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Preface

One of the most interesting and important areaghith contemporary inorganic
chemists could contribute profitably is organomatahemistry, a broad interdisciplinary
field whose sphere of interest includes all compisuwherein metal usually in a low
valence state is bonded through carbon of an czganiecule, radical or ion. Since the
publication of the synthesis of Zeise salt (1848)] Victor Grignards’ organomagnesium
halides (1900), there have been spasmodic refesetacehe syntheses of such novel
compounds as ferrocene, ruthenocete But from the middle of the twentieth century
and particularly after the syntheses of the cyabtgeienyl, its analogue’s and arene
transition metal complexes are came a vast blosgpraf Organic-Transition Metal
Chemistry which has led into the development ofagé number of new areas like

homogeneous catalysitc

Organic and organometallic chemists have extensivelestigated Arene metal
complexes for over four decades. The organometatimplexes of®- andn>- half-
sandwich complexes of ruthrnium, rhodium and indilhave attracted considerable
current interest especially from the catalytic pegive, is the design of Ru=0 functional
groups and analogues capable of reversibly acgeptinltiple electrons and protons
within a relatively small potential range. This aapty to modify the environment in order
to induce electronic as well as steric effects giseope for the design and fabrication of
tailored catalysts for specific reactions. The aremhenium or Cp* rhodium or iridium
dimers appear to be good starting materials foesgd¢o reactive arene metal hydrides
and have been used for carbon-hydrogen bond dotivaRecently, from classic
organometallic arene ruthenium has grown an ardangnaignificant contributions to the
chemistry of cyclophanes and metal grids. Thesepoamds are potential precursors of
organometallic polymers that show interesting eleait properties and conductivity. The
n®-arene ruthenium complexes are also the subjedntefsive studies due to their
interesting coordination chemistry and catalytiogarties. Apart from these some of the
monodentate ruthenium(ll) arene complexes of tipe %G-arene)Ru(en)X]Pd,: where
enis ethylenediamine and X is chloride or iodidenstttute a group that is believed to
exert an antitumor actiowia mechanisms different from those of other rutherflujm
complexes such as NAMI-A or KP1019. Keeping in mihe importance of these type of

complexes, one part of this research work is basethe synthesis and characterization



of new complexes arising from a very versatiletstgrmaterial [°-arene)Ru(u-CI)C}
(arene = benzenep-cymene and hexamethylbenzene). Apart from thesethar
materials with similar isoelectronic metal dystems namely fjf-CsMes)M(p-CI)Cl],
(CsMes = pentamethyl cyclopentadienyl; M = Rh or Ir) also chosen as a starting
materials.

The primary objective of the thesis is to expldre themistry of arene ruthenium
and pentamethylcyclopentadienyl rhodium or iridioomplexes and main objective is to
synthesize or frame the ligand, in which it canrdowate to two metal centers and
preparation of mono and dinuclear complexes bygusitrogen bases. Final aim is to
place the reader in a synthetic methodology fose¢heasses of complexes.

The sequence of chapters reflects preparationwida range of half sandwich
arene ruthenium and pentamethylcyclopentadienytlicm or iridium complexes and
their characterization with help of analytical asgectroscopic data. The solid state
structure of representative complexes were alsdiesiuusing single crystal X-ray
crystallography.

This thesis carries syntheses of arene rutheniumg gentamethyl-
cyclopentadienyl rhodium and iridium complexes olypyridyl, polypyrazolyl, thiazolyl

and Schiff base ligands.
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Chapter 1: General Introduction (pages 1-21)
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This chapter provides the motivation fthe research presented in this thesis ar
intended to situate the reader in the field of gtu@oordination Chemistry ar
Organometallic Chemistry. General aspects and teadwances in the hesandwich
platinum group metal complexes are discussdatinum group metal complexes fil
applications in most of the areas where coordinaimd organometallic chemisi
present.

Chapter 2:  Mono and dinuclear half-sandwich platinum group metal complexe:

bearing pyrazolyl-pyrimidine ligands: Syntheses andtructural studies (pages 22-50)

In this chapter, we focus on the synthetic methodologyiegdbr the development
homogeneous and immobilizehalf-sandwich ruthenium, rhodium and iridit

complexedearing bis(pyrazolyl)pyrimidine, as a specN,N-bidentate bridging ligar




Chapter 3:  Spectral, structural and DFT studies of platinum goup metal 3,
bis(2-pyridyl)-4-phenylpyridazine complexes and their ligand bondingnodes (pages
51-81)

New mononuclear habandwich platinungroup metal (RuRh and Ir) complexes we
obtained by the reaction of arene or pentamethigpgntadienyl metal (Ru, Rh and
complexes with 3,®is(z-pyridyl)-4-phenylpyridazine (), yielding two sets
complexes. In one setype-A), the metal bonds to the N1 ah® atoms of the (")
ligand, and in the othetyfpe-B), the metal bonds to the N3 and N4 atoms. Thetsires
of these complexes were confirmed throuc-ray crystallography and density functiol

theory calculations.

Chapter 4. Cationic half-sandwich complexes (Rh, Ir, Ru) containing -
substituted-1,8naphthyridine chelating ligands: Syntheses, -ray structure analyses
and spectroscopic studie(pages 82-103)

In this chapterye describe the synthesis of twein®>-CsMes rhodium, iridium ancn®-

CeHs, n°-p-'PrGHs.Me ruthenium complexes incorporating -substituted-1,8-
naphthyridine ligands; 2-(2-pyridyl)-1,8naphthyridine (pyNp), -(2-thiazolyl)-1,8-
naphthyridine (tzNp) and-(2-furyl)-1,8-naphthyridine (fuNp).



Chapter 5:  Half-sandwich mono and dinuclear complexes of platinum rgup
metals bearing pyrazoly-pyridine analogues: Synthesis and spectr:

characterization (pagesl04-125)

The chelating ligandpp-Cl and bppp were synthesized and their reactions with a
ruthenium, Cp* rhodium and Cp* iridium dimers resuliadthe formation of mono ar
dinuclear complexes. However reactions with tbppm ligand which is having
Pyrimidine Bridge between pyrazc-pyridine units resulted only in the formation

mononuclear complexes.

Chapter 6
Part A: Mono and dinuclear complexes of halsandwich platinum group metals
(Ru, Rh and Ir) bearing a flexible pyridyl-thiazole multidentate donor ligand(pages
126-150)

In this chapter, we havsynthesized new mononuclear and dinuclear complesxts
arene ruthenium, rhodium and iridium complexes watiypyridyl ligand as thiazoly
rings backbone. All these new complexes were chetiaed by elemental analys¢H-
NMR, UV-Visible and mass sptrometry as well as Xrystallographic analyses f

some representatives



Part B: New series of platinum group metal complex@ bearing n5- and n6-
Cyclichydrocarbons and Schiff base derived from -acetylthiazole: syntheses an
structural studies. (Page 151-168)

In this chapter we focus on the synthetic methoglplapplied for the development
homogeneous and immobilizehalf- sandwich ruthenium, rhodium and iridit
complexesbearing Schiff baseata) as a specific N, Nvdentate bridging ligand hi

shown below.

Chapter 7: Syntheses and characterization of mono and dinucleacomplexes ol
platinum group metals bearing benzen-linked bis(pyrazolyl)methane ligands.
(Pages 169-190)

In this chapter, we have synthesized homogeneods irmobilized half-sandwich
rhodium, iridium and ruthenium comple: bearing bis(pyrazolyl)methanes bridged
benzendinker, as bidentate or tetradentate bridging ldgL). The Cp* rhodium an
iridium complexes with ligands L give both mono aiduclear complexes, wle only

dinuclear complexes are obtained with arene rutmr@omplexe:

vi
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Chapter 1

General Introduction

This chapter provides the motivation for the research presented in this thesis and is
intended to situate the reader in the field of Coordination Chemistry and Organometallic
Chemistry. The general aspects and recent advances of the half-sandwich platinum
group metal complexes are discussed in this chapter. Platinum group metal complexes
find applications in most of the areas where coordination and organometallic chemistry
present. The last section of this chapter provides the information for the starting

materials and physical techniques which are used in this study.
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1.1  Organometallic and coordination chemistry

Organometallic compounds are defined as materihlshapossess direct, more or
less polar bonds between metal and carbon atdfeise synthesized in 1827 the first
organometallic compound, K[P#CH,=CH,)], since then the organometallic chemistry
has grown enormously although most of its applocegi have only been developed in
recent decades. Some of the key points in theetgsinsion of organometallic chemistry
are the selectivity of organometallic complexesonganic synthesis (discovered with
Grignard reagents at the end of thé" t@ntury)>® and the interesting role that metals
play in biological systems(g.enzymes, haemoglobiatc).*

Since Werner's pioneering work, coordination chemishas maturated in a
continuous way, being bioinorganic and bio-metatlhemistry and the growing interest
in materials its latest driving forces. Now dayspiination compounds are involved in
an unbelievable wide range of applications thatlmamlivided in the following areas: (i)
use of coordination complexes in all types of gestes: (ii) applications related to the
optical properties of coordination complexes, whiolver fields as diverse as solar cells,
non linear optics, display devices and pigment®sdgnd optical data storage devices;
(i) hydrometallurgical extraction; (iv) medicinand biomedical applications of
coordination complexes, including both image anetapy and (v) use of coordination
complexes as precursors to semiconductor filmsremsbparticles. If nothing else, such
an extensive list of applications can be employsdsuggested by Professor Ward in the
last edition of Comprehensive Coordination Chemistry® as a suitable answer to the
eternally irritating question that everyone invave the field get asked at parties when
we reveal what we do for a living. “But what's d@rf”

1.2 n6—arene ruthenium chemistry and half- sandwich pianastool complexes

The first arene ruthenium complex was obtained ftbereaction of Ru@hH20
with 1,3-cyclohexadiene (scheme 1.1) and reporie@mkhaus and Singer in 1967 as a
polymeric material, {®>-CsHe)RUChL],.° Later studies by Zelonka and Bdirdnd by
Bennett and Smiftshowed this complex is to be a dimen®jCsHg)RUCh].. Since these
early reports, the chemistry of arene ruthenium mewes has been steadily

developed:®*
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Within this large family of\®-arene ruthenium complexes, piano-stool complexes
are undeniably the most studied ones. They havadfoapplications as catalysis,
supramolecular assemblies, molecular devices awd slaown antiviral, antibiotic, and
anticancer activities. These piano stool complexies resulted by the reaction of the
dimeric complexes with coordinating solvents sushiC&#CN, DMSO and some of the
monodentate ligands such as CO, pyridine, triph@mgphine etc. (Scheme 1.2) due to
the presence of more labile chloro bridges in dimeomplexes. These three-legged
piano-stool complexes possess a pseudo-octahesivalegry at the ruthenium(ll) center,
the arene ligand occupying three coordinating gites seat) where as other coordination
sites occupied by with other three ligands (the)dfigure 1.1). Therefore, the octahedral

geometry can be viewed as pseudo- tetrahedral, limitsng the number of possible
isomers.

I <
@ AgBFs 0 L

n -arene)RuCll, ———

Ru CH3CN 'Ru\
\\“. \ 3 \\\\\\‘
& \ CNCH, L \CI Cl

H3CNC  CNCH,
arene = CgHg, CgMeg and P-cymene L = CH3CN, DMSO,
CO, R3P, Py etc

Scheme 1.2
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Figure 1.1: 3-remaining coordination sites for figa L
The arene ligands are relatively inert towards suwib®n reactions and
consequently are often considered as spectatordsggdiowever, the arene moiety which
is strongly coordinated to the ruthenium atom canchstomised by simply attaching
different substituents (Scheme 1.3). These funatised substituents can be modified to
tune the properties of the arene-ruthenium compgleXbe three remaining coordination
sites opposite to the arene ligand can be usedtrmduce a wide variety of ligands such
as N-, O-, S- or P- donor atoms. The resulting dergs are neutral, mono- or dicationic,

and often these ligands are labile. This tendea@xthange ligands in solution is crucial
in self-assembli¢é and catalytic processés.

R
"
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SN T A
Cl H !n ; Z a \CI

Scheme 1.3

Interest in the reactions of arene-ruthenium(lis hed to a large number of
publications between the mid 1980 to 2008. Sevage gonstraints on this chapter is not

o
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possible to provide a fully survey of this area.wéwer, it is hoped that the discussion
that follows will give some important entry intoethiterature. More recently, Gimerab
al., found that catalytic efficiency of compoundsr{{arene)Rug-Cl)Cl},] is strongly
dependent on the arene ligand. The rate order wére. CsHg (TOF = 500 H) > p-
cymene (TOF — 3331 > CsMeg (TOF = 125 H), indicates clearly that the less sterically
demanding and electron-rich arene exhibit the higlegformance, also found that these
arene ruthenium complexes are much more active thanclassical ruthenium(ll)
catalysts [RuG(PPh)s] and [0>-CeH:7)Ru(PPR).CIl.** Furthermore, Finkeet.al,
reported that arene-ruthenium monometallic com@exe only heterogeneous catalysts

and pentamethylcyclopentadienyl-rhodium compoumdsiamogeneous catalysts.

1.2.1. Applications ofi®-areneruthenium chemistry

1.2.1.1 Biological applications

The monodentate ruthenium(ll) arene complexes of thype [(°-
arene)Ru(ll)(en)X][PB, whereen is ethylenediamine and X is chloride or iodidee(se
Chart 1.1), constitute a group that is believedxert an antitumor actioria mechanisms
different from those of other ruthenium(lll) compés such as NAMI-A or KP1019:*°
The chlorido or iodido ligand is readily lost toeid the more reactive aqua speds.
DNA appears to be a target for these compoundsshwihind preferentially to the guanine
residues and also interact “non-covalenthd both arene intercalation and minor groove
binding®?? [(n°-toluene)Ru(ll)(pta)&] (RAPTA-T), where pta is 1,3,5-triaza-7-
phosphaadamantane (see chart 1.1), is the pamapocmd from which a group of water-
soluble selective DNA-binding antimetastatic drwgas synthesizetf: **The RAPTA
compounds exhibit pH dependent DNA binding, alnmastoxicity towards cancer cells
in vitro and no toxicity at all towards healthy cells, als@itro. However, RAPTA-T was
found to inhibit lung metastases in mice bearirgaanmary carcinoma, again with only
mild effects on the primary tumours. The mechani$rmaction of the RAPTA compounds

is only starting to be investigatéd®
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Chart 1.1: Structures of ruthenium-based anticadagy candidates.
1.2.1.2 Catalytic applications

(a) Homogeneous catalysis:
A catalytic system in which the substrates for thaction and the catalyst are

mixed together in one phase, most often the liqphdse, is known as homogenous

6
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catalysis. Ligand effects are crucial in homogeseratalysis by metal complexg&sThe
catalytic properties of a given transition metat && tuned through the nature of ligands
bonded to the metal centre. Therefore, one metalgoze a variety of products from a
single substrate simply by changing the ligandsiadat. As example, Figure 1.2 shows

the different products that can be obtained froyreste with various ruthenium catalysts

Figure 1.2: Ruthenium catalyzed reactions of styren

(b) Water oxidation by ruthenium dimers

In the past decade, mankind has begun to appregiate fully the delicate
balance between his existence and his environnidms$. awareness has taken several
forms. One form is the realization that currentrggeesources will not be sufficient to

provide for rapidly expanding population and emmggeconomies. Most important in



General Introduction Chapter 1

this regard is the finite limitation of fossil fualesources. These resources were
accumulated over millions of years and thus areranewable in any realistic sense.
Another major emerging concern is the effect that ourrent utilization of natural
resources, such as petroleum, is having on thespineoe and general environment of our
planet?®293°
In this respect the eventual movement to a hydrdgemed economy is
particularly promising. Hydrogen is generally calesied the best fuel for the future due
to its ease of application in fuel cells and cléamning properties. This fuel could be
used to replace oil as the source of electriciathand transportation to give us a
hydrogen econongyf

In view of this; producing hydrogen from water wawffer several benefits over
current methods, including steam reforming of reltugas, which produces carbon
dioxide along with the hydrogen. Heat derived frmasil-fuel combustion is currently
used to drive the steam reforming process, reguitineven more carbon dioxide as a
byproduct, all of which contributes to global wangi Making hydrogen by splitting
water would not add carbon dioxide to the atmospher

In view of all these things, designing and syntseskewater oxidation catalytic
complexes has been receiving continuous attenborhie last few decades. Especially
the ruthenium complexes have been showing most ipmagnfeature for the catalytic
activities.For nearly 15 yearg (blue dimer) (see figure 1.3) was the only ruthemi
complex known to catalyze water to oxygen. Follayihat, many groups are working on
this theme, but only few research groups have Baeceeded with the prospect; they are
Llobet and co-workers synthesiZéd® complex2 (figure 1.3) and a more substantial
structural change has come from the laboratory liirimef* with the synthesis of
complex 3 (see figure 1.2). However, the stability of themgbex is only modestly
improved and turnover increases to 20 withising by a factor of six to 1.4 x F0s?, in

later the rate increaseskop= 7.7 x10°s*3®
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Figurel.3: Some of the compounds which shown datadgtivity to oxidize water

1.3  Arene-ruthenium polypyridyl compounds

Reactions of dimeric complex {f-arene)RuG} ] (arene = GHg p-cymene and
CsMeg) with various mono, bi and polydentate nitrogesdsagave neutral and cationic
substitution complexes of formulationnftarene)RuCI(L)] or dinuclear complexes of
formulation [{(n®-arene)RuCly(p-L)]?* (L = polypyridyl ligands, & to Lys) (Chart 1.2)
by cleavage of chloride bridgd%®’ In the case of polydentate nitrogen bases co-atetin
as a bidentate mann&r® Reactions with 1,10-phenanthroline/(lor with its 5-nitro or
5-amino derivatives to give quantitatively the oait chloro complexes -
arene)Ru(M N)CI]CI containing the corresponding N,N-donor as chelaligand®° All
these complexes 1{f-CsMeg)Ru(LL)CI]* have shown the catalytic property for the
hydrogenation of acetophenone with formic acid igueous solution to give
phenylethanol and carbon dioxitfeReactions with two equivalents of 5,6-diphenyl-3-
(pyridine-2-y1)-1,2 4-triazine  (4),** 4,6-bis(2-pyridyl)pyridazine (#),** 4,6-bis(2-
pyridyl)4-phenylpyridazine (1), 4,6-bis(pyrazolyl)pyridazine @)** in the presence of
KPFsto form the cationic mononuclear arene rutheniummexes where as some of the
polypyridyl ligands yielded both mono and dinuclemmplexes based on their molar
ratios, for example 2,2'-bipyrimidine §,** 3,5-bis(2-pyridyl)pyrazole @),* 2,3-bis(2-
pyridyl)pyrazine  (lg),***®  2,4,6,-tris(2-pyridyl)1,3,5-triazine  ¢),** pyridine-2-
carbaldehyde azine (§* etc Interestingly few ligands yielded only dinuclear

complexes upon reaction of arene ruthenium diméos, example p-phenylene-
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bis(picoline)-aldamine (13), p-biphenylene-bis(picoline)-aldamine;§)*” and .3,6-bis(2-
pyridyl)bithiazole (L13), 3,6-bis(2-pyridyl)1,2,4,5-tetrazine(}) (Chart 1.2)*

Chart 1.2

Bruno et al reported® a hexa-nuclear metal gridnftp-'PrCsHaMe)sRus(ps-tpt-
KN),(U-Co04-kO)3]®* with the reaction ofpt ligand (figure 1.4) as well as a tetra nuclear

arene ruthenium complexes with porphyrin ligandufe 1.5)*°>°

10
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1.4  n°-Pentamethylcyclopentadienyl (Cp*) rhodium(lll) and iridium(lll)
chemistry

The discovery of [{>-Cp*)MCl,], (M = Rh and Ir) (scheme 1.4) by Maiflis?
has provided a relevant milestone on the developmienrganometallic chemistry and
homogeneous catalysis for nearly four decades,ltiggun major advances in the
understanding of these areas. Tfiepentamethylcyclopentadienyl group is an excellent
protecting ligand towards rhodium and iridium, vghisubstitution of the chloride ligands

occurs very easily, with a marked tendency to farononuclear complexes.

~=

M

N\
N
R \

MC|3 nHzo + Cp* > Cl Cl

e

1.4.1 Application of pentamethylcyclopentadienyddium and iridium complexes

Cl I

e

M=RhandIr

Scheme 1.4

Ir(1ll) and Rh(lll) metal centres are reactive analve the potential to catalyse a
range of other transformations not reliant on otii@aaddition. Recent work by Crabtree

11
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et al has utlised an Ir(lll) hydride complex to catsdy the intramolecular
hydroamination and hydroalkoxylation of alkyrré§Cp*IrCl,], is effective as a catalyst
for the hydroborylation of styryl sulfonamid®s,the N-alkylation of amines with
alcohol$® and also the transfer hydrogenation of ketthesd quinolines’ Rh(lll)
complexes are known to be effective in catalysiaghon-carbon bond formaticf,and
[Cp*RhCly], has been shown to effect transfer dehydrochladnaof aryl chlorides?
For example the complex [(Cp*)RhCI(N-N)IN-N = 2,2-bipyridine), was shown to
occur as a crucial intermedi@ten hydride transfer catalysis schemes intendeé at
productio’® or NADH regeneration (Scheme 1.5). Related comgsupould be
generated from photolysis of olefin-containing pmsors® Treatment of hydroquinone
with [Cp*M(solvent}][OTf], (M = Rh, Ir) in acetone afforded tlrebonded complexes
{[Cp*M( n°-semiquinone)][OTE]} (M = Rh, Ir).%

— — |+ +2e — =
i
e Ve oW
T Sl
Rh Rh
v .
Cp Cp

oo Qo

4
M
\Flih'" - *';R’m
Cp* Cp H
XH X
- L
Cp* = n"-CsMey
Scheme 1.5

1.5 Rhodium and iridium polypyridyl compounds

The chemistry of rhodium(lll) and iridium(lll) isery similar to the chemistry of
arene ruthenium(ll) since all these metals are sitielectronic (8 configuration. As is
typical within the § configuration, many of the organometallic reacticadied with
arene ruthenium(ll) are often equally valid for Cpfiodium(lll) and iridium(lll).
Pentamethylcyclopentadienyl (Cp*) is ubiquitous as ligand in organometallic
complexes. Many complexes incorporating this liganel important as active catalysts,

largely due to the electron-rich nature of the Gptgp and also the ability of Cp* to

12
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completely block one face of the complex, impartstgric bulk and structural rigidity.
Rh(ll) and Ir(Ill) complexes incorporating both ehCp* ligand and bidentate %sp
nitrogen donor ligands have been synthesised prshif®’® In particular, the complex
[Cp*Ir(bipy)(H20)]SO, (bipy = 2,2’-bipyridine) was found to be active asatalyst for
the hydration of phenylacetylene in wafttrand the complex [Cp*RIRr-pymox)f*
(pymox = pyridyloxazoline) was found to promote theantioselective Diels—Alder
reaction of methacrolein with cyclopentadiéfe.

The reactions of Cp* Rh and Ir complexes with N @loligands with a series of
bidentate ligands with épN-donors such as bis(pyrazolyl)-methane;gfL bis(1-
methylimidazolyl)methane @), bis(3,5-dimethylpyrazolyl)methane i), bis(1-
methylimidazolyl)ketone (L), bis(2,4,6-trimethylphenylimino)-acenaptheneggfl{Chart
1.3) resulted a series of complexes of the formarat[Cp*MCI(N-N)][X] (M = Rh and
Ir), where N=N (lig-L21)"? (Chart 1.3).

N Y N/ i N/
CNA 3 im@ xﬁj el e,

R s Fof

Log Ly,

Chart 1.3

1.6  Materials and physical measurements
1.6.1 Materials

All solvents were dried and distilled prior to u3dée chemicals which were used
in the present research were purchased from Alddidbka, Mercury and Rankem
Companies and were used as received. The metalddddRuC4, RhCk and IrCk were
purchased from Arora Mattheltd. [(N®-CsHe)Ruu-CI)Cl]2. [(n®-p-'PrCsHsMe)Ru(u-
CNCll,,  [(n®-CsMeg)Ru@-CNCI,"*"  [(CpM(p-CCll, (M = Rh, 1)/
[(Cp)RuU(PPB),CI,2* [(Cp*)Ru(PPh),Cl] and [fQ°-CsH7)Ru(PPh),CI"®%%8 \were

prepared according to literature methods. The syittiprocedure for the ligands which

13
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were used in the present research was mentionegdraseeding chapters and their
structures are shown in Chart 1.4.

<\‘ ’/> HsC’<\‘ N ’/>\CH3 ﬂ h HSCD

N\/N \/

bpzpm bmpzpm bdmpzpm

dppn
XX
= =
N N
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//N / \ \\ / \ \N N/ \\
\ —
S N / AN —N N~ | N N N /
\ N N NN
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| X | AN CHy
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Vet j g
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U @ Hsc/u §)\CH

bpzmb bmpzmb

Chart 1.4: Ligands used in the present study: poiglyl and polypyrazolyl bridging and

terminal ligands.
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1.6.2 Synthesis of the starting materials

1.6.2.1 Synthesis of ff-p-cymene)RuG}]

The [{(n®-p-cymene)RuGh,] was prepared according to well established
synthetic procedur€. A solution of hydrated ruthenium trichloride (appimating RuG}
3H,0, containing 38-39% Ru) (1 g, 3.85 mmol) in 80athanol is treated with 5 ml of
a-phellandrene and heated under reflux in a 150auhd-bottomed flask for 4 hours.
The solution is allowed to cool to room temperatared the red-brown, microcrystalline
product is filtered off. Additional product is obtad by evaporating the orange-yellow
filtrate under reduced pressure to approximatelfsy@ume and cooling over night to 4
°C. After drying invacuothe yield is 1.10 g (81%).

'H NMR (400 MHz, CDCJ): 6 =5.48 (d, 2HJ= 6.4 Hz, Ap.), 5.34 (d, 2H>) = 6.4
Hz, Ary.cy), 2.95 (sept, 1H3J= 6.2 Hz, CH(CH),), 2.15 (s, 3H, AlMe), 1.28 (d, 6H,
3)= 6.4 Hz, CH(CH),.

1.6.2.2 Synthesis of [f-CsHe)RUCL}]

Preparation of [{°-CsHs)RUCh} ] followed Bennettmethod’® Hydrated RuGl
(2 g) in 100 ml of ethanol was heated under reflith 10 ml of cyclohexadiene (either
1,3- or 1,4-) for 4 hours. The brown precipitatesviittered off, washed with methanol,
and dried in vacuo (1.83g, 95%JH NMR (400 MHz, CDCJ): = 6.07 (s, 6H, gHe)

1.6.2.3 Synthesis of f-CsMes)RUCL}5]

To the dimer [{°-p-cymene)RuGl ;] (200 mg, 0.33 mmol) taken in sealed glass
vial of 5 ml capacity, a three fold excess of hegtlnlbenzene (0.98 mmol) was added
and mixed properly. The reaction was carried axindj the microwave at 17@ and a
pressure of 5 bar. With the 200 W microwave systtns temperature was reached
within a few minutes, and the reaction completedGnmin. Excess hexamethylbenzene
was recovered by washing with hexane through aasijel column using hexane as
eluent. The orange red bandr${p-cymene)RuGl ] was collected by passing a mixture
of methanol- acetone in 1:1 ratioo. The solvent vesmsoved on a rotary evaporator. The
resulting solid was washed with hexane and diethgleand dried in vacuum. Yield (175
mg, 96%),"H NMR (400 MHz, CDCYJ): J = 2.07 (s, 18H, §Meg)
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1.6.2.4 Synthesis of §f-Cp*)RhCbL},] and [{(/7°-Cp*)IrCl},]

The [{(n>-Cp*)MCl5};] (M = Rh and Ir) was prepared according to well
established synthetic procedufeA solution of hydrated metal trichloride (1 g )86 ml
methanol is treated with 0.8 ml of pentamethylcglojadiene and heated under reflux in
a 100 ml round-bottomed flask for 48 hours. Theusoh is allowed to cool to room
temperature, and the red-brown, microcrystallinedpct is filtered off. The crystalline
product was filtered and washed with cold methadathyl ether and after drying in
vacuothe yield is 1.1 g (78%).

'H NMR (400 MHz, CDCJ): 6 =1.62 (s, 15H, EMes)

1.6.2.5 Synthesis of/t-CsHs)Ru(PPh),Cl]

The compound hydrated ruthenium trichloride (1.§24mmol) in dry ethanol (20
ml) was added rapidly to the refluxing solutiontgphenylphosphine (5 g) in ethanol 100
ml, followed immediately afterward by a solutionfodshly distilled cyclopentadiene (10
ml) in ethanol (20 ml). The mixture was then re#@idxuntil the color change from dark
brown to orange was completed (60 min to 90 miny then cooled in a refrigerator
overnight. The orange crystalline product was it washed with cold ethanol, water,
ethanol and petroleum ether and dried to give ptwduct (2.50 g, 86%).
'H NMR (400 MHz, CDGJ): § =4.52 (s, 5H, €Hs),
13p {'H} NMR (162 MHz, CDC}): § =46

1.6.2.6 Synthesis of/f{-CsMes)Ru(PPh),ClI|

The compound Ru@I3H,O (1 g, 4.82 mmol) and {Mes (131 ml, 9.64 mmol)
were dissolved in ethanol (60 ml) and refluxed96rmin after which a solution of P£h
(5 g, 20 mmol) and NaOEt (92 mg of Na in 4 ml ethiam ethanol (40 ml) was added
dropwise. The solution was then refluxed for 18rsolihe orange yellow precipitate was
collected and washed with ethanol and hexane ® give product (2.6 g, 70%).
'H NMR (400 MHz, CDCJ): 6 =1.62 (s, 55H, EMes)
13p {'H} NMR (162 MHz, CDC}): 6 =48

1.6.3 Physical measurements

Infrared spectra were recorded as KBr pellets oRe&in-Elmer 983 FT-IR
spectrophotometer in the 4000 - 400 tnElemental analyses of the complexes were
performed on a Perkin-Elmer-2400 CHN/S analyzer. RNBpectra were recorded on
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Bruker AMX-400 MHz FT-NMR spectrometer using TMStas internal standard. Mass
spectra were obtained from Waters ZQ 4000 masstrepeeter by ESI method.
Absorption spectra were obtained at room tempezaising a Perkin-Elmer Lambda 25

UV/Visible spectrophotometer.

1.7 Crystallographic data collection and structure anayses

Single crystal X-ray diffraction measurements weaigied out on a Bruker Smart
Apex CCD diffractometer. The crystals were mourada Stoe Image Plate Diffraction
system equipped with @ circle goniometer, using Mo<K graphite monochromated
radiation A = 0.71073 A) withg range 0-200°. The structures were solved by direct
methods using the program SHELXS-8Refinement and all further calculations were
carried out using SHELXL—-9%. The H-atoms were included in calculated positiand
treated as riding atoms using the SHELXL defaulapeeters. The non-H atoms were
refined anisotropically, using weighted full-matteast-square oR® The structures were
drawn with the softwares ORTERand MERCURY?® 8¢

The crystal data for the representative complexeshe obtained free of charge

via www.ccdc.cam.ac.uk/data_request/a@y e-mailingdata_request@ccdc.cam.acark

contacting The Cambridge Crystallographic Data &ert2, Union Road, Cambridge
CB2 1EZ, UK; fax: +44 1223 336033. The CCDC numhmrghe crystal structures are

mentioned in corresponding chapters with a headitgr supplementary material.
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Chapter 2

Mono and dinuclear half-sandwich platinum
group metal complexes bearing pyrazolyl-
pyrimidine ligands: Syntheses and structural

studies*

In the present chapter, we focus on the synthetic methodology applied for the
development of homogeneous and immobilized half-sandwich ruthenium, rhodium and
iridium complexes bearing bis(pyrazolyl)pyrimidine as a specific N,N-bidentate bridging

ligands

*The work presented in this chapter has been published: K. T. Prasad, B. Therrien, S.
Geib and K. Mohan Rao, J. Organomet. Chem. 695 (2010) 495-604.
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2.1  Introduction

During the last few decades there has been gréattest in the chemistry of
transition metals associated with polydentate kitgawith sp-hybridized nitrogen atoms,
for instance, polypyrazolylborates and polypyridine$® In many cases, the charge
transfer properties of these compounds justify thigrest. Especially these nitrogen
donor ligands have shown to be effective cataligstexidation reactions™ and for ring-
opening metathesis polymerizatibrand recent studies of arene ruthenium complexes
have shown that they are found to inhibit cancér gewth,!”"*? as non-linear optical
(NLO) materialé*?* For a majority of the complexes studied, the inetaters are linked
by a bridging ligand and the nature of the bridge la fundamental ihience on the
electronic interaction between the metals and tbexeon the characteristics of the
material.

The ligand 4,6-bis(pyrazolyl)pyrimidine (L1) and &nalogues, 4,6-bis(3-methyl-
pyrazolyl)pyrimidine (L2) and 4,6-bis(3,5-dimethgyrazolyl)pyrimidine (L3) are the
subject of this investigation. They have a strugtursimilarity to 3,6-
bis(pyrazolyl)pyridazine A) and 4,5-bis(pyrazolyl)quinoxalindgB), both of which have
been previously studied:?® In our previous work, we demonstrated that thariA
does not yield dinuclear compounds with two haffesgich platinum group metal atoms,
due to the steric nature of the ligand, it resulbetly in the formation of mononuclear
complexe<® However it is true in the case of more stericéiée ligandB also, because
it also yielded mononuclear complexes, since thr@zmle rings of the ligand tilted with
respect to the central quinoxaline ring becaush®fteric collide between the R' groups
of the pyrazole rings. In the case of ligahdthe pyrazolyl rings are bondedrato each
other, where as in the case of ligddhey are bondedrtho to each other on the central
six membered rings. But sterically less demandiganid L (L1 to L3) can coordinate to
two half-sandwich platinum group metal centersg¢eaithe pyrazolyl rings of the ligand
are bondednetato each other, leading to reduced steric intavactivhich enhances the
stability of the dinuclear complexes.

In recent years, we have been carrying out areniemwm complexation
reactions with a variety of nitrogen-based lig&hdSincluding pyridyl-pyridazine and
pyrazolyl-pyridazine ligandsRuthenium complexes of these types of nitrogendase
ligands have a capacity to function as catalystsHe oxidation of water to oxygéefi=>

Although extensive studies have been made on rtmercomplexes containing
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polypyridyl ligands, complexes containing pyrazebylrimidine ligands have not yet
been investigated.

In the present chapter, we focus on the synthegthadology applied for the
development of homogeneous and immobilized haléhs@h ruthenium, rhodium and
iridium complexes bearing bis(pyrazolyl)pyrimidirees a specifitN,N-bidentate bridging
ligands (L) (Scheme 2.1).

R—(N R R

N/N N\N R' R'
] Rl N/ \N f( —_—
R N\ N N V. R
— N~ X N
R N N—N N R ~~
A B L
L1:R,R'=H
L2:CHs, R' = H
L3:R,R'=CH;
Scheme 2.1

2.2  Experimental
2.2.1 Preparation of ligands (L1 to L3)

2.2.1.1 4,6-bis(pyrazolyl)pyrimidine (%)

A solution of pyrazole (1.20 g, 17.6 mmol) in 50 wi THF was added a
suspension of NaH (550 mg, 22.0 mmol) under a gémnoatmosphere at 0°C and the
mixture was stirred until evolution of hydrogen gesased (30 - 45 minutes). The
solution of 4,6-dichloropyrimidine (1.30 g, 8.50 rinin 10 ml of THF was added to the
above solution and the whole was stirred at roomptrature (25'C) overnight. The
solvent was evaporated off; the residue was dilutgith water and extracted with
dichloromethane. The extract was dried {8{&;) and concentrated. The residue was
chromatographed on silica gel (CHGI MeOH). The first elute gave a pure color less
compound.

Yield: 1.38 g, 75%; Elemental Anal (%) Calc. foigBsNs: C 56.60; H 3.80; N 39.60;
found: C 56.43; H 3.88; N 39.3%4 NMR (400 MHz, CDGJ): 6 = 8.71 (s, 1H), 8.45 (d,
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2H, 3J= 2.4 Hz), 8.29 (s, 1H), 6.67 (d, 2B1= 2.4 Hz), 6.39 (dd, 2H); ESI-MS (m/z):
241.11 [M+HT; IR (KBr, cmi'): 2924m, 1597s, 1464m, 1382m, 1211m, 1044s, 777s.

2.2.1.2 4,6-bis(3-methy-1-pyrazolyl)pyrimidine {'2)

To a solution of 3-methylpyrazole (1.20 g, 14.7 niymin 50 ml of THF was
added fine pieces of potassium (0.600 g, 15.3 mntiod) mixture was refluxed at 50°C
until the potassium was completely dissolved. Th@&adichloropyrimidine (1.094 g, 7.35
mmol) was added to the reaction mixture(pale-breotution), which was refluxed for 5
h. Then 80 ml of water was added and the solubrngerated overnight. The colorless
solid was filtered and washed with water (2 X 10 ard dried under ®s. The pure

compound was obtained after recrystallization fidrtoroform/hexane.

Yield: 0.72 g, 57.8%; Elemental Anal (%) Calc. forH12Ng: C 59.99; H 5.03; N 34.98;
found: C 59.63; H 5.18; N 34.7%4 NMR (400 MHz, CDGJ): 6 = 8.71 (s, 1H), 8.45 (d,
2H,3J= 2.4 Hz), 8.29 (s, 1H), 6.29 (d, 2B3,= 2.4 Hz), 2.39 (s, 6H, CHt ESI-MS (m/z2):

241.11 [M+HT; IR (KBr, cmi*): 2924m, 1597s, 1464m, 1382m, 1211m, 1044s, 777s.

2.2.1.2 4,6-bis(3,5-dimethyl-pyrazolyl)pyrimidine)’

The L3 ligand was synthesized in a similar manrengi 3,5-dimethylpyrazole
(1.50 g, 15.6 mmol), potassium (0.60 g, 15.0 mmaak) 4,6-dichloropyrimidine (1.10 g,
7.35 mmol). However, after refluxing the THF sadutifor 5 hours, the mixture was
evaporated to dryness. The product was extracteg times with 30 ml of toluene. The
solvent was removed, and the white solid obtained wissolved in dichloromethane
layering the resulting solution with hexane ledhe precipitation of traces of pyrazole.
L3 was obtained after filtration and evaporatiordtgness of the resulting solution. The
solid was recrystallized from chloroform/hexane.
Yield: 1.5 g, 55%; Elemental Anal (%) Calc. foi816Ne: C 62.67; H 6.01; N 31.32;
found: C 62.68; H 6.05; N 31.284 NMR (400 MHz, CDCJ): & = 8.74 (s, 1H), 8.37 (s,
1H), 6.01 (s, 2H,), 2.67 (s, 6H, GH2.29 (s, 6H, Ch); ESI-MS (m/z): 269.14 [M+H));
IR (KBr, cmi): 3446w, 2925m, 1593s, 1484s, 1385m, 1266m, 10Qsn.

2.2.2 General procedure for the preparation ohtbaonuclear complexds- 6

A mixture of [(r]G-CGHG)Ru(u-CI)CI]Z (arene = @Hg and p-iPrQ,H4Me) (0.07 mmol),
ligand L (L1, L2 or L3) (0.15 mmol) and 2.5 equigats of NHPF; in dry methanol (15

ml) was stirred at room temperature for 8 hoursiteg in the precipitation of a dark
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yellow solid. The precipitate was separated bydfion, washed with cold methanol,
diethyl ether and drieth vacuo

2.2.2.1 [0%CsHe)RU(L1)CIPRs ([1]PFe)

Yield: 66 mg, 82.5%; Elemental Anal (%) Calc. forg81sNsRUCIPF (571.97): C 33.61;
H 2.47; N 14.70; found: C 33.73; H 2.65; N 13.88;:NMR (400 MHz, CDCY): 0 = 9.56
(d, 1H %) = 2.4 H2, 8.75 (d, 1H3J= 2.4 H2, 8.66 (d, 1H>J = 7.6 HJ, 8.63 (d, 1H3J =
7.6 H2), 8.29 (s, 1H), 8.02 (s, 1H), 6.96 (dd, T8I= 2.0 H2, 6.67 (dd, 1H>J = 1.6 H2,
6.07 (s, 6H, @Hg); ESI-MS (m/z): 427.2 [M-P§*, 392.1 [M-PRE-CI]*, 314.1 [M-PE-CI-
CeHe]™; IR (KBr, cmib): 844svp.p, 1522m, 1558m, 1608wd-n L1), 2925m, 3446w;
UV-Vis {acetonitrile, Amax NM €10°M™* cm')}: 246(0.16), 324(0.17), 381(0.25),
464(0.04).

2.2.2.2 [(7°-CsHe)RU(L2)CIPFRs ([2]PF¢)

Yield: 62 mg, 74.6%; Elemental Anal (%) Calc. foigd:sNsRUCIPF (599.86): C 39.91;
H 3.35; N 15.51; found: C 40.22; H 3.08; N 14.84;NMR (400 MHz, CRCN, 25°C,
TMS): 6 = 9.15 (s, 1H), 8.54 (d, 1HJ= 8.4 H2, 8.09 (s, 1H), 7.50 (d, 1HJ = 4.6 H2,
7.21 (d, 1H3J = 4.6 H, 6.92 (d, 1H>J = 2.8 H2, 6.24 (s, 6H, GHs), 2.83 (s, 3H, Ch),
2.76 (s, 3H, Ch); ESI-MS (m/z): 455.2 [M-P§*, 419.2 [M-PE-CI]*, 341.1 [M-PE-CI-
CeHe]™; IR (KBr, cmib): 845svp.p, 1592m, 1558m, 1522nvd-n L2), 2925m, 3434w,
UV-Vis {acetonitrile, Amax Nm €10°M™* cm™)}: 319(0.23), 345(0.18), 456(0.04).

2.2.2.3 [(7°-CsHe)RU(L3)CI|PRs ([3]PF6)

Yield: 65 mg, 86.3%; Elemental Anal (%) Calc. ford,,NsRUCIPF (628.03): C 42.16;
H 3.89; N 14.75; found: C 41.90; H 4.05; N 14.33:NMR (400 MHz, CRCN): § =
9.44 (s, 1H), 8.17 (s, 1H), 7.39 (s, 1H), 6.531(d), 6.10 (s, 6H, €He), 2.82 (s, 3H,
CHj3), 2.76 (s, 3H, Ch), 2.75 (s, 3H, Ch), 2.29 (s, 3H, Ck); ESI-MS (m/z): 483.3 [M-
PR]*, 448.2 [M-PE-CI]*, 413.3 [M-Pk-CI-CsHg]*; IR (KBr, crmit): 845svp.q, 1601m,
1560m, 1525mv(c=n L3), 2925m, 3482w; UV-Vis {acetonitrilé\max NM €10°M™ cmi
}: 273(0.15), 309(0.15), 354(0.25), 452(0.06).

2.2.2.4 [(7°-p-PrCsHsMe)Ru(L1)CIPR ([4]PF¢)
Yield: 65 mg, 75.5%; Elemental Anal (%) Calc. foigd,,NsRUCIPF; (628.03): C 38.26;
H 3.53; N 13.38; found: C 37.92; H 3.77; N 12.83;:NMR (400 MHz, CDC}): 6 = 9.48
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(d, 1H,%J= 2.4 H2, 8.77 (d, 1H3J= 2.4 Hz,1H), 8.67 (d, 1H3J= 4.6 H2, 8.61 (d, 1H,
3)=6.4 H), 8.29 (s 1H), 7.97 (s1H), 6.96 (dd, 1H3J = 2.0 H), 6.69 (dd, 1H>J = 2.0
Hz), 6.04 (d, 1H 3= 6.4 Hz,Arpq), 6.07 (d, 1HJ = 6.4 Hz,Arp.y), 5.99 (d, 1HJ=
6.0 Hz,Arp.y), 5.86 (d, 1HJ = 6.0 Hz,Arp), 2.74 (sept, 1HJ= 6.2 Hz,CH(CHy)y),
2.18 (s, 3H, AscyMe), 1.14 (d, 3H2J= 6.4 Hz,CH(CHg),), 1.10 (d, 3HJ= 7.6 Hz,
CH(CHa),); ESI-MS (m/z): 483.2 [M- P, 447.2 [M-PR-CI]*, 312.1 [M-Pk-Cl-p-
'PrGHsMe]™; IR (KBr, cm?) 844s Ve-p, 1605m, 1557m, 1523nvd-y L1), 3058m,
3489w; UV-Vis {acetonitrileAmaxnm €10°M™ cnil)}: 286(0.65), 333(0.21), 436(0.02).

2.2.2.5 [(7°-p-PrCsHsMe)Ru(L2)CIPR ([5]PF¢)

Yield: 68 mg, 73.4%; Elemental Anal (%) Calc. for,sNsRUCIPF (651.06): C 43.28;
H 4.29; N 13.77; found: C 43.78; H 3.94; N 13.842;NMR (400 MHz, CDC}): 6 = 9.25

(s, 1H), 8.48 (d, 1H3J= 2.4 H2, 7.89 (s, 1H), 7.78 (d, 1H)= 2.8 H2), 6.70 (d, 1HJ=

9.6 H2, 6.39 (d, 1HJ= 2.8 H2, 5.98 (d, 2H.)J= 6.0 Hz Ar,), 5.90 (d, 1H.J= 6.0

Hz, Arpcy), 5.86 (d, 1H,%) = 6.0 Hz Arpgy), 2.81 (s, 3H, CH, 2.75 (sept, 1H,
CH(CHa)), 2.38 (s, 3H, Ch), 2.18 (s, 3H, AreMe), 1.42 (d, 3H,% = 3.2 Hz

CH(CHa),), 1.17 (d, 3H2J= 3.2 Hz CH(CHs)2); ESI-MS (m/z): 513.2 [M-P§*, 478.6
[M-PFs-Cl]*, 344.2 [M-PE-Cl-p-PrGH,Me]"; IR (KBr, cm’): 843svpp, 1606m,
1560m, 1524mvic=n L2), 2995m, 3447w; UV-Vis {acetonitrilé\ma Nnm €10°M™ cmi

}: 294(0.36), 349(0.82), 470(0.02).

2.2.2.6 [(7*-p-PrCsHsMe)Ru(L3)CIPK ([6]PF¢)

Yield: 77 mg, 82.7%; Elemental Anal (%) Calc. for830NsRUCIPF (684.09): C 46.06;
H 4.83; N 13.43; found: C 46.73; H 4.25; N 13.tH;NMR (400 MHz, CDCY): 6 = 9.44
(s, 1H), 8.11 (s1H), 7.32 (s, 1H), 7.05 (s, 1H), 5.96 (d, TBI= 4.0 Hz Ar,.), 5.92 (d,
1H,3) = 3.2 Hz,Arpqy), 5.84 (d, 1H2J= 6.4 Hz Ar,.), 5.77 (d, 1H2J = 6.4 Hz,Arp.qy),
2.81 (s, 3H, Ch), 2.79 (s, 3H, CH), 2.81 (s, 3H, Ch), 2.78 (s, 3H, Ch), 2.49 (sept, 1H,
CH(CHa),), 2.17 (s, 3H, AreyMe), 1.09 (d, 3H2J = 3.2 Hz,CH(CH),), 1.06 (d, 3H2J
= 3.2 Hz,CH(CHg),); ESI-MS (m/z): 538.8 [M-P§*, 503.5 [M-PE-Cl]*, 369.2 [M-Pk-
Cl-p-'PrGsHsMe]"; IR (KBr, cmi®): 843sv(p.rp, 1608m, 1560m, 1527mvd-y L3), 3050m,
3447w; UV-Vis {acetonitrileAmaxnm €10°M™ cni)}: 287(0.38), 346(0.74), 477(0.08).
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2.2.3 General procedure for the preparation ohtbaonuclear complexés—12

A mixture of [(1>-CsMes)M(p-CI)Cl], (M= Rh and Ir) (0.08 mmol), ligand L (L1,
L2 and L3) (0.17 mmol) and 2.5 equivalents of JRR; in dry methanol (20 ml) was
refluxed at 50C temperature for 4 to 6 hours, resulting yellodocgrecipitation. The
precipitate was separated by filtration, washedh widld methanol, diethyl ether and dried

in vacuo

2.2.3.1 [(Cp*)Rh(L1)CIIPK ([7]PFe)

Yield: 73 mg, 77.8%; Elemental Anal (%) Calc. foig&d,3sNsRhCIPF (630.04): C 38.08;
H 3.68; N 13.98; found: C 38.13; H 3.75; N 13.81;NMR (400MHz, CRCN): § = 9.01
(s, 1H), 8.84 (d, 1H3J = 3.2 H2, 8.66 (d, 1H2J = 2.4 H2, 8.33 (d, 1H3J = 1.6 H2,
8.31 (d, 1H3J = 1.6 H2, 7.98 (s, 1H), 7.02 (dd, 1E]= 1.6 H2, 6.71 (dd, 1H3J= 1.6
Hz), 1.75 (s, 15H, Mes); ESI-MS (m/z): 485.2 [M- P§', 450.6 [M-PE-CI]*, 315.2
[M-PF5-CI-Cp*]; IR (KBr, cm™): 844svp.p, 1606m, 1560m, 1524nvd-y L1), 2999m,
3448w; UV-Vis {acetonitrileAmax Nm €10°M™ cm™)}: 268(0.78), 286(0.76), 357(0. 4),
444(0.09).

2.2.3.2 [(Cp*)Rh(L2)CI]PF ([8]PFe)
Yield: 65 mg, 62.5%; Elemental Anal (%) Calc. for&,7NsRhCIPF (658.07): C 35.32,;
H 3.64; N 11.23; found: C 35.26; H 3.69; N 11.2H; NMR (400 MHz, CRCN): § =

8.78 (s, 1H), 8.43 (d, 1HJ = 6.4 H2, 8.09 (s, 1H), 6.76 (d, 1H) = 4.6 H2), 6.40 (d,
1H,3J = 4.6 H2, 6.32 (d, 1H3J = 2.8 H2, 2.70 (s, 3H, Ch), 2.43 (s, 3H, Ch), 1.77 (s,
15H, GMes); ESI-MS (m/z): 513.8 [M- P§", 478.12 [M-PE-CI]*, 343.2 [M-Pk-Cl-

Cp*]; IR (KBr, cm’Y): 845svp.ry, 1598m, 1559m, 1521md-y L2), 2995m, 3447w; UV—
Vis {acetonitrile,Amax "m €10°M™ cmi)}: 266(0.54), 301(0.45), 343(0.57), 452(0.07).

2.2.3.3 [(Cp*)Rh(L3)CI]PK ([9]PFe)
Yield: 78 mg, 72%; Elemental Anal (%) Calc. fos,831NsRhCIPF (686.87): C 41.97; H
4.55; N 12.24; found: C 41.86; H 4.65; N 12.48;NMR (400 MHz, CRCN): = 9.05
(s, 1H), 8.67 (s, 1H), 7.40 (s, 1H), 6.66 (s, 1H82 (s, 3H, CH), 2.76 (s, 3H, Ch), 2.75
(s, 3H, CH), 2.29 (s, 3H, CH), 2.01 (s, 15H, Mes); ESI-MS (m/z): 541.81 [M- Pf',
506.6 [M-PR-Cl]*, 371.2 [M-Pk-CI-Cp*]; IR (KBr, cm): 843svp.r, 1601m, 1557m,
1524m Yc=n L3), 3050m, 3434w; UV-Vis {acetonitrile\max NM €10°M™* cmih)}:
261(0.09), 314(0.61), 441(0.05).
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2.2.3.3 [(Cp")Ir(L1)CI|PFs ([10]PF)
Yield: 66 mg, 58.4%; Elemental Anal (%) Calc. fosl,3NelrCIPFs (720.09): C 33.61;
H 2.47; N 14.70; found: C 33.73; H 2.65; N 13.98; NMR (400 MHz, CRCN): ¢ =

8.99 (s, 1H), 8.84 (d, 1LHJ = 3.2 H2, 8.66 (d, 1H3J = 2.4 H2, 8.39 (d, 1H )= 1.6

Hz), 8.32 (d, 1H3Jy = 1.6 H2), 7.98 (s, 1H), 7.01 (dd, 1”4 1= 1.6 H2), 6.70 (dd, 1H,
3Jun= 2.0 HJ, 2.01 (s, 15H, @Mes); ESI-MS (m/z): 575.9M- PFg*, 535.6 [M-Pk-

CI]*, 400.2 [M-PE-CI-Cp*]; IR (KBr, cmi'): 845sv(p.r, 1592m, 1558m, 1522nvd-y

L1) 2924m, 3439w; UV-Vis {acetonitrileAmax nMm €10°M™* cm?)}: 279(0.53),
340(0.89), 402(0.20).

2.2.3.4 [(Cp")Ir(L2)CI|PFs ([11]PF)
Yield: 70 mg, 57.8%; Elemental Anal (%) Calc. for,7/NgIrCIPF; (748.13): C 35.32;
H 3.64; N 11.23; found: C 35.25; H 3.68; N 11.28; NMR (400 MHz, CRCN): ¢ =
8.78 (s, 1H), 8.43 (d, 1H) = 6.4 HJ, 8.09 (s, 1H), 6.76 (d, 1HJ = 4.6 H2, 6.40 (d,
1H,%J = 4.6 H2, 6.32 (d, 1HJ = 2.8 H2, 2.70 (s, 3H, Ch), 2.43 (s, 3H, Ch), 1.77 (s,
15H, GMes); ESI-MS (m/z): 603.1 [M- P§', 568.2 [M-PRk-CI]*, 433.2 [M-Pk-Cl-
Cp*]; IR (KBr, cm'Y): 845sv(p.p), 1598m, 1559m, 1521mvd-n L2), 2995m, 3446w; UV—
Vis {acetonitrile,Amax "M €10°M™* cmi*)}: 267(0.54), 298(0.82), 429(0.08)

2.2.5.6 [(Cp")Ir(L3)CI|PFs ([12]PF)
Yield: 78 mg, 64.4%; Elemental Anal (%) Calc. foss831NglrCIPFs (776.96): C 37.14;
H 4.03; N 10.83; found: C 37.06; H 4.05; N 10.39:NMR (400 MHz, CRCN): § =
8.90 (s, 1H), 8.21 (s, 1H), 6.67 (s, 1H), 6.201¢3), 2.83 (s, 3H, CH), 2.76 (s, 3H, Ch),
2.64 (s, 3H, Ch), 2.30 (s, 3H, Ch), 2.15 (s, 15H, Mes); ESI-MS (m/z): 631.2 [M-
PR]*, 596.6 [M-PE-CI]*, 461.2 [M-PE-CI-Cp*]; IR (KBr, cm™): 843svp.m, 1606m,
1560m, 1524mv(c-n L2), 3050m, 3446w; UV-Vis {acetonitrilé\max Nm €10°M™ cmi
1}: 268(0.50), 301(0.41), 361(0.51) and 464(0.04).

2.2.4 General procedure for the preparation ofithaclear complexes 13-18

A mixture of [(°-arene)Rug-CI)Cl], (arene = GHs and n®-p-'PrGHsMe) (0.1
mmol), ligand L (L1, L2 and L3) (0.1 mmol) and 2efuivalents of NEFPFK in dry
methanol (15 ml) was stirred at room temperatureltb hours resulting orange color
precipitation. The precipitate was filtered, washeth cold methanol, diethyl ether and

driedin vacuo
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2.2.4.1 [{°-CsHe)RUCIL(LL)](PFe)2 ([13](PF6)2)

Yield: 72 mg, 77.4%; Elemental Anal (%) Calc. fog8,0NeRUWCIoPF12 (931.41): C
28.37; H 2.16; N 9.02; found: C 38.21; H 2.45; R&H NMR (400 MHz, CBCN): 6 =
9.68 (d, 2H3J = 2.8 H), 8.79 (s, 1H), 8.71 (d, 2H) = 7.2 H3J, 8.32 (s, 1H), 7.01 (dd,
2H, %3 = 2.0 H2, 6.15 (s, 12H, §He);. ESI-MS (m/z): 786.1 [M+PR1*, 427.2 [M-
PR]"; IR (KBr, cmi'): 845sv(p.p, 1598m, 1559m, 1521md-y L1), 2995m, 3447w; UV—
Vis {acetonitrile,Amax M €10°M™* cmi)}: 259(0.21), 318(0.23), 380(0.08).

2.2.4.2 [{(7>CeHe)RUCIL(L2)](PFe)2 ([14](PFe)2)

Yield: 71 mg, 74.7%; Elemental Anal (%) Calc. foss824NeRUCIoPF12 (959.46): C
30.04; H 2.52; N 8.76; found: C 29.95; H 2.58; §18'H NMR (400 MHz, CRCN): 6 =

9.46 (s, 1H), 8.58 (d, 2H) = 8.4 H3, 8.15 (s, 1H), 7.25 (d, 2H,) = 4.6 H2, 6.24 (s,
12H, GHe), 2.83 (s, 3H,CH), 2.81 (s, 3H, Ch); ESI-MS (m/z):814.2 [M"+PFs]", 455.2
[M-PF¢]*; IR (KBr, cri'): 843svp.g, 1601m, 1557m, 1524nvd-y L2), 3010m, 3449w;
UV-Vis {acetonitrile, Amax Nm €10°M™* cm™)}: 262(0.29), 310(0.75), 374(0.12).

2.2.4.3 [{(7>CeHe)RUCIR(L3)](PFe)2 ([15](PFe)2)

Yield: 81 mg, 82.6 %; Elemental Anal (%) Calc. f0s4H2sNsRWCIP.F12 (987.52): C
31.62; H 2.86; N 8.51; found: C 31.50; H 2.95; 8B!H NMR (400 MHz, CRCN): o
= 10.02 (s, 1H), 7.68 (s, 1H), 6.72 (s, 2H), 6.211@H, GHe), 2.81 (s, 6H, Ch), 2.69 (s,
6H, CHy); ESI-MS (m/z): 842.4 [M+PFs]", 483.3 [M- PR]*; IR (KBr, cm™): 843svp.
r, 1606m, 1560m, 1524m{-y L3), 3050m, 3451w; UV-Vis {acetonitrildmax nm €10
M cmit)}: 271(0.18), 315(0.81), 380(0.11).

2.2.4.4 [{(7°-p-PrCeHsMe)RUCIL(L1)](PFe)2 ([16](PFs)2)

Yield: 87 mg, 83.6%; Elemental Anal (%) Calc. foso0836NsRWCIP.F12 (1043.62): C
34.53; H 3.48; N 8.05; found: C 34.42; H 3.47; R6[*H NMR (400 MHz, CDCJ): 6 =
9.65 (d, 2HJ= 2.4 H?, 8.71 (d, 2H3J= 4.6 H2, 8.68 (s 1H), 7.28 (s1H), 7.06 (dd,
2H,°J = 2.4 H2, 6.08 (d, 2H>J = 6.4 Hz,Ar,), 6.06 (d, 2HJ = 6.4 Hz,Arp.), 5.99
(d, 2H,%J= 6.0 Hz,Arp(), 5.93 (d, 2H2J = 6.0 Hz,Ar,.), 2.74 -2.69 (sept, 2H)= 6.2
Hz, CH(CHg)), 2.18 (S, 6H, Arc,Me), 1.14 (d, 6H2J= 6.8 Hz,CH(CHs)y), 1.04 (d, 6H,
3)= 7.6 Hz,CH(CHs),); ESI-MS (m/z): 898.2 [M'+PRs]", 483.3 [M- PR]*; IR (KBr,
cm?): 844s Ve, 1599m, 1560m, 1525mvd-n L1), 2995m, 3447w; UV-Vis
{acetonitrile, Amaxnm €10°M™ cmi®)}: 260(0.29), 310(0.58), 378(0.13).
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2.2.45 [{(7>p-PrCsHsMe)RUCIL(L2)](PFe)2 ([17](PFe)2)

Yield: 77 mg, 71.9%; Elemental Anal (%) Calc. fos840NsRWCIP.F12 (1071.67): C
35.86; H 3.76; N 7.84; found: C 43.78; H 3.94; N923'H NMR (400 MHz, CDCJ): ¢

=9.38 (s 1H), 8.51 (d, 2H%J= 2.8 H2), 7.89 (s, 1H), 6.75 (d, 2HJ= 9.6 H2, 6.01 (d,
2H, %)= 6.0 Hz Arpy), 5.99 (d, 2H>J= 6.04 Hz,Arp,), 5.96 (d, 2H>J= 6.0 Hz Ary),

5.96 (d, 2H2J= 6.04 Hz Ar,.), 2.81 (s, 6H, Ch), 2.75 (sept, 2H, CH(C#}), 2.26 (s,
6H, Aryc,-Me), 1.19 (d, 6H2J= 3.2 Hz,CH(CHy)y), 1.17 (d, 6HJ= 3.2 Hz,CH(CHg),);

ESI-MS (m/z): 926.2 [M+PR]", 513.2 [M-PR]*; IR (KBr, cmi'): 843svp.r, 1601m,
1557m, 1524mvc—y L2), 3011m, 3451w; UV-Vis {acetonitrilé\ma M €10°M™ cmi

}: 271(0.18), 315(0.81), 380(0.11).

2.2.4.6 [{(7>-p-PrCsHsMe)RUCIL(L3)](PFe)2 ([18](PFe)2)

Yield: 90 mg, 82.5%; Elemental Anal (%) Calc. fog844/NsRWCIloPoF12 (1099.73): C
37.13; H 4.03; N 7.64; found: C 37.05; H 4.07; §47*H NMR (400 MHz, CDCJ): 6 =
9.91 (s 1H), 7.67 (s1H), 6.68 (s, 2H), 6.11 (d, 2R)= 6.4 Hz Ar,.), 6.08 (d, 2H>J=
6.2 Hz,Arpy), 5.95 (d, 2HJ= 6.0 Hz Ar,y), 5.89 (d, 2H>J= 6.4 Hz,Ar,(,), 2.80 (s,
6H, CHy), 2.76 (s, 6H, Ch), 2.66 (sept, 2H, CH(CHb), 2.28 (s, 6H, As-Me), 1.09 (d,
6H, ) = 3.2 Hz,CH(CHs),), 1.06 (d, 6H3J = 3.2 Hz,CH(CH),); ESI-MS (m/z): 954.73
[M#*+PFs]*, 538.8 [M-PR]*; IR (KBr, cm?): 843svp.q, 1608m, 1562m, 1524nvd-y
L3), 3041m, 3447w; UV-Vis {acetonitrileAmax Nm €10°M™ cmid)}: 263(0.29),
310(0.75), 376(0.12).

2.2.5 General procedure for the preparation ofithaclear complexe$9 —24

A mixture of [(Cp*)M(u-CICI], (M = Rh and Ir) (0.08 mmol), ligand L (L1, L2
and L3) (0.08 mmol) and 2.5 equivalents of JRIK; in dry methanol (20 ml) was
refluxed at 50C for 12 hours, resulting a orange color precifitat The precipitate was

separated by filtration, washed with cold methad@thyl ether and drieith vacuo

2.2.5.1 [{(Cp*)RhCIK(LI1)I(PFe)2 ([19](PFe)2)

Yield: 66 mg, 79.5%; Elemental Anal (%) Calc. fogdsgNsRCloPoF2 (1049.31): C
34.34; H 3.65; N 8.01; found: C 34.23; H 3.75; R17'H NMR (400 MHz, CRCN): 6 =
9.18 (s, 1H), 8.84 (d, 2H) = 3.2 HJ, 8.36 (d, 2H32J = 1.6 HJ, 8.01 (s, 1H), 6.92 (dd,
2H, %) = 1.6 HJ, 1.81 (s, 30H, Mes); ESI-MS (m/z): 904.3 [M+PR]*, 485.2 [M-
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PR]"; IR (KBr, cmi®): 845sv(p.p, 1592m, 1558m, 1522md-y L1), 2995m, 3447w; UV—
Vis {acetonitrile,Amax nm €10°M™* cmi)}: 271(0.18), 315(0.81), 380(0.11).

2.2.5.2 [{(Cp*)RhCIK(L2)](PFe)2 ([201(PFe)2)

Yield: 60 mg, 70.5%; Elemental Anal (%) Calc. fog4:NsRNCloP:F2 (1077.36): C
35.67; H 3.93; N 7.80; found: C 35.26; H 3.99; §17'H NMR (400 MHz, CRCN): 6 =
9.05 (s, 1H), 8.46 (d, 2H) = 6.0 H2, 8.12 (s, 1H), 6.79 (d, 2H) = 4.6 H2), 2.76 (s, 3H,
CHs), 2.73 (s, 3H, CH), 1.77 (s, 30H, eMes); ESI-MS (m/z):513.8 [M- P§, 932.1
[M*+PR]", 513.8 [M- PR]"; IR (KBr, cmi®): 845sv(p.r, 1598m, 1559m, 1521nvd-y
L2), 2998m, 3449w; UV-Vis {acetonitrilemax M €10°M™ cmib)}: 259(0.11),
315(0.51), 380(0.08).

2.2.5.3 [{(Cp*)RhCIK(LI)](PFe)2 ([21](PFe)2)

Yield: 67 mg, 77.1%; Elemental Anal (%) Calc. fog846NsRNCloPoF12 (1105.41): C
36.94; H 4.19; N 7.60; found: C 36.86; H 4.15; 88/*H NMR (400 MHz, CRCN): ¢
= 9.09 (s, 1H), 7.36 (s, 1H), 6.79 (s, 2H), 2.846(4, CH), 2.79 (s, 6H, CH), 1.88 (s,
30H, GMes); ESI-MS (m/z): 960.2 [M+PR]", 541.81 [M- PE|"; IR (KBr, cmi®): 843s
Ve-p, 1601m, 1557m, 1524nvd-y L3), 3010m, 3442w; UV-Vis {acetonitrilé\max nm
(€10°M™ cmh)}: 269(0.18), 315(0.48), 371(0.10).

2.2.5.4 [(Cp)IrClx(L1)](PFe)2 ([22](PFe)2)

Yield: 72 mg, 75.7%; Elemental Anal (%) Calc. fogd@3gNelrCloPoF1, (1227.93): C
29.34; H 3.12; N 6.84; found: C 29.23; H 3.15; M18'H NMR (400 MHz, CQCN): 6 =
9.01 (s, 1H), 8.84 (d, 2HJ = 3.2 H2, 8.41 (d, 2H3J = 2.4 H3), 8.03 (s, 1H), 6.95 (dd,
2H,%J = 1.6 H2), 1.79 (s, 30H, Mes); ESI-MS (m/z): 1082.2M?*+PRs]*, 575.2[M-
PR]"; IR (KBr, cmi®): 845svp.p, 1598m, 1559m, 1521md-y L1), 2995m, 3447w; UV—
Vis {acetonitrile, Amax nm €10°M™ cmi)}: 260(0.19), 310(0.67), 368(0.11).

2.2.5.5 [{(Cp)IrCl}A(L2)](PFe)2 ([23](PFe)2)

Yield: 60 mg, 61%; Elemental Anal (%) Calc. for,B4:NglIr.ClPF2 (1255.98): C
30.60; H 3.37; N 6.69; found: C 30.45; H 3.48; B18'H NMR (400 MHz, CRCN): 6 =
9.01 (s, 1H), 8.48 (d, 2H) = 6.4 H2, 8.15 (s, 1H), 6.71 (d, 2HJ = 4.6 H2), 2.63 (s,
6H, CHs), 1.75 (s, 30H, eMes); ESI-MS (m/z):1111.1 [M+PFs]*, 603.1 [M- PR|"; IR
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(KBr, cm™): 844svp.r, 1599m, 1560m, 1525mvd-y L2), 3002m, 3441w; UV-Vis
{acetonitrile, Amaxnm €10°M™ cmi®)}: 265(0.16), 315(0.56), 371(0.09).

2.2.5.6 [{(Cp)IrCl}2L3)](PFe)2 ([24](PFe)2)

Yield: 74 mg, 74%; Elemental Anal (%) Calc. forsB4eNsIroCloPF12 (1284.04): C
31.80; H 3.61; N 6.54; found: C 31.76; H 3.78; 85.'H NMR (400 MHz, CRCN): §
= 9.04 (s, 1H), 7.31 (s, 1H), 6.68 (s, 2H), 2.836¢d, CH), 2.79 (s, 6H, Ch), 1.82 (s,
30H, GMes); ESI-MS (m/z): 1139.5 [M+PR]", 631.2 [M- PR]*; IR (KBr, cmi‘): 843s
Vep, 1608m, 1562m, 1524nvd-y L3), 3016m, 3450w; UV-Vis {acetonitriléyyax nm
(e10°M™ cmih)}: 268(0.19), 321(0.61), 376(0.13).

2.3 Results and discussion

2.3.1 Syntheses of ligands and complexes

Ligands L2 and L3 were prepared from the correspangdyrazolato anion and
4,6-dichloropyrimidine. Reaction of half equivalenf dinuclear arene ruthenium
complexes [i{°®-arene)Ruf-Cl)Cl], (arene = @Hg, p-'PrGsHsMe) with one equivalent of
4,6-disubstituted pyrimidine ligandgiz. 4,6-bis(pyrazolyl)pyrimidine (L1), 4,6-bis(3-
methyl-pyrazolyl)pyrimidine (L2) or 4,6-bis(3,5-dethyl-pyrazolyl)pyrimidine (L3) in
methanol generates the mononuclear complexgsd{Hs)Ru(L)CI]* (L = L1, 1; L2, 2;
L3, 3), [(n®-p-'PrGHsMe)Ru(L)CI]" (L= L1, 4; L2, 5; L3, 6), respectively (Scheme 2.2).
The homologous complexes with two coordinated anerkenium fragments, [C-
CeHe)RUCI}A(L)](PFe)2 (L = L1, 13; L2, 14; L3, 15) and [{(n®-p-'PrGHsMe)RuCI}(L)]
(PR)2 (L = L1, 16; L2, 17; L3, 18), were prepared when a 1:1 molar ratio was used an
over prolonged reaction times (Scheme 2A4).these cationic ruthenium complexes

were isolated as their hexafluorophosphate salts.
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Similarly, the reaction of half equivalent of thenéric chloro-bridged complexes
[(Cp*)M(u-CIDCll2 (M = Rh, Ir) with 4,6-disubstituted-pyrimidine ligds (L) in
methanol generates the mononuclear cationic coraplek the type [(Cp*)Rh(L)CI] (L
=11,7; L2,8;L3,9), [(CpH)Ir(L)CI" (L= L1, 10; L2, 11; L3, 12), respectively (Scheme
2.3). The homologous complexes with two coordina@utRh or Cp*Ir fragments,
[{(Cp*)RNCI} o(L)](PFe)2 (L = L1, 19; L2, 20; L3, 21) and [{(Cp*)IrCl}o(L)](PFe)2 (L =
L1, 22 L2, 23, L3, 24), were prepared when a 1:1 molar ratio was usddaaprolonged
reaction times (Scheme 2.3)ll these cationic rhodium or iridium complexes wer
isolated as their hexafluorophosphate salts.
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Scheme 2.3

When the mononuclear complex@$Fs — [12]PFs were further reacted with half

mole of arene ruthenium or Cp*Rh or Ir dimers irtaaitrile solution, no reaction took
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place and isolated as starting compounds. Alsanatte to synthesize hetero-nuclear
complexes by reaction of the mononuclear complewés other metal atoms led to no
reaction.

All these complexes are orange yellow in color,-hggroscopic, air stable solids.
They are soluble in acetonitrile but partially dwkiin dichloromethane, chloroform and

acetone.

2.3.2 Characterization of mononuclear complekesl 2

All these mononuclear complexes were charactefigetR, *H NMR, mass and
elemental Analysis. The infrared spectra of the glewes [|PFs — [12]PFs exhibit a
strong band in the region 844-850 tna typicalve.r stretching band for the PEnions.
Moreover, all complexes show absorption bands atdi600 — 1610 ciy 1550 — 1558
cm* and 1522-1528 cth corresponding tac-y Vibrations of pyrazole and pyrimidine
moieties® besides these absorptions 2990-3050 and 3400-84%6 observed. For
instance the IR spectrum of compwas presented in figure 2.1.
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Figure 2.1: IR spectrum of complgx®-CsHg)Ru(L2)Cl] PR ([2]PFes)

The mass spectra of these complexes exhibitedx@ecked, the corresponding
molecular ion peaks m/z at 427, 455, 483, 483, 588, 485, 513, 541, 575, 603 and
631. For instance compled]PFs shown four fragments, a molecular ion peak at 427
[M]*, 391 [M-CIT', 313 [M-Cl-aren€] and 213 [L+1]. For example the mass spectrum of

the complexd was depicted in figure 2.2.
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Figure 2.2: Mass spectrum of complevﬂ@-iPrC6H4Me)Ru(L1)CI]PE;([4]PF6)
The 'H NMR spectra of the free ligands L1 to L3 exhidicharacteristic set of
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five resonances for the protons of pyrazole andhpgline rings, since the pyrazole rings
are in symmetrical position. Upon coordination wille metal atom, each mononuclear
complex has shown seven to eight set of resondacése ligand L1 to L3 protons in the
regiond = 9.56 to 6.78) = 9.41 to 2.43, and = 9.34 to 2.17, respectively. It indicates
the formation of mononuclear complexes. The resoesof the coordinated pyrazole and
pyrimidine rings protons shifted to higher frequgnas a consequence of their
coordination to the ruthenium or rhodium or iriditatom. However, arene- ruthenium
complexes [|PF—[6]PFs, the resonances of ligand protons significantiftesth to down
field compared to Cp*Rh or Cp*Ir complexe§]PFs — [12]PFs. Besides these ligand
resonances, complexegdPFs — [3]PFs exhibit a singlet for the benzene ring protond=at
6.20 to 5.93, complexed]PFs to [6]PFs exhibit a septet a = 2.70 for the protons of the
isopropyl group and a singlet@at 2.17 for the methyl protons of tirecymene ring. The
ring protons and methyl protons of the isopropybugr of thep-cymene ligand have
shown an unusual pattern of resonances. For instame methyl protons of the isopropyl
group displays two doublett ca. d = 1.18 to 1.07, instead of one doublet as in the
starting complex. The aromatic protons of fireymene ligand display four doublets,

instead of two doublets as in the starting preaur$his unusual pattern is due to the
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diastereotopic methyl protons of the isopropyl graand aromatic protons of the
cymene ligand since the ruthenium atom is steraoggdue to the coordination of four
different ligand atom&®*° Complexes JJPFs to [12]PFs exhibit a singlet ab = 1.71 to
1.55 for the five methyl groups of the Cpand. The chemical shift of the co-ligands
arene or Cp* ring protons are shifted to down fietsthmpared to the starting precursors
For instance théH NMR spectra of complexes 5 and 7 were depictédvbéigure 2.3
and 2.4).

9.0 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 2.0 15

Figure 2.4H NMR spectrum of complex [(Cp*)Rh(L1)CI|RE7]PFs)
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2.3.3 Molecular structure of selected mononucleanmexes

The molecular structure of the nftCsHg)RU(L3)CIIPR ([3]PFs), [(n°-p-
'PrGHsMe)RU(L3)CIIPR  ([6]PFs) as well as the Cp* rhodium complex
[(Cp*)Rh(LL)CIIPR ([7]PFs) have been established by single crystal X-raycsire
analysis. These cationic complexes show a typi@aigstool geometry with the metal
center being coordinated by an aromatic ligancrainal chloro ligand and a chelating
4,6-disubstituted-pyrimidine ligand. The metal atpassesses an octahedral arrangement
with two cis-nitrogen atoms of the pyrazolyl-pyrimidine ligamdting as a bidentate
chelating ligand in a five-membered ring chelatfaghion involving one nitrogen atom
of the pyrazolyl moiety and the nitrogen atom @& fyrimidine group. The structures are
shown in Figures 2.5, 2.6 and 2.7. Crystallograpletails are summarized in Table 2.1
and selected bond lengths and angles3[R®Hs, [6]PFs and [/]PFsare presented in Table
2.2.

Figure 2.5: Molecular structure of{CsHe)RU(L3)CI]PR ([3]PFs) at 50% probability
level. Hydrogen atoms, water molecule and hexaflplbosphate anion have been omitted

for clarity.
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In the mononuclear complexe8]PFs and [/]PFs the N1-metal distance (2.076
and 2.106 A) of the pyrazolyl moiety is slightly aster than the corresponding
pyrimidinyl, N3-metal distance (2.092, and 2.138 A) contrast to complexg]PFs in
which the N1-metal (2.102 A) distance is slightipger than the corresponding N3-metal
distance (2.093(2) A). The Rh-N bond distance @3pand 2.138(3) A) it is slightly
longer than the corresponding distances of rutmeréamplex3 (2.076(3) and 2.092(2)
A) and complex6 (2.102 and 2.093), while the M-CI [2.402(7), 2.688and 2.400(6)]
bond lengths show no significant differences in thlé cations and similar reported
values* ** The N-M-N bond angles [75.33(7) }1and 75.56°(9) in6] are similar to that
of complexes ff®-p-'PrCsHsMe)RuUCI(2,3-bis¢-pyridyl)quinoxaline)] [76.2 (2)°]*® The
distances between the ruthenium atom and the ¢emtfdhe G aromatic ring i and6
are comparable (1.69 and 1.68 A) but quite shontm the distance between the rhodium
atom and the £aromatic ring observed i (1.77 A). The M-N1 bond distances
[2.076(9) to 2.102(2) A] are comparable to thos€(iff-CsHg)RUCI(2-(1-imidazol-2-
ypyridine)]" and [(Cp*)Ir(2-(2"-pyridyl)-imidazole)CI|.**

Figure 2.6: Molecular structure of f{p-'PrGsHsMe)Ru(L3)CIIPK ([6]PFs) at 50%
probability level. Hydrogen atoms and hexafluorcgggttate anion have been omitted for

clarity.
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As amplified in Figures 2.5 to 2.7, all cations gess metal-centered chirality as
the metal atom is coordinated to four differenatay atoms. However, since none of the

ligands contain chiral centers, they are all olgdias a racemic mixture and they all

crystallize in the centrosymmetric space gréup

Figure 2.7: Molecular structure of [(Cp*)Rh(L1)CHP([7]PFs) at 50% probability level.

Hydrogen atoms and anion have been omitted fortylar

In the crystal packing of [3]RF HO, the hexafluorophosphate anion sits on side
of the cationic complex and interacts with an hg#m atom of the s ligand (see
figure 2.8). The hexafluorophosphate anion interagth GHsg ligand through C-H---F
contacts: the C---F distances being 3.22 and 3.86ttAC—H- - -F angles of 148.9 and
138.3°, respectively. In addition to this the oxygatom interacts with one of the
hydrogen atoms of ligand L1through C-H---O conttiet:C- -- O distance being 3.10 A
and C-H---O angle is 149.06 °.
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Figure 2.8: Network of [°CsHe)Ru(L3)CIIPR ([3]PFs)-H,O showing the

intermolecular interactions involving the hexaflophosphate anion and water molecule

2.3.4 Characterization of the dinuclear complexes

The infrared spectra of the dinuclear complexXed(PFs). — [24](PFs)2
exhibit a similar trend as for the mononuclear claxgs [LJPF — [12]PFs. The mass
spectra of these complexes exhibited two main peaksminor peak with an
approximately 50% intensity attributed to [M -dPFat m/z 786, 814, 842, 898, 926, 954,
904, 932, 960, 1082, 1110 and 1138, respectialgl,a major peak which corresponds
to the loss of an [(arene/Cp*)MClfragment, thus giving the corresponding mononuclea
cations L - PR]" —[12- PR]" at m/z = 427, 455, 483, 483, 511, 538, 485, 513, 545,
603 and 631.

The'H NMR spectra of the dinuclear complex@s|(PFs). — [24](PFs)2, exhibit
five distinct resonances, which are assigned t@zmje or substituted pyrazoles and
pyrimidine ring protons of the ligand L1 or L2 orf3Lindicating the formation of
dinuclear complexes. The number of distinct resoearof these complexes is similar to
the number of distinct resonances of free ligamdiicating that the pyrazole rings of the
ligands remain symmetrical even after formationhaf complexes. These results indicate

the formation of dinuclear complexes. The resonswrafethe coordinated pyrazole and
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pyrimidine protons shifted to considerable dowredilas compared to mononuclear
complexes, a consequence of their coordinatiorwto ruthenium, rhodium or iridium

atoms. For instance tftel NMR spectrum of comple1 was depicted in figure 2.9.

T T

10 9 8 7 6 5 4 3 2 1

Figure 2.9 H NMR spectrum of complex [{(Cp*)RhCHL3)](PFs), ([21](PFs).)

However, in the arene ruthenium complexes [13[PF [18](PF)., the
resonances of the ligand protons significantlytehifto down field compared to Cp*Rh
or Ir complexes, 19(PFs). — [24](PFs).. Besides these resonances complet8gHFs)

— [15](PFe). exhibit a singlet for both benzene ring protond at 6.24 and 6.15 ppm,
complexes 16](PFs), — [18](PFs)2 exhibit a similar trend like the mononuclear complke
[4]PFs — [4]PFs. A septet ab = 2.70 for the protons of the isopropyl groupjrayiet atd
= 2.17 for the methyl protons pfcymene ring, four doubletsa. d = 6.09 to 5.93 for the
ring protons of thg-cymene ligand and finally methyl protons of thepsopyl group
displays two doubletatca.d = 1.18 and 1.07. ComplexeB(PFs)2 — [24](PFs). exhibit
a singlet in the regio® = 1.88 to 1.77 for théve methylgroups of the Cp* ligand. The
chemical shift of the arene co-ligands or Cp* rprgtons are shifted to higher frequency

compared to the starting precursors as well as aogdpo the mononuclear complexes.
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2.3.5 Molecular structure of the dinuclear comyde3j(PFs)2

The molecular structure of [§f-p-'PrCsHsMe)RuCI}(L3)]** ([18](PFs),) has
been established by single-crystal X-ray structamalysis. Selected bond lengths and
angles are presented in Table 2.2. The dinucleamplx [18](PFs), shows a typical
piano-stool geometry for the ruthenium atoms wita metal centers being coordinated
by the aromatic ligand, a terminal chloride andalating N,N-ligand (Figure. 2.10). The
compound 18](PFs), contains two Ru(ll) metal centers which are bontted n®-'p-
PrGH4Me ligand and bridged by the L3 ligand throughniisogen atoms. Interestingly,
the dinuclear complexiB|(PFs), reveals d@rans conformation of the two chloro ligands
(Figure. 2.10). The distance between the rutheratoms and the corresponding centroid
of then®-p-'PrCsHsMe ring is 1.68 and 1.67 A. These distances arepapable to those in
the related complex catiomf{-p-' PrCsHsMe)Ru(2-acetylthiazoleazine)CIf®

@ C33

Figure 2.10: Molecular structure of f{{-p-'PrCsHsMe)RUCI}(L3)]*" [18](PF).- HO at
50% probability level. Hydrogen atoms, water moleand hexafluorophosphate anions

have been omitted for clarity.

The Ru-N bond distances ranging from 2.072(3) 8®2(3) A are shorter than in
the mononuclear compleg]PFs [2.102(3) and 2.093(3) A], interestingly the RuNi or
N5 (pyrazole) distances are shorter than the RweNR6 (pyrimidine) distances in the
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dinuclear complex 1[8](PFs)2, where asgt is opposite in mononuclear comple6]PFs,
while the rutheniunehlorine bond distances are comparable. In comd8](PFs)., the
isopropyl group of thep-cymene ligand at Rul cent&ycated opposite to the hali
ligand in order to reducsteric interactionswhile at Ru2 the isopropyl group is loca
on same side to the halide ligs

Complex [L8|(PFs), crystallizs with one molecule of water per asynric unit,
forming an hydrogemonded networlto the chloride atonand the fluorine atom of tt
hexafluorophosphate anic(Figure 2.11). The water molecuieteracts withchloride
ligand through O-H---Glontacts: the O---Cl distance being 3.26vifh an O—-H---Cl
angle of 156.3 In addition to thi, the water molecule interacts with one of the ride
atoms of thehexafluorophosphate ani through F---HD contacts: theF---O distance
being 3.51 A and the-FH-O angle 154.09°.

Figure 2.11: Hydrogen bonnetwork in [{{n°-p-'PrGsHsMe)RuCI},(L3)]** [18](PFy), -
H,O showing the intermolecular interactions involvialg hexafluorophosphate on, a

water molecule and cati
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Table 2.1: Details of the data collection and ressaof the structure refinement parameters for cemgs B|PFs- H.O, [6]PFs, [7]PFs and

[18](PFs)2- H:O

Complex BIPFs - KO [6]PFe [7]PFs [18](PFe)2 - H,O
Chemical formula @JHQQC'F@NGOPRU Q4H30C|F6N6PRU QcHng'FsNePRh Q4H46C|2F12N60P2Rl,12
Formula weight 628.03 684.03 630.77 1117.75
Crystal system Triclinic Triclinic Triclinic Moninic
Space group P-1 P-1 P-1 P 2/a

Crystal color and shape orange blade red block blexk orange block
Crystal size ( M 0.25x0.12x0.12 0.28x0.28x0.18 0.50 x 0.2626 0.21x0.18x0.13
a (R 8.4350(11) 8.4928(10) 7.5841(6) 17.1745(13)
b (A) 9.1359(12) 12.1384(14) 11.2581(10) 13.5980(8)
c(A) 16.328(2) 14.1361(16) 14.7304(12) 17.6465(11)
a (°) 91.340(2) 99.418(2) 74.056(2) 90.00

£(°) 92.071(2) 90.677(2) 88.015(2) 90.062(8)

y (°) 105.129(2) 104.611(2) 88.408(2) 90.00

V (A3 1213.2(3) 1389.0(3) 1208.39(17) 4121.1(5)

Z 2 2 2 4

T (K) 203(2) 203(2) 203(2) K 173(2)

Dy (g /cnt) 1.763 1.636 1.734 1.802

W (mm?) 0.895 0.785 0.952 1.033

Scan range (°) 2.31<6<28.31 1.76<6< 32.38 1.88 6 <32.33 1.91 ©<26.08
Unique reflections 12483 17438 14825 8096
Reflections used $20(1)] 5998 9027 7813 5203

Rint 0.0260 0.0383 0.0244 0.0644

Final R indices [>20(])]
Rindices (all data)
Goodness-of-fit

Max, Min Ap (e A?)

0.0385wR> 0.1160
0.041%/R, 0.1203
1.186

1.183, -0.564

0.0513ywR> 0.1368

0.0615yvR»0.1471
1.121

1.128, -0.754

0.0428, wR2 = 0.1387
0.0463, wR2 = 0.1437
1.178
1.214,-1.051

0.0379, wR2 =0.0791
0.0700, wR2 =0.0862
0.849

0.9480D

45



Pyrazolyl-pyrimidine ligands Chapter 2

Table 2.2: Selected bond lengths and angles foptoaas BJPF; - H.O, [6]PFs, [7]PFs
and D.8](PF6)2 H,O.

[3]PFe [6]PFs [7]PFs [18](PFe)2
Distances (A)
M1-Cl1 2.402(7) 2.388(8) 2.40(6) 2.393(1)
M2-CI2 - - - 2.391(1)
M1-N1 2.076(2) 2.102(2) 2.106(2) 2.072(3)
M1-N3 2.092(2) 2.093(2) 2.138(2) 2.092(3)
M2-N4 ; ; . 2.092(3)
M2-N6 ; ; . 2.076(3)
M1-centroid 1.690 1.685 1.770 1.685
M2-centroid - - - 1.678
Angles (°)
N1-M1-N3  75.33(7) 75.56(9) 75.34(8) 75.70(1)
N4-M2-N6 - - - 75.0(1)
N1-M1-Cll  84.76(6) 87.51(7) 90.43(7) 82.86(3)
N4-M2-CI2 - - - 84.26(9)
N3-M1-Cl1  84.09(6) 84.27(7) 84.73(6) 83.31(9)
N6-M2-CI2 - - - 81.70(9)

®Calculated centroid-to-metal distancg%Cs or n°-Cs coordinated aromatic ring).

2.3.6 UV-visible spectroscopy

Electronic absorption spectra of the mononucleangexes 1]PFs — [12]PFs as
well as the dinuclear complexeB3|(PFs). — [24](PFs), were acquired in acetonitrilat
10°> M concentration in the range 250-550 nm. Electrospectra of representative
complexes are depicted in Figure 2.12. The speftthese complexes are characterized
by two main featuresjiz., an intense ligand—localized or intra-ligane> * transition in
the ultraviolet region and metal-to-ligand chargansfer (MLCT) &(M) — =* (L1 -
ligand) bands in the visible regi8h.Since the low spin ° configuration of the
mononuclear complexes provides filled orbitals aftable symmetry at the Ru(ll),
Rh(lll) and Ir(lll) centers, these can interactiwiow lying 7* orbitals of the ligands. All
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these mononuclear complexd$HFs — [12]PFs show two medium intensity bands in the
region 261-310 nm, an intense band in the regidh380 nm in UV region and a low
energy absorption band in the visible region 45@78 nm. Where as the dinuclear
complexes 13|(PFs). — [24](PFs)2 shown similar number of bands in higher frequency
region, for instance a medium intensity band inrdggon 260 — 275 nm, a high intensity
band in the region 318 — 322 nm and a broad barttierregion 356 — 418 nm. The
medium intensity bands in UV region is assigned ton*, a high intensity band in UV

region is assigned to inter and intra-ligang n*/ n — 7* transitions®” *°

while the low
energy absorption band in the visible region isgaesl to metal-to-ligand charge transfer

(MLCT) (tzg—1¥).

0.8 -
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T ——[6]PF,
0.6 — “. [IO]PFG
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5% f 181PF,)
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Figure 2.12: UV-Visible electronic spectra of sédeccomplexes in acetonitrile at 298 K.

2.4  Conclusions
We have described and characterized new mono andcldar ruthenium,
rhodium and iridium complexes with the ligands L2,and L3, in good yield, which are

remarkably stable in air as well as in solutionbtith, mono and dinuclear complexes,
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the metal atom are bonded with the N-atom of th@azle moiety and the N-atom of the
pyrimidine moiety. But our effort to make heterolmar complexes by using second
binding site of the mononuclear complexes was wessful, since coordination of the
first metallic center does not induce the bondingthe second position in a kind of

chemical symbiosis driven by the ligand or the rhetater.

2.5  Supplementary material
CCDC-742491 [3]PFs: H,O, CCDC742492[6]PFs, CCDC-742493[7]PFs and
CCDC-751116[18|(PFs)2- H,O contain the supplementary crystallographic datatlics

chapter.
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Chapter 3

Spectral, structural and DFT studies of platinunougr
metal 3,6-bis(2-pyridyl)-4-phenylpyridazine compdsxand

their ligand bonding modes

New mononuclear half-sandwich platinum group metal (Ru, Rh and Ir) complexes were
obtained by the reaction of arene or Cp or Cp* metal (Ru, Rh and Ir) complexes with 3,6-
bis(2-pyridyl)-4-phenylpyridazine (L”h), yielding two sets of complexes. In one set (type-
A), the metal bonds to the N1 and N2 atoms of the (Lph) ligand, and in the other (type-
B), the metal bonds to the N3 and N4 atoms. The structures of these complexes were

confirmed through X-ray crystallography and density functional theory calculations.

*The work presented in this chapter has been published: K. T. Prasad, B. Therrien and K.
Mohan Rao, J. Organomet. Chem. 695 (2010) 707-716.
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3.1 Introduction

Polypyridyl complexes of platinum group metals dbeing continuously
investigated because of their multiple applicatians fields of science including
photophysics and photochemisti§/, supramolecular chemistfy,catalysi§ ** and
bioinorganic chemistry?*> The organometallic complexes pt-arene rutheniuni*’ and
n°-half-sandwich complexes of rhodium and iridium @attracted considerable current
interest as potential anticancer agents (Dysbal).*?*>*®*Another important aspect,
especially from the catalytic prospective, is thesign of Ru=0O functional groups and
analogues capable of reversibly accepting multiplectrons and protons within a
relatively small potential rang&?* This capacity to modify the environment in order t
induce electronic as well as steric effects givagpe for the design and fabrication of

tailored catalysts for specific reactions.

The properties of metal complexes largely dependnhow the nature of the
bridging ligand mediates metal-metal interactiombis role of bridging ligands is
strongly influenced by factors such as the accephor donor properties of coordination
sites, the length and rigidity of the spacers,ghesence or absence of conjugated bonds,
the orientation of substituents and the scope fanipulating ligand charge. In this
regard, bridging polypyridyl ligands vig. 2,2’-bipyrimidine (bpym), 2,3-bis(2-
pyridyl)pyrazine  (bppz), 3,5-bis(2-pyridyl)-1,2,4tétrazine  (bptz), 3,6-bis(2-
pyridyl)pyridazine (bppn), and 2,4,6-tris(2-pyrighil,3,5-triazine ligands) have received
much attentiorf>*> The wider family of such ligands with 4- or 4,5sstituted pyridazine
moieties Viz., 3,6-bis(2-pyridyl)-4-phenylpyridazine F('E) (figure 3.1) has been relatively
less studied. More recently, Constable and co-wergablished a few reports on silver(l)

%6-29

complexe incorporating such ligands.

Symmetrical 3,5-bis(2-pyridyl)-1,2,4,5-tetrazingo(d) and to a lesser extent 3,6-
bis(2-pyridyl)pyridazine (bppn) frequently binda any two of the four nitrogen atoms
present (N1 and N2 or N3 and N4) on the pyridind getrazine/pyridazine moieties,
employing a bidentate? bonding mode to coordinate witA hetal centerd®3' A phenyl
substituent introduces an element of asymmetryhén 3,6-bis(2-pyridyl)pyridazine (L)
ligand moiety, as shown by the 3,6-bis(2-pyridylpHenylpyridazine (B ligand. This
can bind to a metalia atoms N1 and N2tfpe-A or atoms N3 and N4type-B (see

figure 3.2) in a bidentate® bonding mode. The ligand is a four electron domocesthe
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phenyl substituent creates differences in the mpixt environment on the two available
binding sites. Apart from the above two possil@bti(ype-A or type-B (figure 3.2), a
combination of the two typesype-A + type-B for the same compound is also possible,
but not treated in this research.

The reaction of 3,6-bis(2-pyridyl)-4-phenylpyridaei (L") with [(n®-arene)Rug-
CCl], (arene = GHs and p-PrGHsMe), [(n°-CsMes)Ir(u-C)Cl], and [f-
Cp)Ru(PPB).CI] (Cp = GHs, GMes and GH;) led to the formation oftype-A
mononuclear complexes. Use off{CsMeg)Ru(u-Cl)Cl], and [f>-CsMes)Rh(u-CI)Cl],
led to the formation ofype-Bcomplexes. The third possibility (combination tgpe-A
andtype-B was not borne out in this work. The nature of Bwading modes for the
above complexes was elucidated here through NMR Xamdy crystallography. In
addition to these studies, we have performed DRdukzions on the complex&s 3, 4, 5
and6 in order to better understand the nature of thedlbg modes in the ruthenium,

rhodium and iridium complexes witH'L

To the best of our knowledge, there are yet nortspn half-sandwich platinum
group metal complexes with the’'Lligand. The successful formation here of such
mononuclear complexes gives promising scope foddwelopment ofmetallo-ligandsor
synthonsbased on organometallic systems. Another impoftator is the presence of a
phenyl ring on the ligand backbone. In the absehtkis feature\(iz,. with the 3,6-bis(2-
pyridyl)pyridazine ligand), we were unable to ohtatable and acceptable yields of both
mononuclear as well as dinuclear complexes. Dué&i®) some research groups had
suspended further work on such systems, notablgethstriving to prepare water

oxidation catalysts using this ligafid.

We here report the synthesis of eight new platiguoup metal complexes having
arenes, Cp* and 3,6-bis(2-pyridyl)-4-phenylpyrideziL™ as ligands, all characterized
by IR, NMR, mass spectrometry and UV/visible spestopy. The complexes and free
ligands were also subjected to density functiohabty (DFT) calculations. Molecular
structures of three representative complexes (ee@rifrom X-ray cryatal data) are

presented as well.
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Figure 3.1: Unsubstituted 3,6-bis(2-pyridyl)pyridez (L) and substituted 3,6-bis(2-
pyridyl)-4-phenylpyridazine (.

type-A type-B
Figure 3.2: The two types of complexeR§[DM(L"’h)X]+ (M=Ru, Rh and Ir).

3.2 Experimental

3.2.1 Preparation of ligand 3,6-bis(2--pyridyl)-Aemylpyridazine (P33

One gram of 3,6-bis(2-pyridyl)1,2,4,5-tetraziwas added to a solution of 0.50 g
of phenylacetylene in 25 ml. of toluene. The resglimixture was refluxed overnight.
After this time the redcolor of the tetrazine had disappeared. The s@sidue which
remained after removal dhe solvent was recrystallized from ethanol to giv80 g.
(68%) of color less needles, m. p. 177.5-178.5° C.
Anal. Calc. for GoH14aN4C, 77.40; H, 4.55. Found: C, 77.24; H, 4.88:NMR (CDsCN,
0): 8.81 (d, 1H), 8.74 (d, 1H), 8.67 (s, 1H), 8.491H), 7.93 (t, 2H), 7.83 (t, 2H), 7.42 (t,
1H), 7.34 -7.26 (m, 5H).
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3.2.2 General procedure for preparation of monaaratomplexe$ —3

A mixture of [(h°-arene)Ruf-CI)Cl], (arene = @Hs, p-'PrGsHsMe and GMey)
(0.07 mmol), ligand B (0.15 mmol) and 2.5 equivalents of WM in dry methanol (15
ml) was stirred at room temperature for 6 hourse hecipitate was separated by

filtration, washed with cold methanol, diethyl etlaad dried under vacuum.

3.2.2.1 [(7*-CeHe)RU(LPNCIIPF6 [1]

Orange-yellow solid, Yield 80 mg (89%):.4E1,0CINsJRUPF  (669.5) Calc.: C
46.61, H 3.01, N 8.36; Found: C 46.68, H 3.18, M88'H NMR (400 MHz, CRCN,
25°C):8 = 9.57 (d, 1H, 4= 5.58 Hz ), 8.86 (d, 1Hudi= 8 Hz), 8.64 (s, 1H), 8.49 (d,
1H), 8.28 (td, 1H), 8.08 (td, 2H), 7.71 (td, 1H)53-7.51 (m, 5H), 7.25 (d, 1H), 6.18 (s,
6H, CsHe) ppm; ESI-MS (m/z): 525.1 (100%) [M-BF, 489.1 (10%) [M-PECI]"; IR
(KBr, cm™): v(p.r) 844s; 558m.

3.2.2.2 [(7°*-p-PrCsHsMe)RU(IPNCIIPF¢ [2]

Dark orange solid, Yield 80 mg (89%):388.sCINJRUPF (726.05) Calc.: C
49.63, H 3.89, N 7.72; Found: C 50.08, H 3.78, B57*H NMR (400 MHz, CRCN,
25°C):6=9.42 (d, 1H,d»=5.60 Hz ), 8.78 (dd, 2HnJ = 8 Hz), 8.67 (s, 1H), 8.15(dt,
1H), 7.75 (td, 1H), 7.58-7.63 (m, 5H),7.43 (td, 2H)20 (d, 1H, Js = 8Hz), 6.04 (d,
1H), 6.01 (d, 1H), 5.85 (d, 1H), 5.81 (d, 1H), 2.@2pt, 1H, CH(CH),), 2.28 (s, 3H,
CH3), 1.18 (d, 3H, CH(Ch),), 1.14 (d, 3H, CH(Ck),) ppm; ESI-MS (m/z): 580.8
(100%) [M-PFR]*, 544.7 (20%) [M-PECI]"; IR (KBr, cmi'): vp.r) 842s; 558m.

3.2.2.3 [(7°-CeMeg)Ru(LPNCI)PF6 [3]

Orange-yellow solid, yield 80 mg (89%):3£3,CINJRUPFK  (754.1) Calc.: C
50.97, H 4.28, N 7.43; Found: C 51.08, H 4.31,.R97'"H NMR (400 MHz, CRCN,
25°C):5 = 8.91 (d, 1H, 4= 5.58 Hz ), 8.82 (d, 1HuJ = 8 Hz), 8.67 (s, 1H), 8.59 (d,
1H, 3.4 =8 Hz), 8.04 (td, 1H), 7.67-7.61 (m, 7H), 7.53 (@tH), 2.18 (s, 18H, &Me)s)
ppm; ESI-MS (m/z): 608.9 (100%) [M-BF, 573.6 (30%) [M-PECI]*; IR (KBr, cm):
Vp-F) 845s; 558m.

3.2.3 General procedure for preparation of mon@aratomplexed and5

A mixture of [[1>-CsMes)M(p-CI)Cl]2 (M = Rh, Ir) (0.07 mmol), ligand 1" (0.18

mmol) and 2.5 equivalents of NPFR; in dry methanol (15 ml) was refluxed for 4 hours.
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The reaction mixture was cooled overnight at roemgerature, during which time the
crystalline compound was formed. It was separatedfilbration, washed with cold

methanol, diethyl ether and dried under vacuum.

3.2.3.1 [(7P-CsMes)Rh(LPNCIIPF6[4]

Dark yellow color, yield 80 mg (77%):36H2sCINJRhPF (728.9) Calc.: C 49.43,
H 4.01, N 7.69; Found: C 50.10, H 3.99, N 785NMR (400 MHz, CDC4, 25°C):0 =
8.91 (d, 1H, J4=8 Hz ), 8.59 (d, 1H), 8.41 (s, 1H), 8.39 (d, 1B)19 (td,1H), 7.81 (m,
2H), 7.68 (d, 1H), 7.66 -7.61 (m, 5H), 7.40 (d, 1H)77 (s, 15H, EMes) ppm; ESI-MS
(m/z): 583.1 (100%) [M-PF", 558.1 (23%) [M-PECI]*; IR (KBr, cm): v(p.r) 845s;
558m.

3.2.3.2 [(7-CsMes)Ir(LPN)CIPF¢ [5]

Dark yellow color, yield 70 mg (83%):36H29CIN4IrPFs (818.2) Calc.: C 44.04,
H 3.57, N 6.85; Found: C 44.10, H 3.59, N 6.F9NMR (400 MHz, CDC4, 25°C):0 =
9.30 (d, 1H, J.u=8 Hz ), 8.88 (dd, 2H,4J4y= 6.8 Hz), 8.71 (s, 1H), 8.45 (td, 1H), 8.22
(td, 2H), 7.84 (td, 1H), 7.75 to 7.67 (m, 5H), 7.&8 1H), 1.68 (s, 15H, §Mes) ppm;
ESI-MS (m/z): 673.3 (100%) [M-RF, 638.1 (32%) [M-PECI]*; IR (KBr, cm™): vip.n)
845s; 558m.

3.2.4 General procedure for preparation of monaaratomplexe6 to 8

A mixture of [(Cp)Ru(PP$).Cl] (Cp = GHs5, GMes, CH;) (0.07 mmol), ligand
LP" (0.08 mmol) and 1.5 equivalents of WM in dry ethanol (15 ml) was refluxed for
14 hours. The color changed from a dark yellow ttagk red color. The reaction mixture
was cooled over-night at room temperature duringchviime the crystalline compound
was formed. Some of the crystals were found swatdbt X-ray crystal study. The
product was separated by filtration, washed withd egthanol, diethyl ether and dried

undervacuo

3.2.4.1 [(7-CsHs)Ru(L”")(PPhy)]PFs [6]

Orange color, yield 60 mg (63%)44E13,CINJRUPRFs (888.2) Calc.: C 58.14, H
3.86, N 6.31; Found: C 58.11, H 3.90, N 6.49.NMR (400 MHz, CDGC}, &) 9.50 (d,
1H), 8.75 (d, 1H), 8.72 (d, 1H), 8.21 (s, 1H), 81 1H), 7.57 (td, 1H), 7.37 (td, 1H),
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7.30-7.20 (m, 20H),7.14 (td, 1H) 6.78 (d, 1H), 4(835H, GHs) ppm;3'P {H} = 46.12
ppm.; ESI-MS (m/z): 743.5 (100%) [M-BIF; IR (KBr, cmi®): Vp-r) 842s; 527m.

3.2.4.2 [(7-CsMes)Ru(LP(PPhy)]PFs [7]

Orange color, yield 68 mg (60%)4444CINsJRURFs (958.38) Calc.: C 60.16, H
4.63, N 5.85; Found: C 60.11, H 4.69, N 5.#4.NMR (400MHz, CDC}, 25°C): 5 =
9.07 (d, 1H), 8.89 (d, 1H), 8.81 (td, 1H), 8.25%kl), 8.17 (td, 1H), 7.51-7.12 (m, 23H),
6.76 (d, 1H), 4.90 (s, 5H, s®les) ppm; 3P {*H} = 45.25 ppm; ESI-MS (m/z): 818.1
(100%) [M-PR]*; IR (KBr, cmi™): Vp-r) 844s; 527m.

2.2.4.3 [(7-CoH7)Ru(L)(PPhs)]PFs [8]

Yellowish brown color, yield 70 mg (83%):,&3sCINJRURFs (938.3) Calc.: C
60.16, H 3.87, N 5.97; Found: C 60.11, H 3.89,.895'"H NMR (400 MHz, CDC},
25°C): 8 = 9.68 (d, 1H), 8.76 (d, 1H), 8.69 (d, 1H), 8.0 TH), 8.12 (td, 2H), 7.94 (td,
2H) 7.63 (td, 1H), 7.22-7.55 (m, 24H, 4Ph), 4.81), 4.71 (d, 2H) ppm*P {H} =
48.42 ppm; ESI-MS (m/z): 789.4 (100%) [MF IR (KBr, cm™): Vp-r) 841s; 548m.

3.3 Results and Discussion

3.3.1 Syntheses

The dinuclear arene-ruthenium complexeﬁ-[&rene)Rq@-Cl)Cl]2 (arene = @Hg,
p-PrGH:Me and GMes) react with two equivalents of 3,6-bis(2-pyridyh-
phenylpyridazine (E") in methanol, being stirred at room temperaturéha presence of
NH.PFsto form the mononuclear areneruthenium compleonat[f)®-CsHe)Ru(L"N)CI]*
(1), [(N%-p-'PrCHsMe) Ru(PNCI]* (2), and [(%-CeMeg)RU(LPNCI* (3) (Scheme 3.1)
and isolated as their hexafluoro-phosphate satte.mietal atom bonds to th&"ligand
through the N1 and N2 atoms in thge-A complexesl and 2, while in thetype-B
complex3 the metal bonds through the N3 and N4 atoms olighed.
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Scheme 3.1

Similarly, reacting the dimeric chloro-bridged cdeyes [f>-CsMes)M(p-
CICI], (M = Rh, Ir) with the same ¥ ligand at 50 C leads to the formation of the
mononuclear cationic complexes {CsMes)Rh(L°NCI]* (4) and [f>-CsMes)Ir(LPN)CI]*

(5) (Scheme 3.2), isolated as their hexafluorophaspsalts. The metal atom bonded to
the L™"ligand through the N3 and N4 atoms in tiipe-Bcomplex4, while in thetype-A

complex5 the metal bondedia the N1 and N2 atoms of the ligand.

+0.5 [(n>-C5Mes)IrCly)],

Scheme 3.2
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The complexes f>-CsHs)Ru(PPh).Cl], [(n°-CsMes)Ru(PPh).Cl] and [Q°-
CoH7)RU(PPR).CI] reacted with the sameprLIigand in ethanol at 6C to form the
mononuclear complex cationsnftCsHs)Ru(L"PPh]* (6), [(n°-CsMes)Ru(LPPPh]*
(7) and [>-CoH7) Ru(L"MPPh]* (8) (Scheme 3.3), isolated as their hexafluorophdspha
salts. In all theséype-Acomplexes the metal is bonded through the N1 ah@tms of
the ligand.

+ [(n°-Cp)Ru(PPh,),ClI
[(n>-Cp)Ru(PPhgz), ])_
-Cl, - PPhg

Scheme 3.3

Complexesdl, 2 and3 are orange-yellow} and5 are dark yellow, whil&, 7 and8
are orange-brown in color. All are non-hygroscopait-stable solids soluble in
acetonitrile and partially soluble in dichloromeatka chloroform, methanol and acetone.
All complexes have been characterized on the ldsitemental analysedH NMR, IR,
UV-visible spectroscopy and mass spectrometry.

The infrared spectra of complexgés 8 exhibit a strong band in the region 844—
850 cm’, a typicalvp.r stretching band for the BPRnions. Besides this, peaks were
observed which correspond to the phenyl, pyridyd agridazine rings (C=C and C=N
moieties). The mass spectra display peaks mithat 580, 525, 573, 554, 638, 743, 818
and 789, corresponding to the molecular iohpdaks for complexekto 8 respectively.
For instance the mass spectra of the complexesl B drave been depicted in figure 3.3
and 3.4 respectively.
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Figure 3.4: Mass spectrum of compleqHCoH-)Ru(L"")(PPh)]PFs [8]
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3.3.2 NMR studies

The*H NMR spectrum of the free (unbound) liganty Exhibits resonances &t
8.80 (d, 6-H), 8.74 (d, 6’-H), 8.67 (s, 9-H), 8.4 3-H) 7.94 (td, 3',4-H), 7.80 (td, 4’-H),
7.44 (m, Ph-H), 7.34 (dd, 5-H), 7.28 (dd, 5’-H)@DCl;. Upon coordination with metal
atoms, the'H NMR spectrum of the 1" ligand protons exhibits two different sets of
resonances for the two different types of compleXé®type-Acomplexedl, 2, 5, 6, 7
and8 show one type of spectral resonance (see fige Bhile thetype-Bcomplexes3
and4 show a different set of resonances (see figurgf8réthe aromatic regions of the
ligand.

Type-A The'H NMR spectra of the Ru(Ilfl” and Ir(11)LP" complexedl, 2 and5
to 8 exhibit ten sets of resonances ai 9.54 (d, 6-H), 8.76 (d, 6’-H), 8.72 (d, 3-H), 8.21
(s, 9-H), 8.18 (td, 4-H), 7.57 (td, 4’-H), 7.37 (&tH), 7.30 (m, ph-H), 7.15 (td, 5'-H) and
6.79 (d, 3'-H) ppm for the protons of th&"lligand in CRXCN-ds. The resonances of the
protons 6, 6', 3 and 4 of ligand'Lare shifted downfield b§ ~ 0.75, 0.10, 0.32 and 0.31
respectively with respect to the free ligand. Asexample, the NMR spectrum of the
type-Acomplex6 is presented in figure 3.5.

Type-B The 'H NMR spectra of the Ru(ll) and Rh(lll) complexe@%
CsMeg)RU(LPCIT* (3) and [(1>-CsMes)Rh(LPN)CI* (4) exhibit eight sets of resonances at
6 =28.91 (d, 6'-H), 8.82 (d, 6-H), 8.67 (s, 9-H)58.(d, 3’-H), 8.04 (td, 4’-H), 7.67-7.61
(m, 5 & ph-H), 7.53 (td, 4& 5'-H) and = 8.91 (d, 6’-H ), 8.59 (d, 6-H), 8.41 (s, 9-H),
8.39 (d, 3'-H), 8.19 (td, 4’-H), 7.81 (m, 4& 5’-HY,.68 (d, 3-H), 7.66 -7.61 (m, 5 & ph-H)
ppm in CDC} (figure 3.6a, b). The resonances of protons 63’ @nd 4’ of the ligand are
shifted downfield by ~ 0.17, 0.01, 0.55 and 0.21 ppm respectively (watpect to the
corresponding free ™ protons) due to the inductive effect of the metale significant
downfield shift of proton 9 of ligand ™ reveals the formation dfpe-Bcomplexes as
compared to the previous type.

We choose to distinguish the two types of complextlee basis of NMR, and
present the spectra of the type-B complekesd4 are depicted herein (figure 3.6 a, b).
This furnishes the evidence for the formation ahptex 3 with thetype-Bbonding mode
in ruthenium complexes having the hexamethylbenzmnkgand. This is not the case
with ruthenium complexes having timg-p-'PrGHsMe andn®-CgHs co-ligands, where

Ru-L"" bonding occurs itype-Afashion. Similar results for other complexes (based
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reactivity studies) were observed earlier in ouseegch group, where complexes
containing the hexamethylbenzene co-ligand contlkestrly with those containing the
n®-p-'PrCsHsMe andn®-CeHg ligands®* %

Furthermore, the aromatic regions o‘f“lljgand signals of comple® exhibit a
singlet até = 2.28 for the methyl protons, a septebat 2.82 for the CH proton of the
isopropyl group, two doublets for the diastereatopiethyl protons of the isopropyl
group, and likewise four doublets for the diastespir CH protons of thg-cymene
ligand. Complexesl and 3 exhibit a singlet for the protons of the benzeimg rand
protons of the hexamethylbenzeneda.18 and 2.18 respectively. Complexesand5
exhibit a singlet for the methyl protons of the f@enethylcyclopentadienyl ligand &t
1.77 and 1.68 respectively. Complexeand 7 exhibit a singlet aé 4.91 and 2.03 for the
protons of the cyclopentadienyl ligand and the 1ylethprotons of
pentamethylcyclopentadienyl ligand respectivelymptex 8 exhibits three characteristic
sets of signals (multiplet, triplet and doublet) tbe protons of the indenyl ligand. The
protons of the triphenylphosphine ligand exhibibaltiplet ats 7.22 - 7.55. Thé'P {*H}
NMR spectra of complexes 7, and8 show chemical shifts at46.12, 49.21, and 48.42
respectively, which indicate that each metal atomn konded with a single

triphenylphosphine ligand.

3

L

T : f E : ' T T T T T

9.5 8.0 8.5 8.0 75 7.0

Figure 3.5: Aromatic region of tHél-NMR spectrum of compleg (type-A in CDCk
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(a)

(b)
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9.0 8.9 8.8 8.7 86 85 84 83 82 81 80 79 78 77 76 75 74 73 7.2 ppm

Figure 3.6: Aromatic regions of th#l-NMR spectra of (a) comple® (type-B; (b)
complex3 (type-B in CDCl,

3.3.3 Molecular structures

The molecular structures of ntp-PrGHsMe)Ru(Cll* (2), [(n°-
CsMes)Rh(LPNCI]* (4) and [(°-CsHs)Ru(LP)(PPh)]™ (6) have been established by
single-crystal X-ray analysis of their hexafluoropphate salts (tables 3.1 and 3.2). The
complexes show a typical piano-stool geometry thilh metal centre coordinated to the
arene ligand, to the chelating"lligand, and to a terminal chloride in complegeand4

and triphenylphosphine in compléx The metal atom is in an octahedral arrangement
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with the twocis-nitrogen atoms of the™ ligand acting as a bidentate chelating ligand
through the two neighboring pyridyl and pyridazimjtrogen atoms. In principle, in
mononuclear complexes, tetradentate ligands suthoas”" can coordinate to the metal
centre either through the N1 and N2 atotgpé-A or the N3 and N4 atomsgype-B. It is
fascinating to observe here that the crystal sirestof complexe2and6 are found to be
N1, N2-coordinatedtype-A, while the complex is found to be N3, N4-coordinated
(type-B in a five-membered ring chelating fashion invalyithe nitrogen atom of the
pyridine moiety and one nitrogen atom of the pyzidgl moiety. This could be due to the
steric interactions of arene ligands, electronittdes, the nature of the co-ligands, the
oxidation state of the metal atom and the symmetrthe ligand. The nature of these
bonding modes is studied here by density functidhabry (see later). The solid state
molecular structures of complex@s 4 and 6 are shown in figures 3.7, 3.8 and 3.9

respectively, with the bond lengths and angleseguriesl in table 3.1.

Figure 3.7 Molecular structure of a compléxat 35% probability level. Hydrogen atoms,
chloroform molecule and hexafluorophosphate anenretbeen omitted for clarity.

In the mononuclear complex&s 4 and 6 the nitrogen-metal distances (2.073,
2.120 and 2.086 A) associated with the pyridyl higaare slightly longer than the
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corresponding pyridazinyl ligand nitrogen-metalta@ige (2.045, 2.084 and 2.076 A).
These are comparable to those in the previouslydiesiu complexes ff-p-
'PrGsH4sMe)RuCl(2,3-bis(2-pyridyl)pyrazine)]BF® [Rhy(L-H)(NBD)(n*-C7H7)(CH:OH)
(CHsCN)](BF)2,>" and [(1-p-'PrGsHaMe)Ru(2-(2-pyridyl)-1,8-naphthyridine)CI|RE®
The Rh-N distances (2.120(3) and 2.084(3) A)4inare slightly longer than the
corresponding distances in comp2X2.073(3) and 2.045(2) A) and compléx2.076
and 2.086). The M-CI bond lengths [2.387(10) an882(13)] show no significant
differences between values for the cations stublezé and other reported valuisThe
N-M-N bond angles [76.1(11)° i2 and 76.0(13)° in4 are similar in value to that
[76.2(2)"] observed in the complex  nfp-'PrGH.Me)RUCI(2,3-bisg-
pyridyl)quinoxaline)].*

Figure 3.8:Molecular structure of complek at 35% probability level. Hydrogen atoms
and hexafluorophosphate anion have been omitteddaty

In complex2, the distance between the ruthenium atom andetheaid of then®-
p-'PrGHsMe ring is 1.693A. In complex4, the distance between the rhodium atom and
the centroid of the;>-CsMes ring is 1.789 A, while the distance between thienium
atom and they®>-CsHs ring is 1.843 A These bond distances are comparable to those in
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the related complex cationsnfép-'PrGsHsMe)Ru(pyNp)CIIPE, [(n°-CsMes)Ir(pyNp)-
Cl]PFs (PyNp=2-(2-pyridyl)-1,8-naphthyridine) (1.68 and7Q A)*° [(n5-CsMes)RhCI-
(CsHsN—2CH=N—-GH,-p-Cl)]* ** and [Rug-CsHs)(PPh)(k*paa)f and [Rug-CsHs) -
(<*-dppm)>-paa)f *%

C24 c23

Figure 3.9:Molecular structure of comple& at 35% probability level. Hydrogen atoms

and hexafluorophosphate anion have been omittecldaty.
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Table 3.1: Selected bond lengths (A) and bonf an@)efor complexeg, 6 and4.

Complex2 Complex6 Complex4
Bond distances
Ru-N1 2.073(3) 2.086(3) Rh-N4 2.120(3)
Ru-N2 2.045(3) 2.076(3) Rh-N3 2.084(3)
Ru-Cl1 2.387(10) 2.308(10) Rh-Cl1 2.384(13)
Ru-centroid 1.693 1.843 Rh-centroid 1.789
(arene) (Cp ring)
C9-C10 1.483(5) 1.466(5) C9-C10 1.471(5)
C5-C6 1.479(5) 1.490(6) C5-C6 1.500(5)
N2-N3 1.334(4) 1.340(4) N3-N4 1.330(4)
Bond angles
N1-Ru-N2 76.11(11) 76.11(2) N2-Rh-N3 76.00(13)
N1-Ru-Cl1 83.91(9) 95.75(9) N4-Rh-CI1 83.50(10)
N2-Ru-Cl1 84.95(8) 89.97(9) N3-Rh-CI1 88.73(10)
Rul-N2-C9 119.83 118.9(3) Rh1-N3-C9 117.99
Rul-N2-N3 117.16 117.9(2) Rh1-N3-N2 120.35
Rul-N1-C10 117.61 116.7(2) Rh1-N4-C10 116.03
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Table 3.2: Crystallographic and structure refinenpamameters for complex@s4 and6

Complex 2.CHCl; 4 6

Chemical formula @H29C|4N4RUPFG C30H29C|N4thre C43 H34 FG N4 P2 Ru
Crystal system Triclinic Monoclinic Monoclinic
Space group P-1(no. 2) P 2i/n (no. 14) P2(1)/c

Crystal color and shape orange block red block btedk

Crystal size (mm3) 0.23x0.17x0.16 0.28 x kZB18 0.50 x 0.26 x 0.15
a (A) 10.4283(19) 9.244(3) 10.1059(2)
b (A) 11.247(2) 14.147(5) 20.6495(4)
c (A) 15.491(3) 23.425(8) 18.8735(4)
a (°) 85.104(3)

B (°) 81.287(3) 95.900(6) 94.3950(10)
v (°) 71.700(3)

V (A3 1703.8(5) 3047.4(18) 3926.97(14)
Z 2 4 4

T (K) 173(2) 173(2) 293(2) K

Dy (g /cnt) 1.648 1.589 1.495

W (mm?) 0.883 0.765 0.546

Scan range (°) 2.28<06<25.95 2.268<25.60 1.469 <28.29
Unique reflections 6597 5963 9046
Reflections used #20(1)] 5719 4684 5505

Rint 0.0260 0.0426 0.0376

Final R indices f20(1)]¢
R indices (all data)
Goodness-of-fit

Max, Min Ap (e A3)

0.0452wWR; 0.1264
0.0518/R» 0.1323
1.005

0.864, -0.710

0.0496)R; 0.1267

0.0642vR>0.1355
1.068

0.807, -0.543

0.0568, wR2 = 0.1560
0.1004, wR2 =0.1778
1.048
0.953, -0.797

°Structures were refined oRFWR, = [ [W(Fo? - R / Sw(Fo?)Y?, where Wit = [ (Fo?) + (@P§ + bP] and P = [max¢£, 0) + 2K?)/3
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3.3.4 Theoretical calculations

All calculations on the molecular species studiegrevcarried out using the
B3LYP DFT method and different basis sets. All speavere subjected to full geometry

optimization.

3.3.4.1 L and Pligand structures

We have performed DFT calculations using the B3I6¥BP1+G** strategy to
determine the effect of the phenyl substituent bea hitrogen atoms of the central
pyridazine and pyridine rings. Firstly, both thgalnds L and " in their free state were
optimized in the low-energgnti orientation (figure 3.10; a, c). Since these lgdgmoccur
in the syn conformer in complexeg, 4 and6, they were also optimized in the higher
energysyn orientation (figure 3.10; b, d). Thenti conformer of L is planar but theyn
conformer is non-planar with the N-C-C-N dihedreldg 83.8° (table 3.3). On the other
hand, bottanti andsyn orientations of P" are non-planar, due to the effect of the phenyl
substituent on the central pyridazine ring. Theadral angles N1-C2-C3-N2 and N3-C6-
C7-N4 are respectively found to be 141.3°and 17fRanti LP" and -62.9°and -47.2°
for synL"" (table 3.3). These values are very close to tiperxental value®® In terms
of energy,anti L is 14.33 kcal / mol more stable thagn L while anti LP" is 9.68
kcal/mol (table 3.4) more stable thsynL". The coordinated 1" ligand in complexeg

and4 is in thesynconformation.

Table: 3.3. Select bond lengths and dihedral arfgtesynandanti LP" conformations.

N2-N3 C2-C3  C4-C8 C6-C7 N1-C2-C3-N2 N3-C6-C7-N4

syn-L™" 1.324 1498  1.487 1.489  -62.9° -47.2°
anti-LP" 1.323 1492  1.489 1.489  141.3° 179.2°

Table: 3.4: Total energies (in atomic units) ofalgls L and Lph with syn and anti

conformations and the energy difference betweetmtbeconformations

Ligands Syn anti Difference (kcal/mol)
L -758.511886 -758.534796 -14.37
LP" -989.579921 -989.595354 -9.68
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The electronic charges on the nitrogen atoms iratteL”" conformation reveal
that atoms N3 and N4 have more negative chargeatwens N1 and N2 (see figure 3.10;
c). This suggests that presence of the phenyl gafi@gts the electronic charges on the
four nitrogen atoms as well as the dihedral angfake pyridine and pyridazine rings, so
that the N3-N4 type-B binding site is more electron rich than the N1-[tgpe-A
bonding site.
a b

anti LP" syn LP"
Figure 3.10: B3LYP/6-31+G** geometry optimizatioorf(a) L in theanti orientation, (b)
L in the synorientation, (c) £" in theanti orientation and (d) 1" in the syn orientation.

Values with red color indicate the electronic clegrgorresponding to N atoms.

3.3.4.2 Structures of complexes
In order to gain further insight into the bondingades in the ruthenium, rhodium
and iridium complexes, we have carried out a dsfaiinvestigation using density
functional theory. The key findings are describethie following sections.
B3LYP/LanL2DZ calculations with full geometry optination were undertaken
for the cationic specie® 4 and6 in bothtype-Aandtype-Bbonding modes as depicted in
figure 3.11, where the crystal structure geometpegvided the starting input for
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optimization. The other speci@and5 were subjected to calculation using appropriate
modifications of the geometries 8f 4 and6. The calculated geometrical parameters of
the above complexes (table 3.5) are found to lmboise agreement with the experimental
values obtained from X-ray crystallographic stuthble 3.1). From table 3.5 we can see
that the positions of binding have discernible &feon the stability and geometrical
structure of the complexes. Comparing the comprdsdlts of the parent complex2s3,

4, 5, 6 with the experimental data (see table 3.1), we firat the computed coordination
bond lengths (Ru-N) are shorter than the correspgneixperimental value by 1 - 3 %,
the largest differences being found for the metaha carbon distanc&$.Computed
coordinated bond angles are wider by 2 % than thmsad experimentallyAt the same
time, the computed mean bond lengths C-C(N) ofigfzad skeletons of these complexes
are close to the general bond lengths. We therebyak that the structures obtained from

these DFT calculations are reliable.

71



Pyridyl-pyridazine ligands Chapter 3

Figure 3.11:B3LYP/LanL2DZ optimized structures of complexes 2%, 4A, 5A and
6A in type-Abinding mode and 2B, 3B, 4B, 5B and 6Bype-Bbinding mode.
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The 3,6-bis(2-pyridy|)-4-pheny|pyridazinep(l; ligand has two bidentate binding
sites,viz., the N1 and N2 atoms (type-A) and the N3 and té#ha (type-B). In principle,
the metal atom should prefer thyge-Amode (atoms N1 and N2), since the substituents
of the pyridazine ring (phenyl and pyridine ringsg metawith respect to N2, and the
dihedral angle N1-C2-C3-N2 for thenti conformer of P"(141.3°) is found to be less
than the dihedral angle N3-C6-C7-N4 (179.2°). Gadther hand, for thigpe-Bbonding
mode (at atoms N3 and N4), the substituents ofcémtral pyridazine ring (phenyl and
pyridine rings) are respectivepara andmetawith respect to N3. The dihedral angle N3-
C6-C7-N4 (179.2°) is found to be noticeably gredlen the dihedral angle N1-C2-C3-
N2 (141.3°) (see table 3.5). These results sugtdpastthe metal atom prefers to bind
through the N1 and N2 atomtyge-A rather than through the N3 and N4 atotgp€-B.

On the other hand, the Mulliken atomic chargeshenN3 and N4 atoms of ligand
LP" are more negative than for the N1 and N2 atoms figare 3.10 c). This means that
atoms N3 and N4 should be better electron donavartis the metal center than atoms
N1 and N2, implying that formation @ype-Bcomplexes is more favorable thgype-A
complexes. Interestingly, experimental results aétkat complexe8 and4 favor the
type-B bonding mode while all the other complexes favwe tiype-A mode. Possible
reasons could be the size of the metal atom, ariatate of the complex, symmetry of
the ligand and nature of the substituents on thlraéom.

The molecular structure of complexfép-'PrGsHsMe)Ru(LPNCI]* (2) showsk?
type coordination in thaype-A bonding mode (see figure 3.7). This geometry was
optimized for bothtype-Aandtype-Bbonding modes. The results reveal thattiipe-A
bonding mode is 1.25 kcal/mol more stable ttyare-B Replacingp-'PrGsHsMe of 2 with
the more electron-rich hexamethylbenzengMé&) ligand gives the complex rif-
CeMe(;)Ru(L"’h)CI]+ (3). The geometry of this complex was built up by mfiodtion of
complex2 in both conformations, being optimized at the B3LMRel with a LanL2DZ
basis set (figure 3.11. 3A and 3B). The resulteakthat thetype-B structure is 0.96
kcal/mol more stable than titygpe-Astructure. These trends suggest that the natutesof
co-ligands impacts on the bonding mode of tRéligand. Since the energy difference
betweentype-A and type-B (see table 3.6) structures is quite low, packing ather
environmental factors may affect preference of tumen over the other. The molecular

structure of [§°-CsMes)Rh(LPCIJPFs (4) shows &? type of coordination with thype-
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B bonding mode (see figure 3.8). The geometry wasngged for bothtype-Aandtype-B
bonding modes (figure 3.11; 4A and 4B), where #sults predict théype-Astructure as
0.95 kcal/mol less stable than thgpe-B structure. Replacing rhodium innft
CsMes)Rh(LPMCIIPFs (4) with the larger atom iridium givesr{-CsMes)Ir(L"")CI]PFs 5,
where the energy of thgpe-Astructure is 0.35 kcal/mol lower in energy thaetipe-B
structure (figure 3.11; 5A and 5B). This suggebts size of the metal atom also has a
significant effect on the preferred choice of bargdmode.

In order to study the effect of steric interactiarsthe choice of bonding mode,
we replaced th@-'PrGHsMe and chloride ligands in complékwith the less electron-
rich (but sterically free) cyclopentadienyl ligaadd the bulky triphenylphosphine ligand
respectively, giving the compleg. Calculated energies of the optimized geometries
(figure 3.11; 6A and 6B) reveal that thyge-Astructure of 6 is 1.96 kcal/mol more stable
than thetype-Bstructure. This suggests that steric factors ddvage much impact on the
choice of bonding mode (see table 3.6).

In conclusion, the calculated energies of the ogth geometries of complexes
2, 3, 4, 5 and6 reveal that the preferred choice of binding modiher depends on the
steric nature of the co-ligands nor on the oxidastate of the complex. However, the
optimized geometries @&f and5 reveal that size of the metal atom does haverafisignt
impact on choice of binding mode, where the rhodicomplex 4 favors thetype-B
bonding mode while the iridium complé&xfavors thetype-Abonding mode (substituents
or co-ligands and oxidation state being the sainedddition to the effect of the size of
the metal atom, the nature of the co-ligand alsodraimpact on the choice of bonding
mode because complexes with less electron-rich rdaoedigands favor theype-A
bonding modeXand2 and5 to 8) while complexes having more electron-rich donor ¢
ligands favor theype-Bbonding mode3 and4). These DFT results thus elucidate the
effects of the size of the metal atom, the natdrthe co-ligands and various electronic

factors on the nature of bonding mode.
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Table 3.5: Selected bond lengths (A) and angle®(Qomplexe®, 3, 4, 5 and6 from the optimized geometries tiype-Aandtype-E.

Atoms 2A 2B 3A 3B 4A 4B 5A 5B 6A 6B
Bond distances

Ru-N1(N4) 2.056 2.068 2.058 2.071 2.099 2.116 2.091 2.076 2.070 2.083
Ru-N2(N3) 2.036 2.025 2.022 2.026 2.059 2.061 2.042 2.039 2.042 2.048
Ru-Cl1 2.334 2453 2.462 2.460 2.463 2459 2.479 2.480 2.447 2.447
N2-N3 1.344 1.348 1.344 1.346 1.295 1.341 1.348 1.344 1.357 1.358
M-C21 2.393 2.391 2426 2411 2.272 2.278  2.257 2.256 2.313 2.308
M-C22 2.354 2.354 2403 2.399 2.297 2.299 2.258 2.247 2.309 2.309
M-C23 2.368 2.358 2380 2371 2.235 2.229 2.339 2.302 2.326 2.319
M-C24 2.369 2.362 2313 2.309 2.282 2.273 2.303 2.262 2.319 2.313
M-C25 2.316 2305 2321 2.322 2.278 2.273  2.2080 2.281 2.309 2.308
M-C26 2.356 2.347 2420 2.409 - - - - - -
C2-C3 1.475 1.466 1.471 1.463 1.481 1.472 1.466 1.475 1.475 1.464
C5-C7 1.488 1.496 1.489 1.496 1.487 1.495 1.496 1.488 1.486 1.493
C4-C8 1.491 1.486 1.490 1.486 1.490 1.486 1.485 1.491 1.496 1.485
Bond angles

N1-Ru-N2 77.7 76.9 77.4 778 77.0 77.3 77.2 77.0 77.08 77.4
N1-Ru-Cl1 84.1 83.4 83.5 83.3 855 84.0 83.0 84.2 94.98 95.4
N2-Ru-Cl1 85.6 85.4 85.7 86.6 85.2 85.9 85.0 84.6 90.12 89.8
Torsion angles

N1-C2(7)-C3(6)-N2 6.9 58.2 7.4 -0.6 9.2 -46.6 -47.1 7.3 3.7 -134.1
N4-C7(2)-C6(3)-N3  33.2 -0.8 30.7 53.8 30.0 1.2 1.1 30.3 -175.1 1.1

9Labels were given on the basis of figure 3.11; 24 8.2B.
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Table 3.6: Total energies (in atomic units) of céerps2, 3, 4, 5 and6 (1 atomic unit =

27.21 eV) and the energy differen&E between the two conformers.

AE® Favored
Compound  LP"(type-A)  LP"(type-B) (kcal/mole) geometry
2 -1487.548062  -1487.546073 -1.25 type-A
3 -1566.175211 -1566.176748 +0.96 type-B
4 -1503.778281  -1503.779793 +0.95 type-B
5 -1498.974271  -1498.973714 -0.35 type-A
6 -1977.973671  -1977.970548 -1.96 type-A

°AE = Eype—A— Eype—B

3.3.5 UVl/visible spectroscopy

Electronic absorption spectral data of complekés 8 at 10° M concentration in
the range 290-600 nm are summarized in table &.spectra of these complexes are
characterized by two main featureg., an intense ligand—localized or intra-ligand-

n* transition in the ultraviolet region and metaligand charge transfer (MLCT)n(M)

— * (L""ligand) bands in the visible regi8hSince the low spin®tonfiguration of the
mononuclear complexes provides filled orbitals mfpger symmetry at the Ru(ll), Rh(lII)
and Ir(lll) centers, these can interact with lownfy=* orbitals of the ligands. All these
complexes show an intense band in the region 290rB2 and a low energy absorption
band in the visible region 420 — 445 nm. In additto these two absorption bands, an
additional low intensity band at 350 nm and a stteultype band at 280 nm for
complexest and5 respectively are observed. The high intensity barttle UV region is

assigned to inter- and intra-ligamen* transitions’>*°

while the low energy absorption
band in the visible region is assigned to metdigand charge transfer (MLCT){t—

7*). Spectra of these complexes are presented umeig.12.
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Table 3.7: UVlvisible spectral data for selectethptexes in acetonitrile at 298 K.

Complex No. Complex Amax (NM) /€ 10° M cmi®

1 [(n®-CsHe)Ru(LPNCIT* 306 (0.47) 412

2 [(n®-p-'PrGHsMe)Ru(LPNCIl* 320 (0.65) 420

3 [(n°-CsMeg)Ru(LPHCI* 317 (0.61) 412

4 [(n°-CsMes)Rh(LPM)CIl* 299 (0.49) 349 (0.15) 420
5 [(n°-CsMes)Ir(LPNCI] 300 (0.51) 380 470

6 [(n°-CsHs)Ru(LPYPPR]* 290 (0.61) 435(0.15)

7 [(n°-CoH7)Ru(LPPPhH]* 294 (0.36) 445

Absorption

da L b =

n

-1

) 1 I v
300 350 400

I
450

1 I
500 550 600

wavelength (nm)
Figure 3.12: UV/Visible electronic spectra of coex®s in acetonitrile at 298K.
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3.3.6 Theoretical calculations:

Density functional theory (DF1) calculations were undertaken for the ligands L
and 1" as well as for the complexes nftp-'PrCH.Me)Ru(PNCll*, [(n°-
CsMes)Rh(LPNCIT*,  [(N°-CsMes)Ir(LPNCIT*,  [n°-CsHs)Ru(LP)(PPR)]* in both the
binding modestype-Aandtype-B. Full geometry optimization was carried out wikie
use of the B3LYP [Becke three-parameter exchangetifonal (B3) and the Lee-Yang-
Parr correlation functional (LYP)] meth8d° together with the 6-31+G** and
LanL2DZ%*? basis sets for ligands and for complexes respsgtivStaring atomic
coordinates for the cationic complex@s4 and6) were taken from the single-crystal X-
ray structures. All computations were performedhwite GAUSSIAN 03 packagde.
Frequency calculations were performed to determahether the optimized geometries

were minima on the potential energy surface.

3.4  Supplementary material
Files CCDC739572 (2.CHCI3), CCDC739570 (4) and CCDC?39571 (6)
contain the supplementary crystallographic dataHisrchapter.
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Chapter 4

Cationic half-sandwich complexes (Rh, Ir, Ru)
containing 2-substituted-1,8-naphthyridine chelating
ligands: Syntheses, X-ray structure analyses and

spectroscopic studies

Herein, we describe the synthesis of twelve r]5—C5Me5 rhodium, iridium and r]6—C6H6, r]6—
p—iPrC5H4I\/Ie ruthenium complexes incorporating 2-substituted-1,8-naphthyridine
ligands; 2-(2-pyridyl)-1,8-naphthyridine (pyNp), 2-(2-thiazolyl)-1,8-naphthyridine (tzNp)
and 2-(2-furyl)-1,8-naphthyridine (fuNp).

*The work presented in this chapter has been published: K. T. Prasad, B. Therrien and K.
Mohan Rao, J. Organomet. Chem. 693 (2008) 3049-3056.
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4.1  Introduction

Mononuclear complexes of platinum group metals @omg heterocyclic
nitrogen based ligands have received considerdtastin owing to their photochemical
properties:® catalytic activities’'® electrochemical behavio@t?® as well as in the
development of new biologically active agefftd8® Ruthenium, rhodium and iridium
unsubstituted 1,8-naphthyridine based complexes#geesting in their own right of uses
as dye — sensitized solar cells and photophysféedte>* The reactivity of these metals
with substituted 1,8-naphthyridine based ligandgehaso been reported. Examples with
dinuclear metal-metal bonded compoufitf, and mononuclear compouritisbeing
known. However no reports dealing witi*-pentamethylcyclopentadienyl of-arene
platinum group metal (Rh, Ir, or Ru) in conneciwtith substituted 1,8-naphthyridine
ligands have been reported so far.

Herein, we describe the syntheses of twej%CsMes rhodium, iridium anch®-
CeHs, n°-p-'PrGHs.Me ruthenium complexes incorporating 2-substitute’i-
naphthyridine ligands (Chart 4.1)2-(2-pyridyl)-1,8-naphthyridine (pyNp), 2-(2-
thiazolyl)-1,8-naphthyridine (tzZNp) and 2-(2-fumsd)8-naphthyridine (fuNp). All
complexes are characterized by IR, NMR, mass gspeetry and UV/Visible
spectroscopy. The molecular structures of five espntative complexes are presented as

well.

pyNp fuNp tzNp

Chart4.1
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4.2 Experimental
421 Preparation of ligands (pyNp, fuNp and tzRf#PY°

4.2.1.1 Preparation of pyNp

500 mg (4.1 mmol) of 2-aminonicotinaldehyde wassaliged in 15 ml of dry
ethanol. To this solution was added 0.55 ml (4.9%af of 2-acetylpyridine. The
solution was refluxed under nitrogen and treateth whree drops of freshly prepared
saturated solution of KOH in methanol. After reflux overnight the solution was
concentrated to one third of its original volumel &ept in refrigerator to get yellowish
crystals. The crystals were isolated by filtrateomd washed with cold ethanol and dried
under vacuum to get pure pyNP.
Yield: 640 mg 75% NMR (CD:CN, 3): 9.09 (dd, 1H), 8.82 (d, 1H), 8.68 (m, 2H),
8.26 (d, 1H), 8.17 (d, 1H), 7.83 (td, 1H), 7.431#4i), 7.32 (m, 1H).

4.2.1.2 Preparation of tzNp

500 mg (4.1 mmol) of 2-aminonicotinaldehyde wassaliged in 15 ml of dry
ethanol. To this solution was added 0.51 ml (4.95ah) of 2-acetylthiazole. The solution
was refluxed under nitrogen and treated with trdesps of freshly prepared saturated
solution of KOH in methanol. After refluxing ovegfit the solution was concentrated to
one-third of its original volume and kept in refrgtor to get yellowish crystals. The
crystals were isolated by filtration and washechvaiold ethanol and dried under vacuum
to get pure tzNP.
Yield: 675 mg, 78%'H NMR (CDsCN, 8): 9.12 (d, 1H), 8.45 (d, 1H), 8.28 (d, 1H), 8.19
(dd, 1H), 7.98 (d, 1H), 7.54 (d, 1H), 7.49 (q, 1H)

4.2.1.3 Preparation of fuNp

The fuNP ligand was synthesized and isolated inmélas manner described for
the synthesis of tzNP taking 50 mg (4.1 mmol) @r@inonicotinaldehyde and 0.50 ml (5
mmol) of 2-acetyl-furan.
Yield: 660 mg, 82%H NMR (CDsCN, &): 9.07 (dd, 1H), 8.19 (m, 2H), 7.96 (d, 1H),
7.58 (dd, 1H), 7.50 (d, 1H), 7.45 (q, 1H), 6.57,(dH)
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4.2.2 Preparation of complexgsH

4.2.2.1 Synthesis of/jf-CsHe)Ru(pyNp)CIICI ([L]CI)

A mixture of [(1°-CsHe)Ru(u-Cl)Cl]2 (50 mg, 0.09 mmol) and pyNp (42 mg, 0.18
mmol) in 10 ml of acetonitrile was refluxed for @tinutes. A colour change from light
brown to dark brown was observed. The resultingutsmt was concentrated under
vacuum (2 ml). Then 15 ml of hexane was added doda precipitation. The yellowish
brown solid was filtered off, washed with diethyher and dried under vacuum.

Yield 80 mg, (87%): &H1sCIoNsRu (457.31) Calc.: C 49.90, H 3.31, N 9.19; Fouad:
50.08, H 3.39, N 9.15H NMR (CDCk, 8): 9.56 (d, 1H, Jx = 8Hz), 9.38 (g, 1H), 8.76
(d, 1H), 8.58 (m, 2H), 8.48 (d, 1H), 7.91 (td, 1MY0 (q, 1H), 7.78 (td, 1H), 6.15 (s, 6H,
CeHe). ESI-MS (m/z): 419.8 (100% ) [M-CI]

4.2.2.2 Synthesis of/jf-CsHe)Ru(tzNp)Cl|PFK ([2]PFe)

A mixture of [(°-CsHe)Ru(u-Cl)Cl]> (50 mg, 0.09 mmol), tzNp (43 mg, 0.20
mmol) and 2.5 equivalents of NP in 10 ml of acetonitrile was stirred at room
temperature for 12 hours. A color change was olesefitom light brown to yellowish
brown during the process. The reaction mixture wWhsred off and washed with
acetonitrile. The filtrate was reduced under vacy@mml) and 15 ml of diethyl ether was
then added to induce precipitation. After standfog 15 minutes, yellow precipitate
settled down. The resulting precipitate was fikererashed with diethyl ether and dried
under vacuum.

Yield 85 mg (76%): &H13CIN3sFsSPRu (572.85) Calc.: C 35.64, H 2.29, N 7.34, $,5.6
Found: C 35.70, H 2.35, N 7.46, S 5.54.NMR (CDsCN, 9): 9.40 (q, 1H), 8.74 (d, 1H,
Ju.n= 8.12 Hz, tz-H), 8.69 (d, 1H), 8.56 (dd, 1H), 8.24 (d, 1H,n= 4 Hz, tz-H), 8.19
(d, 1H), 7.9 (g, 1H), 6.20 (s, 6H,6Es). ESI-MS (m/z): 425.2 (100%) [M-RF, 389.4
(20%) [M-PR-CI]".

4.2.2.3 Synthesis of/ff-CsHe)Ru(fuNp)CIPF ([3]PFe)

A mixture of [(°®-CsHe)Ru(-CI)Cl], (50 mg, 0.09 mmol), fuNp (36 mg, 0.18
mmol) and 2.5 equivalents of NPIRswas used and treated following a procedure similar
to that described in the synthesis of compléfPFs. The resulting precipitate was
filtered, washed with benzene and dried under viacuu
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Yield 70 mg, (63%): GH1.CIFeN,OPRuU (555.80) Calc.: C 38.90, H 2.54, N 6.38; Found
C 38.70, H 2.45, N 6.48H NMR (CDCk, 8): 9.52 (dd, 1H), 8.49 (ddsd = 7.12 Hz,
1H), 8.09 (dd, 1H, = 8.08 Hz), 7.84 (d, 1H), 7.71 (d, 1H), 7.67 (q,)1A57 (g, 1H),
6.81 (g, 1H), 5.93 (S, 6H,8g): ESI-MS (m/z): 411.1 (100%) [M-RF, 374.1 (20%)
[M-PFe-CI]".

4.2.2.4. Synthesis ofrf{-p-PrCsHsMe)Ru(pyNp)Cl]PE ([4]PF¢)

A mixture of [(r]G-p-iPrQ;H4Me)Ru(u-CI)CI]2 (50 mg, 0.081 mmol), pyNp (34 mg, 0.163
mmol) and 2.5 equivalents of NPFR; in 10 ml of acetonitrile were stirred at room
temperature for 5 h. A white precipitate (M) was removed by filtration. The filtrate
was concentrated to 2 ml and diethyl ether was é&ddeinduce precipitation. After
standing for 15 minutes, an orange-yellowish priéai@ was observed. After filtration,
the solid was washed with diethyl ether and drieden vacuum.

Yield 82 mg, (81%): @H2:CIFsN3sPRu (622.93) Calc.: C 44.35, H 3.72, N 6.75; Found:
C 44.70, H 3.65, N 6.78H NMR (CDsCN, d): 9.46 (d, 1H, du= 12 Hz,), 9.37 (q, 1H,
Ju-n= 4 Hz), 8.73 (d, 1H), 8.57 (m, 2H), 8.48 (d, 18)26 (td, 1H), 7.91 (q, 1H), 7.78
(td, 1H), 6.21 (d, 1H,d4 = 5.4 Hz, Ap.y), 6.13 (d, 2H, d1= 6.2 Hz, Ap), 5.79 (d,1H,
Jin= 5.2 Hz, Apy), 2.47 (sept, 1H,14 = 4.4 Hz, CH(CH)), 2.27 (s, 3H, CHl), 0.91
(d, 3H, CH(CH)y), 0.83 (d, 3H, CH(CH).); ESI-MS (m/z): 478.3 (100%) [M-RF, 440
(8%) [M-PR:-Cl]", 306.4 (4%) [M-PE-CI- p-cy]".

4.2.2.5 Synthesis of/f?-p-iPrCeH4Me)Ru(tsz)CI]PI{; ([5]PFe)

A mixture of [(r]G-p-iPrC6H4Me)Ru(u-CI)CI]2 (50 mg, 0.08 mmol), tzNp (35 mg,
0.17 mmol) and 2.5 equivalents of M in 10 ml of methanol was refluxed for 3 h. A
color change from brown to yellowish brown was otwed. The solution was evaporated
and the residue extracted with dichloromethane. whige insoluble material was filtered
off. The filtrate was concentrated to 2 ml and hijetether was added to induce
precipitation. The yellowish orange precipitate wasshed with diethyl ether and dried
under vacuum.
Yield 80 mg, (78%): @H.:CIFs N3SPRu (628.96) Calc.: C 40.10, H 3.37, N 6.68, S
5.10; Found: C 40.43, H 3.35, N 6.76, S 5:22NMR (CDCk, 3): 9.35 (q, 1H), 8.74 (d,
1H, 344 = 3.36 Hz), 8.62 (d, 1H), 8.45 (dd, 1H), 8.15 (&1, ;.4 = 8.32 Hz), 8.06 (d,
1H), 7.86 (g, 1H), 6.31 (d, 1Hud = 6.2 Hz, Apy), 6.26 (d, 1H, dn= 6 Hz, Ap.y),

86



1,8-naphthyridine ligands Chapter-4

6.11 (d.1H, J.n= 5.68 Hz, Ap.cy), 5.99 (d, 1H, Ju= 6 Hz, Ab.), 2.79 (sept, 1H ) =
4.14 Hz, CH(CH),), 2.28 (s, 3H, Ch), 1.08 (d, 3H, CH(CH),), 1.02 (d, 3H, CH(CH),);
ESI-MS (m/z): 481.9 (100%) [M-RF, 445.6 (45%) [M-PE-CI]".

4.2.2.6 Synthesis of/f?-p-iPrCeH4Me)Ru(fuNp)CI]PE ([6]PFe)

The reaction of [{®-p-'PrGsHsMe)Ru@-Cl)Cl], (50 mg, 0.08 mmol), fuNp (32 mg, 0.16
mmol) and 2.5 equivalents of NPR; was carried out following a procedure similar to
that described in the synthesis BfHFs.

Yield 70 mg, (70%): &H2,CIFsN,OPRu (611.91) Calc.: C 43.18, H 3.62, N 5.79; Found
C 43.23, H 3.73, N 5.46H NMR (CDsCN, 3): 9.58 (dd, 1H), 9.05 (dd, 1H), 8.32 (dd,
1H, J44 = 8.12 Hz), 8.10 (d, 1H), 7.99 (d, 1H), 7.76 (d,)1A.57 (g, H), 6.81 (q, 1H),
5.81 (d, 2H, J.+= 6.24 Hz, A.,), 5.56 (d, 2H, dn = 6.14 Hz, Ap.,), 2.86 (sept, 1H,J

n = 4.04 Hz, CH(CH),), 2.16 (s, 3H, Ch), 1.18 (d, 3H, CH(CH),), 1.07 (d, 3H,
CH(CHs)2); ESI-MS (m/z): 464.9 (100%) [M-RF, 429.2 (15%) [M-PECI]".

4.2.3 Preparation of the cationic compleXek2

General procedureA mixture of [(°-CsMes)M(u-Cl)Cl], (0.07 mmol), 2-substituted-
1,8-naphthyridine ligand (0.14 mmol) and 2.5 eqlemts of NHPFs in dry methanol (10
ml) was stirred at room temperature for 8 h. Thieesd was evaporated under reduced
pressure, and the residue was dissolved in diametieane. After filtration, the volume
was reduced to 2 ml and excess diethyl ether wdedatb induce precipitation. The

precipitate was washed with diethyl ether and dueder vacuum.

4.2.3.1 [(7-CsMesRh(pyNp)CIIPF ([7]PFe)

Orange-yellow solid, yield 70 mg (79%).8,4CIFgN3PRh (625.77) Calc.: C 44.14, H
3.87, N 6.71; Found: C 44.70, H 3.75, N 6.%#6.NMR (CD:CN, 3): 9.32 (q, 1H, Ju=
4.08 Hz ), 9.03 (d, 1H1 = 4 Hz), 8.78 (d, 1H), 8.55 (m, 2H), 8.5 (d, 1HRB (td,1H),
7.87 (td, 2H), 1.60 (s, 15H,sMes); ESI-MS (m/z): 480.81 (100%) [M-RF, 444.1
(70%) [M-PFRs- CI]".

4.2.3.2 [(7-CsMes)Rh(tzNp)CIPF ([8]PF)

Orange solid, yield 80 mg (89%).4E1,.CIFsN3SPRh (628.96) Calc.: C 39.72, H 3.51, N
6.65, S 5.08; Found: C 39.43, H 3.45, N 6.76, 2.518 NMR (CDsCN, 8): 9.34 (q, 1H,
Jun= 1.92 Hz), 8.76 (d, 1Hu1 = 8.4 Hz), 8.57 (dd, 1H), 8.38 (d, 3H), 8.29 (d,, Tl
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= 8.4 Hz), 8.23 (d, 1H), 7.87 (g, 1H), 1.71 (s, 15HMes); ESI-MS (m/z): 485.28
(100%) [M-PR]*, 450.1 (9%) [M-PE CI]*.

4.2.3.3 [(7°-CsMes)Rh(fuNp)CIIPR ([9]PFe)

Orange-yellow solid, yield 68 mg (78%)#1,5CIFsN,OPRh (614.75) Calc.: C 42.98, H
3.77, N 4.56; Found: C 42.23, H 3.73, N 434 NMR (CDsCN, 9): 9.42 (dd, 1H), 9.09
(dd, 1H), 8.52 (d, 1H), 8.12 (dd, 1H), 7.79 (d, 1RA)76 (d, 1H),7.67 (g, 1H),7.52 (q,
1H), 1.55 (s, 15H, EMes); ESI-MS (m/z): 468.6 [M-P§",

433.1 (7%) [M-PF¢- CI]".

4.2.3.4 [(7’-CsMes)Ir(pyNp)CIIPFs ([10]PFe)

Orange-yellow solid, yield 80 mg (89%).4El,4CIFsN3PIr (715.09) Calc.: C 38.63, H
3.38, N 5.58; Found: C 38.70, H 3.55, N 5.866.NMR (CDCk, &): 9.38 (d, 1H)9.3 (q,
1H), 8.73 (d, 1H), 8.55 (m, 2H), 8.49 (d, 1H), 8@, 1H), 7.96 (q,1H), 7.87 (td, 1H),
1.71 (s, 15H, eMes); ESI-MS (m/z): 569.1 (100%) [M-RE, 533.2 (23%) [M-PE
(o]

4.2.3.5 [(7P-CsMes)Ir(tzNp)Cl]PFs ([11]PFe)

Orange-yellow solid, yield 82 mg (91%).8,,CIFsNsSPIr (721.11) Calc.: C 34.98, H
3.08, N 5.83, S 4.45; Found: C 34.63, H 3.15, N6554.42 H NMR (CDsCN, 3): 9.32
(g, 1H), 8.73 (d, 1H), 8.58 (dd, 1H), 8.37 (d, 3831 (d,1H), 8.21 (d, 1H), 7.89 (g, 1H),
1.71 (s, 15H, €Mes); ESI-MS (m/z): 575.1 (100%) [M-RF, 539.4 (35%) [M-PE
ch’.

4.2.3.6 [(7°-CsMes)Ir(fuNp)CI|PFs ([12]PFe)

Orange-yellow solid, yield 61 mg (69%) .4 ,3CIFsN,OPIr (704.06) Calc.: C 37.53, H
3.29, N 3.98; Found: C 37.23, H 3.23, N 4.84.NMR (CDCk, 8): 9.40 (dd, 1H), 9.06

(m, 1H), 8.51 (dd, 1H), 8.13 (d, 1H), 7.84 (d, 1A)72 (d, 1H),7.65 (g, 1H), 7.55 (q, 1H),
1.56 (s, 15H, €Mes); ESI-MS (m/z): 558.9 (100%) [M-RF, 522.4 (10%) [M-PE CI]".

4.2.4 Single crystal X-ray structure analyses

In [10]PFs a positive residual electron density of 11.43%ef0.80 A from
Iridium) and electron density hole of -4.61 2£0.66 A from Iridium) surrounded the

heavy iridium atom. Crystallographic details arensuarised in Table 4.1.

88



1,8-naphthyridine ligands Chapter-4

4.3 Results and Discussion

4.3.1 Syntheses

The dinuclear arene ruthenium complexeé-[e(rene)Rq@-Cl)Cl]2 (arene = @Heg,
p-PrGHsMe) react in acetonitrile with the 2-substitute@-haphthyridine ligands -
2-(2-pyridyl)-1,8-naphthyridine (pyNp), 2-(2-thidgd-1,8-naphthyridine (tzNp) and 2-
(2-furyl)-1,8-naphthyridine (fuNp) to give the manglear cationic complexes
[(n*-CeHe)RU(L)CII™ {L = pyNp (1); tzNp @); fuNp @)}, [(n®p-PrCsHaMe)Ru(L)CII
{L= pyNp (4); tzNp 6); fuNp 6)} (Scheme 4.1). Catiod is isolated as its chloro salt,
while the other cationic ruthenium complexes artioled as their hexafluorophosphate
salts.

. R
w T

~

C
R 1:

+0.5 [(n®-arene)Ru(u-Cl)Cl],

-Ccr

| NS S + 0.5 [(n®-arene)Ru(u-CICl],
5:
NF -CI
zNp

+05 [(r]e-are ne)Ru(u-Cl)Cl],

-CI

Scheme 4.1

Similarly, the reaction in methanaf the dimeric chloro-bridged complexes
[(N°-CsMes)M(p-CI)Cl], (M = Rh, Ir) with the same 2-substituted-1,8-naptitine
ligands leads to the formation of the mononucleaatiooic complexes
[(n>-CsMes)Rh(L)CIT" {L = pyNp (7); tzNp @); fuNp (©)} and [(n°-CsMes)Ir(L)CIl " {L =
pyNp (L0); tzNp (11); fuNp (12)} (Scheme 4.2). All rhodium and iridium complexa®
isolated as their hexafluorophosphate salts.
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7: M =Rh
+ [(n°-CsMes)M(u-CICI], 0
M=
—cr '
N
N N //\> 8: M= Rh
TN S+ [(n®CsMes)M(u-CIClJ 11:M=Ir
N -Cr
tzNp
9: M =Rh
+ [(n®-CsMes)M(u-CICl
[(n>-CsMes)M(u-Cl) ]2) 12:M =1t
-cr
Scheme 4.2

All complexes are orange yellow in color, non-hygpopic, air stable solids.
However, the complexes with the fuNp ligar®] 6, 9and 12) are unstable in solution.
They are soluble in acetonitrile but partially diin dichloromethane, chloroform and
acetone. The reactions of pyNp and tzNp with theudear rhodium and iridium
precursors are instantaneous as compared to thdkethe ruthenium precursors.
However, the reaction is comparatively slow for pulith these dinuclear precursors.

The infrared spectra of the complexz42 exhibit a strong band in the region
844-850 cril, a typicalve.g stretching band for the BBnions. Moreover, all complexes
show absorption bands at 1600-1610"cnd 1470-1474 cihfor the ve-c and ve-yn
vibrations of the 1,8-naphthyridine moiéfyThe complexe®, 5, 8 and 11 show two
additional absorption bands at 1450-1452'and 1480-1484 cihcorresponding to the
ve=n andvess stretching frequency of the thiazolyl group. Tlenplexes3, 6, 9 and12
show a characteristic absorption band at 1626-t&8bwhich correspond toc-c of the

furyl group. The mass spectra of all these compexéibited corresponding molecular
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ion peaks. For instance the mass spectra of compl8xand 4 have been depicted in

figure 4.1 and 4.2 respectively.
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Figure 4.1: Mass spectrum of comple ¥ CsHe)Ru(fuNp)CIPF ([3]PFs)

6850 700 750

Figure 4.2: Mass spectrum of compl¢r®-p-PrCsH.Me)Ru(pyNp)CI]Pk ([4]PFs)
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4.3.2 NMR spectrometry
The’H NMR spectra of the benzenecymene angentamethylcyclopentadienyl

derivatives which have pyNp, tzNp and fuNp as lgm®exhibit nine resonances in the
region 6 = 9.56 to 7.78, seven resonances arodr9.41 to 7.90, and eight resonances
aroundd = 9.58 to 6.68 in the aromatic region, respecyivil addition to these signals,
complexesl, 2 and 3 exhibit a singlet resonance for the benzene riogops atd= 6.20

to 5.93. Complexed 5 and6 exhibit an unusual pattern of resonances forptegmene
ligand. For instance, the methyl protons of theiepyl group displays two double#s
ca. 0 = 1.18 to 1.07, instead of one doublet (see FiguBeand 4.4) as in the starting
complex. The aromatic protons of theecymene ligand displays three doublets for
complex4 (see Figure 4.3) and four doublets for comdefsee Figure 4.4) ata. o =
6.31 to 5.79, instead of two doublets as in theistaprecursor. This unusual pattern is
due to the diastereotopic methyl protons of th@nspyl group and aromatic protons of
the p-cymene ligand, since the ruthenium atom is stexeiogdue to the coordination of
four different ligand atom¥. The other reason could be due to the loss of pitgraf the

p-cymene ligand, because of the steric nature oligaed?**

iy ymaig i S T g e o
a 3 = 1 o pPpm

Figure 4.3 'H NMR spectrum of comple in acetonitrileds.
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10 9 g 7 6 5 ! 3 2 1 0 ppn

Figure 4.4H NMR spectrum of comple% in acetonitrileel.

All these complexes show down field shift for albfpns compared to the starting
precursors, which might result from the charge dfan from metal centre to
naphthyridine-based ligands such as pyNp and t&mplexes? to 12 exhibit asinglet
resonance atd = 1.71 to 1.55 for the five methyl groups of tlpentamethyl-

cyclopentadienyl ligand.

4.3.3 X-ray structural study

The molecular structure of the benzene derivat(e®CsHe)Ru(pyNp)CIICI or
[1]Cl and [(°-CsHe)Ru(tzNp)CI|PR or [2]PFs, the p-cymene derivatives Hif-p-
'PrGsHsMe)Ru(pyNp)CI]PF or [4]PFs and [°-p-'PrCsHsMe)Ru(tzNp)CI]PE or [5]PFs
as well as the pentamethylcyclopentadienyl! iridicmmplex [6°-CsMes)Ir(pyNp)CI|PFs
or [LO]PFs have been established by single crystal X-raycaire analysis. All cationic
complexes show a typical piano-stool geometry \thilh metal centre being coordinated
by an aromatic ligand, a terminal chloro ligand aadchelating 2-substituted-1,8-
naphthyridine ligand. Formally, the 2-substitute8-thaphthyridine ligand can coordinate
to the metal centre either through one or two ggroatoms of the naphthyridine moiety
or through the N, O or S atoms of the 2-substituted. Interestingly, in this study, all
metal centres were found to be coordinated to thel&tituted-1,8-naphthyridine ligand
in a five-membered ring chelating fashion involvirape nitrogen atom of the

naphthyridine moiety and the nitrogen atom of thgy@ldyl or 2-thiazolyl group and the
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oxygen atom of the 2-furyl group. Indeed, 14l [4]PFs and [LOJPFs the pyNp ligand is
found as a five-membered rilNgN-chelating ligand (see Figure 4.5 to 4.6).

c22

Figure 4.5: ORTEP diagram of catiohsand4 at 35% probability level, chloride anion

and hydrogen atoms being omitted for clarity.

Figure 4.6: ORTEP diagram of catid@ at 35% probability level, hexafluorophosphate

anion and hydrogen atoms being omitted for clarity.

Similarly, in [2]PFs and B]PFs, the tzNp ligand is found to coordinate through th
N1 atom of the naphthyridine moiety and the N3 atwthe 2-substituted thiazolyl ring

to generate a five-membered ring metallo-cycle ($égure 4.7). In these tzNp
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complexes, the S atom points away from the metalreeand show no interaction with
neighbouring cations. Selected bond lengths anteariigr [L|CI - 3 HO, [2]PFs, [4]PFs,
[5]PFs and [LOJPFs are presented in Table 4.2.

Figure 4.7: ORTEP diagram of cations 2 and 5 at 5@¥bability level,

hexafluorophosphate anion and hydrogen atoms lmamtjed for clarity.
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Table 4.1. Crystallographic and structure refinenpemameters for complexe§€lI - 3 HO, [2]PFs, [4]PFs, [5]PFs and [LOJPFs.

Complex fliCl - 3 HO [2]PFs [4]PFs [5]PFs [1C]PFs

Chemical formula Q;H21C|2N303RU C17H13C|F6N3PRUS QgHng”:eNgPRU Q1H21C|F6N3PTUS QgH24C|F6N3P|r
Formula weight 511.36 572.85 622.93 628.96 715.07
Crystal system Triclinic Monoclinic Monoclinic Maolinic Monoclinic

Space group P-1(no. 2) P 2,/a (no. 14) P 2;/c (no. 14) P 24/n (no. 14) P 24/n (no. 14)
Crystal color, shape orange block orange rod oraiaek orange rod yellow block
Crystal size ( md 0.23x0.17x0.16 0.28x0.23x0.18 0.35x0.BX 0.27x0.19x0.16 0.36 x 0.19x 0.18
a(A) 6.8771(9) 8.1508(7) 13.5963(11) 12.2831(11) .1766(4)

b (A) 11.8984(15) 24.707(3) 12.6953(17) 15.1758(18) 27.5266(16)

c (A 12.6683(15) 9.3945(8) 14.1956(13) 13.2454(12) 9.5593(5)

a (%) 77.873(14)

B (°) 85.670(15) 94.007(10) 107.432(10) 91.372(10) 94 an7

v () 75.733(14)

V (A3 981.9(2) 1887.3(3) 2337.8(4) 2468.3(4) 2406.4(2)

Z 2 4 4 4 4

T (K) 173(2) 173(2) 173(2) 173(2) 173(2)

Dy (g /cn) 1.730 2.016 1.770 1.693 1.974

i (mmt) 1.097 1.236 0.920 0.953 5.790

Scan range (°) 2.19<06<26.01 2.1 08<26.00 2.20<26.12 2.040<26.09 1.480<29.22
Unique reflections 3112 3497 4401 4809 6505

[1>20(1)] 3579 2990 2082 4126 4695

Rint 0.0582 0.0351 0.1881 0.0532 0.0678

Final R indices*2a(l)]" 0.0329wR; 0.0795 0.02420R, 0.0612  0.0551wR;, 0.1013 0.0320y§R; 0.0821 0.0737AR, 0.1907
R indices (all data) 0.0382R, 0.0826 0.0304yR,0.0648 0.1252vR, 0.1176 0.037AvR, 0.0838 0.0958W;R, 0.2012
Goodness-of-fit 1.005 1.052 0.775 1.043 1.077

Max, Min Ap (e ,8(3) 0.617, -0.853 0.529, -0.929 0.639, -0.897 1.4433401 1.432, -4.606

* Structures were refined o EWR, = [E [W(Fo? - F2)?] 1 sw(Fo?)?)Y?, where W = [£ (R?) + (@P§ + bP] and P = [max(E, 0) + 2K?)/3
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Table 4.2: Selected bond lengths and angles fomptoaas [L]CI.3H,0, [2]PFs, [4]PFs,
[5]PFs and [LOJPFs.

1(pyNp)  2(tzNp) 4 (pyNp) 5 (tzNp) 10 (pyNp)

Distances (A)

M-ClI 2.4147(8)  2.4045(7) 2.396(2) 2.4080(7)  2.4)2(3
M-N1 2.109(3)  2.123(2)  2.112(6) 2.152(2) 2.107(9)
M-N3 2.088(2)  2.091(2) 2.078(6) 2.073(2) 2.136(9)
M-centroid 1.68 1.67 1.69 1.68 1.79
C8-C9 1.478(4)  1.448(4)  1.485(9) 1.444(4) 1.51(2)
Angles (°)

N1-M-N3 76.60(9) 76.82(8)  76.9(2) 76.07(9) 74.9(4)
N1-M-Cl 85.75(7)  83.99(6) 83.3(2) 84.76(6) 87.7(3)
N3-M-Cl 85.13(6)  86.12(6)  84.9(2) 86.24(7) 87.4(3)

& Calculated centroid of thes@r Gs coordinated aromatic ring.

The distances between the ruthenium atom and thieoge of the G aromatic
ring in 1, 2, 4 and5 are comparable (1.67 to 1.69 A) but quite shdtian the distance
between the iridium atom and the &omatic ring observed ih0 (1.79 A). The M-N1
bond distances [2.107(9) to 2.152(2) A] are comipiarato those in [{°-p-
'PrGsHsMe)RuCl(2,3-bis(2-pyridyl)pyrazine)]BF*  [(1#°-CsHs)RUCI(2-(1-imidazol-2-
yl)pyridine)]PR;,** and [f>-CsMes)Ir(2-(2"-pyridyl)imidazole)CI]PR.*°. The Ir-N3 bond
distance (2.136(9) A) il0 is slightly longer than the corresponding distanae the
ruthenium complexes, 2, 4 and5 (2.073(2) to 2.091(2) A), while the M-Cl bond I¢hg
show no significant differences among the fiveaati However, a noticeable difference
is observed in the distances of the C8-C9 conmgdiond (naphthyridine 2-substituted
ring C-C bond). In the tzNp derivatives, the C8-itances [1.448(4) i@ and 1.444(4)
A in 5] are shorter than those found in the pyNp demestil, 4 and 10 [1.478(4),
1.485(9) and 1.51(2) A] respectively.

Complex [L]CI crystallises with three molecules of water @&ymmetric unit,
forming an intricate hydrogen-bonded network arothrel chloride atom. It involves the

three water molecules and some hydrogen atomseop¥Np and gHe ligands (see
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Figure 4.8). The O-O and O-C distances of the hyeindbonds range from 3.12 to 3.77
A, with O-H--O or C-H--O angles ranging from 137.6 to 177.0°.

Figure 4.8: Hydrogen-bonded network observed]@l- 3 H,O with H-CI distances.

In the crystal packing ofl0|PFs, two cationic molecules ofO form a dimer
throughn-stacking interactions (see Figure 4.9). The dtambserved between the two
Testacking interacting systems (centromentroid 3.62 A) is in good agreement with the

theoretical value calculated for a slipped paraitatking modé’
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Figure 4.9: Dimeric structure o1(]PF; showing the separation of thestacking system.

4.3.4 UV/Visible spectroscopy

Electronic absorption spectral data of selectedptexes at 10 M concentration
in the range 320-520 nm are summarised in TableTha& spectra of these complexes are
characterized by two main featureg., an intense ligand—localized or intra-ligand-
n* transition in the ultraviolet region and metaHigand charge transfer (MLCT)(M)
— n* (Np-based ligands) bands in the visible redidnSince the low spin °d
configuration of the mononuclear complexes provifile=d orbitals of proper symmetry
at the Ru(ll), Rh(lll) and Ir(lll) centres, thesarcinteract with low lyingt* orbitals of
the ligands. All these complexes show two absomnptiands in the region 340-390 nm,
while the complexes bearing fuNp ligand (N,O donexhibit two absorption bands in
blue shift at 330-355 nm, the second being a sleowéithe first band. It shows a series
of ligand-centredt —* transitions with high intensity absorption bandshe UV region.
One should therefore expect a band attributabltheéometal-to-ligand charge transfer
(MLCT) (tg— m*) transitions in their electronic specfti:?. All these complexes exhibit
a broad absorption band with low intensity and lemergy at 420-440 nm, while the

complexes bearing fuNp ligand exhibit a very loweirsity shoulder in the near visible

99



1,8-naphthyridine ligands Chapter-4

region 385 — 390 nm, which originate froma @Ru, Rh and Ir}» 7* (naphthyridine based
ligands) metal-to-ligand charge transfer transgiofepresentative spectra of these

complexes are presented in Figure 4.10.
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Figure 4.10: Selected UV/Visible electronic spectnn acetonitrile at 298 K.

Table 4.3: UV/Visible data for selected complexeacetonitrile at 298 K.

No. Complex Amax (NM) /e 10° M cmi™

2 [(n°-CsHe)Ru(tzNp)CIT 342 (0.30) 357 (0.37) 422 (0.12)

3 [(n®-CsHe)Ru(fuNp)CIT' 338 (0.70) 352 (sh) 385 (sh) (iM™ cm™)
5 [(n®-p-'PrGsHaMe)Ru(tzNp)CIf 342 (0.34) 357 (0.37) 435 (0.11)

7 [(n°-CsMes)Rh(pyNp)CIf 342 (0.24) 385 (0.25) 436 (0.11)

9 [(n°-CsMes)Rh(fuNp)CIJ* 334 (0.41) 348 (sh) 390 (sh)

4.4  Conclusion

In this work we demonstrated that all metal centaes coordinated to the
2-substituted-1,8-naphthyridine ligand in a fivemiered ring chelating fashion
involving one nitrogen atom of the naphthyridineietp and the nitrogen atom of the
2-pyridyl or 2-thiazolyl group and the oxygen atofrthe 2-furyl group. The formation of
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bridging complexes with the remaining nitrogen atofrthe naphthyridine moiety was

unsuccessful in our hand.

4.5  Supplementary material

CCDC-+680855 [1]ClI 3 H,O, CCDC#680856 [2]PFs, CCDC680857 [4]PFs,
CCDC+680858 [5]PFs and CCDCe80859 [10|PFs contain the supplementary
crystallographic data for this chapter.
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Chapter 5

Half-sandwich mono and dinuclear complexes
of platinum group metals bearing pyrazolyl-
pyridine analogues: Synthesis and spectral

characterization

The chelating ligands pp-Cl and bppp were synthesized and their reactions with arene
ruthenium, Cp* rhodium and iridium dimers resulted in the formation of mono and
dinuclear complexes. However reactions with the bppm ligand which is having
Pyrimidine Bridge between pyrazolyl-pyridine units resulted only in the formation of

mononuclear complexes.

*The work presented in this chapter has been published: K. T. Prasad and K. Mohan Rao,
Polyhedron (communicated).
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5.1 Introduction

Mono and binuclear complexes of platinum group isetantaining heterocyclic
nitrogen based ligands have received consideratbtdamt@mn owing to their catalytic
activities™® and very recently as non-linear optical (NLO) miais’'° as well as in the
development of new biologically active ageHts® The organometallic complexes -
arene ruthenium’*® and n°-half-sandwich complexes of rhodium and iridium @av
attracted considerable interest as potential amtima agent$'™® Another important
aspect, especially from the catalytic perspectwelves the design of Ru=0 functional
groups and analogues capable of reversibly acgeptinltiple electrons and protons
within the relative potential randé&?* The capacity to modify their environment in order
to induce electronic as well as steric effects wilbw fabricating tailored catalysis for
specific reactions. Inclusion of the pyridazinegrin the backbone dipppligand results
in a more pronounced partitioning of the liganaidtstinct bidentate domains than is the
case with linear polypyridines. This facilitatese thormation of mononuclear and
binuclear systems. The former has the potentiabdbave as metallo-ligands in the
development of homo/hetero bimetallic systéhts.

In the present chapter, we have synthesized neageit based ligands such as 3-
chloro-6-(3-pyridyl-1-pyrazolyl)pyridazine pp-Cl) and 3,6-bis(3-pyridyl-1-pyrazolyl)-
pyridazine bppp (Chart 5.1) which easily form mono and binucleamplexes with
arene ruthenium, Cp* rhodium and Cp* iridium conxgle (Cp* =n°-CsMes). All these
new complexes were characterized by elemental seslyR,'H-NMR, UV-Visible and

mass spectrometry as well as X-crystallographiclyaea for some representative

complexes.
e 1 N—N
N—" S—ci e _f
N \N/ . /N / "{
' Th s T
d g d
b C/ bl _d

3-chloro-6-(3-pyridyl-1-pyrazolyl)pyr- 3,6-bis(3-pyridyl-1-pyrazolyl)pyrdazindppp
idazine pp-Cl)

Chart 5.1: Ligands used in this study
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5.2 Experimental

5.2.1 Preparations of ligands: pp-Cl and bppp

A mixture of 3,6-dichloropyridazine (500 mg, 3.35mwl), 3-(2-pyridyl)-1H-
pyrazolé' (1 g, 6.88 mmol), potassium carbonate (1.05 g9 TrBnol) and tetrabutyl-
ammonium bromide (1.2 g) in 10 ml of acetone wasalved. It was stirred and refluxed
for forty hours and cooled to room temperature.rirtie reaction mixture was poured in
to 100 ml of water, resulted a whitish precipitateyas filtered off, washed with excess
water and air dried. It was purified by chromatgimaon silica gel using chloroform as
the eluent to give the analytically pure ligand hBeco-6-(3-pyridyl-1-pyrazolyl)-
pyridazine pp-Cl) (20%) as a pale yellow color powder and the sdciaction was
eluted with chloroform / methanol (10:1) give theabtically pure ligand 3,6-bis(3-
pyridyl-1-pyrazolyl)pyridazinel{ppp (80%) as a colorless solid.

5.2.1.1 3-chloro-6-(3-pyridyl-1-pyrazolyl)pyridazrfpp-Cl)

Pale yellow solid, yield 120 mg (13%} NMR (400 MHz, CDC}, 8): 8.77 (d, 1H32J =
2.80 Hz, Ha), 8.68 (d, 1H, 3J = 4.40 Hz, Hf), 8(841H, 3J = 9.20 Hz, Hg), 8.04 (d, 1H,
3J = 8.00 Hz, Hh), 7.77 (dt, 1H, 3J = 1.60 Hz, HU§3 (d, 1H, 3] = 9.20 Hz, Hc), 7.28
(dt, 1H, 3J = 1.60 Hz, Hb), 7.18 (d, 1H, 3J = 2HK) He); ESI-MS (m/z): 258.1 (100%)
[M+1]; UV-Vis {acetonitrile, Amax nm €10°M™ cm')}: 318 (0.37); Anal. Calc. For
C12HsCINs (257.6): C, 55.93; H, 3.13; N, 27.18; Found: C884H, 3.15; N, 27.02%.

5.2.1.2 3,6-bis(3-pyridyl-1-pyrazolyl)pyridazinep(ip)

White solid, yield 780 mg (63%}H NMR (400 MHz, CDC}, ): 8.81 (d, 2H3J= 2.40

Hz, Had), 8.71 (d, 2H2J = 4.40 Hz, Hff), 8.52 (s, 2H, Hgy, 8.11 (d, 2H,J= 8.00,

Hdd), 7.80 (dt, 2H3J= 1.60 Hz, Hcb), 7.29 (dt, 2H3J= 1.60 Hz, Hbb, 7.21 (d, 2H3J

= 2.80 Hz, He®; ESI-MS (m/z): 367.2 (100%) [M+1]; UV-Vis {acetirle, Anax NM

(e10°M™* cm™)}: 316 (0.41), 331 (0.33); Anal. Calc. FordE14Ng (366.3): C, 65.56; H,
3.85; N, 30.58; Found: C, 65.38; H, 3.89; N, 30.46%

5.2.1.3 4,6-bis(3-pyridyl-1-pyrazolyl)pyrimidinepfm}?
The of bppm ligand was synthesized and isolatea smilar manner described for the
synthesis of bppp taking 500 mg (3.35 mmol) ofdighloropyrimidine, 3-(2-pyridyl)-
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1H-pyrazole (1 g, 6.88 mmol), potassium carbon&t@y g, 7.59 mmol) and tetrabutyl-
ammonium bromide (1.2 g) in 10 ml of acetone wasalved.

White solid, yield 780 mg (63%JH NMR (400 MHz, CDC}, d): 8.85 (d, 2H3J= 2.40
Hz), 8.73 (s, 1H), 8.70 (d, 28)= 1.60 Hz), 8.66 (s, 1H), 8.28 (d, 2H= 7.20), 7.86 —
7.82(dt, 2H,3J= 1.60 Hz), 7.34 — 7.31 (dt, 2R)= 1.80 Hz), 7.22 (d, 2HJ= 2.80 Hz);
ESI-MS (m/z): 367.2 (100%) [M+1]; UV-Vis {acetorilg, Amax Nm €10°M™ cmit)}:
318 (0.41), 332 (0.33); Anal. Calc. FopH14Ng (366.3): C, 65.56; H, 3.85; N, 30.58;
Found: C, 65.38; H, 3.89; N, 30.46%

5.2.2 General procedure for the preparation ohtbaonuclear complexdsand?2

A mixture of [(°-arene)Ry(-Cl)Cl], (arene = GHe andp-'PrGHsMe) (0.07 mmol),
ligand pp-Cl (0.18 mmol) and 2.5 equivalents of MMk in dry methanol (15 ml) was
stirred at room temperature for 6 hours. The pratg was separated by filtration,

washed with cold methanol and diethyl ether to reenexcess ligand and driedvacua

5.2.2.1 [(7°-CsHe)Ru(pp-Cl)CIIPRs ([1]PF6)

Orange-yellow solid, yield 75 mg (87%H NMR (400 MHz, CRCN, &): 9.55 (d, 1H3J

= 5.60 Hz ), 8.97 (d, 1HJ = 2.80 Hz), 8.72 (d, 1HJ= 7.28 Hz), 8.45 (m, 2H), 8.32 (t,
1H, %)= 7.60 Hz ,7.60 Hz), 7.78 (m, 2H), 5.95 (s, 6H); (RBr, cm’): v(p.r) 844s;
1604m, 1408m, 558m; ESI-MS (m/z): 472.1 (100%) [MP, UV—Vis {acetonitrile,
Amax NM €10°M™* cmi®)}: 310 (0.19); Anal. Calc. For §H1.ClLNsRUP K (617.2): C,
35.02; H, 2.29; N, 11.35; Found: C, 34.88; H, 218511.28%.

5.2.2.2 [(7°-p-PrCsHsMe)Ru(pp-Cl)CIIPR ([2]PF¢)

Dark orange solid, yield 83 mg (90%) NMR (400 MHz, CRCN, d): 9.22 (d, 1H3J=
5.60 Hz ), 8.75 (d, 1H,J= 4.80 Hz), 8.62 (d, 1H)= 3.20 Hz), 8.19 — 8.12 (m, 3H), 7.66
(dd, 1H,%J= 7.60 Hz ,7.60 Hz), 7.40 (d, 1F] = 3.2 Hz) 5.72 (d, 1HJ = 6.40 Hz, A.
o), 5.46 (d, H2J = 6.00 Hz, Ap.), 5.30 (d, 1HJ = 6.00 Hz, A, 5.18 (d, 1H2J =
6.00 Hz, Apy), 2.37 (sept, 1H, CH(Céb), 2.17 (s, 3H, AreMe), 1.21 (d, 3H,
CH(CH)), 1.18 (d, 3H, CH(CH),); IR (KBr, cmi?): Ve-F) 844s; 1629m, 1406m, 763m,
558m; ESI-MS (m/z): 527.2 (100%) [M-BE; UV-Vis {acetonitrile, Amaxy nm €10°M™
cm™)}: 309 (0.28); Anal. Calc. For SHxCLNsRUPR (673.3): C, 39.24; H, 3.29; N,
10.40; Found: C, 39.11; H, 3.35; N, 10.31%.
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5.2.3 General procedure for the preparation ohtbaonuclear complex&sand4

A mixture of [[>-CsMes)M(u-CI)Cl], (M = Rh, Ir) (0.07 mmol), ligangpp-Cl (0.15
mmol) and 2.5 equivalents of ammonium hexafluorgpihate in dry methanol (15 ml)
was refluxed for 4 hours. The reaction mixture wagled over night at room temperature
during this time dark yellow color crystalline cooymd formed. It was separated by
filtration, washed with cold methanol and diethifiex to remove excess ligand and dried

in vacuo.

5.2.3.1 [(7-CsMes)Rh(pp-CI)CI]PR ([3]PFe)

Dark yellow in color, yield 86 mg (91%)H NMR (400 MHz, CRCN, 3): 8.91 (d, 1H3J

= 5.20 Hz ), 8.67 (d, 1HJ = 4.40 Hz), 8.50 (d, 1HJ = 7.60 Hz), 8.36 (m, 3H), 7.44
(dt, 1H,3J = 5.20 Hz , 6.80 Hz), 7.22 (d, 1R = 2.4 Hz), 2.15 (s, 15H, fMes); IR
(KBr, cm): Ve-p) 845s; 1626m, 1458m, 759m, 558m; ESI-MS (m/z): 33100%) [M-
PR]*; UV-Vis {acetonitrile, Amax Nm €10°M™ cmi')}: 316 (0.27); Anal. Calc. For
CoH2:CLNsRhPR (676.3): C, 39.07; H, 3.43; N, 10.49; Found: C,039 H, 3.45; N,
10.33%.

5.2.3.2 [(7>-CsMes)Ir(pp-Cl)CI|PFs ([4]PFs)

Dark yellow color, yield 89 mg (88%8H NMR (400 MHz, CQCN, 3): 9.01 (d, 1H32J =
5.60 Hz ), 8.71 (d, 1HJ = 4.80 Hz), 8.62 (d, 1HJ = 6.40 Hz), 8.42 (m, 3H), 7.48 (dt,
1H,3%) = 5.32 Hz , 5.60 Hz), 7.35 (d, 1E] = 4.80 Hz), 1.88 (s, 15H,Mes); IR (KB,
cm?): V(p-r) 845s; 1631m, 1495m, 760m, 558m; ESI-MS (m/z): 82000%) [M-PR]";
UV-Vis {acetonitrile, Amax Nm € 10°M™* cm')}: 318 (0.29); Anal. Calc. For
Co2H23CELNsIrPFRs (765.4): C, 34.52; H, 3.03; N, 9.05; Found: C,254.H, 3.05; N,
9.00%.

5.2.4 General procedure for the preparation ohtbaonuclear complexésand6

A mixture of [(°-arene)Ry(-CI)Cl], (arene = @Hs and p-PrGHsMe) (0.07
mmol), ligandbppp (0.15 mmol) and 2.5 equivalents of ammonium hexafiphosphate
in dry methanol (15 ml) was stirred at room tempe®afor 6 hours. The precipitate was
separated by filtration, washed with cold methamodl diethyl ether to remove excess
ligand and driednh vacuo

108



Pyrazolyl-pyridine analogues Chapter 5

5.2.4.1 [(7*-CeHe)Ru(bppp)CIIPR ([5]PFe)

Brown color; Yield 85 mg (84%)}H NMR (400 MHz, CRCN, d): 9.48 (d, 1H3J = 5.20
Hz), 8.68 (d, 1H3J = 5.64 Hz), 8.62 (d, 1H) = 3.20 Hz ), 8.32 — 8.28 (m, 5H), 7.76 (dt,
2H), 7.62 (t, 1H2J = 3.32 Hz), 7.43 (d, 1HJ = 3.24 Hz), 7.26 (d, 1HJ = 4.20 Hz),
7.20 (d, 1H,%J = 4.00 Hz), 6.01 (s, 6H, &); IR (cm'): 1614m, 1454s, 1437s, 844s,
788s, 558m; ESI-MS: 580.9 [I}) 545.2 [M - Cl]; UV-Vis {acetonitrile Ayax NM €10
M? cmib)}: 276 (0.57), 314 (0.92), 417 (0.04); Anal. Cafor CyeH2oCINgRUPR
(725.9): C, 43.01; H, 2.78; N 15.43. Found: C, 8218, 2.87; N, 15.28%.

5.2.4.2 [(7°-p-PrCsHaMe)Ru(bppp)CIIPE([6]PFe)

Orange-yellow solid, Yield 89 mg (83%H NMR (400 MHz, CRCN, d): 9.55 (d, 1H,
3)=5.20 Hz), 8.72 (d, 1H)) = 5.64 Hz), 8.68 (d, 1HJ = 3.20 Hz ), 8.20 — 8.18 (m, 4H),
7.68 (dt, 2H), 7.42 (t, 1HJ = 3.32 Hz), 7.38 (d, 1H) = 4.80 Hz), 7.22 (d, 1H) = 4.20
Hz), 7.18 (d, 2H%) = 5.60 Hz), 5.72 (d, 1HJ = 6.40 Hz, Ag.), 5.42 (d, 1H3J = 6.00
Hz, Ay, 5.39 (d, 1HJ = 6.00 Hz, A, 5.29 (d, 1H2J = 5.60 Hz, Ag.), 2.70
(sept, 1H, CH(CH),), 2.33 (s, 3H, Arc,Me), 1.71 (d, 3H3J = 6.20 Hz, CH(CH),), 1.69
(d, 3H,%) = 6.80 Hz, CH(CH),); IR (cm): 1604m, 1449m, 1437m, 843s, 783m, 558m;
ESI-MS: 637.1 [M], 602.1 [M - CI]; UV-Vis {acetonitrile Amax nm €10°M™* cmi)}:
274 (0.57), 313 (0.89), 418 (0.05); Anal. Calc. @gH.sCINsRUPR (782.1): C, 46.07;
H, 3.61; N, 14.33. Found: C, 45.97; H, 3.68; N174%.

5.2.5 General procedure for the preparation ohtbaonuclear complexésand8

A mixture of [(°-CsMes)M(u-CI)Cl], (M = Rh, Ir) (0.07 mmol), ligandppp
(0.15 mmol) and 2.5 equivalents of ammonium hexafiphosphatan dry methanol (15
ml) was refluxed for 4 hours. The reaction mixtwas cooled over night at room
temperature during this time dark yellow color tajl;ne compound formed. It was
separated by filtration, washed with cold methamodl diethyl ether to remove excess

ligand and dried under vacuum.

5.2.5.1 [(7°-CsMes)Rh(bppp)CIIPR ([7]PFe)

Dark yellow color, yield 96 mg (84%)H NMR (400 MHz, CQCN, 8): 9.39 (d, 1H3J =
5.20 Hz), 8.68 (d, 1HJ = 5.40 Hz), 8.54 (d, 1HJ = 3.64 Hz ), 8.18 - 8.10 (m, 4H), 7.61
(dt, 2H), 7.48 (d, 1H3J = 3.60 Hz), 7.32 (d, 1HJ = 4.8 Hz), 7.22 (d, 1HJ = 4.20 Hz),
7.16 (d, 2H33 = 3.64 Hz), 2.11 (s, 15H,s®es); ESI-MS (m/z): 639.2 (100%) [M-RF;
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IR (KBr, cm): V(p-r) 845s; 1626m, 1458m, 759m, 558m; UV-Vis {acetol@ftnax M
(e10°M™ cmih)}: 276 (0.57), 315 (0.87), 419 (0.04); Anal. Calor GgHaoCINgRhPR
(784.93): C, 45.91; H, 3.72; N, 14.28; Found: C985H, 3.77; N, 14.30%.

5.2.5.2 [(7°-CsMes)Ir(bppp)CI]PFs ([8]PFe)

Dark yellow in color, yield 95 mg (83%JH NMR (400 MHz, CRCN, &): 9.40 (d, 1H,
3)=5.32 Hz), 8.72 (d, 1H)) = 5.40 Hz), 8.62 (d, 1HJ = 3.64 Hz ), 8.20 — 8.14 (m, 4H),
7.65 (dt, 2H), 7.48 (d, 1H) = 3.60 Hz), 7.31 (d, 1HJ = 4.8 Hz), 7.18 (d, 1H.J = 4.80
Hz), 7.15 (d, 2H%J = 3.60 Hz), 1.98 (s, 15H,sMles); ESI-MS (m/z): 729.2 (100%) [M-
PR]": IR (KBr, cm?): Vp-r) 845s; 1631m, 1495m, 760m, 558m; UV-Vis {acetoleitri
Amax DM €10°M™* cm)}: 277 (0.58), 314 (0.95), 423 (0.04); Anal. CalEor
C3oH2oCINgIrPFs (874.24): C, 41.22; H, 3.34; N, 12.82; Found: @,19; H, 3.38; N,
12.73%.

5.2.6 General procedure for the syntheses of thectbar complexed and10

A mixture of [(°-arene)Ruf-CI)Cl], (arene = @Hs and p-PrGHsMe) (0.10
mmol) andbppp (0.10 mmol) was suspended in methanol (20 ml) stirded at room
temperature for 6 hours. Then, ammonium hexafluowephate (46 mg, 0.25 mmol) was
added to the reaction mixture and further stir@d3f hours. The precipitate was filtered,

washed with methanol and diethylether (3 X 10 mij driedin vacuo

5.2.6.1 [{(7°-CeHe)RUCIL(u-bppp)] (PFe)2 ([91(PFe)2)

Orange-yellow solid, Yield 91 mg (85%}4 NMR (400 MHz, CRCN, 8): 9.34 (d, 2H,
3)=4.20 Hz), 9.14 (s, 2H), 8.81 (d, 2H,= 2.40 Hz ), 8.24 (d, 2H) = 6.80 Hz), 7.72 (t,
2H, 3J = 5.60, 4.80 Hz), 7.50 (d, 2H) = 2.40 Hz), 7.36 (d, 2HJ = 4.80 Hz), 5.75 (s,
12H, GHe); IR (cm%): 1614m, 1454m, 1437m, 844s, 788m, 558m; ESI-MS:
940.6[M"+PRs]": UV-Vis {acetonitrile, Amax Nm €10°M™ cm)}: 278 (0.54), 312
(0.83), 408 (0.04); Anal. Calc. forz@,6NsCl,.RURF;, (1085.6): C, 35.40; H, 2.41; N
10.32. Found: C, 35.33; H, 2.47; N, 10.18%.

5.2.6.2 [{(7°-p-PrCeHaMe)RUCIL(u-bppp)] (PFe)2 ([ 10] (PFe)2)

Orange-yellow solid, Yield 99 mg (84%}4 NMR (400 MHz, CRCN, 8): 9.55 (d, 2H,
3)=5.60 Hz), 9.37 (s, 2H), 9.14 (d, 2H,= 2.80 Hz ), 8.52 (d, 2H) = 7.60 Hz), 8.48 (t,
2H, %) = 7.20, 7.60 Hz), 8.36 (t, 2H), 7.86 (d, 2H,= 2.40 Hz), 6.10 (d, 2HJ = 6.00
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Hz, Ary,), 5.81 (d, 2H2J = 6.00 Hz, Ag.), 5.69 (d, 2H2J = 6.00 Hz, Ag.), 5.54 (d,
2H, 33 = 6.00 Hz, Af.cy), 2.68 (sept, 2H, CH(C4p), 2.25 (s, 6H, Arc-Me), 1.18 (d, 3H,
%) = 6.20 Hz, CH(CH),), 1.12 (d, 3H3J = 3.20 Hz2J = 6.80 Hz, CH(CH),); IR (cm):

1604m, 1449s, 1437s, 843s, 783m, 558m; ESI-MS: B0FRI*+PR]*; UV-Vis

{acetonitrile, Amax nm €10°M™* cm™)}: 276 (0.57), 314 (0.91), 410 (0.04); Anal. Cdior

CaoH42NsClLRURF;, (1197.8): C, 40.11; H, 3.53; N, 9.36. Found: C,040H, 3.35; N,
9.27%.

5.2.7 General procedure for the syntheses of tigctkar complexesland12
A mixture of [(1>-CsMes)M(p-CI)Cl], (M = Rh and Ir) (0.10 mmol) andppp

(0.10 mmol) was suspended in methanol (20 ml) aftuxed for 5 hours. Then,
ammonium hexafluorophosphate (23 mg, 0.13 mmol) adaked to the reaction mixture
and further refluxed for an hour. During this tim@as precipitate was observed. The
precipitate was filtered, washed with methanol dredhylether (3 X 10 ml) and driad

vacuaQ

5.2.7.1 [{(7>-CsMes)RhCll(u-bppp)] (PFe)2 ([11] (PF)2)

Dark yellow color, yield 101 mg (84%)H NMR (400 MHz, CRCN, 8): 9.38 (d, 2H3J

= 5.40 Hz), 9.17 (s, 2H), 8.81 (d, 28,= 2.32 Hz ), 8.24 (d, 2H,) = 6.80 Hz), 7.75 (t,
2H, %J = 5.20, 4.80 Hz), 7.52 (d, 28) = 2.32 Hz), 7.37 (d, 2HJ = 4.32 Hz), 2.05 (s,
30H, GMes); IR (cm): 1604m, 1449m, 1437m, 843m, 783m, 558m; ESI-M%5816
[MZ+PRs]": UV-Vis {acetonitrile,Amax "M €10°M™* cmi)}: 276 (0.39), 314 (0.67), 420
(0.04); Anal. Calc. for ggH44NgCI.RhRF12 (1203.5): C, 39.92; H, 3.69; N, 9.31. Found:
C, 39.21; H, 3.72; N, 9.27%.

5.2.7.2  [{(7>-CsMes)IrCl} o(u-bppp)l (PRe)2 ([ 12] (PFe)2)

Dark yellow color, yield 105 mg (86%)H NMR (400 MHz, CQCN, 8): 9.31 (d, 2H3J

= 4.36 Hz), 9.14 (s, 2H), 8.78 (d, 24,= 2.80 Hz ), 8.21 (d, 2H) = 6.32 Hz), 7.72 (t,
2H, 3J = 5.60, 4.80 Hz), 7.50 (d, 2H) = 2.40 Hz), 7.36 (d, 2HJ = 4.80 Hz), 1.99 (s,
15H, GMes); IR (cm%): 1604m, 1449m, 1437m, 843s, 783m, 558m; ESI-MZR612
[MZ*+PRs]": UV-Vis {acetonitrile,Amax "M €10°M™* cmi')}: 273 (0.46), 313 (0.71), 418
(0.04); Anal. Calc. for gH42NgClIrP2Fi, (1382.1): C, 34.76; H, 3.21; N, 8.11. Found:
C, 34.61; H, 3.25; N, 8.01%.
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5.2.8 Single crystal X-ray structure analyses

X-ray quality crystals of complexe® and 7 were grown by slow diffusion of
hexane in dichloromethane / acetonitrile solutibearesponding complexes. The X-ray
intensity data were measured at 293(2)° K on a &rukpex Il CCD area detector
employing graphite monochromated usingoMa radiation A = 0.71073 A). An
empirical absorption correction was made by modela transmission surface by
spherical harmonics employing equivalent reflectionth 1>25(l) using the program
SADBAS. The structures were solved by direct meshasing the program SHELXS 97
and refined by full matrix least squares base pnding the program SHELXL-97. The
weighting scheme used was W=dlZ2[R,,;)+0.0311R +3.5016 P] where P = ¢f+ 2FR.,)/3.
Non-hydrogen atoms were refined anisotropically aydrogen atoms were refined using
a “riding” model. Refinement converged at a finaE®.0423 and 0.0454 (for complexes
2 and7 respectively, for observed ddta), and wR2 = 0.0804 and 0.0667 (for complexes
2 and7 respectively, for unique data)F Regarding compleX molecular structure, we
are encountered two difficulties, they are (i) aassigning N(8) and C(17), and another
one is (i) occupancy of the solvent molecule acitile. The matter regarding an
ambiguity in assigning N(8) and C(17), exchangihg tatoms did not improve the
refinement. So the labelling was done in analogihwiher compounds and represents
the most probable orientation of the molecular fnagt. The second factor is now
explained on the following lines: the central atofrsolvent molecule with occupancy of
C is 0.5. Since the solvent molecule is acetoaijttihe two heavy peripheral atoms are N
and C. It appears that we cannot differentiate betwN and C, which can be due to the
random orientation of N and C (they exchange tteskiWe also could not locate the H
atoms associated with the peripheral C atom. Targperal site was treated as a 50/50
mixture of C and N, which considering the occupaatthis site yields one molecule of
acetonitrile (per two molecules of the complex)eThstance between the central C atom
and peripheral atoms is 1.55 A. While other solveriecules may be present, only
acetonitrile molecule has been located from thedva$ density map. Its presence was
manifested by a large residual density, and it®chiction lowered the R value from 5.55
to 4.43%. Details of crystallographic data collectiparameters and refinement are

summarized in table 5.1. Selected bond lengthsaagtes are tabulated in table 5.2.
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53 Results and discussion

5.3.1 Synthesis of ligands

The ligands 3-chloro-6-(3-pyridyl-1-pyrazolyl)pyadine pp-Cl) and 3,6-bis(3-
pyridyl-1-pyrazolyl)pyridazine were synthesized bthe condensation of 3,6-
dichloropyridazine and 3-(2-pyridyl)-1H-pyrazole.hd reaction was carried out in
acetone under refluxing condition in the presencpatassium carbonate and the phase
transfer catalyst tetrabutylammonium bromide. Thesulting compounds were

characterized by spectroscopic methods as detailie® experimental section.

5.3.2 Synthesis of the mononuclear compleixes8 as a hexafluorophosphate salts
The mononuclear cationic arene ruthenium and pesttayttyclopentadienyl rhodium
and iridium complexes having 3-chloro-6-(3-pyridybyrazolyl)pyridazine gp-Cl) and
3,6-bis(3-pyridyl-1-pyrazolyl)pyridazinebppp ligandsviz., [(n°-CsHe)RuCI(pp-ChH]PFs
[1]PFs, [(n°p-"PrCsHaMe)RUCIEP-CDIPFs [2]PFs, [(n°CsMes)RhCl(pp-CIPFs [3PFs
and [f°>-CsMes)IrCl(pp-C)]PFs [4]PFs (Scheme 5.1) and rif-CsHs)RuCl(bppp]PFs
[5IPFs, [(np-'PrGsHaMe)RUCIOPPPIPFs [61PFs, [(n°CsMes)RhCIppPRIPFs [7]PFs
and [f1>-CsMes)IrCl(bppp]PFs [8]PFs (Scheme 5.2) have been prepared by the reaction
of arene or pentamethylcyclopentadienyl complexgs-drene)Ru¢-CI)Cl], (arene =
CeHs and p-'PrGHsMe) and [(°-CsMes)M(p-CNCI, (M = Rh and Ir) with 2.1
equivalents of ligand 3-chloro-6-(1-pyridyl-3-pyyl)pyridazine pp-Cl) or 3,6-bis(1-
pyridyl-3-pyrazolyl)-pyridazine fppp in methanol. The complexdsto 8 were isolated
as hexafluorophosphate salts and exhibit an oraade-<olor. They are non -
hygroscopic, air-stable, shiny crystalline solidparsngly soluble in methanol,
dichloromethane and chloroform, but soluble in acetand acetonitrile. All these metal

complexes were fully characterized by IR, NMR and-\4s and mass spectrometry.
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The infrared spectra of the complexieso 8 exhibit a strong band in the region

844-850 crit, a typicalvp. stretching band and for the PBnions as well as peaks
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corresponding to phenyl, pyridyl, pyrazolyl and iggzine (C=C and C=N) rings were
observed.

The mass spectra of these compounds exhibitedottiesponding molecular ion
peaks m/z at 472, 527, 531, 621, 581, 637, 6397@8d For example the mass spectrum
of the complexX is depicted in figure 5.1.
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Figure 5.1: Mass spectrum of the compley{p-'PrCsHsMe)Ru(pp-Cl)ClIPE ([2]PFs)

The 'H NMR spectrum of free ligands 3-chloro-6-(3-pytidy
pyrazolyl)pyridazine gp-Cl) exhibit a characteristic set of eight resonarae8.77 (d,
1H), 8.68 (d, 1H), 8.34 (d, pyrazolyl, pyridazinedgpyridyl ring protons of the 3,6-bis(3-
pyridyl-1-pyrazolyl)pyridazine Kppp ligand, indicating formation of mononuclear
complexes. Besides these resonances condpbnd5 exhibit a singlet ab = 5.95 and
5.92 respectively for the protons of the benzeganid. Complexe and6 exhibits two
doublets a® = 1.71 - 1.69, as well as a septedat 2.70 - 2.32 for the protons of the
isopropyl group and a singlet at 2.17 ppm for thethyl protons ofp-cymene ring. The
four doublets observed at 5.59 - 5.39 corresponthéoaromaticp-cymene ring CH
protons. This unusual pattern is due to the diestepic methyl protons of the isopropyl
group and aromatic protons of thecymene ligand, since the ruthenium atom is

stereogenic due to the coordination of four différkgand atoms and chiral nature of
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metal atonf®?® Interestingly the chemical shifts of complé shown down field
compared to comple® of p-cymene ligand. Complexe 4, 7 and8 exhibit a strong
peak atd = 2.15, 1.88, 2.11 and 1.98 for pentamethylcyah@dienyl ligand
respectively, which are slightly shifted downfieid comparison to the starting

complexes.

5.3.3 Crystal structure analysis ofn{¢p-'PrCsHsMe)Ru(pp-Cl)CIIPE ([2]PFs) and
[(n°-CsMes)Rh(bppp)CIIPE ([7]PFe)

The molecular structure of ff-p-'PrGHsMe)Rupp-C)CIIPFs ([2]PFs) and [
CsMes)Rh(bpppClPFs [7]PFs have been established by single-crystal X-rayctire
analysis. Both complexes shown a typical pianoisggmmetry with the metal centre
coordinated by the aromatic ligand, chloride archelatingN,N-ligand (see figures 5.2
and 5.3). The metal atom is in octahedral arrangeéraed thepp-Cl or bppp ligand is
found to coordinate through the N1 atom of the ¢ige moiety and the N2 atom of the
pyrazolyl ring to generate a five-membered ringatietcycle (see Figures 5.2 and 5.3).
In these complexes, the N atom of pyridazine paamtay from the metal centre and show
no interaction with neighboring cations. Selecteddlengths and angles for complexes

2and7 are presented in Table 5.2.
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Table 5.1: Crystallographic and structure refinetgarameters for compoundg]PFs

and [7/]PFs.

Complex RIPFs [7]PFs

Chemical formula &H2.CloFsNsPRu GoH29CIFsNgPRh.0.5CHCN
Crystal system Monoclinic Monoclinic
Formulae weight 673.39 803.96
Wavelength (A) 0.710 0.710

Space group C2/c P 21/n

Crystal color and shape Plate, yellow Plate, yellow
Crystal size (mm) 0.28 x 0.15 x 0.09 0.22 x 0.1

a (A) 10.1768 (8) 8.5156 (17)

b (A) 22.7250 (16) 19.095 (4)

c (A) 22.133 (2) 22.334 (5)

a (°) - -

B (°) 97.646 (7) 90.46 (3)

v (°) - -

V (A3 5073.2 (7) 3631.5 (13)

Z 8 4

T (K) 293 (2) 293 (2)

Dy (g /cn?) 1.763 1.470

i (mm?) 0.959 0.65

Scan range (°) 1.79<6 <24.65 2.119 <20.00
Unique reflections 4000 3331

Reflections used #20(1)] 2291 1042

Rint 0.0646 0.189

Final R indices pr2a(1)] 0.0423, wR; 0.0803 0.0443wR;, 0.0626
R indices (all data) 0.0862yR,0.0863 0.1881wR; 0.0894
Goodness-of-fit 0.824 0.534

Max, Min Ap (e A%) 0.696, -0.718 0.284, -0.261
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Table 5.2: Selected bond lengths (A) and angleé®(YompoundsI|PFs and [/]PFe.

Complex 2|PFs [7]PFs
Interatomic distances

Ru-N1 2.099(3) Rh-N1 2.08(1)
Ru-N2 2.089(3) Rh-N2 2.16(5)
Ru-Cl1 2.406(2) Rh-ClI1 2.396(4)
Ru-centroid (Gring) 1.683 Rh-centroid (£Xing) 1.79

C5-C6 1.351(5) C5-C6 1.31(2)
N1-C1 1.390(5) N1-C1 1.39(2)
N2-N3 1.420(5) N2-N3 1.42(1)
Angles

N1-Ru-N2 75.50(1) N1-Rh-N2 73.25 (3)
N1-Ru-Cl1 83.80(1) N1-Rh-Cl1 86.21(3)
N2-Ru-Cl1 84.52(1) N2-Rh-Cl1 91.47(2)
Rul-N1-C5 116.90(2) Rh1-N1-C5 115.21(8)
Rul-N2-C6 115.50(2) Rh1-N2-C6 114.72(4)

ci2

Figure 5.2: Molecular structure of compler §{p-'PrCsHsMe)Rupp-C)CIIPFs ([2]PFe).
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In the mononuclear compleXthe N1-metal [2.099(3) A] distance of the pyridyl
ring is slightly longer than the corresponding @yisl, N2-metal distance [2.089(3) A],
in contrast for complex the N1-metal [2.082(1) A] distance slightly shortean the
corresponding pyrazolyl N2-metal distance [2.16 4%)which are comparable to those
in [(n®-CsMes)RUCI(GsH4N-2-CH=N=GsH4-p-NO,)|PF5,*  [Ru(mes)CHGHJN-2-
C(Me)=N(CHMePh)}]BR,*>  [(n°>-CsMes)RhCI(GsHsN-2-CH=N=CsH-p-NO,)]BF4,*
[(n®-CsHe)Ru(2-(2-thiazolyl)-1,8-naphthyridine)CIIRE"  [(n°-p-'PrCsHsMe)RuClI(2,3-
bis(2-pyridyl)pyrazine)]Bg>* While the M-Cl [2.406(2) and 2.396(4)] bond lersyth
show no significant differences in all the caticarsd reported valueé®” The N(1)-
M(1)-N(2) bond angle in compleR and 7 is found to be [75.1(1)°] and [73.2(3)°]
respectively, which are similar to those of compha*me-p-iPrQ-,H4Me)RuCI(2,3-bis(2-
pyridyl)pyrazine)] [N(1)-Ru(1)-N(2) = 76.5(2)% and [{°-p-'PrCsHsMe)RuCI(2,3-
bis(2-pyridyl)quinoxaline)] 3’ The distances between the ruthenium atom and the
centroid of the r{®-p-'PrGsHsMe) ring is 1.683A in complex 2, whereas the distance
between the rhodium atom and the centroid ofjth€sMes ring is 1.781 A in compleX.
These bond distances are comparable to those imethted complex cationsn{-p-
'PrGsHsMe)Ru(pyNp)CIIPE,  [(n>-CsMes)Ir(pyNp)CIIPRs  (PyNp=2-(2-pyridyl)-1,8-
naphthyridine) (1.79 A and [f>-CsMes)Rh(3,6-bis(2-pyridyl)4-phenylpyridazine) -
ClPFs (1.789 A).

Figure 5.3: Molecular structure of complexnHCsMes)Rh(bppp)ClIPE [7]PFs. All
hydrogen atoms, solvent molecule and anion aretednior clarity.
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5.3.4 Synthesis of the dinuclear compleQds 12 as hexafluorophosphate salts

The reaction of the dimeric chloro complexes®f4rene)Ru(u-Cl)C}| (arene =
CsHes, p—PleGH4Me) and [(]5-C5Me5)M(u-C|)C|]2 (M = Rh, Ir) with 1.5 equiv. of 3,6-
bis(3-pyridyl-1-pyrazolyl)pyridazinebppp in methanol results in the formation of the
orange color, air-stable dinuclear dicationic coempbk [{(°-CsHe)RUCI}(bppp]**
[91PFs,  [{(n*-p-'PrGHaMe)RUCI}(bppp]**  [LOIPFs,  [{(n-CsMes)RCI}x((bppA]**
[11]PFs and [{(n°>-CsMes)IrCl} o((bppp]** [12)PFs. All these complexes are isolated as
their hexafluorophosphate salts (Scheme 5.3) aeg Were characterized by IR, Mass,

'H-NMR spectrometry and elemental analyses.

AN
ci | c
1:1
ci \ ¢ bepp @)
Ru MeOH, -2ClI

¢

/

/M\

[ Cl
bppp (1:1)
Cl\i /CI e

M MeOH, -2ClI

M=Rh:11
M=1Ir :12
Scheme 5.3

Infrared spectra of these dinuclear compleSéds 12, showed a similar trend to
the mononuclear cationic complexkdo 8. In the mass spectra the compleXes$, 11
and 12 hexafluorophosphate salts give rise to two maiakpga minor peak with an
approximately 50% intensity attributed to M+ PR]* at m/z 940, 1052, 1058 and 1236
respectively, and a major peak which correspondsds of [(arene)MCI] fragment to
the formation of mononuclear catiots8 at m/z = 580, 637, 739 and 729 respectively.
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The *H NMR spectra of the dinuclear cationic complege® 12 exhibit seven
distinct resonances at 9.55 (d, 2H), 9.37 (s, 24 (d, 2H), 8.52 (d, 2H), 8.48 (t, 2H),
8.36 (t, 2H), 7.86 (d, 2H) which are assignabl@yddine, pyrazole and pyridazine ring
protons of the 3,6-bis(3-pyridyl-1-pyrazolyl)pyridae pppp ligand. The chemical shift
of the bpppligand protons upon complex formation shifted ddwehd with reference to
free ligand. However jl protons of metal bounded pyrazoles shifted upl fadmpared
to Hyy unbound pyridazine protons bpppligand up on complexation; this may be due
to the metal to ligand charge transfer in all thesmplexes (Figure 3). Besides these
bppp ligand resonances compl&xexhibit a singlet ab = 5.75 for the two benzene ring
and complext0 exhibits two doublets a = 1.18 — 1.12, and septetsdat 2.68 for the
protons of the isopropyl group and a singled=2.25 for the methyl protons pfcymene
ring. The four doublets observedéat 6.10 — 5.54 correspond to the aromaticymene
ring CH protons. Interestingly the chemical shifttbese protons as well as methyl
protons shifted downfield significantly with refex@e to starting precursor ranging fr@dm

=5.20 to 5.42 and mono nuclear complexes (figude 5

p
9.9 e e

f,f’ d.d

a,a’ Ar p-cy
cc

e ) Lw I

T T S | T T T T T T

9.5 9.0 8.5 8.0 75 7.0 6.5 6.0 55

Figure 5.4:'H-NMR spectrum of compound8 in CDCk, representsbppp ligand
resonances angcymene ligand aromatic protons.
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This could be due to the increased steric naturthep-cymene ring in dinuclear
complexes compared to mono nuclear compounds. Gxegill and12 exhibit a strong
peak atd = 2.05 and 1.99 for the protons of pentamethytmyehtadienyl ligands
respectively, which are slightly shifted downfieidd comparison to the starting

complexes.

5.3.5 UV-Visible spectroscopy

Electronic absorption spectra of compouip@sCl, bppp and complexed to 12
were acquired in acetonitrilgt 10° M concentration in the range 220-550 nm. The
spectral data are well formulated in experimengation. The spectrum of the ligand 3-
chloro-6-(3-pyridyl-1-pyrazolyl)pyridazingpp-Cl) exhibit a band at 318 nm, while ligand
3,6-bis(3-pyridyl-1-pyrazolyl)pyridazineoppp exhibit two bands at 316 nm and 331 nm
as a shoulder peak, which are assigned to inteerdig — n* transitions. The electronic
spectra of these complexes are characterized bynawo featuresyiz., an intense ligand—
localized or intra-ligandt — =* transition in the ultraviolet region and metaHigand
charge transfer (MLCT)x{M) — =* (L - ligand) bands in the visible regidf. Since the
low spin & configuration of the mononuclear complexes prasifiked orbitals of proper
symmetry at the Ru(ll), Rh(lll) and Ir(lll) centerthese can interact with low lyirvgF
orbitals of the ligands. All the mononuclear conxglel to 4 show only an intense band
in the region 308-316 nm, while complexe 8 shown three bands at 276-278 nm, 312
— 314 nm and a broad peak at 417-423 nm. Wherbeadihuclear complexe$ to 12
show three bands, which are almost similar to cengd5 to 8at 274 to 276 nm as a
shoulder peak at 312-314 nm as a high intense pedla broad band at 418 - 420 nm.
The high intensity band in UV region for both monolear and dinuclear complexes is
assigned to inter and intra-ligamd— 7*/ n — 7* transitions>*>** while the low energy
absorption band in the visible region for all coexas is assigned to metal-to-ligand
charge transfer (MLCT) 4§ — n*). Representative spectra of these complexes are

represented in figure 5.5.
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Figure 5.5: UV-Visible electronic spectra of remetative complexes in acetonitrile at
298 K.

5.4  Conclusions

In summary, in this work we have prepared two naedlating ligands 3-chloro-6-
(3-pyridyl-1-pyrazolyl)pyridazine gp-Cl) and 3,6-bis(3-pyridyl-1-pyrazolyl)pyridazine
(bppp. Ligandspp-Cl andbpppreacted with series of arene ruthenium and Cptlidm
and iridium complexes giving new series of monoeacland binuclear complexes.
However, we were unable to get single crystals ialidear complexes, which were

characterized by other spectral techniques.

5.5 Supplementary material
CCDC-749700 [2]PFs and CCDC?#49701 [7]PFs contain the supplementary

crystallographic data for this chapter.
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Chapter 6

(PartA)

Mono and dinuclear complexes of half-sandwich
platinum group metals (Ru, Rh and Ir) bearing
a flexible pyridyl-thiazole multidentate donor

ligand

In this chapter, we have synthesized new mononuclear and dinuclear complexes with
arene ruthenium, rhodium and iridium complexes with polypyridyl ligand as thiazolyl
rings backbone. All these new complexes were characterized by elemental analyses, 'H-
NMR, UV-Visible and mass spectrometry as well as X-ray crystallographic analyses for

some representatives

*The work presented in this chapter has been published: K. T. Prasad, B. Therrien and K.
Mohan Rao, J. Organomet. Chem. 695 (2010) 226-234.
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6A.1 Introduction

Metal complexes based on polypyridyl ligands cduasgiversatile components for
the construction of multifunctional supramolecusgstems in molecular photonics and
molecular electronics, sensors, photo-catalysidarsenergy conversion, artificial
photosynthesis, non-linear optics, and electrochkmminescence amongst othérs.
Despite the diversity of these potential appliaagiorelatively little is known about how
the properties of electron transfer between a singihor and acceptor is influenced by
their inclusion into larger supramolecular assee®lin this regard, ruthenium complexes
bridged by multiple nitrogen donor polypyridyl ligds have received considerable recent
attention because of their possible applicationfiamogeneous catalysis** as multi
electron storage systéri® in the designing of new materi&is® and in photophysical
and photochemical molecular deviédé® One of the simplest linker used in assembling
metals in such arrays is 4,4-bis(2-pyridyl-4-tloie (L). This molecule has been
principally explored with Co, Cu and Zn transitioretal atoms and has been shown to
generate helical structuré$® Besides these helical structures, this moleculs as a
bis-chelating ligand to bridge two metal centernstf@ formation of dinuclear complexes.
Inclusion of the five-membered thiazolyl rings ihet backbone results in a more
pronounced partitioning of the ligand into distibalentate domains than in the case with
linear polypyridines. This facilitates the formatiof mononuclear and dinuclear systems.
The former one has the potential to behave as lodigands in the development of
homo/hetero bimetallic systerfis?®

Arene ruthenium complexes play an important rol@riganometallic chemistry.
Reactions of the chloro bridged arene ruthenium pteres [{(°-arene)RuCl(u-Cl)j
with Lewis bases and a variety of different ligantsve been extensively studied.
Recently, we have reported a series of mononueeare ruthenium complexes of the
type [(m°-arene)RuCl(H-bppJ] and the dinuclear complexes 1fftarene)RuCh(bpp)f*
(arene = GHe, p-PrCsHsMe; bpp = 3,3-bis(2-pyridyl)pyrazoléj.However, there are no
reports dealing with half-sandwich ruthenium / riumadl / iridium complexes with ligands
consisting of pyridyl units connected to thiazaiylg backbone.

In the present contribution, we have synthesized m@nonuclear and dinuclear
complexes with arene ruthenium, rhodium and irideomplexes with polypyridyl ligand
as thiazolyl rings backbone (Chart 6A.1). All thessv complexes were characterized by
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elemental analysesH-NMR, UV-Visible and mass spectrometry as well %say

crystallographic analyses for some representatives.

4
I\ NSy
|N\ \N \S
=

[4,4'-bis(2-pyridyl-4-thiazole)]l)

Chart 6A.1: Ligand used in this study

6A.2 Experimental

6A.2.1 Syntheses of the ligand 4,4'-bis(2-pyrididttole) (Lf*

Preparation of pyridine-2-thioamid@-Cyanopyridine (10.0 g, 96.0 mmol) was dissolved
in a mixture of E4N (2 ml) and ethanol (30 ml). 48 was slowly bubbled through the
solution for 1 h, during which time a yellow preitgie was formed. Collection by
filtration gave pure pyridine-2- thioamide as algei solid. Yield: 6.63 g, 50%. ESI-MS:
m/z 138 (75%, M). *H NMR [400 MHz, (C3),SOJ: 6 10.51 (1H, s, NH), 10.24 (1H, s,
NH), 8.70 (1H, d, py), 8.31 (1H, d, py), 8.15 (itHpy), 7.68 (1H, t, py).

To a solution of pyridine-2-thioamide (0.30 g, 2rhmol) in methanol (15 ml) a
solution of 1,4-dibromobutane-2,3- dione (0.26 §61mmol) in methanol (15 ml) was
added and the solution refluxed for 1 h. After ttise the resulting yellow precipitate
was filtered, washed with ethanol (5 ml) and diéther (5 ml) and driedh vacuoto
give 4,4’ bis(2-pyridylthiazole) 2HBr. Yield: 0.4d4, 80%. The free base ligand 4,4’
bis(2-pyridylthiazole) 2HBmwas prepared from the hydrobromide salt as follovd:
bis(2-pyridylthiazole) 2HBr (0.20 g, 0.41 mmol) wagspended in ammonia (0.88 S.G.,
50 ml) and left to stand for 12 h. During this tirtiee suspension changed color from
yellow to pink. Filtration and washing with meth&i(® ml) and diethylether (2 ml) gave
L as a pale pink solid. Yield: 0.13 g, 100%. ESI-M%z 322 (75%,M"). *H NMR [400
MHz, (CDs),SO]: ¢ 8.68 (2H, d, pyridyl), 8.26 (2H, d, py), 8.24 (281,th), 8.23 (2H, t,
py), 7.55 (2H, t, py) Lcan be recrystallized from MeCN to give colourlptses, but the
ligand was generally sufficiently pure to use diyetor the complexation reactions.
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6A.2.2 Syntheses of the mononuclear complexes 1 — 6

6A.2.2.1 [(7>-CeHe)Ru(L)CIPFs ([1]PF¢)

A mixture of [(®CsHe)Ru-Cl)Cl]> (50 mg, 0.1 mmol) and. [4,4"-bis(2-
pyridyl-4-thiazole)] (66 mg, 0.21 mmol) was suspetiédn methanol (20 ml) and stirred at
room temperature for 2 hours. Then, the insolubdtenmals were filtered through celite
and potassium hexafluorophosphate (48 mg, 0.25 jwe added to the filtrate. After
stirring for 4 hours at room temperature a preatgitwas observed. The precipitate was
filtered, washed with methanol and diethyletheK(B80 ml) and driedn vacuo
Yield 85 mg (62%)H NMR (400 MHz, CRCN) & = 9.46 (d, 1H3J = 4.76 Hz), 9.15 (s,
1H, tz-H), 8.67 (d, 1H3J = 3.20 Hz ), 8.66 (s, 1H, tz-H), 8.36 - 8.08 (&H), 8.13 (t, 1H,
3) = 3.32 Hz), 7.63 (t, 2HJ = 2.54 Hz), 5.95 (s, 6H,d8g); IR (cm): 1614 (m), 1454
(s), 1437 (s), 844 (s), 788 (s), 558 (s); ESI-MS37.5 [M], 492.2 [M - Cl]; UV-Vis
{acetonitrile, Amax Nm €10°M™* cm™)}: 338 (0.19); Anal. Calc. for §H:1eN,S,RUCIPF;
(682.01): C, 38.74; H, 2.36; N 8.21. Found: C, 3813, 2.47; N, 8.18%.

6A.2.2.2 [(1>-p-PrCsHsMe)Ru(L)CIIPR; ([2]PFe)

Compound [2]PF was prepared by the same procedure as descriluae &br
[1]PFs using [(%-p-'"PrGsHaMe)Ru@-Cl)Cl], (60 mg, 0.09 mmol), L [4,4"-bis(2-pyridyl-
4-thiazole)] (65 mg, 0.20 mmol) and potassium hiexabphosphate (36 mg, 0.23 mmol).

Yield 113 mg (78%)H NMR (400 MHz, CRCN) & = 9.30 (d, 1H3J = 5.66
Hz), 9.15 (s, 1H,), 9.06 (s, 1H), 8.67 (d, F8= 3.72 Hz), 8.13 (t, 2HJ =7.6 Hz), 8.01
(d, 2H,%J = 2.72 Hz), 7.79 (t, 2H,) =6.40 Hz), 5.59 (d, 1HJ = 6.00 Hz, A.,), 5.52 (d,
1H, 3J = 6.00 Hz, Ap.), 5.46 (d, 1H2J = 6.00 Hz, As), 5.39 (d, 1H2J = 5.60 Hz,
Arpe,) 2.70 (sept, 1H, CH(C#b), 2.33 (s, 3H, Are,Me), 1.71 (d, 3H2J = 6.20 Hz,
CH(CHs),), 1.69 (d, 3H2J = 6.80 Hz, CH(CH)2); IR (cmi®): 1604(m), 1449(s), 1437(s),
843(s), 783(s), 558(s); ESI-MS: 593.1 M458.1 [M - CIJ; UV-Vis {acetonitrile Amax
nm €10°M™ cmi)}: 336 (0.20); Anal. Calc. for &H2.CIFsNsPRUS (738.1): C, 42.31;
H, 3.28; N, 7.59. Found: C, 42.27; H, 3.31; N, %57

6A.2.2.3 [(7>-CsHs)Ru(L)(PPh)]PFs ([3]PFe)
A mixture of [(°-CsHs)Ru(PPR),CI] (100 mg, 0.13 mmol), L [4,4'-bis(2-pyridyl-
4-thiazole)] (48 mg, 0.15 mmol) and potassium hiexabphosphate (26 mg, 0.15 mmol)

was suspended in methanol (35 ml) and refluxedlfdrhours. Then, the insoluble
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materials were filtered through celite and therdik was evaporated to dryness. The
residue dissolved in dichloromethane and filteredough celite to remove excess
potassium hexafluorophosphate and ammonium chlofide filtrate was reduced to 2 ml
on rotary evaporator and excess hexane was addaduce dark red colour precipitate.
The precipitate was separated by centrifugatiorshed with diethylether (3 X 10 ml)
and then drie¢h vacuo

Yield 70 mg (56%)H NMR (400 MHz, CRCN) &= 9.07 (d, 1H3J = 4.40 Hz), 9.01 (s,
1H), 8.66 (d, 1H3J = 7.60 Hz), 8.16 (s, 1H), 7.82 (t, 18=8.00Hz), 7.60 (t, 1HJ=6.40
Hz), 7.51 (t, 2H3J=7.20 Hz), 7.46 (d, 1HJ) = 6.42 Hz), 7.28 (d, 1HJ = 4.28 Hz), 7.19-
7.10 (m, 15H), 4.58 (s, 5H,585); **P {*H} (CD5CN) 8 = 49.34 ppm; IR (cm): 1604(m),
1454(s), 1438(s), 844(s), 785(s), 559(s); ESI-ME.8 [M']; UV-Vis {acetonitrile, A\ max
nm €10°M™ cm®)}: 341 (0.15); Anal. Calc. for §HsFsNsP,RUS (895.82): C, 52.29;
H, 3.38; N 6.25. Found: C, 52.11; H, 3.29; N, 6.17%

6A.2.2.4 [(7-CsMes)Ru(L)(PPh)]PF¢ ([4]PF¢)

Compound 4]PFs was prepared by the same procedure as describe@ &mo
[5]PFs using [(°>-CsMes)Ru(PPh),Cl] (100 mg, 0.12 mmol), L [4,4"-bis(2-pyridyl-4-
thiazole)] (44 mg, 0.13 mmol) and potassium hexafiphosphate (26 mg, 0.15 mmaol).
Yield 82 mg (79%)*H NMR (400 MHz, CRCN) &= 9.17 (d, 1H3J = 5.60 Hz), 9.01 (s,
1H), 8.76 (d, 1H3J = 4.48 Hz), 8.30 (s, 1H), 7.86 (t, 1&5,= 7.60 Hz), 7.72 (t, 1HJ =
6.40 Hz), 7.61 (t, 2HJ = 6.00 Hz), 7.49 (d, 1HJ = 4.20 Hz), 7.22 (d, 1HJ = 3.28
Hz), 7.29- 7.10 (m, 15H), 2.01 (s, 15HsMs); 3P {*H} (CDsCN) &= 51.54 ppm; IR
(cmd): 1624(m), 1458(s), 1437(s), 843(s), 778(s), SHESI-MS: 820.1 [M]; UV-Vis
{acetonitrile, Amax NM €10°M™ cmi®)}: 334 (0.55); Anal. Calc. for GHioFeNsPRUS
(965.95): C, 54.71; H, 4.17; N, 5.80. Found: C594H, 4.08; N, 5.68%.

6A.2.2.5 [(7°-CsMes)Rh(L)CIPFs ([5]PF¢)

A mixture of [(°-CsMes)Rh(u-CI)Cl]> (50 mg, 0.08 mmol) and L [4,4"-bis(2-
pyridyl-4-thiazole)] (55 mg, 0.17 mmol) was suspetidnh methanol (20 ml) and refluxed
for 4 hours. Then, the insoluble materials werespdsthrough celite and potassium
hexafluorophosphate (36 mg, 0.22 mmol) was addéketdiltrate. After refluxing for an
hour a precipitate was observed. The precipitate filt@red, washed with methanol and
diethylether (3 X 10 ml) and dried vacuo
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Yield: 90 mg (78%)*H NMR (400 MHz, CRCN) &= 8.95 (d, 1H3J = 5.28 Hz), 8.71
(s, 1H), 8.66 (d, 1HJ = 4.40 Hz), 8.30 (s, 1H), 7.86 (t, 1&8,= 7.40 Hz), 7.62 (t, 1HJ

= 6.80 Hz), 7.52 (t, 2HJ = 6.40 Hz), 7.32 (d, 1HJ = 6.44 Hz), 7.22 (d, 1HJ = 6.00
Hz), 2.11 (s, 15H, @Mes); IR (cm?): 1603(m), 1458(s), 1437(s), 845(s), 785(s), 5B8(s
ESI-MS: 560.3 [M], 525.1 [M - CI]; UV-Vis {acetonitrile Amax nm €10°M™* cmi)}:
333 (0.72); Anal. Calc. for £H2sCIFN4sPRhS (705.5): C, 44.26; H, 3.57; N 7.94.
Found: C, 44.13; H, 3.43; N, 7.86%.

6A.2.2.6 [(7°-CsMes)Ir(L)CI|PF ¢ ([6]PF¢)

Compound §]PFs was prepared by the same procedure as describe@ &o
[5]PFs using [f°>-CsMes)Ir(u-CI)Cl], (66 mg, 0.08 mmol), L [4,4'-bis(2-pyridyl-4-
thiazole)] (57 mg, 0.18 mmol) and potassium hexafiphosphate (46 mg, 0.25 mmol).
Yield 79 mg (60%)'H NMR (400 MHz, CQCN) & = 9.01 (d, 1H2J = 5.60 Hz), 8.91 (s,
1H), 8.76 (d, 1H3J = 6.40 Hz), 8.35 (s, 1H), 7.89 (t, 11 =7.00 Hz), 7.72 (t, 1HJ
=6.80 Hz), 7.52 (t, 2HJ =6.00 Hz), 7.42 (d, 1HJ = 5.60 Hz), 7.28 (d, 1HJ = 6.48
Hz), 1.87 (s, 15H, Mes); IR (cri'): 1606(m), 1454(s), 1437(s), 844(s), 785(s), 5B8(s
ESI-MS: 649.8 [M], 614.6 [M - CI]; UV-Vis {acetonitrile Amax "m €10°M™* cm?)}:
336 (0.74); Anal. Calc. for £gH2sF6IrN4PS (794.8): C, 39.29; H, 3.17; N 7.05. Found: C,
39.13; H, 3.21; N, 6.99%.

6A.2.3 Syntheses of the dinuclear complex@&d[Fs). to [12](PFs).

6A.2.3.1 [{(7>-CeHe)RUCIL(u-L)|(PFe)2 ([7](PFe)2)

A mixture of [(°®CsHe)Ru@-CNCI]> (83 mg, 0.16 mmol) and L [4,4-bis(2-
pyridyl-4-thiazole)] (53 mg, 0.16 mmol) was suspetiéh methanol (20 ml) and stirred at
room temperature for 6 hours. Then, potassium hexaphosphate (46 mg, 0.25 mmol)
was added to the reaction mixture and furtherestifor 3 hours. The precipitate was
filtered, washed with methanol and diethyletheK(BO ml) and driedn vacuo
Yield 110 mg (60%)*H NMR (400 MHz, CRCN) &= 9.38 (d, 2H2J = 4.80 Hz), 8.67
(s, 2H, tz-H), 8.22 (d, 2HJ = 8.40 Hz), 8.13 (t, 2HJ =7.20 Hz), 7.43 - 7.51 (m, 2H),
6.01 (s, 6H, @g), 5.99 (s, 6H, €He); IR (cmi'): 1604(m), 1449(s), 1437(s), 843(s),
783(s), 558(s); ESI-MS: 891.8 fi#-PRs]*: UV-Vis {acetonitrile,Amax "M €10°M™ cmi
1 311 (0.35) and 356 (0.31); Anal. Calc. forgHxClFNsP.RWLS, (1041.6): C,
32.29; H, 2.13; N 5.38. Found: C, 32.15; H, 2.055X8%.
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6A.2.3.2 [{(7°-p-PrCsHaMe)RUCIL(u-L)](PFe)z ([8](PFs)2)

Compound [8](PE), was prepared by the same procedure as descriloee &
[7](PFs)2 using [he-p-iPrC6H4Me)Ru(u-CI)CI]2 (63 mg, 0.1 mmol), L [4,4'-bis(2-pyridyl-
4-thiazole)] (33 mg, 0.1 mmol) and potassium hexatbphosphate (23 mg, 0.12 mmol).
Yield 101 mg (85%)*H NMR (400 MHz, CRCN) &= 9.37 (d, 2H3J = 5.20 Hz), 8.67
(s, 2H, tz-H), 8.26 (d, 2HJ = 5.60 Hz), 8.06 (t, 2HJ =7.00 Hz), 7.57 (t, 2HJ =6.80
Hz), 5.86 (d, 2H3J = 6.00 Hz, Ap.,), 5.56 (d, 2H3J = 5.60 Hz, Ap.,), 5.47 (d, 2H3) =
6.00 Hz, Ap.,), 5.38 (d, 2H2J = 6.40 Hz Af.,), 2.42 (sept, 2H, CH(C#}), 2.05 (s, 6H,
Arp.cr-Me), 1.38 (d, 3H, CH(CHy); 1.17 (d, 3H, CH(CH),), 1.08 (d, 3H, CH(CH).),
0.98 (d, 3H, CH(CH),); IR (cm’): 1614(m), 1454(s), 1437(s), 844(s), 788(s), 5B8(s
ESI-MS: 1008.2 [M"+PR]"; UV—-Vis {acetonitrile Amax nm €10°M™* cmi)}: 312 (0.56)
and 355 (0.35); Anal. Calc. fora@ssCl.F1oNsP.RWS, (1153.7): C, 37.47; H, 3.32; N
4.86. Found: C, 37.33; H, 3.27; N, 4.77%.

6A.2.3.3 [{(7-CsHs)Ru(PPh)}2(u-L)] (PFe)2 ([91(PF)2)

A mixture of [(°-CsHs)Ru(PPR).CI] (100 mg, 0.13 mmol), L [4,4'-bis(2-pyridyl-
4-thiazole)] (22 mg, 0.068 mmol) and ammonium hkesabphosphate (46 mg, 0.28
mmol) was suspended in methanol (35 ml) and refiure 12 hours. Then, the insoluble
materials were filtered through celite and filtratas evaporated to dryness. The residue
was dissolved in dichloromethane and filtered tgtowcelite to remove ammonium
chloride and excess potassium hexafluorophosphheefiltrate was reduced to 2 ml and
excess hexane was added to induce dark red coleaippgate. The precipitate was
separated by centrifugation, washed with diethge{B X 10 ml) and drieth vacuo
Yield 81 mg (80%)'H NMR (400 MHz, CRCN) & = 9.29 (d, 2H%J = 5.60 Hz), 8.67 (s,
2H, tz-H), 8.26 (d, 2HJ = 4.40 Hz), 8.06 (t, 2HJ =7.20 Hz), 7.57 (m, 2H), 7.29-7.02
(m, 30H), 4.86 (s, 10H, 4Bs); **P {*H} (CD3CN) & = 49.28; IR (crit): 1624(m), 1458(s),
1437(s), 843(s), 778(s), 557(s); ESI-MS: 1179 PR 1%"; UV-Vis {acetonitrile Amax
nm €10°M™* cm)}: 314 (0.72) and 356 (0.32); Anal. Calc. fogHsoF1oNsPsRWLS,
(1469.2): C, 50.68; H, 3.43; N 3.81. Found: C, 6013, 3.57; N, 3.77%.
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6A.2.3.4 [{(7>-CsMes)Ru(PPh)}2(u-L)(PFe)2 ([ 10] (PFe)2)

Compound 10](PFs). was prepared by the same procedure as describsd &y
[9](PR)2, using [(°-CsMes)Ru(PPh),Cl] (100 mg, 0.12 mmol), L [4,4"-bis(2-pyridyl-4-
thiazole)] (20 mg, 0.06 mmol) and potassium hexafiphosphate (23 mg, 0.12 mmol).
Yield: 71 mg, (69%)*H NMR (400 MHz, CRCN) & = 9.32 (d, 2H3J = 5.20 Hz), 8.78
(s, 2H, tz-H), 8.26 (d, 2HJ = 4.40 Hz), 8.11 (t, 2HJ =7.80 Hz), 7.57 (t, 2HJ =6.40
Hz), 7.29-7.08 (m, 30H), 1.97 (s, 308 {*H} (CD3CN) & = 51.33; IR (cr1): 1604(m),
1454(s), 1438(s), 844(s), 785(s), 559(s); ESI-MI198 [M+PR]?"; UV-Vis
{acetonitrile, Amax NM €10°M*cm?)}: 310 (0.81) and 358 (0.33); Anal. Calc. for
CroH7oF12N4PsRWS, (1609.5): C, 53.73; H, 4.38; N, 3.48. Found: C,633H, 4.27; N,
3.39%.

6A.2.3.5 [{(7-CsMes)RhCll(u-L)](PFe)2 ([ 11](PFe)2)

A mixture of [(°-CsMes)Rh(u-CI)Cl], (75 mg, 0.12 mmol) and L [4,4"-bis(2-
pyridyl-4-thiazole)] (39 mg, 0.1 mmol) was suspeshde methanol (20 ml) and refluxed
for 4 hours. Then, potassium hexafluorophospha8en{g, 0.13 mmol) was added to the
reaction mixture and further refluxed for an hoDuring this time was precipitate was
observed. The precipitate was filtered, washed wit#thanol and diethylether (3 X 10
ml) and driedn vacuo
Yield 118 mg (89%)*H NMR (400 MHz, CRCN) 5= 9.11 (d, 2H%J = 5.20 Hz), 8.72
(s, 2H, tz-H), 8.21 (d, 2HJ = 5.60 Hz), 8.11 (t, 1HJ =7.20 Hz), 7.96 (t, 1HJ =7.24
Hz), 7.57 (t, 2H,%J =6.40 Hz), 2.15 (s, 30H, ®les); IR (cm™): 1606(m), 1454(s),
1437(s), 844(s), 785(s), 558(s); ESI-MS: 943.6"WPR]"; UV—Vis {acetonitrile, Amax
nm €10°M™ cm™)}: 312 (0.78) and 356 (0.33); Anal. Calc. fogsHaoCIF1N4P.RILS,
(1088.6): C, 39.72; H, 3.70; N, 5.15. Found: C539H, 3.67; N, 5.07%.

6A.2.3.6 [{(7>-CsMes)IrCl} 2(u-L)](PFe)2 ([ 12] (PF¢)2)

Compound 12)(PFs).was prepared by the same procedure as describgd &dyo
[12)(PFs), using [(>-CsMes)Ir(u-CI)Cl], (72 mg, 0.09 mmol), L [4,4'-bis(2-pyridyl-4-
thiazole)] (29 mg, 0.09 mmol) and potassium hexafiphosphate (23 mg, 0.12 mmol).
Yield 91 mg (79%)'H NMR (400 MHz, CQCN) & = 9.44 (d, 2H%J = 5.60 Hz), 8.90 (s,
2H, tz-H), 8.28 (d, 2HJ = 8.00 Hz), 8.15 (t, 1HJ =7.20 Hz), 7.98 (t, 1HJ =6.80 Hz),
7.57 (t, 2H,%) =6.44 Hz), 1.54 (s, 30H, s®les); IR (cmi®): 1603(m), 1458(s), 1437(s),
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845(s), 785(s), 558(s); ESI-MS: 1122.59MPR]*; UV-Vis {acetonitrile,Amax N €10
>M™ cmh)}: 310 (0.74) and 358 (0.32); Anal. Calc. foggBaCIFLIroN.P,S, (1267.2): C,
34.12; H, 3.18; N, 4.42. Found: C, 34.02; H, 3094.37%.

6A.2.4 X-ray crystallography
In [12)(PFs), - CHCl, the max./min. residual density 4.510/-3.120 tAre

located at less than 1 A from the iridium atomsysBillographic details are summarized

in table 6A.1 and selected bond lengths and aragkepresented in table 6A.2.

6A.3 Results and discussion

6A.3.1 Synthesis of the mononuclear compleXgBHs to [6]PFs as hexafluorophosphate

salts

The mononuclear cationic arene ruthenium as wellcyadopentadienyl and
pentamethylcyclopentadienyl ruthenium, rhodium odium complexes having 4,4'-
bis(2-pyridyl-4-thiazole) I() ligand viz, [(n°-CsHe)RUCIL)IPR ([1]PFs), [(n°-p-
'PrCsHaMe)RUCI(L)IPFs ([2PFe), [(n°-CsHs)Ru(PPR)(L)]PFs ([3]PFe), [(n*-CsMes)Ru
(PPh)(L)IPFs ([4PFs), [(n>-CsMes)RhCI(L)IPFs ([5]PFs) and [(1™-CsMes)IrCI(L)IPFs
([6]PFs) (Scheme 6A.1) have been prepared by the reactianene or cyclopentadienyl
or pentamethylcyclopentadienyl complexes-{arene)Rug-CI)Cl], (arene = @Hgandp-
'PrGsHaMe), [(n°-Cp)Ru(PPH)-CI] (Cp = GHs and GMes) and [(>-CsMes)M(p-CI)Cl],
(M = Rh and Ir) with appropriate equivalents ofainglL [4,4'-bis(2-pyridyl-4-thiazole)]
in methanol. These complexes are isolated as hexafyhosphate salts and complexes
[1]PFs to [6]PFs are orange—red, resulting as non - hygroscopicstable, shiny
crystalline solids. They are sparingly soluble irethanol, dichloromethane and
chloroform, but well soluble in acetone and acdtdai All these complexes were fully
characterized by IRH NMR and electronic spectroscopy. In additionttese complexes
3 and 4 were characterized B NMR also. Analytical data of the complexes comfed
well to their respective formulations. Further imf@mtion about composition of the

complexes has also been obtained from mass spesttsom
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Infrared spectra of the ligand [4,4'-bis(2-pyridyl-4-thiazole)] display an

absorption bands at 1452 ¢rand 1437 ciassignable to the stretching frequencies of

C=N and C=S bands respectively, consistent withféloethat C=N and C=S stretching

frequencies of thiazole appear in the range 1452 amd 1437 cm, respectively’’ Upon

coordination with metal atoms, the same bands apgearound 1449-1458 ¢tand

1437 cm' respectively. The change only in the positiowgfy of thiazole suggested that

the co-ordination of the metal ion is through rgea atom of thiazole not with the

sulphur atom. In addition to these bands a stramgltin the region 843 chrhas been
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assigned to counter ion RH-or instance the IR spectrum of the compl@lPFs is

depicted in figure 6A.1.

49.0

40 2854
3070

19.0
4000.0 3600 3200 2800 2400 2000 1800 1600 1400
cm-1

200 1000 800 600 400.0

Figure 6A.1: IR spectrum of complexftp-'PrCsHsMe)RuCI(L)]PFs [2]PFs

In the mass spectra they give, as expected, risthg¢ocorresponding [M]
molecular peaks m/z at 537, 593, 750, 820, 560629 respectively. For instance the

Mass spectrum of the compl&xs depicted in figure 6A.2.
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Figure 6A.2: Mass spectrum of compler HCsMes)RhCI(L)]PFs ([5]PFe)

The™H NMR spectrum of free ligand L (4,4"-bis(2-pyrie4dthiazole)) exhibit a
characteristic set of five resonances for the tlezand pyridyl ring protons. Upon
coordination with the metal atom, the mononuclesionic complexesl|PFs to [6]PFs
exhibit between seven and nine distinct resonaassgnable to thiazolyl and pyridyl

ring protons of the L [4,4-bis(2-pyridyl-4-thiaz)] ligand indicating formation of
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mononuclear complexes, besides these resonancegleso[l]PF; exhibit a singlet ad =
5.95 for the protons of the benzene ligand and ¢exn@]PFs exhibits two doublets &t
=1.71 and 1.69, as well as a septdi at2.70 for the protons of the isopropyl group. The
two doublets observed at 5.59 and 5.39 ppm correspm the aromatip-cymene ring
CH protons. This unusual pattern is due to theteliastopic methyl protons of the
isopropyl group and aromatic protons of faeymene ligand, since the ruthenium atom is
stereogenic due to the coordination of four differegand atoms and chiral nature of
metal aton?°’ Complex B]JPFs exhibit a strong peak & = 4.58 which is assigned to
cyclopentadienyl ligand and complexd$HFs to [6]PFs exhibit a strong peak at= 2.01,
2.11 and 1.84 for the pentamethylcyclopentadieiggnld respectively, which are slightly
shifted downfield in comparison to the startingquiesors.

The3'P {*H} NMR spectra of complexes8]PFsand H]PFs exhibit a strong peak
at 6 = 49.34 and 51.54 respectively for the triphenghghine ligand which is shifted
down field as compared to starting neutral prems& = 42.00 and 38.5¢"**This down
field chemical shift of phosphorus nucleus indisdatee formation of cationic complexes.

6A.3.2 Crystal structure analysis ofn[{CsHs)Ru(PPR)(L)]PFs ([3]PF) and [§°
CsMes)Rh-(L)(CH]PFs ([5]PFs)

The molecular structure of f{{-CsHs)Ru(PPhR)(L)]PFs ([3]PFs) and [f°-
CsMes)Rh(L)(CD]PRs ([5]PFs) have been established by single-crystal X-rayicttire
analysis. Both complexes show a typical piano-sgebmetry with the metal centre
coordinated by the aromatic ligand, a terminal hieipylphosphine or chloride and a
chelatingN, N-ligand (see Figures 6A.3 and 6A.4). The metal atenm octahedral
arrangement and the L ligand is found to coorditfateugh the N1 atom of the pyridine
moiety and the N2 atom of the thiazolyl ring to gaaie a five-membered ring metallo-
cycle (see Figures 6A.3 and 6A.4). In these congdeihe S atom points away from the
metal centre and show no interaction with neighingucations. Selected bond lengths
and angles for complexeS]JPFs and B]PFs are presented in Table 6A.2. In the
mononuclear complexes8]PFs and pB]PFs the metal to nitrogen (N1) bond distance
(2.067(8) and 2.100(3) A) of the pyridine is shortean the corresponding metal -
thiazole nitrogen distance (2.105(8) and 2.146(%)which are comparable to those in
[(1°-CeMeg)RUCI(GH4N-2-CH=N=GsH4-p-NO,)]PFs,* [Ru(mes)CK{GH4N-2-C(Me)=N
(CHMePh)}]BF4, %8 [(n°-CsMes)RhCI(GsHaN-2-CH=N=CsH4-p-NO2)]|BF4, but unlike in
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[(n®-CeHe)Ru(2-(2-thiazolyl)-1,8-naphthyridine) CIJRE® [(n°-p-'PrGsHsMe)RuCI(2,3-bis
(2-pyridyl)pyrazine)|BE>®  [(n°-CsHs)RUCI(2-(1-imidazol-2-yl)-pyridinee)]P£° and
[(n°-CsMes)Ir(2-(2’-pyridyl)imidazole)CIJPE*. Accordingly, there is no significant
difference in the MCI bond length irb [2.407(12) A] and reported valiésThe N(1)
M(1)-N(2) bond angle in comple® and5 is found to be [76.40(3)°] and [76.51(1)°]
respectively, which are similar to those of compm*(ne-p-iPrC6H4Me)RuCI(2,3-bis(2-
pyridyl)pyrazine)] [N(1) - Ru(1)- N(2) = 76.5(2)°f° and [{°-p-'PrGsHsMe)RuCI(2,3-
bis(2-pyridyl)quinoxaline)][N(1)-Ru(1}N(2) = 76.2(2)°f2> The distances between the
ruthenium atom and the centroid of the:CsHs ring is 1.820A in complex [3]PFs,
whereas the distance between the rhodium atomhendentroid of the®-CsMes ring is
1.785 A in complex§]PFs. These bond distances are comparable to those ireltied
complex cations [RuP-CsHs)(PPh)(k*paa)], [Ru’-CsHs)(k*-dppm)k>-paa)] ** and
[(n°-CsMes)Rh(3,6-bis(2-pyridyl)4-phenylpyridazine)-CIJBF (1.789 A) and [
CsMes)Ir(pyNp)CI]PRs (PyNp=2-(2-pyridyl)-1,8-naphthyridine) (1.79 AJ.

Figure 6A.3: Molecular structure of complexJ{CsHs)Ru(PPh)(L)]PFs [3]PFs showing
ellipsoids at the 50% probability level. Hydrogeoras, Pk anion and solvent molecule

are omitted for clarity.
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Figure 6A.4: Molecular structure of complexCsMes)Rh(L)(CI)]PFs [5]PFs showing
ellipsoids at the 50% probability level. Hydrogeoras, Pk anion and solvent molecule

are omitted for clarity.

6A.3.3 Synthesis of the dinuclear complex8¢HFs)—[12](PFs). as hexafluorophosphate
salts.

The reaction of the chloro bridged dinuclear comete[°®-arene)Ru(p-CI)CH
(arene = @Hg, p-PICsHsMe); [(>-CsMes)M(u-CICll, (M = Rh, Ir) with 1 equiv. of
ligandL [4,4'-bis(2-pyridyl-4-thiazole)] in methanol rewiln the formation of the orange
color, air-stable dinuclear di-cationic complexnf-CsMes)RUCI(L)]?* (7), [{(n°-p-
'PrCsHsMe)RUCI(L)]*" (8), [{(n>-CsMes)RCIL(L)]*" (1) and [{(n*CsMes)IrCl} -
(L)]** (12). Similarly reactions of cyclopentadienyl / pentthylcyclopentadienyl
ruthenium triphenylphosphine complexeg®Cp)Ru(PPH).Cl] (Cp = GHs and GMes)
and half equivalent of ligantl in methanol at 55 °C leads to the formation ofq]{(
CsHs)Ru(PPR)}Y (L)% (9) and [{(>-CsMes) Ru(PPh)} 2(L)]** (10). All these complexes
are isolated as their hexafluorophosphate salthef8e 6A. 2) and they were
characterized by mas&1 NMR spectrometry, and elemental analysis. In @mftito
these complexe8 and10 were also characterized B NMR spectrometry. On top of
these mono and dinuclear complexes we tried tchegite hetero dinuclear, tri and tetra

nuclear complexes by using varieties of transitiatals, but results were not fruitful.
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Infrared spectra of these dinuclear complex8&PFs). to [12](PFs)2, showed a
similar trend as the mononuclear cationic complg&H3r; to [6]PFs. In the mass spectra
the complexeg, 8, 11 and12 hexafluorophosphate salts give rise to two maizkpea
minor peak with an approximately 50% intensityihttted to [M* + PR]* at m/z 891,
1008, 943 and 1122, respectively, and a major pehich corresponds to loss of
[(arene)MCI] fragment to the formation of mononuclear catidas6 at m/z = 537,
593,750, 820, 560 and 649, respectively.

TheH NMR spectra of the dinuclear cationic complex8¢HFs), to [12](PFs)»
exhibit five distinct resonances assignable toziblid ring and pyridyl ring protons of the
L ligand indicating formation of dinuclear complexd&esides these resonances, complex
[7](PFs)2 exhibit two singlets ab = 6.01 and & = 5.99 for the protons of the benzene
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ligands and complexX8](PFs). exhibits four doublets & = 1.38 — 0.98, and septetsdat
2.42 for the protons of the isopropyl group. Therfdoublets observed at= 5.86 — 5.38
correspond to the aromagecymene ring CH protons. Complexé&$(PFs). to [12](PFe)2
exhibit a strong peak a = 4.86 and 1.97, 2.15, 1.54 for the cyclopentadiemd
pentamethylcyclopentadienyl ligands, which arehdligshifted downfield in comparison
to the starting complexes. In the dinuclear comgdesach arene ligand has exhibited set
of individual resonances for each set of protors tufree rotation in solution {[(PFs)2
and [8](PFe)2), where as pentamethylcyclopentadienyl ligand a&ioimg complexes
([11)(PFs), and [12)(PFs);) exhibit only one set of resonance for both
pentamethylcyclopentadienyl ligands due to cenfranwersion in these molecules. For
instance théH NMR spectrum of the comple& 9 and11 are depicted in figure 6A.5,
6A.6 and 6A.7 respectively.

— o
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Figure 6A.5:'H NMR spectrum of complex [f°-p-P'CsHsMe)RUCI}(L)]?" (8) in

acetonitrileds.

The®'P NMR spectra of complexe8]{PFs), and [LO|(PFs), exhibit a strong peak
atd = 49.28 and 51.33 respectively, which are shittednfield as compared to starting
neutral precursord = 42.00 and 38.58“°respectively. This down field chemical shift of

phosphorus nucleus indicates the formation of natioomplexes.
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Figure 6A.6:'H and®*P NMR spectrum of complex pif-CsHs)Ru(PPh)}»(L)]** (9) in

acetonitrileds.

Figure 6A.7: '"H NMR spectrum of complex [fP-CsMes)RhCI}(L)]?* (11) in

acetonitrileds.

6A.3.4. Crystal structure analysis of ftp-PrGsHsMe)RuC(L)]** ([8](PFs)2) and
[{(n°>-CsMes)IrCI} o(L)]** ([12](PFe)2)

The molecular structure of [ff-p-'PrCsHsMe)RUCI(L)]?* ([8](PFe)2) and [{(n°-
CsMes)IrCl} »(L)]%* ([12](PFs),) have been established by single-crystal X-raycstre
analysis. Selected bond lengths and angles for lexap B](PFs), and [L2](PFs). are
presented in table 6A.2. In the dinuclear complg8§#Fs). and [L2)(PFs),, the metal

centers are stereogenic. However, wHllg¢HFs). crystallized as racemic crystals with the
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centrosymmetric space group-1, [12](PFs). crystallizes as a racemic mixture of
enantiopure crystals with the non-centrosymmepacs groug® 2,2,2. As well both the
complexes show a typical piano-stool geometry \thith metal centre coordinated by the
aromatic ligand, a terminal chloride and a chetpatMN-ligand (see Figure. 6A.8 and
6A.9). The compounds8[(PFs), and [L2](PFs), contain two metal centres (Ru(ll) or
Ir(I11)) bonded to ann®-p-PiCsHsMe or n°-CsMes ligands, respectively, which are
bridged by the L ligand through its nitrogen atormserestingly, the dinuclear dication
[8](PFs)2 reveals drans conformation of the two chloro ligands (see Fig&&.8), while
the cis isomer is observed in the case @&P|[PFs), (see Figure 6A.9). The average
distances between the metal atom and the carbamsatbthen®-p-PrCsHsMe ring are at
2.20 A. This bond length is comparable to thoseelatedne-p-PleeH4Me ruthenium
complexes such as n{-p-'PrGsHsMe)Ru(2-acetylthiazoleazine)CIlJgH2.10 A** and
[(n®-p-'PrGsHaMe)Ru(2-(2-thiazolyl)-1,8-naphthyridine)CIlRH2.19 A]* The Ru-N
bond distances ranging from 2.093(3) to 2.157(3)rd longer than in the mononuclear
complex B]PFs [2.067(8) and 2.105(8) A], while the rutheniumantie bond distances
are comparable. In comple8](PFs)., the isopropyl group of the-cymene ligand is
located opposite to the halide ligand in order itoitl steric interaction. The average
distances between the metal atom and the carbamsaibthen>-CsMes ring is at 2.18 A,
which is almost identical to those reported iridi@mrhodium complexes such as
CsMes)IrCI((S)-1-phenylethylsalicylaldiimine)] [2.17 AJand [f>-CsMes)RhCI((S)-1-
phenylethylsalicylaldiimine)] [2.16 Af> The Ir-Cl bond lengths are 2.406(2) A [in
[12](PFs)2], which is almost identical to the reported catompoly-pyridyl iridium
complex [{(n>-CsMes)IrCI}2(2,2'-bipyrimidine)]** [2.408(8) A]*® while Ir- N bond
distances are similar to mononuclear rhodium comg8]PFs). The N(1)M(1)-N(2)
and N(3)>M(2) - N(4) bond angles in complex3]PFs and B]JPFs are found to be
[77.13(1)° and 77.03(1)°] and [75.61(9)° and 75%7( respectively. The distances
between the ruthenium atom and the centroid omf’F@iPrQH4Me ring is 1.689 A in
complex B](PFs)2, whereas the distance between the iridium atontlaaadentroid of the
n°-CsMes ring is 1.811 A in complexiP](PFs),. These bond distances are comparable to
those in the related complex cationg®fp-'PrGsHsMe)Ru(2-acetylthiazoleazine)CI]g#
and [f)°>-CsMes)Ir(pyNp)CIPFs (PyNp=2-(2-pyridyl)-1,8-naphthyridine) (1.79 Aj.
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Figure 6A.8: Molecular structure of complexijftp-'PrGsHsMe)RuCI}(L)] > ([8](PFs)2)
showing ellipsoids at the 50% probability level.ddggen atoms, RFanions and solvent

molecules are omitted for clarity.

Figure 6A.9: Molecular structure of complex {(CsMes)IrCl} o(L)]%* ([12)(PFs)2)
showing ellipsoids at the 50% probability level.ddggen atoms, RFanions and solvent

molecule are omitted for clarity.
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Table 6A.1: Crystallographic and structure refinemparameters for complexe8]PFs- (CHs).CO, [B]PFs-(CHs).CO, [8](PFs).- CH:CN and

[12](PFe)2- CHCla.

[3]PFs - (CH;).CO

[5IPFs - (CH;),CO

[8](PFs)2 - CHCN

[12](PFe)2 - CHCI,

Chemical formula
Formula weight

Crystal system

Space group

Crystal color and shape
Crystal size

a(A)

b (A)

c(A)

a (°)

B )

y ()

V (A3

Z

T (K)

D. (g.cmi®)

p (mmi)

Scan range)

Unique reflections
Reflections used #20(l)]
Rint

Flack parameter

Final R indices F20(1)]"
R indices (all data)
Goodness-of-fit

Max, Min Aple (A3

wHa6FsN4JOPRUS
953.88
Triclinic
P-1(no. 2)
orange block
0.23x0.17x0.16
9.995(1)
13.505(2)
15.294(2)
98.163(17)
91.233(16)
96.897(15)
2027.2(5)
2
173(2)
1.563
0.636
2.18<6<26.21
7491
1896
0.1776

0.0479,wR> 0.0895
0.214Q/R, 0.1243
0.531

0.428, -0.829

CogH31CIFsN,OPRNS
799.03
Triclinic

P-1(no. 2)

orange rod
0.28x0.23x0.18

8.588(2)
11.802(2)
16.802(3)
70.68(3)
89.32(3)
80.92(3)
1585.4(5)

2

173(2)

1.674

0.872

2.4 0<26.10
5827

3376

0.0484

0.0348y¢R2 0.0620

0.079AvR, 0.0685
0.752

0.654, -1.051

CseHa1CloF12NsP.RWS,

1194.86
Triclinic
P-1(no. 2)
noaralock
0.35x0.26 x 0.21
12.0713(12)
13.3379(13)
15.1076(16)
67.863(11)
80.764(12)
88.372(12)
2222.5(4)
2
173(2)
1.785
1.053
2.0k 6<26.13
8164
5144
0.0441

0.0335wvR2 0.0675
0.0669yvR, 0.0750
0.831
0.757, -0.899

CarHa2ClaF 121 aN4PoS,
1423.01
Orthtwombic
P2:2;2 (no. 18)
orange rod
0.27 x0.19x 0.16
11.809(2)
25.787(5)
7.588(2)
90
90
90
2310.7(9)
2
173(2)
2.045
6.227
2.3%406<26.03
4541
2982
0.2056
0.38(3)
0.0922vR, 0.2146
0.1300wR, 0.2394
0.986
427243

"Structures were refined on’F WR, = [E[W(Fo® - F5)?F | Tw(FA)TY?, where W = [E(Fo?) + (aPf + bP] and P = [max(f 0) + 2R?/3
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Table 6A.2: Selected bond lengths (A) and angl@sfaP complexes J|PFs, [5]PFs,
[8](PFe)2.and L2 (PFs)2.

[3]PFe [5]PFs [8](PFe)2 [12)(PFe)2
Distances (A)
M-N1 2.067(8) 2.100(3) 2.094(3) 2.06(2)
M-N2 2.105(7) 2.146(3) 2.156(3) 2.193(15)
M-N3 - - 2.112(3) 2.06(2)
M-N4 - - 2.111(3) 2.193(15)
M-P1 2.322(2) - - -
M-CI1 - 2.4068(12) 2.3789(10) 2.402(6)
M-CI2 - - 2.4004(12) 2.402(b)
M-centroid 1 1.820 1.785 1.689 1.818
M-centroid 1 - - 1.690 1.818
M1 — M2 - : 6.073(1) 6.558(2)

Angles (°)

N1-M-N2 76.3(3) 76.51(13) 77.12(12) 75.5(8)
N3-M-N4 . . 77.04(11) 75.5(8)
N1-M-P1 89.1(2)
N2-M-P1 91.69(19)
N1-M-Cl1 - 87.36(9) 82.43(9) 84.2(6)
N2-M-Cl1 - 94.54(9) 83.90(8) 89.7(8)
N3-M-CI2 . . 82.54(10) 84.2(6)
N4-M-CI2 - - 85.19(10) 89.7(8)
I=1-X,-y,2z

6A.3.5 UV-Visible spectroscopy

Electronic absorption spectra of complex&fFs to [12](PFs). were acquired in
acetonitrile,at 10°M concentration in the range 250-550 nm. The spkdata of these
complexes conformed well to their respective fomiohs. The spectra of these
complexes are characterized by two main featunes, an intense ligand-localized or
intra-ligandn — =* transition in the ultraviolet region and metaHigand charge transfer
(MLCT) dn(M) — =* (L - ligand) bands in the visible regiéhSince the low spin®
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configuration of the mononuclear complexes provifile=d orbitals of proper symmetry
at the Ru(ll), Rh(lll) and Ir(lll) centers, thesarcinteract with low lyingt* orbitals of
the ligands. All the mononuclear complexé&$Pfs to [6]PK show only an intense band
in the region 333-341 nm while all dinuclear conxgle [7](PFs)2 to [12)(PFs)2 show two
bands, one at 310 to 312 nm with high intensityva as a second one at 355- 358 nm
observed as a shoulder peak (see Figure 6A.10)hifhentensity band in UV region for
both mononuclear and dinuclear complexes is assigmenter and intra-ligand —n*/ n

— * transitiong®3%“® while the low energy absorption band in the visibégion for
dinuclear complexes is assigned to metal-to-ligahdrge transfer (MLCT) £§— n*).
Representative spectra of these complexes areseayiesl in figure 6A.10.

1.0

0.9
—[.'E]PI:6
Ly — [4]PF,
07 = - [5]PF6
— [7UPF ),
06+ [10](PF ),
'T:g_ 05 —[12]J(PF ),
2
= 04 =)

03

02

0.1 =

0.0

T T T )
250 300 350 400 450 500 550

Wavelength (nm)

Figure 6A.10: UV-Visible electronic spectra of repentative complexes in acetonitrile at
298 K.

6A.4 Conclusions
In summary in this work ligand L [4,4'-bis(2-pyyiel-thiazole)] reacted with
series of arene and cyclopentadienyl rutheniumgitho and iridium complexes yielded
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novel series of mononuclear complex&éf’Fs to [6]PFs as well as dinuclear complexes
[7](PFs)2 to [12)(PFs)2 in good yield, which are remarkably stable in @ well as in

solution. In all these, both mono and dinuclear plaxes, the metal atom is bonded with
the major coordinated sites N1 and N2 or N3 andaNd not with the other possible
coordinated sites N1 and S1 or N3 and S2. But diarteto make hetero-nuclear

complexes by using other binding site sulphur wasuacessful.

6A.5 Supplementary material

CCDC 745007 745008 745009 and 745010 contains the supplementary
crystallographic data for 3[PFs.(CHs),CO, [B]PFs.(CHs).CO, [B](PFs)2.CHsCN and
[12)(PFs)2.CHCI.
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Chapter 6

(Part B)

New series of platinum group metal complexes
bearing n°- and n°-Cyclichydrocarbons and Schiff
base derived from 2-acetylthiazole: syntheses and

structural studies

In this chapter we focus on the synthetic methodology applied for the development of
homogeneous and immobilized half- sandwich ruthenium, rhodium and iridium
complexes bearing Schiff base (ata) as a specific N, N-bidentate bridging ligand has

shown below.

*The work presented in this chapter has been published: K. T. Prasad, G. Gupta, A. V.
Rao, B. Das and K. Mohan Rao, Polyhedron 28 (2009) 2864.
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6B.1 Introduction

Recent interest in half- sandwich platinum group tahecomplexes with
symmetrical Schiff bases come from the fact theysmrve as synthetic models related to
biological system$; as homogeneous catalysts in systems ®feand supported
chemical process&s'and very recently as non-linear optical (NLO) miate?*! Their
attractiveness does also come from their preparatiecessibility, their structural
variability in addition to many of these novel retium complexes combine an
appropriate balance between the electronic anit gevironment around the metal core.

Moreover, some of the nitrogen-donor ligands imgarthe catalyst for good
tolerance towards various organic functionalitias, and moisture, thus widening the
scope and limit's of their application. Of the abawentioned ligands, Schiff bases are of
a great interest for creating new active and seleauthenium catalytic systems>?
There are few reports of half-sandwich Ru(ll), Rh@nd Ir (1lI) complexes with N,N-
donor polypyridyl azine Schiff base ligands> but there are no reports with thiazole
azine ligand in the literature. Complexes impartoiger than pyridyl azine ligands are
yet to be explored, in view of the fact that ringesand the substituents in the
heterocyclic ring system significantly modifies theidity and regulate the physical and
chemical properties of the complex&8’ The arene and cyclopentadienyl platinum
group metal complexes containing thiazole azinandyis being reported for the first
time.

In the present communication we focus on the syiatineethodology applied for
the development of homogeneous and immobilized tsaifidwich ruthenium, rhodium
and iridium complexes bearing Schiff basga) as a specific N, N-bidentate bridging

ligand has shown below.

C
N
N)\‘// \N/)\KN
)
2-acetylthiazole azinéata)
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6B.2 Experimental

6B.2.1 Preparation ligand 2-acetylthiazole azine)(a

2-acetylthiazole (2.50 g, 20 mmol) was added tacaldromethane solution (30
ml) containing formic acid (0.2 ml). This mixtureas added to hydrazine (35 wt%
solution in HO) (0.916 ml, 10 mmol) solution (in 30 ml ethandljhe resulting solution
was stirred for 4h at room temperature. The brolwgedlow solid which precipitated out
from the reaction mixture, was filtered and washeth hexane (25 ml x 2) and dried
under vacuum to give a yellow solid of 2-acetyl#ulke azine 4ta).

Yield: 97%, M. P.: 152-154 °C: 16H10N4sS; (250.34) Calc.: C 47.98, H 4.03, N
22.38; Found: C 48.01, H 4.06, N 22.2B; NMR (CDCEh, d): 7.91 (d, 2H, d+= 3.20
Hz ), 7.44 (d, 2H,dn = 3.20 Hz), 2.58 (s, 6H, tz-Me); ESI-MS (m/z): 2BB. IR (KB,
cm?): 1606, 1490, 1417, 1063,750.

6B.2.2 General Procedure for the preparation ofntomonuclear complexed PR —
[3]PFs

A mixture of [(®-arene)Ry¢-CI)Cl], (arene = @Hs, p-PrCsHsMe and GMes)
(0.07 mmol), ligandata (0.18 mmol) and 2.5 equivalents of WM in dry methanol (15
ml) was stirred at room temperature for 6 hourse hecipitate was separated by
filtration, washed with cold methanol and diethihex to remove excess ligand and dried

under vacuum.

6B.2.2.1 [(7°*-CsHe)Ru(ata)Cl|PFs ([1]PFe)

Orange-yellow solid, yield 70 mg (79%)1dE,1:CIN,S;RUPF (609.5) Calc.: C 34.89, H
3.84, N 10.17; Found: C 34.68, H 3.98, N 1028NMR (CD:CN, §): 8.75 (d, 1H, dn
=2.98 Hz ), 8.52 (d, 1Hxd = 3.20 Hz), 7.98 (d, 1Hudy = 3.20 Hz), 7.62 (d, IHx=
3.2 Hz), 6. 50 (s, 6H), 2.56 (s, 3H, tz-Me), 2.47 3H, tz-Me); ESI-MS (m/z): 525.1
(100%) [M-PFR]"; IR (KBr, cmi'): v(p.r) 844s;1604, 1408, 558.

6B.2.2.2 [(7>-p-PrCsHsMe)Ru(ata)Cl]PF ([2]PFe)

Dark orange solid, yield 86 mg (89%)>8.4CIS;N;,RUPF (651.5) Calc.: C 36.07, H
3.63, N 8.41; Found: C 36.18, H 3.68, N 8.33:NMR (CDCl, &): 8.55 (d, 1H, du =
2.88 Hz ), 8.06 (d, 1H,udy= 3.20 Hz), 7.98 (d, 1Hudyi= 3.2 Hz), 7.71 (d, 1H,y =
2.80 Hz), 5.90 (d, 1H,s1= 2.8 Hz, Ap.y), 5.87 (d, H, d1= 2.4 Hz, Apy), 5.72 (d, 1H,
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Jin = 4 Hz, Ay, 5.68 (d, 1H, du = 2.8 Hz, Ap.y), 2.93 (sept, 1H,uh = 4.4 Hz,
CH(CH)y), 2.56 (s, 3H, tz-Me), 2.47 (s, 3H, tz-Me), 2.2383H, Ap.,-Me), 1.26 (d, 3H,
CH(CHg)), 1.18 (d, 3H, CH(CH),) ; ESI-MS (m/z): 525.1 (100%) [M-RF; IR (KBr,

cm™): vp.p 844s; 1629, 1406, 763, 558.

6B.2.2.3 [(1*-CsMes)Ru(ata)Cl]PF; ([3]PFe)

Orange-yellow solid, yield 85 mg (88%)>4,sCINsS;RUPF; (694.1) Calc.: C 38.07, H
4.07, N 8.07; Found: C 38.11, H 4.18, N 8.&2:NMR (CDCk, d): 8.75 (d, 1H, Ju=
2.98 Hz ), 8.52 (d, 1H,nJy= 3.20 Hz), 7.98 (d, 1H,4y= 3.20 Hz), 7.62 (d, 1Huli =
3.2 Hz), 2.56 (s, 3H, tz-Me), 2.47 (s, 3H, tz-M2)28 (s, 18H),; ESI-MS (m/z): 549.14
(100%) [M-PR]*; IR (KBr, crmi'): vip.r) 844s; 1624, 1437, 1409, 769, 558.

6B.2.3 General Procedure for the preparation oftb@onuclear complexed]PFs and
[5IPFe

A mixture of [(°-CsMes)M(u-CI)Cl], (M = Rh, Ir) (0.07 mmol), ligandta (0.15
mmol) and 2.5 equivalents of NPFR; in dry methanol (15 ml) was refluxed for 4 hours.
The reaction mixture was cooled over night at rdaemperature, during this time dark
yellow colour crystalline compound was formed. kswvseparated by filtration, washed

with cold methanol and diethyl ether to remove esdggand and dried under vacuum.

6B.2.3.1 [(7°-CsMes)Rh(ata)Cl]PFRs ([4]PFe)

Dark yellow color, yield 86 mg (85%): sH2sCINsS;RhPF; (668.89) Calc.: C 35.91, H
3.77, N 8.38; Found: C 36.00, H 3.89, N 8.49:NMR (CDsCN, 9): 8.33 (d, 1H, du=
5.58 Hz ), 8.05 (d, 1H,dy= 3.2 Hz), 7.82 (d, 1H,n}i= 2.8 Hz), 7.68 (d, 1H,J4= 3.2
Hz), 2.57 (s, 3H, tz-Me), 2.50 (s, 3H, tz-Me), 1(8715H, GMes); ESI-MS (m/z): 523.1
(100%) [M-PR]"; IR (KBr, cm™): vp.r 845s; 1626, 1458, 759, 558.

6B.2.3.2 [(7°-CsMes)Ir(ata)Cl]PFs ([5]PF)

Dark yellow color, yield 95 mg (84%): ,gH.sCINsS,IrPFs (818.21) Calc.: C 31.68, H
3.32, N 7.39; Found: C 31.70, H 3.48, N 7.48:NMR (CDsCN, 9): 8.58 (d, 1H, dnu=
3.28 Hz ), 8.26 (d, 1H,]y= 3.26 Hz), 7.88 (d, 1H,Jy= 2.88 Hz), 7.68 (d, 1Hudi=
3.24 Hz), 2.57 (s, 3H, tz-Me), 2.40 (s, 3H, tz-MEP9 (s, 15H, Mes); ESI-MS (m/z):
613.18 (100%) [M-P§"; IR (KBr, cm): vp.r 845s; 1631, 1495, 760, 558.
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6B.2.4 General Procedure for the preparation ofrttmonuclear complexe$|PFs -
[8]PFe

A mixture of [(>-Cp)Ru(PPB)-Cl] (n°>-Cp =n>-CsHs, n°>-CsMes, n°>-CqH-) (0.1
mmol), ligandata (0.12 mmol) and 1.5 equivalents of MM in dry ethanol (15 ml) was
refluxed for 10 hours. It was changed to dark retbrcfrom dark yellow color. The
solvent was evaporated on rotary evaporator anddues was dissolved in
dichloromethane and filtered to remove ammoniunoritde and filtrate was evaporated

to 2 ml and excess hexane was added to inducecdbrkprecipitate.

6B.2.4.1 [(7>-CsHs)Ru(ata)(PPB)]PFs ([6]PF6)

Orange color, yield 60 mg (73%)34E130NsS;RUPF¢ (823.75) Calc.: C 48.12, H 3.67, N
6.80; Found: C 48.11, H 3.73, N 6.76t NMR (CDC}, d) 8.52 (d, 1H, Ju= 2.80 Hz ),
8.12 (d, 1H, Jn= 3.2 Hz), 7.77 (d, 1HJ = 3.2 Hz), 7.68 (d, 1H,134 = 3.2 Hz), 7.46-
7.23 (m, 15H), 4.57 (s, 5H,s8s), 2.57 (s, 3H, tz-Me), 2.50 (s, 3H, tz-Me); ESI-MS
(m/z): 678.78 (100%) [M-PF"; IR (KBr, cm?): vp.r) 845s; 1626, 1458, 766, 558P
{*H} (CDCl5): 49.34 ppm.

6B.2.4.2 [(7°-CsMes)Ru(ata)(PPh)|PFs ([7]PF¢)

Orange color, yield 68mg (76%):3840NsS;RUPFs (893.88) Calc.: C 51.06, H 4.51, N
6.27; Found: C 51.10, H 4.62,&24:'"H NMR (CDCl, 3) 8.87 (d, 1H, Jy= 2.80 Hz ),
8.52 (d, 1H, J.u= 3.2 Hz), 7.87 (d, 1H,x}y= 3.2 Hz), 7.79 (d, 1H,u} = 3.2 Hz), 7.46-
7.23 (m, 15H), 2.57 (s, 3H, tz-Me), 2.50 (s, 3HMe), 2.19 (s, 15H, Mes); ESI-MS
(m/z): 748.88 (100%) [M-P&"; IR (KBr, cmi'): v(P-F) 845s; 1621, 1479, 749, 558
{'H} (CDCl5): 48.54 ppm.

6B.2.4.3 [(7°-CoH7)Ru(ata)(PPB)]PF¢ ([8]PFe)

Yellowish brown colour, yield 66 mg (76%)3f35N4sS;RURFs (876.83) Calc.: C 50.68,
H 4.02, N 6.39; Found: C 50.61, H 4.196M4:'H NMR (CDCk, 8) 8.52 (d, 1H, Ju=
2.80 Hz ), 8.12 (d, 1H,4y= 3.2 Hz), 7.77 (d, 1H,x} = 3.2 Hz), 7.68 (d, 1H,4= 3.2
Hz), 7.46-7.23 (m, 20H), 4.87(t, 1H), 4.71 (d, 2RB7 (s, 3H, tz-Me), 2.50 (s, 3H, tz-
Me); ESI-MS (m/z): 731.87 (100%) [M-RF; IR (KBr, cmi‘): v(P-F) 845s; 1629, 1468,
763, 5583'P {*H} (CDCls3): 54.42 ppm.
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6B.2.5 Procedure for the preparation of comple}R[F¢)

The complex 4]JPFs (50 mg, 0.074 mmol) was dissolved in 20 ml of
dichloromethane in a small diameter test tube aydred with diethylether and it was
sealed and kept at room temperature. Dark oranggatiine compound was observed
after three days. The crystalline compound wasragga by filtration and washed with
diethyl ether and dried at room temperature.

6B.2.5.1 [(7°-CsMes)Rh(ata*)CI|PFs ([9]PFe)

C1sH2:CIFsN3PRhS (559.73) Calc.: C 32.19, H 3.96, N 7.51; Foh82.00, H 3.99, N
7.29:*"H NMR (CD:CN, 8): 8.23 (d, 1H, = 5.58 Hz ), 7.89(d, 1HxJ4= 2.8 Hz), 4.78
(s, 2H, NH), 2.61 (s, 3H, tz-Me), (s, 15H,s@es); ESI-MS (m/z): 415.72 (100%) [M-
PFRs]*; IR (KBr, cmi®): vp.r) 845s; 759, 558, 1626, 1458, 2891.

6B.2.6 Single crystal X-ray structure analyses

Crystals suitable for X-ray diffraction study fasrapound 2]PFs and B]PFswere
grown by slow diffusion of diethylether into diciomethane solution of complexes
[2]PFs and B]PFs respectively. The bright orange crystals of compb[#}PFs, the red
color crystal of #]PFs were mounted on a Stoe-Image Plate Diffractionesgsequipped
with a gcircle goniometer, using Mo-dKgraphite monochromated radiation{0.71073
A) with @ range 0-200°, increment of 1.DmaxDmin = 12.45-0.81 A. X-ray intensity
data were collected with Mo« graphite monochromatic radiation at 296 (2)K,hwit
0.3w scan mode and 10 second per frame. The intersitywlere corrected for Lorentz
and polarization effects. The H-atoms were incluithechlculated positions and treated as
riding atoms using the SHELXL default parameterbe Thon-H atoms were refined
anisotropically, using weighted full-matrix leaspmres onF2. The data collection
parameters and bond lengths and angles are prdsenéble 1 and 2 respectively.

6B.3 Results and discussion

6B.3.1 Syntheses of ligand and complexes

Mononuclear cationic arene ruthenium complexes riaata ligand viz., [(n°
CeHe)RU@ta)CIIPFs  ([1]PFs), [(n°-p-'PrGHsMe)Ru@ta)CllPFs ([2]PFs) and [Q°-
CsMeg)Ru(@ta)Cl|PFs ([3]PFs) (Scheme 6B.1) have been expediently preparedhey t
reaction of arene ruthenium dimers)¥arene)Ry¢-CI)Cl]. (arene = @Hg, p-'PrGsHsMe,
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CsMeg) and two equivalents of 2-acetylthiazole azirsta) in methanol at room
temperature in the presence of M. These complexes are isolated as

hexafluorophosphate salts.

Gy e

~N RU\CI
)\(N

+0.5[(n%-arene)Ru(u-CICl],

L

Wj -Cp)Ru(PPhs3),Cl] =
+0.5[(n° CsMes)M(u—Cl)Cllz @

_|_

By Wf%« nd
\CI \\/
v HJ

M=Rh4;Ir5
Scheme 6B.1

Similarly, the pentamethylcyclopentadienyl Rh anddimers [°>-CsMes)M(p-
CNCI]> (M = Rh, Ir) with the 2-acetylthiazole azinatd) ligand at 50°C leads to the
formation of the mononuclear cationic complexas™{CsMes)Rh(ata)Cl|PFs ([4]PFs)

and [(1>-CsMes)Ir(ata)CIJPFs ([5]PFs) (Scheme 6B.1) which are isolated as their
hexafluorophosphate salts.

The cyclopentadienyl ruthenium triphenylphosphineomplexes  [§°-
CsHs)Ru(PPh).Cl], [(n°>-CsMes)Ru(PPR),Cl] and [f>-CoH7)RUu(PPR),Cl] with the 2-
acetylthiazole azineafa) ligand in methanol at 70C leads to the formation of the
mononuclear  cationic  complexes n}CsHs)Ru@ta)PPh]PFs  ([6]PFs,  [(n°-
CsMes)Ru(ata)PPEPFs ([7]PFs) and [(°>-CoH7)Ru(ata)PPEPFs ([8]PFs) (Scheme 6B.1)
by replacement of one triphenylphosphine and otdonvhich are isolated as their

hexafluorophosphate salts.
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In order to prepare the dinuclear complexes we higed two fold metal to ligand
or one fold metal to mononuclear complexes conaéntr, but we were not successful in
either of the cases. This could be due to the cstatrain from arene or

pentamethylcyclopentadienyl ligands already presanhetal atoms.

6B.3.2 Characterization

The mononuclear complexes were fully charactertzedR, NMR (¢H and®'P),
and electronic spectroscopy. Analytical data of ¢benplexes conformed well to their
respective formulations. Further information aboamposition of the complexes has also
been obtained from Mass spectrometry.

Infrared spectra of the ligand display an absorptimnd at 1606 cth (ata)
assignable to the C=N bond, consistent with thé tfst C=N stretching frequencies of
Schiff bases appear in the range 1680-1603"éff°and complexes display the same
band at higher wave numbers and appeared arour&lct62 The bands associated with
thiazole ring such as C=N and C=S appeared at abt8@ and 1406 cif) these values
are showing less wave numbers as compared to igeed (1490 and 1417 ¢th
respectively. The shift in the positionwf-yof both azine and thiazole suggested that the
co-ordination of the metal ion is through thiazaled azine of nitrogen and not through
the thiazole sulphur. Strong band in the region &4 have been assigned to counter ion
PFs. For instance the IR spectrum of the com®ag depicted in figure 6B.1 and Mass
spectrum of the complexésand6 are depicted in figure 6B.2 and 6B.3 respectively.

39
45 668
) . 973

40 3431

10 843
6.0

4000.0 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600 400.0
cm-1

Figure 6B.1: IR spectrum of complex/fép-'PrGsHsMe)Ruata) ClIPFs ([2]PFe)

158



Thiazole Schiff base ligands Chapter 6(B)

100 102.0

| 387.1
256.0

|zs8.0

389.1

‘ a386.2

zos.8
|
| ass.2
e L ‘ o1.1 P
ol b | JL_A_ A , ,‘

100 zoo 300 400 500 so00 7oao 800 00 1000

Figure 6B.2: Mass spectrum of compler¥CsHe)Ru(@ta)ClIPFs ([1]PFs)
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Figure 6B.3: Mass spectrum of comple®’HCsHs)Ru(ata)(PP¥)]PFs ([6]PFs)

The *H NMR spectrum of free ligandaga) exhibit a characteristic set of three
resonances for the thiazole ring protons and megitgions of N=C-Chl group. Upon
coordination with the metal atom, the mononuclestionic complexesl|PFs to [5]PFs
exhibit six distinct resonances assignable to tiydzing and N=C-CH protons of the
ata ligand indicating formation of mononuclear commex Besides these signals

complexes J]PFs and B]PFs exhibit a singlet for the protons of the benzeimg and
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protons of the hexamethylbenzene>&.50 and 2.28 respectively. Compl2xexhibit a
singlet at6=2.28 for methyl protons, a septeta.82 for the CH proton of the isopropyl
group. Interestingly we observe an unusual pafi@rithe diastereotopic methyl protons
of the isopropyl group and diastereotopic CH prstoi thep-cymene ligand showing
two doublets ab= 1.26 to 1.18, and four doublets in the rafges.90 to 5.68 instead of
one doublet and two doublets respectively withrexfee to the starting precursor. This
unusual pattern is due to the diastereotopic mathglons of the isopropyl group and
aromatic protons of thp-cymene ligand, since the ruthenium atom is stexeimgdue to
the coordination of four different ligand atoms airal nature of metal atofi>%3®

Complexes 4]PFs and B]PFs exhibit a singlet for the methyl protons of the
pentamethylcyclopentadienyl ligand &tl1.77 and 1.99 ppm. Complexe§]RFs and
[7]PFs exhibit a singlet aé 4.57 and 2.19 for the protons of cyclopentadidiggind and
methyl protons of pentamethylcyclopentadienyl ldgsrespectively. Complex8JPFs
exhibits a characteristic three sets of signalé siscmultiplet, triplet and doublet, for the
protons of the indenyl ligand in the range of 7481 and 4.71 respectivelijhe protons
of the triphenylphosphine ligand exhibit a multipdeés=7.22 to 7.55. For instance the
NMR spectrum of the compleXis depicted in figure 6B.4 and spectrum of comfaz
depicted in figure 6B.5.

| i
UI M | H

Figure 6B.4:"H NMR spectrum of complex fif-p-'PrCsHsMe)Ruata) CI|PFs ([2]PFg) in

acetonitrileds.

160



Thiazole Schiff base ligands Chapter 6(B)

.
7 ‘l‘ | 7’1'U".,.,Ih-‘ |

—_— D i N — —

L ILE L ) L LA A
pA - = = " | /)
H “ 2 ‘ ‘ H i ‘H (R TSRRY Y L YA Y
e S

9 8

7 6 5 4 3 2 1 55 50 45

Figure 6B.5:'H and P NMR spectrum of complex r{-CsHs)Ru(ata)(PP¥]PFs
([6]PFs) in Chloroforms;.

The 3P NMR spectra of complexe$]PFs, [7]PFs, and B]JPFs showing down
field shift compared to starting precursoviz. 6 49.34, 48.54, and 54.42 ppm
respectively. This down field chemical shift of gipborus nucleus indicates the

formation of cationic complexes.

6B.3.3 Molecular structure presentation

The molecular structures of nfi-p-PrGHsMe)Ru@ta)Cl]” (2) and [(n®
CsMes)Rh(ata*)ClI] * (9) (ata*= hydrolysed product of ata) (N(@EH,SCC(CH;))N-NH,)
have been established by single-crystal X-ray amalyf their hexafluorophosphate salts.
All the cationic complexes show a typical pianoestgeometry with the metal centre
being coordinated by the arene/pentamethylcycl@uienyl ligand, a terminal chloride
and the chelatingta/ ata* ligand. The metal atom is in octahedral arrangemh two
cis-nitrogen atoms of the ata/ata* ligand actingadsidentate chelating ligand through
two neighboring thiazole and azine nitrogen atoribe molecular structures of
complexes Z]PFsand P]PFsare shown in figure 6B.6 and figure 6B.7, respetyivand
bond lengths and angles are presented in table 2.

In the mononuclear complexeg]PFs and P]PFs the metal to nitrogen bond

distance (2.087(3), and 2.097(4) A) of the thiagslshorter than the corresponding azine
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N-metal distance (2.104(2) and 2.136(5) A) whicle apmparable to those innf
CsMes)RUCI-(GsHaN-2-CH=N=GsH,-p-NO,)]PF5,*®  [Ru(mes)CHGHJN-2-C(Me)=N(C
HMePh)}BF43*  [(n°-CsMes)RhCI(GsHaN-2-CH=N=GsH4-p-NO,)]BF4.%° The Rh-N
bond distance (2.097(4) and 2.136(5) A) i8]PFs is slightly longer than the
corresponding distances of ruthenium com@e®.104(3) A), while the M-Cl [2.406(8)
and 2.396(15)] bond lengths show no significanfiedénces in both the cations and other
reported value¥® The N-M-N bond angles [75.58(10) & and 75.88(17)° in9] are
similar to those in other reported complexeg-[{sMes)Ru(PPh)(CsHsN-CH=N-N=CH-
CsH4N)]BF, and [(>-CoH7)Ru-(PPR)(CsHaN-2-CH=N=GsH,-p-NO,)]PFs [75.90(2) and
75.53(8)°)’

The distances between the ruthenium atom and ¢emtfq°®-p- PrCsHsMe ring is
1.692 A in complex [2]PFs, whereas the distance between the rhodium atomtrand
centroid of then®>-CsMes ring is 1.782 A in complex9PFs. These bond distances are
comparable to those in the related complex catjmsp-'PrCsHsMe)Ru(pyNp)CIPR
and [(>-CsMes)Ir(pyNp)CI|PR; (PyNp=2-(2-pyridyl)-1,8-naphthyridine) (1.68 and7Q
A).® The solid state molecular structures of represimetatomplexes have been

presented in figure 6B.6 and 6Bé&spectively.

c19

C12

Figure 6B.6:Molecular structure of f(®-p-'PrGHsMe)Ru(ata)CI]PE ([2]PFs) at 50%
probability level. Hydrogen atoms and hexafluorogtitate anion have been omitted for

clarity
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Table 6B.1: Crystallographic and structure refinetpmarameters for complexes

Complex

[2]Ps

[9]PFs

Chemical formula
Crystal system

Space group

Crystal color and shape
Crystal size

a (A

b (A)

c(A)

a (%)

B ()

v (°)

V (A3

z

T (K)

Dy (g /cnt)

W (mmi)

Scan range (°)
Unique reflections
Reflections used #20(l)]
Rint

Final R indices pr20(1)]
R indices (all data)
Goodness-of-fit

Max, Min Ap (e A3)

eoH24CIFsN4PRUS
Triclinic

P-1

Plates, yellow

0.45X0.30X0.18

7.8486 (4)

12.9523 (7)

13.4155 (8)

99.008 (3)

90.073 (3)

98.780 (3)

1330.74 (13)

2

296 (2)

1.662

0.97

1.54<6 <28.38
6542

5109

0.037

0.0406, wR; 0.0943
0.0563yR, 0.1013
1.022

0.62 -0.62

C15H22CIFsNsPRNS
Triclinic

P-1

Platesshegellow

0.36X0.28X0.18
8.2601 (9)
11.6219 (12)
12.1958 (14)
76.593 (7)°
77.719 (7)°
78.838 (7)°
1099.9 (2)

2

296 (2)

1.690

1.12

1.749 <28.08
4390

3402

0.043

0.0556WR;, 0.1439
0.0742wR, 0.1556
1.098

0.76 -0.72
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Table 6B.2: Selected bond lengths (A) and ang)e®(tomplexes|PFs.and P]PF.

IIPFs Interatomoic distances 9PFs
Ru-N1 2.087(3) Rh-N1 2.097(4)
Ru-N2 2.104(2) Rh-N2 2.136(5)
Ru-Cl1 2.406(8) Rh-CI1 2.396(15)
Ru-centroid (arene) 1.692 Rh-centroid (@g) 1.782
N2-N3 1.398(3) N2-N3 1.369(6)
N1-C13 1.326(4) N1-C13 1.318(7)
N2-C14 1.299(4) N2-C11 1.292(7)
C13-C14 1.439(4) C11-C13 1.458(8)

Angles

N1-Ru-N2 75.58(10) N2-Rh-N3 75.88 (17)
N1-Ru-Cl1 83.80(7) N4-Rh-Cl1 84.25(13)
N2-Ru-Cl1 88.24(7) N3-Rh-Cl1 87.88(13)
Rul-N2-C14 119.10(2) Rh1-N1-C13 114.13(4)
Rul-N1-C13 114.39(2) Rh1-N2-C11 117.59(4)

Calculated centroid of thes©r G coordinated aromatic ring.

Figure 6B.7:Molecular structure of [Cp*Rh(ata*)CI|RF[9]PFs at 50% probability level.
Hydrogen atoms and hexafluorophosphate anion hese bmitted for clarity
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6B.3.4 UV-visible spectroscopy

Electronic absorption spectra of complexd$PF to [4]JPK and B]JPR and
[7]PRs were acquired in acetonitrilat 10° M concentration in the range 250-550 nm and
spectral data are summarized in Table 3. The spetthese complexes are characterized
by two main featuresjiz., an intense ligand—localized or intra-ligane> n* transition in
the ultraviolet region and metal-to-ligand chargensfer (MLCT) &(M) — =n* (ata -
ligand) bands in the visible regidh.Since the low spin % configuration of the
mononuclear complexes provides filled orbitals mfger symmetry at the Ru(ll), Rh(lII)
and Ir(lll) centers, these can interact with lownfy=* orbitals of the ligands. All these
complexes show an intense band in the region 300RB2 and a low energy absorption
band in the visible region 407 — 425 nm. The higlknsity band in UV region is assigned

40,41

to inter and intra-ligana — n* transitions; "~ while the low energy absorption band in

the visible region is assigned to metal-to-ligartthrge transfer (MLCT) 4§ — n*).

Electronic Spectra of these complexes are presémteéidure 6B.8.

1.0 5

T —— [1JPF,
0.8 - —[2]PF,
[31PF,
7 — [4JPF,

[6]PF
——[7IPF,

Absorption

0.0 v

T T T T ] v [
250 300 350 400 450 500 550

Wavelength (nm)

Figure 6B.8: UV-visible electronic spectra of coex®s in acetonitrile at 298 K.
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Table 6B.3. UV-visible spectral data for selectethplexes in acetonitrile at 298 K.

SI.No.  Complex Amax (NM) /€ 10° M cmi®
1 [(n®-p-'PrGsHsMe)Ru@ta)Cl]* 320 (0.93) 412
2 [(n°-CsHe)Ru(ata)Cl]* 319(0.95) 415
3 [(n°-CsMeg)Ru(ata)CIf 319 (0.90) 420
4 [(n°>-CsMes)Rh(ata)Cl]* 310 (0.80) 413
6 [(n°-CsHs)Ru(@ta)PPh]* 320 (0.61) 407
7 [(n°-CsMes)Ru(ata)PPhy]* 310 (0.29) 425

6B.4 Conclusions

In summary, in this work ligandata reacted with series of arene and
cyclopentadienyl ruthenium, rhodium and iridium quexes giving novel series of
mononuclear complexed]PF; to [8] PR in good yield, which are remarkably stable in
air as well as in solution. In all these complexite® metal is bonded with the major
coordinated sites N1 and N2 and not with the opfessible coordinated sites N1 and S1,
where as our effort to make binuclear complexeasigg other binding sites i.e., N3 and
N4 or N3 and S2 was not fruitful.

6B.5 Supplementary material
CCDC-727807 2]PFs and CCDC-7278089]PFs contain the supplementary

crystallographic data for this chapter.

166



Thiazole Schiff base ligands Chapter 6(B)

References

1

10
11

12
13
14
15
16
17
18

19
20

21

22

M. Calligaris and L. Randaccio, in Comprehensive@mation Chemistry, ed. G.

Wilkinson, R. D. Gillard and J. A. McCleverty, Pargon Press, Oxford, 1987, p.
715.

Y. -G. Li, D. -H. Shi, H. -L. Zhu, H. Yan and S. Wg, Inorg. Chim. Acta, 2007,

360, 2881.

I. Rousso, N. Friedman, M. Sheves and M. OttolenBimchemistry, 1995, 34,

12059.

T. Baasov and M. Sheves, Biochemistry, 1986, 28952

A. J. Davenport, D. L. Davis, J. Fawcett, S. A. @tr D. R. Russell, J. Chem.
Soc., Dalton Trans. (2000) 4432.

J. W. Faller, J. Parr, Organometallics 19 (200@918

H. Chen, J. A. Parkinson, S. Parsons, R.A. CoralD. Gould, P.J. Sadler, J. Am.
Chem. Soc. 124 (2002) 3064.

H. Chen, P. J. Sadler, D. I. Jodrell, Brit. J. Gar6 (2002) 1652.

I. Ojima, Catalytic Asymetric Syntheses, VCH Puldiss, New York, 1993.

D. M. Boghaei and S. Mohebi, Tetrahedron, 58 (2@BH7.

C. R. K. Rao, H. Aneetha, B. Srinivas, P. S. Zaesaand A. Ramachandraiah,
Polyhedron, 13 (1994) 2659.

B. De Clercq, F. Verpoort, Macromolecules 35 (20823 3.

T. Opstal, F. Verpoort, Angew. Chem., Int. Ed. 28(3) 2876.

T. Opstal, F. Verpoort, Synlett 6 (2002) 935.

S. N. Pal, S. Pal, Inorg. Chem. 40 (2001) 4807.

B. De Clercq, F. Verpoort, Adv. Synth. Catal. 20@2) 639.

B. De Clercq, F. Lefebvre, F. Verpoort, Appl. Gara247 (2003) 345.

N. T. S. Phan, D. H. Brown, H. Adams, S. E. Speg Bn Styring, Dalton Trans.,

(2004) 1348.

P. Styring, C. Grindon and C. M. Fisher, Cataltl.6t7 (2001) 219.

L. Rigamonti, F. Demartin, A. Forni, S. RighettodaA. Pasini, Inorg. Chem. 45
(2006) 10976.

J. Gradinaru, A. Forni, V. Druta, F. Tessore, Scchin, S. Quici and N. Garbalau,
Inorg. Chem. 46 (2007) 884.

K. C. Gupta, A. K. Sutar, Coord. Chem. Rev. 252@)01420.

167



Thiazole Schiff base ligands Chapter 6(B)

23
24

25

26
27

28

29

30

31

32

33
34

35
36

37

38

39

40

41

P. A. Vigato and S. Tamburini, Coord. Chem. Re®8,42004) 1717.

S. K. Singh, M. Chandra, D. S. Pandey, M. C. Pudttavalerga, J. Organomet.
Chem. 689 (2004) 3612.

B. Mondal, V. G. Puranik, and G.K. Lahiri, Inorgh€m. 41 (2002) 5831.

E. C. Constable. Coord. Chem. Rev., 93 (1989) 205.

T. Yamamoto, Z. Zhou, T. Kanbara, M. Shimura, Kz&i T. Maruyama, T.
Takamura, T. Fukuida, B. Lee, N. Ooba, S. TomaruKurihara, T. Kaino, K.
Kubota, S. Sasaki. J. Am. Chem. Soc. 118 (19968303

M. Calligaris, L. Randaccio, Schiff Bases as AaycPolydentate Ligands in
Comprehensive Coordination Chemistry; G. WilkinsdR, D. Gillard, J. A.
McCleverty, Eds.; Pergamon Press: New York, 2 (194B.

P. A. Vigato, S. Tanburini, Coord. Chem. Rev. 22804) 1717.

R. H. -Molina, A. Mederos, Acyclic and Macrocyclischiff Base Ligands in
Comprehensive Coordination ChemistlyJ. A. McCleverty, T. J. Meyer, Eds,;
Pergamon Press: New York, 2 (2004) 411.

D. L. Davies, J. Fawcett, R. Krafczyk, D. R. RuksHEl. Singh, Dalton Trans.
(1998) 2349.

D. L. Davies, O. A.-Duaij, J. Fawcett, M. Giard@llS. T. Hilton, D. R. Russell,
Dalton Trans. (2003) 4132.

R. Lalrempuia, K. M. Rao, P. J. Carroll, Polyhed&ih(2003) 605.

D.L. Davies, J. Fawcett, R. Krafczyk, D. R. Russé&llOrganomet. Chem. 545-546
(1997) 581.

P. Govindaswamy, Y. A. Mozharivskyj, K. M. Rao, #oédron, 24 (2005) 1710.
A. Singh, M. Chandra, A. N. Sahay, D. S. PandeyKKPandey, S. M. Mobin, M.
C. Puerta, P. Valerga. J. Organomet. Chem. 68%)2I8P1.

K. S. Singh, Y. A. Mozharivskyj, C. ThOne, K. M. &al. Organomet. Chem. 690
(2005) 3720.

K. T. Prasad, B. Therrien, K. M. Rao, J. OrganorGéiem. 693 (2008) 3049.

E. Binamira-Soriaga, N. L. Keder, W. C. Kaska, jndChem. 29 (1990) 3167.
C.S. Arau” jo, M. G. B. Drew, V. Fe’lix, L. Jack, Madureira, M.Newell, S.
Roche, T.M. Santos, J.A. Thomas, L. Yellowleesrgn&€hem. 41 (2002) 2250.

H. Deng, J. Li, K. C. Zheng, Y. Yang, H. Chao, L. N, Inorg. Chim. Acta 358
(2005) 3430.

168



Chapter 7

Syntheses and characterization of mono and
dinuclear complexes of platinum group metals
bearing benzene-linked bis(pyrazolyl)methane

ligands

In this chapter, we have synthesized homogeneous and immobilized half-sandwich
rhodium, iridium and ruthenium complexes bearing bis(pyrazolyl)methanes bridged by
benzene-linker, as bidentate or tetradentate bridging ligands (L). The Cp* rhodium and
iridium complexes with ligands L give both mono and dinuclear complexes, while only

dinuclear complexes are obtained with arene ruthenium complexes.

*The work presented in this chapter has been puddisk. T. Prasad, B. Therrien and
Mohan Rao, J. Organomet. Chem. 695 (2010) X..
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7.1 Introduction

The coordination chemistry of poly(pyrazolyl)boredaed methane ligands has
revealed an impressive number of compounds witkrasting structural, catalytic, and
electronic propertie® The chemistry of poly(pyrazolyl)methane ligandeiss extensive
than that of their borate analogues due to the tfsatt convenient synthetic routes of
functionalized neutral methane species have onbenty been developd® By
functionalizing the pyrazolyl groups in the origin@oly(pyrazolyl)borate and -methane
compounds, a multitude of “second-generation” ligrmave been prepar&.More
recently, functionalization of the borate or methdrackbone has yielded a variety of
“third-generation” ligands as bis- and tris(pyrazolyl)methane compounds wheoeor
more of the methane units are linked through oapacers of varying degrees of
flexibility, resulting in multitopic ligands.

The chemistry of “second generation” bis(pyrazohdihane complexes of
rhodium, iridium and ruthenium is relatively lessudied as compared to borate
complexes of rhodium and iridiufi® Indeed, the chemistry of arene ruthenium and
pentamethylcyclopentadienyl (Cp*) rhodium and it complexes of bis(pyrazolyl)-
methane ligands bridged by a benzene-linker (thexeration) has yet to be explored.
Arene ruthenium, rhodium and iridium complexes oa$(fyrazolyl)methanes have
attracted attention due to their catalytic abilityreactions such as the alcoholysis of
ketones and silanes, hydroformylation and hydroamethylation of alkenes and
hydroaminatiort**® Besides these, nitrogen donor ligands with platingroup metals
have been shown to be effective catalysts for diddareactions’ and for ring-opening
metathesis polymerizatihand recent studies of arene ruthenium complexes steown
that they are found to inhibit cancer cell growtf’

In recent years, we have been carrying out arethemium and Cp* rhodium and
iridium complexation reactions with a variety oftrogen-based ligan&s?’ including
pyrazolyl-pyrimidine, pyrazolyl-pyridazine and pgyi-pyridazine ligands. All of these
ligands after coordination with metal have giverefmembered chelating complexes; this
is the first time that isolated six membered chetat complexes with 1,4-
bis{bis(pyrazolyl)-methyl}benzene (L1) or 1,4-bisfi§3-methylpyrazolyl)methyl}benz-
ene (L2) (Chart 7.1) ligands have been isolatet thiese metal complexes.

In the present chapter, we have synthesized homeogenand immobilized half-

sandwich rhodium, iridium and ruthenium complexesaring bis(pyrazolyl)methanes
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bridged by benzene-linker, as bidentate or tetrderbridging ligands (L). The Cp*
rhodium and iridium complexes with ligands L givetio mono and dinuclear complexes,
while only dinuclear complexes are obtained witbnar ruthenium complexes. All these
complexes are characterized by IR, NMR, mass speetry and UV/Visible
spectroscopy. The molecular structures of threeesgmtative complexes are presented as

well.
Q @ Hsc@ {J/CHg

N—N N—N N—N
L U e

L1 L2

Chart 7.1: Ligands used in present study
7.2 Experimental

7.2.1 General procedure for the syntheses of lighthdandL2

Sodium hydride (4.29 g, 0.179 mol) was suspend&Dthml of THF and cooled
in an ice-water bath for 30 min. Pyrazole (12.2.4,7/9 mol) was added over 15 min, and
the resulting solution was stirred at 0 °C for 3th.nThionyl chloride (6.53 ml, 89.4
mmol) was added dropwise over 10 min at 0 °C, aed¢sulting pale yellow suspension
was allowed to reach room temperature while sgrrinfor 40 min.
Terephthaldicarboxaldehyde (3.00 g, 22.4 mmol) amigydrous cobalt chloride (0.29 g,
2.24 mmol) were added to this suspension at omckthe system was heated at reflux for
24 h. After cooling to room temperature, 160 mlwdter was added and the system
stirred for 30 min. The organic and aqueous layene separated, and the aqueous layer
was extracted with Cl, (2 - 100 ml). The combined organic extracts weeshed
with water (100 mL), dried over MgSO4, and strippksdving a pale yellow solid that
was recrystallized from absolute ethanol to affér83 g (89%) ol1 that was pure by
melting point (166-168 °C) and by NMR. Similar pedcre was applied for the

preparation of L2.

171



Bis(pyrazolyl)methane ligands Chapter 7

7.2.2 General procedure for the syntheses of theomaclear complexekto 4

A mixture of [(°>-CsMes)M(u-CI)Cl], (M = Rh, Ir) (0.08 mmol), ligand L (L1 or
L2) (0.17 mmol) and 2.5 equivalents of M in dry methanol (20 ml) was refluxed at
50°C for 6 to 8 hours, after which an orange precipiteas observed. The precipitate was
separated by filtration, washed with cold methad@thyl ether and drieith vacuo

7.2.2.1 [(7-CsMes)Rh(L1)CIIPR; ([1]PFe)

Yield: 90 mg (72%)'H NMR (400 MHz, CQCN) &= 8.29 (s, 1H, CH(pz), 8.05 (d,
2H,J = 1.80 Hz, pz-5H), 7.91 (d, 2H,= 2.40 Hz, pz-3H), 7.78 (s, 1H, CH(p})7.64 (d,
2H,J = 1.2 Hz, pz-5H), 7.58 (d, 2H,= 2.40 Hz, pz-3H), 7.05 (d, 2H,= 7.2 Hz, GH.),
6.75 (d, 2H,J = 6.8 Hz, GH.), 6.41-6.38 (m, 4H, pz-4H).54 (s, 15H, €Mes); IR (KBr,
cm): 3441(w), 3134(m), 1629(m), 1447(m), 1399(m), @@8), 1103(m), 845(s),
760(m), 558(m); ESI-MS: 643.8 [|1 608.5 [M - Cl]; UV—Vis {acetonitrile Amax NM
(e 10°-M*. cmb)}: 223 (0.59), 341 (0.04); Anal. Calc. fors§HssFsNgPRhCI (788.9): C,
45.67; H, 4.22; N 14.20. Found: C, 45.53; H, 412314.13%.

7.2.2.2 [(7-CsMes)Rh(L2)CIIPRs ([2]PF6)

Yield 99 mg (74%)*H NMR (400 MHz, CRCN) & = 8.31 (s, 1H, CH(pz), 8.01 (d, 2H,
J=1.80 Hz, pz-5H ), 7.81 (s, 1H, CH(pg)7.62 (d, 2H, = 1.2 Hz, pz-5H), 7.07 (d, 2H,
J = 7.2 Hz, GHy), 6.76 (d, 2H,J = 6.8 Hz, GH,), 6.41-6.37 (m, 4H, pz-4H), 2.61 (bs,
6H, Pz-3Me), 2.38 (bs, 6H, Pz-3Me), 1.58 (s, 156M&); IR (KBr, cm): 3441(w),
3134(m), 1629(m), 1447(m), 1399(m), 1296(m), 1103@45(s), 760(m), 558(m); ESI-
MS: 700.6 [M], 675.6 [M - Cl]; UV-Vis {acetonitrile Amax Nm € 10°- M cmi')}: 229
(0.43), 394 (0.22); Anal. Calc. forsgH41FsRhNsPCI (845.6): C, 48.32; H, 4.89; N, 13.26.
Found: C, 48.23; H, 4.91; N, 13.18%.

7.2.2.3 [(7-CsMes)Ir(L1)CIIPF¢ ([3]PF¢)

Yield: 90 mg (64%)*H NMR (400 MHz, CRCN) = 8.26 (s, 1H, CH(pz), 7.99 (d,
2H, J = 1.80 Hz, pz-5H ), 7.87 (d, 2H,= 2.40 Hz, pz-3H), 7.78 (s, 1H, CH(pk)7.61
(d, 2H,J = 1.2 Hz, pz-5H), 7.50 (d, 2H), = 2.40 Hz, pz-3H), 7.05 (d, 2H,= 7.2 Hz,
CeHa), 6.75 (d, 2HJ = 6.8 Hz, GH,), 6.39-6.36 (m, 4H, pz-4K1.52 (s, 15H, €Mes);
IR (KBr, cm'): 3448(w), 3134(m), 1627(m), 1446(m), 1399(m), 6@8), 1103(m),
843(s), 760(m), 558(m); ESI-MS: 733.3 M698.1 [M - CI]; UV—-Vis {acetonitrile A max
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nm € 10°M™ cmb)}: 225(0.73), 352 (0.038); Anal. Calc. forgEssFsNsPIrCl (878.5):
C, 41.03; H, 3.79; N, 12.76. Found: C, 43.93; H33N, 12.65%.

7.2.2.4 [(7-CsMes)Ir(L2)CI|PF ¢ ([4]PFe)

Yield 89 mg (60%)'H NMR (400 MHz, CRCN) & = 8.27 (s, 1H, CH(pz), 8.02 (d, 2H,
J=1.80 Hz, pz-5H), 7.76 (s, 1H, CH(p})7.62 (d, 2H,J = 1.2 Hz, pz-5H), 7.09 (d, 2H,
J=7.2 Hz. GH,), 6.78 (d, 2H,) = 6.8 Hz, GH,), 6.42-6.36 (m, 4H, pz-4H), 2.63 (s, 6H,
Pz-3Me), 2.37 (s, 6H, MePz), 1.55 (s, 15H, §Mes); IR (KBr, cmi®): 3441(w), 3134(m),
1629(m), 1447(m), 1399(m), 1296(m), 1103(m), 845(6P(m), 558(m); ESI-MS: 789.4
[M*], 754.2 [M - CI]; UV-Vis {acetonitrile Amax Nm € 10°- M cm%)}: 228 (0.51), 485
(0.02); Anal. Calc. for giH41FsIrNgPCl (934.8): C, 43.70; H, 4.42; N, 11.99. Found: C,
43.67; H, 4.49; N, 11.86%.

7.2.3 General procedure for the syntheses of thgctbar complexeSto 8

A mixture of [(Cp*)M(u-CI)Cl]2 (M = Rh, Ir) (0.08 mmol), ligand L (L1 or L2)
(0.08 mmol) and 2.5 equivalents of MMs in dry methanol (20 ml) was refluxed at
50°C for 12 hours, after which a dark orange predipiteas formed. The precipitate was

separated by filtration, washed with cold methad@thyl ether and drieith vacuo

7.2.3.1 [{(i7>-CsMes)RhCl(u-L1)](PFe). ([5](PFe)2)

Yield 80 mg (84%)*H NMR (400 MHz, CRCN) &= 8.31 (s, 2H, CH(p3), 8.09 (d, 4H,
J=1.60 Hz, pz-5H), 7.95 (d, 4H,= 2.11 Hz, pz-3H), 6.76 (s, 4HgE), 6.41 (dd, 4H,
=1.20 Hz, pz-4H), 1.48 (s, 30HsKes); IR (KBr, cmi): 3446(w), 3134(m), 1629(m),
1446(m), 1401(m), 1295(m), 1103(m), 843(s), 760@DH(M); ESI-MS: 1062.6 [ +
PRs]": UV—Vis {acetonitrile,Amax nm € 10°M™*.cm?)}: 224 (0.54), 307 (0.05) and 437
(0.01); Anal. Calc. for ggH4gF12NsP.R:Cl, (1207.6): C, 39.79; H, 4.01; N, 9.28. Found:
C, 39.53; H, 4.06; N, 9.19%.

7.2.3.2 [{(7-Cp*)RhClIh(u-L2)](PFe)2 ([6](PFe):)

Yield 80 mg (84%)H NMR (400 MHz, CRCN) 8.33 (s, 2H, CH(pz), 8.07 (d, 4H,) =
1.64 Hz, pz-5H), 6.78 (s, 4H6B,), 6.39 (dd, 4H,) =1.20 Hz, pz-4H), 2.76 (s, 12H, pz-
3Me), 1.49 (s, 30H, dMes); IR (KBr, cm'): 3446(b), 3131(m), 1627(m), 1446(m),
1408(m), 1296(m), 1103(m), 845(s), 761(m), 585(EHI-MS: 1118.6 [M* + PR]";
UV—-Vis {acetonitrile, Amax M € 10°-M™*.cnmit)}: 228 (0.59), 310 (0.04) and 430 (0.02);
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Anal. Calc. for G4Hs6CloF12N4P.RN, (1263.6): C, 41.82; H, 4.47; N, 8.87. Found: C,
41.71; H, 4.55; N, 8.65%.

7.2.3.3 [{(7-CsMes)IrCl} o(u-L1)](PFg)2 ([ 7](PFe)2)

Yield 91 mg (77%)*H NMR (400 MHz, CRCN) & = 8.32 (s, 2H, CH(pz), 8.06 (d, 4H,
J=1.62 Hz, pz-5H), 8.01 (d, 4H,= 2.16 Hz, pz-3H), 6.78 (s, 4H¢8,), 6.44 (dd, 4H,

= 1.22 Hz, pz-4H), 1.51 (s, 30HsKBes); IR (KBr, cmi®): 3441(b), 3134(m), 1629(m),
1447(m), 1399(m), 1296(m), 1103(m), 845(s), 760(rBH8(m); ESI-MS: 1241.5
[MZ*+PRs]": UV-Vis {acetonitrile, Amax NM € 10°-M™*.cm')}: 225 (0.58), 312 (0.04)
and 391 (0.03); Anal. Calc. fory@4sCloF1alroNgP, (1386.2): C, 34.66; H, 3.49; N, 8.08.
Found: C, 34.42; H, 3.52; N, 8.01%.

7.2.3.4 [{(7°-CsMes)IrCl} ou-L2) (PFe)2 ([8](PF6)2)

Yield 81 mg (65%)'H NMR (400 MHz, CRCN) & = 8.33 (s, 2H, CH(pz), 8.09 (d, 4H,
J=1.60 Hz, pz-5H), 6.74 (s, 4H¢B.), 6.44 (dd, 4H,) =1.20 Hz, pz-4H), 2.76-2.80 (s,
12H, pz-3Me), 1.48 (s, 30H, sWes); IR (KBr, cm'): 3446(b), 3134(m), 1629(m),
1446(m), 1401(m), 1295(m), 1103(m), 843(s), 760BHB(M); ESI-MS: 1297.5 [Kf +
PRs]": UV—Vis {acetonitrile,Amax nm € 10°-M™*-cmit)}: 228 (0.71), 316 (0.04) and 397
(0.02); Anal. Calc. for HseCloF120roNgP, (1442.2): C, 36.64; H, 3.91; N, 7.77. Found:
C, 36.62; H, 3.99; N, 7.65%.

7.2.4 General procedure for the synthesis of thaakear complexed tol4

A mixture of [(®-arene)Rug-Cl)Cl], (arene = @Hg, p-'PrCsHsMe or GMeg) (0.1
mmol), ligand L (L1 or L2) (0.1 mmol) and 2.5 eqalents of NHPF in dry methanol
(15 ml) was stirred at room temperature for 10 bpafter which an orange precipitate
was observed. The precipitate was filtered, wasti#d cold methanol, diethyl ether and

driedin vacuo

7.2.4.1 [{(7>-CeHe)RUCIL(u-L1)](PFe)2 ([9](PFe)2)

Yield 80 mg (72%)'H NMR (400 MHz, CRCN) & = 8.26 (s, 2H, CH(pz), 8.07 (d, 4H,
J = 1.40 Hz, pz-5H), 7.95 (d, 4H,= 2.00 Hz, pz-3H), 6.75 (s, 4H¢E,), 6.41 (dd, 4H,

= 1.24 Hz, pz-4H), 5.40 (s, 12Hld); IR (KBr, cm?): 3441(b), 3134(m), 1629(m),
1447(m), 1399(m), 1296(m), 1103(m), 845(s), 760(6BH3(m); ESI-MS: 944.8 [KI +
PRs]": UV—Vis {acetonitrile,Amax nm € 10°-M™*-cmit)}: 226 (0.73), 307 (0.05) and 428
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(0.01); Anal. Calc. for &HsoCloF12NsP.RW, (1089.6): C, 35.27; H, 2.78; N, 10.28.
Found: C, 35.15; H, 2.81; N, 10.18%.

7.2.4.2 [{(7>-CeHe)RUCIL(u-L2)](PFe)2 ([ 10](PFg)2)

Yield 76 mg (66%)*H NMR (400 MHz, CRCN) & = 8.31 (s, 2H, CH(pz), 8.07 (d, 4H,

J = 1.40 Hz, pz-5H), 6.78 (s, 4H¢8s), 6.46 (dd, 4H,) = 1.24 Hz, pz-4H), 5.48 (s, 12H,
CeéHe), 2.86 (s, 12H, pz-3Me); IR (KBr, ¢y 3448(b), 3134(m), 1627(m), 1446(m),
1399(m), 1296(m), 1103(m), 843(s), 760(m), 558(ERI-MS: 1000.2 [M* + PR
UV-Vis {acetonitrile,Amax N € 10°- M cmi*)}: 229 (0.65), 316 (0.05) and 430 (0.02);
Anal. Calc. for GgH3sCloF1oNgP.RW (1145.7): C, 37.74; H, 3.34; N, 9.78. Found: C,
37.65; H, 3.35; N, 9.65%.

7.2.4.3 [{(7>-p-PrCsHsMe)RUCIL(u-L1)] (PFe)2 ([11] (PF6))

Yield 91 mg (81%)™H NMR (400 MHz, CRCN) & = 8.32 (s, 2H, CH(pz), 8.04 (d, 4H,
J=1.40 Hz, pz-5H), 7.95 (d, 4H,= 2.04 Hz, pz-3H), 6.76 (s, 4H¢E,), 6.41 (dd, 4H,
= 1.28 Hz, pz-4H), 5.57 (d, 4H,= 5.60 Hz, Ap.,), 5.38 (d, 4H,J = 5.80 Hz, Ap),
2.84 (sept, 2H, CH(CH),), 2.17 (s, 6H, AreyMe), 1.25 (d, 6H, CH(CH)); 1.21 (d, 6H,
CH(CHy),); IR (KBr, cm®): 3441(b), 3134(m), 1629(m), 1447(m), 1399(m), 6(29),
1103(m), 845(s), 760(m), 558(m); ESI-MS: 1056.2IM PR]"; UV-Vis {acetonitrile,
Amax M € 10°M™-cmb)}: 224 (0.65), 316 (0.05) and 431 (0.02); Anal.lcafor
CuoHa6CloF12NgPRW, (1201.8): C, 39.97; H, 3.86; N, 9.32. Found: C,789H, 3.97; N,
9.27%.

7.2.4.4 [{(7>-p-PrCsHsMe)RUCIL(u-L2)] (PFe)2 ([12] (PF6))

Yield 79 mg (63%)'H NMR (400 MHz, CRCN) & = 8.34 (s, 2H, CH(pz), 8.03 (d, 4H,

J = 1.40 Hz, pz-5H), 6.76 (s, 4Hg84), 6.41 (d, 4H,) = 3.20 Hz, pz-4H), 5.55 (d, 4H,

= 5.60 Hz, Ap.cy), 5.39 (d, 4HJ = 5.80 Hz, Ap.y), 2.87 (s, 12H, pz-3Me), 2.79 (sept,
2H, CH(CH)2), 2.16 (s, 6H, ArerMe), 1.26 (d, 6H, CH(CH2); 1.21 (d, 6H,
CH(CHa),); IR (KBr, cmi®): 3446(b), 3134(m), 1627(m), 1448(m), 1399(m), G(9),
1105(m), 843(s), 762(m), 558(m); ESI-MS: 1112.2IM PR]"; UV-Vis {acetonitrile,
Amax M € 10°M™.cmb)}: 229 (0.56), 307 (0.05) and 437 (0.02); Anal.lcafor
CuHs4CloF1N4PRW, (1257.9): C, 42.01; H, 4.33; N, 8.91. Found: C.981 H, 4.36; N,
8.87%.
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7.2.4.5 [{(7°>-CeMes)RUCIL(u-L 1)] (PFe) ([13](PFe),)

Yield 101 mg (80%)*H NMR (400 MHz, CRCN) &= 8.35 (s, 2H, CH(pz), 8.07 (d,

4H,J = 1.40 Hz, pz-5H), 7.97 (d, 4H,= 2.00 Hz, pz-3H), 6.75 (s, 4H6B4), 6.44 (dd,

4H, J = 1.24 Hz, pz-4H), 2.28 (s, 36H,6/8eg); IR (KBr, cmi®): 3441(b), 3134(m),
1629(m), 1447(m), 1399(m), 1296(m), 1103(m), 845@H0(m), 558(m); ESI-MS:
1112.8 [M* + PR]"; UV-Vis {acetonitrile,Amax nm € 10°-M*.cm*)}: 228 (0.68), 312

(0.05) and 427 (0.02); Anal. Calc. for8s,CloF1oNgP.RW (1257.9): C, 42.01; H, 4.33;
N, 8.91. Found: C, 42.05; H, 4.41; N, 8.88%.

7.2.4.6 [{(7>-CeMes)RUCIL(u-L2)](PFe)2 ([ 14](PFs)2)

Yield 86 mg (65%)'H NMR (400 MHz, CRCN) & = 8.36 (s, 2H, CH(pz), 8.07 (d, 4H,

J = 1.40 Hz, pz-5H), 6.78 (s, 4H8.), 6.46 (d, 4HJ= 2.24 Hz, pz-4H), 2.85 (s, 12H,
pz-3Me), 2.26 (s, 36H, dMeg); IR (KBr, cmil): 3446(b), 3135(m), 1626(m), 1446(m),
1402(m), 1296(m), 1103(m), 844(s), 760(m), 558(BHI-MS: 1169.8 [M* + PR]";
UV—-Vis {acetonitrile, Amax M € 10°-M™*.cnmi)}: 229 (0.71), 317 (0.04) and 397 (0.03);
Anal. Calc. for GgHgCloF12NgP.RW, (1314.1): C, 43.87; H, 4.76; N, 8.53. Found: C,
43.75; H, 4.75; N, 8.52%.

7.2.5 Single crystal X-ray structure analyses

In [7](PFs).- 2 CHCN, the residual electron densities greater theA1are all located at
less than 1 A from the iridium atoms. Crystallodri@pdetails are summarized in Table
7.1 and selected bond lengths and angles are pedsenTable 7.2. Figures 7.6 to 7.8
were drawn with ORTEP-32

7.3 Results and discussion

7.3.1 Synthesis of the mononuclear compleixes4 as hexafluorophosphate salts

The mononuclear cationic pentamethylcyclopentadighgpdium and iridium
complexes having 1,4-bis{bis(pyrazolyl)-methyl}beme (L1) and 1,4-bis{bis(3-
methylpyrazolyl)methyllbenzene (L2) ligandéz., [(n>-CsMes)RhCI(L)]* {L = L1 (1),

L2 (2)}, [(n>-CsMes)IrCI(L)] * {L = L1 (3), L2 (4)} (Scheme 7.1), have been prepared by
the reaction of pentamethylcyclopentadienyl conmmmS-C5Me5)M(u-Cl)Cl]2 M =
Rh, Ir) with two equivalents of ligands L1 or L2 methanol. These complexes are

isolated as their hexafluorophosphate salts andpteesl to 4 are orange/red, non-
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hygroscopic, and air-stable, shiny crystalline dsli They are sparingly soluble in
methanol, dichloromethane, chloroform and acetboéwell soluble in acetonitrile and

dimethylsulphoxide.

ﬁ-?? ﬁw ol

N—N N—N

N/N N—N

\M//CI NH4PFg /K) u

Cb M= Rh Ir
R=H (L1) 1 3

R=CH;(L2) 2 4
Scheme 7.1

7.3.2 Characterization of the mononuclear compléxest

All these mononuclear complexes were charactefigetR, *H NMR, mass and
elemental analysis. The infrared spectra of theptexesl — 4 exhibit a strong band in
the region 844-850 cifor a typical ve.r stretching band and a medium band in the
region 555-558 cih &p.r for the Pk anion. Moreover, all complexes show absorption
bands around 1620-1631, 1446-1458, 1270-1296 afd-1a58 crit corresponding to
Veen Vibrations of pyrazole$:® Besides these absorptions, two absorption bands at
2990-3050 cnfand 3400-3450 cthwere also observed for N-H vibrations. The mass
spectra of these complexést exhibit the corresponding molecular ion peaksnét =
643, 700, 733 and 789. For instance the mass spettthe complexe4 and 3 were

presented in figure 7.1 and 7.2 respectively.
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Figure 7.1: Mass spectrum of compleyHCsMes)Rh(L1)CI|PR; ([1]PFs)
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Figure 7.2: Mass spectrum of complew HCsMes)Ir(L1)CIPFe ([3]PFs)

The*H NMR spectra of free ligand (L1 or L2) exhibit hacacteristic set of five
resonances for the pyrazole, methyl and benzegepristons. Upon coordination with the
metal atom, the mononuclear cationic compleket® 4 show ten distinct resonances
assignable to pyrazole or methyl-pyrazole and bemaeng protons of the (L1 or L2)
ligand indicating formation of mononuclear complex&he methylic proton {-8(Pz)-}
of ligand has shown two singlets &t 8.29 and7.78 corresponding tocoordinated and
uncoordinated to the metal complex indicating faroraof mono nuclear compounds.
Besides these resonances compléxes4 exhibit a singlet ad ~ 1.5 for the protons of
the pentamethylcyclopentadienyl ligand.
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7.3.3 Synthesis of dinuclear compleXa® 14 as hexafluorophosphate salts

The reaction of the chloro bridged dinuclear comete [(>-CsMes)M(u-CI)Cl],
(M = Rh, Ir); [®-arene)Ru(p-CI)C}] (arene = GHs, p-'PrGsHsMe and GMeg) with 1
equiv. of 1,4-bis{bis(pyrazolyl)-methyl}benzene (Lar 1,4-bis{bis(3-methylpyrazolyl)-
methyl}benzene (L2) in methanol results in the fation of orange, air-stable, dinuclear
dicationic complexes [{{*-CsMes)RhCI}o(u-L)]* {L = L1 (5); Lp2 6)}, [{(n>-
CsMes)IrCly o(u-L)]*" {L = L1 (7); L2 8)}, [{( n™~CeHe)RUCI}(K-L)]*" {L=LL (9); L2
(10}, [(n*-p-'PrCsHsMe)RUCIL(u-U)I*" {L = L1 (11); L2 (12} and [{(n"
CeHe)RUCI}o(1-L)]*" {L = L1 (13); L2 (14)}. All complexes are isolated as their
hexafluorophosphate salts (Scheme 7.2) and theghamacterized by IR, mas$) NMR
spectrometry, UV-visible spectroscopy, and elementalysis.

é = Rh Ir
R=H(L1) 5§ 7

R=CH;(2) 6 8

| Cl
/Ru\ N N N N\/
Cl \ Cl /Ru
CI\\/CI NH4PFg N/N N\Rj
Ru R / \ R R
<> )
R S - OO >
R=H(L1) 9 1 13
R = CH; (L2) 10 12 14
Scheme 7.2
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7.3.4 Characterization of the dinuclear complexes14

Infrared spectra of the dinuclear complexgsto 14 show a similar trend as the
mononuclear cationic complexégo 4. The mass spectra of the complekds 14 give
rise to two main peaks; a minor peak with an apipnately 50% intensity attributed to
[M?* + PR]" at m/z 1062, 1118, 1241, 1297, 944, 1000, 1056211112 and 1169,
respectively, and a major peak, which correspoadesss of [(Cp*/arene)MCI]fragment
and the formation of mononuclear catidng 6 at m/z = 643, 700, 733, 789, 585, 641,
641, 697, 669 and 725, respectively. For instaheemass spectrum of the complex 6 is

presented in figure 7.3.

KTP131 64 (0.645) Crm (49:74-18:39) = =-
SO | =273 0 a4 ases

Figure 7.3: Mass spectrum of the complex]f{Cp*)RhCI}z(u-LZ)](PFe)z([6](PF6)2)

The'H NMR spectra of the dinuclear dicationic comple&es 14 exhibited five
distinct resonances assignable to pyrazole ringshyhand benzene ring protons of the
ligands (L1 or L2) indicating formation of dinuckeeomplexes. For instance thé NMR
spectra of the complexé&sand11 are presented in figure 7.4 and 7.5 respectivEhe
methylic proton {-Gi(Pz)-} of ligand has exhibited a singlet atd= 8.36 to
8.33indicating formation of dinuclear compounds. Besitleese resonances, complexes
5 to 8 exhibit a singlet ab ~ 1.5 for the protons of the pentamethylcyclopersagdi
ligands. Interestingly, in these complexes, thenuhal shift of the protons of the
pentamethylcyclopentadienyl ligands does not showndield shift as like with other
nitrogen based ligand$’ Complexe® and10 exhibit a singlet ab = 5.40 and 5.48 for
protons of benzene ligands, compleddsand 12 exhibits a doublet a& = 1.21 for the
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protons of the isopropyl methyl groups, a singled & 1.26 for the methyl protons, a
septet ad = 2.79 for the proton of the isopropyl group. Th® doublets centered at~
5.55 and 5.38 correspond to the CH aromatic protdrike p-cymene rings. Complexes
13 to 14 exhibit a strong peak &= 2.25 for the methyl protons of hexamethylbenzene
ligand. In similar case with the Cp* analogues #inene ruthenium complexes also the
chemical shifts of the arene ligands of rutheniwagdnot shifted down filed as compared
to other N-based ligands, this could be due taydmmetrical orientation of arene ligands

to the benzene-linkét?’

5.0 “a.5

Figure 7.4™H NMR spectrum of complex [f{>-CsHe)RUCI}2(p-L1)](PFe)2 ([9](PFe)2)

/]

1 “ | 4
MI \“Wlwl\WJ W|WWI

13 = |5 g| |
|2 = = =

o101

Figure 7.5:™H NMR spectrum of complex [{(-p-'PrCsHsMe)RUCH(p-L1)](PFs)2
([11(PFe)2)
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7.3.5 Crystal structure analysis of|(PFs)2), ([9](PFs)2) and (L1](PFs)2)

The molecular structure of complexesH{CsMes)IrCl} o(u-L1)* ([7](PFs)2),
[{(n®CsHe)RUCT(U-LL)*" ([9](PFe)2) and [{(n*-p-"PrCeHaMe)RUC(u-L1)*" ([11)-
(PRK)2) were determined by single crystal X-ray diffractianalysis. The crystallographic
data are gathered in Table 7.1 and the selected lemgths and angles for complexes
[7](PFs)2, [9](PFs)2 and [L1)(PFs), are presented in Table 7.2. The corresponding GRTE
drawings are shown in Figures 7.6, 7.7 and 7.§ews/ely. All complexes show typical
piano-stool geometry and have a half-sandwich &iracconsisting of coordinated
pentamethylcyclopentadienyl or arene; a chloride #oe ligand through nitrogens (see
Figures 7.6 to 7.8).

The distance of the iridium atoms and the corredjmncentroids ofy>-CsMes
rings is 1.79 A in compleX. The distance between the ruthenium atoms andethizoid
of the GHs andn6-p-iPrQ;H4Me rings in complexe® and11 are almost equivalent at
1.67 A. These distances are comparable to thosieeimelated complex cationsnftp-
'PrGHsMe)Ru(2-acetylthiazoleazine)Cl] and  [{(n®-p-PrCsHsMe)RUCI}(4,6-bis(3,5-
dimethylpyrazolyl)-pyrimidine)}j*.?*** The average Ir-C distances of compl@xis
slightly shorter (2.16 A) than the corresponding®distances. Indeed the average Ru-C
distances of comple® are slightly shorter (2.17 A) than the complel which contain
p-cymene ligand (2.19 A), which are almost identital those reported iridium or
rhodium complexes such asn{CsMes)IrCI((S)-1-phenylethylsalicylaldiimine)] [2.17
Al*? and [(°-p-'PrGsHsMe)Ru(2-(2-thiazolyl)-1,8-naphthyridine)CIJR2.19 A%

The Ir-N bond distances of compl&xat 2.110(6) and 2.093(6) A are slightly
longer than the Ru-N bond distances of com@exhich are ranging from 2.081(4) to
2.089(5) A, but are comparable to those fountllifi2.102(4) and 2.098(4) A]. All metal-
chlorido bond distances are comparable, ranginm f20391(1) to 2.395(2) A, and are
almost identical to other reported vald&&® In all complexes the>-CsMes, n°-CgHs or
n®-p-'PrGH.Me rings are positioned opposite to each otheth®o lenzene-linker and
chlorine atoms of the two metal atoms are locatdatleaperiphery of the complexes. The
N1-Ir1-N3 bond angle in complékis found to be 86.0(2)° and in compleX®@and11
are found to be 84.3(2), 83.8(2)° and 85.1(2)peetvely.

182



Bis(pyrazolyl)methane ligands Chapter 7

Figure 7.6: ORTEP diagram with labelling scheme [f[d(PFs). - 2 CHCN, at 50%
probability level, PE anions and acetonitrile molecules omitted for itagsymmetry

code: i = 2-x, 2-y, -2).

C26
c21 C25

Figure 7.7: ORTEP diagram with labelling scheme [@}(PFs), - CHCN, at 50%

probability level, PEanions and acetonitrile molecules omitted forigfar
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Table 7.1: Crystallographic and structure refinenparameters for complexeg|(PFs). - 2 CHCN, [9](PFs). - CHCN and L1(PFs), - 2

CHsCN.

Complex [1(PFe)2 [9](PFe)2 [11)(PFe)2
Chemical formula QH54C|2F12|I'2N10P2 C34H330|2F12N10P2RU2 C44H52C|2F12N10P2RL12
Formula weight 1468.21 1130.67 1130.67
Crystal system monoclinic Monoclinic monoclinic
Space group P 2/n (no. 14) P 2/n (no. 14) P 2/c (no. 14)
Crystal color and shape orange block orange block range block
Crystal size ( m® 0.27 x0.24 x 0.22 0.25x0.22x0.18 0.25 x 0.2218
a (A) 13.6968(13) 15.3761(9) 9.4659(7)

b (A) 14.0285(9) 13.9492(10) 25.737(2)

c (A) 14.5963(14) 19.9223(13) 11.0998(9)

a (%)

B (°) 114.169(10) 105.567(7) 110.868(9)
(%)

V (A% 2558.8(4) 4116.3(5) 2526.8(3)

Z 2 4 2

T (K) 173(2) 173(2) 173(2)

Dy (g /cn) 1.906 1.824 1.688

W (mmh) 5.540 1.036 0.855

Scan range (°) 2.11<06<26.18 2.0%<0<26.04 2.1%0<26.04
Unique reflections 5045 8055 4849
Reflections used #20(1)] 3675 4212 3295

Rint 0.0745 0.0944 0.0591

Final R indices fF20(1)]
R indices (all data)
Goodness-of-fit

Max, Min Ap (e A?)

0.0415wR; 0.1038
0.0616/R,0.1103
0.927

3.086, -2.055

0.0428yR, 0.0789

0.0982WwR, 0. 0872
0.797

0.952, -0.929

0.0463yR20.1189
0.0704yR20.1269
0.961
1.538, -0.792

* Structures were refined dfy”: WR, = [Z[W(Fo” - F&Y)T 1 Zw(F?)’]Y?, wherew™ = [£(Fo?) + @P)? + bP] and P = [maxo’, 0) + F/3.
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Table 7.2: Selected bond lengths and angles forptmaas [](PFs). - 2 CHCN,
[9](PFs)2 - CHCN and L1](PFs)2 - 2 CHCN.

[7](PFe)2 [91(PFe)2 [11](PFe)2
Inter atomic distances (A)
M-M 9.4781(9) 8.8236(8) 8.8285(13)
M-N1 2.110(6) 2.086(4) 2.102(4)
M-N3 2.093(6) 2.089(5) 2.098(4)
M-N5 2.081(4)
M-N7 2.085(5)
M-CI1 2.394(2) 2.395(2) 2.391(2)
M-CI2 2.392(2)
M-centroid 1.788 1.668 1.673
N1-N2 1.345(8) 1.352(6) 1.351(6)
N3-N4 1.372(8) 1.358(7) 1.350(6)
N5-N6 1.366(6)
N7-N8 1.366(6)
Angles (°)
N1-M-N3 86.0(2) 84.31(17) 85.08(16)
N5-M-N7 83.82(17)
N1-M-Cl1 84.01(17) 84.42(13) 85.20(11)
N3-M-ClI1 83.36(18) 84.80(13) 83.15(11)
N5-M-CI2 84.54(12)
N7-M-CI2 84.77(13)
M-N1-N2 125.4(5) 124.6(3) 126.2(3)
M-N3-N4 125.9(5) 125.4(3) 125.2(3)
M-N5-N6 125.4(3)
M-N7-N8 125.5(3)

*Calculated centroid-to-metal distanc@S-Cs or n°-Cs coordinated aromatic ring)
These bond angles are comparable to those in tedecomplex cations rjf-

CeHe)Ru(bpzmArOCH)]BPh, and  [(°-p-'PrGsHsMe)Ru(bpzmArNQ]BPh.  All

compounds crystallise with acetonitrile moleculegich surprisingly interact strongly

with neither the cation nor the anions. Howevel, hgldrogen atoms of the tertiary
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carbons (C7 as well as C149hare involved in C-H---F or C-H- - - Cl interactiamghe
crystal packing. In](PFs)2 - 2 CHCN and [L1](PFs)2 - 2 CHCN, the C- - - F separations
are ranging from 3.31 to 3.58 A with C-H- - -F angsesying from 131.3 to 163.1°, while
in [9](PFs)2 - CHCN, the C---ClI distances are 3.40 and 3.43 A with- GCI angles of
153.2 and 142.8°, respectively.

Figure 7.8: ORTEP diagram with labelling scheme [fl](PFs). - 2 CHCN, at 50%
probability level, Pk anions and acetonitrile molecules omitted for igfagsymmetry

code: i = -x, 1-y, -2).

7.3.6 UV-Visible spectroscopy

Electronic absorption spectra of the mononucleanpmunds 1|PF; — [4]PFs as
well as the dinuclear compound§j(PFs). — [14](PFs). were acquired in acetonitrilat
10° M concentration in the range 200-600 nm. Electrospectra of representative
complexes are depicted in Figure 7.9 without shgwiite strong absorption at 224-229
nm. The spectra of these complexes are charaaekyetwo main featuresyiz.,, an
intense ligand—localized or intra-ligamd— =* transition in the ultraviolet region and
metal-to-ligand charge transfer (MLCTx(@®1) — =n* (L1 - ligand) bands in the visible
region®® Since the low spin %dconfiguration of the mononuclear complexes proside

filled orbitals of suitable symmetry at the Ru(IRh(IIl) and Ir(lll) centers, these can
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interact with low lyingn* orbitals of the ligands. All mononuclear composrid]PFs —
[4]PFs show a high intensity band in the region 224 -2&D and a medium intensity
band in the region 341-394 nm in UV region, thege bands are attributed to the ligand—
localized or intra-liganat — =* transitions. Whereas the dinuclear compleX@&Fs), —
[14](PFs). show three bands, for instance a high intensitgdhba the region 224-230 nm,
a medium intensity band in the region 307-317 mu @ second medium intensity low
energy absorption band in the visible region 338+ nm. The medium intensity bands
in the UV region is assigned to — =*, the high intensity band in the UV region is
assigned to inter and intra-ligamd— n*/ n — =* transitions>*?’ while the low energy
absorption band in the visible region is assignedmetal-to-ligand charge transfer

(MLCT) (tag—1*).

0.12 4
199 [1]PF,
1 - - - - [4]PF,
0.08 {1 [51(PF,),
% - [BI(PF,),
5 ! -~~~ [11}(PF,),
B 006N [14](PF,),
o) *
[%2] i
L
<C
0.04 —
0.02 —\\
0.00

T T T T T T 1
300 350 400 450 500 550

Wavelength (nm)
Figure 7.9: UV-visible electronic spectra of sedettomplexes (acetonitrile, 20, 298
K).

7.4  Conclusions
In this work, we have showed that ligand L reacithvarene ruthenium and
pentamethylcyclopentadienyl rhodium and iridium pbemes to yield a series of mono

and dinuclear complexes in good yield, which areaskably stable in air as well as in
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solution. The Cp* derivatives yielded both mono atiduclear complexes, while only
dinuclear complexes are obtained with the areneenitim analogues, despite different
molar ratio of ligands. In all these, both mono antlclear complexes the metal atom is
bonded to the coordinated sites N1 and N3 or N4Nshd

7.5  Supplementary material
CCDC-757062([7]PFs - 2 CHCN), 757063([9](PFs)2 - CHCN) and757064([11](PFe)2
2 CHCN) contain the supplementary crystallographic datahis chapter.
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