains this difference.

5 Optical Properties

The Laporte rules (or parity rule), is an spectopsc selection rule named after Otto Laporte
and excludes the electronic transitions involvimgedectron redistribution within the same
sub—level, in other words between the orbitals iigthe same symmetry properties towards
an inversion centre. This rule originates from argum mechanical selection rule, which
states that during an electron transition, patityusd be inverted. Therefore, thep d-dand

f—f transitions are forbidden. The spin rule prohibiis transition implying a spin change. The
optical transitions of electric dipole type takeag¢ among thdf levels, so they are not
allowed by the Laporte and spin rules’tions have exited states resulting from intéfraf
electronic transitions conferring to the metal cenhteresting spectroscopic properties. The
4f electrons do not fully take part in chemical bawgdand are involved as core electrons,
therefore fine absorption and emission bands aserebd. Moreover, as thdé-4ftransitions
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are forbidden, these bands have a weak transitiobapility € < 1 mortcm™). In
comparison, broad and intense bands are often\wubéor d—d transitions of thed-block
metals. The lanthanide ion levels in solution, shaw Figure 1.21, have been established
from the literature data.’”” As can be seen, lanthanide ions possess luminesoeht
non-luminescence level. When the energy gap betloeegr energy luminescence level and
the higher luminescence level coincides with onenore vibrational energy quanta of one
solvent molecule or a function of the organic liga(OH or NH, for example), a
non-radiative de—excitation of the excited state take place instead of the luminescence

desired.
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Figure 1.21. Energy diagram of lanthanide ions in @ueous solution. The lowest luminescence leve¥ |,

and the highest non-luminescence level() are represented? "2
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6 Electrochemical Properties

As explained above, the lanthanide ions may addferent oxidation states. Their redox

potentials are listed in Table 1%.

E° Lnas iinz+ | ElLngeinzs

La -2.94
Ce 1.70 —-2.92
Pr 3.40 —-2.84
Nd 4.60 —2.62
Pm 4.90 —-2.44
Sm 5.30 -1.50
Eu 6.40 -0.34
Gd 7.90 -2.85
Tb 3.30 -2.83
Dy 5.00 —-2.56
Ho 6.20 —-2.79
Er 6.10 -2.87
Tm 6.10 —2.22
Yb 7.1 -1.18
Lu 8.5

Table 1.7. Standard electrode potentials of the Lf¥/Ln ** and Ln**/Ln?" .7

Relatively few reports about the electrochemicapprties of lanthanide complexes have
been reported Nevertheless, the studies have shown the diffidolreduce or oxidize these
ions by voltammetry methods. Indeed, as can be sedmble 1.7, only the potentials of
ce’/ce, sn/sntt, EUYEW and YB'/Yb? are in an electrochemically accessible range.
To illustrate the redox process of lanthanide iams,present here some examples extracted
from the literature. Blattet al/*® have investigated the electrochemical properties o
Eu[N(SQCRs)2]3(H20)3 and Sm[N(S@CR;),]3(H20); and the CV have shown the reversible
reduction and oxidation of the lanthanides iong(Fe 1.22 and Figure 1.23).
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Figure 1.22. Cyclic voltammogram of Figure 1.23. Cyclic voltammogram of

EU[N(SO,CFs)s]s(H20)3 in [MesNnBU-[TFSI,  SmM[N(SO,CFs)s]s(H:0)s in [MesNnBu]-[TFSI], 2.2
1.44 x 10 mol L™, 300 mV §. Pt electrode surface  x 10 mol L™%, 100 mV s. Pt electrode surface
area = 0.0314 crh’* area = 0.0314 crh’*

As already discussed above, thiophene derivativesekectrochemically active. Sultaet
al*'® have studied the redox activity of some lanthanaenplexes containing these
thiaheterocycles, such as [Ln(tfahpm (Ln = Tb, Er, Pr, Nd and Ex,= 1 or 2, tta =
2-thenoyltrifluoroacetonate bpm = 2,2-bipyrimidine). The redox chemistry dhe
homodinuclear complexes of terbium, erbium and fmaseodymium and neodymium
monometallic complexes reveal only the irreversiel@uction of the orbitals localized on the
tta ligands whereas the studies of the europiumdadmuclear complex show a redox activity

of the metal.

7 Applications

7.1 Luminescence Materials
7.1.1 The Antenna Effect

As explained above, the lanthanifdd transitions (electric dipole transitions) are “bajge—
forbidden”, therefore the generation of fluores@fiom the lanthanide ion being difficult.
Direct excitation of the lanthanide ion can be aehd, but this only becomes practical with
use of lasers or at high ion concentrations. Howestech disadvantages can be overcome by
using sensitization techniques (Scheme %.2Y>This involves using indirect excitation of
the lanthanide ion with a sensitising chromophariteq termed as an antenffajisually
through an intramolecular energy transfer proées/ The antenna needs to be close in
proximity to the lanthanide ion, which is achiewddough coordination of the lanthanide to a

ligand containing an antenna.
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chromophore

excitation ¥ luminescence

energy transfert

Scheme 1.4. Schematic representation of antennaesff leading to a luminescence lanthanide chelate.

The energy transfer succession is representecifthema 1.5. Being nearby the lanthanide
ion via a ligand, the chromophore absorbs the amitight ¢ — #*) populating these excited
singulet states. The lanthanide ion supports tleesgstem crossintrz* — *zz* (weak atom
effect), allowing to populate the triplet excitethtes of the chromophore. The energy is
transferred to the excited states of the lanthavidehe*zz* states. This phenomenon can

lead to the luminescence from radiative de—exaoitati

I(T) vibr(T)
k :r k nr

\ 4 / Y

Scheme 1.5Simplified diagram showing the energy migration p¢hs in a Ln*® complexX® ['zz* stands for
singlet state;*zz* for triplet state, A for absorption, F for fluorescence,P for phosphorescencel. for
luminescence (either fluorescence or phosphorescengsc for intersystem crossing;nr for nonradiative, ic
for internal conversion, et for energy transfer, backfor back transfer, T for temperature—dependent.l for

electronic and vibr for vibrational].

There are a lot of discussidisbout the energy transfer of the excited triptates toward
the excited states of the lanthanide. Some meahanigve been proposed by For€tand
Dexter®! The Forster mechanisfi*fScheme 1.6) describes a non-radiative energgfean
through the space, resulting from a dipole—dipa@al@mb interaction between a donor (the
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chromophore) and an acceptor (the lanthanide).dom®r deactivation produces an electric
field (a transitional dipole), which leads to aalgr oscillation of the acceptor and enables to
populate these excited states. This is a “throypgttes’ process that does not require physical

contact between the sensitizer and the accepwtatithanide ion.

3 -
e nn T
| l Sunt

AT+ AF*

i

111
|
[T

.._I_

df_l_

Ligand Ln*(Ill)

4]

'ITL¥ ‘m]

Ligand* Ln(ily b)

Scheme 1.6. Foster mechanism’s: a) before, b) aftégand desexcitation.

The Dexter energy transfer (Scheme 1.7) involvesxamange interaction requiring a mutual
electronic exchange between the antenna and thal-+oentre acceptdf. Energy transfer
occurs through the overlapping orbital of the anteand the metal ion and hence requires
physical contact between the two components.

Iy r's

Tnn fnnt T’
+ ~. — agr
r 3

4f

/
i

£=

af*

£}

-

_o-'"'f
— af 4f_l_
T l | T l I

Ligand* Ln(lIl) b)
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Scheme 1.7Dexter mechanism’s a) before b) after ligand deseiation.
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The principal difference between these two modelthe interaction distances. The Dexter
mechanism is effective only for very short distan¢e 10 A) because a pronounced orbital
covering is required, whereas the Forster mecharapplies to longer distances and is

depending on spectral covering of donor emissi@tispm and acceptor absorption spectrum.

7.1.2 Examples of Luminescence with Thiophene-Subst ituted
Ligands

Recent studies have shown that thiophene deriwatoald be good candidates as sensitising
chromophoré®® 3197 syltan et al®'® have reported on luminescence investigations of
homodinuclear lanthanoid complexes {EfEW*, Tb**, Nd** and Pt"), bridged by 2,2'—
bipyrimidine or 2,3-bis(2—pyridyl)pyrazine a@ethenoyltrifluoroacetonat@-igure 1.24).

NI
"'-\ _oé \N e

Ln = Nd or Pr

N

Figure 1.24. Lanthanides complexes studies by Suft@t al.>®

The emission spectra upon an excitation at thiggdad indicate an electronic communication
between the metal centre through the bridging bigaifrigure 1.25).
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Figure 1.25. The emission spectrum of the terbiumdmodinuclear complex in methanol solutiorf®”

7.1.3 Applications of Luminescence to Sensory Probe s

The use of lanthanide complexes is considerablprages for the presence of particular
cations and anions, oxygen, etc., with obvious maik in biological, clinical and
environmental applications. For example, lumineseemf the E& complex of the
tentradentate tris(2—pyridylmethyl)amine ligand wiR = CH (Figure 1.26) shows a
particular sensitivity for nitrate (over other iossich as chloride, sulphate and acetate),
greatest enhancement of the luminescence specteing for the “hypersensitive’Do—'F,
transition at 618 nm, as might be exceptéd@he terbium complex, in contrast, exhibits
greatest sensitivity for chloride. Using the achiigand (R = H) reveals similar selectivity for

these anions, but with rather less sensitivity.

Figure 1.26. A tris(2—pyridylmethyl)amine ligand, R= CHs, H.
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Gunnlaugssoet al®

have synthesized a terbium complex (Figure 1.2v¢hvis a molecular
logic gate corresponding to a two—input INHIBIT @tion. The output (a terbium emission
line) is observed only when the “input”, the preseif proteins and the absence of oxygen,

are both satisfied.

N CHs
X
]
Hg,c;P o =
HoC \\ CH, NH

T AN
O—R
/ N N
HsC \ﬁ/ \_J \CH
2 / 2
° ﬁ\CH3

Figure 1.27. A terbium complex: a molecular logic gte.

7.1.4 Fluorescence and TV

Colour television and similar displays are the dmtgcommercial market for lanthanide
phosphor, with over 100 million tubes manufactueeglear. About 2 grams of phosphor is
used in each tube. The lanthanide involvement traditional colour TV tube works along
these lines. There are three electron guns firiegt®n beams at the screen from subtly
different angles (using as a “mask” of some king)hit clusters, each comprising three
phosphor “dots”, each “dot” emitting a differentirpary colour, the “mask” aligned so the
appropriate electron gun fires at its matching phos. For many years, the red—emitting
phosphor has used a Eunaterial, originally E&":YVO 48 more recently EXi in Y,0,S% or
EU®":Y,0:.8" They are employed in preference to broad bandtemitike Ag:Zn,Cd® as
although they are energetically less efficientséhénarrow—band” lanthanide phosphors are
brighter (and also match the eye’s colour respbetter). Green light is obtained from either
Cu,Al:Zn,CdS™ or Cé":CaS™ and EG":SrGaS,;°* (these are “broad band emitters”).

Development of materials for alternative flat—sagproceeds apace.
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7.1.5 Lighting Applications

There is an intense interest in using rare eanthdighting applications. The co—called
tricolour lamps use three narrow—band lanthanidg@ttemitting materials with maxima
around 450, 540 and 610 nm; such a& BaMgAl;¢O.7, (Ce,Gd, Tb)MgRO.o, and Eu:¥0s,
respectively. This gives a good colour renderingigh efficiency. An UV emitter containing
Eu?*:SrB,O; could have an unusual application such as inssgst

7.1.6 Lasers

Various lanthanide ions can be used in lasers {LAghplification by Stimulated Emission of
Radiation), different ions operating at differemeduencies. The most popular is the
neodymium laser, most usually using Ndons in yttrium aluminium garnet (YAG;
Y3Als017). Such a laser functions by increasing light emisdy stimulating the release of
photons from excited Nid ions (in this case). A typical device consistadof AG rod a few
cm long (containing about 1% of neodymium in platgttrium) that is fitted with a mirror at
each end, one being a partly transmitting mirrar dcsimilar device). A tungsten—halogen
lamp (or a similar device) is used to “pump” theteyn to ensure that an excess of'Ndns

is in an excited state (e. ts2 or *F75) so that more ions can emit electrons than caarhbs
these excited ions decay rapidly (or “cascade”)the long life—time“Fs;, state non—
radiatively, so that a high proportion of Ridions are in this state rather than the groune stat

“a population inversion” (Scheme 1.%).

483 2 4F7’2 o h } Fast

4 .
Fso, 4Hgjo %\ie:axatlon

*Fae

Laser

Excitation -
transition

Relaxation — 4
J\/\/ﬁ I 2000 cm~’

Scheme 1.8. “A four— level’ Nd" laser®?

Ny

If a phonon of the correct energy (at the wavelerjtthe laser transition) hits a fidon in

the *Fs/, state, the N¥ ion is stimulated to release another phonon oftitee wavelength, as
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it drops to the'l,y/, state. As the phonons are reflected backwardsf@mards in the rod,
more and more ions are stimulated into giving uptphs (thus depopulating tEs, state)
and eventually the build up of photons is so gteat they emerge from the rod as an intense
beam of coherent monochromatic light (wavelengf6 Lm, in the near—IR). Th¥,, state

is an excited level of the ground state, which a$ thermally populated and so undergoes
rapid relaxation to the ground state, maintainimg ‘tpopulation inversion” (whereupon the
laser process can start again). Neodymium is thigsts act as a “four—level” las&f.

7.1.7 Euro Banknotes

The Euro banknotes exhibit green, blue and redriasdent bands under UV irradiation, as
security measure. The red bands are doublets dsene Eti* complex, probably with -
diketonate or some similar ligand. The green amdbilne luminescence could be caused by

EW?* complex.

7.2 NMR Applications

7.2.1 B—diketonates as NMR Shift Reagents

Paramagnetic lanthanige-diketonate complexes LntBOCHCOR); produce shifts in the
NMR spectra of Lewis base molecules capable of ifognadducts with them and are thus
often referred to as Lanthanide Shift Reagent (D)SRsough all paramagnetic lanthanide
complexes can exhibit shifted resonanteghe molecules were chosen, such us Eu(dpm)
(R' = R = MesC),** which were quite soluble in non—polar solventse Thagnitude of the
proton shifts depends upon the distance of theopréiom the site of coordination to the
lanthanide ion. The use of these LSRs leads tampldication of the spectra of organic
molecules without the use of high—frequency speatters. Nowadays, this technique is less
generally used owing to the spread of high—frequespectrometers, but chiral reagent like a
lanthanide camphorate complex find applicationgfé 1.28)° for example when such a
chiral shift reagent binds to a racemic mixturey thiasteroisomeric forms of the complex are
formed, each with different peaks in the NMR spa&otr each signal can be integrated and
used to calculate the enantiomeric excess, a qui&k of estimating the yield of each

isomer>®
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CF3

OJ
o—T Eu

3

Figure 1.28. Example of a chiral shift reagent.
7.2.2 Magnetic Resonance Imaging (MRI)

The use of gadolinium complexes to assist diagnosthis expanding area of medicine is
now most important’ In the MRI experiment, a human body is placed dr@zontal table
that is slid into the centre of the magnetic fiefdthe MRI scanner (essentially a pulsed FT
NMR spectrometer). MRI relies on detecting the NBIgnals from hydrogen atoms in water
molecules (which make up about 60 % of the humaiypand distinguishes between water
molecules in healthy and diseased tissue (sincerwablecules in cancerous tissue have
much longer relaxation times). In this view, theoicke of MRI agent is dictated by a
combination of several factors: high magnetic mom&mg electron—spin relaxation time,
osmolarity similar to serum, low toxicity, high sbility in water, targeting tissue,
coordinated water molecules, and large moleculk lwitg rotational correction times.
Gadolinium(lll) compounds are good candidates. B&" ion has a large number of
unpaired electronsS(= 7/2) and moreover its magnetic properties aotrapic. It has a
relatively long electron—spin relaxation time (= ). These factors are very favourable for
nuclear spin relaxation.

The free G&" (aq) ion is toxic, however, with an LD50 ~ 0.1 mitkg, less than the imaging
dose. Gadolinium complexes are therefore usedgusgjands that form a very stalile vivo
complex. Another factor is the presence of watetemdes in the coordination sphere of
gadolinium, as relaxation times are shorter theerehe water molecules are to the’Gidns.
For examples, the gadolinium complexes used is ddj(HO)]> (gadopentetate
dimeglumine, Magnevi§), [Gd(dota)(HO)]" (gadoterate meglumine, Dotar&m and
[Gd(dtpa—bma)(k0)] (gadodiamine, Omnisc&h
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7.2.3 Texaphyrins

A new type of complex with a different spectros@ogipplication is provided by the
texaphyrins, compounds of “extended” porphyrins sgh¢he ring contains five donor
nitrogens (Figure 1.29). These have attracted derable interest because these possible

medicinal application®

(o} (e} (e} OMe
Q Q Q OMe

OH

Figure 1.29. Example of a texaphyrins: the Gd—tex.

Two texaphyrins complexes are undergoing clinidals; a gadolinium compound (Gd—tex,
XCYTRIN®, Figure 1.29) is an effective radiation sensitifmar tumour cells. It assists the
production of reactive oxygen—containing specidsi)stthe presence of the &don means
that the cancerous lesions to which it localizes &@ studied by MRI. It has being
investigated in connection with pancreatic tumoargl brain cancers. One form of the
lutetium analogue (LUTRIR) is being developed for photodynamic therapy f@aist cancer,
and another (ANTRIR) is being developed for photo angioplasty, wheteas potential for
treating arteriosclerosis by removal of atherostlemplaque.
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7.3 Applications of Rare Earth Reagents in Organic Synthesis

Few areas of synthesis chemistry have witnessealtlgras explosive as that brought about by
the application of lanthanide reagents to orgawittesis. They are employed for functional
group transformations, and carbon—carbon bond fagmeactions?

Two metal derivatives are often used as catalye. first, the cerium(IV) derivatives such as
(NH4)-Ce(NQG:)s (CAN) and (NH),Ce(SQ)s (CAS) are utilized for oxidative reactidi8and

the cerium(lll) chloride combinated with NaBtre good reductant reagents for aldehydes
and ketones (Luche protocdf): The second, the samarium(ll) iodide can reducefample,
halogen compound$?1t is also used in the Barbier reactidfi$Other rare earth complexes
catalyst some reactions such as Diels—Ald&t, Friedel-Craft,’®> Mannich**® and

polymerisation reaction$’

The next chapters are intended to present the egisthcrystal structure, electrochemical and
physico—chemical studies on thienyl-substituted hmeides of alkali, tin(ll) and trivalent

rare earth metals.
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Synthesis and Crystal Structure Investigations efal/Methoxides Containing Thienyl Substituents

Chapter 2 Synthesis and Crystal Structure
Investigations of Metal Methoxides Containing

Thienyl Substituents

Part 1 Introduction

1 Generalities

Metal alkoxides are compounds in which a metattesched covalently to the oxygen bearing
an alkyl group. To maximize the coordination numbérthe metals, the alkoxide oxygen
bearing two non—-bonding doublets can additionatindin a dative manner to one, two or

three metal centres and form M-OR-M type bridges (Figure 2.1).

M—OR o

Figure 2.1. Metal alkoxides.

Alkoxides are derived from alcohols by the replaeatrof the hydroxyl hydrogen by a metal.
The first metal alkoxide, a sodium alkoxide, wasated by J. Liebig in 1837. During the
last decade, some alkoxides including those ofusndpotassium, magnesium, aluminium,
zirconium and titanium, even become commerciallypdnant’ # * The term "metal
alkoxides" is preferred, although the term "metabholates” is also often used. Many metal
alkoxides are soluble in the corresponding alcohBleme metal alkoxides decompose at
higher temperatures to lower valence compoundssome cases even to metal. Metal
alkoxides are used for a great variety of purpaseh as catalysis, with partial or complete
hydrolysis, alcoholysis, or transesterificatiorcoating for plastics, textiles, glass, metals, and
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additives for adhesives and paints, and for thessetlinking or hardening of natural and

synthetic material$.> °

2 Different Pathways for the Synthesis of Homometal lic Alkoxides

2.1 Reaction between Elemental Metals and Alcohols
M +nH(OR) —>» M(OR)+n/2H,
Equation 2.1.

The direct reaction between metal and alcohol s @uthe acidity of the alcohol and the
electropositivity of the metal (Equation 2.1). Taadity of the alcohol depends on the alkyl
function. Less electropositive metals, for examplgnesium and aluminium can be brought
to reaction with alcohols in the presence of algataThis synthetic approach has been
reported by Deacoet al. to prepare new lanthanide aryl oxidetie elemental lanthanides

being activated with mercury and treated by alcelalhigh temperature to form the desired
metal alkoxides.

2.2 Reaction between Metal Oxides or Metal Hydroxid  es and Alcohols

M,O, +2n HOR —3 M, (OR),, + n H,O

M, H, + 20 HOR — M, (OR),, +n H,0

Equation 2.2.
The restriction of this synthe&igEquation 2.2) is the formation of water molecules

2.3 Reaction between Metal Chlorides and Alcohols

MCl, + X HOR — MCl,,,(OR), + x HCI

Equation 2.3.
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For some metals the foregoing methods (Equation&einapplicable and the alkoxides are
usually obtained via the anhydrous metal chloridasgeneral, metal chlorides undergo
solvation and /or partial solvolysis with the shatiain linear aliphatic alcohols, but, in no
case the substitution of the chloride is compl&®rmation of the metal alkoxide is then

achieved by the addition of a bdse.

2.4 Reaction between Metal Halogenides and Alkali M  etal Oxides
MX, +yM'OR — MX,(OR),+yM'X
Equation 2.4.

This reaction is also named salt elimination resc{Equation 2.4). A lot of studies of this
way of synthesis have been performed with M ashkmtles, X as chloride, iodide or

bromide, and M’ as lithium, potassium or soditirif: **

2.5 Reaction between Metal Amides and Alcohols
M(NR',), + n HOR—3 M(OR), + n HNR',
Equation 2.5.

This way of synthesis (Equation 2.5) is due toghapensity of the alcohol to act as a weak
acid, which is entirely deprotonated in the preseota silyl-amide group acting as a base
and subsequent liberation of HNRThe thus formed alkoxide ligand is then bound via

covalent M=O bonding. This method has also ofteenhesed to form lanthanide alkoxidés.
12,13

2.6 Reaction between Metal Hydrides and Alcohols
MH, +Xx HOR—3» MH,(OR), +x H,

Equation 2.6.
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The restriction of this synthe8igEquation 2.6) is the accessibility of the metgdiide. This
way of synthesis is applied for the group 13 eleimen

2.7 Reaction between Metal Organyls and Alcohols
MR', +Xx HOR—» MR, (OR), + x HR'

Equation 2.7.

In general, this synthe8igEquation 2.7) is used for the reaction betweebutyllithium and

alcohols.

2.8 Insertion of Oxygen
MR, +n/20, —» M(OR),
Equation 2.8.

The insertion method (Equation 2.8) is also verffialilt to investigate in a synthesis
laboratory (all the experiments are carried undertidinitrogen atmosphere).

2.9 Reaction between Metals Alkoxides and Alcohols

M(OR), +Xx HOR' — 3  M(OR),,,(OR'), + x HOR

Equation 2.9.

This reactioft ** (Equation 2.9) depends on the acidity of the ait¢tOR'.
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3 Different Pathways for the Synthesis of Heteromet allic Alkoxides

3.1 Reaction between Alkoxides
XM(OR), +yM'(OR),, — Mley(OR)xmym
Equation 2.10.

The exchange reactibrf® (Equation 2.10) between alkoxides is the principaite to form

mixed alkoxides.

3.2 Metathesis Reaction with Salt Elimination
MX,+nM"M'(OR);—» MM',(OR)m+nM"X
Equation 2.11.

This variation of the metathesieaction (Equation 2.11) is often used when thetiea

between alkoxides doesn’t work.

Part 2 Preparation of Starting Compounds

1 Organic Ligands

1.1 Presentation

To synthesize new rare earth alkoxides containinignyl substituents, functionalized

alcohols with thienyl groups or mixed carbinols g both aryl and thienyl units have been
prepared. Recent studies performed by us on thesphenic precursors have shown that
these molecules are good candidates for thin fiyj@serated by electropolymerization and
subsequent adhesion of nanoparticfels.seemed therefore promising to probe whethes thi
kind of thiophene—functionalized alcohols couldused as electrochemically active alkoxide

ligands in lanthanide coordination chemistry. Weor¢ here on the preparation and the
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structural characterization of rare earth compowwa#aining this type of alkoxothiophene
ligands. To correlate structural and steric effextshe molecular geometry, electrochemical
and luminescence properties, a large series of earth methoxides containing thienyl
substituents was prepared. They were synthesize@ulyjng two parameters: i) the nature of
the alkoxothiophene ligand, and ii) the nature @ftahcentre. The organic ligands used for

this study are listed in Table 2.1.

HO—-C(GeH13S) (@) HO-C(G7H1sS) ) HO-C(G7H1sS) (6)

HO-C(GHLS) (7) HO-C(GeH1:S) @)

Table 2.1. Star-shaped molecules.
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1.2 Synthesis and Crystal structure Determination o f the Organic

Ligands

1.2.1 Tris(2,2'-bithienyl-5-yl)methanol (1 _) and Tris(2-thienyl)

methanol (2)
1.2.1.1 Synthesis

The star-shaped carbinol derivatives tris(2,2'-bitlyl-5-yl)methanol 1) and
tris(2—thienyl)methanol2) were synthesized by following procedure describéd® **They
were obtained by a classical nucleophilic additdrihree equivalents of (2—thienyl)lithium

or 2,2’-bithienyl-5-yl-lithium, respectively, totgtl chloroformate (Equation 2.12).

1) n-BuLi
2) CICO,Et

() e

n=2
n=1

Equation 2.12. Synthesis of &nd 2.

These organic compounds were characterizedtbpNMR, *C NMR, IR, and elemental
analysis. Furthermore, their molecular structuresewdetermined by X-ray structure analysis
for the first time and confirmed the structural position based on the spectroscopic data in

solution?” & 1°

1.2.1.2 Crystal Structure Determination of
Tris(2,2'-bithienyl-5-yl)methanol (}

Colourless crystals of HO-C{BsS;)s (1) were obtained from a concentrated

dichloromethane/petroleum benzene (3:2) solutiarced at 5°C. An appropriate crystal was
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isolated and anchored at a cryo—loop. From therahtation and the refinement of the unit
cell dimensions arose the space group P2(1)/amo@oclinic crystal system. The position of
each atom, except the hydrogen atoms, was anistdtlyprefined. Hydrogen atoms were

refined as rigid groups with the attached carbamatin ideal positions. The R—value is 5.94
%. In Table 2.2 are reported the crystal data &edstructure refinement for the compound

and in Table 2.3 are reported some selected bagihle and angles of interest.

Identification code sh2294

Empirical formula GsH160S

Formula weight 524.74

Temperature 103(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2(1)/c

Unit cell dimensions a=16.217(2) A o= 90°.
b =6.059(1) A p=98.82(1)°.
c=23.280(3) A vy = 90°.

Volume 2260.2(5) B

z 4

Density (calculated) 1.542 Mgﬁn

Absorption coefficient 0.623 mmit

F(000) 1080

Crystal size 0.25 x 0.5 x 0.65 m#h

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 23.25°
Absorption correction

Refinement method

Data / restraints / parameters
Goodness—offit on4

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

1.27 to 23.25°.
—17<=h<=17, -6<=k<=6, —25<=I<=25
26879
3243 [R(int) = 0.1379]
99.7 %
None

Full-matrix least—-squares énF
3243/8/305

1.055
R1 =0.0594, wR2 4297
R1 =0.1443, wR2 = 0.1765

0.408 and —0.5378.A

Table 2.2. Crystal data and structure refinement fo HO—C(CgH5S,)3 (1).

0(1)-C(1) 1.440(8)
C(1)-C(2) 1.51(1)
C(1)-C(10) 1.55(1)
C(1)-C(18) 1.51(1)

O(1)-C(1)-C(10) 104.7(5)
0(1)-C(1)-C(2) 109.3(5)
O(1)-C(1)-C(18) 109.8(5)
C(18)-C(1)-C(2) 113.6(6)

C(18)-C(1)-C(10) 111.1(6)

C(2)-C(1)-C(10) 107.9(5)

Table 2.3. Selected bond lengths [A] and angles Rijr HO—C(CgHsS,)s (1).
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1.2.1.2.1 Discussion of the Molecular Structure ldD—-C(GHsS,)3 (1)

A single crystal X-ray analysis of HO-Cfd5S;); (1) was carried out for unequivocal

identification of the structure as shown in FigQr2.

Figure 2.2. X-ray molecular structure of HO—C(GHsS;); (1). Carbon and hydrogen atoms are not
labelled for clarity. The sulphur atom S(6) is founl at two split—positions [S(6A) and S(6B)].

The geometry around the tertiary carbon centre {S(djstorted tetrahedral. The angles O(1)-
C(1)-C(GHsS,) average 107.9(5)° and the 7£6S,)C-C(1)-C(GHsS;) 110.8(6)°: this
difference can be explained by the steric hindrarfe the bithienyl units. The

C(1)-C(GHsS,) bond lengths are between 1.51(1) and 1.55(1) Be D(1)-C(GHsS,)
distance is 1.440(8) A.

1.2.1.3 Crystal Structure Determination of Tris(Zaienyl)methanol(2)

Colourless crystals of HO—C{B3S); (2) were obtained from a hexane solution placed @t 5°

An appropriate crystal was isolated and anchoredayo—loop. From the determination and
the refinement of the unit cell dimensions arose $pace group P2(1)/c in a monoclinic
crystal system. The position of each atom, excegthlydrogen atoms, was anisotropically
refined. Hydrogen atoms were refined as rigid gsowfih the attached carbon atoms in ideal

positions. The R—value is 5.67 %. In Table 2.4raported the crystal data and the structure
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refinement for the compound and in Table 2.5 appmed some selected bond lengths and

angles of interest.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 23.93°
Absorption correction

Refinement method

Data / restraints / parameters
Goodness—offit on%

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

sh2302
GaH100S;
278.39
293(2) K
0.71073 A
Monoclinic
P2(1)/c
a=11.1472) A
b =7.424(1) A
c=15.623(3) A
1272.3(4) B
4

1.453 Mghn

0.561 mmt
576

0.7 x 0.6 x 0.3 MM
1.86 to 23.93°.

a= 90°.
B= 100.24(3)°.
y=90°.

—12<=h<=12, -8<=k<=8, -17<=I<=17

7714

1967 [R(int) = 0.2185]
99.2 %

None

Full-matrix least—squares én F

1967 /0/158

1.064
R1 =0.0567, wR2 4498

R1 =0.0676, wR2 = 0.1686

0.717 and —0.3768.A

Table 2.4. Crystal data and structure refinement fo HO—C(C4HsS) (2).

O(1)-C(1)
C(1)-C(2)
C(1)-C(10)
C(1)-C(6)

1.440(4)
1.534(5)
1.523(5)
1.514(5)

O(1)-C(1)—C(6)
0(1)-C(1)-C(2)
O(1)-C(1)-C(10)
C(6)-C(1)-C(10)

C(10)-C(1)-C(2)

C(6)-C(1)-C(2)

110.6(3)
108.4(3)
104.9(3)
113.2(3)
108.3(3)
111.2(3)

Table 2.5. Selected bond lengths [A] and angles [RJr HO—C(C4H3S) (2).

1.2.1.3.1 Discussion of the Molecular Structure IdD—-C(CH3S) (2)

A single crystal X-ray analysis of HO-C{dsS); (2) was carried out for unequivocal

identification of the structure as shown in FigQr8.
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S1
C2 rlob»]
C6 &
p CN\
f\Tcm

S3

Figure 2.3. X-ray molecular structure ofHO—C(C4H3S); (2).

The geometry around the tertiary carbon centre @1distorted tetrahedral. The angles
0O(1)-C(1)-C(GH3S) average 107.9(3)° and thes(3S)C-C(1)-C(GH3S) 110.9(3)°. In
comparison withl, no difference of these angles has noticed. ThHE-Q(GH3sS) bond
lengths are between 1.514(5) A and 1.534(5) A. @B -C(GHS) distance is 1.440(4) A.

1.2.2 Phenylbis(2-thienyl)methanol (3 _)

The carbinol3 was synthesised by following the procedure deedriblt was obtained by a

classical nucleophilic addition of (2—thienyl)lithim on methyl benzoate (Equation 2.13). The
solution was stirred two days at room temperatame, subsequently hydrolysed. Contrarily to
the literature, where the compound was purifiedchgomatography using a silica column,
carbinol3 was isolated by simple washing with hexane. Thepmund was characterised by

'H and™®*C NMR, IR and elemental analysis.
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Et,0 S ®
2 +2nBuli — 2 O Li
\ / -15°C, 1h \ /

(CeHs5)CO,Me
2d.,R.T.

Equation 2.13. Synthesis of phenylbis(2-thienyl)mbanol (3).

1.2.3 Diphenyl(2—-thienyl)methanol (4 _), Diphenyl(5—-methyl-2-thienyl)
methanol (5 ) and Diphenyl(4-methyl-2—-thienyl)methanol (6 _)

The carbinol was synthesised by following the procedure deedfibThe novel compounds

5 and6 were prepared by a similar method. They were ggised by a classical nucleophilic
addition of lithium derivatives on benzophenoneu&itpn 2.14). The solutions were stirred
two days for4 or overnight for5 and6 at room temperature, and subsequently hydrolysed.
The compounds were isolated by simple washing thétkane (yields: 67 % fds and 56 %

for 6) and were characterised By and**C NMR, IR and elemental analysis.

61



Synthesis and Crystal Structure Investigations efal/Methoxides Containing Thienyl Substituents

Et,0 S
R 2 R [C)
! + n-BuLi ——>» ! S) Li
\ / -15°C, 1h \ /
R R>
(CeH5).CO
R.T.
Ry S OH

:R;=R,=H
:Rl:‘CH3, RZZH
:Rle, RZZ'CH3

1o 101 I~

Equation 2.14. Synthesis of 46 and 6.

The'H-NMR spectrum o6 (and6), recorded in chloroform, displays three aromaiimals:

a multiplet at 7.3 ppm (7.3 ppm) attributed to pnetons of the phenyl groups, a multiplet at
6.5 ppm and a doublet at 6.4 ppm of the 4-H an@#t¢ of the thienyl unit (multiplets at 6.8
and 6.4 ppm of the 5-H and the 3—-H of the thiemyt)urespectively. A broad signal at 2.9
ppm (2.9 ppm) due to the alcohol function is albtamed. The latter signal, a doublet at 2.4
ppm (a multiplet at 2.2 ppm), could be assignedthi® protons of the methyl group.
Correspondingly, th&C—NMR spectra show the characteristic signals efttiienyl unit, the

benzyl and methyl groups.

1.2.4 Phenylbis(3-thienyl)methanol (7 _)
The carbinol? was synthesised by following the procedure desdriblt was synthesised by
a classical nucleophilic addition of (3—-thienyhiiitm on methyl benzoate (Equation 2.15).

The solution was stirred two hours at —70°C and tays at room temperature, and
subsequently hydrolysed. The compound, a whitel sefas isolated by washing with hexane.
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S Et,O S
2 + 2 n-BuLi —— . 2
\ / 2h, - 70°C @
oo .
Br
(C6H5)C02Me
1) 2 h, -70°C

2)2d., RT.

Equation 2.15. Synthesis ophenylbis(3-thienyl)methanol (3.

The compound was characterised'Hyand*C NMR and elemental analysis.

1.2.5 Diphenyl(3—-thienyl)methanol (8 _)

The carbinoB was synthesised by following the procedure desdriblt was synthesised by

a classical nucleophilic addition of (3—thienyhiitm on benzophenone (Equation 2.16). The

solution was stirred two hours at —70°C and twosdatyroom temperature, and subsequently

hydrolysed. The compound, a white solid, was isaldty washing with hexane.

S Et,0 S
+ n-Buli
\ / 2h, - 70°C \ /
© Oy
Br
(CgHs),CO
1)2h, -70C
—
\_$
8

Equation 2.16. Synthesis ofliphenyl(3—-thienyl)methanol (8).
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The compound was characterised'Hyand*C NMR and elemental analysis.

2 Synthetic Methods Studied in this Work

Two synthetic pathways leading to rare earth alttesihave been investigated in this work: i)
salt metathesis reactions between M@hd carbinolates and ii) the reactions between
M[N(SiMe3),]s and acidic carbinolsThe choice of the first method can be explainedhey
ability of the carbinol derivatives to form alcoht#s (with sodium and potassium as counter
ion in our case) and their reactivity towards Mdlhe choice of the latter method is due to
the propensity of the thienyl derivative ligandsaitt as alkoxide ligands via covalent M—O
bonding thankdo their abilities to be easily deprotonated in gresence of a silyl-amide
group acting as a base, thus liberating the velagixamethyldisilazane; the high solubility of

silyl amides facilitating their isolation.

3 Synthesis of M[N(SiMe_3),]x (M =Sn, Y, Nd, Er, Sm)

The tin(ll) silyl amide Sn[N(SiMg,]. was synthesized by the reaction between two
equivalents of LiN(SiMg, ** %' and one equivalent of SnCin diethyl ether (Equation
2.17)%

hexane, 24 h.
2 HN(SIMeg)Z + 2n-BuLi > D LIN(SIMeg)Z +2 C4H 10
Et,0,
. . 2h. . .
2 LIN(SiMe3), + SnCh, »  Sn[N(SiMe3),], + 2 LICl

Equation 2.17. Synthesis of Sn[N(SiMgy],.

Yttrium, neodymium, erbium and samarium silyl ansideere synthesized following the
procedure described in the literature (Equatio8?3 The Y, Nd, Er and Sm silyl amides
were obtained as clean white, blue, pale—red, aa-plue products, respectively. The yield

was found in the range from 80-85 %.

64



Synthesis and Crystal Structure Investigations efdliMethoxides Containing Thienyl Substituents

o benzene, thf
3 LiN(SiMej3), + MCl 3 »  M[N(SiMe 3),]5 + 3 LiCl
60 °C, 42 h.

Equation 2.18. Synthesis of M[N(SiMg,]s with M =Y, Nd, Er, Sm.

4 Synthesis and Crystal Structure Determination of Alcoholates

Containing Thienyl Substituents

4.1 Introduction

4.1.1 Utilities of these Compounds

To investigate the synthetic potential of the sadtathesis reactions, we first were obliged to
synthesize a series of alkali metal alcoholatestianalized with thienyl groups. With this
objective in mind, the synthesis and structureuiest of some new alcoholates were studied.

4.1.2 General Synthesis

The potassium or sodium alcoholates have been esind at room temperature by the
deprotonation of the corresponding carbinol withageium or sodium hydride. (Equation
2.19). For all the reactions conducted overnightgas development was observed. The

products were isolated as solids, in some caseiavawgstalline form.

. ythf + 4 H2
over night, RT

Equation 2.19. General route of potassium or sodiuralcoholates. M =K, Na;x=0o0r 1,y=0, % or 1. R,

R, and R; stand for the thienyl or/and phenyl groups.
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4.2 Reactivity of HO-C(C 4H3S)3 (2) towards Alkali Metal Hydrides

4.2.1 Reactivity of HO-C(C 4H3S);3 (2) towards KH

After consumption of all the KH, concentration dfet pure solution afforded colourless
crystals of [KOC(GH3S)]4(thf), « thf (12), which were grown at 5°C. Unfortunately, the
yield was quite low with 20 %. Th&H-NMR spectrum recorded in thf{Ds at room

temperature shows three well resolved doubletsoobkbts at 6.9, 6.8 and 6.7 ppm in the

integration ratio 12:12:12. They are attributedpestively, to the 5-H, 3—H and 4-H protons

of the thienyl units.

4.2.1.1 Crystal Structure Determination of {{[KOC{B3S)]4(thf),} « thf (12)

Colourless crystals of {[KOC(§13S)]4(thf)2}  thf (12) were obtained from a concentrated

tetrahydrofuran solution placed at 5°C. An appratericrystal was isolated and anchored at a

cryo—loop. From the determination and the refinenadrthe unit cell dimensions arose the

space group Pccn in an orthorhombic crystal sysfidm. position of each atom, except the

hydrogen atoms, was anisotropically refined. Hydrogtoms were refined as rigid groups

with the attached carbon atoms in ideal positiditee R—value is 9.51 %. In Table 2.6 are

reported the crystal data and the structure refargrfor the compound and in Table 2.7 are

reported some selected bond lengths and angles.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data collection
Index ranges

sh2389

GaHeoK 407512
1482.24
103(2) K
0.71073 A
Orthorhombic
Pccn

a=14.246(1) A a = 90°.
b = 16.743(1) A B =90°
c=27.707(1) A vy =90°.

6608.6(6) B
4

1.490 MgAn

0.701 mmd
3072

0.55 x 0.3 x 0.25 mf
1.47 to 29.40°.

—16<=h<=19, —23<=k<=18, —36<=I<=38
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Reflections collected 46554

Independent reflections 9114 [R(int) = 0.0290]
Completeness to theta = 29.40° 99.9 %

Absorption correction None

Refinement method Full-matrix least—squares énF
Data / restraints / parameters 9114/0/ 460
Goodness—offit on4 2.785

Final R indices [I>2sigma(l)] R1 =0.0951, wR2 2853

R indices (all data) R1 =0.1251, wR2 =0.3074
Largest diff. peak and hole 2.130 and —1.3038.A

Table 2.6. Crystal data and structure refinement fo {{[KOC(C 4H3S)]4(thf) 5} « thf (12).

K(1)-0(2) 2.671(3) K(2)-0(3) 2.687(4)
K(1)-O(1) 2.636(3) K(2)eeeK(1) 3.611(1)
K(2)-O(1) 2.652(4) K(2)seeK(2) 3.855(2)
K(2)-0(2) 2.736(3)
K(1)-0(2)-K(1) 87.67(9) 0(1)-K(2)-0(2) 89.7(1)
K(1)-0(2)-K(2) 87.90(9) 0(1)-K(2)-0(1) 87.1(1)
K(1)-O(1)-K(2) 90.4(1) 0(3)-K(2)-0(2) 127.4(1)
K(2)-0(1)-K(2) 92.6(1) C(1)-0(1)-K(1) 119.1(3)
0(2)-K(1)-0(2) 91.6(1) C(1)-0(1)-K(2) 126.6(3)
0(1)-K(1)-0(2) 91.5(1) C(14)-0(2)-K(2) 141.3(2)
0(1)-K(2)-0@3) 118.5(1) C(14)-0(2)-K(1) 128.5(2)

Table 2.7. Selected bond lengths [A] and angles [ir {{KOC(C 4H3S)]4(thf) 5} « thf (12).

4.2.1.1.1 Discussion of the Molecular Structure HKOC(C4H3S)]4(thf)2}
* thf (12

A single crystal X-ray analysis of {{[KOCEi3S)]4(thf),} ¢ thf (12) was carried out for

unequivocal identification of the structure as showFigure 2.4.
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Figure 2.4. Molecular structure of {[KOC(C4H3S)]4(thf),} « thf (12). The hydrogen atoms and the lattice
tetrahydrofuran molecule are omitted for more clarity. Two thienyl groups are found in two split
positions [S(1A) and S(1B), S(2A) and S(2B)].

Figure 2.5. View of the distorted heterocuban core.

The crystal structure reveals a tetrameric potasslcoholate with a distorted cubane-like
K404 core, whose bond lengths are not exactly identical angle values are around 90°

(Figure 2.5). The molecule is situated orCaaxis in the crystal. Each potassium atom is
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surrounded by three tris(2—-thienyl)carbinolato tida. A tetrahydrofuran molecule is also
coordinated to K(2). Another tetrahydrofuran moleds present in the crystal lattice without
interaction with the central motif. The—oxygen atom of the thienyl groups is coordinated t
three alkali ions, two with a dative link and onéghnaa covalent link. The geometry around
K(1) is trigonal pyramidal and these for K(2) tékedral. This molecular structure is in
accordance with those found for ¢ DPE)(thf): or [K(us—~DPE)(py)k * 2 py?* In contrast
latter examples not all the potassium atoms aegddyto a solvent molecule. A closer view to
the surrounding of K(1) shows that the thienyl srgpielding the metal inza-ligand manner
(Figure 2.5). The K-OC(§H3S); distances average 2.673(4) A and are in the resyerted
for [K(us—DPE)(thf)} [2.641(0) and 2.720(2) A] and [KDPE)(py)k * 2 py [2.653(8) AF*
The K-0O bond lengths between K(2) and the oxygematf the tetrahydrofuran molecule of
2.687(4) A are in agreement with those observedK@rs—DPE)(thf)l, [2.720(2) A]** The
K(2)----K(2) and K(2)----K(1) distances of 3.85%(®) 3.611(1) A, respectively, are indicative
for the absence of an interaction between the potas atoms. The O(1)-K(2)-O(1) or
angles of 87.1(1)° are more acute than those fdom@(2)-K(1)-0O(2) of 91.6(1)°. The same
observation are made for the angles O(1)-K(2)-Og&9.7(1)°] and O(1)-K(1)-0(2)
[91.5(1)°]. Indeed, the presence of the two solveatiecules coordinated only with two
potassium leads to a deformation of the heterocua®, thus inducing these variations of

angles.

4.2.2 Reactivity of HO-C(C 4H3S)3 (2) towards NaH

After consumption of all the NaH, concentrationtbé pure solution afforded colourless
crystals of [NaOC(gH3S)]4(thf)2 (13), which were grown at 5°C. Unfortunately, the gliel
was quite low with 20 %. This very low yield is digethe difficulty to obtain good quality of
crystals.

The 'H-NMR spectrum recorded in thf{Og at room temperature shows three well resolved
doublets of doublets at 6.9, 6.8 and 6.7 ppm, éaegrating for 12H, and attributed to the
5-H, 3-H and 4-H of the protons of the thienyl aniespectively.
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4.2.2.1 Crystal Structure Determination aOC(CH3S)]4(thf)2 (13

Colourless crystals of [NaOC{B3S)]4(thf), (13) were obtained from a concentrated
tetrahydrofuran solution placed at 5°C. An appraericrystal was isolated and anchored at a
cryo—loop. From the determination and the refineharthe unit cell dimensions arose the
space group monoclinic in a C2/c crystal systeme Ppbsition of each atom, except the
hydrogen atoms, was anisotropically refined. Hydrogtoms were refined as rigid groups
with the attached carbon atoms in ideal positidiee R—value is 10.52 %. In Table 2.8 are
reported the crystal data and the structure refemrfor the compound and in Table 2.9 are

reported some selected bond lengths and anglesenést.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 34.67°
Absorption correction

Refinement method

Data / restraints / parameters
Goodness—offit on4

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

sh2386
C60 H52 Na4 06 S12
1345.70
103(2) K
0.71073 A
Monoclinic
C2/c
a=23.189(2) A
b =13.343(1) A
c=22.976(1) A
6158.8(5) B
4

1.451 Mghn

0.504 i
2784

0.4 x 0.28 x 0.22 mf
1.83 to 34.67°.

a=90°.
B =119.97(1)°.
v = 90°.

—36<=h<=36, —21<=k<=21, —36<=I<=36

105170

12917 [R(int) = 0.0356]

97.5%
Multiscan

Full-matrix least—squares énF

12917/0/360
2.755

R1 =0.1052, wR2 2969

R1 =0.1603, wR2 = 0.3197

4.195 and —2.5478.A

Table 2.8. Crystal data and structure refinement fo [NaOC(C 4H3S)]4(thf), (13).
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Na(1)-0(2) 2.323(2) Na(L)sessNa(1) 3.068(2)
Na(1)-0(1) 2.302(2) Na(2)ee++Na(2) 3.256(2)
Na(2)-0(1) 2.488(2) Na(1)eessNa(2) 3.290(1)
Na(2)-0(2) 2.286(2) Na(1)-S(3) 2.875(2)
Na(2)-0(3) 2.325(3)

Na(1)-O(1)-Na(1) 95.45(8) O(1)-Na(1)-0(1) 95.45(8)

Na(1)-O(1)-Na(2) 87.00(8) 0(2)-Na(2)-0(2) 88.79(8)

Na(2)-0(2)-Na(2) 91.21(8) 0(2)-Na(1)-0(1) 92.10(8)

Na(2)-0(2)-Na(1) 85.86(8) C(1)-O(1)-Na(1) 125.1(2)

0(2)-Na(2)-0(1) 93.99(8) C(14)-0(2)-Na(2) 132.2(2)

Table 2.9. Selected bond lengths [A] and angles Rjr [NaOC(C4H3S)s]4(thf), (13).

4.2.2.1.1 Discussion of the Molecular Structure MaOC(CH3S)]4(thf)2
13

A single crystal X-ray analysis of [NaOCAd:S)]4(thf), (13) was carried out for
unequivocal identification of the structure as showFigure 2.6.

Figure 2.6. Molecular structure of [NaOC(GH3S)]4(thf), (13). Hydrogen atoms are omitted for more
clarity.
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Figure 2.7. Environment around the sodium atoms.

As in the case of the potassium analoddethe molecular structure reveals a tetramer in a
distorted cubane arrangement (Figure 2.7). The cutdeis situated on &, axis in the
crystal. In contrast to {{[KOC(§H3S)]4(thf),}  thf (12), the Na(1) atoms are surrounded by
the three tris(2-thienyl)methanolato ligands anditamhally ligated by a sulphur atom of the
thienyl groups S(3), with a Na(1)-S(3) distance 2875(2) A. The Na(2) atoms are
coordinated by the three tris(2-thienyl)methanolagands and a tetrahydrofuran molecule.
The (GH3S):CO-Na—-O(GH3S) angles are between 88.79(8) and 95.45(8)°.

The overall molecular structure df3 is quite comparable with those obtained for
[Na(us—Ombp)(DME)}, %> and [Na(OGHsMe-4)(dme)}.*® However in contrast td.3, in
these compounds each metal centre is ligated tdvarg molecule. In our case, (see above)
only two sodium atoms are surrounded by tetrahydlaof and intramolecular bonding is also
observed: it is in accordance with [)salphenydme)] and [Na(salen}(dme}],?’ in which
only two of alkali metal are bonded to the Schiisb, whereas the other two complete their
coordination sphere with the oxygen atom of a dmeod The Na-OC(€HsS); bond
distances lie in the range found for [Na(PtGMe-4)(dme)} [2.314(0) AF® and
[Na(us—Ombp)(DME)}, [2.33 A]?° The (GH3S):CO-Na-O(GH3S) angles are more obtuse
and Na-OC(GHsS):—-Na angles more acute than those for [Na@mbp)(DME)} [88.4°]%°
These variations of the angles can be explainethéysteric difference of the ligands and
solvent ligated to the sodium atoms.
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4.3 Reactivity of HO-C(C 14H1:S>) (3) towards Alkali Metal Hydrides
4.3.1 Reactivity of HO-C(C 14H11S>) (3) towards KH

After consumption of all the KH, concentration dfet pure solution afforded colourless
crystals of [KOC(G4H11S,)]4(thf)s (21), which were grown at 5°C. Unfortunately, the gliel
was quite low with 33 %.

The 'H-NMR spectrum recorded in thfiDs at room temperature shows four aromatic
signals. The multiplets at 7.5, 6.7 and 6.5 ppmiciwleach integrate for 8H, are assigned to
the protons of the thienyl units (5-H, 4-H and 3-f&kpectively). Another multiplet at 6.9
ppm, integrating for 20H corresponds to the protirthe phenyl groups.

4.3.1.1 Crystal Structure Determination of [KOC{§H11S;)]4(thf)3 (21)

Colourless crystals of [KOC({GH1:S;)]4(thf)s (21) were obtained from a concentrated
tetrahydrofuran solution placed at 5°C. An appratericrystal was isolated and anchored at a
cryo—loop. From the determination and the refineharthe unit cell dimensions arose the
space group C2/c in a monoclinic crystal systeme Tgosition of each atom was
anisotropically refined. The R—value is 12.24 %s(thigh value is due to the poor quality of
the crystals). In Table 2.10 are reported the atydata and the structure refinement for the
compound and in Table 2.11 and Table 2.12 are regp@ome selected bond lengths and
angles of interest.

Nevertheless, in the asymmetric unit of compk there are two crystallographically
independent molecules (A and B) having very closengetry (see Table 2.12). Hereinafter

we will refer to the molecule A only.

Identification code sh2608

Empirical formula GHesK 40755

Formula weight 1458.14

Temperature 130(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group C2/c

Unit cell dimensions a=24.774(2) A a = 90°.
b =24.210(2) A B =91.55(1)°.
c=49.109(3) A vy =90°.

Volume 29444(3) B
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z
Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 26.49°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness—offit on4

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

16
1.316 Mghn

0.519 mm#
12160

0.55 x 0.37 x 0.22 mi

1.18 to 26.49°.
—30<=h<=30, —25<=k<=30, -55<=I<=61
123598

30203 [R(int) = 0.0765]

99.1 %
Multiscan

0.8943 and 0.7633

Full-matrix—block Ieast—square§2o
30203/4 /1671
2.076
R1=10.1224, wR2 3011
R1=0.2232, wR2 = 0.3291

1.207 and —1.20T8.A

Table 2.10. Crystal data and structure refinementdr [KOC(C 14H1:1S,)]4(thf) 3 (22).

K(1)-O(1) 2.688(5) K(3)-O(11) 2.809(7)
K(1)-0(2) 2.654(5) K(4)-0(2) 2.811(5)
K(1)-O(4) 2.714(5) K(4)-0(3) 2.766(4)
K(1)-0(9) 2.867(9) K(4)-0(4) 2.726(5)
K(2)-0(1) 2.692(5) K(L)*eeK(2) 3.832(2)
K(2)-0(2) 2.746(5) K(1)se+K(3) 3.748(2)
K(2)-0(3) 2.673(5) K(L)se+K(4) 3.771(2)
K(2)-0O(10) 2.773(6) K(2)eeeeK(4) 3.785(2)
K(3)-0(1) 2.676(5) K(2)eee+K(3) 3.798(2)
K(3)-0(3) 2.775(5) K(3)eeeeK(4) 3.756(2)
K(3)-0(4) 2.726(5)
K(3)-O(1)-K(1) 88.6(1) 0(3)-K(2)-0(10) 119.5(2)
K(3)-0(1)-K(2) 90.1(2) 0(1)-K(3)-0(3) 89.8(2)
K(2)-0(2)-K(4) 85.9(1) 0(1)-K(3)-0(4) 92.1(1)
K(4)-0(3)-K(3) 85.3(1) O(1)-K(3)-0(11) 126.3(2)
K(1)-O(4)-K(3) 87.1(1) 0(3)-K(3)-0(11) 123.8(2)
O(1)-K(1)-0(9) 132.0(2) O(4)-K(4)-0(2) 90.6(1)
O(1)-K(1)-0(4) 92.1(2) 0(3)-K(4)-0(2) 91.2(1)
0(2)-K(1)-0(4) 94.3(2) C(44)-0(4)-K(1) 121.8(4)
O(4)-K(1)-0(9) 125.9(2) C(1)-0(1)-K(2) 122.1(4)
0(1)-K(2)-0(2) 88.2(1) C(1)-0(1)-K(3) 128.9(4)
0(1)-K(2)-0(10) 129.8(2) C(14)-0(3)-K(4) 117.7(4)
0(3)-K(2)-0(1) 91.7(2) C(29)-0(2)-K(4) 110.8(4)

Table 2.11. Selected bond lengths [A] and angleg for [KOC(C 14H1:S,)]4(thf) 5 (21) (molecule A).
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K(5)-0(5) 2.761(6) K(7)-O(13) 2.732(6)
K(5)-0(6) 2.740(5) K(8)-O(6) 2.704(5)
K(5)-0(8) 2.750(5) K(8)-0(7) 2.738(7)
K(6)-O(5) 2.668(6) K(8)-O(8) 2.752(5)
K(6)-O(6) 2.702(5) K(8)-O(14) 3.02(1)
K(6)-O(7) 2.740(7) K(5)eseeK(8) 3.717(9)
K(6)-0(12) 2.99(1) K(B)esseK(7) 3.850(3)
K(7)-O(5) 2.770(6) K(B)eseeK(8) 3.859(3)
K(7)-0(7) 2.687(5) K(7)eseeK(8) 3.774(3)
K(7)-0(8) 2.668(5)

K(5)-0(5)-K(7) 86.0(2) 0(5)-K(6)-0O(12) 115.7(2)

K(5)-0(8)-K(8) 85.0(1) 0(6)-K(6)-O(7) 89.5(2)

K(6)-0(6)-K(5) 86.2(2) 0(6)-K(6)-O(12) 117.8(2)

K(7)-O(7)-K(8) 88.2(2) O(7)-K(6)-0(12) 138.3(2)

K(7)-0(8)-K(5) 88.2(2) 0(8)-K(7)-O(13) 120.4(2)

K(8)-O(7)-K(6) 89.6(2) O(7)-K(7)-O(13) 126.5(2)

0(6)-K(5)-0(5) 92.3(2) C(102)-0(8)-K(5) 111.0(4)

0(6)-K(5)-0(8) 94.1(1) C(117)-0(7)-K(6) 128.0(5)

0(5)-K(6)-0(7) 90.2(2) C(117)-0(7)-K(7) 127.0(4)

0(5)-K(6)-0(6) 95.2(2)

Table 2.12. Selected bond lengths [A] and angleg for [KOC(C 14H1:S,)]4(thf) 5 (21) (molecule B).

4.3.1.1.1 Discussion of the Molecular Structure EOC(C;4H11S)]4(thf)3
21

A single crystal X-ray analysis of [KOC(H1:S,)]4(thf)s (21) was carried out for
unequivocal identification of the structure as showFigure 2.8.
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Figure 2.8. Molecular structure of [KOC(Cy4H11S;)]4(thf) 3 (21). The sulphur atoms S are found in two
split—positions [S(16) and S(22)].

Figure 2.9. Environment around the potassium atoms.

The structure of21 reveals a tetrameric potassium alcoholate withistoded cubane
configuration since bond lengths are not exactgntetal and angle values are around 90°.
Each potassium atom is surrounded by three cadimoligands and contrarily to
{[KOC(C 4H3S)]4(thf)2} « thf (12) three alkali metals [K(1), K(2) and K(3)] are digd to a
tetrahydrofuran (Figure 2.9). The coordination spheround K(4) is trigonal pyramidal and
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those around K(1), K(2) and K(3) tetrahedral. Thesgible addition of a fourth
tetrahydrofuran molecule at K(4) was prevented hmee phenyl groups building a shell
around the open side of the potassium atom (Figi@e The K—OC(gH1:S;) and K—O(thf)
distances averaging 2.719(5) A and 2.816(9) A, eeisyely, are longer than those found for
12.

4.3.2 Reactivity of HO-C(C 14H11S>) (3) towards NaH

After filtration from unreacted sodium hydride amdncentration of the thf solution, a
light-brown solid precipitated. Unfortunately, remlation of this compound in form of single
crystals has been possible.

The'H-NMR spectrum of this product in thf{0s recorded at room temperature shows three
signals. The first at 7.6 ppm, a doublet of doulttgrating for 8H, could be attributed to the
5-H of the thienyl groups. The second at 7.0 ppmckvintegrates for 28 H, corresponds to
the protons of the phenyl groups and to the 4-kthefthienyl units. The 3—H protons of the
thienyl groups (8H) are present at 6.7 ppm.

Therefore, it can be concluded that NaH and HO1@{GS,) (3) react in the same manner as
KH and HO-C(G4H11S,) (3), or MH (M = Na, K) with HO—(GH3S) (2) giving rise to
[NaOC(Gi4H11S:)]4(thf)2 (22).

Moreover, this composition is confirmed by the edetal analysis. The found carbon and
hydrogen values of 60.61 and 4.39 % match well witghcalculated values of 61.81 and 4.54
%. Therefore we propose a tetranuclear motif fa@(G4H11$)]4(thf), (22) as depicted in
Figure 2.10. This compound was obtained in 32 %yie
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Figure 2.10. Representation of [NaOC(GH 11S,)]4(thf), (22).

4.4 Reactivity of HO-C(C 15H13S) (4) towards KH

After consumption of all the KH, concentration dfet pure solution afforded colourless
crystals of {{[KOC(GgH13S)la(thf)s} » %2 thf (25), which were grown at 5°C. Unfortunately,
the yield was quite low with 34 %.

The'H-NMR spectrum of this product recorded at roomgerature in thf/@Dg, reveals four
signals in the integration ratio 12:32:4:4. Thensig of 5-H, 4-H and 3-H protons of the
thienyl units are observed at 7.3, 6.7 and 6.4 ppspectively. The peaks at 7.3 and 6.9 ppm

are attributed to the protons of the phenyl groups.

4.4.1 Crystal Structure Determination of {{KOC(C  15H13S)]4(thf) 3} * Y% thf
(25

Colourless crystals of {[KOC({gH13S)l(thf)s} ¢ % thf (25 were obtained from a

concentrated tetrahydrofuran solution placed at i€ appropriate crystal was isolated and
anchored at a cryo—-loop. From the determination #rel refinement of the unit cell

dimensions arose the space group P2(1)3 in a caystal system. The position of each atom,
except the hydrogen atoms, was anisotropicallyeefi Hydrogen atoms were refined as rigid
groups with the attached carbon atoms in idealtiposi. The R—value is 6.26 %. In Table
2.13 are reported the crystal data and the streicefimement for the compound and in Table

78



Synthesis and Crystal Structure Investigations efdliMethoxides Containing Thienyl Substituents

2.14 are reported some selected bond lengths aiesanf interest. In the asymmetric unit of
alcoholate25 there are two crystallographically independentenoles (A and B) having very
close geometries (see Table 2.15). Herein, weonlly refer to the molecule A.

Identification code sh2565

Empirical formula GH7gK 40755+ 0.5 GHO
Formula weight 1464.08

Temperature 130(2) K

Wavelength 0.71073 A

Crystal system Cubic

Space group P2(1)3

Unit cell dimensions a=24.494(2) A o= 90°.
Volume 14695.9(6) B

z 8

Density (calculated) 1.323 Mgﬁn
Absorption coefficient 0.384 mt

F(000) 6160

Crystal size 0.5 x 0.2 x 0.09 mM

Theta range for data collection
Index ranges

Reflections collected
Independent reflections

1.18 to 28.26°.
-26<=h<=32, -32<=k<=32, —32<=|<=29
83983

12157 [R(int) = 0.1092]

Completeness to theta = 28.26° 100.0 %

Absorption correction None

Refinement method Full-matrix least-squares énF
Data / restraints / parameters 12157 /0/589
Goodness—of-fit on & 1.022

Final R indices [I>2sigma(l)]
R indices (all data)
Absolute structure parameter

Largest diff. peak and hole

R1 = 0.0626, wR2 4497
R1=0.1109, wR2 = 0.1784
0.03(5)

1.010 and -0.516 8.A

Table 2.13. Crystal data and structure refinementdr {{[KOC(C 1¢H13S)]4(thf) 3} ¢ Y2 thf (25).

K(1)-O(1) 2.789(3) K(2)-O(5) 2.765(4)
K(2)-O(1) 2.625(3) 0(2)-C(18) 1.390(9)
K(2)-0(2) 2.696(3) K(2)eseeK(2) 3.754(2)

K(2)-O(1)-K(1) 88.50(9) 0(2)-K(2)-0(5) 113.9(1)

K(2)-O(1)-K(2) 88.3(1) 0(5)-K(2)-0(1) 137.9(1)

O(1)-K(1)-0(1) 91.95(9) C(1)-O(1)—-K(1) 113.4(2)

0(1)-K(2)-0(1) 94.8(1) C(1)-O(1)-K(2) 146.0(2)

0(1)-K(2)-0(2) 94.37(9) C(18)-0(2)-K(2) 126.45(8)

0(1)-K(2)-0(5) 115.9(1)

Table 2.14. Selected bond lengths [A] and angleg for {{[KOC(C 16H15S)li(thf) 5} « %% thf (25) (molecule A).
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K(3)-0(3) 2.790(3) K(4)-O(6) 2.742(4)
K(4)-0(3) 2.702(3) O(4)-C(46) 1.400(8)
K(4)-O(4) 2.667(3) K(4)eseeK(4) 3.734(2)

K(4)-O(3)-K(3) 86.67(9) O(3)-K(4)-0(6) 124.3(1)

K(4)-O(4)-K(4) 88.9(1) O(4)-K(4)-0(6) 117.9(1)

0(3)-K(3)-0(3) 91.35(9) C(29)-0(3)-K(3) 115.6(2)

0(3)-K(4)-0(6) 126.7(1) C(29)-0(3)-K(4) 119.0(2)

0(3)-K(4)-0(4) 124.3(1) C(46)-O(4)—K(4) 126.07(8)

Table 2.15. Selected bond lengths [A] and angleg for {{[KOC(C 16H15S)li(thf) 3} « %% thf (25) (molecule B).

4.4.1.1 Discussion of the Molecular Structure oK{DC(CigH13S)]a(thf) 3} « Y2
thf (25)

A single crystal X-ray analysis of {{[KOC(EH13S)]a(thf)s} « Y% thf (25) was carried out: the
structure as shown in Figure 2.11.

Figure 2.11. Molecular structure of {{[KOC(C¢H13S)]4(thf) 3} ¢ %2 thf (25). Hydrogen atoms and the
tetrahydrofuran lattice molecule are omitted for mae clarity.
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Figure 2.12. Environment around the potassium atoms

The molecular structure reveals again a tetranmotassium alcoholate with a cubane-like
K404 core (Figure 2.12). In contrast to {{[KOCAdsS)s]4(thf),} ¢ thf (12), three potassium
metals are coordinated with three diphenyl(2-thiengthanolato ligands and a
tetrahydrofuran molecule &l. The coordination sphere around K(1) is trigomalamidal
(same reasons as above, see Figure 2.12) andatms®d K(2) tetrahedral. The molecule is
situated on &3 axis [K(1)-O(2)]. The K—OC(gH.3S) distances averaging 2.703(3) A are
longer than those observed i, but in accordance with those found &dr The K(2)-O(thf)
bond lengths of 2.765(4) A are longer than thesented forl2 and shorter than these found
for 21. The (GgH13S)CO—K(1)-OC(GeH13S) and (GeH13S)CO-K(2)—-OC(GeH13S) angles of
91.95(9)° and 94.37(9)°, respectively, are moreusdbtthan these found f@2 and in the
range with those obtained f21.

4.5 Reactivity of HO-C(C 17H15S) (5) towards Alkali Metal Hydrides
4.5.1 Reactivity of HO-C(C 17H15S) (5) towards KH
The pure solution was concentrated and placed@t Béw days later, colourless crystals of
[KOC(C17H15S)]a(thf), (31) were isolated in 34% vyield. TH&l-NMR spectrum recorded in

thf/CsDe at room temperature exhibits five signals. Theaqgs of the two phenyl groups are

at 7.3 and 7.0 ppm integrating in a 16:24 ratio6At and 6.2 ppm, the signals which each
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integrating for 4H, correspond to the 4—-H and 3+khe thienyl groups, respectively. At 2.2
ppm, a singlet attributed to the protons of thehylegroups is present.

4.5.1.1 Crystal Structure Determination of [KOC{&15S)]a(thf), (31)

Colourless crystals of [KOC{@H15S)l4(thf), (31) were obtained from a concentrated
tetrahydrofuran solution placed at 5°C. An appratericrystal was isolated and anchored at a
cryo—loop. From the determination and the refinenadrthe unit cell dimensions arose the
space group C2/c in a monoclinic crystal systeme Ppbsition of each atom, except the
hydrogen atoms, was anisotropically refined. Hydrogtoms were refined as rigid groups
with the attached carbon atoms in ideal positidie R—value is 11.07 % (this value is due to
the poor quality of the crystals). In Table 2.16 azported the crystal data and the structure
refinement for the compound and in Table 2.17 aported some selected bond lengths and

angles of interest.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 26.44°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness—offit on4

Final R indices [I>2sigma(l)]
R indices (all data)

sh2656
GoH76K406Ss
1418.05
130(2) K
0.71073 A
Monoclinic
C2/c

a=23.647(1) A o = 90°.
b=14.219(1) A B =94.11(1)°.
¢ =42.900(2) A v =90°.

14388(1) B
8

1.309 Mg#An

0.416 mmi
5952

0.42 x 0.40 x 0.29 m#éh
1.67 to 26.44°.

—27<=h<=29, -17<=k<=17, -53<=I<=53

117135

14786 [R(int) = 0.0406]
99.7 %

Multiscan

0.8880 and 0.8432

Full-matrix least—squares on F
14786/ 13 /874

1.228
R1 =0.1107, wR2 2868
R1 =0.1201, wR2 = 0.2415
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Largest diff. peak and hole 1.386 and -1.7188.A

Table 2.16. Crystal data and structure refinementdr [KOC(C 17H15S)]4(thf) 2 (31).

K(1)-0(1) 2.826(4) K(4)-0(6) 2.752(5)
K(1)-0(2) 2.709(4) K(4)-0(4) 2.723(4)
K(1)-0O(4) 2.633(4) K(4)-0(3) 2.631(5)
K(2)-0(1) 2.601(4) K(4)-0(2) 2.733(4)
K(2)-0(3) 2.613(4) K(L)*+eK(3) 3.710(6)
K(2)-0(4) 2.598(4) K(L)seeK(2) 3.755(7)
K(2)-0(5) 2.623(6) K(L)seeK(4) 3.609(5)
K(3)-0(1) 2.689(4) K(2)seeK(3) 3.567(4)
K(3)-0(2) 2.833(4) K(2)eeeeK(4) 3.743(3)
K(3)-0(3) 2.626(5) K(3)eeeeK(4) 3.943(8)
K(1)-0(2)-K(4) 83.1(1) 0(3)-K(2)-0(5) 119.7(2)
K(1)-O(4)-K(4) 84.7(1) 0(4)-K(2)-0(1) 92.1(1)
K(2)-0(4)-K(1) 91.8(2) 0(4)-K(2)-0(3) 91.3(1)
K(2)-O(3)-K(4) 91.1(1) 0(4)-K(2)-0(5) 114.5(2)
K(2)-O(1)-K(1) 87.5(1) 0(1)-K(3)-0(2) 95.9(1)
K(2)-0(1)-K(3) 84.8(1) 0(3)-K(3)-0(1) 93.4(1)
K(2)-0(3)-K(3) 85.8(1) 0(3)-K(3)-0(2) 84.6(1)
K(3)-0(1)-K(1) 84.5(1) 0(2)-K(4)-0(6) 137.1(1)
K(4)-0(2)-K(3) 90.2(1) 0(3)-K(4)-0(2) 86.6(1)
0(2)-K(1)-0(1) 95.6(1) O(3)-K(4)-0(4) 88.2(1)
O(4)-K(1)-0(2) 97.2(1) O(3)-K(4)-0(6) 126.4(1)
0(1)-K(2)-0(5) 133.4(2) O(4)-K(4)-0(2) 94.6(1)
0(1)-K(2)-0(3) 95.7(1) 0(4)-K(4)-0(6) 111.2(2)

Table 2.17. Selected bond lengths [A] and angleg for [KOC(C 17H1sS)]4(thf) , (31).

4.5.1.1.1 Discussion of the Molecular Structure pfOC(Cy7H 155)]4(thf),
3D

A single crystal X-ray analysis of [KOC(@&H15S)]4(thf), (31) was carried out for
unequivocal identification of the structure as showFigure 2.13.
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Figure 2.13. Molecular structure of [KOC(C;;H15S)]4(thf)» (31). Hydrogen atoms are omitted for more
clarity. The sulphur atom S(3) is found in two spli positions [S(3A) and S(3B)].

Figure 2.14. Environment around the potassium atoms

The molecular structure shows again a tetramer distorted cubane configuration. Each
potassium atom is surrounded by three diphenyl(Bhyhe2—thienyl)methanolato ligands
(Figure 2.14). Two of the four alkali metals arscatoordinated with a tetrahydrofuran. The
geometry detected around K(1) and K(3) is triggmalamidal (same reasons as above, see

Figure 2.14), whereas those around K(2) and K(4Jlissorted tetrahedral. The distances
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between the potassium and the oxygen of the alatd®lligands and the K-O(thf) bond
lengths average 2.681(5) A and 2.668(6) A, respelsti are in good agreement with those
obtained for {[KOC(GH3S)]4(thf)2} « thf (12). The (G7H15S)CO-K-OC(G/H15S) and K-
OC(GH15S)-K angle values are in the range of 84.6(1) t®2@J° and to 83.1(1) from
91.8(2)°, respectively. These distances and anglees indicate that this heterocuban
compounds is not regular, probably due to the kiffee of steric hindrance between the
potassium atoms with and without coordinated teglatfuran molecule.

4.5.2 Reactivity of HO-C(C 17H15S) (5) towards NaH

The pure solution was concentrated and placed &t R white solid precipitated.
Unfortunately, no crystals could be obtained. fHeNMR spectrum recorded in thf{0s at
room temperature of this product is similar witistbbtained for [KOC(&/H15S)]4(thf), (31).

It consists in five signals in the ratio 16:24:42. At 7.3 and 7.0 ppm, the peaks are
attributed to the protons of the phenyl groups. ©hkeer signals at 6.4, 6.2 and 2.2 ppm
correspond to the 4—H, 3—H and to the methyleratoms of the thienyl groups, respectively.
Therefore, we conclude that NaH and HO—GKGsS) (B) reacts in the same manner than KH
with HO—C(G7H315S) ), to form the compound [NaOC{(&115S)]4(thf), (32). Furthermore,
the elemental analysis of the white solid confirims suggested formula. Indeed, 71.00 % of
carbon and 5.59 % of hydrogen is in good accordarttethe calculated values: 71.00 % and
5.62 %, respectively. Therefore, we tentatively gagj a tetranuclear composition for
[NaOC(G7H15S)]4(thf), (32) as depicted in Figure 2.15. The compound wasirddain only
14% vyield.
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Figure 2.15. Representation of [NaOC(GH 15S)]4(thf) » (32).

4.6 Reactivity of HO-C(C 14H11S>) (7) towards NaH

The unreacted NaH was filtered off. The solutionsw@ncentrated and placed at 5°C.
Colourless crystals were grown few days later, bugir poor quality inhibits the
determination of the crystal structure. TH&-NMR spectrum recorded in thf{Ds at room
temperature consists in four signals. The first.2tppm, integrating for 16H corresponds to
the protons of the phenyl groups and the 5-H othifenyl units. The other phenylic protons
are situated at 7.0 ppm (12H). The 4-H (8H) and 2&8H) protons of the thienyl moieties are
present at 6.8 and 6.2 ppm, respectively.

Based on théH-NMR data, and by the analogy with the other sodiand potassium
structures (see above) we conclude unambiguouslyat ththe compound
[NaOC(G4H11S)]4(thf)2 (37) (Figure 2.16) was obtained (in a yield of 22 %).
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Figure 2.16. Representation of [NaOC(GH 11S,)]4(thf), (37).

4.7 Reactivity of HO-C(C 16H13S) (8) towards NaH

The unreacted NaH was filtered off. The solutiorsveancentrated and placed at 5°C. A
white solid precipitated, but no X-ray suitablesta}s of this compound were obtained.

The 'H-NMR spectrum recorded at room temperature irCgif¢ shows the characteristic
signals of the protons of the thienyl units at ® and 6.2 ppm (5-H, 4-H, and 2-H,
respectively) and the peaks due to the phenyl psotare present at 7.3 and 7.0. The
integration ratio is 12:24:4:4.

By analogy with the other sodium compounds (seev@band in accordance with tHiel—
NMR spectrum, which doesn’t reveal impurities oe fresence of the star—shaped carbinol
precursor, the product is identified as [NaOGHGsS)l4(thf), (41). Furthermore, the
elemental analysis confirms the formula. Indeed)3 26 of carbon and 5.09 % of hydrogen
found are in good accordance with the values catledl 70.37 and 5.24 %, respectively.
These findings indicate that tetranuclear [NaOfKle:S))(thf), (41) (Figure 2.17) was
obtained in the yield of 31%.
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Figure 2.17. Representation of [NaOC(GH 13S)]4(thf) » (42).

4.8 Conclusion

Four new potassiurhi2, 21, 25 and31 and one sodium3 alcoholates have been isolated as
single crystals. Their molecular structures shotsateeric alkali metal alcoholates with a
distorted cubane like MD, core. Each alkali metal is surrounded by threéinatato ligands
and three (fo21 and25) or two (for12, 13 and31) metals have ligated with a tetrahydrofuran
molecule. The vast similarity in molecular symmewgs not as clearly reflected in the
crystallographic data seen in Table 2.18. The rmphenmomenon found by the crystal structure
determination of these different thienyl-carbineatvas the enormous disorder tendency of
the thienyl and/or phenyl rings. The energy diffexe for an alternative packing position
seems here extremely low. The partial resemblanoauttiplicity of the unit cell dimensions

indicates more tendencies in packing disorder themelationship of the molecular structure.
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Compounds | VR | RS |l | DAL | oA [l BEL |
12 Orthorhombic | Pcen | 14.246(1) 16.743(1) 27.704(1) 90 90 90
13 Monoclinic C2ic | 23.189(2) 13.343(1) 22.976(1) 90 9®r(1)| 90
21 Monoclinic C2ic | 24.774(2) 24.210(3) 49.109(3) 90 .&&(1)| 90
25 Cubic P2(L)3 | 24.494(2) 24.494(2) 24.4942) 90 90 50
31 Monoclinic C2/c 23.647(1) 14.219(1) 42.900(2) 90 .1941) 90

Table 2.18. Crystal system, space groups and unitl€dimensions of the alkali metal alcoholates.

Four sodium alcoholates have been isolated as: $bédH—NMR spectra, elemental analysis
and by analogy with the previous results, havetifled as22, 32, 37 and41. The reactions
of NaH with the organic ligand and6, or KH with 6-8, in tetrahydrofuran, did not lead to

the isolation of the desired molecules despitegsedevelopment observed.

5 Synthesis, NMR Studies and Crystal Structure Dete rmination of Tin(Il)

Methoxides bearing Thienyl Substituents

5.1 Tin Chemistry

The coordination chemistry of tin(ll) compounds o)) also named stannylene, has received
much attention in the context of transition mettdnsylene complexes. Actually, stannylenes
use two electrons of their p electrons in covaleonding and their other two electrons
constitute a lone pair that can be used to fornagdauct with a Lewis acid. There are also
low—lying empty p and d orbitals, which, when usedhe hybridation of the orbitals of tin,
create empty orbitals suitable for complex formatidrhere are several hybridization
geometrie® available for stannylene as seen in Figure 2.¥&hése, the second, third, and
fourth are most important, with the third, beingsnprevalent for tin—metal complexes. The
first and fifth structures are uncommon for tintiansition metal chemistry. Tin’s low-lying
empty orbitals are of suitable symmetry and origoafor 7 bonding, and tin(ll) compounds

are typically excellent acceptor.
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Figure 2.18. Hybridisation geometry for stannylenes

Stannylenes can form stable adducts both with hawlis bases (amines and ethers), hard
Lewis acid$® * *!(boron halides) and soft Lewis acids (transitiogtais)®® 32 33

Their uncommon electronic features render the bitagroup 14 metallic elements very
interesting in the field of coordination chemistiy. 1957, Hieber published an iron—tin
complex®* Since 1971, the tin chemistry began ostensibly whie works of Marks> The
known transition complexes displaying a group 14attie element in the oxidation state +2
as ligand can be described in Figure 2.19. Theffereit arrangements summarize roughly
the main properties of a bivalent group 14 metgdnd: a neutral fragment behaving as a
Lewis acid towards base adducts and behaving assleage through its lone pair towards

transition metals.

. /X
LM <—M LM <—M—Y LM <M~
Y Y\B'
B B

| I 13
Figure 2.19. Different structures of simple (l) andbase—stabilised complexes (Il and 1I') where M stads
for a group 14 metal, M’ stands for a transition meal, L ,, represents a set of ligands, B and B’ stand for a

neutral Lewis base molecule such as thf or pyridine

There are few literature reports of compounds d¢oimg lanthanides—tin bonds. For example,
Schuman and co—workers have prepared tin—lanthamiolmplexes® *” nevertheless, these
complexes could not be isolated in a pure stateauss of experimental difficulties.
Furthermore, these types of products are very watal oxygen sensitive and not
thermodynamically stabf&. As explained in Chapter 1, lanthanides in the atih state +3

have a high charge density and are a few polaggdix to the low spatial extension of tHeir
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orbitals: they could be considered as hard acicdbrdaty to the Pearson classification.

Therefore, it appeared interesting to form tin-tamides alkoxides using tin methoxides

bearing thienyl substituents.

5.2 Synthesis, NMR and Crystal Structure Investigat ions of New Tin(ll)
Alkoxides Containing Tris(2—thienyl)methoxido Ligan ds

5.2.1 Reactivity of HO-C(C 4H3S)s (1) towards Tin(ll) Silyl Amide in

Toluene

The compound {Sn[OC({sS)].}2 ¢ 2 toluene 148 was prepared by the reaction between
two equivalents of HO-C((15S) (2) and one equivalent of Sn[N(Sik)g,, for two days at
room temperature (Equation 2.20). After concerdratf the solvent, the tin(ll) alkoxid4a

was isolated in form of colourless crystals in yiedd of 36 %.

C(C4H3S)k

(CaHsSKCO OC(C4H3S)

O

toluene
4 HO-C(C4H3S)y + 2 Sn[N(SiMg),] ,—————— Sn/ \Sn - 2 toluere
-4 HN(SiMey), 7

6]

2

§stH"D)D

14a

Equation 2.20. Route leading to the desired tin(llplkoxide.

5.2.1.1 NMR Studies on {Sn[OC83Sk],}, * 2 toluene (143

The H,H-COSY NMR spectrum of dimeric {Sn[OC§d3S)],}» * 2 toluene 14a), recorded
at room temperature in CD£Ishows two sets of three signals of the thienylugs.
According the spectrum, two compounds are presegtife 2.20). An equilibrium in solution
between the dimeric {Sn[OCH3S)],}. ¢ 2 toluene 148 and the monomeric species
Sn[OC(GHsS)]. (Equation 2.21) is present in a 85:15 ratio. Thecdtion of a mononuclear
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product is in agreement with literature reports ather Sn(ll) alkoxides bearing bulky

ligands, which exists exclusively as monont&ré’

oM T D 7 ¥ B DM
|
|
J -!' L [T Wiy
] ¥ ] ! A ¥
e — - ) ___,' L"_ )
—
- i
—_— {
= 'f_} \ :

Figure 2.20. H,H-COSY spectrum of 14én CDCIl; at room temperature. M stands for the monomer, D

for the dimer, T for the toluene molecule and ? folmn unknown species.

(C4H3S),C

C(C,H3S)

OC(C,4H3S)

O

C\’
\ — S
sn< _sn —_— 2 Ve

(C4H3S)CO OC(CaH3S)

§s®H"D)00

14a
Equation 2.21. Equilibrium between the monomer andhe dimer.
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The *H-NMR spectrum ofL4a displays three doublets of doublets<7.3, 7.1, 6.7 ppm),
attributed to the protons of the thienyl groupsspre in the dimer {Sn[OCE13S)]2}2 ¢ 2
toluene 148 and the signals due to the toluene molecule & l#ttice. The three other
doublets of doublets at 7.2, 6.8 and 6.6 ppm cparg to the protons of the thienyl groups in
the mononuclear Sn[OC{B3S)], compound. As can be seen in the spectrum of F2@,

two broad signals at 7.0 and 6.9 ppm are presémy @re attributed to an unknown species,
probably due to a partial decomposition of the hjidlght, water and oxygen sensible tin
alkoxidel4a

An equilibrium between theis andtrans arrangement of the terminal alkoxides is possible
(Equation 2.22). Unfortunately, nti-NMR experiment at variable temperature has been

possible because of the thermal instability ofagbepound.

< <
+ *
< 3
C4H3S)RCO @) C4H3S)CO @)
( 4013 )3 g TC(C4H3S)3 ( 413 )3 \ b,
O
~ ~
Sn/ Sn —_— Sn/ Sn
\O/ \O/
Q Q OC(C4H3S)
O @)
N IN
wI (,oI
&) %)
w w
14a

Equation 2.22. Thecis and trans arrangement of the terminal alkoxides in the dimer¢ compound.

The*Sn—NMR data for solution df4a display resonance signals at —244.5 ppm and —236.5

ppm for the monomer and the dimer respectivelyheexpected range of chemical shift for

this type of tin(ll) alkoxide4?

5.2.1.2 Crystal Structure Determination of {Sn[OC{&3S)].}. ¢ 2 toluene
(149

Colourless crystals of {Sn[OC(H3S)]2}. ¢ 2 toluene 148 were obtained from a
concentrated toluene solution placed at 5°C. An@pate crystal was isolated and anchored
at a cryo—loop. From the determination and thenegfient of the unit cell dimensions arose

the space group P2(1)/n in a monoclinic crystalesys The position of each atom, except the
hydrogen atoms, was anisotropically refined. Hydrogtoms were refined as rigid groups
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with the attached carbon atoms in ideal positidie R—value is 5.91 %. In Table 2.19 are

reported the crystal data and the structure refergrfor the compound and in Table 2.20 are

reported some selected bond lengths and anglesenést.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
4

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 34.90°
Absorption correction

Refinement method
Data / restraints / parameters

Goodness—offit on%
Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

sh2438
C66 H52 04 S12 Sn2
1531.18
148(2) K
0.71073 A
Monoclinic
P2(1)/n
a=12.848(2) A
b =23.425(3) A
c=21.6253) A

6404(1) A3
4

1.588 Mghn

1.220 mm#
3088

0.15 x 0.36 x 0.52 m&
1.29 to 34.90°.

a= 90°.
p= 100.27(1)°.
y=90°.

—20<=h<=20, —37<=k<=30, —34<=l<=34

146369

27903 [R(int) = 0.0343]

99.7 %
Multi scan

Full-matrix least—squares on F

27903 /37 /715
1.027

R1 =0.0591, wR2 4899

R1=0.0757, wR2 = 0.1737

5.241 and —2.2858.A

Table 2.19. Crystal data and structure refinementdr {Sn[OC(C;H3S)],}» ¢ 2 toluene (14a
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Sn(1)-0(2) 2.182(2) o(1)-C(1) 1.446(4)
Sn(1)-0(2) 2.233(2) 0(2)-C(14) 1.443(4)
Sn(2)-0(4) 2.062(2) 0(3)-C(27) 1.416(4)
Sn(2)-0(1) 2.243(2) O(4)-C(40) 1.409(4)
Sn(2)-0(2) 2.194(2) Sn(1)es++Sn(2) 3.589(8)
Sn(1)-0(3) 2.053(2)

0(1)-Sn(1)-0(2) 71.65(9) Sn(2)-0(2)-Sn(1) 108.4(1)

0(3)-Sn(1)-0(1) 85.44(9) C(1)-0O(1)-Sn(1) 121.3(2)

0(3)-Sn(1)-0(2) 93.8(1) C(14)-0(2)-Sn(1) 125.6(1)

0(2)-Sn(2)-0(1) 71.22(9) C(40)-0(4)-Sn(2) 123.1(2)

0(4)-Sn(2)-0(1) 93.6(1) C(1)-0(1)-Sn(2) 121.3(2)

0(4)-Sn(2)-0(2) 88.7(1) C(14)-0(2)-Sn(2) 122.0(2)

Sn(1)-0(1)-Sn(2) 108.4(1) C(27)-0(3)-Sn(1) 123.1(2)

Sn(1)-Sn(2)-0(3) 88.89(3) Sn(2)-Sn(1)-0(4) 87.01(1)

Table 2.20. Selected bond lengths [A] and angleg for {Sn[OC(C sH3S)]2}» ¢ 2 toluene (143

5.2.1.2.1 Discussion of the Molecular Structure 8n[OC(GH3S)k]2}2 * 2
toluene (142

A single crystal X-ray analysis of {Sn[OC{83S)]2}. ¢ 2 toluene 148 was carried out for
unequivocal identification of the structure as showFigure 2.21.

Figure 2.21. Molecular structure of {Sn[OC(GH3S)]2}, ¢ 2 toluene (14% Toluene lattice molecules and
hydrogen atoms are omitted for more clarity. The slphur atoms S(10), S(11) and S(12) are found in two
split—positions [S(10A) and S(10B), S(11A) and S(@&}), S(12A) and S(12B)].
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The core ofl4a consists of a nearly planar four-membered ringclviis asymmetric since
the Sn(1)-0O(1), Sn(1)-0(2), Sn(2)-0O(1) and Sn(2»)@onds are not identical [2.182(2),
2.233(2), 2.243(2), and 2.194(2) A, respectiveBdch metal centre is coordinated by three
(2-thienyl)methoxido ligands: one terminal and tlMddging. In contrast to other dimeric
alkoxides, the terminal —QRligands arecis—arranged (Figure 2.22). For example, in
[Sn(OBU),]» or [Sn(0-2,6—P¥CsHs)-]» atrans-arrangement of the terminal alkoxides was
structurally established“*® **In our case, this phenomenon may be explainetidpacking
effect due to the steric hindrance of the thienghrids in the crystalline solid. By this
arrangement the free side of both tin atoms is lgqonavered with three thienyl planes. The
Sn—-0O-C(GH3S):; angles of the terminal ligands are found at 123°1( and the
Sn—-0-C(GH3S); angles of the bridging ligand average 122.6(2)°.

Figure 2.22. Molecular structure of [Sn(OBU)]..

As seen in Table 2.21, the Sn—-OGKIgS); bridging bond distances are in the same range of
those found for [Sn(OB)s],.** ** The non-bonding Sn(1)----Sn(2) distance is lotiger the
one found for [Sn(OB]..** ** The Sn(1)-O(1)-Sn(2) and Sn(2)-0O(2)-Sn(1) angtes a

slightly more obtuse than those for [Sn(O)gu.** **
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{Sn[OC(C4H3S)],}, * 2 toluene (144 [Sn(OBW)],
Sn(1)-0(1) 2.182(2) Sn-0(1) 2.128(4)
Sn(1)-0(2) 2.233(2)
Sn(2)-0(1) 2.243(2)
Sn(2)-0(2) 2.194(2)
Sn(1)-0(3) 2.053(2) Sn-0(2) 2.009(4)
Sn(2)-0(4) 2.062(2)
Sn(1)eeeeSn(2) 3.589(8) SneseeSn’ 3.446(1)
Sn(2)-0(1)-Sn(1) 108.4(1) Sn-0(1)-Sn 106.8(3)
Sn(2)-0(2)-Sn(1) 108.4(1) Sn-0(1")-Sn’ 106.8(3)

Table 2.21. Comparative bond lengths [A] and anglealues [°] obtained for {Sn[OC(GH3S)]2}» * 2
toluene (143 and [Sn(OBU),],.*

Presumably due to packing effect, the Sn-O bondsth& terminal cis-oriented
Sn-0-C(GHsS)-ligands are almost in an eclipsed situation witbdeaiation of 11.5(1)°
from the ideal position (Figure. 2.23).

O3@P O4

Sn2
O1 02
Sn1

Figure. 2.23. Projection of the four membered-ringalong the SneeseSn axis in_14ahowing the “eclipsed”
orientation of Sn(1)-0(3) and Sn(2)-0(4).

5.2.1.3 Conclusion

This reaction leads, in solid state, to a dimeniodpct. Nevertheless, the NMR spectra
indicate the co—presence of a monomeric stannydeeeies in solution. The product is very
moisture and light sensitive either as solid orswmiution. Nevertheless, it appeared be

tempting to perform the same reaction in a donbwes to study possible Lewis acid—Lewis
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base interactions between the oxygen atoms oflkoxydigand and the divalent tin centres.

Therefore, the same reaction was conducted imtedrafuran instead of toluene.

5.2.2 Reactivity of HO-C(C 4H3S)3 (2) towards Tin(ll) Silyl Amide in

Tetrahydrofuran

The reaction of six equivalents of tris(2—thienydimanol with three equivalents of tin(ll)
silyl amide, for two days at room temperature, tedthe formation of two products: a
dinuclear {Sn[OC(GH3S)]2}2 ¢ 2 thf (L4b) and a mononuclear Sn[OC:S)]2(thf) (15)

compound (Equation. 2.23nd were separated by sorting out different crystale to their

crystal shape.

— - _
%
5 thf
C4H3SECO O
(CaHaS) S OC(CH3S) l
] thf O
6 HO-C(C/H3S) + 3 Sn[N(SiMg),]l,——— s< _sn - 2thf + Sn
, -6 HN(SiMey), 9 (CHSKCO OC(C4H3S)
o
S
I
v 15

=
=
o

Equation 2.23. Route leading to the tin(ll) alkoxids.

The two thf molecules of compouridib are not bonds to tin and serve only as fillershim
crystal lattice. Probably, the two different compds 14b and 15 result from a dynamic
equilibrium between the monomeric species in whichis coordinated by two alkoxide
ligands together with the thf donor molecule anel dimeric compound which results from
Lewis acid base interactions between the oxygemstof the alkoxy ligand and the

low—coordinated divalent tin centres (Equation 2.24
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(C4HSSk

OC(C4H3S)s Tf

0]
\ 2 thf
Sn< >Sn —_— 2 /Sn\
- 2 thf (C4H:S)CO OC(C4H3S)

(C4H3S)C

(0] oC

¢c%H"D)D
=
[63]

14b
Equation 2.24. Equilibrium between the monomer andhe dimer.

5.2.2.1 NMR Studies of {Sn[OCE3S)]2}2 ¢ 2 thf (14hH and a Mononuclear
Sn[OC(GH3S)](thf) (1)

In the'H-NMR spectrum of a solution of the dimé#b) / monomer 15) in CDCk, at room
temperature, two sets of three signals of the ttigroups show up with each of the three
protons displaying the characteristic pattern otldets of doublets. Surprisingly, this
spectrum is identical with thBH—NMR spectrum of {Sn[OC(§HsS)].}» ¢ 2 toluene 144),
which has no additional base like thf and which nseat in solution there is an equilibrium
between the dimer {Sn[OCE3S)].} 2 (¢ 2 thf) (L4b) and the mononuclear SNn[OGHzS )]

(* thf) (15 compound in a 65:35 ratio (Figure 2.24).

126H 1.11H 1.00H 0.68H 1.03H 0.60H

L A S E R NS BRI B ILNRL . L N N S
7.38 7.30 7.2 7.20 7.15 7.10 7.05 7.00 6.95 6.90 6.85 6.80 6.75 6.70 6.65 ppm

Figure 2.24."H-NMR recorded in CDCl; at room temperature. D stands for dimer and M formonomer.
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Analysis of the coupling constants and the H,H-COBSfY diagonal signals reveals
correlation of the signal sets, which either beletmghe monomer or the dimer compound
(Figure 2.25).

M o

| ppm
6.5

o ©

(@,
© ®
o ©

s

I ' I ' I ' I ' I ' 7.6
7.4 7.2 7.0 6.8 6.6 ppm

Figure 2.25. H,H-COSY spectrum in CDCJ at room temperature of the monomer and dimer prodgt. M

stands for the monomer, D for the dimer and ? for a unknown product.

In the ®*C—NMR spectrum ofl4b and 15, a **c**%Sn coupling of 64.4 Hz (Figure 2.26)
between the quaternary carbon and the tin centrebserved which is typical for a

2)(3c**%sn) and which sustains our descriptiorldb and15 as an alcoholate derivatif.
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“IC'"™Sn

Figure 2.26."3C NMR of spectrum showing the**C**°Sn coupling to the quaternary carbon recorded at

room temperature in CDCls.

The °%Sn-NMR data spectra, in CD{lIshows two peaks at —236.5 and —244.5 ppm
attributed to the tin on the dimer and on the moagmespectively. Again, these values are

identical with those observed fbda
5.2.2.2 Crystal Structure Determination of {Sn[OCA&5S)]2}. « 2 thf (14D

Colourless crystals of {Sn[OCH3S)]2}2 ¢ 2 thf (L4b) were obtained from a concentrated
tetrahydrofuran solution placed at 5°C. An appratericrystal was isolated and anchored at a
cryo—loop. From the determination and the refinenadrthe unit cell dimensions arose the
space group P2(1)/c in a monoclinic crystal systéhe position of each atom, except the
hydrogen atoms, was anisotropically refined. Hydrogtoms were refined as rigid groups
with the attached carbon atoms in ideal positidiee R—value is 5.00 %. In Table 2.22 are
reported the crystal data and the structure refergrfor the compound and in Table 2.23 are
reported some selected bond lengths and angleseoést.

Identification code sh2349

Empirical formula GoH5206S,5S b

Formula weight 1491.12

Temperature 293(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2(1)/c

Unit cell dimensions a=18.043(4) A o= 90°.
b=17.317(4) A B=110.90(3)".

101



Synthesis and Crystal Structure Investigations efdliMethoxides Containing Thienyl Substituents

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 24.10°
Absorption correction

Refinement method

Data / restraints / parameters
Goodness—offit on%

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

¢ =23.051(5) A
6728(2) B
4

1.472 Mghn

1.161 mm#
3008

0.6 x 0.44 x 0.3 MM
1.89 to 24.10°.
—20<=h<=20, —19<=k<=19, —26<=I<=26
41568
10449 [R(int) = 0.0409]
97.8 %
None

Full-matrix least—squares énF
10449/ 16/ 707

1.764
R1 =0.0500, wR2 4153
R1 =0.0583, wR2 = 0.1808

1.887 and —-1.1148.A

vy =90°.

Table 2.22. Crystal data and structure refinementdr {Sn[OC(C;H3S)],}» ¢ 2 thf (14b).

Sn(1)-0(1) 2.209(4) 0(1)-C(1) 1.462(6)
Sn(1)-0(2) 2.217(4) 0(2)-C(14) 1.444(6)
Sn(1)-0(4) 2.062(4) 0(3)-C(27) 1.407(7)
Sn(2)-0(1) 2.241(4) 0(4)-C(40) 1.425(7)
Sn(2)-0(2) 2.223(4) Sn(1)e++Sn(2) 3.572(2)
Sn(2)-0(3) 2.059(4)
O(1)-Sn(1)-0(2) 72.9(1) Sn(1)-0(2)-Sn(2) 107.2(2)
0(4)-Sn(1)-0(1) 89.5(2) C(1)-O(1)-Sn(1) 121.9(3)
0(4)-Sn(1)-0(2) 91.4(2) C(14)-0(2)-Sn(1) 128.2(3)
0(2)-Sn(2)-0(1) 72.2(1) C(40)-O(4)-Sn(1) 122.8(3)
0(3)-Sn(2)-0(1) 93.8(2) C(1)-O(1)-Sn(2) 121.8(3)
0(3)-Sn(2)-0(2) 85.9(2) C(14)-0(2)-Sn(2) 124.0(3)
Sn(1)-0(1)-Sn(2) 106.8(2) C(27)-0(3)-Sn(2) 124.4(4)
Sn(1)-Sn(2)-0(3) 85.6(1) Sn(2)-Sn(1)-0(4) 86.2(1)

Table 2.23. Selected bond lengths [A] and angleg for {Sn[OC(C sH3S)],} * 2 thf (14b).

5.2.2.2.1 Discussion of the Molecular Structure 8n[OC(GH3S)k]2}2 * 2

thf (14b)

A single crystal X-ray analysis of {Sn[OC{&s;S)].}. ¢ 2 thf (L4b) was carried out for

unequivocal identification of the structure as showFigure 2.27.
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Figure 2.27. Molecular structure of {Sn[OC(GH3S)]2}» ¢ 2 thf (14b). Tetrahydrofuran lattice molecules
and hydrogen atoms are omitted for more clarity. Tke sulphur atoms S(10) and S(12) are found in two
split—positions [S(10A) and S(10B), S(12A) and S(&Y.

The molecular structure d4b consists of a nearly planar four-membered ringegsimilar

to those observed for {Sn[OC{83Sk].}. ¢ 2 toluene 148. Two molecules of
tetrahydrofuran are present in the crystal latfidee two terminal alkoxide groups are again
in acis—arrangement which can be explained by the pacdifegt due to the bulky ligands in
the crystal solid. Despite the presence of tetresfydan molecules instead of toluene
molecules, only minor variations of the bond length angles are found between
{Sn[OC(C4H3S)]2}2 ¢ 2 toluene 148 and {Sn[OC(GH3S)]2}2 © 2 thf (L4b) (Table 2.24). As
found in 14a an eclipsed arrangement of the two terminal gsoigp noticeable with a

deviation from the ideal value of 8.3(1)°.
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{Sn[OC(C4H38)3]2}2 » 2 toluene (14a) {Sn[OC(C4H38)3]2}2 o 2 thf (14b)

Sn(1)-0(1) 2.182(2) 2.209(4)
Sn(1)-0(2) 2.233(2) 2.217(4)
Sn(2)-0(1) 2.243(2) 2.241(4)
Sn(2)-0(2) 2.194(2) 2.223(4)
Sn(1)-0(4/3) 2.053(2) 2.062(4)
Sn(2)-0(3/4) 2.062(3) 2.059(4)
Sn(L)se++Sn(2) 3.589(8) 3.572(2)
Sn(1)-0(1)-Sn(2) 108.4(1) 106.8(2)
Sn(2)-0(2)-Sn(1) 108.4(1) 107.2(2)
C(1)-O(1)-Sn(2) 121.3(2) 121.9(3)
C(14)-0(2)-Sn(1) 125.6(2) 128.2(3)

Table 2.24. Comparative bond lengths [A] and anglealues [°] obtained for SN[OC(GH3S)]}» * 2 toluene
(148) and {Sn[OC(CsH3S)]2}» * 2 thf (14D).

The angles between the plane defined by Sn(1)-G{(®)—0O(2) and the lines Sn(1)-0(4)
or Sn(2)-0(2) are 86.2(9)° and 85.5(8)°, respebtieigure 2.28).

O1

Figure 2.28. Environment around the metal centres.
5.2.2.3Crystal Structure Determination o&n[OC(CH3S)]2(thf) (15)

Colourless crystals of Sn[OC{B3;S)].(thf) (15 were obtained from a concentrated
tetrahydrofuran solution placed at 5°C. An appraericrystal was isolated and anchored at a
cryo—loop. From the determination and the refinenadrthe unit cell dimensions arose the
space group Pnma in an orthorhombic crystal systdra.position of each atom, except the
hydrogen atoms, was anisotropically refined. Hydrogtoms were refined as rigid groups
with the attached carbon atoms in ideal positidie R—value is 6.37 %. In Table 2.25 are

reported the crystal data and the structure refergrfor the compound and in Table 2.26 are
reported some selected bond lengths and angleseoést.
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Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 41.46°
Absorption correction

Refinement method
Data / restraints / parameters

Goodness—of-fit on &
Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

sh2400

GoH2605SsSN

745.56

103(2) K

0.71073 A

Orthorhombic

Pnma

a=13.941(1) A a= 90°,
b =23.572(2) A B=90°.
c=9.220(1) A v =90°.
3029.7(4) B
4

1.635 Mghn

1.289 mmdt
1504

0.17 x 0.38 X 0.76 m
1.73 to 41.46°.
—-25<=h<=24, -43<=k<=43, -16<=I<=16
136807
10184 [R(int) = 0.0400]
97.8 %
Multi scan

Full-matrix least-squares énF
10184 /0/196

1.249
R1 =0.0637, wR2 4438
R1 =0.0785, wR2 = 0.1566

2.838 and -5.6398.A

Table 2.25. Crystal data and structure refinementdr Sn[OC(C4H;S)]»(thf) (15).

Sn-0(1) 2.036(2) O(1)-Sn-0(1) 81.5(1)
Sn-0(2) 2.261(4) 0(1)-Sn-0(2) 86.16(9)
0(1)-C(1) 1.406(3) C(1)-O(1)-Sn 128.6(2)

Table 2.26. Selected bond lengths [A] and angleg for Sn[OC(C 4H3S)],(thf) (15).

5.2.2.3.1 Discussion of the Molecular Structure 8h[OC(GH 3S)](thf)

(15

A single crystal X-ray analysis of Sn[OC#&;S);](thf) (15) was carried out for unequivocal

identification of the structure as shown in Fig@r9.
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Figure 2.29. Molecular structure of Sn[OC(GHS)],(thf) (15). The carbon and hydrogen atoms of the
tetrahydrofuran molecule are found in two split—postions.

The base-stabilized monomeric thf-addud) (s situated on a mirror plane of the lattice and
shows a trigonal pyramidal structure in its locadtafloid coordination sphere. The three
ligands that define the pyramidal triangle conefghe two ligands O(1) and the thf molecule
O(2) (Figure 2.30). The molecule possess€s point symmetry with the thf molecule in a
split position. The angles O-Sn-0 range from 8)%5{dr O(1)-Sn-0O(1) and 86.16(9)° for
O(1)-Sn-0(2) and are in agreement with®d@nding type situation on tin with the lone pair
formally occupying an s orbital. The fd3SECO-Sn—-0OC(GH3S); angles are more acute
than these found for Sn[OCH(€H.(HNMe,) [90.1(2)°]* Sn(OGH,Me-4-Bu,~2,6)
[88.8(2)°F° or SN(OG4H-1)» [88.8(1)°]*° The (GHsS):C-O(1)-Sn angle is 128.6(2)° (see
above for comparison). The Sn—-OGKGS); distances of 2.036(2) A are similar than those
obtained for SN[OCH(GSJ,](HNMe;) [2.084(4) A]* for example. The Sn—O(2) bond length
is found at 2.261(4) A which compares well withtdiges of W(CQJSnCh(thf)] [2.223(6)
A]*° but is shorter than those in SnBrCI(¢Hfy 0.17-0.23 A7
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Sn

O1 02 O1

Figure 2.30. Environment around Sn[OC(GH;S)],(thf) (15).
5.2.2.4 Conclusion
The reaction, in tetrahydrofuran, led to the fororatof a mononuclear and a dinuclear

products. But, these compounds are very sensitideuastable towards light, moisture, and

temperature, as solution or as solid.

Part 2 Synthesis and Crystal Structure Determinatio n of

New Rare Earth Methoxides Containing Thienyl

Substituents

1 Synthesis and Crystal Structure Determination of Yttrium Methoxides

Containing Thienyl Substituents

1.1 General Synthesis

The yttrium alkoxides containing tetrahydrofurardacds were synthesized by the reaction
between one equivalent of silyl amide {Y[N(SiMids} and three equivalents of the carbinol
in tetrahydrofuran for two days at room temperatufe compare the variation of the
molecular structures with the solvent ligated te jfitrium metal, the pyridine adducts were
prepared in an analogous manner by using a tolpm@ihe solvent mixture in the ratio (9:1)
instead of tetrahydrofuran (Equation 2.25). The poumds were isolated as crystals or as

solids.
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Ry
i Re /R1 5 c/ R
_— LT 2
3 HO—C—R, + Y[N(SiMey),ls D > \C—O—Y-““\\O \R . X solv.
- 3 HN(SiMey), A N§ 3
Rs R3 D C—R,
/\
Ry R

Equation 2.25. General route leading to the yttriumalkoxides. x = 0, ¥z or 1, solv. = toluene, D = tiof py.

R, R, and Rs stand for the thienyl or/and phenyl groups.

1.2 Reactivity of HO-C(C gHsS)3(1) towards Yttrium Silyl Amide in
Tetrahydrofuran

After completion of the reaction, the solvent wampmorated and the green solid was re—
dissolved in toluene. Unfortunately, only a few are crystals of the yttrium
dithienylmethoxide Y[OC(gHsS,)s]s(thf), (9) have been obtained in a very low yield (2 %).
This unsatisfying result may be explained by thg@anant steric hindrance of the ligand
systeml bearing three dithienyl groups and/or the diffigub isolate the product. THel—
NMR spectrum 08 in benzene solution shows the characteristic fgofathe protons of the
dithienyl units between 6.6 to 6.9 ppm and the wlette protons of the ligated
tetrahydrofuran molecules at 1.4 and 3.6 ppm. Nudt no product could be isolated when

conducting the reaction in pyridine.

1.2.1 Crystal Structure Determination of Y[OC(C  gHsS2)s]s(thf) 2 (9)

Green crystals of Y[OC(15S,)3]s(thf), (9) were obtained from a concentrated toluene
solution placed at 5°C. An appropriate crystal vgatated and anchored at a cryo—loop. From
the determination and the refinement of the urltdimensions arose the space group P2(1)/

in a monoclinic crystal system. The position offeatom, except the hydrogen atoms, was
anisotropically refined. Hydrogen atoms were refias rigid groups with the attached carbon
atoms in ideal positions. The R—value is 5.33 %l dble 2.27 are reported the crystal and the
structure refinement data f@rand in Table 2.28 are reported some selected leoigths and

angles.

108



Synthesis and Crystal Structure Investigations efdliMethoxides Containing Thienyl Substituents

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
4

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 29.79°
Absorption correction

Refinement method

Data / restraints / parameters
Goodness—offit on%

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

sh2375
GsHe205S,8Y
1805.32
103(2) K
0.71073 A
Monoclinic
P2(1)/n
a=12.525(2) A
b =15.182(2) A
c = 41.606(5) A
7844(2) B3
4
1.529 Mghn

1.276 mm
3708

0.3x 0.5 x 0.65 m
0.99 to 29.79°.
—17<=h<=12, -21<=k<=21, -56<=I<=57
104589
22216 [R(int) = 0.0785]
98.9 %
Semi—empirical from equivaten
Full-matrix least—squares én F
22216/32 /994
0.992
R1 = 0.0533, wR2 4207
R1 =0.1014, wR2 = 0.1436

1.392 and —1.0738.A

a= 90°.
p= 97.48(1)°.
y=90°.

Table 2.27. Crystal data and structure refinementdr Y[OC(C gH5S,)5]s(thf) » (9).

Y—0O(1) 2.075(2) O(1)-Y-0(2) 120.25(9)
Y-0(2) 2.106(3) O(1)-Y-0(3) 110.1(1)
Y-0(3) 2.086(2) 0(3)-Y-0(2) 128.64(9)
Y-0(4) 2.348(2) O(1)-Y-0(5) 91.93(9)
Y-O(5) 2.356(2) O(1)-Y-0(4) 89.98(9)

O(1)-C(1) 1.390(4) 0(2)-Y-0(4) 87.46(9)

0(2)-C(27) 1.400(4) 0(3)-Y-0(5) 90.65(9)

0(3)-C(52) 1.397(4) C(1)-O(1)-Y 173.9(2)

C(27)-0(2)-Y 161.4(2)
C(52)-0(3)-Y 168.4(2)
O(4)-Y-0(5) 174.28(9)

Table 2.28. Selected bond lengths [A] and angleg for Y[OC(C gHsS,)3]s(thf) (9).

1.2.1.1 Discussion of the Molecular Structure of C(GsHsS,)s)3(thf)2 (9)

A single crystal X-ray analysis of Y[OC{BsS;)3]3(thf), (9) was carried out for unequivocal
identification of the structure as shown in Fig@r&l.
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Figure 2.31. Molecular structure of Y[OC(GH5S;)5]5(thf)» (9). Hydrogen atoms are omitted for clarity.

In contrast to many literature—known yttrium alkaes, which are dimefi® or are
coordinated by three solvent molecutgshis alkoxide is mononuclear and the metal ceistre
ligated by only two solvent molecules. The molecwdtucture exhibits distorted trigonal—
bipyramidal geometry around the yttrium centre witree equatorial alkoxides and two axial
molecules of tetrahydrofuran. The sum of thegH£S;);C]JO-Y—-O[C(GHsS,)3] angles is
359.99(9)° and the O(thf)-Y—-O[C{B5S;)3] angles are between 87.46(9)° and 91.93(9)°. The
bond lengths of the Y-O[C{B5S,)s] and Y—O(thf) are in the range of 2.075(2)-2.106%3
and 2.348(2)-2.356(2) A, respectively.

1.3 Reactivity of HO-C(C 4H3S);3 (2) towards Yttrium Silyl Amide
1.3.1 Reaction in Tetrahydrofuran
After evaporation of the solvent, the light—brovalids were re—dissolved in toluene to obtain

colourless single crystals of the yttrium thienythxides Y[OC(GH3S)]s(thf), (168 and
{Y[OC(C 4H3S)]s(thf),} * toluene L6b) (yields: 23 % forl6aand 37 % for6h).
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The 'H-NMR spectra ofL6a and 16b recordedin CsDs display three broad signals in the
integral ratio 9:9:9 attributed to the protonstwd thienyl units{ = 7.1, 6.9 and 6.7 ppm) and
two signals due to the methylene protons of thatdéid tetrahydrofuran molecules< 3.7 and
1.4 ppm). The broadening of the signals could be ttua dynamic phenomenon of the
organic ligands. Foi6b, the signals of the toluene lattice molecdle=(7.0 and 2.5 ppm) are

also present.
1.3.2 Reaction in Pyridine

After concentration of the solution, the pyridinddacts Y[OC(GH3S)]s(py). (178 and
{Y[OC(C 4H3S)]s(py).} * toluene(1l7b) were isolated as light—brown crystals in yieldsL6f
and 61 %, respectively. The!H-NMR spectra of Y[OC(¢HsS)]s(py). (173
and{Y[OC(CsH3S)]s(py)2} * toluene(17b) consist of three well resolved doublets of dotgble
in the integral ratio 9:9:99= 6.9, 6.8 and 6.6 ppm) and signals of the protdng/ridine @=
8.4, 6.9 and 6.6 ppm). In addition, the spectrunidb displays the methyl protons of the
toluene lattice molecule af= 7.0 and 2.1 ppm. No dynamic phenomenon is notetidse

cases.

1.3.3 Crystal Structure Determination of Y[OC(C 4H3S)3]s(thf), (16a)
and {Y[OC(C 4H3S)3]s(thf) 2} * toluene (16b )

Colourless crystals of Y[OC@E3S)]s(thf), (168 and {Y[OC(CH3S)]s(thf),} ¢ toluene
(16b) were obtained from a concentrated toluene salytiaced at 5°C. Appropriate crystals
were isolated and anchored at a cryo-loop. Frondétermination and the refinement of the
unit cell dimensions arose the space group P2{da)/t6aand P2(1) fod6b in a monoclinic
crystal system. The position of each atom, excegthtydrogen atoms, was anisotropically
refined. Hydrogen atoms were refined as rigid gsowfih the attached carbon atoms in ideal
positions. The R—values are 7.42 and 5.35 %, r&ésphc In Tables 2.29 and 2.30 are
reported the crystal and the structure refinematd tbrl6a,band in Table 2.31 are reported
some selected bond lengths and angles.

Identification code sh2359
Empirical formula GH4305SY
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Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 24.11°
Absorption correction

Refinement method
Data / restraints / parameters

Goodness—offit on&
Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

1065.26

293(2) K

0.71073 A

Monoclinic

P2(1)/c

a=20.889(4) A o= 90°.
b =14.421(3) A B= 94.75(3)°.
c=16.190(3) A y = 90°.
4860(2) A3
4

1.456 Mgfn

1.631 mm#
2192

0.25 x 0.4 x 0.55 m
1.89to 24.11°.
—23<=h<=22, —-16<=k<=16, —18<=I<=18
28041
7593 [R(int) = 0.0738]
98.2 %
Empirical
Full-matrix least-squares ®n F
7593/0/559

1.972
R1 =0.0742, wR2 2067
R1 =0.0876, wR2 = 0.2130

1.981 and —1.0578.A

Table 2.29. Crystal data and structure refinementdr Y[OC(C 4H3S)]3(thf), (163).

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 36.80°
Absorption correction

Refinement method
Data / restraints / parameters

sh2443

GH5:05SY

1157.40

103(2) K

0.71073 A

Monoclinic

P2(1)

a=12.724(1) A a= 90°.
b = 15.930(1) A p= 114.40(1)°.
c=14.327(1) A y = 90°.
2644.6(3) B
2

1.453 Mghn

1.505 mmd
1196

0.3x 0.5 x 0.65 mf
1.56 to 36.80°.
—20<=h<=21, —25<=k<=26, —24<=I<=21
63311
23073 [R(int) = 0.0342]
99.0 %
Semi—empirical from equivaten

Full-matrix least—squares én F
23073/9/629
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Goodness—offit on4 1.440

Final R indices [I>2sigma(l)] R1 =0.0535, wR2 4460

R indices (all data) R1 =0.0676, wR2 = 0.1489
Absolute structure parameter —0.002(3)

Largest diff. peak and hole 3.226 and -1.7478.A

Table 2.30. Crystal data and structure refinementdr {Y[OC(C 4H3S)]s(thf) 5} « toluene (16H.

Y[OC(C4H3S)]s(thf)» (169 {Y[OC(C 4H3S)]5(thf) 5} « toluene (168

Y-0(1) 2.091(4) 2.111(2)
Y-0(2) 2.083(4) 2.062(2)
Y-0(3) 2.111(3) 2.082(2)
Y-0(4) 2.386(4) 2.348(2)
Y-0(5) 2.404(4) 2.349(2)
O(1)-C(1) 1.339(7) 1.386(3)
0(2)-C(14) 1.394(7) 1.382(3)
0(3)-C(27) 1.409(7) 1.409(3)
0(2)-Y-0(1) 121.2(2) 118.75(8)
0(1)-Y-0(3) 115.0(2) 127.17(8)
0(2)-Y-0(3) 123.5(2) 113.85(9)
O(1)-Y-0(5) 87.3(2) 83.55(8)
O(1)-Y-0(4) 90.4(2) 89.97(8)
0(2)-Y-0(4) 92.4(2) 97.33(8)
0(3)-Y-0(5) 90.1(2) 86.48(8)
C(1)-0O(1)-Y 166.8(4) 152.6(2)
C(14)-0(2)-Y 174.3(4) 178.5(2)
C(27)-0(3)-Y 153.6(4) 159.2(2)
0(4)-Y-0(5) 177.7(2) 166.50(7)

Table 2.31. Selected bond lengths [A] and angleg for Y[OC(C ,H3S)s]4(thf), (168 and
{Y[OC(C 4H3S)]5(thf) 5}  toluene (16H).

1.3.3.1 Discussion of the Molecular Structure of C(CGH3S)]s(thf), (163
and {Y[OC(GH3S)]s(thf)2} « toluene (16h

Single crystal X-ray analyses of Y[OC4€:S)]s(thf), (168 and {Y[OC(CGH3S)]s(thf)o} o

toluene L6b) were carried out for unequivocal identificatidntloe structure and are shown in
Figures 2.32 and 2.33.
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Figure 2.33. Molecular structure of {Y[OC(C4;H3S)]s(thf) 5} « toluene (16h. Hydrogen atoms are omitted

for clarity.
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Despite the fact that the ligand —OGKES); is sterically less demanding than —OgHIES,)s,

the molecular structures of compounds  Y[O@{ES)]s(thf), (168 and
{Y[OC(C 4H3S)]s(thf),} * toluene(16b) exhibit again exclusively mononuclear units wéh
five—coordinated yttrium centre in distorted trigbrbipyramidal geometry: three alkoxide
ligands in equatorial positions and two tetrahydrafh in axial positions are found. Due to
package effects, a toluene molecule can be includéake structure lattice, giving rise to the
crystal structure of solvatetbb. For Y[OC(GH3S)]s(thf), (16d), the angles involving the
pairs of —O[C(GH3S);] ligands are in the range from 115.0(2)° to 1235@nd the O(thf)—
Y-O[C(C4H3S)] angles vary from 87.3(2)° to 92.4(2)°. The Y-OQgKl3S);] bond lengths
are between 2.091(4) A and 2.111(3) A, which igénd agreement with the distances found
for related tris(2,6—dimethylphenoxide)yttrium cdeyes?® *°The Y-O(thf)bond distances
[2.386(4) A and 2.404(4) A] correspond to thoseembsd in similar yttrium tert—butoxide
complexes (2.41 A¥ *'These different distances are in agreement witkettabserved for
Y[OC(CgHsS,)3]5(thf), (9). The mean O—C(E1sS); distances of 1.381(3) A are shorter than
the value determined for the carbinol ligaRd1.440(4) A]; this shortening idue to the
additional charges on the oxygen atoms (charyef the thienylmethoxides and the metal
centre §* charge). No important alterations of the geomefr{6b were observed compared
to 16a(see Table 2.30).

1.3.4 Crystal Structure Determination of Y[OC(C 4H3S)3]s(py). (17a)
and {Y[OC(C 4H3S)3]s(py)2} * toluene (17b )

Light-brown single crystals Y[OClsS)]s(py). (178 and {Y[OC(GHsS)]s(py)}
toluene L7b) were obtained from a concentrated solution of0& %oluene/10% pyridine
solvent mixture placed at 5°C. Appropriate crystalere isolated and anchored at a
cryo—loop. From the determination and the refinenadrthe unit cell dimensions arose the
space group P2(1)/c fa7aand P2(1) fod7bin a monoclinic crystal system. The position of
each atom was anisotropically refined. The R—valres4.97 and 4.29 %, respectively. In
Tables 2.32 and 2.33 are reported the crystal lmmdttucture refinement databia,band in

Table 2.34 are reported some selected bond leagthangles of interest.

Identification code sh2344
Empirical formula GoH3NL,O5SY
Formula weight 1079.26
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Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 24.13°
Absorption correction

Refinement method
Data / restraints / parameters

Goodness—offit on4
Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

293(2) K

0.71073 A

Monoclinic

P2(1)/c

a=20.802(4) A o= 90°.
b=14573(3) A B= 93.55(3)°.
c=16.041(3) A y = 90°.
4854(2) B3
4

1.477 Mghn

1.633 mmd
2208

0.35 x 0.45 x 0.6 mf
1.89 t0 24.13°.
—23<=h<=23, —-15<=k<=16, —18<=|<=18
30211
7590 [R(int) = 0.0517]
98.0 %
Empirical
Full-matrix least—squares on F
7590/ 48 /620

1.055
R1 =0.0497, wR2 4291
R1 =0.0620, wR2 = 0.1352

1.813 and —-1.3978.A

Table 2.32. Crystal data and structure refinementdr Y[OC(C 4H3S)]3(py). (173).

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 29.05°
Absorption correction

Refinement method
Data / restraints / parameters

Goodness—offit on4

sh2437

GeHasN20sSY

1171.39

103(2) K

0.71073 A

Monoclinic

P2(1)

a=12.449(1) A a= 90°.
b =16.232(1) A
c=14.186(1) A y = 90°.
2651.9(3) B
2

1.467 Mghn

1.501 mmd
1204

0.2 x 0.4 X 0.55 mM
1.77 to 29.05°.
—-16<=h<=16, —22<=k<=21, —-19<=I<=15
24074
11138 [R(int) = 0.0427]
85.9 %
Multi scan

Full-matrix least—squares én F
11138/9 /647

0.999

p= 112.31(1)°.
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Final R indices [I>2sigma(l)] R1 =0.0429, wR2 9971

R indices (all data) R1 = 0.0564, wR2 = 0.1000
Absolute structure parameter 0.001(4)

Largest diff. peak and hole 1.130 and -0.897-8.A

Table 2.33. Crystal data and structure refinementdr {Y[OC(C sH3S)]s(py)2} © toluene (175).

Y[OC(C4H3S)]s(py)2 (173 {Y[OC(C 4H3S)]a(py)2}  toluene (170
Y-0(1) 2.109(3) 2.002(2)
Y-0(2) 2.100(3) 2.067(3)
Y-0(3) 2.107(3) 2.098(3)
Y-N(2) 2.520(3) 2.471(3)
Y-N(1) 2.493(3) 2.481(3)
0(1)-C(1) 1.399(5) 1.392(4)
0(2)-C(14) 1.394(5) 1.413(4)
0(3)-C(27) 1.406(5) 1.405(4)
0(2)-Y-0(1) 123.8(1) 122.3(1)
0(3)-Y-0(1) 115.1(1) 122.1(1)
0(2)-Y-0(3) 120.9(1) 115.6(1)
N(2)-Y-O(1) 87.1(1) 91.9(1)
O(1)-Y-N(1) 91.7(1) 85.1(1)
O(2)-Y-N(1) 94.0(1) 95.3(1)
O(3)-Y-N(2) 91.0(1) 86.6(1)
C(1)-O(1)-Y 164.0(3) 161.6(3)
C(14)-0(2)-Y 172.7(3) 172.4(2)
C(27)-0(3)-Y 154.5(2) 149.1(2)
N(1)-Y-N(2) 178.7(2) 169.3(1)

Table 2.34. Selected bond lengths [A] and angleg for Y[OC(C 4H3S)]s(py). (178 and
{Y[OC(C 4H3S)]3(py)2} « toluene (17h.

1.3.4.1 Discussion of the Molecular Structure of QC(CH3S)]s(py). (1739
and {Y[OC(GHsS)]s(py)} * toluene (17b

Single crystal X-ray analyses of Y[OC#dsS)]s(py). (178 and {Y[OC(CH3S)]s(py)} *

toluene L7b) were carried out for unequivocal identificatiof the structure which are

depicted in Figure 2.34 and Figure 2.35.

117



Synthesis and Crystal Structure Investigations efdliMethoxides Containing Thienyl Substituents

Figure 2.35. Molecular structure of {Y[OC(C4H3S)]s(py)2} * toluene (171).

As can be seen in Figures 2.35 and 2.36, thewmral-bipyramidal geometries are similar to

those observed for compounil§a and 16b, with an axial arrangement of the two pyridine
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ligands. For YOC(CGH3S)]s(py)2 (178), the [(C4H3S)sClO-Y—-N angles are between 87.1(1)°
and 94.0(1)° and the sum of ti{€4H3S):C]O-Y-O[C(C3H,4S)] angles is 359.8(1)°. Despite
the presence of pyridine instead of tetrahydrofuran significant variations of the
[(C4H3S)ECIO-Y-OC(C4H3S)] and [(C4H3S)]C]-O-Y angles or Y—@C(C4H3S)] bond

distances are observed. The Y—N distances areeimattige of 2.493(3)-2.520(3) A. Again,
the mean O—-C({1:S) lengths of 1.400(1) A are shorter than the valb&ioed for the

starting compoun@. In the second solid state structdréb, one molecule of toluene is

included: only some minor variations of the anglesobserved (see Table 2.34).
1.4 Reactivity of HO-C(C 15H13S) (4) towards Yttrium Silyl Amide
1.4.1 Reaction in Tetrahydrofuran

After evaporation of the solvent, the white solidhsvre—dissolved in toluene to obtain
colourless single crystals at 5°C of the yttriurkoaide {Y[OC(CigH13S)]s(thf)2} « toluene
(26) in a yield of 55 %. ThéH-NMR spectrum o6 recordedn CDCl shows a multiplet at
7.3 ppm, which integrates for 33 protons of thenyhand thienyl units (5—-H), a multiplet
and a doubletd = 6.9 and 6.7 ppm) due to the 4-H and 3-H of thienyl groups,
respectively. The signal of the protons of theateydrofuran = 1.8 and 3.7 ppm) and the
lattice toluene molecule & 2.3 and 7.1 ppm) are also present.

1.4.2 Reaction in Pyridine

After evaporation of the solution, the white sokids re—dissolved in toluene colourless single
crystals at 5°C of the pyridine adduct {Y[OGH13S)]s(py)2} * toluene(27) in a yield of 42

%. The '"H-NMR spectrum of27 recordedin CDCk displays a multiplet at 7.2 ppm
integrating for 33 protons of the aryl and the SsfHhe thienyl groups. Two broad signals at
6.8 and 6.6 ppm in the integral ratio 3:3 are latted to the 4—H and 3—-H protons of the
thienyl units, respectively. Four signals due te tmethylene protons of the ligated
tetrahydrofuran molecules) (= 3.7 and 1.4 ppm) and the protons of the lattmeene
molecule § = 2.3 and 7.1 ppm) are also present. The broagefithe signals could be due
to a dynamic phenomenon of the organic ligands.
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1.4.3 Crystal Structure Determination of {Y[OC(C  15H13S)]3(thf) 2} «
toluene (26)

Colourless crystals {Y[OC(£H13S)]s(thf),}  toluene 26) were obtained from a concentrated
toluene solution placed at 5°C. An appropriate taltysvas isolated and anchored at a
cryo—loop. From the determination and the refinenadrthe unit cell dimensions arose the
space group P2(1)/c in a monoclinic crystal systéhe position of each atom, except the
hydrogen atoms, was anisotropically refined. Hydrogtoms were refined as rigid groups
with the attached carbon atoms in ideal positidine R—value is 14.96 %. This high value is

due to the poor quality of the measured crystalldble 2.35 are reported the crystal and the

structure refinement data f@6 and in Table 2.36 are reported some selected ngihs

and angles.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 26.78°
Absorption correction

Refinement method

Data / restraints / parameters
Goodness—offit ond

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

sh2579
GeHe305S3Y
1121.25
130(2) K
0.71073 A
Monoclinic
P2(1)/c

a=14.678(2) A a= 90°.

b = 13.760(2) A

B= 94.50(1)°.

c=27.649(3) A y=90°.

5567(1) A3
4
1.338 Mg#n

1.211 mm#
2344

0.56 x 0.4 x 0.23 mf
1.39 to 26.78°.

—18<=h<=18, —17<=k<=17, —29<=I<=35

56064

11862 [R(int) = 0.1223]
99.7 %

Multiscan

Full-matrix least—squares én F
11862 /0/633

2.530
R1 =0.1496, wR2 3916
R1 =0.2070, wR2 = 0.3647

1.829 and —2.0478.A

Table 2.35. Crystal data and structure refinementdr {Y[OC(C 16H15S)]5(thf) } « toluene (26.
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Y—0(1) 2.110(6) 0(2)-Y-0(1) 122.3(3)
Y-0(2) 2.051(6) 0(3)-Y-0(1) 123.0(3)
Y-0(3) 2.102(6) 0(2)-Y-0(3) 114.6(3)
Y-0(4) 2.336(6) O(1)-Y-0(5) 86.6(2)
Y-O(5) 2.326(6) O(1)-Y-0(4) 86.4(2)

O(1)-C(1) 1.38(1) 0(2)-Y-0(4) 98.3(3)

0(2)-C(18) 1.45(1) 0(3)-Y-0(5) 86.8(2)

0(3)-C(35) 1.38(1) 0(5)-Y-0(4) 168.2(2)

C(1)-O(1)-Y 170.2(7)
C(18)-0(2)-Y 168.8(6)
C(35)-0(3)-Y 151.3(6)

Table 2.36. Selected bond lengths [A] and angleg for {Y[OC(C 1¢H15S)Js(thf) 5} * toluene (2.

1.4.3.1 Discussion of the Molecular Structure of [{YC(CyieH13S)]s(thf)2}
toluene (26

A single crystal X-ray analysis of {Y[OCgH13S)]s(thf),} * toluene 6) was carried out for
unequivocal identification of the structure, whistdepicted in Figure 2.36.

Figure 2.36. Molecular structure of {Y[OC(C;¢H 13S)]s(thf) 5} « toluene (26. The toluene lattice molecule is
omitted for more clarity.

The molecular structure exhibits a five—coordinatgitiium in a distorted trigonal—

bipyramidal coordination sphere: three alkoxideafids in equatorial positions and two
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tetrahydrofuran molecules in axial positions arenfih Due to the packing effect, a toluene
molecule is included in the structure Ilattiche Y-O bond Ilengths of the
diphenyl(2—-thienyl)methoxido ligands range from®L(6) A to 2.110(6) A which is in good
agreement with  similar distances observed for Y[QEES:)s3)s(thf),  (9),
{Y[OC(C4HsS)]s(thf)2} (168, and {Y[OC(GHsSkls(thf)} + toluene  L7b),
{Y[OC(C4H3S)]a(py)} (178 and {Y[OC(CH3S)k]s(py)z} * toluene L7b). The Y-O bond
lengths of the coordinated tetrahydrofuran molex{2e326(6) A and 2.336(6)A] are equal to
the ones found for {Y[OC(gH3S)]a(thf)2} « toluene 16b) [2.349(2) and 2.348(2) A]. The
three methoxide oxygen atoms around yttrium ceanteecoplanar with’ O-Y—-0O = 359.9(3)°
(Figure 2.37), this value is comparable with thos& [OC(CgHsS,)3]3(thf)2 (9) [359.99(9)°],
{Y[OC(C4HsS)]s(thf)2}(168) [359.7(2)°], and {Y[OC(GHsS)]s(thf)s} « toluene £6b)
[359.77(9)°]. The O(4)-Y—-O(5) angle of 168.2(2)° slightly moretuge than this found for
{Y[OC(C4H3S)]s(thf),} ¢ toluene 16b) [166.50(7)°]. The angle between the planes
{O(B)YO(4)} and {O(3)YO(1)O(2)} amounts to 89.26(8)Figure 2.37). The O(thf)-Y—
OC(C4H3S) angles vary from 86.6(2) to 98.3(3)°.

Figure 2.37. Environments around the yttrium centreof compound 26

1.4.4 Crystal Structure Determination of {Y[OC(C 15H13S)]3(py)2} *
toluene (27)

Colourless crystals of {Y[OC(£H13S)]s(py)2} * toluene 27) were obtained in toluene at 5°C.

An appropriate crystal was isolated and anchoredayo—loop. From the determination and
the refinement of the unit cell dimensions arose shace group P-1 in a triclinic crystal
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system. The position of each atom, except the lggiratoms, was anisotropically refined.
Hydrogen atoms were refined as rigid groups with #itached carbon atoms in ideal
positions. The R—value is 8.65 %. In Table 2.37 req@rted the crystal and the structure

refinement data fo27 and in Table 2.38 are reported some selected lemigths and angles.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 29.05°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness—offit on%

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

Table 2.37. Crystal data and structure refinementdr {Y[OC(C 16H13S)]s(py)2} * toluene (23.

sh2620

GeHs7N,0sS3Y

1135.25

146(2) K

0.71073 A

Triclinic

P-1

a=12.676(1) A o= 97.75(1)°.
b =14.042(1) A p= 95.19(1)°
c=18.164(1) A
2823(2) B3
2

1.336 Mgfn

1.194 mmd
1180

0.52 x 0.33 x 0.12 méh

1.15 to 29.05°.
—17<=h<=17, —-19<=k<=19, —24<=|<=24
64544

14865 [R(int) = 0.0383]

98.5 %
Multiscan

0.8739 and 0.5751

Full-matrix least—squares én F
14865/1/673
2.401
R1 =0.0865, wR2 2458
R1 =0.1098, wR2 = 0.2536

2.440 and —1.952°8.A

vy = 116.59(1)°.
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Y—O(1) 2.084(2) O(1)-Y-0(2) 121.4(1)
Y-0(2) 2.090(3) O(3)-Y-O(1) 113.8(1)
Y-0(3) 2.083(3) 0(3)-Y-0(2) 124.8(1)
Y-N(2) 2.509(4) O(1)-Y-N(2) 88.8(1)
Y-N(1) 2.474(4) O(1)-Y-N(1) 91.1(1)

0O(1)-C(1) 1.397(5) 0(2)-Y-N(1) 86.3(1)

0(2)-C(18) 1.404(5) O(3)-Y-N(2) 93.3(1)

0(3)-C(36) 1.399(5) N(1)-Y-N(2) 175.0(1)

C(1)-O(1)-Y 164.9(3)
C(18)-0(2)-Y 176.4(3)
C(36)-0(3)-Y 173.5(3)

Table 2.38. Selected bond lengths [A] and angleg for {Y[OC(C 1¢H15S)]:(py)2} * toluene (23.

1.4.4.1 Discussion of the Molecular Structure of [YC(CieH13S)]s(py)} ©
toluene (273

A single crystal X-ray analysis of {Y[OCgEH13S)]s(py).} * toluene @7) was carried out for
unequivocal identification of the structure whishdiepicted in Figure 2.38.

Figure 2.38. Molecular structure of {Y[OC(CyeH13S)]as(py)2} * toluene (23. Hydrogen atoms and the lattice
toluene molecule are omitted for clarity.

The X-ray structure mononuclear five—coordinatedQ¥(CieH13S)]3(py)2} ¢ toluene 27)

reveals a distorted trigonal—bipyramidal coordioatsphere around the yttrium centre: three
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alkoxide ligands in equatorial positions and twaigiye molecules in axial positions are
found. This geometry is similar to these obtained the other yttrium compounds (see
above). Due to the packing effect, a toluene maéemuincluded in the structure lattice. The
angles involving the pair of —OC(gH13S) ligands are in the range of 113.8(1)° to 1248(1
and their sum is to 360.0(1)° which is in good eagrent with these found for
Y[OC(C4HsSkls(py) (178) [359.8(1)°] and {Y[OC(GHsSks(py)s} < toluene L7Db)
[360.0(1)°]. The N-Y-OC(&H:sS) angles vary from 86.3(1) to 93.3(1)°. The Y-
OC(CieH13S) bond lengths average 2.085(3) A and correspbadttiose observed in the
similar yttrium alkoxides (see above). The Y-N bdadgths of the coordinated pyridine
molecules [2.474(4) and 2.509(4) A] are equal ® tines found for Y[OC(S)]3(py)2
(179 [2.493(3) and 2.520(3) A] and {Y[OCE3S)]s(py)s} * toluene 17b) [2.471(3) and
2.481(3) A]. Despite the presence of pyridine iadteof coordinated tetrahydrofuran
molecules as in {Y[OC(&H13S)]s(thf),} « toluene 26), no significant variations of the
(C16H13S)CO-Y-0OC(GeH13S) and (GeH13S)C-O-Y angles or Y-OC(gH15S) bond
distances are observed.

1.5 Reactivity of HO-C(C 17H315S) (5) towards Yttrium Silyl Amide

1.5.1 Reaction in Tetrahydrofuran

After the evaporation of the solvent, the whiteicatas re—dissolved in toluene to obtain
colourless crystals of {Y[OC(GH15S)]s(thf),} « toluene @3) in yield of 11 %. This poor
yield can be explained by the difficulty to isoldle product as single crystals. Tie-NMR
spectrum of33 recordedin CDCl; shows two multiplets at 7.3 and 7.4 ppm attributethe
protons of the phenyl groups and two doublets @tafid 6.4 which each integrates for 3H,
corresponding to the 4—H and 3-H of the thienytsuMoreover, at 2.7 ppm, a singlet of the
—CH;s functions is present. The remaining signals aeetduhe tetrahydrofuran and the lattice

toluene molecules.
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1.5.2 Reaction in Pyridine

After the evaporation of the solvent, the whiteicatas re—dissolved in toluene to obtain
colourless crystals of {Y[OC(GH15S)]s(py)2} ¢ toluene B4) in a yield of 61 %. The

unresolvedH-NMR spectrum o84 recordedin CDCL displays the typical aromatic signals
of the phenyl and thienyl groups from 6.4 to 7.6npp\t 2.9 ppm, a singlet integrating for 9H

is attributed to the —C§functions. The signals of the pyridine and toluarealso observed.

1.5.3 Crystal Structure Determination of {Y[OC(C 17H15S)]s(thf),} -
toluene (33)

Colourless crystals {Y[OC(GH15S)]s(thf)2} » toluene B3) were obtained in toluene at 5°C.

An appropriate crystal was isolated and anchoredayo—loop. From the determination and
the refinement of the unit cell dimensions arose space group P2(1)/c in a monoclinic
crystal system. The position of each atom, excegthlydrogen atoms, was anisotropically
refined. Hydrogen atoms were refined as rigid gsowpih the attached carbon atoms in ideal
positions. The R—value is 11.10 %. This high vasudue to the poor quality of the measured
crystal. In Table 2.39 are reported the crystal dagdstructure refinement data 88 and in

Table 2.40 are reported some selected bond leagthangles.

Identification code sh2667
Empirical formula GoHegOsS:Y
Formula weight 1163.33
Temperature 213(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P2(1)/c

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.32°

a=18.687(4) A
b =14.686(3) A
c = 28.052(6) A
7684(3) A3
4

1.006 Mg#An

0.880 mmt
2440

0.61 x 0.46 x 0.32 mé
2.33 to 28.32°.

a = 90°.
B = 93.56(3)°.
vy =90°.

—24<=h<=24, —19<=k<=19, -36<=[<=37

68245

18377 [R(int) = 0.1499]

95.9%
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Absorption correction None

Max. and min. transmission 0.7661 and 0.6160
Refinement method Full-matrix least—-squares énF
Data / restraints / parameters 18377 /2 /703
Goodness—offit on# 1.546

Final R indices [I>2sigma(l)] R1 =0.1110, wR2 2847

R indices (all data) R1 =0.2374, wR2 =0.3113
Largest diff. peak and hole 1.070 and —-0.6568.A

Table 2.39. Crystal data and structure refinementdr {Y[OC(C 17H15S)]s(thf) 5} « toluene (33.

Y-0(1) 2.098(5) O(1)-Y-0(2) 124.8(2)
Y-0(2) 2.082(6) 0(3)-Y-0(1) 118.5(2)
Y-0(3) 2.075(6) 0(3)-Y-0(2) 116.4(2)
Y-0(4) 2.376(5) O(1)-Y-0(5) 90.0(2)
Y-O(5) 2.352(5) O(1)-Y-0(4) 85.7(2)

0(1)-C(1) 1.407(9) 0(2)-Y-0(4) 85.8(2)

0(2)-C(19) 1.43(1) 0(3)-Y-0(5) 97.7(2)

0(3)-C(37) 1.41(1) O(5)-Y-0(4) 168.8(2)

C(1)-0O(1)-Y 161.6(5)
C(19)-0(2)-Y 162.2(5)
C(37)-0(3)-Y 175.7(6)

Table 2.40. Selected bond lengths [A] and angleg for {Y[OC(C 17H1sS)](thf) 5} » toluene (33.

1.5.3.1 Discussion of the Molecular Structure of [{YC(Ci7/H15S)]s(thf)2}
toluene (33

A single crystal X—ray analysis of {Y[OC&H15S)]s(thf),} « toluene @3) was carried out for
unequivocal identification of the structure whishdiepicted in Figure 2.39.

127



Synthesis and Crystal Structure Investigations efdliMethoxides Containing Thienyl Substituents

Figure 2.39. Molecular structure of {Y[OC(C;7H15S)]5(thf) 5} « toluene (33. Hydrogen atoms and the lattice

toluene molecule are omitted for clarity.

The molecular structure reveals a mononuclear wiih a five—coordinated yttrium in
distorted trigonal-bipyramidal geometry. The metattre is surrounded by three diphenyl(5—
methyl-2—thienyl)methoxido ligands in equatorial sjpjons and two tetrahydrofuran
molecules in axial positions. This geometry is amio these obtained for the other yttrium
compounds (see above). Due to the package effeciuane molecule is included in the
structure lattice. The angles between the pairsO8E (G /H15S) are in the range of 116.4(2) to
124.8(2)°, their sum is 359.7(2)° showing that tinee methoxide oxygen atoms around the
yttrium centre have a planar array. The O(thf)-Y{OH;5S) are from 85.7(2) to 97.7(2)°.
The Y-OC(G7H1sS) and Y-O(thf) average 2.085(6) and 2.364(5) Acdémparison with
{Y[OC(C 16H13S)]5(thf),} » toluene 26), where the thienyl unit of the organic ligandnist
functionalized with a methyl group, only insigndiat variations of bond lengths are noticed
(Table 2.41). Due to the presence of the methyktswients at the 2—position of the thienyl
ligands, which increase the steric hindrance, @i@ations of the metric values of the angles

are somewhat more pronounced.
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{Y[OC(C 17H 158)]3(thf) 2} « toluene @ {Y[OC(C 16H 138)]3(thf) 2} * toluene @6
Y-0(1) 2.098(5) 2.110(6)
Y-0(2) 2.082(6) 2.051(6)
Y-0(3) 2.075(6) 2.102(6)
Y-0(4) 2.376(5) 2.336(6)
Y-0(5) 2.352(5) 2.326(6)
O(1)-Y-0(2) 124.8(2) 122.3(3)
0(3)-Y-0(1) 118.5(2) 123.0(3)
0(3)-Y-0(2) 116.4(2) 114.6(3)
O(1)-Y-O(5) 90.0(2) 86.6(2)
O(1)-Y-O(4) 85.7(2) 86.4(2)
0(2)-Y-O(4) 85.8(2) 98.3(3)
0(3)-Y-0O(5) 97.7(2) 86.8(2)
0(5)-Y-0(4) 168.8(2) 168.2(2)

Table 2.41. Selected bond lengths [A] and angled for {Y[OC(C 17H1sS)](thf) 5} » toluene (26 and

1.5.4 Crystal
toluene (34)

{Y[OC(C 16H15S)(thf) 5} * toluene (33.

Structure Determination of {Y[OC(C

17H15S)]3(py) 2} °

Colourless crystals {Y[OC(GH15S)lx(py)2} * toluene 34) were obtained in toluene at 5°C.

An appropriate crystal was isolated and anchoredayo—loop. From the determination and

the refinement of the unit cell dimensions arose shace group P-1 in a triclinic crystal

system. The position of each atom, except the lggratoms, was anisotropically refined.

Hydrogen atoms were refined as rigid groups with #itached carbon atoms in ideal

positions. The R—value is 7.79 %. In Table 2.42 reqmorted the crystal and the structure

refinement data foB4. Table 2.43 presents some selected bond lengtharagles of interest.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection

sh2703
GiHe3N20sS;Y
1177.32
150(2) K
0.71073 A
Triclinic
P-1
a=12.627(1) A
b=14.478(2) A
c=18.270(2) A
2991.5(5) B
2

1.307 Mg#n

1.129 mmd
1228

0.77 x 0.28 x 0.27 méh
1.14 to 27.93°.

a = 97.84(1)°.
B =95.21(1)°.
y = 113.65(1)°.
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Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.93°
Absorption correction

Max. and min. transmission

Refinement method
Data / restraints / parameters

Goodness—offit on4
Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

—-16<=h<=15, —18<=k<=19, —23<=I<=21

50050

13931 [R(int) = 0.0363]

97.2 %
Multiscan
0.7533 and 0.4760

Full-matrix least—squares on F

13931/0/682

2.086
R1 =0.0779, wR2 2088
R1 =0.1038, wR2 = 0.2267

1.607 and —1.7288.A

Table 2.42. Crystal data and structure refinementdr {Y[OC(C 17H15S)]s(py)2} * toluene (39.

Y-0(1) 2.086(3) 0(2)-Y-0(2) 120.2(1)
Y-0(2) 2.080(3) 0(3)-Y-0(1) 117.7(1)
Y-0(3) 2.083(3) 0(2)-Y-0(3) 122.1(1)
Y-N(1) 2.492(4) O(1)-Y-N(2) 88.1(1)
Y-N(2) 2.515(4) O(1)-Y-N(1) 90.7(1)

0(1)-C(1) 1.399(5) 0(2)-Y-N(1) 88.2(1)

0(2)-C(19) 1.384(5) O(3)-Y-N(2) 92.1(1)

0(3)-C(37) 1.403(5) N(1)-Y-N(2) 174.4(1)

C(1)-0(1)-Y 160.3(3)
C(19)-0(2)-Y 173.0(3)
C(37)-0(3)-Y 177.5(3)

Table 2.43. Selected bond lengths [A] and angleg for {Y[OC(C 17/H1sS)]x(py)2} * toluene (39.

1.5.4.1 Discussion of the Molecular Structure of [XC(Ci7/H15S)l(py)} °

toluene (33

A single crystal X—ray analysis of {Y[OC{&H1sS)]3(py)2} ¢ toluene B4) was carried out for

unequivocal identification of the structure, whistdepicted in Figure 2.40.
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Figure 2.40. Molecular structure of {Y[OC(C;7H1sS)ls(py)2} * toluene (34. Hydrogen atoms and the lattice

toluene molecule are omitted for clarity.

The molecular structure exhibits a mononuclear ammgd. The geometry around the yttrium
metal centre is distorted trigonal-bipyramidal witkhree diphenyl(5—-methyl-2—
thienyl)methoxido ligands in equatorial positionadatwo pyridine molecules in axial
positions. Due to the packing effect, a tolueneanwle is included in the structure lattice.
The sum of the (GH1sS)CO-Y-OC(G/HisS) angles is 360.0(1)° and the N-Y-—
OC(C7/H15S) angles are between 88.1(1) and 92.1(1)°. Thed bengths of the Y-
OC(Ci7H15S) and Y-N are in the range of 2.080(3)-2.086(3mll 2.492(4)-2.515(4) A,
respectively. Despite the presence of pyridine ems$t of coordinated tetrahydrofuran
molecules as in {Y[OC(GH1sS)]s(thf)2} ¢ toluene (33), no significant variations of the
(C17H15S)CO-Y-0OC(G7H15S) angles or Y-OC(fzH15S) bond distances are observed (Table
2.44).
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{Y[OC(C 17H1sS)]s(py)} « toluene (39 | {Y[OC(C 1;H15S)]s(thf) o} < toluene (33
Y—0O(1) 2.086(3) 2.098(5)
Y-0(2) 2.080(3) 2.082(6)
Y-0(3) 2.083(3) 2.075(6)
0(1)-C(1) 1.399(5) 1.407(9)
0(2)-C(19) 1.384(5) 1.43(1)
0(3)-C(37) 1.403(5) 1.41(1)
0(2)-Y-0(1) 120.2(1) 124.8(2)
0(3)-Y-0(1) 117.7(1) 118.5(2)
0(2)-Y-0(3) 122.14(1) 116.4(2)
C(1)-0(1)-Y 160.3(3) 161.6(5)
C(19)-0(2)-Y 173.0(3) 162.2(5)
C(37)-0(3)-Y 177.5(3) 175.7(6)

Table 2.44. Selected bond lengths [A] and angleg for {Y[OC(C 17H15S)L(py)2} * toluene (39 and
{Y[OC(C 17H15S)]s(thf) 5} « toluene (33.

In comparison with {Y[OC(GsH13S)]s(py)2} * toluene 27), whose thienyl unit of the organic
ligand is not functionalized with a methyl groumly some insignificant variations of the
bond lengths are observed (Table 2.45). Howeveratigles are somewhat more affected due
to the presence of methyl groups, which increasestaric hindrance exerted by the organic
ligands.

{Y[OC(C 17H1sS)]s(py)} « toluene (39 | {Y[OC(C 16H1:S)]s(py).} * toluene (27
Y—O(1) 2.086(3) 2.084(2)
Y-0(2) 2.080(3) 2.090(3)
Y-0(3) 2.083(3) 2.083(3)
Y-N(1) 2.492(4) 2.509(4)
Y-N(2) 2.515(4) 2.474(4)
0(2)-Y-0(1) 120.2(1) 121.4(1)
0(3)-Y-0(1) 117.7(1) 113.8(1)
0(2)-Y-0(3) 122.1(1) 124.8(1)
O(1)-Y-N(2) 88.1(1) 88.8(1)
O(1)-Y-N(1) 90.7(1) 91.1(1)
0(2)-Y-N(1) 88.2(1) 86.3(1)
0(3)-Y-N(2) 92.1(1) 93.3(1)
N(1)-Y-N(2) 174.4(1) 175.0(1)

Table 2.45. Selected bond lengths [A] and angleg for {Y[OC(C 17H15S)Js(thf) 5} « toluene (39 and
{Y[OC(C 16H13S)]s(py)2} * toluene (27.
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1.6 Reactivity of HO-C(C 14H11S>) (7) towards Yttrium Silyl Amide

1.6.1 Reaction in Tetrahydrofuran

After evaporation of the solvent, the white solidhisvre—dissolved in toluene to obtain
colourless single crystals at 5°C of the yttriukoaide {Y[OC(C14H11S,)]3(thf),} « %2 toluene
(38) in a yield of 40 %. ThéH-NMR spectrum recorded in CD{lat room temperature,
displays unresolved signals. The signals of thenphgroups are situated at 7.3 and 7.1 ppm.
The other aromatic signals at 6.9, 7.1 and 6.8 ppmespond to the 5-H, 4-H and 2—H of the
thienyl units, respectively.

1.6.2 Reaction in Pyridine

After concentration of the solution, a white sghigcipitated. Unfortunately, no crystals could
be obtained. The H,H-COSY spectrum of this sdlidsolvedin CDCk shows five
unresolved signals. The first at 7.2 ppm integoafor 21H is attributed to the protons of the
phenyl groups and to the 5-H protons of the thiemyts. This signal has a correlation with
that at 6.9 ppm, which integrates for 12H correslan so to the 4—H and 2—H of the thienyl
groups. The three other signals at 8.4, 7.6 anghg2 are due to the protons of the pyridine
adducts. The broadening of the signals could bet@aedynamic phenomenon of the organic
ligands.

Therefore, it is quite plausible that Y[N(SiNgs and HO-C(GH1:S,) (7) react in the same
manner as Y[N(SiMg,]s with 7 in tetrahydrofuran as solvent leading to
{Y[OC(C 14H11S,)]3(thf);} * Y2 toluene 88), or with 2 and4 to form Y[OC(G4H1:1S)](py)2
(39). Three —OC(@H11S,) groups are ligated to the yttrium metal centri&kelin the other
yttrium compounds Y[OC(§H3S)]s(py). (178 and {Y[OC(CH3S)]s(py).} * toluene 17b)
and {Y[OC(CiH13S)]s(py)2} © toluene 27), probably two pyridine molecules are also axially
coordinated to the metal centre. Moreover, this pasition is confirmed by the results of
elemental analyses. All experimental values mateh with the calculated ones: 63.51 % for
the carbon (value calculated: 62.26 %), 4.15 %itlier hydrogen (value calculated: 4.06 %)
and 3.15 % for the nitrogen (value calculated: 244

Therefore we conclude that Y[OC{fH1:S,)](py)2 (39) (Figure 2.41)s formed with a yield of
70 %.
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Figure 2.41. Y[OC(C.H1:S,)](py)2 (39)

1.6.3 Crystal Structure Determination of {Y[OC(C 14H11S2)]s(thf)2} « ¥
toluene (38)

Colourless crystals {Y[OC(GH11$)]s(thf)2} %2 toluene 88) were obtained in toluene at
5°C. An appropriate crystal was isolated and aretdhat a cryo—loop. From the determination
and the refinement of the unit cell dimensions anb®& space group P2(1)/n in a monoclinic
crystal system. The position of each atom, excegthlydrogen atoms, was anisotropically
refined. Hydrogen atoms were refined as rigid gsowpih the attached carbon atoms in ideal
positions. The R—value is 7.37 %. In Table 2.46 raq@rted the crystal and the structure
refinement data foB8.Table 2.47 presents some selected bond lengtharagiels of interest.

Identification code sh2737

Empirical formula GaH4g05SY x 0.5 GHg

Formula weight 1093.26

Temperature 213(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2(1)/n

Unit cell dimensions a=13.598(3) A o = 90°.
b =16.935(3) A B =102.22(3)°.
c=23.892(5) A vy =90°.

Volume 5377(1) B3

z 4

Absorption coefficient 1.364 mmt

F(000) 2268

Crystal size 0.40 x 0.35 x 0.23 m#h

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.19°
Absorption correction

Max. and min. transmission

Refinement method

2.39 10 28.19°.
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