Complexes of ditopic and tritopic 4'-

substituted- 2,2':6",2"'-terpyridine ligands

Inauguraldissertation

zur
Erlangung der Wiirde eines Doktors der Philosophie
vorgelegt der
Philosophisch-Naturwissenschaftlichen Fakultét

der Universitat Basel

von

Paulina Chwalisz

aus Brzeg Dolny, Polen

Basel, 2010

Originaldokument gespeichert auf dem Dokumentenserver der Universitat Basel
edoc.unibas.ch

@080

Dieses Werk ist unter dem Vertrag ,,Creative Commons Namensnennung-Keine kommerzielle
Nutzung-Keine Bearbeitung 2.5 Schweiz* lizenziert. Die vollstandige Lizenz kann unter
creativecommons.org/licences/by-nc-nd/2.5/ch
eingesehen werden.




@creative
commons

Namensnennung-Keine kommerzielle Nutzung-Keine Bearbeitung 2.5 Schweiz

Sie diirfen:

®

das Werk vervielfaltigen, verbreiten und 6ffentlich zuganglich machen

Zu den folgenden Bedingungen:

Namensnennung. Sie miissen den Namen des Autors/Rechteinhabers in der
von ihm festgelegten Weise nennen (wodurch aber nicht der Eindruck entstehen
darf, Sie oder die Nutzung des Werkes durch Sie wirden entlohnt).

Keine kommerzielle Nutzung. Dieses Werk darf nicht fir kommerzielle
Zwecke verwendet werden.

WY @

Keine Bearbeitung. Dieses Werk darf nicht bearbeitet oder in anderer Weise
verandert werden.

* Im Falle einer Verbreitung missen Sie anderen die Lizenzbedingungen, unter welche dieses Werk fallt,
mitteilen. Am Einfachsten ist es, einen Link auf diese Seite einzubinden.

» Jede der vorgenannten Bedingungen kann aufgehoben werden, sofern Sie die Einwilligung des
Rechteinhabers dazu erhalten.

« Diese Lizenz lasst die Urheberpersonlichkeitsrechte unberihrt.

Die gesetzlichen Schranken des Urheberrechts bleiben hiervon unberiihrt.

Die Commons Deed ist eine Zusammenfassung des Lizenzvertrags in allgemeinverstandlicher Sprache:
http://creativecommons.org/licenses/by-nc-nd/2.5/ch/legalcode.de

Haftungsausschluss:

Die Commons Deed ist kein Lizenzvertrag. Sie ist lediglich ein Referenztext, der den zugrundeliegenden
Lizenzvertrag Ubersichtlich und in allgemeinversténdlicher Sprache wiedergibt. Die Deed selbst entfaltet
keine juristische Wirkung und erscheint im eigentlichen Lizenzvertrag nicht. Creative Commons ist keine
Rechtsanwaltsgesellschaft und leistet keine Rechtsberatung. Die Weitergabe und Verlinkung des
Commons Deeds fiihrt zu keinem Mandatsverhaltnis.

Quelle: http://creativecommons.org/licenses/by-nc-nd/2.5/ch/ Datum: 3.4.2009


http://creativecommons.org/licenses/by-nc-nd/2.5/ch/
http://creativecommons.org/licenses/by-nc-nd/2.5/ch/legalcode.de

Genehmigt von der Philosophisch-Naturwissensclhith Fakultat
auf Antrag von

Prof. Dr. Edwin Constable

Prof. Dr. Thorfinnur Gunnlaugsson

Basel, den 21.09.2010
Prof. Dr. Martin Spiess

Dekan



“As our circle of knowledge expands,
so does the circumference of darkness surrounting i

A. Einstein






Acknowledgements

First 1 would like to thank my supervisors, Profr. lEdwin Constable and Prof. Dr.
Catherine Housecroft, who gave me the opportupityad my PhD and provided me with
support, advice and an excellent working environimen

| thank Prof. Dr. Thorfinnur Gunnlaugsson from TiynCollege Dublin for being my co-
referee and co-examiner and Prof. Dr. Catherineselowft for being my chairman.

For helping me with the synthesis, NMR and photgdal measurements and answering
any of my random questions | thank especially Kdaeris, Pirmin Résel and Emma L.
Dunphy.

Dr Steve Comby from Trinity College Dublin is highhcknowledged for his help with
spectrophotometric titrations with lanthanides (Qika6).

| thank dr. Daniel Haussinger for his advice antp he recording NMR spectra on the
600 MHz machine.

| am thankful for technical and administrative sogigfrom the University Basel staff,
especially from Beatrice Erismann and Markus Hauri.

For proof reading parts of this thesis | thank Kidgaris, Jennifer Zampese and Emma L.
Dunphy, and especially Prof. Dr. Housecroft forwhkelpful proof reading of my entire
thesis.

Thanks go to all members of the Constable-Housegrotup in Basel for their help and
friendship, especially Ellie Shardlow, Jon BeveajkHarris, Conor Brennan and Emma
L. Dunphy, who helped me during my first year insBhato settle in to the group and
place. Thank you all, I never thought | would fisml many dear friends among you.
Financial support from the Swiss National Sciencairfélation and the University of
Basel is gratefully acknowledged.

| thank a lot my family and friends for their suppand love.



Contents

ACKNOWLEDGEMENTS ...ttt a e e e e e e e mnnnees 5
(L@ ]V I = N 1 T PN 6
AB S T R A C T ittt et e e e e e e e e e e e e e r e e e e e e e e e e a s 9
ABBREVIATIONS ..ottt e e e e e e et e e e e aneeanra e e eaanns 11
GENERAL EXPERIMENTAL ..ottt 13
L8 Y I PSPPI 15
INTRODUGCTION 1.ctttteteee et ee e e s ettt ettt ettt e e e e e e bbbt e s et ettt e e e e e e e e e e e e e e e e e s snnnnees 15
1.1 Supramolecular ChEMISIIY ............o ettt eeeeeees 15
1.2 Metallosupramolecular Chemistry .........cuueiiiiiiiiiiiiiiee e 17
1.3 2,2":6',2"-Terpyridine in Supramolecular chetry ............ccccceiiiiiiiiiininnnne. 23
1.4 AIMS Of thiS tNESIS......uuiiiiiiiiiii e 30
O A I o PR 31
SYNTHESIS OF DITOPICA'-SUBSTITUTED- 2,2":6",2"TPY LIGANDS AND PRELIMINARY
STUDY OF INTERACTIONS WITHGROUPL METALS ....cceeiiiiiieiiiiiitiinniieeeeeeeeeeeeeeeeneeaes 31
P22 R [ 01 o To [Fod 1 o] o FONN PP 31
2.2 SYNINESIS. ..ottt ettt e e e e e et e e e e e ne e e e eeearraanaa 33
2.3 1H NIMR SPECIIOSCOPY ... eeee e eeeee s eeeesseseesee e eneeeeeeenes 38
2.4 13C NMR SPECIIOSCOPY ....veevvieieeeeee e sememeee s eeeen e eee e eeseeenseseeen e eesean 46
2.5 Mass spectrometric CharacCterization... . ...eeeeeeeeeueeieiiiiiieeeeeeeeeeeaeeeeen. 52
2.6 NMR titrations of ligand L1 with alkali metahs: Na and Li .................... 53
2.7 CONCIUSION ...ttt ettt e e e e e e e e eeeea bbb e e e 64
2.8 EXPEIIMENTAL....cceiiiiiiiiiiiii e ettt e e e e e e e e e ee e e eeeenees 65
CHAPTER ..ttt e ettt ettt e e e e e e e e e e e e e e s s s sanmnr e et e eeaaaeeaaeeas 85
SYNTHESIS OF HETEROLEPTIC DINUCLEAR RUTHENIUKII) COMPLEXES OF DITOPIG}-
SUBSTITUTED- 2,2":6',2"TERPYRIDINE LIGANDS .......uuuuuuuiirtriiinieeeieieeeeeeaaeeeeesssessnees 85
1 T80 R 1 11 o o [Fox 1o o 1T 85
G 11 =] PSRRI 87
3.3 1H NMR SPECIIOSCOPY ... s s saees s eesenenesseeeseneessenans 88
3.4 13C NMR SPECIIOSCOPY ....veeeeeeeeeeeeeeeeeememeeeeeeeeeeeee e e e e e eeeeeees s ee e a3
3.5 Mass spectroscopic characterization.............ceeeeeuviieiiiiiiiinnneeeeeee e, 97
3.6 Electrochemical StUdIES ...........c.uemeeemiiiiiiieieeeee e 98
3.7 Absorption spectroscopic charaCterization w.........cceeevveuiiriiiiiinniieeeeeeeenn. 100
3.8 CONCIUSION ...ttt e e e e e 102
3.9 EXPErIMENTAL...cccoeiiiiiiiiiiiiee s e 103
CHAPTER 4 .. ettt ettt e e e e e e e e e e e e e e s s s st et e e e e e aeaeeas 115
SYNTHESIS OF A HOMOLEPTIC MONONUCLEAR ZIN@I) COMPLEX OF A DITOPICA'-
SUBSTITUTED- 2,2":6",2"TERPYRIDINE LIGAND .....ccctttiiieeaaeieiisiaiiiiiiintnineeeeeeesaannns 115
730 R [ o 1 (o o 18 [ox o AT SRRRRP 115



4.2 SYNENESIS...iiiiiiiiiiiiiiiiiiie s ettt e e e s e e e e e e e e e e e e e et eeettennnneeeeaerrnnnnas 116

4.3 Mass spectroscopic characterization.....ccuee...eeeeeeciiiiieieee e, 117
4.4 'H NMR SPECIIOSCOPY .....vveeeeeeeereeeees e s eeeesessesesssssseenessesesenseens 118
4.5 13C NMR SPECIIOSCOPY ....evveeeeeeeeeeeeeeeeeeeeemeseseeeeseeeeeeeeseeseeeeeeeeneeeee s 123
4.6 Absorption spectroscopic characterization . .........eeeeeeinnieeeeieieiieeeeiiianns 127
4.7 DFT molecular Modeling...........uuuuricmmmmmiieiiiieee e eeeeeeeeeeeeee e 128
S B @] ¢ (o1 [ V1] o] o PSPPSR 130
e T o d o= ] 1= | = | PSRN 131
CHAPTER S ..ttt e e ettt e et et e e e e e e e e e e e e s s s sannnneeeeaaaeeeaeens 133

SYNTHESIS OF A TRITOPIGA'-SUBSTITUTED- 2,2":6",2"TERPYRIDINE LIGAND AND ITS

HETEROLEPTIC TRINUCLEAR RUTHENIUMII) COMPLEX ....cvvvviiiiiiiiieeiee e 133
5.1 INIFOAUCTION. ....uuiiiiiiiiiiiiiiiii et e e e e e 133
5.2.1 Synthesis of a tritopiC Igand L5 .....ccceeiiiiiiiiiiiiiiiiie e 136
5.2.2 Synthesis of ruthenium(ll) complex of L&(B) .........ccoevvvreiieriiiiiiiinnn, 138
5.3.1 H NMR spectroscopy 0f L5a and L5 ...........cccceveeveereeieeeersseneeseeans 139
5.3.2 'H NMR SPeCtroSCOPY Of BB ........cvoveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee s, 144
5.4.1 °C NMR spectroscopy of L5a and L5 ............cccoeeveieeeeeereesesen e, 148
5.4.2 3C NMR SPECtroSCOPY Of BB ........ceeeveeeeeeeeeeereeeeeeeeeeeee e eeeeeese e 150
5.5.1 Mass spectrometric characterization of BBa L5..............ccoeveivieiiinnnnnnn. 153
5.5.2 Mass spectrometric characterization OfLEU...............cceeiiiieeeeeeeeeeneenne. 153
5.6.1 Absorption spectroscopic characterizatioh®...............ccccoeeevviiiinnnn, 155
5.6.2 Absorption spectroscopic characterizatibRmL5 .............ccoovvvvvvvvinnnnnns 156
5.7 Electrochemical studies Of RB ..........covvvniiiiiiiiiiii e, 157
5.8 CONCIUSION ...ttt et e e e e eeebb e 158
5.9.1 Experimental of L5a and L5 .........oommmeeiiiiiiiii e 160
5.9.2 Experimental Of B .......cccooiiiiiiii e 165

CHAPTER B ...ttt e e ettt e e e e e e e e e e e e e e e e e e s s s sannneeeeeaaeaaaaeens 169

SYNTHESIS OF HOMOLEPTIC MONONUCLEAR EUROPIUfiI) AND TERBIUM(III)

COMPLEXES OF A TRITOPIG}'-SUBSTITUTED- 2,2":6',2"TERPYRIDINE LIGAND ............. 169
6.1 INTTOTUCTION. ....eiiiiiiiiiiiee e 169
6.2 SYNthesis of [EULET . ...ovoeieeecee e, 176
6.3 *H NMR spectroscopy of [EULBT .. .voveveeeeeeeeeeeeeeee e 177
6.4 °C NMR spectroscopy of [EU(LdT .....oovrviiieeieeee e 181
6.5 Photochemical characterization...........ccccevveviiiiiiiiiiee, 184
I 0] o (o3 [ U] o] o HF TP PRRRPP P 192
A = o 1= 1 1 T=T o] = 193

CHAPTER 7 oottt e e ettt e e et e e e e e e e e e e e e e e e s s sannneeeeeeaeeaeaeens 195

REFERENCES . ... tttttttttttttt ettt e e et e e e e et s e ettt e e e e e e e e e e e e e s s s bbb bbbt b e e e e e e e eeeeeeannnne 195

CURRICULUM VITAE ...t eieeettte ettt e ettt e e e e e eeemmaa s s e e e e eetaa e e e e e e entn e e e e eennnnaeeeas 20






Abstract

Chapter 1 gives a brief introduction to supramolecular cheémjsmetallosupramolecular
chemistry and 2,2":6',2"-terpyridine-based ligaadd their complexes.

Chapter 2 discusses the synthesis and characterization ofditepic ligandd.1-L4 and
L6-L7. These ligands are based on a benzene unit connextésdo 4'-substituted-
2,2".6',2"-terpyridine moieties through polyetmgexy spacers. The variability of this
group of compounds was achieved by using diffetength ethyleneoxy chains and
changing the substitution position on the benzene The ligands were also preliminary

studied for interactions with Group 1 metals.

Chapter 3 describes the synthesis and characterization oérdleptic dinuclear

ruthenium(ll) complexes formed with ligand$-L2, L4 andL6-L7.

Chapter 4 describes the synthesis and characterization abraokeptic mononuclear

zinc(ll) complex with a ditopic 4'-substituted- 2,2"-terpyridine ligand.4.

Chapter 5 discusses the synthesis and characterization afidip5 which contain three
2,2".6',2"-terpyridine metal-binding domains adlwas the synthesis and characterization
of a heteroleptic trinuclear ruthenium(ll) compl@t this ligand. Three 2,2"6'2"-
terpyridine domains on the ligarid are linked at their 4'-positions to a benzene unit

through diethylene glycol spacers.

Chapter 6 describes the synthesis and characterization ofoleptic mononuclear
europium(lll) and terbium(lll) complexes of tritap#'-substituted- 2,2":6',2"-terpyridine
ligandL5.
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Cl-tpy
COSY
CV
bpy
br

DCM
DEPT
DMF
DMSO

ESI
EtOH
Fc

Fc'
HMBC
HMQC
HPLC
Hz

IUPAC

MALDI

Abbreviations

4'-chloro-2,2":6',2"-terpyridine

correlated spectroscopy

cyclic voltammetry

2,2'-bipyridine

broad

doublet

chemical shift

dichloromethane

distortionless enhancement by polarisatiomsfier
N,N'-dimethylformamide

dimethylsulfoxide

molar extinction coefficient

electrospray ionisation

ethanol

ferrocene

ferrocenium

heteronuclear multiple bond correlation
heteronuclear multiple quantum correlation
high performance liquid chromatography
hertz, &

infrared spectroscopy

International Union of Pure and Applied Chstry
coupling constant

wavelength

ligand centred

multiplet or medium (IR)

molarity

parent ion mass

matrix assisted laser desorption ionisation
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MC
MLCT
m.p.
MS

m/z

NMR
NOESY

ppm
RT
REOSY

td

TOF

tpy
UV-Vis

12

metal centred
metal to ligand charge transfer

melting point

mass spectrometry

mass to charge ratio
frequency (cnt or Hz)

nuclear magnetic resonance spectroscopy
nuclear overhauser effect spectroscopy
parts per million

room temperature

Rotating frame nuclear Overhauser effecttspsmopy
singlet or strong (IR)

triplet

triplet of doublets

lifetime of emission

time of flight

2,2".6',2"-terpyridine
ultra-violet visible spectroscopy
weak (IR)



General experimental

Microwave reactor
Microwave reactions were carried out in a Biotagidtor 8 reactor with sealed tubes

allowing pressures of up to 20 bars.

NMR spectroscopy

NMR spectra were recorded on Bruker AM250 (250 MHBruker AVANCE 300 (300
MHz), Bruker DPX400 (400 MHz) and Bruker DRX500 (6OMHz). For full
assignments COSY, DEPT, HMBC, HMQC and NOESY expernts were recorded on
the Bruker DRX500'H and®*C spectra were recorded at 25 °C and chemicalsshié
relative to residual solvent peak$i( CDCk 7.24 ppm, acetonitrilds 1.94 ppm:=C:
CDCl; 77.00 ppm, acetonitrilds 1.39 ppm).

Mass spectrometry

Electrospray ionisation (ESI) mass spectra weresared using Finnigan MAT LCQ or
Bruker esquire 3088° instruments. MALDI-TOF mass spectra were recordéith a
PerSeptive Biosystems Voyager mass spectromeieg assupporting matrix (sinapinic

acid ora-cyano-4-hydroxycinnamic acid).

Infrared spectroscopy
IR spectra were recorded on a Shimadzu FTIR-84Q@tphotometer with neat

samples using a golden gate attachment.

Melting points

Melting points were determined on a Stuart Scientifelting point apparatus SMP3.
UV-Vis spectroscopy

UV-visible absorption spectra were measured in lecrartz cuvettes on a Varian Cary

50 spectrophotometer. Baseline correction was egptir all spectra.

13



Emission spectroscopy

Emission (Fluorescence, phosphorescence and écw)tatpectra were recorded on a
Varian Cary Eclipse Fluorimeter. Quartz cells wath cm path length from Hellma were
used for these measurements. The temperature wats domstant throughout the

measurements by using a thermostated unit block

Microanalysis

The microanalyses were performed with a Leco CHR+®@Gcroanalyser by W. Kirsch.

Electrochemistry

Electrochemical measurements were done on an Eemi@hAutolab PGSTAT 20 using
a glassy carbon working electrode, a platinum niesthe counter electrode, and a silver
wire as the reference electrode. The redox poter(fa”*, Ev,® [V]) were determined
by cyclic voltammetry (CV) and by square wave aiftecential pulse voltammetry. The
compounds were dissolved and measured in dry agaisded acetonitrile in the presence
of 0.1 M [n-BusN][PFg] unless otherwise stated. The scanning rate ®rQW was 100
mV-s? in all cases and ferrocene (Fc) was added astema standard at the end of

every experiment.
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CHAPTER 1

Introduction

In this chapter, a brief introduction to this tiees presented. The three most important
subjects are described below: supramolecular -chimisnetallosupramolecular

chemistry and 2,2":6',2"-terpyridine-based molesuh supramolecular chemistry.

1.1 Supramolecular chemistry

Stoddart has defined chemistry as follows:

Chemistry can be likened to “language”. The atoms the “letters”. The molecules are
the “words”. Assemblies of molecules make up thentences”. The sets of assembled
molecules or supermolecules are the “paragraphsheTways in which the molecular
assemblies and supramolecular arrays contain angress information are the
“chapters”. The manner in which this informationésnveyed at both a molecular level
is the “book”. Ultimately, chemistry has to tell‘story”.

Chemists are writing their own “stories”. They kndww to produce the “words”. They
are still learning how to write the "sentences”. @igrammar” they use has been

dictated by the nature of the noncovalent bond.

Supramolecular chemistry was defined by Jean-Maglen as "chemistry beyond the
molecule, bearing on the organized entities of &igbomplexity that result from the

association of two or more chemical specfes".

Supramolecular chemistry is an interdisciplinargldi of science which covers the
chemical, physical, and biological features of cloainspecies. In contrast to molecular
chemistry which is based on the covalent bond, asuptecular chemistry is the
chemistry of molecular assemblies and of the intdesular (noncovalent) bond. All

15



weak intermolecular interactions can be used irrasuplecular chemistry: electrostatic
interactions, hydrogen bonds, van der Waals foraes, stacking, charge transfer

interactions and hydrophobic interactions.

There are two probable mechanisms which work teage#imd lead to supramolecules:
molecular recognition and self-assembly. Molecukgognition is a process involving
both binding and selection of substrate by a gieseptor molecul@ Self-assembly is a
spontaneous assembly of molecules into structustdble, non-covalently joined

aggregates.

One of the most known examples of a supramolecolmes from nature and is
deoxyribonucleic acid (DNA). The double helix forofi DNA is based on hydrogen
bonds between complementary bases in two oligoatidks. The structure of DNA
became an inspiration for some chemists to syrtbesimilar systems. Lehn and his
group have reported bpy-based double helices hettirbe copper(l) metal ion&igure
1.1)."8

F
- h={
— [4] — - —
§ »
Fn H
— =
{“L_rf }.jf’

Figure 1.1. Self assembly interactions between three coppe&(i$ and two tris(2,2'-

bipirydyne) ligands:®

Jean-Marie Lehn found his interest in the supramuwée chemistry field more than 20
years before he published copper(l) double hefifeBverything started in the 1960's
with cryptandd* and Pedersen joined him with his studies of cretirers’ Since then

supramolecular chemistry became one of the biggedt fastest developing field of

studies.
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1.2 Metallosupramolecular chemistry

Introducing metals into supramolecular chemistrpesgyed to be one of the best ideas.
Metallosupramolecules are based on strong metahidigbonds, ~ 200 kJ/mol. The
ligands can be described as the building blockschwiform larger structures and the
metal ions are like molecular "glue”, which holaske structures together. The number
and orientation of the coordination sites of ligamtl coordination number and geometry
of metal ion allows very often to design a largeniver of various highly directional and

geometrically well-defined species.

One of the most simple examples of metallosupracutés are 2-dimensional molecular
squares. The geometry of these systems is weletkfoy platinum(ll) or palladium(ll)
ions acting as 90 degree corners. Fujita, Yazaki,@gura have reported self-assembling
molecular squares based on metal coordination ctigmivhen [M(en)(NG),] (M = Pt,
Pd) is treated with bipyridine, a cyclic tetramenmacrocycle - a molecular square - is

formed as the thermodynamically preferred prodiigure 1.2).1%*

VE, — — HNTY
EN-M-Y —{ u-M-NH,
N T
i [
1 )
-
R .
EN-M- S M-,
! — —F H_:!'.'\/

M = Pt{II} or PA(II}

Figure 1.2. Tetrameric bipyridine macrocyclé$*

Hupp and co-workers have prepared a number of mi@esquares which have been
used as catalysts.Figure 1.3 shows a structure in which manganese(ll) porphigin
encapsulated in a square built from four zinc(Byghyrins and four rhenium complexes.

It has been suggested that this could act as #icialtenzyme.
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Figure 1.3.A molecular square with an encapsulated Mn(ll)pbgrin, prepared by

HuppX?

The supramolecular structures containing coppes ard bidentate or tridentate ligands
are very good examples to demonstrate how impotiteninetal ion geometry is and the
number of the coordination sites of ligand. ThelTisf has a & electron configuration
and it prefers a coordination number of 4 and rmletdral geomett§ whereas the Cu(ll)
ion has a Yelectron configuration and prefers to be octaHeulr&-coordinaté” There
are a lot of examples of the use of preferencemethl ions to direct the assembly of

multi-component structures.

a b
Figure 1.4.4-Coordinated copper(l) (a) and 5-coordinated eofp) (b).**

Rotaxanes are a class of molecules in which a dathbbaped component is encircled
by a macrocycle; the two components are linked @echally rather than by a covalent
bond. A generally accepted method for the synthebimtaxanes is threadirtg.The

18



complex formed between these two species can thendaified with blocking groups to

produce the [2]rotaxan@.

Sauvage has reported a rotaxane in which the thceatains two different ligand
domains: 1,10-phenanthroline and 2,2".6',2"-tadnye, whereas the ring is built out of a
bidentate 1,10-phenathroline utfit’ The system can be switched from a four-coordinate
Cu(l) to a five-coordinate Cu(ll) and back, by axidg and reducing the metdfigure
1.5).18

S

-8 ¢

A

Figure 1.6.The first X-ray crystal structure of a catenatepared by Sauvag al®®
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The efficient synthesis of interlocked or catenateslecule$®?*

requires that one ring be
threaded by the precursor of the second ring, hatlthis assembly be held together as
the second ring is formed, simply: one macrocyclestmact as a template for the
formation of the second macrocycle. One of the ast Cu(l) based catenates was
prepared in the Sauvage grdiplhe X-ray structure has confirmed the structur¢hef

product Figure 1.6).

The Sauvage group has also shown that catenatkshmextended to multinuclear

systems substituted with multiple bridged porphygrioups(Figure 1.7).2°

Figure 1.7.An example of catenate containing porphyrin graiips

From the above examples, we understand how imgattato design ligands with the
correct number and orientation of the coordinasites as well as a choice of metal ions
with the correct coordination number and geomeligure 1.8 shows that smaller
molecules can be used as tools, to template tineatoon of larger systems. Sanders and
co-workers have investigated the flexible bisporphyeceptor¢’? In a directed self-
assembly process, novel porphyrin-containing maaies could be obtained. Although
the macrocyclic porphyrin trimerFigure 1.8 can be synthesized by untemplated
oxidative coupling of the diacetylenic porphyrin mooner Figure 1.8), the vyield is
relatively low (47%). If the monomeFigure 1.8) is oxidatively coupled in the presence
of s-2,4,6-tri-4-pyridyltriazine, the amount of d¢igc trimer formed is dramatically
enhanced. The s-2,4,6-tri-4-pyridyltriazine actsaasnegative template”: it promotes

trimer formation passively by inhibiting dimer foation actively?°
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b, A = CHLCHLCOMe i g
W Wi .n—{)_‘ .
O 0
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\_ =
(\_/)____ = - 2/

Figure 1.8.Trimeric macrocyclic porphyrin array prepared an8erset al**=°

Many metal complexes contain more than one metareeSome of these dinuclear or
multinuclear complexes exhibit electron transfeit anergy transfer properties.
Anderson has studied the porphyrin-based macroeyatel that led him to present
successful syntheses of electron transporting mtdeavires Eigure 1.9.3°? He also
reported newtconjugated porphyrin nanoringgFigure 1.10, which could be obtained

by bending and connecting these molecular wires.

=
o,

G _5-_.\r~_\u‘:'|:r._'_|—. ) N
= :
o

g F.‘:‘Z 7
T
e '\_I il =
<\:,)~§~ ) .
N
- I H
(Cat gl g

polymer 1
single strand

ladder duplex

1 'BiDYH
single strand

Figure 1.9.Electron transporting molecular wirés*
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a) Self-assembly, b) [PdCl;(PPh,),], Cul, iPrpNH, 1,, air,
60°C, c) pyridine.

Figure 1.10.Template-directed synthesis oftaonjugated porphyrin nanorirg.

Lehn and co-workers have explored the use of nwetldination for the construction of
molecular racks, ladders, and gridggure 1.11).3*38 After mixing the ligand presented
in Figure 11 with 1.5 eq. of AgSECF;, a three-by-three molecular grid self-assembles

spontaneously from nine Ag(l) ions and six ligafiéigure 1.117).

Figure 1.11.Rack (a), ladder (b), and grid structures (c) selftassembled molecular

grid with Ag(l) ions prepared by Leh#:
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1.3 2,2".6',2"-Terpyridine in Supramolecular chemistry

2,2"6',2"-Terpyridine (tpy) and its derivativeseasome of the most popular chelating
ligands in supramolecular chemistry. This ligandhife very stable octahedral complexes
with a large variety of metal iori*°In contrast to the bidentate analogue 2,2'-bipyeid
(bpy), {M(tpy)}"™ complexes are achiral (provided that only non-stied or
symmetrically substituted tpy ligands are usede J¥(bpy)s}"" complexes exist in two

enantiomeric formsA andA.

R &
&6

Figure 1.12.The A andA enantiomers of {M(bpy} "™ (top) and an achiral {M(tpy)"*

with symmetrical ligands (bottom).

Tpy can be functionalized at several different poss, such as the 4' position of the
central ring and the 6 and 6" positions of the teaipyridine rings, but the most known
and studied are the 4'-substituted tpy derivatives.

Constable and Housecroft have reported many difteB2"6',2"-terpyridine ligands

substituted with functional groups in 4'-positioAzacrowri**? (Figure 1.13 and

fullerené®**

(Figure 1.14) functionalized ligands have been synthesizedyelkas their
metal complexes. These have been studied further tfeir electronic and luminescent

properties.
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Figure 1.13.Azacrown functionalized tpy ligand$??
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Figure 1.14.Fullerene functionalized tpy ligand%**

A cyclopentadiene functionalized tpy was used tutfsgsize the corresponding ferrocene
tpy ligand”® (Figure 1.15 §. The 4'-cyclodextrin functionalizé¥*® (Figure 1.15 b and
anthryl substitutel (Figure 1.15 ¢ tpy ligands have been also synthesized. Their
ruthenium and osmium complexes have been studied.

{OCH. ),

3

Figure 1.15.Ferrocene (a), cyclodextrin (b) and anthryl (c)stitbted tpy*>*°
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Other functional groups have also been used insyimheses of the 4'-substituted tpy
ligands: 2,2"-bipyridin€, diphenylphosphiré? porphyring®*° thienyl groupd®
sugars’ and much more.

2- and 3-furyl and thiophene have been used tchegize 4'-substituted tpy ligands and
then have been studied for their potential appboain anticancer therapyFigure
1.1®l60,61

5

—, — .":" }

Y ¥ X
Proctoctiosle

Figure 1.16.Furyl and thiophene substituted tpy ligafitis:

The other well-studied substitution position is @iposition of the terminal pyridine ring.
A series of 6-substituted tpy ligands has beenhegited*°®* 6-bromo tpy Eigure 1.17
a), chiral 6-bornyloxy tpy ligandsHgure 1.17 b-¢ and quaterpyridine ligand-igure
1.17 9, synthesized in coupling reactf3nA chiral cobalt(ll) complex of 6-bromo tpy
(Figure 1.17 3 has been well studied in Constable gr8ufm contrast to cobalt(ll)
complexes of 4'-substituted tpy, [Co(ll)(6-brom@)gh complex is a high spin system.

HY/ wh\_lff
. ﬂ? Py “ f
Br._ Nx |r“! Ni O NE /“‘N"&\-L/ux NK [hg\ N, .0
SARCERCARCIAGARG]
a b c

Figure 1.17.6-Bromo tpy (a), chiral 6-bornyloxy tpy ligands éb-and quaterpyridine
ligand (f)2%°®
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More than one 2,2".6',2"-terpyridine domain carubed to synthesize different groups of
ligands. There is great interest in studying ligandntaining two or more tpy units, these
are called "bridged" ligands. A variety of ligandgh two 2,2":6',2"-terpyridine groups
linked with different spacers have been reported.iftroduction of the spacer into a
molecule allows one to control the supramolecuiarcture, distances and angles, and/or
to control transfer of electrons or energy throtigdhnbonds. Depending on the type of the

spacer, either rod-lik&"® or macrocycli€®®? complexes are preferred.

=\ — P VN
) P R—, ¢
& \ by \—
N4 =pj —, SN
N\ () IO
\ ! 1+
N G 4 | B, _}hl AR S §
=/ N ) /
i Y —/ kY
M= JN M= .
& 7y WA -
L m=01,2 — v R =H, O, Br e
W = . m=4,2
=\ i — I
& ¢ YR Ri— g L it
& \— / .
N =N M- =N
\ .
P T, { " —{r -'.rj_L' N r’_‘_
N j,-'—|'(.§‘ em L N A
et ¢ =
N=( N = N
G 2 { "R Re—4 7 Rz
¢y R =DMe, CN h—/ o RyRa=H OMa CH =
- - ;r.-.\
AN AT
. P N \‘ vy
=, r '{5_ A P i\
s Yo7 W § )
M= R =N N—, =N
N . ' hY
) N 4, =" ! . = —
S F W i i R [ , i
TS A NS )
= V= v = A\ g
i I \ ! \
= K N N 5N
Lo & 4 ‘;, P
L R = CeHys, O0CH.CHLOLCH, - N 4 N
Fi A" i Y
£, ) {
. Y
/] T,

Figure 1.18.Ditopic bis(2,2":6',2"-terpyridine) ligands witigid phenylene-based
spacer§/"®

Figure 1.19.Ditopic bis(2,2":6',2"-terpyridine) ligands wittaphthalene spacef%®

26



Figure 1.20shows bridged ligands containing three (a), f@irapd six tpy (c) domains.
These kind of ligands have been used as the cotedasynthesis of metallost&t&* and

metallodendrimer&

Figure 1.20.Tpy based ligands with three, four and six tpy dims®>®

The  triruthenium  complex Hgure 1.21) has been reacted with
hexakis(bromomethyl)benzene to give the desirechdedtanuclear compleiigure
1.21). The center of the complex is built from six tpgmains — dendrimeric core, and

therefore is a very similar to that presentedriure 1.20 ¢

‘
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Figure 1.21.Reaction scheme for the synthesis of the octad#warium compleX®
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A first generation tetranuclear complex has beenth®sized by reacting together
pentaerythritol functionalised with 2;@,2"-terpyridine and ruthenium(lll) complex. For

a second generation dendrimer, the tetranucleaalmpecies has been coupled with a
[Ru(tpy)(Cl-tpy)F* complex Eigure 1.22.%°

Figure 1.22.Reaction scheme for the synthesis of metalloderetsfi

Metallodendrimers and metallostars picturedrigure 1.21 and1.22 are examples of
typical examples of the use of tpy-based ligands,thee building blocks for larger
systems, namely — metal complexes. Due to the phggical properties (they absorb a
significant portion of the visible spectrum, hawatively long-lived excited states (>1
1) and exhibit good photochemical stabiltyyuthenium(ll) tpy complexes have been
the focus of big research interest. From all of élhermous possible applications only
two of the most spectacular are mentioned herét-figwered molecular machirf&&®

and dye sensitized solar cells (Gratzel céflsy.
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As already mentioned, ligands with two or more:8,2"-terpyridine units, depending on
the type of the spacer used, allows one to obtaisichlly two types of different
complexes, either rod-liRE’® (or sometimes linear polymeric) or macrocy¢fié? Some
examples of the linear multinuclear complexes ateows on Figure 1.23
Metallomacrocyclic iron(ll) complexes shown kgure 1.24 are the thermodynamic

products although the initial kinetic products aligomeric.

Figure 1.23.Linear multinuclear complex&5."®
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Figure 1.24.Macrocyclic multinuclear iron(Il) complexé&®?
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1.4 Aims of this thesis

The aim of this thesis is to synthesize and charaet a series of ligands containing two
or three 2,2".6',2"-terpyridine domains, linked fbgxible oligo(ethylene glycol) chains
separated additionally with a phenyl spacer. Th&mic 2,2".6',2"-terpyridine — based
ligands (L1 — L4, L6 - L7) are the building blocker heteroleptic dinuclear
ruthenium(ll) as well as homoleptic mononuclearcdi) complexes.

The tritopic 2,2":6',2"-terpyridine ligand (L5) édso a template for binding ruthenium(ll)
into trinuclear complex but due to its flexibilignd higher number of coordination sites
(9), this particular ligand can be used for bindaugopium(lIl) and terbium(lIl).

All of these complexes, containing a number of ineg¢aters can be further investigated

for the applications in the energy transfer proesssetween metal centers.
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CHAPTER 2

Synthesis of ditopic 4'-substituted- 2,2".6',2"-tfy ligands and

preliminary study of interactions with Group 1 metals

2.1 Introduction

2,2".6',2"-Terpyridine contains three pyridinegsrconnected through tleecarbon atoms
with respect to the nitrogen atoms. There are tvagonmethodologies for the synthesis
of the 2,2".6',2"-terpyridine ligand and its detivas: ring assemblyScheme 2.1 and
cross-coupling procedureSc¢heme 2.2% In the first method an intermediate diketone
undergoes a ring closing reaction in the last gtefne presence of ammonium acetate

and ethanol.

Scheme 2.1The ring-coupling procedure for the synthesiggf t

Rl
Rl
[Pd(PPhs)q]
B + | g or[Pd(PPhg),Cly]
z = tol i R AR
X~ °N” ~X (alkyl)3Sn oluene, reflux K&N N
X=C,Br,|

Scheme 2.2The cross-coupling procedure for the synthestpyfR — alkyl or aryl.

The coupling reaction can also be used to prepbaek*to-back” ditopic terpyridine
ligands?" % some examples are shown $theme 2.3 A range of 2,5-diethynyl-3,4-
dibutylthiophene-bridged "back-to-back" terpyridihgands have been prepared by the

Ziessel group??
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Scheme 2.3"Back-to-back" ditopic tpy ligand¥:*%*

In this chapter the syntheses of several new ditbgands (1-L4, L6-L7) based on a

benzene unit connected to two 4'-substituted-22':8erpyridine moieties through
polyethyleneoxy spacers are discussed. The vatiabil this group of compounds was
achieved by using different length ethyleneoxy whaand changing the substitution

position on the benzene un8¢heme 2.1

Scheme 2.4Ditopic ligandsL1-L4, L6-L7.
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2.2 Synthesis

All of the ligands were prepared in two steps bgleophilic substitution reactions. For
ligandsL1-L4 andL6, firstly the appropriate benzene functionalizedhwivo ethylene
glycol chains was obtainedLla-L4a, L6a) by nucleophilic substitution of the
dibromobenzene derivativ&¢hemes 2.6, 2.8, 2.10In the second step a nucleophile
was generated by deprotonation of the terminal dwgrgroups, this was then reacted
further with Cl-tpy(Schemes 2.7, 2.8, 2.11L.7 was synthesized by two nucleophilic
substitution reactions. In both steps deprotondigdroxyl groups were reacted with
electrophilic halogenated reagents.

4'- Chloro-2,2"6',2"-terpyridine (Cl-tpy) was pepd as previously reported in the
literaturd®® (Scheme 2.5

Scheme 2.5Synthesis of Cl-tpy?: (i) NaH, MeOCHCH,0OMe; (i) [NH4][O-CMe],
EtOH; (iii) PCk, POCES.

The syntheses of the ditopic 4'-substituted-2,2"@erpyridine based ligands1-L4,
L6-L7) are described below. The syntheses of threenm@diate products: 2,2'-((((1,3-
phenylenebis(methylene))bis(oxy))bis(ethane-2, 1)ihis(oxy))diethanol I(1a), 1,1'-
(1,3-phenylene)bis(2,5,8,11,14,17-hexaoxanonadéBam) (L2a) and 2,2-((((((1,3-
phenylenebis(methylene))bis(oxy))bis(ethane-2, I)itis(oxy))bis(ethane-2,1-diyl))bis

(oxy))diethanol L3a) are shown irscheme 2.6
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PN

Br Br

1,3-bis(bromomethyl)
benzene

Scheme 2.6Syntheses dfla-L3a.

(n+1) ethylene glycol /©\

NaOH, reflux, overnight

5
;

OH
Llan=1
L2an=5
L3an=2

Lla-L3a were prepared from 1,3-bis(bromomethyl)benzenechvivas heated under

reflux in the appropriate (n+1)ethylene glycol wabdium hydroxide overnight.

In the next step, after deprotonation of two tewthinydroxyl groups with KOH in hot
DMSO, intermediate product{a/L2a/L3a) was reacted further with Cl-tpy. After three

days the desired products were obtained in 55-7i@% gfter work up.

1. KOH, DMSO, 75 °C, 1 h

>

Scheme 2.7Syntheses df1-L3.
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3-oxapentane-1,5-diol
(diethylene glycol)

S

1, 4-bis(bromomethyl) NaOH, reflux, overnight 2 g
benzene 5 5
HO OH

1,4-bis(7-hydroxy-2,5-dioxaheptyl)
benzene (L4a)

Scheme 2.8Synthesis ot 4a.

L4a was prepared from 1,4-bis(bromomethyl)benzene,eundflux, overnight. The
hydroxyl groups of 2,2'-oxydiethanol (diethylengagl) were deprotonated with sodium
hydroxide. Diethylene glycol was playing in thisecdon a double role: as a reagent and
as the solventScheme 2.8 L4a was then reacted as described abovelfia-L3a
(Scheme 2.9 yielding 68% of a yellow powder after work upth@r tpy containing
products were not isolated.

o O 1.KOH, DMSO, 75 °C, 1 h o] o
! S R
i (} 2. Cl-tpy, 75 °C, 3 days 0 o
HO OH (? {)
L4a

1,4-bis(8-(4'-(2,2":6',2"-terpyridyl))
-2,5.8-trioxaoctyl)benzene (L4)

Scheme 2.9Synthesis ot 4.
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3-oxapentane-1,5-diol

(diethylene glycol)
Br Br > 0] O
. NaOH, reflux, overnight
1,2-bis(bromomethyl)
benzene o o]
HO OH
1,2-bis(7-hydroxy-2,5-dioxaheptyl)

benzene (L6a)

Scheme 2.10Synthesis of 6a.

In the synthesis di6a, 1,2-bis(bromomethyl)benzeneXylylene dibromide) was mixed
with deprotonated diethylene glycol overnigthieme 2.1 The intermediate was then
reacted with Cl-tpy, followed by purification byloonn chromatography on alumina with

CHCl; resulting in 65% of.6, as a yellow oil $cheme 2.1}

1. KOH, DMSO, 75 °C, 1 h d

O
>
2. Cl-tpy, 75 °C, 3 days 2 g
o O

!
i

H

Lé6a

1,2-bis(8-(4'-(2,2":6',2"-terpyridyl))
-2,5,8-trioxaoctyl)benzene (L6)

Scheme 2.11Synthesis oL6.
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a0 Q
OH 2-(2-chloroethoxy)ethanol
OH >
SO

HO OH

1,3-bis(6-hydroxy-1,4-dioxahexyl)
benzene (L7a)

1,2-dihydroxybenzene K,COj;, DMF, 70 °C

/\/O\/\O

Scheme 2.12Synthesis of 7a.

The synthesis of.7a required a different strategy than preparationghef previous
intermediate productd,.la-L4a and L6a. Both of the hydroxyl groups of the 1,2-
dihydroxybenzene were deprotonated with potassiumrbonate and 2-(2-
chloroethoxy)ethanol was added to the reactionuméxScheme 2.1 L7a was reacted
further as described previously with Cl-tpy in DMS@fter column chromatography
(Al,03, CHCE), L7 in 63% yield was obtained as a yellow powder. ©thg containing

products were not isolated.

=
G
b

1. KOH, DMSO, 75 °C, 1 h
»>

2. Cl-tpy, 75 °C, 3 days

)
i

H
7\

L7a

1,2-bis(7-(4'-(2,2":6',2"-terpyridyl))
-1,4,7-trioxaheptyl)benzene (L7)

Scheme 2.13Synthesis of.7.
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2.3 'H NMR spectroscopy

All of the intermediate producisla-L4a, L6a-L7a (Scheme 2.1¥and the ligand&1-
L4, L6-L7 (Scheme 2.1bwere characterized b4 NMR spectroscopy in CD&lThe
'H NMR spectra of intermediatéda-L4a, L6a-L7a compare well with those of similar

crown ether systerfid® and they are almost identical with each otf@b{e 2.1).

0
0
Ga G6 Gll
@ GS 0 o)
o S o) d GI0
G2 G4 G9
Gl a3 Q o
G8
HO OH Q O
@ G7 3
Lla Gl Ie) o)
OH HO G6
L3a G5
0 0
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P2 P3 P3_ P4 P3 P4 G3
02
o]
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o
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o
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Q
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Scheme 2.14Labeling forL1a-L4a, L6a-L7a intermediates.

TheHP protons from compoundla-L3a andL7a appear in théH NMR spectrum as a
multiplet. Only theH" proton fromL6a shows a different multiplicity (singlet), due to
the higher symmetry of the compound. All of thensilg corresponding to the ethylene
glycol chainHE®YC#C8C12 can be found, as expected in the aliphatic regi&®-3.80
ppm. The signal around 4.55 ppm is assignddtérom the -CH- bridge connecting the

benzene ring to the ethylene glycol chain.
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L H G2-G4/G6/G12 H Gl HF HOH H P
3.50-3.76 718-7.39
L1a 3.57 (m 4.56 (s 3.34 (br
(m) (m) (s) (br) (m)
360-3.77 718740
L2a 3.55 (m 4.55 (s 3.32 (br
(m) (m) (s) (br) (m)
355375 7750.7.40
L3a 3.59 (m 4.57 (s 3.36 (br
(m) (m) (s) (br) (m)
Lda 3'5(5:)3'77 357(m) | 457(s) | 336(br | 7.32(s)
359-3.76 7718739
L6a 3.55(m 458 (s 3.35 (br
(m) (m) (s) (br) (m)
360-3.80 7718739
L7a 3.58 (m 3.34 (br
(m) (m) (br) (m)

Table 2.1.'H NMR spectroscopic datd,; [ppm], (400 MHz, 295 K, CDG) for L1a-
L4a, L6a-L7a (seepage 38 for scheme of labeling).

Ditopic intermediated.1a-L4a, L6a-L7a were considered as closely related to crown
ethers (especially benzo-crown ethers); for theésoa all of the spectroscopic data were

compared with the literature and gave very goodeement with thes€3'% Lla

intermediate has been already discibed in liteeittiand its"H NMR spectrum matched

that reported.
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Upon substitution of the free hydroxyl groups oe #thylene glycol chain with chloro-
tpy a lot of changes in chemical shifts can be olegk Table 2.2shows chemical shifts
for the protons on ethylene glycol chaiR§*¢¥¢¥¢12 and the -Chtbridge HF. The

aromatic protons from tpy and the phenyl spaceshosvn inTable 2.3

P3
P2 P4

P5 P3

o
w
]
o

o]

Q
N
/\/o\/\o
QR 2
*=3

;
:
:
!
?
s

Scheme 2.15Labeling forL1-L4, L6-L7 ligands.
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L H G4/-G6/-G12 HG3 HGZ HGl HF

L1 | 363(m) | 3.75(m) | 3.91(m) | 437(m)  454(s)

L2 3'5(%§'65 360(m) | 3.86(m) | 432(m) | 4.47(s)

345375 | 3.45.3.75

L3 3.87 (m 4.34 (m 4.49 (s

o o (m) (m) ©
362 (1) 3.73 (1) 3.91 (1) 438 (1)

L4 | J50Hz | J50Hz | J50Hz | Js50Hz | *230)

L6 3.27 (m) 3.34 (m) 3.48 (m) 3.94 (m) 4.26 (S)

L7 4.17 (m) 3.92 (m) 3.96 (m) 4.34 (m) -

Table 2.2."H NMR spectroscopic shift dat&, [ppm], (500 MHz, 295 K, CDG) for
L1-L2, L4, L6-L7. As an exceptioh3 was measured at 400 MHz, 295 K, CRCI

L H T5/H P HT4 HT3' HT3 HTG
1 772271773517((;‘;) 781(d) g, BSE(A) | 865
21-r21m), 1 515 78 Hz | & J80Hz | J41Hz
7.27-7.31 (m) :
7.15-730 (m) | 7.76 (1) 854(d) | 8.61(d)
L2 | 715730 (m)| 377Hz | 798G JgoHz | J42Hz
7.15-7.30 (M) | 7.79 (td) 855(d) | 8.62(d)
L3 | 715730 (m)| 31.7.7.8Hz| 99O JgoHz | J39Hz
7.30 () 7.81 (td) 858(d) | 8.66(d)
L4 729(s) | 318, 77Hz S92 380Hz | Ja7Hz
6.92 (M)
7.44 (t 8.20 (d 8.28 (d
L6 i‘%‘i ((Tn)) 17.6 I(-I)z 785(s) 580 542 13.9 %;
7.25 (m)
7.77 (td) 854(d) | 8.62(d)
L7 | 6.84-6.88 (m), 7.99 (s)
5 08.6.09 (my| J1:6.78Hz J79Hz | J47Hz

Table 2.3."H NMR spectroscopic shift dat&, [ppm], (500 MHz, 295 K, CDG) for
L1-L2, L4, L6-L7. As an exceptioh3 was measured at 400 MHz, 295 K, CRCI
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HP2,P3,P5,P6%
HT3

HT3
HG2 HG3 HG4
T 3I

HF
T6 G1
9 I 7I7 I 7I5 I 7I3 I 7I1 I 4IG I 4I4 I 4IZ I

8I.7 I 8I.5 I 8I.3 I 8I.1 I 7I.
Figure 2.1.'"H NMR spectrum (500 MHz, 295 K) & in CDCk. The signal marked
with * is the signal for CHGI

T T T
4.0 8 3.6

The'H NMR spectrum of liganél4 shows six signals in the aromatic region: fivensig

™ H™ H™, H™ H™ and the sixth signal comes from the

for the protons on tpyH
protons on the phenyl spacer. Due to the symmeésidastitution on the benzene ring all

of the phenyl protons are equivalent and give tase singlet Figure 2.1).
HF

r3.5

o -

r4.0
r4.1

r4.2
HGl

r4.5
HF

4.6

A F4.7

4‘.6 4‘.5 4‘.4 4‘.3 4‘.2 4‘.1 4‘.0 3‘.9 3‘.8 3‘.7 3‘.6 3‘.5 3‘.4
Figure 2.2.Aliphatic region of théH-'H COSY spectrum (500 MHz, 295 K) b#} in
CDCls.
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In the aliphatic region, in the NMR spectrum ofaigiL4, there is one singlet for thé"
proton and four well separated triplets from & protons on the diethylene glycol
chains. The signal fad®* is the strongest shifted downfield due to its elpsoximity to
the tpy unit. The assignment of th&, H%?, H®® andH®* protons of thd_4 ligand was
made using the COSY techniqueigure 2.2). The signal foH®! gives a COSY cross
peak to the signat®® at 33.91 ppm Figure 2.2). The signal forH®® gives a COSY
cross peak to the signal&8.62 ppm, and this signal is assignedifd (Figure 2.2).

*

R F
G2 §m 8 H

P HT5 3
H ! H T4 T 3 1g 5.
HTe ¢ N2/ \ Q@ N
HT3 HT4 ~— 1e=N T N= NN HGL  HG2 HG3 HG4
NN N
=/
UﬂL -

HF

o
G2
HT T T3 T3'T4'$Gl HGL  HS2 HE3 H&

Figure 2.3.™H NMR spectra (500 MHz, 295 K) @6 (above) and.1 (below) in CDC}.
The signal marked with * is the signal for CHCSpectrum exhibits some residues of the
starting material, which could not be removed byucm chromatography or other

purification methods.

In Figure 2.3the'H NMR spectra of ligands6 andL1 are compared. Both spectra have

the usual features of this group of terpyridineaids and are almost identical to each
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other, but the signals for protons b6 are all shifted upfield. The reason for these
changes in the NMR spectrum is most probablydtibo- substitution on the benzene

ring in ligandL6.

Ts
" \T4
HT3 N s G3_|4G6
N L3 H%-H
N \T3
NG L L1+ Glo G4 Gs .
® R AN HF
3 P6 P3
HT6 HT3 7z ] o P5 P4
HT4 N 0NN
r_k_\ N N/\l HGl HGZ
N
m vﬂ‘K \ | A
TS5
“I N T4
N Z1
T3 =L, L2 HG4.HG12
NAAw @ o @ e oo o
(J oo o e HF
P T5 P6. P3
HTé HT2 H",|(H o o ] HG3
HT4 y OO OO
- Y~ H61 HG2
N
N
M J_)lL » i
. -
T3

16 T8

H T
N 13
{7, L7
NI
//TA'
[ o
= 0 N=0py

*
NS [
HP A G4 jém HG4
HT6 HT3 HT4 /’ o Psm
HT5 SN o~ HGl HGZ HG3
{_A_\ |
NS
M JJJ; N: J M
A
T T T T T T T

T T T T T T T T T T T T T T T T T T T T
8.8 8.4 8.0 7.6 7.2 6.8 6.4 6.0 5.6 5.2 4.8 4.4 4.0 3.6

Figure 2.4.*H NMR spectra (500 MHz, 295 K, f&r3 400 MHz, 295 K) ol.3 (above),
L2 (middle) and_7 (below) in CDC}. The signal marked with * is the signal for CHCI

The ligandsL2 and L3 have the longest glycol spacers with six and th&d,-CH,-
groups respectively. Most of the protda§ from the ethylene glycol chains of ligah#

and ligandL3 overlap on the'H NMR spectrum and can be found together as one
multiplet betweerd 3.40-3.80 ppm. The signal ad.47 ppm, for ligand.2 and atd 4.49
ppm, for ligandL3 is assigned to protoH". There are six signals excluding the signal
for CHCL, in the aromatic region for both ligantlg@ andL3: H™®, H™ H™ H™ HP

andH ™ are overlapping.
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The *H NMR spectrum of ligand.7 looks very different from those discussed above
(Figure 2.4). LigandL7 has two flexible glycol chains directly attachedthe benzene
ring through the oxygen, unlike ligandd-L4, L6, in which the glycols are attached
through a -Ch+ bridge. This does not affect any of the protonstee terpyridineH ™,
H™, H™, H™, H™ of ligand L7, but has a strong influence on tHE protons on the
phenyl ring. From the NOESY spectrufdidure 2.5, the two multiplets ad 6.84-6.88
and 6.88-6.92 ppm can be assignecHfo’™ and H??"® Both signals, from protons
HP¥P* and H??™5 give cross peaks to the signal féf* atd 4.17 ppm, which is the
closest glycol proton to the benzene ring. Duehtotrtho- substitution on the benzene

ring protonH™ is equivalent to protod™*, and protorH™ to H™.

>%

H HP2/P5 |{P3/P4 / TR M
1o
HG4 g .@
| 0

r4.5

r5.0

r5.5

6.0

r6.5

r7.5

T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4,5 4.0

Figure 2.5.NOESY spectrum (500 MHz, 295 K) b7 in CDClk.
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From the'H-'H COSY spectrum, all of the protons in the aliphatégion can be
assigned. As in the other ligands-L4 andL6, protonH®* of the glycol chains of ligand
L7 is most shifted downfield, influenced by the tpybstituent. ProtorH®! gives a
COSY cross peak to the signal fei°? at & 3.96 ppm. The signals fad®® and H®*
couple with each other giving a cross peak in tES¥ spectrum. In comparison with
the ligandd_1-L4 andL6, the signals for bothl®® andH®* are downfield shifted, which
is an effect of the phenyl ring and the lack of 18&l,- bridge.

HG1 HC4 HG2 HG3
A A f3.80

3.85
]
HG3 3.90
C---t e
HG2 <-- 3.95
4.00
HG4 O @

Fa.25
F4.30
HGl 4.35
F4.40

T T T T T T T T T T
4.35 4.30 425 4.20 4,15 4.10 4.05 4,00 3.95 3.90

Figure 2.6.Part of the COSY spectrum (500 MHz, 295 K)Lafin CDCk showing the
aliphatic region. Spectrum exhibits some residueth® starting material, which could

not be removed by column chromatography or othefigation methods.

2.4 °C NMR spectroscopy

Table 2.4shows the ethylene glyc@®, C™ and phenyC® carbon signals for1-L4 and
L6-L7 in CDCJk solution. All of the terpyridine carbon signals ahown in thelable
2.5. The assignments were made using HMQC and HMBRnhtgaes.
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CG4 c?
L cCl CC2 CC3 85612 CF P
(quaternary)
127.2
127.3
L1 68.0 69.8 71.2 69.7 73.4 1287
#138.6
0.4/ 1270
L2 67.8 69.5 71.0 ' 73.2 127.1
70.6 138.4
70.7 :
L4 67.7 69.7 71.2 68.0 73.3 (#}12;07
126.9
L6 67.0 68.5 70.1 68.9 70.0 127.9
#135.7
115.2
L7 68.0 69.8 70.3 69.2 — 121.9
#149.2

Table 2.4.°C NMR spectroscopic shift dat; [ppm], (125 MHz, 295 K, CDG) for

L1-L2, L4, L6-L7 (seepage 40 for scheme of labeling).

L cTe cT3 cTs cT4 CTe cT2 cT? cT4

L1 | 107.7 121.5 124.0 136.9 149.2 1563 157.3 16[/.2
L2 | 107.5 121.3 123.9 136.¢& 149.1 156.0 157.1 167.0
L4 | 107.6 121.5 124.0; 137.0 149.2 156.3 7.3 167.1
L6 | 106.5 120.5 123.3 136.1 148.3 1550 156.2 166.1
L7 | 107.6 121.4 123.9 136.8 149.2 156.1 157.2 16/.1

Table 2.5.23C NMR spectroscopic shift datd [ppm], (125 MHz, 295 K, CDG) for

L1-L2, L4, L6-L7 (seepage 40 for scheme of labeling).
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HGt HG2 HG3 HG4

cot
CG4 Q Fes
CGZ @ F70

CG3

CF

T T T T T T T T T T T T T T
4.7 46 45 4.4 43 42 4.1 4.0 39 3.8 37 36 35 3.4

Figure. 2.7.Part of the HMQC spectrum (500 MHz, 295 K)Ldf in CDCl.

In theFigure 2.7 the cross peaks of the aliphatic protons of thendL1 : H®** andH"

to the direct carbons signal are shown. The sigoaldd be easily assigned using the
HMQC spectrum. The HMBC spectrurigure 2.8 exhibits the expected cross-peaks
consistent with the proposed molecular structuhe Jignal foH®® is coupling with the
signals for carborc®? andC®* and thefor H®* is coupling with the signals for carbon
C®® andC".

HF
HGl HGZ HG3 HG4
M L,
CGL tes
CG4 : ®
CG2 | L A A 7
CGS P i T £ Y [n
CF O | i
r75

T T T T T T T T T T
45 44 43 42 4.1 4.0 3.9 38 37 36

Figure. 2.8.Part of the HMBC spectrum (500 MHz, 295 K)Ldf in CDCl.
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- 140
141
142

T T T T T
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Figure 2.9.Part of the HMBC spectrum (500 MHz, 295 K)Lef in CDCl.

In the HMBC spectrum, the signal for the quaterragbonsC™"* of ligandL4 couples
over two bonds to thel™ proton. Using this method, this small peak coutdalssigned
(Figure 2.9). In Figure 2.10two carbon-proton cross peaks f72F3F>Pbtg CcP2P3.PoPe
andH ™ to C™ are shown.

HP2,P3,P5,P6 *

r1is

rio

CTS < ___________ 125
P2,P3,P5,P6
S

130

riss

T T T T T T T T T T T T
755 750 745 740 735 730 725 720 715 710 705 7.00

Figure 2.10.Part of the HMQC spectrum (500 MHz, 295 K)Lgf in CDClk.
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Figure 2.11.Part of the HMQC spectrum (500 MHz, 295 K)L& in CDClk.
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Figure 2.12.Part of the HMQC spectrum (500 MHz, 295 K)L& in CDClk.

50

105

110

115

120

125

130

135

140

145

150




As already observed for the proton signals of lajaé the carbon signals are also shifted
upfield (Table 2.4and2.5). In the aliphatic region there are some addifi@hanges in

comparison to the other ligands. The cari@nis influenced very strongly and shifted
upfield, to the frequency even lower than cart@?. The signal forC®? carbon is

shifted upfield more than one ppm and in contraghé other ligands it is shifted to the
lower energy than carbo8®* (Figure 2.1J). In Figure 2.12 the assignments for the
carbon signals for tpy and phenyl are shown. Thesimg signal for quaternary carbons

CPLP\were observed next to the carl®H.

For the ligand_7 only carbon signals fa£®® andC®* protons are upfield shifted &ble

2.4). These are the carbons the closest to the phenyland this is most probably an
effect of the lack of the -CH bridge. In the HMBC spectrum there is the crosakpfor

the protonH®* to the carbonC'™, which suggests that signal for quaternary carbons
C™P® must be overlapping with signal for carb6®® (Figure 2.13. In the same figure

one can observe that the protafi* couples over three bonds to cart@®' . Both carbon

signals for phenyl proton€”?"® and C™™* could be assigned using the HMQC
technique Figure 2.14).
HG1 HG4 HG2 HE3
I G N T S
CPLP6 : [46

CTS

r152
154
156
r158
160
r162

E ("\ 148
SR PR )

rie4

C e @] 166
168

r170

T T T T T T T T T T T T T
4,45 4.40 4,35 4.30 4.25 4,20 4.15 4.10 4,05 4.00 3.95 3.90 3.85

Figure 2.13.Part of the HMBC spectrum (500 MHz, 295 K)Lof in CDCk. Spectrum
exhibits some residues of the starting materiaiciwicould not be removed by column

chromatography or other purification methods.
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Figure 2.14.Part of the HMQC spectrum (500 MHz, 295 K)Lafin CDClk.

2.5 Mass spectrometric characterization

Electrospray ionization (ESI) and MALDI-TOF massespometry, both in positive
mode, were used to characterize intermediai@slL4a andL6a-L7a and ligand4.1-L4

and L6-L7. Normally, the [+H]" peak was found as the major peak. In some
measurements_frNa]" could also be observed. Scanning with a lasehénMALDI-
TOF method is a harder method and can cause fragtianof some compounds (for

example fragmentation on one or both of the glytalins).
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2.6 NMR titrations of ligand L1 with alkali metal ions: Na'
and Li"

Despite the important role of alkali metal ionsbiological and material sciencts*%®
their coordination chemistry, especially with ciaak ligands, has received little
attention, in comparison with transition metal idffsAlthough the discovery of crown
ether$'® and cryptands® opened a new era in coordination chemistry ofalkali metal
ions, their complexes with more conventional ligandave remained much less
investigated. Pedersen reported in 1967, thirtgdhcyclic polyethers, derived from
aromatic vicinal diols and containing from 9 to &0@ms including 3 to 20 oxygen atoms
in the ring. Many of those containing five to texygen atoms form stable complexes
with some or all of the cations of: Li, Na, WHRNH;, K, Rb, Cs, Ag(l), Au(l), Ca, Sr,
Ba, Cd, Hg(l), Hg(ll), La(lll), TI(1), Ce(lll) andPb(l1).*° Most of the attempts to study
these alkali metals complexes were focused ondiation of the solid adducts of the
alkali metal salts with a variety of chelating amsh-chelating ligand¥’ Morita and co-
workers have prepared a number of complexes wittyadio-monoalkyl-tetraaza
macrocycles with lithium salts and the propertiésrasulting macrocycle complexes
were examined in detail by means %1 NMR spectroscopy:?* An unsymmetrical
macrocycle has exhibited intriguing features, sastigh selectivity for binding to the
Li* ion. The unusual Licomplexation reactions have their origin in thégue properties
of the metal free macrocycle, due to the fact thatrocycle has a strong intramolecular
hydrogen bond in the macrocyclic ring and the higkirained macrocyclic ring by
unsymmetrical structure consisting of nonplanar plashar moieties*? Recently Baulin
and Kurochkina have reported the sodium, calciuoh @tassium complexes of benzo-
15-crown-5-substituted terpyridin€$. In the Ishimori group, highly effective and
selective synergistic extraction of'Lihas been found using 2-naphthoyltrifluoroacetone
(Hnta) as an acidic chelating agent and 2,9-dintettjiy0-phenanthroline (dmp) or 2,9-
dimethyl-4,7-diphenyl-1,10-phenanthroline (dmdppd a neutral coligands? The
electronic and steric effects of the methyl growis2,9-positions of phen on the
thermodynamic functions of adduct formation as waslthe high lithium selectivity were
quantitatively elucidatef* Starova and Denisova have been investigating dhe s
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phase formed in acetone at a 1,10-phenanthrolimen{pLiCIO, concentration ratio close
to 2: 1. According to X-ray diffraction data, theolacular structure of bis(1,10-
phenanthroline)lithium perchlorate consists of attéired tetrahedron Li(phef)cation.
The IR spectral data show that the complex distexi@ acetone to a 1:1 complex and a
phen moleculé® The role of nitrogen in the charge transfer amataste capacity of
lithium-intercalated heterocyclic oligophenyleneasainvestigated using photoelectron
spectroscopy by Doherty and Friedlein. The devekmnof new occupied states at low
binding energies in the valence band region, at agetore level chemical shifts at both
carbon and nitrogen sites, demonstrates partiajehmansfer from lithium atoms to the
organic component during formation of the intertadacompound. In small compounds,
i.e., biphenyl and bipyridine derivatives, the posi of the nitrogen heteroatom
significantly affects the spacing between gap statethe Li-intercalated film; yet it has
minimal effects on the charge storage capacityardger, branched systems, the presence
of nitrogen in the aromatic system significantlyhances the charge storage capacity
while the Li-N bond strength at high intercalatitevels is significantly weakened
relative to the nitrogen-free derivative. Theseembations have important implications
for improved deintercalation processes in orgatgctedes in lithium-ion batterids® A
new sodium tetrafluoroborate bridged neutral hetoardination polymer, formulated as
[Na(1,10-phenanthroline)Bk,, has been synthesized and characterized by HWng,
and H. F. Qian. X-ray single crystal determinatremeals that the Na center has hexa-
coordinate distorted octahedron coordination gepmand the BE anion serves as a
multidentate bridging ligand coordinated to threkaeent sodium cations forming an
infinite  one-dimensional single-strand helix. Mgstlikely this complex is an
unprecedented type of helical structure in whicly aoordinated alkali metal sodium
and bridging tetrafluoroborate are preseéhSauvage has reported a compound in which
Li* is used as an assembling centre to generate dedsmdnded helical complex from
two linear coordinating fragments, each contairimge 1,10-phenanthroline units and
bearing terminal olefins at their ends; rutheniusatyzed ring-closing metathesis on the
helical precursor leads to a 4-crossing [2]-catenan30% yield, making the procedure

reasonably preparativ€igure 2.15.'*®
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Figure 2.15.Synthesis of a dilithium catenatg.

A few attempts have been made to study such ab@inplexes in solutions, and
particularly in nonaqueous solutioh€:*?° The reason for such a low interest in the
solution studies is the fact that the interactiohsonventional ligands with alkali metal
ions are relatively weak and most of the physicatbal techniques are not sensitive

enough.

In this section we report an NMR study of the coemption of N& and Li" ions with the

new ditopic 4'-substituted- 2,2":6',2"-terpyridirgandL1 in acetonitrile.

To determine conditional stability constants, NM&ations of ligandL1 with NaCIQ,
and LiCIQ, solutions were performed. A 1.3%1 solution of ligandL1 was titrated
with 1 M NaClQ and'H NMR spectra were recorded after each additioNasfstarting
from 0.8 eq up to a total concentration rd&ie Na'/L1 = 12. For titration with LiCIQ,
to 1.3x10° M ligand L1 solution 0.5 M LI was added andH NMR spectra were
recorded after each addition of metal solution tstgrfrom 0.2 eq up to a total
concentration ratidR = Li*/L1 = 4.6. All of the titrations were conducted in IN
solution Figures 2.16, 2.17. 2.18 and 2.1.9
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Figure 2.16.Part of théH NMR spectra (500 MHz, 295 K) afL (bottom spectrum)

with increasing amount of NaCjd@from bottom up) in CBCN.
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Figure 2.17.Aromatic region of théH NMR spectra (500 MHz, 295 K) &fL (bottom

spectrum) with increasing amount of Nagl@om bottom up) in CECN.

56



Addition of the NaCIQ solution results in a few significant changes lie 1H NMR
spectrum of ligand.1 (Figures 2.16and2.17) In the aromatic region, signals assigned
to the protonsH™ andH™ of ligand L1 are both strongly shifted upfield. Also the
multiplet for protonsH" is shifted upfield and additionally is changing ihultiplicity to

a singlet. This suggests that upon addition of KlaCthe geometry of the created species
changes in such a way that all of the protons enbénzene ring are equivalent. In the
aliphatic region of théH NMR spectrum of ligandl1, after addition of the NaClQonly
small changes are observed. The signal464 ppm which is assigned 5 from the -
CH,- bridge connecting the benzene ring to the etleylgliycol chain is slightly shifted
upfield. After addition of the 8 equivalents of N&G, further addition resulted in no

more significant changes in tfhid NMR spectrum being observed.

The addition of the LiCl@results in more marked changes in tHeNMR spectrum of
ligandL1 (Figures 2.18and2.19) In the aromatic region, the signal assigned taqor
H™ is slightly shifted downfield. Protoki™® is shifted strongly upfield and after the
addition of 1.5 equivalents of LiClQoverlaps with a triplet from protod™. The most
affected by the addition of LiClDis the signal for protomd ™, this signal is shifted
upfield from 4 8.02 ppm tod 7.17 ppm, at the end of the titration. Also thensigfor
protonsH" is shifted upfield and this multiplet separatesvio signals. In the aliphatic
region of thetH NMR spectrum of ligandl1 after addition of LiCIQ, similar changes to
the titration with NaCl@ can be observed, namely the signad 4t54 ppm from proton
HF is slightly shifted upfield. After the addition df5 equivalents of LiCl@salt, no
more significant changes in tfid NMR spectrum are observed.

The signal ad 7.58 ppm is the signal for chloroform. A small ambof this solvent was

used to dissolve ligand.
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Figure 2.18.Part of theH NMR spectra (500 MHz, 295 K) &fl (bottom spectrum)

with increasing amount of LiClEXfrom bottom up) in CBCN.
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Figure 2.19.Aromatic region of théH NMR spectra (500 MHz, 295 K) &fl (bottom
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All of the changes in chemical shifts il NMR spectra after addition of NaCJO
(Tabele 2.6 or LiClO,4 (Tabele 2.7 are shown below. As one can notice from tables, t
less affected by metal addition proton signalsHfeH™ andH'®. In contrast, the most
sensitive to increasing amounts of sodium or lithjperchlorate is protod ™.

The changes in chemical shiftstf® (A5 H™ [ppm]) as a function of added NaGlor
LiCIO4 are shown irFigures 2.20and2.21

I Before addition| After addition AS
[ppm] [ppm]

He* 3.63 3.60 -0.03
HS? 3.75 3.69 -0.06
H®2 3.91 3.86 -0.05
H&? 4.37 4.32 -0.05
HF 4.54 4.38 -0.19
HP 7.24 7.09 -0.15
H™ 7.29 7.42 0.13
H™ 7.81 7.89 0.07
H™ 8.02 7.62 -0.40
H™ 8.58 8.18 -0.40
HT 8.65 8.67 0.02

Table 2.6.Changes in chemical shifts ¥ (A3 H) after addition of NaCI®(12 eq).
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Table 2.7.Changes in chemical shifts 4 (A3 H) after addition of LiCIQ (4.6 eq).

60

Before addition

After addition

H [ppm] [Ppm] Ao
He* 3.63 3.70 0.07
He3 3.75 3.82 0.07
H®? 3.91 3.90 -0.01
He! 4.37 4.20 -0.17
HF 4.54 4.15 -0.39
| T o7 | 047
H™ 7.29 7.56 0.27
H™ 7.81 7.89 0.08
H™ 8.02 7.17 -0.85
H™ 8.58 7.89 -0.69
HT 8.65 8.77 0.12
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2 " 6 . 10 12 14
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Figure 2.20.Changes in chemical shifts of H(A3 H™ [ppm]) as a function of added
NaClO, [eq] together with best fit curve.
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Figure 2.21.Changes in chemical shifts of HAd H™ [ppm)) as a function of added
LiCIO4 [eq] together with best fit curve.
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The stability of the resulting complexes were eatdd from non-linear least-squares
fitting of the chemical shift-mole ratio data oftl3' proton to appropriate equations by
using WinEQNMR2 (Version 2.00 by Michael J. HynBistional University of Ireland,
Galway).

Na" + L1« [NaLl]*® log’
Li* + L1« [LiL1]" lo&
Logk®
Na' 1.03
Li* 2.69

Table 2.8. Conditional stability constants fgNaL1]" and [LiL1]" in CDsCN. ? esd
values on calculateld values were 15 (Li) and 0.6 (Na).

The overall stability of the resulting Licomplex with the ditopic 4'-substituted-
2,2":6',2"-terpyridine ligand.1 is higher than that of the corresponding” Na@mplex
(Table 2.6. The lithium ion, with a higher charge densitydaharder character, is

expected to form more stable complex with tpy ldgn

It seems reasonable to assume that the nitrogensatd tpy substituent act as more
effective donating groups than the oxygen atomghefglycol chains for Liand Na

ions.

For comparison conditional stability constant valwg sodium and lithium complexes
with bpy and phen in acetonitrile and with tpy dosy in nitromethane are shown in

Table 2.9 The orders of magnitude of logK values are comlplar to the conditional
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stability constants found for [N4]" and [LiL1]" in CDsCN. It is imported to notice that
conditional stability constant of tpy complex witthium in nitromethane is higher than
this of [LiL1]" in acetonitrile by almost one order of the magméttand conditional

stability constant of tpy complex with sodium itramethane is slightly smaller than this

of [NaL1]" in acetonitrile.

LogK;

bpy + Na (in acetonitrile) [ 1.31(7y*

bpy + Li’ (in acetonitrile) | 2.11(7§*

phen+ Na (in acetonitrile) [ 1.55(7y*

phen + Li (in acetonitrile) | 2.28(7}*

bpy + Na (in nitromethane)| 2.39(7}**

bpy + Li" (in nitromethane)| 2.44(7}*

tpy + Na (in nitromethane)| 1.67(7}*

tpy + Li* (in nitromethane) | - 3.24(6}*

Table 2.9.Conditional stability constants for some 1:1'Mad Li" complexes?

In Table 2.10conditional stability constant of transition metgdy complexes are shown.
All of the presented in table transition metals laireling tpy ligands much stronger, from

two to six times, than the alkali metal ions’ Bnd N&.
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LogK1 Logk?2
toy + Fé 7.1(4)%2 | 12.9(5§%
tpy + C&* 8.4(4)}% 9.9(3)%
tpy + M 4.4(5)? -
tpy + Cd" 5.1(2)? -
tpy + Ni*" 10.7(5§% | 11.1(2f%
tpy + Zn 6.0(1)% -

Table 2.10.Conditional stability constants for transition milepy complexed??

2.7 Conclusion

In this chapter, several new ditopic intermedidigéa-L4a, L6a-L7a and ligand4.1-L4,
L6-L7, which are based on a benzene unit connected do4twsubstituted- 2,2":6',2"-
terpyridine moieties through different polyethylerg spacers were synthesized and
characterized by'H and **C NMR spectroscopy, mass spectrometry (ESI-MS and
MALDI-TOF), IR spectroscopy, UV-Vis spectroscopy darlemental analysis. The

ligands were also preliminary studied for interact with Group 1 metals.
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2.8 Experimental

R/
X4

1,3-Bis(7-hydroxy-2,5-dioxaheptyl)benzend &)

L)

>

1,3-Bis(19-hydroxy-2,5,8,11,14,17-hexaoctanonadbeyizenel(2a)

R/
¢

X4

1,3-Bis(10-hydroxy-2,5,8-trioxadecyl)benzeh34)

L)

X4

1,4-Bis(7-hydroxy-2,5-dioxaheptyl)benzenglf)

*,

R/
X4

1,2-Bis(7-hydroxy-2,5-dioxaheptyl)benzené§)

L)

>

1,3-Bis(6-hydroxy-1,4-dioxahexyl)benzener &)

R/
¢

4'- Chloro-2,2":6',2"-terpyridine was prepared esvjpusly reported in the literatut&

s 1,3-Bis(7-hydroxy-2,5-dioxaheptyl)benzen §)

P3

P2 P4
2,2'-oxydiethanol . Pl P5
(diethyleneglycol) P6

Br Br 0 o)

S

. ! G4
1,3-bis(bromomethyl) NaOH, reflux, overnight 3 2 g

benzene G
O 0]

G2
Gl
HO OH

1,3-bis(7-hydroxy-2,5-dioxaheptyl)
benzene (L1a)

Molecular formula: C{gH»60¢
Molecular weight: 314.37
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General procedure for ditopic intermediates L1a-L4alL6a-L7a

The intermediates were only characterized in aefodm by'H NMR spectroscopy and
MALDI MS.

1,3-Bis(bromomethyl)benzene (97%, Alfa Aesar) (,38.8 mmol) was added to a hot
suspension of NaOH (0.35 g, 8.8 mmol) in 50 mL ldietne glycol. The reaction
mixture was stirred overnight at 125 °C under mgéo. After 10 h the reaction mixture
was cooled to room temperature and quenched withnilD water, then extracted with
CHCI; (4x100 mL). The organic layer was dried (Mg$@ltered and the solvent was
removedin vacuo The productLla was collected as a yellow oil (0.95 g, 3.0 mmol,
80%) after column chromatography §8k, CHCL).

The reaction could be also performed in a microwmaator at 125 °C for 15 minutes
but on a much smaller scale. 1,3-Bis(bromomethyikbae (97%, Alfa Aesar) was
reacted with NaOH (0.040 g, 0.88 mmol) in 10 mLtloygene glycol. After work up, the
productLla was obtained in 50% vyield (0.063 g, 0.19 mmol)hédttpy containing
products were not isolated. Despite the lower yitds method allowed the reaction time

to be shortened from 10 hours to 15 minutes.

'H NMR (400 MHz, CDC)) 8y 3.34 (br, 2H, H"), 3.57 (m, 4H, %), 3.59-3.76 (m,
12H, H2%9, 4,56 (s, 4H, ), 7.18-7.39 (m, 4H, BP P> P45

MS (MALDI-TOF, sinapinic acid)m/z= 337.5 [1a+Na]" (calc. 337.5), 315.5
[L1a+H]" (calc. 315.5).
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« 1,3-Bis(19-hydroxy-2,5,8,11,14,17-hexaoctanonagbeyizenel(2a)

Jol

Br Br

1,3-bis(bromomethyl)
benzene

3,6,9,12,15-pentaoxa P2
heptadecane-1,17-diol p Pl
(haxaethylene glycol)

> O

NaOH, reflux, overnight

Q Q @
=N = <
2 8 2

[

98
Q
N

Q
N
\/\O

Gl
HO

Q@
o\
Q@
[\

P3
P4

o
[

/\/O\/\O/\/O\/\O/\/O\/\o

OH

1,3-bis(19-hydroxy-2,5,8,11,14,17-
hexaoctanonadecyl)benzene (L.2a)

Molecular formula: C3,Hs5504
Molecular weight: 666.79

Compound._2a was synthesized according to general procedurditopic intermediates
with 1,3-bis(bromomethyl)benzene (97%, Alfa Aeqdrp g, 3.8 mmol), NaOH (0.35 g,
8.8 mmol) and hexaethylene glycol (2.2 g, 7.6 mmoB0 mL DMSO. The produdi2a
was collected as a yellow oil (2.1 g, 3.1 mmol, §28ter column chromatography

(Al,Os, CHCH).
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'H NMR (400 MHz, CDCJ) &y 3.32 (br, 2H, "), 3.55 (m, 4H, 9%, 3.60-3.77 (m,
44H, H?¢') 455 (s, 4H, B, 7.18-7.40 (m, 4H, FF- P3P+ R

MS (MALDI-TOF, sinapinic acid)m/z= 667.8 [2a+H]" (calc. 667.5).

« 1,3-Bis(10-hydroxy-2,5,8-trioxadecyl)benzend4)
P3

2,2'-(ethane-1,2-diylbis P2 P4
(oxy))diethanol Pl Ps
(triethylene glycol) \ e

F
Br Br > 0

1,3-bis(bromomethyl) NaOH, reflux, overnight G6

G5
benzene

G4

S
O 0]
bo ¢
0] @]
G2
Gl
OH HO
1,3-bis(10-hydroxy-2,5,8-trioxadecyl)
benzene (L3a)

Molecular formula:C,,H3404
Molecular weight: 402.48

Compound.3a was synthesized according to general procedurditopic intermediates

with 1,3-bis(bromomethyl)benzene (97%, Alfa Aegarp g, 3.8 mmol) and NaOH (0.35
g, 8.8 mmol) in 50 mL triethylene glycol. The pratiu3a was collected as a yellow oil
(2.2 g, 3.0 mmol, 80%) after column chromatogra@klyOs;, CHCL).
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The reaction could be also performed in a microwmaator at 125 °C for 15 minutes

but on a much smaller scale. 1,3-Bis(bromomethyilbae (97%, Alfa Aesar) was
reacted with NaOH (0.040 g, 0.88 mmol) in 10 mLtloygene glycol. After work up, the
productL3a was obtained in 50% vyield (0.076 g, 0.19 mmol)sjiie the lower yield,

this method allowed the reaction time to be shadeinom 10 hours to 15 minutes.

'"H NMR (400 MHz, CDCJ) &, 3.36 (br, 2H, "), 3.59 (m, 4H, K", 3.55-3.75 (m,
20H, H*#%9, 457 (s, 4H, B, 7.20-7.40 (m, 4H, FF- PP

MS (MALDI-TOF, sinapinic acid):m/z = 425.5 [3a+Na]' (calc. 425.5), 403.5

[L3a+H]" (calc. 403.5).

s 1,4-Bis(7-hydroxy-2,5-dioxaheptyl)benzenelf)

O

Br Br

1,4-bis(bromomethyl)
benzene

2,2'-oxydiethanol
(diethylene glycol)

S

>

NaOH, reflux, overnight

P2 P3
P4

o P6 P5 §

Gl
HO OH

1,4-bis(7-hydroxy-2,5-dioxaheptyl)

benzene (L4a)

Molecular formula:C;¢H,404
Molecular weight: 314.37
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Compound_4a was synthesized according to general procedurditigpic intermediates

with 1,4-bis(bromomethyl)benzene (97%, Alfa Aeqarp g, 3.8 mmol) and NaOH (0.35
g, 8.8 mmol) in 50 mL diethylene glycol. The protluda was collected as a yellow oil
(1.1 g, 3.4 mmol, 90%) after column chromatografkiyOs;, CHCE).

The reaction could be also performed in a microwmaator at 125 °C for 15 minutes
but on a much smaller scale. 1,4-Bis(bromomethyikbae (97%, Alfa Aesar) was
reacted with NaOH (0.040 g, 0.88 mmol) in 10 mLtlygene glycol. After work up, the
productL4a was obtained in 60% vyield (0.072 g, 0.23 mmol)sjiie the lower yield,

this method allowed the reaction time to be shadeinom 10 hours to 15 minutes.

'H NMR (400 MHz, CDC)) & 3.36 (br, 2H, "), 3.57 (m, 4H, 1§'), 3.59-3.77 (m,
12H, H°%%9, 457 (s, 4H, B, 7.32 (s, 4H, F# 73 P> R

MS (MALDI-TOF, sinapinic acid)m/z= 315.4 [4a+H]" (calc. 315.5).
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« 1,2-Bis(7-hydroxy-2,5-dioxaheptyl)benzenda)

P3 P4
. P2 P5
2,2'-oxydiethanol
(diethylene glycol) Fp1p
Br Br > 0 O
. NaOH, reflux, overnight G4
1,2-bis(bromomethyl) G3
benzene o 0o
G2
Gl
HO OH

1,2-bis(7-hydroxy-2,5-dioxaheptyl)
benzene (L6a)

Molecular formula:C;cH,4O4
Molecular weight: 314.37

Compound_6a was synthesized according to general procedurditigpic intermediates

with 1,2-bis(bromomethyl)benzene (97%, Alfa Aegarp g, 3.8 mmol) and NaOH (0.35
g, 8.8 mmol) in 50 mL diethylene glycol. The protuéa was collected as a yellow oil
(2.0 g, 3.2 mmol, 85%) after column chromatogra@klyOs;, CHCL).

The reaction could be also performed in a microwaaetor at 125 °C for 15 minutes
but on a much smaller scale. 1,2-Bis(bromomethyibae (97%, Alfa Aesar) was
reacted with NaOH (0.040 g, 0.88 mmol) in 10 mLtloygene glycol. After work up, the

productL6a was obtained in 50% yield (0.063 g, 0.19 mmol).

'H NMR (400 MHz, CDGJ) & 3.35 (br, 2H, H"), 3.55 (m, 4H, H), 3.59-3.76 (m,
12H, H°29, 4,58 (s, 4H, ), 7.18-7.39 (m, 4H, P P P47

MS (MALDI-TOF, sinapinic acid):m/z = 327.5 [6a+Na]’ (calc. 327.5), 315.5
[L6a+H]" (calc. 315.5).
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« 1,3-Bis(6-hydroxy-1,4-dioxahexyl)benzenera)

P3 P4
S L e P2 QPS
P P6
OH 2-(2-chloroethoxy)ethanol o 5
OH > G4
‘ G3
1,2-dihydroxybenzene K,CO;, DMF, 70 °C e} o
G2
Gl
HO OH

1,3-bis(6-hydroxy-1,4-dioxahexyl)
benzene (L7a)

Molecular formula: C;4H»,04
Molecular weight: 286.32

1,2-Dihydroxybenzene (>98%, Fluka) (1.0 g, 9.1 mmwehs added to a hot mixture of
K2CGOs (3.5 g, 25 mmol) and 2-(2-chloroethoxy)ethanadb (@, 20 mmol) in 50 mL DMF.
The reaction mixture was stirred overnight at 70 (n@ler nitrogen. After 10 h the
reaction mixture was cooled to room temperaturecarehched with 100 mL water, then
extracted with CHGI(4x100 mL). The organic layer was dried (Mg¥@ltered and the
solvent was removeith vacuo The product.7a was collected as a yellow oil (2.1 g, 7.3
mmol, 80%) after column chromatography @34, CHCL).

'H NMR (400 MHz, CDCJ) &y 3.34 (br, 2H, "), 3.58 (m, 4H, 1Y), 3.60-3.80 (m,
12H, H*%¢%, 7.18-7.39 (m, 4H, B¢ P> P4

MS (MALDI-TOF, sinapinic acid)m/z= 289.3 [7a+H]" (calc. 289.5).
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< 1,3-Bis(8-(4'-(2,2":6',2"-terpyridyl))-2,5,8-triaxctyl)benzenel(l)

« 1,3-Bis(20-(4'-(2,2":6',2"-terpyridyl))-2,5,8,14,17,20-heptaoxaeikosyl)benzene
(L2)

% 1,3-Bis(11-(4'-(2,2":6',2"-terpyridyl))-2,5,8,1@ttaoxaundecyl)benzenk3l)
< 1,4-Bis(8-(4'-(2,2":6',2"-terpyridyl))-2,5,8-triaxctyl)benzenel4)
s 1,2-Bis(8-(4'-(2,2":6',2"-terpyridyl))-2,5,8-triaxctyl)benzenelB)

% 1,2-Bis(7-(4'-(2,2":6',2"-terpyridyl))-1,4,7-triakeptyl)benzend.{)

< 1,3-Bis(8-(4'-(2,2":6',2"-terpyridyl))-2,5,8-triaxctyl)benzenel(l)

P3
P2 P4
0 0 P6
2 g 1. KOH, DMSO, 75°C, 1 h 0 O
- 2G4 g
G3
i } 2. Cl-tpy, 75 °C, 3 days o
HO OH i

Lla

1,3-bis(8-(4'-(2,2":6',2"-terpyridyl))
-2,5,8-trioxaoctyl)benzene (L1)

Molecular formula: C4gH,4N¢Og
Molecular weight: 776.81
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General procedure for ditopic ligands L1-L4 and L6L7

CompoundLla (0.50 g, 1.6 mmol) and finely powdered potassiwdrbxide (0.31 g,
5.0 mmol)were stirred in 20 mL DMSO at 75 °C under nitrogenl hour. Cl-tpy (1.4
g, 5.0 mmol) was added to the suspension and tkeeiraiwas stirred for 3 days at 75 °C.
The reaction mixture was cooled to room temperatmae quenched with 200 mL water,
then extracted with CHE[(3x200 mL). The organic layer was dried (Mg$diltered
and the solvent was removed. After column chromajagy (ALO3;, CHCL), L1 (0.85 g,
1.1 mmol, 68%) was obtained as a yellow oil. Ottpgr containing products were not

isolated.

'H NMR (500 MHz, CDCJ) 8y 3.63 (m, 4H, 199, 3.75 (m, 4H, 153, 3.91 (m, 4H, 199,
4.37 (m, 4H, 19, 4.54 (s, 4H, B, 7.21-7.27 (m, 2H, F¥™or H*2and H9), 7.27-7.31
(m, 6H, H® and H*"*or H®and H"), 7.81 (td,J 1.5, 7.8 Hz, 4H, ), 8.02 (s, 4H,
H™), 8.58 (d,J 8.0 Hz, 4H, H°), 8.65 (d,J 4.1 Hz, 4H, H°).

13C NMR (125 MHz, CDG)) 8¢ 68.0 (CY), 69.7 (&%), 69.8 (&), 71.2 (&), 73.4 (C),
107.7 (C%), 121.5 (C3), 124.0 (C®), 127.3 (C#™or Cor €9, 127.3 (E?P*or C0or
C™9), 128.7 (¢?P*or C2or C™), 136.9 (C%), 138.6 (G, 149.2 (C?), 156.3 (C?),
157.3 (C?), 167.2 (C%).

MS (ESI)m/z= 777.8 [1+H]" (calc. 777.5).

IR (oil, blem™): 2864w, 1599m, 1582s, 1562s, 1556s, 1504m, 1468M]1s, 1406s,
1367m, 1348m, 1323m, 1292w, 1252w, 1203m, 1123814,01058s, 1038s, 991s,
971m, 963m, 941m, 929s, 903m, 845m, 791s, 743s, B8T's, 6565, 646m, 621m.

UVIVIS (CH2CL):Amad NM Emaxe M cit) 241 (56.7 x 13), 279 (55.4 x 19).

Elemental Analysis : Found: C, 64.21; H, 5.83; M3 Calc. for GgH44NsOg-2H,O-
0.5CHCE: C, 64.00; H, 5.60; N, 9.63%.
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< 1,3-Bis(20-(4'-(2,2":6',2"-terpyridyl))-2,5,8,14,17,20-heptaoxaeikosyl)benzene
(L2)

1
T
=N
g
()
-
g K

1. KOH, DMSO, 75°C,1h G0

o~
Q
O

2. Cl-tpy, 75 °C, 3 days

(@)
3
N
Q
0

@)
G6
G5
0]

O/\/O\/\O/\/O\/\o/\/o\/\o

T

O\/\ O/\/

I

L2a

1,3-bis(20-(4'-(2,2":6',2"-terpyridyl))
-2,5,8,11,14,17,20-heptaoxaeikosyl)benzene (L2)

Molecular formula: Cg,H76NgO14
Molecular weight:1129.31

CompoundL2 was synthesized according to general proceduréifopic ligandswith
intermediate_2a (0.50 g, 0.75 mmol), finely powdered potassiumrbydie (0.31 g, 5.0
mmol) and Cl-tpy (1.4 g, 5.0 mmol). After columnramatography (AO3;, CHCE), L2
(0.55 g, 0.49 mmol, 65%) was obtained as a yelldwQther tpy containing products
were not isolated.
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'H NMR (500 MHz, CDCJ) &y 3.50-3.65 (m, 36H, Ef©*3, 3.69 (m, 4H, 1§°), 3.86 (m,
4H, H°%), 4.32 (m, 4H, §Y), 4.47 (s, 4H, B), 7.15-7.30 (m, 8H, B, H**"*and H*"9,
7.76 (t,J 7.7 Hz, 4H, H*, 7.98 (s, 4H, ), 8.54 (d,J 8.0 Hz, 4H, H°), 8.61 (dJ 4.2
Hz, 4H, H®).

13C NMR (125 MHz, CDG)) & 67.8 (1), 69.4 (&%, 69.5 (&3, 70.6 (¢>C13, 70.6
(C®>%13, 70.7 (13, 71.0 (&3, 73.2 (€), 107.5 (C®), 121.3 (C?), 123.9 (C>),
127.0 (?P*or Cor €9, 127.1 (E?P*or C0or C°), 136.8 (C%), 138.4 (G, 149.1

(C™), 156.0 (C?), 157.1 (C?), 167.0 (C*).

MS (ESI)m/z= 1130.3 [2+H]" (calc. 1130.5).

IR (aill, Qcm‘l): 1598m, 1581s, 1563s, 1501m, 1467m, 1441m, 141BR3s, 1348m,
1323s, 1291w, 1254w, 1205m, 1124s, 1091s, 105988s1®91s, 971m, 963m, 943s,
931s, 905m, 844m, 789m, 744s, 735m, 697s, 656 6d51m.

UVIVIS (CH2CL):Amad NM Emaxe M cit) 241 (56.5 x 18), 279 (55.5 x 19).

Elemental Analysis : Found: C, 63.27; H, 6.38; N5/ Calc. for GH7eNgO14:0.5CHC}:
C, 63.14 H, 6.49; N, 7.07%.
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< 1,3-Bis(11-(4'-(2,2":6',2"-terpyridyl))-2,5,8,1&éttaoxaundecyl)benzenk3l)

P2 P4
F
P6
o 0 o 0
G6
1. KOH, DMSO, 75 °C, 1 h Gs
0 ) . ) 0]
2. Cl-tpy, 75 °C. 3 d G4
. -1py, 5 ays G3
(0] (@] O (0]
(S (* S
Gl
OH HO o o

L3a

1,3-bis(11-(4'-(2,2"6',2"-terpyridyl))-2,5,8,11-
tetraoxaundecyl)benzene (L3)

Molecular formula: C5qHs5,N¢Og
Molecular weight: 864.98

CompoundL3 was synthesized according to general proceduréifopic ligandswith
intermediatelL3a (0.50 g, 1.2 mmol), finely powdered potassium loyéte (0.31 g, 5.0
mmol) and Cl-tpy (1.4 g, 5.0 mmol). After columnramatography (AO3;, CHCE), L3
(0.58 g, 0.67 mmol, 56%) was obtained as a yelldwQther tpy containing products

were not isolated.
'H NMR (400 MHz, CDCJ) 34 3.45-3.75 (m, 16H, B#®9, 3.87 (m, 4H, 199, 4.34 (m,

4H, H°Y), 4.49 (s, 4H, B, 7.15-7.30 (m, 8H, K, H"P*and H*"Y, 7.79 (td,J 1.7, 7.8
Hz, 4H, H*), 7.99 (s, 4H, i), 8.55 (d,J 8.0 Hz, 4H, H®), 8.62 (d,J 3.9 Hz, 4H, H°).
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MS (MALDI-TOF, sinapinic acid)m/z= 866.0 [3+H]" (calc. 866.0).
UVIVIS (CH2Clo):Amad NM Emax M cmi?) 241 (54.5 x 19, 279 (55.5 x 13).

% 1,4-Bis(8-(4'-(2,2":6',2"-terpyridyl))-2,5,8-trianctyl)benzenelL4)

P2 p3
& 3 P4
0 O 1. KOH, DMSO, 75 °C, 1 h o Po P g
'
20 Og 2. Cl-tpy, 75 °C, 3 days
H? {)H

L4a

1,4-bis(8-(4'-(2,2":6',2"-terpyridyl))
-2,5,8-trioxaoctyl)benzene (L4)

Molecular formula: C4gH44NgOg
Molecular weight: 776.88

CompoundL4 was synthesized according to general proceduréifopic ligandswith
intermediateL4a (0.50 g, 1.6 mmol), finely powdered potassium loyéte (0.31 g, 5.0
mmol) and Cl-tpy (1.4 g, 5.0 mmol). After columnramatography (AOs;, CHCE), L4
(0.85 g, 1.1 mmol, 68%) was obtained as a yellow @iher tpy containing products

were not isolated.
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'H NMR (500 MHz, CDCY) & 3.62 (t,J 5.0 Hz, 4H, %), 3.73 (t,J 5.0 Hz, 4H, 1),
3.91 (t,J 5.0 Hz, 4H, t¥9), 4.38 (,J 5.0 Hz, 4H, 1Y), 4.53 (s, 4H, B, 7.29 (s, 4H,
P3.P> P9 7.30 (m, 4H, HP), 7.81 (td,J 1.8, 7.7 Hz, 4H, i), 8.02 (s, 4H, i), 8.58 (d,J
8.0 Hz, 4H, H°), 8.66 (dJ 4.7 Hz, 4H, HP).

13C NMR (125 MHz, CDGJ) &¢ 67.7 (1), 68.0 (C%, 69.7 (59, 71.2 (&3), 73.3 (C),
107.6 (C?), 121.5 (C%), 124.0 (C°), 128.0 (C*™*P>F 137.0 (C%, 137.7 (C*M,
149.2 (C°), 156.3 (C?), 157.3 (C?), 167.1 (C*).

MS (ESI)m/z= 777.9 [4+H]" (calc. 778.0).

m.p.: 97-100 °C

IR (oll, Qcm‘l): 1599m, 1582m, 1555m, 1466w, 1441w, 1406m, 1348B25m, 1294w,
1277w, 1252w, 1236w, 1202m, 1124m, 1086m, 1049m8d0) 1022m, 989m, 968m,
930m, 868m, 847m, 835m, 814m, 791m, 771m, 733mm7/@80w, 621w.

UV/VIS (CHuClo):Amad NM Emax M cmit) 241 (56.8 x 18, 279 (55.3 x 19).

Elemental Analysis . Found: C, 66.57; H, 5.48; B,3b. Calc for GgH44NsOs-0.5CHC}:
C, 66.76; H, 5.36; N, 10.05%.
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s 1,2-Bis(8-(4'-(2,2":6',2"-terpyridyl))-2,5,8-triaxctyl)benzenel )

1. KOH, DMSO, 75 °C, 1h
»

9] @)
2 g 2. Cl-tpy, 75 °C, 3 days
O 02

H§ OH

Lé6a

1,2-bis(8-(4'-(2,2":6',2"-terpyridyl))
-2,5,8-trioxaoctyl)benzene (L6)

Molecular formula: C4H44NgOg
Molecular weight: 776.88

CompoundL6 was synthesized according to general proceduréifopic ligandswith
intermediateL6a (0.50 g, 1.6 mmol), finely powdered potassium loyete (0.31 g, 5.0
mmol) and Cl-tpy (1.4 g, 5.0 mmol). After columnramatography (AO3;, CHCL), L6
(0.78 g, 1.0 mmol, 65%) was obtained as a yellohw @iher tpy containing products

were not isolated.

'H NMR (500 MHz, CDCY) 34 3.27 (m, 4H, 199, 3.34 (m, 4H, 153, 3.48 (m, 4H, 159,
3.94 (m, 4H, ¥, 4.26 (s, 4H, B), 6.88 (m, 2H, H™or H*™, 6.92 (m, 4H, ),
7.01 (m, 2H, 1§%™5or H3P4, 7.44 (1,0 7.6 Hz, 4H, H%), 7.65 (s, 4H, ), 8.20 (d,J 8.0
Hz, 4H, H), 8.28 (d,J 3.9 Hz, 4H, H®).

80



13C NMR (125 MHz, CDG) 8¢ 67. 0 (&Y, 68.5 (9, 68.9 (¢4, 70.0 (€), 70.0 (&3,
106.5 (C%), 120.5 (C3), 123.3 (C%), 126.9 (C*P°or C%™), 127.9 (E?PSor %P9,
135.7 (C*P5, 136.1 (C*), 148.3 (C®), 155.0 (C?), 156.2 (C?), 166.1 (C%).

MS (ESl)m/z= 777.9 [6+H]" (calc. 778.0).

IR (oil, Qcm‘l): 1598m, 1583s, 1563s, 1556s, 1503s, 1468m, 14UB¥}s, 1368m,
1348m, 1323m, 1291m, 1252w, 1205m, 1123s, 1095E9s1A037s, 991s, 973s, 967m,
941m, 929s, 904m, 847s, 791s, 743m, 733s, 697ns, 688m, 621m.

UVIVIS (CH2CL):Amad NM Emaxe M cit) 241 (56.5 x 18), 279 (55.6 x 19).

Elemental Analysis . Found: C, 65.60; H, 5.80; N,5% Calc. for
C46H44N606'H20'0.5CHC;1,1 C, 65.35; H, 5.48; N, 9.83%.
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s 1,2-Bis(7-(4'-(2,2":6',2"-terpyridyl))-1,4,7-triakeptyl)benzend.)
P3 P4

P2 PS5
Pl P6

? 1. KOH, DMSO, 75°C, 1 h
o)

)

HO

O O
> G4
o G3
o 2. Cl-tpy, 75 °C, 3 days o
OH

L7a

1,2-bis(7-(4'-(2,2":6',2"-terpyridyl))
-1.,4,7-trioxaheptyl)benzene (L7)

Molecular formula: C44H49N¢Og
Molecular weight: 748.83

CompoundL?7 was synthesized according to general proceduréifopic ligandswith
intermediateL7a (0.50 g, 1.8 mmol), finely powdered potassium loyéte (0.31 g, 5.0
mmol) and Cl-tpy (1.4 g, 5.0 mmol). After columnramatography (AO3;, CHCE), L7
(0.82 g, 1.1 mmol, 63%) was obtained as a yellokw @iher tpy containing products

were not isolated.

'H NMR (500 MHz, CDCY) 34 3.92 (m, 4H, 9°), 3.96 (m, 4H, 199, 4.17 (m, 4H, 159,

4.34 (m, 4H, 199, 6.84-6.88 (m, 2H, F¥™, 6.88-6.92 (m, 2H, Ff™Y, 7.25 (m, 4H,
H™), 7.77 (tdJ 1.6, 7.8 Hz, 4H, i), 7.99 (s, 4H, F), 8.54 (d,J 7.9 Hz, 4H, H®), 8.62
(d,J 4.7 Hz, 4H, H°).
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3C NMR (125 MHz, CDGJ) & 68.0 (Y, 69.2 (&Y, 69.8 (¢, 70.3 (&), 107.6
(C™), 115.3 (%9, 121.4 (C3), 121.9 (>4, 123.9 (C), 136.8 (C%), 149.2 (C®and
CcPYP, 156.1 (C?), 157.2 (C?), 167.1 (C%).
MS (ESI)m/z= 749.9 [7+H]" (calc. 750.0).

m.p.: 99-102 °C

IR (oil, Qcm‘l): 1599m, 1582s, 1556s, 1504m, 1468m, 1441s, 14BB9m, 1350s,
1323m, 1300w, 1292w, 1254s, 1234m, 1202s, 112851 090s, 1053s, 1039s, 991s,
972m, 962m, 941m, 928s, 905m, 866s, 845m, 823ns, 7Als, 730s, 698s, 657s, 646m,
621m.

UVIVIS (CH2Clo):Amad NM Emax M cmi?) 241 (57.5 x 19), 279 (55.6 x 13).

Elemental Analysis : Found: C, 61.67; H, 5.47; N,7%® Calc. for
C44H40N606'2H20-0.75CHC3!Z C, 61.47; H, 5.16; N, 9.61%.
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CHAPTER 3

Synthesis of heteroleptic dinuclear ruthenium(ll) @mplexes of

ditopic 4'-substituted- 2,2":6',2"-terpyridine lig ands

3.1 Introduction

The photochemical and photophysical propertiesubfienium(ll) complexes of 2,2'-
bipyridine (bpy) and its derivatives have been Widudied over the past 30 yeafs’®

Most widely investigated are their redox propertiaminescence intensities and excited
state lifetimes?>*2413° Despite the fact that ruthenium(ll) complexes qR"B'2"-

terpyridine derivatives show lower luminescenceensities and shorter excited state
lifetimes at room temperature than those of 2 @lidine and its derivatives, they are
still of great interest, due to their synthetic astluctural advantages (see Section
1.3) 124139190 Thejr potential applications as energy- and etecttransmitters has been

explored in detail$***°

2,2"6',2"-Terpyridine derivatives can form metalmplexes with a variety of transition
metal ions. When tridentate tpy-based ligands redtt ruthenium(ll) ions, achiral
octahedral complexes are usually form&gheme 3.1'%° Ruthenium(ll) is a Yion, in

the low-spin state. Its complexes are kineticallgri and relatively stable.

2+
| X
P RUCI3X3H20
N X
D -
2N N  Reducing enviroment
tpy

[Ru(tpy),]**
Scheme 3.1Reaction of 2,2":6',2"-terpyridine with Rug€3H,0O in reducing enviroment.
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In this chapter, heteroleptic dinuclear rutheniujngbmplexes of ditopic 4'-substituted-

2,2".6',2"-terpyridine ligands are discuss8dheme 3.2

P

[PFels

[PFgly

O\/\O/\/O\/\o/\/o\/\o/\/o
o/\/ox/\o/\/o\/\o/\/o\/\o

[(tpy)Ru(L2)(Ru)(tpy)][PF¢l4

[PFgly

[PFgls

[(tpy)Ru(LT)Ru)(tpy)l[PFels

[PFels

[(tpy)Ru(L6)(Ru)(tpy)][PF]4

Scheme 3.2Ruthenium(ll) complexes of ditopic 4'-substitut@d?':6',2"-terpyridine

ligands studied in this chapter.
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3.2 Synthesis

Heteroleptic dinuclear ruthenium(ll) complexes igahdsL1, L2, L4, L6 andL7 were
prepared stepwise in a Biotage microwave reactiost Bne equivalent of RugBHO
and one equivalent gf-ttpy (for complex with ligand.1) (Scheme 3.B or tpy (for
complexes with ligandk2, L4, L6 andL7) (Scheme 3.%were heated under microwave
conditions in ethanol at 135 °C for 15 minutes. MBeb equivalent of ditopic ligand ?)
and the reducing ageNtethylmorpholine (NEM) were added and the mixtugsvagain
treated as described above. Red ruthenium(ll) cexasl were precipitated from solution
with excess aqueous NP and then filtered and collected. The vyield of [(X-
tpy)Ru(L)(Ru)(X-tpy)][PFs]. complexes ranged from 89-93%.

1. RuCl3‘3H20,
EtOH, 135 °C, 15 min,

microwave reactor
> [(p-ttpy)Ru(L1)(Ru)(p-ttpy)][PFsl4

2. L1, EtOH, NEM,
135 °C, 30 min,
microwave reactor

3. NH,PF

p-ttpy = 4'-(p-tolyl)-2,2":6',2"-terpyridine

Scheme 3.3Synthesis of [§-ttpy)RuL1)(Ru)(p-ttpy)][PFe]a.

1. RUC13'3H20, EtOH,
135 °C, 15 min, microwave reactor

> [(tpy)Ru(L")(Ru)(tpy)][PF¢]4
2. LP, EtOH, NEM,

135 °C, 30 min, microwave reactor
3. NH,PF, LP=12,14, L6, L7

Scheme 3.4The general synthesis of [(tpy) R (Ru)(tpy)][PR]4, whereL? = L2, L4,
L6, L7.
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3.3 'H NMR spectroscopy

All of the complexes were characterized Ity NMR spectroscopy in CITN solution.
The 'H NMR spectra of the complexes were similar to ¢hasf other related
bis(terpyridine) systems. The terpyridine protognsis, from both types of tpy units —
from ditopic ligandL and the monotopic tpy ligand - are very similamabnost identical
in all complexesTables 3.1and3.2).

The aromatic part of thiH NMR spectrum of [(tpy)Ru@)(Ru)(tpy)][PR]s in CD:CN is
shown inFigure 3.1 The proton signals from rings A and B of the lwiiuted tpy are
highlighted in green, the proton signals from ligad in red.

— — [PFgly

[(tpy)Ru(L4) (Ru)(tpy)][PF,

HPZ,PB,PS,PG

HBS

HA4 HC4 HAG HCG

H/—\5 HC5

HB

68 87 86 85 84 83 82 81 80 79 78 77 76 75 74 73 72 71 70
Figure 3.1. Aromatic region of the’H NMR spectrum (500 MHz, 295 K) of

[(tpy)Ru(L4)(Ru)(tpy)][PR]4 in CD:CN. Signals forH** and H*® overlap to give in
experiment triplet (see experimental for integnasio

88



[PFels

[PFels

[(tpy)Ru(L2)(Ru)(tpy)][PF¢l4

[PFgla

[PFels

[(tpy)Ru(L7)(Ru)(tpy)][PF¢ls

[PFels

[(tpy)Ru(L6)(Ru)(tpy)][PF¢l4

Scheme 3.5Labeling for ruthenium(ll) complexes of ditopiestibstituted- 2,2":6',2"-
terpyridine ligands studied in this chapter.
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06

[(p-ttpy)RU(1)(RU)(-ttpy)l[PFela | 3.72 ()| 3.79 (m)| 4.02 ()| 4.66 (m)| 4.63 (S) j‘gé S‘l 8.33 (s) Si.g,zgr-n)
[(tpy)Ru(L2)(Ru)(tpy)][PFl 3%25(%) 3.80 (m)| 4.06 (m)| 4.67 (M) 4.56 (s) ?gi ﬁ; s.i'g?;n) s.i'g?;n)
[(tpy)RUCA)RU)tpY)IIPREla | 3.69 (m) 3.80 (m)| 4.06 (m) 4.67 () 4.54(s)| Sus\p) 8.34(S) S_i'g’?;n)
[(tpy)Ru(L6)(Ru)(tpy)I[PFs]a | 3.75 (m)| 3.83 (m)| 4.06 (M) 4.67 (M) 4.70 (s) ?gzﬁg 8.34 (s) S_i'g’?;n)
[(tpYRUCTIRU)tpY)IIPRL: | 4.26 () 403(m)| 415 (m) 472(m) — | o035\ 834(s) S_i-g’?;n)

Table 3.1.'"H NMR spectroscopic data, [ppm], (500 MHz, 295 K,
L2, L4, L6 andL7 (seepage 89 for scheme of labeling).

CBCN) for ruthenium(Il) complexes of ligandd,




T6

o | o | e | pe | e | e | e | e
(PPYRULLRIGUPYIPRL | To 010 768y 711 M) 5 o2v TS0 Gaory 746 e
((PYRUCDRIPIPRL | g2 7 60 (my| 721M J2310 650 760 gy 727 T o
(pYRULARIOVIPRL | T30 D 7 00 ¢y 711 T2 Ta0 ks 7,64 (my 77 Joa
((pY)RULERIIPRL | T95 1| 768 (my| 711(M) J55 40| 300 Ha 7.9 (my 725 g s
(PYRULTRIPIPRL | g 27 o 7,68 (my| 710M) [2310 1 623 () 7.05 (my) 726 [

Table 3.2."H NMR spectroscopic daté, [ppm], (500 MHz, 295 K,
L2, L4, L6 andL7 (seepage 89 for scheme of labeling).

CBCN) for ruthenium(Il) complexes of ligandd,




[(tpy)Ru(L4) (Ru)(tpy)I[PFl,

[PFels

HDS
HCS HPZ,P3,P5,P6 HF
HC4 Hee
HC5 HGl HGz HG3 HG4

P2 p3
F Pl P4 HF
o P P5 o i
G4
: 0520 o L4
T6-THT3 : GZS 2
HTe HT4 ] Tn Ty Gl S _ He1 HG2 HG3 HG4
i ¢ 2/ \ Q" /
; e A,
5 TN TN N
J ) JL ~ .
N
- I
L
T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5

Figure 3.2. '"H NMR spectra (500 MHz, 295 K) of4 in CDCk (below) and
[(tpy)Ru(L4)(Ru)(tpy)][PFs]4 in CDsCN (above). Spectra exhibit some residues of the

starting material, which could not be removed bgifgu

Figure 3.2 shows how théH NMR spectrum of ligandl4 changes, after complexation
with ruthenium(ll). All of the signals are influeed by addition of the ruthenium(ll) to
the system but most changed is the proton sigialof ligandL4, which is shifted 1.37
ppm upfield H*®). The proton signals ford™ andH®' of ligand L4 are both shifted
around 0.3 ppm downfield in tHel NMR spectrum of [(tpy)Rw@)(Ru)(tpy)][PFa.

The proton signals in the aliphatic region for Inetigptic ruthenium(ll) complexes of
ligandsL1 andL2 exhibit the same behavior as ligadmdl. However, the signal assigned
to theH" proton of the complex with ligand7 is shifted much further downfield than
the signal from théi" proton of any other complex. Also the proton signals of ligand

L7 are all shifted downfield in comparison to othemplexes Table 3.1).
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3.4 '°C NMR spectroscopy

Table 3.3 shows the ethylene glycoC®, CF and phenylCP carbon signals for
heteroleptic dinuclear ruthenium(ll) complexes mfahdsL1-L2, L4 and L6-L7 in
CD3sCN solution. All of the terpyridine carbon signafspm both types of tpy units —
from ditopic ligandL and the monotopic tpy ligand - are shownlables 3.4and3.5.
The assignments were made using HMQC and HMBC tgqohs. The terpyridine
carbon signals are similar in all of the complexasl comparable to other related

bis(terpyridine) system&®*
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6

CG4/—G12 CG3 CGZ CGl CF CP CP CE
quatern.
(pttpy)RUCLIRUE-pYIPFla | 703 | 7.9 | 69.8 | 707 | 686 1285 1389 0>

70.5,

(tpy)RUCRUEPYIPRL | 100 7169 | 700 709 | 735 | 1285 1390 & -
70. 7

[(tpy)RuLA)RU)tpy)IPRl. | 706 | 71.69 | 700 | 709 | 735 | 1288 | 1390 | —

[(tpy)RU(LE)(RU)(tpy)][PFl4 707 | 713 | 700 | 709 | 716 11222-2 1390 |  —

[(toy)Ru(L7)(Ru)(tpy)I[PFel4 69.7 | 709 | 702 | 708 - 111232 1499 | —

Table 3.3.1°C NMR spectroscopic daté, [ppm], (125 MHz, 295 K, CBCN) for ruthenium(Il) complexes of ligandd,

L2, L4, L6 andL7 (seepage 89 for scheme of labeling).




G6

CCZ CCS CC4 CCS CCG CD2 CD3 CD4
[(p-ttpy)RuL1) (RU)@-ttpy)][PFels | 157.0 | 1255 | 1389 | 1285 | 153.8 | 159.0 | 112.1 | 167.2
[(tpy)RUL2) (Ru)(tpy)][PR]« 157.0 | 1255 | 1389 | 1285 | 153.8 | 159.1 | 112.0 | 167.3
[(tpy)RUL4) (Ru)(tpy)][PF]4 157.0 | 1255 | 1389 | 1285 | 153.8 | 159.1 | 112.2 | 167.3
[(tpy)RU(L6) (Ru)(tpy)][PF]« 157.0 | 1255 | 1389 | 1285 | 153.7 | 159.1 | 112.2 | 167.3
[(tpy)RUL7) (Ru)(tpy)][PF]a 157.0 | 125.4 ﬁ%‘%’ 1285 | 153.8 | 159.1 | 112.2 | 167.3

Table 3.4.13C NMR spectroscopic daté, [ppm], (125 MHz, 295 K, CBCN) for ruthenium(Il) complexes of ligandd,
L2, L4, L6 andL7 (se¢padge 89 for scheme of labelil.
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ch? che ch ch che CP? c"®? c®
[(p-ttpy)RuL1)(Ru)(-ttpy)][PFsls | 156.9 | 125.3 | 138.9 | 1285 | 153.3 | 159.3 | 1247 | 136.3
[(tpy)Ru(L2)(Ru)(tpy)][PFs]4 156.9 | 1253 | 1389 | 1285 | 153.3 | 159.3 | 1246 | 136.3
[(tpy)Ru(L4)(Ru)(tpy)][PFsls 156.9 | 1253 | 1389 | 1285 | 1533 | 159.3 | 1247 | 136.3
[(tpy)RU(L6)(Ru)(tpy)][PFs]4 156.9 | 1253 | 1389 | 1285 | 153.3 | 159.3 | 124.7 | 136.3
[(tpy)Ru(L7)(Ru)(tpy)][PFs]s 156.9 | 125.3 ﬁ%‘%’ 128.5 | 153.3 | 159.2 | 124.7 | 136.3

Table 3.5.2°C NMR spectroscopic daté, [ppm], (125 MHz, 295 K, CBCN) for ruthenium(Il) complexes of ligandd,
L2, L4, L6 andL7 (se¢padge 89 for scheme of labelil.




3.5 Mass spectroscopic characterization

Electrospray ionization mass spectroscopy (ESI) wssd to characterize the new
heteroleptic dinuclear ruthenium(ll) complexes. Teaks are observed as the ratio of

mass to the charge of the specie¥Z. All of the peaks show the typical isotope

distribution of two ruthenium atoms. Normally, th-2PR]?* peak was found as the

major peak for these dinuclear ruthenium(ll) compke but M-3PR]**and M-4PR]**

can be also observed. Charge on the ion was caditoy the peak separations in each

peak-envelope, as shownkigure 3.3for a 2+ ion.

[M-2PR]** | [M-3PR]*" | [M-4PR]"
[(p-ttpy)Ru(L1)(Ru)(p-ttpy)][PFe]a 958.2 590.5 —
[(tpy)Ru(L2)(Ru)(tpy)][PFe]a 1044.2 — 449.6
[(tpy)Ru(L4)(Ru)(tpy)][PFla 868.3 530.5 361.7
[(tpy)Ru(L6)(Ru)(tpy)][PFela 868.1 530.4 -
[(tpy)Ru(L7)(Ru)(tpy)][PF]a 854.1 521.1 354.6

Table 3.6.The ESI-MS data for ruthenium(ll) complexes wlith, L2, L4, L6 andL7

In Figure 3.3the ESI-MS spectrum of [(tpy)RiL4)(Ru)(tpy)][PFs]4 is shown. The major
signal is a peak an/z530.5 and was assigned td{3PR]*". The other two signals at
m/z 868.3 and 361.7 correspond td-PPR]*" and M-4PR]*", respectively. The inset
shows an expansion of the peakréz868.3 (M-2PR]"). The observed isotope pattern

matches that of the simulated spectrum.
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[M-3PR]3*

530.5
868.3 Measured
867.8 isotopic pattern
869.3
[M-2PRJ2+
868.3
865.4 870.8
363.8864%64'8 871.3
868.1 ) Sim_ulated
E; 867.6 isotopic pattern
D
{1 [M-4PRJ** 870.1
361.7 se3,6864 £ °
: 1 l | “‘MM ]\
500 1000 1500 2000 2500 m/z

Figure 3.3.ESI-MS spectrum of [(tpy)Rud)(Ru)(tpy)][PF] 4.

3.6 Electrochemical studies

The redox properties of the ruthenium(ll) complekese been investigated using the
cyclic voltammetry method (CV). One typical exampmeshown inFigure 3.4 for the
cyclic voltammogram of [(tpy)Rué)(Ru)(tpy)][PK]4 in degassed acetonitrile solution.
The oxidation of ruthenium(ll) in the complexesraduced in this chapter typically
occurs around 830 mVTéble 3.7). There are three reduction processes, two of tem
reversible, around -1.69 and -1.92 V, one is imsde, at -2.44 V Table 3.7). The

potentials were measured versus Ferro¢Ereroceniuri (Fc/F¢).
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Figure 3.4. Cyclic voltammogram of [(tpy)Rué)(Ru)(tpy)][PF]4 (1 mM) in degassed
acetonitrile containing 0.1 M'Bu,N][PFe], scan rate = 100 mVs

Potential [V] vs Fc/Ft

oxidation reduction
[(Ru)(tpy)][PFel2 0.92 -1.67 -1.92
[(p-ttpy)Ru(L1)(Ru)(p-ttpy)][PFel4 0.83 -1.69, -1.92, -2.44
[(tpy)Ru(L2)(Ru)(tpy)][PFs]4 0.83 -1.69, -1.92, -2.44
[(tpy)Ru(L4)(Ru)(tpy)][PFe]4 0.83 -1.69, -1.92, -2.44
[(tpy)Ru(L6)(Ru)(tpy)][PFe]4 0.83 -1.69, -1.92, -2.44
[(tpy)Ru(L7)(Ru)(tpy)][PF]4 0.83 -1.69, -1.92, -2.44

Table 3.7. Redox potentials measured for ruthenium(ll) com@dein argon-purged
solutions of acetonitrile. = values are given for reversible proces$§e&¢m the cyclic

voltammetry and for irreversible process®srom square wave.
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For comparison, inTable 3.7 oxidation and reduction potentials for the homttep
ruthenium(ll) complex [(Ru)(tpy)[PFs]. are also shown This homoleptic complex
shows the Ru(ll)/Ru(lll) process at higher reduttoxidation potential than the
ruthenium(ll) complexes introduced in this chapiéris indicates that these substituents
in the 4'-position of the terpyridine ligandsl¢L2, L4 andL6-L7) have higher electron
donating properties than a hydrogen atom in th@odition of 2,2":6',2"-terpyridin&?’

3.7 Absorption spectroscopic characterization

The electronic spectra of the heteroleptic dinuclaathenium(ll) complexes were
recorded in HPLC grade acetonitrile solution. Tleeyvintense bands in the UV region
are assigned to the ligand-centered (L@) <« Tt transitions Table 3.8§. The
ruthenium(ll) complexes exhibit a low energy metaligand charge transfer (MLCT)
transition withAnax at 480 nm Table 3.8. The MLCT transitions occur when an electron

is transferred from the metal-centered d orbitaraunfilled ligand-centerent orbital.

For comparison, inTable 3.8 electronic spectroscopic data for the homoleptic
ruthenium(ll) complex [(Ru)(tpy)[PFs]. are also shown The MLCT bands of
heteroleptic ruthenium(ll) complexes are red sHifte comparison to the homoleptic
[(Ru)(tpy)][PFe¢]> complex. Balzani and Constak#é al*®* have reported that there is a
red shift of the MLCT band of ruthenium(ll) compésx irrespective of whether the
substituent at the 4'-position of the terpyridingahd is electron-donating or electron-

accepting.

It seems that there is no influence on the absmrmtata when the length of the linkage is
changed, nor when the substitution position orbezyl ring is altered.
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AmadNM Emad10° M cmit)
LC MLCT
[(RU)(tyRl[PFdl 268 (67), 305 (111) 473 (25)
[(p-ttpy)RULL)(RU)(-ttpy)][PFea | 241 (110), 269 (115), 305 (140) 480 (40
[(tpy)RU(L2)(Ru)(tpy)][PFs] 4 241 (107), 269 (116), 305 (141 480 (41)
[(tpy)Ru(L4)(Ru)(tpy)][PFs]4 241 (108), 269 (116), 305 (140 480 (40)
[(toy)RU(L6)(RU)(tpY)][PFela 241 (108), 269 (115), 305 (139) 480 (39)
[(toy)RUL7)(RU)(tpY)][PFela 241 (105), 269 (113), 305 (139) 480 (38)

Table 3.8.Electronic spectroscopic data for the rutheniuprgdimplexes in acetonitrile

solution.

140
120 -

100 -

(0]
o
I

D
o
I

g [10°cm* MY

0 \

225 275 325 375 425 475 525 575 625 675
A [nm]

Figure 3.3. Absorption spectra of ligandL4 in CHCI, (in green) and
[(tpy)Ru(L4)(Ru)(tpy)][PFe]4 in CHCN (in violet).
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In Figure 3.3 absorption spectra of ligandL4 (in green) and
[(tpy)Ru(L4)(Ru)(tpy)][PF]4 (in violet) are shown for comparison. In contréstthe
absorption spectrum of [(tpy)Ruf)(Ru)(tpy)][PF]4, for uncomplexed ligandi4 there
are only two bands in the high energy UV regiosjgreed to ligand-centered (L&F «—

T and/ort* < n transitions with\nax at 241 and 279 nm. Both bands are only half as
intense as the LC bands for [(tpy)Rd}(Ru)(tpy)][PR]s, (Emad10® M™* cm! : 56.8 and
55.3).

3.8 Conclusion

The heteroleptic dinuclear ruthenium(ll) complexet the ditopic 4'-substituted-
2,2".6',2"-terpyridine ligands1-L2, L4 andL6-L7, which are based on a benzene unit
connected to two 4'-substituted-2,2"6'2"-terghywe moieties through different
polyethyleneoxy spacers, have been synthesized.cdimplexes were characterized by
'H and**C NMR spectroscopy, mass spectrometry (ESI-MS)spBctroscopy, UV-Vis

spectroscopy, cyclic voltammetry and elementalyaisl

The microanalitical data for many of these compauredjuired the inclusion of NaRh
the material. This is not unexpected in view of #inity of Group 1 metal ions for
poly(oxethylene) chains and we have recently regbrta crystallographically

characterized example of a compound capturing dagiéous sodium ion$>*
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3.9 Experimental

>

[(p-ttpy)RuL1)(Ru) (p-ttpy)][PFels
[(tpy)RuL2)(Ru)(tpy)][PFel4
[(tpy)Ru(L4)(Ru)(tpy)l[PFela
[(tpy)Ru(L6)(Ru)(tpy)I[PFela
[(tpy)RuL7)(Ru)(tpy)][PFel4

R/
S

R/
°e

L X4

L X4

R/
°e

L1, L2, L4, L6 and L7 were prepared as described in Chapter 2. R8I0 and
NH4PF; are commercially available compounds and were aseadceived.

< [(p-ttpy)RuL1)(Ru)(p-ttpy)][PFel4

General procedure for [Ru(p-ttpy)Cl 3] and [Ru(tpy)Cls] complexes

RuCk-3H,0O (0.011 g, 0.043 mmol, 1.0 eq ) apdtpy (for complex with ligand.1,
0.014 g, 0.043 mmol, 1.0 eq) or tpy (for complexeth ligandsL2, L4, L6 andL7,
0.010 g, 0.043 mmol, 1.0 eq) were heated underomvimve conditions in 15 mL ethanol

at 135 °C for 15 minutes. The crude product wasl @isethe next step reactions.
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General procedure for ruthenium(ll) complexes

Compound_1 (0.015 g, 0.019 mmol, 1.0 eq ) and [Rtipy)Cls] (0.021 g, 0.038 mmaol,
2.0 eq) with a few drops df-ethylmorpholine (NEM) were heated at 135 °C inmb
ethanol in a microwave reactor for 30 minutes. Bgceof solid ammonium
hexafluorophosphate was added to give a red ptatapiThis was collected by filtration
through celite, washed with water and diethyl etki®n redissolved in acetonitrile. The
solvent was removeid vacuoto give a red solid (0.038 g, 0.017 mmol, 90%).

1. RUC13'3H20,
EtOH, 135 °C, 15 min,

microwave reactor
> [(p-ttpy)Ru(L1)(Ru)(p-ttpy)][PF¢l4

2. L1, EtOH, NEM,
135 °C, 30 min,
microwave reactor

3. NH,PFy

p-ttpy = 4'-(p-tolyl)-2,2":6',2"-terpyridine
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[PF¢ls

[(p-ttpy)Ru(L1)(Ru)(p-ttpy)][PFels

Molecular formula: C90H78F24N1206P4RU2
Molecular weight: 2206.28

'H NMR (500 MHz, CRCN) &y 2.46 (s, 6H, M%), 3.72 (m, 4H, 5%, 3.79 (m, 4H,
H®3), 4.02 (m, 4H, 199, 4.63 (s, 4H, B), 4.66 (m, 4H, 9%, 7.11 (m, 4H, 9%, 7.16 (m,
4H, H*), 7.25-7.45 (m, 12H, ¥, H™?P4 HP3 HP® 1), 7.75-7.95 (m, 8H, Ff and H*),

8.33 (s, 4H, %), 8.34-8.40 (m, 8H, Ffand H?), 8.45 (d,J 9.0 Hz, 4H, I5°), 8.46 (d,J

9.0 Hz, 4H, ¥°), 8.72 (d,J 8.2 Hz, 4H, 113).

C NMR (125 MHz, CRCN) & 16.0 ("9, 68.6 (C), 69.8 (&9, 70.3 (&Y, 70.7
(C%Y, 71.9 (Y, 112.1 (%), 124.7 (%), 125.3 (%), 1255 (&9, 128.5 (¢°, C°
CP2P4 C C™ and &2, C59), 136.3 (C*), 138.9 (€4, C°4, C*, C*and ¢¥™, 153.3
(C"9), 153.8 (€9, 156.9 (?), 157.0 (€, 159.0 (G?), 159.3 (E?), 167.2 (CY.
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MS (ESl)m/z= 958.2 M-2PR]?* (calc. 958.0), 590.8M-3PR]** (calc. 590.5).

IR (solid, lgcm'l): 3661w, 2923w, 2867w, 2833w, 1956w, 1700w, 1669%13m,
1605m, 1560w, 1490w, 1467m, 1448m, 1420m, 1388043 1285w, 1209m, 1162w,
1130w, 1116w, 1090m, 1065m, 1045m, 1029m, 1019vnwQ864w, 926w, 877w, 824s,
820s, 786s, 765s, 750s, 735s, 725s, 696s, 673nmm,6@8EHm, 638m, 617w.

Cyclic voltammetry data (C¥CN, 0.1 M [BusN][PF¢], Fc/F¢): +0.83 V, - 1.69 V,
-1.92V,-2.44 V.

UV/VIS (CH3CN)Amad NM Emax M cmit) 241 (110 x 18), 269 (115 x 18), 305 (140 x
10°%), 480 (40 x 18).

Elemental Analysis . Found: C, 47.76; H, 3.61; 27 Calc. for GoH7gF24N1,06P4R Wy
1/3NaPFk: C, 47.80; H, 3.48; N, 7.43%.
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< [(tpy)RuL2)(Ru)(tpy)][PFs]a

[(tpy)Ru(L2)(Ru)(tpy)][PF¢ls

MOlecular fOI‘rnula: C92H98F24N12014P4RUZ
Molecular weight: 2378.40

[PFels

Complex [(tpy)RulL2)(Ru)(tpy)][PFs]4a was synthesized according to general procedure
for ruthenium(ll) complexes with2 (0.015 g, 0.013 mmol, 1.0 eq ) and [Ru(tpy)Cl
(0.012 g, 0.027 mmol, 2.0 eq). The product wasectdid by filtration through celite, as a

red solid (0.029 g, 0.012 mmol, 93%).
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1. RUC13'3H20, EtOH,
135 °C, 15 min, microwave reactor

» [(tpy)Ru(LP)(Ru)(tpy)][PFl4
2. LY, EtOH, NEM,

135 °C, 30 min, microwave reactor
3. NH,PF, LP=12,14,L6,L7

'H NMR (500 MHz, CRCN) & 3.65-3.75 (m, 36H, Bf*¢'3, 3.80 (m, 4H, 19°), 4.06
(m, 4H, H*?), 4.56 (s, 4H, B), 4.67 (m, 4H, 19, 7.11 (m, 4H, 19°), 7.17 (m, 4H, &),
7.29 (d,J 5.3 Hz, 4H, 159, 7.30-7.40 (m, 4H, Ff P> P4+ R 7.41 (d,J 4.9 Hz, 4H, H°),
7.82-7.94 (m, 8H, & and H*), 8.30-8.45 (m, 6H, Bf and H®), 8.45-850 (m, 8H, H?
and H), 8.72 (dJ 8.1 Hz, 4H, H).

3¢ NMR (125 MHz, CRCN) &¢ 70.0 (3, 70.5 (¢, 70.6 (C>C13, 70.6 (C>¢13,
70.7 (C°C13,70.9 (&Y, 71.6 (&3, 73.5 (€), 112.0 (C?), 124.6 (&%), 125.3 (C°),
125.5 (C3), 128.5 (&°, C°° and C*P*P4" 136.3 (CP%), 138.9 (&* and ¢*, 139.0
(CPY™Y, 153.3 (C®), 153.8 (€9, 156.9 (C?), 157.0 (C?), 159.1 (C?), 159.3 ((?),
167.3 (C4.

MS (ESI)m/z= 1044.2 M-2PR]?" (calc. 1044.0), 449.8M-4PR]** (calc. 450.0).

IR (solid, lgcm'l): 3662w, 3086w, 2925w, 2868w, 2853w, 2833w, 1956w00w,
1668w, 1613m, 1603m, 1560w, 1547w, 1488w, 1467m3i% 1439m, 1421m, 1388m,
1347w, 1287w, 1245w, 1207m, 1162w, 1130w, 1115v11@ 1061m, 1045m, 1027m,
1017w, 985w, 964w, 923w, 877w, 824s, 764s, 7504s,/435s, 725s, 698s, 673m,
663m, 638m, 614w.

Cyclic voltammetry data (C¥CN, 0.1 M [BusN][PF¢], Fc/F¢): +0.83 V, - 1.69 V,
-1.92V, -2.44V.
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UV/VIS (CH3CN)Amad NM Emax M cmit) 241 (107 x 18), 269 (116 x 1%), 305 (141 x
10°%), 480 (41 x 18).

Elemental Analysis . Found: C, 44.34; H, 4.30; N,926 Calc. for
ngH93F24N12014P4RUz'NaPE: C, 4489, H, 4.01; N, 6.83%.

< [(tpy)RuL4)(Ru)(tpy)][PFs]a

[PFela

[(tpy)Ru(L4)(Ru)(tpy)][PF]4

Molecular formula: C76H66F24N1206P4Ru2
Molecular weight: 2026.19

Complex [(tpy)Rul4)(Ru)(tpy)][PFs]4a was synthesized according to general procedure
for ruthenium(ll) complexes with4 (0.015 g, 0.019 mmol, 1.0 eq ) and [Ru(tpy)Cl
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(0.017 g, 0.038 mmol, 2.0 eq). The product wasect#id as a red solid (0.035 g, 0.017

mmol, 92%).

'H NMR (500 MHz, CRCN) &4 3.69 (m, 4H, K%, 3.80 (m, 4H, 53, 4.06 (m, 4H,
H®?), 4.54 (s, 4H, B), 4.67 (m, 4H, Y, 7.11 (m, 4H, K5°), 7.17 (m, 4H, &), 7.29 (d,
J 5.5 Hz, 4H, ¥9), 7.35 (s, 4H, B> P> P> R 7.41 (d,J 5.4 Hz, 4H, K°), 7.82-7.94 (m,
8H, H** and H'%), 8.34 (s, 4H, &), 8.33-8.45 (m, 2H, Bf), 8.46 (d,J 8.0 Hz, 4H, 153,

8.47 (d,J 8.0 Hz, 4H, ¥°), 8.72 (dJ 8.1 Hz, 4H, ).

3 NMR (125 MHz, CRCN) ¢ 70.0 (&9, 70.6 (C%, 70.9 (&Y, 71.6 (&3, 735
(CH, 112.2 (G?), 124.7 (&3, 125.3 (%), 125.5 (¢, 128.5 (C° and C?), 128.8
(CP?P3PSRP 136.3 (C®%), 138.9 (&* and ¢, 139.0 (E¥™, 153.3 (€°), 153.8 (C9),
156.9 (C?), 157.0 (C?), 159.1 (¢?), 159.3 (C?), 167.3 (CY).

MS (ESI) m/z = 868.3 M-2PRj]?" (calc. 868.5), 530.5M-3PR]*" (calc. 530.5), 361.7
[M-4PR]** (calc. 362.0).

IR (solid, Igcm'l): 3662w, 3086w, 2922w, 2868w, 2851w, 2833w, 195@wW00w,
1668w, 1613m, 1603m, 1560w, 1546w, 1488w, 1467mMBid 1437m, 1420m, 1388m,
1349w, 1285w, 1245w, 1207m, 1162w, 1130w, 11150h0 1061m, 1045m, 1027m,
1017w, 987w, 964w, 925w, 877w, 824s, 820s, 7864s,/850s, 741s, 735s, 725s, 696s,
673m, 663m, 645m, 638m, 614w.

Cyclic voltammetry data (C¥CN, 0.1 M [BusN][PFg], Fc/FS): +0.83 V, - 1.69 V,
-1.92V,-2.44 V.

UV/VIS (CH3CN)Amad NM Emax M cm?) 241 (108 x 18), 269 (116 x 18), 305 (140 x
10°%), 480 (40 x 18).

Elemental Analysis . Found: C, 42.34; H, 3.50; 27 Calc. for GgHeeF24N1206P4R W,
-2/13NaPE: C, 42.71; H, 3.11; N, 7.86%.
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< [(tpy)Ru(L6)(Ru)(tpy)][PFs]a

[PF¢ls

[(tpy)Ru(L6)(Ru)(tpy)][PFq]4

MOlecular formula: C76H66F24N1206P4Ru2
Molecular weight: 2026.19

Complex [(tpy)Rul6)(Ru)(tpy)][PFs]4a was synthesized according to general procedure
for ruthenium(ll) complexes with6 (0.015 g, 0.019 mmol, 1.0 eq ) and [Ru(tpy)Cl
(0.017 g, 0.038 mmol, 2.0 eq). The product wasect#id as a red solid (0.035 g, 0.017

mmol, 90%).

'H NMR (500 MHz, CQCN) &4 3.75 (m, 4H, K%, 3.83 (m, 4H, 53, 4.06 (m, 4H,
H®?), 4.67 (m, 4H, 199, 4.70 (s, 4H, B, 7.11 (m, 4H, (99, 7.15 (m, 4H, &), 7.27 (m,
2H, H#PSor H¥™9, 7.30 (d,J 5.3 Hz, 4H, 15°), 7.34 (m, 2H, #*"°or H>™Y, 7.43 (dJ
5.6 Hz, 4H, K°), 7.85-7.95 (m, 8H, Ff and H*), 8.34 (s, 4H, ¥°), 8.35-8.45 (m, 2H,
HB%, 8.46 (d,J 9.2 Hz, 4H, I°), 8.47 (d,J 9.2 Hz, 4H, K®), 8.73 (d,J 8.2 Hz, 4H, 153).
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3 NMR (125 MHz, CRCN) ¢ 70.0 (9, 70.7 (&%, 70.9 (&Y, 71.3 (&3, 71.6
(CH, 112.2 (&%), 124.7 (&3, 125.3 (C®), 1255 (¢, 128.5 (C° and &), 128.7
(CP?PSor ¥P9, 129.6 (C#P°or €79, 136.3 (B4, 138.9 (C* and ¢4, 139.0 (7S,
153.3 (€°), 153.7 (€9, 156.9 (C?), 157.0 (C?), 159.1 (C?), 159.3 (¢?), 167.3 (CY).

MS (ESl)m/z= 868.1 M-2PR]?* (calc. 861.5), 530.M-3PR]** (calc.530.5).

IR (solid, lgcm'l): 3662w, 3086w, 2851w, 2833w, 1956w, 1705w, 1668%w]13m,
1603m, 1561w, 1545w, 1488w, 1467m, 1448m, 1437@300¥ 1385m, 1349w, 1285w,
1246w, 1205m, 1162w, 1130w, 1065m, 1045m, 1027m,7%Q 987w, 965w, 925w,
877w, 824s, 825s, 786s, 764s, 750s, 741s, 735s, 62bs, 673m, 663m, 645m, 635m,
615w.

Cyclic voltammetry data (C¥CN, 0.1 M [BusN][PFg], Fc/FS): +0.83 V, - 1.69 V,
-1.92V,-2.44 V.

UV/VIS (CH3CN)Amad NM Emax M cm?) 241 (108 x 18), 269 (115 x 18), 305 (139 x
10°%), 480 (39 x 18).

Elemental Analysis . Found: C, 44.34; H, 3.75; N28 Calc. for GeHesF24N1206PsR W,
-0.1NaPE: C, 44.70; H, 3.26; N, 8.23%.
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< [(tpy)RuL7)(Ru)(tpy)][PFs]a

[PF¢l4

[(tpy)Ru(L7)(Ru)(tpy)][PF¢l4

Molecular formula: C74H62F24N1206P4RUZ
Molecular weight: 1998.16

Complex [(tpy)RulL7)(Ru)(tpy)][PFs]4a was synthesized according to general procedure
for ruthenium(ll) complexes with7 (0.015 g, 0.020 mmol, 1.0 eq ) and [Ru(tpy)Cl
(0.018 g, 0.040 mmol, 2.0 eq). The product wasect#id as a red solid (0.036 g, 0.018
mmol, 89%).

'H NMR (500 MHz, CRCN) &4 4.03 (m, 4H, 5%, 4.15 (m, 4H, 59, 4.26 (m, 4H,
H®Y, 4.72 (m, 4H, 9%, 6.88-6.92 (m, 2H, F¥™, 7.00-7.06 (m, 2H, '™, 7.10 (m,
4H, H®), 7.16 (m, 4H, &), 7.29 (d,J 5.3 Hz, 4H, 1%, 7.42 (d,J 5.3 Hz, 4H, #°),

7.85-7.95 (m, 8H, F and H%), 8.34 (s, 4H, &), 8.35-8.43 (m, 2H, Bf), 8.43-8.51 (m,
8H, H°® and H*®), 8.72 (d,J 8.2 Hz, 4H, 153).
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13 NMR (125 MHz, CRCN) 8¢ 69.7 (G4, 70.2 (&), 70.8 (Y, 70.9 (&), 112.2
(CP3), 115.7 (%P9, 124.7 (%), 124.8 (E*P9, 125.3 (C3), 125.4 (&3, 128.5 (C° and
C®9), 136.3 (%, 138.9 (C* or C°%, 139.0 (C* or C°%, 149.9 (CPY, 153.3 (C%),
153.8 (C9), 156.9 (C?), 157.0 (C?), 159.1 (¢?), 159.2 (¢?), 167.3 (CY.

MS (ESI)m/z = 854.1 M-2PR]*" (calc. 854.2), 521.1M-3PR]** (calc. 521.0), 354.6
[M-4PR]** (calc. 355.0).

IR (solid, , Igcm'l): 3662w, 3086w, 2923w, 2868w, 2853w, 2833w, 1956W0O0w,
1668w, 1613m, 1603m, 1560w, 1546w, 1448m, 1437r230¥% 1388m, 1349w, 1283w,
1243w, 1162w, 1130w, 1115w, 1090m, 1061m, 1043n27&Q 1017w, 983w, 964w,
925w, 877w, 824s, 820s, 786s, 764s, 750s, 741s, 725s, 696s, 673m, 663m, 645m,
638m, 613w.

Cyclic voltammetry data (C¥CN, 0.1 M [BusN][PFg], Fc/FS): +0.83 V, - 1.69 V,
-1.92V,-244 V.

UV/VIS (CH3CN)Amad NM Emax M cm?) 241 (105 x 18), 269 (113 x 18, 305 (139 x
10°%), 480 (38 x 19).

Elemental Analysis . Found: C, 44.64; H, 3.50; N,928 Calc. for
C74He2F24N1206P4R - HO-0.5CHCN: C, 44.25; H, 3.24; N, 8.60%.
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CHAPTER 4

Synthesis of a homoleptic mononuclear zinc(ll) compx of a

ditopic 4'-substituted- 2,2":6',2"-terpyridine lig and

4.1 Introduction

In contrast to typical octahedral ruthenium(ll) q@exes, zinc(ll) can adopt different
geometries in its complexes, depending on the ofpmordinated ligand. Nevertheless,
when tridentate tpy-based ligands react with zihd@ns octahedral complexes are
usually formed (see Scheme 3.1). The zinc(ll) iathvts do*° configuration has a filled

electron shell and is a labile metal centre.

Figure 4.1.Zinc(ll)-hexagonal metallomacrocycl&s.

Zinc(ll) has gained much interest as a templateterconstruction of photoluminescent

PL) or electroluminescent (EL) metallopolymers wittell-defined structuré8**®° as
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well as discrete molecular architectures such asdmal metallomacrocycle&igure
4.1).}"°1"  Depending on the nature of theconjugated system between the terpyridine
units, the emission properties can be tuned, aneériaks with high PL quantum yields
and EL performance are accessible.

Studies of the homoleptic mononuclear Zn(ll) complef ditopic 4'-substituted-

2,2".6',2"-terpyridine ligand.4 described in Chapter 2 will be fully presentedthis
chapter §cheme 4.1

[BF4],

[Zn(L4)][BF4],

Scheme 4.1Zn(ll) complex of the ditopic 4'-substituted- 2622"-terpyridine ligand.4
studied in this chapter.

4.2 Synthesis

The homoleptic mononuclear Zn(ll) complex of ligahd was easily prepared by
reacting one equivalent of ligand in CHCk with one equivalent of Zn(Bj,-6HO in
acetonitrile at room temperature overnight. Thevesal was removeth vacuoand the
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desired product was obtained in 89% yieBtijeme 4.2 No polymeric products were

observed.

Zn(BF,),"6H,0 ,
CHCl;/CH;5CN

L4

RT, overnight [BF4]>

[Zn(L4)][BF,],

Scheme 4.2Synthesis of [Zri(4)][BF 4]2.

4.3 Mass spectroscopic characterization

Electrospray ionization mass spectroscopy (ESI-M83 used to characterize the new
homoleptic mononuclear zinc(ll) complex of ligabhd - [Zn(L4)][BF4].. The peaks are

observed as the ratio of mass to the charge cffibeiesr/2).

In Figure 4.2 the ESI-MS spectrum of [Zh8)][BF4]. is shown. The major peak
envelope is a peak at/z420.3 and was assigned M {2BF,]**. The other set of peaks at
m/z927.5 correspondd-BF4] *. Also shown are expansions of both peaks/a420.3
and 927.5. The peaks show the typical isotope ibligion pattern of zinc(ll), a

separations of peaks in a given envelope confimttiarge on the ion.
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[M-2BF,]2*
420.3

927.5

rel. Int.

[M-BF,] *
927.5

ll IL (1
‘500 1000 1500 2000 2500
m/z
Figure 4.2.ESI-MS spectrum of [Zh@)][BF 4] 2.

4.4 'H NMR spectroscopy

The Zn(l) complex of ligand.4 - [Zn(L4)][BF4],, was characterized b{H NMR
spectroscopy in C#CN solution.

A comparison between tHel NMR spectra obtained for the free ligadlin CHCE (not

soluble in acetonitrilegand the zinc(ll) complex [Zh@)][BF 4], in acetonitrile is shown
in Figure 4.3as well as imMables 4.1and4.2
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[BF4]»

[Zn(L4)][BF 4],

Scheme 4.3Labeling for [Zn(4)][BF4]..

HG4 HG3 HGZ HGl HF
362(1) | 3.73(1) | 391() | 438()
L4 J50Hz | J50Hz | J50Hz | J50Hz | *°309)
[Zn(LA)|[BF,| 3.63(m) | 3.75(m) | 3.99(m) | 4.65(m) | 4.48 (s)

Table 4.1.*H NMR spectroscopic datd,; [ppm] forL4 (500 MHz, 295 K, CDG)) and
[Zn(L4)][BF4]2 (500 MHz, 295 K, CRCN).

In the aliphatic region of thtH NMR spectra of ligandl4 and complex [Zri(4)][BF 4.

there are few significant differences. After comqalgon theH®' and H®? protons are
both shifted downfield by 0.27 ppm for protét* and 0.08 ppm for protoRi®?, the
signal assigned to protat’ is slightly shifted upfield{able 4.1).
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HC/IS_/FITS HC4H T4 HD3/H T3 HC3H T3 HC6/H 6
7.81 (td)
7.30 (m) 858 (d) | 8.66(d)
L4 729(s) | 7 1'& 77 80208 | yg0Hz | 147 Hz
733(m) | 8.08 (1) 852(d) | 7.73(d)
[Zn(LaBFz | 730's) | 375Hz | 82Y0) | jg0Hz | J45Hz

Table 4.2."H NMR spectroscopic data, [ppm] for L4 (500 MHz, 295 K, CDG) and
[Zn(L4)][BF ]2 (500 MHz, 295 K, CRCN).

[Zn(LA)][BF.]2
HD3
HPZ,P3,P5,P6 HF
[BF4],
H61 HG2 HG3 HG4
P6 PS
I\
*
HPZ,P3,P5,PG
P2 p3
F Pl P4 HF
o P6 P54
o™ S L4
P9
HT6 HT3 M o :SGI 8 - - G2 14G3 |yG4
THT w5/ N2/ \° ° @ \N/ H HS2 H®* H
N = NN |
_M J ) s Uﬂ m
i _

T T T T T T T T T T T T T T T T T T T T T T T T T T T
88 86 84 82 80 78 76 74 72 70 68 6.6 64 62 60 58 56 54 52 50 48 46 44 42 40 38 36

Figure 4.3. 'H NMR spectrum (500 MHz, 295 K) of4 (below) in CDC} and
[Zn(L4)][BF4]. (above) in CRCN. The signal marked with * is the signal for CHCI
Spectra exhibit some residues of the starting nadtevhich could not be removed by

column chromatography or other purification methods
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All of the terpyridine proton signals are influedday the complexation of ligand4 with
zinc(ll), but the signal for thel®/H™ proton of ligand is mostly affected and is shifted
0.93 ppm upfield. It is important to notice thatetlisignal for theH“® proton of
[(tpy)Ru(L4)(Ru)(tpy)][PF]4 is shifted 1.37 ppm upfield. The signals for prted“*
and H®® of complex [Zn[4)][BF.], are shifted downfield, respectively 0.27 and 0.19

ppm, in comparison to ligard.

n+

[M(tpy),]™"

Scheme 4.4Mononuclear metal complex of 2,2':6',2"-terpyrigiM(tpy),]"".

It is generally observed in [M(bpy}", [M(tpy)2]™ and [M(phend]™ complexes that the
protons adjacent to the nitrogen are significadighielded when compared to the free
ligand. The degree of upfield shifting depends athibthe metal ion and the precise
ligand being studied’®*"* A number of factors contribute to the upfield shij in these
complexes, firstly, these protons are the onesesta® the metal centre and are likely to
experience shielding from thg, electron pair and, secondly, in the compleX@shéme
4.4) the protons lie above the aromatic plane of ohée other ligands present. The
pyridine ring has a magnetic anisotropy and thecipeeposition of the proton with
respect to the ring will effect where exactly iedi with respect to the shielding or
deshielding effects of the paired electrons in thdevels. naturally, the exact spatial
relationship depends on the M-N bond lengths aedptiecise geometry of the complex

and so a metal-dependent variation is expected. o8siple third influence is a
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temperature independent paramagnetism in theothplexes if there are suitable low

lying states of T symmetry.

All of the changes in thtH NMR spectra of ligantl4 and complex [Zri(4)][BF 4], are
also pictured irFigure 4.3

The assignment of thd®*, H%?, H®® and H®* protons of the complex [Zh&)][BF4]2
was made using thH-'H COSY and NOESY techniquebigures 4.4 and 4.5 The
signal forH®! gives a COSY cross peak to the sigH&f at & 3.99 ppm Figure 4.4).
The signal foH®? gives a COSY cross peak to the signadl a63 ppm, and this signal is
assigned tt1®* (Figure 4.4).

HF
HG1 L HG2 HG3 HG4
N N

! ! [34

HG4 : : [35
| ! 36

: : AR

He3 ! ! ras
' 39

HG2 < - C:) [40
: r4.1
: 42
1 43
1
[}

F44
F
H @ ! r45
i L

.‘.'. _____ 2 a4 46

HG1 O' F4.7

48
49
[50

4.6 45 44 4.3 42 4.1 4.0 39 38 37 36

Figure 4.4. Part of the'H-'H COSY spectrum (500 MHz, 295K) of [4m{)][BF4]2 in
CD3CN showing the aliphatic region. Spectrum exhilsitgsne residues of the starting
material, which could not be removed by column alatography or other purification

methods.
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HF

HGL HG2 HG3  HG4
4\ /:\ /T\ A 36
HG4 < i ottt g@/
<_ T J' @ v > 37
HG3 : 3.8
|
] 3.9
HG2 <- 4 n
\\@/ Fa.0
ka1
ka2
Fa3
Fa4
HF @ Fas
HG1 " - L4.6
@ Fa7

Figure 4.5.Part of the NOESY spectrum (500 MHz, 295K) of [iZ#)][BF4]. in CD;CN

showing the aliphatic region.

4.5 °C NMR spectroscopy

For comparison, the diethylene glyad®f, C™ and phenyIC? carbon signals of zinc(ll)
complex [Zn(4)][BF4]. as well as the terpyridine carbon signals of tumplex were
put together with carbon signals of ligahd in Tables 4.3and 4.4 The assignments

were made using HMQC and HMBC techniques.

Table 4.3 shows how thec®, C™ and CP carbon signals of ligantd4 changes, after
complexation with zinc(Il). All of the signals ashifted downfield after complexation
with zinc(ll) but most changed are the carbon dig@%* andC®* of ligand L4, which
are shifted by 3.3 and 2.4 ppm, respectively.
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P
CGl CG2 CG3 CG4 CF (#C)C/P
(quaternary)

128.0/
#137.7

128.8/
#139.0

L4 67.7 69.7 71.2 68.0 73.3

[Zn(L4)][BF42| 71.0 69.8 71.5 70.5 73.4

Table 4.3.°C NMR spectroscopic datdc [ppm], (125 MHz, 295 K) fot.4 in CDCk
and [Zn(4)][BF 4], in CD;CN (seepage 78 and 119 for scheme of labeling).

In Figure 4.6 the cross peaks of the aliphatic protdnS and H" of the complex
[Zn(L4)][BF4]. to the signals for directly attached carbons &ews. All of the C-H
signals could be easily assigned using the HMQCtapma.

HF
HE HE2 HG3  HG4

168.0

+68.5

F69.0

F69.5

ce? F70.0
ce4 F70.5
CGl r71.0
CG3 F715
F72.0

r72.5

F73.0

CF r73.5
F74.0

F74.5

r75.0

T T T T T T T T T T T T
4.7 4.6 4.5 4.4 4.3 4.2 4.1 4.0 3.9 3.8 3.7 3.6

Figure 4.6.Part of the HMQC spectrum (500 MHz, 295 K) of [Zaf][BF 4], in CD;CN
showing the aliphatic region. Spectrum exhibits samsidues of the starting material,

which could not be removed by column chromatogramhgther purification methods.
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CTZ CT3 CT4 CT5 CT6 CTZ' CT3' CT4'
/CCZ /CC3 /CC4 /CC5 /CCG /CDZ /CD3 /CD4

L4 156.3 | 1215/ 137.0 124.0 1492 1573 107.6 167.1
[Z[S(Fi)] 148.8 | 123.9 142.2 1284 1488 1520 1111 172.4

Table 4.4.7°C NMR spectroscopic datéc [ppm], (125 MHz, 295 K) fot.4 in CDChk
and [Zn(4)][BF4]. in CD;CN (seepage 78 and 119 for scheme of labeling).

Table 4.4shows in comparison the terpyridine carbon signélégandL4 and zinc(ll)
complex [Zn(4)][BF4].. After complexation with zinc(ll) almost all of éhcarbon

signals are shifted downfield, accept carb6f& C“? andCP? which are shifted upfield.
In the Figure 4.7 the cross peaks of the terpyridine protetts, HP3, H*, H®®, H®® and
HP of the complex [Zr(4)][BF4]. to the direct carbons signal are shown. All of the

signals were assigned using the HMQC spectrum.

HD3

HP2.P3,P5,P6

© = 130

CP2,P3,P5,P6

135

—

= — ©>

Ct—— o) (O

T T T T T T T T T T T T T T T T
86 85 84 83 82 81 80 79 78 77 76 75 74 73 72 71

140

r14s

~150

Figure 4.7.Part of the HMQC spectrum (500 MHz, 295 K) of [Ea]][BF4]2 in CDsCN.
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The three quaternary carbo@$*™ C%® and CP? could be only assigned using the
HMBC technique, as they do not have any protonsctlir attached. Ifrigure 4.8 the
cross peak of the benzene protdh&*"3P>Peof the complex [Zr(4)][BF4], to the
indirect carbon signaC”*™is shown. The signal for protdt“® couples with the signal
for carbonCP? and thesignal for carborC? couples with the signals for protoh™,

HP3 H® H® andH®®, giving the cross peaks.

HD3

HP2.P3,P5,P6

>

F12e
k126
CC5 _% H128
CP2,P3,P5,P6

r130

132

ri34

136

___-_____________.>
------------------>
------------------.>

3

CPl/P4 1 F138

"
L

140

e ——— [142

r146

R by i Y TR S g g g T

I
|
|
I
I
I r144
I
I
{
I

148

CCG + CC2 < ____________________________________________
150
CDZ <-- r152
154

8.5 8.4 8.3 8.2 8.1 8.0 7.9 7.8 7.7 7.6 7.5 7.4 7.3

Figure 4.8.Part of the HMBC spectrum (500 MHz, 295 K) of [EA{][BF 4], in CD;CN
showing the aromatic region. Spectrum exhibits soestdues of the starting material,

which could not be removed by column chromatogramhgther purification methods.
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4.6 Absorption spectroscopic characterization

The electronic spectra of the homoleptic mononuckeac(ll) complex [Zn(4)][BF4]2
was recorded in HPLC grade acetonitrile solutiolthdugh the!H MR spectra show the
presence of small amounts of other tpy containperes, it is assumed that the observed

absorption spectra represent the major component.

It is well-known from the literature that metaldigand charge transfer (MLCT)
processes do not occur for metal ions with filléecton shells, such as zZn(ll) with its
d'® configuration:"® Hence, only the ligand-centered (L&) « Tt charge transitions are

observed.
100 -

90 ~
80 ~
70 A
60 -
50 ~

40 -

e[10°cmit MY

30 ~

20 ~

10 A

O T T T T
225 275 325 375 425

A [nm]
Figure 4.9. Absorption spectra of ligand4 in CH,CI, (in red) and [Zn(4)][BF4]: in
CH3CN (in blue).

A comparison between the UV-vis spectra obtainedfifiee ligandL4 (in red) and
zinc(ll) complex [Zn(4)][BF4]2 (in blue) is shown irFigure 4.9 While the absorption
spectrum of uncomplexed ligand has only two bands in the high energy UV region,

assigned to the ligand-centered (L&) « Tt transitions withAnax at 241 and 279 nm
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(emad10°, M cmi' : 56.8 and 55.3, respectively), the electroniccepen of zinc(ll)
complex [Zn(4)][BF4]. shows four bands: the most intense band Witk at 243 nm
(emad10°, M cmit : 76.0) and three others\max at 274, 310 and 323 nre{,/10°, M*
cm™: 60.0, 34.0 and 35.0 respectively).

4.7 DFT molecular modeling

Figure 4.10.Calculated structure of [Zb4)]*".

The Zn(ll) complex of the ditopic 4'-substituted;22',2"-terpyridine ligandL4
[Zn(L4)]** was also investigated by means of SCF performéul thé PM3 method. The
optimized bond distances of the metal coordinagiomironment are given imable 4.5
while the optimized geometry of [24)]** is shown inFigure 4.10 The SCF
calculations provide a minimum energy conformationwhich the Zn(ll) ion is six-
coordinate, directly bound to the six available aloatoms (nitrogen on tpy) of the
ligand. All of the data were compared with anotfzar(4'-X-tpy),]** system with 4'-(4""-
benzo-15-crown-5)-methyloxy-2,2":6',2"-terpyriditigand (4'-X-tpy) Eigure 4.11).1"°

Molecular modeling shows that formation of a [l+hgtallomacrocyclic species is
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possible with ligand.4. Both tpy moieties are almost flat, each is lyingone plane and
they are coordinated to the zinc center in the attaristic perpendicular geometry,

which means the planes on which tpy units are Iyiadce a 90° angle.

Figure 4.11.X-ray structure of [Zn(4'-X-tpy)**, 4'-X-tpy = 4'-(4"'-benzo-15-crown-5)-
methyloxy-2,2"6',2"-terpyridine

[Zn(L4)]*" | [Zn(4-X-tpy),]
Zn-Neerm 2.027 2.262(4)
ZN-Neent 1.994 2.145(7)
ZN-Neerm 2.023 2.246(3)

Table 4.5. Values of the mean distances (A) of calculated [En(L4)][BF4],) and
experimental (X-ray) structures (for [Zn(4'-X-tp})).

A comparison of the calculated bond distances of({Z)]** and experimental bond

distances of [Zn(X-tpy] shows that coordination environment in these dexgs affects
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the bond length, namely the Zn-N bonds in the [Z)]** complex are shortened by
0.150-0.235 A.

An analysis of bond length data for the IS indegend[Zn(4'-X-tpy}]) structures
including tpy or 4'-X-tpy ligands in the CSD usiNgSTA gave average Zn+jm 2.185
A and Zn-Nent2.081 A.

4.8 Conclusion

The homoleptic mononuclear zinc(ll) complex of ttikopic 4'-substituted-2,2":6',2"-
terpyridine ligand_4, which is based on a benzene unit connected todtvgabstituted-
2,2".6',2"-terpyridine moieties through diethylerg spacers, has been synthesized. The
complex was characterized Byl and**C NMR spectroscopy, mass spectrometry (ESI-
MS), IR spectroscopy, UV-Vis spectroscopy and elaialeanalysis. Molecular modeling
of [Zn(L4)]** using the SCF method showed that formation of arl]l

metallomacrocyclic species is possible with thgaid.
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4.9 Experimental

Ligand L4 was prepared as described in Chapter 2. Zy)(BH,O is a commercially

available compound.

& [Zn(L4)][BF 4>

Zn(BF4)2 : 6H20 .

CHCI5/CH;CN
L4 »
RT, overnight

[BF4]»

[Zn(L4)][BF,4],

Compound_4 (0.10 g, 0.13 mmol) dissolved in 10 mL CH@las added to a solution of
Zn(BF,)2-6HO (0.033 g, 0.13 mmol) in 30 mL GEN. The mixture was stirred
overnight at room temperature. The solvent was veahan vacuoto give a white oll
(0.12 g, 0.12 mmol, 89%).

'H NMR (500 MHz, CRCN) &4 3.63 (m, 4H, K%, 3.75 (m, 4H, 5%, 3.99 (m, 4H,
H®?), 4.48 (s, 4H, B), 4.65 (m, 4H, 19, 7.30 (s, 4H, B> P> P> R 7.33 (m, 4H, ¥,
7.73 (d,J 4.5 Hz, 4H, 159, 8.08 (t,J 7.5 Hz, 4H, 15, 8.21 (s, 4H, B°), 8.52 (d,J 8.0
Hz, 4H, H?).

3¢ NMR (125 MHz, CRCN) ¢ 69.8 (9, 70.5 (&%, 71.0 (&Y, 715 (&3, 734

(CH, 111.1 (&?), 123.9 (¢3), 128.4 (C?), 128.8 (C?P*P>FP 139.0 (E1F9, 142.2 (CY,
148.8 (C° andC?), 152.0 (¢?), 172.4 (CY).
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MS (ESl)m/z= 927.5 M-BF4]* (calc. 927.5), 420.3M-2BF4]?* (calc. 420.5).

IR (solid, Qcm'l): 3114w, 3083w, 2865w, 2359w, 1611w, 1600w, 1573Ww58w,
1478w, 1439w, 1429w, 1349w, 1224w, 1165w, 1053n3400, 1030m, 1021m, 1012m,
974w, 933w, 863w, 845w, 792w, 747w, 728w, 700w v86837w, 621w.

UV/VIS (CH3CN)Amad NM Emae M cm?) 243 (76 x 16), 274 (60 x 16), 310 (34 x
10°%, 323 (35 x 19).

Elemental Analysis . Found: C, 53.63; H, 4.27; N,928 Calc. for
C46H4482F8N6062n'HzO'O.SCH,CN: C, 5354, H, 4.54; N, 8.63%.
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CHAPTER 5

Synthesis of a tritopic 4'-substituted- 2,2".6',2“terpyridine

ligand and its heteroleptic trinuclear ruthenium(ll') complex

5.1 Introduction

Scheme 5.1New tritopic ligand.5.
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In the introduction it was shown that more than onéwo 2,2".6',2"-terpyridine domains
can be used to synthesize different groups of tigaisee Section 1.3). Bridged ligands
containing three, four or six tpy domains can beduas the core for the synthesis of

metallostar$®* and metallodendrimef&.

In this chapter the synthesis of new tritopic lidab based on a mesitylene unit
connected to three 4'-substituted-2,2":6',2"-tedaye moieties through diethylene glycol

spacers is discussefgheme 5.1

In Chapter 3, the interesting properties of the glexes of 2,2'-bipyridine and 2,2:6',2"-
terpyridine derivatives were discussed. The symhes well as the photochemical and
photophysical properties, of new dinuclear ruther(il) complexes of ditopic 4'-
substituted- 2,2".6',2"-terpyridine ligands haeet described in this thesis in Chapter 3.
In Chapter 5, a new tritopic 4'-substituted- 2,26terpyridine ligand.5 was introduced
and characterized. In this chapter, a heteroleptnuclear ruthenium(ll) complex of
ligandL5 is discussedScheme 5.2 This ruthenium(ll) complex [E)(Ru)k(tpy)s][PFels
was designed such that one ruthenium ion goesdb k&ding site to create anzM
species. The monotopic tpy ligands "close" the dempt all three sites and prevent

polymerization.
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[PF¢le

Scheme 5.2Heteroleptic trinuclear ruthenium(ll) complex atdpic 4'-substituted-

2,2".6',2"-terpyridine ligand.
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5.2.1 Synthesis of a tritopic ligand L5

Ligand L5 was prepared in three steps by nucleophilic switisin reactions. In the first
step commercially accessible mesitylene was brontoytaded in reaction witlpara-
formaldehyde and potassium bromidgclijeme 5.3 The benzene ring functionalized
with three diethylene glycol chains was obtaingsl) by nucleophilic substitution of the
tribromobenzene derivativ&s¢heme 5.3 In the last step, a nucleophile was generated
by deprotonation of three terminal hydroxyl groutb&ese were then reacted further with
Cl-tpy (Scheme 5.k 4'-Chloro-2,2":6',2"-terpyridine (Cl-tpy) wasgmared as previously

reported in the literaturé?

Br
(CH,0),,, KBr

S
>

AcOH/H,S0,4 95°C, 6 h

. Br Br
mesitylene

1,3,5-tris(bromomethyl)-2.4,6-
trimethylbenzene

Scheme 5.3Synthesis of 1,3,5-tris(bromomethyl)-2,4,6-trimghienzene.

The conversion of mesitylene involves bromometlgtatvith para-formaldehyde and

KBr in hot 1:1 mixture of concentrated sulfuric aacktic acids§cheme 5.8
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Br
3-oxapentane-1,5-diol
(diethylene glycol)
NaOH, reflux, overnight
Br Br e}
O
1,3,5-tris(bromomethyl)- Z g
2,4,6-trimethylbenzene o o
H§ OH

1,3,5-tris(7-hydroxy-2,5-dioxaheptyl)-2,4,6-
trimethylbenzene (L5a)

Scheme 5.4Synthesis of.5a.

L5a was prepared from 1,3,5-tris(boromomethyl)-2,4igvethylbenzene, which was
heated under reflux in the diethylene glycol witddism hydroxide overnightScheme
5.4).

In the next step, after deprotonation of three beamhydroxyl groups with potassium

hydroxide in hot DMSO, intermediate prodli&a was reacted further with Cl-tpy. After

three days the desired product was obtained in {6 after work up $cheme 5.5
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1, "

1. KOH, DMSO, 75 °C, 1 h
>
2. Cl-tpy, 75 °C, 3 days
O
0 o)

L5a

1,3,5-tris(8-(4'-(2,2":6',2"-terpyridyl))-2,5,8-trioxaoctyl)-
2,4,6-trimethylbenzene (L5)

Scheme 5.5Synthesis of ligand5.

5.2.2 Synthesis of ruthenium(ll) complex of L5 (R3L5)

A heteroleptic trinuclear ruthenium(ll) complexlagfand L5 was prepared stepwise in a

Biotage microwave reactor. First one equivalenRafCk-3H,0O and one equivalent tpy
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(Scheme 5. were heated under microwave conditions in ethatol35 °C for 15
minutes. Then 0.3 equivalents of tritopic 4'-substid- 2,2":6',2"-terpyridine ligand5

and the reducing ageNtethylmorpholine (NEM) were added and the mixtugs\vagain
heated under microwave conditions at 135 °C fomiibutes Gcheme 5.5 The red
ruthenium(ll) complex was precipitated from solatiwith excess aqueous NPF and
then filtered and collected, yieldind_R)(Ru)(tpy)s][PFe]s in 90% vyield, without further

purification.

1. RuCl;-3H,0, EtOH,
135 °C, 15 min, microwave reactor

» [(L5)(Ru)s(tpy)s][PFsls
2. L5, EtOH, NEM,
135 °C, 30 min, microwave reactor

3. NH,PF,

Scheme 5.6Synthesis of |(5)(Ru)(tpy)s][PFe]e.

5.3.1 *H NMR spectroscopy of L5a and L5

3.59-3.76 7.18-7.39
Lla 3.57 (m 4.56 (s 3.34 (br
. (m) © oy
L5a 3'6(?];?85 355(m) | 459(s) | 171(br) | 2.41(s)

Table 5.1."H NMR spectroscopic data, [ppm], (400 MHz, 295 K, CDG) for L1a and
L5a (seepage 140 for scheme of labeling)
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Intermediate produdi5a (Scheme 5.y and ligandL5 (Scheme 5.8were characterized
by 'H NMR spectroscopy in CDglIn Table 5.1the proton signals of intermedidta
are compared with those of compourid.

P3
P2 P4 P2 AP4A

Pl
. P5 ; PI P5

P6
o) o) 0 O
G4
G3

) o] e )
G2 G2
Gl Gl
HO OH HO (0]
Lla L5a

Scheme 5.7Labeling forL1a andL5a intermediates.

All of H” protons on the benzene ringldfa are substituted with CHyroups, therefore a
singlet for nine mesitylene protom$™® is observed ab 2.41 ppm. All of the signals
corresponding to the diethylene glycol cheifi*®* of L5a can be found, as expected in
the aliphatic region ab 3.55-3.85 ppm. The signal fd#®! is the strongest shifted
downfield due to its close proximity to the tpy uriihe signals of thel®?, H®* andH®*
protons of ligand.5 overlap and give a multiplet. The signabat.59 ppm is assigned to

HF from the -CH- bridge connecting the benzene ring to the diethglglycol chain.
After the substitution of the three terminal hydybgroups on the diethylene glycol

chains ofL5a with Cl-tpy some of changes in chemical shifts banobservedTables
5.2and5.3.
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Scheme 5.8Labeling forligandsL1 andL5.

For comparisonTable 5.2 shows chemical shifts of the protons on diethylgheol
chainsH®"“* and the -ChtbridgeH" of ligandsL1 andL5. The aromatic protons from

tpy of ligandsL1 andL5 are shown imable 5.3

All of the signals corresponding to the diethyleghgcol chainH®"®* of L5 are slightly
shifted upfield in comparison to the proton signdf3"®* of L1. The singlet ab 4.54
ppm is assigned t" from the -CH- bridge connecting the benzene ring to the etlgylen
glycol chain. The splitting of the methyl signal the ligandL5 (and the complex)
indicates that the two atropisomers only intercohgowly in solution (sed-igure5.1
and5.3).
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L HG4 HGS HGZ HGl HF

L1 | 363(m) | 375(m) | 3.91(m) | 4.37(m) 4.54 (s)

L5 | 361(m) @ 3.68(m) | 3.85(m) | 4.34(m) 4.54 (s)

Table 5.2."H NMR spectroscopic shift dat&, [ppm], (500 MHz, 295 K, CDG) for L1

andL5 (seepage 141 for scheme of labeling)

The five signals in the aromatic region for botatidsL1 andL5: H™® H™ H™ H™,

H™ have almost the same chemical shifts in the twopzunds.

L HTS H™ H™ H™ H™
7.81 (td 8.58 (d 8.65 (d

L1 | 7.27-731(m) | ;¢ 7(_8)HZ 8.02 (s) Jg_oﬁ% 34_1;;
7.79 (t 8.56 (d 8.65 (d

L5 | 7.27-7.32(m) ;i |(4)Z 7.99(8) | 374 %% J3.9 %;

Table 5.3."H NMR spectroscopic shift dat&, [ppm], (500 MHz, 295 K, CDG) for L1

andL5 (seepage 141 for scheme of labeling)

The 'H NMR spectrum of ligand.5 (Figure 5.1) shows five signals in the aromatic

T H™ H™ H™, H™. In the aliphatic region, in th

region for the protons on tpid
NMR spectrum of ligand.5, there is one singlet for thé" proton atd 4.54 ppm and
four well separated multiplets from tih&® protons on the diethylene glycol chains. The
signal forH®! is the strongest shifted downfield due to its elpsoximity to the tpy unit.
The assignment of the®*, H®? H®® andH®* protons of the.5 ligand were made using
the COSY techniqueF{gure 5.2). The signal foH®* gives a COSY cross peak to the

signalH®? at 5 3.85 ppm Figure 5.2). The signal foH®® gives a COSY cross peak to
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the signal ad 3.61 ppm, and this signal is assigneditd' (Figure 5.2). The singlet for

nine mesitylene protort$"® is observed af 2.38 ppm.

HMe
HT¥ N
/_’{ P
N
"\
Q
HF
P2 L P4
< o
HTe G;?“‘ g
HT3 T4 * b
H o G2 |4G3 HG4
HT5 T4 T3 p3opy Gl e HG:l H H H
¢ \2 /\° oo )
To=N s N
4
N\\ \//N
) /J AJJ L
T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5

Figure 5.1.'H NMR spectrum (500 MHz, 295 K) df5 in CDCk. The signal marked
with * is the signal for CHGl Spectrum exhibits some residues of the startiatenal,
which could not be removed by column chromatographgther purification methods.

HF

Ez;‘ <-"'""E --------------- @@ -

Figure 5.2. Aliphatic region of the COSY spectrum (500 MHz52Q) of L5 in CDCl.
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5.3.2 *H NMR spectroscopy of RyL5

[PF¢le

Scheme 5.9Labeling for the ruthenium(ll) complex of tritopd¢-substituted- 2,2":6',2"-
terpyridine ligand [I(5)(Ru)s(tpy)s][PFe]s-

144



The complex [(5)(Ruk(tpy)s][PFs]lsé was characterized b{H NMR spectroscopy in

CD3sCN solution. Assignments have been made using Ca@3¥NOESY experiments
and by comparison with the spectra of heterolegiticiclear ruthenium(ll) complexes of
ditopic 4'-substituted- 2,2".6',2"-terpyridinedindsL1, L2, L4, L6 andL7 described in

Chapter 3 in this thesis.

[PFelg

[(L5) (Ru)(tpy)s|[PFels

HD3
HMe

HBS HA3 HC3

HA6 HCG

HF
HA4 HC4
HB4 HA5 HC5 e
HGZ HG3 HG4

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
8.8 8.6 8.4 8.2 8.0 7.8 7.6 74 7.2 4.8 4.6 4.4 4.2 4.0 3.8 2.6

Figure 5.3."H NMR spectrum of [(5)(Ru)(tpy)s][PFs]s in CD:CN. Spectrum exhibits
some residues of the starting material, which con@d be removed by column

chromatography or other purification methods.

In Figure 5.3the'H NMR spectrum of [(5)(Ru)s(tpy)s][PFs]s in CD:CN is shown. The
proton signals from rings A and B of the unsubstdutpy are highlighted in green, the

proton signals from rings C and D of ligab8l in red.
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HG4 HG3 HG2 HGl HF
L5 361(m) | 3.68(m) | 3.85(m) | 4.34(m) 4.54 (s)
RusL5 | 3.73(m) | 3.79(m) | 4.03(m) | 4.66(m) 4.63 (s)

Table 5.4.'"H NMR spectroscopic datdy [ppm] for L5 (500 MHz, 295 K, CDG) and
[(LS)(Ruk(tpy)s][PFels (500 MHz, 295 K, CBCN) (seepage 144 for scheme of

labeling)

Tables 5.4and5.5 as well asFigure 5.3 show how théH NMR spectrum of ligandl5
changes after complexation with ruthenium(ll). Al the signals are influenced by

addition of ruthenium(ll) to the system.

HT5/1C5 T4/ 4 HT3/HP3 | HT3/HC3 HTé/HC8
] 7.79 (1) 8.56 (d) | 8.65(d)

L5 | 7.27-732(m)  37omhz | 7990) | 379Hz | J3.9H2

_ 7.29 (d)

RuzL5 7.11 (m) 7.82-7.94(m) 8.33(s) | 846(M) | ;o5

Table 5.5.'H NMR spectroscopic data,; [ppm] for L5 (500 MHz, 295 K, CDG) and
[(L5)(Ruk(tpy)s][PFels (500 MHz, 295 K, CBCN) (seepage 144 for scheme of

labeling)

In the aliphatic region of the'H NMR spectra of ligandL5 and complex
[(L5)(Ru)(tpy)s][PFe]s there are a few significant differences. After gbexation all of
the proton signalsi® andH are shifted downfield, protort$®*, H®* andH" by around
0.10 ppm, and mostly affected signals assigneti¢qtotonsH®? andH®* by 0.18 and
0.32 ppm, respectivelyTable 5.4. The assignment of thel®*, H® H®® and H®*
protons of complex [(5)(Ru)s(tpy)s][PFels were made using thiél-'H COSY technique
(Figure 5.5).
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HMe
Hes [(L5) (Ru)(tpy)dl[PFel
F
HC4 HC6 H
HC® Het HG2 HG3 HG4
HMe
LS
Gl HGZ HG3 HG4
T T T T T T T T T T T T T T T T T T T T T T T T T T T T
8.8 8.4 8.0 7.6 7.2 6.8 6.4 6.0 5.6 5.2 4.8 4.4 4.0 3.6

Figure 5.4. '"H NMR spectrum (500 MHz, 295 K) of5 (below) in CDC} and
[(L5)(Ru)k(tpy)s][PFe]s (above) in CRCN. The signal marked with * is the signal for
CHCls.

F34
r3s

HGl HGZ H
I N Y
! :

e B A
o @// i
HO? << -- 4 Q) -

ra2
ra3

HeL 2 ) 0

ra.9
5.0
rs.1

Figure 5.5. Aliphatic region of the'H-'H COSY spectrum (500 MHz, 295 K) of
[(L5)(Ru)(tpy)s][PFe]s in CDsCN. Spectrum exhibits some residues of the starting
material, which could not be removed by column altography or other purification

methods.
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For comparison, all of the terpyridine proton signef ligand L5 and ruthenium(ll)
complex [(5)(Ru)(tpy)s][PFs]s are shown irTable 5.5 The signals for th&i™, H™
andH '™ protons of ligand are all shifted upfield and thesily affected signal assigned
to the protorH ™ by 1.36 ppm. The signals for protadS*/H™ andH®*/H™ of complex
[(L5)(Ru)(tpy)s][PFe)s are shifted downfield, respectively by around Ce@@ 0.34 ppm,

in comparison to ligand5.

5.4.1 °C NMR spectroscopy of L5a and L5

Table 5.6shows the ethylene glyc@®, C™ and phenyC® carbon signals for ligandsl
andL5 in CDCk solution. All of the terpyridine carbon signale ahown in th& able
5.7. The assignments were made using HMQC and HMBRnhtgues.

o]

L CGl CGZ CGS CG4 CF (#)CP
(quaternary)
127.3
127.3
128.7
"138.6

L1 68.0 69.8 71.2 69.7 73.4

#132.5

L5 68.0 69.6 71.3 69.6 68.1 #1385

Table 5.6.2°C NMR spectroscopic shift datdc [ppm], (125 MHz, 295 K, CDG) for
L1 andL5 (seepage 141 for scheme of labeling)
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Almost all of the carbon signals in the aliphaggion of ligand.5 are shifted upfield, in
comparison to the carbon signals of ligdrid but most changed is the carbon sigdal

of ligandL5, which is shifted by 5.3 ppm.

L C T3 CT3 CTS CT4 CT6 CTZ CT2' CT4'

L1 | 107.7 121.5 124.0 136.9 149.2 1563 157.3 16[7.2

L5 | 107.6 121.5 124.0 136.9 149.2 1562 157.2 16/.1

Table 5.7.33C NMR spectroscopic shift datdc [ppm], (125 MHz, 295 K, CDG) for
L1 andL5 (seepage 141 for scheme of labeling)

HF

HG1 HG2  HG3 HG4

==

<=>
>
N

Figure 5.6.Part of the HMQC spectrum (500 MHz, 295 K)L& in CDCk showing the
aliphatic region. Spectrum exhibits some residueth® starting material, which could

not be removed by column chromatography or othefigation methods.
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In Figure 5.6 the aliphatic region of HMQC spectrum of ligab8l in CDCk is shown.
The proton signals foH®? and H®* couple with the almost overlapping signals for

carbonsC®? andC®*, giving the cross peaks.

The signal for the quaternary carb@h of ligand L5, to which the glycol chains are

attached through a -GHbridge, is slightly shifted upfield.

For the terpyridine carbon signals of ligand$ and L5, almost no differences are
observed, except the signal assigned to the ca®Bdnof ligand L5, which is shifted
upfield by 0.1 ppm.

5.4.2 °C NMR spectroscopy of RyL5

Table 5.8 shows the ethylene glycdl®, C" and phenylC" carbon signals for the
heteroleptic trinuclear ruthenium(ll) complex afdndL5 in CD;CN solution. All of the
terpyridine carbon signals, from both types of tpyts — from tritopic ligand.5 and
monotopic tpy ligand - are shown irables 5.9and5.1Q The assignments were made
using HMQC and HMBC techniques. The terpyridineboar signals are comparable to

ruthenium(ll) complexes described in Chapter 3 aiher related terpyridine systems.

In the aliphatic region of th€C NMR spectrum after complexation, all of the carbo
signalsC® and C"™ as well as signals of carbons on the benzene Ghare shifted
downfield, in comparison to free ligad. The mostly affected signals assigned to the

carbongC® andC®* are shifteby around 3 and 1 ppm, respectivelable 5.8.
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CGl CGZ CG3 CG4 CF CP

132.5

L5 68.0 69.60 71.3 69.6 68.1 1385
134.0

RusL5 70.9 70.0 71.7 70.6 68.4 1390

Table 5.8.7*C NMR spectroscopic datdc [ppm], (125 MHz, 295 K) folL5 in CDCk
and [L5)(Ru)(tpy)s][PFe]s in CDsCN (seepage 144 for scheme of labeling)

HG1 HG2 HG3 HG4

Figure 5.7. Part of the HMQC spectrum (500 MHz, 295 K) of cdexp
[(L5)(Ru)(tpy)s][PFs]s in CDsCN showing the aliphatic region. Spectrum exhibiisne
residues of the starting material, which could m@tremoved by column chromatography

or other purification methods.
In Figure 5.7 the aliphatic region of HMQC spectrum of complex

[(L5)(Ruk(tpy)s][PFe]s in CDsCN is shown. Five cross peaks of proton signalsHBr

andH" to carbon signal€® andCF were found.
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All of the terpyridine carbon signals of complek5{(Ru)s(tpy)s][PFs]s in comparison to
tritopic ligandL5 are shifted downfieldTiable 5.9.

In Table 5.10the terpyridine carbon signals of complexq}(Ru)(tpy)s][PFs]s from

monotopic tpy ligand (see aromatic rings A and B-@ure 5.3) are shown.

CT2 CT3 CT4 CT5 CTG CTZ' CT3' CT4'
/CCZ /CCS /CC4 /CCS /CCG /CDZ /CD3 /CD4

L5 156.2 | 121.5{ 137.00 124.0 1492 157.2 107Y.6 167/.1

RusL5 | 157.0  125.5; 139.0 128.% 1538 159.1 112.1 167.4

Table 5.9.*C NMR spectroscopic datdc [ppm], (125 MHz, 295 K) folL5 in CDCk
and [(tpy)Rull5)(Ruk(tpy):][PFs]s in CD;CN (seepage 144 for scheme of labeling)

CAZ CA3 CA4 CAS CA6 CBZ CBB CB4

RusL5 | 156.9 { 125.3] 138.9 128.%5 1533 1593 124.7 136.2

Table 5.10. *C NMR spectroscopic datadc [ppm], (125 MHz, 295 K) for

[(L5)(Ru)k(tpy)s][PFe]s of monotopic tpy ligand in CECN (seepage 144 for scheme of
labeling)
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5.5.1 Mass spectrometric characterization of L5and L5

Electrospray ionization (ESI) and MALDI-TOF massespometry, both in positive
mode, were also used to characterize intermetiBaeand ligandL5. The L+H]" peak
was found as the major peak: 4751%4+H]" (calc. 475.5), 1169.3Lp+H]" (calc.
1169.5). The simulated spectra match the experahenes.

5.5.2 Mass spectrometric characterization of RylLS

[M-4PRJ#
£ 6155
T
[M-3PRJ®
[M-5PRJ5 869.0
463.9
[M-2PRJ2*
1375.8
‘500 1000 1500 2000 2500  miz

Figure 5.8.ESI-MS spectrum of [(5)(Ru)(tpy)s][PFe]e.
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Electrospray ionization mass spectroscopy (ESI-M&3 used to characterize the new
heteroleptic trinuclear ruthenium(ll) complex addndL5 - [(L5)(Ru)(tpy)s][PFels. The
peaks are observed as the ratio of mass to thgelohthe speciesn/2, hence allowing
one to distinguish between ions carrying differemrges.

In Figure 5.8 the ESI-MS spectrum of IB)(Ru)(tpy)s][PFe]s is shown. The second
highest signal is a peak at/’z615.5 and was assigned td4BFg]*". The other three
signals atm/z 1375.8, 869.0 and 463.9 correspond Nb-ZPR]%*, [M-3PR]** and M-

5PR]>", respectively. Also shown are expansions of peaksz1375.8, 869.0 and 615.5
(Figure 5.9. The peaks show the typical isotope pattern oédhruthenium ions.

Confirming the nuclearity of the complex.

869.0
868.6 869.3

Figure 5.9. Measured (above) and simulated (below) isotopttepa of +4, +3 and +2
charged cations from[B)(Ru)(tpy)s][PFe]s. Them/zratio is also reflecting in the line

spacing.
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5.6.1 Absorption spectroscopic characterizationfd.5

The electronic spectrum of the tritopic 4'-substithi2,2".6',2"-terpyridine ligand5 was

recorded in HPLC grade dichloromethane solution.

70 ~

e [10° cm* MY
w H (&) (e}
o o o o

N
o
I

=
o
|

0+ \ T

225 275 325 375 425 475
A [nm]

Figure 5.10. Absorption spectra of ligand4 in CH,CI, (in green) and ligand5 in
CHClI; (in orange).

In Figure 5.10 absorption spectra of ligand4 (1,4-bis(8-(4'-(2,2".6',2"-terpyridyl))-
2,5,8-trioxaoctyl)benzene, see Section 2) (in greal ligand.5 (in orange) are shown
for comparison. The UV-Vis spectra of both ligards andL5 look almost identical.
There are two bands in the high energy UV regissigned to ligand-centered (L@)
«— Tttransitions with\nax at 241 and 279 nm. Both bands have almost the sderesity,

(ema/10° M cmi* : 56.8 and 55.3 for liganid4, 57.0 and 55.6 for ligands).
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5.6.2 Absorption spectroscopic characterizationfdRusL5

The electronic spectrum of the heteroleptic trieacl ruthenium(ll) complex
[(L5)(Ru)k(tpy)s][PFe]s was recorded in HPLC grade acetonitrile solutibime four very
intense bands withnay at 233, 241, 269 and 308,4,/10° M cm™ : 120.0, 122.0, 137.0
and 173.0 respectively) nm in the UV region aregaesl to the ligand-centered (L@)

«— Tt transitions. [(5)(Ru)(tpy)s][PFs]s complex exhibits typical low energy metal-to-
ligand charge transfer (MLCT) transition for ruthen(ll) complexes withApax at 481
nm Ema’/10° Mt cm* : 47.0).

200
180 -
160 -

140 +

g [10° cmt MY
B R
N o o o N
o o o o o
| | | | |

N
o
L

o

225 325 425 525 625
A [nm]

Figure 5.11. Absorption spectra of ligandL5 in CH.Cl, (in blue) and
[(L5)(Ru)(tpy)s][PFs]s in CH:CN (in green).

In Figure 5.11 absorption spectra of ligand5 in CH.CIl, (in blue) and
[(L5)(Ruk(tpy)s][PFe]s in CHsCN (in green) are shown for comparison. The absgmrpt
spectrum of uncomplexed ligahé, unlike complex [I(5)(Ru)k(tpy)s][PFe]s, Shows only
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two bands in the high energy UV region, assignedigand-centered (LC)t* «— 1
transitions With\maxat 241 and 279 nne4.,/10° M™ cmi* : 57.0 and 55.6 respectively).

5.7 Electrochemical studies of R4lL5

The redox properties of ruthenium(ll) complex_Fj(Ruk(tpy)s][PFs]¢é have been
investigated using the cyclic voltammetry metho¥)C

Potential [V] vs Fc/Fc
oxidation reduction
0.78 -1.68, -1.92 -2.39

Table 5.11. Redox potentials measured folLH()(Ruk(tpy)s][PFs]ls in argon-purged
solutions of acetonitrile. 4o values are given for reversible process®sfrom the

cyclovoltametry and for irreversible processddrom square wave.

The oxidation of ruthenium(ll) in this complex ocswat 0.78 V Table 5.11). There are
three reduction processes, two of them are reversdi -1.68 and -1.92 V, one is
irreversible, at -2.39 V Table 5.11). The potentials were measured versus
Ferrocen&Ferroceniurh (Fc/F¢).

In Figure 5.12 the cyclic voltammogram of I[6)(Ruk(tpy)s][PFe]s in degassed

acetonitrile is shown.
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Figure 5.12. Cyclic voltammogram of [5)(Ru)(tpy)s][PFslé (1 mM) in degassed
acetonitrile containing 0.1 M'BusN][PFe], scan rate = 100 mVs

5.8 Conclusion

In this chapter, new tritopic intermedidi®a, ligandL5 and the heteroleptic trinuclear
ruthenium(ll) complex of tritopic 4'-substituted226',2"-terpyridine ligandl5 have been
synthesized and characterized with and *C NMR spectroscopy, mass spectrometry
(ESI-MS and MALDI-TOF), IR spectroscopy, UV-Vis spiscopy and elemental
analysis. To fully characterize the ruthenium(ll)onplex of ligand L5,

[(L5)(Ru)k(tpy)s][PFels, also cyclic voltammetry has been used. The com@®uare
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based on a mesitylene ring substituted in positio and 3 with three diethylene glycol
chains connected to 4'-substituted-2,2".6',2"ytédne moieties. Experimental data of
ligand L5 have been compared with those of ligabtl. Spectroscopic data of
ruthenium(ll) complex [(5)(Ru)k(tpy)s][PFs]s have been compared with those of ligand
L5.
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5.9.1 Experimental of L5a and L5

s 1,3,5-Tris(7-hydroxy-2,5-dioxaheptyl)-2,4,6-trimglhenzenel(5a)
% 1,3,5-Tris(8-(4'-(2,2":6',2"-terpyridyl))2,5,8-tetaoctyl)-2,4,6-trimethylbenzeneq)

4'-Chloro-2,2"6',2"-terpyridin& and 1,3,5-tris(bromomethyl)-2,4,6-trimethylbenz8he

were prepared as previously reported in the liteeat

Schematic reaction for 1,3,5-tris(bromomethyl)-@-&jmethylbenzene is shown

below?®

Br
(CH,0),,, KBr

S
>

AcOH/H,S0, 95°C, 6h

. Br Br
mesitylene

1,3,5-tris(bromomethyl)-2,4,6-
trimethylbenzene
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s 1,3,5-Tris(7-hydroxy-2,5-dioxaheptyl)-2,4,6-trimglibenzenel(5a)

HO

Br
3-oxapentane-1,5-diol
(diethyleneglycol)
NaOH, reflux, overnight F
Br Br o)
. G4
1,3,5-tris(bromomethyl)- G3Z g

2,4,6-trimethylbenzene 0
G2 2
e

1,3,5-tris(7-hydroxy-2,5-dioxaheptyl)-2,4,6-
trimethylbenzene (L5a)

Molecular formula: C,4H4,04
Molecular weight: 474.58

1,3,5-Tris(bromomethyl)-2,4,6-trimethylbenzene (§,02.5 mmol) was added to a hot
suspension of NaOH (0.28 g, 7.0 mmol) in 50 mL kdine glycol. The reaction
mixture was stirred overnight at 125 °C under mgéo. After 10 h, the reaction mixture
was cooled to room temperature and quenched withnilD water, then extracted with
CHCI; (4x100 mL). The organic layer was dried (MgyJiltered and the solvent was
removedn vacuoyielding a yellow oil ofL5a (0.71 g, 1.5 mmol, 60%). The product was

used in the next step without further purification.
The reaction could also be performed in a microwaaetor at 125 °C for 15 minutes

but on a much smaller scale. 1,3,5-Tris(bromomégthyl,6-trimethylbenzene (0.10 g,
0.25 mmol) was reacted with NaOH (0.041g, 0.88 minmoll0 mL diethylene glycol.
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After work up,L5a was obtained in 50% yield (0.059 g, 0.13 mmol)sjte the lower

yield, this method allowed the reaction time teshertened from 10 hours to 15 minutes.

'H NMR (400 MHz, CDCJ) & 1.71 (br, 3H, 9, 2.41 (s, 9H, M°), 3.55 (m, 6H, 19Y),
3.65-3.85 (m, 18H, FF®Y, 4.59 (s, 6H, B),

MS(MALDI-TOF, sinapinic acid)m/z= 475.5 [[5a+H]" (calc. 475.5).
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s 1,3,5-Tris(8-(4'-(2,2":6',2"-terpyridyl))-2,5,8dKxaoctyl)-2,4,6-trimethylbenzen&§)

1. KOH, DMSO, 75 °C, 1 h P2 __p4

-
Pll@ P5
2. Cl-tpy, 75 °C, 3 days

oZO o
)

o/\/o\/\

I

L5a

1,3,5-tris(8-(4'-(2,2":6',2"-terpyridyl))-2,5,8-trioxaoctyl)-2,4,6-
trimethylbenzene (L5)

Molecular formula: CgoHggNgOg
Molecular weight: 1168.34

Compound_5a (0.71 g, 1.5 mmol, 1.0 eq) was added to a suspemdifinely powdered
potassium hydroxide (1.6 g, 29 mmol) in 30 mL diyl®0 and the mixture was stirred
for 1 h at 70 °C under nitrogen. After 1 h, 4'-cbl@,2".6',2"-terpyridine (Cl-tpy) (2.5 g,
9.3 mmol, 6.0 eq) was added and the reaction naxtvas heated to 70 °C for 3 days.
The reaction mixture was cooled to room temperaamé quenched with 70 mL of

water. The product was then extracted with CHThe organic layer was separated and
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dried (MgSQ). The crude product was filtered and the solveas wemovedn vacuo
The pure productL5 was obtained after column chromatography . CHCh),
isolated as a yellow oil (1.6 g, 1.3 mmol, 89%).

'H NMR (500 MHz, CDCJ) &4 2.38 (s, 9H, M®), 3.61 (m, 6H, 199, 3.68 (m, 6H, 15,
3.85 (m, 6H, 159, 4.32 (m, 6H, 9%, 4.54 (s, 6H, B, 7.27-7.32 (m, 6H, K), 7.79 (t,J
7.5 Hz, 6H, H%, 7.99 (s, 6H, i), 8.56 (d,J 7.9 Hz, 6H, H®), 8.65 (d,J 3.9 Hz, 6H,
HTG).

13C NMR (125 MHz, CDGJ) 3¢ 16.0 (C*), 68.0 (&Y, 68.1 (C), 69.6 (C*), 69.6 (C?),
71.3 (3, 107.6 (C%), 121.5 (C?), 124.0 (C°), 132.5 (P3P, 136.9 (C%), 138.5

(CP#P4P§ 149.2 (CP), 156.2 (C?), 157.2 (C?), 167.1 (C*).

MS (ESI)m/z= 1169.3 [5+H]" (calc. 1169.5).

IR (oll, Qcm‘l): 2878w, 1599w, 1582s, 1560s, 1468m, 1441m, 140&846m, 1252w,
1203m, 1134m, 1092m, 1057m, 1038m, 1013m, 968my 3888w, 793s, 743s, 698m,
658m, 621m.

UVIVIS (CH2CL):Amad NM Emaxe M crit) 241 (57 x 18), 279 (55.6 x 13).

Elemental Analysis. Found: C, 62.60; H, 5.80; N,15. Calc. for
CegHegNgOg'3H20'CHCbZ C, 62.66; H, 5.71: N, 9.40%.
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5.9.2 Experimental of RyL5

[Ru(tpy)Ck] was prepared as described in Section 3.9. In soases NaRfcan be
captured in long ethylene glycol chains (see el¢al@malysis).

 [(L5)(Ru)(tpy)s][PFe]e

[PF¢le
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Compound.5 (0.014 g, 0.012 mmol, 1.0 eq ) and [Ru(tpy)@.016 g, 0.036 mmol, 3.0
eq) with a few drops oN-ethylmorpholine (NEM) were heated at 135 °C inrhb
ethanol in a microwave reactor for 30 minutes. Bgceof solid ammonium
hexafluorophosphate was added to give a red ptatpiThis was collected by filtration
through celite, washed with water and diethyl etkieen redissolved in acetonitrile. The
solvent was removeith vacuoto give a red solid [(5)(Ru)s(tpy)s][PFs]s (0.032 g, 0.010
mmol, 90%).

1. RuCl;-3H,0, EtOH,
135 °C, 15 min, microwave reactor

» [(L5)(Ru)s(tpy)s][PFsle
2. L5, EtOH, NEM,
135 °C, 30 min, microwave reactor

3. NH,PF,

'H NMR (500 MHz, CRCN) &y 2.47 (s, 9H, M®), 3.73 (m, 6H, 199, 3.79 (m, 6H, 53,
4.03 (m, 6H, 1%, 4.63 (s, 6H, B), 4.66 (m, 6H, 19, 7.11 (m, 6H, 19°), 7.16 (m, 6H,
H"%), 7.29 (d,J 5.2 Hz, 6H, K%, 7.42 (d,J 5.0 Hz, 6H, K°), 7.82-7.94 (m, 12H, #
and H"), 8.33 (s, 6H, &), 8.37 (m, 3H, B, 8.46 (m, 12H, &* and H*), 8.72 (d,J 8.2
Hz, 6H, H).

13C NMR (125 MHz, CBCN) & 16.1 (&%), 68.4 (&), 70.0 (9, 70.6 (&%), 70.9
(€Y, 71.7 (&), 112.1 (&%), 124.7 (&), 125.3 (¢3), 125.5 (&9, 128.5 (&5 and
C), 134.0 (" or C?™*"§, 136.2 (C*), 138.9 (C* and C*), 139.0 (C**or
CPP4P§, 153.30 (€°), 153.8 (C9), 156.9 (C?), 157.0 (C?), 159.1 (C?), 159.3 (),
167.4 (C4.

MS (ESI)m/z = 463.9 M-5PR]°" (calc. 464.0), 615.6M-4PFR]** (calc. 615.5), 869.0
[M-3PR]®" (calc. 869.0), 1375.8M-2PR]** (calc. 1375.5).
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IR (solid, &fcm®): 3651w, 3310w, 3121w, 3080w, 2870w, 1607m, 1468448,
1437m, 1418m, 1387m, 1348w, 1286w, 1248w, 1209r63d/] 1094w, 1061w, 1045w,
1028w, 964w, 824s, 785s, 766s, 7525, 741s, 7258)6863m, 644m, 612w.

Cyclic voltammetry data (C¥CN, 0.1 M [BusN][PF¢], Fc/F¢): +0.78 V, -1.68 V,
-1.92V, -2.39 V.

UV/IVIS (CH3CN)Amad NM Emax M cmit) 233 (120 x 18), 241 (122 x 1%), 269 (137 x
10°%), 305 (173 x 1), 481 (47 x 16).

Elemental Analysis: Found: C, 40.83; H, 3.25; N,66/. Calc. for
Ci14H10F36N1800PsRWs- 2NaPks: C, 40.54; H, 3.04; N, 7.47%.
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CHAPTER 6

Synthesis of homoleptic mononuclear europium(lll) ad
terbium(lll) complexes of a tritopic 4'-substituted- 2,2".6',2"-

terpyridine ligand

6.1 Introduction

Historical overview’’
Discovery and isolation of the lanthanides

In 1752, the Swedish mineralogist Cronstedt distey& new heavy mineral in a mine
near Ryddarhyttan in his home country. Gadolin rfish), in 1794, isolated an oxide
from a heavy black mineral at Ytterby (also in Ser@dand named the oxide ‘ytterbia’.
Half a century later, in 1842, Mosander further asaped ‘ytterbia’ by oxalate and
hydroxide precipitation. He named the three frawioyttria’, ‘erbia’ and ‘terbia’. The
isolation of lanthanum, the lanthanides, yttrium¢g acandium was not completed until
1908-1909 owing to the difficulties in separatingernh by repetitive fractional
crystallizations. Charles James, an early expettenisolation of kilogram quantities of
pure lanthanide salts, once performed many thossamdecrystallizations to obtain
‘pure’ Tm(BrQO;);. Before the Second World War, a major advance épagating
lanthanide ions was made by McCoy, who purifiedsuderable quantities of Eu by
reducing E&" to EU* with Zn amalgam followed by precipitation as EuSThe
Manhattan project during the Second World War wdldhe first large-scale separation
methods for lanthanide ions. The ion exchange chtographic methods developed
during this project are based on the (small) défifieres in the stability of chelates (at the
time citrate complexes). Together with the liqumlild extraction methods developed in
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the early 1950s these methods are still used in dbemercial production of

lanthanides!’

Over the past five years, the lanthanides havacittd great interest, due to their unique
magnetic and photophysical properties such as tk&itively long-lived luminescence.
178-18Research in luminescence signaling has developetlgaue to its many possible
applications®*® The metal-based complexes can be used as thempduigs,
biological probes and assa&y8:**?Furthermore lanthanides have potential application

medical diagnostié$*?* optical imaging">**®and high technolog$-"*'8

Lanthanides have a characteristit agpen-shell configuration and exhibit small and
regular decreases in their ionic radii across tlegiodic series, (the lanthanide
contraction**?*° Their most stable oxidation state is +3, with égunfation [Xe]4 "
(Figure 6.3. They are coordinated by a variety of ligandshwitigh coordination

numbers, typically between eight and ten.

Lanthanides are hard metals so they can coordioatggands with hard donors, like
nitrogen or oxygen. For example, in [Eu(GJ)]?*, (Figure 6.1) the metal ion is

coordinated to six oxygen atoms and two nitrog@matfrom cryptand(2.2.2). This type
of complexes is very stable due to the chelateceffehe eight-coordinate geometry of

the lanthanides allows the self-assembled helisatecture shown irFigure 6.1 to be
o7

forme

cryptand (2.2.2)
RHN O
MNHR
\f"x—\".-—éo
G )
RHN}_’ OJ\

NHR

R =CH;COFRh

[TB{LNH,O)F* subst. cyclen

Figure 6.1.Some examples of the structures of lanthanide temp?’
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For anf-orbital, the quantum numbers are 4 or 5| = 3 andm = +3, +2, +1, 0, -1, -2, -
3. A set off-orbitals is therefore seven-fold degenerate, &ed tubic set” is the most
commonly used to present the shapes of these lsrtbfgure 6.2 shows the three
dimensional representation febrbitals: 4.y, 4f.>%), 4y"ad), ), 46, 46,° and 4.2,

In the cubic set of f4orbitals, there are two distinct shapes, each luthvpossesses a
number of planar and conical nodes. None of fr@lditals possesses radial nodes.

The 4y, 4y, 4yid), and 4, .7 (bottom two rows irFigure 6.2) each have eight
lobes. The #.°.,%, 4f,°>5), and 4,27 orbitals are related to each other by 45° rotation
about thex, y, andz-axis respectively. Each orbital has three nodahgs$, which for the
4f,y, are thexy, xz, andyz planes. The 4, 4f,°, and 4.° (top row inFigure 6.2 orbitals
has a planar node in tixg plane and two conical nodes orientated alongzihes. The

other two orbitals are related through 90° rotation

The lanthanides havef #rbitals and the ground state electronic confijonaof e.g.

europium is [Xe]4 ‘6>,

Figure 6.2. The three dimensional representations off ibitals?**
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|} - lanthanides

| Ce| Pr|Nd |Pm|sm|Eu |Gd|Tb [Dy [Ho| Er [Tm|Yb | Lu|

cerum, praseodymium, neodymium, promethium, samarium, europium,
gadolinium, terbium, dysprosium, holmium, erbium, thulium, ytterbium,
|utetium

Figure 6.3.The place of the lanthanides in the Periodic TABle

The most interesting spectroscopic properties mthinides are an effect of the shielding
of the 4 orbitals. The characteristic narrow emission bamdshe visible and near
infrared ranges, as well as very low extinctionfioents in the absorption spectrény,

0.1 M* cm™)??? are a result of the spin forbidden f-f electromamsitions. The intensity
of these transitions is very low due to very liftdeé mixing.

E/103 em’
4
SDE
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SDO
15—
1000 4
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0 P — 7 /\
© ) +— T Z T T -
Eu(|||) 400 500 600 100

wavelengths (nm)

Figure 6.4.Characteristic transitions and emission spectrum 8f &amplexe$'°
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Most of the lanthanide ions' complexes are lumieescThe exceptions are La(lll)
(configuration: [Xe]) and Lu(lll) (configuration{e]4f ** ) which have no f-f transitions.
The 'f " electronic transitions are easily recognizable almdost independent of the
chemical environment of the ion. They can be eitherescent (e.g. Pr(lll), Nd(lll),
Ho(lll), Er(lll) and Yb(lll)) or phosphorescent (e.grange Sm(lll), red Eu(lll), Gd(lII)
UV, green Tb(lll), yellow Dy(lll) and blue Tm(lll)). leorescence occurs when the
processes undergo without change in spin, typicdly —»S transitions and

phosphorescence refers to transitions involving a chansin, typically T —S.%%

As their emissions occur in the visible region, IBu(and Tb(lll) are especially
interesting, Eu(lll) emits in the red (550-750 nrRijg(re 6.4) and Tb(lll) emits in the
green (450-650 nmJ{gure 6.5); the energy gaps: Eu(llINE = 12300 crit, °Do — 'Fg
and Th(Ill) (AE = 14800 cmt’, °Ds — 'Fo).*®

E/103 em’!
A
3
o0 P
r1z
15— '
s
1 1o =
%
]D_ + DG 'E‘
%
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5_ FO v' 0.4 E
‘“ 0.2
0 7F, i o
500 =t ] L10]n] B0

Wavelength {(nm})

Figure 6.5.Characteristic transitions and emission spectrum of dmplexes°
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One of the strongly investigated type of ligands lfa(lll) complexation are receptors
bearing thep-diketonate structural motif®> Suitable diketonate complexes can be
advantageously used for fluoroimmunologic as€dyand for responsive systems based
on luminescence quenchifff.For example, Zebret and Haamcek from the Univerity
Geneva have prepared a new ligand by introducingim@l carboxylate groups on the
Hbpca ((bis(2-pyridylcarbonyl)amine) backbone tdiaee Ln(lll) coordination in the
pentacoordinate cavityFigure 6.6).%2>??8 The structure of this coordination site can be
compared to some pentadentate ligands, namely afiegd dicarbazori€?* and
terpyridine ligand€'used for fluorimetric assays$"

Figure 6.6.View of the coordination environment around Eu(titions with the atomic
numbering scheme (O1' and O2' — amidic carbonyluggp O1 and O2.— water

moleculesf*®

The X-ray crystal structure of this Eu(lll) complekows that it is formed by three
molecules of the ligand shown kigure 6.6, interconnected with three europium cations
around a crystallographic threefold axis. Each europcation in the crystal structure is
nine-coordinate with five donor atoms of one ligafbntacoordinated cavity), two
oxygen atoms of the amidic carbonyl groups of tegmboring ligand, and the two
remaining positions are occupied by water moleciegure 6.6). The coordination
sphere of Eu(lll) can be described as a distortedaycapped square antiprismatic site,
in which one water molecule caps the rectangulee farmed by two carbonyl and two

carboxylate oxygens.
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Recently a new approach in lanthanide chemistrygea®rated great interest. Scientists
are trying to control the luminescent propertiesrafltimetallic assemblies exactly by
controlling intermetallic communication between two (or moregtah ions inserted into
polymetallic edifices, such that directional enetgnsfer occurs. One may control the
properties of one metal ion by tuning the physiewoital properties of the other ion.
This strategy is being mostly used for sensitizigar-IR emitting Ln(lll) ions and there
are two possibilities : through-bond or through-spacectibnal energy transféf®

Figure 6.7. Tetrametallic complex exhibiting Ru(ll)-to-Ln(lll)directional energy

transfer’®?

An example of the first process is given by theareetallic square Run, complex
proposed by Guet al. (Figure 6.7).2*2 An example of the through-space strategy is
shown inFigure 6.8 for a trimetallic RuLp, the d- and f-transition metal ions are not

directly linked?*

Figure 6.8. Trimetallic complex exhibiting Ru(ll)-to-Ln(lll) tlough-space energy

transferr>3
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Following on from these examples of chelating ldgmnvith hard donor atoms and the
known Eu(tpy} complexX® ligandL5 was designed to act as a chelating ligand for one
Ln(lll) ion. Studies of new homoleptic mononucleasraium(lll) and terbium(lll)
complexes of tritopic 4'-substituted- 2,2".6',2"-tgighne ligandL5 described in Chapter

5 will be fully presented in this chapt&dgheme 6.1

Lo [CF3S03]3

Ln = Eu(III) or Tb(III)

Scheme 6.1. Homoleptic mononuclear lanthanide(lll) complex af tritopic 4'-
substituted- 2,2"6',2"-terpyridine ligand.

6.2 Synthesis of [Eu(L5)*"

The homoleptic mononuclear europium(lil) complexliglnd L5 (Scheme 6.8 was

easily prepared by reacting one equivalent of liglah in CHCk with one equivalent of
Eu(CRSOs); in acetonitrile at room temperature for few misutéd NMR spectrum
shows that the reaction occurs almost instantlye 3tivent was removed vacuoand

the desired product was obtained in 90% yi8ldheme 6.2
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Eu [CF3S0;];

CHCly/CH;CN

LS >
RT

Scheme 6.2Synthesis of [EWG)][CF3SO;)s.

6.3 'H NMR spectroscopy of [Eu(L5)]**

Europium(lll) has a [Xe]#® configuration so it has six unpaired electrons tredefore
shows paramagnetic propertidhe Eu(lll) complex of ligand.5 - [Eu(L5)][CF3SOy]s,
was characterized bYH NMR spectroscopy in CIZN solution Scheme 6.8 and the

spectrum is shown iRigure 6.9

HMe

HF (4H)

HG1-4 HD3

HC4 HC5 HE3 /_A_\ \

HF (2H)

'

8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 25 2.0 -3.5

Figure 6.9.'H NMR spectrum (600 MHz, 295 K) of [ElL&)][CFsSQOs]s in CDsCN. The
signal marked with * is the signal for GON.
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[CF3S503]3

Scheme 6.3Labeling for [EUL5)][CF3SOs.

The assignment of all of the protons of the eunmglll) complex were made using the
COSY, NOESY and ROESYF{gure 6.1]) techniques. Both NOESY and ROESY are
very useful for identifying protons that are closespace but ROESY has the advantage

that cross peaks are always positive and cannot bé%Zero.
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All of the signals corresponding to the diethylergdycol

chain

HGl-G4 of

[Eu(L5)][CF3SGs]3 can be found, as expected, in the aliphatic region bet&v2e85-3.15

ppm. The signals ab 4.08 and 3.63 ppm are assignedHb from the -CH- bridge

connecting the benzene ring to the diethylene ¢lydmin. A singlet for the nine

mesitylene protonsi™® is observed & 1.83 ppm Figure 6.9).

HCS/HTS HC4/HT4 HD3/HT3‘ HC3/HT3 HCG/HTG
7.27-7.32 1 7.79(t) 8.56 (d) 8.65 (d)
LS (m) 3720z | 799G) | 379Hz | J39Hz
. 6.72 (d 7.44 (t
[Eu(L5)]® 175 %g 174 I(—|)z 1.96 (s) | 3.20 (m) 8.58 (br)

Table 6.1.'"H NMR spectroscopic datdy [ppm] for L5 (600 MHz, 295 K, CDG) and
[Eu(L5)][CF3SGs)3 (500 MHz, 295 K, CECN) (seepages 141 and 178 for scheme of
labeling)

HC4 Hes HC3
HC6
A
’/7) : r1
b b
: e
[}
HCs3 <------ : @@W i
[ i, 0
: | :
]
1 r5
[}
! s
HE <----- b9 .,
HC4 & i
-8
HC6
r9

Figure 6.10. Part of the COSY spectrum (600 MHz, 295K) of [Ea)|[CF3SO;);s in
CDsCN.
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A comparison between the chemical shifts of tpytge of free ligand.5 in CHCk and
the europium(lll) complex [EW6)][CF3SGs]3 in acetonitrile is shown iffable 6.1 All

of the terpyridine proton signals of ligah8& after complexation with europium(lll) are
shifted upfield. The signals for protonsi/H™ and H°%H™ of complex
[Eu(L5)][CF3SG;]3 are not so strongly affected and respectivelytestiiby 0.35 and 0.07
ppm, in comparison to ligand5. The signals for proton$i“H™, H**/H™ and
HP¥H™ are the most shifted upfield by 5.36, 0.57 and mbaa .03 ppm for signal
HP*H™®. The signals, especially the signal for prottTf/H™ are broadened due to the
paramagnetic contribution of Eu(lll) cation. Thisryestrong upfield shifting is also a

result of the paramagnetic metal center.

In Figure 6.10the COSY spectrum of complex [E%()][CF3SGs)s is shown. The signal
for H* gives a COSY cross peak to the sign&f at5 3.20 ppm andi“® atd 6.72 ppm.
Due to broadening of the signal and the short e¢lar time, the COSY cross peaks of

protonH®® can not be found.

HF
HG3
HMe A N
< N | 18
! : 2.0
! [}
! r2.2
[}
]
L} ! 2.4
| |
' : Las
]
[} L
HGZ e el e e e e e e e e e e e e e e e a2 = 28
= &,
H — -
< ! @ © F3.2
3.4
36
F3.8
@ 4.0
O,
Fa.2

T T T T T T T T T T T T T T
4.1 4.0 3.8 3.8 3.7 3.6 3.5 3.4 33 3.2 3.1 3.0 23 2.8

Figure 6.11.Part of the ROESY spectrum (600 MHz, 295K) of [Ea)[CF3SGs)s in
CDsCN.
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6.4 °C NMR spectroscopy of [Eu(L5)]**

For comparison, the diethylene glyc@®, CF and phenylC” carbon signals of
europium(ll) complex [EU(5)][CFsSGs]; as well as the terpyridine carbon signals of
this complex were put together with carbon sigmdlgand L5 in Tables 6.2and 6.3

The assignments were made using HMQC and HMBC techniques.

132.5,

L5 68.0 69.6 71.3 69.6 68.1 1385

3+ 68.1 133.5
[Eu(L5)] 68.9 69.0 71.1 70.0 68.9 138.7

Table 6.2.2°C NMR spectroscopic datd [ppm], (151 MHz, 295 K) fot.5 in CDCk
and [Eu(5)][CF3S0;)3 in CDsCN (seepages 141 and 178 for scheme of labeling).

Table 6.2 shows how thec®, C™ and CP carbon signals of ligantd5 changes, after
complexation with europium(lll). The signa®®', C®* CF andC" are slightly shifted
downfield after complexation with europium(lll) atide carbon signal€®? and C®? of
europium(lll) complex [EW5)][CFsSQs); are shifted upfield by 0.6 and 0.2 ppm,

respectively.

In Figure 6.12the cross peaks of the aliphatic protoils (4H) atd 4.08 ppm andH"
(2H) atd 3.63 ppm of the complex [ELE)][CF3:SO;]3 to the signals for directly attached
carbons a® 68.1 andd 68.9 ppm are shown. All of the C-H signals couldédasily
assigned using the HMQC spectrum.

Table 6.3 shows in comparison the terpyridine carbon sigrafisligand L5 and
europium(lll) complex [EU(5)][CFsSOs)s. The signalC™/C®* C™/Cc®® andCc™/cP*
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are strongly shifted downfield after complexatiomthweuropium(lll) and the carbon
signals C™?/C®?, C™/C®3, C™/C®®, C™/CP? and C™/CP® of europium(ll) complex
[Eu(L5)][CFsSQy);s are shifted upfield. The signals for carba®S*C™, C/C™ and
C®3C™ are the most shifted, by more than 30 ppm for fake signals. These very

strong chemical shifts are a result of the paramagnetid oestter.

CT2 CT3 CT4 CT5 CT6 CTZ' CT3' CT4'
/CC2 /CC3 /CC4 /CCS /CCG /CD2 /CD3 /CD4

L5 156.2 121.5{ 137.C 1240 1492 1572 107.6 1467.1

[Eul5)® | 153.6| 90.7, 151.1 1051 184)1 1443 726 1752

Table 6.3.1°C NMR spectroscopic datd [ppm], (151 MHz, 295 K) fot.5 in CDCk
and [Eu(5)][CF3S0;]3 in CDsCN (seepages 141 and 178 for scheme of labeling).

HF (4H)

HF(2H) HP

F —j =@ o . es
C 3‘ © AL

— o F70
— o) =«

CD3 — > [ 7?

74

F76

r78

3 F80

F82

r84

F86

88

CC3 _<E o = F90

Fo2

N e B
4.0 3.8 3.6 3.4 3.2 3.0 2.8 2.6 2.4 2.2 2.0

Figure 6.12.Part of the HMQC spectrum (600 MHz, 295 K) of [EB)][CF3SGs)3 in
CDsCN.
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In theFigure 6.12the cross peaks of the terpyridine protbif§ andH"? of the complex
[Eu(L5)][CF3SG;]3 in CDsCN to the directly bound carbon signals are shown.

HF
HC4 HC5

CG4 o e
80
(:(23 - 90
100
k110
F120
. 130
& Lo
. F150
160
k170
180

T T T T T T T T T T T T T T T T T T T
76 74 72 70 68 66 64 62 60 58 56 54 52 50 48 46 44 42 40

Figure 6.13.Part of the HMBC spectrum (600 MHz, 295 K) of [EGJ][CF3SO;)3 in
CDsCN

In Figure 6.13 the cross peaks of the protodS*, H®® andHF of the europium(lll)
complex to the carbon signals separated by 2-3 sanel shown. The signal for proton
H* couples with the signals for carbo@5? andC®®, thesignal for protorH“® couples
with a signal for a carbo@%* and the signal for protoH" couples with the signals for
carbonsC®*, CP1P3P5andcP?P4P8 giving the cross peaks.

The complex [TH(5)][CF3SGs]s could not be studied in the solid state. However,
preliminary NMR studies suggesting the presenceaoparamagnetic species and
photochemical investigation (see section 6.5) of ¢bmplex in solution confirm the

existence of the proposed terbium(lll) complex.
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6.5 Photochemical characterization

In order to determine conditional stability conssanspectrophotometer titrations of
ligand L5 10° M with europium(ll) and terbium(lll) trifluoroméanesulfonate solutions
5x10° M were performed. UV-vis spectra were recordedrafeh addition of Ln(lll)
starting from 0.01 eq/0.05 eq up to a total concéntraatioR = Ln(ll1)/L5 = 5. All of

the titrations were conducted in acetonitrile solutiigres 6.14 and 6.1p

Addition of the Ln(lll) salt results in the appeaca of a new band at around 320 nm
with a increase in the insentity of two bands gahdL5 at 241 and 279 nm. The band at
241 nm is additionally red shifted. Aft& = Ln(lll)/L5 = 1 further addition of Ln(lll)
does not significantly modify the shape of the spea. UV-vis spectra recorded during
the titration ofL5 with Ln(lll) display only one well defined isosb&spoint at 300 nm
(Figures 6.14 and 6.1p

2
1.8
1.6

14

g[10°cm?t MY

=
(V)

Eu added at 320 nm [eq]

£ [10°cm™ M
o o
o w P

o
D
|

0.2

0
200 250 300 350 400
A [nm]

Figure 6.14.UV-vis spectra of ligantl5 10° M in acetonitrile and 298 K in the presence
of increasing amounts of Eu(e¥0s)3, double arrows denote isosbestic point. The inset

shows relation between[10° cm* MY] and added amount of metal [eq].
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Figure 6.15. Absorption spectra of ligand5 10° M in acetonitrile and 298 K in the
presence of increasing amounts of Th{8XB;);, double arrows denote isosbestic point.

The inset shows relation betweefL0> cmi* M™*] and added amount of metal [eq].

Emission (fluorescence and phosphorescence) speera also recorded after each
addition of Ln(lll) starting from 0.01 eqg/0.05 eq tg a total concentration ratig =
Ln(lll)/L5 = 5. The titrations were performed in acetonitrile sohutio

In Figures 6.16and6.17 the emission spectra of ligahd titrated with a solution of
Eu(CRS0;); are shown. In red, the spectrum of ligdridlis shown, before addition of
the metal salt, the ligand exhibits no emission.dasing the amount of europium(lil)
salt in the solution causes the appearance of assiEm spectrum typical for this
lanthanide (se€igure 6.4). The five bands at 591, 615, 650, 690 and 700 nnesjeond
to five transition processe¥; — 'Fy, °Dy — 'Fo, Do — 'F1, "Dy — 'F» and® Do — 'Fa,

respectively.
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Figure 6.16.Emission (fluorescence) spectra of ligdrid10° M in acetonitrile and 298

K in the presence of increasing amounts of Ey8Cl)s.
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Figure 6.17.Emission (phosphorescence) spectra of ligahd0° M in acetonitrile and

298 K in the presence of increasing amounts of E3§OE)s.
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In both Figures 6.16and 6.17 the spectra of the species with R =1 and R = 5 are
highlighted, in blue for R = 1 and in green for B=None of the spectra, neither R = 1
nor R = 5, have maximum emission intensity, espgciallthe fluorescence spectra
(Figure 6.16) but these data can not be treated as quantitatidlehe above observation

suggests only that an intermediate has a stronger emissit dominates the 1:1 species.

In Figures 6.18and6.19 the emission spectra of ligand titrated with a solution of
Tb(CRSGs); are shown. The spectrum of ligah8 before addition of the metal salt
exhibits no emission and is shown in red. Upon aadiof terbium(lll) salt, the typical
emission spectrum appears ($égure 6.5. The four bands at 490, 544, 584 and 621 nm
correspond to four transition process&s; — 'Fg, °Ds — 'Fs, °Ds — 'F4 and®Ds — 'Fs,

respectively.
In the case of titration of ligands with the terbium(lll) salt, the spectra with R =add

R = 5 almost overlap with each other and are védogecto the spectrum with the

maximum emission intensity, especially in the fluoreseespectraKigure 6.18)
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Figure 6.18.Emission (fluorescence) spectra of ligdrid10° M in acetonitrile and 298

K in presence of increasing amounts of Th{8B;)s.
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Figure 6.19.Emission (phosphorescence) spectra of ligahd0° M in acetonitrile and

298 K in presence of increasing amounts of ThET)s.
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Mathematical treatments of the data with SPEEE?*" allowed the determination of

conditional stability constants corresponding to thiewang general equation:

mLo® + nLS == [Ln)y@LS) " By = [{Lom(L5),}*™]/ Lo ][ L5]"

The model used for SPECFIT approximation suggéstisih solution are four absorbing
species, nevertheless only three could be defirgdnd and the 1:2 and 1:1 L%
species. Data were fitted by non-linear least-squtgehniques to the following set of

equations:
Ln*" + 2 L5 == [Ln(L5),]*" log By
Ln** + L5 = [LaL5]" log By

In Table 6.2conditional stability constants of 1:2 and 1:11Euspecies are shown. Data
fitted based on UV-vis and phosphorescence timatigive comparable values for
stability constants Ig6; (around 16), for lofh1 (around 25), whereas stability constants

fitted by treating fluorescence data are by two orders ohinate smaller.

) Luminescence
UV-Vis Fluor./Phosp.
logB1 16.04 13.88/16.02
logpi1 24.63 22.07/25.08

Table 6.2.Conditional stability constants ffEu(L),]** and [EuL}*. Estimated errors +
2 log K units.

In Table 6.3conditional stability constants of 1:2 and 1:110%species are shown. Data

could be fitted only based on UV-vis and fluoresetitrations. The observations made
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during interpretation of data for europium(lll) cplaxes (see above) suggest that values
for stability constants Ig8; (around 14) and Ig8; (around 22), fitted by treating UV-

vis data are more credible.

UV-Vis Luminescence
(Fluorescence)
logBe1 13.80 15.92
logfi1 21.52 24.42

Table 6.3.Conditional stability constants fpFb(L);]*" and [TbLF*. Estimated errors +
2 log K units.

Recalculated spectra of the ligand and 1:2 and_&:Il5 species match satisfyingly the

experimental ones.

100
90 ~
80 ~
70 A
60 -
50 ~

—L5

40 —1:1
—1:2

% species
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10 ~

R = Eu(lll)/L5

Figure 6.20.Distribution diagram for europium(lll).
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Distribution diagrams drawn from the conditionahlstity constants are presented in
Figures 6.20and6.21 When the ratid? reaches a value 0.5, the 1:2 Ln(LLB/complex
become predominant. For europium(lll) 1:2 Eu(Ll5/species at R = 0.5 is present in
solution in 90%, for terbium, around 70%. FurthermavbenR is larger than 1.5 for
[EuL]®** and 1 for [TbL}*, the 1:1 complexes represent the most abundantespic

solution.

In the distribution diagram for europium(lll) & = 1, the 1:1 Eu(lll})5 species
represents only 70% of the total solution specmesthe 1:2 Eu(IINL5 species is present
in solution, comprising 30% of the total solutionesgs. Significant excess of
europium(lll) salt is needed to shift an equilibnidowards 1:1 Eu(llll/5 complex, aR

= 2.5, 1:1 complex represents the most abundant speciesiiios¢d5%) Figure 6.20.

100 +

90 ~

80 -

70 -
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50 -

% species
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40 - —11
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20 ~

10 ~

R = Th(Il)/L5

Figure 6.21.Distribution diagram for terbium(lll).
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In the distribution diagram for terbium(lll) &= 1, the 1:1 Tb(IIL5 species comprises
80% of the total solution species and there is anlsgace amount of free ligand left. The
1:2 Tb(l)/L5 complex represents only 20% of the solution sgedd¢R = 1.5, the 1:1
complex becomes completely predominant in solution (9%4gure 6.27).

6.6 Conclusion

The homoleptic mononuclear europium(lll) and tenbilil) complexes of tritopic 4'-
substituted- 2,2":6',2"-terpyridine ligand have been synthesized. The photophysical
properties of both complexes [E&()][CF3SGs]s and [Tb{5)][CF3sSGs); were fully
investigated. The absorption and emission spettoath complexes have been recorded.
The europium(lll) complex [ELE)][CFsSOs)s was characterized byH and*C NMR

spectroscopy.
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6.7 Experimental

* [Eu(LS)I[CFsSOyls
“ [Tb(LS)|[CFsSOyls

Ligand L5 was prepared as described in Chapter 5. E480§j; and Th(CESOy); are
commercially available compounds and were used as relcgigma Aldrich, 98%)

% [Eu(LS)][CFsSOyls

Eu
EU(CF3 SO3)3
CHCl,/CH;CN

LS >
RT

[CF3S803]3

E

Compound.5 (0.14 g, 0.12 mmol) dissolved in 10 mL CH@las added to a solution of
Eu(CRS0); (0.072 g, 0.12 mmol) in 30 mL GBN. The mixture was stirred 10 minutes
at room temperature. The solvent was remawegacuoto give a yellowish oil (0.19 g,

0.11 mmol, 90%).

'H NMR (600 MHz, CRCN) &4 1.83 (s, 9H, M®), 1.96 (s, 6H, &), 2.88 (m, 4H, 159,
2.95 (m, 4H, %), 3.05 (m, 4H, 19°), 3.12 (m, 4H, K%, 3.20 (m, 6H, 193, 3.63 (s, 2H,
HF), 4.08 (s, 4H, B, 6.72 (d,J 7.2 Hz, 6H, 1Y), 7.44 (t,J 7.4 Hz, 6H, K%, 8.58 (br,

6H, H9).

3¢ NMR (151 MHz, CRCN) 3¢ 15.7 (C"), 68.1 (C), 68.9 (¢! and C€), 60.0 (&?),
70.0 (Y, 71.1 (&3, 72.6 (&), 90.7 (¢, 105.1 (C9), 133.5 (C*P*P§, 1387
(CP2P4P§ 1443 (%), 151.1 (C%, 153.6 (C?), 175.2 (%), 184.1 (CP).
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“*  [Th(LS)][CF:SQsls

T [CF3S803]3

Tb(CF;S05);
CHCI;/CH;CN

LS >
RT

Complex [Tb(5)][CFsSGs]s was synthesized according to the same proceduferas
[Eu(L5)][CF3SGs]3 with ligandL5 (0.14 g, 0.12 mmol) and Th(g%0s)s (0.073 g, 0.12
mmol). The mixture was stirred 10 minutes at roommperature. The solvent was

removedn vacuoto give a yellowish oil (0.20 g).

'H NMR (400 MHz, CRCN): Preliminary results show the presence of apagnetic

species.
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